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plot of the cell. 
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Figure 77 (A) Specific discharge capacity (red dots) and Coulombic efficiency 

(blue circles) of an NCM/SSE/LTO cell cycled at currents of 7, 14, 

28, 56, and 28 mAg-1 (C/40, C/20, C/10, C/5, and C/10) and at 60 

°C. (B) Voltage profile of the cell. (C) dQ/dV plot of the cell.  

156 

Figure 78 (A) Specific discharge capacity (red dots) and Coulombic efficiency 

(blue circles) of the NCM/SSE/LTO cell in Figure 77 cycled at a 

current of 28 mAg-1 (C/10) and at 60 °C. (B) Voltage profile of the 

cell. (C) dQ/dV plot of the cell.  
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Figure 79 (A) Charge-discharge plot of an NCM/SSE/graphite cell which 

failed to directly charge to 4.1V. (B) Charge-discharge plot of an 

NCM/SSE/graphite cell cycled from 2.5-4 V at 60 °C. (C) Charge-

discharge plot of the NCM/SSE/graphite cell cycled from 2.5-4.05 

V after the cycle in (B). (D) Charge-discharge plot of the 
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NCM/SSE/graphite cell cycled from 2.5-4.1 V after the cycles in (B) 

and (C). 

Figure 80 (A) Specific discharge capacity (red dots) and Coulombic efficiency 

(blue circles) of an NCM/SSE/graphite cell cycled at currents of 25, 

50, 75, 100, and 50 mAg-1 and at 100 °C. (B) Voltage profile of the 

cell. (C) dQ/dV plot of the cell.  
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Figure 81 (A) Specific discharge capacity (red dots) and Coulombic efficiency 

(blue circles) of an NCM/SSE/graphite cell cycled at a current of 70 

mAg-1 (C/4) and at 100 °C. (B) Voltage profile of the cell. (C) dQ/dV 

plot of the cell.  
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Figure 82 (A) Specific discharge capacity (red dots) and Coulombic efficiency 

(blue circles) of an NCM/SSE/graphite cell cycled at currents of 14 

and 28 mAg-1 (C/20 and C/10) and at 60 °C. (B) Voltage profile of 

the cell. (C) dQ/dV plot of the cell 

162 

Figure 83 (A) EIS Nyquist plots of an NCM/SSE/LTO full cell before cycling, 

after 1st charge, and after 1st discharge at 100 °C. (B) EIS Nyquist 

plots of the cell in a after 1st cycle, after 10th cycle, and after 50th 

cycle. (C) EIS Nyquist plots of an NCM/SSE/graphite full cell before 

cycling, after 1st charge, and after 1st discharge at 100 °C. (D) EIS 

Nyquist plots of the cell in c after 1st cycle, after 10th cycle, and after 

50th cycle. 
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Figure 84 Post-mortem SEM images of (A) NCM and (B) LTO electrodes 

obtained from an NCM/SSE/LTO cell, showing largely intact 

interfaces. Post-Mortem SEM images of (C) NCM and (D) graphite 

electrodes obtained from an NCM/SSE/graphite cell, showing signs 

of degradation. Both cells were cycled for 100 cycles at 100 °C. 
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Figure 85 Schematic of a vacuum-assisted melt-infiltration set up. The 

schematic is not to scale. 
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Figure 86 Schematic of melt-infiltrating molten SSE into the jelly roll of a 

cylindrical cell. 
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Figure 87 (A) Arrhenius conductivity plot of 3LiBH4-1LiCl with calculated 

activation energy (Ea). (B) DSC plot of 3LiBH4-1LiCl. (C) Relative 

charge capacity (red dots) and Coulombic efficiency (blue circles) of 

an Li 2S@C/SSE/Li  cell with 3LiBH4-1LiCl as the SSE cycled at a 

current 50 mAg-1. (D) Voltage profile of the cell in (C). 
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SUMMARY  

All -solid-state lithium-ion batteries (ASSLBs) without flammable liquid 

electrolytes offer improved safety for electric vehicles and other applications. However, 

current inorganic ASSLB manufacturing technology suffers from high cost and low 

attainable volumetric energy density. Such a fabrication method involves separate 

fabrications of sintered solid-state electrolyte (SSE) membranes and SSE-comprising 

ASSLB electrodes, which are then carefully stacked and sintered together at high 

temperatures and pressures. The energy density is limited by the excessive membrane 

thickness needed to prevent cracks, and the large fractions of SSE included in electrodes 

which ensure all active material particles being surrounded by the SSE. In my thesis, I 

explore a novel manufacturing approach that offers reduced manufacturing costs and 

improved energy density in ASSLB cells. This approach mimics the fabrication of 

conventional Li-ion cells with liquid electrolytes, except that SSEs with low melting points 

are infiltrate into thermally stable electrodes at moderately elevated temperatures (~300 °C 

or below) in a liquid state and then solidified during cooling. Li anti-perovskites are 

excellent SSE model materials for the proposed melt-infiltration approach because of their 

reported high ionic conductivities, low melting points, and low synthesis costs. However, 

the real performance characteristics of the anti-perovskites have been unclear due to the 

discrepancies in the reported compositions and conductivity values. In this thesis, high-

purity Li hydroxide chloride anti-perovskites were synthesized by a novel approach with a 

very short reaction time. The structures and compositions of the SSEs were carefully 

characterized. Ionic conductivities were measured with various approaches and a 
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composition of Li1.9OHCl0.9 was found to have the highest conductivity due to the removal 

of otherwise unavoidable LiCl impurity. Li1.9OHCl0.9 was then melt-infiltrated into densely 

packed lithium nickel manganese cobalt oxide (NCM), lithium titanate oxide (LTO), and 

graphite electrodes with the help of a thin layer Al2O3 coated on the electrodes by atomic 

layer deposition (ALD) which improved wetting of the molten SSE on the electrodes. The 

melt-infiltrated electrodes had near zero porosity without additional sintering steps. 

Inorganic ASSLBs with melt-infiltrated NCM cathodes and both LTO and graphite anodes 

were fabricated. The cycling data of such cells presented similar voltage profiles and 

capacity retentions to the cells of the same electrodes with liquid organic electrolytes. The 

promising performance characteristics of such cells will open new opportunities for the 

accelerated adoption of ASSLBs for safer electric vehicles. 
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CHAPTER 1. INTRODUCTION  

1.1 Motivation  

Because of their high energy and power density, reliability, and cyclability, lithium-

ion batteries (LIBs) have been widely used as energy storage devices in portable electronics 

and electric vehicles.(1) Unfortunately, the use of flammable liquid organic electrolytes in 

commercial LIBs poses significant safety issues when batteries are exposed to heat.(2, 3)  

All -solid-state Li-ion batteries (ASSLBs) have been widely explored in hope to overcome 

the disadvantages of conventional LIBs. ASSLBs use nonflammable ceramic solid-state 

electrolytes (SSEs) as ionic conductors and electrical insulators to replace the polymer 

separators and liquid electrolytes in conventional LIBs. In addition to intrinsic safety, SSEs 

are stable at high voltages, which opens the pathway to high voltage cathode materials and 

improves energy density.(4, 5) Furthermore, Li-metal anode, which exhibits an extremely 

high theoretical capacity, may potentially be utilized in ASSLBs as it has been suggested 

that some SSEs may prevent dendrite formation by acting as a mechanical barrier provided 

that the shear moduli of the SSEs or any other pliable separator membranes are twice as 

large as the shear modulus of Li metal film.(6) 

Despite the potential advantages, most ASSLBs are still at the stage of laboratory 

research. The primary issue is the complexity of processing SSEs into the conventional cell 

architecture. Provided, that liquid electrolyte is simply injected into the cell before the cell 

is sealed, the ASSLBs should ideally rely on similarly simple methods of manufacturing. 

Unfortunately, a current conventional method to prepare ASSLBs involves separate 

fabrications of an SSE membrane and composite electrodes (at least a cathode, as an anode 
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may be a Li-metal foil or a current collector on which Li metal is plated during the first 

charge) which are made by sintering milled mixtures of SSE, active materials, and 

conductive carbon additive powders. The SSE membrane and the composite electrodes are 

then sintered together to form the cell. This method results in a high fraction of inactive 

materials (carbon additives and SSE) in the electrodes, which reduces the volumetric 

capacity. The thickness of the SSE membrane must be very thin (< 50 µm, preferably < 10 

µm) to ensure the energy density of the cell to be comparable to conventional cells with 

liquid electrolytes.(7) The fabrication and handling of thin-film and relatively brittle SSE 

membranes pose significant challenges for the fabrication of ASSLBs, especially for large-

scale production. Another issue is the large resistance at the interface between SSEs and 

active materials in electrodes. The large interfacial resistance may be caused by poor 

interfacial contact due to the high elastic moduli of ceramic SSEs.(8) It may also be a result 

of undesired chemical and electrochemical reactions between active materials and SSEs 

that form ionically insulating phases. The volume change of active materials during cycling 

may lead to loss of interfacial contact,(8) which further increases the interfacial resistance. 

To overcome the limitations of current manufacturing methods for ASSLBs, a 

revolutionary idea of fabricating ASSLBs, which infiltrates molten SSEs into electrodes 

(hereinafter named as melt-infiltration), is proposed, as shown by the schematic in Figure 

1. The melt-infiltration method is analogous to the fabrication of LIBs with liquid 

electrolytes, besides that the electrolyte is infiltrated into electrodes at elevated 

temperatures and then solidified during cooling. This method may improve the energy 

density of ASSLBs due to the use of densely packed electrodes like the ones in 

conventional LIBs. It may also improve the interfacial contact between SSEs and 
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electrodes. In addition, this method may allow the use of the same commercial equipment 

for current electrode and cell manufacturing, which reduces a barrier for industry adoption. 

In this thesis, Li anti-perovskite SSEs are chosen as the initial candidates for the proof-of-

concept exploration and development of melt-infiltration due to their low melting points 

and reported high ionic conductivities from literature.  

 

Figure 1: Schematic of the proposed melt-infiltration method. (A) SSE powder is 

placed on the top of an electrode. (B) The electrode is heated above the melting point 

of the SSE and the SSE starts to infiltrate into the electrode. (C) The electrode is 

cooled down and the molten SSE is solidified. (D) Fabricate an ASSLB cell with SSE 

melt-infiltrated into the electrodes. 

1.2 Objectives 

The overall goal of the thesis is to explore how the properties of the electrode and 

SSEs may impact the performance characteristics of ASSLB cells for the proposed melt-

infiltration technology and to provide experimental demonstrations of the ASSLB cells 

produced by such a method. 

Li anti-perovskite SSEs have been selected for the initial studies. For the synthesis 

and characterization of the SSEs, the specific technical objectives have been selected: 
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¶ Synthesize high-purity Li anti-perovskite SSEs. The tentative target SSE materials 

are Li3OCl and Li2OHCl because chlorine is more abundant than bromine on earth.  

¶ Carefully characterize crystalline structures and chemical compositions of the 

synthesized SSEs.  

¶ Measure ionic conductivities of the SSEs. Select the one with the highest 

conductivity for melt-infiltration. 

¶ Study the SSEôs compatibility with Li metal and measure electrochemical stability 

window. 

For the exploration and development of melt-infiltration method, the objectives are: 

¶ Examine chemical and thermal stability of the SSE with cathode and anode 

materials to select the materials for electrodes. 

¶ Investigate properties of the electrodes, SSEs and process conditions allowing one 

to infiltrate molten SSE into densely packed electrodes. 

¶ Characterize melt-infiltrated electrodes. 

¶ Make ASSLBs with melt-infiltrated electrodes and evaluate their performance. 

¶ Investigate key failure mechanisms and propose solutions for future performance 

improvements. 

1.3 Thesis content 

A review of on the background of the thesis, including materials and components for 

conventional LIBs, safety issues with conventional LIBs, advantages of ASSLBs, and 

challenges for manufacturing ASSLBs, is given in Chapter 2. The literature review, 
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synthesis, and characterization of Li anti-perovskite SSEs are presented in Chapter 3. The 

development of melt-infiltration method with the Li anti-perovskite SSE is described in 

Chapter 4. Finally, Chapter 5 is the conclusions and recommended directions for future 

work. 
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CHAPTER 2. BACKGROUND  

2.1 Definitions and terms for Li -ion batteries 

Li -ion battery (LIB) : LIBs are a type of rechargeable batteries in which Li-ions shuttle 

between the two electrodes during charge and discharge. 

Cell: A cell is the basic electrochemical unit. An LIB may contain one or more cells, which 

are connected in series and/or in parallel to provide desired voltage and capacity. This 

thesis is focused only on LIB cells. 

Cathode: A cathode is the electrode at which a reduction reaction occurs. The positive 

electrode is the cathode during discharge and the negative electrode is the cathode during 

charge. In the field of LIB, the cathode is commonly referred to as the positive electrode 

because the cathode and the anode of a cell are defined based on the reactions in the 

discharge process. 

Anode: An anode is the electrode at which an oxidation reaction occurs. The negative 

electrode is the anode during discharge and the positive electrode is the anode during 

charge. In LIBs, the anode is commonly the negative electrode. 

Active material: Active materials are the major components at the electrodes. They 

reversibly store Li-ions by lithiation and release Li-Ions by delithiation.  

Carbon additive: Conductive additives are usually carbon-based materials which provide 

additional pathways for electrons to move between the current collector and active 

materials. 
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Binder: The polymer binder holds the mixture of active material and conductive additive 

together onto the current collector at each electrode. 

Current collector: Current collectors provide pathways for electrons to travel between the 

external circuit and the active materials. 

Separator: Separators are typically porous polymer membranes that allow Li-ions to go 

through but prevent direct contact between electrodes to avoid electrical short circuits 

inside the cell. 

Electrolyte: In conventional LIBs, liquid electrolytes are organic solutions of Li-salts 

which are electrically insulative but ionically conductive, allowing Li-ions to move 

between electrodes. In ASSLBs, electrolytes are solid materials that conduct Li-ions.  

Charge: Electrical energy is applied to a battery and is stored by the battery. Charge can be 

done at a constant current or a constant voltage. 

Discharge: Electrical energy is delivered by a battery to an external load. 

Voltage: The voltage of a cell is measured as the voltage difference between the two 

terminals and is proportional to the electrochemical potential difference between the 

cathode and the anode. 

Capacity: The capacity of a cell is its ability to store Li-ions or charges. The unit for 

capacity is Ampere-hour (Ah), which is equal to the charge transferred by a current of 1 A 

in 1 hour. Since most commercial LIBs are produced in the discharged state, the capacity 

of a cell is commonly limited by the capacity of the cathode. When referring to a materialôs 
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ability to store Li-ions, capacity is always expressed in terms of specific capacity (mAh g-

1) or volumetric capacity (mAh cm-3). The capacity of a cell can also be quantified as the 

state of charge (SOC), which is the ratio of the remaining capacity to the total capacity.  

Coulombic efficiency (CE): CE of a cell is the ratio of the total discharge capacity to the 

total charge capacity over a full cycle. CE is defined as the efficiency that charge is 

transferred in a cell, and a low CE results in reduced cycle life. 

Cycle life: It is the number of cycles that an LIB can be charged and discharged before the 

capacity decreases to a certain limit, usually 80% of the initial capacity. Terms like capacity 

retention and capacity loss can also be used to characterize cycle life. 

Rate performance: It describes the cellôs ability to cycle at large charge/discharge rates (C-

rates). C/x is the theoretical current that fully charges or discharges the cell in x hour. Large 

currents are desired in practical devices as it allows faster charging and delivers larger 

power. 

Energy: The energy stored in a cell is proportional to the capacity (Ah) and the nominal 

voltage (V), so it has a unit of Watt hour (Wh). For example, an LIB with a capacity of 10 

Ah and a nominal voltage of 7.4 V can be labeled as a 74 Wh battery. Energy density can 

be normalized to either mass or volume. The energy density of an LIB cell depends on the 

chemistry, which determines the voltage and specific/volumetric capacity of the cell. It is 

also related to the design, which controls the area of electrodes or the mass loading of active 

materials in the cell. 
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Power: The power (W) delivered by a cell is proportional to the voltage and the current, so 

a high-rate capability is required for a power cell. The power density of a cell can also be 

normalized to either mass or volume.  

2.2 Conventional Li-ion batteries 

2.2.1 Overview 

The standard layout of a conventional LIB cell is shown in Figure 2, which includes 

two electrodes, a separator, and a liquid electrolyte. The active materials on the electrodes 

are chosen based on their lithiation/delithiation potentials, at which Li-ions can be inserted 

and extracted from the materials. To create a chemical difference in a cell, the cathode 

material must have higher lithiation/delithiation potentials than the anode material. For 

example, the average lithiation/delithiation potentials for Lithium cobalt oxide (LiCoO2, 

LCO) and graphite are 3.8 and 0.2 V vs. Li/Li +, respectively, so they can be coupled into 

an LCO/graphite cell. Taking LCO as the active material for the positive electrode 

(cathode) and graphite for the negative electrode (anode), the reactions at the electrodes 

during discharge are described in the following equations: 

 
Positive electrode: ὒὭὅέὕ ὼὒὭ ὼὩ ựựựựựự ὒὭὅέὕ 1 

 
Negative electrode: ὒὭὅ ựựựựựự ὅ ὼὒὭ ὼὩ  

2 

 
Overall: ὒὭὅ ὒὭὅέὕ ựựựựựự ὅ ὒὭὅέὕ  

3 
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These reactions are reversed during charge. During discharge, the difference in 

electrochemical potentials drives Li-ions from the graphite anode to the LCO cathode 

through the electrolyte inside the cell and the potential difference is decreased in this 

process. To balance the charge, electrons move simultaneously from the anode to the 

cathode via the external circuit and deliver electrical energy to the load. In this discharge 

process, chemical energy is converted into electrical energy. During the charging process, 

Li -ions and electrons flow in the opposite direction by the electrical energy provided in the 

external circuit, and this energy is converted into chemical energy by increasing the 

chemical potential difference between the electrodes. 

 

Figure 2:  Schematic of a conventional Li-ion battery cell. 

A cell is typically charged and discharged within a specified operating voltage 

range, which is determined by the cellôs chemistry. Charging above the range (over-charge) 

or discharging below the range (over-discharge) may decrease the electrochemical 
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performance and cause various safety issues such as excessive gas generation due to 

electrolyte decomposition. The voltage range for a modern LCO/graphite cell is usually 

3.0 to 4.4 V. The nominal voltage of this cell is 3.7 V because this voltage is delivered 

through most of the cellôs discharge. During charge and discharge, a polarization effect 

increases the charge voltage to be higher than the thermodynamically predicted voltage and 

reduces the discharge voltage to be lower than the predicted value.(1) The components of 

the polarization include activation polarization, concentration polarization, and ohmic 

polarization:(9) activation polarization is due to the activation energy required to drive the 

electrochemical reaction at the electrode surface; concentration polarization is created from 

the concentration gradients of the reactants and products limited by mass transfer; ohmic 

polarization is generated by the internal impedance from the electrolyte and the electrodes. 

Since cells are charged and discharged within a specified range, the cutoff voltages are 

reached before the designed capacity is utilized due to the increased polarization. 

Therefore, the polarization effect decreases the capacity of a cell.  

2.2.2 Active materials 

Lots of research work in the LIB field have been focused on active materials, since 

active materials with high rate capability, large capacity, and high voltage enhance the 

energy and power densities of the LIBs.(10) Generally, there are two types of active 

materials: intercalation-type and conversion-type. An intercalation active material is a host 

compound in which Li-ions can be stored reversibly through inserting into the vacancies 

(lithiation) and removing from the vacancies (delithiation) without significant chemical or 

structural changes of the host compound.(10) In conversion active materials, however, 

chemical bonds are broken/recombined and crystalline structures are changed during 
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lithiation/delithiation.(10, 11) Most current commercial LIBs utilize intercalation active 

materials, because of their fast Li-ion diffusion which facilitates high rate capability and 

their small volume changes during lithiation/delithiation which enable the formation of 

stable solid-electrolyte-interphase (SEI) and prevent dissolution or loss of active materials 

into electrolytes.(10, 11) 

2.2.2.1 Cathode materials 

Intercalation cathode materials typically have specific capacities of 100-200 mAhg-

1 and average lithiation/delithiation voltages of 3-4 V.(10) Transition metal oxide materials 

such as LCO, lithium nickel cobalt aluminium oxide (commonly LiNi 0.8Co0.15Al 0.05O2, 

NCA), and lithium nickel manganese cobalt oxide (LiNi xCoyMn1-x-yO2, NCM) have been 

well-studied and commercialized. LCO was the first commercialized intercalation cathode 

material. It combines high capacity, high voltage, low self-discharge, and good cycling 

stability, but it suffers from the toxicity and high cost of Co, fast capacity fade during deep 

cycling, and low thermal stability.(12, 13) When the delithiation voltage is greater than 4.2 

V during deep cycling, 50% or more Li-ions in LCO are extracted, causing LCO to 

experience lattice distortion that may result in irreversible capacity loss and decreased 

cycling performance, unless special protective coatings or dopants are utilized. LCO may 

exothermically release oxygen at elevated temperatures and result in a thermal runaway 

reaction which self-heats the cell.(13) NCA and NCM were developed based on the 

structure of LCO and they adopted cheaper and more abundant Al, Ni, and Mn to reduce 

the cost. NCA and NCM also exhibit slightly higher reversible capacities than LCO due to 

improved structural stability.(10) Another popular intercalation cathode material is lithium 

iron phosphate (LiFePO4, LFP), which is a metal polyanion compound. LFP has been 
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widely used in electric vehicles for its low cost and excellent thermal stability. However, 

LFP has a lower lithiation/delithiation voltage and smaller electrical/ionic conductivities 

than other intercalation cathode materials such as LCO, resulting in smaller energy density 

(due to lower cell voltage) and poorer rate performance (due to larger internal 

resistance).(10)  

In recent years, the capacities of intercalation cathode materials in commercial LIBs 

have approached their theoretical limits, so the demand for new cathode materials with 

larger capacities has dramatically increased. Conversion cathode materials have drawn 

intensive interest due to their high theoretical capacities. Metal halides can be lithiated by 

forming metal nanoparticles and Li halides. Even though metal halides show excellent 

theoretical specific and volumetric capacities, they suffer from poor electronic 

conductivities.(14) Another major issue with metal halides is the dissolution of some of 

these materials and the metal nanoparticles formed during lithiation in organic electrolytes, 

which results in fast capacity fading during cycling.(15) Chalcogens can be lithiated to 

form chalcogenides through intermediate steps. S and Li2S have been explored extensively 

due to the high theoretical capacity and low cost of S. However, like the metal halides, the 

polysulfides formed in the intermediate lithiation steps are soluble in organic 

electrolytes.(10) In addition, S also suffers from its low electrical conductivity, low 

vaporization temperature, and large volume expansion during lithiation.(16) Thus, Li2S 

may be more promising than S due to its high melting point and the avoidance of volume 

expansion.(17-20) In general, although conversion cathode materials display much higher 

theoretical capacities than intercalation cathode materials, their actual performance in LIBs 

are deteriorated by problems such as dissolution of active material, low electrical 
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conductivity, large volume change, and low lithiation/delithiation voltage. Some of these 

problems can be solved by more advanced synthesis techniques, like the formation of 

nanoparticles and embedding the active materials in electrically conductive host 

materials.(18, 20, 21) However, these methods also increase the cost and are not favorable 

for commercialization. 

2.2.2.2 Anode materials 

For anode materials, Li metal or Li metal alloys (e.g., Li-Si or Li-Sn alloys) are 

promising choices due to the lowest potential and extremely high theoretical specific 

capacity of Li, which is about 10 times higher than that of conventional graphite (3860 

mAh g-1 vs. 372 mAh g-1). LIBs with Li metal anodes are often called Li metal batteries. 

Theoretically, Li metal anode can significantly increase the energy density of LIBs. 

However, Li metal batteries are not commercialized due to two major concerns. The first 

is the uncontrollable plating and stripping of Li during cell operation, including the 

formation of voids and ñdeadò regions within Li as well as the formation of Li dendrites 

that can penetrate through separators and short circuit the cell, causing safety hazards.(22) 

The second is the short cycle life due to the low Coulombic efficiency (CE) caused by the 

thermodynamic instability of Li with any organic electrolytes and the large volume changes 

during Li plating/stripping that prevent the formation of a stable solid electrolyte interphase 

(SEI) layer on the Li metal anode.(22) Strategies to suppress Li dendrite growth through 

mechanical barriers, including improved in-situ formed SEI layer(23, 24) and ex-situ 

formed surface coating(25, 26), have been explored. Modifications to electrolytes such as 

using functional additives have also been studied.(27-31) However, there is no solution 

that can both prevent Li dendrite formation and improve CE in Li metal cells with organic 
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electrolytes. The use of polymer electrolytes and ceramic solid-state electrolytes may be 

promising due to their high mechanical strength. Like pure Li metal anodes, Li alloy anode 

materials are not widely commercialized despite their high theoretical capacities. Silicon 

(Si) and Tin (Sn) have theoretical specific capacities of 3579 and 993 mAh g-1, 

respectively. They form alloys with Li during lithiation, but their volumes can expand to 

several times of the original volumes, leading to fracture of particles and loss of active 

materials (unless Si and Sn are nanostructured) and to the poor CE due to the continuous 

damages within the SEI layer caused by the volume changes and the resulting continuous 

electrolyte decomposition.(32, 33) Approaches like embedding active materials in carbon 

matrices may ameliorate this problem.(34) 

In commercial LIBs, the most used anode material is graphitic carbon, which allows 

Li -ions to intercalate between the graphene planes. Graphite is a good anode material due 

to its low cost, low lithiation/delithiation potential, high electrical conductivity, high Li 

diffusivity, small volume change during lithiation/delithiation, and higher specific capacity 

than most intercalation cathode materials.(10) One major drawback of graphite is the small 

volumetric capacity due to its low density, resulting in a thick anode layer that decreases 

energy density and rate performance. Another commercialized intercalation anode material 

is lithium titanate oxide (Li 4Ti5O12, LTO), which has the advantages of excellent thermal 

stability, minimum volume change during lithiation/delithiation, high rate capability, and 

long cycle life.(10) However, besides the high cost of titanium (Ti) and the smaller 

gravimetric capacity (175 mAh g-1), LTO also suffers from the smaller cell voltage because 

of its high lithiation/delithiation potential, which then reduces energy density.  

2.2.3 Current collectors 
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The role of current collectors in LIB cells is to transfer electrons between the cell 

terminals and the active materials. They also provide mechanical support to the active 

materials. Most current collectors in commercial LIBs are flat metallic foils, which are thin 

and light, resulting in improved gravimetric and volumetric capacities than cells with other 

forms of current collectors such as mesh or foam.(35) In addition, current collectors must 

have high electronic conductivity to minimize the resistance and good electrochemical 

stability within the operation potential window of the electrode to prevent reactions with 

electrolytes.(36) Corrosion of current collectors can increase the internal resistance of a 

cell and decreases the capacity. Aluminum (Al ) is the most popular material for current 

collectors at cathodes, especially with high voltage cathode materials, due to its good 

balance between conductivity, stability, availability, and cost.(36) Though Al is 

thermodynamically unstable at high potentials (>3.5 V vs. Li /Li+), Al current collectors 

form a stable surface passivation layer (such as aluminum oxyfluoride) by reactions with 

Li -salts (commonly fluorine-containing) and impurities in electrolytes.(36) The 

effectiveness of the passivation layer depends on the salts and organic solvents. For 

example, electrolytes with Lithium hexafluorophosphate (LiPF6) form significantly better 

passivation layers than electrolytes with lithium perchlorate (LiClO4) do.(36, 37) Al current 

collectors cannot be used in graphite, Si, Sn or Li metal anodes because Al alloys with Li, 

making copper (Cu) the primary choice of anode current collectors, as Cu is stable with Li 

at low potentials. Cu dissolves into electrolytes without passivation at potentials higher 

than 3.3 V vs. Li/Li+, so it is not suitable for current collectors at cathodes.(35, 36) 

However, if the anode in a cell reaches a high potential by over-discharging to 

approximately 1 V, dissolution of Cu may create short circuit, raising safety issues.(38)   
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2.2.4 Conductive additives 

Though conductive additives only occupy small fractions of the mass or volume in 

the electrodes, they affect properties such as electrical conductivity and density of 

electrodes. Without conductive additives, active materials with low electrical conductivity 

cannot transfer enough electrons at large currents, generating large polarization that 

reduces capacity. Carbon materials, such as carbon black, graphite, and carbon nanotubes, 

are most frequently used as conductive additives in LIBs. Since conductive additives do 

not participate in electrochemical reactions, they are considered as inactive materials and 

the amount of them used in electrodes should be minimized to increase energy and power 

densities. However, the quantity of a conductive additive is usually determined by a critical 

volume fraction, below which the electrical resistivity of the cell remains high, while above 

the critical point the resistivity is not further decreased.(39, 40) The performance of 

conductive additives is also affected by factors like particle size, surface area, and 

morphology. 

2.2.5 Polymer binders 

Polymer binders form composite matrices with active materials and conductive 

additives and hold them onto current collectors. Like conductive additives, binders are 

considered as inactive materials so their presence in electrodes should be minimized. A 

good binder material should have decent adhesion to different components in electrodes, 

such as metallic current collectors, metal oxide active materials, and carbon-based active 

materials or conductive additives. Besides, it should have a small swell rate in electrolytes 

to maintain the mechanical strength of the composite matrix. A binder material should also 
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have good electrochemical stability  in the operating potential window of the LIB and a 

high melting point since the temperature of the LIB may increase during operation. Even 

though the primary role of binders is not to conduct Li-ions or electrons, they should not 

block the transportation of ions as they may cover the surface of active materials, thus, 

polymer binders with good ionic conductivities are preferred. In current conventional LIBs, 

polyvinylidene fluoride (PVDF) is the most frequently used binder material for cathodes 

and some anodes.(41) PVDF is typically used with N-methyl-pyrrolidone (NMP) as the 

solvent for slurry making. However, the toxicity of NMP makes the environmental-friendly 

aqueous processing of slurries with water-soluble polymer binders receive growing 

attention in recent years. They are commonly used in the anodes due to their limited 

oxidation stability, but aqueous cathode binders are being developed as well. Such polymer 

binders include carboxymethyl cellulose (CMC), styrene-butadiene rubber (SBR), 

polyacrylate, water-based fluorine-acrylic copolymer, polyurethane, and xanthan gum.(42) 

2.2.6 Electrolytes 

Electrolytes in LIBs conduct Li-ions between electrodes during charge and 

discharge. Most commercial LIBs use liquid organic electrolytes, which consist of lithium 

salts such as LiPF6 dissolved in alkyl carbonates such as ethylene carbonate (EC), dimethyl 

carbonate (DMC), diethyl carbonate (DEC), and ethyl-methyl carbonate (EMC).(43) The 

compositions of electrolytes are chosen due to their acceptable stability in the operating 

voltage window of LIBs and good Li-ion conductivity over other choices. Anodes 

operating below 1.5 V vs. Li/Li+, such as graphite, react with the electrolytes and form SEI 

on the anodes.(43) EC is widely used as the solvent because it allows the formation of a 

stable SEI. However, EC has a high melting point (36 °C ) and high viscosity, so it must be 
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combined with thinning solvents such as DMC, DEC, and EMC.(44) The property of SEI 

significantly influences the performance of a LIB cell. In the industry, a cell is slowly 

charged in a so-called formation process after cell assembly to ensure the creation of a 

stable and uniform SEI on the anode. Additives that assist SEI formation are also used in 

commercial electrolytes. For example, the addition of vinylene carbonate (VC) in EC can 

increase the reduction potential by around 0.2 V, so the solvent decomposes at a lower 

voltage during the formation process which allows the formation of SEI before the 

intercalation of Li into graphite anode, so a more stable SEI can be produced.(44) 

LiPF6 is the most used lithium salt in liquid organic electrolytes despite its potential 

to form hydrofluoric acid (HF) with the assist from water contamination in electrolytes. 

HF has a deleterious effect on the cell performance as it destroys SEI which leads to further 

decomposition of the electrolyte at the anode side. It also reacts with cathode materials, 

causing metal ion dissolution into the electrolyte. The metal ions are then deposited on the 

anode surface, further inducing SEI damage and additionally contributing to self-discharge 

of the cell. The presence of HF in the electrolyte may cause corrosion on the current 

collectors and the cell case as well. Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) 

is considered as an alternative of LiPF6, but it does not passivate Al current collectors.(45) 

Other lithium salt candidates are either unsafe, such as lithium hexafluoroarsenate (LiAsF6) 

and LiClO4, or unable to reach high ionic conductivity, such as lithium tetrafluoroborate 

(LiBF4) and lithium bis(oxalato)borate (LiBOB).(43, 44) 

2.2.7 Separators 
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Separators in LIBs are porous membranes that prevent electrical short circuits 

between electrodes while let Li-ions transport through the pores via electrolytes during 

charge and discharge. The properties of separators not only affect the cell performance but 

also influence the reliability and safety of LIBs.(46) To improve cell performance, the 

separator should have good wettability with organic electrolytes, small thickness, high 

porosity, and good ionic conductivity. For reliability, the separator must resist pressure 

from electrodes and prevent penetration from active material particles. For safety, 

separators are required to slightly melt and close the pores when a local short circuit 

occurs.(46) However, it should also be thermally stable when the internal temperature of a 

cell increases significantly, otherwise the cathode and anode may directly contact if the 

separator is completely melted. Most commercial separators are made from polyethylene 

(PE), polypropylene (PP), or composites of PE and PP, with a thickness of less than 25 µm 

and porosity around 40%.(47) 

2.2.8 Processing of electrodes  

An electrode for LIBs is generally made by casting a slurry onto the current 

collector, followed by drying and calendering. The slurry is prepared by dissolving the 

polymer binder in a solvent and then dispersing the solid mixtures of active material and 

conductive additive in the solvent. For example, an NCM slurry is made by dry mixing 

NCM particles with carbon black particles, adding the solid mixture into the solvent of 

PVDF in NMP, and thoroughly wet mixing. The viscosity of electrode slurries is usually 

from 10,000 to 20,000 cps.(48) Casting is usually done with tools such as doctor blades 

and roll coating machines which can be adjusted to control the thickness of the electrodes. 

In laboratories, slurries are cast onto one side of the current collectors, but in the industry, 



 21 

the slurries are cast onto both sides of the current collectors. After casting and drying, the 

electrodes are brought into a rolling press machine for calendering, which is aimed to 

achieve the desired thickness and increase the density of the electrodes.  

2.2.9 Cell cases 

Coin cells are frequently made in research laboratories due to the ease of assembly. 

Additionally, coin cells use small electrodes and small amounts of electrolytes, which make 

them ideal for exploring new materials. The most popular coin cell format in the research 

field is CR2032, which has a diameter of 20 mm and a thickness of 3.2 mm. Figure 3 shows 

the schematic of the assembly of a typical coin cell. The structure of a coin cell is very 

simple: two electrode discs are stacked with a larger separator disc in the middle; spacers 

and a spring washer (welded to the top cell case) are used to ensure proper contact between 

the cell case and the electrodes. The electrolyte is added while stacking the components. 

Because only one piece of cathode and one piece of anode are used in a coin cell, the other 

side of the electrodes must be clean to ensure good electrical contact with the cell case or 

the spacers. Therefore, electrode materials are cast onto only one side of the current 

collectors. The capacities of coin cells are limited by the small electrodes, so they are not 

commonly produced in the LIB industry. As the energy source for some small devices, 

coin cells are made more frequently with electrochemical systems for primary batteries.  



 22 

 

Figure 3: Schematic of a coin cell assembled in a laboratory. 

In the industry, LIB cells are produced in form factors such as cylindrical, 

prismatic, and pouch cells. In these cells, electrodes are rolled or stacked in multi-layer 

structures to maximize the area of electrodes as well as the mass loading of active materials. 

For example, the cell core of a cylindrical cell is made by winding long strips of cathode, 

separator, and anode into a jelly roll , as shown in Figure 4. The cell case of a cylindrical 

cell is usually made of nickel-coated steel. To minimize the chance of a leak, a cylindrical 

cell case is typically a can with only one open end which needs to be sealed with a lid. The 

electrode tabs on the current collectors are welded to the can and the lid, so that the can 

becomes the negative electrode and the lid the positive electrode. Since the can is the 

negative electrode, cylindrical cells are covered by shrink-wrap to create electrical isolation 

between cells. The electrolyte is added into the cell before sealing the lid. Injection of 
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electrolyte is vacuum assisted to ensure the electrolyte is infiltrated into the porous 

electrodes. Because moisture contamination in a cell has a detrimental effect on the 

performance and life of the cell, jelly rolls must be thoroughly dried before the filling of 

electrolytes. Due to the cylindrical shape and the use of steel, cylindrical cells have good 

mechanical stability to withstand high internal pressure and impact from external force. 

Most cylindrical cells are also equipped with safety mechanisms located on the lids that 

release pressure in case of unsafe build-ups of internal pressure. The most common 

cylindrical cell format is 18650, which has a diameter of 18 mm and a length of 65mm. 

The structure of a prismatic or rectangular cell is similar to that of a cylindrical cell besides 

the shape. The cell core of a prismatic or rectangular cell can be either a compressed jelly 

roll or a stacking of alternative electrodes, as shown in Figure 5. The cases of prismatic 

cells are usually made by aluminum, making them lighter than cylindrical cells of a similar 

size. When closely packed, the empty space between prismatic cells is smaller than that of 

cylindrical cells, making prismatic cells more efficient in space management. Both 

cylindrical and prismatic cells are sealed before the formation process. Therefore, a certain 

empty space in the cell is required to accommodate the pressure build-up due to gases 

produced during the formation process and the sealing mechanisms of the cell must 

withstand the high internal pressure. Most pouch cells do not consist of rolled electrodes. 

Instead, they use multiple stacked layers of flat electrodes. Pouch cells are light and cost-

effective due to the use of polymer-aluminum pouch materials. However, unlike the hard 

cases in cylindrical or prismatic cells that provide mechanical protection from external 

forces, the soft pouch material does not provide sufficient protection to the cell cores of 

pouch cells. The pouch material is typically aluminum foil coated with polymers on each 
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side and is not electrically conductive, therefore, the electrode tabs must protrude from the 

pouch, which increases the chance of a leak. Pouch cells are not equipped with safety vents, 

because the heat-sealed seams in the pouch break at relatively low internal pressures. The 

heat-sealed mechanism also allows pouch cells to be opened after formation to release the 

gases and to be sealed again. 

 

Figure 4: Schematic of a cylindrical cell made in the industry. 
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Figure 5: Schematic of prismatic or pouch cells. 

2.2.10 Safety issues of conventional LIBs 

When a LIB cell is subjected to abusive conditions, the increased internal or 

external temperature may trigger a thermal runaway process that rapidly releases the stored 

energy in the cell and result in serious safety problems. Such abusive conditions include 

thermal abuse, mechanical abuse, and electrical abuse.(49) In a thermal abuse, a cell may 

be exposed to a fire or a high temperature heat source such as an adjacent cell that 

undergoes thermal runaway. In a mechanical abuse, a cell may be crushed or penetrated 

that causes an internal short-circuit and generates a large amount of heat due to joule 

heating. In a case of electrical abuse, a cell may be over-charged, over-discharged, or 

externally shorted. An over-charge causes Li-plating on the anode surface which may result 

in Li dendrites and internal short-circuit. It may also cause exothermic decomposition of 

the cathode material and the organic electrolyte. An over-discharge to a cell leads to the 



 26 

dissolution of the Cu current collector into the electrolyte. Once the cell is charged, Cu is 

plated onto the anode, increasing the chance of Li-plating and internal short-circuit. For an 

external short-circuit, joule heating is severe at spots with high resistances. Besides the 

abusive conditions, poor cell design and defects in manufacturing are possible reasons for 

thermal runaway.(49) 

The thermal runaway process includes a series of exothermic chemical reactions 

that take place at elevated temperatures. For example, the SEI layer on the anode 

decomposes at 90-120 °C , and after the SEI is completely reacted, the intercalated Li in 

the anode starts to react exothermally with the organic solvent in the electrolyte.(50) The 

intercalated Li may also react with the PVDF binder at high temperatures. As the 

temperature increases, the polymer separator eventually melts down and results in an 

internal short circuit. On the cathode side, cathode materials like LCO decompose 

exothermally at temperatures above 180 °C  and release oxygen.(13) The thermal stability 

of the cathode material is inversely related to the amount of intercalated Li. Either the 

oxygen or the cathode material itself can react exothermally with the organic solvents.(50) 

In addition, the electrolytes contain Li-salts as oxidants and organic solvents as reductants, 

so exothermal reactions can occur within electrolytes above 200 °C .(43) For a fully charged 

LIB cell, a thermal runaway can bring the temperature of the cell above 600 °C , which is 

sufficient to melt the Al current collector and ignite flammable materials.(49) A lot of gases 

can be generated during a thermal runaway process from the products of the chemical 

reactions and vaporization of the electrolyte, resulting in increased internal pressure and 

swelling of cells. Once the pressure reaches the designed limit, the venting mechanism of 
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the cell can be activated to release the gases, but the vent gases may be ignited by the hot 

surface of the cell if sufficient oxygen is present in the surroundings.(49) 

Clearly, many reactions that happened during a thermal runaway are associated 

with the organic electrolyte. In fact, LIBs not only store electrical energy in the form of 

chemical energy, but also contain substantial chemical energy in the form of flammable 

electrolytes.(49) Therefore, the thermal runaway in LIBs is more energetic than that in 

other chemistries. To prevent cells and battery packs from catching fire and explosion, 

safer electrolytes must be developed. 

2.3 Solid-state electrolytes and all -solid-state Li-ion batteries 

2.3.1 Overview 

All -solid-state Li-ion batteries (ASSLBs) based on solid-state electrolytes (SSEs) 

are considered for the next generation of LIBs since they have the potential to overcome 

the disadvantages of conventional LIBs with flammable liquid organic electrolytes with 

high vapor pressures. SSEs can be qualitatively divided into two groups, which are polymer 

electrolytes, and inorganic or ceramic SSEs. Although PEO-LiTFSI, a polymer electrolyte, 

was used in experiments, this thesis is focused on ceramic SSEs and the use of ceramic 

SSEs to construct ASSLBs. Thus, if not specifically mentioned, SSEs in this thesis refer to 

ceramic SSEs.  

In ASSLBs, SSEs are used as ionic conductors and electrical insulators to replace 

both polymer separators and liquid electrolytes in conventional LIBs. In addition to 

intrinsic safety, SSEs offer other advantages such as versatile geometries and wide 
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operating temperature windows. In fact, most SSEs have higher conductivities at elevated 

temperatures. Besides, some SSEs are believed to be more electrochemically stable than 

liquid electrolytes, so ASSLBs may be made with high-voltage cathode materials to 

achieve higher energy densities without decomposition of electrolytes.(3) Moreover, 

ASSLBs may allow the use of Li-metal anodes as SSEs may act as a mechanical barrier to 

prevent dendrite formation when the shear moduli of the SSEs membranes are twice as 

large as the shear modulus of Li film.(6) Yet this theory did not work out completely as 

garnet-type SSEs with high shear and Youngôs moduli failed to prevent Li dendrite 

formation and propagation through the SSEs.(51) Furthermore, ASSLBs may allow the use 

of conversion cathode materials with larger theoretical capacities such as Li2S because the 

dissolution of Li2S can be prevented by SSEs. Finally, the use of ASSLBs in large-scale 

practical applications such as electric vehicles and power grids may reduce the cost, since 

ASSLBs do not require cooling or protection systems due to the lack of flammable 

components. The schematics of ASSLBs with either graphite anode or Li metal anode are 

shown in Figure 6. 

However, ASSLBs based on ceramic SSEs have not been widely commercialized 

due to some critical challenges, including low ionic conductivity at room temperature 

which results in limited capacities and rate performance, small energy density due to thick 

SSE membranes, growth of Li dendrite and large interfacial resistance that reduces cycling 

performance, and fabrication technologies that are not compatible with the cell formats of 

conventional LIBs. 
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Figure 6: Schematics of (A) ASSLB with graphite anode and (B) ASSLB with Li 

metal anode. 

2.3.2 Challenges of SSEs and ASSLBs 

Ionic conductivity is one of the most important properties for SSEs as it dominates 

the performance of ASSLBs. Low conductivity not only prevents cycling at high current 

densities but also results in large polarization and reduced capacities. However, most SSEs 

exhibit lower ionic conductivities than conventional liquid organic electrolytes at room 

temperature. Since conductivity increases with temperature in an Arrhenius relationship, 

ASSLBs can be operated at elevated temperatures to achieve higher capacity and rate 

performance, but extra energy must be consumed to maintain the temperature. Therefore, 

most research in the SSE field has been focused on improving the ionic conductivities of 

SSEs, by discovering new materials or modifying existing materials. 

Most laboratory-scale ASSLBs are fabricated with complicated production 

processes. A typical method to produce an ASSLB cell is to combine an SSE membrane 

with a composite cathode and a composite anode or a Li metal anode. Unlike the porous 



 30 

electrodes in conventional LIBs that consist of active materials, carbon additives, and 

binders, a composite electrode in ASSLBs also contains a high fraction of the SSE (usually 

>30 wt.%) to ensure adequate contact between the active material and the SSE, resulting 

in reduced volumetric energy density. The powder pressing method is commonly used to 

produce SSE membranes, which are thick (0.1-1 mm) as thin membranes are hard to handle 

and can easily break. The composite electrodes can be prepared by mechanical mixing (i.e. 

ball-milling) and then attached to the SSE membrane by means of pressing to form a bilayer 

or triple-layer pellet.(52, 53) The schematic in Figure 7 shows the conventional process of 

making ASSLB cells in laboratories. Alternatively, the composite electrodes can also be 

applied onto the SSE membrane by tape casting(54, 55) or deposition techniques(56, 57). 

Sintering at high temperature and pressure is always required to densify the SSE pellet and 

promote better interfacial contact between SSEs and active materials. However, sintering 

may lead to non-stoichiometry due to the evaporation of volatile species such as Li(58), so 

the parameters used for the sintering process must be carefully tuned. This method only 

makes ASSLBs in the coin cell format or variances of the format such as Swagelok cells, 

and it may be applied to make pouch cells that contain flat electrodes. However, this 

method is not compatible with cylindrical or rectangular cells with wound electrodes, 

which are more frequently used in the industry due to their larger capacities.   
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Figure 7: Schematic of a typical method for the fabrication of an ASSLB cell with 

either Li metal anode (press a cathode/SSE bilayer pellet and then attached a Li 

metal foil on the SSE surface) or graphite anode (press a cathode/SSE/anode triple-

layer pellet).   

Another critical challenge is the requirement of thin SSE membranes for ASSLBs 

to achieve better energy density than conventional LIBs. Assuming a Li metal anode can 

be used without the issue of dendrite formation, the thickness of the SSE membrane in an 

ASSLB cell must be less than 100 µm to ensure the energy density to be comparable to 

that of a conventional cell with a graphite anode.(7) On the other hand, if conventional 

anode materials like graphite or LTO are used, the thickness of SSE membranes should be 

less than 25 µm, which is the thickness of common industrial polymer separators. The 

fabrication and handling of thin-film SSE membranes pose significant challenges for the 
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fabrication of ASSLBs. To meet the requirement of small thickness, thin-film deposition 

methods, such as sputtering,(59) pulsed laser deposition (PLD),(60) atomic layer 

deposition (ALD),(61) spin-coating,(62, 63) and tape casting,(64, 65) have been developed 

to fabricate thin-film SSE membranes and ASSLBs with different SSE materials. For 

example, thin-film ASSLBs with LIPON (lithium phosphorous oxynitride) electrolyte 

were developed in the 1990s by sputtering techniques,(66, 67) but the cost and scalability 

of such methods are of concern. 

Although it has been suggested that SSEs may prevent dendrite formation by acting 

as a mechanical barrier, Li dendrite may still grow through the SSEs. Moreover, the 

dendrites growth through 97% dense garnet SSE is even faster than in liquid 

electrolytes.(51) One of the recent theories proposed that the electrical conductivity that 

SSEs exhibit might be responsible for the Li dendrites growth.(51) This theory finds a good 

explanation for the cases of garnet-type and LIPON SSEs, while the electrical 

conductivities of which are 10-6 S cm-1 and 10-12 S cm-1, respectively. Therefore, the 

electrical conductivities of SSEs must be taken into consideration while designing ASSLBs 

with Li-metal anode. In addition to this theory, the growth of Li dendrites may be assisted 

by nonuniform Li deposition due to inhomogeneities in the SSE and at the SSE-Li 

interface, such as variation in thickness, pre-existing defects, and local non-stoichiometry 

in the SSE. Hence, inhomogeneities should be avoided during the processing of SSEs and 

fabrication of ASSLBs.  

Except for Li dendrite growth, challenges at the SSE-electrode interface also 

include poor interfacial contact and reactions between SSE and electrodes. Intercalation 

cathode materials like LCO and NCM experience volume change up to 4% during 
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cycling,(68, 69) while conversion materials experience much larger volume change. At 

solid-solid interfaces, volume expansion and contraction in electrode materials induce 

interfacial delamination and fracture of SSE or electrode materials, which results in loss of 

contact and growth of impedance. Moreover, poor interfacial contact may be due to the 

nature of solid-solid interfaces. In conventional LIBs, good contact can be ensured by using 

electrolytes with good wettability on electrode materials. However, in ASSLBs, attaching 

Li metal foil onto SSE membranes or mechanical mixing of SSE particles with electrode 

particles cannot achieve the same level of contact as at liquid-solid interfaces. Though 

sintering at high pressures and high temperatures effectively improves the contact, voids 

that hinder Li-ion transfer across the interface may still exist. One strategy to improve 

interfacial contact is to create artificial SEI layers at the interfaces.(8, 70, 71)  

Chemical reactions occur when there is a mismatch between the chemical potentials 

of the SSE and the electrode materials. Oxidation of SSE occurs at the cathode interface if 

the highest occupied molecular orbital (HOMO) of SSE is above the Fermi energy of the 

cathode, and reduction of SSE occurs at the anode interface when the lowest unoccupied 

molecular orbital (LUMO) of the SSE is below the Fermi energy of the anode.(72) 

Reactions between SSE and electrodes are not necessarily bad. In fact, like organic 

electrolytes, many SSE materials are not thermodynamically stable in the potential range 

of LIBs.(73-75) If they form stable passivation SEI layers with electrodes, further reactions 

can be suppressed. However, if the SEI grows continuously, or it is ionically insulating, 

protective coatings must be applied.(76) For example, LiNbO3 coating on LCO can 

improve cycling performance in ASSLBs with sulfide-based SSEs.(53, 77) 

2.3.3 SSE materials 



 34 

Key properties for SSEs are high ionic conductivity, good compatibility with 

electrode materials, and wide electrochemical stability windows. Numerous SSEs have 

been developed and explored, with oxides and sulfides being the most extensively studied 

SSEs due to their high conductivities. Oxide SSEs can be divided into subgroups based on 

the crystal structures, which include LISICON (lithium superionic conductor)-type, 

NASICON (sodium superionic conductor)-type, perovskite-type, and garnet-type. Oxide 

SSEs generally have good chemical and electrochemical stability, making them suitable 

for high voltage cathodes. They also have high mechanical strength, which may be ideal to 

prevent Li dendrite growth. Most oxide SSEs exhibit ionic conductivities from 10-5 to 10-3 

S cm-1 at room temperature, which are lower than that of commercial organic electrolytes 

(10-2 S cm-1). The major disadvantage for oxide SSEs is their mechanical rigidity that 

creates challenges for the processing of materials and fabrication of ASSLBs.(78) Sintering 

at high temperatures is required to make a dense SSE pellet and to achieve good contact 

between SSE and active materials.(79) Sulfide SSEs include thio-LISICONs, LGPS-type, 

and argyrodite-type. Some sulfide SSEs present high ionic conductivities comparable to 

that of commercial organic electrolytes. Sulfide SSEs show good mechanical strength and 

mechanical flexibility, making them more preferable than oxide SSEs for ASSLB cell 

manufacturing.(78) However, sulfide SSEs are toxic and sensitive to moisture. 

Additionally, one of the biggest challenges for making ASSLBs with sulfide SSEs is the 

lack of interfacial stability.(79) Decomposition of SSE at the interface between SSE and 

active materials may form high resistive interfacial layers that result in poor cycling 

performance. Most oxide and sulfide SSEs are synthesized by solid-state reactions via 

techniques such as ball-milling, followed by heat and pressure treatment. Even though 
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these SSEs present good ionic conductivities, they may not be the candidates for the 

proposed melt-infiltration technology because of their high melting points. In fact, the 

melting points of these SSEs are not thoroughly characterized. Most of them are 

synthesized by solid-state reaction methods such as ball-milling, followed by high 

temperature processing steps, so only the processing temperatures that are lower than the 

melting points from the studies can be obtained. The processing temperatures (the highest 

temperature used during synthesis) and ionic conductivities of several oxide and sulfide 

SSEs are presented in Table 1. Polymer binders are needed in conventional electrodes to 

hold the active materials and conductive additives onto the current collectors, but most 

thermally stable polymers decompose at temperatures above 500 °C .(80) As a result, the 

well-studied oxide and sulfide SSEs cannot be used for melt-infiltration.  

Table 1: Processing temperatures and ionic conductivities at room temperature of 

several oxide and sulfide SSEs (Room temperature is either 25 °C  (298K) or 30 °C  

(303K) when data at 25 °C  is not available). 

Type Composition Processing 

temperature 

(°C ) 

RT conductivity  

(S cm-1) 

Ref. 

LISICON Li 4SiO4-Li 4PO4 1000 N/A (81) 

Li 4GeO4-Li 3VO4 1000 4×10-5 (82) 

Li 2+2xZnl-xGeO4 1100 N/A (83) 

Li 14Zn(GeO4)4 1150 N/A (84) 

Li 10.42Si/Ge1.5P1.5Cl0.08O11.92 1250 1.03×10-5-3.7×10-5 (85) 

NASICON LiTi 2(PO4)3 900 2.3×10-4 (86) 

Li 1.5Al 0.5Ge1.5(PO4)3, 

Li 1.4Al 0.4Ti1.6(PO4)3 

950 10-4-10-3 (87) 

Li 1.3Al 0.3Ti1.7(PO4)3 1000 3×10-4 (88) 

Y-Doped LiZr2(PO4)3 1200 3.5×10-5 (89) 

Li 1.5Al 0.5Ge1.5(PO4)3 1350 5×10-4 (90) 

Li 1+xAl xGe2ïx(PO4)3  1500 9.6×10-4 (91) 

Garnet Li 6.4La3Zr1.4Ta0.6O12 950 1.4×10-3 (92) 

Li 6.20Ga0.30La2.95Rb0.05Zr2O12 1100 1.62×10-3 (93) 

Li7īx La3Zr2īxNbxO12   1200 8×10-4 (94) 
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Table 1 (continued). 

Garnet Y-doped Li7La3Zr2O12 1200 9.6×10-4 (95) 

Li 6.65Ga0.15La3Zr1.90Sc0.10O12 1200 1.8×10-3 (96) 

Li 7La3Zr2O12  1230 5×10-4 (97) 

Li 6.4Al 0.2ïxGaxLa3Zr2O12 1230 2.6×10-4-1.2×10-3 (98) 

Perovskite Li 0.34La0.51TiO2.94 1150 2×10-5-7×10-5 (99) 

La0.55Li0.35TiO3, 

La0.57Li0.29TiO3 

1200 6.6×10-4-1.2×10-3 (100) 

Li 3/8Sr7/16Zr1/4Nb3/4O3 1200 2×10-5 (101) 

Li 3/8Sr7/16Hf1/4Ta3/4O3 1300 3.8×10-4 (102) 

Li 3/8Sr7/16Ta3/4Zr1/4O3 1400 2×10-4 (103) 

Sulfide Li 9.54Si1.74P1.44S11.7Cl0.3 475 2.5×10-2 (53) 

Li 10GeP2S12 550 1.2×10-2 (77) 

Li 10GeP2S12īxOx  650 8.4×10-3-1.03×10-3 (104) 

70Li2S-30P2S5 700 3.2×10-3 (105) 

Li 3.25Ge0.25P0.75S4 700 2.2×10-3 (106) 

Other types of SSEs include hydrides, halides, nitrides, borates, and phosphates. 

These materials generally suffer from low conductivity, sensitivity to moisture, or limited 

electrochemical stability window, making them less attractive to researchers. However, 

some advantages, like the low-melting point and facile synthesis process, are important 

properties required for this thesis. Among all SSEs, anti-perovskites are found to be good 

candidates for developing the proposed melt-infiltration technology due to their low 

melting points (~ 300°C ), cheap precursor materials (LiOH and LiCl/LiBr), and reported 

high ionic conductivities (up to 10-3 S cm-1 at room temperature).(107) 
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CHAPTER 3. SYNTHESIS AND CHARACTERIZATION OF LI 

ANTI -PEROVSKITE S 

Part of this chapter is adapted with permission from Song, A.; Xiao, Y.; Turcheniuk, K.; 

Upadhya, P.; Ramanujapuram, A.; Benson, J.; Magasinski, A.; Olguin, M.; Meda, L.; 

Borodin, O.; Yushin, G., Protons Enhance Conductivities in Lithium Halide 

Hydroxide/Lithium Oxyhalide Solid Electrolytes by Forming Rotating Hydroxy Groups. 

Advanced Energy Materials 2018, 8 (3). doi: 10.1002/aenm.201700971 

3.1 Introduction  

Recently, a novel type of Li anti-perovskite SSEs, having structures like perovskites 

ABO3 (cubic, Pm-3m), but with inverted charge Li3OX (X = halogen element), was 

introduced. This type of SSEs combines the features of low cost, low melting point, and 

remarkable high ionic conductivity.(107) Unfortunately, multiple theoretical and 

experimental follow-up studies of Li anti-perovskites reported a range of determined 

conductivities,(108-112) creating a controversy surrounding this type of SSEs. 

Furthermore, theoretical calculations indicated that Li3OCl may be thermodynamically 

unstable, decomposing to Li 2O and LiCl.(110)  

Interestingly, Li hydroxy halides (Li 2OHX) also adopt the Li3AB structure.(113) 

Unlike Li3OCl, where six Li atoms occupy the vertices of Li6O octahedral, in Li 2OHX the 

vertices are occupied by four Li  atoms and leaving two other sites vacant.(114) The 

presence of two vacancies may enhance Li-ion diffusion and lead to higher conductivities. 

On the other hand, H in Li 2OHCl sits at the oxygen atom in the center of octahedral, and 
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may potentially block the diffusion of Li+, thus reducing ionic conductivity.(113) Because 

of the presence of OH and halogen groups, Li 2OHX may be extremely reactive and may 

be uncontrollably doped during long time synthesis by taking metal ions such as Al,(107) 

Ni,(115) and Ag,(113) from the reaction vessels in which they are synthesized. The 

conductivities of uncontrollably doped Li 2OHX can be significantly affected, since only 

0.005 of at. % of dopants may be sufficient to drastically change the conductivity 

values.(116) Besides, uncontrolled moisture remaining in the material after synthesis or 

leaks in the electrochemical cells may significantly enhance the measured 

conductivities.(109, 115, 117) Furthermore, the similarity in the lattice parameters between 

Li 2OHX and Li3OX may easily lead to a controversy of the real phases in the materials. 

Difficulties in detecting light elements like Li and H by most characterization techniques, 

such as EDS, also add uncertainties. In fact, the anticipated Li 3OX in previous studies 

might be mischaracterized, while the actual materials were Li 2OHX or de-protonated 

Li 2+xOH1-xX, as suggested in some recent studies.(109) 

The synthesis and characterization of Li anti-perovskites are reported in this 

chapter. By examining the synthesis routes of Li oxyhalides and Li hydroxy halides, I 

discovered that Li 3OCl could not be synthesized from LiOH or Li2O with LiCl, 

contradicting what was reported by other researchers. A contaminant-free and ultrafast 

synthesis method for Li hydroxyl chlorides (Li 2OHCl and Lix+y(OH)xCly) was developed. 

The experimentally detected phase transformations in Li 2OHCl provided insights into the 

influence of the structural parameters on Li-ion conductivity. A deprotonation/lithiation 

method in the mild reaction conditions was utilized to synthesize selected Li2+xOH1-xCl (0 

Ò x < 1) SSEs and experimentally determined that the presence of H enhances the ionic 



 39 

conductivity of such SSEs. Born-Oppenheimer molecular dynamics (BOMD) simulations 

of Li 2+xOH1-xCl (0 Ò x Ò 1) SSEs provided key insights into the mechanism of Li+ transport 

and the influence of H concentration on it, complementing previous modeling studies of 

H-free anti-perovskites.(110, 112, 118-121) A LiCl free composition of Li 1.9OHCl0.9 was 

synthesized for attaining higher uniformity and higher conductivity. The conductivities 

were measured by electrochemical impedance spectroscopy (EIS) with different types of 

symmetrical cells to explore the impact of electrodes (blocking and non-blocking) and the 

effect of SSE pellet processing methods (cold-pressing, hot-pressing, and melting). The 

electrochemical stability of Li1.9OHCl0.9 with Li metal was also examined by cyclic 

voltammetry (CV) and DC cycling. The thermal property of the SSE was measured by 

differential scanning calorimetry (DSC). 

3.2 Literature review of Li anti -perovskites 

3.2.1 Li oxyhalides (Li3OX, X = halogen element) 

The perovskite structure is named by the compound perovskite, which is a calcium 

titanite mineral (CaTiO3). The typical formula of perovskite is A2+B4+X2-
3, where A2+ is a 

divalent metallic cation, B4+ is a transition metallic cation, and X2- is a divalent anion 

(usually O2-). In an ideal cubic unit cell, A atoms sit at the corner positions, B atoms sit at 

the body-center position, and X atoms sit at the face-center positions. Materials with the 

perovskite structure were found to have ion-conducting properties. For example, NaMgF3 

conducts F- with conductivities around 10-4 S cm-1 to 10-6 S cm-1 at 200 °C.(122) NaMgF3 

exhibits the A+B2+X-
3 formula instead of the A2+B4+X2-

3 of CaTiO3, but the crystal structure 

is the same. 
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Conversely, in Li anti-perovskite SSEs, the conducting anions in perovskites (such 

as F- in NaMgF3) are replaced by the Li+, and the cations (such as Na+, Mg2+ in NaMgF3) 

are replaced by anions. Thus, the formula of Li anti-perovskite SSE is A-B2-Li+
3. The 

monovalent A- anion can be a halogen ion X- and the divalent B2- anion can be O2-. The 

resulting formula of the anti-perovskite SSE becomes XOLi3. According to the ñcation-

firstò rule in the nomenclature of inorganic chemistry, XOLi3 is denoted as Li3OX.(107) A 

schematic of Li3OX is shown in Figure 8. 

 

Figure 8: Schematic of the anti-perovskite crystal structure of Li3OCl. 

Li oxyhalides were first reported by Zhao et al. from the University of Nevada Las 

Vegas in 2012.(107) They name this type of materials as Li-rich anti-perovskites. The SSEs 

were synthesized by mixing LiOH and LiCl or LiBr in 2-1 molar ratios and heat to 360 °C  

for 100 hours under vacuum, followed by either quenching or controlled slow cooling. 

They claimed that Li3OCl had a conductivity of 1.5×10-4 S cm-1 at 30 °C , and Li3OCl0.5Br0.5 

even had a high conductivity of 1×10-3 S cm-1 at the same temperature, which was very 

promising for a new type of SSE material. They also analyzed the crystal structures and 
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measured the lattice parameters of the materials. Both Li3OCl and Li3OBr had cubic 

structures with lattice parameters of 3.91 Å and 4.02 Å, respectively.  

In 2014, Schroeder et al. synthesized Li3OBr from LiOH·H 2O and LiCl with the 

method reported by Zhao et al.(117) Instead of using the vacuum, they performed the 

synthesis under an Ar environment. They also checked the solubility of Li3OBr in water 

and several organic solvents which were frequently used in conventional LIBs. The SSE 

dissolved quickly in water and decomposed into LiOH·H2O and LiBr·H 2O. The SSE did 

not dissolve in organic solvents such as DEC and DMC. However, it could take protons 

from the container of the sample or from the residue water in the solvents and form Li3-

xHxOBr. 

In the same year, Zhang et al. examined a method of synthesizing Li3OX (X = Cl, 

Br) and Ca doped Li3-xCax/2OCl.(123) They mixed Li2O and LiX with or without CaO in 

stoichiometric ratios by high energy ball-mill, and let the products hydrolyze to form Li 

hydroxy halides such as Li3(OH)2Cl and Li5(OH)4Br. The Li hydroxy halides were then 

dehydrated at high pressures (up to 0.5 GPa) and higher temperatures (over 450 K) to form 

desired Li-rich anti-perovskites. 

Still, in 2014, Lu and co-workers from Zhaoôs group reported the fabrication of 

thin-film SSEs with pulsed laser deposition (PLD). They used PLD with bulk Li3OCl 

prepared by the method reported in the previous work as the target to make Li3OCl thin 

film with a thickness of 2 µm on Ag or Li coated stainless steel substrates.(108) They 

successfully achieved Li-plating with a Li/SSE/Li cell at a current of 100 µA at room 

temperature. However, in this work, the room temperature conductivities of the thin film 
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Li 3OCl and the target bulk Li3OCl were only 9×10-6 S cm-1 and 6×10-7 S cm-1, respectively, 

both of which were much lower than what they reported in the previous work. They 

explained the difference due to the long period of heat-treatment (~100 hours) in the 

previous work which caused volatile elements like Li and Cl to escape and formed 

vacancies to boost the conductivity. In 2016, Lu et al. improved the PLD technique by 

using a mixture of Li2O and LiCl as the target and reported a room temperature 

conductivity of 2×10-4 S cm-1, which was close to the value they reported in 2012.(124) 

They made a thin film ASSLB with LCO as the cathode and graphite as the anode. The 

cathode and anode were also deposited by the PLD technique. The cell was cycled at a 

current density of 10 mA g-1 at room temperature. It presented an initial discharge capacity 

of 120 mAh g-1, but the capacity retention was only 55% after 20 cycles.  

In 2016, Li et al. from Zhaoôs group examined new synthesis routes by converting 

Li 2OHX (X = Cl, Br) into Li3OX with reducing agents such as LiH and Li.(111) They 

reported a room temperature conductivity of 1×10-6 S cm-1 for Li3OBr, which added more 

ambiguity to the real conductivity of this type of SSE. The lattice parameters of Li3OCl 

and Li3OBr were measured to be 3.9161 Å and 4.0468 Å, respectively. 

In 2019, Dondelinger et al. synthesized Li3OCl by melting a mixture of LiOH and 

LiCl on a Ni foil at 350 °C  inside an Ar-filled glovebox.(125) As the mixture was 

completely molten, a Cu foil coated with graphite was pressed onto the molten material for 

15s. After cooling down to room temperature, the Ni foil was removed from the SSE and 

a Li foil was placed onto the SSE surface to make it a graphite/SSE/Li cell. Such cells were 

used for both conductivity measurement and galvanostatic cycling. The conductivity at 

room temperature was measured to be 1.3×10-7 S cm-1, which was much less than what 
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Zhaoôs group reported in their papers. The cells were cycled at 0.2C for over 500 cycles at 

50 °C  and 100 °C , despite that only the data for the first 100 cycles were presented. Even 

though the data may prove the long-term cyclability of Li3OCl in graphite-Li half cells, the 

capacities of these cells (50-80 mAh g-1) were much smaller than the theoretical capacity 

of graphite (380 mAh g-1).   

From 2014 to 2020, M. H. Braga and co-workers published a series of papers 

claiming a type of Li-ion or Na-ion glass electrolytes base on anti-perovskite Li3OX or 

Na3OX.(116, 126-130) The materials were simply made by adding water to anti-perovskite 

SSEs followed by heat-treat in hydrothermal reactors. Braga reported an ultra-high 

conductivity of 5×10-2 S cm-1 at room temperature, which was comparable to that of 

conventional liquid organic electrolytes. However, these works were highly controversial 

as many researchers doubted the reality of the materials and the mechanism of the 

electrochemical cells. For example, Steingart et al. argued that the mechanism proposed by 

Braga et al. in one of the works(128) was not thermodynamically possible.(131) 

Additionally, Hanghofer et al. repeated Bragaôs experiment and obtained glassy 

LiCl·xH 2O, which was a good electrical conductor and might be the reason of the ultra-

high conductivity reported by Braga et al.(132) In this work the authors claimed that XRD 

was not reliable to identify crystal structures of Li anti-perovskites, and all reported Li3OCl 

were not experimentally proved. 

Theoretical studies were also made to explore Li oxyhalides. For example, Zhang 

et al. studied Li3OCl/Br with first-principles density functional theory and molecular 

dynamics simulations in 2013.(118) They found Li3OX (X = Cl, Br) were 

thermodynamically unstable as they decomposed into Li2O and LiX, but the materials 
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might be metastable at room temperature. The decompositions also happened when the 

SSE was in contact with Li metal at the anode of a cell. On the cathode side, the equilibrium 

phases were LiCl with LiClO4 for Li3OCl, and LiBr with Li2O2 for Li3OBr, respectively, 

at voltages greater than 2.7 V vs. Li metal anode. Though the SSEs decomposed at both 

electrodes, they found the materials comprised large band gaps which indicated a large 

electrochemical stability window up to 5 V. Their work showed that ionic conductivity was 

driven by the Li vacancies and anion disorders in the SSEs. The estimated conductivity of 

Li 3OCl and Li3OCl0.5Br0.5 at room temperature were 1.2×10-4 S cm-1 and 2.1×10-4 S cm-1, 

respectively, which were lower than the experimental value reported by Zhao et al. in 

2012.(107) 

Emly et al. conducted similar calculations in 2013.(110) They discovered Li3OCl 

could decompose into Li2O2, LiCl, and LiClO4 above an applied voltage of 2.5 V,  which 

agreed with the work by Zhang et al.(118) In addition, if the decomposition into LiX and 

Li 2O was suppressed, LiX-deficient Li3OX phases might still form. For the mechanism of 

Li -ion transport, they reported the high ionic conductivity was due to the existence of 

dumbbell Li interstitials, which was a pair of Li interstitials that replaced one Li atom, as 

a result of Frenkel defects.  

First-principles density functional theory and molecular dynamics simulations were 

also employed by Lu et al. in 2015.(112) They found the ionic conductivities and activation 

energies of the Li3-xOCl1-x system were comparable to the reported experimental values, 

even though they calculated the conductivities in an elevated temperature range from 500-

1000 K. They proposed Li vacancy hopping originated from LiCl Schottky defects was the 

main mechanism for Li -ion diffusion in the SSEs. 
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Again in 2015, Deng et al. used a combination of first-principles calculations and 

percolation theory to study the compositions of Li3OCl1-xBrx.(119) They calculated the 

ionic conductivities of the Li3OCl1-xBrx system to be in the range of 1×10-7-4×10-7 S cm-1 

at room temperature, with Li3OCl0.75Br0.25 having the highest conductivity. Though these 

conductivities were lower than the experimental results reported by Zhao et al. in 

2012,(107) this work agreed with Zhao et al. that Li3OCl1-xBrx presented higher ionic 

conductivities than pure Li3OCl or Li3OBr.  

In 2019, Dawson et al. performed simulations to study the defect chemistry and ion 

transport mechanisms of Li3OCl/Br.(133) They confirmed Schottky defects were the 

dominant type of defects in the materials. For the calculated ionic conductivities, they 

obtained ~5×10-7 S cm-1 for both Li3OCl and Li3OBr at 500 K, which were much lower 

than the experimental values reported by Zhao et al.(107) 

3.2.2 Li hydroxy halides (Li2OHX, X = halogen element) 

A type of similar Li anti-perovskites is the Li hydroxy halides with the general 

formula of Li 2OHCl, with the crystal structure shown in Figure 9. At the scale of a unit 

cell, one Li atom of Li3OCl can be replaced by one H atom to form Li2OHCl. H atom 

replaces Li atom in the octahedral site (e.g., in vertical or apical positions). Provided that 

the length of the O-H bond is shorter (0.68 Å) than the length of the O-Li bond (1.96 Å), 

H atom resides in the space between O atom and Li vacancy but closer to the O atom. In 

the crystal with n numbers of unit cells, a unit cell experiences the presence of two Li 

vacancies due to the presence of an adjacent unit cell. For the two defect sites in each cell, 

one is a true defect site and the other is a quasi-defect site, which is filled by hydrogen. 
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Therefore, for brevity, the Li2OHCl unit cell should be drawn with two Li vacancy sites. 

The creation of vacancies by the introduction of protons may allow Li ions to move more 

freely inside the material.  

 

Figure 9: Schematic of the anti-perovskite crystal structure of Li2OHCl. (A) Cubic 

phase. (C) Orthorhombic phase. 

The system of LiOH-LiX (X = halogen element) was first investigated in 1915 and 

the phase diagram of LiOH-LiCl was developed in 1958.(134, 135) However, structural 

data and ionic conductivity were not obtained until 1981, when Hartwig et al. reported 

Li 2OHBr with an anti-perovskite crystal structure and the lattice parameter was 4.056 

Å.(136) Li 2OHCl and Li 5(OH)3Cl2 were synthesized by melting LiOH and LiCl in 

corresponding molar ratios inside an Ar filled glovebox. The conductivity measurement 

was only taken at elevated temperatures. At 200 °C , the conductivities of Li2OHBr, 

Li 2OHCl, and Li 5(OH)3Cl2 were 5×10-5 S cm-1, 3×10-5 S cm-1, and 7.5×10-4 S cm-1, 

respectively.(136, 137)  
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Schwering et al. examined Li3-n(OHn)X (0.83 Ò n Ò 2, X = Cl, Br) in 2003 and the 

materials were synthesized by melting LiOH and LiCl with an Ag crucible at 350 °C  for 

24 hours under Ar.(113) For Li2OHCl, they reported a phase transformation from 

orthorhombic to cubic at 35 °C  for the first time. The lattice parameter was measured to be 

3.9103 Å for the cubic phase, and the orthorhombic phase had lattices parameters of a = 

3.8220 Å, b = 7.9968 Å, and c = 7.7394 Å. The conductivity right above the transition 

temperature (cubic phase) was 3×10-5 S cm-1, while below the temperature it was only 2 

×10 -9 S cm-1. Li2OHBr did not present such phase transformation and it showed a cubic 

phase with a lattice parameter of 4.046 Å. 

In 2016, Hood et al. explored the LiOH-LiCl system again and synthesized 

Li 3(OH)Cl2, Li5(OH)2Cl3, Li2OHCl, Li5(OH)3Cl2, and Li3(OH)2Cl by heating mixtures of 

LiOH and LiCl in different molar ratios to 350 °C  for 30 minutes under Ar.(115) They also 

reported phase transitions in these materials from 30 to 50 °C . The effect of cooling rate 

was examined in the work and they discovered that fast-cooled materials showed nearly 1 

order of magnitude higher conductivities than slow-cooled materials. For fast cooled 

Li 2OHCl, the conductivity was 4.5×10-6 S cm-1 at 50 °C , which was 1 order of magnitude 

lower than Schweringôs measurement in 2003. Hood et al. also indicated that Li2OHCl 

could form a stable SEI with molten Li at 195 °C  and allowed stable Li-plating in Li/SSE/Li 

cells at a current density of 1 mA cm-2.  

Still, in 2016, Li et al. published a paper regarding F-doped anti-perovskite SSE for 

ASSLBs.(109) In this work the authors confirmed that Li3OBr could not be prepared by 

directly melting LiOH and LiBr, so they decided to prepare Li2OHBr and Li2(OH)0.9F0.1Cl, 

which were synthesized by melting mixtures of LiOH and LiX (X = Br, F) at 350 °C  in 
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nickel or alumina crucibles. Their cycling voltammetry (CV) data showed the SSE was 

stable up to 9 V vs. Li/Li+. They made an ASSLB with Li2(OH)0.9F0.1Cl, which presented 

better ionic conductivity than Li2OHBr (3.5×10-5 S cm-1 vs. 1.3×10-6 S cm-1 at room 

temperature). The battery used polymer-LFP (LFP-CB-PEO-LiTFSI) as the cathode, Li 

metal as the anode, and an SSE membrane as the separator. However, a polymer electrolyte 

(PEO-LiTFSI-Al 2O3) membrane was placed at the interface between the SSE membrane 

and the Li anode, which raised the question of whether this SSE was stable against Li metal. 

The cell was cycled at 65 °C  for 40 cycles at 0.2C, with an initial discharge capacity of 125 

mAh g-1 and capacity retention of 84%. 

In 2017, Howard et al. examined ñslow-cooledò Li2OHCl based on the method 

reported by Hood et al. in 2016.(115, 138) The SSE was made by heating the mixture of 

LiOH and LiCl at 350 °C  for 24 hours, cooling to 250 °C  at 8 °C /h, holding at 250 °C  for 

24 h, and then cooling to room temperature at 25 °C /h. At 294.25 K, the crystal structure 

of the material was determined to be orthorhombic with lattice parameters: a = 3.8749 Å, 

b = 3.8257 Å, and c = 7.999 Å.  

In 2018, Hanghofer et al. studied the LiOH-LiCl system.(132) They concluded that 

H-free Li3OCl could not be prepared as Li3OCl reacted with H sources easily. The 

ñLi3OClò they synthesized from LiOH and LiCl was a mixture of Li1.77H1.33OCl, 

Li 4(OH)3Cl, and LiCl. Besides, they also synthesized Li2OHCl by heating the mixture of 

LiOH and LiCl to 400 °C . The phase transformation was observed. At 300 K, the material 

presented an orthorhombic structure with lattice parameters: a = 7.74898 Å, b = 8.00248 

Å, and c = 3.82528 Å. The conductivities at 35 °C  and 45 °C  were 8.8×10-6 S cm-1 and 

4.3×10-4 S cm-1, showing a remarkable difference due to the phase transformation. 
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Dawson et al. used a combination of ab initio molecular dynamics simulations and 

NMR spectroscopy to study the transport mechanisms of Li-ion and proton in the system 

of Li3-xOHxCl and reported their work in 2018.(139) They found a high exothermic 

hydration enthalpy for Li3OCl that explained the challenge of synthesizing proton-free 

Li 3OCl. Their calculations and NMR data showed long-range diffusion for only Li-ions, 

and the movement of protons was restricted to the rotation of OH- groups. To prepare the 

NMR samples, they synthesized the SSEs by heating LiOH and LiCl to 350 °C  for 30 

minutes. For ionic conductivities, they measured 1.7×10-4 S cm-1 for Li2OHCl at 100 °C . 

Li 2OHCl and its variants have drawn dramatic interest in recent years, as there were 

several research papers published in 2020. Yin et al. applied the F doping strategy 

developed by Li et al. in 2016(109) to Li 2OHBr and made a series of materials with the 

formula Li 2OHBr1-xFx.(140) However, the best conductivity obtain was only 1×10-8 S cm-

1 at room temperature. The interesting part of this work was that they made an LFP/SSE/Li 

cell by pressing SSE powder onto the LFP cathode and then attach a Li metal foil as the 

anode. The cell exhibited an initial capacity of 99.5 mAh g-1 with a retention of 68% after 

30 cycles. The Coulombic Efficiency (CE) of the cell was not stable and was less than 

90%, which might be due to the in-situ formation of interphases.   

In a work by Sugumar et al,(141) they synthesized Li2OHBr by ball-milling at room 

temperature for the first time. The lattice parameter was measured to be 4.046 Å. They 

obtained a room temperature conductivity of 1×10-6 S cm-1, which was consistent with the 

conductivities of Li 2OHBr in some of the previous works. The same group (Yamamoto et 

al.) also reported the synthesis of Li 2OHCl using the ball-mill method.(142) The as-

synthesized Li 2OHCl formed a cubic structure with a lattice parameter of 3.90317 Å at 30 
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°C , which was different from the orthorhombic phase reported in other works. However, 

after heating to 200 °C , the phase at 30 °C  became orthorhombic with lattice parameters of 

a = 3.87601 Å, b = 3.82796 Å, and c = 7.99425 Å. The conductivity at 30 °C  for the as-

synthesized Li 2OHCl was 2.6×10-6 S cm-1, but it dropped to 1.4×10-7 S cm-1 after heating, 

as the phase became orthorhombic. 

Koedtruad et al. synthesized Li 2OHCl and Li 2OHBr by heating the mixtures of 

LiOH and LiCl or LiBr to 265 °C  for 1 day in a vacuum-sealed glass tube and then quickly 

cooled down to room temperature.(143) The lattice parameters for Li 2OHBr and cubic 

Li 2OHCl were found to be 4.0527 Å and 3.9142 Å, respectively. The lattice parameters of 

the orthorhombic Li 2OHCl phase were a = 3.87243 Å, b = 3.82595 Å, and c = 7.99957 Å. 

The conductivities of Li 2OHBr (30 °C ), cubic Li 2OHCl (60 °C ), and orthorhombic 

Li 2OHCl (room temperature) were 1.33×10-7 S cm-1, 1.01×10-6 S cm-1, and 6.83×10-9 S cm-

1, respectively. For the first time, they used DC polarization to measure the electronic 

conductivities of the Li anti-perovskite SSEs, and the results showed the electronic 

conductivities were very low compared to the total conductivities obtained from the 

impedance measurements. 

Wang et al. conducted advanced X-ray and neutron experiments, in combination 

with ab initio molecular dynamics simulations, to study the crystal structure and the 

mechanism of Li-ion conductivity in Li2OHCl.(144) In this work, Li 2OHCl was 

synthesized melting the mixture of LiOH and LiCl with a molar ratio 1.05:1 in alumina 

crucibles at 320 °C  for 2 hours. The molten material was then poured into a Teflon PTFE 

die for cooling. They identified the structure and the distribution of H in Li 2OHCl. For the 

low temperature orthorhombic phase, H motion is limited to a plane around O. For the high 
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temperature cubic phase, H remains chemically bonded to O with a lobed spherical 

distribution. The rotation of the OH anion promotes a ñpaddlewheelò mechanism for Li-

ion conductivity.  

Lee et al. synthesized Li 2OHCl, Li 2(OH)0.9F0.1Cl, Li 2(OH)0.9Br0.1Cl, and 

Li 2OHBr0.2Cl0.8 with a more refined process.(145) For each composition, they ball-milled 

the corresponding reagents (LiOH, LiCl, LiF, and LiBr) with heptane and then heated the 

mixture to 300 or 350 °C  in an alumina crucible for 30 minutes or 4 hours. After cooling, 

the solidified samples were ball-milled again with hexane. They made Li /SSE/Li  

symmetrical cells and performed DC cycling to examine the electrochemical stability and 

reactivity of the SSEs with the Li metal. The formation of SEI layer during the DC cycling 

was observed and the composition of the SEI was found to be primarily Li2O. 

Li/SSE/stainless steel cells were also made to study the electrochemical stability of the 

SSEs. From the CV plots, they observed peaks representing the oxidation of Li and the SEI 

formation in the range of -0.05-1.5 V. They also found a peal near 5 V which might be due 

to the formation of LiCl. With the same asymmetrical cells, they also applied the Hebb-

Wagner polarization techniques to measure the electronic conductivities, which were on 

the order of 10-9 or 10-10 S cm-1. 

In a theoretical paper, Effat et al. used density functional theory simulations to study 

the phase and electrochemical stabilities of Li 2OHCl and its fluorinated variants.(146) The 

calculations showed that Li 2OHCl should be easier to synthesize than Li3OCl. The 

predicted electrochemical stability windows for Li2OHCl and its variants were only 2.3 V 

vs. Li/Li+, which was much smaller than the 9 V vs. Li/Li+ reported by Li et al.(109) The 

authors proposed a series of decomposition reactions between the SSEs and Li metal. 
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3.2.3 Discrepancy from the literature 

The conductivities of selected Li oxyhalides and Li hydroxy halides from the 

literature are presented in Figure 10 and Figure 11. Interestingly, the conductivities of the 

materials with the same chemical formula reported in different works are significantly 

different. The discrepancy might be explained by the existence of vacancies and interstitials 

which were created during different synthesis methods. For example, long period heat 

treatment could create depleted materials with Li+ and Cl- vacancies.(108) Also, the use of 

metal crucibles during synthesis might introduce metal cations (e.g. Al3+) as dopants into 

the SSE and generate vacancies according to the charge-balance rule.(107, 108) 

Furthermore, ionic conductivities of the Li anti-perovskite electrolytes could be 

dramatically increased if water was added intentionally during or after the synthesis.(111, 

116) The highest conductivity might be due to unintentional exposure to moisture that 

results in the formation of LiCl-xH2O which has high electrical conductivity.(132) The 

difference in measured ionic conductivities might also be related to the different electrodes 

used in symmetrical cells and the different methods employed for the fabrication of 

symmetrical cells. In addition, since the reported Li3OX and Li 2OHX have the identical 

crystal structure and the same lattice parameters (a = 3.91 Å for Li3OCl and Li 2OHCl; a = 

4.056 Å for Li3OBr and Li2OHBr),(107, 109, 113) one cannot differentiate these two types 

materials by conventional crystallography tools such as X-ray diffraction (XRD). Most 

elemental characterization techniques, such as energy dispersive X-ray spectroscopy 

(EDS), have difficulties to detect light elements like Li and H. Since researchers have 

claimed that H-free Li3OX was metastable and could not be synthesized from LiOH and 

LiX , some of the reported Li3OX might be mistakenly identified, while the actual materials 
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were Li 2OHX or Lix+y(OH)xXy.(109) For example, Li3OBr and Li 2OHBr reported in 

different works showed very close conductivities and activation energies, as shown in 

Figure 11, they might be the same material. While Li2OHCl was unlikely to be identified 

as Li3OCl, since Li 2OHCl experienced a phase transformation that resulted in an abrupt 

change in ionic conductivity, the claimed Li3OCl might be Li3-xOHxCl in reality. The 

confusion related to the real compositions and conductivities of Li anti-perovskite SSEs 

must be solved. 

 

Figure 10: Conductivities of Li oxide chlorides and Li hydroxide chlorides materials 

reported in literature .(107-109, 113, 115, 124, 125, 132, 136, 137, 143) 
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Figure 11: Conductivities of Li oxide bromides and Li hydroxide bromides reported 

materials in literature .(107, 109, 111, 113, 140, 141, 143) 

Another problem was that most of the papers on Li anti-perovskite SSEs were 

focused on crystal structures, ionic conductivities, and Li-ion transport mechanisms, but 

the electrochemical properties of the SSEs were not thoroughly evaluated. Since our goal 

was to use Li anti-perovskites to develop the proposed melt-infiltration technology, the 

electrochemical properties are more important than crystal structures and Li-ion transport 

mechanisms. Even though Li symmetrical cells were made by researchers to measure the 

ionic conductivities, stable cycling of Li symmetrical cells with Li plating and stripping 

were only presented in three works, in which the cells were either made by PLD (Li film 

was deposited on SSE surface)(108, 124) or cycled at an elevated temperature when Li 
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metal was molten.(115) Therefore, the interface between Li metal and Li anti-perovskite 

SSEs in regular conditions was not investigated. Additionally, although theoretical works 

predicted the electrochemical stability windows (ESW) and the decomposition reactions of 

Li 3OCl/Li2OHCl at certain potentials, the ESW of the SSEs were not experimentally 

explored, except in two works where the cyclic voltammetry (CV) data of Li/SSE/Au cells 

were presented.(109, 145) Similarly, ASSLB cells with Li anti-perovskite SSEs were only 

demonstrated in three works.(109, 124, 140) The cells were only charged and discharged 

for less than 40 cycles with mediocre performance. Therefore, more work must be done to 

examine electrochemical properties and the potential of Li anti-perovskite SSEs for 

ASSLBs. 

3.3 Experimental methods 

3.3.1 Synthesis methods 

All the procedures were conducted inside a glovebox filled with Argon (Ar). The 

starting materials included LiOH (anhydrous, 98%, Alfa), LiCl (anhydrous, 99%, Alfa), 

and Li 2O (anhydrous, 99%, Alfa). All  precursors were dried at 120 °C for 24 hours before 

each experiment to remove moisture. The precursors were ground and mixed in a set of 

glass mortar and pestle by hand. 

For synthesis with a tube furnace, a mixture (1 g) of precursors was loaded into an 

alumina crucible, which was then placed inside a quartz tube. The tube was sealed with 

valves inside the glovebox to avoid any exposure to air. After transferring the tube outside 

the glovebox, argon was connected to the tube and flowed continuously throughout the rest 

of the procedure. The sample was heated to 350 °C at 10 °C  min-1 and held at 350 °C for 
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10 hours in a tube furnace. At the end of the reaction, the material was naturally cooled 

inside the tube with flowing argon. After transferring the tube back into the glovebox, a 

metal tool was used to scrape the product material from the crucible, since the material 

solidified and stuck to the crucible during cooling. 

For synthesis with an induction heater, a mixture (1 g) of precursors was loaded 

into a homemade graphite crucible and rapidly heated to 650 °C with an induction heater 

(Fluxeon Roy1500, USA; Induction Innovations MD-700 Mini -Ductor I). The temperature 

was monitored with an optical pyrometer (Calex PyroUSB 2.2). The induction heater was 

switched off once the temperature reached 650 °C. The molten material was naturally 

cooled inside the crucible until 500 °C at which it was poured onto a graphite plate at room 

temperature for fast cooling and solidification. The obtained SSE pellet was ground into a 

powder with a mortar and pestle for further characterization. 

For synthesis with a muffle furnace inside a glovebox, a mixture (1 g) of precursors 

was loaded into a homemade graphite crucible or an alumina crucible. The crucible was 

placed into a muffle furnace and a graphite lid was used to prevent contaminants from the 

furnace. The sample was heated to 350 °C  in 1 hour and then held at 350 °C  for 1 hour. 

After that, the sample was either poured onto a graphite plate for fast cooling or slowly 

cooled down in the furnace with a controlled rate of 20 °C min-1. For a fast-cooled sample, 

it was ground into a powder with a mortar and a pestle. For a slow-cooled sample, a metal 

tool was used to scrape the product material from the crucible. 

For the synthesis of deprotonated SSEs, n-Butyllithium (n-BuLi) was used to 

remove H content from Li 2OHCl. In a solution of 500 mg of Li 2OHCl in 10 mL of 
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tetrahydrofuran, n-BuLi in hexane was added to reach the desired H content composition. 

For each reaction, the solution was stirred at room temperature for 24 hours. The precipitate 

was filtered and washed by three consecutive washing centrifugation steps with hexane. 

The precipitate was then dried under the vacuum. 

3.3.2 Characterization 

X-ray diffraction (XRD) (Empyrean and Xpert PRO Alpha-1, Panalytical) was 

used to study the structures of the SSEs. Inside a glovebox, powder samples of SSE were 

placed onto quartz slides and sealed with Kapton tape to protect from hydrolysis during 

sample transfer. A Cu KŬ X-ray source was used with a voltage of 45 kV and a current of 

40 mA. For room temperature measurements (with Alpha-1), the diffraction spectra were 

collected in a 2ɗ range from 20Á to 70Á. For high-temperature in-situ measurements (with 

Empyrean), a vacuum chamber with the heating function was used. Spectra were collected 

at 26, 40, 60, 80, 100, and 110 °C with a heating rate of 1 °C min-1 and 2ɗ range 20Á-70°.  

Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy 

(EDS) images were captured using a Hitachi SU8230 at an accelerating beam voltage of 5 

kV. Analysis was applied to a pellet of 1LiOH-1LiCl prepared by pressing the powder with 

a pressing die (13mm, International Crystal Laboratory) at room temperature. 

Time-of-flight secondary ion mass spectrometry (TOF-SIMS) surface analysis was 

performed using an IONTOF TOF-SIMS5-300 (Münster, Germany) in positive and 

negative ion collection mode using a 25kV Bi+ primary ion source and 500 x 500 ɛm 

collection area. 
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X-ray photoelectron spectroscopy (XPS) data were collected using a Thermo K-

Alpha XPS spectrometer with an Al K-a source. The pass energy was kept at 200 eV for 

survey scans and 50 eV for detailed scans. For the detailed scans, 10 scans were used to 

average out the data with a hold time of 100 ms at every point. 

Nuclear magnetic resonance (NMR) was used to determine the chemical 

composition. Samples of SSE were dissolved in heavy water (D2O) and then sealed in 

NMR tubes. Upon dissolution of Li2OHCl in D2O, hydrogen atoms were replaced by 

deuterium atoms: 
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Therefore, the hydrogen content in the SSE could be obtained from the quantification of 

the H2O signal at 4.8 ppm in 1H NMR. The internal Sodium 3-(trimethylsilyl)propionate 

(C6H13NaO2Si) was used to compare its integral with the integral of H2O released by 

Equation 5(147): 
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Subscripts i and r relate to water and reference compound C6H13NaO2Si, respectively. AI 

is the absolute integral, NN in the corresponding number of nuclides, MW is the molar mass 

(g mol-1), and M is the weighed mass of material (mg). The mass of water derived from 

Equation 5 was then recalculated to the hydrogen content in the corresponding salt. Since 

H2O was also present in the standard, the corresponding subtraction of the integral intensity 

should be done. 
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The melting points of the SSEs were determined by differential scanning 

calorimetry (DSC) with an SDT Q600 (TA Instruments). Samples were loaded into 

alumina crucibles for each measurement. N2 gas was flowed during measurements to 

protect materials from exposure to air. The samples were heated and cooled quickly in the 

temperature range from room temperature to 200 °C  (10 °C  min-1), and slowly in the range 

of 200-350 °C  (5 °C  min-1). 

3.3.3 Electrochemistry measurement 

The Li ionic conductivities of the SSEs were measured by electrochemical 

impedance spectroscopy (EIS). Symmetrical cells were fabricated with CR2032 coin cells. 

Li  metal foils, stainless steel (SS) spacers, and graphite foils were used as the electrodes. 

For Li symmetrical cells with cold-pressed pellets (Li/SSE/Li), SSE pellets were pressed 

with a 13 mm pressing die (International Crystal Laboratory, USA) with 10 tons (~700 

MPa) of pressure at room temperature and then sandwiches with Li foils. For SS 

symmetrical cells (SS/HPSSE/SS) with hot-pressed SSE pellets, a heated pressing die (13 

mm Diameter, Across International) was used to press pellets with conditions of 150 °C  

and 1 ton (~70 MPa) for 30 minutes. The hot-pressed pellet was then sandwiched between 

2 SS spacers and hot-pressed again with another heated pressing die (26 mm Diameter, 

Across International) at 200 °C  and 1 ton (~70 MPa) for 1 hour. For graphite symmetrical 

cells with melted SSE pellets (C/MSSE/C), the induction heating device was used to melt 

an SSE pellet between 2 graphite foils coated with ~20 nm Al2O3 by atomic layer 

deposition (ALD). EIS measurements were performed with a potentiostat (Interface1000B, 

Gamry Instrument) in the frequency range from 1 MHz to 1 Hz at a variety of temperatures 
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(110, 100, 90, 80, 70, 60, 50, 40, 30, 25 °C). The cells were held at 100 °C for 2 hours 

before the EIS measurements to let the SEI layers form at the SSE/Li interfaces. 

The electronic conductivity was measured by the Hebb-Wagner method with an 

asymmetrical CR2032 coin cell with SS foil (positive electrode), hot-pressed SSE pellet, 

and Li foil (negative electrode). At 100 °C , polarization voltages of 0.1, 1, 2, 3, 4, and 5 V 

were applied to the cell for 1 hour using chronoamperometry with the potentiostat 

(Interface1000B, Gamry Instrument), and the current passing through the cell was 

measured. In each experiment, the cell was held at 0 V for 1 hour before applying the 

voltages. The same experimental method was also applied to symmetrical cells 

(SS/HPSSE/SS) with SS foils as the electrodes. 

To examine the electrochemical stability of the SSE with Li metal, symmetrical 

cells (Li/HPSSE/Li) with Li metal electrodes and hot-pressed SSE pellets were used for 

DC cycling experiments. At 100 °C, constant DC currents with periodically changed 

polarity were applied to the cells using an Arbin battery testing equipment (Arbin 

Instrument). The currents were 0.01, 0.02, 0.05, and 0.1 mA cm-2, and the direction of 

current was changed every 30 minutes. For measuring the electrochemical stability 

window, CV was performed on an SS/HPSSE/Li cell from 0.1 to 4.5 V with a scan rate of 

1 mV s-1 at 100 °C  with the potentiostat (Interface1000B, Gamry Instrument). An SSE-

C/HPSSE/Li cell with a composite electrode was also made for CV. The composite 

electrode contained 5 mg of CB and 25 mg of the SSE powder, which were mixed by a 

mortar and pestle for 10 minutes. The composite powder was loaded into the 13 mm heated 

pressing die and pressed with small pressure for flattening. 80 mg of the SSE powder was 

then added on the top of the composite layer and the pellet was pressed at 150 °C  and 1 ton 
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for 30 minutes. The Li foil was added to the SSE side of the pellet after hot-pressing. The 

CV experiment was done from 1 to 4.3 V with a scan rate of 1 mV s-1 at 100 °C . 

3.4 Results and discussion 

3.4.1 Synthesis methods of Li anti-perovskites 

One reason to study Li anti-perovskites was the high ionic conductivities and low 

melting points of Li3OX (X = halogen element) reported by Zhao et al.(107) Therefore, the 

initial approach of synthesizing Li3OCl was to follow the procedure described in their 

work. They mixed LiOH and LiCl at a molar ratio of 2:1 and heated the mixture to 330-

360 °C under vacuum for several days. In the heating process, water was removed 

according to Equation 6: 
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Due to the lack of a vacuum furnace in the lab, a tube furnace with flowing Ar was used to 

remove water from the reaction. Besides, the use of argon flow is more attractive than the 

use of vacuum for large-scale synthesis. LiOH and LiCl were mixed in a molar ratio of 2:1 

and heated in a tube furnace as described in the experimental section. According to 

Equation 6, if water was completely removed from the reaction, a decrease in mass of 

approximately 20% should be observed in the final product of the reaction. However, no 

significant reduction in mass was observed. Because of the strong O-H bond in OH-, the 

H+ ion in LiOH might not be removed in the form of H2O.(109) A recent paper by Effact 

et al. calculated the reaction energy ȹE for Equation 6 to be 150 meV per atom, while ȹE 

for the synthesis of Li2OHCl from LiOH and LiCl (Equation 9) was 4 meV per atom.(146) 



 62 

The much higher ȹE for Equation 6 suggests the challenge to synthesize pure Li3OCl. On 

the other hand, Li3OCl may react with the released H2O to form Li2OHCl by the reaction 

described in Equation 7: 
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Effat et al. calculated ȹE for Equation 7 to be -0.09 meV per atom and Dawson et al. 

obtained -0.148 meV per atom.(139, 146) Despite the difference, both calculations show 

the reaction in Equation 7 to be thermodynamically favorable. Therefore, Li3OCl could not 

be synthesized from LiOH and LiCl. 

Another approach to synthesize Li3OCl was to avoid the use of hydroxides in the 

starting material as reported in works by Zhao et al. and Lu et al.(107, 108) Hypothetically, 

Li 3OCl  can be synthesized from Li 2O and LiCl by the reaction described in Equation 8: 
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Like the procedure described in the previous approach, dried Li2O and LiCl were mixed at 

a molar ratio of 1:1 and heated with a tube furnace. This time the starting material was 

heated to 700 °C and held at 700 °C for 10 hours. The XRD pattern of the product material, 

however, only showed peaks of the starting materials, as shown in Figure 12. The material 

contained Li 2O (blue triangles), LiCl (red triangles), and another phase (green triangles) 

with very small intensity, which was potentially Li3OCl. So, heating to and holding at 700 

°C could not provide enough energy to let Li2O fully react with LiCl. High energy sources 

such as laser-induced plasma in PLD could enhance the reaction between Li2O and 
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LiCl,(124) but this method was complicated and expensive, thus it could not be adopted 

for large-scale production. Moreover, theoretical works showed that pure Li3OCl has very 

low ionic conductivity.(118) Also, this material is thermodynamically metastable and 

decomposes into Li2O and LiCl at room temperature.(110, 118) Even if the decomposition 

is kinetically suppressed, Li3OCl may still decompose into Li2O2, LiCl, and LiClO4 above 

2.5 V relative to a Li metal anode.(110, 118) Additionally, Hanghofer et al. claimed that 

H-free Li3OCl was never experimentally made as Li3OCl readily reacted with H 

sources.(132) As a result, the conclusion was that pure Li 3OCl could not be easily 

synthesized from LiCl with LiOH or Li2O, so I decided to shift the focus to Li2OHCl. 

 

Figure 12: XRD of the material synthesized by heating Li2O and LiCl to 700 °C. 

Blue triangles indicate peaks of Li2O, while red triangles are peaks of LiCl. The 

peals indicated by the green triangle may be Li3OCl. 

Previous research on Li2OHCl has indicated that the materials could be synthesized 

by heating the mixture of LiOH and LiCl at 350 °C.(113, 115) LiOH and LiCl have melting 

temperatures of 471 °C and 610 °C, respectively, but their mixtures can be melted at lower 

temperatures around 300 °C.(137) The reaction to form Li 2OHCl is shown in Equation 9: 
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The cooling rate affected the ionic conductivity of the SSEs and fast cooling gave better 

conductivity than slow cooling due to the increase of defects created by fast cooling.(115, 

137) 

While attempting to synthesize Li3OCl from LiOH and LiCl using the tube furnace 

setup, I discovered that water was unlikely to be generated from the precursors in an argon 

environment. Hence, it is unnecessary to seal the precursors in a tube and bring it outside 

the glovebox for synthesis, since this complicated method limits the amount of material 

synthesized at each time. Instead, the precursors may be directly melted and reacted inside 

an Ar-filled glovebox. Because Li 2OHCl is highly reactive, due to the presence of OH 

group, it can be unintentionally doped with metal ions from the reaction vessels during 

synthesis. Even a very small number of dopants (0.005 atomic %) might significantly 

change the conductivities of the SSEs.(116) To avoid or minimize the undesired doping, a 

new synthesis approach of using short reaction time and an inert crucible was developed. 

An induction heating device, when coupled with a graphite crucible, as shown in Figure 

13, could provide ultra-fast heating (> 400 °C min-1) that would minimize reaction time. 

Graphite is inert, so a graphite crucible does not react with the reactive groups, like OH 

and Cl, in Li 2OHCl. Hence, the use of graphite crucible can prevent uncontrolled doping 

that may affect the conductivity of the SSE. Additionally, using an induction heater is more 

convenient than using a muffle furnace or tube furnace because the status of the sample 

inside the crucible can be monitored during synthesis. 
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Figure 13: The (A) schematic and (B) image of the induction heating set up.  

Li 2OHCl was therefore prepared by heating a mixture of LiOH and LiCl in a molar 

ratio of 1:1 with the induction heating method described in the experimental section. The 

reason to heat the sample to 650 °C was that 1 g of the precursors could not be fully melted 

until this temperature. To ensure the formation of stoichiometric Li 2OHCl from LiOH:LiCl 

= 1:1 with the induction heating method, the mass change before and after synthesis was 

tracked. The mass loss was less than 1 wt.% after one heating-cooling cycle. A sample was 

repeatedly heated to 650 °C and cooled to room temperature for 5 times, but the mass loss 

was still negligible. Therefore, the synthesis did not generate water and stoichiometric 

compound could be produced using an induction heater and graphite crucible. 

3.4.2 Characterization of Li2OHCl 

SEM/EDS analysis was applied to a powder-pressed pellet of Li 2OHCl at room 

temperature. Since EDS is unable to detect H and Li, only the composition distribution of 

O and Cl in the sample was obtained. Figure 14 shows the average composition of the 
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sample to be 50.3 at.% Cl and 49.7 at.% O, which is very close to the theoretical 

composition of 50 at.% Cl and 50 at.% O. 

 

Figure 14: (A) SEM image of a pressed pellet of Li 2OHCl. (B) EDS analysis 

mapping of the image. 

In addition to SEM/EDS, ToF-SIMS was used to reveal the lateral distribution of 

four elements of interest (H, O, Cl, and Li) on the surface of the Li 2OHCl (Figure 15A). 

The overlay of 1Hī, 16Oī, 37Clī, and 7Li+ indicates uniform lateral distribution. The negative 

mode m/z spectrum contains 1Hī, 16Oī, OHī, 35Clī, and 37Clī high intensity ions (Figure 

15B). The existence of high intensity OHī proves the presence of hydroxyl ions in 

Li 2OHCl. In the positive mode m/z spectrum (Figure 15C), the intensity of 7Li+ is three 

orders of magnitude higher than other positive species, indicating that there is no detectable 

contamination by other metals. 
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Figure 15: (A) ToF-SIMS images of the lateral distribution of 1H-, 16O-, 37Cl-, and 
7Li + ions. (B) ToF-mass spectrometry of negative ions of the scanned region. (C) 

ToF-mass spectrometry of positive ions of the scanned region. 

The chemical composition of the SSEs was determined by quantitative NMR. The 

protons (H) of the hydroxyl groups are very labile and can be easily exchanged with 

deuterium (D). Therefore, the quantification of H2O content liberated upon dissolution of 

Li 2OHCl in D2O can be used to determine H content in the samples. A reference compound 

C6H13NaO2Si was used to compare its absolute integral in 1H NMR to the integral of H2O 

released. The determined composition of the lithium hydroxyl chloride synthesized by the 

induction heating method is nearly Li 2OHCl (Table 2), which shows virtually no deviation 

from the stoichiometric composition.  

Figure 16 shows the XRD patterns of a Li 2OHCl sample at various temperatures. 

At room temperature, it had an orthorhombic structure with lattice parameters of a = 3.89 
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Å, b = 3.99 Å, and c = 7.66 Å, which were calculated by Pawley refinements. As the 

temperature increased to 40 °C, a phase change occurred as the triple peaks which indicated 

the orthorhombic phase started to disappear. It was reported that an orthorhombic to cubic 

phase transition can occur at 35 °C for Li 2OHCl.(113) However, the sample existed in a 

tetragonal phase at 40 °C upon heating, and the lattice parameters were a = b = 3.91 Å, and 

c = 3.92 Å. The difference between the tetragonal and cubic phases is only a small intensity 

peak at 32.64Á 2ɗ, as indicated by the blue arrow in Figure 16B. At 60 °C, the sample was 

in cubic phase with a lattice parameter of a = 3.91 Å, indicating the completion of a 

tetragonal to cubic transition. Upon heating to higher temperatures, the lattice parameter 

increased, as possibly a result of thermal expansion. The sample was cooled down at 1°C 

min-1 after heating to 110 °C. During cooling, the orthorhombic-cubic phase transition was 

reversible since the sample became orthorhombic again at 26 °C. The tetragonal phase at 

40°C during cooling was not significant since the small side peak had very low intensity. 

In the spectra, the existence of LiCl impurities was observed, as indicated by the red 

triangles in Figure 16B. The intensity of the LiCl peaks increased with temperature and 

this process was irreversible as the intensity did not decrease upon cooling. Other than LiCl 

peaks, no evidence of LiOH, Li2O, or HCl at room temperature or during heating/cooling 

was observed. The presence of LiCl indicates that the actual composition of the sample 

prepared from 1LiOH-1LiCl may be LiCl-deficient.  
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Figure 16: (A) XRD patterns of Li 2OHCl collected at 26, 40, 60 °C (heating) and 40, 

26 °C (cooling). (B) XRD patterns in a narrow region. Black triangles indicate the 

side peaks of (110) plane in orthorhombic phase. Blue triangles indicate the side 

peaks of (110) plane in tetragonal phases. Red triangles indicate LiCl impurities. 

To check if the LiCl impurity was caused by the induction heating synthesis 

method, for example, some of the LiOH might evaporate while heating to 650 °C , Li 2OHCl 

samples were also synthesized with a muffle furnace and with alumina crucibles. The first 

sample was prepared by heating a mixture of LiOH:LiCl = 1:1 loaded into an alumina 

crucible (AC) with a muffle furnace (MF) to 350 °C for 1 hour, followed by slow cooling 

(SC) at 20 °C min-1, so the sample was denoted as MF-AC-SC. The second sample was 

prepared in the same way as the first sample except that it was poured onto a graphite plate 

for fast cooling (FC), and it was denoted as MF-AC-FC. The third sample was prepared in 

the same way as the first one except that a graphite crucible (GC) was used instead of the 
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alumina crucible, hence it was denoted as MF-GC-SC. These samples were ground into 

powder for XRD characterization. The results were compared to that of the Li 2OHCl 

sample (IH-GC-FC) prepared by the induction heating (IH) method, as shown in Figure 

17. XRD patterns show the presence of LiCl (red triangles) in all the samples, even though 

the intensity of LiCl varies in different samples. Therefore, the LiCl impurity in the 

Li 2OHCl sample prepared by the induction heater method was not caused by the synthesis 

method. The presence of LiCl was also observed by Hanghofer et al. and Wang et al. in 

their synthesized Li2OHCl materials.(132, 144) The presence of LiCl was also consistent 

with Effat et al.ôs calculation which predicted Li2OHCl to be metastable and it could 

decompose into LiCl and Li4(OH)3Cl.(146) Interestingly, all the samples prepared with the 

muffle furnace showed a stronger orthorhombic phase at room temperature as the side 

peaks at (110), (200), (211), and (220) planes have higher intensities. Therefore, the phase 

of Li 2OHCl at room temperature is highly dependent on the synthesis temperature and the 

cooling rate. 
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Figure 17: (A) XRD patterns of Li 2OHCl synthesized by different conditions. MF-

AC-SC: SSE prepared in muffle furnace (350 °C  for 1 hour) with an alumina 

crucible followed by slow cooling (20 °C  min-1). MF-AC-FC: SSE prepared in muffle 

furnace (350 °C  for 1 hour) with an alumina crucible followed by fast cooling 

(quenching by graphite plate). MF-GC-SC: SSE prepared in muffle furnace (350 °C  

for 1 hour) with a graphite crucible followed by slow cooling (20 °C min-1). IH-GC-

FC: SSE prepared by induction heating with a graphite crucible followed by fast 

cooling (quenching by graphite plate). (B) XRD patterns in a narrow region. Black 

triangles indicate the side peaks of (110) plane in orthorhombic phase. Red triangles 

indicate LiCl impurities.  

3.4.3 Removing LiCl impurity from Li2OHCl 

Besides the predicted decomposition, the origin of the LiCl impurity in Li 2OHCl 

could also be due to the impurities in the starting materials. For example, LiOH may form 

LiOH·H 2O during transportation and storage, and LiOH·H2O may not be easily dehydrated 

by drying at 120 °C  inside the glovebox, which also contains H2O contamination. However, 

the excess LiCl can be hypothetically avoided by using less LiCl or more LiOH in the 
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starting materials. Therefore, SSEs with LiOH to LiCl ratios of 10:9, 5:4, 3:2, and 2:1 were 

prepared with the induction heating method, and these materials were denoted as 10LiOH-

9LiCl, 5LiOH-4LiCl, 3LiOH-2LiCl, and 2LiOH-1LiCl, respectively. The XRD spectra of 

these SSEs (Figure 18) at room temperature shows that a starting material of LiOH:LiCl = 

10:9 indeed can avoid the LiCl impurities in 1LiOH-1LiCl (red triangles in Figure 18B). 

Interestingly, the spectra of all the other SSEs show anti-perovskite phases plus an 

unrecognized new phase, as indicated by the blue triangles in Figure 18B. When the content 

of LiCl in the starting material decreases, the SSEs contain less orthorhombic phases at 

room temperature, since the intensities of the side peaks of orthorhombic phases (black 

triangles in Figure 18B) decrease. The SSE of 2LiOH-1LiCl shows a nearly pure cubic 

phase of anti-perovskite. The intensity of the unrecognized peaks slightly increases with 

the increased LiOH content in the starting material composition. The unrecognized peaks 

did not match any spectra of compositions containing Li, Cl, O, and H in the existing XRD 

database.  
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Figure 18: (A) XRD patterns of SSEs: 1LiOH -1LiCl, 10LiOH -9LiCl, 5LiOH -4LiCl, 

3LiOH -2LiCl, and 2LiOH -1LiCl at room temperature. (B) XRD patterns in a 

narrower region. Red triangles indicate LiCl impurities. Blue triangles indicate a 

new phase which is not identified. 

3.4.4 Measurement of ionic conductivity 

The Li ionic conductivities of the SSEs were measured by electrochemical 

impedance spectroscopy (EIS). The Nyquist plots of the EIS measurements were fitted 

with equivalent circuits and the resulting resistances were used to calculate conductivities 

with the following equation (Equation 10). 
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where ů is the ionic conductivity in the unit of S cm-1, d is the thickness of the pellet in the 

unit of cm, R is the resistance in the unit of Ý, and A is the contact area between the 

electrode and the pellet in the unit of cm2. 

The initial approach was to fabricate symmetrical cells with Li foil as electrodes 

(Li /SSE/Li) for EIS measurements. Pellets of SSEs were pressed using a 13 mm pressing 

die with 10 tons (~700 MPa) of pressure at room temperature (cold-pressing) inside an 

argon-filled glovebox. The thicknesses of the pellets were controlled to be less than 1 mm. 

No further treatment was applied to the pellets, so the pellets contained grain boundaries 

and pores. The presence of the latter could impede the transport of Li ions. While the 

surface of the pellets might be rough, soft Li metal electrodes could deform to create good 

contact with the pellets. 

In previous research of Li anti-perovskite SSEs, different equivalent circuits were 

used to analyze conductivity.(108, 109, 111) In fact, the choice of the equivalent circuit 

should depend on the configuration of the symmetrical cell. In Li symmetrical cells, the 

major components of resistance are the bulk resistance of the SSE material, the grain 

boundary resistance, and the interfacial resistance between Li metal and the SSE, as shown 

in Figure 19A. The interfacial resistance, in this case, is complicated due to the SEI layer 

formed by the reaction between SSE and Li metal. The equivalent circuit (Figure 19B) has 

three components of resistors in parallel with constant phase elements (CPEs). The three 

parallel components represent the bulk (B) resistance/capacitance, the grain boundary (GB) 

resistance/capacitance, and the interfacial (I) resistance/capacitance. The CPEs used in the 

circuit which replace capacitors are elements representing mixed capacitance and 

resistance because the bulk, grain boundaries, and interfaces do not act as perfect capacitors 
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in the system. Li electrodes are considered as non-blocking electrodes since Li-ions can 

(ideally) move freely into and from the electrodes.(148) Therefore, Li symmetrical cells do 

not have double-layer capacitance, which is commonly observed in symmetrical cells with 

blocking electrodes. Instead, there is a charge-transfer (CT) resistance that represents the 

resistance for Li-ion to move between the SEI layer and Li metal electrode. 

 

Figure 19: (A) Schematic of a Li-SSE-Li cell with the components of resistance in 

the cell. (B) Equivalent circuit for Li /SSE/Li cells.   
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Figure 20: (A) Nyquist plot of a typical Li symmetrical cell with a cold-pressed pellet 

of 1LiOH -1LiCl at 25 °C. The line plot is the fitting result of the equivalent circuit in 

Figure 19B. (B) Nyquist plot of the same cell at 60 °C. (C) Nyquist plot of the same 

cell at 110 °C. (D) Conductivity vs. temperature plot for the Li anti -perovskite SSEs 

prepared with LiOH:LiCl ratios of 1:1, 10:9, 5:4, 3:2, and 2:1. The activation 

energies are calculated using linear fitting in the temperature range of 40-110 °C.  

Ideally, the equivalent circuit should work when the Nyquist plot has three easily 

distinguishable semicircles, representing the bulk, grain boundary, and interfacial 

resistances. However, a typical Nyquist plot of the Li symmetrical cells at room 

temperature (Figure 20A) shows only one compressed semicircle, which is the result of 

overlapped semicircles. At some intermediate temperatures, such as 60 °C, the Nyquist 

plot (Figure 20B) shows features of separated semicircles. However, such a Nyquist plot 

cannot give an accurate estimation of the bulk resistance. Additionally, the Nyquist plot at 
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110 °C (Figure 20C) shows an incomplete semicircle due to the limited AC frequency 

range of the Gamry potentiostat. Therefore, it was hard to separate the bulk resistances 

from other components of resistance. As a result, the total resistances of the Li symmetrical 

cells were used to calculate conductivities, even though this method underestimated the 

real conductivities (bulk conductivity) of the SSEs. 

Figure 20D shows ionic conductivities of the SSEs measured from Li symmetrical 

cells. The conductivities of all SSEs follow the Arrhenius equation (Equation 11) at 

temperatures above 40 °C. 

 
„ „Ὡ  
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where Ea is the activation energy in the unit of eV and kB is the Boltzmannôs constant of 

8.617×10-5 eV K-1. At the temperature range of 40-110 °C, all SSEs have similar activation 

energies. These activation energies are also in agreement with some of the reported values 

of Li 2OHCl.(115) For SSEs of 1LiOH-1LiCl, 10LiOH-9LiCl, and 5LiOH-4LiCl, the 

sudden changes in activation energy at lower temperatures correspond to the phase 

transition from tetragonal/cubic to orthorhombic upon cooling. 1LiOH-1LiCl has the 

largest change in activation energy, indicating that it experiences the most significant phase 

transition. The change in activation energy is not as significant in 3LiOH-2LiCl and 

2LiOH-1LiCl, because their phases are rather cubic or tetragonal at room temperature. The 

SSE of 10LiOH-9LiCl has the highest conductivity, which is consistent with the structural 

analysis that 10LiOH-9LiCl has the purest anti-perovskite phase, while all other 

compositions have either LiCl impurities (for 1LiOH-1LiCl) or some other phases (for 



 78 

5LiOH-4LiCl, 3LiOH-2LiCl, and 2LiOH:1LiCl). Overall, the ionic conductivities 

measured from Li symmetrical cells with cold-pressed pellets are slightly lower than those 

in previous research.   

Because the total resistances were used to calculate conductivities, the 

conductivities measured from the Li symmetrical cells did not reflect the real conductivity 

of the SSEs. In addition, the pellets were pressed at room temperature without any further 

treatment, so the presence of pores and grain boundaries lowered the conductivities by 

blocking the path of Li-ion transport. To explore the real conductivity of the SSEs, several 

other methods were utilized to fabricate symmetrical cells. The approaches were only 

applied to the pure Li anti-perovskite (10LiOH-9LiCl) because it has the highest 

conductivity with cold-pressed pellets in Li symmetrical cells. This material is also denoted 

as Li 1.9OHCl0.9. 

The first approach was to use electrodes, such as Au, Ag, stainless steel (SS), and 

graphite, that do not react with Li anti-perovskite SSEs, to measure the conductivity of the 

untreated pellets, so the interphases formed by SSEs with Li electrodes could be avoided. 

Pellets of SSEs were sandwiched by Au, Ag, SS, or graphite foils and then packed in 

CR2032 coin cells. However, these foils might not form stable contact with SSE pellets 

due to rough surfaces of both the electrodes and pellets. The resulting Nyquist plots of EIS 

measurements contained many scattered points which prevented the use of equivalent 

circuits to fit the plots. One way to solve this problem was to use deposition techniques to 

deposit metal or carbon film onto the pellet, unfortunately such techniques were not 

available inside an Ar environment such as a glovebox. 
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The second approach was to use a hot-pressing die to force the pellet to form good 

contact with the electrodes. Also, a hot-pressing die could densify the pellet and minimize 

the presence of pores and grain boundaries. A 13 mm diameter hot-pressing die was used 

to make densified SSE pellets at 150 °C and 1 ton (~70 MPa) for 30 minutes. After hot 

pressing, the pellet was sandwiched between 2 SS spacers and hot-pressed again at 200 °C 

and 1 ton for 1 hour in a larger hot-pressing die with a diameter of 26 mm to ensure good 

contact between the pellet and the spacers. The SS/pellet/SS sandwich was then packed in 

a CR2032 coin cell and EIS measurements at various temperatures were performed. The 

Nyquist plot of a cell made in this method (SS/HPSSE/SS) is shown in Figure 21A. 

 

Figure 21: (A) Nyquist plot of a SS symmetrical cell made with hot-pressed SSE 

pellet at 60 °C. The inset is the equivalent circuit used for fitting. The line plot is the 

fitting result of the equivalent circuit. (B) Schematic of a SS/HPSSE/SS cell and the 

resistance components. 

The third approach was to make a Li symmetrical cell with a hot-pressed pellet, so 

the grain boundary effect could be minimized. A hot-pressed pellet with the 13 mm hot-
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pressing die was obtained first. Then Li foils were attached to both sides of the pellet and 

the sandwich was packed in a CR2032 coin cell. The Nyquist plot of a cell made in this 

method (Li/HPSSE/Li) is shown in Figure 22A. 

 

Figure 22: (A) Nyquist plot of a Li  symmetrical cell made with hot-pressed SSE pellet 

at 60 °C. The inset is the equivalent circuit used for fitting. The line plot is the fitting 

result of the equivalent circuit. (B) Schematic of a Li/HPSSE/Li cell and the resistance 

components. 

The fourth approach was to create a dense pellet by solidification from the molten 

SSE instead of a pressed pellet. A dense pellet could be obtained by pouring the molten 

material into a Teflon polytetrafluoroethylene (PTFE) mold and pressing it with a Teflon 

PTFE rod.(115) However, such a ñmeltedò pellet was too fragile to be removed from the 

mold without forming cracks. A method of using the induction heater to melt a pressed 

SSE pellet between two graphite foil was then developed. The graphite foils were coated 

with a thin layer of Al2O3 (~20 nm) by ALD to ensure good contact with the molten SSE 

because molten Li anti-perovskites have bad wetting with carbon materials and good 
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wetting with metal oxides. A cold-pressed pellet was first placed between two graphite 

foils. The graphite/pellet/graphite sandwich was then brought onto a graphite rod (25.6 mm 

diameter, 30 mm height) and then heated by the induction heater. Thanks to the advantage 

of the induction heating method that allowed to monitor the status of a sample, the 

induction heater could be switched off once the pellet started to melt. Because of the 

lightweight graphite foils, the foil on the top did not squeeze out the molten SSE nor slide 

to the side of the sandwich. After the molten material was solidified, the sandwich was 

packed in a CR2032 coin cell for EIS measurements. Because a melted-solidified pellet 

did not maintain a perfect cylindrical shape as the cold- or hot-pressed pellets, the ionic 

conductivities calculated based on Equation 10 might contain large errors. The Nyquist 

plot of a cell made in this approach (C/MSSE/C) is presented in Figure 23A.  

 

Figure 23: (A) Nyquist plot of a graphite symmetrical cell made with melted SSE 

pellet at 60 °C. The inset is the equivalent circuit used for fitting. The line plot is the 
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fitting result of the equivalent circuit. (B) Schematic of a SS/HPSSE/SS cell and the 

resistance components. 

Since the structures of the symmetrical cells in the new approaches were different, 

the equivalent circuits for analyzing the symmetrical cells were also different from the one 

used previously. Figure 21B, Figure 22B, and Figure 23B present the schematics of the 

resistance components of the SS/HPSSE/SS, Li/HPSSE/Li, and C/MSSE/C symmetrical 

cells, respectively. The pores and grain boundaries in the pellets were minimized by either 

hot-pressing or melting, so the component representing the grain boundary effect in the 

equivalent circuits was removed. The Nyquist plot of the Li/HPSSE/Li cell (Figure 22A) 

shows two semicircles that are more distinct due to the removal of grain boundaries, so the 

bulk resistance can be easily extracted from the Nyquist plot. Though the two semicircles 

still overlap to some extent, a more accurate estimation of the bulk resistance can be 

obtained when compared to the initial Li symmetrical cells with cold-pressed pellets. The 

bulk resistance of this Li symmetrical cell was used to calculate the ionic conductivity. 

Though SS and graphite did not form SEI layers with the SSEs, there were still interfacial 

resistances between the SSE pellets and the electrodes. Unlike the Nyquist plots of Li 

symmetrical cells, the plots of both SS and graphite symmetrical cells show a semicircle at 

the high-frequency range and a straight line at the low-frequency range (Figure 21A and 

Figure 23A). Theoretically. for a SS symmetrical cell, SS is a blocking electrode that forms 

a double layer capacitance at the interface between electrode and electrolyte, which ideally 

creates a 90° straight line.(148) For a graphite symmetrical cell, graphite is a real electrode 

material that Li ions can diffuse into, so it has a Warburg resistance in addition to the 

double-layer capacitance which results in a 45° straight line.(148) For the SS and graphite 

symmetrical cells, the straight lines in Nyquist plots are not exactly 90° and 45°, 
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respectively. The reason could be the irregularities in the electrode/electrolyte interface 

geometry.(148) Therefore, CPEs were used to replace the double-layer capacitance and the 

Warburg element in the equivalent circuit. For both the SS and graphite symmetrical cells, 

the summations of bulk resistance and interfacial resistance were used to obtain 

conductivities since these two types of resistances could not be separated from the Nyquist 

plots. 

Figure 24 shows the conductivities of Li 1.9OHCl0.9 measured by using the new 

approaches. In the temperature range of 40-110 °C, the conductivities measured with the 

new approaches are consistent, despite that the cells have different architectures. For all 

three cells made with the new methods, the conductivities are about five times higher than 

that measured by the Li symmetrical cells with cold-pressed pellets. The activation energy 

does not change, so the conductivities measured by the new approaches are reliable. The 

symmetrical cells made with new approaches have different conductivities at 30 °C. One 

explanation of this result is that the rate of phase transition may be different for cells with 

different pellets and architectures. For example, the SS/HPSSE/SS cell might contain a 

larger amount of orthorhombic phase than the C/MSSE/C cell at 30 °C, but they have 

similar amounts of orthorhombic phases at 25 °C and 40 °C. The Li/HPSSE/Li cell has a 

higher conductivity at 25 °C, which may be caused by the formation of SEI layers between 

Li electrodes and the SSE that decreases the thickness of the bulk electrolyte. The 

difference may also be attributed to errors in fittings due to the overlapped semicircles.  
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Figure 24: Conductivity vs. temperature plots for the SS/HPSSE/SS, Li/HPSSE/Li, 

and C/MSSE/C symmetrical cells.  

Overall, as shown in Figure 25, the pure Li anti-perovskite Li 1.9OHCl0.9 presents a 

slightly improved conductivity over Li2OHCl reported by Hood et al.(115) The 

conductivity, especially at lower temperatures, is less than that of Li3OCl reported by Zhao 

et al.,(107) but pure Li 3OCl could not be synthesized by the method described in the work. 

Even though Li anti-perovskites have lower conductivities than most of the oxide or sulfide 

SSEs, the ease of synthesis may make them attractive to certain applications.  
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Figure 25: Comparison of the conductivity of the 10LiOH-9LiCl SSE (green) with 

other SSEs reported from literature .(77, 84, 90, 97, 101, 105) 

3.4.5 Influence of H on ionic conductivity 

To reveal the influence of H on the conductivities of Li hydroxy chlorides SSEs, 

samples with lower hydrogen content were synthesized by using n-BuLi to deprotonate the 

hydroxyl group of Li 2OHCl. The target products were Li 2.5OH0.5Cl (Equation 12) and 

Li 3OCl (Equation 13). The use of n-BuLi over other bases is justified because the side 

product of the deprotonation reaction is n-butane gas, which safely escapes the reaction 

mixture. Therefore, the n-BuLi deprotonation of Li 2OHCl is a contaminant-free technique 

to substitute protons by Li . 
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 1 eq. Li 2OHCl + 0.5 eq. n-Bu-Li ŕ Li 2.5OH0.5Cl + 0.5 eq. n-Bu-HŔ 12 

 1 eq. Li 2OHCl + 1 eq. n-Bu-Li ŕ Li 3OCl + 1 eq. n-Bu-HŔ 13 

Deprotonated SSE compositions were synthesized overnight at room temperature as 

described in the Experimental section. The content of H was determined by 1H NMR 

technique. While the exact intended compositions could not be achieved, SSE samples with 

various Li:H ratios were synthesized (Table 2).  

Table 2: Composition of Li2OHCl and deprotonated Li hydroxy chlorides. 

SSE material Calculated composition* 

Li 2OHCl ~ Li 2OHCl 

Li 2OHCl + 0.5eq. n-BuLi ~Li2.1OH0.9Cl 

Li 2OHCl + 1.05eq. n-BuLi ~Li2.4OH0.6Cl 

Li 2OHCl + 5eq. n-BuLi ~Li2.7OH0.3Cl 

* It is assumed that O and Cl contents remain the same and only Li to H ratio changes. 

The XRD data of Li 2.1OH0.9Cl and Li2.4OH0.6Cl (Figure 26) show similar patterns 

to that of Li 2OHCl (Figure 16). No possible decomposition products were detected, 

suggesting the success of the deprotonation procedures. Due to the use of mild reaction 

conditions, the highly undesired decomposition of Li3OCl into Li2O and LiCl did not occur. 

The small peaks at 30° and 34.8° are likely due to the LiCl impurity in the starting Li 2OHCl 

material. The Li 2.1OH0.9Cl and Li 2.1OH0.9Cl SSEs exhibit an orthorhombic phase at room 

temperature and transform into a cubic phase at 110 °C.   
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Figure 26: (A) XRD patterns of Li2.1OH0.9Cl at 26 °C and 1 10 °C. Black arrows 

indicate the side peaks of the dominant (110) plane in the orthorhombic phase. (B) 

XRD patterns of Li2.4OH0.6Cl at 26 °C and 110 °C.  

XPS analysis was used to detect the impact of deprotonation on Cl, O, and Li 

bonding.  Figure 27 shows the results obtained from Li 2OHCl and Li2.1OH0.9Cl with that 

of the starting materials (LiCl and LiOH). As seen in Figure 27A, the Cl-2p peak shifts 

towards lower binding energy (BE) for the Li 2OHCl compound as compared to plain LiCl. 

A possible explanation for this occurrence could be the electron sharing Cl-H-O system in 

the Li 2OHCl structure. This sharing would increase the electron cloud around the Cl atoms 

and thus reduce the Cl-2p BE. On further addition of Li during the deprotonation step, the 

BE shifts to slightly lower values which should be expected considering the increased 

proximity of the Li atoms to the Cl atoms as the Li+ fills up more octahedral vacancies. 

This explanation is also supported by the trends observed in O-1s scans (Figure 27B). The 

O-1s peak shows a lower BE for oxygen in the case of Li 2OHCl than for LiOH, suggesting 

a sharing of electrons between O atom and Cl atoms. When comparing this with the 

deprotonated Li2.1OH0.9Cl, the O-1s peak shows an increased BE for Li 2.1OH0.9Cl than 

Li 2OHCl. It can be attributed to the increased distance of the Li atom from O atom in the 

deprotonated structure as compared to the closer proximity of the H atom to O atom in 
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Li 2OHCl. Finally, this hypothesis on electron sharing is also supported by the Li-1s data, 

where the Li-1s peak shifts towards lower BE in Li 2OHCl and the deprotonated 

Li 2.1OH0.9Cl, as compared to LiCl (Figure 27C). 

 

Figure 27: XPS analysis of (A) Cl 2p spectra, (B) O 1s spectra, and (C) Li 1s spectra. 

The ionic conductivities of the deprotonated Li hydroxy chlorides were measured 

by Li symmetrical cells with cold-pressed SSE pellets. The conductivities generally 

increased with the increase of H content in the SSE, as shown in Figure 28A. To reveal the 

mechanism of Li diffusion in the Li hydroxyl chlorides families and gain a better 

fundamental understanding of the origin of enhanced conductivity with the presence of 

protons, Born-Oppenheimer molecular dynamics (BOMD) simulations of Li 2OHCl, 

Li 2.5OH0.5Cl, and Li 2.92OH0.08Cl were conducted by our collaborators from the Army 

Research Lab. The long-range ordering of the SSEs was preserved for all samples at 1000 

K and below. No H, O, or Cl diffusion was observed on the simulation timescale. This 

confirms that the contribution of Li+ to the total ionic conductivity is nearly 100%. The 

crystal structure of the SSEs was preserved at all the presented simulated temperatures 

within the timescale of experiments. The conductivities of Li 2OHCl and Li2.5OH0.5Cl 

predicted by simulation are in excellent agreement with the extrapolated experimental data 
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(Figure 28B). The activation energies (slopes of the dependencies) for all the SSEs are also 

similar.  

 

Figure 28: Impact of hydrogen on the ionic conductivity of the chlorine-based Li 

anti-perovskite SSEs from (A) conductivity measurements and B) BOMD 

simulations. 

A detailed investigation of the Li-ion transportation mechanism unveiled OH 

rotation and a correlated motion of Li+ accompanied such a rotation movement. Figure 

29A-B show two simulation snapshots that are 10 ps apart. Tracing motion of Li and H 

positions during simulations clearly shows that the rotation of the OH group containing H1 

atom creates a vacancy denoted as blue ñxò in Figure 29A, which could be viewed as a 

Frenkel defect. The Li2 fills that vacancy (see blue arrow in Figure 29A). Because the H1 

and Li2 motions are correlated, this mechanism may be classified as the rotation of H1, 

which allows for the Li interstitial formation due to the reduced strain energy at the 

previously occupied position (ñxò). Alternatively, one may discuss that formed Li 

interstitial pushes OH group to rotate away from it and this rotational ability of OH allows 

for the otherwise unfavorable Frenkel defect formation. As soon as Li2 is moved, Li1 

jumps to the position previously occupied by Li2 and creates a vacancy, that was followed 
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by a rotation of the OH group with H2. Rotation of H1, in its turn, creates a high-energy 

state for the Li3 atom that pushes it to jump to the nearest vacancy site created by the 

rotation of H2.  

 

Figure 29: The snapshots from BOMD simulations of Li2.92OH0.08Cl SSE (A) before 

the Li+ (denoted as Li1, Li2, Li3) concerted motion and (B) after the Li+ jumps 

occurred during 10 ps. The accompanied motion of H1 and H2 is also shown. 

Oxygen (red), hydrogen (white), and chlorine (green) atoms are also shown. 

 The mechanisms of ion transport in Li anti-perovskite SSEs are not the focus of 

this thesis. Additional study on the Li+ and H+ dynamics in Li2OHCl by solid-state NMR 

can be found in another publication from our group,(149) which demonstrates that only Li+ 

contributes to long-range ion transport, while H+ dynamics is constrained to an incomplete 

isotropic rotation of the OH group. 

3.4.6 Measurement of electronic conductivity 

The electronic conductivities of Li anti-perovskites were not examined in the 

literature, except in two recent works.(143, 145) In fact, the conductivity measured by EIS 

is the total conductivity from both ions and electrons, but the electronic conductivity is 
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sometimes overlooked and the total conductivity is assumed to be the ionic conductivity. 

The electronic conductivity of an SSE may promote the growth of Li dendrite during 

cycling,(51) so it should not be ignored. Since the Li 1.9OHCl0.9 presents a pure anti-

perovskite without LiCl and shows improved total conductivity than Li2OHCl, I decided 

to use it for the exploration of melt-infiltration. Therefore, Li 1.9OHCl0.9 was used in the 

measurements and characterizations described in this and the following sections.  

A well-known method to measure the electronic conductivity of an SSE is the 

Hebb-Wagner technique.(150, 151) In this method, a constant voltage is applied to a cell 

with a blocking electrode (inert metal) and a non-blocking electrode (Li ). The current 

generated in the cell is initially due to both ions and electrons, but it rapidly decreases due 

to the ion-blocking condition, and the steady-state current is only due to electrons.(152) 

Gold or platinum is often deposited onto an SSE pellet to serve as the blocking electrode. 

However, Au could not be deposited onto a pellet made of Li anti-perovskite SSE without 

exposing it to air. Therefore, stainless steel (SS) foils were used as the blocking electrodes 

and cells with hot-pressed SSE pellets (SS/HPSSE/Li) were made. At 100 °C , the cells 

were first kept at 0 V for 1 hour and then were applied by different polarization voltages 

(0.1, 1, 2, 3, 4, and 5 V) for another hour. The electronic conductivity, and the 

electrochemical stability presented in the next section, were studied primarily at 100 °C  

because I wanted to cycle the ASSLB made by Li1.9OHCl0.9 at this temperature, as the 

conductivity was too low at lower temperatures. The recorded currents due to the 

polarizations in one experiment are plotted versus time in Figure 30. The recorded currents 

contain large noises (~20 µA) due to the equipment or the setup (wire and oven). At 100 

mV, no noticeable change in current was detected with the voltage applied. At 1, 2, 3, and 
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4 V, the currents increased when the voltages were applied, but the values of the steady-

state currents could not be determined due to the large noise. When the polarization voltage 

was 5 V, a steady-state current of ~20 µA was detected. Using Equation 10 and the 

dimension of the pellet, the electronic conductivity of the SSE at is about 2×10-7 S cm-1 if 

the electronic current is 20 µA.  This value is large as the total conductivity measured by 

EIS at 30 °C  is also on the order of 10-7 S cm-1. The cyclic voltammetry data of a 

SS/HPSSE/Li cell presented in the next section (Figure 40) shows oxidation peaks when 

the polarization is above 4 V. Therefore, the large current at 5 V may be due to reactions 

between SSE and Li. 

 

Figure 30: DC polarization currents of a SS/HPSSE/Li cell at 100 °C  with voltages of 

(A) 100mV, (B) 1V, (C) 2V, (D) 3V, (E) 4V, and (F) 5V. 

According to Philipp et al., the Hebb-Wagner method cannot be used to measure 

the electronic conductivity of Li 7La3Zr2O12 (LLZO) SSE because it is not 

thermodynamically stable in contact with Li metal.(153) Instead of the Hebb-Wagner 
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method, they applied polarization on symmetrical cells with Au electrodes. Therefore, 

symmetrical SS/HPSSE/SS cells were also made and polarization voltages from 0.1 to 5 V 

were applied to them at 100 °C . The data from one representative experiment is shown in 

Figure 31. Like the data obtained from the Hebb-Wagner method, a noise of ~20 µA was 

detected at all voltages. The quality of data obtained from the experiments might be highly 

dependent on the temperature, the oven, the Gamry potentiostat, the wire, and the 

construction quality of the cell. For another experiment conducted at 60 °C  with a different 

Gamry and a different oven, the data in Figure 32 was obtained. This time, the current still 

did not change when the polarization was 0.1 V, but the noise level was smaller (~30 nA). 

Steady-state currents of ~75 and ~150 nA were observed at 0.5 and 1 V, respectively. These 

values correspond to an electronic conductivity of 8×10-9 S cm-1. However, when the 

temperature was raised to 100 °C , the noise signal became large, and the steady-state 

current could not be measured. 

The attempt to precisely determine the electronic conductivity of Li 1.9OHCl0.9 was 

hindered by the large noise signal. From the literature, Koedtruad et al. measured the 

electronic conductivity of Li2OHCl with symmetrical cells and obtain 10-11 S cm-1.(143) 

Lee et al. used the Hebb-Wagner method and obtained 10-9 S cm-1 for Li2OHCl.(145) The 

electronic conductivities of LLZO and Li2S-P2S5 SSEs are 10-8-10-7 S cm-1 and 10-9-10-8 S 

cm-1, respectively.(51) The measured electronic conductivity of 8×10-9 S cm-1 is 

somewhere between those of the two SSE families. According to Han et al., the high ionic 

conductivities of LLZO and Li2S-P2S5 SSEs allow electrons to combine with Li-ions at Li-

plating potential, and this may be the mechanism of the fast Li dendrite growth in ASSLBs 

made by these SSEs.(51) 
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Figure 31: DC polarization currents of a SS/HPSSE/SS cell at 100 °C  with voltages of 

(A) 100mV, (B) 1V, (C) 2V, (D) 3V, (E) 4V, and (F) 5V. 

 

Figure 32: DC polarization currents of a SS/HPSSE/SS cell at 60 °C  with voltages of 

(A) 100mV, (B) 500mV, and (C) 1V. 

3.4.7 Study of SSEôs compatibility with Li metal 

One of the motivations for studying Li anti-perovskites was to make functional 

ASSLBs with this type of SSEs. Since the use of Li metal anode might greatly increase the 

energy density, it was crucial to determine the SSEôs compatibility with Li metal. For Li 

anti-perovskites, the compatibility with Li had only been demonstrated in Li symmetrical 
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cells in a deposited thin-film form(108) or with molten Li(115). It was necessary to explore 

Li anti-perovskitesô compatibility with Li metal in a more conventional configuration. 

Hence, Li symmetrical cells with fresh Li metal electrodes and hot-pressed pellets 

(Li/HPSSE/Li) of Li 1.9OHCl0.9 were fabricated. At 100 °C  and 60 °C, constant DC currents 

(0.01, 0.02, 0.05, and 0.1 mA cm-2) with periodically (30 minutes) changed polarity were 

applied to the cells for 50 cycles at each current, during which Li  metal was stripped and 

plated at each electrode. However, stable cycling was hard to achieve. A typical cycling 

data of a Li/HPSSE/Li cell at 100 °C  are plotted in Figure 33 (0.01 mA cm-2), Figure 34 

(0.02 mA cm-2), Figure 35 (0.05 mA cm-2), and Figure 36 (0.1 mA cm-2). At current 

densities of 0.01, 0.02, and 0.05 mA cm-2, the voltages increased as the cycling progressed. 

For example, when cycling at 0.05 mA cm-2, the voltage increased from 0.1 to 0.15 V. The 

increase in voltage indicated the growth of resistance across the cell. At 0.1 mA cm-2, 

however, the voltage suddenly decreased from ~ 0.4 V to ~ 0.05 V after 8 cycles, which 

was a sign of an internal short circuit. The growth of resistance across the cell was most 

likely due to the reaction between Li metal and the SSE that formed a resistive interfacial 

layer. It is known that Li 2OHCl decomposes into Li2O and LiCl in contact with Li metal 

and forms an SEI.(115) However, in this case, the SEI layer was not stable and its thickness 

increased during cycling. The Nyquist plots from the EIS measurements of the cell taken 

before cycling, after cycling at 0.01 mA cm-2, after cycling at 0.02 mA cm-2, after cycling 

at 0.05 mA cm-2, and after cycling at 0.1 mA cm-2 are presented in Figure 37, which shows 

the impedance of the cell increased after each cycling step, proving the growth of the 

resistive SEI layer. The short circuit that happened during the cycling at 0.1 mA cm-2 was 

hypothesized to be caused by the growth of Li dendrites. The schematics in Figure 38 
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explain the mechanism of dendrite growth. In Figure 38A, there is no SEI between the Li 

metal electrodes and the hot-pressed pellet when the cell is made. After some cycling, the 

SEI starts to grow between the Li electrodes and SSE, as shown in Figure 38B. When the 

SEI layers are thick and the current density is large, the thick resistive SEI layers may not 

accommodate the fast Li-ion transport, and Li dendrites may grow at places with pre-

existing cracks or where the SEI layer is thinner because the paths for Li-ion transport are 

shorter at these sites.  
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Figure 33: DC cycling of a Li/HPSSE/Li symmetrical cell with a current density of 

0.01 mA cm-2 at 100 °C . The direction of currents was changed every 30 minutes. 

(B) is the zoomed plot of (A). 

 

Figure 34: DC cycling of the same Li/HPSSE/Li symmetrical cell in Figure 33 with a 

current density of 0.02 mA cm-2 at 100 °C . The direction of currents was changed 

every 30 minutes. (B) is the zoomed plot of (A). 
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Figure 35: DC cycling of the same Li/HPSSE/Li symmetrical cell in Figure 33 with a 

current density of 0.05 mA cm-2 at 100 °C . The direction of currents was changed 

every 30 minutes. (B) is the zoomed plot of (A). 

 

Figure 36: DC cycling of the same Li/HPSSE/Li symmetrical cell in Figure 33 with a 

current density of 0.1 mA cm-2 at 100 °C . The direction of currents was changed 

every 30 minutes. (B) is the zoomed plot of (A). 
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Figure 37: EIS Nyquist plots of the Li/HPSSE/Li cell in Figure 33 before and after 

DC cycling at each current density. (B) is the zoomed plot of (A).  

 

Figure 38: (A) Schematic of a Li symmetrical cell with hot-pressed SSE pellet. (B) 

Schematic of the Li symmetrical cell with SEI formed between SSE and Li 

electrodes during cycling. (C) Schematic of the Li symmetrical cell with Li dendrites 

formed during cycling.  

Since a stable SEI between Li electrodes and SSE pellet was hard to form, I 

attempted to artificially create an SEI layer on the Li electrode before making symmetrical 

cells. One approach was to expose fresh Li electrodes to an inert environment (an Ar-filled 

glovebox) containing a very small amount of oxygen for an extended period until the 

surfaces of the electrodes were not shinny. A layer of Li2O was formed on the surface of a 

Li electrode in this process. Symmetrical cells with such electrodes and hot-pressed SSE 

pellet were made and cycled at the same conditions as the cells in the previous section. The 
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cycling data of a symmetrical cell with oxidized Li electrodes is presented in Figure 39. 

The voltage across the cell did not increase during the cycling at 0.01, 0.02, and 0.05 mA 

cm-2, as shown in Figure 39A-C, proving the pre-existing SEI layer of Li2O could prevent 

further growth of SEI during Li plating and stripping. However, when the current density 

was increased to 0.1 mA cm-2, the SEI layer failed to work and it was penetrated by Li 

dendrites, as shown in Figure 39B. Therefore, a pre-existing SEI layer between Li 

electrodes and SSE may help establish stable Li stripping and plating across an SSE pellet, 

but it fails when the current density is high. Overall, the critical current density at which Li 

dendrite starts to grow is less than 0.1 mA cm-2 for Li1.9OHCl0.9. This value is smaller than 

those for LLZO (0.05-0.9 mA cm-2) and Li2S-P2S5 (0.4-1 mA cm-2) SSEs.(51)  
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Figure 39: (A) DC cycling of a Li/HPSSE/Li symmetrical cell with a current density 

of 0.01 mA cm-2 at 100 °C . The Li electrodes contained oxidized layer on their 

surface. The direction of currents was changed every 30 minutes. (B) DC cycling of 

the cell in (A) with a current density of 0.02 mA cm-2. (C) DC cycling of the cell in 

(A) with a current density of 0.05 mA cm-2. (D) DC cycling of the cell in (A) with a 

current density of 0.1 mA cm-2. 

Another method that is commonly used to examine the electrochemical property of 

an SSE is to use cyclic voltammetry (CV) with a cell of inert metal blocking 

electrode/SSE/Li to determine the electrochemical stability window. In previous work, Li 

et al. did CV on Li2(OH)0.9F0.1Cl and Li2OHBr from -1 to 9 V and found them to be stable 

up to 9 V.(109) Lee et al. also used CV to determine the electrochemical stability window 

of Li 2OHCl.(145) An SS/HPSSE/Li cell was made to study the electrochemical stability of 

the SSE and performed CV from -0.5 to 4.5 V with a scan rate of 1 mV s-1 on the cell at 
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100 °C . The upper limit was set to be 4.5 V because most high voltage cathode materials 

only work at voltages below 4.5 V vs. Li/Li +. The cyclic voltammogram is shown in Figure 

40. A pair of reduction and oxidation peaks near 0 V vs. Li/Li+ is present in all cycles. Such 

peaks are also found in the cyclic voltammograms for other types of SSEs, and they are 

corresponding to Li deposition (reduction) and dissolution (oxidation).(77, 94) According 

to the calculation done by Effat et al.,(146) a reaction between Li2OHCl and Li occurs at 0 

V and forms Li2O, LiCl , and LiH.  Therefore, an SEI consisted of these compounds could 

be formed at the SSE/Li interface when the SS/HPSSE/Li cell was cycled between -0.5 to 

0.5 V. Another oxidation peak at ~0.8V is shown for the first 2 cycles (Figure 40A-B) with 

decreased intensity in cycle 2 (Figure 40B), and it is disappeared since cycle 3 (Figure 40C 

and D). Effat et al.ôs proposed a reaction occurring at 0.82 V that formed Li 4(OH)3Cl and 

LiCl ,(146) which might be the reason for this diminishing peak. In cycles 3 and 4, the SEI 

layer became thick enough to suppress this reaction. For the 1st cycle, no other oxidation 

peaks are found until 4 V, and the peaks above 4 V are also seen in the following cycles. 

Lee et al. found a peak near 5 V and claimed it to be the decomposition reaction that formed 

LiCl.(145) A magnified plot of the 1st cycle is presented in Figure 41A. It shows a small 

peak at 4 V and a large increase in current at 4.4 V. 
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Figure 40: Cyclic voltammetry curves for (A) 1st cycle, (B) 2nd cycle, (C) 3rd cycle, 

(D) 4th cycle of an SS/HPSSE/Li cell at 100 °C.  The cell was cycled from -0.5 to 4.5 V 

at 1mV s-1.  

To study the decomposition of the SSE near 4 V, an SSE-C/SSE/Li cell was made 

for CV. The positive electrode of this cell was a composite of carbon black and the SSE 

powder. According to Han et al., the electrochemical stability window tested by a typical 

inert metal blocking electrode/SSE/Li cell may overestimate the window, because the small 

contact area between SSE and the blocking electrode limits the kinetics of the 

decomposition reactions.(154) The composite electrode can significantly increase the 

contact area and thus accelerate the decomposition reactions. The SSE-C/SSE/Li cell was 
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cycled from 1 to 4.3 V at 100 °C  with a scan rate of 1 mV s-1. The cyclic voltammogram 

is shown in Figure 41B. The current started to increase at 3.4 V for the 1st cycle, while the 

onset of the oxidation peak decreased to 3.1 V for the 2nd cycle. According to Effat et al., 

Li 2OHCl can be oxidized above 3.15V and decomposed into several products including 

LiCl, LiH2ClO5, ClO2, H7ClO3, H3ClO, and Cl2O.(146) The low ionic conductivities of 

these products may worsen the performance of ASSLBs.  

 

Figure 41: (A) Zoomed plot of Figure 40(A). (B) Cyclic voltammetry curves for the 

1st and 2nd cycles of an SSE-C/SSE/Li cell at 100 °C.  The cell was cycled from 1 to 3 

V at 1mV s-1. 

In conclusion, Li1.9OHCl0.9 is not fully compatible with the Li metal anode. 

Unstable and growing SEI layers were observed during DC cycling with Li symmetrical 

cells. The critical current density was found to be smaller than those of other types of SSEs. 

CV cycling also showed the decomposition reactions above 3 V, which narrowed the 

electrochemical stability window. Therefore, to make an ASSLB cell with Li1.9OHCl0.9 

SSE and a Li metal anode, a protective layer at the SSE/Li interface must be used to prevent 

dendrite growth and undesired reactions. 
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3.4.8 Melting point measurement 

One of the biggest advantages of Li anti-perovskites is their low melting points 

which potentially allow their use in the proposed melt-infiltration technology. The melting 

points of the materials can be determined by differential scanning calorimetry (DSC). As 

shown in Figure 42, the melting point of Li 1.9OHCl0.9 is ~300 °C. This temperature is much 

lower than the processing/sintering temperatures of most oxide and sulfide SSEs (500-1400 

°C)  as presented in Table 1. The small peak that appeared during heating around 275 °C  

might represent the melting of hydrolysis products which was created during sample 

loading, as all the samples for DSC were exposed to air for 10-15 seconds when they were 

loaded into the crucible right before each measurement. Additional experiments were 

conducted to prove this hypothesis.  

 

Figure 42: DSC of Li 1.9OHCl 0.9 in the temperature range of 200-350 °C. Both 

heating and cooling rates are 5 °C min-1. 

In the first experiment, Li 1.9OHCl0.9 was synthesized in-situ from a mixture of 

LiOH and LiCl in the molar ratio of 10:9 during the DSC measurement to prevent any 
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hydrolysis of the SSE. The mixture was first heated to 120 °C for 2 hours in the DSC 

equipment for removing the moistures or dehydrating the hydrolyzed starting materials 

formed during the sample loading, and it was then heated up to 650 °C to resemble the 

synthesis with the induction heating method. The SSE was then cooled down to room 

temperature inside the DSC equipment. After that, it was heated up to 350 °C as the usual 

DSC measurement. The DSC data (Figure 43B) showed only one melting peak around 300 

°C. In the second experiment, Li 1.9OHCl0.9 SSE was intentionally exposed to air for 2 

minutes before loading them into the DSC equipment. The DSC data (Figure 43C) of this 

material showed a stronger peak around 275 °C. Combining the result of these two 

experiments, the peak at 275 °C could be recognized as the melting of hydrolysis products. 

The peak at 275 °C might belong to Li5(OH)3Cl2, which was synthesized from a mixture 

of LiOH and LiCl in 3:2 molar ratio. This material exhibited a melting point of around 275 

°C according to the DSC measurement (Figure 43D).  
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Figure 43: DSC heating curves of (A) Li 1.9OHCl 0.9 exposed to air during sample 

loading, (B) Li 1.9OHCl0.9 formed in-situ during DSC measurement, (C) Li 1.9OHCl 0.9 

intentionally exposed to air for 2 min before DSC measurement, and (D) 

Li 5(OH)3Cl2 (exposed to air during sample loading). 

3.5 Conclusion 

By exploring various synthesis methods, I discovered that Li oxy chloride (Li3OCl) 

could not be synthesized from LiCl with LiOH or Li2O. To study Li hydroxyl chlorides, a 

contaminant-free, ultra-fast, well-controlled synthesis method using induction heating 

devices and graphite crucibles was developed. The composition of Li2OHCl was confirmed 

by EDS, Tof-SIMS, and NMR. The crystal structure was studied by XRD and the phase 

transformation from orthorhombic to cubic reported in the literature was observed. The 

presence of LiCl impurity was also observed in Li2OHCl, so a pure Li anti-perovskite 

composition of Li1.9OHCl0.9 was synthesized, which presented improved conductivity over 

Li 2OHCl. By characterizing the deprotonated composition of Li2+xOH1-xCl, I identified that 
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the presence of H enhances Li-ion conductivity of Li 2+xOH1-xCl significantly. More 

specifically, the BOMD simulations revealed an unexpected mechanism of the Li-ion 

transport that involves the OH- group rotation, creating Frenkel defect near the OH- group 

that is filled with the nearby Li+. Rotating doors in buildings may serve as simple 

mechanical analogies for Li-ion motion in Li hydroxyl chlorides. The measurement of 

conductivity by EIS was systematically studied with different types of symmetrical cells. 

It was discovered that the presence of voids and grain boundaries in the SSE, and the 

interfacial resistance between the SSE and the electrodes, significantly affected the 

measured conductivity. The attempt to measure the electronic conductivity for Li1.9OHCl0.9 

was hindered by the large background noise. Li1.9OHCl0.9 was found to be not stable with 

Li metal due to the growth of SEI and Li dendrites. Decomposition of the SSE above 3 V 

may also be a concern for ASSLBs. The melting point of 300 °C made Li1.9OHCl0.9 a good 

choice for the proof-of-concept demonstration and exploration of the proposed melt-

infiltration method. 
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CHAPTER 4. MELT -INFILTRATION OF LI ANTI -

PEROVSKITE SOLID ELECTROLYTE AND FABRICATION OF 

ALL -SOLID-STATE LI -ION BATTER Y 

Part of this chapter is adapted with permission from Xiao, Y.; Turcheniuk, K.; Narla, A.; 

Song, A.; Ren, X.; Magasinski, A.; Jain, A.; Huang, S.; Lee, H.; Yushin, G., Electrolyte 

Melt-Infiltration for Scalable Manufacturing of Inorganic All-Solid-State Lithium-Ion 

Batteries. Nature Materials 2021, https://doi.org/10.1038/s41563-021-00943-2. 

4.1 Introduction  

Currently explored ASSLB manufacturing technologies fail to match the 

volumetric energy density of commercial LIBs and are fundamentally more expensive.(3, 

155, 156) This is due to the traditional method of fabrication, which involves separate 

fabrications of sintered SSE membranes and sintered ASSLB electrodes, which are then 

sandwiched between current collectors, stacked, and carefully sintered together to avoid 

fractures.(157, 158) In ASSLB electrodes, large volume fractions of the SSE are typically 

required to ensure all active particles are uniformly surrounded by the electrolyte, due to 

the high hardness of the ceramic SSE. Because ceramic is brittle and comprises defects that 

may induce cracking under stresses during cell assembling,(159) SSE membranes are 

typically made relatively thick (> 70 µm, an order of magnitude thicker than porous 

polymer membranes used in commercial Li-ion cells), which takes extra space and mass, 

and results in decreased energy density.(7, 160) Additionally, the high melting points of 

the majority ceramic SSEs in combination with their poor contact on the surface of active 
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materials often require high pressure and temperature (> 600 °C) processing of the ASSLB 

cathodes to avoid the presence of the pores and to reduce interfacial resistance.(78, 161) 

To overcome the limitations of conventional ASSLB manufacturing, novel 

approaches were proposed. For example, Kim et al. developed a method of solution-

infiltrate of sulfide SSEs into regular slurry-cast electrodes.(162) They dissolved sulfide 

SSEs in ethanol and methanol and infiltrated the solutions into regular electrodes. The 

solvent was removed in a glovebox, and the electrodes were heat-treated at 180 °C under 

vacuum to ensure high density. The infiltration procedure was repeated multiple times to 

introduce enough SSE into the electrode pores as the solubility of the SSE in ethanol is 

very modest and so the process has to be repeated many times. Finally, the SSE-infiltrated 

electrodes were densified by cold-pressing under 770 MPa in a glovebox (porosities of 

6ī8% remained), then hot-pressed under 460 MPa at 150°C also in a glovebox to further 

reduced porosity. The infiltrated electrodes were stacked with an SSE membrane and hot-

pressed to fabricate an ASSLB cell. For the SSE membrane layer, either thick (~0.6 mm) 

or thin (~70 µm) SSE-nanowire composites were used. Disadvantages of this method 

include the use of flammable ethanol which raises safety concerns if used in large-scale 

production. Furthermore, the drying of individual electrodes must be done slowly at room 

temperature in a dry environment to prevent the formation of a crust that would prohibit 

further filling. Many infiltration-drying cycles must be repeated to add enough SSE into 

the electrodes, making this method not economical and not scalable.   

Another interesting approach was made by researchers from the University of 

Maryland.(163, 164) They fabricated bilayer or triple-layer SSE membranes with one or 

two porous layers for infiltration of low melting point active materials (such as sulfur and 
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lithium) and a dense layer for separation of electrodes. The SSE membranes were made by 

tape casting of slurries containing garnet SSE, solvents, and polymer binders onto mylar 

sheets. To form the porous layer, polymer balls were added into the slurry as they could be 

burned out to create pores. The multilayer structures were fabricated by pressing laminated 

SSE tapes together at 60-80 °C. Finally, the samples were cut from the multilayer sheets 

and were sintered at elevated temperatures (> 1000 °C) to remove the organic components. 

The biggest advantage of this method is that the thickness of the dense layer could be 

controlled to 14 µm , which significantly decreased the bulk resistance and increased the 

energy density. However, this method required a complicated fabrication process and high-

temperature sintering, both of which increased the cost of manufacturing. Additionally, it 

was not compatible with most active materials due to their high melting points.  

In this chapter a proof-of-concept ñmelt-infiltrationò SSE technology for scalable 

manufacturing ASSLBs that overcomes the current limitations is introduced. The approach 

mimics the low-cost fabrication of commercial Li-ion cells with liquid electrolytes where 

dense calendered electrodes could be produced and wound in an ambient environment 

before drying and electrolyte filling, except that SSEs with low melting points are 

infiltrated into electrodes at moderately elevated temperatures (~300 °C or below) in a 

liquid state and then solidify during cooling. This method may allow the use of the same 

commercial equipment for current electrode and cell manufacturing, which reduces a 

barrier for industry adoption. For the demonstration, the anti-perovskite SSE Li1.9OHCl0.9 

was used. It exhibits a low melting point of ~300 °C, and can be rapidly and cheaply 

produced from low-cost ingredients, which is essential for battery pack cost reduction.(3, 
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165) While its conductivity is too moderate for most commercial applications, it is 

sufficient for fundamental and proof-of-concept studies.  

4.2 Experimental methods 

4.2.1 Synthesis of solid-state electrolyte 

All the procedures were conducted inside an Ar-filled glovebox. The starting 

materials were LiOH (anhydrous, 98%, Alfa Aesar) and LiCl (anhydrous, 99%, Alfa 

Aesar). Both precursors were dried at 120 °C for 24 hours before each experiment. LiOH 

and LiCl precursors in a molar ratio of 10:9 were ground and mixed in a set of glass mortar 

and pestle. The mixture was then heated to 650 °C at a heating rate of 400 °C min-1 inside 

a graphite crucible with an induction heater (Induction Innovations MD-700 Mini-Ductor 

II). The temperature was monitored with an optical pyrometer (Calex PyroUSB 2.2). The 

molten sample inside the crucible was naturally cooled until 500 °C and then poured onto 

a graphite plate for fast cooling. The obtained SSE was ground into powder for 

characterizations and the melt-infiltration process. 

4.2.2 Melting solid-state electrolyte with electrode materials 

Inside an argon-filled glovebox, powder of Li 1.9OHCl0.9 SSE was mixed with 

powders of cathode materials (NCM, NCA, LCO, LFP) and anode materials (LTO, 

graphite) with a set of glass mortar and pestle. The molar ratios of cathode materials to the 

SSE were 1:4. For anode materials, the molar ratios were 1:32 due to their small densities. 

The mixtures were placed inside graphite crucibles and heated with the induction heater 

until the SSEs in the crucibles were fully molten at a temperature of around 400 °C. The 
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molten samples of SSE with NCM, NCA, LCO, LFP, and LTO were poured onto a graphite 

plate to solidify. For each sample, half of it was ground into powder for XRD analysis, and 

the other half was prepared for SEM/EDS analysis. 

For the melting of SSE with the binder material, powder of Li1.9OHCl0.9 SSE was 

mixed with polyvinylidene fluoride (PVDF) and polyamideimide (PAI) in a mass ratio of 

8:1:1. The mixture was placed inside a graphite crucible and heated with the induction 

heater to 300 °C . The temperature was monitored with an optical pyrometer (62 MAX+, 

Fluke). The induction heater was periodically turned off and on to keep the temperature 

below 310 °C  until the SSE was fully melted. The mixture was then cooled down to room 

temperature and ground into powder for XRD analysis. 

4.2.3 Processing of electrodes  

NCM111 (MSE Supplies), LTO (Inframat Advanced Materials), graphite 

(1520MPC, Superior Graphite), carbon black (CB) (C-NERGY Super C45, TIMCAL), 

polyvinylidene fluoride (PVDF) (Alfa Aesar), polyamideimide (PAI) (Torlon 4000TF, 

Solvay), and 1-methyl-2-pyrrolidone (NMP) (anhydrous, 99.5%, Sigma-Aldrich) were 

used. Slurries were prepared by mixing the active materials with CB, PVDF, and PAI in 

NMP with a planetary centrifugal mixer (Thinky, USA). Slurries were then cast onto 

current collectors with a Dr. Blade to fabricate the electrodes. For NCM cathodes, the wt.% 

ratio was NCM: CB: PVDF: PAI = 95:1:2:2 and the current collectors were graphite foils. 

For LTO anodes, the wt.% ratio was LTO: CB: PVDF: PAI = 91:1:4:4 and the current 

collectors were graphite foils. For graphite anodes, the wt.% ratio was graphite: CB: PVDF: 

PAI = 91:1:4:4 and the current collectors were Cu foils. All electrodes were dried at 80 °C 
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for 12 hours after casting. They were then calendered by a manual rolling mill for 

densification. aluminum oxide (Al 2O3) coatings were deposited onto the electrodes by 

atomic layer deposition (Fiji F202, Cambridge NanoTech) at 200 °C for 150-400 cycles. 

The electrodes were punched into discs with a diameter of 12.8 mm for the melt-infiltration 

process. To study the effect of binder on melt-infiltration, some NCM electrodes with only 

PVDF binder were carbonized in at 400 °C for 3 hours in a muffle furnace inside an Ar-

filled glovebox. The carbonization process could turn most of the PVDF binder into carbon. 

4.2.4 Fabrication of conventional LIBs with the prepared electrodes 

To make sure the slurry cast electrodes could work in conventional LIBs, Li -metal 

coin cells with organic electrolyte (1M LiPF6 in EC/DEC, Sigma-Aldrich) and polymer 

separator (2400, Celgard) were also made for the NCM, LTO, and graphite electrodes 

without ALD coatings. 

4.2.5 Melt-infiltration process 

An induction heating device (MD-700 Mini-Ductor II, Induction Innovations) was 

used for the melt-infiltration technique due to its ultra-fast heating rate (>400 °C min-1) 

that minimized the processing time. A graphite rod (diameter 25.6 mm; height 30 mm) was 

used as the heating element. Prior to the melt-infiltration process, an electrode disc was 

placed on the top of the heating element. 3-5 mg of SSE powder was uniformly dispersed 

onto the top surface of the electrode by dry casting. The electrode was then heated until the 

SSE powder was fully molten. The temperature was monitored with an optical pyrometer 

(62 MAX+, Fluke). By the capillary effect, the molten SSE was infiltrated into the 
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electrodes and filled the pores in the electrodes. After melt-infiltration, the electrode was 

naturally cooled down to room temperature. 

4.2.6 Fabrication of PEO-LiTFSI polymer electrolyte membrane 

The polyethylene oxide (PEO, Mw=6×105 g mol-1, Sigma-Aldrich) and lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI, Sigma-Aldrich) were dried under vacuum for 

24 hours before use. The molar ratio between ethylene oxide and Li was fixed at 40:1. 

Inside an Ar-filled glove box, the polymer electrolyte solution was prepared by adding 

LiTFSI and PEO into 10 mL acetonitrile (99.8%, Sigma-Aldrich) and the solution was 

stirred at room temperature for 12 hours to completely dissolve PEO and LiTFSI. 

Subsequently, the solution was cast on a custom Teflon PTFE plate and then vacuum dried 

to obtain a sheet of the polymer electrolyte membrane. The sheet was punched into discs 

with a diameter of 19 mm.  

4.2.7 Fabrication of ASSLB cells with Li-metal anodes 

Inside a CR2032 coin cell, a PEO-LiTFSI polymer electrolyte membrane disc was 

placed between a melt-infiltrated electrode (NCM, LTO, graphite) and a Li metal anode to 

attain good contact with a Li metal anode.  

4.2.8 Fabrication of ASSLB cells with LTO or graphite anodes 

A melt-infiltrated cathode (NCM) and a melt-infiltrated anode (LTO, graphite) 

were separately prepared by melt-infiltration. A 13 mm diameter heated die (Across 

International) was used. The melt-infiltrated cathode and the melt-infiltrated anode were 

loaded into the die. SS spacers were placed between the electrodes and the die to prevent 
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damages to the graphite current collectors as they might stick to the die after hot-pressing. 

A PTFE ring with a thickness of 100 µm , inner diameter 12.8 mm, and outer diameter 

15.5mm was also placed between the spacers to align the two electrodes and prevent a short 

circuit between the spacers. The electrodes were hot-pressed together at 200 °C for 1 hour 

at a pressure of 80 MPa. After cooling down, the full cell pellet was sealed in a CR2032 

coin cell. 

4.2.9 Characterizations 

SEM (SU8230, Hitachi) was used to examine the cross-sections of the mixtures of 

SSE with active materials, and the electrodes after melt-infiltration. The cross-section 

samples were cut by a razor blade inside an Ar-filled glovebox. An N2-filled glove bag was 

used for transferring samples into the SEM to minimize the hydrolysis of the samples. The 

elemental distribution was obtained by EDS mapping. Transmission electrode microscopy 

(TEM) (Tecnai G2 F30, FEI) was used to examine the interface between NCM and SSE 

after melt-infiltration and EDS was detected under STEM mode. XRD (Alpha-1, 

PANalytical) was used to characterize phases in the SSE, as well as the mixtures of SSE 

and active materials. All the XRD powder samples were sealed by Kapton tape to prevent 

hydrolysis during XRD measurement. DSC (Q600 SDT, TA Instrument) was performed to 

detect the melting point of the SSE, as well as the thermal stability of the electrodes. The 

temperature range was 200-350 °C with a ramp rate of 5 °C min-1. For in-situ melt-

infiltration of the SSE into the electrodes, electrodes were cut into small pieces that could 

be placed into the DSC crucible and SSE powder was added on the top of the electrodes. 

The ramp rate was also 5 °C min-1. 
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4.2.10 Electrochemical measurements 

EIS (Interface1000B, Gamry Instruments) was used to measure the impedances of 

the ASSLB cells before and after cycling. Charge-discharge tests of the ASSLBs were 

conducted on a multichannel Arbin battery testing equipment (Arbin Instruments) at 100 

or 60 °C with various currents. The currents were calculated by the capacity loading on the 

cathode of the cells. The cycling voltage ranges for the NCM/SSE/PE/Li cells, 

LTO/SSE/PE/Li cells, and graphite/SSE/PE/Li cells were 2.5-4.2 V, 1-2.5 V, and 0-2.0 V, 

respectively. The voltage ranges for the NCM/SSELTO cells were 1.0-2.7 V at 100 °C and 

1.5-2.8 V at 60 °C. The voltage ranges for NCM/SSE/graphite cells were 2.0-4.0 V at 

100°C and 2.5-4.0V at 60 °C. All ASSLB cells were held at the cycling temperature for 1 

hour before cycling to allow the temperatures of the cells reaching equilibrium. The 

conventional cells were cycled at room temperature. The voltage ranges for the 

conventional cells with NCM electrode, LTO electrode, and graphite electrode were 2.5-

4.2 V, 1-2.5 V, and 0-2.0 V, respectively. These cells were held at room temperature for 

12 hours to ensure the appropriate wetting of the liquid organic electrolyte on the 

electrodes. 

4.3 Results and discussion 

4.3.1 Selection of active materials 

To develop the melt-infiltration technology, the first experiment was to check the 

thermal and chemical stabilities of active materials in contact with the molten SSE. If an 

active material decomposes at a temperature above the melting point of the SSE or it reacts 

severely with the molten SSE, the technology will not work. Therefore, a set of experiments 
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of mixing and melting SSE with some of the conventionally used commercial-grade 

materials, such as NCM, NCA, LCO, LFP, LTO, and graphite, were conducted. The 

method of melting of the SSE with these materials is described in the experimental section. 

Upon melting, SSE formed slurries with NCM, NCA, LCO, and LTO. However, it seemed 

to react with LFP as bubbles were formed. For graphite, the wetting of the molten SSE was 

bad on the graphite particles, as the material agglomerated upon melting and formed drops 

that were separated from the graphite. Therefore, only the samples of SSE with NCM, 

NCA, LCO, LFP, and LTO were prepared for further characterization. Though the 

chemical stability of graphite particles with the molten SSE could not be tested by this 

approach, it was reasonable to assume the stability of graphite as the SSE was synthesized 

in graphite crucibles. 

XRD patterns (Figure 44A, Figure 45A) show the SSE is mostly stable with NCM 

and LCO, as the melted-solidified samples of SSE with these materials show only the 

phases in the initial materials. For the SSE mixtures with NCA and LTO (Figure 45B, 

Figure 46B), the SSE phase in the melted-solidified samples become more orthorhombic 

as the intensities of the side peaks increase. However, no new phases are present in the 

XRD data. The SSE may have some reactions with NCA and LTO, but they are not 

significant. But for LFP, apart from the reaction observed in the experiment, the XRD 

spectrum of the SSE:LFP = 16:1 sample (Figure 46A) shows a strong signal of LiCl (red 

triangles), which means the molten SSE decomposes in contact with LFP particles. In 

addition, no LFP peaks can be observed in the sample. Therefore, LFP is not chemically 

stable with the molten SSE. In conclusion, in terms of chemical stability, NCM, LCO, and 

NCA can be used as cathode materials for melt-infiltration, while LTO and graphite can be 
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used as anode materials. Since NCM, LCO, and NCA have similar crystal structures and 

compositions, NCM was chosen as the representative cathode material to be explored. 

As shown in the figure of cross-sectional SEM/EDS of a melted-solidified sample 

of SSE with NCM (Figure 44B), the wetting of molten SSE on NCM particles is very good. 

Good wetting means sufficient interfacial contact between the SSE and the electrode 

material, which may effectively reduce the interfacial resistance and improve the 

performance of the cell made by the melt-infiltration technology. However, as the molten 

SSE has bad wetting on graphite particles, surface treatment on graphite must be done to 

improve the wetting. 
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Figure 44: (A) XRD of L i1.9OHCl 0.9 SSE, XRD of NCM cathode material, and XRD 

of the melted-solidified sample of SSE and NCM mixture. (B) Cross-sectional 

SEM/EDS of the melted-solidified sample of SSE and NCM mixture. 
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Figure 45: (A) XRD of L i1.9OHCl 0.9 SSE, XRD of LCO cathode material, and XRD 

of the melted-solidified sample of SSE and LCO mixture. (B) XRD of L i1.9OHCl 0.9 

SSE, XRD of NCA cathode material, and XRD of the melted-solidified sample of 

SSE and NCA mixture. 

 

 

Figure 46: (A) XRD of L i1.9OHCl 0.9 SSE, XRD of LFP cathode material, and XRD of 

the melted-solidified sample of SSE and LFP mixture. (B) XRD of L i1.9OHCl0.9 SSE, 

XRD of LTO anode material, and XRD of the melted-solidified sample of SSE and 

anode mixture. 
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4.3.2 Design of electrodes for melt-infiltration  

The electrodes for the melt-infiltration technology should be analogous to those 

used in conventional LIBs, which are fabricated by casting slurries containing active 

materials, conductive additives, and polymer binders onto current collectors. Though a 

good wetting of the molten SSE could be achieved on the surface of an NCM particle 

(Figure 44B), the presence of conductive additive and polymer binder caused bad wetting 

of the molten SSE on the electrodes, as shown in Figure 47A. Upon melting, the SSE 

formed a drop that could be moved around on the electrode when tilting the electrode. The 

SEM image (Figure 47B) of the electrode after the unsuccessful melt-infiltration shows the 

presence of SSE on the surface of NCM particles, but not on the carbon additive/binder 

matrix. In another experiment, a PTFE plunger was used to force the spreading of the 

molten SSE (Figure 48A), but there was no infiltration into the electrode, as shown in the 

cross-sectional SEM image (Figure 48B).  
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Figure 47: (A) Image of the molten SSE with  bad wetting on a commercial NCM 

electrode. (B) SEM of the electrode after the unsuccessful melt-infiltration.  

 

Figure 48: (A) Image of an electrode disc after the molten SSE was pressed onto the 

electrode by a PTFE plunger. (B) Cross-sectional SEM image of the electrode.   

To promote wetting, the strategy was to coat a thin layer of material that allowed 

good wetting of the molten SSE. During the synthesis of the SSE, it was found that the 

molten SSE showed good wetting on the surfaces of metal or metal oxides. The initial 

approach was to apply Fe coating by a homemade CVD system with iron pentacarbonyl 

Fe(CO)5 as the precursor and Ar as the carrier gas. Various deposition conditions with 
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different amounts of precursor (2-10 mL) and different temperatures (80-150 °C) were 

attempted on NCM electrodes and improvement in wetting was observed, as shown in 

Figure 49. However, this system could only coat two pieces of electrode discs (12.8 mm in 

diameter) in one process which took a few hours including purging, heating, depositing, 

and cooling processes, resulting in a very small yield that did not satisfy the need for the 

research. Consequently, the electrodes were coated with aluminum oxide (Al2O3) by means 

of commercial ALD equipment, which was able to coat electrodes with much larger sizes. 

ALD is a non-line-of-sight technique that allows homogenous coating on all surfaces of an 

electrode. The layer-by-layer deposition process with preset recipes for different deposition 

temperatures also allows more precise control on the thickness of coating than the 

homemade CVD. The equipment uses trimethylaluminum (TMA) and H2O as the 

precursors for Al2O3 coating. The reason to choose Al 2O3 over other metal oxides available 

on the equipment was that researchers had used ALD coated Al2O3 on LCO surface to 

improve the cycling performance of ASSLB cells with sulfide SSE.(166) To test the effect 

of coating thickness on wetting, 150-400 cycles of Al2O3 coatings were applied on different 

electrodes. The wetting of the molten SSE was found to be highly dependent on the 

composition of the electrode. An electrode with more fraction of polymer binder has worse 

wetting than a similar electrode with less binder when they have the same number of ALD 

cycles. For example, an NCM electrode that was carbonized at 400 °C under Ar to 

minimize the content of polymer binder in the electrode required only 150 cycles of ALD 

coating to achieve good wetting, as shown in Figure 50. However, there was not enough 

binder to hold the active materials during the melt-infiltration process, particles of active 

materials delaminated from the current collector, causing very poor electrochemical 
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performance in a cell made by such an electrode. For an electrode with ~5% of polymer 

binder, a minimum of 250 cycles of ALD are required to achieve good wetting, while 400 

cycles of ALD are required for an electrode with ~10% polymer binder. An additional 100 

cycles of ALD are needed for graphite electrodes over NCM or LTO electrodes due to the 

bad wetting of the molten SSE on graphite surfaces. Overall, the wetting is better when a 

thicker layer of Al 2O3 is coated, but the interfacial resistance may also increase.  

 

Figure 49: Images of Fe-coated NCM electrodes with (A) no wetting, (B) bad 

wetting, and (C) good wetting of SSE.  
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Figure 50: (A) SEM image of an NCM electrode with carbonized polymer binder. 

(B) EDS image of the area marked by the red rectangle in (A), where pink color 

represents Ni/Co/Mn-combined (NCM) and green color represents Cl (SSE).  

Conventional LIBs typically use Al as the cathode current collector and Cu as the 

anode current collector. To prevent undesired side reactions between the molten SSE and 

the metal current collectors that might form insulative layers during the melt-infiltr ation 

process, graphite foil was chosen as the substitute for Al or Cu current collectors due to its 

chemical stability with the molten SSE. One problem with the graphite foil is the 

nonhomogeneous distribution of mass throughout a large piece of foil. When punching an 

electrode disc for cell making, the mass loading of the active material on the disc is 

calculated from the mass difference between the total mass and the mass of the current 

collector. However, the real mass of the current collector on a specific electrode disc cannot 

be measured without damaging the electrode. Therefore, the conventional method is to use 

the average mass of current collector discs. In the case of using graphite foil as the current 

collector, the large error in the average mass results in a large error in the calculated mass 

of the active material, especially when the mass of active material on the electrode is small. 

For example, a sample of 32 graphite foil discs (7/16 inch or 11.11 mm in diameter) showed 

an average mass of 14.3 mg with a large standard deviation of 0.567 mg. Therefore, the 
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error can be more than 50% if the measured mass of the active material is 1 mg. On the 

contrary, a sample of 32 Cu foil discs with the same size had an average mass of 15.2 mg 

and the standard deviation was only 0.0608 mg. When examining the electrochemical 

performance of cells made with graphite electrode cast on graphite current collectors, a 

large irreversible lithiation capacity from the graphite current collectors was discovered. 

Therefore, Cu foil was used as the current collector for graphite electrodes.   

The third issue was the choice of binder. As discussed before, when the binder fails 

to hold the particles of the active materials, SSE might raise the particles during the melt-

infi ltration process and result in loss of electrical contact. The PVDF binder used in 

conventional LIBs has a melting point around 175 °C, so it is not thermally stable up to the 

300 °C temperature required for melt-infiltration. To promote thermal stability of the 

binder, a mixture of PVDF with a thermally stable polyamideimide (PAI) was used as a 

blended binder. PAI is thermally stable up to 400 °C.(167) In addition, it has been used as 

the binder material for both NCM cathodes and Si anodes in li terature,(168, 169) so it 

should be electrochemically stable in the operation potential windows of the LIBs with 

NCM, LTO, and graphite electrodes. The blended binder enables the necessary toughness, 

high thermal, and chemical resistance and dimensional stability, which is achievable due 

to the intermolecular hydrogen bonding between highly polarized CH2 groups of PVDF 

and the C=O groups of PAI.(170) To prove the chemical stability of the blended binder, it 

was mixed with the SSE powder and heated by the induction heating device to 310 °C until 

the SSE was fully melted. The mixture was ground for powder XRD after cooling down. 

The XRD data (Figure 51) shows the sample (SSE and binder) contained no additional 

phase other than the SSE. 
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Figure 51: XRD of L i1.9OHCl 0.9 SSE and XRD of the melted-solidified sample of SSE 

and polymer binder mixture. 

Figure 52 shows the DSC data of the electrodes and the in-situ melt-infiltration of 

the SSE on the electrodes performed by the DSC equipment. No peaks other than the 

melting and solidification of the SSE was observed, indicating the low-temperature 

conditions for melt-infiltration did not affect chemical properties of the electrode 

components and did not induce undesirable side reactions between the SSE and electrode 

materials. 
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Figure 52: DSC data of (A) SSE powder, (B) NCM electrode, (C) in-situ melt-

infiltration of the SSE into the NCM electrode, (D) LTO electrode, (E) in-situ melt-

infiltration of the SSE into the LTO electrode, (F) graphite electrode, (G) in-situ 

melt-infiltration of the SSE into the graphite electrode. 

4.3.3 Melt-infiltrati ng SSE into electrodes  

The initial attempt of melt-infiltration was done on a hot plate which was heated 

above the melting point of the SSE. As shown in Figure 47A, an electrode disc inside a 

coin cell bottom case was placed onto a hot plate. A drop of the molten SSE was then 

poured onto the electrode for melt-infiltration to mimic the process of adding liquid 
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electrolyte for conventional LIBs. The amount of the molten SSE was hard to control with 

this method. Therefore, the same induction heating setup that synthesized Li anti-

perovskites was used for melt-infiltration. For the melt-infiltrated electrodes presented in 

later sections of this chapter, 3-5 mg of the SSE powder was first uniformly spread onto 

the top of an electrode, as shown in Figure 53A. Then the electrode was heated by the 

induction heating device with a graphite rod as the heating element. The temperature of the 

electrode was measured by an optical thermometer and the heat was turned off when the 

temperature reached 290 °C. Because of the ultrafast heating rate of the induction heater, 

the temperature could increase up to 310 °C in a few seconds, which provided enough 

energy to fully melt all the SSE on the electrode, as shown in Figure 53B. The molten SSE 

infiltrated into the pores of the electrode (voids between active material particles) by the 

capillary effect. Though the heat was turned off, the SSE stayed in its molten state for about 

20 seconds due to the heat from the graphite rod. After solidification of the SSE, the 

electrode was naturally cooled down to room temperature, as shown in Figure 53C. 
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Figure 53: Steps of the melt-infiltration technology. (A) Dry -cast SSE powder onto a 

regular slurry -cast electrode. (B) Heat the electrode to 300 °C to let the molten SSE 

infiltrate into the pores of the electrode. (C) Cool the electrode down to let the SSE 

solidify. 

4.3.4 Characterization of melt-infiltrated electrodes 

SEM and EDS were used to characterize the melt-infiltrated electrodes. EDS line 

scan and mapping of the cross-sections of the NCM (Figure 54), graphite (Figure 55), and 

LTO (Figure 56) electrodes showed complete infiltration of the SSE (green line) within the 

porous structure of the electrodes down to the current collector, proving the effectiveness 

of the melt-infiltration technology. The amount of the SSE dry cast on the surface of the 

electrode was controlled so that the thickness of the SSE remaining on the top surface of 

the electrode after melt-infiltration could be tailored to a small (5-25 µm) thickness. SEM 
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images and EDS mapping images (Figure 57A and Figure 58) also demonstrated a perfect 

wetting with a sharp interface between active materials and the SSE. Such a perfect wetting 

might enable minimal interfacial impedances at the interfaces between active materials and 

the SSE. Figure 57B presents the high-resolution EDS of the NCM-SSE interface taken by 

STEM and the Al2O3 coating with a thickness of ~50 nm at the interface could be observed.  

 

Figure 54: (A) SEM cross-section of an NCM electrode after the melt-infiltration; 

vertical EDS line scans show Ni (NCM, pink) and Cl (SSE, green). (B) EDS mapping 

of the melt-infiltrated NCM electrode, where pink color represents Ni/Co/Mn-

combined (NCM) and green color represents Cl (SSE). 

 

Figure 55: (A) SEM cross-section of graphite electrode after the melt-infiltration; 

vertical EDS line scans show C (light gray) and Cl (green). (B) EDS mapping of the 
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melt-infiltrated graphite electrode, where black color represents C (graphite) and 

green color represents Cl (SSE). 

 

Figure 56: (A) SEM of LTO electrode after the melt-infiltration; vertical EDS line 

scans show Ti (red) and Cl (green). (B) EDS mapping of the melt-infi ltrated LTO 

electrode, where red color represents Ti/O-combined (LTO) and green color 

represents Cl (SSE). 

 

Figure 57: (A) SEM/EDS of the NCM-SSE interface after melt-infiltration. (B)  

High-resolution EDS mapping (by STEM) of the NCM-SSE after the melt-

infiltration.  
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Figure 58: (A) SEM/EDS of the LTO-SSE interface. (B) SEM/EDS of the graphite-

SSE interface. 

4.3.5 Fabrication of ASSLB cells with Li metal anodes 

Due to the high specific capacity of Li metal, using Li metal as the anode material 

may significantly increase the energy density of an ASSLB. Making cells with Li metal 

anodes is also an easy way to characterize the electrochemical performance of the melt-

infiltrated electrodes. To make a cell with a Li metal anode and a melt-infiltrated cathode, 

the easiest approach is to directly attach a Li metal foil onto the melt-infiltrated cathode, as 

shown in Figure 59A. However, cells made by this method failed to charge. The problem 

was initially attributed to the short circuit created during cell assembly, as the soft Li metal 

might deform during cell pressing and then create cracks in the thin layer of the SSE above 

the cathode. To prevent this, an SSE pellet (~500 µm thickness) was first hot-pressed 

together with a melt-infiltrated cathode, and a Li metal anode was then attached to the other 

side of the SSE pellet (Figure 59B). The condition for hot-pressing was 150 °C for 1 hour 

at a pressure of 80 MPa. Unfortunately, most cells made by this method still failed to work. 

For example, an NCM/SSE/Li cell started showing short-circuit as the voltage approached 

3.75V (Figure 60A). Similarly, an NCM/SSE/Cu cell in which the Li metal anode was 
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replaced by a Cu foil failed to charge above 3.75V, as shown in Figure 60B. In such a cell, 

Li should ideally be plated onto the Cu foil during charging to create a pristine layer of Li 

metal as the anode. Interestingly, a complete short-circuit was not observed in this cell, as 

the open-circuit voltage did not drop to zero. The only successful cycling of an 

NCM/SSE/Li was at 0.045 mA cm-2 (C/10) (Figure 61A) for 5 cycles (Figure 61A), but 

the cell failed once the current was increased to 0.15 mA cm-2 (C/3) (Figure 61B). 

LTO/SSE/Li and graphite/SSE/Li cells were also made by this method. The cells were 

discharged first since there were no Li-ions in the cathodes (LTO or graphite) initially. 

Both cells were able to complete the initial discharge, but they failed to charge, even though 

they were charged at much lower potentials (Figure 62).  

 

Figure 59: Schematics of fabricating ASSLB cells with Li  metal anodes and melt-

infiltrated cathodes. (A) Directly at tach a Li metal foil onto a melt-infiltrated 

cathode. (B) Hot-press an SSE pellet with a melt-infiltrated cathode and then attach 

a Li metal foil onto the SSE pellet. (C) Place a polymer electrolyte (PE) membrane 

between a Li metal anode and a melt-infiltr ated cathode.  
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Figure 60: (A) Charge-discharge plot of an NCM/SSE/Li cell cycled at 100 °C which 

failed during the first charge. (B) Charge-discharge plot of an NCM/SSE/Cu cell 

cycled at 100 °C which failed during the first charge. 

 

Figure 61: (A) Charge-discharge plot of an NCM/SSE/Li cell at a current of 0.045 

mA cm-2 or 28 mAg-1 (C/10) and at 100 °C. (B) Charge-discharge plot of the cell in 

(A) at a current of 0.15 mA cm-2 or 93 mAg-1 (C/3). The cell failed to charge when 

the current was increased. 
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Figure 62: (A) Charge-discharge plot of an LTO/SSE/Li cell cycled at 100 °C which 

failed during the first charge. (B) Charge-discharge plot of a graphite/SSE/Li cell 

cycled at 100 °C which failed during the first charge. 

Consequently, when the Li metal anode was in direct contact with the SSE, cells 

might discharge but could not charge. In other words, some undesired reactions occurred 

when Li-ions were moved from the cathode to the anode. The reaction could be the 

decomposition of the SSE in contact with Li metal and/or the growth of Li dendrites. For 

the NCM/SSE/Li and NCM/SSE/Cu cells in Figure 60, the failure to charge above 3.75 V 

might be related to the decomposition of SSE in contact with Li as shown in the CV plots 

in Figure 41. As discussed in the previous chapter, the critical current limit for the SSE was 

found to be less than 0.1 mA cm-2 in Li symmetrical cells, so the failure of the NCM/SSE/Li 

cell in Figure 61 was likely due to the growth of Li dendrites. For the LTO and graphite 

cells in Figure 62, even though the currents were less than the critical limit, Li dendrites 

might still grow.  

To avoid the undesired reactions, a PEO-LiTFSI polymer electrolyte (PE) was 

introduced since PEO-based PE was known to be stable against Li metal.(171) The 

fabrication process of the PE membrane was developed by other members in the group and 
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PE membranes have been successfully used in other projects.(172, 173) One disadvantage 

of the PE was that it was thermally stable up to only 60 °C, but at this temperature, the 

conductivity of the SSE was low. Another potential problem was the interaction between 

the PE and the SSE which might affect the electrochemical performance. To make a cell 

with a PE membrane, it was simply placed between the melt-infiltrated cathode and the Li 

metal anode, as shown in Figure 59C. NCM/SSE/PE/Li, LTO/SSE/PE/Li, and 

graphite/SSE/PE/Li cells were made by this method and all the cells were able to charge 

and discharge. 

4.3.6 Fabrication of ASSLB cells with LTO or graphite anodes 

Since the PE membrane worked for the cells with Li metal anodes, the initial 

approach for making a full cell with an NCM cathode and an LTO or graphite anode was 

to place a PE membrane between two melt-infiltrated electrodes, as shown in Figure 63A. 

However, cells made by this method presented very small capacities. This result was likely 

due to the insufficient contact between the melt-infiltrated electrodes and the PE 

membrane. In the case of the Li metal cells, Li metal anodes were soft, and they could 

deform to accommodate the uneven surfaces of the melt-infiltrated electrodes and the PE 

membrane. 
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Figure 63: Schematics of fabricating ASSLB cells with melt-infiltrated cathodes and 

anodes. (A) Place a polymer electrolyte (PE) membrane between a melt-infiltrated 

cathode and a melt-infiltrated anode. (B) Hot-press a stack of a melt-infiltrated 

cathode, an SSE pellet, and a melt-infiltrated anode. (C) Hot-press a melt-infiltrated 

cathode and a melt-infiltrated anode, with a PTFE ring which assists the alignment 

of the electrodes and prevents short circuit. 

The second approach was to hot-press a sandwich of a melt-infiltrated cathode, an 

SSE pellet, and a melt-infiltrated anode. (Figure 63B) The condition for hot-pressing was 

200 °C for 1 hour at a pressure of 80 MPa. The hot-pressing temperature, in this case, was 

higher than that used in hot-pressing a standalone SSE pellet or an SSE pellet with one 

melt-infiltrated electrode because the SSE pellet was not in direct contact with the pressing 

die. If the same condition was used to hot-press standalone SSE pellets or SSE pellets with 

one electrode, the pellet might stick to the die. ASSLB cells made by this method worked, 

but the biggest problem was the large thickness of the cells due to the thick SSE pellet. As 

shown in Figure 64, the distance between the NCM cathode and the LTO anode was 

approximately 200 µm , which resulted in large bulk resistance and low energy density. 
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Figure 64: SEM of the cross-section of an ASSLB cell with NCM cathode and LTO 

anode prepared by hot-pressing a sandwich of a melt-infiltrated NCM cathode, an 

SSE pellet, and a melt-infiltrated LTO anode.  

To decrease the thickness of the cells, the third method was to directly press a melt-

infiltrated cathode and a melt-infiltrated anode together with the assist of a Teflon PTFE 

ring, as shown in Figure 63C. The role of the ring was to help align the two electrodes and 

prevent a short circuit by separating the two spacers. The condition for hot-pressing was 

still 200 °C for 1 hour at a pressure of 80 MPa.  Figure 65 shows the thickness between the 

two electrodes could be controlled to a minimum of 15 µm , which was even thinner than 

most commercial polymer separators. The full cells (NCM/SSE/LTO and 

NCM/SSE/graphite) were made by this method. 
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Figure 65: (A) SEM of the cross-section of an ASSLB cell with NCM cathode and 

LTO anode prepared by hot-pressing a melt-infiltrated NCM cathode and a melt-

infiltrated anode; vertical EDS line scans show Ni (NCM, pink), Cl (SSE, green) and 

Ti (LTO, red). (B) EDS mapping of the cross-section of the ASSLB cell, where pink 

color represents Ni/Co/Mn-combined (NCM), red color represents Ti/O-combined 

(LTO), and green color represents Cl (SSE). 

 Another approach was to directly melt an SSE pellet between two electrodes which 

was similar to the fabrication of C/MSSE/C cells with graphite foil electrodes and melted 

SSE pellets in the previous chapter. However, this method did not work well for the real 

porous electrodes. One major problem was that we did not have a suitable vacuum system 

and the gas trapped in the porous electrode and between the SSE pellet and the electrodes 

could not be completely removed during the melt-infiltration process, leaving cavities in 

the SSE layer after solidification, as shown in Figure 66. The cavities not only blocked 

transportation of Li-ions but also increased the chance of forming cracks in the cells. 










































































































