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All-solid-state batteries (ASSBs) have gained lots of attention by both science and industry 

field. There are numerous benefits of adopting ASSB. First, because of inorganic solid-state 

electrolytes (SSEs), ASSBs have less safety concerns compared to the conventional liquid lithium-

ion batteries (LIBs). Another reason is that, the energy density of ASSBs could exceeds that of 

LIBs with the premise of utilizing alloy-type or Li metal anode. Despite the extensive studies for 
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decades, the alloy-type, especially Si anode, and Li metal failed to achieve reasonable cyclability 

up to the practical level. However, the recent studies shed light on excellent compatibility of 

argyrodite solid electrolyte, Li6PS5Cl, and anode-free (Li metal) anode and pure Si anode.  

First half of this dissertation is on the study of critical current density (CCD) of Li metal-

ASSBs. The low CCD of Li metal-ASSBs hindered the practical operation of the cell, whereas 

inconsistent CCDs reported in academia. The variation of CCDs could be attributed to the various 

factors, such as temperature, solid electrolyte chemistry or pressure. The relationship between the 

fabrication pressure contact hold time of Li metal vs CCD is reported, elucidating the effect of 

controlled Li deformation on CCD. Further, the volumetric expansion of full cell configuration of 

Li metal-ASSB was mitigated to achieve higher CCDs at room temperature. 

Alloy-type Si anode was investigated in this thesis as well. Si-ASSBs have shown 

promising performance without continual solid-electrolyte interface (SEI) growth. However, the 

first cycle irreversible capacity loss yields low initial Coulombic efficiency (ICE) of Si, limiting 

the energy density. To address this, we adopt a prelithiaiton strategy to increase ICE and 

conductivity of Si-ASSBs. A significant ICE was observed for Li1Si anode paired with lithium 

cobalt oxide (LCO) cathode. A high areal capacity of up to 10 mAh cm-2 was attained using this 

Li1Si anode, suggesting that the prelithiation method may be suitable for high-loading next-

generation all-solid-state batteries. The N/P ratio of Si in ASSBs showed peculiar behavior 

compared to liquid LIBs, which further broaden a usage of Si not only as anode but potentially as 

part of current collector. 

Overall, this dissertation offers an understanding of high-capacity anode for ASSBs which 

could lead to safe and high energy density cells, one step closer to commercialization.
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Chapter 1 Introduction 
 

1.1 Growing Demands for Batteries 

The global demand for lithium-ion batteries (LIBs) is anticipated to surge dramatically over 

the coming decade, driven largely by the growing popularity of electric vehicles (EVs). Many 

major car manufacturers have announced their intention to focus solely on EVs in the near future. 

This trend highlights the crucial role batteries in replacing fossil fuels in the mobility sector. 

Additionally, emerging technologies and startups are exploring the potential of battery powered 

aviation, which significant efforts being made to develop electric vertical take-off and landing 

(eVTOL) aircraft and small air taxis. 

However, significant challenges remain in making battery successful for both EVs and 

eVTOLs, particularly in terms of increasing energy and power density. Energy density measures 

how much energy a battery can store per unit mass or volume, expressed in Wh/kg or Wh/L, while 

power density indicates how quickly energy can be delivered, measured in W/kg or W/L. The 

driving range of EVs could be significantly extended if the current energy density of 265 Wh/kg 

is increased to 500 Wh/kg. Regarding power density, eVTOLs requires extreme power demands, 

with a discharge rate of 15C used to simulate the power needed during the rapid climb.1 However, 

such a high rate of discharge would yield low amount of viable capacity with current battery 

technology. 

One of the major concerns with battery technology is safety. Batteries store energy through 

a chemical potential difference between the cathode and anode. If this separation fails, it can result 

in a short-circuit and thermal runaway, which is a rapid release of energy as heat. This can cause 

adjacent cells to catch fire, posing substantial safety risks.  
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Therefore, despite the current established LIB technology, there is a pressing need for new 

types of batteries that address limited energy/power density and safety challenges. 

 

1.2 Towards Safer and Higher Capacity Batteries – All-Solid-State Batteries 

All-solid-state batteries (ASSBs) have emerged as the next generation technology to 

replace LIBs to solve all the problems mentioned in the previous sections. ASSBs are structurally 

similar to LIBs, however, the liquid electrolyte of LIBs is replaced to solid state ion conductor, 

without a separator layer. Also, the solid electrolyte is incorporated in the cathode as a composite 

as a catholyte to make solid to solid Li ion conductive pathway. The reason behind ASSBs being 

a candidate to replace are mostly from two distinguish advantage coming from solid state 

electrolyte and anode. 

 

Figure 1.1 Schematics of Li-ion battery (left) and all-solid-state battery. 

 

Using SSEs instead of liquid electrolyte comes with lots of benefits. First, the SSEs of 

ASSBs are intrinsically much safer compared to the liquid electrolyte because it is inflammable. 

Moreover, the lithium-ion transference number close to 1 contributes to the fast charging capability. 
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Anodes in ASSBs have shown remarkable progress recently, opening up new possibilities 

for battery research. Alloy and Li metal anodes, which are ideal but typically difficult to use, have 

been reported to exhibit stable cyclability in ASSBs. Utilizing high-capacity materials as anodes 

can greatly enhance the energy density of batteries. The ultimate form of ASSBs should ideally 

feature Li metal, anode-free, silicon anodes. Consequently, this dissertation will focus on high-

capacity anodes, including Li metal and Si anodes. In this chapter, remaining challenges of Li 

metal anodes and the multi-length scale characterization tool to will be covered in the following 

section. 

 
 
1.3 Lithium metal solid-state batteries 

Lithium metal solid-state batteries (LiMSSBs) are currently one of the most promising 

next-generation energy storage strategies to enable high energy density batteries while combating 

the safety challenges associated with Li metal and liquid electrolytes. As the prevalence of electric 

vehicles (EVs) increases, the demand for better performance like longer range and faster charging 

times is required to make EVs more desirable than their fossil fuel counterparts.2  Currently, state-

of-the-art lithium-ion batteries have limited energy and power density originating from the use of 

liquid electrolyte and graphite anodes, which possess limited specific capacity (372 mAh g–1) and 

lithiation rates.3 Moreover, the thermal runaway issue coming from the flammable conventional 

organic liquid electrolyte can be mitigated by changing to non-flammable solid-state electrolytes 

(SSEs).4–8  In addition, all-solid-state batteries utilizing lithium metal anodes can possibly deliver 

gravimetric and volumetric energy densities up to 400 Wh kg-1 and 900 Wh L–1, respectively,9 

which can deliver longer ranges and enable currently unattainable electrified applications like 

electrified aircraft. The increase in energy density is due to lithium metal’s high specific capacity 
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(3860 mAh g-1) and the lowest reaction voltage (– 3.04 V vs. NHE). It also has the potential 

compatibility with stable SSE to combat interphase growth and mass transfer limitations present 

within lithium metal liquid systems.10,11  However, in practice, the implementation of lithium metal 

within solid-state batteries has presented multi-scale obstacles (Figure 1.2), from interface to full-

cell and practical level. There are numerous interfaces between each component of LiMSSBs, such 

as cathode composite and catholyte SSE, lithium metal and SSE, and the SSE layer itself. These 

interfaces can be subjected to chemical and electrochemical instability 12,13 leading to irreversible 

lithium loss, large resistance growth, and chemo-mechanical degradation of SSE films. It will 

eventually cause low usable current densities, limiting charge/discharge rates and power densities 

for practical applications as well as dendritic growth. At the full cell level, accumulated interface 

level challenges and larger scale volume change originating from the imbalance of cathode/anode 

expansion/shrinkage during the cycling 14,15 create the pores and dead region where it cannot 

participate in the reaction, which leads non-uniform current and thus dendritic lithium metal 

growth which can generate the short circuit behavior. Further, transitioning from lab-scale pellet-

type full cells to larger form factors like pouch cells requires careful consideration in material 

selection and compatibility as chemo-mechanical degradation from anode and cathode volume 

change in addition to interfacial instability are exacerbated as areal capacity increases. All these 

combined problems at various length scales contribute to the cell failure of LiMSSBs. Without 

deconvoluting individual factors of cell degradation by identifying the root cause, the realization 

of LiMSSBs is questionable. Therefore, characterization strategies are imperative to diagnose cell 

failure and facilitate the development of analysis methods to aid in the material selection, design, 

and improvement of all-solid-state lithium metal batteries. 

 



5 

 

Figure 1.2 Schematics of the list of multi-scale challenges for LiMSSBs to overcome from 
interface molecular level to practical cell level. 

 

1.3.1 Issues for lithium metal solid-state batteries 

One of the limiting factors of solid-state versus conventional liquid is lithium-ion transport 

within the electrodes. Liquid electrolytes can easily percolate through porous electrodes whereas 

in solid-state, lithium-ion transport is limited by solid-solid diffusion. An ideal SSE would exhibit 

high bulk ionic conductivity and low electronic conductivity, while also maintaining good contact 

and deformability with the active materials and cathode/anode interfaces. With the discovery of 

Li10GeP2S12 (LGPS) a superionic electrolyte with ionic conductivity competitive with 

conventional liquid electrolytes at room temperature (12 mS cm–1),16 interest in SSE development 

surged. Other SSE candidates like Li2S-P2S5 sulfide ceramic glasses were also reported with ionic 

conductivity higher than liquid electrolytes of up to 17 mS cm–1.17 Despite the advances in SSE 

development from an ion conduction perspective, other material properties should be considered 

critically for performance like interfacial stability. For instance, despite their high ionic 
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conductivity, sulfide-based SSEs demonstrate narrow electrochemical windows, nonetheless the 

reduced degradation products exhibit desirable properties that allow lithium passivation at lower 

potentials.13,15,18 This makes sulfide-based SSEs a usual choice as an anolyte or as a separator layer 

within the solid-state system. In order to be implemented within the cathode composite, coating 

cathode active materials with electronically insulating and lithium-ionically conducting layers is 

one widely used strategy to minimize interfacial degradation.19–21  The use of more stable SSEs 

such as chlorides and oxides is another strategy to minimize interfacial degradation at the cathode 

potentials but usually at the cost of ionic conductivity 22,23 or deformability.24 Therefore, in 

addition to SSE selection, methodologies to analyze the (electro)chemical stability at the cathode 

or anode interface are necessary to develop better solid-state batteries. 

The mechanical property of lithium is one of the most important aspects to consider when 

building LiMSSBs. This is because the reported yield strength values of polycrystalline lithium 

metal in micrometer size dimensions are below 1 MPa in compression mode,25 which is way 

smaller pressure than common cycling conditions of solid-state cells. With this in mind, the most 

important mechanical property of lithium metal in solid-state battery setup would be the continual 

deformation under persistent compression loads, which is called “creep”. Creep plays a crucial 

role when forming intimate contact between lithium and the SSE layer, affecting the critical current 

density. The creep rate is dependent on several factors such as applied pressure, temperature, and 

lithium thickness.26 The study examining all these factors on lithium foil showed that applied 

pressure of less than 2 MPa was enough to induce significant creep deformation for all samples. 

On the other hand, an appropriate creep rate could facilitate better contact between lithium metal 

and adjacent layers. In fact, some studies reported that the stack pressure of solid-state batteries 

induced creep contributions to a higher fraction of contact between lithium metal and SSE both in 
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the computational model 27 and in the experiment 28. However, recent research on Li metal showed 

that Li metal with submicron size could support over 200 MPa, indicating there is clear difference 

in yield strength between bulk Li metal and nano-meter scale Li whisker.29 The result implies the 

mechanical properties of bulk Li in anode side and dendritic Li within SSE should be carefully 

considered when designing LiMSSBs.30 Also, the mechanical properties of SSE itself are another 

important factor to consider, since the densification of the SSE layer also contributes to the critical 

current densities, where pores and grain boundaries of SSE could act as preferable sites for lithium 

dendrite growth.31 The complexity of the plastic deformation of Li and grain boundaries and pores 

of SSE layer all contribute to dendrite propagation leading to the cell shorting. Accordingly, 

examining the mechanical properties and degradation of lithium and SSE is vital to understanding 

the performances and degradations of LiMSSBs. 

Low critical current density (CCD) is a widely accepted problem of LiMSSBs. The CCD 

is often defined as the current density at which lithium dendrite penetrates the SSE separator and 

makes the cell fail by short-circuiting. The reported room temperature CCD of LiMSSB is limited 

to 1mA cm–2, which is way lower than a commercial requirement. The reported CCD values in 

literature widely vary since CCD is dependent on various factors such as cell stack pressure, plating 

capacity, cell component chemistry, and areal capacity. The mechanism of dendritic lithium 

growth is still under study but it is closely related to Li/SSE interfacial void formation which leads 

to subsequent porosity, surface roughness, and contact loss. There are many reports showing 

lithium dendrites nucleate at interfacial voids and cracks at the lithium metal and SSE interfaces. 

The interfacial void formation originates from the imbalance between lithium-ion fluxes at the 

Li/SSE interface. In the LiMSSB cycling condition with certain stack pressure, there are three 

lithium-ion fluxes involved: 1) J Lithium-ion migration: lithium-ion migration driven from applied 
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current, 2) J Lithium-ion diffusion: Self-diffusion of lithium atoms driven by the concentration gradient, 

3) J Lithium creep: Lithium creep driven by the stack pressure. To suppress the void formation and 

subsequent lithium dendrite growth, maintaining the balance is crucial.32 Therefore, Chapter 2 will 

discuss the evaluation of CCD in Li metal cells and propose strategies to prevent cell shorting by 

balancing the mentioned fluxes.  

 

1.3.2 Interface-level (micrometer-level) characterization 

1.3.2.1 Chemical and Electrochemical Stability of SSEs 

Beyond ionic conductivity, the stability of the SSE at the anode or cathode interface, within 

the cathode composite, and the separator layer itself is crucial for realizing highly energy-dense 

solid-state batteries. In an ideal case, the SSE should exhibit good stability at both electrodes, 

facilitating lithium transport as the cell is cycled. If the SSE is not (electro)chemically stable, 

degradation products can be formed either from chemical or electrochemical reactions. These 

formed products can potentially be detrimental to the entire system, creating growing interphase 

layers that could be insulative and hinder lithium transport. To evaluate the (electro)chemical 

stability, electrochemical techniques like linear sweep voltammetry and cyclic voltammetry are 

typically employed to extract the electrochemical stability window as done so in prior work.18,33–

35 In these works, cell set-up and electrode configurations are critical in order to obtain accurate 

results (Figure 1.3). Han et al. highlight the importance of mixing the SSE with high surface area 

conductive material within the composite electrode in order to facilitate sufficient interfacial 

reactions and accurately obtain electrochemical stability windows of LGPS and Li7La3Zr2O12 

(LLZO) SSEs, expanding on previous stability results (Figure 1.3a, 1.3b).16 Electrochemical 

stability and redox activity of argyrodite Li6PS5Cl (LPSCl) and garnet LLZO were also 
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investigated by Schwietert et al. where constant current charge and discharge were used to perform 

differential capacity analysis (Figure 1.3c). These results coupled with 31P NMR and first-

principles calculations were used to further identify redox species after (de)lithiation, where their 

electrochemical stability was determined by the oxidation and reduction potentials of S and P for 

LPSCl and O and Zr for LLZO. Some SSEs exhibit reversible or irreversible behavior, depending 

on the operating voltage and the resulting decomposition products that are formed. The 

reversibility of LPSCl was also studied by Tan et al. where 31P and 7Li NMR coupled with X-ray 

photoelectron spectroscopy (XPS) was employed to confirm decomposition products at certain 

cut-off potentials. The relationship between electrochemical stability windows and resulting 

decomposition products are significant factors that affect the overall performance of LiMSSBs.  

 

1.3.2.2 Characterizing SEI/CEI Interface 

The (electro)chemical stability of SSEs determines the interfacial reactions that occur at 

the cathode and anode potentials. Electrochemical impedance spectroscopy (EIS) can be used to 

study the impedance of interfacial layers formed at the surface between SSE and active materials, 

and allow the characterization of the solid electrolyte interface (SEI) or cathode electrolyte 

interface (CEI). Typically, EIS is used to study the resistance of a system or resulting ionic 

conductivities of SSEs as shown in Figure 1.3d, for example, Bron et al. used equivalent circuit 

fitting results to deconvolute impedance contributions from doping LGPS with low-cost elements 

like Al, Sn, and Si.36 EIS was also employed to study the pressure-dependent SEI resistance of 

garnet LLZO electrolytes when in contact with lithium metal.37 Krauskopf et al. reported negligible 

interfacial resistance (0 Ohm cm–2) when LLZO was pressed at 100 MPa, owing these results to 
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good contact geometry where the interface remains morphologically stable at current densities of 

100 µA cm–2 (Figure 1.3e).  

 

 

Figure 1.3 a) Cyclic voltammetry of LGPS using Li/LGPS/Au cell configuration. Reproduced with 
permission16.  b) Cyclic voltammetry scans of LGPS using Li/LGPS/LGPS-Pt/Pt cell configuration 
showing the difference in obtained electrochemical stability depending on cell set up. Reproduced 
with permission16. c) Constant current charge and discharge and dQ/dV of Li-In/LPSCl/carbon 
cells. Reproduced with permission 33. d) Nyquist plots of doped LGPS electrolytes with various 
dopants Sn and Si showing respective impedance contributions. Reproduced with permission1. e) 
Nyquist plots of LLZO electrolyte showing resistance growth with lithium metal stripping. 
Reproduced with permission37. 

 

Beyond indirect tools like impedance quantification, direct evidence like visualizing SEI 

growth is a powerful tool that allows the direct observation of interfacial layers, decomposition 

products, and lithium dendritic growth. Wang et al. used a combination of EIS with Time of flight 

Secondary Ion Mass Spectrometry (ToF-SIMS) high-resolution imaging and depth profiling of the 

Li1.15Y0.15Zr1.85(PO4)3 (LYZP) electrolyte to relatively quantify the interfacial species after in 

contact with lithium metal and study their distribution. This work demonstrated that even highly 
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stable SSEs can still promote dendritic growth, for this case, LYZP reduced to form high electronic 

conductivity metallic Zr, and its distribution was mapped in 3D (Figure 1.4a).12 Operando analysis 

is another tool to investigate interfacial dynamics in real time. Davis et al. used operando XPS and 

video microscopy to investigate the interfacial decomposition of LGPS and LPSCl in anode-free 

cells, studying the difference in degradation properties and how it either facilitates interfacial 

growth or stabilizes (Figure 1.4b). As lithium was plated on the LPSCl, the growth of LixP and 

Li3P was confirmed which eventually stabilized. While for the LGPS case, in addition to LixP, 

Li3P, metallic Ge was also detected which is electrically conducting and continually consumes 

lithium.38 This work shed light on SSE selection for anode-free configurations and how 

degradation products influence battery performance. 

In addition to studying the anode interface, SSE compatibility with the cathode interface is 

also important. Jang et al. developed a methodology to use EIS in order to study the chemical 

compatibility of LPSCl with the high voltage LiNi0.5Mn1.5O4 (LNMO) cathode material, where an 

interlayer was formed even before cycling (Figure 1.4c). In that work, SSE selection in addition 

to cathode coatings to mitigate CEI growth was highlighted, enabling the improved performance 

of the LNMO cathode within the all-solid-state system.39 Interfacial stability of the CEI can also 

be investigated using XPS, which allows the local determination of chemical species at the surface. 

Auvergniot et al. compared the performance of the sulfide-based LPSCl electrolyte with 

LiNi1/3Mn1/3Co1/3O2 (NMC111), LiMn2O4 (LMO), and LiCoO2 (LCO) cathodes (Figure 1.4d). It 

was observed that the LMO cathode exhibited the worst cycling performance versus NMC and 

LCO when paired with LPSCl. XPS results from the S 2p and P 2p spectra showed clear signs of 

decomposition of the LMO-LPSCl system even in the pristine state, reinforcing the chemical 

incompatibility and reactivity of LPSCl at the LMO surface. XPS and SEM confirmed the 
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decomposition of LPSCl into elemental sulfur, polysulfides, P2Sx species, and phosphates.40 These 

decomposition results were further supported by Cronk et al. where degradation of LPSCl at the 

carbon-coated LiFePO4 (LFP) interface was ascribed to its poor performance and lack of studies 

within inorganic all-solid-state batteries. XPS, EIS, XRD, and Raman spectroscopy were used to 

confirm the formation of insulative decomposition products, while the use of a more stable SSE 

such as  Li2ZrCl6 (LZC) was employed to mitigate CEI growth and enable high rate and long 

cycling of LFP in all-solid-state batteries.35  

 

 

Figure 1.4 a) TOF-SIMS mapping of LYZP and LYZP-Li. Reproduced with permission12. b) (Left) 
Operando XPS of LPSCl and lithium metal at different states of charge (Right) corresponding 
optical images of the cell. Reproduced with permission38. c) (Left) Nyquist plot from EIS 
measurement and the equivalent circuit. (Right) CV curves of LPSCl/C (red) and LYC/C (blue) 
composites all-solid-state half-cells and the first cycle dQ/dV plots of two cathodes (NCM811 and 
LNMO) half-cells in the liquid electrolyte. Reproduced with permission39. d) (Top) Voltage 
profiles of LCO, NMC111, and LMO using LPSCl electrolyte (Bottom) SEM images of LMO 
cathode in a pristine state and after 22 cycles showing LPSCl decomposition. Reproduced with 
permission40. 
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1.3.2.3 Mechanical Properties of SSEs 

In addition to ionic conductivity and (electro)chemical stability, the mechanical properties of 

SSEs are another important feature of LiMSSBs. This is because good interfacial contact is 

required between cathode active materials, SSE, and anode to facilitate uniform current density 

and lithium diffusion between all layers. Therefore, easily deformable, mechanically compliant 

SSEs are desirable for not only fabrication ease but also to accommodate volume change within 

the cathode composite or at the anode interface. Previous reports found that higher shear modulus 

prevents dendrite formation and ductile SSEs better accommodate stress-strain.41 However, 

characterizing the mechanical properties of SSEs can be challenging due to their instability in 

ambient conditions requiring air-tight measurements. Atomic force microscopy and indentation is 

a popular method to determine the local mechanical properties of materials including hardness and 

has been evaluated in prior work.42 Due to the air-tight requirements of SSEs, these techniques are 

usually done in the glove box. One non-destructive method is the ultrasonic pulse method, which 

is a technique that enables the determination of shear modulus, Poisson's ratio, elastic modulus, 

and bulk modulus by measuring the time it takes for vibrational energy to travel through a medium, 

measuring the velocity. Sakuda et al. employed the ultrasonic pulse method to study the elastic 

modulus of the garnet-type LLZO and sulfide glasses (75Li2S∙25P2S5).43 Their work confirmed 

the high elastic modulus of oxide electrolytes and why sintering is usually required to create 

densified oxide pellets. In addition, they found that the Li2S content heavily influenced the elastic 

modulus, where a higher molar content increased the SSE stiffness. It was also found that doping 

the sulfide glasses with lithium halides reduced the elastic modulus, facilitating more deformable 

electrolytes.44 That being said, densification can also be evaluated using a scanning electron 

microscope-focused ion beam (SEM-FIB) where SSE is compacted under fabrication pressures 
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and milled to determine the porosity. This method was used by Cronk et al. where cross-sectional 

SEM-FIB validated the hypothesis that halide SSEs exhibit less porosity and more intimate 

contact.  

 
 
1.3.3 Cell-level (millimeter-level) characterization 

1.3.3.1 Dendritic Lithium Growth 

For lithium dendrite growth being the detrimental part of LiMSSBs, characterizing lithium 

dendrite has been extensively studied with various equipment. However, because the initiation and 

propagation of dendrite is buried in the SSE layer, the characterization should be conducted in a 

way that involves either sensing lithium dendrite in a non-destructive way or cutting the cell to 

expose the dendrite. Marbella et al. used 7Li nuclear magnetic resonance (NMR) chemical shift 

imaging (CSI) to probe lithium microstructure changes and chemical information.45 Figure 1.5a 

shows the cell data from constant current plating and stripping at the same current density of 0.5 

mA cm–2, and stopped at different times. By correlating top cell voltage data and bottom 7Li CSI 

data, the evolution of lithium dendrite growth and its microstructural change was observed without 

damaging the cell. Neutron depth profiling (NDP) is another non-destructive tool to investigate 

lithium concentration in solid electrolyte separators. Han et al. performed NDP on solid-state 

batteries with three different SSEs and monitored the dynamic evolution of lithium profiles.46 SSEs 

with relatively higher electronic conductivity, LLZO and Li3PS4, showed an increase in lithium 

concentration with longer plating of lithium (Figure 1.5b). This higher lithium NDP count 

increased with higher temperatures due to the higher electronic conductivity at elevated 

temperatures. This study showed that electronic conductivity also plays a crucial role in regulating 

dendrite growth in solid-state batteries, thus when selecting the SSE, not only the lithium-ion ionic 
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conductivity but also the electronic conductivity of SSE itself should be a crucial parameter to take 

into consideration. Since the buried interface hinders the observation of dendrite growth, the direct 

morphological observation of lithium dendrite of contact loss requires the cross-sectional cut using 

FIB. There are various kinds of ion beam sources for FIB; Ga+ is a more conventional source and 

the plasma such as Xe+ or Ar+ are emerging sources for their higher milling rate and less 

redeposition with certain materials.47 Lu et al. used the plasma-FIB to cut the whole lithium metal 

layer and observe the Li/LPS interface.48 The study showed the evolution of contact loss with 

stripping capacity accumulation, which will lead to uneven plating of lithium for the next cycle 

and eventually become dendrite. The Ga+ source also could be used in investigating lithium metal 

interphase in a cryo-environment to minimize the beam-induced damage as Cheng et al. did in the 

cryogenic transmission electron microscopy study of the Li/lithium phosphorus oxynitride 

(LiPON).49 In the study, the cryo-Ga+ FIB milling was performed to preserve the Li/LiPON 

interphase, and the lift-out process was also demonstrated in the cryo-environment utilizing the 

redeposition as the connecting agent between the lamella and the lift-out probe (Figure 1.5c).    
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Figure 1.5 a) The constant current plating and stripping (top) correlated with the 7Li NMR CSI 
(bottom) which shows the lithium dendritic growth. Reproduced with permission45. B) The 
experimental set-up of NDP for probing lithium in the solid electrolyte layer (left) and lithium 
concentration from the depth profiling. Reproduced with permission48. c) The demonstration of 
cryo-lift out for lithium metal electrode and LiPON interface. Reproduced with permission49. 

 

1.3.3.2 Operando Characterization 

The operando study of LiMSSB shed light on a better understanding of how the cell 

actually operates, correlating the electrochemical data to chemical and morphological 

characterization. X-ray tomography (XTM) is useful in a way that it is non-destructive and could 

be measured in situ or operando to provide porosity, surface area, tortuosity, and volume change 

with the appropriate cell design.50 However, the contrast in the images is dominated by the X-ray 

attenuation coefficient of each material,51 missing chemical information. There have been many 

studies that applied XTM to battery research, especially synchrotron radiation operando X-ray 

tomography (SRXTM) could be used to directly observe the nanometer- to micrometer-level 

reaction. Lewis et al. performed operando SRXTM to investigate the interphase evolution during 

the plating and stripping of lithium metal in Li/Li10SnP2S12 (LSPS)/Li solid-state cell.52 The 3D-
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reconstructed and segmented renderings are shown in Figure 1.6a, showing the voids were formed 

to induce contact loss as more lithium was stripped. The 2D X-ray images were used to investigate 

the interface of Li/LSPS further, showing void growth and reduction at 1 to 4 mA cm–2 current 

density range. Another X-ray-based technique; energy dispersive X-ray diffraction (EDXRD) 

offers chemical information of LiMSSBs. Operando EDXRD was used to investigate the structural 

stabilities of Li6.6Ge0.6Sb0.4S5I and FeS2 53 where cathode composite consisted of 

FeS2/Li6.6Ge0.6Sb0.4S5I/Carbon additive paired with Li-In as anode. The diffraction contour plot of 

the full cell was shown in Figure 1.6b top right, showing the preferred orientation of the large 

crystallites of Li6.6Ge0.6Sb0.4S5I. EDXRD was interpreted both by spatial position and time, for 

instance, the (220) reflection of Li6.6Ge0.6Sb0.4S5I was compared in intensity from different 

positions (Figure 1.6b bottom left) and peak shift as a function of time (Figure 1.6b bottom right). 

In solid-state cell setup, especially in LiMSSB, the stack pressure of the cell is a crucial parameter 

to control.54 However, one thing we need to consider is controlling the cycling pressure of the 

LiMSSB since the volume expansion of lithium metal is severe as it is plated as lithium metal. 

Therefore, operando electrochemical pressiometry gives us a reasonable insight into how to 

control the actual cycling pressure of the full cell. The recent study relating the critical density of 

LiMSSB to cell pressure change during cycling demonstrated that the higher cycling pressure 

would induce the early cell shorting, therefore, the cell cycling pressure should be actively 

controlled to minimize the cycling pressure change.28  In Figure 1.6c, The cell with springs to 

maintain constant cycling pressure showed only 0.2 MPa pressure change whereas the fixed gap 

cell suffered 2 MPa of pressure change.  
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Figure 1.6 a) 3D reconstructed and segmented scans of Li/LSPS interphase (top) and 2D X-ray 
images showing the contact loss. Reproduced with permission52. b) The diffraction contour plot 
using EDXRD of LiMSSB (top) and the XRD spectra of specific energy range as a function of 
spatial position (bottom left) and time (bottom right). Reproduced with permission53. c) The 
operando electrochemical pressiometric measurement for the fixed gap (left) and the constant 
pressure setup (right). Reproduced with permission28. 

 
1.3.4 Practical-level (centimeter-level) characterization 

1.3.4.1 Operando Characterization on Real Cells 

Monitoring the battery during operation is a high-demand technique since it is directly 

correlated to the safety of the battery. In the practical-level cells, the volume change and contact 

loss would get more severe since they operate for much higher capacity than the lab-scale cells. 

Unlike liquid electrolyte acting as buffer even after the volume change, LiMSSBs rely on solid-

solid contact, which leads to contact loss and higher local current density. Therefore, further 

understanding of the true chemo-mechanical properties of solid-state batteries is crucial, where 
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traditional battery management systems’ voltage, current and pack temperature information could 

not deliver. Note that the literature discussed in the practical-level section is not limited to the 

LiMSSB but a broader spectrum of technologies that could be applicable for investigating 

LiMSSB. This is because the majority of LiMSSB studies so far are limited to the lab-scale level, 

thus characterizing the practical-level SSB is one of the future direction to enable Li metal anode 

in the market level cells. 

The optical Fiber Bragg grating (FBG) sensors are more advanced sensing technology in a 

way that they could be used to probe heat and stress evolution inside the batteries. The working 

mechanism of optical fiber is that the photo-induced FBG sensor acts as a reflector for a specific 

wavelength (Bragg wavelength, λB = 2neff Λ). Any changes in temperature (T), pressure (P), and 

strain to FBG sensor results in the shift of Braff wavelength, induced by the change in neff or Λ.55 

In fact, the study of operando temperature monitoring 18650 cells compared the implanted FBG 

and thermocouple’s response as the cell cycle.56 In Figure 1.7a, the temperature difference 

between FBG measure internal temperature and the thermocouple measure external temperature 

was shown. At a lower rate of 0.5C (yellow shaded), the temperature difference between the two 

sensors was almost identical. However, as the cycling rate got higher, the temperature difference 

between the two sensors got preeminent. Figure 6c showed the clear trend of increased 

discrepancies from 0.95 oC for 1C to 3.71 oC for 2C discharge. This result indicates that a FBG 

sensor would be a more accurate option to assess the temperature change in higher-rate cycling. 

FBG sensor could be used to evaluate the stress/strain measurement at the surface and inside the 

battery. Blanquer et al. performed an extensive study on operando stress monitoring in both liquid 

and solid-state electrolytes with the FBG fiber embedded within the Li0.6In electrode, showing the 

Bragg wavelength shift induced by the cell’s stress change.57  
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1.3.4.2 Morphology Study on Real Cells  

For characterizing the whole pouch cell, a different length scale measurement tool is 

needed. The computed tomography mentioned in the previous section is all limited to a reduced-

size operando cell set-up to be measured in a synchrotron setup. The synchrotron setup with high 

photon flux and monochromatic beam energy profile enables the nano-meter scale resolution and 

segmentation, however, it is far away from applicable to investigate the real scale pouch cell since 

it requires miniaturized cell setup. The lab-scale micro-CT has the advantage of still being able to 

deliver high spatial resolution with a reasonable sample stage size. The study performed micro-

CT on 402035-size pouch cells and demonstrated the full multi-scale imaging capability (Figure 

1.7b).58 The scale of the scan varied from the full cell level scan with 9 µm resolution to the 

particle-level scan with a resolution of 340 nm.  This research highlights how powerful CT could 

be in the battery field to investigate micro-to-cell-level phenomena. 

Another tool to characterize the practical cells in a non-destructive way is to utilize the ultrasonic 

instrument. Due to the high sensitivity to mechanical properties and porosity of materials, 

ultrasonic technology has been adopted to investigate the state of charge59, metal defect 

detection60, and wetting61 of the batteries. Yi et al. demonstrated the capability of ultrasonic 

tomography to detect a defect of metal inside the pouch cell where the change in amplitude of the 

sound wave is the indicator for the presence of defect. In Figure 1.7c, the point where amplitude 

intensity dropped, blue regime in the middle of the pouch, is the Cu defect points. Beyond this 

defect, the sound wave gained back the amplitude (black dotted area) and pass across the rest of 

the pouch, indicating the defect did not absorb the sound waves. 
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Figure 1.7 a) Comparison of the thermocouple and FBG measured temperature of the 18650-cell 
at different cycling rates. Reproduced with permission56. b) The multi-scale 3D reconstruction 
from X-ray CT on 402035-size pouch cell. Reproduced with permission58. c) Ultrasonic reflection 
images of Cu-foil defects at the anode side of the pouch cell. Reproduced with permission60. 

 

1.3.5 Summary and perspective of characterizing lithium metal solid-state batteries 

Realizing high energy dense solid-state batteries is one of the most pressing environmental 

and technological challenges posed to the energy storage community. Solving the major issues 

currently known will ultimately demand perspectives from various disciplines and skillsets. This 

comprehensive review paper has shed light on the critical analysis of LiMSSBs, with a particular 

focus on the challenges and opportunities arising from interface-, cell-, and practical-level 

components. As we strive to unlock the full potential of these advanced energy storage systems, it 

becomes evident that collaborative efforts for overcoming the obstacles within the materials 

community are essential for driving innovation and progress.  
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1. The interfaces in LiMSSBs have been identified as key elements influencing the overall 

performance and stability of the system. Throughout this review, we have explored how 

these interfaces introduce new challenges, such as dendrite formation, interfacial 

resistance, and limited ion diffusion, and how we analyze those challenges for pursuing 

commercial-level consideration. By leveraging interdisciplinary approaches and fostering 

collaboration, we can devise innovative solutions to manipulate and engineer the interfaces, 

paving the way for enhanced performance and safety of LiMSSBs. 

2. From an industry perspective, it is imperative to emphasize the implementation of non-

destructive and post-modern advanced testing and analyzing methods to ensure the 

integrity and reliability of LiMSSBs. By adopting methodologies introduced in this review 

paper, industry professionals can gain valuable insights into the internal structure and 

performance of batteries. 

3. To accelerate learning and progress in the field of LiMSSBs, building comprehensive 

databases and promoting correlative characterization approaches are paramount. A 

centralized database that consolidates data from various researchers will serve as valuable 

resources. Furthermore, adopting correlative characterization techniques that combine 

multiple analytical methods will yield a more in-depth understanding of several levels of 

issues, and thus, the impact on battery performance. This integrative approach will provide 

a more accurate representation of complex interfacial phenomena and accelerate the 

development of innovative materials and designs. 

The analysis of LiMSSBs presented in this review paper emphasizes the need for 

collaborative efforts. By collectively addressing the challenges posed by various scale issues 

including materials, electrodes, cells, and large-scale systems, we can propel the advancement of 
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LiMSSBs and revolutionize energy storage technologies. Together, we embark on a journey of 

discovery and innovation, shaping a sustainable future for energy storage that holds great promise 

for global sustainability and prosperity. 
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Chapter 2 Assessing Critical Current Density of Li metal ASSB 
 

2.1 Introduction 

Lithium metal batteries, with their promise of high energy density, have gained much 

attention in recent years due to the high energy densities achieved through the use of Li metal 

anodes with high theoretical capacity (3860 mAh/g) and the lowest electrochemical potential 

(−3.04 V vs Standard Hydrogen Electrode) 62. However, it still presents a myriad of challenges 

including poor Coulombic efficiency from continued irreversible reaction with liquid organic 

electrolyte and Li dendritic growth resulting in an abnormal safety issue 63. All-solid-state Li metal 

batteries (Li-ASSBs) have recently emerged with the intrinsic advantages of the absence of organic 

materials which can react as resources of combustion and inhibition subsequent electrolyte 

decomposition 64. However, Li-ASSBs are also often limited by low critical current densities 

(CCDs). The CCD can be defined as the certain current density (mA/cm2) at which a cell failure 

occurs when the growth of Li dendrite from the Li metal anode reaches the cathode side through 

the solid-state electrolyte (SSE) separator making a short circuit between cathode and anode, 

which results in vigorous self-discharge and thus safety issue in a real cell 3]. Extensive research 

on Li-ASSBs has resulted in architectures that can achieve 1000 cycles at 3.4 mA/cm2 at 60°C by 

enabling dendrite-free Li metal anode 65. Although high CCDs are obtained at elevated 

temperatures which is comparable with conventional lithium metal batteries having liquid 

electrolytes, achieving improved room temperature performance needs further investigation. 

Interestingly, the CCDs of Li-ASSBs reported in the literature vary widely, as summarized in 

Figure 2.1. While CCD is dependent on the cell chemistry, cell stack pressure, and plating capacity, 

there are still large CCD variations reported even for similar cell configurations 66,67, and showed 

the wide range of CCDs even in our work in which the same configuration was used (the variable 
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here will be discussed later). This indicates that there are vital parameters during cell fabrication 

which have not yet been considered or compared in the previous literature. Nonetheless, general 

trends can be observed throughout all the Li-ASSB CCDs reported. First, it is clear that cells under 

elevated temperature operation exhibit higher CCDs compared to those at room temperature. This 

is widely attributed to the improved diffusion kinetics and favorable mechanical properties that 

promote uniform Li metal plating 68,69. However, if the room or near-room temperature remains to 

be the favorable operating condition for practical Li-ASSBs, greater focus should be placed on 

increasing the CCD without the use of elevated temperatures.  

 

Figure 2.1 Current densities of all-solid-state Li metal cells reported in the literature and this work. 
The symbol shapes indicate the cell type (empty circle for symmetric cell 69–83, filled circle for full 
cell 65,77,84–86) Please note that there are large variations even in our work which will be discussed 
later (empty triangle for symmetric cell and filled triangle for fixed gap operated full cell). The 
color of symbols denotes the cell cycling temperature. 
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When comparing cell architectures, studies using only symmetric cells 69–83 often report 

higher CCDs compared to full cells 65,77,84–86 at a similar cycling temperature. While the reason for 

this disparity is not yet understood, it is clear that high CCD values reported in the literature using 

symmetric cell configurations cannot be reproduced in full cell formats at room temperature  28]. 

As a result, some full cell performance reports adopt elevated temperature (>55°C) to demonstrate 

cyclability, citing the need to overcome slow diffusion kinetics at the cathode-solid electrolyte 

interface 90. However, this explanation is inconsistent with studies reporting high current densities 

(>5.0 mA/cm2) operations at room temperature using similar composite cathode and alloy-based 

anodes such as lithium-indium or silicon anodes 91. One plausible explanation was rationalized 

through the misinterpretation of the cell shorting voltage features. Yang et al. described this as the 

“fake stable” phenomena, where symmetric cell polarization curves are easy to be misinterpreted 

as stable when in fact a short circuit has already occurred 92. In such scenarios, a typical flat voltage 

curve is still observed even when cycled at high current densities (>10 mA/cm2), where 

polarization originated from the ohmic resistance of the electron pathway within the shorted 

circuit. This misunderstanding cannot occur in a full cell where the cell voltage is determined by 

the state-of-charge of the cathode electrode, thus any occurrence of a short circuit would manifest 

as an obvious voltage fluctuation from the typical cathode charge curve.  Lewis et al. also proposed 

the need to consider the areal capacity difference used in symmetric cell versus full cell tests, 

where the cell short phenomenon was found to only occur when an areal capacity of > 3 mAh/cm2 

for lithium plating and stripping was used 93. This value is far more than most areal capacities used 

in symmetric cell tests, which typically use long hours of plating and stripping with < 1 mAh/cm2 

areal capacity 89. There have been studies to mitigate the cell shorting by improving Li metal and 

SSE interface. Su et al. demonstrated that using graphite on the Li side would prevent chemical 
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reaction between SSE and Li and also serve as mechanical constriction to enable high pressure 

cycling 87. Another approach was to form more stable SEI by introducing polymer electrolyte 

initiator 94 and adding LixSiOx-enriched layer 95. Li metal dentrite could form within solid 

electrolyte layer if the electronic conductivity is not low enough. Han et al. studied the Li 

deposition within the various SSE layers. 46 The group demonstrated that Li dendritic growth 

within the electrolyte layer was not significant at room temperature due to the low electronic 

conductivity. The electrolytes used in the research were LLZO and Li3PS4, having the electronic 

conductivity of 5.8  10-8 to 10-7 S/cm. The electronic conductivity of Li6PS5Cl (LPSCl) used in 

our study was 1.78  10-8 S/cm (Figure 2.2), lower than LLZO and Li3PS4. Therefore, due to the 

lower electronic conductivity of LPSCl, there is low changce of forming Li dendrite from the 

electronic pathway of electrolyte layer. In addition, stack pressure is one of the most important 

factors that dictate a CCD of Li-ASSB. Previous studies have found that relatively small changes 

in stack pressures can greatly affect the CCD, where it was reported that the CCD improves with 

increasing stack pressure, within a pressure range of 0.4 – 7 MPa 96,97. However, the stack pressure 

on a Li-ASSB cannot be exceedingly high because that can induce both mechanical short due to 

Li deformation along with separator layer or an electrochemical short-circuit during Li metal 

plating, as shown in our previous work 54. Yan et al. also showed the adjustment of stack pressure 

could resolve void formation by the Li deformation due to the low modulus characteristic of Li 

metal 98. Interestingly, the symmetric cell shows much less volume change during cycling since 

the volumetric expansion arising from Li plating is compensated at the counter electrode which 

undergoes stripping simultaneously. However, this is not the case in full cell configurations, where 

a large amount of volumetric expansion due to Li plating cannot be compensated for the cathode 

side during de-intercalation. Thus, dynamic stack pressure effects on CCD during cycling must be 
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investigated, but most studies only have adopted fixed gap cell setups where cell stack pressure is 

defined before cell operation. Given the stack pressure effects on CCD, it is reasonable to think 

that variable stack pressures in full cells can result in vast disparities in CCD findings compared 

to symmetric cells.  

 

Figure 2.2 Direct current polarization of Li6PS5Cl (LPSCl) solid state electrolyte used in this study. 
The electronic conductivity of LPSCl was calculated to be 1.8 × 10-8 S/cm. 

 

 In this work, we discuss the stack pressure factors governing CCDs of both Li metal 

symmetric and full cells using common Li-ASSB cell configurations, Li | LPSCl | Li symmetric 

cell and NCM811 | LPSCl | Li full cell. We demonstrate that, among the fabrication and operation 

parameters, the contact time between Li and SSE while fabrication can be also the critical factor 

which can dramatically affect the CCD values in symmetric cells. In addition, we also systemically 
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addressed the root cause of CCD disparities between symmetric and full cells through the 

operando pressure monitoring while cell preparation and cycling. Finally, we reveal that the use 

of a constant pressure cell design can release pressure variation-driven stresses inside the cell while 

cycling which helps to achieve a higher CCD in Li-ASSBs operating near room temperature.  

 

2.2 Material and methods 

2.2.1 Materials preparation 

Li6PS5Cl (LPSCl, NEI Corporation, USA) was used for solid-state electrolyte (SSE) 

separator layer and cathode composite preparation. For cathode composite purpose, the LPSCl 

particle size was reduced using EMAX ball mill (Retsch, Germany). The ball milling was conducted 

for 2 hours at 300 rpm, using anhydrous xylene as a medium. Vapor grown carbon fiber (VGCF) 

was purchased from Sigma Aldrich (Graphitized, Iron-free), and dried overnight at 160C under 

vacuum to remove moisture. NCM811 (LG Chem, Republic of Korea), coated with a boron-based 

layer, was used as received. Cathode composite was prepared by hand-mixing using a weight ratio 

of NCM811: LPSCl : VGCF = 66 : 31 : 3. Li metal (FMC, USA) foil was cleaned by scratching 

of the oxide layer and subsequently punched into 0.785 cm2 area.   

 

2.2.2 Materials Characterization  

Versa 510 (Zeiss/Xradia) X-ray microscope was used to investigate computed tomography 

(CT) of Li metal symmetric cell, with an objective of 20X, a source voltage of 80 kV and a power 

of 6.5 W, using the LE2 filter. The 360-degree scan was conducted in 15 sec exposure setting, for 

2401 projections. The reconstruction of data was performed with Amira 2019.1 (ThermoFisher 

Scientific). After the reconstruction, the 3D view of inside was shown using box cutting function 
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of Amira 2019.1 software.  The solid-state cell was built in custom-made 2 mm internal diameter 

drilled PTFE rod. The reduced size cell was required for X-ray CT setup for placing X-ray source 

as close as possible to the specimen yielding smaller voxel size and better resolution. FEI Scios 

Dualbeam (ThermoFisher Scientific) was used for cross-sectional images. The sample transferred 

was performed using air-tight transfer arm from Ar-filled glovebox to FEI Scios Dualbeam 

chamber for no air exposure during the transfer process. After the sample mount, liquid nitrogen 

and the heat exchanger was set to perform cryogenic ion beam milling and electron beam imaging 

to minimize the Li damage. The ion-beam milling to prepare the cross-section of samples were 

performed using Ga+ source. The sample was milled at 30 kV and 65 nA, and cleaned at 30 nA 

and 15 nA afterwards. All the electron beam imaging was done using 5 kV and 0.1 nA settings. 

 

2.2.3 Electrochemical Characterization  

Two titanium rods were used as current collectors at each end of the Li metal. The solid-

state cell was fabricated by first putting 75 mg of LPSCl in a 10 mm inner diameter polyether ether 

ketone holder, which was then compressed between two titanium rods at 370 MPa. For Li metal 

symmetric cells, punched Li metal was inserted on top and bottom of as-fabricated LPSCl pellet. 

After enclosing solid state cell of Li-SSE-Li using titanium rods, the cell was pressed at 25 MPa 

to facilitate better contact between the Li metal and SSE interface for 1 min. to 24 hr. The cells 

were released to 5 MPa before cycling starts. For a constant pressure setup, blue dye springs 

(McMaster-Carr, 1804N16) were placed between top plate and nuts for all three screws. Springs 

were selected based on two criteria: (i) Maximum load of spring (53 lb) should be larger than load 

from cell cycling pressure. The cell load was calculated based on 5 MPa for the area of 0.785 cm2 

cell. The calculated load was divided by three since the load is divided by three springs, yielding 
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29.4 lb of load for each spring (ii) Spring rate should be high enough not need to be compressed 

too much to achieve certain pressure. With the spring rate of 5.5 lb/mm in this work, 5.35 mm 

compression is needed to achieve 5 MPa. The full cell configuration follows the same protocol 

except one Li side is replaced with cathode composite. Cathode composite loadings for full cell 

ranged from 6.4 mg/cm2 to 51.0 mg/cm2. All cell cycling were performed at 40C using the 

compact muffle furnace (MTI KSL-1100X) in the Argon-filled atmosphere glovebox. The battery 

cells were cycled using a Neware Battery cycler and analyzed with BTS900 software. During the 

cycling, in-situ home-made load reader was used to get the pressure reading every 10 sec. For the 

EIS cell, the 13 mm diameter plunger (area of 1.33 cm2) was used to fabricate Li | LPSCl | Li cell. 

300 mg of LPSCl was compressed at 370 MPa to make the pellet and Li chip was inserted on both 

end of the pellet. EIS measurements were conducted using Solartron 1260 impedance analyzer for 

Li | LPSCl | Li symmetric cell every 20 minutes after setting the cell stack pressure to 25 MPa. 

The frequency range was from 10 MHz to 0.1 Hz, with an applied AC potential of 10 mV. Direct 

current polarization was conducted to measure the electronic conductivity of LPSCl by applying 

the voltage of 100 mV for 3 min. 

 

2.3 Results and Discussion 

2.3.1 The critical current densities of Li metal symmetric cells  

The current fabrication process for the Li metal cell, schematized in Figure 2.4a, consists 

of three steps: 1) densifying the LPSCl pellet at 370 MPa, 2) adding Li metal foils on both ends of 

the cell and 3) pressing at 25 MPa briefly to ensure good Li metal/SSE contact. Lastly, the pressure 

is then released to 5 MPa for the cell cycling. These protocols were described in our previous work 
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54 and the operando pressure monitoring was conducted with our custom-built pressure recording 

system (Figure 2.3).  

 

Figure 2.3 a) The custom-built pressure monitor used in this work. Pressure values were read every 
10 seconds during the cycling of cells. b) Schematic diagram of constant pressure cell setup used 
in this work.  

 

While the amount of compaction pressure used to fabricate ASSBs is routinely reported, 

the amount of time pressure applied when the Li metal anode is added and thus, the degree of Li 

metal deformation and uniformity has never been reported in the previous reports. The degree of 

Li metal deformation will affect the degree of contact and uniformity at the Li metal/SSE interface. 

To verify the validity of our pressure control setup, the stack pressures of the Li symmetric cell 

were monitored during both the initial contact at 25 MPa and the subsequent plating/stripping 

cycling at 5 MPa. Figure 2.4b shows that the pressure drop during the initial contact was severe, 

where stack pressures dropped from 25 MPa applied initially to 21.1 MPa after 24 hours. 

Subsequently, the cell was released to 5 MPa and started plating/stripping, during which little to 

no change was observed (Figure 2.4b, yellow shaded). The cycling data after setting to 5 MPa will 

be discussed later. To rule out any effects of different thermal expansion coefficients from various 

cell components, the stack pressures of an empty cell and the standard symmetric cell were 
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monitored and compared (Figure 2.4c, d). From the pressure trends (24-hour monitoring at room 

temperature and 40°C), both cells showed a rapid pressure drop during the first 30 minutes, losing 

2.2 MPa (room temperature) and 5.6 MPa (40°C) during the initial 30 minutes, followed by a 

gradual decrease in pressure after one hour. The amount of pressure drop after 24 hours is smaller 

at room temperature (Figure 2.4c) compared to at 40°C (Figure 2.4d), which indicates a larger 

amount of Li deformation under elevated temperature conditions. This is consistent with the lower 

yield strength of Li at higher temperatures 99, which facilitates deformation and is consistent with 

our observations. The Li symmetric cell pressure trend highlights two important points: i) When 

25 MPa of stack pressure is applied during cell fabrication, Li metal deformation occurs, and 

saturation of the deformation is observed after 10 hours. ii) The pressure during the 

plating/stripping of the Li metal symmetric cell remains unchanged at all times. 
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Figure 2.4 a) Schematic showing the fabrication protocol of Li metal symmetric cell, where 25 
MPa is applied to improve the Li metal/SSE contact interface. b) Pressure monitoring during 
contact hold after applying 25 MPa at room temperature for 24 hours (green) and plating/stripping 
at 5 MPa and 40°C (yellow). Pressure monitoring of empty plunger cell and Li metal symmetric 
cell after applying 25 MPa at c) room temperature and d) 40°C for 24 hours. 

 

Following pressure monitoring during contact hold time, ramp tests (a stepwise increase of 

the constant current plating/stripping of lithium) of the symmetric cells were conducted (Figure 

2a). This experiment allows us to evaluate the CCD of Li metal in a Li | LPSCl | Li symmetric cell 

and compare it to the literature. However, as seen in Figure 2a, we noticed that depending on the 

contact hold time, the CCD of the cells showed inconsistent values, such as 0.88 mA/cm2 when 

pressure was applied for 1 min, and 2.15 mA/cm2 after a 30 min contact hold. Figure 2b shows the 

CCD trend as a function of the 25 MPa contact hold time. It was found that the CCD increased as 
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the hold time was increased up to 30 min, the CCD increased, but it decreased when it held longer 

than 30 min. The CCD range in our experiment (0.3 – 2.15 mA/cm2) agrees with the wide range 

of CCDs reported in the literature 39, 40]. The CCD increase over the first 30 mins can be attributed 

to improved contact between the Li metal and SSE, leading to a lower effective current density 

due to the higher area of contact and more uniform current flow distribution. From the onset at 25 

MPa, the pressure dropped to 23 MPa within 30 min (Figure 2.4b), indicating that any voids at the 

interface between Li metal and the SSE were filled with deformed Li metal. Impedance 

measurements were also conducted during this period, showing an initial rapid drop in impedance 

during the first 20 min and slowly decaying afterward (Figure 2.5).  

 

Figure 2.5 a) Nyquist plot of electrochemical impedance spectroscopy (EIS) measurement during 
25 MPa contact hold step. b) Resistance (Rs) obtained from EIS measurements as a function of 25 
MPa contact hold time.  

 

After the 1-min holding cell was shorted at 0.88 mA/cm2, the X-ray computed tomography 

(CT) was used to observe the Li/SSE interface and 3-dimensional morphology of the solid-state 

cell (Figure 2.6, Figure 2.7c). Disparities in image contrast were used to assign the white regions 

and gray areas in the 3D reconstructed image to Li metal and SSE, respectively. Evidence of Li 

dendrite growth was observed within the SSE layer originating from the Li metal. The voltage 
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response after cell shorting was caused by the Li dendrite growth and its penetration through the 

SSE layer. When the contact time is longer than 30 min, CCDs are reduced again as shown in the 

red region in Figure 2.7b. This could be attributed to the excessive creep behavior of Li metal 

inside the SSE pellet which results in the more favorable short-circuit at a lower CCD 54.  

 

Figure 2.6 a) X-ray computed tomography (CT) of one end of the Li metal symmetric cell after 
shorting. b) X-ray CT reconstruction before the box cutting of the cell. 

 

By increasing the holding time, the effective contact area between Li metal and the SSE 

will increase due to the deformation of Li metal at the interface which can improve the uniformity 

for local current distribution and thus CCD. The correlation between Li deformation and the 

measured CCD was investigated with the microscopic observation of a cross-sectional image by 

using a cryogenic focused ion beam (cryo-FIB) after pressing the Li metal anode on the SSE pellet. 

Since ion beam milling at room temperature can damage Li metal which results in both an altered 

morphology and chemistry 103, cryo-FIB was used to obtain intact Li metal interface images. 

Figure 2.7d shows the cross-sectional scanning electron microscope (SEM) images for 25 MPa 

pressured Li/SSE interface after contact-holding a 1 min and a 30 min. These cells were not cycled 
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to investigate interfacial contact as a function of contact hold time. For the 30-min holding sample, 

the interface between the Li and SSE has no pores and the Li is fully in contact with the SSE, while 

the 1-min holding sample shows numerous voids at the interface, indicating poor Li contact with 

the SSE. The result of having better contact for longer contact hold time is expected based on 

previous studies investigating Li metal deformation near room temperature. The mechanical 

deformation test showed Li metal can substantially fill the voids, even at pressures less than 5 MPa 

measured by Ding et al 104. Moreover, Zhang et al. demonstrated that Li-SSE contact area 

increased over time under 1.5 – 7.5 MPa of stack pressure 105. This study implied that the contact 

area of Li and SSE could increase over time through mechanical deformation of Li. The fraction 

in contact increased with time, showing the Li deformation-induced contact increase was rapid for 

the first 30 min and slowly decayed after that, which corresponds well with our pressure reduction 

due to Li deformation in Figure 2b, d. Thus, considering the soft mechanical properties of Li and 

its time-dependent deformation, the Li metal contact time under applied pressure is a vital 

parameter to report. 



38 

  

Figure 2.7 a) Critical current density (CCD) ramping test of Li symmetric cells, where a contact 
pressure of 25 MPa was applied for 1 min (black) and 30 min (blue). b) The CCD trend as a 
function of the contact hold time at 25 MPa. c) X-ray computed tomography of one end of the Li 
metal symmetric cell after shorting. d) Cross-sectional SEM images of Li/SSE interface contacted 
at 25 MPa for 1 min and 30 min. The electron imaging and FIB milling were conducted in 
cryogenic conditions to minimize damage to the Li metal.   

 

2.3.2 The critical current density of Li metal full cells  

As previously mentioned, reports using Li metal full cells appear to display a lower CCD 

compared to Li metal symmetric cells. Most literature reports attribute low CCDs to the intrinsic 

interfacial instability between Li metal and various SSEs, or high impedance growth at the Li metal 

– SSE interface 69. However, these explanations do not agree with the symmetric vs full cell trends 

observed. As the same Li metal – SSE interface is utilized in both the symmetric and full cells, it 
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indicates that the contrasting CCDs reported in both cell configurations are not correlated with the 

Li metal – SSE’s interfacial properties, but rather a cell level phenomenon induced by the fact that 

a cathode is used in the full cell and not in a symmetric cell. Given the understanding that Li metal 

undergoes a significant volume change during plating and stripping (1 mAh/cm2 ≈ 5 µm) 106, 

overall cell volume change in full cells is expected to be substantial compared to symmetric cells 

where negligible net volume change is expected, regardless of areal capacity exchanged. Thus, 

unlike in symmetric cells, it is necessary to consider both cathode and anode expansion/shrinkage 

in full cells, because volume changes during cycling can induce significant changes in cell stack 

pressure, and in turn, affect its CCD.  

As a thought experiment, the volume change scenario for a symmetric cell and a full cell 

model is illustrated in Figure 2.8a. The pressure does not change during symmetric cell cycling 

theoretically, because stripped Li from one side would be plated on the counter electrode. 

However, in a full cell, Li metal will grow in thickness while the cathode shrinkage is significantly 

smaller when the cell is charged, leading to an overall volume expansion of the whole cell (Table 

2.1). During discharge, almost all the Li will be sent back to the cathode, and the volume will once 

again shrink. Therefore, pressure increase/decrease apparent during charge and discharge is mainly 

due to the volume change of the Li metal anode. As the volume change largely comes from Li 

metal plating, a higher degree of pressure change is expected when the cell capacity is increased, 

resulting in conditions deviating further away from that of a symmetric cell. 
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Table 2.1 Expected electrode layer thickness calculation for 4 mAh/cm2 NCM811 | LPSCl | Li 
cell. The cathode volume thickness calculation was based on SEM measurement. The anode 
thickness change calculation was estimated based on treating 1 mAh/cm2  as  5 µm Li metal 
thickness change 106. 

 

 

 ThickCathode ThickAnode 
Thicknet 

(ThickCathode+ThickAnode) 

Pristine (m) - - 0 
Charge (m) -1 +20 +19 
Discharge (m) +1 -20 0 

 

To probe the CCDs of full cells, NCM811 | LPSCl | Li cells with different cathode loadings 

were cycled using the stepwise current ramping protocol (Figure 2.8b). Please note that the 

optimum fabrication protocol of Li metal anode which is the 30-min contact at 25 MPa followed 

by release to 5 MPa was used for an anode preparation. With higher cathode loadings, pressure 

changes during charge/discharge were more severe because the amount of plated Li on the anode 

during charging is larger. Therefore, the stack pressure change during cycling has a linear 

correlation with the cathode loading (Figure 2.8c). In particular, with a cathode loading of 6.4 

mg/cm2, the absolute pressure change is 0.73 MPa whereas the absolute pressure change reaches 

2.14 MPa for loading of  25.5 mg/cm2 and 6.2 MPa for loading of 51.0 mg/cm2. The CCDs 

obtained from full cells were in the range of 0.3 – 1.0 mA/cm2, showing a decreasing trend with 

higher cathode loading. The low CCD for higher loading cells could be attributed to higher cell 

pressure from thicker Li plating. There are three major Li+ migrations and Li fluxes involved 

during plating/stripping of lithium: i) Li+ migration from applied current during cycling (J Li+ 

migration), ii) Self-diffusion of Li atoms from concentration gradient (J Li diffusion), 3. Li creep 

deformation from the stack pressure (J Li creep) 96. If these three fluxes maintain the balance, (J Li+ 

migration = J Li diffusion + J Li creep), the dendritic growth of Li could be inhibited 107. For the Figure 2.8d 
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case, cells with the same initial stack pressure but with various cathode loadings, the J Li+ migration 

would be similar for all cells at the same current densities. However, the higher cathode loading 

cells would eventually operate at higher pressure due to the thicker Li plating on the anode side. 

This higher operating pressure would yield a larger flux of Li (J Li creep) to the interface,  which 

results in the imbalance of the fluxes and shorts the cells. 

 

 

Figure 2.8 a) Schematic of the pressure change during cycling in a Li metal symmetric cell and a 
full cell. b) The operando pressure monitoring and voltage curve during cycling of Li metal full 
cells. All cells were cycled with the stepwise constant current; 0.2 to 1.0 mA/cm2. c) Absolute 
pressure changes during cycling and d) Critical current densities of Li metal full cells as a function 
of cathode loading. The absolute pressure change was calculated by subtracting the first cycle 
minimum pressure from the first cycle maximum pressure. All of the cyclings were performed at 
an initial stack pressure of 5 MPa and 40°C. 

 

2.3.3 The operating pressure control of Li metal full cells 

Given that the cathode loading presents a direct impact on the degree of pressure change 

and the resulting CCD, operating the cells at a constant pressure could create conditions more 

similar to symmetric cells and allow for higher CCDs in full cells. Therefore, the cell setup was 

modified to incorporate springs that can compensate for the volume expansion and shrinkage of 
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the cell. This constant pressure setup, therefore, allows us to cycle the full cell at nearly constant 

pressure. The springs were selected based on their maximum load (which should be higher than 

the load applied during cycling) and their spring constants, to ensure that we can reach the target 

pressure with a reasonable compression of the springs. 

The CCDs for Li-ASSB cells using setups with no springs (the fixed gap, Figure 2.9a) and 

with springs (the constant pressure, Figure 2.9b) in the cell holder were examined using similar 

ramping tests. In the fixed-gap cell, severe pressure change was observed during the charge and 

discharge process, around 140% pressure increase (6.96 MPa after 1st cycle charge) at the end of 

charge, exhibiting shorted behavior during the charging at a current density of 0.5 mA/cm2 (Figure 

2.9c, e). However, in the cell with springs, the pressure deviation was only 104% (5.21 MPa after 

1st cycle charge) which is much less severe than fixed-gap cell and more stable during charging 

and discharging as expected, allowing the cell to cycle at a much higher current density until 

shorting at 1.0 mA/cm2 (Figure 2.9d, f). The creep deformation rate of Li metal increases as the 

external compressive pressure gets higher 104. The Li creep rate at 30°C was 0.06 m/h at 2.2 MPa 

and 0.42 m/h at 3.5 MPa. From this data, we could see only 1.2 MPa difference in stack pressure 

would result in 7 times higher creep rate of lithium. Therefore, by changing fixed gap setup to 

constant pressure setup, the Li would not have such high Li creep rate within the full cell. The 

fixed gap and constant pressure setup were examined also for the long time period (Figure 2.10). 

With the same loading and the cycling protocol of 0.5 mA/cm2 long cycling after the formation 

cycles, the fixed gap setup cell shorted at 2nd cycle, whereas the constant pressure cell operated 

more than 50 cycles without shorting. As such, the CCD of the Li metal full cell can be improved 

by enabling the constant pressure cycling, which gives us the methodologic clue to solve the 

volume change deriven pressure accumulation in the practical Li metal full cell.  
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Figure 2.9 The schematic of the cell cycling setups for a) fixed gap and b) constant pressure. The 
NCM811 loading of both cells were 25.5 mg/cm2. The operando pressure monitoring and 
corresponding voltage profiles of NCM811 | LPSCl | Li metal cells with c, e) fixed gap and d, f) 
constant pressure setup at ramping current densities. All the cycling was performed at an initial 
stack pressure of 5 MPa at 40°C. 
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Figure 2.10 a, c) Fixed gap and b, d) constant pressure cycling of NCM811 | LPSCl | Li full cells. 
Cycling program for both cells were the same: Activation cycles for 2 cycles at 0.2 mA/cm2 and 
long cycling at 0.5 mA/cm2. For fix gap setup, the cell shorted during the second cycle of 0.5 
mA/cm2 whereas constant pressure cell cycled more than 50 cycles. 

 

To probe the effects of constant pressure at lower pressures, fixed gap and constant pressure 

cells were tested at 1 MPa, 3 MPa and 5 MPa (Figure 2.11). At 1 MPa, both constant gap and 

constant pressure cells showed the same low CCD of 0.3 mA/cm2, whereas constant pressure cell 

exhibited slightly higher CCD of 0.6 mA/cm2 than constant gap cell of 0.4 mA/cm2 at 3 MPa. 

Constant pressure effect dominates more from 5 MPa, where the CCD difference of constant 

pressure and fixed gap is 0.6 mA/cm2. This trend is not surprising based on the Li creep behavior 

observed in Figure 2.4 and Figure 2. At 1 MPa, the stack pressure applied is insufficient to provide 

a creep deformation rate high enough to ensure good interfacial contact between the Li metal and 
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the SSE. This results in non-uniform Li plating and results in early cell failure regardless of the 

effects of constant pressure. While a higher creep deformation rate at 3 MPa allows the effects of 

constant pressure applied to be detected, previous reports have also found void accumulation at 

the interface at 3 MPa 96, indicating that 3 MPa is still insufficient to maintain good contact. At 5 

MPa, sufficient Li creep was achieved and thus able to effectively double the CCD detected when 

constant pressure is applied. This pressure value agrees with the literature reported values for ideal 

Li ASSB full cells 65. While higher stack pressures may produce greater effects on CCD, stack 

pressures of 10 MPa or greater have been found to induce excessive Li creep into and through the 

SSE separator, also inducing cell failure 54. The results in this work, along with findings in the 

literature suggests that Li ASSBs are best operated within a narrow range of stack pressures, 

highlighting the need for constant pressure operation to maximize CCD in Li ASSBs. 
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Figure 2.11 The CCD trends of fixed gap (cross symbol) and constant pressure (circle symbol) 
cells with the initial stack pressure of 1, 3, and 5 MPa. The NCM811 loading of all cells were 12.8 
mg/cm2.  

 
2.4 Conclusions 

The previously reported CCDs of Li-ASSBs exhibited extensive variations, with evident 

disparities between Li metal symmetric cells and Li metal full cells. In this study, we investigated 

critical fabrication parameters that can resolve the discrepancies the in reported CCDs. In 

particular, the contact hold time during cell assembly is a crucial consideration, which affects the 

formation of solid physical contact between Li metal and SSE. During this hold time, Li metal 

undergoes time dependent mechanical deformation that can alter the effective contact area. By 

improving the interfacial contact and uniformity, the CCD can thus be improved and achieved 
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more reproducibly. In addition, we have confirmed the mismatch in terms of CCDs and 

corresponding performance between symmetric and full cell, where contributions from the cathode 

must be considered. The volume change in Li metal full cells is inevitable due to expansion and 

contraction of electrodes from Li metal plating and stripping at anode during cell cycling which 

cannot compensate from the cathode side. The continuous volume change driven stress 

accumulation within the confined cell was examined via the operando pressure monitoring during 

cell cycling. The increased stack pressure resulted in the premature shorting of the full cell and the 

trend was correlated to the cathode loading, which showed that cells with higher cathode loading 

exhibited much more severe pressure change, subsequently shorting at lower current densities. We 

have identified anode volume change, which accumulates to net stack pressure change, as an 

important cause of cell shorting and have designed a constant pressure cell architecture which 

utilizes springs to mitigate pressure changes during cycling. This improved setup demonstrates the 

necessity of maintaining constant stack pressure during cycling and has enabled higher current 

density operation for Li-ASSBs, specifically near room temperature.  
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Chapter 3 Overcoming Low Initial Coulombic Efficiencies of Si anodes through 
Prelithiation in All-solid-state Batteries 

 

3.1 Introduction 

All-solid-state batteries (ASSBs) have drawn considerable attention as safer and potentially 

more energy-dense devices as compared to conventional liquid cells. Achieving high energy 

density ASSBs depends on the development of high-capacity electrodes in a solid-state 

architecture.108,109 On the anode side, potential candidate materials or architectures include Li 

metal,28,54,81,101 anode-free,110 and alloy-type anodes such as Li-Si,111,112 Li-In,113–116 Li-Sn,117 Li-

Al,118,119 Li-Sb,120 and Li-Mg.121 However, high specific capacity and low propensity for Li 

dendrite growth and cell shorting make alloy-type anodes the most promising for next-generation 

ASSBs.  

Si has been extensively studied in lithium-ion batteries (LIBs) for decades. Many reports 

have suggested that the use of pure Si as the anode is impractical due to its poor interfacial stability 

with liquid electrolytes and pulverization during cycling.122,123 However, a recent study 

demonstrated the use of a 99.9 wt. % micro-silicon (µSi) anode in combination with an argyrodite 

solid electrolyte (Li6PS5Cl) to produce an ASSB with a high areal current density and high areal 

loadings.91 The successful use of µSi as an anode was attributed to the passivation of the sulfide 

electrolyte-Si interface, limiting the growth of a poorly-conducting solid-electrolyte interphase 

(SEI). 

Although Si-based all-solid-state cells with a passivating SEI and a high energy density 

have already been demonstrated, further performance improvements can be achieved, including 

increases in the initial Coulombic efficiency (ICE), electronic conductivity, and Li+ diffusivity 
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(Figure 3.1). Notably, the prelithiation of Si, which has traditionally been implemented in LIBs,124 

could be a good approach to enable such improvements. 

One of the well-established prelithiation methods is electrochemical prelithiation.125–128 In 

this approach, a Si electrode is lithiated by building an electrochemical cell comprising a Li metal 

counter electrode and a non-aqueous electrolyte. The redox potential difference of the two 

electrodes results in spontaneous lithiation of Si and SEI formation. However, the extent of 

“electrochemical” prelithiation must be well controlled, since insufficient lithiation cannot 

improve the ICE due to remaining Li trapping sites, while over-lithiation could start the lithium 

plating on the anode surface.129 Due to the high chemical reactivity of Li, one of the challenges to 

implementing the successful prelithiation lies in finding stable prelithiation reagents (Li source). 

As such, Cao et al. introduced a polymer to protect the Li source, where the metallic Li source for 

prelithiation was shielded by the polymer before being made into the full cell.130 More 

commercially viable option for prelithiation reagent is the stabilized lithium metal powder 

(SLMP). Ai et al. developed a solution process to coat SLMP on anode material, where both 

graphite/NMC and SiO/NMC full cells exhibited 31% higher ICE after the prelithiation of the 

anodes.131 Forney et al. deposited SLMP on a Si – carbon nanotube (CNT) anode and used a 

mechanical press to apply a pressure of 100-300 PSI to the stack for 30-60 s to crack the 

electronically insulating Li2CO3 coating of SLMP and facilitate the prelithiation process.132 

Another study showed that mere contact between passivated Li metal powder (PLMP) and a 

Si/graphite electrode could induce prelithiation.133  

The first Si-based all-solid-state battery with prelithiation of the Si anode was recently 

reported,134 where prelithiation of Si was completed by ball-milling with Li metal in anhydrous 

hexane. Starting from the prelithiated Si, further mechanochemical milling was needed to mix the 
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LixSi active material, the solid electrolyte, and the carbon additive to form the composite anode. 

The LixSi composite electrode was paired with a sulfur cathode and the full cell demonstrated a 

stable capacity for over 500 cycles. While such performance is impressive, this work required an 

extra high-energy ball-milling step in organic solvent to prelithiate the Si, adding complexity to 

the ASSB fabrication process. Prelithiation method using SLMP without electrolyte has been 

reported in the past as well. Jang et al. successfully implemented the prelithiation of Si without 

carbon paired with fluorinated polymer to mitigate SEI in liquid electrolyte.135 Lee et al. enabled 

the SLMP-induced prelithiation of graphite-silicon without electrolyte in all-solid-state 

batteries.136 

Here, we introduce a simple pressure-induced prelithiation strategy for Si anodes during 

ASSB fabrication and the prelithiated Si anode was characterized using solid-state nuclear 

magnetic resonance (ssNMR). The performance of our prelithiated Si anode was evaluated in 

symmetric-, half-, and full-cells. In this work, the effectiveness of the prelithiation in ASSB was 

assessed depending on cathode selection and N/P ratio for the first time. Regarding long term 

cyclability, a cell of prelithiated Si paired with LCO showed a high ICE of over 95% with a stable 

cyclability for 1000 cycles at 5 mA cm–2 current density.  

Interestingly, we revealed that cathode irreversibility determined the effect of prelithiation 

on the full-cell and high N/P ratio Si cells behaved completely different from the liquid 

counterparts with the presence of excess Si. For solid-state cells, instead of having a low state of 

charge within the anode, Si becomes partially lithiated at its 2D interface and consistently acts like 

a cell with N/P ratio of 1. This behavior can be translated within a full cell, where the ICE was 

constant regardless of the N/P ratio. Moreover, the improved ICE was achieved even with a high 

loading of 10 mAh cm-2 from the prelithiated Si, showing the true viability of the Si anode with a 
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high-loading cathode. Based on the novel understanding, our work provides the insight to properly 

adopt prelithiated Si in ASSB configuration. 

 

 

 

Figure 3.1 Comparison of Si and prelithiated Si for all-solid-state batteries. A radar comparison 
chart of Si (light blue shade) and prelithiated Si (green shade) anodes for various electrochemical 
properties and battery performance metrics.  

 

3.2 Methods 

3.2.1 Materials Preparation 

Li6PS5Cl (LPSCl, NEI Corporation, USA) was used for the solid-state electrolyte (SSE) 

separator layer and cathode composite preparation. For cathode composite purposes, the LPSCl 

particle size was reduced using an EMAX ball mill (Retsch, Germany). The ball milling was 
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conducted for 2 hours at 300 rpm, using anhydrous xylene as a medium. Lithium cobalt oxide 

(LCO, MSE Supplies, USA), coated with a niobium-based layer, was used as received. The 

cathode composite was prepared by hand-mixing using a weight ratio of LCO : LPSCl = 70 : 30.  

For the preparation of lithiated Si, Si (Sigma Aldrich, USA) and stabilized Li metal powder 

(FMC, USA) was vortex mixed for 3 min. The mixture was subsequently pressed using a hydraulic 

press at 100 MPa for 30 s. 

 

3.2.2 Materials Characterization 

For the 7Li solid-state NMR (ssNMR) measurements, all one-dimensional spectra were 

acquired at 18.8 T (800 MHz for 1H) on a Bruker Ultrashield Plus standard bore magnet equipped 

with an Avance III console. The measurements were carried out using a 3.2 mm HXY MAS probe, 

and 3.2 mm single cap zirconia rotors packed and closed with a Vespel cap under Ar with a PTFE 

spacer between the sample and cap to further protect the sample from air exposure. A flow of N2 

gas at 2000 L h–1 was used to protect the sample from moisture contamination. Data were obtained 

using a static spin-echo pulse sequence (30°-TR-60°-TR-ACQ) with a 10 μs echo delay (TR). 

Rotors were kept static throughout each measurement to avoid sample evolution caused by 

frictional heating during magic angle spinning (MAS). 30° and 60° flip angles of 1.617 μs and 

3.234 μs at 200 W, respectively, were used, and recycle delays of 10-90 s between scans were 

applied according to the longitudinal (T1) relaxation properties of the sample. 7Li chemical shifts 

were referenced to a 1 mol/L LiCl liquid solution at 0 ppm. Pulse lengths were calibrated on a 

liquid solution consisting of 80% volume saturated LiCl and 20% volume 1 mol/L CuSO4. All 

spectra were processed with Topspin 3.6 and fitted with an in-house python code. T2* 

measurements on each sample were also conducted to compensate for uneven signal decay of the 
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Li metal and diamagnetic components during the 10 μs echo delay. On each sample, a series of 

static spin-echos (30°-TR-60°-TR-ACQ) with variable echo delays was acquired and the spectra 

were integrated from 240-280 ppm and –200-200 ppm to account for Li metal and the overlapping 

diamagnetic signals, respectively.  

FEI Scios Dualbeam (ThermoFisher Scientific) was used for cross-sectional images. The 

sample transfer was performed using an air-tight transfer arm from the Ar-filled glovebox to the 

FEI Scios Dualbeam chamber for no air exposure during the transfer process. After the sample 

mount, liquid nitrogen and the heat exchanger were set to perform cryogenic ion beam milling and 

electron beam imaging to minimize Li damage. The ion-beam milling to prepare the cross-section 

of samples was performed using a Ga+ source. The sample was milled at 30 kV and 65 nA and 

cleaned at 30 nA and 15 nA afterward. All the electron beam imaging was done using 5 kV and 

0.1 nA settings. 

 

3.2.3 Electrochemical Characterization 

Two titanium rods were used as current collectors at each end of the Li metal. The solid-

state separator layer was fabricated by first putting 75 mg of LPSCl in a 10 mm inner diameter 

polyether ether ketone holder, which was then compressed between two titanium rods at 370 MPa. 

LCO cathode composite of 30 mg (active loading of 26.7 mg/cm2) was placed on top of the LPSCl 

separator pellet and pressed at 370 MPa using a hydraulic press. 5 mg of Si was put for all Si and 

lithiated Si cells in this work. Si and LixSi were inserted onto the other side of the LPSCl separator 

pellet and pressed at 100 MPa.  The cells were set to 75 MPa before cycling started. The full cell 

configuration follows the same protocol except one Li side is replaced with a cathode composite. 

All cell cycling was performed at room temperature using in the Argon-filled atmosphere 
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glovebox. The battery cells were cycled using a Neware Battery cycler and analyzed with BTS900 

software. EIS measurements were conducted using Biologic SP-200. The frequency range was 

from 10 MHz to 0.1 Hz, with an applied AC potential of 10 mV. Direct current polarization was 

conducted to measure the electronic conductivity of LixSi by applying the voltage of 100 mV for 

3 min. 

 

3.3 Results and Discussion 

3.3.1 Pressure-induced Prelithiation of Si 

3.3.1.1 Morphology of Pressure-induced Prelithiation of Si 

Prelithiation of Si was conducted via a simple mixing process coupled with a pressurizing 

step. In this work, an anode composed of vortex-mixed Si and SLMP was introduced for the first 

time in an ASSB.  Different amounts of SLMP were mixed with Si powder to produce LixSi 

alloys with a molar ratio x = 0.25, 1, and 2 (e.g., Li0.25Si, Li1Si and Li2Si). We note that those x 

values assume that the SLMP in Si powders have fully reacted. The morphology of Si and 

SLMP was investigated with scanning electron microscopy (SEM), indicating a particle size 

distribution of 2 – 5 m for Si and 10 – 60 m for spherical SLMP (Figure 3.2a, b). From Figure 

3.3a, we find that Si and Li domains in the final Li1Si powder retain the morphology of the 

precursor particles. The absence of energy dispersive X-ray spectroscopy (EDS) signal from 

spherical regions within the Li1Si powder sample allow their assignment to pure lithium metal due 

to the low energy of the Li X-ray transition (Figure 3.3a). In Figure 3.3b, a cross-sectional focused 

ion beam scanning electron microscopy (FIB-SEM) image was obtained on a 200 MPa pressed 

Li1Si pellet. The pressed Li1Si sample exhibits two types of domains: 1) regions comprised of 

distinct Si and Li sub-domains, and 2) regions where the Si and Li precursors alloyed to form a 
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new chemical composition. In the first type of domain, Li sub-domains are sandwiched between 

Si domains, resulting in a different morphology from the SLMP precursor powder. Again, no 

EDS signal could be detected from those Li-rich sub-domains. The second type of domain has an 

entirely different morphology from the pristine Si and SLMP powders, that is more comparable 

to charged (lithiated) Si where the gap between individual Si particle disappears and large Si blocks 

are formed instead. Additionally, Si EDS signal can be detected from those regions. Those analysis 

indicate that after pressing at 200 MPa for 30 s, the Li1Si anode exhibits unreacted Li and Si, as 

well as a Li-Si alloy phase. During the pressure-induced lithiation, Si is lithiated by diffusion of 

Li which would follow the Fick’s second law of diffusion at the contact point of Li and Si. 

However, the contact area of Li and Si particles is limited when the Li and Si mixture is pressed 

at low pressure (Figure 3.4a). In Figure 3.4b-c, the 400 MPa pressed Li1Si showed less remaining 

Li metal compared to 200 MPa the pressed pellet.  

 
Figure 3.2 SEM images of (a) Si, (b) SLMP (Li), (c) vortex mixed Si and Li. (d) SEM image of 
vortex mixed Si and Li and corresponding Si EDS from the same area. 
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Figure 3.3 Morphology and NMR spectra of pressure-induced lithiation of Si. a) FIB/SEM cross-
sectional image of non-pressed (0 MPa, 0 s) and b) pressed (200 MPa, 30 s) Li1Si pellet before 
cycling. c) 7Li NMR spectra of Li1Si with different pressure and time. 

 

 

 
 
Figure 3.4 (a) Schematic of pressure-induced lithiation at low pressure (top) and high pressure 
(bottom). The hypothetical concentration of Li with respect to distance from the Li and Si contact 
point is shown on the right side. (b) Cross-sectional FIB/SEM image of Li1Si at 200 MPa (c) Cross-
sectional FIB/SEM image of Li1Si at 400 MPa. 
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3.3.1.2 NMR of Pressure-induced Prelithiation of Si 

To better understand the extent of alloy formation from pressurizing SLMP and Si 

precursors, 7Li ssNMR was used to probe the chemical state of bulk lithiated Si. ssNMR is crucial 

here, as lithiated Si is amorphous and cannot be studied using standard diffraction methods. 7Li 

ssNMR, on the other hand, is sensitive to crystalline and amorphous phases alike and allows to 

distinguish and, in theory, quantify Li metal (265 ppm)137 from the Li-Si alloy (broad signal 

centered around 0 ppm)133 as their respective signals are well resolved. However, the penetration 

of the radiofrequency (RF) pulses used to excite the nuclear spins in a ssNMR measurement into 

metallic samples is limited and inversely proportional to the square root of the electronic 

conductivity. This results in a so-called “skin depth” of around 7.4 m for Li metal (with an 

electronic conductivity of 1.1 × 107 S/cm)138 under the chosen experimental conditions,139 which 

is lower than the radius of some pristine SLMP particles (5 – 30 m) and thus leads to an 

underestimation of the amount of metallic Li in the sample. The Li-Si alloy phases that form in the 

samples under consideration are many orders of magnitude less conductive than Li metal, as will 

be discussed in the next section, and their minimum skin depth of ~570 μm (calculated based on 

Li2Si electronic conductivity) ensures that such regions can be probed quantitatively with 7Li 

ssNMR. We note, however, that the Li-Si alloy signal likely overlaps with minor diamagnetic 

impurity phases that inevitably form at the surface of metallic Li (even when air/moisture exposure 

was avoided by handling the samples in the glovebox at all times), including LiOH and Li2CO3 

resonating at ~0 ppm.140 In Figure 3.3c, 7Li ssNMR was conducted on several SLMP + Si 

samples subjected to pressures varying from 0 to 400 MPa for 30 s to 3 minutes to determine the 

conditions under which maximum Si prelithiation is achieved. Given that the size distribution of 

metallic Li sub-domains in the pressed samples is on par with the particle size distribution of the 
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SLMP precursor, the relative amount of Li metal detected by 7Li ssNMR follows the same trend 

as the actual amount of metallic Li in the samples of interest to this work, despite skin depth issues. 

This allows us to use the relative integrated intensity of the Li metal and Li-Si alloy signals in the 

7Li ssNMR spectra to follow the incorporation of Li into Si as a function of sample processing 

conditions. The impact of ssNMR signal (T2*) relaxation during data acquisition was accounted 

for in the quantification of the observable Li signals (see results in Table 3.1) for all samples 

except the unpressed Li1Si for which a T2* measurement could not be conducted due to sample 

evolution in the spectrometer. The unpressed Li1Si sample contains the most Li metal and a smaller 

fraction of the Li-Si phase, with the 0 ppm resonance accounting for 27.8 % of the total 7Li ssNMR 

signal intensity. Despite the lack of T2* adjustment for this sample, these results are expected to 

hold as the changes in Li molar % from T2* adjustment of Li metal or diamagnetic phases for other 

samples are smaller than 1%. Conversely, pressed Li1Si samples exhibit > 92% of the total 7Li 

signal intensity at 0 ppm, indicating the presence of a major Li-Si alloy phase. The relative intensity 

of the 0 ppm signal as compared to the Li metal signal increases with higher pressure and longer 

pressing time, indicating an increased fraction of Li-Si alloy in the sample. For example, applying 

200 MPa of pressure for 3 min (green) leads to greater Li incorporation into the Si phase than 

applying the same amount of pressure for 30 s (blue), as evidenced by the 98.2 and 92.9% of the 

total 7Li ssNMR signal intensity present at 0 ppm for these two samples, respectively. Those results 

indicate that a Li-Si alloy can be formed by pressurizing the SLMP and Si precursor powders in 

the absence of electrolyte, demonstrating that the latter is not required to facilitate the alloying 

reaction unlike previously thought.141 Interestingly, unpressed LixSi samples evolve over the 

course of the ssNMR measurements, while the composition of pressed samples remains stable.  

This is shown in  Figure 3.5, where 7Li ssNMR spectra collected on four different LixSi samples 
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(Li1Si and Li2Si non-pressurized and pressurized at 200 MPa for 30 s) before, during, and after a 

T2* relaxation time measurement, are compared. For the unpressed samples, the 0 ppm signal 

increases over the course of the measurement, indicating that Li-Si alloying is taking place over 

time. On the other hand, the spectra of the pressed samples do not evolve because Si has already 

been lithiated at 200 MPa and is stable under ambient conditions. The homogeneity of NMR 

spectra with the fitting is provided in Figure 3.6. 

Table 3.1 Relative ratio (in Li mol.%) of observed 7Li ssNMR signal intensity corresponding to 
metallic Li and to a Li-Si alloy. 7Li ssNMR spectra were acquired on vortex-mixed powders with 
nominal composition Li1Si after application of pressures varying from 0 to 400 MPa for 30 s to 3 
minutes. The relative ratios are given before and after adjusting for spin-spin (T2*) relaxation of 
the 7Li ssNMR signal during data acquisition. The T2* relaxation time of Li metal was measured 
on a pure SLMP sample, fitted to a single stretched exponential decay function, and used to scale 
the metallic Li signal observed in the spectra obtained on all samples. The T2* relaxation time for 
the diamagnetic components, including the Li-Si alloy phase, was measured on each sample due 
to expected changes in Li-Si alloy composition with pressure, and fitted to a stretched exponential. 
For the unpressed sample, the T2* of the Li-Si signal could not be determined as it evolved during 
the T2* measurement (see Figure 3.5).  
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Figure 3.5 7Li ssNMR spectra of vortex-mixed (a, b) Li1Si and (c, d) Li2Si samples. The samples 
were either unpressed (a, c) or pressed at 200 MPa for 30 s. For each sample, 7Li ssNMR spectra 
were obtained before, during, and after the spin-spin (T2*) relaxation time measurement. For the 
two unpressurized samples (a, c), the Li-Si alloy signal grows during the T2* measurement, 
precluding an accurate estimation of its T2* relaxation time. 

 

Regarding homogeneity of NMR spectra, we conducted additional fits on each of the 

spectra presented in Figure 3.3c of the manuscript. Fits are presented in Figure 3.6 below. The 

Li-Si resonance for the unpressed sample is centered at 16.5 ppm, which corresponds well to the 

reported resonance for Li7Si31. The spectrum obtained on the sample pressed at 100 MPa for 30 s 

exhibits resonances at 69.4 ppm and 3 ppm, which are tentatively assigned to Li21Si5 and Li15Si4, 
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respectively.1 Fits for the spectra obtained on the samples pressed at 200 MPa and 400 MPa for 30 

s as well as 200 MPa for 3 min are nearly identical and are fit with a single sharp resonance 

centered between 10.2-11.5 ppm, and a much broader resonance centered between 15-30 ppm. The 

sharp resonance in these samples is tentatively assigned to Li13Si4, while the broad component is 

due to a combination of other LixSiy phases present.142 An additional, weak signal at –67 ppm is 

observed in each spectrum and could not be assigned to a known Li-Si phase.  

Based on the above results, it appears that the least homogenous sample is the sample pressed at 

100 MPa for 30 s as it likely contains both Li21Si5 and Li15Si4. While the unpressed sample 

spontaneously formed some Li7Si3, it is still mostly composed of unincorporated Li metal. Pressing 

the Li-Si mixtures at higher pressures and for longer durations forms a larger phase fraction of the 

Li-Si alloy and appears to yield a more consistent mixture of LixSiy phases, mostly consisting of 

Li13Si4. While consistency across samples should not be conflated with a homogenous distribution 

of phases throughout individual samples (NMR does not provide any information on the spatial 

distribution of the phases), the larger pressure applied on these samples likely forces more intimate 

contact and reactions between the SLMP and Si alloy that drives the formation of mostly Li13Si4. 
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Figure 3.6 Fits conducted on 7Li ssNMR spectra obtained on Li1Si mixtures pressed under various 
conditions. All spectra were obtained at 18.8 T with a spin-echo pulse sequence using 30° and 60° 
flip angles under static conditions. 
 

3.3.2 Electrochemical comparison of LixSi in symmetric, half, and full cells  

Although Si is a semiconductor, its low electronic conductivity (in the range of 10–4 S cm–

1), results in a large overpotential within the cell. The conventional way to overcome this barrier 

is to add carbon or some conductive agent, creating a silicon composite anode. However, the 

addition of Li into silicon could be another way to increase the electronic conductivity of Si 

dramatically. Figure 3.7a shows that as Li content increases, the LixSi electronic conductivity 

increases from 10−4 (Li0Si) to 10 S cm−1 (Li2Si). Since pressure-induced lithiation of Si was proven 

to be an effective approach from the previous section, we evaluated the electrochemical properties 

of LixSi in the cell configuration of symmetric, half and full cells. In Figure 3.7b, the plating and 

stripping of LixSi symmetric cells were conducted to evaluate the overpotential of each cell. The 
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overpotentials of cells decrease with more Li in Si, which is consistent with higher electronic 

conductivity of higher Li content Si from Figure 3.7a. The high electronically conductive Li2Si 

symmetric cell had much smaller overpotential than Li0.25Si symmetric cell. Electrochemical 

impedance spectroscopy (EIS) was used to evaluate the resistance of LixSi symmetric cells before 

and after lithiation and delithiation respectively in Figure 3.7c and Figure 3.7d. Before plating 

and stripping, the resistance of Li0.25Si is higher than that of Li1Si or Li2Si due to the poor contact 

between two electrodes and LPSCl electrolyte pellet because of stiffness of low lithiated silicon 

(please note that the resistance of around 35 Ohm mainly comes from the ionic conductivity of 

LPSCl pellet between two electrode (~ 2.2 mS cm–1). The resistance value slightly decreased after 

plating and stripping, maintaining the trend of higher Li content in Si resulting in lower impedance. 

The resistance values of Li1Si and Li2Si before and after plating were comparable to the ionic 

conductivity of the sulfide electrolyte Li6PS5Cl (LPSCl) electrolyte layer, indicating Li1Si nor 

Li2Si is not a dominant component of the cell resistance. Figure 3.7e shows the half-cell 

configuration of LixSi with Li metal. All LixSi was first lithiated for 1-hour and then delithiated 

for 1-hour at the same current density. Interestingly, all LixSi exhibited similar overpotential during 

the lithiation, indicating that Li reacting with Si into LixSi requires a similar amount of 

overpotential. The non-prelithiated Si clearly showed a higher overpotential when it was first 

lithiated due to its poorer electronic conductivity. However, the overpotential of the delithiated 

process is prominently different depending on the degree of prelithiation. This indicates that the 

amount of prelithiation eventually affects the electronic/ionic conductivity of silicon during charge 

and discharge. There are two  sources of irreversible capacity during the first cycle; one is the 

electrolyte decomposition on the interface and the other is Li trapped inside Si,91 which are 

successfully compensated for by our prelithiation strategy.  
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Figure 3.7 Conductivites and electrochemical properties of LixSi in symmetric and half-cells. a) 
The electronic conductivity of Si and vortex mixed Li1Si using direct current polarization. b) 
Plating and stripping of LixSi (x=0.25, 1, and 2) for 20 cycles at 0.2 mA cm–2. c) EIS measurement 
of LixSi symmetric cell before plating/stripping. d) EIS measurement of Li1Si symmetric cell after 
plating/stripping at 0.2 mA cm−2. e) Lithiation and delithiation of LixSi half-cells with different 
lithiation states. 

 

In Figure 3.8a, full cells with the following configuration, LixSi | LPSCl | LCO, were 

fabricated and cycled at C/20 to study the effect of various prelithiation amounts in Si, which was 

to evaluate the first cycle performance with limited lithium inventory. Although the charge 

capacities of all LixSi were similar, the discharge capacity of LixSi showed significant differences. 

This result is also reflected in the half-cell configuration in Figure 3.7e, where lithiation of Si 

(charging) is comparable but delithiation of Si (discharging) shows a dramatic change in ICE. The 

ICE of the LCO-Si full cell was 78.3% whereas the ICE of LCO-Li1Si and LCO-Li2Si was 

increased to over 95% (Figure 3.8b).  
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Figure 3.8 First cycle performances of LixSi full-cells. a) 1st cycle voltage curve of LixSi full cells 
with different lithiation states. LCO | LPSCl | LixSi cells were cycled at room temperature and 75 
MPa. b) Initial Coulombic efficiency trend of LixSi (x = 0, 0.25, 1, and 2). 
 

3.3.3 Full Cell ICE: Irreversible Capacity of Electrodes and N/P Ratio 

3.3.3.1 Cathode limiting or anode limiting: NCM811/LCO and Si/Li1Si   

Two different cathodes were paired with Si and Li1Si to elucidate the limiting component 

of the system (Figure 3.9). Based on the half-cell data of each component with a Li counter 

electrode, we can assume ICE of NCM as 75%, Si as 80%, and LCO as 95% (Figure 3.10). For 

NCM and LCO cathode paired with Si and lithiated Si, we can assume four cases. (Figure 3.9a) 

For the NCM/Si full-cell, the overall ICE is limited by the ICE of NCM, while the Si ICE 

determines the ICE of the LCO/Si full-cell. Therefore, pairing NCM with lithiated Si with excess 

Li on the anode side, the cell will still be limited by the ICE of NCM and will be unable to utilize 

the excess Li. However, by pairing LCO with lithiated Si, we can utilize the excess Li during the 

first discharge, and the cell can reach the ICE limit of LCO yielding 95%. Therefore, Case 1 

(NCM/Si) and 3 (NCM/LixSi) can be regarded as the cathode-limiting system, while Case 2 

(LCO/Si) is anode-limiting system. This means that prelithiation is only effective if the full-cell is 
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anode limited.  Cells corresponding to each of these four cases were fabricated to demonstrate this 

hypothesis. In Figure 3.9b, which shows the NCM811 case, the ICE improvement at C/20 was 

marginal after prelithiation. However, the ICE of LCO cells increased significantly from 78.3% to 

95.7% (Figure 3.9c). The first-cycle voltage profiles from these cells were consistent with the 

hypothesis illustrated in Figure 3.9a Case 2 and Case 4. As the Figure 3.9a Case 4 achieved the 

highest ICE of 95.7%, the further long cycling and higher loading efforts are all made in this 

configuration. For  From the rate tests in Figure 3.11a and b, lithiated Si always showed higher 

discharge capacity than non-lithiated Si for all current densities. 
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Figure 3.9 Prelithiation driven improvement of cathode anode limiting cases. a) Schematic 
illustrating ICE estimates of the Si and Li1Si paired with NCM and LCO cathodes. First-cycle 
voltage profiles of b) NCM811 and c) LCO paired with Si and Li1Si at C/20 
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Figure 3.10 Half-cell data of (a) NCM, (b) LCO, and (c) Si with Li metal counter electrode. All 
cells were cycled at C/10, room temperature, and 10 MPa.  

 

 

Figure 3.11 Rate tests of (a) NCM 811 and (b) LCO paired with Si and Li1Si  

 

3.3.3.2 N/P Ratio Consideration 

There is one more important point regarding the N/P ratio. Although the illustration in 

Figure 3.9a explained the ICE of full-cell depending on the cathode-/anode-limiting system based 

on the N/P ratio of around 1, we obtained the experimental results (Figure 3.9b and 3.9c) at the 

relatively high N/P ratio of 4.4. A high N/P ratio generally decreases ICE since irreversible 

lithium/electron consumption happens at a relatively high voltage (the initial stage of the lithiation 

process). However, our results show that the full-cell which has a wide range of N/P ratio (1~3.3) 
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exhibits similar ICE values (Figure 3.12), because some anode parts practically don’t participate 

in the lithiation process (Figure 3.13). It makes the effective N/P ratio of our solid-state cell around 

1, consistent with the illustration. Therefore, the discussion at the beginning of this section of Case 

1 to Case 4 is valid even with higher loading of Si. 

 

 

Figure 3.12 Theoretical and experimental Coulombic efficiency of NCM-Si and LCO Si of N/P 1 
to 3.3. 
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Figure 3.13 Cross-sectional FIB/SEM image of charged Si full cell of (a) N/P 1.2 and (b) 3.3. (c) 
EDS mapping of the charged N/P 3.3 Si cell. (d) Line scan of the charged N/P 3.3 Si cell. The line 
scan points and distance were denoted in Figure S8c. 

 

The morphology of Li1Si upon charging and discharging was demonstrated in Figure 3.14. 

The charged Li1Si cross-sectional image shows that the partial utilization of Si is valid even in the 

Li1Si case, meaning only the LPSCl facing side of Li1Si gets lithiated whereas the opposite current 

collector side still has unreacted Li metal (dark) as we discussed earlier. The discharged sample 

exhibited surface cracks in some parts of the electrode (Figure 3.14f) where the cross-sectional 

image of the non-cracked part was shown in Figure 3.14d and the cracked part shown in Figure 

3.14e, which indicated the existence of a huge volume change of the silicon electrode. In addition, 

the volume expansion from pristine to charged state was ~200% (Figure 3.14), and the discharged 

state showed minimal difference in thickness compared to the pristine state. The volume expansion 
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rate seems to be below the reported lithiated Si, but this is mostly because Li1Si was partially 

lithiated where part of the anode was not utilized. Still, the relatively lower volume expansion rate 

could benefit the long-term cycling of Li1Si. 

 

 
 

Figure 3.14 Cross-sectional FIB/SEM image of (a) pristine, (b) charged (d) discharged non-
cracked spot (e) discharged cracked spot. Surface SEM image of (c) charged and (f) discharged. 
All images were obtained from Li1Si samples. The charged and discharged samples were all first 
cycle results of Li1Si cells. 

  

3.3.4 Ramping test and long cycling of prelithiated Si 

A ramping test using Si (Figure 3.15a) and Li1Si (Figure 3.15b) was conducted to evaluate 

the lithiation effect on critical current density. Both Si and Li1Si did not short, even up to 10 mA 

cm−2. The areal capacities of a LCO cathode composite in all cells were 4 mAh cm−2. For the first 

cycle at 0.25 mA cm−2, both cells showed similar charge capacity suggesting good utilization of 
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the cathode materials from the same loading. However, from the first discharge step, the difference 

in capacity begins to dominate, which is always higher when paired with Li1Si. The cycling 

stability of both Si and Li1Si full cells, cycled at 5 mA cm−2 is shown in Figure 3.15c. Even with 

the high rate of 1.25C (1C = 4.0 mAh cm−2), the retention of Li1Si cell was 73.8% after 1000 cycles 

with an average CE of 99.9%, whereas the non-lithiated Si cell demonstrated 58.7% retention after 

1000 cycles. As discussed in Figure 3e, for the Si full-cell, decrease in reversible capacity 

originates from electrolyte decomposition at the interface (especially LPSCl/Si interface) and Li 

trapped in Si. Even though stabilized LPSCl/Si interface after first few cycles helps the Si full-

cells to have excellent CE and cyclability, it can be clearly seen that cells with more Li inventory 

(excess Li by prelithiation) have better cyclability. This further supports the room temperature 

lithiated Si could work at high rates for extended cycling.  
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Figure 3.15 Cycling performance of Si and Li1Si full cells. Ramping test to evaluate the critical 
current density of (a) Si and (b) Li1Si. (c) Cycling performance of Si and Li1Si cell at 5 mA cm–2. 

 

Interestingly, the cycling trend of lithiated Si shows an initial discharge capacity increase 

rather than decay. To better understand the full cells, EIS was measured for both cases upon 

cycling. This initial increase in discharge capacity could be attributed to residual Li metal not 

lithiated to LixSi which then becomes lithiated electrochemically in subsequent cycles. In Figure 

3.16, in-situ EIS of the full cell using both Si and LixSi shows a decrease in resistance as it cycles. 

However, the magnitude of the resistance decrease is much higher for the LixSi. This implies that 

the remaining Li in LixSi would keep lithiating the unlithiated Si as it cycles. 
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Figure 3.16 EIS of Si and Li1Si upon cycling 

 

3.3.5 High Loading Full Cell with Improved ICE 

Considering the amount of Si used in the cell, all cells exhibit a high N/P ratio. The amount 

of Si used was fixed to 5 mg for all cells, yielding ~14 mAh of theoretical anode capacity and N/P 

~ 4.4. As such, increasing the cathode loading to match the high capacity of anode was needed. 

However, with regards to the high-loading thick electrode, an inhomogeneous reaction within the 

thick electrode has been reported previously, showing lithium-ion diffusion limitation which 

resulted in the state of charge variation.143,144 Therefore, a dry processing of cathode film 

consisting of cathode, catholyte and polytetrafluoroethylene (PTFE) binder was fabricated to 

achieve a better homogeneous electrochemical pathway within the thick electrode.145 The cathode 

loadings were further increased in Figure 3.17, from dry process LCO loading of 22 mg to 42 mg 

and 57 mg, each corresponding to 3.7 mAh cm–2, 8.0 mAh cm–2 and 10.8 mAh cm–2 of theoretical 

cathode capacity. The areal capacity from three different cathode loadings corresponds well with 

these theoretical cathode capacities. (Figure 3.17a) The gravimetric capacity of two higher loading 

cells decreased by 10 mAh g–1, however, even for the 10 mAh cm–2 cell, capacity close to 
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theoretical capacity of LCO was achieved. This demonstrates the high capacity of lithiated Si in 

the full cell configuration. The energy density of the high loading cell has been calculated to be 

236 Wh kg–1 and 947 Wh L–1 for the high loading 10.8 mAh cm–2 cell shown in Figure S11, which 

is based on the assumption that the solid electrolyte layer is 30 µm. 

 
Figure 3.17 Voltage profiles of LCO cathode high loading cell paired with Li1Si (a) areal capacity, 
(b) gravimetric capacity. 
 
3.4 Conclusion 

All-solid-state Si batteries have shown promising potential to enable high-capacity anode without 

continual SEI growth. However, the low ICE of Si remained a challenge to overcome for all-solid-

state batteries. Here, a prelithiation strategy using the stabilized lithium was adopted to improve 

the ICE and conductivity of anodes. The lithiated Si was examined in symmetric-, half-, and full-

cell configuration to understand the cell- level improvement of each component. With Li1Si and 

LCO used as the anode and cathode, respectively, the full cell showed over 95% of ICE. In this 

work, we have identified why the prelithiation effect would dominate only for the anode-limited 

cases by comparing NCM and LCO paired with Si and LixSi. The ramping test and the long cycling 

performance were evaluated for both Si and Li1Si cells. The Li1Si demonstrated a large 
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improvement of 73.8% after 1000 cycles, a 15% improvement in retention. Furthermore, using 

Li1Si, a high areal capacity of 10 mAh cm–2 was achieved and demonstrated using a dry-process 

LCO film, demonstrating that the lithiated Si could be a suitable candidate to be used in high-

energy-density next-generation batteries. 
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Chapter 4 Summary and Perspective 
 

 
All-solid-state batteries (ASSBs) have gained significant attention from both academia and 

industry in recent years. The progress made in the past five years has been remarkable, with 

groundbreaking papers being published regularly. The growth in this field is accelerating as 

ASSBs benefit from the application of cathode and anode materials traditionally used in 

conventional lithium-ion batteries (LIBs). Notably, ASSBs have achieved breakthroughs such as 

anode-free configurations and pure silicon anodes, which can significantly improve gravimetric 

energy density and offer unprecedented cyclability compared to LIBs. 

Major companies from Japan (Nissan, Toyota, Honda) and Korea (Samsung and LG 

Energy Solution), along with U.S. startups like SolidPower, have publicly announced plans to 

commercialize ASSBs by 2030. Although previous target dates for commercial production have 

not always been met, the presence of pilot production lines for ASSBs is increasing. Assuming 

these companies succeed in mass-producing ASSBs and they become a viable option for electric 

vehicles (EVs), electric vertical take-off and landing (eVTOL) aircraft, or small electronics, the 

best choice will depend on several factors. Realistically, ASSBs will likely have a higher price 

point compared to mass-produced LIBs. Therefore, to justify the cost, ASSBs must offer 

significantly superior features, such as extremely high energy density enabled by silicon or lithium 

metal anodes, and enhanced safety due to non-flammable solid electrolytes. The most promising 

market for such batteries would be premium EVs with energy densities of around 500 Wh/kg that 

could promise the longer driving range.  
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Despite significant progress, several challenges remain unresolved in the development of 

ASSBs. The primary obstacles are as follows: 

1. Stack pressure management: The most critical issue is managing stack pressure, including 

both external pressure and pressure changes during cell cycling. ASSBs depend on solid-

to-solid contact, and materials with high volume changes can lead to contact loss and cell 

degradation over time. To address pressure issues, a stable pressure application setup is 

necessary to operate ASSBs within an appropriate pressure range. While proof-of-concept 

studies have demonstrated constant pressure and isostatic pressure setups, these methods 

have yet to be scaled to industrial levels. Additionally, designing cells with zero net volume 

expansion could mitigate pressure changes. High-capacity anodes like lithium metal and 

silicon undergo significant volume expansion. Although various strategies, such as using 

nanostructures, have been developed to reduce this expansion, it is unlikely that these 

anodes will experience no volume change during cycling. Pairing these high-volume 

change anodes (Li metal or Si) with other volume-changing cathodes (sulfur) could be a 

solution. With proper calculations, the net volume change could be zero, thereby alleviating 

pressure concerns. 

2. Operating temperature: Current ASSBs require high temperatures to operate efficiently. 

For example, the state-of-the-art cell showed impressive cyclability at 60°C, but the 

capacity obtained at room temperature was significantly lower. 

3. Fast discharge (high-power viability) and fast charge capability: The current state of fast 

discharge or high-power capability is insufficient for applications such as eVTOL (electric 

vertical takeoff and landing). Because Li metal anode is not limited by low diffusivity like 

Si, it is more likely to achieve fast discharge. The fast charging capability also needs 
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improvement, as lengthy charging processes would make ASSBs unsuitable as a power 

source for eVTOL. Due to the low critical current density of Li metal cells, Si would be a 

better anode candidate for fast charging cells. 

4. Cycle life: The cycle life of ASSBs is a major concern. Given the high projected cost of 

ASSBs, frequent replacement after a few hundred cycles would not be commercially viable. 

Repeated charge and discharge cycles can cause mechanical stress and material 

degradation, leading to capacity fade over time. 

5. Solid electrolyte improvement: The current solid electrolytes, such as lithium argyrodite 

sulfide, have limited electrochemical windows, ionic conductivity, processability, and 

moisture sensitivity. Improving the solid electrolyte material itself could lower the solid 

electrolyte fraction in the cathode composite, resulting in higher active loading. 

6. Manufacturing costs: ASSBs are currently more expensive to manufacture than 

conventional batteries, losing cost competitiveness. Both material and processing costs 

need to be reduced. The current warm isostatic press method for ASSB fabrication is 

limited to batch processing and has not been translated to a continuous process. The 

combined high cost of materials and processing results in a higher price compared to 

conventional batteries. 

By addressing these challenges and leveraging the inherent advantages of ASSBs, 

commercial production and widespread adoption in high-performance applications can be 

achieved. This dissertation focused on high-capacity anodes for ASSBs. The use of lithium metal 

anodes in ASSBs requires solving cell shorting driven by dendrite propagation, thus critical current 

density evaluation and volume expansion accommodation through a modified cycling framework 

were revisited. Silicon anodes were also discussed, with a prelithiation strategy to overcome the 
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first cycle capacity loss. Prelithiated silicon cells achieved high initial capacity with higher 

operational current density, and the formation of silicon alloys within thick anode layers was 

examined to further understand silicon in ASSBs. Overall, this dissertation aimed to deepen the 

understanding of high-capacity anodes for ASSBs and address the challenges outlined above. 
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