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Solid-state batteries: Unlocking lithium’s potential with ceramic solid electrolytes

By Nathan J. Taylor and Jeff Sakamoto

Recent progress indicates that ceramic materials may soon  

supplant liquid electrolytes in batteries, offering improved energy 

capacity and safety.

Widespread adoption of electric 
vehicles (EV) will require dra-

matic changes to the energy storage market.
Total worldwide lithium-ion (Li-ion) battery production 

was 221 GWh in 2018, while EV demand alone is projected 
to grow to more than 1,700 GWh by 2030.1 As economies 
of scale have been met in Li-ion battery production, price at 
the pack level has fallen and is expected to break $100/kWh 
within the next few years. 

Li-ion batteries are expected to address near-term energy 
storage needs, with advances in cell chemistry providing steady 
improvement in cell capacity. Yet Li-ion batteries will eventu-
ally approach the practical limits of their energy storage capac-
ity, and the volatile flammable liquid electrolyte in Li-ion cells 
requires thermal management systems that add cost, mass, and 
complexity to EV battery packs. 

Recent progress demonstrates that Li-ion conducting solid 
electrolytes have fundamental properties to supplant current 
Li-ion liquid electrolytes. Moreover, using solid electrolytes 
enables all-solid-state batteries, a new class of lithium batteries 
that are expected to reach storage capacities well beyond that 
of today’s Li-ion batteries. The promise of a safer high-capacity 
battery has attracted enormous attention from fundamental 
research through start-up companies, with significant invest-
ment from venture capitalists and automakers. 

The Li-ion battery
The 1970s marked development of the first Li-ion cathode 

intercalation materials. Cells with a metallic lithium anode 
were commercialized in the 1980s, but it was soon discovered 
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that lithium deposits in dendritic structures upon battery 
cycling. These dendrites eventually grow through the separa-
tor, connecting the anode and cathode and causing a dan-
gerous short circuit of the cell. The solution was to replace 
the lithium anode with a graphite Li-ion host material, 
thereby producing the modern Li-ion battery. 

First introduced by Sony in 1991, the graphite anode is 
paired with a LiCoO

2 
cathode and flooded with a liquid 

organic electrolyte with dissolved lithium salt. The dissolved 
lithium provides Li-ion transport within the cell. A thin and 
porous polymer separator prevents physical contact between 
the anode and cathode while allowing ionic transport 
between electrodes. 

This basic cell structure remains unchanged today, albeit 
with numerous energy-boosting innovations, including sili-
con anode additions, electrolyte additives to increase cycle 
life, and high nickel-content cathodes. These innovations 
have led to an average of 8% annualized energy density 
improvement in Li-ion batteries.2 Despite this progress, the 
volumetric energy density of Li-ion batteries can only reach a 
practical limit of about 900 Wh/L at the cell level. 

For Li-ion batteries, active cathode and anode powders 
are mixed with binder and cast on a current collector using 
doctor blade, reverse comma, or slot die coating. These 
electrodes are slit into desired dimensions, interleaved with 
a separator, and either wound—as is the case of an 18650 
(18 mm diameter; 65 mm length) cylindrical cell—or stacked 
or folded to produce a prismatic pouch cell. Figure 1 shows 
18650 cylindrical wound cells and 10-Ah pouch cells. 

For EV applications, cells are arranged into modules, 
which are placed into a battery pack. For example, a Tesla 
Model 3 contains more than 4,000 individual cylindrical 
cells, producing about 80 kWh of storage. Other manufac-
turers, such as GM, use pouch-type cells, with 288 cells pro-
ducing 60 kWh of storage in the Chevy Bolt. 

Li-ion battery packs contain significant battery management 
systems to keep cells within a safe operating range. Heat gen-
erated within the pack must be removed by cooling systems 
to protect both the performance and lifetime of Li-ion cells. 
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Induction coils heat a die for rapid densification of Li-ion 
conducting Li7La3Zr2O12 ceramic solid electrolyte.
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Generally, temperatures must remain  
below 60°C to limit the rate of reactions 
between the electrolyte and electrodes. 

Finally, the pack and surrounding 
structures must be designed to prevent 
catastrophic failure of the pack in the 
event of a vehicle crash. These battery 
management systems lead to a pack cost 
of about 1.2–1.4 times the cell-level cost.3 

While the graphite anode enabled the 
modern Li-ion battery, six atoms of car-
bon are needed to intercalate one lithi-
um ion, creating the compound C

6
Li in 

a fully charged battery. This requirement 
limits the theoretical capacity of graphite 
to 382 mAh/g. 

Silicon is a promising replacement 
with a capacity of 4,200 mAh/g, but 
the significant (300X) mechanical strain 
it experiences during cell cycling results 
in capacity fade over time.4 Despite 
these capacity losses, as understanding 
of silicon lithiation and the effect of 
particle morphology have advanced, 
manufacturers have created silicon/
graphite composite anodes with gradu-
ally increasing silicon levels. 

The most energy-dense anode is lithi-
um metal with a capacity of 3,860 mAh/g. 
While lithium dendrite growth prevents 
use in liquid electrolyte-based cells, physi-
cally stabilizing the lithium metal with a 
Li-conducting solid electrolyte can prevent 
dendrite growth and cell failure. Several 
Li-ion-conducting solid electrolytes are 
promising for this role. 

Solid-state batteries
All solid-state batteries center around the 

approach of enabling a high-capacity metal-
lic lithium anode, which greatly increases 
volumetric energy density at the cell level. 
Figure 2 schematically illustrates both the 
Li-ion and solid-state battery. Gains over 
Li-ion in gravimetric energy density, or 
amount of energy stored per mass, are 
lower given that solid electrolytes with den-

sities of 1.8–5.0 g/cm3 are replacing organ-
ic liquid electrolytes with densities close to 
1.0 g/cm3. However, many consumer and 
automotive applications are increasingly 
driven by volumetric considerations. 

Solid-state batteries also offer signifi-
cant simplification over Li-ion batteries 
at the pack level, where individual cells 
are connected. Solid-state batteries do 
not require significant thermal manage-
ment systems, as battery performance 
improves as temperature increases. 

Ionic conductivity of solid electrolytes 
increases with increasing temperature, 
along with maximum charge and dis-
charge rates. As a result, maximum 
operating temperature of a solid-state cell 
is only limited by that of lithium, which 
melts at 180°C. Additionally, elimination 
of the flammable liquid electrolyte of 
Li-ion alleviates design considerations of 
catastrophic cell or pack-level failure. In 
total, solid-state batteries offer significant 
mass and volume savings at the pack level, 
translating to increased pack capacity.  

Because the graphite anode used in 
modern Li-ion batteries has a low poten-
tial compared to lithium (0.20 V), lithium 
metal-based solid-state batteries can be 
drop-in replacements for Li-ion batteries, 
offering higher volumetric energy capacity 
with similar voltage and performance. 

Solid electrolytes
Solid electrolytes have been investi-

gated for batteries since the discovery of 
fast sodium-ion conduction in ß-Al

2
O

3
 

by Ford Motor Company in the 1960s. 
In the mid-1990s, attention turned 
to lithium solid electrolytes when the 
first thin-film batteries using radio fre-
quency magnetron sputtered lithium 
phosphorous oxynitride (LiPON) were 
introduced. Thin-film batteries consist 
of a LiPON solid electrolyte layer under 
10 µm with a thin layer  of cathode and 
lithium metal anode.5

The capacity of thin-film batteries is 
limited by ionic transport in the cath-
ode. If cathode thickness is increased 
beyond 10 µm, Li-ion diffusion rate 
within the cathode limits the ability to 
access the full cathode capacity. Ideally, 
the solid-state cathode emulates a Li-ion 
cathode that is a three-dimensional 
blend of electrolyte and cathode particles 
to increase areal loading. 

Nevertheless, thin-film batteries show 
excellent capacity retention over tens of 
thousands of cycles. However, this technol-
ogy cannot fundamentally provide the stor-
age of bulk-type Li-ion batteries needed for 
consumer electronics or EV applications. 
More recently, multiple Li-ion solid electro-
lytes have emerged with conductivities that 
are competitive with liquid electrolytes, 

Capsule summary

POWERING DOWN

The rise of electric vehicles is expected to de-

mand the majority of lithium-ion battery capacity 

in the coming years. While the cost of lithium-ion 

batteries is low, they are reaching their practical 

limits. This limit pushes innovators to offer new 

kinds of batteries with higher energy density 

storage with increased safety.    

CHARGING UP

Recent progress demonstrates that solid 

electrolytes have the properties to supplant cur-

rent liquid electrolytes in lithium-ion batteries, 

offering improved safety. Solid electrolytes also 

enable all-solid-state batteries, a class of batter-

ies that could reach energy storage capacities 

well beyond that of lithium-ion.

ENERGIZING THE FUTURE

As solid-state battery technology builds 

momentum toward commercialization, several 

challenges remain. Manufacturing techniques 

that leverage scalable processes are needed, as 

well as solutions to materials challenges such as 

preventing lithium filament growth and mitigat-

ing cathode volume change during cycling.

Figure 1. (a) Typical formats for Li-ion cells: wound cylindrical 18650 (left) and pouch 
cells (right). (b) Cross section of 18650 battery shows electrode layers. 

C
re

di
t: 

U
ni

ve
rs

ity
 o

f M
ic

hi
ga

n,
 B

ru
no

 V
an

zie
le

gh
em

Downloaded from bulletin-archive.ceramics.org

http://www.ceramics.org


www.ceramics.org   |   American Ceramic Society Bulletin, Vol. 98, No. 728

Solid-state batteries: Unlocking lithium’s potential with ceramic solid electrolytes

opening the door to bulk solid-state batter-
ies with cell capacities on par with Li-ion.

Requirements of solid electrolytes
Successful solid-state battery commer-

cialization will require solid electrolytes 
with a unique combination of properties. 
First, solid electrolytes must have lithium 
ionic conductivities over 0.1 mS/cm to be 
viable liquid electrolyte replacements. 

Second, the electrolyte must also be 
stable against lithium metal, one of the 
most electropositive elements. The elec-
trolyte must either be chemically stable 
to lithium reduction or form a passivat-
ing reaction layer. 

Third, the electrolyte must form 
low-resistance interfaces (<1 Ω∙cm2) 
to ensure low internal cell resistance. 
Forming low-resistance interfaces pres-
ents significant challenge at the alkali 
metal interface, where atmosphere 
reacted surface layers, reduced oxides, 
and nonuniform wetting can contribute 
to significant interface resistance. 

Fourth, the electrolyte must have a 
strength and fracture toughness high 
enough to prevent lithium filament 
propagation through the electrolyte. 

Fifth, the electrolyte must be stable at 
the anode and cathode potentials. Current 
state-of-the-art Li-ion cathodes operate at 
or below 4.5 V, so the cathode must resist 
electron or hole injection over the entire 
0–4.5 V versus the Li/Li+ operating range. 

Types of solid electrolytes
Polymer solid electrolytes have low 

ionic conductivities and typically operate 

at increased temperature (60°C–80°C) to 
take advantage of increased ionic trans-
port at these temperatures. While poly-
mers are easily processed, their mechani-
cal properties are generally insufficient 
to stabilize the lithium metal anode.6 
Thus, most attention has focused on 
inorganic solid electrolytes  (Figure 3). 

Sulfide solid electrolytes have some of 
the highest conductivities of solid electro-
lytes. While there are multiple chemistries, 
the Li

2
S-P

2
S

5
 system is most popular.7 

Electrolytes in the Li
2
S-P

2
S

5
 system can be 

glassy, crystalline, or partially crystalline. 
Undoped, Li

2
S-P

2
S

5
 electrolytes have poor 

electrochemical stability with lithium, but 
doped variants have increased stability. 
One advantage of sulfide electrolytes is the 
ductile nature of particles, which compress 
to form compacts with good electrochemi-
cal bridging between particles at room 
temperature or below 400°C. 

Accordingly, sulfide electrolytes are 
the most easily processed inorganic solid 
electrolytes. However, with some sulfide 
electrolyte compositions, reactivity with 
water vapor in air can be a challenge, 
releasing H

2
S and degrading the electro-

lyte. As such, they are usually processed 
under argon or extremely low humidity 
dry room atmospheres.

A second class of inorganic solid elec-
trolytes is oxide-based. A few types exist, 
but garnet Li

7
La

3
Zr

2
O

12
 has emerged as 

the most popular. Oxide solid electro-
lytes have fair ionic conductivities at 
room temperature and the broadest elec-
trochemical window and highest chemi-
cal stability toward lithium. 

Additionally, the elastic moduli and 
fracture toughness of oxide materials 
are the highest of all solid electrolytes, 
favorable to physical stabilization of 
the lithium metal anode and long-term 
cell lifetimes. Although they have the 
most favorable combination of electro-
chemical properties, sintering tempera-
tures of 1,000°C–1,300°C are required 
to produce dense electrolytes with high 
ionic conductivity. 

Li7La3Zr2O12 (LLZO)
First discovered by Weppner et al. in 

2007, LLZO has a garnet crystal structure 
and is a lithium-conducting oxide electro-
lyte.8 The low-conductivity tetragonal room 
temperature structure can be aliovalently 
doped to stabilize the high-conductivity 
cubic phase. Typical dopants are Al3+ or 
Ga3+ on the 24d Li site or Ta5+ or Nb5+ on 
the 16a site, with aluminum, tantalum, and 
gallium remaining the most popular due to 
chemical stability toward metallic lithium. 
LLZO has a high ionic conductivity up to 
1 mS/cm at 25°C and low electronic con-
ductivity of about 10–8–10–10 S/cm.9 The 
electrochemical window of LLZO extends 
beyond 5 V, enabling next-generation high-
voltage cathode materials. 

Recent research within our group 
shows that LLZO exhibits many of the 
criteria to produce a practical solid elec-
trolyte to enable use of lithium metal elec-
trodes. LLZO powders can be produced 
through a solid-state reaction method and 
scaled to kilogram batch sizes. 

One approach is to use rapid induc-
tion hot pressing, a technique developed 
at the University of Michigan in which 
uniaxial force is applied to a die con-
tained within an induction heating coil. 
The high heating rates enabled by induc-
tion heating rapidly eliminate porosity, 
limiting lithium volatilization to main-
tain stoichiometry. With this process, 
relative densities up to 99% have been 
achieved in under 10 minutes.9

Critical current density
Faster charge or discharge rates put 

additional demand on the battery. At 
low charge rates or current densities 
(mA/cm2), lithium passes stably from the 
lithium metal electrode into the solid 
electrolyte. At high current densities, 

Figure 2. (a) Schematic of Li-ion battery with liquid electrolyte, separator, and graphite 
anode. (b) Schematic of solid-state battery with solid electrolyte stabilizing a Li-metal anode. 
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lithium metal filaments or dendrites 
form along grain boundaries or directly 
within electrolyte grains.

In solid electrolytes, resistance to 
dendrite or lithium filament formation 
appears to be closely correlated with cur-
rent density, or total cell current divided 
by the electrolyte cross-sectional area. 
Consequently, there should be a critical 
current density (CCD) at which the cell 
fails due to lithium metal penetration. 
At current densities below this critical 
value, stable charging is possible. 

A typical test of CCD is stepped con-
stant current plating of lithium using a 
symmetric cell, with lithium electrodes 
on either side of a solid electrolyte. 
Upon application of a current, lithium 
at one electrode is oxidized and enters 
the solid electrolyte. At the other elec-
trode, lithium ions are reduced to form 
lithium metal and plate the electrolyte 
surface. Upon reversal of the applied 
current, lithium can be stripped back 
and plated in its original position. 

In a CCD test, current is increased 
in increments until steady-state ohmic 
resistance of the cell drops, indicating that 
lithium has shorted or partially shorted the 
cell. Figure 4 illustrates the DC profile for 
a typical CCD test. A sudden drop in cell 
voltage indicates a drop in cell resistance 
due to lithium metal short circuit. Figure 4c 
shows a lithium dendrite on the electro-
lyte surface after anode removal. 

Early Li/LLZO cells had CCD values 
less than 0.1 mA/cm2, reflecting a 30-hour 
charge cycle for an equivalent Li-ion 
replacement battery. A CCD of this magni-
tude would limit charging speeds to values 
unacceptable for today’s applications. 

These early demonstrations also suf-
fered from poor contact between the lithi-
um electrode and LLZO electrolyte, mani-
festing as high interfacial resistance. While 
metals do not typically wet oxides well, 
some groups established that thin metal 
or metal oxide coatings could dramatically 
improve the wetting of lithium metal on 
LLZO. However, these coatings may not 
be amenable to large-scale manufacturing. 

Elemental analysis of the native LLZO 
surface reveals a thin layer of Li

2
CO

3
 

on LLZO, resulting from reaction with 
water vapor and CO

2
 in air. This Li

2
CO

3
 

layer occludes the LLZO surface, pre-

venting facile lithium migration into the 
LLZO. Simple heat treatment in an inert 
environment can decompose the surface 
layer, revealing pristine LLZO that is eas-
ily wet by metallic lithium. As a result, 
the typical lithium interfacial resistance 
falls to below 5 Ω∙cm2, and homogenous 
coverage of LLZO by lithium dramati-
cally increases CCD values.10

Fundamental research, such as the role 
of LLZO surface chemistry at the lithium 
metal interface, has significantly improved 
properties like CCD, which is an impor-
tant performance metric for solid-state 
cell commercialization. Another area 
of investigation is the role of defects in 

mechanical properties in limiting CCD. 
One study showed that lithium can 

preferentially plate at grain boundaries 
in polycrystalline LLZO. Coarsening 
the microstructure decreases the areal 
number average grain boundaries and 
increases CCD in kind.11 Figure 5 
illustrates recent fundamental LLZO 
research that has aided understanding of 
cell interfaces and failure mechanisms. 

In a more practical demonstration, 
LLZO with an optimized lithium inter-
face and grain size was recently cycled 
for over 100 cycles at a current density 
(1.0 mA/cm2) and capacity equivalent to 
a 3-hour charge of a Li-ion cell.12 

Figure 3. Radar chart for electrochemical and physical properties of oxide, sulfide, and 
polymer solid electrolytes. 
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Figure 4. (a) Typical CCD test of lithium symmetric cell with increasing stepped current 
values until cell failure, establishing CCD. (b) LLZO cycled below the CCD with no visible 
damage. (c) LLZO after failure during CCD test, with black spot indicating failure due to 
lithium penetration.* 
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ties and extended cycling in the garnet Li

7
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3
Zr

2
O

12
 solid electrolyte”, J. Power Sources, 396 (2018). Copyright 

2018 Elsevier, used with permission.
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After this extended cycling, no degrada-
tion at the lithium interface or short cir-
cuiting was observed, offering promise for 
LLZO-based solid-state cells with equiva-
lent or better lifetime than Li-ion cells. 

Remaining challenges 
Lithium dendrites

Despite the aforementioned progress 
on increasing CCD though understand-
ing of lithium metal interface chemis-
try and mechanics, lithium dendrites 
remain a challenging roadblock to solid-
state battery commercialization. 

Early fundamental models predicted 
that a separator material with over 2X 
the shear modulus of lithium (4.5 GPa) 
would be resistant to dendrite growth. In 
practice, however, most solid electrolytes 

show lithium dendrite growth despite 
shear moduli many times that of lithium. 
The mode of lithium filament propaga-
tion is still unclear and may take different 
forms. Lithium has been observed prefer-
entially plating at grain boundaries within 
polycrystalline electrolytes, but filaments 
have also been observed within grains 
and within single crystal specimens. 

Careful management of the lithium 
interface and plating parameters have 
demonstrated current densities represen-
tative of real-world charging conditions. 
In spite of this progress, dendrite growth 
is still the major factor in solid-state cell 
cycling lifetime. As a more fundamen-
tal understanding of lithium filament 
growth in solid electrolytes develops, 
solid-state batteries are expected to con-

tinue to increase in power performance 
and lifetime. As CCD increases with 
temperature, early commercial cells may 
fully operate or charge at increased tem-
perature (50°C–80°C) to prevent den-
drite formation, with the added benefit 
of lower cell internal resistance. 

Composite cathode
While the properties and understand-

ing of solid electrolytes have greatly 
improved, significant challenges remain 
in constructing a cathode. In a conven-
tional Li-ion cathode, active particles are 
cast with a conductive carbon onto a 
current collector bound by a polymeric 
binder, commonly PVDF. Once the cell 
is filled with liquid electrolyte, active 
particles can be supplied with lithium 
ions and electrons through the elec-
trolyte and carbon phase, respectively. 
Replicating this structure with solid-state 
materials remains more challenging. 

Composite cathodes must be devel-
oped with active materials connected 
with a continuous ionic and electronic 
3D percolating network. Early work 
cosintering active materials and com-
mon electrolytes shows that deleterious 
solid-state chemical reactions occur at 
the interface between the two phases, 
hindering Li-ion transport. As sulfide 
or polymer electrolytes can be densified 
without extensive thermal processing, 
they may be more ideal than oxide 
electrolytes to limit solid-state reactions 
within the composite cathode.  

Most Li-ion active cathode materials 
have significant volume change upon 
cycling. In response to lithium interca-
lation or deintercalation, the unit cell 
of the cathode swells or contracts. For 
today’s state-of-the-art Li-Ni-Mn-Co lay-
ered oxide cathode, volume decreases 
about 3.4% for full discharge. 

In a composite cathode with a rigid 
sintered electrolyte phase, active materials 
may be physically constrained such that 
they cannot easily change volume. This 
situation may be alleviated by adding a 
compliant phase to take up this volume 

Figure 5. Recent progress on LLZO basic science. Center shows transparent 1-mm-thick 
sintered LLZO disc. (a) Electron backscatter map of LLZO used to characterize microstruc-
ture coarsening and the effect on electrochemical properties.* (b) SEM micrograph of 
lithium dendrite growth along grain boundaries in polycrystalline LLZO.* (c) STEM image 
of cubic LLZO in contact with  lithium metal. EELS line scan revealed formation of a thin 
stabilizing tetragonal LLZO interphase.*
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*a (Adapted from A. Sharafi, C.G. Haslam, R.D. Kerns et al., “Controlling and correlating the effect of grain size with the mechanical and electrochemical properties 
of Li

7
La

3
Zr

2
O

12
 solid-state electrolyte” J. Mater. Chem. A, 5 (2017), with permission from The Royal Society of Chemistry.)

*b (Adapted from E.J. Cheng, A. Sharafi, J. Sakamoto, “Intergranular litium metal propagation through polycrystalline Li
6.25

Al
0.25

La
3
Zr

2
O

12
 ceramic electrolyte” 

Electrochemica Acta, 223 (2017). Copyright 2017 Elsevier, used with permission.) 

*c (Adapted with permission from C. Ma, Y. Cheng, K. Yin, et al., “Interfacial stability of litium metal-solid electrolyte elucidated via in situ electron microscopy” 
Nano Lett. 16 (2016). Copyright 2016 American Chemical Society, used with permission.)
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change. Similarly, solid–solid electro-
chemical interfaces within the cathode 
could lose contact due to repeated cycling 
stresses, resulting in capacity loss. 

Manufacturing
As the technical challenges facing sol-

id-state battery technology are resolved, 
the largest remaining roadblock to wide-
spread adoption is a low-cost manufac-
turing strategy. 

Li-ion batteries are produced in large 
quantities with well-established manufac-
turing technologies. The cost of a typical 
polymeric separator in a Li-ion battery is 
about $1/m2, so it may be difficult for 
a ceramic solid electrolyte to compete 
as a drop-in replacement.14 However, 
solid-state batteries can be cost-compet-
itive with Li-ion batteries if a holistic 
approach to cell manufacturing can be 
realized. Significant opportunity remains 
for the ceramic industry to lend manu-
facturing and quality control expertise to 
develop solid-state battery technology.  

With Li-ion pack prices projected 
to fall below $100/kWh, competitive 
solid-state battery manufacturing must 
use scalable processes.15 Roll-to-roll pro-
cessing is ideal, given its low cost and 
the large existing capital investment. 
Additionally, roll-to-roll processing offers 
high-volume controlled application of 
discrete layers 5–150 µm in thickness.

Due to the high sensitivity of lithium 
battery materials to residual water, dry 
rooms with controlled dewpoints of 
–40°C or less are an important compo-
nent of manufacturing and represent a 
significant cost. In Li-ion manufactur-
ing, battery electrodes typically are cast, 
dried, and calendared in atmosphere 
before moving to a controlled environ-
ment for assembly and electrolyte filling. 
Many solid-state battery materials have 
similar or higher moisture sensitivity 
than Li-ion materials, which may extend 
the need for controlled atmosphere to 
the entire manufacturing process. 

Unlike Li-ion batteries, solid-state batter-
ies based on oxide solid electrolytes require 
a sintering step to produce ionically con-
ducting electrolyte layers. Careful attention 
must be taken during sintering to achieve 
dense materials while retaining good elec-
trochemical performance. Li

2
O volatiliza-

tion is significant at densification tempera-

tures (1,000°C–1,300°C), requiring lithium 
reservoirs or over-lithiated starting materi-
als. Another approach to prevent Li

2
O loss 

is rapid thermal processing or hot-pressing 
of materials to avoid lithium loss. 

One additional concern during manu-
facturing is electrolyte thickness. While 
the electrolyte is an important compo-
nent of the cell architecture, it does not 
contribute to storage capacity of the 
battery. As such, there is significant pres-
sure to reduce the separator thickness. 

Energy-dense cell designs require a sepa-
rator less than 50 µm in thickness, with  
less than 20 µm being ideal. An added 
benefit of reduced separator thickness is 
reduced raw material cost. Forming defect-
free dense ceramic films at this thickness is 
challenging but within the scope of current 
tape-casting and densification technology. 

Conclusions
Transportation is expected to demand 

the majority of Li-ion manufacturing capac-
ity in the next few years. While the costs 
of Li-ion batteries have fallen dramatically, 
there is still need for higher energy density 
storage with increased safety. Recent prog-
ress has shown some solid electrolytes have 
a combination of properties to reliably 
integrate the lithium metal anode into bat-
teries. With a lithium metal anode, solid-
state batteries offer much higher energy 
densities than Li-ion batteries and reduced 
pack-level cooling and monitoring. 

As solid-state battery technology builds 
momentum toward commercialization, 
many challenges remain. Chiefly, as solid-
state technology scales-up, manufactur-
ing techniques must be developed that 
leverage scalable processes, such as slurry 
casting and roll-to-roll processing. Material 
challenges also remain, including prevent-
ing lithium filament shorting of cells and 
mitigating issues arising from the cathode 
volume change during cycling.  
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