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Abstract 

To address the ever-increasing demands for driving range and safety in electric vehi-

cles, solid-state batteries (SSBs) have emerged as one of the most promising next-

generation energy-storage technologies. Among various material configurations, the 

combination of sulfide solid electrolytes (SSEs), featuring high ionic conductivity and 

favorable processability, with layered Ni-rich oxide cathodes has demonstrated signif-

icant commercial potential. Furthermore, the adoption of slurry-casting processes for 

cathode fabrication provides a viable pathway toward the scalable manufacturing of 

SSBs. Nevertheless, complex interfacial reactions and the progressive emergence of 

electro-chemo-mechanical degradation during operation continue to severely limit the 

cycling stability and practical performance of such systems. 

This dissertation focuses on polycrystalline LiNi0.85Co0.10Mn0.05O2 (PC NCM85) as the 

cathode active material (CAM) coupled with argyrodite Li6PS5Cl (LPSCl) as the SSE. 

Through three complementary research directions, this work advances the mechanistic 

understanding of degradation phenomena in the cathode and develops systematic op-

timization strategies for SSBs. 

The first section investigates interfacial (physicochemical) characteristics and associ-

ated degradation mechanisms. Using cryogenic transmission electron microscopy 

(cryo-TEM) combined with electron energy-loss spectroscopy (EELS), electrochemi-

cally induced reduction of transition-metal species and their dissolution from the CAM 

into the SSE are identified, leading to pronounced electrolyte poisoning. In parallel, a 

nanoparticle coating strategy is systematically investigated, resulting in substantial im-

provements in electrochemical performance. By designing a reliable three-electrode 

(3E) setup for SSBs, the second section focuses on interfacial kinetics between the 

working electrode (WE) and the counter electrode (CE). Emphasis is placed on the 

overlap of characteristic kinetic processes across relevant timescale regimes, as well 

as on the evolution of state-of-charge (SOC)-dependent overpotentials and interface-

related kinetic responses from different CEs and their influence on cell performance. 

The third section addresses mechanical degradation of the cathode by employing 

Li4Ti5O12 (LTO) as the anode/CE in conjunction with a low negative-to-positive (n/p) 

capacity ratio design. By leveraging the lithiation profile of LTO near its terminal region, 

the volume changes in the cathode are effectively mitigated. Upon cycling, the capacity 

loss resulting from the incremental growth of cathode polarization can be partially mit-

igated through adaptive compensation. As a result, an optimal balance between attain-

able capacity and long-term capacity retention is achieved. 

Collectively, the findings provide a comprehensive understanding of electro-chemo-

mechanically induced degradation in the SSBs under investigation. The proposed 

strategies demonstrate pronounced performance improvements and strong transfera-

bility, offering effective methodologies and analytical perspectives for the rational de-

sign of high-performance SSBs.  
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Zusammenfassung 

Um den stetig wachsenden Anforderungen an Reichweite und Sicherheit von Elektro-

fahrzeugen gerecht zu werden, haben sich Festkörperbatterien (SSBs) als eine der 

vielversprechendsten Energiespeichertechnologien der nächsten Generation etabliert. 

Unter den verschiedenen Materialkonzepten weist insbesondere die Kombination aus 

sulfidischen Festkörperelektrolyten (SSE), die sich durch hohe Ionenleitfähigkeit und 

vorteilhafte Verarbeitbarkeit auszeichnen, und Ni-reichen Schichtgitterkathoden ein 

hohes kommerzielles Potenzial auf. Darüber hinaus stellt der Einsatz von Schlickerbe-

schichtungsverfahren zur Kathodenherstellung einen praktikablen Ansatz für die ska-

lierbare Produktion von SSBs dar. Dennoch führen komplexe Grenzflächenreaktionen 

sowie das fortschreitende Auftreten elektro-chemo-mechanisch-induzierter Degradati-

onsprozesse während des Betriebs nach wie vor zu erheblichen Einschränkungen der 

Zyklenstabilität und praktischen Leistungsfähigkeit solcher Systeme. 

Diese Dissertation konzentriert sich auf polykristallines LiNi0.85Co0.10Mn0.05O2 (PC 

NCM85) als Kathodenaktivmaterial (CAM) in Kombination mit dem Argyrodit Li6PS5Cl 

(LPSCl) als SSE. Anhand von drei komplementären Forschungsansätzen wird das 

mechanistische Verständnis kathodenseitiger Degradationsphänomene vertieft und es 

werden systematische Optimierungsstrategien für SSBs entwickelt. 

Der erste Abschnitt der Arbeit untersucht die physikochemischen Eigenschaften der 

Grenzflächen sowie die damit verbundenen Degradationsmechanismen. Mittels kryo-

gener Transmissionselektronenmikroskopie (cryo-TEM) in Kombination mit Elektro-

nenenergieverlustspektroskopie (EELS) werden elektrochemisch induzierte Redukti-

onsprozesse von Übergangsmetallspezies sowie deren Übertritt aus dem CAM in den 

SSE nachgewiesen, was eine ausgeprägte Elektrolytvergiftung zur Folge hat. Parallel 

dazu wird eine Nanopartikelbeschichtungsstrategie mit neu entwickelten Materialien 

systematisch untersucht, wodurch signifikante Verbesserungen der elektrochemi-

schen Leistungsfähigkeit erzielt werden. Im dritten Abschnitt wird die mechanische De-

gradation der Kathode untersucht, indem Li4Ti5O12 (LTO) als Anode bzw. Gegenelekt-

rode mit einem niedrigen negativ-zu-positiven (n/p) Kapazitätsverhältnis eingesetzt 

wird. Durch die gezielte Ausnutzung des Lithiatierungsprofils von LTO nahe seines 

Endbereichs können die Volumenänderungen in der Kathode effektiv reduziert werden. 

Im Zuge der Zyklisierung lässt sich der Kapazitätsabfall, der aus dem inkrementellen 

Anstieg der Kathodenpolarisation resultiert, adaptiv kompensieren. Dies führt zu einer 

optimalen Balance zwischen erreichbarer Kapazität und langfristiger Zyklenstabilität. 

Zusammenfassend liefern die Ergebnisse dieser Arbeit ein umfassendes Verständnis 

der elektro-chemo-mechanisch-induzierten Degradation in den untersuchten SSBs. 

Die vorgestellten Ansätze demonstrieren eine ausgeprägte Verbesserung der Leis-

tungsfähigkeit sowie eine starke Übertragbarkeit. Sie bieten effektive Methodiken und 

analytische Perspektiven für die zielgerichtete Entwicklung von Hochleistungs-SSBs. 
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1. Introduction 

Lithium-ion batteries (LIBs), as one of the most successful energy-storage technolo-

gies to date, are not only widely deployed in portable consumer electronics, but also 

play a pivotal role in grid-scale storage systems and, in particular, in accelerating trans-

portation electrification.[1-3] For the latter, the demand for LIBs continues to expand at 

an unprecedented pace. According to recent market data from SNE Research, in 2025, 

global electric vehicle (EV) deliveries amounted to approximately 21.47 million units 

(+21.5% year-over-year), and global EV battery usage reached 1187 GWh (+31.7% 

year-over-year).[4-5] These figures indicate that the electrification of transportation re-

mains in an accelerated growth phase, with sustained and structurally increasing de-

mand for high-performance battery systems. 

Currently, LIB technology based on liquid electrolytes is highly mature. Since the com-

mercialization of the first LIB in 1991, continuous advancements in material systems 

and engineering design have led to significant improvements in energy density, cost, 

and cycle life. In the EV industry, two representative technological routes have 

emerged based on cathode material selection: the LiFePO4 (LFP) system, character-

ized by high safety, long lifetime, and low cost, and the layered Ni-rich oxide system 

(LiNixCoyMn1īxīyO2 or LiNixCoyAl1īxīyO2, x ƌ 0.6, NCM or NCA), which offers high en-

ergy density.[6-7] 

According to teardown analyses and practical measurements of representative com-

mercial cells, the BYD Blade (LFP) cell exhibits a specific energy of approximately 160 

Wh/kg, corresponding to a driving range of ~500 km in corresponding packs (World-

wide Harmonized Light Vehicles Test Procedure: WLTP), whereas the Tesla 4680 

(NMC811) cell reaches ~241 Wh/kg, enabling a range of ~580 km in the respective 

packs (WLTP).[6] Under the current configuration using graphite as the anode, further 

improvements in energy density through cathode optimization (e.g., Mn doped LFP: 

LMFP or ultra-high-Ni NCM) and cell engineering are expected to be limited, gradually 

approaching the physicochemical ceiling at the cell-level (~280 Wh/kg for NCM sys-

tems).[8] Although sodium-ion batteries exhibit great potential from the perspectives of 

cost and resource abundance,[9] their current development status suggests that they 

are more likely to compete first with LFP-based systems, rather than high-energy 

NCM/NCA systems.[10-11] For high-energy-density applications, lithium-based EV bat-

teries are expected to remain dominant. 

To further enhance energy density, one feasible pathway is to maintain Ni-rich cath-

odes while gradually transitioning from graphite to Si-containing anodes, with a pro-

jected upper limit of ~350 Wh/kg on cell level.[12] To achieve further breakthroughs 

beyond this level, fundamental upgrades of key battery components are required, in-

cluding the use of Li-rich, Mn-based cathodes, Li metal anodes (including anode-less 

configurations), and the development of advanced electrolytes.[13-15] Notably, recent 

studies combining Ni-rich cathodes with Li metal anodes have demonstrated energy 

densities in the range of 380ï700 Wh/kg,[14-20] with a laboratory-level record of 707 

Wh/kg, enabled by the design of hydrofluorocarbon electrolytes.[15] However, such de-

signs remain largely at the development stage due to insufficient cycling stability and 

critical safety concerns associated with Li metal. 
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A highly promising strategy to achieve high energy densities is the adoption of solid-

state batteries (SSBs).[21-22] Moreover, quasi-SSBs (containing a limited amount of liq-

uid electrolyte) have already begun to gain market acceptance. For example, Factorial 

Energyôs FEST quasi-SSBs (based on Gel Polymer Electrolyte: GPE and Li metal an-

ode) exhibit an energy density of ~375 Wh/kg and have established partnerships with 

Stellantis, Karma Automotive, and Mercedes-Benz, with demonstrations already con-

ducted in real EVs.[23-25] 

The ultimate form of SSBs is the all-solid-state battery (ASSB), which can maximize 

energy density while offering enhanced safety compared to liquid or quasi-solid-state 

systems. In fact, Li-based ASSBs are not a new concept. As early as the 1970s, LiïI2 

primary SSBs were developed and successfully applied in implantable medical devices, 

such as pacemakers, due to their excellent safety and long-term stability.[26] However, 

it was not until the breakthrough reported by Kanno et al. in 2011, with Li10GeP2S12 

(LGPS) exhibiting a room-temperature ionic conductivity comparable to liquid electro-

lytes (~1.2Ā10ī2 S/cm), that the feasibility of sulfide solid electrolyte (SSE)-based re-

chargeable batteries for EV applications was significantly advanced.[27] Among various 

candidates, SSEs have attracted considerable attention due to their high ionic conduc-

tivity and relatively easy-to-process properties, and their combination with Ni-rich cath-

odes has become a mainstream approach. 

To enable the transition from laboratory-scale fabrication to industrial-scale production, 

electrode processing methods for Ni-rich cathodes coupled with SSEs must be scala-

ble.[28-29] Currently, slurry-casting and dry processing represent the two main strategies 

for fabricating such sheet-type electrodes.[30-31] The slurry-casting method, inherited 

from conventional LIB manufacturing, enables a more homogeneous electrode micro-

structure compared to dry composite mixing by introducing solvents and binders.[32] 

However, SSEs are sensitive to the polarity of the solvent and binder, making the se-

lection limited,[33] and solvent recovery increases processing costs. In contrast, dry 

processing eliminates the need for solvents and relies on PTFE-based fibrillation net-

works to bind particles and maintain structural integrity. This method enables high 

mass loading, self-standing electrodes, and simplified processing, making it increas-

ingly attractive for both solid-state and conventional battery manufacturing.[34-36] 

Despite the great potential of Ni-rich cathodes coupled with SSEs, their practical appli-

cation remains hindered by the intrinsic instability of Ni-rich cathodes, the narrow elec-

trochemical stability window (ESW) of SSEs, and interfacial degradation arising from 

their solid-solid contact.[37-39] These challenges are further exacerbated by electro-

chemo-mechanical coupling effects.[40-41] In addition, electrochemical measurements 

based on conventional two-electrode (2E) cell configurations may be significantly in-

fluenced by the counter electrode (CE), leading to misinterpretation of performance 

degradation.[42-43] 

Dedicated to advancing the electrochemical performance of Ni-rich cathodes coupled 

with SSEs, the objective of this PhD work is to first investigate the underlying mecha-

nisms of interfacial failure and corresponding modification strategies, then identify the 

kinetic limitations within composite electrodes, and finally integrate these insights to 

propose feasible optimization strategies for the design of high-performance SSE-

based SSBs.  
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Based on this background, in this doctoral research, sheet-type cathodes were fabri-

cated via slurry casting [with polyisobutylene (PIB) as binder and o-xylene as sol-

vent],[30, 44] and a systematic research framework was designed, with the correspond-

ing results presented in Publications IïVI. 

Focusing on the interface between the Ni-rich cathode [LiNi0.85Co0.10Mn0.05O2 (NCM85)] 

and the SSE [Li6PS5Cl (LPSCl)], the electrochemical degradation mechanisms were 

systematically investigated and are summarized in section 3.1. Cryogenic transmission 

electron microscopy (cryo-TEM) was employed as an advanced characterization tech-

nique to analyze the cathode active material (CAM)|SSE interface. Pronounced tran-

sition metal (TM) dissolution and resulting SSE poisoning were revealed, as reported 

in Publication I.[45] Furthermore, based on a nanoparticle (NP) coating concept, HfO2 

and HfO2/Li2HfO3 coatings were successfully applied to the CAM surface (see Publi-

cations II and III).[44, 46] Compared to uncoated counterparts, the coated cathodes ex-

hibited significantly improved electrochemical performance, achieving an initial areal 

capacity of 2.3 mAh/cm2 and 94% capacity retention after 200 cycles.[44] 

Recognizing that laboratory-scale anode/CE materials, such as Li4Ti5O12 (LTO) and 

indium-lithium alloy (In/InLi), can influence the cathode/working electrode (WE) perfor-

mance and interfacial kinetic analysis, section 3.2 introduces the transition from 2E to 

three-electrode (3E) cell configurations, including an in-house designed setup with an 

LTO-based reference electrode (RE) (see Publication VI).[47] Through 3E electro-

chemical impedance spectroscopy coupled with the distribution of relaxation times 

(EIS-DRT) analysis, the characteristic kinetic processes of LTO and In/InLi were iden-

tified. Furthermore, the polarization, state-of-charge (SOC)-dependent impedance 

growth, and overlapping time constants of interface-related kinetic processes among 

NCM85, LTO, and In/InLi were revealed. Importantly, the contribution from CE materi-

als (e.g., In/InLi) to capacity fading and the potential overestimation of the contributions 

from the NCM85 WE were demonstrated (see Publication V).[42] 

Finally, to enhance the electrochemical performance of slurry-cast SSBs, a systematic 

cell-level optimization focusing on mechanical stability was conducted, as shown in 

section 3.3. For polycrystalline (PC) NCM85, LiNbO3 coating effectively mitigated elec-

trochemical degradation at the interface. Meanwhile, mechanical degradation induced 

by cell volume changes was significantly alleviated through a strategy based on nega-

tive-to-positive capacity (n/p) ratio optimization using LTO as a model anode/CE in 

Publication VI.[48] By leveraging the lithiation tail of LTO, the initial upper cut-off po-

tential (IUP) of NCM85 was reduced, resulting in a lower initial capacity, but enhanced 

mechanical stability. During prolonged cycling, the polarization-induced increase in up-

per cut-off potential (UP) enabled adaptive lithium extraction to compensate for capac-

ity loss until reaching a predefined, desired upper cut-off potential (DUP). As a result, 

a pronounced balance between attainable capacity and capacity retention was 

achieved, with ~80% capacity retention after ~1300 cycles.  
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2. Fundamentals  

2.1. Degradation Mechanisms and Corresponding Mitigation Strategies 

In composite cathodes, the solid-solid contacts among Ni-rich CAM, SSE, and carbon 

additives give rise to multiple interfaces, the stability of which plays a decisive role in 

determining the electrochemical performance of SSBs.[37] In this section, the interfacial 

degradation processes occurring within composite cathodes are systematically re-

viewed, followed by a discussion of the corresponding mitigation strategies. 

 

2.1.1. Electro-Chemo-Mechanical Degradation 

As summarized in Figure 1, electro-chemo-mechanical degradation effects coexist 

and interact synergistically within composite cathodes under practical operating condi-

tions.[38-39] In the following, the origin and impact of each degradation mechanism are 

discussed individually. 

 

 

Figure 1. Schematics of the electro-chemo-mechanical degradation phenomenon in 

SSE-based SSBs. Adapted from Reference [38]. 

 

2.1.1.1 (Electro)chemical Degradation 

Electrochemical Decomposition of SSE 

SSEs such as LPSCl exhibit high ionic conductivity and favorable mechanical proper-

ties. However, first-principles calculations indicate that their intrinsic electrochemical 

stability window is rather narrow (~0.3 V).[49] Specifically, the oxidative onset of sulfur 

(S2ϖ Ū So + 2eϖ) occurs at approximately 2.0ï2.6 V vs. Li+/Li, while the reductive onset 
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of phosphorus (P5+ + 5eϖ Ū Po) takes place at around 1.0ï1.7 V vs. Li+/Li. The redox 

reactions of LPSCl proceed via intermediate phases (Li3PS4), as described in Equa-

tions 1,  followed by further reactions to yield final products, as described in Equations 

2 and 3.[50] Considering the typical operating potential window of Ni-rich cathodes, 

SSE-based SSBs predominantly experience oxidative decomposition at the cathode 

side, which is irreversible.[44-45] 

Li6PS5Cl Ÿ Li3PS4 + Li2S + LiCl %ÑȢρ 

Li3PS4 Ÿ 
1

2
P2S5 + 

3

2
S + 3 Li

+
 + 3 e %ÑȢς 

Li3PS4 + 8 Li
+ + 8 e Ÿ  Li3P + 4 Li2S %ÑȢσ 

Experimental studies have shown that the as-formed oxidized interphases from de-

composed LPSCl exhibit high interfacial resistance, mainly due to the poor ionic and 

electronic conductivity of the decomposition products (e.g., S, P2S5, and LiCl), leading 

to a sharp increase in charge-transfer resistance (Rct) at the interface.[37, 50-51] 

 

Oxygen-Involved Interfacial Degradation Between CAM and SSE 

When Ni-rich CAMs participate in interfacial reactions with SSEs, the degradation be-

havior becomes more complex. This originates from the high surface reactivity of Ni-

rich cathodes, their structural instability at high states of delithiation, and the associated 

lattice oxygen release.[38] The fundamental driving force for interfacial electrochemical 

reactions between CAM and SSE lies in the mismatch of Li chemical potential (ɛLi) at 

the interface,[49] as detailed in section 2.1.2.1.  

Even in the pristine state, direct contact between Ni-rich CAM and SSE leads to chem-

ical incompatibility,[52] which becomes more pronounced with increasing Ni content.[53-

54] The strong tendency for OïS exchange induces interdiffusion, potentially forming 

transition metal sulfides (e.g., Co9S8, Mn2S3, Ni3S4, and CoNi2S4) and Li2S as by-prod-

ucts.[54] 

Under highly delithiated conditions, structural instability of the CAM leads to lattice ox-

ygen release near the surface,[55-56] accompanied by a phase transformation from a 

layered structure to a rock-salt phase, further increasing the charge-transfer resistance. 

Differential electrochemical mass spectrometry (DEMS) measurements have con-

firmed O2 release from uncoated Ni-rich CAMs in SSE environments, along with the 

evolution of SO2 due to reactions with the SSE.[57-58] 

Oxygen-involved interfacial degradation results in the formation of oxygenated sulfur- 

and phosphorus-containing species (e.g., Li2SO4, MSO4, Li2SO3, Li3PO4, M3(PO4)2, 

where M = Ni, Co, Mn).[37, 59-61] These interphases significantly hinder Li+ transport, 

increase interfacial resistance, and lead to capacity fading during cycling. 
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Recently, Hartel et al. compared the performance of Li7Si2S7I-based SSBs coupled 

with NCM83 and LiïS SSBs. Compared with the relatively stable LiïS systems, oxy-

gen-involved SSBs exhibited pronounced performance degradation due to oxygen-

driven interfacial reactions, highlighting the critical importance of chemical compatibility 

between SE and active materials for interfacial stability and long-term cycling.[62] 

 

TM Dissolution 

Another electrochemically relevant phenomenon is the dissolution of TM elements 

from Ni-rich CAMs into the SSE, followed by SSE poisoning.[38, 45, 63] Such phenomena 

have recently gained attention. Notably, despite the absence of solvation effects and 

conventional migration pathways (as in liquid electrolytes), TM species can still dis-

solve and migrate within SSEs. 

Early studies reported that, in LiCoO2-based systems, Co can diffuse into the SSE via 

interdiffusion, forming Co-containing by-products and penetrating up to ~50 nm from 

the interface to SSE, possibly in the form of crystalline CoS.[64-65] More recent studies 

indicate that TM dissolution is not limited to Co and that diffusion depths can reach the 

micrometer scale.[45, 63] This process is often accompanied by oxygen release and re-

duction of TMs which further reacts with the SSE, promoting interfacial side reactions 

and interphase growth. Possible by-products associated with TM dissolution include 

TM sulfides and phosphides.[39, 66] 

On the other hand, while intergranular cracking within PC CAMs is frequently observed 

via TEM, the enrichment of sulfur species within cracks or along grain boundaries has 

rarely been systematically discussed.[44-45, 67] Such observations imply the penetration 

of sulfur species along grain boundaries or voids during cycling. Whether this penetra-

tion facilitates Li+ transport remains unclear. However, it may also significantly increase 

the number of reactive sites for interfacial side reactions. 

 

2.1.1.2 Mechanical Degradation 

CAM Cracking and Contact Loss 

During delithiation, Ni-rich CAMs undergo significant volume contraction, accompanied 

by the H2ïH3 phase transition at high potentials. In PC Ni-rich CAMs, orientation mis-

match among primary particles leads to strain incompatibility, resulting in intergranular 

cracking and particle fragmentation.[38-40, 68] 

In addition, electrochemical degradation induced oxygen release and surface recon-

struction further weakens the CAM surface, allowing defects to propagate into the 

bulk.[68] The repeated volume changes during cycling lead to severe contact loss be-

tween CAM and SSE, which is further exacerbated by SSE decomposition.[40] 
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As indicated by Equation 2, the molar volume of SSE decreases upon oxidation (e.g., 

for LPSCl, from 163.7 cm3/mol to 142.8 cm3/mol),[40, 69-70] contributing to additional con-

tact loss. Meanwhile, inhomogeneous contact between CAM and SSE leads to SOC 

heterogeneity within particles, creating localized hotspots that induce stress concen-

tration and accelerate cracking. 

Overall, mechanical degradation aggravates charge-transfer limitations, increases po-

larization resistance, and ultimately leads to significant performance decay. 

In fact, although electrochemical degradation can be effectively mitigated through sur-

face coating of CAMs, mechanical degradation remains the key factor limiting long-

term cycling stability. This has been systematically analyzed in studies that decouple 

electro-chemo-mechanical degradation effects and evaluate their individual contribu-

tions.[48, 71]  

Finally, electro-chemo-mechanical degradation is not limited to the cathode. At the an-

ode side, especially when employing high energy density materials such as Li metal 

and Si, similar coupled challenges arise. The opposing volume change behaviors of 

the cathode and anode may lead to structural compatibility as a favorable perspec-

tive,[72] while effective suppression of interfacial side reactions remains essential for 

realizing high-performance SSBs. In the following, mitigation strategies from the per-

spective of the cathode are discussed. 

 

2.1.2. Strategies Against (Electro)chemical Degradation in the Cathode 

An effective strategy to mitigate the (electro)chemical degradation at the interface be-

tween Ni-rich cathodes and SSEs is to introduce a buffer layer between the two com-

ponents, which can be achieved via coating approaches. It should be noted that the 

coating material can be applied either on the CAM or on the SSE.[73-75] Within the scope 

of this PhD work, the primary focus is placed on CAM coatings. In the following, the 

principles, functionalities, materials, and methods of CAM coating are reviewed. 

 

2.1.2.1. Principles of CAM Coating 

As illustrated in Figure 2, a significant difference exists in the chemical potential of Li 

(µLi) between the SE and the CAM.[49] Without an intermediate coating layer, the µLi at 

the interface can exceed the onsite potential for SE oxidation, thereby triggering inter-

facial side reactions. In contrast, an as-formed interphase layer [cathode electrolyte 

interface (CEI)] or an intentionally introduced coating layer (both assuming negligible 

electronic conductivity (ůeī) compared to the SE) can reduce the µLi gap between the 

CAM and SE, thereby shifting the µLi at the interface into the electrochemical stability 

window of the SE. As a result, the thermodynamic driving force for SE decomposition 

is suppressed, preventing further propagation into the bulk.  
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The µLi can be expressed as the sum of the electrochemical potentials of Li+ and eī 

(µLi = ɛ͌Li+ + ɛ͌eī). At equilibrium, ɛ͌Li+ and ɛ͌eī redistribute across the interface, giving rise 

to a potential difference. While ɛ͌Li+ remains in equilibrium across the coating layer, the 

ɛ͌eī from the CAM to the SE is significantly suppressed due to the low ůeī of the coating 

layer. 

To note, as discussed in section 2.1.1.1, in practically operating conditions, the oxida-

tive interphases formed at the interface are often mixed ionic and electronic conductors 

(MIECs). In such cases, µLi at the interfaces cannot be sufficiently lowered into the SE 

stability window, and the interphase growth is no longer self-limited, leading to contin-

uous oxidative reactions. Such diffusion-driven solid-state reactions can be well de-

scribed by the Wagner model.[76] 

Overall, an effective CAM coating layer should possess sufficiently low ůeī while still 

enabling efficient Li+ transport and charge transfer across the interface. Typical oxide 

materials are widely employed as coating layers due to their intrinsically low ůeī. How-

ever, excessively low ůeī may hinder charge transfer. Therefore, both the coating con-

tent and thickness must be carefully optimized. 

 

2.1.2.2. Functionalities of CAM Coating 

As described above, the primary function of CAM coatings is to reduce the µLi at the 

interfaces, thereby suppressing detrimental interfacial side reactions, lowering interfa-

cial resistance, and improving overall electrochemical performance. In addition, CAM 

coatings can partially suppress the dissolution of TMs from the CAM.[64-65] Moreover, 

lithium residuals on the CAM surface might adversely affect interfacial stability.[77-78] 

The designed coating process can consume these residual species, simultaneously 

forming the coating layer and improving interfacial stability, which contributes to en-

hanced cycling performance.[46, 79] 

 

2.1.2.3. Materials and Methods 

A wide range of coating materials has been reported for high energy density cathode 

materials, including binary oxides, lithium-containing ternary and quaternary oxides, 

phosphate-based materials, and even polymer coatings.[80-85] The morphology, struc-

ture, and performance of the coating layer strongly depend on the synthesis method 

employed.[81-82] 

Among various approaches, wet-chemical methods such as the solïgel process are 

widely adopted due to their simplicity and flexibility in material selection, enabling rel-

atively good control over coating thickness and uniformity. LiNbO3, used as a repre-

sentative solïgel coating material, has been extensively applied in SSBs and has 

demonstrated effective suppression of interfacial side reactions.[78, 86-87] For more pre-

cise control over thickness, uniformity, and conformality, atomic layer deposition (ALD) 

is typically employed.[88-89] However, due to its complexity and high cost, ALD remains 
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limited in practical applications. Dry coating methods, on the other hand, offer a simple 

and scalable approach but often result in non-uniform, island-like coatings, making 

process optimization essential.[90-91] 

In recent years, several innovative strategies for CAM coating in SSBs have been re-

ported. For example, Ma et al. proposed a nanoparticle-based coating strategy, where 

highly dispersed nanoparticles are pre-synthesized and well-dispersed, subsequently 

applied via solution mixing with CAM particles followed by post-annealing, resulting in 

a uniform and ultrathin coating layer.[44, 46, 92] Huang et al. reported a surfactant-as-

sisted coating approach, which notably does not require high-temperature annealing 

and can be performed under ambient conditions, demonstrating strong potential for 

commercialization.[93] Inspired by the properties of decomposition products (e.g., 

Li2SO4 and Li3PO4), Zuo et al. and Kissel et al. designed artificial CEI layers as coating 

layers, achieving significant performance improvements.[94-95] Finally, Henkel et al. de-

veloped a method to coat CAMs with antiperovskite materials via melt-infiltration, ex-

panding the design space for both coating materials and processing strategies.[96] 

 

 

Figure 2. Schematic diagram of chemical potential of Li (µLi), electrochemical potential 

of Li+ (ɛ͌Li+), and eī (ɛ͌eī) across the coating layer between SE and CAM in equilibrium 

state. Adapted from reference [49]. 

 

2.1.3. Strategies Against Mechanical Degradation in the Cathode 

Although, under high external pressure, the volume change at the cathode is much 

smaller than that at the anode (such as in In/InLi, Si, or Li metal-based anode), in 

practical applications under low stack pressure, the chemomechanical behavior of the 

cathode itself can already dominate the performance of SSBs.[72] Therefore, focusing 

on Ni-rich CAMs coupled with SSEs, the mechanical degradation at the cathode can 

be mitigated at the material-, electrode-, and cell-levels. The following summarizes 

representative strategies reported in SSE-based SSBs. 



 
                             2. Fundamentals  

10 
 

2.1.3.1. Material-Level Strategies 

Compositional Modification of CAM 

Modification of Ni-rich CAMs is commonly achieved through bulk or near-surface ele-

mental doping, aiming to enhance structural stability. Dopants such as Ti, Zr, Nb, Ta, 

W, and Mo strengthen the TMïO bonds, thereby mitigating lattice distortion during 

deep delithiation, suppressing oxygen release and phase transitions, and ultimately 

reducing stress concentration and crack propagation.[97-102] 

Morphological Modification of CAM 

Conventional PC secondary particles, although mature in processing, are prone to in-

tergranular cracking due to stress concentration at grain boundaries. An effective strat-

egy is the adoption of SC CAMs, where internal cracking within secondary particles is 

largely mitigated, leading to reduced charge-transfer limitations. SC-based Ni-rich 

cathodes coupled with SSEs have consistently demonstrated superior cycling stability 

in the literature.[68, 86] 

In addition, designing internal porosity within polycrystalline particles represents an-

other viable strategy. For example, Li et al. proposed a gradient-porous Ni-rich CAM, 

which effectively buffers the anisotropic volume change of primary particles, alleviates 

intergranular cracking, and suppresses impedance growth.[103] 

Polymer Coating on CAM 

The function of coatings extends beyond suppressing interfacial side reactions. They 

also provide a mechanical buffering effect, mitigating stress and strain arising from 

volume changes between the CAM and SSE. This is critical when coated CAMs deliver 

higher capacities yet associated with larger cell volume change. Due to their intrinsic 

flexibility, polymer coatings serve as an effective strategy to alleviate mechanical deg-

radation. Their soft nature allows them to accommodate deformation while maintaining 

structural integrity during volume changes of the CAM.[84-85, 104] This strategy not only 

benefits the cathode but is also relevant for stabilizing high volume change anodes, 

such as Si-based materials. 

2.1.3.2. Electrode-Level Strategies 

Binder-Assisted Electrode Preparation 

Numerous studies on binder-assisted, sheet-type cathodes have shown that, com-

pared to conventional pelletized composite cathodes prepared by simple mixing, the 

introduction of a binder not only provides the necessary adhesion for the preparation 

of sheet-type electrodes but also significantly enhances the mechanical stability within 

the electrode.[105-106]  

Polymer binders effectively connect different components within the cathode, improve 

the interfacial contact between CAM and SSE, suppress contact loss during cycling, 

and enhance the overall mechanical strength of the electrode. Interestingly, binder-
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assisted cathodes also exhibit a more uniform microstructure and significantly reduced 

porosity compared to pelletized composite cathodes.[48] 

 

2.1.3.3. Cell-Level Strategies 

Balance Between Attainable Capacity and Capacity Retention 

The degree of delithiation directly affects the cell volume change and the H2ïH3 phase 

transition of Ni-rich CAMs, leading to stress and strain accumulation that induces inter- 

and intragranular cracking within the CAMs. A practical approach to control the delithi-

ation state is to reduce the UP of the cathode. However, lowering the UP inevitably 

reduces the attainable capacity, resulting in a decrease in energy density. Therefore, 

a trade-off exists between attainable capacity and capacity retention. Recently, Zhang 

et al. proposed a strategy to enhance the mechanical stability of the cathode by using 

LTO as a model anode.[48] By leveraging the deviation from the plateau potential during 

LTO lithiation and optimizing the n/p ratio, significant improvements in both mechanical 

stability and cycling performance of the cathode were achieved. 
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 2.2. Interface-Related Kinetic Analysis  

In solid-state systems based on Ni-rich layered oxide cathodes coupled with SSEs, the 

interfacial resistance plays a dominant role in determining the fading of electrochemical 

performance. The interfacial degradation mechanisms and corresponding mitigation 

strategies discussed in the previous section can be qualitatively and quantitatively 

evaluated through electrode- and interface-related kinetic analysis. 

Non-destructive probing of the physicochemical processes at the interface is typically 

achieved by EIS. Owing to the distinct characteristic time constants of individual elec-

trochemical processes, the complex processes occurring within SSBs can be decon-

voluted in the frequency (Ὢ) domain. Furthermore, when combined with the DRT anal-

ysis, electrochemical processes at the interfaces can be more intuitively distinguished, 

making it a powerful tool for investigating interfacial kinetics. 

Therefore, in this section, the fundamental principles of EIS and DRT are first intro-

duced. Subsequently, DRT-assisted interface-related kinetic analysis is summarized, 

with a focus on SSE-based SSBs. Finally, the kinetic hindrance arising from the CE is 

critically reviewed. 

 

2.2.1. On the Functionality of Electrochemical Impedance Spectroscopy 

SSBs represent complex electrochemical systems, in which the underlying physico-

chemical processes span multiple length and time scales, ranging from the fastest ionic 

conduction within the SEs to the slowest ion diffusion within electrode materials.[107-108] 

EIS, as a technique in the frequency-domain based on small-signal linear perturbation, 

enables the probing of these processes by applying a small current or voltage pertur-

bation and measuring the corresponding voltage or current response. In this way, ki-

netic processes can be captured over a broad frequency range spanning from MHz to 

mHz, allowing for the effective separation of electrochemical processes occurring on 

different time scales. 

A reliable impedance measurement must satisfy three fundamental conditions: stability, 

causality, and linearity. In addition, the real and imaginary components of the imped-

ance should fulfill the KramersïKronig (KïK) relations.[109-110] It is worth noting that 

recent developments in dynamic electrochemical impedance spectroscopy (DEIS) 

have demonstrated significant advances in battery research.[111-113] By satisfying the 

assumptions of local stationarity and local validity of the KïK relations, DEIS enables 

real-time tracking of variations in SOC, interface, and contact resistance during oper-

ation. A detailed discussion of DEIS can be found in the literature.[114] 

In the frequency domain, electrochemical impedance is commonly represented in the 

form of a Nyquist plot, often combined with equivalent circuit model (ECM) fitting for 

the qualitative and quantitative analysis of the involved kinetic processes.[108] Equiva-

lent circuits simulate different processes using combinations of basic elements. For 

example, a resistor (R) is used to represent the ohmic resistance of the system (high-
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frequency intercept), while a parallel combination of R and Q (constant phase element, 

CPE) that commonly referred to as a ZARC element, is used to describe interfacial 

processes, such as grain boundary within SEs and the as-formed interfaces (typically 

manifested as depressed semicircles).[115] At low frequencies, capacitive and diffusion-

related processes are often modeled using a Q or a Warburg element (W), giving rise 

to the characteristic inclined line in the Nyquist plot. For a given interface-related pro-

cess, the corresponding time constant (†) is related to the peak frequency of the sem-

icircle according to: † Ὑὗ Ⱦ , where a  is the exponential factor of Q, with a value 

between 0 and 1. A more intuitive identification of characteristic processes can be 

achieved in the Bode plot by locating the corresponding phase peaks. 

However, the ECM approach suffers from intrinsic limitations. Kinetic processes with 

similar time constants often appear overlapped in the frequency domain, making them 

difficult or even impossible to separate.[47, 107] Moreover, the selection of ECMs involves 

a certain degree of empiricism and subjectivity, as different circuit models can fit the 

same impedance data, leading to ambiguous interpretations of the underlying electro-

chemical processes. To address these limitations, the DRT analysis, which transforms 

impedance data from frequency into the time domain, has become a widely adopted 

approach in battery research and will be discussed in detail in the following section. 

 

2.2.2. On the Functionality of Distribution of Relaxation Times 

DRT has become an indispensable analytical tool in the field of battery research.[42, 47, 

107, 116-117] Compared with conventional ECM-based analysis, DRT does not rely on a 

predefined ECM. Instead, by transforming EIS data from the frequency domain into the 

time domain and applying DRT deconvolution, the resulting peaks can be directly used 

for the qualitative and quantitative analysis of the involved electrochemical processes. 

For a typical SSB system, the measured impedance ὤὪ may consist of contributions 

from the bulk of the SE (Zohm), a possible inductive contribution at high frequencies (ZL), 

a series of interface-related polarization processes (Zpol(f)), and a diffusion-related im-

pedance (Zdiff) with pronounced capacitive characteristics when featuring blocking 

electrodes. DRT analysis is based on decomposing interfacial electrochemical pro-

cesses into an infinite series of ZARC elements and involves the deconvolution of the 

measured impedance to obtain the distribution function of relaxation times.[107, 118] After 

subtracting the contributions from inductive and diffusion components, the DRT formu-

lation can be expressed as: 

ὤὪ Ὑ Ὑ ײ
Ὣ†

ρ Ὥς“Ὢ†
Ὠ†  ρ 

with normalized integration: 

†Ὣ†Ὠײ ρ  ς 
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Figure 3. Workflow for DRT-based kinetic analysis for the battery system. Adapted 

from reference [107]. 

 

where Ὥ refers to the imaginary unit, Ro refers to the ohmic resistance, Rp refers to the 

interface-related polarization resistance, and Ὣ† is the distribution function of relaxa-

tion time. Since EIS data are typically acquired on a logarithmic frequency scale, the 

integral equation can be further transformed into a logarithmic form, yielding: 

ὤὪ Ὑ Ὑ᷿ ײ ὨÌÎ†  σ

where ‎ÌÎ† †Ὣ†. 

The deconvolution process from ὤὪ to ‎ÌÎ† is inherently an ill-posed problem. The 

Tikhonov regularization provides an effective solution. The discretization of ‎ÌÎ†  can 

be represented as a linear combination of radial basis functions (RBF),[119] where 

Gaussian functions are commonly employed and expressed as: 

‰ ὀȟἫ ÅØÐ‘ ●᷆ ╬᷆  τ 

where c refers to the center of the peak, and µ is the shape factor. Accordingly, ‎ÌÎ† 

can be written as: 
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‎ÌÎ† ‰ὼײ ȿÌÎ† ÌÎ†ȿ  υ 

where ὼ  refers to the unknown parameter to be fitted, and †  refers to the time con-

stant.  

By applying Tikhonov regularization, the optimization problem between the recon-

structed impedance from DRT and the experimental impedance data can be formu-

lated as: 

Ὓ●  ᷆═● ╫᷆ ‗᷆ ●᷆  φ 

where  ‗᷆ ●  ᷆refers to the penalty term, and ʇ is the regularization parameter. 

Therefore, when employing a Gaussian function as the RBF basis together with 

Tikhonov regularization for deconvolution, two key parameters must be carefully con-

sidered, namely ʇ and µ.  

For ʇ, a larger value leads to a smoother DRT pattern, which may suppress peak in-

tensity or even eliminate peaks, thereby masking relevant electrochemical processes. 

In contrast, an excessively small ʇ results in overfitting, amplifying noise, and poten-

tially giving rise to oscillations or pseudo-peaks. The effect of µ is the opposite. An 

excessively large µ can induce oscillatory behavior, whereas an overly small µ leads 

to overly broad basis functions, which may smooth out the DRT patterns and obscure 

the identification of characteristic peaks. Therefore, depending on the measurement 

conditions and the specific system under investigation, a moderate and well-balanced 

parameter selection is essential for reliable timescale diagnosis based on DRT analy-

sis. 

At this stage, the characteristic kinetic processes appear as distinct peaks in the DRT 

pattern, where the peak position corresponds to the time constant of a given electro-

chemical process, enabling a qualitative analysis of interface-related kinetic processes. 

Furthermore, a quantitative analysis can be performed. It is noted that, in the DRT 

pattern, the area of each peak corresponds to the respective polarization resistance. 

Therefore, the DRT pattern can be fitted using a series of Gaussian peak functions, 

expressed as: 

‎ÌÎ† ײ

ȟȟȣ

ὥẗÅØÐ
ÌÎ† ÌÎ†

ςὧ
χ 

where ὥ refers to the peak height, † refers to the peak center (characteristic time 

constant), and ὧ refers to the standard deviation. The area, ὃ , can be calculated as: 

ὃ  ὥẗὧẗЍς“ ψ 
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In this way, a quantitative evaluation of characteristic interface-related kinetic pro-

cesses can be achieved. A general workflow of DRT-assisted kinetic analysis can be 

found in Figure 3. 

 

2.2.3. DRT-Assisted Interface-Related Kinetic Analysis 

In the DRT pattern, each peak corresponds to a specific electrochemical process. The 

interpretation of its underlying physical or chemical origin requires a fundamental un-

derstanding of the possible kinetic processes involved in the studied system. Com-

pared with the frequency-domain analysis based on ECM, DRT analysis can reveal 

fruitful information that is otherwise masked. For unknown electrochemical processes, 

an initial assignment can be made based on their characteristic time constants, which 

should then be further validated through carefully designed complementary experi-

ments.[107] 

For both liquid- and solid-state lithium-ion batteries, each component of the system 

and their interactions may contribute to distinct electrochemical processes. These in-

clude interfacial contact at the current collector, diffusion processes within electrode 

materials, as well as various interfacial phenomena, such as interface formation, side 

reactions, charge transfer, and ionic transport across grain boundaries in SEs.[42, 86, 120-

121] Representative battery systems and their corresponding electrochemical pro-

cesses, categorized by their characteristic time constant ranges, are summarized in 

Figure 4. 

 

 

Figure 4. Representative kinetic processes associated with their time constants. 

Adapted from reference [107]. 

 

Focusing on SSBs based on Ni-rich cathodes coupled with SSEs, and for the anode 

side involves laboratory-scale materials such as LTO or In/InLi, or high energy-density 

anodes including graphite, Si, and Li metal. Their typical kinetic processes reported in 
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the literature can be categorized into different time constant regimes. For SSEs con-

taining grain boundaries, Li+ transport across grain boundaries exhibits the shortest 

relaxation times (< 10ī6 s) and represents the fastest process in the system. The par-

ticle-to-particle contact within cathode materials and their contact with the current col-

lector are generally located in the 10ī6 to 10ī5 s regime. Typically, ion transport through 

coating layers or solid electrolyte interface (SEI)/CEI layers occurs in an intermediate 

time range (10ī5 to 10ī2 s), while the charge transfer processes at both cathode and 

anode fall within the 10ī3 to 1 s regime. The interparticle contact in Si electrodes is 

assigned to the 10ī3 to 10ī2 s regime. Finally, diffusion processes driven by concen-

tration gradients within electrode materials correspond to the slowest processes (< 1 

s).[42, 47, 121-122] 

In fact, by comparing the characteristic time constants of typical energy storage mate-

rials (see Table 1), it becomes evident that, for the same type of kinetic process, ma-

terials commonly used as cathodes, anodes, and even laboratory-scale CE materials 

exhibit close time constants. This overlap often leads to coupled DRT peaks originating 

from different electrodes under 2E testing conditions. This issue becomes particularly 

critical when performance degradation is directly attributed to the WE, while the contri-

bution from the CE cannot be neglected. Therefore, in the following section, the kinetic 

hindrance arising from the CE will be discussed in detail. 

Table 1. A summary of time constants of typical interface-related kinetic processes 

for energy storage materials.  

Materials Time constant / s System Reference 

Grain boundary of SSE 

Li6PS5Cl  <1.6 x 10ī7  SSB [120, 123] 

Li7P3S11 2.5 x 10ī6 (273 K), > 1.6 x 10ī7 (298 K) SSB [124] 

SEI/CEI  

Graphite  10ī3 ï 10ī2 LIB [125] 

Si 10ī5 ï 10ī3 SSB [121] 

Li metal 10ī3 ï 1  SSB [120] 

NCM 10ī5 ï 10ī3  SSB [42, 121] 

NCA 1.6 x 10ī4 ï 1.6 x 10ī3  LIB [126] 

LTO 10ī5 ï 10ī2 SSB [42, 47] 

LixIn (0<x<1) 10ī5 ï 10ī2 SSB [42, 47] 

Charge transfer  

Graphite  10ī2 ï 10ī1 LIB [125] 

Si 10ī2 ï 10ī1 SSB [121] 

Li metal 10ī3 ï 1  SSB [120] 

NCM 10ī2 ï 1  SSB [42, 121] 

NCA 10ī2 ï 10ī1  LIB [126] 
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LTO 10ī2 ï 1 SSB [42, 47] 

LixIn (0<x<1) 10ī3 ï 10ī2 SSB [42, 47] 

 

2.2.4. Kinetic Hindrance from CE 

In studies of SSBs, electrochemical characterization is typically conducted based on 

2E cell configurations. Among the commonly used materials of the CE, In/InLi, as a 

representative example, exhibits favorable (electro)chemical stability in contact with 

SSE and is therefore widely employed as a CE/RE for performance evaluation and 

interfacial kinetic analysis at the WE. However, recent studies have shown that, in 

practical operation conditions, the intrinsic stability issues and characteristic kinetic 

processes of the In/InLi CE itself can interfere with the interpretation of WE behavior 

during the interfacial impedance analysis, and may even become a non-negligible fac-

tor contributing to the apparent performance degradation of the WE.[42-43] 

In the analysis of interface-related kinetic processes and their evolution, as discussed 

in section 2.2.3, the application of EIS-DRT analysis enables the identification of elec-

trochemical processes in the time domain, where characteristic peaks appear in the 

DRT patterns. However, when examining the time constants of the involved interfacial 

processes listed in Table 1, it becomes evident that the characteristic time constants 

of typical CE materials used in SSBs, such as In/InLi and LTO, fall within the range of 

10ī5 to 1 s, which overlaps significantly with those of most energy storage materials, 

including not only typical cathode materials such as NCM, LFP, and NCA, but also 

typical anode materials such as graphite and Si. 

Specifically, this broad timescale range covers from 10ī5 to 10ī2 s, typically associated 

with SEI/CEI formation (Rint), as well as from 10ī2 to 1 s, corresponding to the charge 

transfer process (Rct). In particular, the charge transfer process dominating at the CE 

contributes to the overall impedance and cannot be excluded from the results tested 

in a 2E configuration. When the interfacial stability of the CE deteriorates significantly, 

this contribution can strongly interfere with the objective evaluation of WE degradation 

during cycling. Indeed, performance fading induced by severe degradation of the 

In/InLi CE, as well as a pronounced increase in Rct at specific SOC, has recently been 

reported in the literature.[42] For the analysis of SSB full cells, such as Si|NCM, Kim et 

al. employed 3E measurements combined with EIS-DRT analysis to investigate the 

kinetics of individual electrodes after cycling.[121] The results clearly show that almost 

all DRT peaks associated with both NCM and Si overlap. Specifically, in the 10ī5 to 

10ī3 s regime, the response is primarily dominated by NCM, whereas in the 10ī2 to 

10ī1 s regime, the charge-transfer impedance of Si dominates; however, the contribu-

tion from NCM in this regime remains non-negligible. Therefore, similar to the ambigu-

ity encountered in assigning semicircles in ECM fitting, a comparable dilemma arises 

in the interpretation of DRT peaks in 2E systems. 
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In addition, another form of kinetic hindrance associated with conventionally prepared 

foil-stacked In/InLi CE arises from their limited fast kinetics and the progressive dete-

rioration of phase homogeneity within the In/InLi electrode during long-term opera-

tion.[42] Overpotential tracking serves as an effective indicator of kinetic limitations. 

However, in 2E cell configurations, the overall voltage profile masks the evolution of 

the overpotential associated with the In/InLi CE.  

As recently reported in the literature, both the preparation methods of the indium-lith-

ium alloy and the lithiation approach have a significant impact on their kinetics.[127-129] 

The limitation of the In/InLi electrode is mainly attributed to the formation of a Li-de-

pleted, In-rich interfacial layer within the electrode, adjacent to the In/InLi|SSE interface, 

during delithiation, which hinders Li+ transport. For brevity, typical strategies for miti-

gating the kinetic hindrance arising from the In/InLi CE are not discussed here. The 

major scope of this work is to identify and objectively evaluate the interfacial kinetic 

processes for individual electrodes through advanced electrochemical methodologies. 

The 3E cell configuration represents the most direct and effective approach to address 

the above issues. However, the implementation of a reliable RE in solid-state systems 

remains highly challenging. The development and application of such configurations 

will therefore be discussed in detail in the following section. 
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2.3. Three-Electrode Setup Design and Measurement 

As discussed in section 2.2.4, the identification and objective evaluation of polarization 

and interface-related kinetic processes are essential for better understanding the ob-

served fading of electrochemical performance and for assessing interfacial engineer-

ing and modification strategies. However, during practical electrochemical measure-

ments, the stability issue and polarization from the CE can exert a non-negligible influ-

ence on the evaluation of the WE.[42, 130] This issue becomes particularly pronounced 

when measurements are conducted in the conventional 2E half-cell, where the ob-

served response is often implicitly attributed entirely to the WE, potentially obscuring 

or misinterpreting contributions arising from the CE. Therefore, the introduction of a 

RE associated with 3E measurements becomes important for probing the electrochem-

ical behavior of individual electrodes in SSB systems. 

Against this background, this section first briefly overviews the fundamental concepts 

of cell configurations. Consequently, the functionality and critical parameters of the 3E 

cell configuration are discussed.  Finally, the challenges of the design and representa-

tive 3E setups for SSBs reported in the literature are compared and summarized, 

providing guidance for experimental design and interpretation in future studies. 

 

2.3.1. Principles and Configurations of Two- and Three-Electrode Cells 

In electrochemical studies of lithium-based rechargeable batteries, the electrode rep-

resents an essential component of the basic structural unit of a battery, namely the cell. 

However, depending on the cell configuration and its position, different terminologies 

and conventions are often adopted to describe the electrodes, reflecting variations in 

the investigated systems and research objectives. Meanwhile, these terms are closely 

related across different configurations, which may lead to potential confusion or ambi-

guity in their usage. Therefore, these fundamental concepts are briefly reviewed and 

summarized in Table 2 at the beginning, to establish the conceptual basis for the sub-

sequent discussion.[131-132] 

In fact, the commonly used terminology referring to NCM and LFP, etc., as cathode 

materials, and graphite, LTO, Si, In/InLi, and lithium metal, etc., as anode materials, is 

defined based on the redox reactions occurring during discharge. Among these mate-

rials, lithium metal represents a special case. In principle, it does not behave as an 

ideal non-polarizable electrode.[131, 133] Therefore, when lithium metal is used as a RE 

or CE/RE in a half-cell setup, it is generally regarded as a pseudo-RE. 

When RE is independently introduced as a separate electrode, a 3E cell configuration 

is established. A comparison between the 3E and 2E cell configuration is shown in 

Figure 5. It can be seen that in a half-cell setup, the WE and CE/RE are part of the 

same current circuit in a 2E cell configuration. As a result, the recorded voltage corre-

sponds to the potential difference between the WE and the CE/RE, and the potential 

changes at the individual electrodes cannot be distinguished. This limitation becomes 

particularly significant when the CE/RE does not exhibit ideal non-polarizable behavior. 
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In contrast, in a 3E cell configuration, the RE is not involved in the current circuit be-

tween the WE and CE. Therefore, the potentials of the WE and CE can be  

Table 2. Terminologies of electrodes used in lithium-based rechargeable batteries. 

Term Brief definition/description 

Common terminology in the battery field 

Positive Electrode The electrode with a higher potential relative to the other 
electrode 

Negative Electrode The electrode with a lower potential relative to the other 
electrode 

Electrochemical reaction perspective 

Cathode The electrochemical reaction at the electrode is predomi-
nantly reduction. PE = Cathode during discharge; NE = 
Cathode during charge. 
 

Anode The electrochemical reaction at the electrode is predomi-
nantly oxidation. NE = Anode during discharge; PE = Anode 
during charge. 

Electrochemical measurement perspective 

Working Electrode In a half-cell setup, the electrode of WE contains the primary 
material under investigation. Its potential and electrochemi-
cal behavior are of interest. 
 

Reference Elec-
trode 

In a half-cell setup, RE provides a stable and constant poten-
tial, enabling the potential control and measurements of the 
WE. 
 

Counter Electrode In a half-cell setup, CE serves only to supply or accept elec-
trons/ions, thereby completing the electric current circuit and 
supporting the study of the WE. It plays an auxiliary role and 
is therefore also referred to as the auxiliary electrode. The 
electrochemical processes occurring at the CE are not the 
focus of the investigation. In a 2E cell configuration, the CE 
simultaneously functions as the RE and is therefore often de-
noted as CE/RE. 
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Figure 5. 2E and 3E cell configuration in the half-cell setup. The figure was adapted 

and modified from the reference [133]. 

independently measured with respect to the RE. Since the RE only experiences a nA-

level current for the measurement, its polarization can be considered negligible.[133] 

Consequently, the 3E cell configuration enables the decoupling of the CE contribution 

during the analysis of the WE under different testing conditions. 

It should be noted that, in addition to the two main cell configurations used for electro-

chemical measurements discussed above, several specially designed functional cell 

configurations have also been developed to investigate the physicochemical properties 

of electrode and electrolyte materials, including symmetric cells,[134-136] electron/ion-

blocking cells,[137-138] four-electrode cells,[139] and HebbïWagner cells.[140-141] These 

configurations are not discussed in further detail here. 

 

2.3.2. The Functionality of Three-Electrode Configuration 

3E cell configurations have been widely adopted in the development of LIBs. Their 

applications primarily focus on two key functionalities enabled by the 3E configuration:  

(1)  Tracking the potentials of individual electrodes.  

(2) Analyzing the kinetic characteristics of single electrodes associated with the inter-

faces using electrochemical techniques such as EIS. 

On the one hand, typical potential-based applications include characterization and op-

timization of charge-discharge protocols to avoid lithium plating on anode materials;[142-

144] investigating the rate capability of electrode materials and the influence of operating 

temperature;[145-147] evaluating the effectiveness of functional electrolyte additives;[148-

149] and identifying issues such as overcharge/overdischarge arising from electrode 

aging during cycling.[147, 150] On the other hand, typical impedance-based kinetic anal-

yses involve the use of EIS-DRT analysis to resolve kinetic processes in porous elec-

trodes at medium and high frequencies;[113, 151] separating the impedance evolution of 

cathode and anode materials in terms of their SOC-dependency and during long-term 

cycling;[149, 152-154] and identifying the non-negligible influence of the CE on the degra-

dation and impedance analysis of the WE upon cycling.[130] 

Despite the extensive applications in LIBs, the implementation of 3E in SSBs remains 

significantly challenging due to the difficulties of the 3E cell design in solid-state envi-

ronments. As a result, their use in SSBs is far less widespread. However, considering 

that interfacial issues are even more severe in SSBs, the creative design of 3E cells 

and their use in elucidating the characteristics of the electrode associated with interfa-

cial kinetic processes represent an important research topic. In the following, repre-

sentative studies reported in the literature that apply the 3E cell configuration for the 

investigation of SSBs are discussed. 
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2.3.2.1. Potential Tracking  

In applications where a RE is used to track the potentials of the WE and CE in SSBs 

individually, research mainly focuses on the kinetic limitations of typical anode/CE ma-

terials and the behavior of electrodes under different testing conditions. One important 

research direction is the improvement of fast-charging performance. For example, 

graphite and silicon anodes possess significant potential in SSB systems, particularly 

the latter. However, under conditions of high areal capacity and high charging rates, 

lithium plating and dendritic growth can still be triggered on the graphite surface or at 

the Si|SSE interface, leading to the risk of internal short circuits. Using 3E measure-

ments, Zhang et al. monitored the lithium deposition behavior on structurally modified 

graphite electrodes and verified that lithium plating could be significantly suppressed 

on the modified electrode.[155] Similarly, Cao et al. revealed that incomplete alloying 

reactions in nanosized silicon, together with low electronic conductivity and slow lithium 

diffusion, lead to sluggish kinetics at high current densities, which subsequently induce 

lithium plating at the interface. Based on these findings, strategies to improve reaction 

kinetics were proposed.[156] 

Another important issue arises from the reduction of the upper cut-off potential of the 

WE caused by CE polarization during high-rate testing. Zhang et al. investigated two 

typical laboratory-scale CE materials, LTO and In/InLi, and demonstrated that their 

polarization behaviors during cycling exhibit distinct symmetric and asymmetric char-

acteristics as the current density increases. As a result, CE polarization leads to a 

reduced upper cut-off potential of the WE and prematurely terminated charge-dis-

charge processes.[42] To avoid overcharge issues caused by inappropriate cell voltage 

window settings under high areal capacity and large current densities conditions, Do-

errer et al. conducted rate capability tests of the WE under 3E conditions. With the 

assistance of the RE, the WE could reach the preset upper cut-off potential, which 

further enabled a rational adjustment of the cell voltage window for 2E cells.[157] In 

addition, in studies employing In/InLi as the CE in SSBs, 3E measurements have been 

used to investigate and verify the relationship between varied fabricating methods of 

the indium-lithium alloy and their kinetics.[128-129] 

2.3.2.2. EIS analysis  

Regarding kinetics, the application of the 3E measurement plays an important role in 

studying interfacial degradation in SSBs, particularly when considering that the char-

acteristic interface-related kinetic processes of the WE and CE may overlap in the fre-

quency or time domains. In studies focusing on anode materials, Riegger et al. re-

vealed that with LPSCl SSE, the SEI evolution strongly depends on the surface prop-

erties of the lithium metal used. Through 3E EIS analysis, the self-limiting and non-

self-limiting growth behaviors of the SEI formed under different lithium metal conditions 

were distinguished and quantitatively analyzed in detail.[158] Wang et al. further ex-

plored the SEI passivation layer in lithium metal anodes in solid polymer electrolyte  

(SPE)-based SSBs. By employing 3E EIS-DRT analysis, they demonstrated that a 

modified lithium-based composite anode exhibits more uniform SEI growth and stable 
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lithium deposition behavior.[159] Similarly, Fukunishi et al. systematically investigated 

the irreversible lithiation behavior of graphite composite electrodes during the first cycle 

in SSE-based SSBs and the electrochemical degradation induced by high-temperature 

cycling.[160]  

In addition, kinetic analyses of cathode materials in SSBs are mainly focused on the 

qualitative and quantitative evaluation of interface-related electrochemical degradation. 

For instance, through independent analysis of the WE enabled by 3E measurements, 

studies have examined the interfacial stability between the SE and the Ni-rich cath-

ode,[161-162] as well as the significant role of the upper cut-off potential in the evolution 

of interfacial impedance.[76] 

Overall, the 3E cell configuration enables operando characterization of electrode and 

interfacial processes, allowing the decoupling of single-electrode information that is 

otherwise masked in conventional 2E measurements, including electrode potential 

evolution, impedance characteristics, and polarization development. This capability en-

ables more precise identification of electrochemical degradation mechanisms and 

makes the 3E approach a practical tool during research in the laboratory-scale. 

In fact, although such LIBs have been widely deployed as EV batteries, the 3E cell 

configuration has not yet been implemented in practical applications. Nevertheless, the 

RE can function as an implantable potential sensor, which could enable smart battery 

design and potentially contribute to the development of next-generation intelligent bat-

tery management systems (BMS).[163-166] 

 

2.3.3. Critical Design and Validation Parameters  

The core of a 3E cell configuration lies in the incorporation of RE. The selection of the 

RE material, its geometry, and position within the cell serve as critical design parame-

ters, which collectively determine the quality of the RE and consequently influence the 

resulting outputs in terms of electrode potentials and impedance measurements.[133, 

167] Furthermore, in order to accurately reproduce the electrochemical behavior ob-

served under conventional 2E testing conditions, the reliability of the results obtained 

from 3E measurements should be carefully validated using appropriate validation cri-

teria. In the following, the critical design and validation perspective for 3E cell configu-

rations are summarized. 

2.3.3.1. Design Parameters 

RE Materials  

Ideally, non-polarizable electrodes are preferred as REs, meaning that the potential of 

the electrode remains constant and does not vary with the applied current, correspond-

ing to a stable equilibrium potential as defined by the Nernst equation. However, in 

practice, electrodes inevitably experience polarization and deviate from their thermo-
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dynamic equilibrium potential. Under such circumstances, the RE material should ex-

hibit a high exchange current density, enabling rapid recovery toward equilibrium after 

perturbation.[133, 167] 

In solid-state systems, due to the intrinsically narrow electrochemical window of SSEs 

such as LPSCl, the direct use of lithium metal as the RE, or as the CE/RE in a 2E cell 

configuration, is generally considered unsuitable. Nevertheless, there are reports 

demonstrating successful 3E measurements using in situ plated lithium on wire-type 

REs as well as lithium for ring-type REs, without showing significant chemo-mechani-

cal failure.[157, 168] This may be attributed to two factors: (1) when the RE is embedded 

within the separator, the SEI growth of freshly plated lithium is self-limiting, and the 

amount of deposited lithium is negligible;[158] (2) when commercial lithium metal is used 

as the RE, it is not located within the Liϕ flux pathway, and the SEI growth is spatially 

constrained. 

In SSE-based SSBs, materials widely used as RE or CE/RE include the indium-lithium 

alloy, as representative lithium-based alloys (others such as LiïAu, LiïAl, LiïSn, and 

LiïBi), as well as intercalation-type materials such as LTO (with others such as 

LFP).[133, 167] When they are used as CE/RE in a 2E cell configuration, the lithium con-

tent and the areal capacity of the electrode must be carefully adjusted to ensure a 

stable reference potential throughout the entire charge-discharge process.[86, 92] In con-

trast, when used as a RE in 3E cell configurations, careful pre-lithiation is required to 

achieve a predefined reference potential for subsequent measurements.[47, 168] 

Geometry and Position 

Since the geometry and position of the RE are closely related, their selection and de-

sign have a significant influence on the functionality and quality of 3E measurements 

and are discussed together here. Owing to the limited internal space and constrained 

design flexibility in solid-state systems, some well-established and reliable configura-

tions used in LIBs, such as the T-shaped Swagelok cell, cannot be directly transferred 

to 3E designs for SSBs. 

Reported RE geometries for SSBs include wire-, mesh-, ring-, sheet-, and strip-type 

designs, with representative setups shown in Figure 6.[157-158, 168-170] The RE can be 

positioned either embedded within the separator or placed outside the Li+ flux pathway 

between the WE and CE. Although certain designs, such as strip- or mesh-type REs, 

may induce an ion-blocking effect, thereby affecting high-rate performance measure-

ments, most reported 3E setups for SSBs are capable of monitoring the individual elec-

trode potentials reliably under proper conditions. 

However, 3E EIS measurements impose tougher requirements on the geometry and 

position of the RE. Therefore, not all of the aforementioned designs are suitable for 

achieving reliable impedance measurements or for obtaining high-quality and (quasi-) 

artefact-free EIS results. Such representative configurations typically involve asymmet-

ric arrangements of the WE, CE, and RE, or designs in which the RE is positioned 

outside the space between the WE and CE.[155, 169] Improper size, geometric symmetry 
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of RE, or misalignment between the WE and CE can lead to locally distorted electric 

fields, which are a primary source of measurement artefacts.[167, 171-172] 

Among the various designs, mesh-type REs are considered particularly promising for 

achieving near artefact-free impedance measurements, as they can provide a spatially 

averaged potential.[158, 172] Nevertheless, considering the simplicity of manufacturing, 

wire-type REs remain a practical and widely adopted choice. By reducing the wire di-

ameter, maintaining structural symmetry of the electrodes, and ensuring proper align-

ment between the WE and CE, wire-type RE-based 3E setups for SSBs can also de-

liver high-quality EIS results. In addition, the impedance of the RE itself, as well as 

factors such as the length of measurement cables, are known to contribute to artefacts 

in the high-frequency region.[171, 173] 

Overall, an ideal 3E setup that can simultaneously satisfy the requirements of potential 

tracking and EIS analysis requires a multi-dimensional design of the RE. More im-

portantly, the purpose of 3E measurements is to unveil the electrochemical ñblack boxò 

in 2E cell configurations, which presupposes the ability to faithfully mimic the electro-

chemical processes occurring under 2E testing conditions. Therefore, the validation of 

the reliability and durability of the RE in the 3E configuration, as well as an objective 

comparison of the electrochemical performance obtained from 2E and 3E measure-

ments under identical testing conditions, are essential steps. Accordingly, it is recom-

mended that the designed 3E setup and the resulting measurements be evaluated 

from the following three validation perspectives. 

 

2.3.3.2. Validation Perspectives 

(1) Monitoring the Drifting of the Reference Potential 

Due to the limited thermodynamic stability of RE materials in some of the solid electro-

lyte environments, lithium dissolution from alloy-based REs, and the influence of test-

ing temperature, the potential of the RE may gradually drift during prolonged operation 

time.[47, 174] A qualified RE should exhibit a stable reference potential over a certain 

period, with any deviation occurring as a gradual fading process rather than an abrupt 

shift. Monitoring the potential drift of the RE is therefore a crucial step, particularly in 

such applications, where the conclusions are primarily derived from potential tracking. 

An objective evaluation and effective correction of RE potential drift can significantly 

improve the fidelity with which the true electrochemical behavior is captured. In addition, 

appropriate in situ recalibration strategies, such as re-lithiation, should be considered. 

(2) Performance Gap Between 2E and 3E Measurements 

Considering the challenges associated with introducing the RE in solid-state systems, 

it is inevitable that the thickness of the separator layer increases and that the RE itself 

introduces an ion-blocking effect.[175] These factors are unfavorable for 3E measure-

ments under large dynamic conditions. Under scenarios such as high C-rate operation 

or lithium plating investigations, significant electrochemical performance gaps may 
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arise between 2E and 3E measurements, mainly due to additional ohmic polarization 

and possible kinetic hindrances. This discrepancy can affect the reliability of perfor-

mance evaluation and the determination of critical failure thresholds based on 3E po-

tential tracking. Therefore, when the potential of electrodes is used as a key criterion, 

the performance gap between 2E and 3E configurations must be carefully considered. 

(3) Consistency Between Summed WE/CE Impedance and 2E Impedance 

The impedance of the WE and CE can be measured independently under 3E condi-

tions, and their sum can be compared with the impedance obtained from the 2E con-

figuration. This comparison serves as an important indicator for evaluating the quality 

of 3E impedance data. In practice, perfect agreement is rarely achieved due to external 

factors such as the measurement environment, electrical contacts, and temperature 

variations. Deviations are typically observed in the high- and low-frequency regions. 

However, in SSBs, interface-related kinetic processes are generally located in the mid-

frequency range. Therefore, a quantitative assessment of the deviation between 2E 

and 3E measurements, together with a targeted qualitative and quantitative analysis 

within the frequency range of interest, represents a rational approach for impedance 

analysis based on 3E configurations.[167-168] 

 

2.3.4. Challenges and Representative 3E Setup Designs for SSBs 

The design of 3E setups in solid-state systems faces significantly more challenges and 

constraints compared to liquid-based systems. Even for 2E cell configurations, a fully 

standardized setup or commercialized format has not yet been established.[176] As a 

result, testing cells vary substantially among different research groups, making the ex-

tension toward 3E cell configurations inherently case-dependent. 

Moreover, for different types of SE, the pronounced differences in mechanical proper-

ties and cell assembling procedures lead to distinct requirements for design parame-

ters of RE. For example, when selecting RE materials, their chemical compatibility with 

the SE must be carefully considered. In addition, when setting the potential of RE, 

approaches such as in situ pre-lithiation may introduce additional challenges, including 

mechanical failure caused by volume expansion and interfacial side reactions induced 

by local redox reactions. 

For both the assembling and operation of SSBs, the application of high external pres-

sure is often necessary to ensure proper interfacial contact. However, the introduction 

of a RE and its corresponding placement can significantly increase the likelihood of 

structural instability, potentially leading to issues such as internal short circuits. Fur-

thermore, due to the spatial constraints within SSBs, the design of the RE tends toward 

miniaturization. 

Overall, the design and validation of 3E configurations for SSBs represent a system-

level engineering challenge. As summarized in Figure 6, representative 3E designs 

reported in the literature, particularly for SSE-containing designs, are presented. Each 
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design demonstrates distinct features in terms of RE material, position, or geometry, 

thereby providing valuable insights and inspiration for the development of more ad-

vanced 3E configurations for SSBs. 

 

 

 

Figure 6. Representative 3E setups for SSE-based SSBs. (a) Chemically pre-lithiated 

LTO coated Ni-mesh as RE. (b) In/InLi strip as RE. (c) In/InLi-coated Ni-mesh as RE. 

(d) In situ lithiated Au-plated W-wire as RE. (e) Electrochemically ex situ lithiated LTO 

composite as wire-type RE. (f) In/InLi composite as RE. (g) Ring-type lithium metal as 

RE. (h) In/InLi foil as RE. (i) Li metal as RE, RE was placed next to WE on the SSE 

separator. (j) In/InLi plated Cu-wire as RE. (k) Li plated Cu-wire as RE. Figures were 

adapted and modified from Ikezawa et al. for (a),[177] Chang et al. for (b),[170] Riegger 

et al. for (c),[158] Hertle et al. for (d),[168] Zhang et al. for (e),[47] Dugas et al. for (f),[178] 

Doerrer et al. for (g),[157] Nam et al. for (h),[169] Kasemchainan et al. for (i),[179]   Fan et 

al. for (j),[180] and Yanev et al. for (k).[128] 
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3. Results  

3.1. Investigation of Degradation at the CAM|SSE Interface and Novel Nanopar-

ticle Coatings 

In SSBs employing Ni-rich cathodes coupled with SSEs, the microstructure and com-

position of the CAM|SSE interface, as well as strategies to enhance its stability, have 

long been central research topics. Interfacial degradation is among the key factors lim-

iting the electrochemical performance of SSBs. The characterization of decomposition 

interphases typically involves multiple aspects and complementary techniques. From 

a microstructural perspective, focused ion beam-scanning electron microscopy (FIB-

SEM) enables direct observation of physical contact failure at the interface, while high-

resolution TEM (HRTEM) allows atomic-scale visualization of interfacial layers with 

thicknesses on the order of several tens of nanometers. From the standpoint of chem-

ical composition and oxidation states of interfacial reaction products, techniques such 

as X-ray photoelectron spectroscopy (XPS), time-of-flight secondary ion mass spec-

trometry (TOF-SIMS), and electron energy loss spectroscopy (EELS) can be employed 

to identify decomposition products from the SSE, oxygenated phosphorus/sulfur spe-

cies, as well as their oxidation states, and further to elucidate their spatial distribution. 

DEMS, as an operando characterization technique, provides access to gaseous prod-

ucts generated by interfacial side reactions, thereby deepening the understanding of 

the electrochemical stability between Ni-rich cathodes and SSEs. Finally, for qualitative 

and quantitative analysis of interfacial kinetics, EIS-DRT analysis serves as a nonde-

structive tool that can be used to directly correlate the interface-related kinetic pro-

cesses with electrochemical performance. Such multi-scale and multi-technique char-

acterization approaches have been widely applied to the study of interfacial failure in 

SSBs and are extensively reported in the literature. 

When the focus is narrowed to interfacial layers with thicknesses of only several tens 

of nanometers, the oxidation state and spatial distribution of key elements within the 

interphase become critical points of interest. At this length scale, only TEM offers the 

spatial resolution required for meaningful analysis. More importantly, the SSEs and 

sulfur-containing interphases investigated here are extremely sensitive to electron ir-

radiation, air, and moisture. This imposes strict requirements on both sample prepara-

tion and characterization conditions and implies that, during conventional lamella prep-

aration and TEM analysis, beam damage can lead to discrepancies between the actual 

interfacial structure and the observed results, potentially obscuring underlying degra-

dation mechanisms. 

Therefore, in Publication I, we employed cryogenic conditions throughout the entire 

workflow: from lamella preparation via cryo-FIB to cryo-TEM characterization to mini-

mize beam-induced damage to the interface. This approach enabled reliable analysis 

of the interfacial layer, as well as the adjacent regions. Through EELS line scans and 

point analyses, we provided experimental verification of TM dissolution and interdiffu-

sion in a solid-state electrolyte system, a phenomenon that has rarely been reported 
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in this context. Furthermore, we revealed long-range TM migration, which was found 

to exert a poisoning effect on the SSE within the catholyte. 

Given the intrinsically narrow electrochemical stability window of SSEs and their limited 

tolerance toward interdiffusion between TM, sulfur, and phosphorus species, two inter-

facial engineering studies based on a novel nanoparticle coating concept were further 

explored during my PhD research. Although not constituting the core focus of this dis-

sertation, these studies are closely related to the overall research framework and are 

presented as Publication II and Publication III, using HfO2 and HfO2/Li2HfO3 nano-

particle coatings, respectively. Compared with their bare counterparts, the coated Ni-

rich cathodes exhibited pronounced improvements in electrochemical performance. 
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3.1.1. Publication I: Transition-Metal Interdiffusion and Solid Electrolyte Poison-

ing in All-Solid-State Batteries Revealed by Cryo-TEM 

As the first core investigation in this doctoral thesis, cryo-FIB and cryo-TEM were ap-

plied to characterize the CAM|SSE interface. The primary objective was to analyze the 

as-formed interface/interphase owing to the electrochemical degradation, with particu-

lar emphasis on the oxidation state of key elements. Based on oxidation products sug-

gested by prior experimental and computational studies, the degradation mechanisms 

at the interface and in adjacent regions were systematically investigated. 

In this work, PC NCM85 was employed as the CAM, together with LPSCl as the SSE, 

and LTO composite was applied as the anode for the electrochemical testing. To de-

liberately amplify interfacial failure induced by electrochemical degradation, no surface 

coating was applied to the CAM. The cathode electrode was prepared via a slurry-

casting method using 1 wt.% PIB as the binder and o-xylene as the solvent. 

Electrochemical results show a relatively low initial Coulomb efficiency (ICE: 82%), 

which can be attributed to the absence of surface coating on the CAM, while the 

charge/discharge capacities from low to high C-rates remained as expected. After 

long-term cycling at 1C, the capacity retention remained excellent, with nearly no ob-

servable decay. Notably, during the later stages of cycling, a continuous decrease in 

CE was observed, indicating the occurrence of pronounced side reactions within the 

cell. 

Cryo-TEM combined with EELS analysis was subsequently employed to perform an 

in-depth characterization of the cycled samples in the vicinity of the interface. Five 

representative locations, denoted as P1 to P5, were selected for detailed analysis, 

covering the bulk CAM, the as-formed CAM|SSE interface, the SSE region approxi-

mately 100 nm away from the interface, and regions far from the interface within the 

SSE (around 1 µm). Leveraging the high spatial resolution of EELS and its capability 

to resolve elemental oxidation states, particular attention was paid to oxygen and the 

transition metals (TM) Ni, Co, and Mn within these selected regions. The results led to 

several key conclusions. (1) Even in a solid-state system, TM elements can dissolve 

into the solid electrolyte, with diffusion extending beyond the interfacial layer and lead-

ing to poisoning of the SSE. (2) TMs were found to exist in reduced oxidation states at 

the interface and even in the SSE regions far from the interface, indicating interdiffu-

sion with sulfur and phosphorus species and supporting previous experimental and 

computational reports on the formation of sulfides and oxygenated phosphorus/sulfur 

species. (3) Energy-dispersive X-ray spectroscopy (EDS) mapping revealed that mo-

bile sulfur-containing compounds are able to penetrate into intergranular cracks within 

the PC NCM85 particles, even under solid-state conditions. 

The significance of this work lies in the identification of new possible degradation path-

ways in SSBs. In particular, the as-formed interphase at the interface and the dispersed 

species within the SSE, which may exhibit MIEC characteristics, are likely to be closely 

associated with the continuous and accelerated deterioration of side reactions. These 



 
                             3. Results  

32 
 

findings further highlight the necessity of interfacial engineering strategies aimed at 

suppressing TM dissolution and interdiffusion. 

 

 

Figure 7. Table of contents graphic of Publication I. Adapted from reference [45]. 

The experiments were designed and planned by the first author R. Zhang, under the 

supervision of J. Janek, A. Kondrakov, and T. Brezesinski. Cryo-FIB and cryo-TEM 

measurements were conducted at Thermo Fisher Scientific (Eindhoven, Netherlands). 

The first author prepared the cathode tape, conducted the electrochemical testing, har-

vested the samples, and performed the data analysis. L. Li conducted the preparation 

of the lamella by cryo-FIB. L. Jiang and L. Casalena carried out the cryo-TEM meas-

urements with the assistance of R. Zhang. The gathered data were analyzed by R. 

Zhang, L. Jiang, and L. Li. R. Zhang, F. Strauss, and T. Brezesinski discussed the data 

and established the mechanism. F. Strauss supported the design of figures. The draft 

was written by R. Zhang and further polished by F. Strauss. The final version of this 

manuscript was then edited by all co-authors. 

 

 

Reprinted with permission from R. Zhang, F. Strauss, L. Jiang, L. Casalena, L. Li, J. Janek, A. Kondrakov, T. Brezesinski, Chem. Commun. 2023, 59, 4600ς4603. © 

2023 The Royal Society of Chemistry. Licensed under Creative Commons Attribution 3.0 Unported (CC BY 3.0).  
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3.1.2. Publication II: Single-to Few-Layer Nanoparticle Cathode Coating for Thi-

ophosphate-Based All-Solid-State Batteries 

Based on the knowledge obtained from Publication I, interfacial engineering becomes 

a necessary step for cell configurations using Ni-rich cathodes coupled with SSEs. 

Inspired by a novel NP coating strategy, we further explored the feasibility of employing 

HfO2 NPs as single- to few-layer coatings on the CAM surface. 

Building on a favorable workflow previously established using ZrO2 NPs for NCM85, 

Publication II successfully extended this strategy to the implementation of well-dis-

persed HfO2 NPs. PC NCM85 and LPSCl were used as CAM and catholyte, respec-

tively, with the latter also serving as the separator. An LTO-based composite electrode 

was employed as the anode. 

The key to achieving interfacial stabilization and enhanced electrochemical perfor-

mance through a nanoparticle coating strategy lies in obtaining a uniform and confor-

mal coating. Realizing this requirement critically depends on achieving good dispersion 

of the NPs in the solvent. However, as-prepared NPs typically exhibit high surface 

energies, leading to pronounced agglomeration, which makes subsequent dispersion 

in solvents highly challenging. Moreover, the dispersion strategy must be tailored on a 

case-by-case basis for different materials. Therefore, the first focus of this work was 

on the dispersion of as-prepared HfO2 NPs. Unlike the treatment used for ZrO2, well-

dispersed HfO2 NPs were achieved, based on prior reports, by synergistically employ-

ing two surfactants (oleic acid + oleylamine) to stabilize the NPs in chloroform.[181] By 

optimizing the coating parameters, including content and calcination conditions, the 

most pronounced performance enhancement was achieved for 0.83 wt.% HfO2-coated 

NCM85 calcined at 400 °C in an oxygen atmosphere. 

The results indicate that the coating has a thickness of approximately 11 nm and that 

the NPs are uniformly deposited on the CAM surface. Galvanostatic cycling tests con-

ducted on pelletized cells showed that the initial specific discharge capacity at 0.1C 

and the Coulomb efficiency reach 203 mAh/g and 90%, respectively, which are signif-

icantly higher than those of the uncoated counterpart (175 mAh/g and 79%). During 

long-term cycling at 0.2C, the HfO2-coated NCM85 maintained a capacity retention of 

69% after 200 cycles. In-depth interfacial characterization further demonstrated that 

the HfO2 NP coating effectively suppresses detrimental (interfacial) side reactions and 

enhances the microstructural stability of the cathode during cycling. Notably, in further 

cathode optimization, the use of a glassy SSE (1.5Li2Sï0.5P2S5ïLiI) combined with 

slurry-cast cathode fabrication enabled both high areal capacity and excellent capacity 

retention (~2.3 mAh/cm2 and 94% after 200 cycles). This improvement can be at-

tributed to more intimate interfacial contact and the stabilizing contribution of the binder 

to the electrode structure during cycling. 
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Figure 8. Table of contents graphic of Publication II. Adapted from reference [44]. 

Publication II has a shared first authorship between Y. Ma and R. Zhang. The exper-

iments were designed by Y. Ma under the supervision of J. Janek, M. Bianchini, and 

T. Brezesinski.  R. Zhang synthesized the HfO2 NPs, dispersed them in chloroform, 

conducted the CAM coating, prepared the cathode tape, performed the electrochemi-

cal tests as well as the X-ray diffraction (XRD) measurements. Y. Ma conducted the 

SEM measurements. Y. Tang performed the cross-sectional imaging by FIB and TEM 

measurements. J.H. Teo and T. Diemant conducted the DEMS and XPS measure-

ments, respectively. D. Goonetilleke conducted the operando XRD, refined and ana-

lyzed all XRD results. Y. Ma and R. Zhang analyzed and interpreted the results with all 

co-authors. The first draft was mainly written by Y. Ma, with support by R. Zhang. The 

final paper was edited by all co-authors.  

 

 

 

 

 

Reprinted with permission from Y. Ma, R. Zhang, Y. Tang, Y. Ma, J. H. Teo, T. Diemant, D. Goonetilleke, J. Janek, M. Bianchini, A. Kondrakov, T. Brezesinski, ACS 

Nano 2022, 16, 18682ς18694. Copyright © 2022 American Chemical Society. 
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