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Solid-state batteries are promising candidates for energy storage due to their potential
advantages in safety, working temperature range, and energy density compared to
traditional liquid-electrolyte-based batteries. Rational battery architecture design and a
scalable fabrication approach are critical to realize solid-state batteries. In this article, we
present the architecture, fabrication procedure, and related challenges of sulfide and oxide
electrolyte-based solid-state batteries. Approaches toward intimate solid−solid contact,
thin solid-electrolyte fabrication, and scale-up production are discussed. Finally, we discuss
the future research directions of solid-state batteries.

Introduction
Solid-state batteries are receiving intense interest, especially
because of the improved safety by replacing flammable liquid electrolytes with solid ones.1 Solid-state batteries offer
unique advantages over conventional liquid-electrolyte batteries including (1) the prevention of electrode cross-talk,2
(2) the formation of a less dynamic interphase that does not
continually reform during long-term cycling,3 (3) the possibility for extremely high power and ultrathick electrode because
of high concentration of metal ions per unit volume and the
absence of an electrolyte concentration gradient,4,5 and (4) the
possibility for bipolar design wherein the negative plate of one
cell is also the positive plate of the next cell.6
Despite these great promises, many challenges remain in
both fundamental understanding and manufacturing of solidstate batteries. Although the ionic conductivities of solid
electrolytes have approached those of liquid electrolytes,7,8 a
highly conductive solid electrolyte alone is still insufficient
for a high-performance solid-state battery. The interfacial
stability,9–11 lithium dendrite suppression,12–14 processing,
and fabrication6,15 are also critical for practical applications
of solid-state batteries. In particular, market adoption of
solid-state batteries requires large-scale fabrication at costs

comparable to those for conventional lithium-ion batteries
(LIBs), which has so far not been achieved. Here, we present our perspectives on the architectural design and fabrication approaches of solid-state batteries with the aim to
promote their practical application.

Current architectures and fabrication
approaches of solid-state batteries
Conventional LIBs use porous electrodes (both cathode and
anode) and a porous separator with the pores filled with a
liquid electrolyte.16 On the other hand, solid-state batteries are
usually made of dense layers of electrodes and electrolytes
(Figure 1a). The use of dense layers is not only beneficial
for high volumetric energy density, but also a prerequisite
for intimate interfacial contact and fast Li+ conduction. The
cathode of solid-state batteries is usually a composite layer of
an active material, an ionically conductive solid electrolyte,
and electronically conductive carbon. Conductive carbon
is excluded sometimes if the electronic conductivity of the
active material is sufficiently high.17–19 A high mechanical
strength for the dense cathodes is required to sustain any
volume change of the active materials since there is no
free space to accommodate such changes. A dense layer of
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challenges for achieving a high-performance
solid-state battery, including achieving intimate
interfacial contact between the electrolyte and
active material particles in the cathode composite, achieving intimate interfacial contact
between the cathode composite layer and electrolyte layer, and fabricating a thin electrolyte
layer. In addition, the bottleneck of scaling up
for industrial fabrication is also discussed.

Intimate contact between active
material and solid-electrolyte
particles in cathode composite
An ionically and electronically conductive
network in the cathode composite is crucial for
high-performance solid-state batteries. Unlike
conventional batteries where liquid electrolytes easily infiltrate into a porous cathode
layer to form an intimate liquid−solid contact,
solid-state batteries face challenges arising from
insufficient solid−solid contact, leading to large
interfacial resistance between the active material
and solid-electrolyte particles.
Various approaches have been reported to
increase the interparticle contact area in the
cathode composite. A straightforward approach
Figure 1. Schematics of the architecture and fabrication approaches for solid-state
is to use submicrometer particles by mechanibatteries. (a) Schematic representation of a typical bulk-type solid-state battery. (b) Coldcal milling of the active material, conductive
pressing process for sulfide solid electrolyte-based solid-state battery. (c) Sintering process
for oxide solid electrolyte-based solid-state battery.
carbon, and solid electrolyte using a planetary
ball-mill apparatus.25,26 Different from handground cathode composite (Figure 2a), better
contact was obtained with submicrometer particles, forming
the solid electrolyte is also required to separate the cathode
an effective ion- and electron-transport pathway (Figure 2b).27
from the anode, which is also considered a potential solution for Li dendrite suppression and enabling high-capacity
Further enhancement of the contact area can be achieved by
Li anodes.20,21 However, challenges remain in understanding
using solution-processible components. Some of the prevailing options are soluble sulfide solid electrolytes.28 A soluthe formation of Li dendrites along the grain boundaries and
12–14,22
voids in certain solid electrolytes.
tion of the sulfides is either mixed with an active material to
If conventional anode
form solid electrolyte-coated active material after removing
materials such as graphite and Li4Ti5O12 are used in solid-state
the solvent,29–31 or infiltrated into a porous cathode fabricated
batteries instead of Li metal, a composite electrode could also
be used as the anode.
for conventional liquid-electrolyte LIBs.32 Both approaches
The fabrication approach for solid-state batteries largely
allow active materials and solid electrolytes to form an intidepends on the mechanical properties of the solid electrolyte
mate contact, and thus a more efficient ion-transport pathway
being used. Sulfide electrolytes are compliant, and therefore
as well as enhanced performance compared to dry-mixed
both the composite electrode and the solid electrolyte layer
electrodes.
can be prepared by cold-pressing (Figure 1b),23 and a lithium
In addition to ionic conduction, an electronic pathway
should also be simultaneously improved. Therefore, a soludisc can be attached to the electrolyte with minimal prestion-processible conductive carbon precursor was proposed,
sure. However, oxide-based solid electrolytes generally have
where soluble poly(vinylpyrrolidone) was coprecipitated with
better mechanical strength,24 and high-temperature sintering
an active material and a solid electrolyte followed by thermal
(Figure 1c) is usually required to ensure good contact within
carbonization (Figure 2c).33 The mixed ionic and electronic
the solid electrolyte and at the interface between the solid
electrolyte and the electrode.
conducting cathode composite shows intimate triple-phase
Current approaches for preparing solid-state batteries
contact in the nanoscale (Figure 2d), resulting in a high util
cannot be easily scaled up to industrial production, and the perization of the active materials. For solid-oxide electrolytes
formance of most solid-state batteries is not as good as those of
with a low solubility in solvents, auxiliary liquid or solid wetliquid-electrolyte batteries. Figure 1a summarizes the main
ting agents may be introduced to facilitate interfacial contact.
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Figure 2. Schematics of approaches to improve contact between the active material and solid electrolyte particles in a cathode composite.
(a) Cathode composite with large particles and limited contact area. (b) Cathode composite with finer particles and larger contact
area. Reprinted with permission from Reference 27. © 2015 Elsevier. (c) Schematics of fabrication approach of mixed conducting
cathode composite using solution-processible components. Reprinted with permission from Reference 33. © 2016 American Chemical
Society. (d) Transmission electron microscope characterization of as-synthesized cathode composite. (e) Schematic of the cathode−
electrolyte interface before and after co-sintering with an auxiliary wetting agent. (f) Cross-sectional scanning electron microscope image
and elemental mapping images of cathode composite after sintering. Reprinted with permission from Reference 18. © 2018 Elsevier.
Note: LCBO, Li2.3–xC0.7+xB0.3–xO3; LLZO, Li7La3Zr2O12; PVP, poly(vinylpyrrolidone).

Liquid electrolytes are great examples of such wetting agents,
though the introduction of liquids compromises the unique
properties of solid-state batteries.34 Li3BO3 (LBO) is a solid
wetting agent that has a melting point of 700°C, enabling
improved interfacial contact between Li7La3Zr2O12 (LLZO)
particles at a relatively low sintering temperature (790°C).35
The introduced LBO can also minimize element mutual
diffusion between the active material and the solid electrolytes, which takes place at >500°C by physically separating

the two during sintering.36 To further improve the contact and
separation, the wetting agent Li2.3C0.7B0.3O3 reacts with Li2CO3
and forms a solid-solution interphase of Li2.3–xC0.7+xB0.3–xO3
(LCBO) after sintering at 700°C (Figure 2e). The active material and solid-electrolyte particles are tightly glued together by
the presence of LCBO (Figure 2f).18 Overall, an intimate interparticle contact is nontrivial to the formation of an ionically/
electronically conductive network in a cathode composite and
continues to call for more effective solutions.
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Intimate contact between the cathode layer and
solid-electrolyte layer
In addition to the contact within the cathode composite,
contact between the cathode layer and electrolyte layer can
also become problematic. Due to the excellent deformability
of sulfide solid electrolytes, intimate contact is achieved by
simple cold-pressing. However, a rigid oxide solid electrolyte can leave microscopic gaps between the cathode and the
solid-electrolyte layers and cause huge interfacial resistance
(Figure 3a). The interfacial contact can be improved by the
previously mentioned wetting agent-aided co-sintering,35 or
by advanced sintering techniques such as spark plasma sintering that could lower the sintering temperature (680°C) and
shorten processing time (10 min).37 However, element mutual
diffusion inevitably occurs at these temperatures (>500°C)
and induces resistive interphase formation.
Insertion of auxiliary interlayers has been proposed to
improve the interlayer contact without degrading interface
stability. A thin Nb layer was deposited on the surface of
a LLZO pellet by radio-frequency magnetron sputtering
and thermal annealing to form an Li+-conductive Li-Nb-O
layer (Figure 3b). The interfacial resistance between LiCoO2
and LLZO decreased from 2600 Ω cm2 to 150 Ω cm2 after the
introduction of the Li-Nb-O interlayer, which was attributed
to the elimination of voids/cavities and the suppression of

element diffusion at the interface.38 Alternatively, an additional soft polymer electrolyte layer inserted between the
cathode and solid-electrolyte layer (Figure 3c) can wet the
oxide solid-electrolyte surface, leading to a large interlayer
contact area.39
In addition to the interlayer approach, a monolithic porous
cathode-dense electrolyte bilayer architecture represents a
promising strategy to provide intimate contact and continuous ion transport if the active materials in the continuous
porous channels can maintain good contact with the electrolyte wall during charge/discharge cycles.40–43 The dense
electrolyte layer was fabricated by tape casting an LLZO
powder slurry while the porous electrolyte structure in
cathodes was fabricated by adding a “pore former” (e.g.,
poly[methyl methacrylate]) in the slurry using the same
method.
Finally, the monolithic bilayer structure was formed by
laminating and co-sintering (Figure 3d).43 The continuous
connected pore channels in the porous layer allow subsequent
infiltration of carbon nanotube ink and melted sulfur as the
active materials. The direct connection between the cathode
and solid electrolyte layers was demonstrated through elemental mapping (Figure 3e [La, red; S, green]). The previously
discussed approaches can also be extended to improve the
interfacial contact between anode and solid electrolyte.44,45

Thin solid electrolyte fabrication

Figure 3. Schematics of approaches to improve the cathode-solid electrolyte interfacial
contact. (a) Schematic representation of interlayer contact improvement by a surface
modified layer. (b) Schematic representation of a Nb-modified interface, suppressing
elemental diffusion and facilitating the contact area. Reprinted with permission from
Reference 38. © 2014 Elsevier. (c) Schematic representation of solid-state battery design
with a conductive polymer at the cathode−electrolyte interface. Reprinted with permission
from Reference 39. © 2016 American Chemical Society. (d) Schematic representation
of preformed monolithic bilayer structure after sintering. (e) Elemental mapping image
(La in red; S in green) shows sulfur distribution and interconnectivity of bilayer framework.
Reprinted with permission from Reference 43. © 2017 Royal Society of Chemistry.

778

To achieve higher specific gravimetric energy
(Wh kg−1) and volumetric energy density
(Wh L−1) at the cell level than those of liquidelectrolyte LIBs, the solid electrolyte layer
must be thinner than a critical value, or “breakeven thickness.”46,47 For example, for a cathode
with 19.5 mg cm−2 loading, the specific gravimetric energy break-even thickness for oxide
(LLZO) and sulfide solid electrolyte layers
(Li10GeP2S12 [LGPS]) is 45 µm and 122 µm,
respectively.46 The sulfide-based solid electrolyte with a smaller mass density (LGPS,
ρ ∼ 2 g cm−3; LLZO, ρ ∼ 5 g cm−3) shows a
larger break-even thickness. Solid electrolytes
with less than 120-µm thickness are necessary,
which is still hard to reach using traditional
fabrication. Thus, novel thin-electrolyte fabrication methods are essential.
Advanced techniques are emerging for
fabricating thin oxide solid electrolytes with
extremely conformal thin-coating quality such
as pulsed laser deposition,48 sol-gel,49 aerosol
deposition,50 radio-frequency magnetron sputtering,51 and atomic layer deposition,52 though
some of these approaches can be high cost and
difficult to scale up. A scalable fabrication of a
thin LLZO film was demonstrated with castingsintering flame-made LLZO nanopowders.53
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While typical LLZO pellets prepared from micropowders
require sintering at >1000°C, the nanopowder-derived film
was sintered at 700−800°C and was considerably dense and
thin (<30 µm). Stacking such brittle thin films without damage is a challenge.
The break-even thickness for sulfide-solid electrolytes is
larger than that for oxide-solid electrolytes, and thus technically easier to achieve.46 Therefore, sulfide-solid electrolytes
could be more promising for high cell-level specific energy
and energy density.54–59 Thin sulfide-solid electrolytes can be
fabricated with the help of a compliant polymer scaffold.55
Figure 4a shows a self-standing and bendable thin sulfide
solid electrolyte layer (70 µm) fabricated by coating an Li3PS4
slurry on an Ni foil, followed by drying and cold-pressing onto
a polymer (poly[para-phenylene terephthalamide]) nonwoven
scaffold, which provides flexibility and toughness. The solidstate battery assembled using this thin solid electrolyte delivered a threefold increase in cell-level specific energy compared
with that of a conventional pelletized solid-state battery.55
Introducing polymeric binders also provides the mechanical
flexibility and adhesion between solid electrolyte particles
necessary for achieving a thin layer.56,58 A thin solid electrolyte
sheet (∼70 µm) was prepared by coating a slurry consisting of
glassy Li3PS4 solid electrolyte and styrene-butadiene-styrene
copolymer binder on a copper foil.56 Since polymer binders are
ionic insulating, a thermal decomposable poly(propylene carbonate) binder was designed for fabricating thin glassy Li3PS4
sheets (∼60 µm).57 The binder could be fully removed by
heat treatment at 225°C after stacking and compressing steps
(Figure 4b). The solid-state battery thus formed exhibited celllevel specific energy of 115 Wh kg−1, a 25% increase from that
of the binder-containing solid-state battery (92 Wh kg−1).59

Challenges for large-scale fabrication
Bringing solid-state batteries to the market requires scaling
up from lab-scale fabrication to industrial production. In
this section, we provide an overview of the main challenges
for the large-scale fabrication of solid-state batteries.

Material cost
Solid-state batteries face challenges in obtaining low-cost
solid electrolytes. The germanium in LGPS, one of the most
promising solid electrolytes with an ionic conductivity of
12 mS cm−1 at room temperature, which surpasses those of
liquid electrolytes, makes it expensive. Efforts are being made
to find a substitution such as silicon or tin.60 For oxide-solid
electrolytes such as LLZO, lanthanum in garnet oxides is a
concern because of its scarcity. Developing low-lanthanum
oxide solid electrolytes could be a new direction. Similar to
conventional LIBs, low-cost electrodes such as low-cobalt
cathodes61 and organic electrodes62,63 are desirable for solidstate batteries.

Mass loading, layer thickness/density/uniformity
One unique advantage of solid-state batteries is that they can
use thick electrodes because of the absence of an Li-ion concentration gradient and a high concentration of Li+ ions per
volume.4 A 600-μm-thick cathode layer, corresponding to a
geometric capacity of 15.7 mAh cm−2, has been used in solidstate batteries with a sulfide-solid electrolyte.5 Achieving
homogenous distributions of solid electrolyte, active material,
and carbon in such a thick electrode is challenging. It is found
that the rate performance of an ultrathick electrode (600 μm)
is mainly limited by the ohmic resistance from ion transport,
and therefore more careful optimization is needed to improve
the ionic conductivity of the solid electrolyte in the composite
and lowering the tortuosity for Li+ transport.5 In this regard,
a sintering step may be used for the cathode composite made
of a sulfide solid electrolyte to improve the ionic conductivity of the cathode composite. Considerable attention must be
focused on the particle size, morphology, and distribution of
solid electrolyte particles to reduce the tortuosity. Although
achieving close to theoretical density in the cathode composite is strongly desired, such a dense cathode composite may
suffer severe mechanical strain/stress due to volume change
of the electrode.64 Adding polymer binders in the cathode
composite can help tolerate the volumetric change of active
materials and prevent the formation of stressinduced cracks.65

Fabrication environment

Figure 4. Fabrication approaches of solid-state batteries with thin solid electrolytes.
(a) Schematic representation of fabrication of thin solid electrolyte with polymer scaffold.
Reprinted with permission from Reference 55. © 2015 American Chemical Society.
(b) Schematic representation of fabrication of binder-free styrene-butadiene-styrene.
Reprinted with permission from Reference 57. © 2018 Nature Publishing Group.

Sulfide electrolytes are sensitive to moisture
in the air, generating toxic H2S, and therefore
the electrolytes and electrode composites
have to be synthesized and processed in a
moisture-controlled environment. Oxide electrolytes are more stable in air. However, reactions among LLZO, CO2, and H2O also occur,
eventually forming Li2CO3 on the surface.66
The formation of Li2CO3 on the surface affects
the performance of LLZO (e.g., increased
interfacial resistance between electrolyte and
Li).67 Several approaches have been proposed
to remove the Li2CO3 layer on LLZO.68,69

• VOLUME
MRSCambridge
BULLETIN Core
OCTOBER
2018at•
Downloaded from https://www.cambridge.org/core. University of Houston, on 10 Oct 2018 at 14:26:36, subject to the
terms43of•use,
available
https://www.cambridge.org/core/terms. https://doi.org/10.1557/mrs.2018.211

www.mrs.org/bulletin

779

Architectural design and fabrication approaches for solid-state batteries

All of these approaches should be carried out in an inert atmos
phere to avoid the reformation of Li2CO3 during processing. In
addition, the environment for sintering of oxide-based electrolytes is important. Subtle variations in humidity, Li vapor pressure, and CO2 and O2 partial pressures have a strong influence
on the relative density and ionic conductivity of a solid electrolyte.15 Sintering under an O2 atmosphere helps to achieve a high
relative density and ionic conductivity for LLZO.70

Cell stacking
Although the utilization of solid electrolytes enables bipolar
design, stacking solid-state batteries for a high-voltage cell
pack has been difficult. Currently, the stacking of multiple
cells is achieved manually.71 The key challenge arises from
the high bending stiffness of electrode and electrolyte layers.
It should be ensured that the layers remain undamaged during
stacking. Pressure or heating may be needed to ensure intimate contact between layers. In addition, the volume change
of a stacked cell during charge and discharge is another issue
to be addressed. Polymer binders may be added in each layer
and buffer space may be required to accommodate the volume
change.72 Fixed or variable pressure can be applied on the cell
stack during cycling. Packaging will also require a special
design to address the volume change.

Summary and outlook
We have reviewed architectures of solid-state batteries and
highlighted fabrication approaches for achieving intimate
interparticle and interlayer contact. The contact evolution
upon cycling, however, is not well understood, and alternative
materials, cathode configurations, and fabrication approaches
may be needed to maintain excellent interfacial contact during
battery cycling. The thin solid electrolyte film is critical for
high cell-level specific energy and energy density. Thin solid
electrolyte films are prepared from soluble solid electrolytes
with the aid of polymer scaffolds or binders. However, not
all solid electrolytes are soluble, and ionic insulating polymer
scaffolds or binders can compromise ion conduction. Soluble
solid electrolytes with high ionic conductivity and polymer
binders removable at low temperatures are therefore highly
desirable. For integration of thin solid-electrolyte films into
solid-state batteries, a cathode-supported solid-state battery,
similar to a cathode-supported solid oxide fuel cell,73 may be
developed. Future research for solid-state battery fabrication
will be directed toward large-scale approaches; roll-to-roll
fabrication and three-dimensional printing are worth considering in this regard.
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