
              

 

Mitigating Interfacial Degradation in Sulfide-Based 

Solid-State Batteries using Polymer Coatings and 

Surface-Modified Solid Electrolytes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Bing-Xuan Shi 

 

 

 

 

  April 2025  

  

Dem Fachbereich Biologie und Chemie 

der Justus-Liebig-Universität Gießen vor-

gelegte Dissertation zur Erlangung  

des akademischen Grades  

Doktor der Naturwissenschaften 



              

 

 



 

              

 

 

 

 

 

 

 

 

 

Dekan/Dean Prof. Dr. Thomas Wilke 

1. Gutachter / 1st Reviewer 
Prof. Dr. Jürgen Janek 

(Justus-Liebig-Universität Gießen) 

2. Gutachter / 2nd Reviewer 
Prof. Dr. Helmut Ehrenberg 

(Karlsruher Institut für Technologie) 

  

Eingereicht / Submitted 11.04.2025 

  



 

              

  



Eigenständigkeitserklärung / Declaration of Originality 

Die vorliegende Arbeit wurde im Zeitraum vom 01.03.2021 bis 11.04.2025 am Physikalisch-Chemischen 

Institut der Justus-Liebig Universität Gießen unter Betreuung von Prof. Dr. Dr. h. c. Jürgen Janek ange-

fertigt.  

Ich erkläre: 

Ich habe die vorgelegte Dissertation selbstständig und ohne unerlaubte fremde Hilfe und nur mit den 

Hilfen angefertigt, die ich in der Dissertation angegeben habe. Alle Textstellen, die wörtlich oder sinnge-

mäß aus veröffentlichten Schriften entnommen sind, und alle Angaben, die auf mündlichen Auskünften 

beruhen, sind als solche kenntlich gemacht. Ich stimme einer evtl. Überprüfung meiner Dissertation 

durch eine Antiplagiat-Software zu. Bei den von mir durchgeführten und in der Dissertation erwähnten 

Untersuchungen habe ich die Grundsätze guter wissenschaftlicher Praxis, wie sie in der „Satzung der 

Justus-Liebig-Universität Gießen zur Sicherung guter wissenschaftlicher Praxis“ niedergelegt sind, ein-

gehalten. 

This thesis was prepared in the period from 01.03.2021 to 11.04.2025 at the Physical-Chemical Institute 

of the Justus Liebig University Giessen under the supervision of  

Prof. Dr. Dr. h. c. Jürgen Janek. 

I declare that I have completed this dissertation single-handedly without the unauthorized help of a 

second party and only with the assistance acknowledged therein. I have appropriately acknowledged 

and cited all text passages that are derived verbatim from or are based on the content of published work 

of others, and all information relating to verbal communications. I consent to the use of an anti-plagiarism 

software to check my thesis. I have abided by the principles of good scientific conduct laid down in the 

charter of the Justus Liebig University Giessen „Satzung der Justus-Liebig-Universität Gießen zur 

Sicherung guter wissenschaftlicher Praxis“ in carrying out the investigations described in the dissertation. 

Gießen, 11.04.2025 

Bing-Xuan Shi 



 

              

 

 

 

 

 

 

 

 

 

  



 

              

Abstract 

The growing market for electric vehicles is driving demand for high-energy-density batteries. Conven-

tional liquid electrolyte batteries (LEBs) are nearing their energy-density limits, while solid electrolyte 

batteries (SEBs) using high-nickel cathode active materials (CAMs), solid electrolytes (SEs), and the 

lithium metal anode promise much higher energy densities. Sulfide-based SEs, such as Li6PS5Cl, exhibit 

particularly high ionic conductivity, making them promising candidates for industrial applications. How-

ever, the interfacial degradation between sulfide-based SEs and electrodes limits their electrochemical 

performance. This dissertation explores innovative strategies to enhance the interfacial stability at both 

the cathode-electrolyte interphase (CEI) and the solid electrolyte interphase (SEI) in SEBs, focusing on 

polyelectrolyte coatings and modified sulfide-based SEs.  

Polyelectrolytes are selected as electrode coating materials in this dissertation for their flexibility, ease 

of processing, and lower cost than inorganic coatings. Moreover, they provide intrinsic ionic conductivity 

compared to neutral polymers, which is essential in SEBs but less of a concern in LEBs. While polymers 

as coatings in LEBs are well-studied, there is limited insight into their use in SEBs. This gap motivates 

this dissertation, demonstrating how polyelectrolytes enhance interfacial stability and performance in 

SEBs. The journey begins with exploring a polycation coating on LiNi0.83Co0.11Mn0.06O2 using the spray-

drying method, revealing their potential and limitations. The polycation coating uniformly covers CAM 

particles to enhance cycling stability, but improved lithium-ion conductivity is needed to prevent capacity 

loss. Building on these findings, a subsequent study introduces a polyanion/amide polymer blend as a 

coating on LiNi0.9Co0.05Mn0.05O2, with the polyanion providing a lithium source to mitigate capacity loss 

and the amide polymer serving as a coating inducer. However, the polyanion/amide polymer coating 

demonstrates stiffness that needs more flexibility. As a result, a polyelectrolyte complex (PEC) coating 

is developed for LiNiO2 (LNO) cathode and a Si anode. This PEC employs a polycation to induce coating 

formation alongside a polyanion with a flowing nature that enhances both lithium-ion conductivity and 

flexibility. 

On the other hand, compared with the use of polyelectrolyte coatings, the modification of sulfide-based 

SEs via solvent treatment provides another approach to reducing the interfacial degradation of SEBs. 

This method improves the interfacial stability between the LNO cathode and the sulfide-based SE while 

preventing dendrite formation from the lithium metal anode. Additionally, modified sulfide-based SEs 

reveal a mechanism for enhancing cathodic performance different from the polyelectrolyte coating layer. 

This suggests that the combination of polyelectrolyte coatings with modifications to sulfide-based SEs 

could further bolster interfacial stability.  

This dissertation comprises four studies, including polyelectrolyte-coated electrodes and modified sul-

fide-based SEs in SEBs. Each study employs a distinct approach to mitigate interfacial degradation and 

shows promising potential for industrial application. Collectively, these investigations provide a compre-

hensive understanding of the strategies to improve interfacial stability while providing future strategies 

that can be further developed and studied. 
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1. Introduction    

Rechargeable batteries have experienced significant evolution over the decades. The first commercial 

nickel–cadmium battery traces back to E. W. Jungner’s 1899 patents in Sweden,1 followed by nickel-

metal hydride batteries.2 In 1991, Sony Corporation introduced first commercialized lithium-ion batteries 

employing liquid electrolytes (LEs). In this dissertation, electrochemical cells using LEs are denoted as 

liquid electrolyte batteries (LEBs).3 In 2001, Dahn's group further advanced ternary nickel-cobalt-man-

ganese layered cathode materials (NCMs), LiNixCoyMnzO2 (x+ y + z = 1), which have since become one 

of the most widely commercialized cathode active materials (CAMs).4 Building on this progress, scien-

tists continue to focus on enhancing battery energy density and power density. LEBs revolutionized 

energy storage and earned the 2019 Nobel Prize in chemistry, awarded to J.B. Goodenough, M.S. Whit-

tingham, and A. Yoshino. 

Batteries with an energy density of up to 200 Wh∙kg–1 are suited only for simple energy storage purposes, 

whereas electric vehicles with a 600 km range require batteries with around 200~300 Wh∙kg–1 energy 

density.5 Since 2000, the energy density of LEBs has increased from 200 Wh∙kg–1 to about 300 Wh∙kg–

1 by 2023.6 For instance, a LEB based on LiNi0.8Co0.15Al0.05O2 versus graphite reaches an energy density 

of 265 Wh∙kg–1 and 635 Wh∙l−1.6, 7 However, conventional LEBs are nearing their energy density limit (≈ 

400 Wh∙kg–1),6 while vehicles with a 600~1200 km range require 300~600 Wh∙kg–1.5  

SSBs without any liquid components promise to pair with high energy density CAMs due to their potential 

for bipolar stacking, compatibility with lithium metal anodes, potentially lower cost (below 100 $∙kWh–1), 

and improved safety. 5, 7, 8 Given their potential to surpass 500 Wh∙kg–1,9 SSBs are poised to become a 

key technology for future electric vehicles. For example, a SSB using a LiNi0.8Co0.15Al0.05O2 paired with 

a lithium metal anode may theoretically achieve an energy density of 393 Wh·kg-1 and 1143 Wh·L−1.6, 7 

Additionally, Lee et al. published an anode-free SSB that plates lithium metal from the CAM onto an Ag–

C counter electrode, achieving an energy density over  900 Wh∙L−1, surpassing LEBs (≈ 600 Wh∙L−1).10  

The field of SSBs encompasses solid electrolyte batteries (SEBs), polymer electrolyte batteries (PEBs), 

and hybrid electrolyte batteries (HEBs),3 utilizing solid electrolytes (SEs), polymer electrolytes (PEs), 

and hybrid electrolytes (HEs), respectively.3 High ionic conductivity (𝜎ion) is required for these electro-

lytes, along with low electronic conductivity (𝜎ele ), excellent stability (thermal, electrochemical, and 

chemical), and ease of integration and processing. Among these electrolytes, SEs are gaining attention 

for commercialization due to their potential to replace LEs6, 7 and their superior 𝜎ion compared to PEs.11, 

12 In addition, material costs account for over 75% of total production expenses in battery fabrication.13 

Sulfide-based SEs offer a cost advantage, with production costs estimated at 102 $∙kWh–1, compared 

to 120 $∙kWh–1 for conventional LEs.13 

Recent developments from 2024 to the beginning of 2025 highlight the transformative potential of SEBs 

in driving industry growth. Honda, Nissan, and Toyota plan to begin SEB production in early 2025, while 

Idemitsu Kosan collaborates with Toyota on sulfide-based SEs. Mercedes-Benz and Factorial are 
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developing 'Solstice', which aims to achieve a SSB energy density of 450 Wh∙kg–1. ProLogium is invest-

ing €5.2 billion in a 48 GWh gigafactory to produce SEBs in Europe.  

SEs can be classified into oxide-, halide-, and sulfide-based SEs.11 Oxide SEs have better chemical and 

air stability than sulfide-based SEs but have significant grain boundary resistance.12, 14, 15 Halide SEs 

are often used as a catholyte due to superior electrochemical stability against oxide CAM.16 However, 

their stability is compromised when paired with lithium metal anodes.12, 17 Notably, sulfide-based SEs 

show low grain boundary resistance18 and have the highest 𝜎ion of around 2 to 10 mS∙cm−1 at 25 °C 

among other SEs.7, 19, 20 However, its (electro)chemical instability against cathode and anode electrodes 

hinders commercialization. As a result, this thesis focuses on improving the interfacial stability between 

electrodes and the sulfide-based SE.  

On the other hand, PEs, including polyelectrolytes and/or nonconductive polymers combined with lithium 

salts, bring flexibility and easy processing.6 Additionally, polymers have strong adhesive properties.6 

Hence, polymers are commonly used as binders in the CAM composite in SSBs and LEBs to enhance 

the composite layer thickness and increase the CAM content.6 However, the 𝜎ion of PEs (below 10−1 

mS∙cm−1 at 25 °C) is not enough to be used as a catholyte,7, 11, 12 as achieving 𝜎ion around 5 mS∙cm−1 

at 25 °C (by calculation of theoretical models) is essential for the catholyte in SSBs to ensure competitive 

performance.21 On the other hand, sulfide-based SEs match the catholyte requirement that 𝜎ion is high 

enough. Therefore, integrating the benefits of polymers into SEBs requires further research.6   

The role of polymers in sulfide-based SEBs is often limited to serving as binders or coatings on elec-

trodes, yet they are essential.6 It has several benefits over inorganic materials, such as mechanical 

properties (see Section 2.9) and better interfaces against SEs (see Section 2.7.2). However, limited 

literature explores the application of PE coatings on CAMs and the silicon anode in sulfide-based SEBs. 

Considering these factors, developing polymer coatings for electrodes is one of the focuses of this thesis. 

The following paragraphs summarize four publications addressing interfacial degradation mitigation in 

the sulfide-based SEB. The CAMs for investigating the interfacial degradation include NCMs from MSE 

Supplies LLC and self-synthesized single-crystal LiNiO2 (LNO). For full cells, the anodes consist of sili-

con or lithium metal, whereas half-cells use a LiIn alloy as the anode. Publications A and B have been 

consolidated into a patent, with application No. EP22199267.0 and PCT publication No. WO 

2024/068975 A1. Additionally, Publication C corresponds to a patent, with application No. 

EP24199168.6. However, the patent for Publication D is currently being processed. 

Publication A is titled “Mitigating Contact Loss in Li6PS5Cl-Based Solid-State Batteries Using a Thin 

Cationic Polymer Coating on NCM”. This study forms a 2~4 nm novel polycation coating on 

LiNi0.83Co0.11Mn0.06O2 by a spray-drying method. The results show that the polycation-coated NCM has 

better cycling stability than the pristine NCM. Additionally, the spray-drying method is suitable for large-

scale production for industrial applications. The polycation used as a coating material is poly((4-vinylben-

zyl)trimethylammonium bis(trifluoromethanesulfonylimide)) (PVBTA-TFSI), as shown in Figure 1a. 

Publication B is titled “Lithiated polymer coating for interface stabilization in Li6PS5Cl-based solid-state 
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batteries with high-nickel NCM”. This study shows that using a polyanion as a lithium-ion source and 

polyvinylpyrrolidone (PVP) as a coating inducer creates a uniform 1~3 nm layer on LiNi0.9Co0.05Mn0.05O2 

particles via spray-drying, improving electrochemical performance over the polycation coating. The pol-

yanion used as a coating material is sulfonated polyphenylene sulfone (sPPSLi), as shown in Figure 

1b. 

Publication C is currently under review following its submission. It is titled “Surface Modification of 

Thiophosphate Solid Electrolyte for Performance Enhancement in Li|Li6PS5Cl|LNO Solid-State Batter-

ies”. This publication presents a novel modification method for sulfide-based SEs, Li6PS5Cl, providing 

an alternative approach to mitigate LNO/Li6PS5Cl interfacial degradation compared to directly applying 

coatings on LNOs. Moreover, modifying sulfide-based SEs enhances interfacial stability with the lithium 

metal anode. 

Publication D is under preparation for submission. It is titled “Improving Sulfide-Based Solid-State Bat-

teries Using a Novel Polyelectrolyte Complex Coating on High-nickel NCM and Silicon Anodes”. This 

publication presents a polyelectrolyte complex (PEC) (Figure 1c) utilizing a polycation as a coating 

inducer and a polyanion with a flowing nature as a lithium-ion source to coat the LiNi0.9Co0.05Mn0.05O2 

and LNO cathode, along with the silicon anode. The 1~3 nm PEC coating has a rubber-like mechanical 

property and uniformly covers electrode particles, effectively mitigating interfacial degradation at both 

the CAM and Si anode interfaces. Additionally, Publications C and D use the same batch of self-syn-

thesized single-crystal LNO as a reference, thereby enabling a direct comparison of their interfacial 

degradation. 

 

 

Figure 1. The polyelectrolyte structures tested in publications are illustrated. Counter ions are shown in 

blue, anionic species in red, and cationic species in yellow. (a) Publication A: PVBTA-TFSI (b) Publi-

cation B: sPPSLi blended with PVP. (c) Publication D: a PEC composed of PVBTA-TFSI and poly[(lith-

ium 1-[3-(methacryloyloxy)propylsulfonyl]-1-(trifluoromethanesulfonyl)imide)-r-(poly(ethylene glycol) 

methyl ether methacrylate)]. 
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2. Fundamentals   

A SEB consists of three main components (see Figure 2): an anode (e.g., lithium metal or a silicon 

composite), a SE separator, and a composite cathode that incorporates a SE catholyte, conductive ad-

ditives (e.g., vapor-grown graphitic carbon fiber, VGCF), and CAMs. During discharge, lithium ions move 

from the CAM to the anode through the SE; while charging, they reverse direction. However, degradation 

within the electrode bulk, combined with interfacial degradation such as unstable interphase formation 

and contact loss between the electrode materials and the SEs, leads to a decline in electrochemical 

performance. Precisely, the interphase formed at the anode is termed the solid electrolyte interphase 

(SEI), while at the cathode, it is known as the cathode-electrolyte interphase (CEI). This dissertation 

proposes using modified sulfide-based SEs and polymer coatings on CAMs and silicon anodes to miti-

gate interfacial degradation. 

The following sections outline the fundamentals of various CAMs and their bulk degradation, particularly 

high-nickel NCM and LNO. Notably, as the nickel content in NCM increases, its electrochemistry in-

creasingly resembles that of LNO. Consequently, the discussion primarily focuses on the electrochem-

istry of LNO, using it as a reference for understanding high-nickel NCM. Subsequently, sulfide-based 

SEs are introduced, followed by their interfacial degradation mechanisms, including CEI and SEI. Finally, 

the chapter introduces polyelectrolytes as coating materials for CAMs. The fundamental section pro-

vides background knowledge on electrode materials and their interfacial stability in sulfide-based SEBs. 

 

 

 

 

Figure 2. The schematic diagram of SEB illustrates the anode, separator, and cathode composite. The cathode 

(right) comprises CAMs, CEI, and a coating layer, with the sulfide-based SE as catholyte. The sulfide-based SE 

separator (middle) separates the cathode and anode (left), including the lithium metal anode, with the SEI. 
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2.1 The selection of CAMs 

Ideally, CAMs should have high 𝜎Li+ and 𝜎ele and be (electro)chemically stable with SEs. Additionally, 

high safety, low cost, and low toxicity are essential for commercial applications. CAMs typically have a 

(1) LiMPO4 olivine structure (LiFePO4), (2) LiM2O4 spinel structure (LiMn2O4), or (3) LiMO2 layered struc-

ture (LiCoO2, LiMnO2, LNO, lithium-rich CAMs, and NCM), where M represents transition metals.22    

Olivine-structured LiFePO4 is cost-effective, safe, and widely used in electric vehicles and energy stor-

age systems. It provides a theoretical capacity of about 170 mAh∙g−1 at a discharge voltage of around 

3.4 V vs. Li+/Li. However, LiFePO4 has relatively low 𝜎Li+ and 𝜎ele. As a result, it requires modifications 

to enhance 𝜎ele, such as carbon coating.23 Moreover, its energy density remains relatively low when 

paired with a graphite anode in LEBs (around 200 Wh∙kg–1).24 On the other hand, LiMO2 features an α-

NaFeO₂-type layered structure and crystallizes in the rhombohedral system (R-3m space group). In this 

structure, O2
– ions form a cubic close-packed framework. Lithium ions and transition metals occupy the 

3b and 3a sites, respectively.25 As a result, LiMO2 has superior lithium-ion diffusion in a two-dimensional 

structure and higher energy capacity than other CAMs.22 

LiCoO2, with a theoretical capacity of 274 mAh∙g–1, introduced by Goodenough,26 is the first commer-

cialized layered CAM used in LEBs. It offers advantages in fast charging, but its practical capacity is half 

of its theoretical capacity. Additionally, it faces the stability issue at high voltages (> 4.2 V vs. Li+/Li).27 

LiMnO2 with a theoretical capacity of 285 mAh∙g–1 is considered safer than the other layered LiMO2, but 

repeated cycling converts it into spinel LiMn2O4.28 While spinel structure improves lithium-ion transport 

due to a three-dimensional structure, it has lower theoretical capacity (≈ 148 mAh∙g–1) and fades rapidly 

due to structural degradation.28    

LNO offers a theoretical capacity comparable to LCO but benefits from lower costs than other layered 

LiMO2. Additionally, it offers the highest practical capacity due to the highest lithium extraction ratio at 

the same cut-off voltage as LiMnO2 and LiCoO2.29 However, despite decades of research, its commer-

cialization remains limited due to the structural and CEI degradation. Moreover, precise composition 

control during synthesis is challenging because it is highly susceptible to lithium off-stoichiometry.30   

Research on LNO has led to developing high-nickel NCMs, which involve the partial substitution of Ni 

with Co and Mn.31-33 For example, LiNi0.8Co0.1Mn0.1O2 allows delithiation up to 0.8% at 4.3 V vs. Li+/Li.29, 

32, 33 They have gained attention and are gradually replacing LiFePO4 in the electric vehicle market.34 

The properties of NCM are influenced by the ratios of Ni, Co, and Mn (see Figure 3a).32 Although higher 

nickel content enhances practical capacity, it also leads to more severe interfacial and structural insta-

bility. (see Figure 3b). Increased Co content improves rate capability, while increased Mn content im-

proves thermal stability and safety.31 Therefore, increasing the Ni content in NCM promise to boosting 

energy density if stability can be improved. Since LNO exhibits electrochemistry similar to high-nickel 

NCMs, though with more pronounced degradation, Sections 2.2 to 2.4 use LNO as an example to 

illustrate these aspects. 
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Figure 3. (a) Phase diagram of NCM composition showing several typical Ni-Co-Mn ratios. (b) Specific capacity 

(mAh∙g–1) versus capacity retention (%) over 100 cycles for various NCM materials, correlated to (a), as analyzed in 

LEBs.32 Figure (b) was modified based on the Ref. [32]. 

 

2.2 Synthesis challenges of LNO  

Regardless of the synthesis method, LNO often exhibits lithium deficiency due to excess Ni2+ ions oc-

cupying lithium layers, referred to as 'off-stoichiometric' LNO. The off-stoichiometric LNO can be written 

as Li1−zNi1+zO2 or [Li1−zNi2+
z]3b[Ni2+

zNi3+
1−z]3a[O2]6c (z > 0,), where Ni2+ ions are present with half of them 

located in the Li layer and the other half in the Ni layer, causing cation disordering. This off-stoichiometry 

adversely affects its theoretical capacity, first-cycle Coulomb efficiency, and phase transition during 

charge and discharge, as discussed in Section 2.4.30, 35  

Various synthesis methods have been developed, with solid-state reactions being the most common. 

The coprecipitation method, which involves mixing precursors in solution, is popular in industrial appli-

cations and relies on a calcination process similar to solid-state reactions.30 Generally, Ni2+ precursors 

are oxidized to Ni3+ during synthesis with an O2 flow. If Li2O is used as a precursor, the reaction can be 

written as Equation 1.30 

(1 − 𝑧′) NiO +  
𝑧′

2
 Li2O + 

𝑧′

4
 O2  →  Li𝑧′Ni1−𝑧′O2  →  

1

2
 Li1−𝑧Ni1+𝑧O2  (𝑧

′  =  
1−𝑧

2
) (Eq. 1)30 

The calcination temperature is critical because a high temperature above 800 °C produces a well-crys-

tallized structure quickly but results in lower O2 chemical potential, which hinders the complete oxidation 

of Ni2+ to Ni3+. In addition, LNO can decompose above 800 °C (see Equation 230). Both factors can 

cause the off-stoichiometric Li1−zNi1+zO2,30, 35 which can be either a layered off-stoichiometric phase (z < 
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0.38) or a rock-salt type phase (z > 0.38), depending on the extent of the decomposition.   

LiNiO2  →  
1

1+𝑧
 Li1−𝑧Ni1+𝑧O2  +  

𝑧

1+𝑧
 Li2O + 

𝑧

2(1+𝑧)
 O2 (Eq. 2)30 

Calcination at lower temperatures around 700 °C is considered optimal. However, lower temperatures 

may cause impurity phases from unreacted precursors and poorly crystallized small particles. As a result, 

the decomposition temperature of lithium precursors must be optimized to react promptly with Ni while 

avoiding high temperatures causing LNO decomposition. Lithium precursors such as lithium hydroxides, 

oxides, nitrides, and peroxides are preferred due to their lower decomposition temperatures. Moreover, 

high Li/Ni ratios (more lithium precursors) reduce the off-stoichiometric Li1−zNi1+zO2 but necessitate a 

post-calcination washing process to remove unreacted precursors.30 In this dissertation, LNO is synthe-

sized using the procedure described by Rueß et al.36 In this method, agglomerated LNO crystallites are 

exposed to a Li2CO3 melt. The Li2CO3 promotes primary particle growth and separation while maintain-

ing a high Li2O chemical potential that prevents lithium loss.36   

2.3 Environmental influence on LNO  

Several studies have reported the detrimental impact of atmospheric H2O and CO2 on the LNO through 

parasitic side reactions. Generally, LNO reacts with atmospheric H2O and CO2, reducing Ni3+ to Ni2+ and 

forming LiOH (Li and H are cation-exchanged) and Li2CO3 on the surface of LNO (see Equation 3 to 5). 

This reaction facilitates a near-surface transformation of layered structure into rock-salt phases.37-39  

LiNiO2  +  𝑥 H2O →  Li1−𝑥H𝑥NiO2  +  𝑥 LiOH (Eq. 3)37 

2 LiNiO2  +  𝑥 H2O +  𝑥CO2  →  2 Li1−𝑥H𝑥NiO2  +  𝑥 Li2CO3 (Eq. 4)37 

2 LiNiO2  +  CO2  →  2 NiO + Li2CO3  +  
1

2
 O2 (Eq. 5)38 

Additionally, LiOH or Li2CO3 can come from the synthesis process. Moreover, the ambient air expo-

sure/storage transforms residual Li2O (from the synthesis) into LiOH and Li2CO3, with Li2CO3 being the 

predominant component.38 As a result, residual lithium compounds (RLCs), e.g., LiOH and Li2CO3, are 

commonly present on the LNO surfaces.  

In LEBs, RLCs increase slurry pH, leading to fluorinated polymer binder decomposition and gelation 

during cathode sheet preparation.38, 40, 41 Additionally, RLCs decompose during electrochemical tests in 

LEBs, generating CO2 and CO gaseous products42 and reactive oxygen species43. In SEBs, avoiding 

fluorinated polymers in the slurry process or using a dry pressing method for cathode sheet preparation 

can prevent fluorinated binder gelation. However, RLCs impede ionic and electronic transport at the 

LNO/SE interface.38, 44 Moreover, if RLCs get oxidized and form gaseous products,45, 46 it is reasonable 

to expect increased contact resistance, as SE particles cannot fill cavities as do LEs.38 Although in sul-

fide-based SEBs, an artificial Li2CO3 coating layer on the high-nickel NCM particle can reduce interfacial 

degradation, pure CO2 or moisturized air reacting with high-nickel NCMs does not yield the same ben-

efits.38 Notably, the instability between LNO and H2O highlights the importance of solvent selection for 

the wet coating process, requiring the avoidance of water and alcohol-based solvents. 
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2.4 Electrochemistry and degradation of LNO  

During the charging step, an ideal LNO without off-stoichiometry undergoes oxidation from Ni3+ to Ni4+ 

through delithiation, achieving a high theoretical specific capacity of 275 mAh∙g−1.30 The strong electro-

static interactions from ionic bonds stabilize the structure and enable multiple phase transitions. The 

deintercalation of lithium ions from LNO (LixNiO2, 0 < x < 1) triggers phase transitions: hexagonal (H1, 

x ≈ 0.9~0.78) → monoclinic (M, x ≈ 0.67~0.4) → hexagonal (H2, x ≈ 0.34~0.25) → hexagonal (H3, x ≈ 

0.2~0.11).47, 48 These phase transitions are influenced by active mass (mact) utilization. If LNO particles 

become completely isolated, mact loss occurs, leading to irreversible capacity loss. On the other hand, if 

LNO is not isolated but encounters kinetic limitations in either electronic conduction or lithium-ion 

transport, the lithium-ion diffusion pathway length (Ldiff) increases. 

However, discrepancies in the lithium content (x value in LixNiO2) corelated to different phases vary 

between literature sources and theoretical predictions.47 One main reason is the inconsistent observa-

tions on the M phase caused by off-stoichiometry.30, 47 The M phase is stabilized by the Ni in the lithium 

interslab. However, when cation disordered Ni2+ acts as a structural pillar, it reduces the structure flexi-

bility and thus suppresses phase transitions. Consequently, the voltage curve becomes smoother, with 

less well-defined plateaus.30, 47  

Capacity fading during cycling is most pronounced in the highly delithiated states of LNO, particularly 

the H2/H3 transition and the more lithiated H4 phase.30, 49, 50 As both practical SEBs and LEBs rarely 

reach the H4 phase, the highly delithiated states in this dissertation focus solely on the H2/H3 transition 

and the H3 phase. The H2/H3 involves nearly all degradation processes discussed in this dissertation, 

including volume change, chemo-mechanical cracking, oxygen loss, rock-salt phase formation, and CEI 

degradation. On the other hand, H1/M reflects the cation disordering caused by off-stoichiometry and 

rock-salt phase degradation, leading to Ldiff growth. Overall, H1/M and H2/H3 are influenced by the 

degradation process related to the mact loss and Ldiff growth.51 In contrast, the M/H2 transition is majorly 

influenced by the mact loss and less affected by kinetic constraints.51  

Although CEI degradation between LNO and SEs can accelerate the deterioration of LNO bulk material, 

this section focuses solely on bulk degradation mechanisms for clarity. A detailed discussion on CEI 

degradation is provided in Section 2.7. Without considering CEI degradation, LNO encounters several 

challenges, which are explained in the following sections, including:30 

(a) limited first-cycle Coulomb efficiency, typically 10~15% at room temperature;  

(b) capacity fading during cycling mostly above 4.1 V vs. Li/Li+, related to H2/H3 and H3; 

(c) and safety concerns due to thermal instability, which is strongly related to O2 gas evolution. However, 

this dissertation focuses solely on electrochemical performance and does not address safety-related 

experiments.   



Section 2. Fundamentals                                    
 

Page 9                            

2.4.1 Limited first cycle Coulomb efficiency 

The first-cycle Coulomb efficiency of LNO can be limited by cation disorder.30, 52 During deintercalation 

of lithium ions from LNO, cation disordered Ni2+ (r(Ni2+) = 0.69 Å) is oxidized to smaller Ni3+ (r(Ni3+) = 

0.56 Å) and occupying the lithium sites (r(Li+): 0.076 nm)). This hinders lithium-ion diffusion at a high 

degree of lithiation during the discharge step by causing local shrinkage in six neighboring lithium-ion 

sites and thus hinders lithium ion reintercalation.30, 53  

In addition, the optimal diffusion pathways via di-vacancies in the lithium lattice are only present below 

a lithium content of approximately x ≈ 0.8 (H1 phase). Beyond this threshold, the reduced interlayer 

spacing and lower probability of encountering di-vacancies impede lithium-ion diffusion.30, 53, 54 During 

charging, the H1/M has sufficient time for full conversion. However, during discharge, the H1/M takes 

place at the final stage, leaving insufficient time for full H1 phase recovery, ultimately leading to a loss 

of discharge capacity.53  

Overall, in the first cycle, the insertion of lithium ions into the H1 phase at the end of the discharge is 

kinetically harder than the extraction of lithium ions.53 The capacity lost in the first cycle can be recovered 

through a slow discharge at low voltage55 and higher temperature36. However, CEI degradation in the 

first cycle can irreversibly reduce the first-cycle Coulomb efficiency, which is explained in Section 2.7.3. 

Additionally, CEI side reactions can induce cation disorder on the surface of LNO (Section 2.4.4), further 

reducing first-cycle Coulomb efficiency. Given that cation disorder is associated with Ni2+, as Ni content 

in NCM increases toward LNO, the first-cycle Coulomb efficiency gradually decreases. 

2.4.2 Volume changes and cracking 

The H2/H3 of LNO involves significant unit cell shrinkage and anisotropic lattice volume decrease.56, 57 

Before the H2/H3, electrostatic forces dominate the interlayer spacing. Lithium ions extraction increases 

repulsion force between oxygen atoms, pushing the layers apart and causing a linear increase in the c-

lattice parameter, which represents the interlayer spacing.30, 49 During the H2/H3 transition, steric effects 

primarily govern interlayer spacing. This leads to the formation of a strongly covalent structure containing 

peroxide bonds, resulting in a sharp contraction of the c-lattice parameter.30, 49 Afterward, the H3 phase 

retains the same overall structure as H1 and H2 but with a much smaller interlayer distance, hindering 

Ldiff.30, 58  

Moreover, the significant volume changes during the H2/H3 (≈ 4%) transition and H3 phase (≈ 2%) are 

much more intense than H1 to H2 (≈ 3%).59 Such large volume changes induce significant strain at the 

CEI and along grain boundaries between primary particles, leading to contact loss, secondary particle 

cracking, and CEI fractures.30 Regarding NCM,56, 57, 60 below a lithium content of x = 0.8 (LiNixCoyMnzO2), 

capacity fading is primarily due to interfacial degradation. Above x = 0.8, degradation is dominated by 

both volume changes and CEI degradation.60  

Notably, the bulk expansion of high-nickel CAM particles often exceeds the cohesive strength of the 

coating material, making nano-meter coatings insufficient to suppress volumetric changes.61 
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Consequently, the coating layer cannot prevent volume change but must remain stable during it. Poly-

mers are suitable coating materials due to their lower Young’s modulus compared to inorganic coatings 

and their superior binding ability.61 As a result, this instigates the exploration of polymers as a coating 

on high-nickel CAMs in this dissertation.  

2.4.3 Oxygen loss from the lattice 

Oxygen loss from the lattice causes damage to the structure of high-nickel CAMs and oxidizing the 

electrolytes.49, 50, 59 Delithiation is one of the major factors driving oxygen loss.49, 50 Ni cations oxidize 

from their valence state of 3+ to 4+, hence becoming more oxidative at higher state of charge (SOC), 

specifically near the H2/H3 phase transition.62 This facilitates electron withdrawal from lattice O2
– and 

release O2 gas.50 Moreover, elevated temperatures lead to accelerating oxygen loss.50 Consequently, 

oxygen loss becomes more severe as the Ni content in CAMs increases. For instance, in NCMs, oxygen 

loss with its onset potential decreases as Ni content increases from ≈ 4.6 V vs. Li+/Li for 

Li(Ni0.33Co0.33Mn0.33)O2 to ≈ 4.2  V vs. Li+/Li for LiNi0.8Co0.1Mn0.1O2.49 Additionally, LNO experiences the 

most severe oxygen loss among high-nickel CAMs.  

However, oxygen loss is more severe at the high-nickel CAM particle surface than in the bulk material. 

This is driven by the oxygenated reaction of SEs at CEI (Section 2.7.3).50 Another reason is the kinetic 

hindrance of oxygen loss due to long diffusion pathways from the bulk to the surface.49, 50 As a result, 

applying a surface coating to high-nickel CAMs to reduce oxygen loss has been demonstrated in the 

literature50 and in publications within this dissertation. 

2.4.4 Rock-salt phase formation 

LNO degradation follows a pathway of layered (R3m, LiNiO2, Ni3+) → spinel (Fd3m, LiNi2O4) → rock-

salt (Fm3m, NiO, Ni2+).50 The rock-salt phase is a consequence of cation disordering and oxygen evolu-

tion from the lattice,49 and is equivalent to the thermal decomposition process of LNO (Equation 2).49 

The ideal rock-salt phase lacks lithium diffusion channels. Their accumulation results in the formation of 

a thick and highly resistive surface layer, which consequently degrades CEI.49, 50 

For 0.5 < x < 1 of LixNiO2, the spinel structure is formed without oxygen loss due to cation disordering, 

as shown in Equation 6.63 First, Ni2+ initially exists due to off-stoichiometry or through interfacial side 

reactions reducing Ni3+/Ni4+.64, 65 Subsequently, Ni2+ migrates to lithium sites due to similar ionic radius. 

This cation disordering leads to the formation of spinel LiNi2O4, impairing lithium-ion transport, identical 

to its effect on first-cycle Coulomb efficiency (Section 2.4.1). 

Li𝑥NiO2 (layered)  →  (1 − 𝑥) LiNi2O4 (spinel)  + (2𝑥 − 1) LiNiO2 (layered), 0.5 <  𝑥 <  1 (Eq. 6)63 

For x < 0.5, more increased Ni4+ reduced to Ni2+, resulting in increased cation disordering and forming 

more spinel LiNi2O4. If lithium sites become fully occupied, it results in the rock-salt NiO.63, 65, 66 As a 

result, LNO degrades into spinel LiNi2O4, rock-salt NiO, and O2 gas, as shown in Equation 763 and 

Equation 849. Moreover, if the temperature increases, spinel LiNi2O4 becomes thermodynamically un-

stable and transforms into a rock-salt NiO with O2 loss from the lattice, as shown in Equation 9.63  

https://www.sciencedirect.com/topics/physics-and-astronomy/thermal-decomposition


Section 2. Fundamentals                                    
 

Page 11                            

Li𝑥NiO2 (layered)  →  𝑥 LiNi2O4 (spinel)  +  (1 − 2𝑥) NiO (rocksalt)  + 
1−2𝑥

2
 O2,  𝑥 <  0.5 (Eq. 7)63 

Li𝑥NiO2 (layered)  →  NiO (rocksalt)  +
1

2
 Li2O +  

2−𝑥

4
 O2,  𝑥 <  0.5 (Eq. 8)49 

 LiNi2O4 (spinel)  →  LiNiO2 (layered)  +   NiO (rocksalt)  + 
1

2
 O2 (Eq. 9)63 

In summary, Ni2+ off-stoichiometry and adverse side reactions at the LNO/SE interface result in O2 gas 

evolution and cation disordering, such as spinel LiNi2O4 and rock-salt NiO. As a result, layered → spinel 

→ rock-salt phase transformation worsens with increasing Ni content in CAMs, higher SOC, and higher 

temperature.49, 50 Eventually, the H2/H3 phase transition disappears from the differential capacity plot.49  

The rock-salt phase formation is more pronounced near particle surfaces due to interfacial side reactions 

and the slower oxygen evolution in the LNO bulk than at the interface. Additionally, the rock salt phase 

on LNO surface is more fragile than the bulk layered-LNO, leading to increased surface crack formation, 

also known as chemo-mechanical cracking.49, 50 A coating or an artificial interface that mitigates interfa-

cial side reactions can also suppress rock-salt phase transformation, hence reducing surface crack for-

mation and particle cracking.  

Overall, as Ni content in NCM increases, degradation intensifies—manifesting as rock-salt phase for-

mation, oxygen evolution, volume changes, cracking, and reduced first-cycle coulomb efficiency. A sim-

ilar Ni-dependent trend is observed in CEI degradation, as detailed in Section 2.7.3. Ultimately, LNO, 

with the highest Ni content, exhibits the most severe structural and CEI degradation. Consequently, 

Publications C and D employ LNO as a reference CAM to investigate degradation mitigation strategies 

achieved via the modified sulfide-based SE and the coating on the LNO, respectively.  
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2.5 Sufide-based SEs 

Sulfide-based SEs have an ionic conductivity 𝜎ion around 2 to 10 mS∙cm−1 and recently the highest 

𝜎ion of 32 mS∙cm−1 for Li9.54(Si0.6Ge0.4)1.74P1.44S11.1Br0.3O0.6
19 at 25 °C has been reported,19, 20, 67 surpas-

sing other SEs67. Compared to oxide-based SEs, sulfide-based SEs exhibit higher 𝜎ion due to their 

highly polarizable sulfide framework and lower binding energy with lithium.20, 68, 69 Additionally, the larger 

atomic radius of sulfur creates wider conduction channels and its softer nature further promotes lithium-

ion transport.20, 68, 69 Sulfide-based SEs includes Li2S–P2S5 glass ceramics, Li6−xPS5−xX1+x (X = Cl, Br, or 

I) argyrodite, Li4–xGe1–xPxS4–x and Li11−xM2−xP1+xS12 (M = Ge, Sn, or Si) thio-LISICONs.20  

2.5.1 Glass-Ceramic SEs 

The development of sulfide-based SEs began with the glassy Li2S–P2S5 ((Li2S)x(P2S5)1–x) binary system, 

first reported in 198070, where substituting oxygen with sulfur in the phosphate structure significantly 

enhanced 𝜎ion.
71 Glassy (Li2S)75(P2S5)25 composed solely of PS4

3− units showed the highest 𝜎ion in 

Li2S–P2S5 binary system, 2.8∙10−1 mS∙cm−1 at 25 °C.71 In general, crystallization of glass in sulfide-based 

SEs reduces 𝜎ion. However, in 2005, Mizuno et al. showed that partial crystallization of (Li2S)x(P2S5)1–x 

(x ≥ 70) glass ceramics enhances 𝜎ion.
72, 73 This is because high-temperature treatment forms metasta-

ble crystalline phases and hence boosts conductivity.73 Different glass-ceramic compositions have since 

been extensively studied through controlled crystallization, including LiPS3,74 Li2PS3,75-77 Li7P3S11,72, 73, 

78-84 Li3PS4,83, 85-88 and Li7PS6,89 all of which are near or at the P2S5–Li2S composition line in the Li–P–S 

phase diagram (see Figure 4a).71 Based on the Li2S–P2S5 binary system, argyrodite-type90 and thio-

LISICON91 SEs have been developed.91  

2.5.2 Argyrodite SEs 

The argyrodite structure, initially identified in Ag8GeS6, is notable for its highly disordered cation arrange-

ment, which facilitates significant Ag+ mobility. Inspired by this, Deiseroth et al. proposed substituting 

one sulfur atom in Li7PS6 argyrodite with a halogen atom,92 leading to a Li2S–P2S5–LiX (X = F, Cl, Br, I) 

ternary system (see Figure 4b)90 with an ionic formula of (Li+)6(PS4
3−)S2−X−.92 The 𝜎ion for Li6PS5Cl, 

Li6PS5Br, Li6PS5I are 1.9 mS∙cm−1, 6.8∙10−1 mS∙cm−1, and 4.6 ∙ 10−4 mS∙cm−1 at 25 °C, respectively.71, 92 

The 𝜎ion differences of these compounds reflect variations in anion disorder. In Li6PS5Cl, partial swap-

ping occurs between S2− and Cl− sites, creating a disordered anion framework that facilitates higher 𝜎ion. 

However, in Li6PS5l, the larger I− ion cannot interchange positions with S2−, resulting in an ordered anion 

framework and significantly reduced 𝜎ion.
71, 93 The high 𝜎ion of Li6PS5Cl makes it suitable for electro-

chemical experiments and is used throughout this dissertation. 

2.5.3 Thio-LISICON SEs 

Thio-LISICON materials are derived from the Li2S–P2S5–MxSy ternary system (M = Mg, Al, Si, Ge, etc.).20, 

91 Kanno and Murayama introduced Li4−xGe1−xPxS4 through the substitution reaction, employing Ge as 

the M element.69, 91 Figure 4c categorizes three compositional regions in the Li4GeS4–Li3PS4 

(Li4−xGe1−xPxS4) composition line: regionⅠ(0 < x ≤ 0.6), region Ⅱ (0.6 < x < 0.8), and region Ⅲ (0.8 ≤ 
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x < 1.0).91 The three monoclinic regions differ in cation ordering, with region Ⅱ exhibiting the highest 

𝜎ion (> 10−3 S∙cm−1 at 25 °C).91 For instance, Li10GeP2S12 (region Ⅱ) shows a 𝜎ion of 1.2 ∙ 10−2 S∙cm−1 

at 25 °C,91 making it ideal for SEBs. However, thio-LISICON SEs, with high-valence elements such as 

Ge or Si react with lithium metal to continuously form a mixed-ionic/electronic conducting interphase 

(MCI).94 Continuous MCI formation causes thio-LISICON SEB capacity fade due to irreversible lithium 

consumption and increased interfacial resistance, limiting its practical application.94, 95  

 

 

Figure 4. The ternary phase diagram of (a) Li−P−S,71 (b) Li2S–P2S5–LiX (X = F, Cl, Br, I),90 and (c) Li2S–

P2S5–GexSy.91 Each corner of the triangle represents a pure component, while any point within the 

triangle represents a specific compound composed of different ratio of the pure components. The 

composition line is expressed in blue. The light blue color indicates that this component is close to the 

composition line. On the right-hand side of the Figure (c), Li4−xGe1−xPxS4 composition line is divided into 

three regions: regionⅠ(0 < x ≤ 0.6), region Ⅱ (0.6 < x < 0.8), and region Ⅲ (0.8 ≤ x < 1.0). Figure (a), 

(b), and (c) were modified based on the Refs. [71], [90], and [91], respectively.   
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2.5.4 Electrochemical stability of sulfide-based SEs 

The decomposition of sulfide-based SEs is partially redox reversible.96-98 This partial redox reaction is 

observed in Li–S batteries using a sulfide-based SE as a catholyte, yielding the capacity that exceeds 

its theoretical limits of Li2S and S.96 The redox reactions of PS4
3⁻ are presented in Equations 10 and 

11.97 During oxidation of PS4
3⁻, sulfur is redox-active (S2⁻ ⇌ S + 2 e⁻). During reduction of PS4

3⁻, phos-

phorus shows redox activity (P5⁺ + 5 e⁻ ⇌ P).97, 98  

PS4
3−  +  (5 + 𝑥) e−  ⇌  4  S2−  +  P𝑥− (Eq. 10)97 

2 PS4
3−  ⇌  P2S7

4−  +  S +  2 e−  ⇌  P2S6
2−  +  2 S +  4  e− (Eq. 11)97 

Using argyrodite Li6PS5X (X = Cl, Br, I) as an example, Equation 10 and 11 can be rewritten to Equation 

12 and 13, respectively.96 S and P2S5 are the ideal oxidation products, and Li3P is the ideal reduction 

product. However, LiX is electrochemically inactive after its formation and does not contribute to the 

reversible redox capacity (qredox).97  

Li6PS5X +  8 Li
+  +  8 e−  ⇌  LiX +  Li3P +  5 Li2S,    qredox = 499 mAh∙g−1 (Eq. 12)96 

Li6PS5X ⇌  LiX + 
1

2
 P2S5  +  

5

2
 S +  5 Li+  +  5 e−,     qredox = 798 mAh∙g−1 (Eq. 13)96 

The electrochemical stability window (ESW) of sulfide-based SEs is investigated using VGCF as a work-

ing electrode and LiIn as a counter electrode.98, 99 If Li6PS5X is cycled reversibly to allow complete redox 

reactions, the ESW is limited to approximately 0.3 V.96, 99 However, SEBs can be designed by controlling 

the cutoff voltage to prevent reversible redox reactions of SEs.100 In a practical SEB, where oxidation 

and reduction are treated irreversibly for anodic and cathodic reactions, the ESW can extend to approx-

imately 1.1 V.97, 101  

Figure 5 shows the reduction of PS4
3⁻ starts at 1.1 V vs. Li+/Li at the anode side of SEBs, producing S2⁻ 

and P, followed by the further reduction of P to Px⁻ (0 < x ≤ 3) at 0.8 V vs. Li+/Li.97, 101 As a result, Li6PS5X 

decomposes into Li2S, LiX, and P/LixP (0 < x ≤ 3) at the anode side primarily during the first cycle.94 

Without further reactions at higher positive voltages that produce oxidation products,99 these irreversible 

products form a SEI on the anode side in SEBs.  

Regarding the cathode side of SEBs, the oxidation of S2⁻ to S is proposed to begin at 2.2 V vs. Li+/Li.97, 

101 At around 2.9  V vs. Li+/Li, P–S–S–P bonds form between PS4
3⁻ tetrahedral units, which then undergo 

a disproportionation reaction to produce P2S7
4⁻ (P–S–P) and S .101, 102 At higher oxidative voltages, 

P2S7
4⁻ oxidizes to P2S6

2⁻, S, and possibly the ideal oxidation product, P2S5.97, 102 Moreover, polysulfides, 

including Li-Sn-Li103 and/or P-Sn-P104 (n ≥ 2), are observed.87, 105 These polysulfides result from the 

polymerization or oligomerization of SE anions.104 Overall, PS4
3⁻ in the SE are oxidized to various poly-

anions primarily during the first cycle, including P2S7
4⁻, P2S6

2⁻, P2S5, S, and Sx-like species (Li-Sn-Li and 

P-Sn-P),103-105 without proceeding to more negative voltages that form reduction products.99 Notably, 

these side reactions are non-conductive and occur between sulfide-based SEs and CAMs, leading to 

CAM isolation and a reduction in initial Coulomb efficiency. 
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Figure 5. Sulfur oxidation and phosphorus reduction products based on different voltages (vs. Li+/Li), 

collected from different literature,96, 97, 101 are shown. The voltages for reactions are measured by cyclic 

voltammetry using VGCFs as the working electrode, stainless steels as the current collector, LiIn alloy 

as the counter electrode. The darker text color of LiX (X = Cl, Br, I) indicates that these species are 

inactive in the redox process.97 

 

 2.5.5 Liquid-phase synthesis and solvent stability 

The ball-milling method is a standard dry approach for synthesizing sulfide-based SEs. Taking Li6PS5Cl 

as an example, the compounds Li2S, P2S5, and LiCl, are mixed and ball milled in appropriate molar 

ratios, yielding low-crystallinity Li6PS5Cl. Calcination then produces high-crystallinity Li6PS5Cl.106 Unlike 

ball-milling, liquid-phase synthesis is cost-effective and ideal for large-scale SE production.20 As a result, 

understanding sulfide-based SE stability in solvents supports developing scalable synthesis methods.  

Liu et al. first reported the liquid-phase synthesis of β-Li3PS4 using tetrahydrofuran (THF), demonstrating 

the reaction at room temperature, as shown in Equation 14.87 The liquid-phase synthesis relies on polar 

or weakly protic solvents107, which significantly influence the solubility and reactivity of PS4
3− in sulfide-

based SE.108 During the synthesis, Li3PS4 complexed with the solvent precipitates (Li3PS4．solvent). 

Other commonly used solvents87 include acetonitrile,109 diethylene glycol dimethyl ether,110 dimethyl car-

bonate,111 dimethoxyethane,112 ethyl acetate,113 ethylenediamine,114 and N-methylformamide.115-117 Ad-

ditionally, argyrodite-type Li6PS5Cl is synthesized following a similar route as for β-Li3PS4 by mixing Li2S, 

P2S5, and LiCl, using polar or weakly protic solvents,108 e.g., ethylenediamine,118 anisole,119 and etha-

nol106.   

Li2S +  P2S5  
THF
→   Li3PS4 ∙ 3 THF

                (Eq. 14)87 

Thermal treatment is subsequently applied to remove the solvent and recrystallize β-Li3PS4 from the 

complexes. Notably, insoluble Li3PS4・solvent complexes are stable at a moderate drying temperature 

of 120 °C. These complexes decompose upon heating to elevated temperatures more than 120 °C, 

yielding β-Li3PS4.107 However, liquid-phase synthesis may generate impurities, such as Li3PO4. While 

ethanol with a high dielectric constant aids in precursor dissolution, it promotes Li3PO4 formation and 

accelerates PS4
3− decomposition in the precursor solution.108 Moreover, a combination of THF and 
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ethanol forms Li3PO4 due to a ring-opening reaction of THF.108 The formation of side reaction products 

is highly complex and warrants further investigation.  

Conversely, examining how polar solvent molecules interact with sulfide-based SEs can provide insights 

into the formation of side reaction products during synthesis. Polar solvents with Lewis-basic functional 

groups (e.g., water, N-methyl-2-pyrrolidinone (NMP), or alcohols) react with the electrophilic PS4
3− group 

via the HSAB principle.120 This reaction degrades the SE structure to generate polysulfide (P−Sn−P) and 

oxygenated products, lowering its 𝜎ion (see Figure 6).121 Additionally, A higher donor number acceler-

ates this degradation.  

 

 

Figure 6. 𝜎ion of tetra-Li7SiPS8 (LiSiPS) after solvent treatment showing a decline with increasing the 

donor number. The desired high 𝜎ion above 1 mS∙cm–1 is only persevered after treatment with a solvent 

donor number below 15 kcal∙mol–1. The activation energy of LiSiPS shows only minor changes after 

treatment with various solvents.122 Reprinted without modification according to the creative commons 

license CC BY-NC 4.0 DEED (https://creativecommons.org/licenses/by/4.0/), from Anna-Katharina Hatz, 

Robert Calaminus, Julian Feijoo, Fiona Treber, Jakob Blahusch, Tobias Lenz, Marco Reichel, Konstantin 

Karaghiosoff, Nella M. Vargas-Barbosa,* and Bettina V. Lotsch*, Chemical Stability and Ionic Conduc-

tivity of LGPS-Type Solid Electrolyte Tetra-Li7SiPS8 after Solvent Treatment, ACS Applied Energy Mate-

rials, 2021, https://doi.org/10.1021/acsaem.1c01917, American Chemical Society. 

 

https://creativecommons.org/licenses/by/4.0/
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Suspensions of sulfide-based SEs in polar solvents display various colors, indicating that different pol-

ysulfide chains are stabilized by solvent molecules. The deep blue color in the NMP suspension is due 

to the [S3]−• radical anion. THF suspension turns yellow from [S2]−• and [S4]2− anions. Acetonitrile and 

propylene carbonate produce turquoise and dark green shades, respectively, likely due to [S3]−• and 

[S6]2− anions. Green hues in propionitrile and pyridine are possibly from [S3]−• and [S4]2− anions. Drying 

may lead to the formation of P−Sn−P precipitates, appearing as films or aggregates.122 However, the 

P−Sn−P are generally undesirable due to low conductivity.122, 123  

On the other hand, a proposed mechanism shows alcohols (particularly methanol) oxygenate PS4
3− 

through a nucleophilic attack on the PS4
3–, as shown in Figure 7.122 However, this reaction might be 

sterically hindered. For instance, isopropyl alcohol does not dissolve β-Li3PS4.107, 122 As oxygenated 

products from PS4
3− may serve as a protective layer between sulfide-based SEs and both CAMs and 

lithium metal anode,124 Publication C investigates modification on sulfide-based SEs using polar sol-

vent.   

 

 

Figure 7. Proposed reaction mechanism for the decomposition of PS4
3− in methanol, resulting in the 

formation of an oxygen-substituted thiophosphate.122 The figure was redrawn and modified from Ref. 

[122].  
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2.6 Interphases in SEBs 

The electrode/sulfide-based SE interphases form during cycling and even once contact forms. Without 

a stable interphase or protective coating layer at electrode/SE interfaces, the oxidation of sulfide-based 

SEs at the CEI and reduction at the SEI94 may keep degrading the electrochemical performance.61 As a 

result, this section focuses on the driving force of the interphase formation and the requirements for a 

stable interphase or coating layer. 

Interphase formation is driven by the potential gradient across the interphases. Table 1 provides defini-

tions for the various potentials in electrochemistry that influence interphase formation.125, 126 Generally, 

the electrochemical potential (µ̃𝑖) represents the total Gibbs free energy change of a system when one 

mole of a species, 𝑖, is introduced from an infinite distance under the influence of an electric field. µ̃𝑖 is 

the sum of the chemical potential (µ𝑖) and the electrostatic energy (Eele). Eele is the energy associated 

with the electric potential (𝜑). As a result, µ̃𝑖 determines the flow of charge species in a system, includ-

ing µ̃e− for electrons and µ̃Li for ions.  

Table 1. Potentials in electrochemistry.125, 126 The component “𝑖” can be Li, Li+, or e−, corresponds to 

neutral lithium, lithium ion, and electron, respectively. Additionally, phase “j” can be c, a, or SE, corre-

sponds to cathode, anode, and SE, respectively.  

Term unit Brief definition 

Electrochemical 

potential (µ̃𝑖
j
) 

J∙mole−1 

Partial molar Gibbs free energy change by adding a mole of species 𝑖 

in phase j  from infinite distance, considering electrostatic contribu-

tions. µ̃e−  can be taken as the Fermi level.125, 127 µ̃𝑖  ≡  µ𝑖  +  𝐸ele =

µ𝑖  +  𝑧𝑖  𝐹 ∙  𝜑, where µ𝑖, 𝐸ele, and 𝑧𝑖  𝐹 ∙  𝜑 are detailed below. 

Chemical poten-

tial (µ𝑖
j
) 

J∙mole−1 

Partial molar Gibbs free energy change by adding a mole of species 𝑖  

in phase 𝑗 from infinite distance, neglecting electrostatic contributions. 

µ𝑖  ≡  (
𝜕𝐺

𝜕𝑛𝑖
⁄ )

𝑇,𝑃
  

Electric potential 

(𝜑) 
V 

𝜑 is also named Galvani or inner electric potential in some literatures. 

It is defined as the work needed to bring a unit point charge from infinity 

to a point inside a phase. Hence, ∆𝜑 means the Electric potential dif-

ference between two points in the bulk of two phases. 𝜑 ≡  𝑥 +  𝜓 , 

where 𝑥 is the surface potential (caused by electric surface dipole) and 

𝜓 is the Volta potential (caused by net surface charge). 

Electrostatic en-

ergy (𝐸ele
j

) 
J 

Eele is also named electric potential energy in some literatures. It de-

scribes the work required to bring the charged species from infinity into 

the system's interior. 𝐸ele  ≡  𝑧𝑖  𝐹 ∙  𝜑, where 𝜑 represents Electric po-

tential and 𝑧𝑖 represents the charge number (e.g., +1, −1, +2, −2) of 

the species “𝑖”. F is the Faraday constant.125 
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2.6.1 Interphases influenced by the (electro)chemical potential   

A µLi profile helps to understand the electrodes/SEs interphase formation, as shown in Figure 8a.61 𝜉 

represents the distance. The anode exhibits the highest µLi
a  compared to the SE (µLi

SE) and cathode (µLi
c ), 

while the cathode exhibits the lowest µLi
c .61, 99 Before reaching electrochemical equilibrium, lithium ions 

flow across the interphases, shifting µLi from high potential to lower potential until µ̃Li+ becomes a 

constant.127 The profile is simplified as straight lines, though actual distributions are nonlinear.128 

A stable interphase which is not (or merely) electronic conductive leads to electrochemical equilibrium 

(stable OCV) when the interphase is thermodynamically or fully kinetically stabilized. Assuming highly 

mobile lithium ions, the µ̃Li+  remains constant throughout the cell (∆µ̃Li+  =  0 ).127 As a result, ∆µLi 

across the interphases (µLi
a  −  µLi

SE or µLi
SE  −  µLi

c ) equals ∆µ̃e− (µ̃e−
a  −  µ̃e−

SE or µ̃e−
SE  −  µ̃e−

c ) (see Equa-

tion 15), indicating that both µLi and µ̃e− decrease equally from the anode to the SE within SEI and 

from SE to the cathode within CEI.61, 127  

µ̃Li+  =  µLi  −  µ̃e−; ∆µ̃Li+  =  0 =  ∆µLi  −  ∆µ̃e− (Eq. 15) 

Redox potentials between electrodes and SE, which define the ESW, are determined by the Gibbs free 

energy differences between the electrodes and SE129 involving both ∆µLi and ∆µ̃e−. Due to simplicity, 

µ̃e−   is used to represent the redox reactions between electrodes and SE, as shown in Figure 8b. How-

ever, many reports incorrectly rely on the highest occupied molecular orbital (HOMO) and lowest unoc-

cupied molecular orbital (LUMO) energies to determine electrochemical stability. HOMO–LUMO only 

reflects electron excitations in isolated molecules,129, 130 considering only electron transfer and ignoring 

the necessary simultaneous lithium-ion transfer for charge neutrality.130 During interphase formation, the 

electrochemical window expands until ∆µ̃e− between electrodes and interphases becomes the same 

and hence no electron exchange between interphases and electrodes. However, electrochemical sta-

bility is influenced not only by thermodynamic factors but also by kinetics of decomposition and diffusion 

at the electrodes/SE interfaces.130 As a result, electrochemical stability assessed through cyclic voltam-

metry is influenced by the scanning rate, making it not merely a thermodynamic property. 

In SEBs where µ̃e−
c  ≠ µ̃e−

a  and ∆µ̃Li+ = 0 at electrochemical equilibrium, the OCV measured by a volt-

meter corresponds to ∆µ̃e− between cathode and anode.125 It is because that the ∆µ̃e− is the driving 

force of the electronic charge flow. If µe−
a  equals µe−

c ,131 OCV expressed as Equation 16.61, 125, 126, 131 

However, the CEI and coating layers, which may cover the whole CAM particles, can block the 𝜎ele and 

lower µ̃e−
c , resulting in higher OCV as measured by a voltmeter.      

OCV = − 
∆µLi 

𝐹
 =  − 

∆µ̃e−

𝐹
 =  − 

µ̃e−
a −µ̃e−

c

𝐹
 =  (𝜑a − 𝜑c)  =  ∆𝜑 (Eq. 16)61, 125 
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Figure 8. The schematic diagram of SEB, composed of anode, SEI, SE, CEI, and cathode, illustrates the distri-

bution of (a) the µLi61 and (b) µ̃e−129 across the cell components. In Figure (b,) a comparison is made between the 

ESW and the HOMO and LUMO levels. Redox reactions occur at the interfaces between electrodes and the SE. In 

both Figure a and b, The OCV (∆𝜑) can be determined by the difference in either the µLi or µ̃e−. Figure (a) and 

(b) were redrawn and modified from Ref. [61] and [129], respectively. 
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2.6.2 The electronic conductivity of the SEI and CEI  

Figure 9 illustrates the steady-state potential profiles at the SEI and CEI in an SEB.128 To prevent SE 

reduction at the anode side, the µLi at the SEI/SE interface (µLi
SEI/SE

), must stay below the reduction limit 

of SE, µLi
SE,red

. This is achieved by a sufficient µLi and µ̃e− drop in the SEI, which requires the SEI to 

have lower 𝜎ele than the SE (Figure 9a). Similarly, the CEI must have lower 𝜎ele than the SE to prevent 

oxidation of the SE by maintaining a sufficient µLi and µ̃e− drop in the CEI (Figure 9b). As a result, the 

µLi at the CEI/SE interface (µLi
CEI/SE

), must be higher than the oxidation limit of SE, µLi
SE,ox

.128 

If 𝜎ele of the interphases or coatings is higher than that of SE, which correspond to MCI, the 𝜎ele within 

the MCI cannot decrease µ̃e− from µ̃e−
a  to µ̃e−

SE (Figure 9c) or µ̃e−
SE to µ̃e−

c  (Figure 9d).128 A minor de-

crease of µ̃e− gives rise to a minor decrease of µLi from µLi
a  to µLi

SE or µLi
SE to µLi

c . As a result, µLi
SE,red

 

is lower than the µLi
MCI/SE

 in the anode side, or µLi
SE,ox

 is higher than the µLi
MCI/SE

 in the cathode side. 

Consequently, ∆µ̃Li+ = 0 can never be reached and the interphase is continuously growing, leading to 

increased interfacial resistance.127, 128 In conclusion, the polymer coating layer and the modification layer 

on the sulfide-based SE in this dissertation should exhibit lower a 𝜎ele than SE. 
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Figure 9. Schematic diagrams of the µLi profiles at the anode (a, c) and cathode (b, d) sides. In addition, 

Figures (a) and (b) refer to 𝜎ele of interphases lower than SE, while (c) and (d) refer to 𝜎ele of the 

interphases being higher than of the SE. The µLi
SE,red

 and µLi
SE,ox

 represent the reduction and oxidation 

chemical potentials of the SE. The µLi
MCI/SE

 denotes the µLi at the MCI/SE interface of the anode side 

and cathode side.128 Figures (a)~(d) were redrawn and modified from Ref. [128]. 
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2.6.3 Interphase growth kinetics 

If 𝜎ele of interphases are lower than that of the SE, the kinetics of interphase growth are self-limited. 

The Wagner model describes the kinetics of diffusion-controlled solid-state reactions,62, 132-134 suggest-

ing that 𝜎ele limits the growth of interphases. However, the growth of interphases in the Wagner model 

never completely stops but continues at a minor rate. 

The growing interphase thickness (∆𝜉) is expressed in Equation 17.62 𝑉m denotes the average molar volume 

of the interphase; 𝑧𝑖 signifies the number of moles of lithium ion extracted from the solid electrolytes; F is 

Faraday’s constant; and t indicates time of growing interphase. The lithium-ion conductivity at the inter-

phase is 𝜎Li+. ∆µLi  is the chemical potential difference of lithium across the interphase. The kinetic con-

stant k reflects the growth rate in terms of ∆𝜉. If resulting equation assumes 𝜎ele  ≪  𝜎Li+, k is influenced 

by 𝜎ele and ∆µLi.62 

∆𝜉 =  √
𝑉m

𝑧𝑖∙𝐹
2 ∙

𝜎Li+ ∙𝜎ele

𝜎Li++ 𝜎ele
∙ ∆µLi  ∙  √𝑡  =  𝑘 ∙  √𝑡; 𝑘 =  √

𝑉m

𝑧𝑖∙𝐹
2 ∙

𝜎Li+ ∙𝜎ele

𝜎Li++ 𝜎ele
∙ ∆µLi  ≅  √

𝑉m

𝑧𝑖∙𝐹
2 ∙ 𝜎ele ∙ ∆µLi (Eq. 17)62 

The growing interphase resistance (∆𝑅interphase) is shown in Equation 18.132 The term “A “ is the contact 

area and 𝜎interphase  is the average conductivity of the interphase, which can be assumed that 

𝜎interphase ≅ 𝜎Li+ ≫ 𝜎ele.
132 The kinetic constant k′ reflects the growth rate in terms of ∆𝑅interphase.  

∆𝑅interphase  =  
∆𝜉

𝐴∙𝜎interphase
 =   𝑘′  ∙  √𝑡 (Eq. 18)132 

Overall, for a slow-growing interphase, its 𝜎ele should be low, and its 𝜎Li+ should be high.134 Notably, 

∆𝜉 and ∆𝑅interphase increases in proportion to the square root of time. If k is known, the thickness of the 

interphase over time can be predicted.132, 134 However, from the equations mentioned above, deviations 

occur when conductivities change during solid-state reactions, affecting the reaction kinetics.  

Additionally, at a solid–solid interface, large gradients of chemical potential, lattice mismatch, or other 

defects can cause significant local free-energy changes that lead to deviations of the Wagner model. 

This is because the change in Gibbs free energy per atomic hop is assumed to be negligible compared 

to thermal energy, so the flux in a diffusion-controlled process is proportional to the driving force gradient 

(e.g., concentration or chemical potential gradient). This linear relationship is well described by Fick’s 

laws that the transport coefficients are treated as constants or functions of state variables (pressure, 

temperature, etc.). As a result, the flux–gradient relationship in the Fick’s laws are more likely to become 

nonlinear for interface-controlled processes, compared to diffusion-controlled processes.135 This could 

explain the deviations from the linear relationship observed at the beginning of the measurements in 

electrochemical impedance spectroscopy (EIS),133 and coulometric titration time analysis (CTTA)94. 

There are other factors that can change the boundary condition, leading to deviations of the Wagner 

model. For example, the interface often changes due to solid-state reactions, result in new product 

phases forming and growing.135 On the other hand, crystals can experience elastic stress, which is usu-

ally unevenly distributed.135, 136 Plastic deformation and dislocation formation occur when the stress 
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exceeds the yield strength, altering the crystal structure. While elastic deformations influence transport 

coefficients and driving force gradient, plastic deformations and dislocations primarily change transport 

coefficients.135, 136 As a result, the Wagner model is assumed to be ideal for boundary conditions with 

homogeneous solid, dense, and fully covering interphases.132  

2.7 CAM/SE interfacial degradation 

The following sections introduce the interfacial degradation between the high-nickel CAM and sulfide-

based SE, including (1) physical contact loss, (2) space charge layer (SCL), and (3) CEI degradation.137, 

138 In addition, particle cracking of high-nickel CAMs can be triggered by CEI degradation. Figure 10 

illustrates a schematic of the CEI degradation, showing that the polymer coatings promise to mitigate 

SCL degradation, CEI degradation, and cracking of high-nickel CAM particles except for physical contact 

loss. Without the coating protection, CAM particle cracking and the CEI degradation lead to a growth of 

Ldiff.51 If a CAM particle becomes completely isolated, possibly due to contact loss or the formation of an 

insulating CEI, it results in loss of mact.51  

 

 

Figure 10. The schematic shows the CEI degradation mechanisms in the CAM composite, including 

interfacial degradation (physical contact loss, SCL, and CEI formation) and particle cracking. 
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2.7.1 Physical contact loss 

The physical contact loss between CAMs and SEs is far more significant than in LEBs, as the LE can 

fill the gap caused by contact loss, hence increasing the active surface area. In contrast, the mechanical 

rigidity of SEs prevents these benefits, leading to degraded kinetics or mact loss if CAMs become iso-

lated.51, 139, 140 Adjusting external pressure and Young's modulus of SEs can promote better CAM/SE 

contact due to improved elastic deformation of SEs.141.142 The Young's modulus, Shear modulus, hard-

ness, and fracture toughness of different materials are summarized in Figure 11.143 

 

 

Figure 11. Overview of the mechanical properties of sulfide, oxide, polymer, and nitride electrolytes, 

including Young's modulus, shear modulus, hardness, and fracture toughness.143 The figure was re-

drawn and modified from Ref. [143]. 

 

Oxide SEs exhibit a Young's modulus of 150~200 GPa and a hardness of 7~10 GPa, whereas sulfide-

based SEs have lower values (a Young's modulus ≈ 20 GPa and a hardness ≈ 2 GPa). In comparison, 

CAMs possess a Young's modulus ranging from 80 to 200 GPa144 and hardness between 3 and 30 

GPa.138, 141, 143, 144 Insufficient elastic deformation in both SEs and CAMs may impede the intimate inter-

facial contact. Furthermore, volume changes during cycling exacerbate contact loss.  

However, when external pressure is applied, sulfide-based SE, such as Li6PS5Cl, exhibit much better 

compressibility than other SEs at room temperature, improving the CAM/SE contact.141 This improve-

ment is due to their lower Young's modulus or Pugh’s ratio (G/B); for instance, Li6PS5Cl has a G/B value 

of 0.28, where G is the shear modulus, and B is the bulk modulus.136, 145 Materials with a lower G/B ratio 
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(generally below about 0.5) can more easily accommodate stress through plastic deformation. In con-

trast, a higher G/B ratio indicates that the material is more prone to brittle fracture.146 

2.7.2 Space charge layer 

The formation of a SCL occurs at the interface between two phases when differences in chemical po-

tential cause a redistribution of charge carriers in the boundary region to achieve thermodynamic equi-

librium. Under electrochemical equilibrium, the µ̃Li+ remains constant throughout the cell components. 

At the sulfide-based SEs/CAMs interface, increased anodic polarization at the interface raises 𝜑, lead-

ing to a sharp decrease in µLi+. As a result, lithium-ions migrate from the SE to the cathode interface to 

maintain charge neutrality, resulting in separated regions of lithium-ion enrichment (CAM side)147 and 

depletion (SE side)147.138, 147-149 137  

The SCL may inhibit the charge transfer at the interface. In addition, considering that the charge carrier 

concentration in SE is usually in its optimal composition, lithium-ion depletion layer detrimentally de-

creases the 𝜎ion near the interface.138 With increasing bias voltage, lithium-ions are extracted from the 

CAM to the anode side and then migrated to the interstitial vacancies of the SE. Due to the resistance 

from the lithium-ion depletion region, some of the extracted lithium-ions are trapped at the interface. 

These phenomena become more pronounced, causing increased interfacial resistance.147 As a result, 

applying a suitable coating material as a buffer layer between CAMs and SEs can mitigate the detri-

mental effect from SCL.  

The concept of the SCL explains the improved 𝜎ion observed at the polymer/SE interface.138, 150 While 

the SCL between CAMs and SEs hinders interfacial ion transfer, the formation of local conjugated struc-

tures on the polymer side of the SCL in polymer/SE composites accelerates lithium-ion transfer.150 Since 

the SCL thickness is typically on the nanometer scale, lithium ions can rapidly transfer between inorganic 

particles through the polymer phase when the polymer coating thickness is similar to SCL thickness. In 

contrast, with a thick polymer coating, the region far from the interface remains unaltered, weakening 

the charge compensation effect.150 Consequently, the nano-meter polymer coating on CAMs is utilized 

in the publications.138, 150 

2.7.3 Cathode degradation and CEI formation 

The difference in µLi between sulfide-based SEs and high-nickel CAMs results in CEI formation. Before 

cycling at 0% SOC, high-nickel CAMs and sulfide-based SEs undergo chemical reactions at the inter-

face. For example, NCMs react with SEs to generate transition metal sulfides (NiS, CoS, and MnS) and 

Li2S as side products at the CEI. Such chemical degradation can lead to increased interfacial resistance 

due to thick CEI or crack formation on the surface of CAMs, which are detrimental to the first-cycle 

capacity.151  

Additionally, the sulfide-based SE is oxidized into various polyanions during the first cycle, including 

P2S7
4⁻, P2S6

2⁻, P2S5, elemental S, and Sx-like species (Li-Sn-Li and P-Sn-P), as explained in Section 

2.5.4.104 However, the discharge process often reaches 2.6 V vs. Li+/Li, which is not low enough for 
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triggering further reduction.96, 98, 105 These side reaction products block the electronic and ionic transport, 

resulting in loss of mact and low first-cycle Coulomb efficiency.51 

Moreover, oxygen evolution from the surface region of the CAMs triggers oxygenated reactions with the 

SEs, leading to a gradual increase in the thickness of the CEI over cycling. The oxygenated side-reaction 

products include SOx
n- (such as Li2SO4 and Li2SO3) and POx

n- (such as Li3PO4), which can be detected 

by time-of-flight secondary ion mass spectrometry (ToF-SIMS) 62, 104, 152, 153 and X-ray photoelectron 

spectroscopy (XPS)104, 105, 152, 153. In addition, differential electrochemical mass spectrometry can detect 

the evolution of O2, CO2, and SO2 gas. The CO₂ is generated by the reaction of carbonated species with 

oxygen, whereas SO2 results from the reaction of sulfide-based SE with oxygen.45, 154 As O2 loss primar-

ily occurs at high SOC in the H2/H3 transition and subsequent delithiation states, the oxygenated side 

reaction products can act as an indicator for the degradation regarding H2/H3 transition.  

Li2SO4 and Li3PO4 have a 𝜎ion at 25 °C around 1.4 ∙ 10–4 and 3.9 ∙ 10–6 mS∙cm−1, respectively. However, 

when the molar ratio of Li2SO4 to Li3PO4 is 1:3, 𝜎ion increases to around 1.6 ∙ 10–1 mS∙cm−1. Additionally, 

a 1:1 molar ratio results in a 𝜎ion around 9.9 × 10–2 mS∙cm−1.155 As a result, the Li2SO4/Li3PO4 may not 

directly cause loss of mact at the beginning of cycling but kinetically affect the electrochemical perfor-

mance.51 Moreover, an artificial CEI layer composed of Li2SO4/Li3PO4 may improve electrochemical 

performance.156 This suggests that artificial oxygenated products on the surface of sulfide-based SEs 

could also serve as protective buffer layer, which becomes the motivation for Publication C.  

2.8 Li/SE interfacial degradation  

The Li/SE interface/interphase can be categorized into the thermodynamically stable (or fully kinetically 

stabilized) interface and thermodynamically unstable interphases, as shown in Figure 12. Thermody-

namically unstable interphases include the MCI and SEI. MCI is an electronic and ionic conductive in-

terphase, while SEI is kinetically self-limited due to low 𝜎ele.
130, 157 The SEI formation kinetics are influ-

enced by 𝜎ele and ∆µLi of the SEI, as explained in Section 2.6.3. 

 

 

Figure 12. There are three types of interface/ interphases between lithium metal and an SE: (a) ther-

modynamically stable interface, (b) reactive MCI with high 𝜎ele, and (c) SEI with low 𝜎ele.
130, 157 (Repro-

duced with permission from Ref. [130], copyright 2015 Elsevier.) 
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Regarding the case of the thermodynamically stable interface (Figure 12a), SEs remain (electro)chem-

ically stable in contact with lithium metal anode (µLi
a  =  µLi

SE), preventing any reduction of the SE upon 

contact with lithium metal anode.130, 157 Although the binary lithium compounds like LiF, LiCl, or Li3N are 

thermodynamical stable against the lithium metal anode, they typically form as decomposition products 

of LEs or SEs and function as a SEI.99 Notably, Publication C demonstrates that the in situ formation 

of Li3N as a component of the SEI may improve the SEI stability. 

For the case of the thermodynamically unstable interphase, µLi
a  is initially different from µLi

SE, and the 

chemical reactions occur between the SE and lithium metal.130, 157 This can result in an irreversible ca-

pacity loss in anode free cells.94 MCI (Figure 12b) exhibits sufficient 𝜎ele and 𝜎ion, which can continu-

ously grow into the SE and consume lithium metal, ultimately causing self-discharge of the battery. 130, 

157 For instance, the high-valence metal ion in thio-LISICON Li4−xGe1−xPxS4 and its reduction leads to 

the formation of an MCI against lithium metal anode rather than a dense and insulating SEI layer.94 On 

the other hand, the SEI (Figure 12c) is a kinetically self-limiting interphase composed of solely ionically 

conducting products with low 𝜎ele.
130, 157 However, the SEI thickness varies across material systems due 

to differences in the 𝜎ele of SEI components.94  

2.8.1 SEI degradation between Li6PS5Cl and lithium metal 

The SEI formation between Li6PS5Cl and lithium metal is diffusion-controlled, which is proved by EIS,133 

and CTTA94. A Wagner model describes the diffusion-controlled reaction, as detailed in Section 2.6.3.158 

Experimental studies demonstrate that after one week, the SEI layer reaches a thickness of 235–305 nm 

as measured by ToF-SIMS and atomic force microscopy159, and 315 nm according to CTTA calcula-

tions94 and the Wagner model158.  

The diffusion-controlled phenomenon can be explained by the low 𝜎ele of the SEI around 10–10 S∙cm−1 

at 25 °C, as shown in Figure 13.158, 160 The SEI comprises Li2S, LiCl, and Li3P (identical to Eq. 1294), 

resulting in a complex microstructure with multiple interfaces.161 Among these components, Li2S has a 

𝜎ele around 10-11 mS∙cm−1 at 25 °C, which is much lower than that of Li3P around 1 mS∙cm−1 at 25 °C.158 

The conductivity difference between the SEI and its intrinsic components arises from the formation of a 

mixed phase.51 However, the SEI between Li6PS5Cl and lithium metal forms a porous microstructure, 

which can lead to dendrite growth due to non-uniform lithium-ion conduction (Section 2.8.2).161  
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Figure 13. 𝜎𝑖𝑜𝑛 and 𝜎𝑒𝑙𝑒 at 25 °C for Li6PS5X (X = Cl, Br, I) and their typical SEI constituents. Note: 

substituted phases are excluded.158 (Reproduced with permission from Ref. [158], copyright 2024 

Joule.) 

 

2.8.2 Lithium dendrite formation in SEBs 

The tip-growth model of lithium is one of the earliest and most widely accepted mechanisms for lithium 

dendrite formation.162 In this model, current constriction accumulates the charge at a tip, creating a 

strong localized electric field. Subsequently, lithium-ions deposit at the tip and lead to lithium nucleation 

and dendrite growth.163-165 In general, non-uniform lithium-ion conduction leads to current constriction,130 

which can be due to: (1) poor contact, such as defects and pores, at the Li/SE interface,136 (2) non-

uniform side reaction product distribution and porous microstructure of SEI,161 (3) grain boundaries and 

cracks within the SE, which jointly facilitate dendrite growth.130, 136, 164, 165 Publication C forms an artificial 

SEI layer between lithium metal and Li6PS5Cl, primarily composed of Li3N, which mitigates dendrite 

growth. This may be due to the strong wetting ability of Li3N with the lithium metal anode, which reduces 

non-uniform Li-ion conduction and effectively prevents dendrite growth.166 

A high shear modulus of a SE is often considered as necessary for inhibiting dendrite growth.141 In 

contrast, dendrite growth can easily penetrate the soft polymer electrolytes because of their relatively 

low shear modulus.167 According to the model from Monroe and Newman, dendrite growth is suppressed 

if the shear modulus of SEs are at least twice that of lithium (4.8 GPa at 298 K).168 Most of the SEs 

exceed this threshold (see Figure 11). For example, the shear modulus of Li6PS5Cl is around 25 GPa.143, 

169 However, SEs typically exhibit a critical current density (CCD), defined as the maximum current den-

sity before shorting occurs, that is generally below 1 mA∙cm−2.170 This is because the shear modulus 

criterion in the model is only suitable for a perfect Li/SE interface without poor contact and non-uniform 

SEI.136, 171  
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2.9 Polyelectrolytes as a coating material 

For effective electronic percolation, CAM particles must maintain direct contact. A fully covered and 

electronic-insulated coating would hinder electronic transport between CAM particles. However, brittle 

coatings (such as LiNbO3 with Young’s modulus ≈ 195 GPa) can fracture at particle contact points due 

to mechanical mixing and electrode fabrication. Moreover, cycling-induced stress and volume change 

can lead to more coating fractures. Although coating fractures may create electronic transport pathways, 

the bare CAM surface is unprotected and vulnerable to CAM/SE interfacial degradation.61  

In contrast, softer polymer-based coatings (Young’s modulus ≈ 10 MPa or lower) exhibit elasticity com-

parable to thiophosphate solid electrolytes (Young’s modulus ≈ 20 GPa). These coatings can deform 

and thin out under stress, facilitating particle contact while minimizing coating fractures.61 On the other 

hand, polymers typically exhibit 𝜎ele below 10−16 S∙cm−1,172 much lower than the SEs (from 10−8 to 10−10 

S∙cm−1)173. The electronic conductivity of a coating or interphase is strongly related to the interfacial 

stability, as described in Section 2.6. As a result, the beneficial mechanical properties and low 𝜎ele of 

polymers serve as the key motivations for using them as coatings on CAMs in this dissertation.  

On the other hand, the 𝜎ion of the 1 nm coating layer or interphase requires more than 0.1 μS∙cm−1 to 

reach a resistance smaller than 1 Ω∙cm2.61 Therefore, when the 𝜎ion of the coating layer is below 0.1 

μS∙cm−1, common for polymers without plasticizers, a nanometer-scale thickness is essential to mini-

mize resistance. Although incorporating plasticizers or lithium salts can enhance 𝜎ion, it may also reduce 

the quantity of the polymer-coating inducer and weaken electrostatic interactions between polymers and 

coated particles, potentially leading to coating failure. Compared to conventional PEs that require addi-

tional salts, polyelectrolytes offer the advantage of their intrinsic 𝜎ion, which is advantageous for apply-

ing a thin nanometer-scale coating without adding salt. Consequently, the polyelectrolytes are selected 

as a coating material in this dissertation. 

2.9.1 Polycation and polyanion  

Polyelectrolytes contain dissociating groups within their repeating units, leading to a charged polymer 

backbone balanced by counterions. Figure 14 demonstrates three main parts in the structure of poly-

electrolytes: the polymer backbone, ionic species, and the spacer. The backbone of polyelectrolytes can 

include functional groups, such as vinyl, peptide,174 or sulfone,175 with a possible intermediate functional 

group linking to the spacer.176 The backbone affects the glass transition temperature (Tg) and mechani-

cal properties.177 The spacer within the polymer may consist of a short or long-chain structure, such as 

ethylene, ethylene oxide, and benzyl group. However, spacers have a complex influence, affecting both 

𝜎ion and mechanical properties. A spacer facilitating the dissolution of counterions in the ionic species 

can enhance 𝜎ion, such as ethylene oxide. On the other hand, spacers can also increase Tg, reducing 

chain mobility and thereby lowering 𝜎ion.
176 
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Figure 14. Examples of chemical structures of polyelectrolytes include backbones (top), spacers (mid-

dle), and ionic species (bottom). The ionic species of polycation and polyanion includes cation and anion 

functional groups, respectively. Counter anions for the polycations are shown in the bottom row of the 

ionic species, while the counter cation for the polyanions are considered as lithium ions.176 The figure 

was redrawn and modified from Ref. [176]. 

 

Depending on the type of ionic species, the polyelectrolyte can be classified as either a polycation or a 

polyanion.176 Polycations contain fixed cation functional groups, such as imidazolium, pyrrolidinium, or 

ammonium, paired with mobile counter anions, such as TFSI, FSI, or dicyanamide. As a result, poly-

cations require extra lithium salt to function as lithium-ion conductors. In contrast, polyanions have fixed 

anion functional groups, such as a TFSI-derived group, carboxylate, sulfonate, and phosphonate, re-

sulting in a high lithium ionic transfer number.176 However, polycations can be used as coating inducers 

for CAMs and Si particles, which is studied in Publications A and D. Additionally, polycations are gen-

erally easier to synthesize and less costly compared to polyanions.176  

Polyelectrolytes are normally amorphous due to counterions hindering crystallization.178 If counterions 

in ionic species strongly coordinate with the polyelectrolytes, Tg may increase. To take an example from 

neutral polymers, the poly(ethylene oxide) exhibits strong lithium-ion coordination with lithium salts along 
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its entire polymer structure, which increases its Tg. In contrast, poly(ethylene carbonate) shows a de-

crease in Tg upon salt addition because its strong carbonate dipole effectively dissociates lithium ions.176, 

179  

Take an example of a polyanion, an increase in cationic counterion size (Li+ < Na+ < Cs+) in the polyanion 

generally hinders the chain mobility, hence causing higher Tg. For polycation, Tg of poly(trimethylammo-

nium-2-ethyl)X− methacrylate varies with anionic counterions: 164 °C for Cl⁻, 130 °C for BF4
−, 164 °C for 

PF6
−, 70 °C for CF3SO3

−, and 38 °C for TFSI.178 Compared to PF6⁻, TFSI counter ions interact more 

weakly with the backbone and spacer of the polycation, resulting in a lower Tg of the polycation.176 

Moreover, anionic counterions significantly affect the thermal stability of polycation. For example, the 

thermal stability can be ranked as follows: CF3SO3
− > TFSI > C12H25C6H4SO3

− > PF6
− > Br− > 

C16H34PO4
−.178 However, the underlying reason warrants further study. As higher Tg typically exhibit a 

higher Young’s modulus, Publications A and D utilize a polycation with a TFSI counterion as the coating 

material to have lower Tg, resulting in a more deformable mechanical behavior.  

Anionic counterions have a more pronounced effect on the solubility of polycations compared to the 

influence of cationic counterions on the solubility of polyanions. For instance, poly(1-vinyl-3-ethylimid-

azolium)X− is water-soluble when X− is a halide (e.g., Br−). Replacing Br− with BF4
− or PF6

− renders the 

polymer insoluble in water while allowing dissolution in methanol and polar aprotic solvents, including 

acetone, dimethyl sulfoxide, and dimethyl formamide (DMF). When replacing halide ions with TFSI or 

other hydrophobic anions, the polymer becomes soluble in less polar solvents like tetrahydrofuran and 

toluene.178 On the other hand, cationic counterions in polyanions often restrict their solubility to water 

and other polar solvents with polarity similar to that of water. The solvent is crucial for the wet-coating 

process because the solvent should be stable against the coated materials. Moreover, the spray-drying 

process requires a low boiling point solvent. For instance, the boiling point of NMP exceeds 200 °C, 

making it unsuitable for the spray-drying process.  

2.9.2 Polyelectrolyte complexes 

PECs form spontaneously when oppositely charged polyelectrolytes mix in solution, driven by the en-

tropy gain from counterion release.180, 181 Therefore, the stoichiometric number of complex units in PEC 

is determined by the number of counter-charged groups. When the cation-to-anion ratio in PEC equals 

to one, the PEC is stoichiometric. Deviations from this ratio, known as overcompensation, are essential 

for processes like forming polyelectrolyte multilayers or quasi-stable nanoparticles in solution.182 PECs 

are used in pharmaceutical applications, such as drug carrier systems and enzyme supports. Addition-

ally, they are widely employed in dialysis and ultrafiltration membranes due to their high-water permea-

bility. They also act as effective separators in primary and secondary LEBs and fuel cells.180, 183   

In the initial stage of PEC formation, two opposing processes co-occur. First, ionic interactions cause 

oppositely charged polyelectrolytes to align and form an organized complex. Second, disordered aggre-

gation causes oppositely charged polyelectrolytes to only partially neutralize each other, leaving some 

charged segments balanced by small counterions. Overall, the formation of the PEC is influenced by 
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the interaction between these two effects.184, 185 

PEC formation occurs in three steps, ultimately resulting in a precipitate, as shown in Figure 15: (1) 

primary complex formation, where random ionic bonds form upon mixing cationic and anionic polymers; 

(2) secondary complex formation, after ionic bonds rearrange; and (3) inter-complex aggregation, in 

which the complexes coalesce into the entanglement, network, and fiber products.185-187 Step (1) in-

volves the rapid formation of secondary binding forces, such as Coulomb interactions.185, 188 The step 

(2) involves forming new ionic bonds and rearranging the polymer chains into a stable conformation. In 

step (3), secondary complexes aggregate via hydrophobic interactions to form insoluble PEC aggre-

gates.185, 189 Notably, the entanglement product in step (3) can be formed directly from the step (1) be-

cause the precipitation occurs too rapidly, leaving no time for step (2) to take place. 

 

 

Figure 15. The schematic illustrates PEC aggregation in three steps: (1) primary complex formation (top 

right), (2) secondary complex formation (bottom right), and (3) inter-complex aggregation leading to 

precipitation (bottom left).189 The figure was redrawn and modified from Ref. [189].  
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PEC properties are influenced by factors such as the molecular characteristics, including their degree 

of polymerization, charge density, steric hindrance of charges along the chain, polymer hydrophilicity or 

polarity, tacticity or chirality, and architecture.190 Most PECs become brittle in the dry state due to strong 

ionic interaction strength within PECs, rendering them high Tg and insoluble in solvents.191 The absence 

of the glass transition below the degradation temperature causes that these materials are not processa-

ble in the dry state.180  

Environmental factors such as the ionic strength in the solution, dielectric constant, pH, and temperature 

can modulate the ionic interaction strength within PECs.190 For instance, adding the solvent and salt can 

soften PECs by electrostatic screening,180 enhancing chain mobility and increasing free volume for mov-

ing ions.181 With enough solvent to disperse the PEC to form a coacervate, gradually reducing salt in a 

PEC/salt/solvent system promotes ion pairing, which increases viscosity until forming a rigid and glassy 

solid, while adding salt converts it back into a coacervate.192-194 After softening by adding the solvent 

and salt, PECs exhibit ionic diffusion at least two orders of magnitude faster than polycations and poly-

anions, driven by rapid local rearrangements of ionic sites rather than full polymer chain mobility.195 

Therefore, ionic diffusion in PECs decreases as ionic interaction strength increases because stronger 

electrostatic forces restrict ion movement.196 

Normally, PEC is unsuitable for wet coating methods due to its insolubility and brittle mechanical prop-

erties. Although adding salt can weaken the ionic interaction strength and form the coacervate,192-194 a 

true solution in which the solute is completely dissolved at the molecular level is necessary.192, 197 As a 

result, controlling ionic interaction strength without solvent and salt is necessary. As shown in Figure 16, 

without considering their counter ions, the interacting ionic species of polyelectrolytes influence the bind-

ing affinities in PECs.196  

Notably, reducing ionic species and steric hindrance within the PEC can weaken the ionic interaction 

strength.191 Polyelectrolytes with bulky side chains attached to the charged moiety can provide steric 

hindrance, thereby weakening the ionic interaction strength and lower the Tg.191 This method yields 

thermoplastics with 100% charge density solely from ionic interaction between the polycation and poly-

anion.191 However, this is insufficient to produce a true solution upon dissolution, which is necessary for 

wet coating processes. As a result, Publication D copolymerizes anionic polymer with the neutral re-

peated units (serving as internal plasticizers) to form a PEC with PVBTA-TFSI. This PEC exhibits rubber-

like mechanical properties and is fully soluble in acetone without plasticizer and salt, making it suitable 

for wet coating applications. 
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Figure 16. The schematic shows the ionic interaction strength between various polycations and polyan-

ions, ranging from strong (left) to weak (right). Polycations include poly(vinylamine) (PVA), poly(allyla-

mine) (PAH), poly(diallyldimethylammonium) (PDADMA), poly(vinylbenzyltrimethylammonium) (PVBTA), 

and poly(N,N-dimethyl-3,5-dimethylene piperidinium) (PDDP). Polyanions include poly(styrenesulfonate) 

(PSS), poly(vinylsulfonate) (PVS), poly(acrylamido-2-methylpropanesulfonate) (PAMPS), and poly(vi-

nylamine) (PVA).196 The figure was redrawn and modified from Ref. [196]. 
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3. Results 

3.1 Publication A  

This part of the PhD project first aims to identify a polymer that can uniformly coat the entire NCM surface 

and to develop an effective coating technique for sulfide-based SEB. Moreover, this publication com-

pares the performance of coated and pristine LiNi0.83Co0.11Mn0.06O2 as CAMs when in contact with a 

Li6PS5Cl catholyte. An In/InLi alloy serves as the counter electrode to evaluate the cathodic performance. 

In addition, Li6PS5Cl is used as both the separator and the catholyte.  

Initially, PVP was chosen as the coating material to evaluate various methods, owing to its proven effi-

ciency as a coating inducer.198 A traditional wet-coating approach with vacuum filtration was initially 

tested. The coating precursor comprises the PVP and NCM suspension (0.6 g polymer, 200 ml NMP, 

and 2 g NCM)198. A vacuum is applied to remove the excess solvent from the coating precursor using a 

filtration setup. Subsequently, the product is dried in the vacuum oven under 100 °C for 24 hours. How-

ever, scanning electron microscopy (SEM) shows this method results in an uneven "island coating" and 

significant polymer aggregation separate from the NCM particles. This may be because the traditional 

wet-coating approach is insufficient for a uniform coating. 

A rotary evaporation setup was tested as an alternative to traditional wet-coating methods for more 

efficient solvent removal and better control over the coating amount. In this method, a suspension of 

0.1 g PVP, 100 mL acetone, and 2 g NCM is dried using a rotary evaporator, leveraging the low boiling 

point of acetone for rapid solvent removal. After rotary evaporation, the coated samples are dried in a 

vacuum oven at 100 °C for 24 hours. However, the PVP tends to adhere to the inner glass walls instead 

of coating the NCM particles, as confirmed by SEM. Additionally, electrochemical tests show no perfor-

mance improvement compared to pristine NCM.  

Ultimately, the spray-drying method overcame earlier challenges by providing a uniform polymer coating 

on the NCM surface. However, PVP degrades the cell performance due to its ionic insulation (see Pub-

lication B). Additionally, polymethyl methacrylate (PMMA) was tested using the spray-drying method, 

but its weak electrostatic interactions with NCM particles resulted in significant polymer aggregation 

separate from the NCM particles. Therefore, a self-synthesized cationic polymer (1 wt% relative to NCM), 

PVBTA-TFSI, is used in this dissertation, yielding a uniform 2~4 nm coating that enhances cycling sta-

bility compared to pristine NCM.   

B.X.S. carried out the syntheses, electrochemical analyses and general materials characterization. Y.Y. 

performed the TOF-SIMS analysis and T.D. carried out the TEM experiments. S.S., R.R., K.V., A.H., and 

F.H.R. helped with the analysis and discussion of experimental data. B.X.S., S.S., and F.H.R. conceived 

the idea and prepared the manuscript. All authors participated in the analysis of the experimental results 

and contributed to the manuscript. Unmodified reproduction under CC BY license. 
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3.2 Publication B  

From the results of Publication A, using a cationic polymer as a coating material for NCM resulted in a 

capacity loss in SEBs due to the absence of 𝜎Li+ in the polymer. Consequently, Publication B aims to 

identify a coating material for NCM that offers 𝜎Li+. The coating process is conducted using the spray-

drying method. To evaluate the electrochemical performance of different coated NCM in SEB, pristine 

and coated LiNi0.9Co0.05Mn0.05O2 is used as a CAM. Li6PS5Cl is used as a separator and catholyte. An 

In/InLi alloy is used as a counter electrode. 

Initially, experiments used a spray-drying method to create a coating on NCM from a mixture of LiTFSI, 

an ionic liquid (1-methyl-1-butylpyrrolidiniumbis(trifluoromethanesulfonyl)imide), and the PVBTA-TFSI 

(0.01 g LiTFSI, 0.02 g ionic liquid, 0.03 g PVBTA-TFSI, 200 ml acetone, and 6 g NCM). The LiTFSI/ionic 

liquid/PVBTA-TFSI mixture was prepared using the ratio reported in the literature.199 Notably, using 

LiTFSI alone with PVBTA-TFSI is impractical because the ion-exchange synthesis saturates the polymer 

with TFSI counterions, preventing a homogeneous film and leading to phase separation. However, SEM 

reveals that the LiTFSI/ionic liquid/polycation mixture as a coating material forms distinct aggregated 

particles, probably due to insufficient coating inducer PVBTA-TFSI, resulting in coating failure. 

Directly coating NCM with an anionic polymer appears more effective. However, the first challenge is 

finding an anionic polymer that dissolves in polar aprotic solvents or non-polar solvents that are stable 

with NCM (see Section 2.3). Additionally, the electrostatic interaction between the anionic polymer and 

NCM is insufficient, resulting in separated polymer aggregation particles instead of a uniform coating 

layer on NCM.  

To overcome these challenges, PVP is used as a coating inducer and is combined with lithiated sul-

fonated polyphenylene sulfone (sPPSLi), which provides 𝜎Li+. The spray-drying method using DMF as 

a solvent to achieve a uniform 1~3 nm coating on NCM. Notably, the boiling point of DMF appears to 

constrain the choice of solvent; solvents with higher boiling points, such as NMP, cannot be effectively 

dried during the coating process. Additionally, nano-IR confirms the complete and pinhole-free coverage 

of the coating on NCM. The PVP/sPPSLi coated NCM exhibited a first-cycle discharge capacity of 186 

mAh∙g–1, which is comparable to the 183 mAh∙g–1 of pristine NCM. Additionally, the PVP/sPPSLi coated 

NCM shows improved cycling stability compared to pristine NCM, retaining 78.3% of its capacity after 

100 cycles versus 69% for pristine NCM. This improvement is because the PVP/sPPSLi coating can 

mitigate CEI degradation between NCM and the Li6PS5Cl catholyte, thereby reducing mact loss and lim-

iting the growth of Ldiff. 

B.X.S. was responsible for the electrochemical analyses, and general characterization of materials. Y.Y. 

conducted the TOF-SIMS analysis, while T.D. performed the TEM experiments. F.W. and R.B. conducted 

the nano-IR analysis. K.V., A.H., and F.H.R. contributed to the analysis and interpretation of the experi-

mental data. A.M. and G.T. provided the anionic polymer. The research concept was conceived by B.X.S. 

and F.H.R., who also prepared the manuscript. All authors contributed to the manuscript and the analysis 

of experimental results. Unmodified reproduction under CC BY license.  
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3.3 Publication C  

Publication C is currently under review following its submission. The primary objective of this publica-

tion is to introduce a new modification method for sulfide-based SEs. In this study, Li6PS5Cl is employed 

as a catholyte and separator. Self-synthesized single crystalline LNO is used as a CAM to test pristine 

and modified Li6PS5Cl. Choosing the self-synthesized LNO as a CAM is important because the com-

mercially available NCM may already be coated or doped, which could mask the effects of CEI degra-

dation. In contrast, LNO provokes the most severe side reactions among high-nickel CAMs. This char-

acteristic makes it an ideal candidate for studying CEI degradation. The single-crystal structure of LNO 

mitigates its particle cracking during cycling and 60 MPa of external pressure mitigates the contact loss, 

allowing a more focused CEI degradation study.  

Sulfide-based SEs may react with or dissolve in polar solvents, leading to the formation of polysulfides 

(see Section 2.5.5). Because the polar solvent is used during synthesis, side reaction products such as 

Li3PO4 can occur in the production of sulfide-based SEs. However, oxygenated products have been 

recognized as a beneficial artificial CEI in the study of Zuo et al.124 This insight has led to deliberately 

passivating the sulfide-based SE to form an artificial CEI and SEI.  

This publication presents an entirely new modification method for sulfide-based SEs, improving cycling 

stability and rate capability by mitigating CEI degradation. Furthermore, utilizing modified LPSCl as a 

separator can effectively suppress dendrite growth from the lithium metal anode. A key advantage of 

this approach lies in its industrial scalability, as it seamlessly integrates with established processes such 

as cathode sheet casting and wet milling.  

B.X.S. was responsible for the electrochemical analyses, and general characterization of materials. T.W., 

Y.Y., and B.X.S. conducted the TOF-SIMS analysis, while T.D. performed the TEM experiments. S.L.B. 

and Y.Y. conducted the XPS analysis. B.X.S. and B.A. conducted the CTTA measurement. K.V. contrib-

uted to the LEB measurement. S.S. and B.J. contributed with DFT calculations. K.V., A.H., K.A., and 

F.H.R. contributed to the analysis and interpretation of the experimental data. The research concept was 

conceived by B.X.S. and F.H.R., who also prepared the manuscript. All authors contributed to the man-

uscript and the analysis of experimental results.  
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3.4 Publication D  

Publication D is under preparation for submission. Based on Publication A, which shows that cationic 

polymers are effective coating inducers, and Publication B, which highlights the role of anionic poly-

mers in providing 𝜎Li+; Publication D aims to utilize PEC to form a coating on LNO and Si by spray-

drying, using a cationic polymer as a coating inducer and an anionic polymer to provide 𝜎Li+.  

However, the strong ionic interaction between the cationic and anionic polymers (see Section 2.9.2) 

prevents the PEC from dissolving in the solvent, which hinders the coating process. In this study, an 

anionic polymer with a flowing nature is modified by copolymerizing a neutral functional group to reduce 

its ionic interaction with the cationic polymer and to plasticize the anionic polymer. As a result, the re-

sulting PEC exhibits a rubber-like mechanical property, which is beneficial as a coating. Additionally, the 

PEC is soluble in acetone, and the spray-drying method yields a uniform coating of about 2 nm on silicon 

and LNO particles. 

The full cell using coated LNO and Si with Li6PS5Cl catholyte and anolyte demonstrates improved elec-

trochemical performance compared to their pristine counterpart. To compare the performance of coated 

and pristine LNO cathodes or Si anodes in SEBs, half cells with LiIn as the counter electrode are used. 

Additionally, using self-synthesized LNO and applying an external pressure of 60 MPa ensures a clear 

focus on CEI degradation in the LNO half-cell. Overall, this study demonstrates that the PEC coating 

can efficiently mitigate CEI degradation between LNO and Li6PS5Cl, as well as SEI degradation between 

Si and Li6PS5Cl. 

B.X.S. was responsible for the electrochemical analyses, and general characterization of materials. D.N. 

conducted the synthesis of anionic polymers and mechanical analysis of polyelectrolyte complex. T.W. 

performed the TOF-SIMS analysis, while T.D. performed the TEM experiments. S.L.B. conducted the 

XPS analysis. K.V. contributed to the LEB measurement. K.V., A.H., A.S., and F.H.R. contributed to the 

analysis and interpretation of the experimental data. The research concept was conceived by B.X.S. 

and F.H.R., who also prepared the manuscript. All authors contributed to the manuscript and the analysis 

of experimental results.  
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4. Summary and Outlook 

Figure 17 illustrates the improvements of the CEI and SEI contributed by the polymer coating and mod-

ified Li6PS5Cl. Publications A and B focus on polymer-coated NCM, while Publication D investigates 

polymer-coated LNO and Si. The key advantages of polymer coatings are their relatively low Young’s 

modulus, binding ability, and easier processing than inorganic coatings. On the other hand, Publication 

C explores a solvent-based modification for the sulfide-based SE, highlighting its potential for industrial 

scalability. 

 

 

Figure 17. Overview of the four publications, highlighting the key materials innovations and ionic con-

ductivities in the top row of four circles and the corresponding interface-degradation mechanisms in the 

bottom row of four circles. All the improvements achieved by polymer coatings and the modified Li6PS5Cl 

are explained by mitigating the loss of mact and growth of Ldiff. The thickness of each polymer coating is 

indicated within the bottom circles.   
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The spray-drying method offers a scalable coating process that creates coatings with less than 4 na-

nometers thickness. Notably, the spray-drying method requires the solvent to be stable against the ma-

terials. Additionally, the boiling point should be as low as possible. For instance, the boiling point of NMP 

is over 200 °C, which cannot be dried successfully during the spray-drying process. Although the cus-

tom-designed spray-drying instrument can maybe operate at temperatures well above 200 °C, it remains 

unclear whether the high temperatures might affect the stability of the polymer coating. 

Achieving complete coverage of polymer coatings on high-nickel CAMs requires sufficient electrostatic 

interactions between the CAM surface and the polymer. Therefore, the polymer must contain functional 

groups that enhance electrostatic interactions, such as amide functional group and cationic ionic species. 

However, while the polycation coating improves cycling stability, as demonstrated in Publication A, its 

lack of lithium source leads to capacity loss. Moreover, PVP degrades performance due to its ionic 

insulation. Although the polyanion can provide 𝜎Li+, a polyanion alone does not generate enough elec-

trostatic force for high-nickel CAMs and thus needs a coating inducer. As a result, Publications B and 

D utilize PVP and PVBTA-TFSI as coating inducers coupled with polyanions, respectively. Additionally, 

copolymerizing the amide functional group with a polyanion can achieve similar effects, although further 

research is needed. 

Moreover, the rubber-like coating improves protection by accommodating electrode volume changes 

during cycling. It is also less prone to defects during fabrication and at the contact points between elec-

trode particles. However, Publication D brings out the necessity to investigate an optimization of the 

Young’s modulus range of the polymer coating layer in future work. Especially for the Si anode, which 

experiences about a 300% volume change, the Young’s modulus plays a critical role in the effectiveness 

of the coating protection during cycling. 

Achieving a 𝜎Li+ greater than 0.1 μS∙cm−1 in a polymer coating about 1 nm thick is critical for first-cycle 

capacity and rate capability. A polycation coating without a lithium-ion source may give additional inter-

facial resistance, leading to capacity loss. Therefore, incorporating a polyanion that provides 𝜎Li+ is 

essential. Charge transfer at the coating/Li6PS5Cl and coating/CAM interfaces should also be consid-

ered. While the studies in this dissertation do not show a pronounced contribution from this factor, it 

warrants further study.  

In the EIS measurements, the charge-transfer resistance at the CEI overlaps with the transport re-

sistance arising from poor contact between CAM or Si particles. Although the transport resistance can 

be measured before cycling by assembling a symmetrical cell with electronically and ionically blocking 

electrodes,200 separating these resistances at a specific SOC becomes challenging during cycling. This 

is because the SOC changes charge-transfer resistance and the diffusion coefficient of the electrode 

bulk material during cycling. As a result, it is worthy to design an experimental device that separates 

charge-transfer resistance from transport resistance. This approach may also help elucidate the charge 

transfer processes at the coating/Li6PS5Cl and coating/CAM interfaces. 

The results of this dissertation show that polymer coatings reduce side reactions at CAM/Li6PS5Cl and 
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prevents chemo-mechanical cracking in CAMs. For high-nickel NCMs, coatings mitigate mact loss by 

reducing degradation and CEI formation. Additionally, coatings slow the Ldiff growth through decreased 

cracking and CEI degradation. However, CEI degradation, cracking, and contact loss can somewhat 

cross-affect mact loss and Ldiff growth. Publication D uses single-crystal LNO as a reference material 

and controls the pressure at 60 MPa, which helps focus on CEI degradation as the primary contributor 

to mact loss and Ldiff growth. As a result, the polymer coating reduces mact loss, which only occurs in the 

first cycle, by mitigating elemental sulfur and polysulfide side reactions. In addition, the polymer coating 

layer reduces Ldiff growth during cycling by mitigating formation of oxygenated products, such as sulfates 

and phosphates.  

Nevertheless, the Si anode does not exhibit particle cracking but suffers severe contact loss due to 

dramatic volume changes. This capacity loss is primarily attributed to contact loss and SEI degradation, 

which produces insulating side reaction products. Consequently, the polymer coating can mitigate mact 

loss due to SEI degradation of the silicon anode. Further investigation is warranted to optimize the me-

chanical properties of polymer coatings and to explore binder strategies that mitigate contact loss during 

cycling of Si anode particles. 

The modified Li6PS5Cl in Publication C is tested with the same LNO reference and measurement con-

ditions in Publication D, enabling a direct comparison of the protective effects of Li6PS5Cl modification 

and polymer coatings. Interestingly, the modification layer mitigates the mact loss during cycling but does 

not improve mact in the first cycle. Furthermore, Ldiff growth is the same for both modified and pristine 

Li6PS5Cl. This indicates that the CEI formation process between modified Li6PS5Cl/LNO and 

Li6PS5Cl/polymer-coated LNO may be different. Moreover, it demonstrates the possibility of combining 

modified Li6PS5Cl as a catholyte with polymer-coated LNO can maybe have more improvement of the 

SEB performance.  

On the other hand, the modified Li6PS5Cl helps mitigate dendrite formation from the lithium metal anode 

by promoting the formation of Li3N as a component of the SEI. This observation suggests that alternative 

solvents with different properties could be used to design the artificial SEI. However, polysulfide for-

mation is unfavorable because it increases interfacial resistance due to its ionic insulation and may even 

induce current inhomogeneity, leading to dendrite formation. Consequently, reducing polysulfide for-

mation is a key milestone for future work. 
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