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Abstract: As the global community shifts away from fossil fuels towards more environmentally 
friendly energy alternatives, there is an escalating demand for sophisticated energy storage 
solutions. Solid-State Batteries (SSBs) have emerged as a promising advancement, presenting a 
superior substitute to conventional lithium-ion batteries. This review provides an in-depth 
examination of SSBs, emphasizing their enhanced energy density, safety, and longevity. We 
evaluate conventional cathode materials, including lithium cobalt oxide (LiCoO2), lithium 
manganese oxide (LiMn2O4), and lithium iron phosphate (LiFePO4). Additionally, we introduce 
emerging materials such as sulfides, oxides, and air-based cathodes, discussing their benefits, 
limitations, and their congruence with solid electrolytes. Special attention is devoted to the 
structural fine-tuning of cathode materials, investigating approaches like nanostructuring, surface 
coatings, and composite strategies to counteract issues such as restricted conductivity and structural 
volatility. The review critically analyzes the electrical and thermal properties of these materials, 
which are essential for battery safety and efficacy. Moreover, we present a comparative assessment 
of cathode materials based on performance indicators and identify prevailing research voids and 
hurdles in the commercialization of SSB cathodes. Concluding, we suggest prospective research 
directions and innovations, underscoring the revolutionary potential of SSB technologies in paving 
the way for a sustainable energy horizon. 

Keywords: solid-state batteries; cathode materials; energy density 
 

1. Introduction 

The global transition from fossil fuels to cleaner and more sustainable energy sources is an 
imperative response to the growing environmental concerns associated with the use of conventional 
hydrocarbon-based fuels [1]. The detrimental impacts of greenhouse gas emissions, climate change, 
and resource depletion have accelerated the need for innovative solutions to reduce our reliance on 
fossil fuels and mitigate their environmental footprint [1,2]. In this era of sustainable energy, high-
performance energy storage systems play an important role in ensuring the reliability and efficiency 
of renewable energy sources [3,4]. These systems bridge the gap between energy generation and 
consumption, enabling the effective utilization of intermittent sources like wind and solar power 
while enhancing grid stability and resilience [3,4]. 

In the landscape of energy storage, solid-state batteries (SSBs) are increasingly recognized as a 
transformative alternative to traditional liquid electrolyte-based lithium-ion batteries, promising 
unprecedented advancements in energy density, safety, and longevity [5–7]. These benefits stem from 
the incorporation of advanced electrode materials and solid-state electrolytes, which together enable 
heightened energy storage capacities. Notably, the absence of flammable liquid electrolytes in SSBs 
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mitigates the risk of thermal runaway, a paramount safety concern, especially in applications like 
electric vehicles (EVs) and portable electronics [8–11]. Beyond safety, SSBs, with their augmented 
energy densities, champion the development of more compact, energy-efficient devices [11–16]. Their 
resilience against dendrite formation and extended cycle life further accentuates their suitability for 
applications demanding sustained reliability and long-term energy storage [15–18].  

However, despite the remarkable promise of SSBs, their commercialization remains constrained 
by specific challenges, with the cathode being a pivotal component significantly affecting battery 
performance [19,20]. This comprehensive review aims to synthesize the state-of-the-art 
advancements in solid-state battery cathodes, shedding light on both material chemistry and 
engineering techniques that contribute to enhanced performance metrics. Through an in-depth 
exploration of cathode materials, structural optimization, electrical properties, thermal 
characteristics, and practical considerations, this review provides a holistic perspective on the 
development of SSB cathodes. The following sections will explore into traditional cathode materials 
and emerging alternatives, discuss strategies for structural optimization, address practical 
integration aspects, conduct a comparative evaluation of cathode materials, and finally, identify 
existing research gaps and propose future directions in the development of SSB cathodes. 

2. Traditional Cathode Materials 

Lithium cobalt oxide (LiCoO2) has been a foundation in the development of lithium-ion batteries. 
It offers high energy density but comes with challenges such as safety risks and limited thermal 
stability [21]. The original ideas for LiCoO2 as a cathode material were inspired by interdisciplinary 
research in solid-state physics and chemical structure bonding [21]. A study by Wei et al. [22] 
demonstrated that porous LiCoO2 fabricated from metal–organic frameworks (see Figure 1) shows 
excellent stability and superior rate capability, delivering a reversible capacity of 106.5 mAhg−1 at 2C 
with stable capacity retention of 96.4% even after 100 cycles. 

 

Figure 1. SEM micrographs of (a and b) ZIF-67 (Co) and (c and d) porous LiCoO2 at different 
magnifications, (e) TEM micrograph and (f) HR-TEM micrograph of porous LiCoO2. (Reprinted with 
permission from ref. [22], Copyright 2020, Royal Society of Chemistry). 

LiCoO2 has a theoretical capacity of 274 mAhg-1 but often fails to deliver more than half of this 
due to structural deformation [23]. The material's high energy density makes it suitable for 
applications requiring compact and lightweight batteries, such as mobile devices and certain types 
of electric vehicles. A recent study by Cherkashinin et al. [24] investigated into the intrinsic stability 
of LiCoO2 and found that the material exhibits fully reversible electronic properties after the first 
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electrochemical cycle, providing insights into the development of doping strategies to enhance its 
electronic conductivity. 

Lithium manganese oxide (LiMn2O4) is considered an environmentally friendly and cost-
effective alternative to LiCoO2. It has a theoretical capacity of 148 mAhg-1 and can deliver more than 
95% of its theoretical capacity [23]. However, it suffers from low conductivity, manganese dissolution 
in the electrolyte, and structural distortion at elevated temperatures [23]. Various strategies have been 
employed to improve LiMn2O4's performance, including structure doping with single or multiple 
cations and anions, and surface modification by coating with materials like carbonaceous 
compounds, oxides, and phosphates [25]. Doping stabilizes the LiMn2O4 spinel structure and reduces 
the amount of electrochemically active Mn3+, which is responsible for manganese dissolution into the 
electrolyte [26]. A study by Choi et al. [27] compared the performance of LiMn2O4, with nickel-cobalt 
manganese (LiNiMnCoO2), and lithium-iron phosphate (LiFePO4), and found that it exhibits good 
thermal stability and capacity retention under various driving cycles. 

Lithium iron phosphate (LiFePO4) is another alternative cathode material known for its 
robustness and safety [28]. It has a theoretical capacity of 170 mAhg-1 and is particularly stable during 
charge and discharge cycles [28]. LiFePO4 is often used in applications where safety and long cycle 
life are more critical than energy density, such as in large-scale energy storage systems and certain 
electric vehicles. In a study focusing on the temperature's effect on different cathode materials, 
LiFePO4 was found to have optimal performance in a temperature range of 20-50°C [29]. The study 
also highlighted that the state of charge (SOC) has a significant impact on the internal resistance of 
the battery, affecting its overall performance [30]. Vogt et al. [31] explored the production and 
characterization of fiber-reinforced all-solid-state electrodes using LiFePO4 and found that the 
material demonstrated good utilization of the active material with capacities of up to 139 mAhg-1 (see 
Figure 2). 

 

Figure 2. Specific discharge capacity of cathode half cells with a structural separator cycled at 80 °C 
and 0.1C. The cells with the cathode and separator compressed at a higher pressure achieved 
capacities of maximum 139 mAhg−1 and, therefore, the best capacities of all investigated cells 
(Reprinted with permission from ref. [31], Copyright 2022, Batteries-MDPI). 

3. Emerging Cathode Materials 

Sulfide-based cathode materials have gained significant attention in the realm of all-solid-state 
lithium batteries (ASSLBs) [32–34]. These materials offer promising attributes, especially when paired 
with solid-state sulfide electrolytes (SSSEs). A recent study [34] introduced a novel Li2.96P0.98S3.92O0.06-
Li3N glass-ceramic electrolyte (GCE) where O and N substitution produced unique functional units 
that enabled superior ionic conductivity at room temperature1. Notably, these units in the 
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Li2.96P0.98S3.92O0.06-Li3N effectively prevent structural degradation against moisture. Furthermore, this 
GCE addresses key challenges and showcases potential for use in high-energy ASSLBs. 

Oxide-based cathode materials, when paired with solid electrolytes, can significantly enhance 
the energy density of ASSLBs. The transition from liquid-based Li-ion batteries (LIBs) to ASSLBs has 
been driven by the potential advantages of oxide and sulfide-based solid electrolytes [35]. A strategic 
approach to this transition involves analyzing the pairing of solid electrolytes with oxide cathode 
materials and the Li metal anode [35]. The chemical, electrochemical, and mechanical properties of 
these solid electrolytes play a crucial role in determining the performance of the resultant ASSLBs 
[35]. A study made by Ban et al. [35] prepared a poly(ethylene oxide) (PEO)-LiClO4−Li1.3Al0.3Ti1.7(PO4)3 
(LATP) composite solid electrolyte (CSE) membrane using a solution-casting method. The results 
showed high Li ion conductivity (∼1 × 10−3 Scm−1) and excellent mechanical and electrochemical 
performances. The authors explain that the solid-state battery showed, after 500 cycles, a capacity of 
109.3 mAhg−1 at 1C, providing a promising strategy for the design of high-performance solid-state 
batteries (see Figure 3). 

 

Figure 3. (a) Rate performance and (b) Charge/discharge profiles of LFP|PEO-50 wt %LATP|Li 
battery at 80 °C; (c) Charge/discharge profiles of LFP|PEO-50 wt %LATP|Li battery tested at various 
temperatures; (d) Charge/discharge profile and (e) Cycle performance of LFP|PEO-50 wt % LATP|Li 
battery at 80 °C and 1C rate. (Reprinted with permission from ref. [35], Copyright 2018, American 
Chemical Society). 

Air-based cathodes, specifically in the context of solid oxide fuel cells (SOFCs), have been 
recognized as potential candidates to meet the increasing energy demand. SOFCs are known for their 
high energy conversion efficiencies, low pollution exhaust, fuel flexibility, and environmental 
friendliness, making them a promising alternative to conventional electricity generators [36]. 
However, the high operating temperatures of SOFCs (typically between 800°C to 1000°C) have been 
a significant challenge. To address this, there is a push towards developing thin film-based SOFCs 
(TF-SOFCs) which can potentially reduce the operating temperature to the 450°C to 600°C range [36]. 
Noh et al. [36] fabricated a large-area thin-film solid oxide fuel cells (TF-SOFC) using a commercially 
viable vapor deposition technology. By using a 2-inch sputtering system, a multi-scale-architecture 
platform consisting of a nanostructured NiO-yttria-stabilized zirconia (YSZ) anode and an 
approximately 750 nm-thick YSZ/gadolinia doped ceria (GDC) bilayer was fabricated over a 5 × 5 cm 
NiO-YSZ anode support. The authors claim that an open cell voltage (OCV) of 1.1 V and a peak power 
density exceeding 1.2 Wcm−2 at 600°C were obtained. They further present that the total power output 
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at 0.7 V from the 5-cm-by-5 cm TF-SOFC reached 15.52 W at 600°C and 9.76 W at 550°C. The total 
maximum power outputs were 19.52 and 14.08 W at 600°C and 550°C, respectively. 

Emerging cathode materials present a myriad of advantages and challenges that influence their 
potential in next-generation energy storage systems. While they offer benefits such as fuel flexibility 
and environmental friendliness, they also come with inherent limitations that need to be addressed 
for optimal performance. Table 1 presents some of the advantages and limitations of emerging 
cathode materials.  

Table 1. Advantages and limitations of emerging cathode materials. 

Category Description Reference 

Advantages   

Fuel Flexibility 

SOFCs can operate on a 
variety of fuels, providing 

flexibility in terms of 
energy sources. 

[34] 

Environmental 
Friendliness 

SOFCs produce low 
pollution exhaust, making 

them environmentally 
friendly. 

[34] 

High Conductivity 

Some emerging cathode 
materials, like halide solid-

state batteries, offer high 
ionic conductivity, which 

is crucial for efficient 
battery operation. 

[35] 

Limitations   

High Operating 
Temperatures 

Traditional SOFCs require 
high operating 

temperatures, which can 
be a limitation for certain 

applications. 

[34] 

Interfacial Instability 

Some solid electrolytes, 
like LAGP, face challenges 

related to poor interface 
compatibility with Li 

anodes. 

[36] 

Slow Li-ion Conduction 

In thick pellets of certain 
materials, slow Li-ion 
conduction can be a 

challenge. 
 

[36] 

The compatibility of cathode materials with solid electrolytes is a critical factor in the 
performance of ASSLBs. For instance, lithium aluminum germanium phosphate (LAGP) is a solid 
electrolyte that has gained significant attention due to its stability in air and good ionic conductivity 

[37]. However, challenges like poor interface compatibility with Li anodes and slow Li-ion 
conduction in thick pellets have been identified [37]. Advanced interface engineering strategies, such 
as introducing a functional interlayer, have been proposed to address these challenges [37]. 

4. Structural Optimization of Cathode Materials 

4.1. Nanostructuring 
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The structural optimization of cathode materials in SSBs plays a crucial role in enhancing their 
electrochemical performance. Nanostructuring is a promising approach that involves reducing the 
dimensions of cathode materials to the nanoscale [38]. This strategy offers several advantages in 
terms of improved conductivity and enhanced surface area for electrochemical reactions [38–40]. 

Nanostructuring of cathode materials has been demonstrated in various studies. For instance, 
Sun et al. [38] highlighted the benefits of using a Li2WO4-coated LiCoO2 cathode with a sulfide 
Li6PS5Cl solid electrolyte to boost the electrochemical performance of all-solid-state batteries. 
Similarly, Liu et al. [40] modified the interface between the superionic conductor and polymer 
electrolyte (polyvinylidene fluoride) by in situ synthesis of a pyrochlore-type La2Sn2O7 (LSO) ceramic 
layer on the surface of Li6.4La3Zr1.4Ta0.6O12 (LLZTO). The authors explain that synthesis of LSO 
consumes La in LLZTO, increasing the concentration of Li ions in LLZTO, and significantly 
improving the conductivity of the composite electrolyte (LLZTO@LSO-CSE). Compared with the 
pristine sample (3.15 × 10−5 Scm−1), the conductivity of LLZTO@0.9%LSO-CSE was improved by an 
order of magnitude (as high as 1.30 × 10−4 Scm−1). Furthermore, the authors explain that after 400 
cycles, the discharge capacity of the LiFePO4|LLZTO@0.9%LSO-CSE|Li remained at 110.6 mAhg−1, 
the Coulomb efficiency was 99.4%, and the capacity retention rate was 72%, compared to 75.5 mAhg−1, 
98, and 49% for the pristine one, respectively (see Figure 4). 

 

Figure 4. Electrochemical performance of the solid-state battery. (a) Rate capability and (c) cycling 
performance at 0.2 C for TP and common contact. (b) Rate capability and (d,e) cycling performance at 
0.2 C for the solid-state batteries with the LLZTO@LSO-CSEs. (Reprinted with permission from ref. 
[40], Copyright 2021, American Chemical Society). 

4.2. Surface coatings 

Surface coatings represent another avenue for improving cathode materials in SSBs. Coating 
cathode particles with conductive and protective materials can mitigate issues related to structural 
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instability, reactivity with electrolytes, and enhance overall electrode performance [41,42]. Recent 
research by Liang et al. [43] focused on surface coating strategies for LiNi0.6Mn0.2Co0.2O2 (NMC) 
cathode materials. They demonstrated that a gradient oxy-thiophosphate coating improved the 
structural stability of NMC cathodes, reducing capacity fading and improving cycling stability. 
Additionally, surface coatings can enhance the safety of SSBs by preventing the formation of harmful 
solid-electrolyte interphase (SEI) layers [44,45]. 

4.3. Composite approaches 

Composite cathode materials are designed by integrating various components to leverage their 
complementary properties. This approach combines the advantages of multiple materials to address 
the challenges associated with low conductivity and structural instability in SSB cathodes [46,47]. 
One notable example is the development of composite cathodes using conductive polymers. 
Researchers, such as Liu et al. [40], have successfully incorporated various strategies to improve the 
interface of cathode materials in solid-state lithium batteries. The resulting approaches exhibited 
improved electronic conductivity and ion diffusivity, leading to enhanced rate capability and cycling 
stability. 

Composite approaches also extend to incorporating ionic conductors within the cathode matrix. 
Liang et al. [44] explain that high-energy Ni-rich layered oxide cathode materials such as 
LiNi0.8Mn0.1Co0.1O2 (NMC811) suffer from detrimental side reactions and interfacial structural 
instability when coupled with sulfide solid-state electrolytes in all-solid-state lithium-based batteries. 
To circumvent this issue, the research group proposed a gradient coating of the NMC811 particles 
with lithium oxythiophosphate (Li3P1+xO4S4x) via atomic layer deposition of Li3PO4 and subsequent in 

situ formation of a gradient Li3P1+xO4S4x coating. The tailored surface structure and chemistry of 
NMC811 hinder the structural degradation associated with the layered-to-spinel transformation in 
the grain boundaries and effectively stabilize the cathode|solid electrolyte interface during cycling. 
When tested in combination with an indium metal negative electrode and a Li10GeP2S12 solid 
electrolyte, the gradient oxy-thiophosphate-coated NCM811-based positive electrode enabled the 
delivery of a specific discharge capacity of 128 mAhg−1 after almost 250 cycles at 0.178 mAcm−2 and 
25°C (see Figure 5). 

 

Figure 5. Electrochemical performance of all-solid-state Li-ion cells with an In anode, Li10GeP2S12 solid 
electrolyte and various NCM811 cathodes at 25°C. (a) Charge/discharge curves of the first cycle at 
0.089 mAcm−2. (b) GITT curves during the discharge process, and (c) corresponding Li+ diffusion 
coefficients of the three kinds of NMC811 cathodes during different discharge states. (d)–(f) The 
dQ/dV curves of the three kinds of NMC811 cathodes during the initial 100 cycles at 0.178 mAcm−2. 
(g) Rate capabilities and (h) cycling performance of the three kinds of NMC811 cathodes. Red for the 
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PS-LPO-NMC811 cathode, green for the LPO-NMC811 cathode, and orange for the NMC811 cathode. 
(Reprinted with permission from ref. [44], Copyright 2023, Springer Nature). 

4.4. Addressing issues like low conductivity and structural instability 

The structural optimization of SSB cathodes aims to mitigate two fundamental challenges: low 
electrical conductivity and structural instability. Various strategies, including those discussed above, 
are employed to address these issues [40–47]. For example, doping cathode materials with elements 
like niobium (Nb) or aluminum (Al) can enhance the electronic conductivity while maintaining 
structural integrity [38,40,44]. Additionally, the utilization of advanced characterization 
methodologies, such as in situ electron microscopy, enabled researchers, as demonstrated by Wang 
et al. [39], to observe and address structural alterations during cycling, offering invaluable insights 
for material refinement. 

4.5. Role of electrical properties (electronic and ionic conductivity) 

The performance of SSBs is heavily influenced by the electrical properties of their cathode 
materials. These properties, specifically electronic and ionic conductivity, play a pivotal role in 
determining the efficiency of charge and ion transport within the battery. Electronic conductivity 
refers to the ability of a material to conduct electrons. In the context of SSBs, high electronic 
conductivity ensures that electrons can move freely from the cathode to the anode during the 
discharge process, and vice versa during charging [48]. Nanostructuring is a technique that has been 
employed to enhance this property. By reducing the size of the cathode material to the nanoscale, the 
pathways for electron diffusion become shorter, leading to improved electronic conductivity [49]. 

On the other hand, ionic conductivity pertains to the movement of ions (in this case, Li ions) 
within the battery. A high ionic conductivity ensures that Li ions can move swiftly from the anode to 
the cathode during charging and in the reverse direction during discharging. One way to boost ionic 
conductivity is by incorporating solid-state electrolytes within the cathode structure. This facilitates 
faster Li-ion transport, leading to a more efficient battery [49]. 

A recent advancement in the field of SSBs is the development of the Chevrel Phase Mo6S8 
nanosheets [50]. These nanosheets are characterized by their high electronic conductivity, rapid ion 
transport capability, and strong affinity for lithium polysulfides. The unique feature of these 
nanosheets is their reversible electrochemical Li-ion intercalation. This means that during the 
battery's operation, the Mo6S8 nanosheets can dynamically enhance their ionic conductivity by 
undergoing a reversible process of lithium-ion intercalation, forming LixMo6S8. This dynamic 
enhancement suppresses the undesirable shuttling effect and accelerates the conversion kinetics, 
leading to superior battery performance in terms of cycling stability, high-rate capability, and low-
temperature performance [50]. 

4.6. Role of Thermal Characteristics (Heat Dissipation and Thermal Stability) in Safety 

Thermal characteristics are paramount for the safe operation of SSBs, particularly in high-
demand applications such as electric vehicles and large-scale energy storage systems. The inherent 
risks associated with the thermal behavior of batteries, especially during charging, have led to 
numerous fire incidents in electric vehicles [51]. Solid-state polymer electrolytes (SPEs) have emerged 
as a promising solution due to their unique characteristics [52]. Unlike their liquid counterparts, SPEs 
are not prone to leakage and exhibit low flammability, excellent processability, good flexibility, high 
safety levels, and superior thermal stability [52]. However, the challenge remains in ensuring that 
these electrolytes can maintain their stability and performance under various thermal conditions. One 
of the critical aspects of ensuring thermal safety is understanding and mitigating the heat generated 
during the battery's operation. For instance, during the charging process, irreversible heat is a 
significant contributor to temperature rise. Nonetheless, as the battery transitions from a normal 
charge to an overcharged state, other heat sources, such as reactions due to Mn dissolution and Li 
deposition, become dominant [51]. Furthermore, the thermal stability of cathode materials is of 
utmost importance. A study on nickel-based layered cathode materials using in situ soft XAS 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 31 October 2023                   doi:10.20944/preprints202310.1999.v1

https://doi.org/10.20944/preprints202310.1999.v1


 9 

 

measurements revealed that NiO-type rock salt structures formed at the surface at temperatures 
above 200°C, indicating potential thermal degradation pathways [53]. To ensure the safety of SSBs, it 
is crucial to have a comprehensive understanding of the thermal behavior of all components. 
Advanced characterization techniques, such as in situ soft XAS and impedance spectroscopy, provide 
valuable insights into the thermal and electrochemical stability of battery materials [53]. By 
addressing these thermal challenges, researchers and manufacturers can pave the way for safer and 
more efficient solid-state batteries. 

5. Integration of Advanced Cathode Materials into SSBs 

5.1. Scalable manufacturing techniques 

The industry is continuously seeking innovative and sustainable solutions to enhance battery 
performance, safety, and manufacturing efficiency. One such innovation is LIOVIX™, a proprietary 
lithium metal product [54]. This unique printable formulation of lithium metal and other specialty 
materials can enhance lithium-ion battery performance, reduce manufacturing costs, and pave the 
way for next-generation battery technology. LIOVIX™ can be printed on a battery's anode during 
electrode manufacturing in a process called pre-lithiation. This process employs an external source 
of lithium to offset the first cycle loss of lithium due to SEI formation, allowing for more efficient use 
of lithium from the cathode and increasing the cell energy density. Importantly, LIOVIX™ 
technology is scalable using industry-standard coating and printing equipment and can be adapted 
to various anode or cathode chemistries [54]. Figure 6 shows the cycle performance for commercially 
available electrode materials with anode loading >4 mAhcm−2. 

 

Figure 6. Cycle performance for commercially available electrode materials with anode loading >4 
mAhcm−2. a) NMC811/Graphite-10@SiO; b) NCA/Graphite-10%SiO; c) LCO/80%SiO Composite; d) 
LFP/Hard carbon. (Reprinted with permission from ref. [54], Copyright 2022, The Electrochemical 
Society). 

5.2. Electrode-electrolyte interfaces 

All-solid-state batteries have the potential for high energy density and enhanced safety due to 
their nonflammable solid electrolytes. However, a significant challenge is the sluggish ion 
transmission at the cathode-electrolyte (solid/solid) interface, which results in high resistance at the 
contact [55]. This limits the practical implementation of these materials in real-world batteries. 
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Several methods have been proposed to enhance the kinetic condition of ion migration between the 
cathode and the solid electrolyte. One such method is a composite strategy that mixes active materials 
and solid electrolytes for the cathode, aiming to decrease the ion transmission barrier at the interface 
[55]. 

5.3. Current collectors 

In the realm of SSBs, the role of current collectors is paramount for the effective integration of 
advanced cathode materials [56]. Current collectors serve as the conduit for electron flow, ensuring 
efficient charge and discharge processes within the battery. However, their significance extends 
beyond mere electron transport. Recent research [56,57] has highlighted the challenges associated 
with the interface of current collectors in SSBs, particularly concerning charge transfer kinetics. Deng 
et al. [56] emphasized that poor rate capability remains a substantial hurdle for the practical 
application of inorganic all-solid-state lithium-ion batteries (ASSLIBs). They identified that the charge 
transfer kinetics at the interface of current collectors is crucial for high-rate capacity. To address this, 
the study introduced a graphene-like carbon (GLC) coating for the modification of aluminum current 
collectors. This innovative approach not only prevented side reactions at the interface but also 
resulted in improved cycling stability and high-rate capacity in the LiCoO2/Li3InCl6 (LCO/LIC) 
ASSLIBs [56]. 

Furthermore, the integration of advanced cathode materials in SSBs often necessitates a re-
evaluation of the current collector's compatibility and performance [57]. The interplay between the 
cathode material and the solid electrolyte can introduce challenges at the microstructural, (chemo-
)mechanical, and (electro-)chemical levels. Minnmann et al. [57] provided insights into the required 
properties and potential challenges for inorganic cathode active materials (CAMs) employed in SSBs. 
They emphasized the importance of tailoring CAMs to address challenges arising from the cathode, 
particle, and interface levels, particularly concerning the interaction of CAMs with solid electrolytes 
[57]. 

5.4. Practical considerations for implementing advanced cathode materials 

The practical implementation of advanced cathode materials in SSBs necessitates a holistic 
approach that addresses both material-specific challenges and broader system-level considerations. 
One of the pivotal aspects in this context is the interfacial stability between the cathode active material 
(CAM) and the solid electrolyte (SE) [58]. Achieving a stable interface is crucial for ensuring efficient 
ion transport and minimizing detrimental side reactions that can degrade battery performance. 
Culver et al. [58] highlighted the intrinsic electrochemical instability of high-performance separators 
in SSBs, emphasizing that the optimization of component material interfaces is essential for achieving 
high energy and power densities while maintaining device safety and a practical cycle life. They 
underscored the need for a protective coating on the CAM to inhibit solid electrolyte degradation. 
However, the challenge lies in devising an economical and scalable approach to fabricate these high-
quality protective coatings on CAM particles [58]. Furthermore, Ma et al. [59] introduced a novel wet-
coating strategy based on preformed nanoparticles to address this challenge. They demonstrated the 
application of non-agglomerated nanoparticles of coating material (e.g. ZrO2) prepared via 
solvothermal synthesis. After surface functionalization, these nanoparticles were applied to a layered 
Ni-rich oxide CAM, resulting in a uniform surface layer with a unique structure. When tested in 
pelletized SSBs with argyrodite Li6PS5Cl as SE, the coated CAM exhibited superior lithium-storage 
properties and good rate capability (see Figure 7). The key to this improvement was the homogeneity 
of the coating, which suppressed interfacial side reactions and limited gas evolution during 
operation. This strategy not only showcased its efficacy in SSBs but also proved beneficial in liquid 
electrolyte-based Li-ion batteries, highlighting its potential for broader applications [59]. 
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Figure 7. Cycling performance of the bare NCM85, C-NCM85, and ZrO2-NCM85 in SSB cells at 45°C. 
a) First- and second-cycle voltage profiles at a rate of 0.1C. b) First-cycle performance indicators and 
capacity retention calculated by dividing the discharge capacity at 1.0C by the initial discharge 
capacity at 0.1C. c) Rate and long-term cycling performance tests. The C-rate varied from 0.1C to 1.0C 
over the initial 8 cycles, followed by cycling at 0.2C. d) Specific (dis-)charge capacities at different C-
rates versus the cycle number. (Reprinted with permission from ref. [59], Copyright 2022, John Wiley 
& Sons). 

6. Comparative Evaluation of Cathode Materials 

6.1. Key performance indicators 

The energy density of a battery is a pivotal metric that quantifies the amount of energy a battery 
can store relative to its volume or weight [56]. This parameter is especially crucial for applications 
where the constraints of space and weight are paramount, such as in electric vehicles and portable 
electronics. A battery with a high energy density can store more energy in a smaller space, making it 
more efficient and desirable for these applications. The high voltage spinel material LiMn1.5Ni0.5O4 
(LMNO) has emerged as a promising candidate to enhance the energy density of lithium batteries 
[52]. This is attributed to its potential to operate at higher voltages, thereby storing more energy. 
However, like many advanced materials, LMNO is not without its challenges. Its performance can 
be compromised by long-term cycling and high-temperature stability. These challenges can lead to a 
decrease in capacity over time, especially when the battery is subjected to repeated charge and 
discharge cycles or operated at elevated temperatures [52]. 

Recent advancements in the field have shown that by partially substituting Mn with Ti in 
LMNO, the limitations associated with long-term cycling can be effectively addressed [60]. This 
modification has been shown to enhance the stability of the material, allowing it to achieve up to 2000 
cycles at a high C-rate, which is a measure of the rate at which a battery is discharged relative to its 
maximum capacity [60]. 

6.1.2. Voltage Stability: 

Voltage stability is a critical parameter in battery performance, referring to the battery's ability 
to maintain a consistent voltage during discharge [28]. A stable voltage is essential as it ensures 
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consistent performance of the battery, preventing potential damage to devices powered by it. A 
battery that can maintain its voltage during discharge can deliver power more reliably, ensuring that 
the device it powers operates efficiently and safely.  

In the domain of energy storage, supercapacitors have emerged as a promising technology due 
to their high-power density and long-term durability [61]. A significant advancement in this field is 
the development of aqueous supercapacitors with extended voltage windows. One such innovation 
is the development of an aqueous supercapacitor with a high-voltage window of 2.0 V. Liu et al. [61] 
developed an aqueous supercapacitor with a 2.0 V high-voltage window by core–shell MoO3–

x/polypyrrole (MP) nanocomposites as both cathode and anode materials. The authors argue that the 
ultrathin PPy layer on the MoO3 core not only improves the conductivity and cycle stability of the 
nanocomposites but also acted as a reductant, leading to the formation of oxygen vacancies in the 
MoO3 core. They further explain that when used as a cathode material, the potential range of the as-
obtained MP nanocomposite is up to 1.0 V. The authors conclude that the synthesis of MP 
nanocomposites is simple, and the electrode performance is significantly enhanced; thus, it is a 
suitable candidate for high-energy-density aqueous supercapacitors. 

 
Figure 8. Graphical abstract of the aqueous supercapacitor with a 2.0 V high-voltage window by core–
shell MoO3–x/polypyrrole (MP) nanocomposites as both cathode and anode materials. (Reprinted 
with permission from ref. [61], Copyright 2022, American Chemical Society). 

6.1.3. Cycle Life 

One of the critical performance metrics for batteries is their cycle life. Cycle life is a measure of 
a battery's longevity and indicates the number of charge and discharge cycles a battery can undergo 
before its capacity drops to a predetermined percentage of its original value, typically 80% [41]. A 
battery with a longer cycle life is more desirable as it can be used for more extended periods without 
significant degradation in performance. In the quest for high-energy-density lithium-ion batteries, 
high-voltage high-nickel low-cobalt lithium layered oxide cathodes have emerged as potential 
candidates [62]. These cathodes can store a significant amount of energy, making them suitable for 
applications that require long-lasting power. However, like many advanced materials, their cycle life 
can be compromised due to structural deterioration over time. This deterioration can lead to a 
decrease in capacity and overall battery performance. 

Recent research has inquired into strategies to improve the cycle life of these high-nickel 
cathodes. One such study revealed that doping the cathode material LiNi0.6Co0.05 Mn0.35O2 with a small 
dose of titanium (Ti) can significantly enhance the cell's performance. This doping strategy not only 
improved the structural stability of the cathode but also led to a notable enhancement in its cycle life 
[62]. 

7. Identification of Research Gaps and Challenges 

7.1. Existing research gaps in SSB cathodes 
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ASSLBs are increasingly being recognized for their enhanced safety features. To fully harness 
their capabilities, the integration of high-voltage cathodes is crucial [63–66]. This would elevate the 
energy density of solid batteries, positioning them as strong contenders against their liquid 
counterparts. However, the incorporation of high-voltage cathodes is not without its challenges. The 
stability of the cathode material under high voltages is a significant concern [65]. For instance, in the 
range of solid-state sodium-ion batteries (SSSBs), the electrochemical stability between sulfide-based 
solid electrolytes and high-voltage oxide cathodes has been a limiting factor for their long-term 
performance [65]. 

The chemical stability at the interface between the cathode and the electrolyte is utmost. Recent 
studies have highlighted the potential of halide-based solid electrolytes, which demonstrate 
compatibility with cathodes and exhibit high ionic conductivity [66]. However, even these advanced 
materials face challenges when it comes to ultra-high voltage operations [66]. The mechanical 
integrity at the electrode-electrolyte interface is crucial for maintaining consistent ionic flow and 
overall battery performance. The generation of gases within the battery can lead to swelling, internal 
pressure build-up, and potential rupture, compromising the safety and longevity of the battery [66]. 

To address these challenges, recent research endeavors have been directed towards enhancing 
solid-state electrolytes [67]. This includes the exploration of polymer solid electrolytes, sulfide solid 
electrolytes, and oxide solid electrolytes. Furthermore, strategies such as coating protection, synthesis 
modification, and structural improvement of cathode materials have been proposed to bolster the 
electrochemical performance of these batteries [67]. For example, Zhang and group [67] designed a 
dual-halogen Li-ion conductor: Li3InCl4.8F1.2. Fluor was demonstrated to selectively occupy a specific 
lattice site in a solid superionic conductor (Li3InCl6) to form a new dual-halogen solid electrolyte 
(DHSE). With the incorporation of F, the Li3InCl4.8F1.2 DHSE became dense and maintained a room-
temperature ionic conductivity over 10−4 Scm−1. Moreover, the authors explain that the Li3InCl4.8F1.2 

DHSE exhibited a practical anodic limit over 6 V (vs Li/Li+), which can enable high-voltage ASSLIBs 
with decent cycling. The group concluded that their work provides a new design strategy for the fast 
Li-ion conductors with high oxidation stability and shows great potential to high-voltage ASSLIBs. 
Figure 9 shows the electrochemical performance of the full cells using Li3InCl4.8F1.2 and Li3InCl6 
cathode.  

 

Figure 9. Electrochemical performance of the full cells using Li3InCl4.8F1.2 and Li3InCl6 cathode SE. a) 
the first three discharge/charge curves of Li3InCl4.8F1.2 cathode SE cell. b) Cycling performance of 
Li3InCl4.8F1.2 and Li3InCl6 cathode SE cells in the voltage range of 2.6–4.47 V (vs Li/Li+) (first 5 cycles at 
0.063 mA cm−2). c) Charge-discharge profiles of Li3InCl4.8F1.2 (upper) and Li3InCl6 (lower) cathode SE 
cells at 1st, 10th, and 20th cycles in the voltage range of 2.6–4.8 V (vs Li/Li+). d) Cycling performance of 
Li3InCl4.8F1.2 cathode SE cell charged at 4.8 V (vs Li/Li+) (first 5 cycles at 0.063 mAcm−2). (Reprinted 
with permission from ref. [67], Copyright 2021, John Wiley & Sons). 
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7.2. Challenges in the development and commercialization of SSB cathodes: 

7.2.1. Metal-Chalcogen Batteries (MCBs) 

MCBs are increasingly recognized as potential successors in the realm of energy storage 
solutions [69]. Their cost-effectiveness, impressive theoretical capacity, and environmental 
compatibility make them stand out. However, the road to their commercialization is riddled with 
challenges. During the charge and discharge cycles, the electrodes in MCBs undergo significant 
volume changes. This can lead to mechanical degradation and reduced cycle life of the battery [69]. 
The dissolution and migration of soluble intermediates, particularly lithium polysulfides, can result 
in a phenomenon known as the shuttle effect. This not only reduces the battery's efficiency but also 
its overall lifespan [69]. The intermediate conversions in MCBs often suffer from sluggish reaction 
kinetics, which can impede the battery's performance [70]. The growth of uncontrolled dendrites on 
alkali metal anodes can pose serious safety risks, including short-circuiting and potential battery 
failure [70]. To address these challenges, the integration of metal-organic framework (MOF)-based 
materials into MCBs has been proposed. MOFs, with their unique properties such as high porosity, 
low density, expansive surface area, regular pore channels, adjustable pore size, and topological 
diversity, can effectively mitigate the aforementioned issues. For instance, the anionic Bio-MOF-100 
and its derived single-atom zinc catalyst have been shown to simultaneously inhibit lithium dendrite 
growth and the shuttle effect, leading to enhanced battery performance [71].  

8. Future Directions in SSB Cathode Development 

The evolution of ASSBs is pivoted around the inception of pioneering materials, cell designs, 
and fabrication techniques. One of the key strategies to amplify the rate capability, elongate the cycle 
life, and curtail the interfacial resistance of an ASSB cell is by coating the Cathode Active Material 
(CAM). In this context, Atomic Layer Deposition (ALD) and Physical Vapor Deposition (PVD) have 
emerged as promising techniques. Specifically, these methods have been employed to coat NCM811 
particles with lithium niobate, which has shown potential in enhancing the overall performance of 
ASSBs [72]. 

8.1. Laser Sintering of Ceramic-Based Solid-State Battery Materials 

Laser sintering stands out as a promising technique for the fabrication of ceramic-based solid-
state battery materials. This method is characterized by its short interaction durations, which 
translate to elevated heating rates. Such high heating rates can curtail diffusion processes, thereby 
preserving the intrinsic crystal structure of the materials. Research spotlighting the impact of varying 
interaction times on the crystal structure and adhesion during the laser sintering of LLZO and LCO 
micro particle layers is gaining momentum. For instance, the garnet-type Li7La3Zr2O12 (LLZO) solid 
electrolyte, when processed using advanced techniques, showcases high ionic conductivity and 
compatibility with high-voltage cathode materials [73]. Moreover, the lithium aluminum titanium 
phosphate (LATP) ceramic, when subjected to specific sintering conditions, exhibits promising 
characteristics for its application in solid-state batteries [74]. Another study highlighted the potential 
of lithium-rich antiperovskites (LiRAPs) as sintering aids, which can significantly lower the sintering 
temperature of ceramic-based batteries [75]. 

9. Conclusions 

In the global shift from fossil fuels to cleaner energy alternatives, the demand for high-
performance energy storage systems has become paramount. Solid-State Batteries stand out as a 
potential successor to conventional lithium-ion batteries, boasting enhanced energy density, superior 
safety profiles, and extended service life. Foundational cathode materials such as lithium cobalt oxide 
(LiCoO2), lithium manganese oxide (LiMn2O4), and lithium iron phosphate (LiFePO4) have paved the 
way for SSB advancements. Yet, the interplay between these traditional cathodes and SSB 
performance remains complex. 
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Novel cathode materials, spanning sulfides, oxides, and air-based cathodes, bring forth distinct 
advantages and inherent challenges. Their synergistic interaction with solid electrolytes is vital for 
the optimal operation of SSBs. To amplify the efficacy of these cathodes, strategies like 
nanostructuring, surface modifications, and composite formulations are under investigation, 
targeting issues such as limited conductivity and structural vulnerabilities. Factors like electronic and 
ionic conductivity, as well as thermal attributes encompassing heat dissipation and thermal 
robustness, are integral in dictating battery safety and efficiency. 

The incorporation of these advanced cathode materials into SSBs necessitates scalable fabrication 
methods, with a keen focus on the intricacies of electrode-electrolyte interfaces and current collectors. 
Practicality remains at the forefront when deploying these sophisticated materials. A holistic 
assessment of cathode materials, benchmarked against performance metrics like energy density, 
voltage stability, and cycle longevity, offers a comprehensive understanding of their potential and 
areas necessitating refinement. 

Through our meticulous review of the literature, it is evident that while there have been 
significant strides in SSB development, the journey ahead is extensive. Persistent research gaps and 
challenges in SSB cathode evolution need to be bridged and surmounted for their successful market 
introduction. The trajectory of SSB cathode research is undoubtedly optimistic, teeming with 
prospective research avenues and potential breakthroughs in materials and methodologies. As the 
global momentum shifts towards sustainable energy paradigms, the continual refinement and 
innovation in SSBs will be pivotal in sculpting an eco-friendly future. 
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