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Abstract 

 
MULTILAYER COMPOSITE SOLID ELECTROLYTES FOR LITHIUM ION 

BATTERIES 
 

By 
 

Wei Liu 
 

Lithium ion batteries (LIBs) are becoming the standard energy storage option for an 

increasingly diverse range of applications from mobile phones to cars. The conventional liquid 

electrolytes based LIBs are prone to failure in conditions such as high operating temperature, 

solvent leakage, lithium dendrites formation and thermal runaway, etc. All-solid-state lithium ion 

batteries (ASSLIBs) provide a promising power strategy to overcome the drawbacks of liquid 

electrolyte by substituting the highly flammable organic liquid electrolyte with solid electrolytes 

(SEs). However, up to the present time, the SEs fabrication for practical ASSLIB construction is 

still a significant challenge. The existing problems include 1) lower ionic conductivity compared 

to liquid electrolyte, 2) poor solid-solid contact interface between electrode and electrolyte, 3) 

volume change of the electrode and 4) the unstable interface of lithium metal/polymer electrolytes 

causes further capacity fading. With the aim of fabricating SEs which possess optimal properties, 

a novel SE was developed by forming a multilayer structure. The multilayer SE was fabricated 

using polymeric and ceramic electrolytes, which can integrate the merits from different layers and 

materials and optimize its overall performance.  

In order to choose an ideal ceramic material for the multilayer electrolyte fabrication, three 

different types of ceramic electrolyte material were synthesized, characterized and evaluated, 

including Li1.3Ti1.7Al0.3(PO4)3 (LATP), Li7La3Zr2O12 (LLZO) and Li0.5La0.5TiO3 (LLT). Their 



 
 

mechanical strength, ionic conductivity, ease of fabrication and synthesis, and economic expenses 

of synthesis were evaluated experimentally. The influence of sintering temperature, synthesis route, 

working temperature and pressure to the overall conductivity were evaluated. From experimental 

observation and analysis, it was concluded that LATP was an ideal candidate for multilayer 

electrolyte fabrication for its high conductivity, ease of fabrication and synthesis, etc.  

The electrochemical properties of polymer electrolyte PEO10-LiN(CF3SO2)2, which was 

fabricated through hot pressing and solvent casting methods respectively, and also gel-polymer 

electrolyte PVdF-HFP-LiN(CF3SO2)2 were characterized. The lithium ion transference number, 

ionic conductivity and thermo-stability were evaluated and discussed. 

Based on the characterized ceramic and polymer electrolytes, the multilayer electrolyte was 

fabricated through various lamination protocols, which include hot pressing, dip coating and spray 

coating methods. It was found that negligible interfacial resistance exist at LATP/LLT and SPE 

material. Also, an enhanced ionic conductivity was found for the bilayer of LATP/solvent casted 

SPE. This phenomenon was attributed to the formation of a composition region at the 

polymer/ceramic electrolyte interface. It was suggested that the boundary of polymer body and 

ceramic grains may induce a pathway for enhanced ionic transportation. The porous LATP was 

fabricated using PMMA/PVA/PVB as the pore maker. The influencing factors of sintering 

temperature, material selection of ceramic and pore makers and fabrication methods deserve 

further investigation.  

All-solid-state lithium ion coin cell was successfully fabricated and characterized using the 

as-prepared multilayer electrolyte and lithium metal anode. The coin cell demonstrated satisfactory 

charge/discharge capability and cyclability at an elevated temperature of 70 °C. The thickness of 

SE, operating temperature, material types were important factors in the overall resistance of the 



 
 

multilayer solid electrolyte. The unstable lithium/polymer electrolyte interface at high temperature 

and high potential is the critical problem for developing ASSLIBs with better cyclability in 

practice. 

In the end, future work was proposed and discussed based on the existing work, including 1) 

multilayer fabrication using glass-ceramic material; 2) optimization of porous ceramic electrolyte; 

3) multilayer composite electrolyte using ceramic stabilizer at the lithium/electrolyte interface. 
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Chapter 1 Introduction 

 
1.1 Lithium Ion Batteries Introduction 

Attempts to develop rechargeable lithium ion batteries (LIBs) started in the 1980s since 

researchers discovered the reversible intercalation of lithium ion in graphite and cathodic oxides. 

In 1991, SONY released the first commercial lithium ion battery.  Since then, the lithium ion 

battery R&D has become the most attractive and promising technology in the battery industry.  

Due to its outstanding performance, LIBs soon edged out many other types of batteries, and 

became dominant in the battery market. Now LIBs are the standard power source for increasingly 

diverse range of applications, from Micro Electromechanical Systems (MEMS), to medium sizes 

of consumer portable electronics like mobile phones and tablets, to electric automobiles and large 

energy storage systems. Though the current existing technology and market of lithium ion batteries 

are sophisticated, the demand for lighter, safer, and shape-flexible rechargeable batteries 

continuously grows [1-3]. 

One of the most inspiring applications of LIBs is providing a power source for electrified 

vehicles, such as hybrid electric (HEV), plug-in hybrid electric (PHEV) and all-electric vehicles 

(EVs) [4]. Compared with conventional vehicles with gas engines, HEVs, PHEVs, and EVs have 

much less or even zero tailpipe emissions (though emissions are still generated by the production 

process of electricity). However, the higher energy efficiency of conventional fossil fuel power 

plants combined with increasing renewable and clean energy resources (e.g. wind, solar, biomass 

and nuclear energy), HEVs, PHEVs, and EVs have significantly reduced the production of 

greenhouse gases and air pollutants. Table 1-1 provides the emission and fuel costs of the electric 

powered vehicles versus conventional vehicles. 
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Table 1-1 Comparison of CO2 emissions and fuel cost between different vehicle types 

 Emissions and Fuel Cost for a 100-Mile Trip 

Vehicle  

(compact sedans) 

Greenhouse 

 Gas Emissions  

Energy Utility 

Efficiency 

Total Fuel Cost 

(U.S. Dollars) 

Conventional 99 lb CO2 24.3 MPG $11.60 

Hybrid Electric 51 lb CO2 47.3 MPG $5.96 

Plug-in Hybrid 

Electric 
61 lb CO2 

39.3 MPG 

0.41 kWh/mi 
$6.78 

All-Electric 54 lb CO2  0.324 kWh/mi 
 

$3.56 

Source: US department of energy (March/2016). http://www.afdc.energy.gov/vehicles/electric_emissions.php 

For any cars of HEVs, PHEVs or EVs, the power sources of batteries are the key component 

means for substituting for a gasoline engine. Today, those batteries are mainly nickel-metal 

hydride batteries (NiMHs) and lithium ion batteries. Compared with NiMHs, LIBs are the ultimate 

solution for the future due to the following advantages: 1). higher power density; 2). higher energy 

density; 3). cost-effectiveness; 4). good cycleability; 5). environmental friendliness. Figure 1 

provides a historic and predicted trend of LIBs needed by the automobile industry. We can see a 

rapidly increasing need for LIBs in the foreseeable future. 

http://www.afdc.energy.gov/vehicles/electric_emissions.php
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Figure 1-1 EV, HEV and PHEV Battery needs [5] 

Like other types of rechargeable batteries, rechargeable lithium ion batteries (LIBs) are 

devices which can store and release electric energy at charging and discharging respectively. A 

typical rechargeable LIB has three components: cathodes, anodes, and electrolytes. Cathodes 

(positive electrode) are based on oxidant materials. Typical cathode materials include lithium 

oxide chemical compounds (LiMO), (e.g., LiCoO2, LiNiO2, spinel LiMn2O4) or phosphates 

(LiMPO4) with an olivine structure (e.g., LiFePO4, LiMnPO4, LiCoPO4) [6]. 

Anodes (negative electrode) are based on reductant materials. Lithium metal is an optimum 

anode material, but due to the lithium dendrite problem, insertion compounds are used as 

substitutes. Thanks to the highly reversible lithium ion intercalation-deintercalation ability of 

carbonaceous material [7], SONY’s high performance LIB was constructed using graphite as 

anode material and LiCoO2 as cathode material [2]. Nowadays, the commercial LIBs still use 

graphite as the anode material.  

The electrolyte is the medium that separates the anode and cathode, and provides a flow route 

for the lithium ions. Conventional liquid electrolytes are composed of lithium salt (e.g., LiPF6, 
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LiClO4) dissolved in organic solvent. A typical solvent includes ethylene carbonate (EC) as a 

necessary component, and dialkyl carbonates from dimethyl, diethyl, ethyl–methyl carbonates 

(DMC, DEC, and EMC), etc. [8]. 

At charging, the lithium ions de-intercalate from the cathode material and intercalate into the 

anode material across the electrolyte, thus storing energy. At discharging, the process reverses and 

the ions move back from anode to cathode, while electrons move in the outer circuit in an opposite 

direction from cathode to anode. 

 
Figure 1-2 Schematic of the electrochemical process in a LIB 

The working mechanism of a lithium ion battery is described in Figure 1-2. In the scheme, 

LiMO2 represents the metal oxide positive material, C is carbonaceous negative materials. The 

chemical reactions can be described by the following formula. 

Reaction at positive electrode: 𝐿𝐿𝐿𝐿𝐿𝐿𝑂𝑂2  
𝑐𝑐ℎ𝑎𝑎𝑟𝑟𝑎𝑎𝑟𝑟/𝑑𝑑𝑖𝑖𝑑𝑑𝑐𝑐ℎ𝑎𝑎𝑟𝑟𝑎𝑎𝑟𝑟
�⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯�  𝐿𝐿𝐿𝐿1−𝑥𝑥𝐿𝐿𝑂𝑂2 + 𝑥𝑥𝐿𝐿𝐿𝐿+ + 𝑥𝑥𝑒𝑒− 

Reaction at positive electrode: 𝐶𝐶 + 𝑥𝑥𝐿𝐿𝐿𝐿+ + 𝑥𝑥𝑒𝑒−  
𝑐𝑐ℎ𝑎𝑎𝑟𝑟𝑎𝑎𝑟𝑟/𝑑𝑑𝑖𝑖𝑑𝑑𝑐𝑐ℎ𝑎𝑎𝑟𝑟𝑎𝑎𝑟𝑟
�⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯�  𝐿𝐿𝐿𝐿𝑥𝑥𝐶𝐶 

Overall reaction: 𝐿𝐿𝐿𝐿𝐿𝐿𝑂𝑂2 + 𝐶𝐶 
𝑐𝑐ℎ𝑎𝑎𝑟𝑟𝑎𝑎𝑟𝑟/𝑑𝑑𝑖𝑖𝑑𝑑𝑐𝑐ℎ𝑎𝑎𝑟𝑟𝑎𝑎𝑟𝑟
�⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯�  𝐿𝐿𝐿𝐿𝑥𝑥𝐶𝐶 + 𝐿𝐿𝐿𝐿1−𝑥𝑥𝐿𝐿𝑂𝑂2 
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1.2 Advantages of All-Solid-State Lithium Ion Battery  

Today, researchers endeavor to improve the performance of LIBs to meet the stringent 

requirements for EVs. However, there are several inherent disadvantages of the traditional 

commercial LIBs, all of which are related to properties of the liquid electrolyte. 

Firstly, the safety and durability of traditional LIBs are unacceptable. The self-ignition or 

explosion of the batteries in cell phones or laptops has aroused much of the public’s attention. For 

batteries of electrified road vehicles, which need to be operated mostly under aggressive conditions, 

reliability and abuse tolerance become more critical. Due to the occasional assembly defect or 

under some specific abuse conditions, including but not limited to mechanical abuse (crush, 

penetration, shock), electrical abuse (internal short circuit, overcharge, over discharge) or thermal 

abuse (overheating from external/internal sources), failure of the battery may occur [9, 10]. Those 

conditions are especially dangerous for a conventional battery due to the existence of the highly 

flammable liquid electrolyte.  Those batteries have a tendency to undergo a dangerous state of 

‘thermal runaway’, where abuse environments trigger the internal heat generated by the battery 

and accumulates to a threshold temperature to make it begin a chain of exothermic reactions and 

cause spontaneous combustion [11, 12]. Also, to prevent leakage, the highly combustible liquid 

electrolyte need to be well-sealed in a rigid battery container, which is commonly made of stainless 

steel. This may cause the pressure to build up; thus, when the thermal runaway happens, the 

explosion may happen in the end [13].  
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Figure 1-3 Schematic structure of lithium dendrite growth 

 

Figure 1-4 In-situ SEM observation of the lithium dendrites growth 

Secondly, liquid electrolyte limits the application of lithium metal as anode material. Lithium 

metal is considered as the “ultimate anode material” because it is the most electropositive element 

vs. standard hydrogen electrode. Moreover, it can provide a capacity of 3800 mAh g-1, which is 

about 10 times higher than that of carbon-based anode (372 mAh g-1) [14]. However, the dendrite 

growth of the lithium metal potentially hampers this replacement for liquid electrolyte LIBs.  In 

commonly used liquid electrolyte systems, the formation of lithium dendrites results from the 

interfacial instability and inhomogeneity between liquid electrolyte and lithium metal, where the 

lithium ion deposition-dissolution processes are observed in a non-uniform pattern [15]. The 

lithium dendrite nucleate is then generated from the lithium anode and the dendrite continues to 

grow in a tree-like pattern at a charging stage, until penetrating the polypropylene (PP) and 

A B
   

C
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polyethylene (PE) separator and contacts with the positive electrode. In this situation, a short 

circuiting of the battery occurs, which causes the battery to fail, generating a lot of heat, and 

igniting the liquid organic electrolyte or causing the battery to explode. Figure 1-3 is the schematic 

lithium dendrites growth. Figure 1-4 is the in-situ macroscopic observation of lithium dendrites 

growth at various liquid electrolyte systems: A) LiN(CF3SO2)2 (1M) in DME, B) LiN(CF3SO2)2 

(1M) in tetraglyme, C) LiI(1M) in tetraglyme [16]. 

All-solid-state lithium ion batteries (ASSLIBs) provide a promising strategy to overcome the 

drawbacks of liquid electrolyte by substituting the highly flammable organic liquid electrolyte with 

a solid electrolyte (SE). There are two main types of SE materials that have been investigated: 

solid inorganic electrolyte (e.g., Li0.5La0.5TiO3 (LLT), Li1+xAlxTi1-2x(PO4)3 (LATP), Li7La3Zr2O12 

(LLZO), etc.) and polymeric electrolyte (e.g., lithium salt dissolved in poly(ethylene oxide) (PEO) 

polymer matrix). Those SE materials has several advantages compares with liquid electrolyte. 

Unlike the PP and PE separators soaked with liquid electrolyte, the inorganic ceramic 

electrolyte can stop or suppress the lithium dendrite growth in two aspects. On the one hand, the 

glass ceramic or ceramic electrolyte has high mechanical strength (MS), so as to physically block 

the growth path of the lithium dendrites [17]. One the other hand, most inorganic ceramic 

electrolytes have a large electrochemical stability window, which makes it compatible with the 

lithium metal anode or the oxidizing agent in the cathode [18]. For example, LLZO is a novel 

ceramic electrolyte possessing high ionic conductivity and high stability at the same time [19].  

Since most solid state electrolytes have electrochemical windows greater than 5V, a higher voltage 

of cathode can be used to further increase the voltage and power density of the battery [20]. 

Furthermore, solid electrolyte-based LIBs can also increase the power density by simplifying 

the design of the battery container; that is, the battery weight can be decreased by replacing the 
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traditional rigid metal container with a vacuumed ‘soft plastic’ pouch cell stack design. This also 

reduces battery cost, improves shape design flexibility, and increases durability in aggressive 

environments [21].  This pouch cell design also prevents the build-up of pressure inside the 

container, thus eliminating the possibility for explosion [22]. 

Last but not least, the solid electrolyte also enables the application of organic and aqueous 

electrolytes on the anode and cathode side. This is the design principle of the so-called lithium-air 

battery, which significantly improves the theoretical power density [23].  The solid electrolyte 

enables 1) the use of lithium metal as anode, which can maximize the battery voltage and power 

density, and 2) the use of oxidant gases (e.g., air) or liquid-flow oxidant reactant cathode material 

which has significant increased capacity [2]. However, compared to conventional LIBs, the 

performance of lithium-air batteries are still very limited due to several issues regarding both the 

electrode and electrolyte [24].  

To sum up, by replacing flammable liquid electrolytes with solid electrolytes, ASSLIBs can 

widen their operating parameters (e.g. higher temperature, higher voltage) with enhanced safety 

reliability and durability. Also, ASSLIBs can suppress lithium dendrite growth, improve battery 

design flexibility, and therefore increase power density.  Ultimately, ASSLIBs can provide a 

promising power strategy for electrified vehicle applications [14]. 

1.3 Challenge to Solid Electrolyte 

Though the solid electrolyte is a promising alternative to constructing all-solid-state lithium 

ion batteries, there are several major issues hampering its application and commercialization. 
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Figure 1-5 Scanning electron microscope (SEM) image at the solid-solid contact interface [25] 

Firstly, solid electrolytes are not as conductive as liquid electrolytes. Before any new lithium 

ion conductive material can be discovered, there are several solutions to this problem. First, the 

conductivity of the electrolyte can be compensated by making it thinner without losing the 

mechanical stress to stop the lithium dendrite. Ohara has developed a solid glass ceramic lithium 

ion conductor with a minimized thickness less than ~30 µm [26]. Second, the solid electrolyte has 

an acceptable conductivity at higher temperatures [18]. This is compatible with the plug-in hybrid 

powered vehicles, where a higher temperature can be provided by a regular engine. 

Secondly, the poor solid-solid contact is the main challenging issue for those stiff glass 

ceramic or ceramic electrolytes. Figure 1-5 shows the SEM structure at the solid-solid interface, 

where we can see the existing gaps [25]. To achieve favorable solid-solid interfacial contact, 

different methods were investigated, which include depositing an intermedia layer [27-29], hetero-

epitaxial growth of the electrolyte [30], or interfacial nano-architectonics modification [31]. 

Third, how to effectively accommodate the volume changes of electrodes during cycling 

remains problematic. Volume change is a phenomenon for the host material of graphite and silicon 

anodes, as the lithiation/delithiation process produces volume changes of ~10% and ~400% 
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respectively. For the “hostless” lithium metal anode, the relative volume change is virtually infinite 

[32]. 

 

Figure 1-6 Impedance profiles at and after initial charging of (A) a hybrid electrolyte cell and (B) 

a solid electrolyte (S.E.) cell [25] 

Figure 1-6 reveals the impedance profiles at and after initial charging of a hybrid electrolyte 

cell and a solid electrolyte cell [25]. A hybrid electrolyte LIB was fabricated by adding liquid 

electrolytes at the electrode/electrolyte interface, which can significantly improve the performance 

versus pure solid electrolyte LIBs. Using a scanning electron microscope (SEM), it was found that 

the volume change of the electrode created empty space (or cracks) in the electrode/electrolyte 

interface, thus inducing additional interfacial resistance, and deteriorating the cycling performance 

of the solid electrolyte cell. It was shown that by using the nanoscale engineering approach, for 

example, coating the lithium metal anode with a monolayer of interconnected amorphous, hollow 

carbon nano-spheres can accommodate the volumetric change during lithium deposition and 

dissolution [32]. 

To sum up, the chemical, electrochemical, and mechanical stability of the interfaces is 

essential to minimize interfacial impedance. An intimate contact with stable electrochemical 



11 
 

properties at the solid/solid interface between the electrode and electrolyte is key to improving 

battery performance [25]. 
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Chapter 2 Literature Review 

 

2.1 Introduction 

The solid electrolyte, according to its chemical composition or configuration, can be classified 

into the following types: 1) solid polymer electrolytes, 2) inorganic electrolytes, and 3) gel-type 

polymer electrolytes. These types of solid electrolytes vary with conductivity, mechanical strength, 

and stability versus electrodes, etc. These discrepancies enable those different solid electrolytes, 

with individual advantages and disadvantages, to function as solid electrolytes in a practical 

ASSLIBs. The current development status and highlights of these different types of solid 

electrolytes are presented in the following. 

2.2 Solid Polymer Electrolytes 

The solid polymer electrolytes (SPEs) are typically formed by dissolving a lithium salt (LiX) 

in a solid polymer matrix. The polymer substrate includes polyacrylonitrile (PAN), polyethylene 

oxide (PEO), poly(vinyl chloride) (PVC), poly(methyl methacrylate) (PMMA), and 

poly(phenylene oxide) (PPO), etc. PEO-LiX-based electrolytes are the most widely investigated 

solid electrolyte system. 

 

Figure 2-1 Molecular structure of PEO 

Polyethylene oxide is a polyether compound that is widely used in biochemistry, medicine 

synthesis and many other industrial manufacturing processes. The chemical formula of PEO is 

C2nH4n+2On+1. Figure 2-1 is the chemical structure of PEO. Varying in chain length, PEO is also 

referred to as PEG (polyethylene glycol), which has a molecular mass below 20,000 g/mol. 

https://en.wikipedia.org/wiki/Polyether
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Generally, PEO refers to polymers with a molecular mass above 20,000 g/mol. The ionic 

conduction of PEO ionic conductivity in alkali metal salt complexes was discovered by Fenton, 

Parker and Wright in 1973 [33]. Since then, a large number of polymer electrolyte systems have 

been investigated, involving a variety of transportation ions, e.g., H+, Li+, Na+, K+, Ag+, etc.[34].  

Wright characterized the variation of the ionic conductivity with temperature in 1975 [35]. 

Armand et al. recognized the potential of these materials in lithium batteries in 1978 [36]. Also, a 

large variety of lithium salts have been investigated, which include Li2SO4, LiNO3, LiAsF6, 

LiClO4, LiCF3SO3, LiPF6, LiBF4, LiBOB, LiN(CF3SO2)2 (or LiTFSI) and LiDMSI, etc.  Those 

lithium salts were experimentally examined from many aspects, including conductivity, thermal 

stability, moisture tolerance, safety and etc. These chemical properties are important for a PEO-

LiX system, and they vary a lot from each other. For example, the conductivity in solutions is a 

very critical parameter when lithium salt is used as an electrolyte. A comparison of the degree of 

dissociation in 1:1 PC: DME is LiPF6 ~ LiAsF6 > LiClO4 ~ LiN(CF3SO2)2 >> LiBF4 >> LiCF3SO3 

[37]. Table 2-1 is a summary of the properties of common lithium salts from literature review. 

Table 2-1 Summary of properties of different lithium salts 

Lithium salt Properties 

Li2SO4, 

LiNO3, LiCl 

Aqueous Electrolytes [38] 

High power density due to high ionic conductivity [39] 

Low energy density due to narrow stability window of water [40] 

LiAsF6 Toxicity of salt degradation products [40] 

Effects of the disposal to environments [40] 

LiClO4 Safety issue [40] 

LiCF3SO3 Low conductivity [40] 

More Stable, more safer lithium salt [37] 

LiPF6 Provide stable SEI with graphite anode. 
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Poor thermal stability (decomposition at 125 °C) 

poor in terms of hydrolysis 

Dominant salt in commercial LIBs due to its balanced properties [40] 

LiBF4 Better thermal stability and moisture tolerance than LiPF6 [41, 42] 

Performance well at high (50-80°C) and low temperatures (-20 °C) 

Main disadvantage is moderate conductivity[40] 

LiBOB Low cost, high thermal stability, mild chemical decomposition product [43] 

Lower conductivity than LiPF6 

Can form stable SEI with graphite material [44] 

LiTFSI Aluminum corrosion [40] 

High stability against hydrolysis [45] 

Increase the PEO  plasticization [46] 

High electrochemical stabilities [47] 

LiDMSI Used as electrolyte additive to LiPF6 electrolyte, can form stable SEI on a 

Graphite anode and passivate an Al current collector [48] 

 
It is widely accepted that ionic conductivity is related to the segmental motion and local 

relaxation of the polymer chains in amorphous regions of the PEO polymer host above the glass 

transition temperature Tg [49, 50]. The ionic dynamic motion in a PEO-LiX system has been 

proposed to be described as follows [51, 52, 53]: 1) the cation is temporarily attached to polymer 

chains by electrostatic bonds; 2) there is a cooperative motion of ions and polymer segments, the 

ions use the chains as vehicles; 3) there is motion of the ions along a chain, and finally 4) there are 

jumps between different chains (percolation mechanism). The most critical issue for SPEs that aim 

for practical application is how to improve the ionic conductivity, which requires a conductivity 

of about 10-4 S cm-1 [49].  

Researchers have found that many factors can affect the conduction of cations in PEO. It was 

found that the solubility parameters are strongly influenced by certain types of metal salts [36]. It 
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seems the bulky anions of lithium salt can lower the melting temperature of the PEO-LiX system 

[46].  

The ratio of ether oxygens to the lithium salt was also found to be important for the mechanical 

and transportation properties of the system [54, 55]. G. S. MacGlashan et al. [56, 57] found that in 

a PEO-LiAsF6 SPE system, the ratio difference can affect the structure of the polymer system, 

whereas in the 3:1(EO: Li) complexes the polymer chains form helices. Those in the 6:1 complex 

form double non-helical chains that interlock to form a cylinder, and the lithium ions reside inside 

these cylinders. This structural difference brings a significant improvement in conductivity when 

the polymer content changes from 3:1 to 6:1. 

However, in contrast, Z.Gadjourova et al. [58] claim that ionic conductivity in the static, 

ordered environment of the crystalline phase can be greater than that in the equivalent amorphous 

material above Tg.  

In fact, not only the ionic conductivity, but other physiochemical properties, e.g., the 

mechanical strength and compatibility of the SPE material to the lithium metal anode, are also 

important properties for consideration for practical application in all-solid-state batteries. To 

improve the comprehensive performance of SPEs, lots of research has been carried out so far.  This 

research includes: 1) using other host polymer materials [59-62], 2) EO:Li ratio optimization [63-

65], 3) synthetization of block copolymers [66,67], grafted polymers [68], cross-linked polymers 

[69], and comb-like polymers [70], 4) adding plasticizer [71], 5) adding ceramic fillers [72], and 

6) adding liquids [73]. Molecular dynamics (MD) simulations have also drawn a lot of attention 

recently in an effort to better understand the transportation mechanisms [74, 75].  
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Table 2-2 lists the conductivities of various solid polymer electrolytes using different polymer 

materials with different lithium salts. We can see the range of the conductivities is from ~10-9 to 

~10-3 in room temperatures. 

Table 2-2 Comparison of conductivity of different solid polymer electrolytes  

Polymer system Conductivity(S cm-1) T (°C) Reference 

PEO16-LiCF3SO3 

PEO10-LiN(CF3SO2)2 

2×10-7 

1×10-6 

25 [46] 

(PEO-HBP)10 - LiPF6 9×10-5 25 [54] 

PEO6:LiSbF6 2×10-8(amorphous region) 

8×10-8(crystalline region) 

25 [58] 

PEO10-LiN(CF3SO2)2 

PEO8-LiN(CF3SO2)2 

4×10-5 

2.5×10-5 

25 [55] 

(P(MEO16-AM))-LiClO4 4×10-4 R.T. [59] 

PEI-LiN(CF3SO2)2 8.5×10-7 R.T. [60] 

PVC-PAN- (30 wt%)LiN(CF3SO2)2 4.39×10-4 R.T. [61] 

(PSt-b-PPME-b-PSt)20-LiClO4 2×10-4 30 [66] 

(PEO-PMMA)16-LiI ~10-4 60 [67] 

PEGMEM-(GMA-IDA) 5×10-6 30 [70] 

(PDMAEMA-PEO)-LiN(CF3SO2)2 4.74 × 10-4 25 [71] 

(PEO-PMA)16-LiClO4 

(PEO-PMA)32-LiClO4 

5 × 10-6 

4 × 10-6 

30 [72] 

PEO8-LiClO4 5 × 10-6 25 [76] 
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(PEO)4.5-LiSCN 2 × 10-8 30 [77] 

(PEO)8-LiClO4  1 × 10-7 27 [78] 

(PEO)12-LiBF4 1 × 10-6 25 [79] 

(PPO)8-LiCF3SO3 2 × 10-5 70 [80] 

(PEO400)25-LiSCN 

(PPO425)25-LiClO4 

5 × 10-4 

6 × 10-5 

25 [81] 

(PEO)6-LiCF3SO3 1.5 × 10-7 30 [82] 

PEO20LiN(CF3SO2)2+ PYR13TFSI 10-5-10-3  

(PYR13:Li+ : 0.66-3.24) 

30 [73] 

(PEO)n- LiCF3SO3 ~2×10-7 

(n=4, 8, 12, 20, 50) 

25 [83] 

α-CD-PEO/LiAsF6 5 × 10-9 25 [84] 

PEO-ENR50-(20 wt%)LiCF3SO3 1.4× 10-4 R.T. [85] 

 

The lithium ion transport in solid polymer electrolyte is very complex process considering the 

multiphase structure at macroscopic/microscopic level of the polymer electrolyte system, which 

include the local motion of polymer segment and the ion hopping on the same polymer chain or to 

different chains [86]. The ionic motion and relaxation of the polymer host was formalized using 

the decoupling ratio [87], 

𝑅𝑅𝜏𝜏 = 𝜏𝜏𝑠𝑠
𝜏𝜏𝜎𝜎

      Eq. (2-1) 

𝜏𝜏𝑑𝑑 is the structural relaxation time refers to viscosity or segment relaxation (sec), 𝜏𝜏𝜎𝜎 is the 

conductivity relaxation time (sec) which can be calculated by dc conductivity of the material by, 

𝜏𝜏𝜎𝜎 = 𝜀𝜀∞𝑟𝑟0
𝜎𝜎𝑑𝑑𝑑𝑑

 ≈ 9 × 10−13/𝜎𝜎𝑑𝑑𝑐𝑐     Eq. (2-2) 
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Where 𝑒𝑒0 is area normalised capacitance, 𝜀𝜀∞ is dielectric constant, and 𝑒𝑒0 = 8.5 × 10−14𝐹𝐹/𝑐𝑐𝑐𝑐, 

𝜀𝜀∞ ≈ 12, while 𝜏𝜏𝑑𝑑 = 200𝑠𝑠 at glass transition temperature. From Eq. (2-2), we can see the ionic 

conductivity increases when the host polymer relaxes more rapidly.  

Various ion transport mechanisms has been discussed. One theoretic model which related the 

ion diffusion behavior with the segment motion of the polymer chains is dynamic bond percolation 

(DBP) theory proposed by Druger, Ratner and et al. [88, 89]. 

DBP model describes the motion of ions between sites in the dynamically disordered polymer. 

Since the actual amorphous polymer motion is complicated, so a dynamic lattice model is 

developed. First, a space lattice is imposed on the system, such that the lattice sites hold the stable 

positions for the moving ions. Then a master equation is set up in the following form, 

𝑝𝑝�̇�𝚤(𝑡𝑡) = ∑ �𝑝𝑝𝑗𝑗(𝑡𝑡)𝑤𝑤𝑗𝑗→𝑖𝑖 − 𝑝𝑝𝑖𝑖(𝑡𝑡)𝑤𝑤𝑖𝑖→𝑗𝑗�′
𝑗𝑗≠𝑖𝑖      Eq. (2-3) 

where 𝑝𝑝�̇�𝚤(𝑡𝑡) is the probability of observing a ion at site i at time t,  𝑤𝑤𝑖𝑖→𝑗𝑗 is the probability per unit 

time of hopping from site i to site j. Also, 

𝑛𝑛𝑐𝑐𝜏𝜏ℎ̅𝑜𝑜𝑜𝑜𝑤𝑤 = 1       Eq. (2-4) 

𝜏𝜏ℎ̅𝑜𝑜𝑜𝑜 is the average waiting time for a hop to occur, 𝑛𝑛𝑐𝑐 is the coordination number, which equal to 

2 for one-dimensional case, 

𝑤𝑤𝑖𝑖→𝑗𝑗 = �
0, 𝑤𝑤ℎ𝑒𝑒𝑛𝑛 𝐿𝐿 𝐸𝐸𝑛𝑛𝑎𝑎 𝑗𝑗 𝐸𝐸𝑟𝑟𝑒𝑒 𝑛𝑛𝑛𝑛𝑡𝑡 𝑛𝑛𝑒𝑒𝐿𝐿𝑛𝑛ℎ𝑏𝑏𝑛𝑛𝑟𝑟𝑠𝑠

0,   𝑤𝑤ℎ𝑒𝑒𝑛𝑛 𝐿𝐿 𝐸𝐸𝑛𝑛𝑎𝑎 𝑗𝑗 𝐸𝐸𝑟𝑟𝑒𝑒 𝑛𝑛𝑒𝑒𝐿𝐿𝑛𝑛ℎ𝑏𝑏𝑛𝑛𝑟𝑟𝑠𝑠 𝑏𝑏𝑏𝑏𝑡𝑡 𝑡𝑡ℎ𝑒𝑒 𝑏𝑏𝑛𝑛𝑛𝑛𝑎𝑎 (𝐿𝐿, 𝑗𝑗)𝐿𝐿𝑠𝑠 𝑏𝑏𝑛𝑛𝐸𝐸𝑢𝑢𝐸𝐸𝐿𝐿𝑢𝑢𝐸𝐸𝑏𝑏𝑢𝑢𝑒𝑒
𝑤𝑤, 𝑤𝑤ℎ𝑒𝑒𝑛𝑛 𝐿𝐿 𝐸𝐸𝑛𝑛𝑎𝑎 𝑗𝑗 𝐸𝐸𝑟𝑟𝑒𝑒 𝑛𝑛𝑒𝑒𝐿𝐿𝑛𝑛ℎ𝑏𝑏𝑛𝑛𝑟𝑟𝑠𝑠 𝐸𝐸𝑛𝑛𝑎𝑎 𝑏𝑏𝑛𝑛𝑛𝑛𝑎𝑎 (𝐿𝐿, 𝑗𝑗)𝐿𝐿𝑠𝑠 𝐸𝐸𝑢𝑢𝐸𝐸𝐿𝐿𝑢𝑢𝐸𝐸𝑏𝑏𝑢𝑢𝑒𝑒

    Eq. (2-5) 

A renewal time 𝜏𝜏�̅�𝑟𝑟𝑟𝑟𝑟 is introduced which indicates the time of renewal process of the polymer 

host resulting from polymer chain motion. So that the chain motion can reassign the values of 𝑤𝑤𝑖𝑖→𝑗𝑗 

in time of 𝜏𝜏�̅�𝑟𝑟𝑟𝑟𝑟 .It was suggested the DBP model can provide important experimental realized 

behavior when the observation time t >> 𝜏𝜏�̅�𝑟𝑟𝑟𝑟𝑟.  
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2.3 Inorganic Electrolytes 

Inorganic electrolytes include ceramic and glass-ceramic electrolytes. The main differences 

between the glass-ceramic and ceramic materials is the extent of their crystallization. Unlike 

ceramic materials that have a high crystallinity, glass-ceramics not only have a crystalline phase, 

but they also have an amorphous phase region.  Compared to SPEs, GPEs, or CPEs, most 

ceramic/glass-ceramic electrolytes have a higher mechanical strength to prevent dendrite 

formation.  Also, like SPEs, the ionic conductivity of a ceramic solid electrolyte increases with the 

increasing of temperature.  Due to the elimination of combustible liquid, ceramics are more 

suitable for high temperatures or other aggressive environments.  Typical ceramic electrolytes 

include NASICON-type (e.g., Li1+xTi2-xMx(PO4)3 (M=Al, Ga, In, Sc)), garnet-type (e.g., 

Li5La3M2O12 (M = Al, Ga, In, Sc), Li3Ln3Te2O12 (Ln = Y, Pr, Nd, Sm and Lu), Li6ALa2Ta2O12 

(A= Sr, Ba), and etc.), and LISICON-type (e.g., Li2S-Li2O-P2S5) [18, 90, 91], etc.  Table 2-3 is a 

brief summary of the different types of inorganic lithium ion conductors by literature review. 

Table 2-3 Literature review on the different types of inorganic lithium ion conductors 

Composition Formula Short name Conductivity T (°C) Ref. 

Li3.3PO3.9N0.17 LiPON 2 × 10-6 R.T. [92] 

Li1.3Al0.3Ti1.7(PO4)3 LATP(ceramic) 7 × 10-4 R.T. [93] 

Li1.4Al0.4Ti1.6(PO4)3 

 

LATP(glass-ceramic) 5.16 × 10-4 R.T. [94] 

14Li2O-9Al2O3-38TiO2-39P2O5 LATP(glass-ceramic) 1.3 × 10-3 R.T. [95] 

Li1.3Al0.3Ti1.7(PO4)3 LATP(glass-ceramic) 6.53 × 10-4 30 [96] 

LiTi2(PO4)3 

 

LTP 

 

2 × 10-5 

 

R.T. [97] 

Li1.3Al0.3Ti1.7(PO4)3 LATP 6 × 10-5 R.T. [97] 

Li1.3Al0.2Y0.1Ti1.7(PO4)3 LAYTP 1.2 × 10-4 23 [98] 
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Li2O-Al2O3-SiO2-P2O5-TiO2-GeO2 LiC-GC(Melted) 1 × 10-4 R.T. [26] 

Li2O-Al2O3-SiO2-P2O5-TiO2 LiC-GC(Tape casted) 3 × 10-4 R.T. [26] 

Li1.5Al0.5Ge1.5(PO4)3 LAGP(glass-ceramic) 5.08 × 10-3 27 [99] 

17.5Li2O-5Al2O3-40GeO2-37.5P2O5 LAGP(glass ceramic) 3.99 × 10-4 30 [97] 

Li1.4Al0.4(Ge0.67Ti0.33)1.6(PO4)3 LAGTP(glass 

ceramic) 

6.21 × 10-4 R.T [100] 

Li0.34La0.51TiO2.94 

 

LLT 2 × 10-5 R.T. [101] 

La0.57Li0.3TiO3 LLT ~10-5 R.T. [102] 

Li5La3Ta2O12 LLTO 1.3 × 10-4 R.T. [103] 

Li0.45La0.48TaO3 LLTO 8.75 × 10-4 R.T. [104] 

Li6SrLa2Ta2O12 LSLTO 7.0 × 10-6 22 [105] 

Li6BaLa2Ta2O12 LBLTO 4.0 × 10-5 22 [105] 

Li5La3Bi2O12 LLBO 1.9 × 10-5 22 [106] 

Li6SrLa2Bi2O12 LSLBO 2.0 × 10-5 22 [106] 

Li6CaLa2Ta2O12 LCLTO 2.2 × 10-6 27 [107] 

Li6BaLa2Ta2O12 LBLTO 1.3 × 10-5 R.T. [107] 

Li5La3Ta2O12 LLTO 1.2 × 10-6 R.T. [91] 

Li6BaLa2Ta2O12 LBLTO 4 × 10-5 R.T. [91] 

Cubic Li7La3Zr2O12  c-LLZO(solid state) 2.44 × 10-4 R.T. [108] 

Cubic Li7La3Zr2O12  c-LLZO(sol-gel) 1.39 × 10-4 R.T. [109] 

Tetragonal Li7La3Zr2O12 t-LLZO 1.63 × 10-6 

(bulk) 

5.59 × 10-7 

(grain boundary) 

R.T. [110] 

Li7La3Zr2O12 LLZO ~10-4 (c-LLZO) 

~10-7 (t-LLZO) 

25 [111] 

[112] 

Li7La3Zr2O12  LLZO(thin film) 1.67 × 10-6 R.T. [113] 

(Al2O3 1.25 mol%)-Li7La3Zr2O12 LLZO Al2O3 added 1.4 × 10-4 30 [19] 
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Li14ZnGe4O16 LZGO 6.21 × 10-6 R.T. [114] 

45Li2S-35Li2O-20P2S5 Li2S-Li2O-P2S5 

system 

6.5 × 10-5 R.T. [90] 

Li5.5La3Nb1.75In0.25O12 LLNIO 1.8 × 10-4 48 [115] 

0.48LiI-0.52Al2O3-0.44H2O 

 

Li ion conductor-

mesoporous oxide 

2.1 × 10-4 R.T. [116] 

74.4Li2S-2.4GeS2-23.2P2S5 Li2S-GeS2-P2S5 

system 

1.2 × 10-3 R.T. [117] 

67.5Li2S-7.5Li2O-25P2S5 Li2S-Li2O-P2S5 

system 

2.7 × 10-4 R.T. [118] 

70Li2S-30P2S5 Li2S-P2S5 system 3.2 × 10-3 R.T. [119] 

The NASICON (Na Super-Ionic Conductor) type crystallographic structure NaA2
IV(PO4)3 

(AIV = Ge, Ti and Zr) was identified in 1968 [18]. NASICON type materials (e.g., LiTi2(PO4)3 

(LTP) )are promising candidates for lithium ion conduction because of their three-dimensional 

diffusion network [120]. It was found the lithium conduction can be enhanced by partial 

substitution of tetravalent cations (Ti4+) by trivalent ones (Al3+, Fe3+, Y3+, etc.) [121]. The 

compound family with general formula Li1+xTi2-xMx(PO4)3 (M = Al, Ga, In, Sc) was investigated 

[122]. Figure 2-2 is the lithium ionic conductivities of various ceramic conductors with a 

NASICON-type structure. 
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Figure 2-2 Arrhenius plot of ionic conductivity of various solid lithium ion conductors with 

NASICON structure [122] 

 

 
Figure 2-3 Crystal structure of Li1.3Ti1.7Al0.3(PO4)3 [14] 

Among the NASICON-type lithium ion conductors, Li1+xAlxTi1-2x(PO4)3 has recently been 

widely investigated due to its high ionic conductivity, high electrochemical stability window, and 

stability in air and water [123, 124].  When x=0.3, the composition Li1.3Al0.3Ti1.7(PO4)3 was 

reported to have the highest Li ionic conductivity [18]. Figure 2-3 is the crystal structure of 
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Li1.3Ti1.7Al0.3(PO4)3 materials. Most of the research on LATP focuses on the different effects of the 

parameters for its conductivity; for example, the microstructure [125], the different element ratio 

[123], and the synthesis route [126-129], etc. Despite its manifold advantages compared with other 

inorganic conductors, it was reported that these NASICON-type materials of LATP are unstable 

with Li metal due to facile Ti4+ reduction [19]. Therefore, a Ti4+ free NASICON ceramic 

electrolyte was developed and attracted much attention [130-134].  

  

Figure 2-4 Crystal structure of A) tetragonal Li7La3Zr2O12 [111] and B) cubic Li7La3Zr2O12 

(Blue balls represents Li, purple balls Zr, green balls La, red balls oxygen atoms) [134] 

The garnet-like structured solid electrolyte material LLZO has also attracted much attention 

due to its high Li ionic conductivity (> 10-4 S cm-1 at room temperature), and more importantly, 

the stability versus lithium anode [19, 135, 136].  It was found that there is no visual and XRD 

pattern change when LLZO pellets come in contact with molten Li metal for 72 hours [19].  LLZO 

has two types of crystallization structure by different modifications at different temperatures, a 

tetragonal form (t-LLZO) and a cubic form (c-LLZO) [111, 137, 138]. The cubic form has a 

significantly higher conductivity compared with the tetragonal structure LLZO, which is ~10-4S 

cm-1. Figure 2-4 is the crystal structure of tetragonal LLZO. 
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Figure 2-5 Crystal structure of tetragonal Li3xLa2/3-xTiO3 [139] 

The perovskite La0.51Li0.34TiO2.94 was first synthesized by Inaguma [101]. It has potential as 

a candidate for bulky type or thin-film all-solid-state lithium ion batteries. Researchers find it has 

good bulk conductivity and compatibility with cathode materials [139-142]. Its main drawback is 

its relatively low grain-boundary resistance. Figure 2-5 is the crystal structure of Li3xLa2/3-xTiO3. 

Compared to NASCON and garnet-type electrolytes, the lithium sulfide electrolytes seem to 

have higher conductivity. A high conductivity of ~10-3 S cm-1 was reported. Those inorganic 

electrolytes have great potential for ASSLIBs fabrication. However, they are unstable when in 

contact with moisture or oxygen [143], so special care should be taken during synthesis and storage 

of those electrolytes. 

Ionic migration in crystal is driven by thermal activated hopping of ions between interstitial 

and vacant sites [120]. For vacancy diffusion, atom interchanges from a normal lattice position to 

an adjacent vacant lattice site. The extent of vacancy diffusion is controlled by the concentration 

of these defects and the direction of the vacancy motion is opposite to the direction of the diffusing 
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atoms. The atoms must have enough energy to overcome the activation energy barrier to reach the 

vacancy. For interstitial diffusion, the interstitial atoms which has enough energy can squeeze past 

neighbor atoms and reach a new interstitial site. The magnitude of the diffusion coefficient DT is 

the indictor of the rate at which the atoms diffuse. Normally temperature has a profound effect on 

the diffusion coefficient magnitude, and this was empirically expressed using Arrhenius relation 

as follows [144], 

𝐷𝐷𝑇𝑇 = 𝐷𝐷0𝑇𝑇exp (− 𝐸𝐸𝐴𝐴
𝑘𝑘𝐵𝐵𝑇𝑇

)                        Eq. (2-6) 

where 𝐷𝐷𝑇𝑇 is the tracer diffusion coefficient (m2 s-1); 

𝐸𝐸𝐴𝐴 is the activation energy for the mass transport (j mol-1); 

𝐷𝐷0𝑇𝑇 is the pre-exponential factor; 

𝑘𝑘𝐵𝐵 is the Boltzmann constant (J K-1); 

T is the temperature (K); 

From the microscopic point of view, the tracer diffusion coefficient can be defined using 

Einstein-Smoluchowski relation,  

𝐷𝐷𝑇𝑇 = lim
𝑡𝑡→∞

〈𝑟𝑟2(𝑡𝑡)〉
2𝑑𝑑𝑡𝑡

                                            Eq. (2-7) 

where 〈𝑟𝑟2(𝑡𝑡)〉 is the mean square displacement of the particles after the time t and d is the 

dimensionality of the movement. The atom jumps between the minima in a potential landscape, 

which are lattice sites or interstitial sites. The mean jump time is much short compared to the mean 

residence time τ. 𝐷𝐷𝑇𝑇can be expressed by, 

𝐷𝐷𝑇𝑇 = 𝑓𝑓𝐷𝐷𝑢𝑢𝑐𝑐 = 𝑓𝑓 𝑙𝑙2

2𝑑𝑑𝜏𝜏
                                              Eq. (2-8) 
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𝐷𝐷𝑢𝑢𝑐𝑐 is the uncorrelated jumps diffusion coefficient, f is the correlation factor, which equals unity 

if the jump behavior is uncorrelated. The relationship between ionic dc conductivity and the 

diffusion coefficient can be related by Nernst-Einstein equation, 

𝐷𝐷𝜎𝜎 = 𝜎𝜎𝑑𝑑𝑑𝑑𝑘𝑘𝑏𝑏𝑇𝑇
𝑁𝑁𝑞𝑞2

  Eq. (2-9) 

where N is the particle density of the charge carriers, q is their charge. 𝐷𝐷𝑇𝑇 = 𝐻𝐻𝑅𝑅𝐷𝐷𝜎𝜎, 𝐻𝐻𝑅𝑅 is the 

Haven ratio, which reflects the ratios of various charge carriers contributing to the total 

conductivity. Considering that for most lithium ion conductive ceramic (e.g., LATP), lithium ion 

is the only charge carrier which jump randomly, so 𝐷𝐷𝜎𝜎 =  𝐷𝐷𝑇𝑇 = 𝐷𝐷𝑢𝑢𝑐𝑐[144]. 

The lithium ion transport mechanism in LiTi2(PO4)3 at atomic scale was examined 

experimentally [145] and modeled using density functional theory [120]. The lithium ion mobility 

was also analyzed in Li1+xTi4+
2-x R3+

x(PO4)3 compounds (x = 0.2 and R3+ = Al3+, Ga3+, Sc3+, and 

In3+) by nuclear magnetic resonance technique (NMR) and impedance spectroscopy. It was found 

that all of the compounds display the rhombohedral symmetry, and in all cases the trivalent cations 

were incorporated into the NASICON framework [146]. Lithium ion transportation was also 

analyzed using the difference bond-valence approach and experimental 3D lithium diffusion 

pathway in LATP was extracted from the negative nuclear density maps reconstructed by the 

maximum entropy method [121]. 

The mathematic modeling of the all-solid-state lithium ion batteries which involves the 

microscope mass and charge transport in solid electrolytes was also carried out [147]. The Nernst-

Planck equation was used to describe the motion of ions in the solid electrolyte. The general form 

of the Nernst-Planck equation is: 

𝐽𝐽𝐿𝐿𝑖𝑖+ = −𝐷𝐷𝐿𝐿𝑖𝑖+
∂𝑎𝑎𝐿𝐿𝐿𝐿+
∂y

+  𝐷𝐷𝐿𝐿𝑖𝑖+
𝐹𝐹𝑧𝑧𝐿𝐿𝐿𝐿+
𝑅𝑅𝑇𝑇

𝐸𝐸𝐿𝐿𝑖𝑖+𝐸𝐸                                   Eq. (2-10) 

where 
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 𝐽𝐽𝐿𝐿𝑖𝑖+ (y, t) is the flux of 𝐿𝐿𝐿𝐿+at a distance y from the surface of the anode at time t (mol m-2s-1) 

(y=0 at the interface of anode and electrolyte); 

𝐸𝐸𝐿𝐿𝑖𝑖+  is the activity of 𝐿𝐿𝐿𝐿+ (mol m-3); 

𝐷𝐷𝐿𝐿𝑖𝑖+ is the diffusion coefficient of 𝐿𝐿𝐿𝐿+ (m2s-1); 

∂𝑎𝑎𝐿𝐿𝐿𝐿+
∂y

 is the concentration gradient (mol m-4);  

E is the potential gradient (V m-1); 

𝑧𝑧𝐿𝐿𝑖𝑖+ is the valence of 𝐿𝐿𝐿𝐿+. 

The two terms at the R.H.S of Eq. (2-10) is the diffusion and migration of lithium ion flux. 

Combining with the charge transfer kinetics, diffusion of lithium ion in the intercalation 

electrodes, the charge/discharge properties of the batteries can be modeled.  

2.4 Gel-type Polymer Electrolyte 

The gel-type polymer electrolytes (GPEs) were also called plasticized polymer electrolytes. 

GPEs are made by the impregnation of a liquid electrolyte plasticizer (e.g., propylene carbonate 

(PC), ethylene carbonate (EC), diethyl carbonate (DEC) and polyethylene glycol (PEG)) and 

lithium salt in the polymeric host materials.  Its ionic conductivity is comparable to the 

conductivity of a liquid electrolyte at room temperature.  Various types of GPEs were explored in 

the literature, generally based on poly(vinilidene fluoride) (PVdF) [148], PMMA[149,150], PVdF-

HFP [151], PAN/PEGDA/PVP [152], PVC [153], and PVS [154].  It was found that the 

conductivity of those GPE systems can be affected by lithium salt types and content [155-157], 

host polymer materials, solvent types and ratios [158, 159]. The copolymer poly(vinylidene 

fluorideco-hexafluoropropylene) (PVdF-HFP) has been widely investigated due to its appealing 

comprehensive properties.  For example, it provides greater ionization of salt, liquid electrolyte 

entrapping abilities, good mechanical strength, high solubility, and a lower crystallinity and glass 
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transition temperature, etc. [50, 148, 160].  However, because of the leaching of liquid from the 

membrane and the chemical reaction of fluorinated polymers with lithium, which results in the 

formation of LiF, the PVdF-based GPEs still suffer from a lack of stability with time [161]. Table 

2-4 is a literature review of the different types of gel-type polymer electrolytes. 

Table 2-4 Literature review on the different types of gel-type polymer electrolytes 

Host polymer Solvent 

(plasticizer) 

Lithium salt Conductivity T (°C) Ref. 

PVdF-HFP PC+EC LiN(CF3SO2)2 1.74 × 10-3 R.T. [148] 

PMMA PC+EC LiClO4 6.08 × 10-3 R.T. [149] 

PMMA PC+EC LiN(CF3SO2)2 6.16 × 10-3 R.T. [149] 

PVdF-HFP + PVP DMC+EMC+EC LiPF6 0.49 × 10-3 R.T. [152] 

PvDF PC LiN(CF3SO2)2 1.74 × 10-3 30 [154] 

PVS PC LiN(CF3SO2)2 1.94 × 10-4 30 [154] 

PVdF-HFP PC+EC LiCF3SO3 

LiClO4 

LiBF4 

~1 × 10-3 R.T. [156] 

PMMA γ-butyrolactone Mixed LiClO4 

and LiCF3SO3 

 

9.02 × 10-3 R.T. [157] 

PVC PC LiClO4 0.9 × 10-3 20 [158] 

PVC PC LiN(CF3SO2)2 1.2 × 10-3 20 [158] 

PVdF-HFP PC LiBF4 2.1 × 10-3 R.T. [160] 

P(AN-co-LiMA) EC LiClO4 1.9 × 10-3 R.T. [162] 
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2.5 Solid Electrolyte Optimization 

2.5.1 Ceramic in Polymer Composite Electrolytes 

An ideal electrolyte layer should satisfy the following rigorous demands: 1) High Li+ ion 

conductivity and transference number; 2) High electrochemical stability with lithium metal anode; 

3) Sufficient mechanical strength to suppress lithium dendrite formation; and, 4) The ability to 

accommodate the volume change of electrodes, especially for lithium metal anodes, to minimize 

the capacity drop during cycling. Using the existing electrolyte materials, many researchers have 

tried different ways to develop novel kinds of composite electrolytes in order to optimize their 

performance. 

One composite electrolyte developed is the ceramic-in-polymer electrolyte. It has been 

claimed that adding ceramic fillers to SPEs or GPEs could stabilize the interface between 

electrolytes and lithium metal [163], enhance the mechanical properties [76] and also improve the 

conductivity and lithium ion transference number [49, 164]. Different types of fillers, the particle 

size of fillers, and the wt% content of the filler were widely investigated by several research 

groups. It was also found that the existence of ceramic filers was not only beneficial for SPEs [165-

173], but they also improve the overall performance of GPEs [161, 174-176]. 

The investigated ceramic fillers include metal oxides (Al2O3 [49, 167, 177], SiO2 [172, 177], 

TiO2 [49,173], CeO2 [169], ZrO2 [168], Y2O3 [165], Sm2O3 [170], and MgO2 [178], etc.), inorganic 

lithium salts (γ-LiAlO2, Li2TiO3, Li2SiO3, Li2ZrO3, Li3PO4, and LiBO2, etc.) [165], ferroelectric 

ceramics (BaTiO3, PbTiO3, CaTiO3, SrTiO3, and (LiLa)TiO3, etc.) [165], carbon powders [165, 

171], shape selective molecular sieves ZSM-5 [166], aluminum oxyhydroxide (AlO[OH]n) [151], 

and lithium ion conductor LATP powers [179], etc.  
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Figure 2-6 Variation of conductivity with inverse temperature for composite polymer electrolytes 

(PEO)9-LiCF3SO3 + x wt% TiO2 (x = 0, 5, 10, 15 and 20) [173] 

Figure 2-6 is the conductivity variation with an inverse temperature for the composite polymer 

electrolytes of PEO-LiCF3SO3. We can see that the conductivity of the SPE was enhanced by the 

TiO2 additive, and when the weight ratio of TiO2 is 10%, the highest conductivity was achieved 

as 4.9 × 10-5 S cm-1. 

 
Figure 2-7 Temperature dependence of ionic conductivity on the PVDF-HFP-based polymer 

electrolytes without and with TiO2 [176] 
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Figure 2-7 is the temperature dependence of ionic conductivity on the PVDF-HFP-based 

polymer electrolytes without and with TiO2. We can see the addition of TiO2 fillers is not only 

effective for SPE systems, but it also obviously improved the conductivity of the PVDF-HFP gel 

polymer electrolytes. 

The ceramic filler’s effective role in promoting ion transport was explained by the lewis-acid 

characters and the high surface area of the fillers [180, 181]. The following assumptions may 

contribute to enhancing the ionic conductivity of the composite electrolytes system [49, 151, 170, 

171]: 

1). Lewis-acid type interaction between the polar surface of ceramic fillers with the 

electrolytic species, can lower the ionic coupling and promote the salt dissociation via an “ion-

filler complex” formation;  

2). The filler groups can provide physical cross-linking centers for the PEO segments and for 

the anions, and reduce the tendency for polymer reorganization after the polymer electrolyte 

experienced the crystalline-to-amorphous transition. Thus, establish the conducting pathways on 

the surface of the filler particles. 

 

Figure 2-8 The effect of ceramic filler of AlO[OH]n with different size of 7 µm/14 nm on the 

interfacial resistance between electrolytes [151] 
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The existence of ceramic fillers can not only improve the ionic conductivity of the bulky 

composite electrolytes, but also benefit the interface between the lithium metal and composite 

electrolytes by: 1) decreasing the interfacial resistance and 2) improving the interfacial stability.  

Figure 2-8 shows the effect of a ceramic inert filler of AlO[OH]n on the interfacial resistance 

between lithium metal and PVDF-HFP-LiN(CF3SO2)2 gel-polymer electrolyte. It is obvious that 

the interfacial resistance values have been reduced upon the addition of an inert filler, and the 

nano-sized filler exhibits better performance than the micron-sized filler. 

 

Figure 2-9 Schematic diagram of the interface of lithium with polymer/gel polymer composite 

electrolyte [182] 

The passivation layer on the surface of the lithium anode with an organic liquid electrolyte 

has been recognized and well-studied by many researchers. Similar to this passive layer, there is 

also a passivation interface between the lithium metal and solid electrolyte. Figure 2-9 shows the 

schematic diagram of this lithium-composite electrolyte interface [182]. The inert ceramic 

particles can minimize the exposed area of lithium metal to the polymer phase, which contains O, 

OH-species and thus reduce the passivation process. This presumption also explains the better 

improvement by the nano-sized fillers, since the smaller size particles cover more surface area on 

the lithium surface. 
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However, interestingly, some researchers have found that the fillers cannot enhance the 

conductivity or even bring a counter effect [183-186].  

2.5.2 Polymer in Ceramic Composite Electrolytes 

Another concept that has been developed in recent years is polymer in ceramic composite 

electrolytes. It is composed of non-conducting porous material, which is used for mechanical 

integrity and strength, and a PEO polymer phase interpenetrated with the porous matrix, which is 

responsible for the ion conduction. The possible explanation for the ionic conductivity 

enhancement and other interesting phenomena was: 1) The increased interfacial zone of the 

polymer phase with the non-conducting phase, which is similar to the behaviors of a polymer 

electrolyte with the nano-size ceramic filler [187], 2) The aligning effect of the anisotropic 

conducting polymer chains at a molecular level [188], and 3) The effects of the decrease in the 

glass transition temperature [189]. It was found that the properties of the whole composite 

electrolyte were related to the material in use, the porosity of the substrate matrix, the pore size, 

and fabrication method [190]. 

2.6 Multilayer Solid Electrolyte 
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Figure 2-10 Comparison of the conductivity and mechanical strength of different electrolytes 

It is not hard to see that the current methods of fabricating composite solid electrolytes have 

their own limitations. On the one hand, the overall performance improvement of composite 

electrolytes by a ceramic-in-polymer configuration is still controversial. On the other hand, the 

polymer-in-ceramic electrolyte needs nano-scale fabrication technology, which will limit its 

application in industry mass production.  

So, we tried to develop a novel solid electrolyte with a multi-layered configuration, which can 

integrate the benefits of different materials, be fabricated conveniently, and also simultaneously 

meet the following requirements: 1) Can block, prevent or suppress the lithium dendrite growth 

when lithium metal is applied as an anode material, 2) Has adequate conductivity, and 3) Can 

alleviate the volume change effect of the electrode.  

Based on the current polymeric/glass-ceramic/ceramic materials, the multi-layer concept will 

utilize a manifold fabricating method, for example, dip-coating, hot-pressing, and spray-coating, 

etc., to produce a solid self-standing electrolyte film to maximally optimize its physiochemical and 

electrochemical performance and address the current problems mentioned previously. 
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Among the properties of a multi-layer solid electrolyte, the interface resistance between the 

ceramic and polymeric phase is one of the most critical issues. Very limited research has been 

carried out in this area, and the results are contradictory.  

 

Figure 2-11 Impedance characterization at the interface of La0.55Li0.35TiO3/PEO10-LiCF3SO3 

[191] 

In order to understand the lithium ion transportation mechanism at the interface of the polymer 

electrolyte with ceramic phase filler particles, Takeshi Abe et al. [191] investigated the lithium ion 

transfer at the interface of the ceramic Li0.35La0.55TiO3 and polymer PEO10-LiCF3SO3 polymer 

electrolyte. Figure 2-11 shows the interfacial resistance between La0.55Li0.35TiO3/PEO10-

LiCF3SO3, which was dominant for the total resistance. The activation energy barrier at the 

interface was as high as 97.6 kJ/mol, which was much higher than the activation energy of the 

lithium ion transport in PEO10-LiCF3SO3 polymer and La0.55Li0.35TiO3 bulk grain or grain 

boundary. And also, the activation energy remained the same at the temperature region above and 

below the melting point of polymer electrolytes. The author concluded that the polymer electrolyte 

may have a different structure at the solid/solid interface compared with the bulk region. 
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Figure 2-12 SEM image of cross-section of a) PMMAEO-on-Lipon, (b) PS-EO-on-Lipon and c, 

d) Lipon-on-PS-EO [46] 

Tenhaeff et al. [46] investigated the interfacial resistance between glass-type lithium 

phosphorous oxynitride (Lipon) and a polymer system of poly(methyl methacrylate-co-

poly(ethylene glycol) methyl ether methacrylate)  (PMMA-EO) and poly(styrene-co-

poly(ethylene glycol) methyl ether methacrylate) (PS-EO), where LiClO4 was applied as lithium 

salt. They found that the bilayer fabrication method played a determinative role for the interfacial 

resistance. When the polymer phase was coated on a pre-deposited Lipon layer, a significant 

interfacial resistance, which dominates the ionic transport of the multi-layer electrolyte, can be 

observed. However, when Lipon was deposited on top of the polymer electrolyte, the interfacial 

resistance was eliminated. Figure 2-12 is the SEM image of cross-section of a) PMMAEO-on-

Lipon, (b) PS-EO-on-Lipon and c, d) Lipon-on-PS-EO. We can see the contact between polymer 

and Lipon is intimate, and no obvious gap or void was observed. The author concluded that the 

interfacial resistance may not solely related to contact issue. Though the origin of the interfacial 

resistance was not identified, it was suggested that the polymer structure modification might play 
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an important role. The author also found that exposure of Lipon to the solvent mixtures of 

acetonitrile/N,N-Dimethylformamide (NMP) and acetonitrile/anisole did not affect its 

conductivity. 

 

Figure 2-13 Impedance characterization of between A) PEO16-LiCF3SO3 B) PEO10-LiTFSI and 

Ohara glass ceramic [17] 

In the other paper by Tenhaeff et al. [17], the impedance characterization was carried out at 

the interface between PEO16-LiCF3SO3, PEO10-LiTFSI and lithium ion conductive Ohara glass 

ceramic (Li1+x+yAlxTi2-xSiyP3-yO12). The polymer electrolyte was fabricated by hot pressing. It was 

found that the resistance existing at the interface is negligible. At 40 °C, the interfacial resistance 

provides the largest relative contribution of 24% of the total resistance of Ohara and PEO10-LiTFSI 

electrolyte.  Figure 2-13 shows the impedance characterization at interface of A) PEO16-LiCF3SO3 

B) PEO10-LiTFSI and Ohara glass ceramic respectively [17]. 
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2.7 Conclusion and Research Goals 

The objective of the project is to investigate the feasibility of constructing a multi-layer 

structure composite solid electrolyte for all-solid-state lithium ion batteries.  The detailed research 

goals include the following: 

1).Before the multi-layered all solid electrolytes are built, the physiochemical and 

electrochemical properties of the single phase solid electrolyte must be investigated.  The PEO 

based polymer electrolyte and the gel-type polymer electrolyte (e.g., PVdF-HFP-based GPEs) with 

commonly used lithium salt (e.g., LiTFSI) and a ceramic (or glass ceramic) electrolyte (e.g., 

LATP, LLZO, LLT) will be synthesized, fabricated, and characterized. This study will 

experimentally investigate the fabrication method or synthesis route of the polymer or ceramic ion 

conductor materials with the aim to improve or optimize those processes. 

2). From the literature review, we found that there is a specific ionic transport mechanism that 

exists at the interface of polymer electrolyte and ceramic fillers. Also, the controversial viewpoint 

of the existence of an interfacial impedance at the laminated bilayer suggests that the interfacial 

impedance may be related to material selection (ceramic material, and also polymer-LiX material), 

fabrication method, lamination protocol and environmental factors (e.g., temperature). Obviously, 

more experimental research has to be conducted to find how those parameters can influence the 

interfacial resistance of the laminated solid electrolyte. Our research will fabricate, construct and 

examine the multilayer solid electrolyte based on various materials, to seek the optimal solution 

for a versatile electrolyte layer that is able to satisfy the multiple requirements of ASSLIBs.  

3). Based on all of the previous work, our final goal is to develop, characterize and optimize 

the all-solid-state lithium ion batteries of coin cell type with multilayer composite electrolyte 
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architecture. The cell impedance, charge/discharge properties at various temperatures should be 

characterized and analyzed.  

 

 

Figure 2-14 Schematic structure of the ASSLIBs with multilayer/composite electrolyte 

Figure 2-14 is the schematic structure of the ASSLIBs using multilayer/composite electrolyte 

which will be fabricated using the existing ceramic/polymer material. Lithium metal will be used 

as anode. The ceramic electrolyte can be fabricated with/without the pore-makers at different 

temperature, thus different density and porosity can be achieved. 

 

Figure 2-15 Configuration of the polymer-in-ceramic structure electrolyte with ceramic bulk 

body filled with polymer electrolyte in micro-channels 

Figure 2-15 is the schematic configuration of the polymer-in-ceramic structure composite 

electrolyte, which is composed of two phases, 1). Lithium ion conducting ceramic with micro or 

nano-scale pores or channels geometry; 2). Flexible polymer phase penetrated in the pores or 
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channels. The previous works all relied on the non-conducting ceramic material for building the 

porous matrix. Here we propose a possible fabrication route with conductive ceramic material. By 

designing with the structure and fabrication method, a composite or hybrid electrolyte by confining 

polymer electrolyte in the pores of the ceramic substrate may be developed. 
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Chapter 3 Ceramic Electrolyte Synthesis and Characterization 

 

3.1 Introduction 

To fabricate a multilayer electrolyte with ceramic electrolyte and polymer electrolyte, we have 

to synthesize, fabricate and characterize the ceramic electrolyte first. From the literature review, 

we have chosen the LATP, LLT and LLZO ceramic electrolyte as our research objective. Based 

on the existing knowledge on those different types of ceramic electrolyte, we tried to 

experimentally explore the complete processes, including material synthesis, sample preparation 

and electrochemical characterizations of those different ceramic electrolytes. Our goal also 

includes the possible improvement and optimizations.  

Although there are already many researches on those ceramic electrolytes as we have 

discussed in Chapter 2, the synthesis of those ceramic materials varies by different start materials, 

sintering temperature, synthesis route and so on. So far, we did not see report on the effect of 

sintering temperature on the relative density/conductivity of LATP through solid-state reaction 

method. We have tried to synthesize the same material by different methods, and sintering 

temperature, and then comprehensively compared the performances in different aspects, for 

example, their relative density variation, conductivities under different temperature and pressure, 

and also their stabilities in organic solutions. 

To verify the feasibility of polymer-in-ceramic concept composite electrolyte, porous LATP 

pellets were fabricated and sintered using different pore maker agent. The microstructure of porous 

LATP was observed through SEM images.  
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3.2 Experimental Methods 

3.2.1 Material Synthesis 

3.2.3.1 LATP Synthesis 

Li1.3Ti1.7Al0.3(PO4)3 has superior conductivity among the NASICON-type lithium ion 

conductors. The synthesis route of LATP material can be classified as solid-state reaction [179, 

192] and sol-gel [124-126, 193] method, which varies with starting materials and process factors.  

It was reported that the conductivity was ~10-4 S cm-1 and 1.5×10-5 S cm-1 for the solid-state 

reaction and sol-gel made materials [123].  In our experiments, LATP material was synthesized 

using solid-state reaction method as follows: 

Stoichiometric mixture of high purity chemicals were used, including Li3PO4 (Sigma-Aldrich, 

>99.9%; 10 wt% excess was added to compensate for the loss of lithium during annealing), Al2O3 

(Sigma-Aldrich, >99.99%), and TiO2 (Aldrich, >99%), (NH4)H2PO4 (Sigma-Aldrich, >99.7%). 

The starting material mixture was heated at 120 °C in a vacuum oven for three hours to remove all 

the moisture.   

Then the mixture of powder was mixed with pure ethyl alcohol (Sigma-Aldrich, >99.5%), the 

slurry was poured into zirconia jars and was grounded for 18 hours in a high-energy planetary ball 

mill with zirconia balls as grinding material.  The well-prepared slurry was then air-dried and 

sintered inside aluminum crucible at 900 °C for 2 hours. Then the ceramic product was ball milled 

again for another 12 hours. After a dry-process in oven at 150°C, fine white powder was finally 

obtained finally. The powder was pressed to pellets at 450 MPa, and then sintered at temperature 

from 850 -1150 °C for 6 hours. The heating rate is 3°C /min. 
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3.2.3.2 LLZO Synthesis 

Li7La3Zr2O12 was synthesized in solid-state reaction route. First, a stoichiometric mixture of 

reagent grade starting materials Li2CO3 (Fisher, >99.9%), La2O3 (Sigma-Aldrich, >99.9%), ZrO2 

(Sigma-Aldrich, >99%) powders was dried to remove any moisture or other absorbents. The La2O3 

was dried at 1150 °C for 6 hours to remove absorbed H2O and CO2, Li2CO3 and ZrO2 was dried 

at 600°C for 6 hours. After the mixture of powder was ball milled with zirconia balls in ethanol in 

air for 24 hours, the slurry was dried in oven at 250 °C to obtain fine white powder, which was 

then pressed at 250 MPa to obtain pellets. Then the pellets were sintered in an oven at 900 °C for 

6 hours and then at 1150°C for another 6 hours in a zirconia crucible. After that, the pellets were 

crushed to powder in an agate mortar and then ball milled again for 8 hours. After another dry 

treatment in a forced air convection oven at 250 °C, the obtained fine powder was pressed as pellets 

and annealed at 1230 °C for 36 hours. 

3.2.3.3 LLT Synthesis 

Li0.5La0.5TiO3 was prepared from reagent grade of La2O3 (Sigma-Aldrich, >99.5%), Li2CO3 

(Sigma-Aldrich, >99.5%, 10 wt% excess was added to compensate for the loss of lithium during 

annealing), and TiO2 (Sigma-Aldrich, >99%) molar ratio of 1.1:1:2. The La2O3 was dried at 

1150 °C, TiO2 and Li2CO3 was dried at 600 °C for 6 hours respectively before use. The mixture 

of powder was ball milled in ethanol with zirconia balls for 18 hours with a high energy planetary 

ball mill machine. The slurry then was dried in the oven at 250 °C to obtain fine white powder, 

which was further pressed at 250 MPa to obtain pellets. Those pellets were sintered at 800 °C for 

4 hours and at 1180 °C for 6 hours. After that the pellets was ball milled again for 8 hours in 

ethanol. After dried again, the powder was pressed at 450 MPa and obtained pellets were annealed 

at 1050 -1350 °C for 6 hours. 
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3.2.2 Sample Fabrication 

Using the synthesized ceramic materials, the samples of ceramic ion conductor were 

fabricated in different ways: 1) dry pressing, 2) tape casting. 

Dry pressing is an economic and more efficient method to fabricate the laminated thin layers 

by ceramic powders in both simple and complex geometries. It is widely used in manufacturing 

insulating parts, capacitors, electro-ceramics, electrodes of fuel cells, and other functional ceramic 

substrate. The common dry pressing operation is performed on a hydraulic pressing machine with 

a die. The powder can be placed inside a die between two rigid punches of the pressing machine, 

and the uniaxial pressure was applied on the die, thus the powders can be pressed tightly. 

If the pressing process is conducted at increased temperature it is called hot pressing. Hot 

pressing permits obtaining better compaction, higher green compact density and higher strength 

of the part. In our ceramic solid electrolyte sample fabrication, the die pressing was carried out at 

room temperature. For the polymer solid electrolyte sample fabrication, hot pressing was applied 

since the polymer material is easier to shape at elevated temperature.  

Lithium ion 
material

Solvent

Milling 24h
Slurry

Platicizer

Binder

Milling 12h
Vacuum Tape 

casting

 

Figure 3-1 Schematic process of tape casting of lithium ion ceramic conductors 

Tape casting is a widely used production process in the manufacture of thin tapes from slurry. 

Due to its low cost, high reliability and ability of mass production, tape casting technology has 

been widely used to prepare thin film planar ceramics or polymer membranes, for example, solid 
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oxide fuel cells (SOFCs) and electrode/electrolyte of lithium ion battery, lithium-air battery, etc. 

In a tape casting process, the slip or slurry is poured into a puddle or reservoir behind the doctor 

blade, and the carrier to be cast upon is set in motion. The doctor blade gap between the blade and 

the carrier defines the wet thickness of the tape being cast.  Other variables that play roles include:  

reservoir depth, speed of carrier movement, viscosity of the slop, and shape of the doctor blade. 

The wet film of slip passes into a drying chamber of some sort and the solvents are evaporated 

from the surface, leaving a dry tape on the carrier surface. The electrode/electrolyte fabrication of 

LIB through tape casting is illustrated in the figure 3-1.  

The feasibility of fabricating LATP ceramic plates with tape casting method was also 

investigated. In our research, ethanol and toluene as the solvent, polyvinyl butyl (PVB) as the 

binder, blown menhaden fish oil as the surfactant, butyl benzyl phthalate (BBP) and polyethylene 

glycol 400 (PEG400) as plasticizers. The slurry was prepared by two ball milling stages. Firstly, 

the LATP powders was dissolved in ethanol and toluene solvent with blown menhaden fish oil 

added as surfactant. This slurry was then ball milled for at least 24 hours.  Then, at the second 

stages, more solvent of ethanol was added, PVB, BBP and PEG400 was also added to form the 

final slurry. This slurry was then ball milled again for another 12 hours. In the table 3-1, the ratio 

(wt%) of each composition at stage 1 and stage 2 was listed. 

Table 3-1 Ratio of composition (wt%) at different stages for LATP ceramic fabricated by 

tape-casting 

Stages Slurry Component Composition Ratio (wt%)  

Stage 1 

Ceramic powder LATP powder 64.0 

Solvent 
Ethanol 1.6 

Toluene 16.0 
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Surfactant Blown Menhaden Fish Oil 1.2 

Stage 2 

Binder Polyvinyl Butyral (PVB) 3.8 

Solvent Ethanol 9.6 

Plasticizer 1 Butyl Benzyl Phthalate (BBP) 1.9 

Plasticizer 2 Polyethylene Glycol (PEG400) 1.9 

 

The height of the doctor blade was controlled as 400 µm. The thickness of the green tape is 

~1-1.5mm. After tape casting, the green tape is left at room temperature to evaporate the volatile 

solvents.  Sample plates with different shape and dimension are cut by a punch cutter.  Then the 

plates were sintered at 1050 °C for 6 hours.   

The porous LATP was fabricated through adding different pore maker materials with various 

ratios. Before drying pressing, the LATP fine powder was thoroughly mixed with pore maker in 

an agate crucible. In this study, the pore maker materials were explored including PMMA, PVA, 

and PVB powders.  

3.2.3 Phase Structure and Morphology 

The structure characterization is performed using X-ray diffraction (XRD) with Cu Kα 

radiation over a 2θ range from 10-80º at room temperature.  The increment angle was 0.04° and 

dwell time was 5 seconds. The morphological features of the prepared membranes were examined 

using the Scanning Electron Microscopy (SEM, QUANTA-2000). 

3.2.4 Relative Density Measurement 

The density of the pellets 𝜌𝜌𝑟𝑟𝑥𝑥𝑜𝑜was determined via Archimede’s method on high accurate 

balance. The theoretical density of a material 𝜌𝜌𝑡𝑡ℎ  was calculated from the atomic weight and 

crystal structure. 



47 
 

𝜌𝜌𝑡𝑡ℎ =  𝑁𝑁𝑑𝑑𝑊𝑊𝐴𝐴
𝑉𝑉𝑑𝑑𝑁𝑁𝐴𝐴

                                                                Eq. (3-1) 

where 𝑁𝑁𝑐𝑐 is number of atoms in unit cell, 𝑊𝑊𝐴𝐴 is Atomic Weight [kg mol-1], 𝑉𝑉𝑐𝑐 is Volume of unit 

cell [m3], 𝑁𝑁𝐴𝐴  is Avogadro’s number [atoms mol-1]. Here, a theoretical density of 2.92 g cm-3 was 

calculated for LATP when x = 0.3, assuming a phase-pure material [127]. 

The relative density was calculated by 𝜌𝜌𝑟𝑟𝑑𝑑 =  𝜌𝜌𝑟𝑟𝑥𝑥𝑜𝑜/𝜌𝜌𝑡𝑡ℎ. 

3.2.5 Electrochemical Impedance Spectroscopy Characterization 

Electrochemical Impedance Spectroscopy (EIS) is a powerful tool to study the complex 

electrochemical processes at electrodes and interface. EIS is usually measured by applying a small 

amplitude ac potential perturbation to an electrochemical cell, changing the AC frequency and 

measuring the current through the cell. The EIS analysis can qualitatively determine the 

information such as electronic/ionic conduction in electrode/electrolyte, charge transfer kinetics at 

interface, interfacial charging effect at the surface films or the interfacial double layer. The EIS 

was widely applied on electrochemistry studies of lithium ion batteries, proton exchange 

membrane fuel cells (PEMFCs) and SOFCs and etc. [194-198]. 

 

Figure 3-2 Testing cell with SS blocking electrode: A) 3D model; B) Physical view 

To characterize the ionic conductivity and the interfacial resistance of electrolyte by EIS, first, 

a testing cell for the ionic conductivity measurement was designed and assembled. Figure 3-2 is 
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the testing cell design with 2D design drawing, 3D model and physical view. The diameter of the 

stainless steel (SS) rod is 13 mm; the inner diameter of the Al2O3 tube is 14.29 mm.  The tube was 

sealed by two O-rings and vacuum grease.  The four threaded rods can provide uniform force to 

make sure of the intimate contact of the blocking electrode and the sample.  

The electrochemical properties were characterized by AC impedance spectroscopy using a 

Solartron impedance/gain-phase analyzer 1260 and an electrochemical interface 1287.  The 

analysis of impedance spectra is performed in terms of Nyquist plots where the imaginary part of 

the impedance is plotted as a function of the real part over a wide range of frequencies, for example, 

a frequency from 0.1 Hz-1 MHz at the AC voltage of 10 mV. 

First, a symmetric cell was fabricated by sandwiching Pt (or gold) coated electrolyte samples 

between the SS blocking electrodes.  To measure the impedance at different temperature, the 

testing cell was placed inside a tube furnace. Prior to each impedance measurement, the testing 

device was equilibrated for 1h at each temperature.  

3.2.6 Stability of LATP Ceramic Electrolyte 

The stability of LATP in the aqueous solution with various lithium salt, include LiOH, LiCl, 

LiNO3 and LiCOOCH3, was investigated by Spencer, et al [124]. Since our aim is to fabricate 

multi-layer electrolyte with LATP ceramic, so the stability of LATP material with the organic 

solvent was explored in this research. 

We use the EIS measurement as the indicator of the electrochemical stability of LATP. The 

EIS plot was compared with the same LATP ceramic sample before and after it was soaked in 

organic solvent for a specific time. ACN and lithium ion conductive solvent which is composed 

of LiTFSI + DMC + EC as the solvent was used respectively. 
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3.3 Results and Discussion 

3.3.1 Phase Structure and Morphology 

 

Figure 3-3 XRD pattern of Li1.3Al0.3Ti1.7(PO4)3 

 

Figure 3-4 XRD pattern of  Li7La3Zr2O12 

 

Figure 3-5 XRD pattern of   Li0.5La0.5TiO3 
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Figure 3-3, figure 3-4 and figure 3-5 are the XRD pattern of Li1.3Al0.3Ti1.7(PO4)3, 

Li7La3Zr2O12, and Li0.5La0.5TiO3 respectively. Compared with the reference, we can find good 

agreement of the synthesis materials.  

 

Figure 3-6 LATP plates fabricated A) by dry-pressing and B) by tape casting 

Figure 3-6 shows the photos of as-prepared LATP plates fabricated by A) dry pressing and B) 

green tape fabricated by tape-casting method with various sizes. Compared with die pressing 

method, the main advantage of tape casting includes 1) it can fabricate the ceramic plates with 

various dimensions and shapes; 2) tape casting has higher efficiency than die pressing. But since 

the green tape is thin, so after sintering, the ceramic plates have poor mechanical strength. From 

figure 3-6A, we can see the side view of the sintered LATP pellets. From observation, we found 

there was almost no deformation of the pellets after sintering. 
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Figure 3-7 Appearance of A) LLZO pellets B) LLT pellets with solid-state reaction synthesis 

route 

Figure 3-7A is the photo of LLZO pellets with solid-state reaction synthesis route. From the 

photo, we can observe that LLZO slightly warped after sintering. Figure 3-7B is photo of LLT 

pellets fabricated with solid-state reaction synthesis route. The pellets have a light yellow color. 

From observation, we also found that the mechanical strength of LLT pellets are better than LATP 

and LLZO pellets. 

 

Figure 3-8 SEM of cross section of LATP pellets sintered at 850 °C for 6 hours 
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Figure 3-9 SEM of cross section of LATP pellets sintered at 950 °C for 6 hours 

 

Figure 3-10 SEM of cross section of LATP pellets sintered at 1050 °C for 6 hours 

 

Figure 3-11 SEM of cross section of LATP pellets sintered at 1150 °C for 6 hours 
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Figure 3-8, 3-9, 3-10 and 3-11 are the SEM images of LATP pellets which were sintered at 

850 °C, 950 °C, 1050 and 1150 °C for 6 hours with fast cooling rate. The sintering temperature 

was increased 3°C/min for all samples.  From the pictures, we can see different sintering 

temperature can significantly affect the crystalline structure and morphology of the LATP ceramic. 

The crystalline size was increased at higher temperature. Interspace between the grains can be 

observed inside the pellets. 

 

Figure 3-12 SEM of cross section of LATP pellets sintered at 1050 °C for 6 hours, with slow 

cooling down rate 

Figure 3-12 is the SEM image of LATP sample which was sintered at 1050 °C for 6 hours and 

cooled down at slow rate. We can the cooling rate also plays an important role in forming different 

micro-structure of the crystal grains. Compares with figure 3-10, we can see the crystalline in 

figure 3-12 are almost cubic-like. There are also interspace and clear boundary between the grains. 

We also explored the method of increasing the porosity of the LATP pellets through adding 

PVB pore-making agents. Figure 3-13 is the surface morphology of dry-pressed ceramic LATP 

pellets by SEM, when the weight ratio of PVB varies as A) 0 wt%; B) 5 wt%; C) 10 wt%; D) 40 

wt%.  We can see the open porosity increases with the PVB ratio. The cavity or pores induced by 
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the PVB is much greater than the interspace between the grains. We also observed that higher PVB 

ratio can decrease the strength of the sintered sample. 

 

Figure 3-13 SEM image of the porous LATP pellets with different wt% pore maker of PVB 

 

Figure 3-14 SEM image of porous LATP pellets with 30 wt% pore maker of PMMA 
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Figure 3-15 SEM image of porous LATP pellets with 30 wt% pore maker of PVA 

Figure 3-14 and figure 3-15 are the SEM images of porous LATP pellets with 30 wt% pore-

making agent of PMMA and PVA respectively. From the images, we can observed that the pore 

making agents can significantly affect the micro-structure of ceramic LATP. PMMA can produce 

more uniformly distributed pores with smaller diameters than PVA. The pores made by PMMA is 

~2-10 µm, and pores generated by PVA are 10-100 µm. The pore sizes and distributions can affect 

the mechanical strength, and the overall conductivity when forming a composite electrolyte with 

“polymer-in-ceramic” concept structure. 

 

Figure 3-16 SEM image of LLT ceramic pellets which was sintered at 1150 °C for 6 hours 
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Figure 3-17 SEM image of LLT ceramic pellets which was sintered at 1250 °C for 6 hours 

 

Figure 3-18 SEM image of LLT ceramic pellets which was sintered at 1350 °C for 6 hours 

Figure 3-16, 3-17 and 3-18 are the SEM images of LLT ceramic pellets which were sintered 

at 1150 °C, 1250 °C and 1350 °C for 6 hours respectively. From the SEM pictures of LATP and 

LLT material, we can find the distinct difference between those different ceramic materials. The 

grain size of LATP and LLT are about 10 µm and 3 µm respectively. Sintering temperature and 

also cooling down rate both have major effects on the crystalline structure of the ceramic samples. 

Those differences in structure may further affect the electrochemical performance of the materials. 
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3.3.2 Relative Density Measurement of LATP 

There is previous research about the relative density variation of LATP material [127, 199]. 

However, the LATP material they used was synthesized through sol-gel method. In our research, 

we investigated the variation of the relative density and weight loss of LATP material which was 

prepared through solid state method.  

Table 3-2 Data for different sintering temperature on the weight of the LATP sample pellets 

Fabrication 

method 

Sintering Temperature 

(°C) 

Weight Loss 

(%) 

Relative Density 

(%) 

Dry 

pressing 

850 0.86 92.45 

950 0.94 91.95 

1050 1.74 88.71 

1150 3.13 87.06 

Tape 

casting 
1050 14.18 87.88 

 

Table 3-2 is the experimental data set which reflects the influence of different sintering 

temperature on the weight loss and relative density of the LATP sample pellets. 
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Figure 3-19 Relative density and weight loss variation under different sintering temperature 

From Figure 3-19, we can see the trend that the weight loss increases and the relative density 

decreases when the sintering temperature was increased. The highest relative density of 92.45% 

was found at the sintering temperature of 850 ˚C. This is consistent with the SEM observation 

which demonstrated that the samples sintered at 850 ˚C have smaller crystalline size and higher 

density compared with other sintered samples. The weight loss may be resulting from the 

evaporation of lithium at elevated temperature. It is also not hard to understand that the tape casting 

sample has a significant weight loss since there are organic materials in the green tape. 

3.3.3 Conductivity of Prepared Ceramic Electrolytes 

3.3.3.1 Effect of Temperature to Ionic Conductivity 
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Figure 3-20 A) Nyquist plot of Pt/LATP/Pt at 23˚C, 30 ˚C, 40 ˚C, 50 ˚C, 60 ˚C, 70 ˚C; B) Zoom-

in at the high frequency region 

 

Figure 3-21 A) Nyquist plot of Pt/LATP/Pt at 80 ˚C, 90 ˚C, 100 ˚C, 110 ˚C, 120 ˚C, 130 ˚C; B) 

Zoom-in at the high frequency region 

The conductivity of ceramic electrolyte was significantly affected by temperature.  The 

impedance spectroscopy of Pt/LATP/Pt was measured at 23 ˚C-130 ˚C with the LATP sample 

sintered at different temperature. The pressure exerted on the stainless steel rod is ~0.045 MPa. 

Figure 3-20 is the Nyquist plot of LATP ceramic (sintered at 1050 ˚C) at different temperatures of 

23 ̊ C, 30 ̊ C, 40 ̊ C, 50 ˚C, 60 ̊ C, 70 ̊ C. Figure 3-21 is the Nyquist plot of LATP ceramic (sintered 

at 1050 ˚C) at 80 ˚C, 90 ˚C, 100 ˚C, 110 ˚C, 120 ˚C and 130 ˚C. The range of frequency is 106 Hz 

to 0.1 Hz. 
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The intercept of the semi-circle at high frequency represents the bulk resistance Rb. The size 

of the semi-circle reflects the grain boundary resistance Rgb. The grain boundary resistance is 

dominantly large compared to bulk resistance. We can see the obvious decreasing tendency of both 

the bulk resistance and grain boundary resistance when temperature was increased from room 

temperature of 23 ˚C to 110 ˚C. 

The conductivity was calculated by 

𝝈𝝈 = 𝒉𝒉 𝑹𝑹𝒕𝒕 A =  𝒉𝒉 (𝑹𝑹𝒃𝒃 + 𝑹𝑹𝒈𝒈𝒃𝒃) A ⁄⁄                                           Eq. (3-2) 

  𝝈𝝈 is ionic conductivity, 𝒉𝒉 is the thickness of the sample, 𝑹𝑹𝒕𝒕 is the total resistance, and  𝑨𝑨 is 

the electrode contact area. For LATP ceramic, 𝑹𝑹𝒕𝒕 = 𝑹𝑹𝒃𝒃 + 𝑹𝑹𝒈𝒈𝒃𝒃  , 𝑹𝑹𝒃𝒃  is bulk resistance, 𝑹𝑹𝒈𝒈𝒃𝒃   is 

grain boundary resistance.  

 

Figure 3-22 Equivalent circuit of LATP ceramic conductor 

Figure 3-22 is the equivalent circuit for the EIS modeling of LATP material. R_b represents 

the bulk resistance of the crystalline grain, R_gb represents the resistance between the crystalline 

grains. CPE_SS represents the constant phase element at the interface of the LATP material and 

the stainless steel blocking electrode, CPE_gb represents the constant phase element at the 

interface between grains.  
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Figure 3-23 Comparison of the experimental data with the fitting result 

Figure 3-23 is the Nyquist plot of LATP fitted by the equivalent circuit.  We can see that this 

equivalent circuit can model the behavior of the electrochemical lithium transportation in LATP 

material with good simulation effect.  

Table 3-3 the values of the elements in the equivalent circuit by data fitting 

T (˚C) CPE_SS_T (F) CPE_SS_P R_b (Ω) R_gb (Ω) CPE_gb_T (F) CPE_gb_p 

23 2.5489E-5 0.58881 200.9 1422 5.0347E-8 0.75353 

30 2.2475E-5 0.61156 186.9 1249 4.222E-8 0.7655 

40 2.7517E-5 0.61801 155.6 906.3 4.3491E-8 0.76759 

50 1.5862E-5 0.7183 123.8 698.7 6.0668E-8 0.74551 

60 1.7326E-5 0.73161 117.9 476.4 4.6501E-8 0.77611 

70 2.4053E-5 0.67525 106.2 395.1 3.9739E-8 0.79067 

80 2.7168E-5 0.67235 90.63 289.9 4.4622E-8 0.7891 

90 3.1407E-5 0.67224 88.17 199 4.43E-8 0.80527 

100 2.8677E-5 0.67783 85.87 140.5 4.0427E-8 0.82502 
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110 3.3095E-5 0.67497 81.95 95.41 5.3802E-8 0.82495 

120 3.5363E-5 0.67542 75.24 68.82 1.1122E-7 0.79046 

130 3.2861E-5 0.67905 72.78 48.48 2.6392E-7 0.7574 

Table 3-3 shows the values from the fitting results. From the table 3-3, we can see that the 

value of CPE_SS_T was about ~10-5 of order magnitude, CPE_SS_P ranges from 0.58-0.73. 

CPE_gb_T was about ~10-8 of order magnitude, CPE_gb_P ranges from 0.75-0.83. No obvious 

pattern of variation of those parameters was found when the temperature was increased. 

 

Figure 3-24 Nyquist plot by different blocking electrode 

As part of the EIS measurement, we also demonstrated the effect on Nyquist plot by different 

blocking electrode of silver paste and gold sputtering respectively, as shown in figure 3-24. The 

sample with gold sputtering has a more complete semi-circle and the sample with silver paste 

shows an earlier transit to vertical lines at the medium to low frequency range. Although the plots 

using different blocking electrode show very different plots, we can still recognize the magnitude 

of the grain boundary and bulk resistance from the graph. It is clear that the gold sputtering plot 

was easier to read from the plot. 
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Figure 3-25 Arrhenius plot of LATP sintered at 1050 ˚C 

Figure 3-25 is the Arrhenius plot of total conductivity, bulk and boundary conductivity of 

LATP at different temperature.  The activation energy was calculated by 

𝝈𝝈 =  𝝈𝝈𝟎𝟎𝒆𝒆𝒆𝒆𝒆𝒆 (− 𝑬𝑬𝒂𝒂
𝒌𝒌𝒃𝒃𝑻𝑻

)       Eq. (3-2) 

𝒌𝒌𝒃𝒃 = 1.3806 × 10−23 (𝐽𝐽/𝐾𝐾)  

𝝈𝝈𝟎𝟎 is the pre-exponential factor, 𝑬𝑬𝒂𝒂 is the activation energy, 𝒌𝒌𝒃𝒃 is the Boltzmann constant, 

and 𝐓𝐓 is the absolute temperature.  

The equation 3.1 can be transformed as:  

𝒍𝒍𝒍𝒍𝝈𝝈 =  𝒍𝒍𝒍𝒍𝝈𝝈𝟎𝟎 −  𝟏𝟏
𝑲𝑲𝒃𝒃

𝑬𝑬𝒂𝒂
𝟏𝟏𝟎𝟎𝟎𝟎𝟎𝟎

 𝟏𝟏𝟎𝟎𝟎𝟎𝟎𝟎
𝑻𝑻

                               Eq. (3-3) 

From Equation 3-3, we can see 𝒍𝒍𝒍𝒍𝝈𝝈 and 𝟏𝟏𝟎𝟎𝟎𝟎𝟎𝟎
𝑻𝑻

  has a linear relationship. By method of least 

square fitting the experimental data, we can find the value of 𝑬𝑬𝒂𝒂 and 𝝈𝝈𝟎𝟎. The activation energies 

for bulk and grain boundary resistances of LATP were calculated as 11.09 kJ/mol (0.11eV) and 

28.45 kJ/mol (0.29eV) respectively. 
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Figure 3-26 A) Nyquist plot of LATP sintered at 850 ˚C, 950 ˚C, 1050 ˚C, 1150 ˚C; B) Zoom-in 

at the high frequency region 

Figure 3-26A show the different Nyquist plot of LATP sintered with different temperature. 

Figure 3-26B is the zoom-in detail at high frequency. We can see that all the samples have similar 

pattern at the whole frequency range. The characteristic frequency for the semi-circle interception 

with the real axis may have subtle differences as we can see from figure 3-26B. 
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Figure 3-27 Arrhenius plot of LATP sintered at 850 ˚C, 950 ˚C, 1050 ˚C, 1150 ˚C 

Table 3-4 Variation of 𝐸𝐸𝑎𝑎and 𝜎𝜎0 with sinter temperature 

Sinter Temperature (˚C) 𝑬𝑬𝒂𝒂 𝝈𝝈𝟎𝟎 

850 11.56 1.027 

950 11.14 1.047 

1050 10.68 1.029 

1150 10.73 1.024 

 

We have also measured the Arrhenius plot of LLTP ceramic which was sintered at different 

temperatures of 850 ˚C, 950 ˚C, 1050 ˚C, 1150 ˚C. Figure 3-27 is the Arrhenius plot of LATP 

material synthesis at different temperature. The highest sintering temperature in our experiments 

was 1150 ˚C, since at this temperature, the samples have a tendency of cracking. The samples 

sintered at 850 ˚C was found to be most ionic-conductive, even though most literatures using the 

1050 ˚C as the sintering temperature. We also found the sample sintered at 850 ˚C has best 

mechanical strength (MS), the order is MSLATP850 >> MSLATP950 ≈ MSLATP1050 > MSLATP1150. 
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Figure 3-28 Arrhenius plot of LLZO synthesized by solid state reaction 

Figure 3-28 is the Arrhenius plot of LLZO material synthesized by solid-state reaction. We 

can see LLZO has comparable conductivity with LATP material, which is greater than LLT 

material. However, compares with LATP, LLZO consumes much more time for synthesis and 

fabrication. 

 

Figure 3-29 Nyquist plot of Au/LLT (sintered at 1250 ˚C)/Au at temperature of 23 ˚C 

Figure 3-29 is the Nyquist plot of Au/LLT (sintered at 1250 ˚C)//Au from temperature of 23 

˚C. The Arrhenius plot of LLT material sintered at different temperature was presented in figure 

3-30. The LLT sintered at 1050 ˚C and 1150 ˚C has much lower conductivity compares with LLT 

sintered at 1250 ˚C. The order of the mechanical strength is MSLLT1350 > MSLLT1250 > MSLLT1150 > 

MSLLT1050. Due to the reason that LLT sintered at 1350 ˚C has adhered on the ceramic aluminum 
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plates, we did not measure its conductivity. Compared with LATP, the conductivity of LLT 

material is about one order less. 

 

Figure 3-30 Arrhenius plot of conductivity of LLT material sintered at different temperature 

3.3.3.2 Effect of Pressure to Ionic Conductivity 

 

Figure 3-31 Nyquist plot of Au/LATP (sintered at 850 ˚C)/Au under different pressure  

Figure 3-31 is the Nyquist plot of Au/LATP/Au under different pressure, the LATP material 

was sintered at 850 ˚C for 6 hours. The pressure exerted on the sample is 3.88 × 104 Pa and 3.56 

× 105 Pa respectively. From the figure, we can see the conductivity was increased subtly. The 

higher pressure may improve the contact of the grains, and therefore, the grain boundary resistance 

was decreased slightly. 
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Figure 3-32 Pressure dependence of the conductivity of LATP material sintered at different 

temperature 

Figure 3-32 is the pressure dependence of the LATP material sintered at different temperature 

of 850 ˚C, 950 ˚C, 1050 ˚C and 1150 ˚C. It was suggested that the pressure has limited effect to 

improve the conductivity. Only subtle difference exist between the samples. 

3.3.4 Stability of Prepared Ceramic Electrolytes 

 

Figure 3-33 Nyquist plot of the LATP pellets A) before and B) after immersed in organic 

solution of DMC+EC+LiTFST 
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Figure 3-34 Nyquist plot of the LATP pellets A) before and B) after immersed in ACN solution 

The stability of LATP materials to different organic solvents was investigated through EIS 

method. From observation by naked eye, the integrity of the sample was not affected after long 

time soakage. It is interesting to find after soaking in ACN solution and liquid electrolyte for 48 

hours, the conductivities of LATP samples were not decreased but increased as shown in figure 3-

33 and figure 3-34. This may be related to the residue organic still existing in LATP pores, those 

ions also have attributed to the total conductivity. However, this may also decrease the lithium ion 

transference number. Those treatments of exposure to liquid electrolyte may enhance the lithium 

ion conductivities, but the characterization of lithium ion transference number to be need further 

investigated. 

3.4 Conclusion 

We have experimentally explored the properties of different types of ceramic electrolytes, 

including: material synthesis, sample fabrication, conductivity measurement at different 

temperature and pressure, and stability versus organic solvents and liquid electrolyte, etc. From 

the data we obtained, we can compare the comprehensive performance of LATP, LLT, LLZO 

material as electrolyte in ASSLIBs.  
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We evaluated the different sintering temperature on LATP conductivity and relative density. 

Higher sintering temperature can result in higher weight loss and may create higher thermos stress 

on dry pressed samples, and result in cracks or internal defect in the pellets. The relative density 

decreases with increasing sintering temperature, which is contradictory with the previous research 

where LATP was synthesized using sol-gel method [199]. Our work also demonstrated that the 

sample sintered at 850 ˚C has the highest mechanical strength and also ionic conductivity.  

Table 3-5 Comprehensive comparison of different ceramic electrolytes 

Ceramic 

type 

Ease of 

synthesis 

Conductivity 

at R.T. 

Mechanical 

strength 

Stability 

vs Li 

Ease of 

fabrication 

LATP Easy High Normal Normal Easy 

LLZO Hard High Normal High Medium 

LLT Normal Low High Normal Hard 

 

Table 3-5 is the comprehensive comparison of different ceramic electrolytes. The ease of 

synthesis, fabrication, the conductivity, mechanical strength, stability vs Li metal and also expense 

of synthesis was compared. Through this comparison, the LATP material, due to its high 

conductivity, ease of fabrication and synthesis, and lower economy expense, is the most optimal 

candidate for fabricating a multilayer electrolyte with SPE. While LLZO can be used as the 

ceramic stabilizer at the interface of Li metal and polymer electrolyte, since its high conductivity 

and high stability with lithium metal. LLT material has excellent mechanical strength, however, 

its conductivity is too low in R.T. compared with LATP and LLZO.  
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Chapter 4 Polymeric Electrolyte Fabrication and Characterization 

 

4.1 Introduction 

In our work, we choose PEO-LiN(CF3SO2)2 (LiTFSI) as the solid polymer electrolyte.   

LiTFSI was chosen as the lithium salt due to its high its high conductivity, high stability against 

hydrolysis [45], and also high stability on lithium anode surface [200]. The bulky imide-based 

anions TFSI- could lower the melting point of PEO polymer host, enhance the conductivity by 

greater plasticization of the PEO-LiX system [46]. The copolymer poly(vinylidene fluorideco-

hexafluoropropylene) (PVdF-HFP) is selected as the gel-type electrolyte host material.  The 

copolymer PVdF-HFP has been widely investigated due to its appealing comprehensive properties.  

For example, it provides greater ionization of salt, liquid electrolyte entrapping abilities, and good 

mechanical strength [151, 156]. 

There is previous work on the SPE and GPE synthesis and characterization, but the measured 

conductivities by different researchers are not consistent [46, 55]. Before the multi-layer 

electrolyte was fabricated, the SPE and GPE must be synthesized, fabricated and characterized in 

different route. The conductivity, impedance profile, transference number was measured. Their 

other properties, for example, mechanical strength, ease of fabrication were also evaluated and 

discussed. 

4.2 Experimental Methods 

4.2.1 Material Synthesis and Fabrication 

PEO10-LiTFSI electrolyte can be fabricated by two methods, hot-pressing and solvent-casting. 

Compared with the hot-pressing fabrication method, the solvent-casting can fabricate a more 

uniform, thoroughly mixed, shape-flexible, and most important, thinner electrolyte layer. As we 

know, the key to minimizing the resistance of the solid electrolyte is to decrease the thickness of 
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the electrolyte. And solvent-casting is more efficient than hot-pressing too, which is important for 

massive production. Hot-pressing, on the other hand, was reported to be able to maintain more 

stable interface with lithium metal, since it eliminates the presence of rudimental solvent 

component [6]. 

In our experiments, both solvent-casting and hot-pressing methods were applied. The details 

of experimental fabrication procedures are as follows: 

For hot-pressing method, PEO (MW 1,000,000g/mol) and LiTFSI(Sigma-Aldrich) were dried 

inside the vacuum oven for at least 48 hours, at 50 °C and 150 °C respectively.  PEO and LiTFSI 

were then weighted for the ratio (EO: Li = 10:1) and thoroughly mixed.  The mixture was placed 

inside a heating die.  The die was heated to about 100 °C at a rate of 10 °C /min.  The heating die 

was then pressed using the hydraulic press machine.   The pellet was pressed under ~80 MPa for 

30 mins. The inner diameter of the heated die is 13 mm.   

To fabricate a solvent-casting type plate, firstly, PEO and LiTFSI were dried inside the 

vacuum oven for at least 48 hours, at 50 °C and 150 °C, respectively. PEO and LiTFSI were then 

weighed at the ratio (EO: Li = 10:1) and then dispersed in anhydrous acetonitrile (ACN) solution. 

Subsequently, the mixture was magnetically stirred for 24 hours at room temperature. Then the 

slurry was coated on the stainless steel plates.  After the slow evaporation process of ACN, the 

product film is further dried in a vacuum oven at 50 °C for 48 hours. 

The PVdF-HFP based GPE was prepared by a solvent casting method.  First, PVdF-HFP, 

LiTFSI were stored in a vacuum oven and de-moisturized at 70 °C for 48 hours before use.  Then, 

PVdF-HFP, LiTFSI, ethylene carbonate (EC), propylene carbonate (PC) were dissolved under 

specific weight ratios in N-Methyl-2-pyrrolidone (NMP) and anhydrous tetrahydrofuran (THF).  

The slurry was poured on the flat glass surface, and THF and NMP were allowed to evaporate at 
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room temperature.  After the evaporation of THF, the mechanically stable self-standing GPE films 

with uniform thickness can be obtained. 

4.2.2 Lithium Ion and Electronic Transference Number Measurement 

The lithium ion transference number for the polymer electrolyte was determined by D.C 

polarization technique using Solartron 1287/1860 electrochemical testing platform. The prepared 

SPE and GPE were assembled in a coin cell with Li | SPE/GPE | Li structure. The testing 

parameters were controlled by the CorrWare. The bias voltage applied was 0.3V. The testing was 

carried out at room temperature (23 ˚C).  

The value of lithium ion transference number 𝑇𝑇𝐿𝐿𝑖𝑖+  was calculated from the normalized 

polarization current versus time plot using the equation [201-203]:  

𝑇𝑇𝐿𝐿𝑖𝑖+ = 𝐼𝐼𝑠𝑠(𝛥𝛥𝑉𝑉− 𝐼𝐼0𝑅𝑅0)
𝐼𝐼0(𝛥𝛥𝑉𝑉− 𝐼𝐼𝑆𝑆𝑅𝑅𝑆𝑆)

       Eq. (4-1) 

𝑇𝑇𝐿𝐿𝑖𝑖+ = 𝐼𝐼𝑠𝑠
𝐼𝐼0

        Eq. (4-2) 

Where 𝐼𝐼0 is the initial current, 𝐼𝐼𝑑𝑑 is the residual steady current, 𝛥𝛥𝑉𝑉 is the bias voltage applied, 

𝑅𝑅0 is the film resistance before polarization, 𝑅𝑅𝑆𝑆 is the film resistance after polarization, Eq. (4-2) 

was also used for calculate the lithium ion transference number when only a negligible small bias 

voltage (< 10 mv) was applied [202].  

The electronic transference number was measured using D.C polarization with Solartron 

1287/1860 electrochemical testing platform. The test sample of SPE or GPE was stacked between 

two stainless steel electrodes and D.C voltage of 0.3V was applied between the samples. The 

testing was carried out at room temperature (23 ˚C).  The electronic conductivity can be calculated 

by  

     𝜎𝜎𝑟𝑟 =  𝐼𝐼𝑠𝑠
𝑉𝑉

                                Eq. (4-3) 
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The electronic transference number 𝑇𝑇𝑟𝑟−  can be calculated by  

                   𝑇𝑇𝑟𝑟− = 𝐼𝐼𝑠𝑠
𝐼𝐼0

=  𝜎𝜎𝑒𝑒
𝜎𝜎𝑡𝑡

                                 

Where 𝜎𝜎𝑟𝑟  is electronic conductivity, 𝜎𝜎𝑡𝑡  is the total conductivity measured by impedance 

measurement. 

4.2.3 Stability and Degradation 

The degradation phenomenon of SPE under high temperature (80 ˚C) was investigated. The 

hot-pressed SPE was sealed in a coin cell case of CR2025, and then the cell was placed in an oven. 

The impedance was measured each 5 hours. 

4.3 Results and Discussion 

4.3.1 Appearance and Morphology 

 
Figure 4-1 SPE fabricated by A) solvent casted on a stainless steel plate, B) hot pressing 

Figure 4-1 shows the pictures of A) solvent casting SPE on a Teflon disk. B) hot-pressed SPE. 

From the picture, we can see the hot-pressed SPE can be fabricated as thin film with free-standing 

mechanical strength. The solvent casting SPE was a very thin, sticky and adhesive on the surface 

of the stainless steel disk. The hot pressed electrolyte was an opacified pellet, where the white dots 

through the pellets are the enriched region of LiTFSI salt. The solvent-casting SPE is transparent 

without the lithium salt agglomeration.  
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Figure 4-2 As-prepared GPE. A) Thick film (~1mm). B) thin film (~100µm) 

Figure 4-2 shows the as-prepared GPE with A) thickness of 1 mm, and B) thickness of ~100 

µm. By controlling the viscosity of the slurry, we can fabricate the GPE with different thickness. 

Those self-standing and elastic films can be cut with different sizes and shapes.  

4.3.2 Lithium Ion and Electronic Transference Number 

 
Figure 4-3 Polarization current versus time for Li | hot-pressed SPE | Li symmetric cell at 23 ˚C 
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Figure 4-4 Impedance scans of Li | hot-pressed SPE | Li sample before and after potentiostatic 

measurements at 23 ˚C 

Figure 4-3 is the polarization current versus time for Li | hot-pressed SPE | Li symmetric cell 

at 23 ˚C. Figure 4-4 is the Nyquist plot of Li | hot-pressed SPE | Li sample before and after 

potentiostatic measurements at 23 ˚C. Using the equation 4-1, we can calculate that the 𝑇𝑇𝐿𝐿𝑖𝑖+ is 

~0.35 at 23 ˚C. 

 

 
Figure 4-5 Polarization current versus time for SS | solvent casted SPE | SS symmetric cell at 23 

˚C 
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Figure 4-6 Polarization current versus time for SS | hot pressed SPE | SS symmetric cell at 23 ˚C  

 
Figure 4-7 Polarization current versus time for SS | GPE | SS symmetric cell at 23 ˚C 

Figure 4-5, 4-6, 4-7 are the plots of polarization current versus time for SS | solvent casted 

SPE/ hot pressed SPE/ GPE | SS symmetric dummy cell at 23 ˚C respectively. From the plots, we 

can calculate the electron conductivity of hot solvent casted SPE/pressed SPE/GPE are 6.67E-9, 

1.05E-8 and 5E-8 respectively. This indicates the as-prepared polymer electrolyte has negligible 

electron conductivity, however, the usage of liquid organic components during fabrication may 

induce impurities, thus increase the electron conductivity. 
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4.3.3 Electrochemical Impedance Spectroscopy Characterization 

  

Figure 4-8 Nyquist plot of SS/ PEO10-LiTFSI/SS at 30 ˚C,40 ˚C, 50 ˚C, 60 ˚C 

 

Figure 4-9 Nyquist plot of SS/ PEO10-LiTFSI/SS at 70˚C, 80 ˚C, 90 ˚C, 100 ˚C 
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Figure 4-10 Temperature dependence of ionic conductivity of hot-pressed and solvent casted 

SPE 

Figure 4-8 and figure 4-9 are the Nyquist plot of SS/hot-pressed SPE/SS at 25 ˚C, 30 ˚C, 40 

˚C, 50 ˚C, 60 ˚C and 70 ˚C, 80 ˚C, 90 ˚C, 100 ˚C respectively. The temperature has significant 

impact on the conductivity of SPE materials. We also observed that the semi-circle at high 

frequency region disappeared at temperature higher than 45 ˚C. 

The solvent casted SPE was also characterized with EIS method, and its conductivity was 

compared with hot-pressed SPE. The temperature dependence of ionic conductivity of hot-pressed 

and solvent casted SPE is shown in figure 4-10. We can see that the ionic conductivity was 

increased when temperature was increased. The melting point of hot-pressed SPE was about 45 

˚C. The activation energy of PEO10-LiTFSI solid electrolyte was evaluated as 84.23 kJ/mol 

(0.87eV) and 42.69 kJ/mol (0.44eV) above and below melting point respectively.  

 

Figure 4-11 Nyquist plot of SS/ PVdF-HFP:LiTFSI/SS at  30 ˚C,40 ˚C, 50 ˚C, 60 ˚C 



80 
 

 
 

Figure 4-12 Nyquist plot of SS/ PVdF-HFP: LiTFSI/SS at 70˚C, 80 ˚C, 90 ˚C, 100 ˚C 

 

 

Figure 4-13 Temperature dependence of ionic conductivity of PVdF-HFP/LiTFSI gel-polymer 

electrolyte 

Similarly, the ionic conductivity of PVdF-HFP based gel-polymer electrolyte was also 

measured at different temperature. The Nyquist plot of ionic conductivity of PVdF- HFP/LiTFSI 

gel-polymer electrolyte is presented at figure 4-11 and figure 4-12. The temperature dependence 

of ionic conductivity of PVdF- HFP/LiTFSI gel-polymer electrolyte is presented at figure 4-13. 

The activation energy was calculated as 10.14 kJ/mol (0.10 eV). 
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4.3.4 Stability of the Polymer Electrolyte at High Temperature 

 

Figure 4-14 Variations of hot-pressed and solvent casted SPE conductivity with time at 80 ˚C 

The variations of conductivity of hot-pressed and solvent casted SPE was presented in figure 

4-14. We did not find obvious degradation of those materials even if they were stored at 80 ˚C for 

35 hours. Especially for solvent casted SPE, the increased resistance was negligible compared to 

the LATP’s resistance in a bilayer system. 

4.4 Conclusion 

Since our primary goal is to focus on the interfacial characterization on polymeric and 

inorganic ceramic electrolyte, our objective is to first characterize the single type of polymer 

electrolyte of SPEs and GPEs.  So in this chapter, we have experimentally characterized the ionic 

conductivity under different temperature and fabrication methods. We also characterize the lithium 

ion transference number and electronic conductivities of hot-pressed SPE, solvent casted SPE and 

GPE. All samples have negligible magnitude to electronic conductivity, and hot-pressed SPE has 

the lowest one. It was proven that the addition of any liquid solvent may introduce electron 

conductivity. The thermos stability of those polymeric materials under high temperature of 80 ˚C 
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was investigated.  The resistance was increased several ohms after long storage of 35 hours. We 

think this increase of resistance is negligible compared to the resistance of LATP in a bilayer 

electrolyte system. 
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Chapter 5. Bilayer Electrolyte Fabrication and Characterization 

 

5.1 Introduction 

Compared to the vast array of research on single types of solid electrolytes, which include 

ceramic/glass, ceramic, and polymeric electrolytes, research about bilayer solid electrolytes is very 

limited. To fabricate all-solid-state lithium ion batteries (ASSLIBs) with multi-layered solid 

electrolytes, the critical problem is in addressing: 1) how to fabricate the multi-layered electrolyte, 

and 2) how the interfacial resistance affect the conductivity of the system.  

Unfortunately, the existence and the magnitude of the interfacial resistance still remains a 

controversial issue [17, 191]. It seems the material selection and lamination protocol have effects 

on the interfacial properties and interfacial impedance. So in this chapter, we explore the interface 

impedance with the electrochemical impedance spectroscopy (EIS) method, and through setting 

up the equivalent circuit, we evaluated the value of interfacial resistance. The influence of the 

material selection, temperature, and also the use of the lamination method was also investigated 

through series of experiments. 

Also, we fabricated the composite SPE+ceramic fillers to investigate the transport mechanism 

at the polymer/ceramic grain interface. A multilayer electrolyte of LLZO sprayed on the surface 

of SPE was also fabricated and characterized using SEM and EIS methods. 

5.2 Experimental Methods 

To minimize the deviation that can be introduced by the variation of different samples, during 

the impedance test, all of the ceramic and polymer samples used were sintered or fabricated from 

the same batch. 
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To evaluate the material selection on the interfacial resistance, all of the ceramic materials, 

including LATP, LLT, and LLZO, that we synthesized were used. And different polymeric 

electrolytes, including hot-pressed SPE, solvent-casting SPE, and gel-type polymer electrolytes, 

were also used. The bilayer electrolyte was fabricated with various combination. The lamination 

methods include direct stacking, dip coating, and spray coating, which will be discussed next, in 

order.  

We directly stacked the ceramic electrolyte with SPE of PEO10-LiTFSI or GPE of PVdF-HFP- 

LiTFSI together to form a bilayer structure. The SPE and GPE was fabricated as we discussed in 

chapter 4. The ceramic material and pellets were synthesized/fabricated as we described in chapter 

3. The bilayer electrolyte was stored at different temperatures for at least 5 hours before the AC 

impedance measurement. 

Using dip coating, the solvent based electrolyte of PEO10-LiTFSI was coated onto the surface 

of the ceramic electrolyte of LATP. First, LiTFSI and PEO were stored in a vacuum oven at 120 

˚C for 24 hours to remove any moisture. Then, anhydrous acetonitrile (Sigma Aldrich, 99.8%) was 

used to dissolve the mixture and was stirred for at least 12 hours to form a homogeneous, 

translucent slurry. The slurry was then de-aired with a vacuum oven for 5 mins. Then, the slurry 

was coated on the surface of the ceramic electrolytes to form a bilayer system. The bilayer 

electrolyte was placed in a dry room for at least 12 hours to allow the acetonitrile to evaporate. 

The LATP and LLT ceramic powder was added as fillers to the hot-pressed SPE. The ceramic 

powder, PEO powder and lithium salt was placed in vacuumed oven for 24 hour to remove 

moisture. Before hot-pressing, those powder materials was mixed thoroughly by shaking 10 mins 

in a glass bottle. 
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We used the spray coating method to spray the ceramic particles of LLZO onto the surface of 

the solvent-cased electrolytes, which involved the following steps. First, a solvent-casted SPE was 

fabricated on the surface of a stainless steel chip. Then, the ceramic powders were dissolved in the 

acetonitrile solvent to form a suspension solution. We used a handgun sprayer to spray the ceramic 

particles on the surface of the SPE to get the bilayer structure. The bilayer electrolyte was stored 

in vacuum oven overnight to remove the volatile acetonitrile. 

5.3 Results and Discussion 

5.3.1 Morphology 

 

Figure 5-1 SEM image of interface between hot-pressed SPE and LATP ceramic pellets 

 

Figure 5-2 SEM image of interface between solvent-casted SPE and LATP ceramic pellets  
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Figure 5-1 and figure 5-2 are the SEM images of interfaces between LATP ceramic pellets 

with hot-pressed SPE and solvent-casted SPE respectively. From figure 5-1, we observed that the 

polymeric sticky SPE was barely adhered on LATP surface. There were obvious gaps existing at 

the verge of interface between hot-pressed SPE and LATP pellets. Due to surface tension effect, 

the elastic SPE body cannot maintain a sharp edge like ceramic material, so this gap at the verge 

of interface was enlarged. We may expect to improve the contact condition by 1) 

maintaining/increasing the external pressure on bilayer electrolyte, and 2) increasing the 

‘flexibility’ of the SPE materials. 

From figure 5-2, we can see a thin solvent casted SPE layer with ~30 µm thickness between 

LiMn2O4 cathode and LATP ceramic layer. Though it was expected that there were holes or bumps 

on the rugged surface of LATP or cathode material, the solvent casted SPE seems ‘infiltrated’ into 

the solid material and created a composite region, thus an intimate contact with both cathode and 

LATP ceramic material was achieved, and also the contact area has been augmented. 

 

Figure 5-3 SEM image of LLZO sprayed on surface of solvent-casted SPE 

Figure 5-3 is the SEM image of LLZO sprayed on the solvent-casted SPE surface. It shows 

that spray coating can effectively distribute the ceramic particles on the polymer surface. We can 
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increase the spray time for better covering the polymer surface, so as to create an ultra-thin flexible 

layer of ceramic stabilizer. 

 

Figure 5-4 SEM image of morphology of composite SE of SPE with LATP filler 

Figure 5-4 is the surface morphology of the composite SPE with LATP ceramic filler. It was 

demonstrated that the ceramic particles was wrapped by SPE. If using composite electrolyte as-

shown directly, we doubt that it is able to isolate the contact of polymer material with lithium metal. 

5.3.2 Interfacial Impedance Characterization of SPE and LATP 

 

Figure 5-5 Nyquist plot of a single electrolyte of LATP, hot-pressed SPE, the experimental and 

fitting results of the bilayer electrolyte of LATP + hot-pressed SPE at 0 ˚C 
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Figure 5-6 Nyquist plot of a single electrolyte of LATP, hot-pressed SPE, the experimental and 

fitting results of the bilayer electrolyte of LATP + hot-pressed SPE at 23 ˚C 

 

Figure 5-7 Nyquist plot of a single electrolyte of LATP, hot-pressed SPE, the experimental and 

fitting results of the bilayer electrolyte of LATP + hot-pressed SPE at 50 ˚C 
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Figure 5-8 Nyquist plot of a single electrolyte of LATP, hot-pressed SPE, the experimental and 

fitting results of the bilayer electrolyte of LATP + hot-pressed SPE at 80 ˚C 

 

Figure 5-9 Equivalent circuit for bilayer of LATP + solid polymer electroltye electrochemical 

system 

Table 5-1 Elements in equivalent circuit and electrochemical representation 

Element Electrochemical representation 

C_i Electrode and electrolyte interfacial capacitance 

R_i Interfacial resistance 

W_i Warburg impedance 

R_b_LATP Bulk resistance of the LATP grain 

CPE_b_LATP Sub-diffusive ion transport in the grains 

R_gb Resistance at the grain boundaries 

CPE_gb Constant phase element at grain boundary 

CPE_LATP_AU Constant phase element of LATP sample with sputtered Au 

CPE_SPE_SS Constant phase element of SPE sample with stainless steel rod 

R_c Electric resistance from outer circuit 

L_c Inductor introduced by outer circuit 

R_b_SPE Bulk resistance of the SPE electrolyte 

CPE_b_SPE Constant phase element of SPE electrolyte 
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Figure 5-5, 5-6, 5-7 and 5-8 are the Nyquist plots of a single electrolyte of LATP which was 

sintered at 1050 ˚C, hot-pressed SPE, the experimental and fitting results of the bilayer electrolyte 

of LATP + hot-pressed SPE at 0 ˚C, 23 ˚C, 50 ˚C and 80 ˚C respectively. The ion transportation 

in the bilayer electrolyte was modeled using the equivalent circuit in figure 5-9. Table 5-1 listed 

all the electrochemical representations of the elements in the equivalent circuit. Through 

comparisons of the experimental data with fitting results, goodness of fit was found with the 

proposed equivalent circuit. 

 

Figure 5-10 Ratio of interface resistance to total resistance of hot-pressed SPE and LATP 

electrolytes  

Further analysis, using the graph of the ratio of the interface resistance to the total resistance 

of the hot-pressed SPE and LATP electrolytes, can be seen in figure 5-10, where:  

  𝑅𝑅𝐸𝐸𝑡𝑡𝐿𝐿𝑛𝑛 =  𝑅𝑅_𝑖𝑖
𝑅𝑅_𝑏𝑏_𝑆𝑆𝑆𝑆𝐸𝐸+𝑅𝑅_𝑏𝑏_𝐿𝐿𝐴𝐴𝑇𝑇𝑆𝑆 +𝑅𝑅_𝑎𝑎𝑏𝑏_𝐿𝐿𝐴𝐴𝑇𝑇𝑆𝑆

 × 100%                    Eq. (5-1) 

As we can see, the relative interfacial resistance had a decreasing trendency while the 

temperature was increased. At a temperature of 0 ˚C, the interfacial resistance was about 30% of 

the total resistance. By our observation, the SPE under 0 ˚C become stiff solid pellets. With a 

raising temperature, the SPE become more flexible and soft.  At temperature of 80 ˚C, the 



91 
 

interfacial resistance only account for about ~3% of the total resistance.  We conclude that: 1) the 

interface resistance may be mainly due to incomplete contact between the LATP and SPE 

electrolyte, and 2) higher temperatures can result in higher flexibility of the SPE material, thus 

improving the contact condition at the interface. 

As we can see, the morphology structure of LATP varies with different sintering temperature. 

To see the interfacial resistance’s dependence on the morphology structure, the interfacial 

impedance was also characterized using different LATP sample sintered at 850 ˚C, 950 ˚C and 

1150 ˚C. Figure 5-11 displays the relationship between interfacial resistance and the sintering 

temperature of LATP ceramic sample. We did not find obvious dependence of the interfacial 

resistances on morphology structure of LATP. 

 

Figure 5-11 Ratio of interface resistance to total resistance of hot-pressed SPE and LATP 

electrolytes sintered at different temperature  
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Figure 5-12 Nyquist plot of single electrolyte of Au/LATP/Au, SS (stainless steel)/solvent casted 

SPE/SS and Au/LATP + solvent casted SPE/SS at A) 23 ˚C, B) 50 ˚C, C) 80 ˚C and D) ratio of 

resistance of bilayer electrolyte to total resistance of SPE+LATP 

Figure 5-12 A), B), C) are the  Nyquist plot of single electrolyte of Au/LATP/Au, SS(stainless 

steel)/solvent casted SPE/SS and Au/LATP + solvent casted SPE/SS at 23 ˚C , 50 ˚C , 80 ˚C, 

respectively. The pressure exerted on the samples by the stainless steel rod was 3.88 × 104 Pa. The 

thickness of the LATP pellets is ~2.7 mm. Compared with the resistance from the LATP material, 

resistance of solvent casted SPE was almost negligible. One of the significant results is that the 

bilayer electrolyte has lower resistance compared to the single layer of LATP. Figure 5-12D) is 

the ratio of resistance of the bilayer electrolyte to the total resistance of solvent casted SPE and 

LATP, which is calculated as follows,  

𝑅𝑅𝐸𝐸𝑡𝑡𝐿𝐿𝑛𝑛 =  𝑅𝑅_𝑏𝑏𝑖𝑖𝑙𝑙𝑎𝑎𝑏𝑏𝑟𝑟𝑟𝑟
𝑅𝑅_𝑆𝑆𝑆𝑆𝐸𝐸+𝑅𝑅_𝐿𝐿𝐴𝐴𝑇𝑇𝑆𝑆 

 × 100%                                          Eq. (5-1) 
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Rather than resulting in extra resistance at the contact interface of LATP and solvent casted 

SPE, the ion transfer was enhanced compared to the single layer of LATP. As the temperature 

increases, this enhancement effect becomes more obvious. 

 

Figure 5-13 Schematic diagram of the interface of LATP and SPE 

This may suggest that there is no ion transport barrier that exists at the interface between the 

LATP and solvent-casted SPE material, or the ion transfer at the interface was enhanced. The 

schematic diagram in figure 5-13 represents the interfacial condition at the interface. This diagram 

illustrates our presumption that: 1) the incomplete contact conditions result in the interface 

resistance between the hot-pressed SPE and LATP, and 2) at the interface of the solvent casted 

SPE and LATP,  the polymer and ceramic phase form a composite or hybrid electrolyte region, 

which has an enhanced transportation effect. 
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5.3.3 Interfacial Impedance Characterization of SPE and LLT 

 

Figure 5-14 Nyquist diagram for hot-pressed SPE, ceramic LLT and the bilayer of the hot-

pressed SPE and LLT at various temperature 

When we use the LLT and hot-pressed SPE to construct the bilayer electrolyte, we found that 

there was a negligible interface resistance that exists. Figure 5-14 presents the Nyquist diagram 

for hot-pressed SPE, ceramic LLT and the bilayer of the hot-pressed SPE and LLT at various 

temperature. This result indicated the type of lithium salt may play an important role. 
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5.3.4 Impedance Characterization of composite SE of SPE with LATP/LLT fillers 

 

Figure 5-15 Nyquist plot of composite SE of SPE+ LATP/LLT fillers at various temperature 

Figure 5-15 shows the Nyquist plot of composite SE of SPE+ LATP/LLT fillers. The weight 

ratio of ceramic fillers are fixed at 20%. We found that the conductivity of SPE can be enhanced 

by LATP powder filler, and decreased by LLT powder filler at different temperatures from 0 ˚C 

to 80 ˚C. This indicates that the LATP filler can enhance the ion transportation in SPE, no matter 

the SPE was in the state of crystalline or amorphous domination. This may suggested that there 

existing enhanced transportation at the LATP filler/SPE interface. 
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5.3.5 Interfacial Impedance Characterization using LLZO and GPE 

 

Figure 5-16 Nyquist plot of single LATP, GPE and multi-layer of GPE + LATP + GPE 

Figure 5-16 is the EIS plot of the bilayer of LATP ceramic electrolyte with PVdF- 

HFP/LiTFSI. Compared with the resistance of LATP, the resistance of GPE was negligible. We 

observed that the impedance of GPE+LATP bilayer was greatly decreased compared with the 

single material of LATP. This interesting phenomenon may result from the fact that the liquid 

leakage from the gel-polymer substrate may infiltrate into the micro pores of the ceramic pellets. 

The presence of liquid electrolyte not only eliminated the interfacial resistance, but it also 

effectively enhanced the total ionic conductivity.  
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Figure 5-17 Nyquist plot of SS/GPE/LLZO/GEP/SS and SS/SPE/LLZO/SPE/SS 

Figure 5-17 is the EIS plot of the bilayer of the LLZO ceramic electrolyte with GPE of PVdF- 

HFP/LiTFSI. The bilayer has lower resistance, however, when compared with the bilayer of the 

LATP + GPE; the decrease effect was not significant. This may be related to the different structures 

of the LATP and LLZO pellets. The LATP pellets have a more porous structure, thus the liquid 

electrolyte can filtrate more efficiently.  

 

Figure 5-18 Nyquist plot of LLZO sprayed on solvent casted SPE 

Figure 5-18 shows Nyquist plot of LLZO sprayed on solvent casted SPE. An additional thin 

layer of LLZO particles have increased the magnitude of the resistance by 2-3 times. We also 

found that a mildly increased pressure can effectively decrease the total resistance. This may be 

because the sprayed LLZO particles have a loose structure on the SPE surface, and since SPE has 

low modulus, pressure can improve the contact condition effectively. 

5.4 Conclusion 

Using the previously synthesized ceramic material of LATP, LLT and LLZO, polymeric 

electrolytes, including hot-pressed SPE, solvent casted SPE and GPE, we successfully fabricated 

different types of bilayer or multilayer electrolytes. Different fabrication or lamination protocols 
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were investigated, including direct stacking, spray coating, and dip coating, etc. Through SEM 

observation, we found an obvious difference of morphology at the contact interface using different 

lamination methods and materials. The dip coating of the solvent casted SPE has much more 

intimate contact with the LATP ceramic than the hot pressed SPE directly stacked with the LATP. 

This difference of contact condition at the interface may result in the different behavior of the 

existence and magnitude of the interfacial resistance.  

By using the EIS technique, we characterized the impedance behavior of the bilayer and single 

layer of electrolytes at various temperatures. With the proposed equivalent circuit model of the 

bilayer electrolyte system, we modeled the bilayer impedance with goodness of fit and 

characterized the magnitude and the ratio of the bilayer resistance.  

It was found that for the hot pressed SPE + LATP, the interfacial resistance takes about 30% 

of the sum resistance of the two independent layers at 0 ˚C. At increased temperatures, the 

interfacial resistance decreased rapidly. At 80 ˚C, the interfacial resistance was negligible 

compared with the LATP resistance. We suggest this phenomenon results from the fact that at a 

higher temperature, the hot pressed SPE become more flexible and shapeable, thus providing much 

better contact with the LATP ceramic.  

The conclusion that better contacting conditions can decrease the interface resistance was 

further validated by the SEM image of the solvent casted SPE with the LATP. However, we found 

that this bilayer electrolyte has less resistance compared to a single LATP electrolyte. This 

indicates that the interfacial resistance was not only related with the interfacial contact condition, 

but also with other mechanisms that enhance the interfacial ionic transportation. We suspect that 

the solvent casted SPE can filtrate into the LATP ceramic, therefore a composite electrolyte was 
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formed. This might be similar to the “ceramic in polymer” or “polymer in ceramic” configuration 

with those two coexisting phase electrolytes. 

It was also proved that the interfacial resistance was not obviously effected by sintering 

temperature of LATP pellets.  

Further, we tested other types of bilayer configurations by stacking GPE and ceramic 

electrolyte. We also found significantly decreased impedance for the bilayer electrolyte. It was 

suggested that the residual liquid electrolyte may leak from the polymer matrix and infiltrate into 

the ceramic body. This conclusion was supported by the fact that the different porosity of the 

ceramic electrolyte has a different decreased magnitude of resistance. 

 

Figure 5-19 Schematic diagram of Li+ transport at the interface of the solvent casted SPE and 

LATP ceramic 

Figure 5-19 is the schematic diagram of the Li+ ion transport at the interface of the solvent 

casted SPE and LATP ceramic. In this diagram, we have to consider various transport phases, 

which include: I) the bulk SPE phase, II) the SPE confined space, III) the bulk crystalline grain of 

LATP, IV) the boundary of grains of LATP, and V) the boundary interface of the SPE and LATP. 

The ionic transportation includes: 1) lithium ion transport in bulk SPE, 2) lithium ion transport in 

the confined space, 3) ion transport across the boundary of the SPE phase and LATP grains, 4) ion 
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transport along the boundary of the SPE and LATP grain, 5) transport in the buck grain, and 6) ion 

transport in the grain boundary.  

This decreased resistance may result from 1) interaction of the rugged surface of LATP with 

solvent casted SPE can stabilize (or decrease) the amorphous region of SPE, 2) the SPE material 

has enhanced conductivity in the confined space at region II, 3) the transportation pathway along 

the SPE and LATP grains boundary at region V was established, and 4) SPE material with higher 

conductivity infiltrated into the body of LATP pellets via the tunnels or interspace between the 

LATP grains, shorten the total transport path of lithium ion, Since the resistance from solvent 

casted SPE only takes negligible part of the total resistance, so we assume the conductivity 

enhancement may contributes to the last two reason.  

 

Figure 5-20 Schematic diagram of composite SPE+LATP filler 
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Figure 5-21 Schematic diagram of ion tranportation pathway around single LATP grain/particle 

Figure 5-20 is a schematic diagram which depicts the composite solid electrolyte of SPE with 

LATP filler. Considering the fact that LATP filler can increase the conductivity from 0 ˚C (SPE is 

in crystalline state) to 80 ˚C (SPE is in amorphous state), we suggested that the LATP/SPE 

boundary can facilitate the ion transfer due to some reason. Figure 5-21 is schematic diagram of 

lithium ion transportation pathway around a single LATP grain or particle, where in the 

perpendicular boundary direction, subtle resistance may exist, and in the lateral boundary, ion 

mobility was enhanced. 

Through the bilayer electrolyte fabrication and interfacial resistance characterization, we 

proved the feasibility of constructing the whole ASSLIBs with the as-prepared multi-layer 

structure electrolyte. This multi-layered electrolyte was designed to address the lithium dendrite 

penetration problem and also the volume change problem of the lithium metal electrode. The 

experimental research was also carried out and the result is presented in Chapter 6. 
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Chapter 6. All-Solid-State Lithium Ion Battery Assembly and 

Characterization 

6.1 Introduction 

The as-prepared multilayered electrolyte was used in a whole coin cell to test its performance. 

Lithium metal chip was used as an anode and spinel LixMn2O4 (LMO) was synthesized as cathode 

material. Spinel LMO is one of the most widely used cathode materials in today’s commercial 

lithium ion batteries. Spinel LMO has a theoretical (practical) capacity of 148 (~120) mAh/g and 

average potential (vs. Li0 / Li+) ~4.1V [204]. 

An all-solid-state lithium ion coin cell was fabricated using the multilayer electrolyte of SPE 

coated on LATP. The charge/discharge properties, the cycling performance and the impedance 

evolvement versus cycle times were measured and evaluated, and the results will be discussed in 

this chapter. 

6.2 Experimental Methods 

6.2.1 Cathode Electrode Preparation 

The cathode electrode was prepared by using LiMn2O4 as the active material, Super P carbon 

black as the conductive carbon, PVdF-HFP as a binder and NMP as the solvent. Before use, the 

Super P carbon black and PVdF-HFP binder were dried in a convection oven at 120 °C for 6 hours 

to remove any moisture. The preparation method was as follows: first, the binder material was 

dissolved in an NMP solvent. The ratio of the NMP solvent to the PVdF-HFP binder is 100 mL: 1 

g. Since PVdF-HFP is hard to dissolve in NMP, the PVdF-HFP was added multiple times, while 

the NMP was continually stirred on a magnetic stirrer at a temperature of ~60 °C. The beaker was 

covered by Plastic wrap to prevent the fast evaporation of the NMP solution. After a uniform 

transparent solution was obtained, the active material of the LiMn2O4 powder and the Super P 
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carbon black was added. The mixture continued to be stirred for another 8 hours to completely mix 

the components. The components and weight ratio was listed in table 6-1. 

Table 6-1 Components and weight ratio for cathode electrolyte 

Component Material Ratio (wt %) 

Active material LiMn2O4 (Sigma Aldrich, > 99%, spinel) 85 

Conductive Carbon Super P carbon black (Alfa Aesar, > 99%) 8 

Binder PVdF-HFP (Sigma Aldrich, MW ~400,000) 7 

 

The black slurry was then vacuumed in a vacuum oven for 5 mins to remove any bubbles. A 

little amount of the NMP was spread on the surface of a clean glass, and then the current collector 

of aluminum foil was spread on the dampened glass without bubbles. Then, a doctor blade was 

used to tape-cast the slurry onto the surface of the aluminum foil. The height of the doctor blade 

was ~ 150 µm. The foil was placed in a convection oven and dried at 80 °C for 8hours, then placed 

in the vacuum oven and dried at 120 °C for 12 hours to further remove the NMP residues. Then, 

the foil was pressed using the hydraulic pressing machine under the pressure of 15 MPa for 2 

minutes.  At last, the foil was cut using a punch cutter with a diameter of ~13mm to get cathode 

chips. Each cathode chip has a thickness of ~100 µm, and the load of material was ~0.0226 g/cm2. 

6.2.2 Electrolyte Preparation 

The all-solid-state multilayer electrolyte was prepared. First, the solvent-casted SPE was 

prepared with the method we introduced in chapter 4. Before use, the SPE was de-aired using the 

vacuum oven to remove any air bubbles. Then, the SPE was coated on the cathode chip using a 

glass stick and placed in a dry room to let the volatile ACN solvent evaporate.  
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Figure 6-1 Schematic structure of two types of coin cell with different LATP chip 

Using sandpaper to control the thickness of the LATP chips. To investigate the influence of 

total thickness/porosity of LATP on the overall performance of the battery, two types of LATP 

chips was prepared for the multilayer electrolyte construction: 1) LATP pellets without adding 

pore-maker, with the average thickness of ~0.7 mm; 2) LATP pellets sintered with pore-maker of 

PMMA, with the average thickness of ~0.4 mm. Before dip-coating, the LATP chips were cleaned 

using compressed air. The porous LATP chips were immersed in the SPE solution for 1 hour in 

vacuum, which may facilitate the filtration of SPE into the pores. 

After slow evaporation of the CAN solution, the LATP pellets, which were coated with SPE 

on both sides, were carefully placed on the center of the cathode chip.  Figure 6-1 depicts the 

schematic structure of coin cell I and coin cell II. 

6.2.3 Whole Coin Cell Assembly 

The coin cell was assembled in a glove box with argon as protective gas. The glove box was 

vacuumed first, and then flushed with argon gas. This process was repeated two times to maximally 

lower the concentration of oxygen and moisture. Silica gel was place inside the glovebox to further 

absorb any residual moisture.  
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Figure 6-2 Configuration of prepared coin cell 

 

Figure 6-3 Picture of cathode chip and LATP ceramic electrolyte inside the coin cell case 

Figure 6-2 is the structure of a coin cell. The cathode chip, solid electrolyte chip and lithium 

chip were stacked layer by layer as in the figure. A CR2016/CR2025/CR2032 coin cell case was 

used, based on the total thickness of the solid electrolyte layer. After all of the components were 

placed in each of the coin cell cases, the cases were then placed in a zipper bag inside of the 

glovebox. Then the coin cells cases were taken out and pressed by a hydraulic pressing machine 

to be sealed. Figure 6-3 is a picture of cathode chip and LATP ceramic electrolyte chip placed 

inside a coin cell case before assembly. 

6.2.4 Coin Cell Testing  
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The impedance of the coin cells was measured by a Solartron 1260+1287, and the data file 

was processed with Zplot/Zview software. The charge/discharge and cycling performance were 

measured by Neware, and the data was processed with BSTDA software. 

6.3 Results and Discussion  

6.3.1 Charging and Discharging Properties of Coin Cell I 

 

Figure 6-4 Charge/discharge voltage as a function of the specific capacity of the Li/multilayer 

electrolyte/ LMO coin cell at different temperatures at 1C discharge/charge rate and a different 

cutoff voltage 

Figure 6-4 is the curve of the charge/discharge voltage as a function of the specific capacity 

of the Li/multilayer electrolyte/ LMO coin cell at different temperatures of 23 °C, 50 °C and 70 °C. 

The discharge/charge rate was 1C, and the cutoff voltage was 4.2 V to 1.9 V for tests at 23 °C, 

50 °C, and 4.1 V to 2.8 V for tests at 70 °C. Thus, the charge/discharge capacity was greatly 

affected by temperature. This is mainly due to the fact that the solid electrolytes have a high 

resistance at lower temperatures. 
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Figure 6-5 Charge/discharge voltage curve as function of specific capacity of Li/multilayer 

electrolyte/ LMO coin cell at different cycle times at 70 °C and 1 C discharge/charge rate 

Figure 6-5 is the charge/discharge voltage curve as a function of the specific capacity of the 

Li/multilayer electrolyte/ LMO coin cell at different cycle times, specifically at 70 °C and a 1C 

discharge/charge rate. The cutoff voltage is 4.1 V to 2.8 V. The highest specific charge capacity 

of 104.2mAh/g and discharge capacity of 73 mAh/g was achieved at the first and second cycles, 

respectively. 

 

Figure 6-6 The variation of cell voltage versus time 
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Figure 6-6 is the plot of voltage variation versus time. We can see the cell has stable charge 

and discharge curve. We can also observed that the first charge last much longer than the following 

charge cycle. This is because the formation of SEI layer at the first time consumes more lithium 

ion. One thing deserve to mention is that the charge/discharge strategy we use was 1) charge at 1C, 

then 2) standing in open circuit for 10 mins 3) discharge at 1C and 4) standing for 10 mins again, 

thus a cycle was finished. We can see during the standing time, the cell’s voltage was 

increased/decrease at charge/discharge stage. We ascribe this phenomenon to the electrode 

polarization. 

 

Figure 6-7 Charge/discharge-specific capacities as a function of the cycle number of the 

Li/multilayer electrolyte/ LMO coin cell at 70 °C and a 1C discharge/charge rate 

Figure 6-7 shows the charge/discharge-specific capacities as a function of the cycle number 

of the Li/multilayer electrolyte/ LMO coin cell at 70 °C, the discharge/charge rate was 1C. Both 

the charge and discharge capacity decayed with the cycle number. This may be related to the 

unstable interface of lithium metal with the solvent casted SPE. The residue existence of the ACN 

or other organic impurities in solvent casted SPE can react to the lithium metal irreversibly, and 

the high temperature of 70 °C accelerates this reaction. This reaction formed an SEI (solid-

electrolyte interphase) layer on the lithium anode. The thickness of SEI grows with the cycle 
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number and operation time. The high voltage may also contribute to the decomposition of the 

organic components, thus facilitating the development of an SEI layer. This phenomenon is also 

the main reason for capacity fade for the commercial liquid electrolyte LIBs, for which the SEI 

layer exists at the negative electrode [205]. A composite electrolyte of solvent casted SPE with 

inert ceramic fillers can help to stabilize this electrolyte/electrolyte interface. Or, we proposed that 

to spray another thin layer of LLZO ceramic particles onto the surface of the SPE may also help. 

The LLZO ceramic particles can 1) provide a transport path because of the LLZO’s high 

conductivity, and 2) decrease the extent of the exposure of the lithium metal to the SPE solvent.  

Another reason for a decreasing charge/discharge capability may be related to the transference 

number of SPE, the bulk anions of organic residue can disrupt the structure of LMO during the 

intercalate/deintercalate process. Ceramic fillers may also improve the transference number and 

thus alleviate this issue. 

 

Figure 6-8 Coulombic efficiency as a function of the cycle number of the Li/multilayer 

electrolyte/ LMO coin cell at 70 °C and a 1C discharge/charge rate 

The as-prepared coin cell’s coulombic efficiency as a function of the cycle number at 70 °C 

and a 1C discharge/charge rate is plotted in figure 6-7. After a period of stabilization process during 

the initial cycles, the coulombic efficiency was stabilized at ~82 %.  
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6.3.2 Impedance Characterization of Coin Cell I 

 

Figure 6-9 Impedance of the Li/multilayer electrolyte/LMO coin cell at 23 °C and 50 °C 

 

Figure 6-10 Experimental and fitting impedance of the Li/multilayer electrolyte/LMO coin cell at 

70 °C, and the equivalent circuit model 

The impedance of Li/multilayer electrolyte/LMO coin cell was measured at 23 °C and 50 °C 

and is presented in figure 6-9. The impedance of the cell at 70 °C is shown in figure 6-9 and fitted 

using the equivalent circuit model in the inset. The typical impedance response of the cell was 
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composed with a small semi-circle at high frequency, a large semi-circle at medium frequency, 

and an oblique straight line with slope of ~45° at low frequency. The impedance can be well fitted 

using the proposed equivalent circuit. Based on the comparison of the characteristic frequency 

from figure 5-10, we assume that the equivalent circuit was mainly composed of three 

corresponding parts, as shown in figure 6-10. From high frequency to low frequency, they 

represent 1) ion transfer in the multilayer electrolyte, 2) ion transport across interface of 

lithium/polymer electrolyte and 3) ion diffusion at cathode respectively. As shown, the main 

resistance was the charge transfer resistance between the lithium metal and SPE.  

It is not surprising that the total resistance of the cell decreased with increasing temperature. 

We listed the electrochemical representation of elements in equivalent circuit and value in fitting 

in Table 6-2. The main resistance was the charge transfer resistance between the lithium metal and 

SPE.  

Table 6-2 Electrochemical representation of elements in equivalent circuit and values 

Element Electrochemical representation Value 

R_c Electric resistance from outer circuit 0.78 Ω 

L_c Inductor introduced by outer circuit 7.59E-7 F 

R_b Bulk resistance of multi-layered electrolyte 12 Ω 

R_gb Resistance at the grain boundaries of LATP 28 Ω 

CPE_gb Constant phase element at grain boundary T = 2.31E-6 F 

P = 0.765 

R_sf Surface film resistance  10 Ω 

CPE_sf Surface film constant phase element T = 8.60E-8 F 

P = 0.867 
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R_ct Charge transfer resistance 266.4 Ω 

CPE_ct Charge transfer constant phase element T = 1.02E-5 F 

P = 0.800 

CPE_ca Constant phase element at cathode interface T = 1.34E-8 F 

P = 0.722 

W_ca Finite length Warburg impedance R = 0.214 Ω 

T = 1.438E-5 F 

P = 0.286 

R_ca Resistance at cathode 2.85 Ω 

 

 

Figure 6-11 Impedance development versus cycling number at 70 °C, 1C charge/discharge rate 

By measuring the EIS of the Li/multilayer electrolyte/ LMO coin cell after different cycle 

times at 70 °C and a 1C charge/discharge rate, we got the impedance development versus cycling 

number, as shown in Figure 6-11. The most distinguishable difference was a growing charge 

transfer impedance.  Again, we attribute this to the growing resistive SEI layer, which was 

generated by the irreversible reaction of the lithium anode to the unstable solvent casted SPE. A 
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higher operating temperature and potential, and also the solvent residue or other organic impurities, 

may accelerate the SEI growth. While the SEI becomes thicker, it impedes the lithium transfer at 

the interface, as we can see from the Nyquist plot in figure 6-11. Also, the SEI growth consumes 

the lithium ions irreversibly, thus further degrading the charge/discharge capacity. 

From the Nyquist plot, we can see the total resistance by multilayer electrolyte was much less 

significant compared with the charge transfer resistance. The unstable SEI layer at the lithium 

electrode seems to be the main thing that inhibits the performance of the total system. As we have 

mentioned, another multilayer electrolyte with a sprayed LLZO layer on the SPE surface may 

provide a solution to this problem. 

6.3.3 SEM Image of Solid Multilayer Composite Electrolyte 

 

Figure 6-12 SEM image of the as-prepared multilayer composite electrolyte 
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Figure 6-12 is the SEM image of the as-prepared multilayer composite electrolyte. The 

microstructure of the electrolyte was presented at different magnification. From the image, we can 

observed that 1) the polymer electrolyte with uniform thinness ~50µm was formed on the ceramic 

electrolyte substrate (Figure 6-12 A), 2) the interface between the polymer and ceramic electrolyte 

has very intimate contact (Figure 6-12D), and 3) the porous LATP ceramic was partially filled 

with polymer electrolyte (Figure 6-12 B,C). 

6.3.4 Charging and Discharging Properties of Coin Cell II 

 
Figure 6-13 Variation of cell voltage versus time at different temperature and different cycles 

Figure 6-13 demonstrated the variation of voltage versus time at different temperature and 

different cycles, the charging/discharging current was: 0.2 mA/cm2 at 50 °C and 0.26 mA/cm2 at 

50 °C and 90 °C. It shows that the cell has stable voltage output during charging/discharging cycles.  
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Figure 6-14 Variation of cell voltage versus capacity at different cycles and temperatures: A) 1-

10 cycle (at 50 °C) and B) 11-20 cycle (at 70 °C) and C) 21-30 cycle (at 90 °C)  
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Figure 6-14 is the Variation of cell voltage versus capacity at different cycles/temperature: A) 

1-10 cycle/50 °C and B) 11-20 cycle/70 °C and C) 21-30 cycle/90 °C. We can see the coin cell 

demonstrated good discharge properties with flat discharge plateau. The cell has higher discharge 

plateau at lower temperature, which is because the cell has higher electrode polarization at lower 

temperature. 

 

Figure 6-15 Charge/discharge capacity at different cycle numbers and temperatures 

Figure 6-15 shows the charge/discharge capacity at different cycle numbers and different 

temperatures. We can see that at 50 °C, both charge and discharge capacity keeps a low value and 

oscillate at 50 mAh/g at the first 10 cycles. At the next 10 cycles at 70 °C, the charge/discharge 

capacity both was increased due to the lower internal resistance, but the charge/discharge capacity 

also decreased versus cycle number. This capacity fade becomes more obvious when the coin cell 

was operated at 90 °C. This phenomenon is related to the fact that the organic solvent may become 

more unstable at higher temperature, thus deteriorate the electrode/electrolyte interface and causes 

capacity loss. 
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Figure 6-16 The Coulombic efficiency change at different cycle numbers and temperatures 

Figure 6-16 shows the variation of Coulombic efficiency at different cycle numbers and 

temperatures. We found higher temperature causes lower Coulombic efficiency. This is because 

at higher temperature, the electrode polarization was decreased, and the conductivity of the 

electrolyte/electrode was increased. 

6.3.5 Impedance Characterization of Coin Cell II 

 
Figure 6-17 Impedance development of the cell after 30 times cycle 
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Figure 6-17 shows the impedance change before/after 30 times cycles. We can see the charge 

transfer resistance remains the dominant contribution to the overall internal resistance of the cell. 

Also, since the thickness of the multilayer electrolyte was decreased, the total resistance was 

decreased about 50% compares with the coin cell I. 

 

Figure 6-18 Value of increased resistance before/after 30 cycles in different temperature 

Figure 6-18 shows the increased resistance before/after 30 cycles in various temperatures. We 

can see this increased resistance was also decreased when the temperature was increased. This 

increased resistance mainly comes from the SEI layer development. 

6.4  Conclusion 

The all-solid-state lithium ion coin cell was successfully fabricated using the multilayer 

electrolyte of the SPE coated on LATP. The charge/discharge properties, the cycling performance, 

and the EIS profiles were measured and presented in this chapter. 

Two types of coin cell with different LATP chip was fabricated. The as-prepared lithium ion 

coin cell I with the all-solid-state electrolyte had a considerable performance, with up to 30 cycles 

at 70 °C and a 1C charge/discharge rate with a cutoff voltage of 4.1 V to 2.8 V. The coulombic 

efficiency was stabilized at ~82 %. The charge/discharge capacity decreases gradually with the 

cycle numbers. This battery’s performance degradation may mainly result from the irreversible 
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reaction at the lithium electrode/solvent casted SPE interface. To investigate the reaction and 

transportation mechanism inside the battery, we set up an equivalent circuit to model the 

electrochemical processes involved during the cycling. The equivalent circuit can fit the 

experimental data well. 

Through the EIS characterization and modeling analysis, the degradation of the battery was 

attributed to the unstable interface of the lithium electrode and the solvent casted SPE. The charge 

transfer resistance, resulting from the growth of the SEI layer, accounts for the main part in the 

total impedance of the system. The higher temperature of 70 °C, also the high voltage may cause 

SPE decomposing and may also accelerate the reaction of the vulnerable lithium with the SPE. 

Using a composite electrolyte with inert ceramic fillers was proven to be beneficial to stabilize the 

lithium/SPE interface. We suggest that using a multilayer stable LLZO conductor ceramic 

electrolyte sprayed onto the SPE surface may also help to create a favorable interface by lowering 

the exposure of the lithium electrode to the organic electrolytes. 

For the coin cell II, we found thinner LATP chip with porous structure can enhance the overall 

performance, since the batteries exhibited good rechargeable capacity at 50 °C. In higher 

temperature condition, the capacity can be increased due to higher conductivity of electrolyte, 

however, the capacity fade is much obvious since the unstable electrolyte/electrode interface. 
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Chapter 7. Conclusions and Future Work 

7.1 Conclusions and Summary 

All-solid-state lithium ion batteries have great potential for their advantages, especially when 

compared with traditional lithium ion batteries that use liquid electrolytes; for example, they have 

improved safety in abused conditions and at high temperatures, improved capacity considering the 

lithium metal can be applied as an anode electrode, and shape design flexibility, etc. It was 

expected that all-solid-state batteries might be applied and used in the electrical vehicles industry 

or stationary power storage facilities in the future. However, there are still critical issues and 

challenges for those ASSLIBs before their application in practice. Those problems include the high 

resistance of the solid electrolytes, volume change problems during the charge/discharge cycling, 

and the degradation of the lithium metal when it comes in contact with the organic electrolytes, 

etc.  

Based on previous research on the different types of organic polymer electrolytes and 

inorganic ceramic electrolytes, we proposed to investigate and develop a novel concept for a 

multilayer electrolyte that can combine the merits of those different types of electrolytes. 

Specifically, we aimed to address the volume change and poor solid-solid contact between 

electrodes and the electrolyte problem with an adhesive, flexible thin layer of solvent casted 

polymer electrolytes coated onto the ceramic electrolyte. This thin polymer electrolyte not only 

functions like “glue” to connect the electrolyte and electrode, but we also found that this thin layer 

can effectively decrease the total resistance of the multilayer electrolyte when we use LATP as the 

ceramic counterpart.  Through SEM pictures and EIS characterization, we suggest that there may 

exist a composite multiphase layer at the interface, which has enhanced transportation of the 

lithium ions.  
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Based on the electrochemical and physiochemical characterization of single and bilayer 

electrolytes, we successfully fabricated and assembled the coin cell ASSLIB prototype with the 

multilayer all-solid-electrolytes. This ASSLIB prototype has demonstrated satisfactory 

performance at the high temperature of 50 °C,  70 °C and 90 °C, with high reliability, high voltage 

output and good enough cycling properties.  

Through this series of experiments, we believe the construction of ASSLIBs with the 

multilayer electrolyte is feasible and promising. Before any practical batteries are assembled, 

however, several critical issues should be addressed. First, a lower ionic resistance multilayer 

electrolyte is required. We suggest future research that include 1) investigating new lithium ion 

conductors, 2) clarification of the conductivity enhancement mechanism of the solvent casted SPE 

and LATP ceramic and tries to understand the transport mechanism at the interface of polymer 

chains with ceramic grains, and 3) fabrication of thinner ceramic or glass-ceramic conductors. 

Second, a stable interface between the lithium electrode and polymer electrolyte is essential to 

retain good cycling performance and prolong battery life. This is especially critical for ASSLIBs 

operated at an elevated temperature, since higher temperatures accelerate the organic electrolyte 

components’ decomposition, and thus, deteriorate the interfacial stability. A composite electrolyte 

with ceramic stabilizer was suggested to enhance the stability and lithium ion transference number. 

We proposed the use of a multilayer electrolyte with a high conductivity ceramic material of LLZO 

sprayed onto the SPE surface. 

7.2 Recommendations for Future Work 

We have fabricated the LATP ceramic pellets with a dry-pressing method with a die and 

hydraulic press machine; after sintering, the pellets were polished with sandpaper by hand. This 

fabrication method has many limitations: it cannot provide uniform equality of product samples 



122 
 

and the efficiency is very low. Besides, the samples’ thickness is also limited. In future work, the 

glass-ceramic type LATP should be investigated. Compared to the ceramic electrolyte, a glass-

ceramic LATP has a higher mechanical strength, and thus, thinner plates could be fabricated. We 

suggest the ceramic or glass-ceramic electrolyte should maintain a thinness below 100 µm, without 

losing the mechanical strength to suppress lithium dendrite growth. Such a thin solid electrolyte 

was expected to have a higher conductivity, more than 7 times better than the prototype we have 

fabricated, which may make it possible to make the battery practical. An ultra-thin ceramic or 

glass-ceramic could be fabricated to be flexible, which would be beneficial for a more flexible 

design of battery structure. 

 

Figure 7-1 Design of brass mold for glass-ceramic LATP fabrication 

A glass-ceramic LATP will be fabricated by melting LATP powder in a furnace at 

temperatures higher than 1450 °C. Then, this melted slurry will be poured on the preheated surface 

of a brass mold and pressed with another brass bar. The quenched plates will be annealed to relief 

the internal stress and allow the grain growth for several hours to get the glass-ceramic. Figure 7-
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1 is the design for the brass mold for the glass-ceramic LATP fabrication. In this way, the glass-

ceramic LATP electrolyte can be fabricated with more uniform quality and efficiency.  

By making the glass-ceramic LATP thinner, its conductivity would be compensated. 

However, since the existence of interfacial resistance may be related to the morphology of the 

LATP surface, we need to characterize the bilayer of the solvent casting SPE and glass-ceramic 

LATP. 

The ionic transport mechanism at the ceramic/polymer interface remains unclear. We suggest 

more experimental and theoretical research to be carried out at the interface of PEO-based polymer 

electrolyte with ceramic grains. From figure 5-19, we can see that the interface transportation 

happens in complex phases and conditions. We suspect that the ion transports along the boundary 

of the SPE and LATP, also in this confined region the SPE was enhanced. However, more 

experimental research is needed to provide proof. 

More experimental research on fabricating the porous ceramic structure which possess good 

mechanical strength and high porosity is needed. Different sintering temperature, material 

selection and synthesis methods can be further explored.   

The multilayers of the LLZO sprayed onto the SPE should be further investigated. With the 

lithium as an anode electrode, the LMO as a cathode electrode, the LLZO sprayed onto the SPE 

as a multilayer electrolyte can be assembled and characterized. The cyclability at elevated 

temperatures should be investigated experimentally. 

Also, the bilayer constructed with GPE and a thin ceramic electrolyte should be further 

investigated. This involves the interface between the liquid with solid electrolytes. A multilayer 

structure with GPE + a ceramic electrolyte + GPE is promising as a bulky type of ASSLIB. Such 

multilayer electrolyte may provide high conductivity, considering that the liquid electrolyte can 
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penetrate the porous ceramic layer. Another advantage worth mentioning is that both the GPE and 

ceramic electrolyte can be fabricated through tape casting method, thus enables a more flexible 

ASSLIBs shape and dimension design. However, its capability of alleviating the volume change 

effect and the stability of GPE versus lithium metal at elevated temperature remains a question.  
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