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Throughout the development of battery technologies in recent years, the solid-state
electrolyte (SSE) has demonstrated outstanding advantages in tackling the safety
shortcomings of traditional batteries while meeting high demands on electrochemical
performances. The traditional manufacturing strategies can achieve the fabrication of
batteries with simple forms (coin, cylindrical, and pouch), but encounter limitations
in preparing complex-shaped or micro/nanoscaled batteries especially for inorganic
solid electrolytes (ISEs). The advancement in novel manufacturing techniques like 3D
printing has enabled the assembly of different solid electrolytes (polymeric, inorganic,
and composites) in a more complex geometric configuration. However, there is a huge
gap between the capabilities of the current 3D printing techniques and the requirements
for battery production. In this review, we compare the traditional manufacturing to
several novel 3D printing techniques, highlighting the potential of 3D printing in the SSE
manufacturing. The latest SSE manufacturing progress in the group of direct-writing
(DW) based or lithography-based printing technologies are summarized separately
from the perspectives of feedstock selection, build envelope, printing resolution,
and application (nano-scaled, flexible, and large-scale battery grids). Throughout the
discussion, some challenges associated with manufacturing SSEs via 3D printing such
as air/moisture sensitivity of samples, printing resolution, scale-up capability, and long-
term sintering for ISEs have been put forward. This review aims to bridge the gap
between 3D printing techniques and battery requirements by analyzing the existing
limitation in SSE manufacturing and point out future needs.

Keywords: manufacture, 3D printing, direct-write, stereolithography, solid electrolyte, battery

Abbreviations: 2D, two-dimensional; AJP, aerosol jet printing; CLIP, continuous liquid interface production; CSE,
composite solid electrolytes; DIW, direct ink writing; DLP, digital light processing; DMD, digital micromirror device; DW,
direct writing; FDM, fused deposition modeling; GO, graphene oxide; IJP, inkjet printing; ISE, inorganic solid electrolyte;
LAGP, Li1.4Al0.4Ge1.6(PO4)3; LFP, LiFePO4; LIB, li-ion batteries; LLZ, Li7La3Zr2O12; LTO, Li4Ti5O12; PµSL, projection
micro stereolithography; PLA, polylactic acid; SL, stereolithography; SOFC, solid oxide fuel cell; SPE, solid polymer
electrolyte; SSE, solid-state electrolyte; TPP, two-photon polymerization; UV, ultraviolet; YSZ, yttria-stabilized zirconia.
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INTRODUCTION

The popularization of commercial batteries is one of the
highlights of modern civilization. In the past few decades, society
has witnessed the invention of self-powered medical implant
devices, wireless electronics, electric vehicles, and many other
applications that are powered by batteries with different shapes
and sizes. Traditional batteries using organic liquid electrolytes
have demonstrated the benefits of high ionic conductivity
and excellent wettability with electrodes (Zhang, 2007; He
et al., 2019), but suffer from potential safety issues such as
high flammability, poor thermal stability, and liquid leakage
(Strauss et al., 2020; Yin et al., 2020; Yuan and Liu, 2020). To
tackle the inherent safety shortcomings of traditional batteries
while meeting high demands on electrochemical performances,
batteries using the solid-state electrolyte (SSE) has demonstrated
a promising choice to be the better alternatives.

Generally, the SSE can be classified into solid polymer
electrolytes (SPEs), inorganic solid electrolytes (ISEs), and
composite solid electrolytes (CSEs). SPEs are constituted of a high
molecular-weight polymer matrix and a dissolved lithium salt,
ISEs are composed of all inorganic materials such as ceramics
and glass, and CSEs consisting of both solid polymer and
the inorganics (Zhang H. et al., 2017; Chen W. et al., 2018;
Chen Y. et al., 2020). As one key component for the practical
application of solid-state batteries, SSEs have demonstrated
numerous advantages over the organic liquid electrolyte: (i) the
characteristics of non-flammability, high-temperature stability,
and non-volatilization to eliminate the combustion or explosion
of organic liquid electrolytes (Fergus, 2010; Takada, 2013; Sun
et al., 2020), (ii) a wide electrochemical window to enable better
compatibility with a higher-potential cathode, which greatly
improves the energy density (Judez et al., 2017; Wang et al.,
2018), (iii) an improved mechanical rigidity (especially for
ISEs) to suppress dendrite growth from cycled metallic anodes
(Goodenough and Singh, 2015; Kim J.G. et al., 2015), and (iv) a
tunable elastic modulus (especially for SPEs and CSEs) allowing
for a higher degree of processability and flexibility (Yue et al.,
2016; Lau et al., 2018; Schnell et al., 2018; Zhou et al., 2018).
However, several challenges should be further investigated and
addressed: (i) the low ionic conductivity (<10−5 S cm−1 for
SPEs and <10−3 S cm−1 for ISEs) compared with the liquid
electrolyte (>10−3 S cm−1) that leads to a low power rate,
and (ii) the difficulty in manufacturing miniature/large ISEs
with high brittleness. Combined with novel materials design, the
development of advanced manufacturing strategies will provide
solutions to the above issues.

The growth in battery technologies has shown an exponential
trend since the 1800s, and we have witnessed the motivation
behind battery development to gradually transition from
enhancing electrochemical cell performances to meeting
configurational demands of complex applications. Figure 1
shows several notable milestones in the evolution of battery
manufacturing. As the earliest documented battery invention,
the voltaic pile consisted of the stacking of copper, zinc,
and saltwater-soaked cloth in a cylindrical fashion to store
electrochemical energy (Abetti, 1952; Warner, 2015). Nearly six

decades later, Gaston Plante (Kurzweil, 2010) submerged packs
of parallel lead/lead oxide plates in sulfuric acid and created the
first rechargeable battery. Both voltaic pile and lead-acid batteries
relied on the stacking of metal plates to increase the cell voltage
(Warner, 2015). As the evolution continues, nickel-cadmium
battery used a cylindrical cell filled with compacted metal-sheet
electrodes rolled into a coil with increased surface area to reduce
battery resistance. This cylindrical design was adopted by the
later commercial alkaline battery with electrode materials filled
in the inner and outer layers (Furukawa et al., 1984). In 1971,
the invention of lithium-iodine batteries made a significant
contribution to the medical device industry. This battery cell
used a metal pouch with rounded edges to prevent penetration
issues that sharp corners might cause when implanted in the
human body as part of the cardiac pacemakers (Greatbatch and
Holmes, 1991; Ruetschi et al., 1995).

Since the commercialization of Li-ion batteries (LIBs) by
Sony Co. in 1991 (Yoshio et al., 2009), many traditional and
novel form factors have been applied in LIBs to enable the
development of better products in terms of aesthetics and
functionality. Li-ion prismatic cells utilized the compacted and
rolled electrodes previously seen in nickel-cadmium batteries
and packed them in containers with shapes visually resembled
by a flat chocolate bar (Cousseau et al., 2006). Li-ion pouch
cells achieved a high 90–95% packing efficiency by welding the
conductive tabs with electrode foils and hermetically sealed all
materials within the pouch (Buchmann, 2001). The invention
of both Li-ion prismatic and pouch cells is part of the effort
to achieve thinner and lighter electronics. With the progress
in technological maturity and complexity in recent years, new
manufacturing strategies can be applied to batteries at different
scales that are suitable for various applications. For example,
nano-scaled batteries used as the power source in biomedical
applications (Johannessen et al., 2006; Ruzmetov et al., 2012),
flexible batteries for foldable/wearable electronics (Dudney, 2008;
Leijonmarck et al., 2013; Deng et al., 2017), and potentially large-
scale battery grids for renewable energy storage (Diouf and Pode,
2015). However, the traditional battery manufacturing strategies
such as dry-pressing, casting, spin coating, and roll to roll are
unsatisfactory in preparing complex-shaped or micro/nanoscale
batteries especially for ISEs (Manthiram et al., 2017; Schnell et al.,
2018; Dirican et al., 2019). Therefore, there is an urge to exploit a
novel manufacturing strategy to address the above issues.

The emergence of 3D printing technique offered a unique
manufacturing method that has the feasibility to build parts
with high complexity and fine features (Chen Z. et al., 2019;
Santoliquido et al., 2019). Although using the 3D printing
technique could be a promising alternative option in SSE
manufacturing, the original purpose for the development of
3D printing was not targeted to produce batteries. As a
result, there is a huge gap between the capabilities of the
current 3D printing techniques and the requirements for battery
production. This review aims to bridge the gap by analyzing
the existing limitation in SSE manufacturing and point out
future needs. Through a comprehensive overview of traditional
and novel SSE manufacturing strategies, we set to provide
guidance and enlightenment toward potential breakthroughs

Frontiers in Energy Research | www.frontiersin.org 2 September 2020 | Volume 8 | Article 571440

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/
https://www.frontiersin.org/journals/energy-research#articles


fenrg-08-571440 September 1, 2020 Time: 19:21 # 3

Chen et al. Manufacturing Strategies for Solid Electrolyte

FIGURE 1 | Evolution of battery manufacturing.

in manufacturing techniques for both laboratory research and
industrial production.

TRADITIONAL MANUFACTURING
STRATEGIES

Solid Polymer/Composite Electrolytes
Solid polymer electrolytes (SPEs) have been extensively studied
for foldable and stretchable batteries (Commarieu et al., 2018;
Liang et al., 2018; Chen Y. et al., 2020) due to several advantages
such as high flexibility, easy processability, and good wettability.
Three different routes could be used to manufacture SPEs:
powder-based processing, wet chemical processing, and high-
viscosity processing. For powder-based processing, a dry milling
process at a high speed is first used to prepare well-mixed fine
powders, and then SPEs can be produced by dry-pressing (Li
et al., 2018), hot/cold isostatic pressing (Appetecchi et al., 2001),
or deposition process (Hafner et al., 2019). The advantages of
powder-based processing are simple operation, low equipment
requirements, and possible densification-step avoidance (Nguyen
et al., 2019). However, this process is time-intensive, energy-
consuming, and difficult to scale up. For wet chemical processing,
raw particles are first dispersed with a solvent to obtain a
suspension with a target viscosity, and then SPEs are formed
by solution casting (Sun et al., 2019), electrophoretic deposition

(Blanga et al., 2015), or coating process (Park et al., 2006). The
advantages of wet chemical processing are good wettability and
high throughput (Liu et al., 2017). Disadvantages, however, are
the necessity of solvent removal. For high-viscosity processing,
a highly viscous solvent-free paste consisting of polymers is first
prepared at elevated temperatures, and then an extrusion process
is applied to generate SPEs with the desired form factor (Li W.
et al., 2017), which is assisted with ultraviolet (UV) irradiation
for interlinking polymer chains in some cases. The advantages of
this process are the solvent-free processing, and the formation
of low porosity and flexible membranes (Wang et al., 2005).
Limited throughput during extrusion process and high defect
rate in uneven deposited polymer films can be the disadvantages.
The main challenges of SPEs are the low ionic conductivity of
10−8
∼10−5 S cm−1 at ambient temperature (Liang et al., 2018),

and high interfacial resistance due to polymer insulating Li+
(Wan et al., 2019).

The CSEs consisting of polymer and inorganic portions are
developed to achieve satisfactory comprehensive properties and
exceptional synergistic effects compared to the single-component
electrolyte. Due to the presence of polymer, the manufacturing
strategies of the CSEs are similar to that of SPEs, which have
been reported in the previous reviews (Commarieu et al., 2018;
Liu et al., 2018; Tan et al., 2018; Li et al., 2020). One of the most
popular technologies to prepare CSEs is electrospinning, which
produces interlaced and highly porous nanofibers with a large
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surface-to-volume ratio and improved mechanical strength due
to the entanglement and reinforcing effects (Cavaliere et al., 2011;
Wootthikanokkhan et al., 2015; Carli et al., 2019). A common
issue to be noted in CSE manufacturing is the limited mass
loading of inorganic materials, which are easy to agglomerate
and thus deteriorating the ionic conductivity and mechanical
strength of batteries. Overall, SPEs and CSEs have a high degree
of processability due to the high flexibility of polymer materials.

Inorganic Solid Electrolytes
Inorganic solid electrolytes can be divided into groups of
crystalline, glass, and glass-ceramic electrolytes. The majority
of crystalline electrolytes are ceramics such as NASICON-type,
Perovskite-type, and Garnet-type, which are stable in ambient
air that can simplify cell fabrication and improve safety. The
ceramic electrolyte is typically prepared by the dry-pressing
method with subsequent high-temperature sintering (Li C. et al.,
2019). To perform dry-pressing to obtain a dense ceramic
electrolyte, the fine-milled powders need to premix with ∼5
wt% polyvinyl alcohol, which easily generates micro-/macropore
defects after binder remover treatment. Besides, the pressure on
the powder at different positions along the axial direction is
unequal, resulting in uneven density and composition of the dry-
pressed sample (Suvacı and Messing, 2001; Tanaka et al., 2006;
Schiavo et al., 2018). Alternatively, a colloidal process can be
selected to prepare ceramic electrolytes with high relative density
and good composition uniformity (Lewis, 2004; Franks et al.,
2017). In colloidal forming, the preparation of suspensions with
a high solid loading (>50 vol%) and low viscosity [<1 Pa·s at
the shear rate of 100 s−1 (Tallon and Franks, 2011; Chen A.N.
et al., 2020)] is the key factor for non-porous casting and dense
ceramic preparation. It should be noted that ceramic electrolytes
typically require care in selecting solvents as they may cause
unwanted component diffusion or reaction (Li B. et al., 2017;
Lim et al., 2018; Hitz et al., 2019). Another part of the crystalline
electrolyte is thio-LISICON (Li2S-P2S5 system), which could
achieve a high ion conductivity of 10−3

∼10−2 S cm−1 due to
the more polarizable electron cloud of sulfur (Zhang et al., 2019;
Shan et al., 2020). The manufacturing process of thio-LISICON
electrolyte is similar to ceramic electrolytes, while a controlled
inert atmosphere is typically required due to its air-sensitivity
(Manthiram et al., 2017). Besides, the crystalline electrolyte
can also be manufactured by the thin-film processing such as
pulsed laser deposition (Fujimoto et al., 2015), chemical vapor
deposition (Gelfond et al., 2009), sputter deposition (Lethien
et al., 2011), sol-gel deposition (Jung et al., 2001), etc.

The glassy electrolytes have attracted great attention due to
their several advantages over the crystalline materials: isotropic
ionic conduction, no grain boundary resistance, ease to be
fabricated into a film, ease of composition modifications,
etc. In general, there are four main processing methods to
form glassy electrolytes: melt-quenching, mechanical milling,
sol-gel synthesis, and wet chemical reaction. The melt-
quenching method involves the initial preheating/melting of
pristine materials to generally above 900◦C and the subsequent
pressing/annealing (Pradel et al., 1985). It is the most commonly
used method to produce glassy and glass-ceramic electrolytes.

Due to the strong propensity toward the crystallization of some
glass compositions, a twin-roller quenching apparatus is used to
achieve a high cooling rate by reducing the volume of the melted
glass (Pradel et al., 1985; Minami et al., 2006). As a drawback,
the melt-quenching method does involve high temperatures and
a rather complicated setup that could be potentially hazardous.
Benefited from the simplicity of manufacturing procedures and
the ability to enhance size reduction/uniformity at the ambient
temperature and pressure, the mechanical milling method can
be easily applied to produce large amounts of well-mixed
fine powders at low cost. However, the amorphization process
during milling does have a strong time dependence and it
could take up to 20 h to observe the amorphous halo on
X-ray diffraction patterns (Morimoto et al., 1999; Hayashi
et al., 2002). The sol-gel synthesis method to manufacture
glassy electrolytes involves the process of controlled hydrolysis,
polycondensation, gelation, and dehydration (Hench and West,
1990). Depending on the glass composition, various metal
alkoxides or inorganics are used as precursors to mix with
appropriate solvent for the hydrolyzation step. The following
condensation reaction then forms the bonding and linkage for
the backbone of the glass network (Hench and West, 1990).
Due to a liquid-state reaction and mixing, the sol-gel synthesis
can achieve high homogeneity at relatively low temperatures
(Hench and West, 1990; Venkatasubramanian et al., 1991; Dunn
et al., 1994). Similar to procedures of sol-gel synthesis, the wet
chemical reaction method can obtain the desired composition
via molecule/bonding rearrangement during the liquid-state
reaction. Organic compounds are generally used as the solvent
to dissolve starting chemicals (Teragawa et al., 2014; Phuc et al.,
2016; Choi et al., 2017).

Glass-ceramic electrolytes comprise a class of materials with a
mixture of both amorphous and microcrystalline microstructure
that is commonly obtained through controlled nucleation and
crystallization treatment of the corresponding glass material at
a temperature above the glass transition temperature (Varshneya
and Mauro, 2019). Similar to the common manufacturing
techniques of glassy electrolytes, many previous literatures
have reported the glass-ceramic electrolytes obtained by melt-
quenching or mechanical milling following by an annealing
step (Hayashi et al., 2003; Trevey et al., 2009; Tatsumisago and
Hayashi, 2012). However, the annealing temperature and time
could affect the structural arrangements of the crystalline phases
and impact the ionic conductivity (Xie et al., 2009). The use
of sol-gel synthesis and the wet chemical reaction methods in
producing glass-ceramics ISEs have also been reported in several
recent works (Kotobuki et al., 2013; Teragawa et al., 2014; Li et al.,
2015; Ma et al., 2016; Phuc et al., 2016).

Although ISEs offer numerous benefits in solid-state battery
technology, their brittle nature brings numerous processing and
integration challenges. After ISEs fabrication, post-treatments
such as grinding or cutting are typically required to attain
the desired forms to combine with electrode layers. However,
many ISE materials inevitably face the dilemma of undergoing
chemical cross-contamination or structural damage during
post-treatments. For example, ceramic electrolytes could
fracture during cutting, and glass/glass-ceramics electrolytes
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could have side reactions associated with water or elevated
temperature during grinding/polishing. Therefore, the post-
treatments could significantly increase manufacturing costs and
extends the production cycle. A summary of the traditional
SSE manufacturing techniques is provided via the schematics
in Figure 2, where those common techniques presented similar
limitations in achieving the complex form factors required by
future battery applications. Under this circumstance, the research
on 3D printing SSEs has drawn increasing attention due to its
capability of achieving one-step manufacturing of SSEs with
desired form factors. Bypassing many additional steps required
by the traditional methods, the fully integrated manufacturing of
an entire solid-state battery could also be achieved through 3D
printing in the future. In the following, this review will discuss
the existing 3D printing strategies for SSEs, and then emphasize
the prospects and feasibility to enhance the performance of
3D-printed SSEs.

3D PRINTING TECHNOLOGIES

Additive Manufacturing, i.e., 3D printing, refers to an advanced
fabrication technique that built three-dimensional objects in a
layer-by-layer way based on computer-aid-design (CAD) files
(Chen A.N. et al., 2017; Mao et al., 2017). Compared with the
traditional method, the 3D printing technique has demonstrated
unique advantages in the rapid prototyping of highly complex
and precise structures. This advantage can significantly simplify
the fabrication procedure and reduce material waste to save the
production cost (Chen A.N. et al., 2018; Li M. et al., 2019).
Besides, 3D printing is capable of alleviating inherent restrictions
of form factor in batteries and transform battery manufacturing
from simple two-dimensional to complex three-dimensional
(Pang et al., 2019; Cheng et al., 2020; Yang et al., 2020). Given
the above advantages, a couple of 3D printing techniques have
been applied for SSE manufacturing. These SSE 3D printing
techniques can be divided into the following two categories: the
direct-write (DW)-based printing [such as direct ink writing
(DIW), inkjet printing (IJP), aerosol jet printing (AJP), and fused
deposition modeling (FDM)], and the lithography-based printing
[such as stereolithography (SL), and digital light processing
(DLP)]. The following will discuss the latest research progress
of SSE 3D printing strategies, from the aspects of feedstock
selection, build envelope, and printing resolution.

DW-Based 3D Printing of Solid-State
Electrolytes
Direct Ink Writing
Direct ink writing (DIW) is the most widely used 3D printing
technique for SSE manufacturing due to its low cost, easy
operation, and broad feedstock selection (metals, polymers,
and ceramics) (Ambrosi and Pumera, 2016; Du et al., 2017).
A schematic of the DIW process is shown in Figure 3A. During
the printing process, the gel-based viscoelastic inks are directly
extruded from a nozzle head in the form of a continuous filament.
By moving up the nozzle, the designed 3D objects can be created
through a consecutive layer-by-layer deposition. After printing,

the ink materials are rapidly solidified under the effects of solvent
evaporation, gelation, temperature- or solvent-induced phase
changes (Naficy et al., 2014). Typically, the printing resolution of
DIW printed objects is determined by the nozzle diameter that
is tens to hundreds of micrometers. To print SSEs with a high
resolution (10–100 µm), the high performing ink formulation is
a crucial factor. The printing ink must be modulated to acquire
a good shear-thinning behavior allowing the smooth flow of inks
through the nozzle, and a sufficiently high yield stress and storage
modulus are required to enable the shape retention of extruded
filaments (Chang et al., 2019).

In 2010, the first DIW printed ionic liquid gel SSE was
reported by Ho et al. (2010). As shown in Figure 3A, the SSE
was sandwiched between electrodes in Zn-MnO2 micro-battery.
The printed cell exhibited a storage capacity of 0.98 mAh cm−2

and an energy density of 1.2 mWh cm−2 over more than 70
cycles. Fu et al. (2016) printed polymer composite electrolyte inks
with controllable viscosity for Li4Ti5O12-graphene oxide (GO)
interdigitated battery (Figure 3B). Noting that the GO flakes were
controlled to align along the extruding direction in the deposited
electrodes, which could improve the electrical conductivity, and
provide sufficient surface area to host the electrolyte. CSEs
were made for flexible LIBs by DIW (Figures 3C,D; Blake
et al., 2017; Cheng et al., 2018). Compared with the commercial
polyolefin separator, the printed CSEs demonstrated comparable
high rate electrochemical performance, better thermal stability,
electrolyte wettability, and cyclability (Blake et al., 2017).
Mcowen et al. (2018) prepared Li7La3Zr2O12 (LLZ) ceramic
electrolyte with different micrometer-scale features for Li metal
battery (Figure 3E). These electrolyte structures had proven to
bring batteries with good mechanical properties, lower full cell
resistance, and improved energy and power density. Similar DIW
work has also been reported in other literatures (Braam et al.,
2012; Wei et al., 2018; Ma and Devin Mackenzie, 2019). The
main advantages of DIW lie in its broad feedstock selection
and wide range of build envelope (100 µm–10 cm). The use of
concentrated viscoelastic pastes allows for building 3D structures
without the need for supports (such as powder bed, liquid vat,
or printed manual supports) (Chen Z. et al., 2019), which can
simplify the printing process, omit the surface treatment process,
and maximize feedstock utilization. DIW is well investigated to
the manufacturing of tailor porous structures possessing periodic
characteristics, with little or no resolution required. However,
the preparation of gel-based viscoelastic pastes for DIW is
challenging. Besides, the DIW printed features are limited to
the woodpile structures owing to the extruded filament shapes,
showing difficulties in fabricating dense structures.

Ink-Jet Printing
Ink-jet printing (IJP) is a non-contact droplet-based material
deposition technique that can directly eject ink microdroplets
through nozzles on different types of substrates to create two-
dimensional (2D) patterns (Dobrozhan et al., 2020). A schematic
of the IJP process is shown in Figure 4A. As a promising
method, the IJP has been explored to print multiple materials
including metal, polymers, so-gel, and protein materials, etc.
(Fritzler and Prinz, 2017). Typically, the ink for the IJP must be
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FIGURE 2 | Schematics of traditional manufacturing strategies with (A) Optical image of a polyethylene oxide (PEO) based solid polymer electrolyte. Reproduced
from Chen C. et al. (2019) under the Creative Commons Attribution license. (B) Schematic of a solid composite electrolyte combining Li6.75La3Zr1.75Ta0.25O12

(LLZTO) and polyvinylidene fluoride (PVDF). Reproduced from Zhang X. et al. (2017) with permission from John Wiley & Sons-Books. (C) Optical image of a
Li0.34La0.56TiO3 (LLTO) ceramic electrolyte film. Reproduced from Jiang et al. (2020) with permission from John Wiley & Sons-Books.

in a diluted liquid form with a sufficiently low dynamic viscosity
and surface tension. A quantitative characterization based on
the ink’s physical properties was proposed by Derby (2010) to
evaluate whether the ink can be described as the “printability”
for IJP: Z = 1/Oh = (γρα)1/2/η, where Z is the reciprocal of
a dimensionless number, Oh is the Ohnesorge number, α is a
characteristic length representing the nozzle radius, and ρ, η, and
γ are the density, dynamic viscosity, and surface tension for the
ink, respectively. In the case of 1 < Z < 10, the ink is expected to
produce stable droplets to enable the IJP process.

The application of IJP to printing SSEs was first described in
the literature by Delannoy et al. (2015). The authors deposited
silica-based ionogel inks directly onto porous composite
electrodes to form SSE for LIBs (Figures 4A–D). The ionogel
SSE showed high ionic conductivity, good thermal resistance,
and excellent compatibility with porous electrodes that enabled
the fabrication of micro-LIBs with high surface capacity and
good electrochemical cycling performance. The full cell using
IJP-printed ionogel SSE with LiFePO4 and Li4Ti5O12 porous
composite electrodes exhibited a surface capacity of 300 mAh
cm−2 for more than 100 cycles, which was more competitive
than that of microdevices obtained by the expensive physical
vapor deposition process. In the IJP technique, the diameter

of the nozzle is typically less than 5 µm, which is smaller
compared with that of DIW (tens to hundreds of micrometers).
In this case, the IJP enables the fabrication of designed structures
with a higher resolution (5–20 µm), which have promoted the
application of IJP in the fields of microelectronics and energy
devices. However, the IJP-printed objects are mostly limited
to 2D space with a building envelope of 50 µm–10 mm, and
not adaptable for depositing thick patterns owing to the very
small volume of the feedstock inks. Besides, the IJP has limited
flexibility in the fabrication of complex structures (like hollow
and overhanging) due to the difficulties in support preparation
using the extruded diluted liquid ink. These restrictions have
limited its further application.

Aerosol Jet Printing
Aerosol jet printing (AJP) is a relatively new contactless
deposition approach focusing primarily on the fabrication of
printed electronics. The raw materials (such as metals, polymers,
and ceramics) to be AJP deposited must be in a liquid form and is
pneumatic or ultrasonic aerosolized into droplets with a diameter
of 1–5 µm. These droplets are then delivered to the substrate
by a gas stream to form the desired patterns (Mahajan et al.,
2013). A schematic of the AJP process is shown in Figure 5A.
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FIGURE 3 | Direct ink writing (DIW). (A) Schematic and SEM microscopy of gel electrolyte for Zn-MnO2 micro-battery. Reproduced from Ho et al. (2010) with
permission from IOP Publishing, Ltd. (B) Schematic and optical images of polymer electrolyte for Li4Ti5O12-graphene oxide battery. Reproduced from Fu et al.
(2016) with permission from John Wiley & Sons-Books. (C) Schematic and SEM micrograph of composite solid electrolyte (CSE) for flexible LIBs
(LiFePO4/CSE/Li4Ti5O12). Reproduced from Blake et al. (2017) with permission from John Wiley & Sons-Books. (D) SEM microscopy and optical image of CSE for
LIBs with MnO2 electrode. Reproduced from Cheng et al. (2018) with permission from John Wiley & Sons-Books. (E) Scheme and SEM micrographs of
Li7La3Zr2O12 (LLZ) ceramic electrolyte for Li metal battery (Li/LLZ/Li). Reproduced from Mcowen et al. (2018) with permission from John Wiley & Sons-Books.

The printing resolution of AJP depends not only on the nozzle
size but also on the density of the droplets and its interaction
with the substrate (Hoey et al., 2012). The AJP is considered as
a potential competitor to IJP in the millimeter manufacturing
since it allows the non-contact deposition on flexible and 3D non-
planar substrates, which is not possible for IJP or DIW technique.

The application of AJP to printing SSEs was first described in
the literature by Deiner et al. (2019). This work presented the ink
formulation composed of PEO, lithium difluoro(oxalate)borate,

and Al2O3 nanoparticles suitable for AJP deposition
(Figures 5B–D). The results showed that the geometry and
transport properties of the printed SPEs were mainly sensitive
to the chemical identity of the lithium-salt anion and the EO: Li
ratio. The LIBs with the AJP deposited SPEs could be discharged
at C/15 with capacity >85 mAh g−1 at 45◦C and 162 mAh
g−1 at 75◦C. Compared with the IJP, the AJP has the following
advantages: (i) the extruded inks allow much higher viscosities,
larger particle sizes and solid loadings due to the atomization
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FIGURE 4 | Ink-jet printing (IJP). (A) Scheme of the IJP process; (B) Cross-section SEM and elemental mapping of porous composite LiFePO4 electrode with
printed ionogel electrolytes; (C) Temperature-dependent ionic conductivity of the printed ionogels; (D) Galvanostatic cycling of half-cell using the printed ionogels
and LiFePO4 and Li4Ti5O12 porous composite electrodes. Reproduced from Delannoy et al. (2015) with permission from Elsevier Science and Technology Journals.

process that reproduces fine droplets, (ii) it is based on the
continuous generation of the mist of droplet with a diameter of
1–5 µm, which indicates a higher printing resolution (∼5 µm)
and deposition speed than in the drop-on-demand IJP process,
and (iii) the continuous mist consists of high-density droplets
that are tightly focused showing a fine nozzle anti-clogging
ability. However, the scalability of the deposition system,
especially toward large-area (with build envelope > 3 mm)
processing is still challenging for AJP due to its nozzle size and
its accessories. Besides, the cost of the additional accessories and
focused gas stream in the AJP system is typically high.

Fused Deposition Modeling
Fused deposition modeling (FDM) is a well-known 3D printing
technique for creating complex objects in both industry and
academia due to its simplicity and affordable machine availability
(Bellini and Güçeri, 2003). The forming mechanism of the
FDM is similar to that of the DIW which is based on the
material-extruded principle, while their feedstock and feeding
process is different. A schematic of the FDM process is shown

in Figure 6A. The FDM printable materials must be solid and
thermoplastic in a thin filament shape that can be delivered
to an extrusion head by drive wheels. Once extruded from the
nozzle, the thermoplastic materials that are heated to their glass
transition state would crystallize and solidify to deposit onto the
substrate. Common thermoplastic materials used in the FDM
technique are Acrylonitrile-butadiene-styrene and polylactic acid
(PLA) filaments, in which the PLA has gained increasing
popularity due to its environmentally friendly nature. Despite
these advantages, the FDM technique has rarely been applied
to manufacturing SSEs due to the low ionic conductivity of the
thermoplastics. Therefore, the development of filament shaped
thermoplastic materials with high ionic conductivity is the key
to produce SSEs by FDM.

In 2018, Reyes et al. (2018) first synthesized FDM-
printable PLA-based electrolyte filaments with the highest ionic
conductivity of 0.031 mS·cm−1 by infusing a mixture of
ethyl methyl carbonate, propylene carbonate, and LiClO4. They
also developed the PLA-electrode materials to achieve the 3D
printing of full LIBs in arbitrary shapes, such as coin cell
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FIGURE 5 | Aerosol jet printing (AJP). (A) Scheme of AJP process. Reproduced from Hoey et al. (2012) under the Creative Commons Attribution license. AJP for
polyethylene oxide (PEO)-based electrolytes in LIBs with LiFePO4 as cathode: (B) Cross-sectional SEM micrograph of the PEO-based electrolytes;
(C) Temperature-dependent conductivity of the PEO-based electrolytes; (D) Discharge curves for batteries created from printed PEO-based electrolyte at 45◦C with
inset for measurement at 75◦C. Reproduced from Deiner et al. (2019) with permission from John Wiley & Sons-Books.

and integrated batteries used in wearable electronic devices as
shown in Figures 6B–E. However, the printed full cell has a
lower Coulombic efficiency (∼88.5% within the first 50 cycles)
compared with that of a conventional LIBs (∼95–99%) (Smith
et al., 2010). The FDM offers numerous advantages such as
low printing cost, large-size capabilities (the maximum build
envelope of ∼10 cm), and notably the multi-feedstock structure
printability. However, there are still several restrictions on
SSE manufacturing by FDM: (i) the printable materials are
limited to thermoplastics and must be shaped into filaments,
(ii) the thermoplastic filaments must be heated to their glass
transition state at a high temperature of 150–180◦C, and (iii)
the FDM printing resolution along with the Z-axis is ranging
from 50 to 200 µm, leading to the poor surface quality and
structure controllability.

Lithography-Based 3D Printing of
Solid-State Electrolytes
Stereolithography
Stereolithography (SL) is considered as the most prominent and
popular 3D printing technique and has been applied for the
fabrication of polymer, ceramic, and glass parts (Eckel et al., 2016;
Ngo et al., 2018; Santoliquido et al., 2019). A schematic of the

SL process is shown in Figure 7A. SL enables the manufacturing
of complex 3D micro-lattices by selectively polymerizing and
solidifying the photocurable resin using a light source of a certain
wavelength (usually in the UV range) (Chartrain et al., 2018).
The polymerization process generally proceeds on the liquid
surface. Once one layer of polymerization is completed, the vat
or platform supporting the building part is lifted or lowered the
thickness of a layer. Sometimes, a blade is required to level off
the liquid surface before polymerizing the next layer. The SL
photocurable resin consists of mainly photo-active monomers
and other additives in very small amounts, particularly the
photoinitiator (Manapat et al., 2017). Compared with the DW-
based 3D printing technique (e.g., DIW, IJP, AJP, and FDM),
SL is capable of fabricating arbitrary 3D geometries including
various hollow carved features of fine resolutions down to the
micrometer scale, and it can eliminate the restrictions from
toolpath and serial extrusion (Yang et al., 2016). Therefore, the SL
has a high potential for the fabrication of various types of SSEs,
including SPEs, CSEs, and ISEs.

In 2015, Kim S.H. et al. (2015) prepared SPE layer and
SPE matrix-embedded electrodes on arbitrary objects and then
assemble into multilayer-structured flexible LIBs in various form
factors (Figure 7B). The printed batteries presented a good long-
term charge storage capability and a medium level of volumetric
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FIGURE 6 | Fused deposition modeling (FDM). (A) Scheme of FDM process. Reproduced from Klippstein et al. (2018) with permission from John Wiley &
Sons-Books. FDM for polylactic acid (PLA)-based electrolytes in LIBs (lithium titanate/PLA matrix/lithium manganese oxide): (B) Individual components of the 3D
printed coin cell; (C) The capacity and coulombic efficiency at a current density of 20 mAg−1 for 100 cycles; (D) Optical image of the printed battery powering an
LED; (E) SEM cross-section of the single print battery. Reproduced from Reyes et al. (2018) with permission from American Chemical Society.

energy density. Chen Q. et al. (2017) developed a UV-curable Poly
(ethylene glycol)-based resin for SL printing a 3D gel polymer
electrolyte for micro LIBs in a low-cost and high-throughput way.
As shown in Figure 7C, the printed zigzag-shaped GPE could
increase the contact area with electrodes, and an improved ionic
conductivity of 4.8 × 10−3 S cm−1 can be obtained at ambient
temperature, which is comparable to that of liquid electrolyte.
Zekoll et al. (2018) reported an SL-printed CSEs comprising 3D
bicontinuous Li1.4Al0.4Ge1.6(PO4)3 (LAGP) ceramic electrolyte
and an insulating polymer (epoxy polymer, polypropylene) for
Li metal battery (Figure 7D). This method could precisely
control the ceramic to polymer ratio, and the geometry and
size of a diverse range of precise microarchitectures, such as
cubic, gyroidal, diamond, and bijel-derived structures. The gyroid
LAGP-epoxy electrolyte had an ionic conductivity of 1.6 × 10−4

S cm−1, which was on the same order of magnitude as a LAGP
pellet, while the printed electrolyte demonstrated up to 28%
higher compressive strength and up to five times the flexural
strength. A recent work reported by Pesce et al. (2020) developed
self-supported all-ceramic electrolytes of 8 mol% yttria-stabilized
zirconia (YSZ) for the solid oxide fuel cell (SOFC) printed
by SL (Figure 7E). The printed dense and crack-free 8YSZ
electrolytes reached an ionic conductivity as high as 3.0 × 10−2

S cm−1 at 800◦C in the planar and corrugated geometries. The
SL printed corrugated YSZ electrolytes presented an increase
of 57% in power density (410 mW cm−2 at 900◦C) compared
with conventional SOFC technology, which was mainly due to

high-aspect-ratio geometrical aspects. The SL has demonstrated
numerous advantages, such as high printing resolution (10–
100 µm) and surface quality. Besides, SL has great potential in
the preparation of SSEs for multi-scale batteries, particularly the
micron-scale battery. However, the availability of SL printable
photosensitive resins or precursor polymers is limited and costly
(around $100/kg for photosensitive resins and more expensive
for precursors), and manual supports are required for printing
hollow or overhanging structures.

Digital Light Processing
Digital light processing (DLP) is a mask-based SL technique
using a digital micromirror device (DMD) to project a mask
of light that serves to solidify a whole layer in a few seconds
(Chartrain et al., 2018). The forming mechanism and feedstock
of the DLP are similar to the SL. A schematic of the DLP process
is shown in Figure 8A. In the DLP system, the DMD is an array
of up to several millions of microscopically small mirrors on a
semiconductor chip, and each mirror represents one or more
pixels in the projected image (Han et al., 2019). In this case, the
printing resolution of the DLP is related to the number of mirrors
in DMD. The layer-like solidification in the DLP offers numerous
advantages over the SL point-by-point scanning process: (i) the
build times are much reduced as they mainly depend on the layer
thickness and exposure time, and (ii) the residual stress of DLP
samples is small since no difference exists between the outline
and inner area during layer solidification. These advantages have
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FIGURE 7 | Stereolithography (SL). (A) Scheme of SL process. Reproduced from Gross et al. (2014) with permission from American Chemical Society. SL for
solid-state electrolytes (SSEs): (B) UV curing-assisted stencil printing process of solid polymer electrolytes (SPEs, = ethoxylated trimethylolpropane triacrylate
monomer/high boiling point electrolyte/Al2O3 nanoparticles) thin layer for LIBs [LiFePO4 (LFP)/SPE/Li4Ti5O12 (LTO)]. Reproduced from Kim S.H. et al. (2015) with
permission from American Chemical Society. (C) Optical image and 3D structure of Poly (ethylene glycol)-based SPE for micro LIBs (LFP/SPE/LTO). Reproduced
from Chen Q. et al. (2017) with permission from IOP Publishing, Ltd. (D) Schematic and SEM images of the 3D printed templates with the cube, gyroid, diamond
and bijel-derived microarchitectures of Li1.4Al0.4Ge1.6(PO4)3 (LAGP)-epoxy electrolytes for Li metal battery with symmetric lithium electrodes. Reproduced from
Zekoll et al. (2018) with permission from Royal Society of Chemistry. (E) Optical image, SEM images, and voltage-/power- current density curves of lanthanum
strontium manganite (LSM-YSZ)/YSZ/Ni–YSZ solid oxide cells. Reproduced from Pesce et al. (2020) under a Creative Commons Attribution 3.0 Unported
License-Published by The Royal Society of Chemistry.

attracted considerable attention for fabricating dense ceramics in
a variety of fields, including ceramic electrolytes for SOFCs.

The most recent work on ceramic electrolyte manufacturing
by DLP was carried out by Xing et al. (2020). To enhance the
performance of SOFCs, the fully dense 8mol% YSZ electrolyte

was designed with ripple shapes and prepared by DLP with
different printing angles (0◦, 15◦, 30◦, 45◦) (Figures 8B,C).
This printed special electrolyte could increase the electrode-
electrolyte interface by ∼36%, and thus enhancing the power
density by ∼32% at a test temperature of 800◦C and by ∼37% at
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FIGURE 8 | Digital light processing (DLP). (A) Scheme of DLP process. Reproduced from Luongo et al. (2020) with permission from John Wiley & Sons-Books. DLP
for fully dense 8 mol% yttria-stabilized zirconia (8YSZ) electrolyte in Solid Oxide Fuel Cell (NiO-8YSZ/8YSZ/La0.8Sr0.2MnO3): (B) SEM images of printed YSZ with
different angles; (C) SEM images of ripple-shaped YSZ; (D) Voltage- and power- current density curves of the full ripple-shaped cells. Reproduced from Xing et al.
(2020) with permission from Elsevier Science & Technology Journals.

700◦C compared with that of the reference flat cell (Figure 8D).
This work has demonstrated the potential for manufacturing
specific patterned SSE by DLP, for the fabrication of SOFCs
with improved and predictable performance. The DLP has a
comparable printing resolution (10–100 µm) and surface quality
to SL, but much-reduced build time and less residual stress that
can manufacture high-reliable SSEs in a high-efficiency way.
However, the costly photosensitive resins/precursors and manual
supports are still challenges faced by DLP.

In recent years, multiple lithography-based 3D printing
techniques have been developed, such as two-photon
polymerization (TPP) (Truby and Lewis, 2016), continuous
liquid interface production (CLIP) (Tumbleston et al., 2015) and
projection micro stereolithography (PµSL) (Park et al., 2012),
all have the potential to achieve a comparable or higher printing
resolution than 10–100 µm (Figure 9). CLIP has a printing
resolution of 50∼100 µm, while the parts can be directly drawn
out of the resin in minutes using an oxygen-permeable window
(Tumbleston et al., 2015). PµSL can achieve a printing resolution
of 2∼8.5 µm using a 3-D grayscale DMD as a dynamic mask and
a demagnifying lens system as the spatial light modulator (Sun
et al., 2005). In particular, TPP enables the creation of feature size

less than 1 µm by the simultaneous absorption of two photons
of a near-infrared (780 nm) or green (515 nm) laser (Obata
et al., 2013). This lithography-based 3D printing technique has a
high potential for the fabrication of SSEs with fine features from
hundreds of nanometers to microns.

CONCLUSION AND PERSPECTIVES

In this review, we have first discussed the general processes
and limitations of the traditional methods to manufacture
SSEs. Then, through a comprehensive overview of two large
groups of 3D printing techniques that are either based on DW
or SL, we pointed out the advantages of novel 3D printing
techniques over the traditional SSE manufacturing methods
from the aspects of building mechanisms, feedstock selection,
build envelope, printing resolution, and application (nano-
scaled, flexible, and large-scale battery grids). We emphasized
the prospects and feasibility of manufacturing SSEs using
lithography-based 3D printing to overcome the technical barriers
and improve the compatibility of solid-solid interfaces. Finally,
we discussed several existing challenges associated with the
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FIGURE 9 | Printing resolution comparison of lithography-based 3D printing technique [stereolithography (SL), digital light processing (DLP), continuous liquid
interface production (CLIP), projection micro stereolithography (PµSL), and two-photon polymerization (TPP)]. SL reproduced from Jansen et al. (2009) with
permission from American Chemical Society. DLP reproduced from Lee et al. (2007) with permission from American Chemical Society. CLIP reproduced from
Tumbleston et al. (2015) with permission from American Association for the Advancement of Science. PµSL reproduced from Lee et al. (2008) with permission from
John Wiley & Sons-Books. TPP reproduced from Obata et al. (2013) under the Creative Commons license.

3D printing process and the corresponding future perspectives
toward better addressing those challenges, aiming to provide
guidance that would drive the development of 3D printing
techniques more closely oriented with battery manufacturing.
Overall, behind the evolution of batteries, the steady driving
force has always been the continuously maturing and advancing
manufacturing techniques.

Given the advantages of high printing resolution, flexible
preparation of highly complex structures, and broad feedstock
selections, the 3D printing technique has demonstrated their
great potential to produce various types and form factors of
SSEs. However, there are still several challenges that should
be addressed as follow: (i) the challenges in manufacturing for
air/moisture sensitive SSEs. Most of the 3D printing technique
uses a feedstock in a liquid or ink form, such as DIW, IJP, and
AJP, (ii) the limitations in high-resolution (down to nanoscale)
manufacturing. For example, the nano-LIB for biomedical
applications and the nanometer comb-shaped SSEs for reducing
internal resistance, (iii) the challenges in manufacturing SSEs
for grid-scale applications. For example, the SOFCs and large-
scale battery grids for renewable energy storage, and (iv) the
potential issues in post-treatment for ISEs. For example, the
stress, cracks, Li volatility, and side reaction are easily caused

during time-consuming (debinding or sintering) (Nyman et al.,
2010; Pfenninger et al., 2019). To address the above challenges,
further efforts are highly recommended in the following aspects:
(i) integrate the 3D printing technique and traditional battery
manufacturing to promote the development of high energy
density all-solid-state batteries, (ii) push the printing resolution
down to nanometer with novel nanotechnologies, (iii) develop
the industrial-level printers or conveyor-like printing platform to
manufacture SSEs for grid-scale applications, and (iv) combine
some innovative sintering technologies that are compatible with
3D-printed complex parts.

This review has demonstrated the feasibility of manufacturing
SSEs by 3D printing, but more efforts are required to fully
bridge the gap between current technological capabilities and
future manufacturing requirements. Although 3D printing
offers unprecedented flexibility in adjusting SSE’s structural
dimensionality and complexity comparing to the traditional
methods, it must not be mistaken as the omnipotent solution
to many inherent obstacles in battery manufacturing. To
realize a greater potential of applying 3D printing in battery
manufacturing requires multidisciplinary joint effort. As from
a perspective of materials science, further experimental and
computational studies are needed systematically to explore
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the SSE’s composition-structure-property relations. For which
should contribute to fulfill higher current densities and better
mechanical/chemical stabilities of the battery cell. Digging
deeper into the reaction mechanisms from an electrochemical
perspective, one could investigate and optimize the ion transport
kinetics at the electrode/electrolyte interfaces to enhance the
transfer efficiency of the conducting ion. Through a more
comprehensive design in mechanical engineering, one could
integrate special accommodations for air/moisture sensitive
samples into existing instrumental setups of 3D printing
to allow a wider materials selection. Overall, 3D printing
technology has utilized many advantages observed from the
traditional manufacturing methods over many years. With the
joint effort of the multidisciplinary studies, 3D printing is
optimistic to soon realize its full potential in manufacturing
SSEs. We believe that the wide adoption of 3D printing
technologies should not only focus on the manufacturing
process, but also draw inspiration from disciplines such as
surface chemistry, materials science and mechanical engineering.
For example, the limited availability and costly of printable
photosensitive resins or precursor polymers (above $100 per
kilogram) for SL will force us to develop novel SL printable
materials with low cost, and wide material compatibility.

The poor interface compatibility of solid/solid interface will
push us to explore the surface modification and structural
design of SSEs with strong inter-particle interaction and
low interface impedance. Besides, some special requirements
(such as inert atmosphere and dry environment) will force
us to develop specific 3D printing technique for the battery
manufacturing. Therefore, the application of SSE 3D printing
in the future requires the joint development of multiple
disciplines such as surface chemistry, material science and
mechanical engineering.
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