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Recent progress and challenges 
for manufacturing and operating 
solid‑state batteries for electric vehicles
Eric Kazyak*  and Regina García‑Méndez* 

Solid-state batteries (SSBs) are expected to play an important role in vehicle electrification 
within the next decade. Recent advances in materials, interfacial design, and manufacturing 
have rapidly advanced SSB technologies toward commercialization. Many of these advances 
have been made possible in part by advanced characterization methods, which elucidated 
materials properties, interfacial behaviors, and degradation modes and their underlying 
causes. These insights have informed efforts to advance manufacturing and synthesis 
approaches and achieve improved performance. To reach widespread adoption, challenges 
associated with rate capability, reducing or eliminating the need for stack pressure, and high-
throughput manufacturing must be addressed. This article summarizes recent progress, 
current understanding, ongoing challenges, and future needs to accelerate the development 
of next-generation, high-performance SSBs for electric vehicle applications. In doing so, the 
importance of scalable and sustainable processing of battery components is emphasized as 
critical to the maturation and commercial success of SSB technology.

Background/introduction
As demand for cleaner and more efficient transportation grows, 
and electric vehicles (EVs) transition from early-adopters to 
the mainstream, the limitations of traditional lithium-ion bat-
teries (LIBs) have become increasingly apparent. Although 
LIBs continue to make incremental improvements to energy 
density, charging rate, and low-temperature performance, sig-
nificant challenges remain. Further improvements are needed 
to make EVs a viable/attractive option for an ever-wider range 
of customers and use-cases, particularly those in cold climates, 
rural areas, or requiring hauling/towing heavy loads.

Solid-state batteries (SSBs), characterized by their use of 
solid electrolytes (SEs) instead of volatile/flammable liquids 
(Figure 1), could revolutionize the EV landscape. SSBs offer 
significantly enhanced energy densities if they utilize high-
specific-capacity electrodes, including Li metal or alloys. 
Replacing volatile/flammable liquids may also improve 
safety and thermal stability, decreasing the need for thermal 
management systems that are expensive and add peripheral 
mass. Therefore, SSBs stand at the forefront of addressing 
the critical demands of higher energy density, long cycle life, 
and fast-charging capabilities for the next generation of bat-
tery technology.

Multiple entities ranging from small startups and academic 
research groups to multinational corporations are working 
feverishly to demonstrate the viability of SSBs and scale-up 
manufacturing in a cost-effective manner that is compatible 
with the price constraints of the consumer vehicle market. 
Recent advancements in the field have been propelled by a syn-
ergistic combination of cutting-edge characterization tools and 
innovative synthesis and processing methods, pushing closer to 
commercially viable high energy density (>400 Wh/kg), fast-
charging SSBs (Figure 2). Interestingly, there are a wide range 
of different materials and approaches being developed in paral-
lel, without a clear winner. One of the approaches that has been 
adopted by several companies is a hybrid solid-state battery, 
where a dense solid separator is used, but the cathode interface 
is aided by the use of a liquid or gel (Figure 1b).

As SSBs have inched closer to commercialization, practi-
cal requirements and constraints have come into better focus. 
In addition to offering substantial improvements to energy 
density and safety, SSBs must operate stably with minimal 
external stack pressure, charge at least as quickly as current 
LIBs, and be manufacturable at large scale with high yield 
and low cost. All of these requirements must be met for SSBs 
to achieve significant market penetration for EV applications.
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This article will summarize key recent progress toward 
these goals and offer a forward-looking analysis of remaining 
challenges. In particular, we will focus on advances in material 
and cell manufacturing along with advanced characterization 
approaches that have yielded insights into cell behaviors and 
materials properties.

Over the past ~15 years, a range of SEs have been discov-
ered that possess high enough ionic conductivity (>0.5 mS/
cm at room temperature) to make them potentially useful for 
large-scale SSBs.1 Among the most promising current mate-
rials are the garnets (oxides), favored for their wider electro-
chemical stability window, sulfides, favored for their higher 
conductivity and low-temperature processability, and poly-
mers/composites potentially offering a more direct pathway 
to scalability (Figure 3).

Ongoing work continues to develop new SEs, including high-
entropy materials,2 halides,3 and more. While the search contin-
ues for new materials that possess even higher ionic conductiv-
ity, wider electrochemical stability windows, facile processing, 
and more earth-abundant constituents, the primary focus of the 
research community and industry has shifted toward enabling 
practical devices. For a more comprehensive overview of previ-
ous work, the reader may be interested in previous review articles 
that have covered various aspects related to solid-state batteries, 
including sulfide,4 halide,5 oxide,6 antiperovskite,7 and inorganic-
polymer  composite8 electrolytes, the remaining challenges,1 
mechanics,9 thin-film electrolyte processing,10 and interface 
stability.11

Current understanding, recent progress, 
and remaining challenges
The remaining challenges vary somewhat across different elec-
trolyte and electrode chemistries, but in general, fabricating 
and maintaining stable electrode/electrolyte interfaces during 
cycling has been the key factor limiting performance (Figure 4). 
Unlike LIBs, in which the liquid electrolyte can flow and wet any 
exposed surface area, SSBs rely on intimate solid/solid interfaces 
to facilitate ion and electron transport. This is made more chal-
lenging by volume changes and (electro)chemical reactions that 
can degrade contact with time and cycling.

Overcoming these challenges is critical for the performance 
and practicality of SSBs in EV applications. The landscape of 
energy-storage technologies is undergoing a transformative 
shift, focusing not only on the enhancement of the performance 
metrics such as energy density, safety, and long cycle life, but 
are also increasingly aligned with principles of sustainability. 
The synthesis of novel solid electrolytes and electrode materi-
als is undergoing progress, leveraging eco-friendly processes, 
abundant resources, and energy-efficient methods. Concurrently, 
advancements in cell manufacturing are revolutionizing the 
production landscape, making it more scalable, efficient, and 
environmentally responsible. We will anchor our discussion on 
the key requirements, opportunities, and challenges related to 
each major SSB component. We will then focus on how recent 
cutting-edge developments are converging toward the creation 
of SSBs that promise not only to redefine energy-storage solu-
tions, but to do so with a minimized environmental footprint.

a b c

-

Figure 1.  Comparison of (a) current state-of-the-art Li-ion battery, (b) hybrid solid-state battery with liquid/gel in the cathode composite, 
and (c) all-solid-state battery.
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Anodes and anode interfaces
To maximize energy density, the anode is often in the metal-
lic form of the working ion (e.g., Li metal). Considering the 

challenges and costs associated with manipulation, utilizing 
free standing Li foils might not be practical. Furthermore, 
achieving scalable integration of metallic Li that maintains high 
chemical purity and accommodates the highly dynamic nature 
of the anode/separator interface is challenging (Figure 4). This 
interface experiences time-varying fluxes of charge and mass, 
overpotentials, and mechanical stresses. It has become increas-
ingly clear that understanding the interfacial behaviors of SSBs 
requires consideration of the couplings between these phenom-
ena.9,12,13 Much of the recent progress in materials synthesis 
and manufacturing of anodes and anode interfaces has been 
focused at overcoming Li penetration and void formation, two 
ways that interface evolution can cause cell failure.

Li penetration
Li filament growth causing short-circuit during fast charging 
is nearly ubiquitous across all SE systems.14–16 In many cases, 
avoiding Li penetration and short-circuit is the primary factor 
limiting the maximum charging rate of SSBs. As a result, a 
great deal of research effort has been expended to understand 
the underlying causes of this phenomena, and to suppress it.

Figure 2.  Overview of the recent advances in understanding and manufacturing driving performance improvements toward solid-state electric 
vehicle batteries.

Figure 3.  Radar chart for the most relevant properties and char-
acteristics of promising solid electrolytes considered for scalable 
solid-state batteries.
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As an aside, the authors would like to note that some lit-
erature still refers to the Li filaments that grow through solid 
electrolytes as “dendrites,” despite the fact that they do not fit 
with the definition of a dendrite as a branching fractal-shaped 
structure that branches along certain crystallographic direc-
tions.17 Although it is possible that in some instances, the term 
“dendrites” could be fitting, it is not universally the case, as 
in many cases the filaments do not branch at all.14,18 Here, 
we will use the language “Li penetration” and “Li filaments” 
to describe the phenomenon and the structures, respectively.

Over the past few years, new experimental and modeling  
approaches have elucidated the nuances and underlying  
causes of the behavior. The ubiquity of Li penetra-
tion across polycrystalline, monocrystalline, and glassy 

materials confirms that previous works suggesting that grain  
boundaries were the culprit could not be the entire story.15 
Subsequently, operando video microscopy was used to show 
that the propagation of Li filaments in ceramic SEs could 
have multiple morphology types.14 This helped to explain 
the apparently conflicting results in literature by showing 
that the phenomena could have multiple origins depending 
on the system.

It has also been shown that by modulating externally 
applied mechanical stress in a garnet SE,19 and through oper-
ando synchrotron x-ray tomography in an argyrodite SE,18 
at least one propagation mode of Li filaments is driven by a 
mechanical crack-opening mechanism. By leveraging state-
of-the-art characterization approaches, the community has 

Figure 4.  Schematic representation of key challenges in various components and interfaces within solid-state batteries. SEI, solid-elec-
trolyte interphase.
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made significant strides toward understanding the evolution 
of mechanical stresses that leads to filament propagation. Prior 
works often lacked the spatial/temporal resolution, framework, 
or ability to take measurements in representative materials/
cells. The use of machine learning approaches to aid in seg-
mentation and interpretation of data has begun to enhance 
advanced characterization approaches,20 but there are many 
possible applications that remain to be explored. Combining 
these studies with careful measurements of  mechanical21–23 
and electrochemical  properties24,25 has informed modeling 
efforts that continue to provide valuable insights into system 
behaviors and guide rational design for improved performance.

Although the mechanisms that drive propagation are 
increasingly well understood, the initial nucleation of these 
features remains a topic of debate. The importance of flaws/
defects in the SE and/or Li metal in nucleation is well estab-
lished; however, the nature of these flaws and how they result 
in a crack/filament remains to be conclusively established. 
Several works have suggested that grain boundaries could 
have smaller bandgaps and lead to nonnegligible electronic 
conductivity in small regions.26–32 As a result,  Li0 could plate 
out at these sites, initiating a Li filament that can then propa-
gate as described above. Whether or not this occurs in all cases 
is unclear, but will be important to establish moving forward.

Many of the efforts to achieve low interface resistance, 
improved mechanical properties, fewer defects, and high SE 
relative densities described below are driven by the need to 
suppress Li penetration to enable fast charging, and substan-
tial progress has been made in this area. Looking ahead, if 
the initiation of Li filaments can be suppressed/eliminated by 
engineering the grain boundaries or pores/defects in the sur-
face region, this could be a powerful approach to increasing 
rate performance and making SSBs more robust under a wide 
range of operating conditions.

Void formation
It is vital that discharging does not cause interface degrada-
tion which impacts cell lifetime or subsequent safe charging 
rates. The formation of voids during stripping (discharge) of 
the Li/SE interface has become an important area of focus for 
the community in recent years.33 In addition to causing cell 
polarization by reducing interfacial contact area, the inhomo-
geneous contact can subsequently cause current focusing and 
accelerate the onset of Li penetration.34,35

It is therefore vital to understand and prevent void forma-
tion, keeping in mind the practical limitations for stack pres-
sure and temperature for EV applications. It is generally agreed 
upon that EV batteries must operate below 1 MPa of external 
pressure (ideally closer to 0.1 MPa), and as close to ambient 
temperature as possible.1,12 Many of the best-performing SSBs 
published have operated well outside of these practical con-
straints. Although it is valuable as a proof of concept, the com-
munity must remain focused on scalable approaches to manu-
facture and operate SSBs under scalable/realistic conditions.

Several characterization approaches have been leveraged 
to build understanding of void formation. These include oper-
ando acoustic transmission,24 synchrotron x-ray tomography 
with machine learning,20 and solid-state nuclear magnetic res-
onance (NMR),24 which enabled detection and visualization of 
voids at the buried Li/SE interface. Coupled with electrochem-
ical measurements such as complex impedance, the results 
have enabled rapid identification of the conditions under 
which voids form and grow. This understanding has guided 
the design of approaches to mitigate the negative impacts of 
void formation. For example, it was shown that a combina-
tion of elevated temperature and stack pressure can be used to 
heal the Li/SE interface (enabling Li creep) and return it to a 
pristine condition prior to subsequent charging.34 In another 
case, a flexible carbon felt was used to modulate stack pressure 
and enable more uniform plating and stripping.36 These add to 
previous approaches of wetting layers and surface treatments 
that increase the lithiophilicity of the SE, promote nucleation, 
and enhance adhesion by decreasing interfacial energy.37,38

Several approaches have emerged to simplify the manu-
facturing process of anode materials while maintaining high 
energy density and good performance, including:

Anode‑free manufacturing
Anode-free SSBs are promising due to the potential of unlock-
ing maximum energy density (by eliminating excess Li), 
improved safety, and ease of manufacturing. The battery is 
fabricated in the discharged state with a bare current collec-
tor replacing the anode. The Li anode forms during the first 
charge cycle by electroplating Li from the cathode (Figure 4). 
This approach has been demonstrated in liquid-based39–41 and 
solid-based systems,42 with up to 80% capacity retention over 
90 cycles in liquid-based  systems39 and near 100% Coulombic 
efficiencies for 50 cycles at a C/10 rate and a capacity of 0.8 
mAh/cm2, for the solid-based systems.42

The performance of anode-free cells is constrained by the 
efficiency of lithium plating and stripping and how uniformly 
Li is plated and reversibly stripped during cycling. The main 
challenges are the heterogeneous Li nucleation and growth at 
the Li/SE interface that can stem from the adhesion strength 
between the current collector and the SE, as well as the defor-
mation of the current collector at low stack pressures (<1 MPa). 
With increased stack pressures, factors such as the evenness of 
pressure distribution,14 misalignment of the assembly fixtures 
with the cell components, and local discrepancies in electrolyte 
thickness or surface roughness can influence the locations of 
lithium deposition. These factors can alter the local pressure 
exerted and evolve over time with the growth of lithium depos-
its, affecting the electrochemical performance and stability of 
the cell.43 This is exacerbated in anode-free cells due to the lack 
of a compliant Li-metal layer that can help distribute applied 
stack pressure more evenly across the cell. Creative approaches 
to alleviate the need for stack pressure and to maintain intimate 
interfacial contact are needed.
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These findings underscore the interplay between manufac-
turing processes, cell assembly, and electrochemical behavior 
that must be well understood for scaling efforts. Additionally, 
the effect of surface chemistry inhomogeneity between the 
current collector and the SE, which could cause uneven trans-
port and adhesive strength between them, represents a less 
investigated area that warrants exploration.

Seeded lithium deposition and alloy interlayers
To circumvent the need for freestanding Li foils and thereby 
minimize excess lithium in SSBs, one approach involves 
altering the SE/current collector interface with metal clusters, 
metal layers, or alloy interlayers. This aims to either eliminate/
reduce the nucleation overpotential of Li plating and guide Li 
nucleation, enabling stable cycling and improved Coulombic 
efficiency. Instead, an alloying nucleation overpotential above 
0 V is observed before plateauing.44

This approach has been demonstrated in SSBs with the use 
of Ag, Au, Pt, Al,  and45,46 Al-In clusters or interlayers,47–49 
where all facilitate reversible lithium plating and stripping. 
Cui et al. reported the dynamic Li plating behaviors on 10 
metallic substrates. In the metal layers where Li is soluble 
and has good lattice compatibility with Li (In, Ag, Au, Pd, 
and Al), the formation of Li-metal alloys enables the layers to 
have more affinity for Li, thus lowering the overpotential for 
Li nucleation and providing uniform and abundant Li deposi-
tion sites for Li plating. Good lattice compatibility and high 

affinity for Li promote in-plane isotropic Li growth rather than 
out-of-plane anisotropic Li growth, as observed in Cu, Ti, Ni, 
Bi, and Cr.50 It is important to note that only an alloy layer 
with fast lithium-diffusion properties would allow for long-
cycle battery life.25

An alternative approach that has been pursued is the incor-
poration of indium into aluminum foils (Figure 5), which are 
used as anode materials. This method enhances both the rate 
behavior and the reversibility at relevant areal capacities (2–5 
mAh/cm2).46 The improvement is attributed to the formation 
of a LiIn network distributed throughout the aluminum matrix. 
Such a network is thought to promote rapid diffusion of lith-
ium ions, thus increasing the interfacial area available for the 
lithium-aluminum reaction.

Although the incorporation of metal clusters or interlayers 
favorably decreases or eliminates the nucleation overpotential 
necessary for Li plating, the SE chemical stability against the 
in situ plated Li metal needs to be considered. If detrimental 
surface layers are expected to form at the Li/SE interface as 
Li metal is plated, the addition of a composite layer with alloy-
forming metals and carbon has proven effective to prevent 
chemical decomposition of the SE. For example, the intro-
duction of a thin composite anode layer on the current collec-
tor, which comprises Ag nanoparticles and carbon black with 
poly(vinylidene fluoride) binder, effectively regulated Li depo-
sition. As Ag is soluble in Li and reduces the nucleation energy 
for the formation of Li,51,52 it assists the uniform deposition of 

a b c
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e

Figure 5.  Emerging anode manufacturing methods. (a–c) Anode-free manufacturing. Reprinted with permission from Reference 42. © 2020 
Springer Nature. (d, e) Alloy interlayers. Reprinted with permission from Reference 46. © 2023 Springer Nature. (a) Potential response upon Li 
anode formation at constant cathodic current, plating Li onto a current collector (CC). (b) Potential response upon plating and stripping 5 mAh/
cm2 of Li onto a CC. (c) Cross-sectional scanning electron microscopy (SEM) and energy-dispersive x-ray spectroscopy (EDS) between solid 
electrolyte and CC as assembled and after plating 5 mAh/cm2. (d) Cryo focused ion beam (FIB)-SEM image and EDS map of pristine Al-In alloy 
foil used as an interlayer between current collector and solid electrolyte. (e) Areal capacity and Coulombic efficiency (CE) with cycling.



REcEnt pROgREss and chaLLEngEs fOR ManUfactURing and OpERating sOLid‑statE battERiEs fOR ELEctRic VEhicLEs

MRS BULLETIN • VOLUME 49 • JULY 2024 • mrs.org/bulletin              723

Li on the current collector, and thereby improving the perfor-
mance of the SSB. Carbon acted as a physical barrier between 
the sulfide electrolyte and Li metal, improving durability of 
the SE due to chemical reactions and was suggested to prevent 
Li metal penetration through the SE. This approach allowed 
the fabrication of a pouch cell (0.6 Ah) with energy density 
>900 W/l with stable Coulombic efficiency over 99.8% over 
1000 cycles.47

The scalability of adding metal clusters or interlayers in 
solid-state batteries (SSBs) hinges on factors such as deposi-
tion techniques, costs, and compatibility with current manu-
facturing workflows. Techniques such as physical and chemi-
cal vapor deposition offer precise control and uniformity but 
are limited by their need for high vacuum, slow throughput, 
and high costs, especially when using expensive metals such 
as gold and platinum. These challenges make such methods 
less practical for large-scale production compared to compos-
ite interlayers. For instance, Lee et al.47 demonstrated the scal-
ability of Ag-C composite layers using a more feasible screen 
printing method, which aligns better with existing production 
lines and scales efficiently from small to large outputs. None-
theless, the financial and environmental costs associated with 
precious metals and solvent drying in such processes must 
also be considered.

Electrolyte/separator
A SE must satisfy several criteria to ensure cell’s optimal per-
formance, safety, and durability. Key specifications among 
these are high ionic conductivity and negligible electronic 
conductivity, essential for efficient ionic transport between 
electrodes and, thus, crucial for achieving relevant charge and 
discharge rates. Ideally, the SE is thin (1–20 µm)53 to shorten 
the ion travel path between the anode and cathode, facilitating 
ion transport and lowering the ohmic drop of the cell, enhanc-
ing rate performance and power density. Moreover, a thin-
ner electrolyte contributes to an overall higher energy density 
due to the decreased weight/thickness. However, achieving 
optimal thicknesses without compromising the electrolyte’s 
structural integrity and mechanical strength is a significant 
challenge, as the material will experience repeated stresses 
upon active materials’ volume changes during cycling.

The SE needs to have a wide electrochemical window, or 
protected by a coating such that the conduction band minimum 
(CBM) lies higher in energy than the chemical potential of 
the anode material. In contrast, the valence-band minimum 
(VBM) should ideally be lower in energy than the chemical 
potential of the cathode material. The proper alignment of the 
CBM and VBM will prevent electron transfer from the elec-
trode to the electrolyte or vice versa, mitigating the risk of 
electrochemical reactions at the electrode/electrolyte interface 
that could compromise the battery’s performance and lifespan.  
Chemical compatibility (stability) with both anode and  
cathode materials is imperative to prevent adverse interface 
reactions that degrade battery performance over time.

Solid‑state cathode and cathode interfaces
To ensure high energy density, the cathode will be the thickest 
component in the SSB (Figure 1), where the optimal thick-
ness balances the need for high-energy capacity with effective, 
uniform ion and electron transport. Establishing close con-
tact among the various constituents of the composite cathode, 
such as the active material, conductive additives, and parti-
cles of solid electrolyte, is vital for reducing interface resist-
ance within the cathode. As a result, a dense microstructure 
is preferred, enabling an increase in active material content 
within the same spatial confines, thereby directly increasing 
the energy density of the battery.

Achieving intimate contact between the different compo-
nents of the composite cathode (e.g., active material, con-
ductive additives, and solid-electrolyte particles) is crucial 
for minimizing the resistance at interfaces within the cath-
ode, facilitating efficient charge transfer, and enhancing the 
electrode’s overall performance. Moreover, it helps ensure 
facile ionic and electronic transport. Consequently, a dense 
microstructure is desired, leading to higher loadings of active 
material within the same volume, directly contributing to an 
increase in the energy density of the battery.

Because electrochemical reactions require ions and elec-
trons simultaneously, both must be supplied at the same rate. 
Thus, the ionic and electronic conductivity ratio should be 
close to unity across the composite cathode. Balancing the par-
tial ionic and electronic transport for the specific chemistries 
of active material and solid electrolyte across the composite’s 
thickness can lead to full cathode active material utilization.54

The composite cathode must accommodate volume 
changes during the ion insertion and extraction processes 
without significant structural degradation, highlighting the 
importance of the ductility of the composite. This property 
is essential for maintaining the mechanical integrity of the 
electrode, ensuring long cycle life, and preventing capacity 
fade over time. Additionally, composite cathode materials that 
exhibit stability in air would simplify manufacturing processes 
and enhance the safety of the battery. Air stability reduces the 
risk of degradation or reactions with atmospheric moisture 
and oxygen, which can compromise the component’s electro-
chemical performance and operational safety. Incorporating 
a pre-intercalated composite cathode is required in batteries 
where the anode is formed in situ (anode-free).

Advanced densification
Advanced densification methods are crucial for optimizing the 
structural integrity and electrochemical performance of SSB 
components. These techniques aim to improve the connectiv-
ity and density of the solid electrolyte and electrode materials, 
thereby enhancing ion transport, reducing internal resistance, 
and increasing the mechanical strength of the electrochemi-
cal cells. As SSBs move closer to commercialization, the 
role of scalable processing/manufacturing methods become 
increasingly central. Each method discussed here offers unique 
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advantages in terms of energy efficiency, processing times, 
and the ability to achieve high material densities, promising 
to unlock new levels of performance previously unattainable 
with traditional manufacturing approaches.

Ultrafast high-temperature sintering (Figure 6) has been 
proposed as a process capable of sintering a wide range of 
ceramic materials within seconds by radiative heating under an 
inert atmosphere. Temperatures up to 3000°C can be achieved 
in 10 s while maintaining the composition of volatile elements 
such as lithium due to minimal exposure at high temperatures. 
Successful processing of Ta-doped  Li6.5La3Zr1.5Ta0.5O12 
(LLZTO) was achieved with relative densities up to 97% 
and relative small grain size (8.5 ± 2 µm).55 Even though this 
method shows great promise in terms of manufacturing time, 
it was only proven on bulk ceramics (pellets), so more explora-
tion toward thin membranes (~20 µm) is necessary.

Rapid-induction sinter forging has been introduced as 
a novel method for the roll-to-roll continuous manufactur-
ing of thin films. In this technique, a precursor powder can 
be placed on a substrate and concurrently subjected to heat 
and pressure in a direction parallel to the film’s thickness.56 
The simultaneous application of heat and pressure can lead 
to higher relative densities of the resulting components 
compared to sintering methods, similar to hot-pressing. 
Additionally, the absence of lateral restrictions in the sin-
ter forging area, which is perpendicular to the direction of 

pressing, reduces residual shear stresses and defects. This 
method facilitates the continuous and scalable manufactur-
ing of thin films with high throughput that is compatible 
with roll-to-roll manufacturing. Areas of exploration within 
this fabrication method include optimal processing condi-
tions (temperature, pressure, heating, and cooling rates) for 
a wide range of chemistries.

Cold sintering offers a low-temperature alternative (room 
temperature to 300°C) for producing ceramic components 
for SSBs, using less energy than traditional methods. This 
method uses a transient liquid phase and uniaxial pressure 
to compact powder into dense monoliths well below their 
melting points, often with just a ~5% volume of the liquid 
phase.57,58 The lower temperatures create a new opportunity 
spectrum to design grain boundaries and create new types 
of composites among material combinations that previously 
had incompatible processing windows, especially for solid-
state composite cathodes and may enable a more seamless 
integration with SEs. Although promising for energy-efficient 
and more environmentally friendly manufacturing, a deeper 
understanding of cold sintering’s fundamentals, material 
compatibility, and process mechanisms is critical for its inte-
gration into SSB production lines. This includes in-depth 
studies on solvent-particle interactions and optimization of 
sintering parameters for improved densification and ionic 
conductivity.59

a b c

d e f

Figure 6.  Emerging manufacturing processes for solid electrolytes and solid-state cathodes. (a) Ultrafast high-temperature sintering (UHS) 
of ceramics. Reprinted with permission from Reference 55. © 2020 AAAS. (b) Rapid-induction sinter forging. (c) Cold sintering of a  LiFePO4 
(LFP) cathode with carbon nanofillers (CNF) using LiOH solution, low magnification (left), high magnification (right). Reprinted with permission 
from Reference 58. © 2018 Elsevier. (d) Co-extrusion of hybrid electrolytes with macroscale interfaces. Reprinted with permission from Refer-
ence 68. © 2019 American Chemical Society. (e) Schematic of aerosol deposition method. Reprinted with permission from Reference 69.  
© 2020 Wiley-VCH. (f) Selective laser sintering additive manufacturing (Reference 78).
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Layer‑by‑layer manufacturing
Tape casting is a mature technology currently used in lith-
ium-ion battery manufacturing that has been implemented by 
various studies as a promising method for the fabrication of 
all-SSBs due to its ability to form thin ceramic bodies.60,61 
This technique has been used to process composite cathodes 
and solid electrolytes for all-SSBs, demonstrating good cycle 
performance and specific capacity in cathodes, but decreased 
ionic conductivity in sulfide- and halide-based SEs.62–64 More-
over, multilayer tape casting has been demonstrated to achieve 
high areal capacity and withstand high current densities with 
the use of an ionic liquid electrolyte to reduce interfacial 
resistances between solid electrolyte and cathode.65 Chal-
lenges encountered in this process encompass selecting suit-
able binder and solvent systems, managing the variability in 
particle size distribution, and ensuring uniform thickness dur-
ing final densification. Furthermore, creating thin, freestand-
ing films requires meticulous attention to changes in surface 
composition, physical shrinkage, adherence to surfaces, warp-
ing, and breakage.62,67 Also, the cost associated with solvent 
recovery and toxicity of the solvents used needs to be taken 
into consideration.

The adoption of extrusion techniques for producing com-
ponents of SSBs, particularly composite electrolytes, is note-
worthy for its solvent-free approach. This method involves 
blending solid-electrolyte particles with polymer binders at 
high temperatures to create a viscous paste. The paste then 
undergoes a film-forming process through die casting with a 
flat film die and is subsequently rolled between two chilled 
rollers to induce quenching. This extrusion process yields a 
thin membrane that can either be directly co-extruded with an 
electrode or laminated onto the electrode after forming.66–68 
Co-extrusion offers the benefits of lower production costs by 
simultaneously fabricating the electrolyte and electrode and 
potentially enhancing the interfacial contact between them. 
In addition, it reduces the need for multiple processing steps 
typically required in other manufacturing methods to integrate 
both SE and solid-state cathodes, simplifying the production 
process and reducing potential defects and impurities that 
could be introduced during multiple processing steps. The 
scalability and environmentally friendly characteristics, stem-
ming from the lack of toxic solvents, position this approach as 
a promising route for the mass production of SSBs incorpo-
rating polymer components. However, the interplay between 
processing conditions, mechanical strength, ionic conductivity, 
and cycling stability need to be thoroughly understood, and 
alternative binders are needed.

Both tape casting and co-extrusion are compatible with 
roll-to-roll processes, thus, they promise a smooth integration 
with existing manufacturing infrastructure used in conven-
tional lithium-ion batteries.

Aerosol deposition, a method for producing SSB compo-
nents without high-temperature processing, accelerates fine 
particles onto a substrate to create compact layers. This pro-
cess enables the fabrication of thin solid electrolytes (around 

5 μm) and the integration of various SE in solid-state cath-
odes, offering benefits in design flexibility and energy den-
sity.69 However, it is still an emerging technology, with cur-
rent speeds limited to about 100  mm3/min,70 leading to low 
production rates and high costs. Enhancements such as using 
wider nozzles and conveyor systems are expected to increase 
deposition rates.71 Overcoming engineering challenges such 
as scaling up, depositing on nonplanar surfaces, and improv-
ing efficiency are critical for commercial success, alongside 
optimizing process efficiency and material recirculation to 
reduce costs.70

Additive manufacturing could offer a transformative 
approach to composite cathode design, enabling precise con-
trol over geometry and composition. This precision improves 
the tunability of ionic and electronic tortuosity, crucial for 
thick cathodes. Furthermore, the integration of SEs with cath-
odes could be achieved by utilizing the thick solid-state cath-
ode as a structural support. This approach would allow for the 
direct processing of the SE onto the cathode, circumventing 
the need to manage fragile films that are ≤20 µm in thickness 
and prone to fracturing. In addition, the ability to create func-
tional gradients, such as variations in composition or struc-
ture, could optimize the properties and mitigate stresses that 
evolve at the interface. Recent studies have shown the success 
of aerosol jet printing for creating solid polymer composite 
electrolytes on  LiFePO4  cathodes72 and direct ink writing for 
 Li7La3Zr2O12,73  LiFePO4, and  Li4Ti5O12 electrodes.74 How-
ever, ink-based methods require extensive rheological adjust-
ments for printability and additional steps to remove binders to 
prevent their degradation during cycling.75 The development 
of slurries faces challenges in creating precisely controlled 
inks, loading sufficient active material, and requiring exten-
sive post-processing to remove solvents and sinter particles.76 
Selective laser sintering (SLS) offers a binder-free alternative 
that has successfully fabricated  Li1+xAlxTi2−x(PO4)3 ceramic 
electrolytes and NCA cathodes with relative densities up to 
96% density, but with the presence of cracks.77,78 SLS will 
require the optimization of cooling rates, deposition layer tim-
ing, and feedback mechanisms to advance this approach. The 
development of standards for powder reutilization, quality 
control, and certification will be crucial to promote sustain-
able additive manufacturing in battery production.

Sustainable manufacturing
As the demand of SSBs grows, so does the need for sustain-
able processing methods that mitigate environmental impact 
and promote eco-friendly manufacturing practices. Sustainable 
processing of battery components not only aligns with global 
environmental objectives, but also ensures the longevity and 
viability of the battery industry. In this context, developing 
and implementing green manufacturing techniques for SSB 
components is crucial. Two approaches that stand out in the 
quest for sustainability include solvent-free processing meth-
ods due to a significant reduction of emissions and waste. 
These methods eliminate environmental and health hazards 
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associated with solvent-based processes and enhance the qual-
ity and performance of electrodes by eliminating unwanted 
reactions from solvent residues upon cycling.

The integration of recycled materials into the SSB manu-
facturing process would be a substantial move toward sus-
tainability. Innovative recycling and upcycling processes are 
needed, where materials from spent batteries are reclaimed 
and repurposed for new battery production. This approach 
will not only decrease the reliance on virgin materials but 
also significantly reduce the environmental footprint of bat-
tery production. By closing the loop on material usage, the 
battery industry can minimize waste and contribute to a more 
sustainable future.

Embracing more sustainable processing methods can 
help ensure that advancements in energy storage go hand in 
hand with environmental protection and the efficient use of 
resources.

Cell assembly
Conventional lithium-ion batteries connect all cell stacks in 
parallel, enhancing total capacity by connecting all anode and 
cathode current collector foils together. A distinct advantage 
offered by solid-state batteries is the potential for a bipolar 
stacking configuration (Figure 7). In such a setup, the anode of 
one cell and the cathode of the next cell share the same bipolar 
current collector, creating a series connection where the cur-
rent is drawn exclusively from the stack’s outermost layers. 
This arrangement minimizes the need for welding joints of 
current collector foils and tabs, resulting in more efficient use 
of the available packaging space.

While the bipolar design could drive an increase in energy 
density, power density, and voltage compared to conventional 
lithium-ion batteries, there are several technical hurdles that 
need to be overcome, including complex manufacturing pro-
cesses for producing asymmetric electrode sheets (anode or 
cathode on each side), risk of internal short-circuits among 
unit cells, control of accurate and reliable cell stacking and 
potential for corrosion due to large potential gradients (i.e., 
highly reductive and highly oxidative).1,69,79 To achieve 
an effective construction and operation of bipolar SSBs, 

technological progress and critical evaluation in cell configu-
ration, material design, and manufacturing will be required.

Ensuring the integrity of the atmosphere throughout the 
SSB manufacturing process will be essential, requiring dili-
gent monitoring of humidity and periodic evaluations of seals 
to avoid air and moisture exposure. Leveraging cutting-edge 
sensing and monitoring technologies will allow for the real-
time assessment of battery component quality and assembly 
integrity. This approach could significantly reduce the inci-
dence of defects and improve the overall reliability of SSBs 
by enabling adjustments during the manufacturing process. 
Additionally, integrating robotics and artificial intelligence 
(AI) into SSB production processes could bring a higher level 
of precision and efficiency.

The lack of a traditional anode in anode-free batteries calls 
for reassessment of standard packaging methods to meet the 
specific needs and overcome the challenges of anode-free 
designs. This includes creating specialized current collec-
tors and packaging materials capable of handling mechanical 
stresses without failure. Anode-free cells undergo significant 
volume changes during lithium plating and stripping in charge/
discharge cycles, necessitating packaging that can flexibly 
support these fluctuations to preserve the cell’s structural 
integrity and electrical connectivity. Solutions may include 
flexible or expandable materials that adjust to volume changes 
while maintaining the cell’s airtight seal. Innovative packaging 
solutions are essential for leveraging the advantages of anode-
free batteries, ensuring their safety, reliability, and manufactur-
ability through integrated cell engineering.

Future outlook
In summary, the solid-state battery community faces several 
critical challenges that demand innovative solutions for the 
technology to realize its full potential:

1. Increase charge rates: A primary focus should be on 
improving the charging rate, as faster charging is a  
key driver for the widespread adoption of electric  
vehicles and portable electronics. Advances in elec-
trode materials, electrolyte design, and interface engi-

neering are essential to enhance 
ionic conductivity and reduce  
resistance, thereby enabling faster 
charging without compromising 
safety or cycle life.

2.  Enable low-temperature charging: 
SSBs that can charge rapidly at sub-
freezing temperatures are another 
crucial aspect that requires atten-
tion. SSBs must demonstrate relia-
ble performance in a range of envi-
ronmental conditions, especially in 
colder climates. This would offer a 
significant advantage over current 
LIBs. Developing electrolyte for-

a b

Figure 7.  Comparison of (a) conventional and (b) bipolar stacking configurations for solid-
state batteries.
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mulations and electrode materials that maintain high con-
ductivity at lower temperatures is imperative for ensuring 
the viability of SSBs in diverse operating environments.

3. Prioritize and verify safety: To achieve the promise of 
SSBs as safer alternatives to conventional lithium-ion bat-
teries, the community must work toward minimizing or 
eliminating the use of gels and liquids in the cell design. 
Solid electrolytes may offer intrinsic safety advantages, 
but the community must not ignore possible safety impli-
cations of the incorporation of liquids and gels to enhance 
interface performance. Even in the absence of liquid elec-
trolytes, further investigation of SSB safety is needed to 
avoid possible negative publicity that could sway public 
opinion and slow EV adoption. Research should focus 
on developing standardized testing protocols to evaluate 
and compare the safety profiles of various solid-state bat-
tery technologies. Comparing different solid-electrolyte 
materials, such as sulfides and oxides, and evaluating the 
impacts of hybrid approaches will help identify the most 
suitable options in terms of safety, stability, and perfor-
mance.

4. Dive deeper into coupled phenomena: Understanding 
electrochemomechanical coupling is crucial for optimiz-
ing the mechanical stability of SSBs during cycling. This 
requires a comprehensive interdisciplinary investigation 
of the interplay between chemical reactions, ion transport, 
and mechanical stresses within the battery components. 
A deeper understanding will lead to the development of 
mechanically robust materials and interfaces that can 
withstand the rigors of repeated charging and discharg-
ing cycles. Self-healing or actuated healing approaches 
that can restore the integrity of electrolytes or interfaces 
will be valuable to enable materials and cells that are less 
susceptible to manufacturing defects, localized damage, 
and various types of abuse that are likely in real-world 
applications.

5. Improve understanding of composite cathode behavior 
and interfaces: Although great progress has been made 
on the anode side, the integration of all-solid-state cath-
odes remains very challenging. This is a result of transport 
limitations, chemical/electrochemical/mechanical stabil-
ity, and high interface impedances. Future work should 
focus on understanding and overcoming these limitations, 
to enable all-SSBs that do not rely on liquids or gels to 
maintain intimate contact and low impedance in compos-
ite cathodes.

6. Relax/eliminate stack pressure requirements: Reduc-
ing stack pressure requirements and achieving uniform 
stack pressure are essential for manufacturing scalability 
and cost-effectiveness. The community should focus on 
materials and designs that allow for lower stack pressures 
while maintaining efficient ionic transport and mechanical 
integrity. This will facilitate the development of solid-state 
batteries that are not only high-performing, but also eco-
nomically viable for mass production.

7. Pursue scalable and sustainable processing: Scalable 
and sustainable manufacturing processes are crucial to 
enable the mass production of environmentally friendly 
SSBs while minimizing resource depletion and ecologi-
cal impact, ensuring the long-term viability of the indus-
try. Advancing solvent-free processing methods will help 
eliminate hazardous emissions and reduce waste. Opti-
mizing energy consumption throughout the manufacturing 
process and developing efficient recycling and upcycling 
methods are essential to minimize reliance on virgin mate-
rials. Finally, the community should focus on cross-disci-
plinary efforts to foster innovations in abundant and less 
environmentally harmful materials to support long-term 
sustainability goals.

In conclusion, addressing these challenges requires a col-
laborative effort from researchers, engineers, and industry 
stakeholders. Continuing innovation will be aided by appli-
cation of the ongoing advances in materials characteriza-
tion synthesis and manufacturing. By focusing on these key 
areas, the solid-state battery community can pave the way 
for a future where these advanced energy-storage devices 
contribute significantly to sustainable and efficient energy 
solutions.
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