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Abstract

Solid-state batteries (SSBs) possess the advantages of high safety, high energy density and long cycle life, which hold great
promise for future energy storage systems. The advent of printed electronics has transformed the paradigm of battery manu-
facturing as it offers a range of accessible, versatile, cost-effective, time-saving and ecoefficiency manufacturing techniques
for batteries with outstanding microscopic size and aesthetic diversity. In this review, the state-of-the-art technologies and
structural characteristics of printed SSBs have been comprehensively summarized and discussed, with a focus on the cutting-
edge printing processes. Representative materials for fabricating printed electrodes and solid-state electrolytes (SSEs) have
been systematically outlined, and performance optimization methods of printed SSBs through material modification have
been discussed. Furthermore, this article highlights the design principles and adjustment strategies of printing processes of
advanced SSB devices to realize high performance. Finally, the persistent challenges and potential opportunities are also

highlighted and discussed, aiming to enlighten the future research for mass production of printed SSBs.
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1 Introduction

Lithium-ion batteries have emerged as an ideal choice
of power source for electronic products due to their high
energy density, low self-discharge rate, long cycle life, and
light weight [1-3]. In previous years, most of the research
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on lithium-ion batteries has been focused on liquid elec-
trolyte batteries. Although liquid electrolyte has high ionic
conductivity and good wettability, its electrochemical sta-
bility and thermal stability are poor, lithium ion migration
number is low, and safety is poor [4]. Meanwhile, since
entering the twenty-first century, electronic products, elec-
tric vehicles, aerospace, large-scale power storage and other
fields are booming, and there is a large demand for high-
energy density lithium-ion batteries. However, after more
than two decades of development, the energy density of
lithium-ion batteries is basically close to its development
bottleneck. The theoretical specific capacity of the widely
used graphite anode is only 372 mAh g~!, and it is difficult
to achieve the energy density required by the next genera-
tion battery [5]. Lithium metal has the lowest electrochemi-
cal potential (—3.04 V vs. the standard hydrogen electrode)
and the highest mass specific capacity (3 861 Wh kg™!),
and the energy density of the battery can be significantly
improved when matched with a high potential cathode
material, which jumps to become the most promising bat-
tery structure type [6, 7].

However, the main bottleneck of lithium metal battery
research involves fundamental safety issues, the application
of which has been limited to a large extent in the past [8].
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During the battery cycle, not only the lithium metal anode
undergoes redox reaction, but also the shape of lithium
deposited on the anode cannot be effectively controlled [5].
Lithium metal will undergo a large volume change in the dep-
osition direction, which causes changes in internal pressure
and surface height [9]. On the one hand, lithium dendrites
grow when the negative electrode is constantly exposed to
fresh surface and electrolyte reaction, irreversibly generating
a new solid electrolyte interface film. The growing lithium
dendrites may also “break” and become ‘“dead lithium”
which loses electrochemical activity, and the accumulation
of “dead lithium” will lead to a decrease in the Coulombic
efficiency of the battery, an increase in the conduction path,
and an increase in the polarization [10]. Meanwhile, the lith-
ium dendrites generated by the uneven deposition of lithium
metal may pierce the diaphragm and connect the positive and
negative electrodes of the battery, causing an internal short
circuit and releasing a lot of heat [11]. Traditional lithium-ion
batteries use a flammable organic electrolyte, so the battery is
prone to thermal runaway, leading to electrolyte expansion,
decomposition, spontaneous combustion and even explosion,
posing serious safety risks. Overall, lithium dendrites gener-
ated in liquid electrolyte lithium metal batteries not only lead
to low Coulombic efficiency and short cycle life of the bat-
tery, but also may inherently cause safety accidents [12]. To
truly realize the industrialization of lithium metal electrodes,
the above-mentioned bottlenecks must be broken. Solid-state
lithium batteries are promising candidates for revolutionizing
battery systems for portable devices and electric vehicles [13,
14].

The solid-state battery (SSB) is regarded as the safest
battery system since it employs a solid electrolyte that
does not include any combustible or volatile components,
fully avoiding the risk of battery smoke and fire brought
on by battery leakage [15]. The SSB consists of the cath-
ode, anode and solid-state electrolyte (SSE), and leads
the wire through the collector. The structure is simpler
than traditional lithium-ion batteries, and the solid elec-
trolyte has the dual purpose of conducting lithium ions
and a separator, which greatly simplifies the steps, quality
and costs of battery construction [16, 17]. At the same
time, lithium metal is used directly for the anode, fur-
ther reducing the amount of anode material and enabling
SSBs to have higher energy density [18, 19]. Compared
with conventional liquid electrolyte batteries, SSBs have
many advantages, such as no electrolyte leakage, non-
flammability, excellent mechanical properties, and effec-
tive inhibition of lithium dendrite growth [10, 20, 21]. On
the basis of the ions transported, solid electrolytes can be
classified as lithium ions, sodium ions, oxygen ion solid
electrolytes, etc. Among all cations, the lithium ion has the
smallest in-core proton number, the lowest redox potential
and can provide the largest mass energy density, which
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makes lithium-ion solid electrolytes the main object of
research and application [16]. The solid electrolyte is light
in weight and has an electrochemical window of upto 5V,
which can be matched with high-voltage cathode materials
and lithium metal anodes, greatly improving the energy
density of the battery [12, 22]. In addition, SSEs are
applied in emerging lithium metal battery systems (such
as lithium/sulfur, lithium/oxygen, and lithium/carbon
dioxide batteries), which have more attractive potential
to solve the current environmental pollution and energy
crisis. Therefore, solid-state lithium metal batteries are
expected to become energy storage systems for next-gen-
eration emerging electric vehicles and smart grids [11].
Despite the rapidly growing interest in SSBs, there are still
lack of concern in manufacturing and in the fundamental
understanding of the technology.

For SSBs, the production process requires breakthroughs
in electrodes, electrolytes, interface engineering, and pack-
aging technology. The optimization of production processes
is an important part of realizing the engineering and com-
mercial application of SSBs. Most current SSB devices
are fabricated by stacking electrode sheets and SSEs. In
the entire production process of SSBs, the electrolyte film-
forming process is a key process. As the core process of
SSBs, the electrolyte film-forming process can be divided
into two categories: the dry process and wet process [23].
Different processes will affect the thickness and ionic con-
ductivity of the solid electrolyte membrane. If the solid
electrolyte film is too thick, the mass energy density and
volume energy density of the SSB will be reduced, and
the internal resistance of the battery will also be increased.
Long-standing issues in SSBs, such as the form factor, inter-
facial contact resistance, balance between ionic conductiv-
ity and mechanical strength, and fabrication processability,
limit their applications [24]. Conventional manufacturing
processes are too complex and limited in controlling the
structure and geometry of battery components to achieve
complex shapes or configuration designs with high-aspect-
ratio 3D architectures [25, 26]. One of the major challenges
is the high interfacial resistance due to poor solid—solid
contact. To reduce the impact of interfacial resistance on
performance, increasing the contact area by introducing
printing techniques has become a promising strategy [27].
Due to the large surface area of the printed electrolyte, the
total electric field can be uniformly distributed, resulting
in uniform Li deposition and lower battery resistance. The
emergence of new approaches such as printing techniques
has filled this gap, making it possible to control the archi-
tecture of SSB systems from the micro to the macro with
high precision [28, 29].

Printing is a technology that allows specific patterns to
be formed on a specified surface by integrating a functional
material into an ink system [30, 31]. Printed electronics
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involves the use of standard or specific printing processes
and equipment to print electronic circuits and components,
such as sensors, light-emitting devices, and supercapacitors,
on different substrates such as paper, plastic, and textiles [32,
33]. Several main types of printing technologies have been
invented and widely used: inkjet printing, 3D printing, direct
ink writing, roll-to-roll printing, spray and screen printing,
etc. Advances in printed electronics over the past few years
and the need for low cost and simple processing have led
to the potential replacement of traditional processing tech-
niques in some areas. The most important advantages of
printed electronics are low cost, flexibility, and simplicity of
production and integration, promising new applications and
opening new markets. Advances in the battery sector related
to printing technology are expected to have a huge impact on
the growth segment of small portable and wearable electron-
ics for applications such as smart cards, remote sensors, and
medical devices [34].

Typically, printed SSBs work by combining specific ink
materials and various printing and deposition methods to
create customizable, thin, low-cost, mechanically flexible,
and large-area battery systems [35]. In addition to anode
and cathode materials, solid electrolytes with ionic con-
ductivity close to high-performance liquid electrolytes are
also the basis of printing manufacturing [36, 37]. Printing
methods vary widely in ink rheology, achievable resolution,
and material selection. For example, low-, medium-, and
high-viscosity inks can be used for inkjet printing, screen
printing, and 3D printing, respectively, and inks with a
wide viscosity range can be patterned by using pen-based
direct ink writing. Printed SSB technology paves the way for
new production models for specific applications, which can
reduce production steps and costs. A schematic summary
of the main printing methods for fabricating printed SSBs,
as well as some printed electrode materials and electrolyte
materials, is shown in Fig. 1.

Despite the continued interest in printed SSB technology
and its proven benefits, many key challenges remain in the
fundamental understanding and fabrication of printed bat-
teries as follows.

1. The application of printed SSBs confronts a handful of
practical difficulties due to the specific requirements
of different printing technologies for printing inks. For
example, inks for inkjet printing (IJP) typically have
nanometer-sized solid particles, which portend a risk of
nozzle clogging during long-term operation. Direct ink
writing (DIW) printing inks require good shear thinning
properties, which are influenced by the concentration,
composition, solid particle size and ratio of the differ-
ent components. The raw materials for fused deposition
modeling (FDM) and stereolithography (SLA) are usu-
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Fig. 1 Schematic outline of the review for printed SSBs: printed elec-
trode materials, electrolyte materials and main printing technologies

ally limited to thermoplastic and light-curable materials,
respectively.

2. The temperature and time of sintering for printing SSBs
become very critical. Although high temperature sinter-
ing can yield the crystal structure required for high ionic
conductivity, prolonged high temperature sintering can
lead to severe loss of lithium and sodium and corre-
spondingly low ionic conductivity due to the volatility
of light elements at high temperatures.

3. The process parameters for printing SSBs have a sig-
nificant impact on battery performance. For instance,
the printing process can lead to potentially porous struc-
tures and poor composition control, further distorting
the shape and complex structure of the electrolyte layer,
leading to its shrinkage and eventual deformation.

4. Interfacial stability during the printing process needs to
be improved, which has a limited effect on the perfor-
mance of the battery. For example, the interface within
the solid electrolyte and poor physical contact at the
solid electrolyte/electrode interface lead to high inter-
facial impedance. In addition, 3D structures printed in
layers have relatively weak binding interfaces.

5. The cycle lifetime of some of these printed SSBs has
been reported to be poor. Printing optimization is essen-
tial for producing high-quality SSB devices.

Although SSBs are an important class of energy stor-
age devices with great promise, a comprehensive review of
printed SSBs is still required. In this review, the state-of-the-
art of SSB technologies and the structural characteristics of

@ Springer



34 Page4of40

Electrochemical Energy Reviews (2023) 6:34

SSBs have been comprehensively summarized and discussed,
with a focus on the cutting-edge printing processes. Rep-
resentative materials for fabricating printed electrodes and
SSEs have been systematically outlined, and performance
optimization methods of printed SSBs through material
modification have been discussed. Furthermore, this article
highlights the design principles and adjustment strategies of
printing processes of advanced SSB devices to realize high
performance. Finally, the persistent challenges and poten-
tial opportunities are also highlighted and discussed, aim-
ing to enlighten the future research for mass production of
printed SSBs. We believe that this review will attract scien-
tific research, academics, and industry worldwide, and also
strongly believe that printing technologies can be broadly
used for energy storage and conversion with further research
and development in the future.

2 Device Configurations of Printed SSBs

Lithium-ion batteries have been widely used as power
sources for electronic devices over the past few decades.
Next-generation batteries are expected to be flexible, light-
weight, low-cost, customizable, and available in a variety of
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Fig.2 Configurations of printed batteries. a Fiber type. Reprinted
with permission from Ref. [39]. Copyright © 2017, John Wiley
and Sons. b Planar type. Reprinted with permission from Ref. [40].
Copyright © 2016, John Wiley and Sons. ¢ Concentric tube type.
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sizes. However, traditional manufacturing processes limit
the complexity and variety of batteries in terms of size and
shape. Among the existing technologies, printed electronics
manufacturing can be considered the most advanced technol-
ogy to meet the requirements of next-generation batteries
[29, 34, 35]. Several reviews on SSBs have given a good
summary of the basic structure and physics as well as perfor-
mance evaluation methods [9, 21, 38]. In basic research, the
weight performance is traditionally used as an index to eval-
uate the quality of electrode materials, while the area per-
formance and volume performance are the key parameters
to evaluate the practical application potential, especially for
the pursuit of printed SSBs with aesthetics and high perfor-
mance. Since size and weight are the primary considerations
for portable devices, it is also critical that the energy density
is not significantly reduced due to the adoption of these new
materials and designs. Unfortunately, high flexibility and
high energy density are often trade-offs, and the high flex-
ibility of batteries conferred by printing techniques often
require the introduction of redundancy in capacity to relieve
stress in the battery. Indeed, further research is needed to
improve the mechanical properties of printed batteries while
maintaining high electrochemical performance.
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Reprinted with permission from Ref. [41]. Copyright © 2019, ECS. d
Sandwich type. Reprinted with permission from Ref. [42]. Copyright
© 2020, John Wiley and Sons. e Bipolar type
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The configuration of printed batteries has a significant
impact on their device performance and applications. In
general, these printed batteries can be designed in four con-
figurations based on geometric features, including the fiber
type [43], planar type [44], concentric tube type [45], and
sandwich type [46] (Fig. 2). The fiber-based configuration
is a unique battery configuration in which researchers are
working to develop fiber-based energy storage devices with
a coaxial or twisted structure [35]. Coaxial structures enable
the coating of various active materials into the core—shell
structure. However, achieving a thin and uniform coating
on a bent fiber remains challenging. Twisted structures
involve the twisting of two fiber electrodes (the anode and
cathode) at an angle into an integrated fiber-like device.
With the fiber configuration being widely studied as a flex-
ible and wearable energy storage device, there is a great
desire to develop one-dimensional fiber-shaped energy
storage devices that can be twisted and woven into flex-
ible, wearable and breathable textiles [47]. For instance,
Hu and coauthors used 3D printing to fabricate flexible all-
fiber lithium-ion batteries. As shown in Fig. 2a, lithium
iron phosphate (LFP) fiber cathodes and lithium titanium
oxide (LTO) fiber anodes were printed with polymer inks
containing carbon nanotubes and LFP or LTO, respectively.
By twisting the printed LFP and LTO fibers together with
the gel polymer as a quasi-solid electrolyte and maintaining
the good flexibility of the fiber electrodes, they can poten-
tially be integrated into textile fabrics for future wearable
electronics applications [39].

Planar configuration, is a classic 3D printed battery
design, in which the microelectrodes are arranged in paral-
lel and printed on the same plane of the substrate (Fig. 2b).
It allows the integration of microelectrodes in a very limited
area, and the size of the microelectrodes and the distance
between the microelectrodes can be precisely controlled by a
printing procedure. For example, Hu et al. [40] printed a pair
of miniature interdigital electrodes on a glass substrate and
filled the channels between the two interdigitated annealed
electrodes with a polymer composite ink containing a mix-
ture of Al,O; nanoparticles to assemble an interdigitated
battery. This proof-of-concept device demonstrates that any
shape, size and design of interdigitated battery arrays can
be printed on glass substrates to meet specific voltage and
current requirements. This small printable battery could act
as a power source to integrate various electronic compo-
nents and facilitate an all-print approach to electronic system
fabrication.

A concentric tube type is a unique battery configura-
tion in which uniformly aligned and vertical electrode
columns are uniformly covered with a solid electrolyte,
and the area between the columns is filled with counter
electrode material (Fig. 2¢). This structure is common
in 3D micro-batteries and usually consists of etched 3D

electrodes, especially the common 3D silicon anode [35].
Using stereolithography printing techniques, concentric
tubular micro-batteries are manufactured with printed
porous polymer substrates coated layer by layer with thin
film electrodes and polymer ceramic electrolytes deposited
by electrophoresis [45].

Sandwich configurations are a common design for cost-
effective mass production, where each module is placed on
a different plane and assembled by stacking them layer by
layer (Fig. 2d) [42]. Sandwich configurations can be printed
with batteries designed to customize any shape. Among the
configurations of sandwich batteries, there is a special con-
figuration called a bipolar battery [48, 49]. This type of bat-
tery is different from a normal lithium battery. As shown in
Fig. 2e, it uses a series stacking of electrodes. The positive
and negative materials of the battery act on a common car-
rier (collector), eliminating the aluminum case of previous
lithium batteries. A large portion of internal space is saved
and more power materials can be filled in the same vol-
ume. In the past, nearly half of the space of lithium batteries
assembled in parallel was occupied by separate compart-
ments, and the effective space was too small, which is the
reason for the lack of range of current new energy vehicles.
This printing technology can print large area flat batteries.
The flat shape allows the battery to be perfectly embedded
in the car chassis, saving a lot of space inside the car and
leaving plenty of room for upgrades and modifications. This
battery has only a very thin shell, making the production cost
of lithium batteries much lower, and battery life can also
achieve a substantial increase. Based on the flat design, a car
can carry twice the volume of the old “bipolar battery” [50].

In fact, it is quite challenging to meet the mechanical
strength of sandwich-type printed electrodes and cells com-
pared to compact electrodes and cells. In addition, in solid-
state cells, large volume expansion and contraction occurs
during the interfacial reaction, resulting in poor mechanical
stability. The addition of fillers such as carbon filler [51],
silica [52] and cellulose [53] to the ink or filament is cur-
rently a common strategy to improve the mechanical prop-
erties of electrodes. The other strategy is to construct soft
polymeric scaffolds, which are wrapped by mechanically
strong polymeric scaffolds to enable them to withstand
mechanical forces [54]. However, such nonactive fillers or
polymeric scaffolds can reduce the specific gravity of the
active material, which in turn reduces the energy density of
the cell. Notably, further studies are required to enhance the
mechanical properties of the printed electrodes with high
electrochemical performance.
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3 Printing Technology

Printing technology is the process of preparing different func-
tional nanomaterials into printing inks to be molded on a
substrate in the form of printing. Post-treatment of the target
product is required after ink deposition, namely, the solvent
required for the printing process itself needs to evaporate.
Printing technology serves as an additive manufacturing
process for the manufacture of electronic devices. As print-
ing technology evolves, an increasing number of printing
technologies are being used for highly innovative energy
storage systems, offering the possibility of better integration
into devices and new applications. Each printing technology
provides unique characteristics in terms of accuracy, feature
size, printing speed and layer thickness, and handles inks
with a range of grain sizes [55]. In this section, the most
common printing technologies are presented to set the stage
for the subsequent description of the various functional parts
of printed SSBs, and some representative research work on
printed SSBs is briefly described according to the different
printing technologies, and more research progress on printed
SSBs will be described in the next section.

3.1 Inkjet Printing

Among all printing technologies, inkjet printing is the
most flexible, which is classified as a digital manufacturing
technology with many advantages over traditional printing
technology, the ability to print variable data on commercial
items, barcodes, serial numbers, identification graphics and
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anti-counterfeiting elements on packaging. All inkjet tech-
nologies are based on digitally controlled precise genera-
tion and ejection of liquid ink droplets in diameter ranging
from 10 to 150 mm (typically 50-80 mm) from the printhead
nozzles onto the substrate [56, 57]. Inkjet printing technol-
ogy offers several droplet volumes ranging from picoliter
(pL) to microliter (uL), print resolutions ranging from 100
to 5 000 dpi, depending on the ink used and implementa-
tion substrate. In addition, because inkjet printing technol-
ogy is very flexible in implementation and affordable, it is
also widely used for research and development purposes in
the most advanced application areas such as “printing func-
tions” and “printing electronics or microelectronics”. Many
researchers around the world focus on developing printed
electronics, e.g., active and passive devices such as capaci-
tors, thin film transistors, resistors, inductors, and antennas,
based on sensors and detectors of humidity, pressure, stress,
strain, light, gas concentration, and heat for energy harvest-
ing/utilization and power devices such as batteries, organic
photovoltaics and piezoelectric actuators [32].

As shown in Fig. 3a, b, inkjet printing is usually achieved by
two different modes of printhead operation: continuous inkjet
(CLJ) and drop on demand (DOD). A continuous stream of
ink droplets is ejected under pressure through a tiny nozzle in
the CIJ process (Fig. 3a). The droplet is charged by electrode
located at the droplet breakpoint and then directed by a high
voltage deflection plate to a position on the substrate propor-
tional to the applied charging voltage, or to a recovery tank.
Typically, only a small fraction of droplets are used for imaging,
and most are directed to drains and recirculated through pumps
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Fig.3 Schematic representation of printing techniques. a Inkjet printing, continuous and b drop on demand; ¢ flatbed screen printing and d
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and filters. The drop generation frequency range for CIJ print-
ers is 50-175 kHz, and the drop velocity at the nozzle is typi-
cally> 10 ms™! [58]. High-speed droplets are maintained over
long distances between the printhead and substrate, and very
high droplet ejection frequencies enable very high print speeds.
One of the advantages of CIJ is that volatile solvent-based inks
can be used, which can dry quickly and aid adhesion on many
substrates. The disadvantages of CLJ are the relatively low reso-
lution of printed patterns, the need to charge the ink droplets, the
limitations of microfabrication, and the use of environmentally
unfriendly volatile solvents. In drop-on-demand printing, ink
droplets are formed by pressure pulses and are ejected from the
print head only when commanded by a digital signal.

DOD printers (Fig. 3b) operate at typical audio frequen-
cies in the 1-20 kHz range [58]. The generation of pressure
pulses is performed by thermal heating, piezoelectric elements
or electrostatic fields. In thermal inkjet printers, droplets are
formed by rapid heating (350-400 °C) of resistive elements in
small ink cartridges, which causes the ink to evaporate rapidly
and leads to the formation of air bubbles. This bubble creates a
pressure pulse that forces the ink to drip out of the nozzle. The
advantages of thermal DOD printing are: small droplet size,
compact equipment, and low cost of printheads. The main dis-
advantage is related to the limitations of the fluids: they should
have higher vapor pressures and should be stable at higher local
temperatures to prevent them from damaging and forming a
hard coat on the inner surface of the printhead. In piezoelec-
tric DODs, pressure pulses are generated by direct mechanical
actuation using a piezoelectric transducer: a piezoelectric crys-
tal (usually lead zirconium titanate) deforms when an electric
field is applied. This creates a pressure pulse that causes a drop
of ink to be ejected from the nozzle. An important advantage of
piezoelectric DOD technology is that it is suitable for a variety
of water-based and solvent-based ink formulations. In electro-
static ink jetting, ink droplets are ejected from a nozzle under
the influence of an electrostatic field between an electrode and
an orifice. If the electrostatic force exceeds the surface tension
of the ink, ink droplets are produced. The advantage of this
technology is the potential high resolution, even higher than
that of piezoelectric inkjet printing (which can produce very
small droplets), while the disadvantage is the ink limitation:
only conductive liquids can be used as inks. Overall, the com-
mon advantages of DOD printing compared to CIJ printing are
a wider choice of ink formulations and higher spatial resolution
of droplets on the substrate. Today, most industrial printers use
piezoelectric DOD technology, and most functional material
printing is done by this method.

For orderly and reliable patterning during inkjet printing,
single droplets should be generated stably without long tails
and satellites. Representative characteristic dimensionless
numbers that affect ink behavior are the Reynolds number
(Re) [59], the Weber number (We) [60], and the Ohnesorge
number (Oh) [61]:

vpa
Re = —
. (1)
2
We = 222 )
4
\V We
oh=Y"¢_ 1 3)
Re ypa

where v, @, p, n and y represent the velocity, characteris-
tic length (typically drop diameter), density, viscosity and
surface tension of the ink, respectively. Re and We refer to
the ratio of the inertial force to the viscous force, and the
balance between the inertial force and the surface tension,
respectively, while Oh relates the viscous force to the iner-
tial force and surface tension. Generally, the Z parameter
(Z=1/0h) is commonly used to indicate printability [62],
where a Z value between 1 and 10 is expected to generate
a stable drop formation. At a low value of Z, viscous dis-
sipation prevents drop ejection, whereas at a high value the
primary drop is accompanied by a large number of satellite
drops. Thus, by modulating the ink composition, inks with
the desired viscosity and surface tension can be achieved to
inkjet print stable droplets [63].

In functional material-based inks, avoiding solute con-
gestion during printing is as important as generating sta-
ble droplets. Excess solute, solvent evaporation in the ori-
fices, and/or poor ink dispersion are all common causes of
clogging. To ensure smooth printing, the size of the solute
should be less than one-tenth the diameter of the nozzle of
the printer’s print head. Methods such as membrane filtra-
tion and ultrasonic-driven cracking processes can be used
to obtain solutes of suitable size for inks with too large
functional materials. High boiling point inks should keep
solvent volatility low enough to avoid evaporation in the
nozzle. Van der Waals forces are primarily responsible
for caking and precipitation in poorly dispersed inks. This
problem is usually solved by functionalizing the material
with appropriate chemical groups/polymer coatings, add-
ing surfactants, and introducing good solvents. Delan-
noy et al. [64] used an inkjet printing process to fabricate
porous composite electrodes and SSEs [silica-based ionic
gels: N-methyl-N-propylpyrrolidinium bis(trifluoromethan)
suflonylimide (PYR13-TFSI), with an added Li salt lithium
bis(trifluoromethan)sulfonylimide (Li-TFSI)]. Over the
course of 100 cycles, whole cells combining LFP and LTO
porous composite electrodes have a surface capacity of 0.3

mAh cm™>.
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3.2 Screen Printing

Screen printing is a printing process that involves depositing
ink onto a substrate using a stencil screen, with the excep-
tion of locations where the ink is rendered impenetrable by
blocking the stencil. The blade or scraper moves across the
screen to fill the open mesh with ink, and the reverse stroke
causes the screen to momentarily contact the substrate along
the line of contact. This causes the ink to wet the substrate
and pull out of the mesh as the screen bounces back after
the blade has passed. Due to their simplicity and versatil-
ity, a variety of functional inks and substrates are available
for screen printing. There are two main types of screen
printing, flatbed screen printing and rotary screen printing
techniques (Fig. 3c, d). Flatbed technology is a step-by-step
process in which the ink is pressed onto a substrate through
a flat patterned screen. After printing, the patterned screen
is lifted, the substrate is replaced or removed by hand, and
the deposition process is repeated. Therefore, flat screen
technology enables precise multi-layer printing. It also
shows great potential for lab-scale printing due to the low
cost and malleability of the patterned screen. Rotary screen
printing, on the other hand, is the process of pressing ink
through a polyester screen cylinder and perforated metal to
deposit onto a substrate. As the screen rotates at the same
speed as the substrate, a stationary doctor blade is used to
continuously press the ink onto the substrate, each rotation
creating a complete print cycle. Therefore, rotary technol-
ogy can achieve much higher printing speeds than flatbed
technology. During screen printing, the wet thickness of the
printed pattern is determined by many parameters, such as
the concentration of functional ink, mesh per inch, emulsion
thickness, and ink fraction transferred to the substrate. The
quality of a screen printed pattern depends on the screen
mesh, printing parameters, substrate and ink viscosity [32].
Park et al. [65] fabricated thick-film LiCoO, cathodes by
screen-printing technology to improve the discharge capac-
ity of lithium-ion microbatteries. An all-solid-state micro-
battery was assembled by using LiPON solid electrolytes
and Li was evaporated onto a printed LiCoO, cathode thick
film without delamination or electrical problems and with
stable open-circuit voltage. Ohta et al. [66] constructed an
all-solid-state lithium-ion battery with Li;BO; as the cath-
ode and Nb doped Li;La;Zr,0,, as the solid electrolyte by a
screen printing process, which exhibited good electrochemi-
cal performance and low interface resistance, comparable to
lithium-ion batteries with liquid organic electrolytes. Screen
printing is suitable for patterns with high aspect ratios, and
the movement of the paste can be easily controlled during
the printing process, making it easier to obtain thick func-
tional films compared to other techniques. However, due to
the high viscosity of the ink, the high roughness and low
resolution of screen printed films limit its application.
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3.3 3D Printing

3D printing, also known as additive manufacturing, is a
design and manufacturing technology that integrates mate-
rials, structures, and functions. This is the opposite of sub-
tractive manufacturing processes, where a final design is
cut from a larger block of material. As a result, 3D print-
ing creates less material wastage. In the past few years, 3D
printing technology has been successfully used to fabricate
a variety of batteries and microbatteries with outstanding
features of no forming and high shape consistency [26, 35,
67]. In the 3D printing manufacturing process, the printable
ink (or filament) of the electrode material is first prepared
and then directly printed according to predetermined speci-
fications. Compared to traditional tape casting and deposi-
tion techniques, the 3D printing process is more convenient,
customizable and intelligent. According to the International
Organization for Standardization and the American Soci-
ety for Testing and Materials (ISO/ASTM 52900:2015), 3D
printing processes are classified into seven categories: (1)
binder jetting; (2) material extrusion [e.g., direct ink writ-
ing (DIW), fused deposition modeling (FDM)]; (3) directed
energy deposition; (4) material jetting [e.g., ink jet print-
ing (IJP), aerosol jet printing (AJP)]; (5) powder bed fusion
(e.g., selective laser sintering, direct metal laser sinter-
ing); (6) reduction photopolymerization [stereolithography
(SLA), digital light processing, two-photon lithography]; (7)
laminate lamination (e.g., laminated object manufacturing)
[68]. In order to meet the precise performance and architec-
tural requirements of SSBs, the right printing technology
is chosen depending on the processability and feature size
of the final product. Other energy storage devices can also
be printed by utilizing binder jetting processes, but they are
more expensive. Understanding the printing process as well
as the features of various technologies is therefore critical for
future material design and technology development. Among
the many 3D printing technologies, we summarize the most
commonly used representative technologies that can print
currently available battery modules, including AJP, FDM,
DIW, and SLA.

3.3.1 Aerosol Jet Printing

Aerosol jet printing (AJP) is to form an aerosol of nano-
conductive ink by ultrasonic atomization or airflow, and then
transmit the aerosol to the inkjet port by using a carrier gas
to print the conductive ink on the required substrate [69].
At the same time, aerosol printing uses a bundle of sheath
gas to cover the outside of the ink to control the direction
of the printing airflow and ensure the accuracy of printing
(Fig. 4a). Since the aerosol is formed by ultrasonically oscil-
lating or air-flowing the ink containing an organic solution,
it can be adapted to the range required by most conductive
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inks. Moreover, aerosol printing mainly transmits the car-
rier gas through airflow. Under the combined action of the
sheath gas and the atomizing airflow, the aerosol will not
have any contact with the inner wall of the nozzle, and will
only be sprayed out under the cover of the sheath gas, so
it is extremely difficult to cause common problems such as
nozzle blockage. The aerosol printing height can be adjusted
more easily, and the encapsulated aerosol can be printed on
a substrate with a specified structure dependent on the direc-
tion control of the sheath gas. The printed graphics will first
be completed by numerical control commands, and then the
flow rate will be concentrated by setting the nozzle to align
the coaxial position of the substrate. The distance between
the nozzle and the substrate will remain constant to adapt to
the flow rate and flow of the sheath gas to ensure printing
accuracy. The printing process can be described by system
geometry and key process parameters (aerosol and sheath gas
flow rates, deposition nozzle size, and aerosol droplet size).
Other parameters such as ink, print speed, atomizer power
and substrate temperature are controllable on the fly but have
peripheral effects on the core process. Ink temperature (which
affects viscosity) and atomizer power affect the inputs to the
process, namely droplet size distribution and aerosol density.
Additionally, print speed affects print thickness, and substrate
temperature affects post-deposition drying, which in some
cases affects resolution, film uniformity, and topography [70,
71]. Deiner et al. [72] used AJP technology to print lithium-
ion conducting solid-state polymer composite electrolytes
on LFP cathode substrates. Aerosol jet printed electrolytes

composed of polyethylene oxide, alumina nanoparticles,
and lithium difluoro(oxalato)borate are conformal, smooth,
and nonporous. Conductivity of the printed solid polymer
electrolytes tracks salt anion identity and concentration. The
most conductive printed electrolyte, PEO/LiDFOB/alumina,
achieves conductivity > 1x 107>S cm™ at 45 °C.

3.3.2 Direct Ink Writing

Direct ink writing (DIW) is a typical extrusion-based 3D
printing technique that dispenses ink through movable
nozzles controlled by pneumatic or mechanical pumping
devices to create free-form structures. This direct extru-
sion mechanism enables a higher diversity of printable
materials, including volatile solvents, liquid metal alloys,
and various types of composites [73—76]. The nozzle can
be moved horizontally on a flat surface, and the platform
can be moved vertically downward after each new layer is
deposited with the help of computer-aided manufacturing or
computer-aided design software. Print resolution is usually
determined by a combination of nozzle diameter, applied
pressure, and the characteristics of the ink being squeezed.
To print battery module architectures at high resolution, the
rheological properties of the ink are critical. Low-viscosity
inks are prone to droplet formation and will not have enough
yield stress to support the entire 3D architecture after the
ink is extruded, while those with extremely high-viscosity
inks tend to clog the nozzles and require higher printing
pressures. Therefore, inks with appropriate rheological
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properties are beneficial for the DIW process. After extru-
sion, the printed structures can be cured by liquid evapo-
ration, UV light and heat treatment depending on the ink
properties.

Typically, shear thinning behavior is required for print-
able inks in DIW processes [77]. Shear thinning behavior
refers to the decrease in the apparent viscosity of a fluid
as the shear rate increases [78]. Through this behavior, the
viscosity of the ink is reduced under the shear force during
extrusion, allowing the ink to flow easily through the noz-
zle without the need for super high pumping pressure. To
achieve such rheological properties of inks, one of the most
promising approaches is to add nanomaterials as fillers. For
example, the addition of ceramic nanoparticles including
TiO, and Al,O5 has been reported as a promising strategy
to obtain desired rheological properties and improved ionic
conductivity for electrolyte inks [79, 80]. DIW is applicable
to an almost infinite number of printable materials, ranging
from plastics, novel functional nanomaterials (e.g., perovs-
kites, graphene, covalent organic frameworks, metal-organic
frameworks, 2D MXenes), metals, ceramics, hydrogels, to
food and living cells, etc., which provides a variety of pos-
sibilities for printing SSB active materials. In fact, DIW
printing has been extensively explored for high-quality 3D
active materials in battery modules [81, 82]. However, one
of the main challenges of DIW lies in the preparation of
printable inks with the desired battery materials. It presents
a set of technical specifications for printable inks, includ-
ing high viscosity yield stress behavior, well-controlled vis-
coelasticity, and requirements for smooth extrusion under
printing pressure. Liu et al. [81] printed a solid electrolyte of
Li, 5Aly5Ti, 4(PO,); with arbitrary shape and high electrical
conductivity by DIW, which exhibited high ionic conduc-
tivity up to 4.24x107* S cm™!. Moreover, using this print-
ing method, Li, Al 5Ti; ;(PO,);-based hybrid SSEs can be
directly printed on LFP cathodes for solid-state lithium bat-
teries, where a high discharge capacity of 150 mAh g~! at
0.5 C is obtained. The DIW strategy of SSEs demonstrates
a new avenue for advanced solid-state energy storage with
high ion transport and custom fabrication.

3.3.3 Fused Deposition Modeling

Fused deposition modeling (FDM) is based on the princi-
ple of material extrusion, in which thermoplastic filaments
are drawn through a nozzle, heated to their melting (or
glass transition) point, and then deposited layer by layer
(Fig. 4b). Once the deposited thermoplastic layer fuses with
the underlying layers, it cools and hardens. Repeat this pro-
cess until the 3D structure is complete. The most commonly
used polymer for FDM is acrylonitrile butadiene styrene,
but polycarbonate and polyetherimide are also used. With
the increase in 3D printing and FDM applications, it is
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necessary to develop new printable polymers with unique
properties for use in SSBs. Polymer properties and process-
ing conditions play an important role in determining the
final mechanical properties of a finished part, and processing
conditions often depend on polymer properties. Therefore,
the temperature-dependent rheological behavior of polymer
melts is important for describing and controlling the behav-
ior of polymers in the liquefier (where the polymer melts),
during extrusion, and after the polymer has been extruded.
Despite its popularity, FDM has shown great difficulty in
3D printing of electrochemical energy storage devices due
to the relatively low ionic conductivity of plastic filaments,
which greatly affects the performance of the electrolyte [83].
Recently, by changing the chemical composition of plastic
filaments, researchers developed solid polymer electrolyte
filaments for FDM. For example, Maurel et al. [84] designed
a PEO/LIiTFSI filament with a conductivity of 2.18 x 107> S
cm™! at 90 °C for FDM of solid-state polymer electrolytes.
Although PEO:LiTFSI (20:1) filament is printable, it still
suffers from poor mechanical strength due to its flexibility
and sticky behavior, as clearly demonstrated by nanoindenta-
tion experiments. Future research may focus on introducing
comb-like block polymers to impart some rigidity. Further-
more, another way to promote printability might be to use
a modified FDM technique that directly uses particles or
powders as material sources instead of filaments.

3.3.4 Stereolithography

Light and ink-based 3D printing is an important fundamental
technique for creating batteries among the different addi-
tive manufacturing processes [85]. Light-based 3D printing
methods mainly include stereolithography (SLA), selective
laser sintering (SLS) and two-photon polymerization [86].
SLA is a technique for polymerizing curable liquid photo-
sensitive resins into solid objects and creating tiny plates
using a grating laser [85]. The UV laser draws the cross-
section layer by layer as the liquid polymer is gradually sub-
jected to light (Fig. 4c). Repeat the process until the model
is created. Solid items are 3D printed by drawing the object
out of the resin, leaving space at the bottom of the container
for the uncured liquid resin to produce the next layer of the
object. SLS is a technique for creating three-dimensional
objects by heating and fusing polymer particles in a pow-
der bed using a grating laser. The resolution of light-based
3D printing technologies is typically excellent; neverthe-
less, there are inherent trade-offs between resolution, object
volume, and speed, as well as limited material alternatives,
which are primarily limited to stiff thermosetting polymers
and thermoplastic polymer powders. Two-photon polymeri-
zation is the most precise 3D printing process with a lateral
resolution of 100 nm and an axial resolution of 300 nm,
and has been used to create many complex structures for
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advanced photonic and nanoscale applications, such as pho-
tonic crystals or microfluidic devices [87]. Zekoll et al. used
SLA-based 3D printing to construct 3D ordered polymer
templates with precisely controlled microstructures and
obtained a Li, 4Al, ,Ge, ((PO,); hybrid solid electrolyte
composed of 3D ordered bicontinuous conducting ceram-
ics and insulating polymer microchannels by a derivative
fabrication method [88]. Liu et al. fabricated a solid poly-
mer electrolyte by SLA-based 3D printing. The three-dimen-
sional Archimedes spiral structure solid-phase extraction is
rationally designed, which shortens the transport path of
lithium ions from the electrolyte to the electrode, enhances
the interfacial adhesion, and increases the mass loading of
active materials. The battery exhibits an ionic conductivity
of 3.7x10™* S cm™! at 25 °C, decreased interfacial imped-
ance after 250 cycles and a high specific capacity of 128
mAh g~! [89]. This work opens up promising prospects for
the preparation of high-performance solid electrolytes in
next-generation energy storage materials.

3.3.5 Roll-to-Roll (R2R) Printing

Roll-to-roll processing is a fabrication method used in man-
ufacturing that embeds, coats, prints or laminates varying
applications onto a flexible rolled substrate material as that
material is fed continuously from one roller onto another
[90]. As shown in Fig. 4d, the roll-to-roll technique typically
consists of several rollers, known as the web path, which
winds the substrate material over and through these roll-
ers as it carries out a number of operations. The technique
applies additive or subtractive materials onto the substrate
as it moves along the web to generate or produce a product
or part. A substrate is derived from a web made of thin, flex-
ible, and long material. The web materials are then stored or
transported as rolls for and between roll-to-roll processing
stages. The materials consist of paper, foil, plastic films,
textiles, metals, and even nanomaterials. R2R processing is
used in numerous manufacturing and industrial sectors such
as IT, electronics and computing, energy, textiles, medical,
metal fabrication and biosciences [91]. Many applications
require flexible materials to complete the finished product.
From electronic devices, solar panels, thin-film batteries to
fuel cell membranes, coating textiles with reagents and more
are produced by roll-to-roll processing. For example, in the
production of large-area electronic devices, flexible displays
or circuit boards are realized by R2R processing of rolls of
plastic film or metal foil [92].

These high throughput and low cost are factors that dif-
ferentiate roll-to-roll manufacturing from slower and more
expensive traditional manufacturing due to the multiple
steps involved. Roll-to-roll printing technology simply con-
sists of manufacturing techniques that involve the continu-
ous processing of material on a flexible substrate as it is

transferred between moving rolls of material. It involves the
application of various solution processable materials and
composition printing techniques. The advantages of roll-to-
roll solution-processed polymer solar cells have been well
demonstrated in terms of bulk, robustness, and reproduc-
ibility [92]. Roll-to-roll printing is a competitive cost and
scale method for manufacturing SSBs. Baade et al. [93]
demonstrated curtain coating as a method to fabricate com-
posite solid electrolytes in a roll-to-roll process at roll speeds
in excess of 80 m min~!. The method is compatible with
existing lithium-ion battery electrode production lines and
is capable of producing uniform SSE membranes with thick-
nesses below 15 pm [93]. Roll-to-roll printing is also used in
other energy storage devices, such as supercapacitors [94].

3.3.6 Laser Printing

Laser printing is an electrostatic digital printing process
(Fig. 4e). A main attraction of laser printing is that objects
with complex geometries can be flexibly fabricated without
specialized fabrication tools. Such printing processes have
been developed for a range of materials, including metals,
ceramics and polymers. The laser printing method generally
works as follows: a laser beam is moved onto the top surface
of a basin of smooth-surfaced liquid or powder, irradiating
some parts of it, causing solidification without hitting other
parts. In general, the laser beam can move along a line in any
direction. In other cases, the system systematically scans the
entire area and turns on the laser beam only for those parts to
be machined. It is also possible to combine these methods,
such as a vector scan of the contour followed by a raster
scan of the interior. The resulting planar structure is then
lowered slightly in the bath, again covering its surface with
a thin layer of liquid or powder. The laser can then be used
to build another layer of solid material. Repeat this technique
until the desired solid workpiece has reached its full height.
Following that, the formed workpiece is removed from the
bath, the residual liquid or powder is removed, and further
processes (such as polishing) may be used to improve the
surface quality.

When constructing an SSE for microbatteries, it is also
crucial to think about how it is made. The power consump-
tion and available footprint of microbatteries cannot be
understood until the microdevice is constructed while pro-
ducing microdevices. Ollinger et al. [95] used laser print-
ing to deposit a nanocomposite SSE membrane from a
suspension solution consisting of an ionic liquid-polymer
matrix and dispersed nanoparticles. The printed nanocom-
posite SSEs are shown to exhibit the proper electrochemical
behavior for ionic liquids while maintaining the strength and
flexibility of the polymer matrix. This combination of physi-
cal properties and deposition technique makes these depos-
ited nanocomposite membranes ideally suited for use as an
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electrolyte/separator in Li micro-batteries. Kim et al. [96]
used laser-printed thick-film electrodes (LiCoO, cathode and
carbon anode) deposited on metal current collectors for the
fabrication of lithium-ion microbatteries. These microbat-
teries exhibit significantly higher discharge capacity, power,
and energy density compared to microbatteries fabricated by
sputter-deposited thin-film techniques. These laser-printed
electrodes are separated by laser-cut porous membranes
impregnated with gel polymer electrolyte to construct millim-
eter-sized solid-state rechargeable lithium-ion microbatteries.
The resulting encapsulated microbatteries exhibited a power
density of about 38 mW cm~2 and a discharge capacity of
about 102 pAh cm™2 at a high discharge rate of 10 mA cm™2.
This enhanced performance is attributed to the porous struc-
ture of the laser-printed electrodes, which can improve the
transport of ions and electrons through thick electrodes with-
out a significant increase in internal resistance.

3.3.7 Spray Printing

Spray printing is a technique in which ink is sprayed onto the
surface of a substrate through air or an electric field [34]. In
electrostatic spraying technology, droplets are sprayed in the
direction of the substrate by a high voltage applied to a nozzle
(Fig. 4f) [97]. The most common type uses compressed gas
to atomize and guide the ink particles. There are also hybrid
spray technologies based on electrostatic and air pressure
spray technologies. Finally, spray printing allows printing a
relatively wide range of ink viscosities and ink thicknesses,
which primarily determine the size of the ink droplets. Typi-
cally, the printed layers are dried after each printing unit. For
mass production of printed electronics, several parameters
must be considered, such as the physical properties of the ink,
flow rates, distance between nozzle and substrate, substrate
temperature. Solvents with different vapor pressures deter-
mine the evaporation rate of the sprayed ink, which in turn
affects the quality of the sprayed film. Low nozzle pressure or
small diameter can result in slow flow rates, resulting in dis-
persed droplets and an uneven coating. The distance between
the nozzle and the substrate is another key parameter that
determines the quality of the coating film [32]. Spray printing
technology has been widely used in the preparation of energy
storage devices such as supercapacitors and lithium-ion bat-
teries [98, 99]. To obtain micro- or nano-scale thin-film SSEs,
Hu and coworkers printed precursor thin films on aluminum
or copper foils and ceramic substrates (MgO and Al,O5) at
60 °C using a spray printing technique [100]. Leung et al.
used a spray technique to fabricate porous organic electrodes.
After spray-printing the interconnected porous honeycomb
electrodes, a polymer ionic liquid-based solid electrolyte
(ionic conductivity: 107 S cm™!) was sprayed and infiltrated
into the porous electrodes as a second layer. A symmetrical
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all-organic battery is then formed by adding another set of
identical electrode and electrolyte layers [101].

4 Printable Materials for SSBs

The processability, performance, and long-term dependabil-
ity of the materials used for printing are essential for the suc-
cessful printing of SSBs, exactly as in other printing fields.
The key components of SSBs, namely electrodes, electro-
lytes, and current collectors, have specific requirements in
the printed SSBs. Inks for different battery components need
to be developed with specific formulations and properties
according to specific printing methods, and usually active
materials are dispersed in solvents together with binders
and additives to obtain stable colloidal suspensions, viscous
pastes or mixture [32]. By adjusting the ratio of each com-
ponent, inks with specific properties, such as viscosity and
surface tension, can be obtained to meet the requirements
of different printing technologies. Inks for different battery
components should be designed considering compatibility
with printing processes and electrochemical performance
[102, 103]. Depending on the printing technique, the ink
should have specific properties to allow design process-
ability and prevent irregular patterns, uneven film morphol-
ogy or low resolution. These properties include rheology
(viscoelasticity, thixotropy, shear thinning and thickening
behavior) and physical/chemical (the boiling point, surface
tension, solubility, contact angle, density and specific grav-
ity) properties and affect the colloidal stability of the ink
composition and volumetric uniformity [104, 105]. Once
different binder/solvent interactions can be observed, such as
electrostatic repulsion and van der Waals forces, the stability
of the ink is affected by the choice of solvent. Binders in col-
loidal solutions also exhibit two distinct force mechanisms:
steric interactions and depletion interactions. Additionally,
the use of surfactants affects these forces and can provide
a certain degree of agglomeration or particle dispersion.
Excellent electrochemical performance is actually achieved
by dispersing agglomerates of different components. All
these properties affecting electrochemical performance,
once they affect ion/electron transport, are related to the
dispersion of battery components (interconnected particle
networks) and the development of new transport channels
[102]. In this chapter, we will mainly discuss printable elec-
trodes and electrolytes for printed SSBs. Unlike common
liquid batteries, there are often non-printed in SSBs, such
as current collectors, which normally serve as supports for
the printed structure.
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4.1 Electrode Materials

The anode materials of SSBs generally use ultra-high-capac-
ity lithium metal or lithium-silicon-based materials. The
cathode material is the most critical component in SSBs.
The discovery and development of cathode materials that
match the anode are expected to achieve excellent energy
or power density. Therefore, the development of low-cost,
high-performance cathode materials is the focus of future
SSB research. So far, the cathodes of SSBs generally use
composite electrodes. In addition to electrode active mate-
rials, composite electrodes also include solid electrolytes
and conductive agents, which play the role of transporting
ions and electrons in the electrodes. Oxide cathodes such
as LiCoO,, LFP, and LiMn,0, are widely used in SSBs.
In order to further improve the energy density and electro-
chemical performance of SSBs, researchers are also actively
developing new high-energy cathode materials, mainly
including high-capacity ternary cathode materials and high-
voltage materials, such as LiNi;_,_,Co Mn O, (NCM) and
LiNi;_,_,Co,Al O, (NCA), both having layered structure
and high theoretical specific capacity. In addition to the
above-mentioned electrode active materials, metals, alloys,
sulfides, silicon-based materials, carbon-based materials,
organic compounds, etc. are used as electrodes for SSBs. But
they often suffer from poor cycle life, and in order to fully
realize the potential of these electrode materials, new elec-
trode structures are required to achieve more efficient charge
transport beyond the limitations of conventional electrodes.
Using printing technology, the design and synthesis of cath-
ode materials to address the charge transport limitations in
highly loaded electrodes enables composite electrodes with
an unprecedented combination of energy and power density.

Typically, electrodes are printed directly on current col-
lectors or electrolytes, the latter approach providing lower
interfacial resistance between the solid electrolyte and elec-
trodes. The capacity enhancement of SSBs is mainly pur-
sued through a series of interface engineering strategies.
The choice of solvent and binder system can tune the elec-
trostatic and steric interactions within the ink, which can
prevent the agglomeration of the active material and help
improve the active material-electrolyte interface within the
electrode [102]. The surface chemistry of the active material,
the concentration and type of conductive additives, poly-
mer loading, and solvent play an important role in forming
the electrode microstructure [106]. This section highlights
recent strategies aimed at increasing metal nucleation active
sites and maintaining a sustainable Li-ion supply by care-
fully designing electrode materials in SSBs, which can be
classified into carbon-based [40], elemental-based [107],
oxide [108], and organic ones [101].

4.1.1 Carbon-Based Electrode Materials

Carbon-based materials have the advantages of high sur-
face area, tunable properties, high conductivity, low density,
cheap and ubiquitous precursors, and well-known and sim-
ple chemistry, which can be used to produce state-of-the-
art printed solid-state lithium batteries. The 3D structure
and surface chemistry of carbon allotropes formed by sp>
hybridization of carbon atoms, namely carbon nanotubes
(CNTs) and graphene, play a key role in determining their
electrochemical performance for reversible Li metal storage
[109]. Graphite can be chemically oxidized and exfoliated
to obtain graphene oxide (GO). Printable inks require bet-
ter viscosity and higher yield stress under compression and
shear, which requires well-controlled rheology. GO, which
exhibits excellent ink-forming ability, unique viscoelastic-
ity, and functional properties suitable for printing due to
its abundant amphiphilicity, stable dispersion, and tunable
rheology, is often chosen to prepare various water-based
composite inks [110, 111]. Developing printable GO inks
is highly challenging because most GO-based aerogels come
from dilute precursors (<5 mg mL™!) of GO suspensions
with low and unprintable viscosity [112, 113]. For different
printing purposes, the rheological properties of the required
printing ink, such as good formability, high porosity, good
electrical conductivity and mechanical stability, are manipu-
lated by varying the concentration and ratio of Go-based
inks and additives such as calcium ions, CNTs and cellulose
nanofibers [114-116]. Through a thermal annealing process,
GO can be easily reduced to conductive graphene (rGO),
which exhibits good electrical conductivity and can be used
as a promising battery electrode material. Most research to
date has focused on customizing the ink properties of gra-
phene oxide [117], fabrication strategies [118], and building
design objects, such as periodic scaffolds [119], nanowires
[120], and microlattices [114]. At the same time, these 3D
printed rGO structures exhibit good electrical conductiv-
ity, ultra-light weight, and high compressibility, which are
promising energy storage applications [112].

In electrode materials, the rheological properties required
for printing inks, such as good formability, high porosity,
excellent electrical conductivity, and mechanical stability,
were controlled by varying the concentration and ratio of
GO-based inks. Kong et al. [121] fabricated a compressible
quasi-SSB by a layer-by-layer stacking 3D printing method.
As shown in Fig. 5a, b, the printing of self-supporting
periodic rGO aerogel microlattice electrodes with tunable
thickness was achieved by using highly conductive 2D rGO
nanosheet inks. During the process of printing electrodes,
the self-assembly of complex multidimensional superstruc-
tures of various carbon materials promotes the formation
of hierarchical pore structures that provide multiple chan-
nels for ion diffusion. The addition of ultrathin Ni(OH),
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nanosheets and porous a-Fe,O; nanorod arrays into the
aforementioned rGO aerogel microlattices to form electrodes
ensures the coupling between the inorganic nanocrystals and
the carbon framework, resulting in electrons from the active
material rapidly transferred to the current collector. The
active material loading of the electrodes exceeds 130 mg
and the compressibility is as high as 60%. The printed quasi-
solid-state Ni—Fe battery device exhibits a volumetric energy
density of 28.1 mWh cm~>, a power density of 10.6 mW
cm~>, and is stable for more than 1 500 cycles even under
severe mechanical stress. Their synthesis strategy not only
provides an efficient method for printing the fabrication of
compressible batteries, but also facilitates future applica-
tions in stress-resistant flexible/wearable electronics.

In order to realize full-component printing of SSBs,
expand the fabrication of more energy in multi-dimensional/
multi-scale complex structure storage devices. Hu and his

@ Springer

shape-versatile bipolar cells prepared via the UV-assisted multistage
printing process. Reprinted with permission from Ref. [49]. Copy-
right © 2020, Royal Society of Chemistry. h Schematic illustration of
the 3D-printed Se cathode for promoting Li* immigration in a quasi-
solid-state lithium-selenium battery model. Reprinted with permis-
sion from Ref. [107]. Copyright © 2020, Royal Society of Chemistry

workers developed GO-based electrode composite inks and
SSE inks to enable full-component 3D printing of SSBs [40].
As shown in Fig. 5c—e, the 3D printed SSBs were success-
fully fabricated using GO-based aqueous inks consisting of
highly concentrated graphene oxide sheets as well as cathode
and anode active materials. The highly concentrated gra-
phene oxide flakes provide the necessary viscosity to bond
the electrode materials together and enable 3D printing. Due
to nozzle-induced shear stress, the GO flakes align in the
extrusion direction, which enhances the conductivity of the
electrodes. In addition, the inherent porous structure of the
GO flakes provides a large surface area to load the electrodes
with live nanoparticles and to hold the electrolyte. Based on
this research, a class of GO-based printed composite inks can
be designed and constructed for the fabrication of advanced
structures, architectures, and systems with a variety of func-
tional and energy storage applications. As shown in Fig. 5f,
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the rGO-based electrodes were tested at various specific cur-
rents, and the charging and discharging capacities tended to
decrease as the specific current value increased. At a specific
current of 200 mA g~!, the battery shows a higher charging
capacity than the discharging capacity. This may be attributed
to the fact that the GO matrix lengthens the Li* diffusion
path and thus hinders diffusion and reduces capacity, which
is reflected in the increased capacity loss at higher specific
currents.

Combining 3D printing technology with the preparation
of graphene-based composite materials enables rapid manu-
facturing molding of composite materials to create products
with complex structures. The addition of graphene enables
3D printed products with better mechanical properties and
functional characteristics, while also allowing easier prepa-
ration of gradient functional products. It is worth mention-
ing that graphene can be compounded with polymer solid
electrolytes, while the addition of polymer stabilizes the ink
to prevent graphene precipitation and delamination, and also
adjusts the ink viscosity to be in a printer-friendly range.
Many of the technologies for forming graphene/polymer-
based composites using 3D printing are not mature enough
yet, making the prospect of application in the field of print-
ing SSBs worthy of anticipation. CNTs have been widely
used to fabricate different devices such as transistors [122],
sensors [123], supercapacitors [124] and printed batteries
[51] due to their large specific surface area, high chemical
stability, high mechanical strength, and excellent electrical
and thermal properties. In batteries, it is common to use
similar methods based on carbon nanotube-mediated surface
modification to modify electrodes to improve battery perfor-
mance. For instance, Kim et al. [49] demonstrated a printed
bipolar all-solid-state LiB with extraordinary shape versa-
tility, flexibility, charge—discharge behavior, flammability,
and fabrication simplicity (Fig. 5g). Single-walled CNTs are
coated to increase their electrical conductivity. Experimental
results show that the introduction of a conductive single-
walled CNTs layer on the surface of the active material leads
to an increase in the electronic conductivity of the resulting
electrode. The coin-type half-cells were tested at a constant
charge current density of 0.1 C, and the results showed that
the discharge rate capability of the single-walled carbon
nanotube-coated electrodes was significantly improved.

To meet the flexible and breathable energy storage
device requirements for wearable applications. Wang et al.
[39] used 3D printing to fabricate flexible all-fiber lithium-
ion batteries. In their design, fiber electrodes were printed
separately using CNT-containing high-viscosity polymer
ink, and all-fiber lithium-ion batteries were assembled by
wrapping the printed fiber electrodes using gel polymers as
quasi-SSEs. The interconnected CNTs facilitate the trans-
port of electrons and can obtain excellent electrochemical
performance. The all-fiber device exhibits a high specific

capacity of 110 mAh g~! at a current density of 50 mA g~
and maintains good flexibility of the fiber electrodes, poten-
tially integrating into textiles for future wearable electronic
applications. In addition, Gao et al. [107] showed that CNTs
can also inhibit the growth of lithium dendrites (Fig. S5h).
The prepared CNT ink is first extruded through a 200 mm
diameter nozzle. The printed CNT layer was placed in a
freeze dryer for 24 h. Finally, a self-contained CNTs that can
effectively protect the interlayer of Li anode during lithiation
and delithiation cycling is obtained. The assembled sym-
metrical battery can operate stably for 400 h (3 mA cm™ and
3 mAh cm™2). And the SSB exhibits excellent cycle stability
and remarkable rate capability, providing an areal capacity
of 12.99 mAh cm™ at 3 mA cm™>

The effect of CNTs with many excellent mechanical, elec-
trical and chemical properties compounded with electrode
active materials on the composite properties depends to a
large extent on their mass fraction, dispersion status and the
interaction between the carbon nanotubes and the matrix.
In addition to this for example, the orientation of carbon
nanotubes in the composite, the orientation of fibers in the
lamellae, and the inhomogeneity of functional groups on the
surface modification of carbon nanotubes have the potential
to contribute to the improvement of the final mechanical
properties of the composite.

4.1.2 Elemental Electrode Materials

The inactive metal or nonmetal battery is based on the elec-
troplating and stripping of the metal on the negative side of
lithium and the conversion reaction of the inactive metal or
nonmetal on the positive side. Their reaction mechanism is
different from the ion deintercalation mechanism of lithium-
ion batteries, but an electrochemical reaction mechanism.
The nontopological nature of these reactions endows the
high theoretical specific capacity of lithium anodes and inac-
tive metal or non-metal cathodes [125].

Among the numerous energy storage systems explored
so far, lithium-sulfur batteries have attracted much attention
due to their high theoretical capacity (1 672 mAh g~!), low
cost, and naturally abundant sulfur, making them a promis-
ing alternative to commercial lithium candidate batteries for
ion batteries. Although Li-S batteries have been widely used,
they still face several problems that hinder their practical
application, such as the low conductivity of sulfur (5x 10728
S m™!) and the high solubility of polysulfides caused by the
“shuttle effect” [126]. In order to solve the shuttle problem
of polysulfides in lithium-sulfur batteries, Kim et al. [48]
fabricated for the first time a bipolar all-solid-state Li-S bat-
tery that exhibit excellent safety, flexibility, and form fac-
tors. As shown in Fig. 6a, it was fabricated by a solvent-free
drying, ultraviolet (UV) curing-assisted stepwise printing
process at room temperature, without the high-temperature/
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Fig.6 a Schematic of the printed bipolar all-solid-state Li-S batter-
ies through UV curing-assisted stepwise printing process. b Charge/
discharge curve of all-solid-state lithium-sulfur battery (charge/
discharge current density of 0.1 C/0.1 C). (a, b) Reprinted with per-
mission from Ref. [48]. Copyright © 2019, John Wiley and Sons.
¢, d Schematic of extrusion-based 3D printing of selenium disulfide/

high-pressure sintering step commonly used in inorganic
solid electrolytes. Two thermodynamically incompatible
and nonflammable gel electrolytes based on ethyl methyl
sulfone and tetraethylene glycol dimethyl ether were used
to address the grain boundary resistance of conventional
inorganic solid electrolytes and the shuttle effect of poly-
sulfides in lithium-sulfur batteries long-term problems. The
ethyl methyl sulfone gel electrolyte embedded in the sulfur
cathode facilitates the utilization of sulfur, while the tetra-
ethylene glycol dimethyl ether gel composite electrolyte acts
as a polysulfide repelling separator. The resulting bipolar all-
solid-state Li-S battery exhibits extraordinary advancements
in form factor, mechanical flexibility, and safety. The rational
design of the battery components and structure described
above, combined with a simple UV-curing assisted step
printing process, enables the resulting all-solid-state lithium-
sulfur battery to show significant improvements in bipolar
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ketjenblack composites cellular structures and the C-rate performance
of the cathode. Reprinted with permission from Ref. [128]. Copyright
© 2020, Elsevier. e Schematic diagram of the microsized Ag/Zn bat-
teries. Reprinted with permission from Ref. [129]. Copyright © 2020,
John Wiley and Sons

configuration, safety, mechanical flexibility, and aesthetic
diversity, far beyond what can be achieved with conventional
lithium-sulfur battery technology. As shown in Fig. 6b, the
letter-shaped bipolar all-SSB shows normal charge/discharge
curves at the charge/discharge current density of 0.1 C/0.1 C.

Some researchers have also explored lithium-selenium
(Li-Se) batteries, since Se is an element in the periodic table
that belongs to the same main group as S. Compared with S,
the semiconducting Se shows a higher electronic conductiv-
ity of 1 107> S m~!, which is 10*? higher than that of S,
enabling Li-Se batteries with high electrochemical kinetics.
In addition, Li-Se batteries have comparable volume capaci-
ties to Li-S (3253 mAh cm™ vs. 3 467 mAh cm™) [127].
More importantly, it is widely believed that Li-Se batteries
undergo a solid-state lithiation process, a poly Se-free process
in carbonate electrolytes. In other words, there is no “shuttle
effect” during the charge/discharge process, which contributes
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to high utilization of selenium and extended cycle life. Gao
et al. [107] proposed a combination of printed CNT interlayers
with 3D printed Se cathodes filled with gel polymer electro-
lytes in high Se loading cathodes to protect lithium anodes
for ultra-high energy/power density quasi-solid-state light-
emitting diodes. 3D printed Se serves as a host for impreg-
nation of gel polymer electrolytes to prepare interconnected
Li transport channels in thick Se cathodes, enabling rapid Li
transport. Correspondingly, the SSE with ultra-high Se load-
ing of 20 mg cm™2 achieves an areal capacity of 12.99 mAh
cm™2at 3 mA cm™>.

Interestingly, according to related reports, heterocyclic
Se,S, molecules combine the advantages of S and Se, have
higher capacity than pure Se, and have better conductivity
and cycling stability than pure S. As an important member
of the Se,S, family, SeS, is the most reported material with a
theoretical capacity of 1 123 mAh g~! and a specific energy
density of 1 743 Wh kg~!. Shen et al. [128] printed three-
dimensional self-supporting electrodes for LiSeS, batteries
by DIW on the basis of high solid content ink (Fig. 6¢). The
characteristic rheological properties of the ink give it good
printing performance and can stably extrude 3D printed cell
scaffolds. In such a printed structure, a low-cost commercial
conductive ketjenblack with abundant pores was chosen as
the host material for selenium sulfide. For the well-con-
trolled 3D printed ketjenblack/SeS, electrode, the area SeS,
loading reaches 7.9 mg cm™~2. More importantly, due to hier-
archical porosity engineering, the 3D-printed honeycomb
ketjenblack/SeS, cathode achieves a first discharge capac-
ity of up to 9.5 mAh cm~2 at 1.8 mA cm™2, and 80 cycles
at such a high mass loading. As shown in Fig. 6d, it is the
initial discharge capacity of SeS, at 0.05 C,0.1 C,0.2 C, 0.5
C and 1 C, indicating that the SeS, electrode has good rate
stability. This 3D-printed Li-SeS, battery electrode could
guide more ultra-capacity energy storage systems towards
practical applications.

The content of active materials (i.e., sulfur, selenium,
etc.) in the flexible cathode should be further increased to
achieve higher energy density of the whole battery. It is
worth noting, however, that in printing fabrication, one of
the limitations is that mechanical flexibility suffers if the
sulfur content is increased [130]. Therefore, more efficient
3D conductive and mechanical networks are required to
accommodate more cathode active materials while main-
taining better flexibility.

Because lithium resources are limited, researchers have
developed batteries based on other metals. So far, various
types of promising quasi-solid or solid-state metal-based
rechargeable batteries have been developed, including alkali
metal ions (Li*, Na™ and K*), multivalent metal ions AI**,
Zn>* and Mg?*, and nickel base cells [131]. For example,
Kong et al. [121] prepared Ni—Fe battery anode and cathode
materials using 3D printed hybrid aerogels as scaffolds. Bi

et al. [129] used a combination of mask-assisted jet printing
and electrochemical deposition to fabricate cross-type Ag
and Zn microelectrodes (Fig. 6e). First, silver ink composed
of silver nanoparticles, adhesives and organic solvents is
sprayed on polyethylene terephthalate film, and the poly-
ethylene terephthalate film is covered with a shadow mask
of the desired shape. After evaporating the organic solvent,
a cross-type Ag array was obtained. Highly conductive
forked-finger silver arrays were used as cathode materials
and coated with polyvinyl alcohol-potassium hydroxide gel
electrolytes to obtain quasi-solid-state microbatteries. Com-
pared with other aqueous zinc-based micropower sources,
the quasi-solid-state microstrips exhibit superior energy and
power densities [129]. In addition, microbatteries of differ-
ent structures can be fabricated in series or in parallel on
different substrates to output higher voltages or currents
through internal connections. Furthermore, the microbatter-
ies can maintain stable performance in the bent or cut state.
These all illustrate the feasibility of combining tiny batteries
with flexible and wear-resistant electronics.

4.1.3 Oxide Electrode Materials

There is no essential difference between the cathode mate-
rials used in solid-state lithium batteries and the cathode
materials in liquid systems. The material systems involved
mainly include LFP, LiMn,0, and high-capacity LiCoO,,
LTO, LiNi,_,_,CoMn O, and LiNi,_,_ Co,Al;O,. The most
often utilized electrode materials in solid-state printed bat-
teries are LTO and LFP, which have low volume expan-
sion, high-rate capability, high stability, and safety. In recent
years, there has been an increasing number of studies on
LTO/LFP-based electrode printing.

Clogging of DIW nozzles is usually caused by phase sep-
aration of fillers such as Al,O; powder, and thermal anneal-
ing and processing solvents inevitably cause severe damage
to previously printed bottom layers. As shown in Fig. 7a,
in order to maintain their electrochemical performance as
well as shape consistency and scalability, Bae et al. [132]
designed that all components of the SSB need to be printed
sequentially to avoid damaging the underlying layer. Spe-
cifically, novel material strategies are proposed to simulta-
neously provide thixotropic fluid behavior and appropriate
viscosity of the printable gel electrolyte to address the afore-
mentioned problems caused by phase separation ceramic
additives or slow fabrication processes. The gel polymer
electrolyte in the battery is composed of ethoxylated trimeth-
ylolpropane triacrylate (ETPTA) and polydimethylsiloxane
(PDMS). LFP and LTO slurries with high active material
loading were rheologically optimized for printing cathodes
and anodes, respectively.

The growing demand for wearable electronics has pro-
moted the development of flexible and wearable energy
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Fig.7 a Scalable and shape-common all-printed SSBs and individual
component structures using 3D printing. Reprinted with permission
from Ref. [132]. Copyright © 2023, John Wiley and Sons. b Sche-
matic diagram of the manufacturing process and wearable applica-
tions of 3D printed all-fiber flexible lithium-ion batteries. Reprinted
with permission from Ref. [39]. Copyright © 2017, John Wiley and
Sons. ¢ Spray printed different configurations of LFP layers as well as
PEO-LAGP layers. Reprinted with permission from Ref. [108]. Cop-
yright © 2019, Royal Society of Chemistry. d SEM image (cross-sec-
tional view) of printable SSBs (LFP cathode, SCE layer, LTO anode).
Reprinted with permission from Ref. [134] Copyright © 2015,

devices. The fabrication of wearable batteries using 3D
printing approaches is highly desired because of their capa-
bility of printing arbitrary shapes and sizes and configuring
multiple materials at different positions as needed. In 2017,
Hu and coworkers presented a 3D-printed wearable Li-ion
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battery with excellent mechanical strength and high flex-
ibility [39]. The active electrode materials of LTO, LFP and
PVDF were dissolved in NMP solution to serve as printing
inks. PVDF-co-HFP soaked with limited LiPF in ethyl-
ene carbonate/diethyl carbonate solution was coated on the
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surface of printed fibers as quasi-SSEs. Then, the coated
anode and cathode fibers were twisted together and pack-
aged with an outer heat shrink tube (Fig. 7b). The surface
of the PVDF-co-HFP coated yarn contained lots of pores
that could absorb and contain liquid electrolytes locally. In
the bending state, the all-fiber battery could power an LED
lightening for several minutes, exhibiting excellent flex-
ibility and stability of the structure. Furthermore, due to
its superior flexibility, the printed fibers can be woven into
fabrics for wearable energy devices. The all-fiber battery dis-
played a discharge specific capacity of about 110 mAh g~! at
50 mA g~! and a Coulombic efficiency of 93%, respectively.
This research demonstrates a cost-effective method of pro-
ducing all-fiber Li-ion batteries and provides new possibili-
ties for future wearable electronic applications. Rodriguez
et al. [133] demonstrated that aerosol jet-printed LFP cath-
odes have about 10 mAh g~! higher capacity per cycle than
standard tape-cast electrodes at the same mass loading and
electrode thickness. Rate-capacity testing showed that these
gains in achievable capacity occurred mainly at high current
densities, suggesting improved lithiation kinetics for the AJP
cathode. Studies have shown that AJP cathodes contain large
electrolyte conducting channels near the electrode surface
that taper into the bulk. Even though the pore volume was
reduced by 55% by calendering, remnants of these channels
remained. The unique cathode structure of the AJP electrode
enables a 30% increase in the electrochemically active sur-
face area compared to the tape-cast electrode.

Bu et al. [108] investigated a co-spray printing method to
print a thin layer of honeycomb LFP cathode material inlaid
with a mixed electrolyte layer (Fig. 7c). Honeycomb electrodes
with staggered solid electrolyte sublayers improve interfacial
contact between electrodes. The honeycomb interleaved elec-
trodes also exhibited the best performance in terms of capacity
and cycling stability at all tested temperatures when combined
with lithium foils in solid-state lithium-ion battery configu-
rations. Kim et al. [134] used a stencil printing technique to
print the LTO anode paste on an aluminum current collector,
which was then exposed to UV radiation for a short period of
less than 30 s. Subsequently, a thin layer of printable solid-
state composite electrolyte was introduced on the LTO anode
through the same stencil printing and UV-curing process. Then,
the LFP cathode paste was directly printed on the solid-state
composite electrolyte layer/LTO anode unit and subjected to
UV irradiation. After placing the Al current collector on top of
the printable LFP cathode/printable solid-state composite elec-
trolyte layer/printable LTO anode assembly, a fully integrated
multilayer structure battery was ultimately obtained (Fig. 7d).

The combination of energy production and energy storage
systems is the ultimate solution to meet the growing demand
for high energy density power sources. Um et al. [135] dem-
onstrated a novel monolithically integrated, light-recharge-
able portable power source based on miniature crystalline

silicon photovoltaics and printed solid-state lithium-ion bat-
teries (Fig. 7e). A solid-state LIB with a bipolar cell con-
figuration is fabricated directly on the aluminum electrodes
of miniature crystalline silicon photovoltaic modules via a
tandem printing process, enabling seamless architectural/
electrical connection of two different energy systems. To
prepare the electrode slurry, the electrolyte precursor mixture
consists of UV-curable ethoxylated trimethylolpropane tria-
crylate monomer and high-boiling electrolytes, mixed with
electrode active materials: the cathode material is LiCoO,,
and the anode material is LTO. The LTO anode paste was
printed on the aluminum electrodes of Si photovoltaic mod-
ules using a stencil printing technique, and then exposed to
UV light for a short period of time for less than 30 s. Using
the same stencil printing and UV curing process, LiPF, was
introduced on the surface of the LTO anode to form a thin
solid electrolyte. Then, the LCO cathode paste was directly
printed on the solid electrolyte layer/LTO anode unit and
exposed to UV light irradiation. After placing an aluminum
current collector on the printed LCO cathode/printed SCE
layer/printed LTO anode assembly, a solid-state LiB unit cell
was obtained.

The surface chemistry of the active material, the concen-
tration and type of conductive additives, polymer loading,
and solvent play an important role in forming the electrode
microstructure. Shen et al. [102] utilized ink engineering to
enhance the performance of composite electrodes in SSBs.
By tuning the ternary component interactions within the
ink (polymer, solvent, active material), the capacity of the
LTO anode is increased by 3—4 times. They demonstrate
that the choice of solvent and binder can significantly alter
the battery performance of the studied configurations. Less
agglomeration in the electrode and better contact between
the cathode and electrolyte are achieved, leading to spatially
uniform Li* flux and uniform distribution of local current
density. Ink engineering has been shown to significantly
increase the capacity of LTO/Li half-cells. A combination
of ink engineering and interfacial modification routes is pro-
posed for scalable production of high-performance SSBs.

4.1.4 Other Electrode Materials

In addition to the above-mentioned common electrode
materials, some researchers also use organic compounds as
electrodes [101, 136]. In general, the dissolution of organic
molecules in contact with the electrolyte can be partially
improved by polymerizing the monomer molecules or/and
using SSEs. Unpolymerized benzoquinone small molecules
exhibit reasonable energy storage properties when using
as SSEs, which is beneficial because monomeric organic
electrodes tend to have higher electrode potentials and elec-
tronic conductivities than polymer electrodes. However, it
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is well known that the typical disadvantages of SSEs com-
pared with liquid electrolytes are low ionic conductivity and
increased and variable interfacial contact resistance, limit-
ing the penetration of electrode structures. To address these
issues, Leung et al. [101] introduced a layer-by-layer spray
technique as a route to fabricate porous organic electrodes
based on widely available low-cost quinoid dye molecules
with controlled thickness (Fig. 7f, g). Half-cell and full-
cell solid-state configurations were evaluated at different C
rates at ambient temperature using a range of electrochemi-
cal techniques. To date, this work is the first to report the
performance of a symmetric SSB based entirely on organic
electrode and electrolyte materials at voltages in excess of
V.

In terms of electrodes for printed SSBs, in addition to the
traditional transition metal oxides and graphite electrodes,
a series of high-performance cathode and anode materi-
als are also being developed for printing SSB electrodes,
including high-voltage oxide cathodes, high-capacity sulfide
cathodes, and composite negative electrodes with good sta-
bility. Although there is no side reaction of decomposition
of solid electrolytes at the interface of solid electrolytes and
electrode materials, the compatibility of the electrode/elec-
trolyte interface is poor due to the solid characteristics, and
the interface impedance is too high, which seriously affects
the ion transfer, and ultimately leads to the low cycle life
and poor rate performance of solid batteries. In addition,
the energy density of battery component materials cannot
meet the requirements of large-scale batteries. Research on
printed electrode materials focuses on two aspects: firstly,
modification of electrode materials and their interfaces to
improve electrode/electrolyte interface compatibility; sec-
ondly, development of new electrode material inks to further
enhance the electrochemical performance of SSBs; finally,
the combination of ink engineering of electrodes and inter-
facial modification routes for scalable production of high-
performance SSBs.

4.2 Electrolytes

The goal of developing printed SSEs technology is to make
it successfully applied to printed SSBs, which is essential
for achieving high safety, higher energy/power density,
and long-cycle performance [17]. Its scientific advance-
ment has a direct impact on the SSB manufacturing pro-
cess [137]. Solid electrolytes now face several challenges,
including low ionic conductivity and high interfacial
resistance at ambient temperature, as well as poor inter-
facial stability between active materials and solid elec-
trolytes during circulation. Recently, increasing attention
has been focused on the preparation of high-performance
electrolytes with high ionic conductivity, low activation
energy, and low electronic conductivity [138]. There are
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many types of solid electrolytes, mainly solid inorganic
electrolytes [26, 81, 100], solid polymer electrolytes [139,
140] and solid composite electrolytes [88, 93]. Inorganic
SSEs are characterized by high modulus and often fail to
provide good interfacial contact when matched with elec-
trodes, especially for lithium metal electrodes [141]. Poor
interfacial contact can significantly increase the interfacial
impedance during battery cycling [27]. Furthermore, when
an inorganic solid electrolyte is matched with a high-volt-
age cathode, side reactions are prone to occur at the inter-
face of electrode, resulting in poor interface stability and a
negative impact on battery kinetics. Polymer electrolytes,
on the other hand, are softer, lighter, and easier to match
with electrodes than inorganic solid electrolytes, and their
electrode affinity is significantly superior to inorganic
ceramics [142]. Furthermore, most polymer electrolytes
are flexible and expandable, which is conducive to practi-
cal battery manufacturing. However, polymer electrolytes
generally have low lithium ion mobility, which results in
a much lower electrical conductivity than that of conven-
tional organic liquids, which also limits the wide applica-
tion of polymer electrolytes [143]. At the same time, the
heat resistance and mechanical properties of the polymer
electrolyte are low, which makes it impossible for a single
polymer electrolyte to completely prevent the growth of
lithium dendrites and ensure the safety performance of the
battery when used in the field of lithium metal batteries
[144]. Therefore, in order to make full use of the respec-
tive advantages of inorganic and polymer electrolytes and
avoid their respective defects, inorganic and polymer elec-
trolytes are usually compounded by various methods to
develop solid-state composite electrolytes [145].

Solid electrolytes that can be used in SSBs need to meet
the following performance requirements.

1. High ionic conductivity. The ionic conductivity directly
affects the bulk resistance of the battery. For solid elec-
trolytes, the ionic conductivity is generally required to
reach 107*-107> S cm™".

2. The higher Li* migration number. Ideally, the number of
transitions is 1. If the migration number is too low, ani-
ons will be enriched on the electrode surface, the con-
centration polarization of the battery will be aggravated,
and the impedance will increase.

3. Excellent chemical, electrochemical and thermal stabil-
ity. It has stable chemical properties with metal lithium
and cathode materials, does not react with water, car-
bon dioxide, has a high electrochemical decomposition
potential (>4.5 V vs. Li*/Li), and has a thermal expan-
sion coefficient that matches the electrode and high tem-
perature thermal stability.
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4. Certain mechanical strength. The growth of lithium den-
drites is inhibited, and at the same time, it can meet the
needs of solid-state lithium battery assembly.

With the advancement of printing technology, the bat-
tery’s electrolyte can also be printed directly, reducing
manufacturing procedures, time, and costs. Printed SSEs
have received rapidly growing attention due to urgent pro-
cess upgrades. Up to now, various types of printable SSEs
have been investigated (Table 1). Nonetheless, the under-
standing of printed electrolytes for interfacial reactions
and battery structure and performance is still at an early
stage. In this section, we summarize and discuss current
electrolytes for printed SSBs based on the above SSEs
classification.

4.2.1 Inorganic Solid Electrolyte

High ionic conductivity and hardness characterize inorganic
electrolytes, yet they are brittle and have a high interfacial
impedance with electrodes [145]. Inorganic solid electro-
lytes can also support battery operation at low and high
temperatures (for example, from — 50 to 200 °C or higher),
where conventional liquid electrolytes would freeze, boil,
or decompose. The low activation energy of fast ionic con-
ductance helps to reduce the variation of ionic conduct-
ance with temperature and ensures the reliability of the
work. Furthermore, solid materials are not expected to

exhibit bulk polarization due to the invariance of the ani-
onic framework, which may lead to higher power capacity
[151]. Inorganic solid electrolytes can be mainly divided
into oxide electrolytes and sulfide electrolytes. According
to the material structure, oxide solid electrolytes can be
divided into two types: crystalline and glassy (amorphous).
Crystalline electrolytes include garnet-type solid electro-
lytes [66], perovskite-type Li;, La,;;_, TiO;, NASICON type
Li, . Al Ti,_(PO,); and Li, Al Ge,_(PO,);, and glassy
electrolytes include anti-perovskite Li;_, M HalO electro-
lytes and thin-film solid electrolytes lithium phosphorus
oxynitride (LiPON).

Oxide solid electrolytes have high chemical stability and
can exist stably in the atmospheric environment, which is
conducive to the large-scale production of all-SSBs. The
current research focus is on improving the room tempera-
ture ionic conductivity and its compatibility with elec-
trodes. The current methods to improve ionic conductivity
are mainly element replacement and heterovalent element
doping. Furthermore, electrode compatibility is a significant
concern that limits its utilization. The interface formed by
the poor contact between the electrode and the electrolyte
and the bulk resistance formed by the thicker electrolyte
will lead to a higher resistance of the SSB [152]. Typi-
cally, flat particle solid electrolytes with planar interfaces
are developed to minimize the interfacial contact area.
The distinguishing feature of 3D printing is its ability to
quickly explore different structure—property relationships

Table 1 Summary of the basic properties of SSEs. Data are extracted from different sources, and thus are with different significant digits

Classification Composition Symmetry Ionic conduc- T (measure- Activation energy References
tivity/(S cm™') ment tempera-
ture)

Inorganic electrolyte  Li;La;Zr,0, Cubic 0.5x10™ 25°C - [26]
Lig sLa;Zr, sTays0,, Cubic 1x1073 RT 0.34 [100]
Li, 5Al; 5Ti; 7(PO,)5 Rhombohedral  4.24 x 10~ 25°C - [81]
Nb doped Li;La;Zr,0,, - 2x1076 25°C 60 kJ mol™! [66]
Li, AL Ti, . (PO,); - 12x107 RT - [146]

Organic polymers PEO-LiTFSI - 2.18x1073 90 °C - [84]
PEO-CTA - 3x107* 22°C - [147]
PEO-SCN-LiTFSI - 37x107* 25°C 0.037 eV [89]
PEO-LiDFOB - 7x1074 45 °C [72]
ETPTA-DADMA - 1.2%x1073 RT - [139]
ETPTA-PDMS - 6.25x1073 RT - [132]
EMS-TEGDME - 43x107* RT - [48]

Composite electrolyte  Epoxy-Li; 4Al, ,Ge; (PO,); - 1.6x 107 RT 36.7 kJ mol ™! [88]
PEO-ZIF67 - 2.94x107* 60 °C 0.36eV [148]
PEO-LLZO-LiTFSI - 1.6x1074 70 °C 0.56 eV [93]
PEO-S-hBN/TEGDME - 0.49x107* RT - [149]
PVDF-co-HFP - 0.78x1073 RT - [82]
ETPTA-DADMA-Ti-SiO,@Al,0; - 0.4x1073 RT - [150]
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Reprinted with permission from Ref. [26]. Copyright © 2018, John
Wiley and Sons. ¢ Schematic of DIW printing procedure of LATP
ceramic SSEs. Reprinted with permission from Ref. [81]. Copyright

over a wide range of lengths. Solid electrolyte microstruc-
tures formed by 3D printing can rapidly study the interface
structure-performance relationship in solid electrochemical
devices. McOwen et al. [26] developed various ink formula-
tions and printed thin, non-planar, and complex-structured
Li;La;Zr,0,, solid electrolytes with different properties by
3D printing technology (Fig. 8a, b). The area specific resist-
ance of the 3D printed symmetric LilLi,;La;Zr,0,,ILi bat-
tery is very low in the electrochemical cycle test. Through
3D printing technology to further optimize the structure
of SSEs, the research shows that the specific resistance
per unit area of the SSB can be significantly reduced, and
the energy density and power density of the battery can be
improved. Liu et al. [81] printed Li, Al ;Ti, ;(PO,);-based
hybrid solid-state electrolytes on LFP cathodes by DIW,
which can easily achieve various shapes without sacrific-
ing high ion transport performance (Fig. 8c). The printed
free-standing Li, ;Al, ;Ti; ;(PO,); ceramic solid electrolyte
has a high ionic conductivity of 4.24x 107 S cm™' and a
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discharge capacity of 150 mAh g~! at 0.5 C. The battery
exhibits good cycling stability in the cycling test at 60 °C.
The DIW strategy of SSEs demonstrates a new avenue for
advanced solid-state energy storage with high ion transport
and custom fabrication.

Synthesis of ceramic SSE thin films based on traditional
processes usually requires sintering at high temperatures
(from 600 to 1 100 °C) for several hours to obtain the crys-
tal structure required for high ionic conductivity. However,
prolonged sintering also leads to severe Li and Na loss and
correspondingly low ionic conductivity due to the volatility
of these light elements at high temperatures [17]. In order
to solve the above problems, Ping et al. [100] developed a
printing and radiant heating method to synthesize ceramic
solid electrolyte films directly from precursors, followed by
rapid (~ 3 s) high temperature (~ 1 500 °C) reaction sintering
(Fig. 8d, e). In a typical process, precursor films are printed
on substrates of precisely tunable thickness by controlling
ink concentration and wet thickness. The air-dried precursor



Electrochemical Energy Reviews (2023) 6:34

Page230f40 34

films were then brought into intimate contact with a radiant
heating tape (typically ~ 1 500 °C) for rapid proximity sinter-
ing (Fig. 8e). This joule-heated tape is passed through the
precursor film with a gap of about 0.5 mm and a total heating
duration of a few seconds to complete the sintering pro-
cess, potentially enabling reel-to-reel processing. This rapid
heating enables the formation of dense polycrystalline film
structures with negligible loss of volatile elements due to the
short sintering time. The sintered Lig sLasZr; sTa, 50, solid
electrolyte film has a dense, uniform structure and excellent
ionic conductivity (1 mS cm_'). Furthermore, the fabrica-
tion time from precursor to final product is typically ~5 min,
which is 10 to 100 times faster than conventional SSE syn-
thesis. This printing and rapid sintering process also allows
multilayer structures to be fabricated layer-by-layer with-
out cross-contamination. The printing and radiant heating
technology can be easily extended to other thin-film SSEs,
opening unprecedented opportunities in developing safe,
high-performance SSBs and other thin-film devices.

In comparison to oxide solid electrolytes, sulfide solid
electrolytes (such as LigPSsCl) offer higher ionic conductiv-
ity, lower grain boundary resistance, and a larger oxidation
potential [153]. It is due to the huge ionic radius and strong
polarization of sulfur, which allows it to form larger lithium
ion transport channels [153, 154]. The lower electronegativ-
ity of sulfur than oxygen weakens the bonding of lithium
ions to adjacent skeletal structures and increases the concen-
tration of free lithium ions. Sulfide electrolytes have superior
chemical and electrochemical stability because numerous
main group elements can form stronger covalent bonds with
sulfur, resulting in a more stable sulfide that does not react
with lithium metal. Sulfide solid electrolytes are classified
into sulfide crystalline solid electrolytes, sulfide glass and
glass—ceramic solid electrolytes according to their crystal
types. However, there are still no reports on the use of sulfide
solid electrolytes made by the printing process for SSBs. It
may be that sulfide solid electrolytes are prone to side reac-
tions with air, water, etc. [155], and many challenges still
need to be overcome in the process.

4.2.2 Polymer Solid Electrolyte

Polymer solid electrolyte (SPE), composed of polymer
matrix (such as polyester, polase and amine) and lithium
salts (such as LiClO,, LiAsF,, LiPF; and LiBF,), has
attracted extensive attention due to its light weight, good
viscoelasticity and excellent machining performance [156].
Compared with inorganic SSEs, polymer SSEs are flexible
and make good interfacial contact with electrodes. At the
same time, they have good electrochemical stability and are
easy to process and prepare [142]. Polymer electrolytes gen-
erally have low elastic moduli and are therefore very suitable
for flexible batteries. Good safety performance, low mass

density, and high shear modulus make it an important appli-
cation prospect in the field of lithium metal batteries. PEO,
polyacrylonitrile (PAN), polyvinylidene fluoride (PVDF),
polymethyl methacrylate (PMMA), polypropylene oxide
(PPO), polyvinylidene chloride (PVDC), and other single-
ion polymer electrolytes have been used as SPEs in the past
[144]. However, ion transport in solid polymer electrolytes
mainly occurs in the amorphous region, and the high crystal-
linity of unmodified polymer electrolytes at room tempera-
ture results in low ionic conductivity, which has a signifi-
cant impact on the high-current charge—discharge capability.
Researchers improved the movement ability of polymer
chain segments by reducing the crystallinity, thus improving
the conductivity of the system [144]. The simplest and most
effective method was to conduct inorganic particle hybrid
treatment on the polymer matrix. The addition of these inor-
ganic particles disturbes the order of polymer chain segment
in matrix and reduces its crystallinity [157]. The interac-
tion between polymer, lithium salt and inorganic particles
increases the lithium ion transport channel and improves the
conductivity and ion migration number. Inorganic fillers can
also adsorb trace impurities in the composite electrolyte and
improve the mechanical properties.

In addition to employing polymers as electrolytes to alle-
viate the problem of interface impedance in SSBs, the con-
tact area can also be enhanced by using three-dimensional
structural components in batteries. He et al. [89] fabricated
a solid polymer electrolyte by the SLA printing process
(Fig. 9a), combining polyethylene glycol diacrylate with 1
wt% (wt% means the weight percentage) phenylbis (2,4,6-tri-
methylbenzoyl)phosphine oxide, succinonitrile and LiTFSI
were mixed in a mass ratio of 1.5:1.0:1.4 to prepare poly-
ethylene glycol giacrylate precursor. A cross-linked PEO
with three-dimensional archimedes spirals was then printed
by the SLA process. During the printing process, according
to the designed model, a laser with a wavelength of 355 nm
passes through the surface of the filament, and after each
layer is cured, the stage moves down. The resulting solid
polymer electrolyte replicates the designed geometry on a
flat substrate with a thickness of 100 pm, with spiral walls of
100 pm in width, 150 pm in height, and 200 pm in pitch. The
three-dimensional archimedes helical solid-phase extraction
is rationally designed, which shortens the transport path of
lithium ions from the electrolyte to the electrode, enhances
the interfacial adhesion, and increases the mass loading of
active materials. The battery exhibits an ionic conductivity
of 3.7%10™* S cm™! at 25 °C, decreased interfacial imped-
ance after 250 cycles and a high specific capacity of 128
mAh g~!. To achieve precise nanostructure control, Lee et al.
[147] reported the fabrication of solid polymer electrolytes
consisting of nanoscale ion-conducting channels embedded
in a rigid crosslinked polymer matrix by light-mediated 3D
printing. The robust solid polymer electrolyte has an ionic

@ Springer



34 Page240f40

Electrochemical Energy Reviews (2023) 6:34

{a@)sLA 3D printing 3D-SPE 3D-SPE|LFP

Laser-
I

PAN nanofiber

PAN solution / /-\
C

Electrospinning

(d)

Calendaring (
A
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polymer electrolyte. Reprinted with permission from Ref. [89]. Cop-
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depicting the direct printing-driven fabrication procedure of the print-
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conductivity as high as 3x 107 S cm™! at room temperature.
Li metal electrodes often exhibit poor oxidation stability
after exposure to humid environments, which is a must for
practical applications.

Despite the growing demand for lithium metals as anode
for SSBs, little attention has been paid to their oxidative
stability, which must be achieved for practical applica-
tions. It is necessary to make thin lithium metal electrodes
exhibit excellent oxidation stability and reliable full-cell
performance after exposure to humid environments, which
is driven by chemical/structural uniqueness. Cho et al.
[139] fabricated a polymer SSE for oxidation-resistant
lithium metal electrodes by UV polymerization-assisted
printing on lithium metal electrodes (Fig. 9b). This solid
polymer electrolyte is a UV polymerized ETPTA and dial-
lyldimethylammonium bis(trifluoromethanesulfonyl)imide
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(DADMA-TFSI) based, where ETPTA (as an organic
mimetic) and DADMA-TFSI (as an inorganic mimetic)
provide moisture resistance and high Li-ion transport
(1.2x107* S ecm™) and high Li-ion migration numbers
(0.69), respectively. The solid polymer electrolyte enables
thin lithium metal electrodes to exhibit excellent antioxida-
tive stability and reliable full-cell performance after expo-
sure to humidity.

Various printing technologies have their own advan-
tages and disadvantages. In order to explore the applica-
tion of aerosol jet printing technology in solid electrolytes,
Deiner et al. [72] used the AJP technique for the first time
to deposit directly a polymer SSE on an LFP cathode sub-
strate (Fig. 9¢c). The AJP electrolyte composed of PEO, lith-
ium difluoro(oxalate)borate, and alumina nanoparticles is
smooth, conformal, and non-porous. The ionic conductivity
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of the printed solid polymer electrolyte PEO/LiDFOB/AI,O;
(EO:Li=10:1) at 45 °C was>1x 107> S cm™". In the half-
cell structure, the cells with this printed electrolyte were
discharged at C/15 with a capacity of >85 mAh g~! at 45 °C
and > 160 mAh g~! at 75 °C. It was found that the geom-
etry and transport properties of the aerosol jet-printed solid
polymer composite electrolyte layer were sensitive to the ink
formulation, mainly the chemistry of the lithium salt anion,
and secondarily the EO:Li ratio. The realization of AJP of
solid polymer composite electrolytes opens a path for the
large-scale fabrication of solid-state lithium-ion batteries.

Ultrathin and lightweight solid electrolytes are necessary
to obtain energy densities comparable to or greater than lig-
uid electrolyte batteries. Cui and co-authors [140] reported a
novel scalable, ultra-thin and high temperature resistant solid
state polymer electrolyte for SSBs. The preparation process
of the ultra-thin solid-state polymer electrolyte is shown in
Fig. 9d, e. PAN films can be prepared in a scalable and roll-
to-roll manner using electrostatic spinning and subsequent
calendering. The roll-to-roll approach enables the PAN films
to be thinner and denser, resulting in smaller pores and provid-
ing a larger interfacial contact area with the electrodes. The
results show that symmetrical cells can provide over 300 h of
cycling capability at 0.5 mA cm™2. SSBs fabricated with only
5 um-thick lithium PAN-PEO/bis(trifluoromethanesulfonyl)
imide reach 300 cycles at 60 °C at a rate of 0.3 C. The design
extends cell operation to 120 and 150 °C for 500 cycles at a
C/2 rate and 100 cycles at a 2 C rate, respectively.

4.2.3 Composite Solid Electrolyte

Inorganic-polymer composite electrolytes combine the advan-
tages of inorganic and polymer solid electrolytes, making them
particularly suitable for the mass production of SSBs [145].
Compared with pure polymer solid electrolytes, composite solid
electrolytes have lower melting temperature and glass transition
temperature [145]. In general, ion transport in organic—inor-
ganic composite solid electrolyte is accomplished through the
amorphous region of the polymer. The introduction of filler and
the increase of lithium content can increase the proportion of
amorphous region of the composite electrolyte to promote ion
transport [158]. The presence of fillers can not only improve the
ionic conductivity and mechanical properties of the electrolyte,
but also achieve stable compatibility between the electrolyte
and the lithium anode. For example, Xia and coworkers [148]
developed a PEO/MOF hybrid SSE with effective dendrite sup-
pression via a room-temperature 3D printing strategy. As the
porous ZIF-67 filler facilitates the uniformity of Li deposition
and the formation of mesophase, the as-prepared hybrid SSE
shows enhanced dendrite suppression, which further improves
Li* migration and comprehensive performance in the PEO
chains. Li//Li symmetric cells with the obtained electrolyte can
withstand lithium metal plating/stripping at 0.1 mA cm~2 for

more than 950 h without short circuiting. The battery assem-
bled with the LFP cathode maintained a capacity retention of
95% after 100 cycles at 0.2 C. The authors also incorporated
other MOF (including MOF-74, UIO-66, ZIF-8) packing mate-
rials to demonstrate the generalizability of the method.

Typically, composite electrolytes are formed by mechani-
cally random mixing of ceramic and polymer electrolytes.
Some studies have shown that the alignment of ceramic
nanowires perpendicular to the electrode shows a greater
increase in overall conductivity than randomly embedded
particles, mainly due to the enhanced conduction of space
charge alignment along the ceramic/polymer interface [159,
160]. Zekoll et al. [88] invoked printing techniques to control
ceramic-polymer ratios and 3D structures to form structured
hybrid electrolytes that contain 3D ordered bicontinuous
interlocking channels: one filled with a ceramic electrolyte
to ensure a continuous channel for ion transport through the
electrolyte, and the other filled with an electrically insulating
polymer to tune mechanical properties. This 3D channel con-
nectivity maximizes the possibility of interrupting alternative
paths of surrounding currents. Figure 10a shows the fabrica-
tion process of the hybrid electrolyte with 3D bicontinuous
microstructure. Briefly, SLA was first used to fabricate cubi-
cally designed polymer templates with many empty channels.
Then, the inner voids of the polymer template were filled with
ceramic lithium-ion conductor Li, 4Al, ,Ge, ((PO,); powder.
Next, the filled template was burned in air to remove the
polymer template and sinter the Li, ,Al, ,Ge, ((PO,); phase,
thereby forming a structured Li, 4Al, 4Ge, ((PO,); scaffold.
The original space of the polymer template is eventually occu-
pied by the insulating polymer, forming a hybrid electrolyte
with 3D bicontinuous ceramic and polymer microchannels.
Using this method, different microarchitectures can be cre-
ated by SLA. The high porosity of the 3D printed template
(up to 85%) allows the ionically conductive ceramic to cover
majority of the volume, resulting in good ionic conductiv-
ity of the hybrid electrolyte. After optimization, the hybrid
Li, 4Al, 4Ge, (PO,);-epoxy electrolyte exhibits higher electri-
cal conductivity (1.6 X 107* S cm™!) and enhanced mechanical
properties, addressing the key challenges of all-SSBs. Fig-
ure 10b shows the stress—strain curves obtained for the three
sample types in the strain rate control measurements, starting
from the contact of the support pin with the sample. The bend-
ing of the sample is observed as a linear stress—strain depend-
ence. 3D printing of solid electrolytes enables the fabrication
of electrodes and electrolytes with unique structures, whereas
traditional molding and tape casting methods are limited to
random porosity and planar geometries.

To advance the large-scale fabrication of SSBs, Baade
et al. [93] propose curtain coating as a method to fabricate
composite SSEs at coil speeds exceeding 80 m min~! in
a roll-to-roll process (Fig. 10c, d). As shown in Fig. 10e,
rheological measurements indicated that the slurry exhibited

@ Springer



34 Page 26 of 40

Electrochemical Energy Reviews (2023) 6:34

Template filled with
powder

Structured

(a)ao printed template scaffold

Distribution

chamber 2
o
=
o
£
""" 2
Curtai Volume flow S

height Wet film

meniscus thickness
I-

Polymer
filling,
polishing

Webspeed

(f) Three-axis direction stage

(h) Air Pressure (i)

Layer 1 Layer 2 Flip
P —
e

Sinter in air
B & burnout
e 8 1
=
H2

Fig. 10 a Schematic diagram of the template procedure used to syn-
thesize the structured hybrid electrolyte, and corresponding SEM
images of each synthesis stage of the LAGP-epoxy electrolyte. b
Stress—strain curves obtained from four-point bending of LAGP,
epoxy polymer and gyroid LAGP-epoxy electrolytes. (a, b) Reprinted
with permission from Ref. [88]. Copyright © 2018, Royal Society of
Chemistry. ¢ Schematic diagram of curtain and uniform coating and
the curtain situation corresponding to different volume flow rates. d
Photographs of the stabilization curtain of the composite solid elec-
trolyte in acetonitrile and the rheological properties of the slurry and
PEO (without LLZO) in acetonitrile. e Stress—strain curves obtained

=

Fill electrode

@ Springer

(b)

Structured

-polymer slectiolyte gyroid LAGP-epoxy

80 - LAGP
« epoxy polymer

60

40

20

Flexure Stress/MPa

0.0 0.2 0.4 06 08
Flexure Strain/(%)

Dissolved polyme

—
-
JUUUuUuu

from four-point bending of LAGP, epoxy polymer and gyroid LAGP-
epoxy electrolytes. (c—e) Reprinted with permission from Ref. [93].
Copyright © 2021, Elsevier. f, g Schematic diagram of high tempera-
ture DIW system and solid electrolyte ink manufacturing process and
solid electrolyte structure. Reprinted with permission from Ref. [82].
Copyright © 2018, John Wiley and Sons. h Schematic detailing the
DIW process for patterning Cu scaffolds directly onto the LATP elec-
trolyte. i Diagram of the printed pattern and the scaffolds with differ-
ent line spacing and pores after heat treatment in air. (h, i) Reprinted
with permission from Ref. [146]. Copyright © 2021, Elsevier



Electrochemical Energy Reviews (2023) 6:34

Page270f 40 34

shear-thinning behavior and a viscosity of 60 mPas at a
shear rate of 1 000 s~'. The approach can produce consist-
ent electrolyte membranes with thicknesses of less than
15 pm and is compatible with existing lithium-ion battery
electrode production facilities. The solid electrolyte in this
experimental system is: aluminum-doped lithium lanthanum
zirconate and PEO (a mass ratio of 4.45:1.00) and bis(trif
luoromethanesulfonimide) lithium salt (an EO: after mix-
ing with Li molar ratio of 10.4:1.0), LLZO and PEO salts
(an EO: Li molar ratio of 10.4:1.0) were prepared. To form
the slurry, LLZO, PEO and LiTFSI were mixed in anhy-
drous acetonitrile (17.5% solids). The study shows that
the conductivity increases from 3x 107 S cm™! at 20 °C
to 1.6x 107 S cm™! at 70 °C with increasing temperature,
and the 13.8 mm and 27.8 mm thick films exhibit the same
conductance rate, indicating that the preparation process is
uniform at different web speeds. The activation energies of
the lithium transition are 0.83 eV (below 40 °C) and 0.56 eV
(above 40 °C), respectively. These values indicate that the
conduction of lithium ions in the film is dominated by the
polymer matrix. Proper distribution of thermally conductive
nanomaterials in polymer batteries offers new opportunities
to mitigate performance degradation associated with local-
ized hot spots and safety concerns in batteries. Cheng et al.
[149] utilized the DIW method to fabricate PEO composite
polymer electrolytes embedded with silane-treated hexago-
nal boron nitride (S-hBN) platelets. The Li-ion half-cell fab-
ricated with the printed composite polymer electrolyte and
LFP cathode exhibited a high discharge specific capacity of
146.0 mAh g~! and a stable Coulombic efficiency of 91% at
room temperature for 100 cycles at room temperature. This
work contributes to the development of printable thermally
conductive polymers for safer battery operation.

While printing has received a great deal of attention for
printing batteries in advancing the next generation, chal-
lenges remain in the printing of electrolytes. Early electro-
lyte fabrication studies required additional process steps
such as solvent evaporation, which hindered the simulta-
neous production of electrodes and electrolytes in fully
printed batteries. Cheng et al. [82] designed a high-tem-
perature DIW 3D printer from a robotic deposition system
and developed a solid electrolyte ink to enable 3D printing
of hybrid solid electrolyte batteries (Fig. 10f). The mixed
electrolyte ink can be printed directly onto electrodes with-
out any surface treatment of the substrate and post-treat-
ment of the electrolyte, which will improve the efficiency
of electrolyte preparation and incorporation into batteries.
As shown in Fig. 10g, the hybrid SSE consists of a solid
polymer matrix and an ionic liquid electrolyte. In addition
to providing sufficient mechanical support to separate the
electrodes, the solid polymer matrix allows the diffusion of
lithium ions. Nano-TiO, particles were added to PVDF-co-
HFP-based polymer ink to improve its viscosity, adjust the

contact angle, and improve its electrochemical performance.
Furthermore, the 3D-printed hybrid electrolyte prepared by
the high-temperature DIW process showed lower interfacial
resistance due to the formation of a unique dense interface
between the electrolyte and the electrode. Interestingly, the
interfacial resistance of this method is significantly reduced
compared to the conventional method of casting electrolytes
stacked on the electrodes.

In order to solve the scientific and technological problems
existing in SSBs, in addition to the heating modification of
the above-mentioned printing machine, an external heating
source can also be used [139]. Oh et al. [150] proposed a
new material for single-ion conducting quasi-solid-state
soft electrolyte, which combined with a UV-curing-assisted
multi-stage printing process to fabricate seamlessly inte-
grated solid-state lithium batteries without the need for
high-temperature/high-pressure sintering steps. Driven
by the solid-state soft electrolyte and the monolithic cell
architecture, the semi-solid Li-metal batteries exhibited
stable charge/discharge performance (cycling retention,
rate capability, and bipolar configurations with tunable
voltages and high gravimetric/volumetric energy densi-
ties (476 Wh kg™'/1 102 Wh L' at four-stacked cells with
16.656 V) under ambient operating conditions. Moreover,
the low-temperature performance, mechanical flexibility,
and safety (nonflammability) were achieved for the semi-
solid Li-metal batteries, which far exceeded those of the
previously reported solid-state LMBs. The solid-state soft
electrolyte described herein can be suggested as a promising
single-ion conducting SSE platform that can lead us closer
to the practically viable solid-state LMBs.

Energy storage devices employing printed solid electro-
lytes have many advantages, especially in terms of flexible
design and improved electrochemical performance. In order
to provide energy-consuming devices with paper-based elec-
tronics for flexible and wearable systems, Yang et al. [161]
designed hydrogel-reinforced cellulose paper for use as sepa-
rators and solid electrolytes for paper batteries. Zn-metal
batteries printed on hydrogel-reinforced cellulose paper have
an apparent volumetric energy density of ~26 mWh cm™>
and also demonstrate cuttability and compatibility with flex-
ible circuits and devices. However, the electrolytes them-
selves still have many hurdles to overcome before printed
solid electrolytes can be used for commercialization. For
inorganic SSEs, researchers will continue their efforts to
explore new compounds and structural types that support
fast ionic conductivity. The use of high-throughput com-
putational techniques and experiments will help to identify
new candidate compounds. In addition to the modification
of known electrode materials that have been successful in
liquid batteries, we should explore novel electrode materi-
als and protective coatings that are more suitable for SSB
applications, including electrode materials that exhibit low
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isotropic volume expansion upon cycling. Many strategies
such as chemical doping, new synthesis/processing routes,
and dense film preparation remain to be explored to fur-
ther optimize traditional electrolyte materials and discover
new inorganic electrolytes. The technical challenges to be
addressed include developing highly scalable synthetic
routes and tailoring mechanical properties to achieve stable
operation of printed solid-state devices.

In the case of solid polymer electrolytes, the design
should focus on improving the conductivity at room temper-
ature or lower, designing the cathode-electrolyte interface,
and tuning the structure to inhibit dendrite formation. Glass
transition temperature, crystallinity and ion-pair dissocia-
tion remain the most important parameters to be considered
when designing high conductivity polymer electrolyte inks.
The presence of electron-absorbing groups on the main
chain, cross-linking of chains to reduce migration of poly-
mer chains to the interface, and salt additives to form a sta-
ble electrode—electrolyte interface are expected to improve
the anodic stability of polyethers. Increased energy storage
modulus and nanostructured polymer electrolytes have been
shown to be essential for stable anodic metal deposition.
There are almost always trade-offs when trying to design a
single polymeric material with all these properties, so com-
posite or multiphase systems appear to be a more promising
way to achieve these requirements.

4.3 Current Collectors

To achieve the goal of all-printed SSBs with design diver-
sity, other printable battery modules, such as current col-
lectors and packaging materials, should also be developed.
Unfortunately, there is usually less research in this area and
more effort is required. Conductive current collectors and
electrodes are important components for conducting elec-
trochemical reactions in batteries. Before printing Li-ion
battery electrodes directly on gold electrodes, Lewis et al.
[162] fabricated gold current collectors by a combination
of photolithographic patterning and electron beam depo-
sition. There are also metal current collectors (e.g., gold,
copper, aluminum and nickel) and other non-metal current
collectors for printable supercapacitors that can be used as
references in the battery field [32]. The growing demand
for higher capacity rechargeable Li-ion batteries highlights
the need for new battery materials, structures and assembly
strategies. Wei et al. [163] report the design, fabrication, and
electrochemical performance of fully 3D-printed lithium-
ion batteries composed of thick semi-solid electrodes with
high areal capacitance. Specifically, semi-solid cathodes and
anode inks were created, as well as UV-curable packaging
and inks for direct writing to LIBs of arbitrary geometries.
These fully 3D printed and packaged Li-ion batteries were
encapsulated between two glassy carbon current collectors,
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delivering an areal capacity of 4.45 mAh cm™ at a current
density of 0.14 mA cm™2, equivalent to 17.3 Ah L™!. The
ability to produce high-performance LIBs in custom form
factors opens new avenues for direct integration of batteries
into 3D printed objects. As shown in Fig. 7a, the authors
achieved full-component printing of an SSB in which highly
conductive silver and carbon pastes are used to print the
anode and cathode collectors, respectively, providing design
freedom and chemical stability for cell operation with good
compatibility with the electrodes [132].

The drastic volume change of Li metal during the plat-
ing/stripping process can lead to internal interfacial stress
fluctuations, which can crack the surface of the artificial
interfacial layer [164]. Structurally engineered Li metal
anodes with microstructured surfaces, which suppress the
formation of Li dendrites by reducing charge distribution
and lowering the local current density, thereby enhancing
the stability of Li anodes [109]. A 3D porous current col-
lector or scaffold is utilized to transform the planar Li metal
anode into a 3D structure, while the porous nature of the 3D
current collector provides high surface area and volume so
that even if Li dendrites form, they are confined within the
scaffold [165]. Therefore, it is particularly important to con-
struct excellent 3D structural components through printing
engineering. Cipollone et al. [146] developed a 3D printing
method to fabricate 3D anode structures with controllable
size, geometry, and chemical composition (Fig. 10h). And
sequential learning based on hybrid design is used to guide
the design and optimization of ink formulations, rheologi-
cal parameters, and operating parameters during 3D print-
ing. As shown in Fig. 10i, the ink is printed directly on the
solid electrolyte, resulting in scaffolds with different pore
size ranges. The results show that the 3D printed structure
is beneficial to both the stabilization of the interface and the
inhibition of the growth of lithium dendrites. The LilCu@
LATP@CulLi symmetric cell with 3D printed copper scaf-
folds exhibits a polarization voltage of 60 mV at a current
density of 0.05 mA cm™2.

5 Printing Processes and Optimization

The printing process involves the application of specific inks
to selected substrates to form predefined pattern layers with
specific thicknesses. These printing processes vary consid-
erably in terms of ink formulation, minimum feature size
and application. In conventional processes, after ink deposi-
tion, the deposited ink needs to be dried, which means that
the solvent required for the printing process itself needs to
evaporate. Second, device functionality is usually substrate-
independent, expanding the range of substrates on which
these devices can be fabricated. In addition, printing enables
large-scale directional deposition with surface features that
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would otherwise be impossible to achieve. However, when
printing SSBs, both accuracy and resolution are compro-
mised. Furthermore, printing may not always replicate the
properties and microstructure of the deposited material. For
example, printing may not preserve the surface chemistry of
functional materials if polymer binders cannot be avoided in
ink formulations. Inkjet printing may not produce flat depos-
its like langmuir blodgett coatings. However, for many appli-
cations, the resolution of various printing technologies is
sufficient and is increasing. As long as the desired functional
materials can be incorporated into the ink system, printing is
suitable for the fabrication of SSBs for a wide range of appli-
cations. In this section, we discuss the basics of optimizing

the printing process, from ink formulations to methods that
help to achieve optimized print morphology and structure.
Comparison of different representative research studies can
be found in Table 2.

5.1 Ink Formulations

Polymer binders, solvents, additives, and active chemicals
are common components of printed battery inks. Suitable
additives and active substances are micro/nanoparticles,
nanoplates, nanowires, carbonaceous or ionic liquids. Com-
mon active materials include carbon-based materials, metal
oxide materials, conducting polymers, and nanomaterials

Table 2 Development of printed SSBs and their main properties and components. Datas are extracted from different sources, and thus are with

different significant digits

Printing technique Post-treatments Electrolyte Cathode; anode Battery type Electrochemical perfor- References
mance
up Drying PYR13-LiTFSI LFP; LTO Liion 85 mAh g~ at 0.03 C [64]
Screen-printing Annealing Nb doped Li;La;Zr,0, and LiCoO,; Li Liion 100 mAh g~! at10 yAh cm™2 [66]
Li;BO,
Screen-printing UV curing EMS-TEGDME S/C; Li Li-S 1100mAh g~'at0.1C [48]
Screen-printing UV curing ETPTA-LiPF-EC-PC-AlL,O; LFP; LTO Liion 160 mAh g~! at 0.05 C [134]
Screen-printing UV curing ETPTA-LiPF¢-EC-PC-Al,O; LFP; LTO Liion 0.5mAhcm~2at 1.0 C [135]
Screen-printing UV curing ETPTA-ALO4 V,05; Zn Zn ion 160 mAh g~ ' at 20 mA g='  [166]
3D printing UV curing ETPTA-PDMS LFP; LTO Liion 135mAh g7l at 0.2 C [132]
3D printing Drying Li;, AlLTi, (PO,), Li Li-Li Polarization voltage of [146]
60 mV at 0.05 mA cm™
3D printing Drying PEO-ZIF67 LFP; Li Liion 160 mAh g~'at 0.2 C [148]
3D printing Annealing PVDF-co-HFP and Al,O; LFP; LTO Li-ion 117 mAh g 'at 50 mA g='  [40]
3D printing Freeze-drying PVDF-co-HFP and SiO, Se/C; Li Li-Se 12.99 mAh cm™2 at [107]
3 mA cm™2
3D printing Drying PVDF-co-HFP and LFP/LTO Li-Se 110 mAh g 'at50mA g™!  [39]
LiPF4-EC/DEC
3D printing Annealing PVA/KOH gel electrolyte Ni(OH),; a-Fe,O; Ni-Fe 28.1 rr;Wh em™>at 10.6 mW [121]
cm™
Spray printing Drying PVA/KOH gel electrolyte Ag; Zn Ag-Zn 0.30 rr21Wh em~2at 0.67 mW [129]
cm
Spray printing Drying PEO-LITFSI-Li, sAl,sGe;  LFP; Li Liion 150 mAh g~ at 0.1 C [108]
5(POy);
Spray printing Sintering Lig sLasZr, sTa; 50, LiBO,-LiCo0O,; Li Liion ~87mAh g 'at30mA g7 [100]
AJP Drying PEO-LiDFOB-AL,0; LFP; Li Liion 85 mAh g~! at C/15 [72]
SLA Drying PEO-SCN-LIiTFSI LFP; Li Liion 166 mAh g~! at [89]
0.1C
SLA Calcining Li; 4Aly4,Ge, ((PO,), - - 1.6x10™* S cm™! [88]
DIW Freeze-drying  Li; 3Al5Ti; 7(PO,)3 LFP; Li Liion 150 mAh g~ at 0.5 C [81]
DIW UV curing PEO-S-hBN LFP; Li Liion 146.0 mAh g_' at [149]
17mA g™’
DIW Elevated- PVDF-co-HFP and TiO, MnO,; LFP/LTO Liion ~115mAh g7 ! at [82]
temperature 32mA g
printing
DIW Drying DADMA-TFSI LiCoO,; Li Liion 115AhL'at0.5C [139]
FDM Drying PEO/LITESI - - 2.18x1073 S cm™! [84]
R2R Drying PAN-PEO/LIiTFSI LFP; Li Liion 168.9 mAh g_' at0.1 C [140]
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such as graphene. Additives are used to modify or custom-
ize the physical properties of the ink to meet the require-
ments of the printing process. Binders are used to keep the
active components together as well as the substrate. Post-
treatments like annealing are often required to facilitate sol-
vent evaporation, thereby solidifying the deposited material.
Solvents are occasionally critical to the stability of the ink
and to meet the requirements of various printing processes.
The basic function of the printing process is to transfer ink
from the printing plate to the substrate. When performing
multi-layer printing, it is very vital to use the right solvent.
A range of solvents, including aqueous and organic solvents,
are frequently utilized depending on the printing technique,
substrate, and device structure. Ink formulation is the first
consideration in the fabrication of printed SSBs and is criti-
cal to both successful printing and the quality of the printed
devices. For example, dispersions of most nanomaterials
can be used directly for spraying, whereas preparing inks
for inkjet, flexographic and gravure processes require com-
plex processes. Therefore, one of the biggest challenges is to
develop inks for printing solid electrolytes with a high ionic
conductivity (> 10~* S cm™") and mechanical and thermal
stability. Current research efforts in this topic are focused
on the difficulties involved in designing and optimizing spe-
cialized inks for distinct battery components to match the
efficiency, stability, and processability criteria of diverse
printing processes.

McOwen et al. [26] reported Li;La;Zr,0,,-based inks
with two binder systems that can be built into thin, non-
planar, complex structures after sintering. Further research
and optimization of electrolyte structures using these 3D
printing ink formulations could lead to significantly lower
full-cell resistance and higher energy and power densities for
SSBs. In addition, the reported ink composition can be used
as model formulations for other solid electrolyte or ceramic
inks, perhaps for 3D printing in related fields. Zekoll et al.
[88] used SLA to fabricate 3D structured templates and
filled the templates with Li, 4Alj ,Ge, ((PO,);. After the
polymer template was removed, Li; ,Al, ,Ge, ((PO,); scaf-
folds were created. A complicated 3D-structured hybrid
electrolytes were created after filling the channels of the
LAGP scaffold with polymers (polypropylene or epoxy).
In above contributions, post-processing procedures such as
heat treatment and freeze-drying are required to remove sol-
vents and templates after printing. Even with only a small
amount of solvent, these post-processing procedures distort
the 3D structure. Therefore, large-scale development of such
printing inks for the SSB industry can be extremely chal-
lenging. Some researchers have modified the ink by adding
nanoscale ceramic fillers to achieve the desired rheologi-
cal properties. For example, Cheng et al. [82] designed a
high-temperature DIW 3D printer to implement a hybrid
solid electrolyte battery. The hybrid electrolyte ink can be
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printed directly to the electrode without any surface treat-
ment of the substrate and post-treatment of the electrolyte.
This will improve the efficiency of electrolyte preparation
and addition to the battery. Hybrid SSEs consist of a solid
polymer matrix and an ionic-liquid electrolyte. In addition
to providing sufficient mechanical support to separate the
electrodes, the solid polymer matrix allows the diffusion of
lithium ions. Nano-TiO, particles were added to PVDF-co-
HFP-based polymer ink to improve its viscosity, adjust the
contact angle, and improve its electrochemical performance.
Furthermore, the 3D-printed hybrid electrolyte prepared by
the high-temperature DIW process showed lower interfacial
resistance due to the formation of a unique dense interface
between the electrolyte and the electrode. Interestingly, the
interfacial resistance of this method is significantly reduced
compared to the conventional method of casting electrolytes
stacked on the electrodes.

5.2 Tuning of Printing Parameters

Small changes in printing parameters can greatly affect the
quality of printed patterns, which can result in pattern irreg-
ularities, reduced resolution, and non-uniform film morphol-
ogy [167]. For example, printing speed, nip distance, repeat-
ability accuracy, substrate material selection and surface
properties (pretreatment) need to be considered for printing
machinery. For ink, parameters such as viscosity, uniform-
ity, composition, absorption characteristics, solvent evapo-
ration characteristics, and drying characteristics need to be
considered. In screen printing, it is necessary to pay atten-
tion to the mesh width of the printing screen, the thickness
of the stencil material, the jump height, and the hardness,
alignment angle and pressure of the squeegee roller. Screen
printing offers the possibility to adapt the printing technique
to the specific requirements of the product to be printed. By
understanding the interaction between basic printing param-
eters, it is possible to process substrates and functional print-
ing pastes of various viscosity ranges, as well as multi-layer
printing of different layer thicknesses, in one printing cycle.
By modifying printing parameters such as the mesh num-
ber and wire diameter, blade geometry of the squeegee and
printing speed, it is possible to control the printing resolu-
tion and thickness of the printing ink layer, as well as the
roughness of the particles dissolved in the printing paste. A
detailed view of mesh parameters provides greater insight
into the flexibility of screen printing in terms of print jobs
and materials that can be processed. The mesh geometry is
determined by the thread diameter, mesh number, and mesh
opening. These parameters allow calculation of open mesh
area, which represents the percentage of ink penetration area
that affects ink release characteristics and print layer thick-
ness. Another important factor is the theoretical ink volume,
which approximates the ink consumption of each individual
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screen-printed grid and the maximum achievable thickness
of the printed wet layer on a non-absorbent substrate. The
main factors to consider when implementing printed elec-
tronics are the printing resolution relative to line edge sharp-
ness and the layer thickness of the printing paste deposited
on the substrate. Predetermining the average particle size of
the paste is necessary to select an appropriate screen printing
mesh capable of handling a particular paste. Sufficient ink
penetration can be ensured by selecting a mesh with three
times the average particle size of the printing paste.

However, printing settings do not influence all materials,
and different printing methods and processes have diverse
impacts. For example, the ionic conductivity of room tem-
perature gels (0.37 mS cm™') is an order of magnitude
lower than that of pure ionic liquid-based electrolytes (2.4
mS cm™!). However, the gels are considered to have compa-
rable conductivity compared to glassy LiPON in dry solid
polymer PEO-based electrolytes (0.01 mS cm™") [168] and
room temperature electrolytes (< 10 pS cm™') [169]. To
make thin samples, PVDF-HFP-based gels were printed on
glass substrates with a 30-gauge (150 um inner diameter)
needle and dried on a hot plate at 60 °C for 45 min. It was
found that the microstructure of the gel was hardly affected
by printing parameters (such as needle size, film size, print-
ing speed, and substrate material), and more dependent on
gel composition and post-processing conditions, such as dry-
ing temperature [170].

5.3 Interface Engineering

SSBs using solid electrolytes show the potential for improved
safety and higher energy and power densities compared to
conventional lithium-ion batteries. However, a key bottle-
neck still remains: the high impedance of various solid/solid
interfaces remains a challenge [27, 138, 152]. SSEs, whereas
liquid batteries, are unable to flow or penetrate into gaps and
spaces, resulting in inadequate physical contact between
particles. Because the cathode, electrolyte, and anode are
all solid, manufacturing an SSB necessitates stacking the
cathode, electrolyte, and anode in a specific order, result-
ing in a plethora of interfaces, including cathode-electrolyte,
anode-electrolyte, electrolyte-electrolyte, current collector-
electrolyte [27]. Generally, high-energy applications require
high Li* ion mobility and wide voltage window, efficient
charge—discharge, minimal power loss for resistive heating,
good structural stability and electrode—electrolyte interface
compatibility for battery safety. In order to improve the par-
ticle interface contact, Tan et al. [171] demonstrated that
all these cells were aged at 35 °C for 24 h before electro-
chemical testing by injection printing method for electrode/
electrolyte preparation. This aging can promote electrolyte
penetration into the electrode body to achieve a well-wetted
electrode—electrolyte contact to avoid high polarization. In

addition, injection printing enables uniform mixing of elec-
trodes and electrolytes, which improves interfacial compat-
ibility, reduces interfacial resistance, and facilitates charge
transfer. Hu et al. and colleagues [100] reported a solution-
based printing process followed by rapid high temperature (~ 1
500 °C) reaction sintering of LiBO,-LLZTO composite solid
electrolyte films. This printing and rapid sintering process
also allows multilayer structures to be fabricated layer by layer
without cross-contamination. A printed SSB with a conformal
interface and excellent cycling stability is demonstrated. The
resulting material is characterized by uniform distribution of
LiBO, among LLZTO grains with conformal interfaces. The
interface resistance of this sintered cell is as low as~100 Q
cm? at 60 °C due to the conformal interface.

To ensure adequate cycle life, solid-state technologies
require additional interfacial engineering directly at the
electrode fabrication step for adhesion and mechanical
compliance. Curtain coatings offer a clear path to address
the current bottlenecks associated with SSB manufacturing:
it enables high-throughput manufacturing compatible with
existing infrastructure, lowers barriers to market adoption,
and offers new solutions for interface engineering plan [93,
172]. For solid-state technology, this enables simultaneous
deposition of cathode and SSE layers for subsequent assem-
bly with lithium metal anodes and current collectors through
multilayer curtain coating [173]. In addition, the use of poly-
mers is a well-established approach to address adhesion and
mechanical stability issues in SSB technology [143, 174].
By applying heat during the calendering process, a dense
film can be obtained, and as a current collector, the ceramic
and the polymer have good adhesion. The possibility of
adding low molecular weight polymers or even polymers
thermally activated by the hot pressing process can be used
to further improve interfacial stability, contact with solid
particles, and electrochemical performance. The possibility
of multi-layer coatings means that the layers can be formed
in parallel, allowing for a gapless interface.

5.4 Post-Treatments

Printed SSB modules are constructed by direct printing or
requiring post-processing processes such as sintering [26],
freeze-drying [81], annealing [40], and UV curing [49].
These post-processing procedures are commonly used
because the printed active material should have a combina-
tion of high electrical conductivity, electrochemical activ-
ity, and mechanical stability. It should be noted that some
of these post-processing processes may result in shrinkage
and/or distortion of the printing system as well as manufac-
turing complexity, thereby reducing print repeatability and
reproducibility. Therefore, the compatibility between post-
processing methods and printed materials is an important
consideration in practical manufacturing.

@ Springer



34 Page320f40

Electrochemical Energy Reviews (2023) 6:34

Sintering is commonly used in functional material-based
conductive inks, which often contain organic additives to
prevent nanoparticle aggregation and precipitation. Nano-
particles lose their organic shells and form physical con-
tact with each other after sintering. But sintering electrolyte
films presents a huge challenge, during which an SSE needs
to be sintered at high temperatures (from 600 to 1 100 °C)
for several hours to achieve the crystal structure required
for high ionic conductivity. However, prolonged sintering
also leads to severe losses of Li and Na and correspond-
ingly low ionic conductivity due to the volatility of these
light elements at high temperatures. Therefore, ceramic
SSE films usually exhibit poor crystallinity or significant
lithium loss [175]. Lowering the processing temperature to
prevent severe lithium loss or adding excess lithium to com-
pensate has been a common strategy in traditional ceramic
thin film deposition techniques [176]. However, this leads to
poor composition control and a potentially porous structure.
Furthermore, these low-temperature sintered SSEs have an
amorphous structure, resulting in a limited increase in elec-
trical conductivity up to 2.9 X 107> S cm™! [176], which is
far from the bulk value (~107> S cm™!). Hu and colleagues
[100] reported a solution-based printing process followed
by rapid (~3 s) high temperature (~ 1 500 °C) reaction sin-
tering for the fabrication of high-performance ceramic SSE
thin films. The SSE exhibits dense, uniform structure and
excellent ionic conductivity up to 1 mS cm™!. Furthermore,
the fabrication time from precursor to final product is typi-
cally around 5 min, which is 10-100 times faster than con-
ventional SSE synthesis. This printing and rapid sintering
process also allows multilayer structures to be fabricated
layer by layer without cross-contamination. This technique
can be easily extended to other thin-film SSEs, which opens
up previously unexplored opportunities for developing safe,
high-performance SSBs and other thin-film devices.

Freeze drying is also called sublimation drying. A dry-
ing method in which water-containing materials are frozen
below freezing, the water is converted to ice, and then the
ice is removed by converting the ice to vapor under a rela-
tively high vacuum. After printing the electrodes, Fu et al.
[40] used freeze-drying and thermal annealing post-treat-
ment procedures to remove the electrode's aqueous solvent
and thermally reduce the GO material. Due to the strong
hydrogen bonding between water molecules and GO func-
tional groups, fresh electrodes can be left for more than 10 h
without any sign of structural failure. After the water was
removed from the printed electrodes by freeze-drying, the
dried samples retained their structural dimensions and were
stable in the surrounding environment for several weeks.
Heat treatment (2 h at 600 °C in Ar/H,) for thermal reduc-
tion of graphene oxide for printed electrodes. After thermal
annealing, the electrical conductivities of LFP/rGO and
LTO/rGO electrodes are 31.6 and 6.1 S cm™', respectively,
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which are relatively higher than the unheated samples
(107%-1077 S ecm™).

Ultraviolet curing (commonly known as UV curing) is
a fast photochemical process in which high-intensity ultra-
violet light is used to instantly cure or “dry” inks, coatings
or adhesives [177]. UV formulations are liquid monomers
and oligomers mixed with a small percent of photoinitiators,
and then exposed to UV energy [139]. In a few seconds, the
formulation inks, coatings or adhesives instantly “harden”
or cure, ready for the next processing step. Kim et al. [49]
developed a novel flexible/shaped multifunctional bipolar
all-solid-state LIB by UV curing-assisted multistage print-
ing, which does not require the high-pressure/-temperature
sintering process employed by typical inorganic electro-
lytes-based all-solid-state LIBs. The printed LTO anodes
were obtained by printing the LTO anode paste on an alu-
minum fluid using a stencil printing technique without any
processing solvents, and then exposing it to UV light. UV
irradiation was performed using a Hg UV lamp with a peak
intensity of about 2 000 mW cm™2. Subsequently, on top of
the LTO anode, a gel composite electrolytes paste was intro-
duced by the same stencil printing and UV curing process,
resulting in a printed solid-state gel composite electrolytes
layer on the LTO anode. The printed LCO cathode was then
fabricated by directly printing the LCO cathode paste onto
the gel composite electrolytes layer/LTO anode unit fol-
lowed by UV irradiation. After placing the aluminum cur-
rent collector on top of the printed LCO cathode/printed gel
composite electrolytes layer/printed LTO anode assembly,
a seamlessly integrated all-solid-state single full cell was
obtained. On top of the prepared single full cell, the printing/
UV curing process is repeated, enabling the fabrication of
printed bipolar cells.

To maintain the structural integrity of printed SSBs, the
printable electrolyte needs to meet two requirements. First,
the ink is required to have the proper viscosity to be continu-
ously extruded from the nozzle and stacked layer by layer.
Second, tissue shrinkage is to be avoided during the coagu-
lation process. Typically, solvent volatilization and solidi-
fication are achieved by post-processing heat treatments,
which alter the shape of the electrolytic layer, causing it to
shrink and eventually deform. Therefore, more printing pro-
cesses should be further analyzed, explored, and optimized
to achieve high-efficiency solid-state energy storage. DIW
and SLA are the two most popular 3D printing technologies
for solid-state energy storage today, while other technologies
still have unique characteristics. For example, selective laser
melting and electron beam melting have shown excellent
capabilities for producing large metal-based materials that
are attractive as large conducting hosts. At the same time, 3D
printing parameters (such as printing resolution) also need to
be further optimized to facilitate electric/ion transport and
improve electrochemical performance [135].
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6 Conclusions and Perspectives

SSBs fabricated using various printing techniques have been
demonstrated. Although these printing fabrication techniques
show great potential for fabricating SSBs, they suffer from sev-
eral limitations and challenges, the most important of which
include resolution, surface quality, and material availability.
Among these printing techniques, screen printing has a rigid
stencil and relatively low resolution. Inkjet printing offers
higher resolution, but clogged nozzles are a common problem,
resulting in higher demands on the printing ink. Inkjet printing
parameters affect liquid footprint size. For example, when the
dot spacing increases, the line width decreases. The minimum
linewidth is determined by the maximum droplet spacing for
stable coalescence, and the maximum linewidth is determined
by the minimum droplet spacing below which expansion insta-
bility occurs. Intuitively, reducing the nozzle diameter mini-
mizes the point or line footprint size. However, it is difficult to
generate droplets and eject them from nozzles with sub-micron
diameters due to the large resistive capillary pressure at the
ejection ports, which places higher demands on the inks used
when printing SSBs. The resolution of R2R printing is rela-
tively wide, but requires high equipment cost. Although SLA is
capable of printing extremely complex structures at fast printing
speeds, one of the limitations of SLA-printed electrolytes is
the addition of photopolymers, which somehow degrades the
performance of SSBs. The DIW process needs to overcome
the rheological limitations of the ink and issues associated with
drying processes such as solvent evaporation.

Although the different methods vary widely, the mate-
rial availability of the printing process for SSBs is gener-
ally low, except for some coating methods. Most complex
printing techniques require the ink to exhibit certain rheo-
logical properties, which means strict requirements on the
size, solvent, concentration, etc. of the active material. It
is sometimes difficult to efficiently transfer active materi-
als into desired solvents with tailored concentrations while
preventing aggregation. For example, sulfide-based solid
electrolytes (such as LicPS;Cl and Li;,GeP,S,,), because
they are prone to side reactions with air and water, it is cur-
rently difficult to combine them with printing processes. For
another example, in the Li—S battery system, it is neces-
sary to further increase the content of the active material
in the flexible positive electrode to achieve a higher overall
energy density of the battery. However, it is worth noting
that in printing fabrication, one of the limitations is that
the mechanical flexibility is affected if the sulfur content is
increased. Therefore, more efficient conductive and mechan-
ical networks are required to accommodate more cathode
active materials. In particular, printing SSBs would benefit
greatly if printing inks with fast curing, long-term stability,
and satisfactory mechanical properties could be developed

based on more materials. So far, the mature printing inks
available for SSBs are mainly based on the addition of GO
or CNTs-based materials. It is often difficult to impart the
required fast-drying ability and mechanical strength to print-
ing inks without compromising the conductivity of the active
material. Therefore, it is necessary to choose the printing
technology wisely according to the requirements in practi-
cal applications, and future research will require significant
efforts to fabricate printed SSBs with better structural and
electrochemical properties, mainly focusing on the develop-
ment of printable active electrode materials and SSEs with
higher electrochemical properties.

The development of a new generation of printed SSBs is
still in its early stages. A lot of effort is required before real
technical implementations can emerge. In summary, some
current challenges and future directions for the practical
realization of printed SSBs are as follows.

1. In the past, researchers worked hard to develop SSEs
for energy storage devices and made them into thin-
film structures using conventional techniques. However,
among these materials, only a few have been applied in
the printing research of SSEs. Compared with traditional
SSE materials, printable electrolyte materials not only
focus on electrochemical and mechanical properties, but
also focus on printability. Therefore, developing high
ionic conductivity electrolytes with more printability is
a future research direction.

2. Regardless of the printing technology used, ink function-
ality and processability are key issues, and ink charac-
teristics must be customized for each printing process.
For material printing and structural shaping, the various
rheological behaviors required, including sufficient vis-
cosity and viscoelasticity, are prerequisites for diverse
printing processes. Although the addition of filler mate-
rials is the most important way to modify printable inks,
the increased viscosity may affect the transport of ions
through the electrolyte and reduce the ionic conductiv-
ity of the printed electrolyte. Therefore, the selection
of additives is a development direction in the future
research of printable electrolytes, and it is also a direc-
tion to optimize the filler concentration.

3. After the ink is printed and deposited, post-processing
is very important, usually requiring drying, curing or
sintering steps to obtain functional layers or functional
devices. During post-processing, solid electrolytes usu-
ally need to be sintered at high temperatures (from 600
to 1 100 °C) for several hours to obtain the crystal struc-
ture required for high ionic conductivity. However, due
to the volatility of light elements at high temperatures,
prolonged sintering also leads to severe loss of Li and
Na and correspondingly low ionic conductivity. Under
high temperature for a long time, ceramic electrolytes
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either have poor crystallinity, or serious loss of lithium
and sodium, and low ionic conductivity. Adding excess
Li to compensate or reducing the process temperature to
prevent severe Li loss is a common strategy in conven-
tional fabrication techniques. However, this leads to a
potentially porous structure and poor compositional con-
trol, further distorting the shape and complex structure
of the electrolyte layer, leading to its shrinkage and even-
tual deformation. Therefore, the temperature and time
of sintering become very critical, and it is particularly
important to develop various low-temperature sintering
inks and advanced sintering technologies. And we still
don't really understand the underlying physical phenom-
ena that occur during the sintering process and the cor-
responding sintering mechanisms. Further understanding
of the different sintering mechanisms that contribute to
the enhanced performance of SSB devices is crucial.

4. Post-processing changes the shape of the electrolyte
layer, causing it to shrink and eventually deform. This
shrinkage can be minimized by printing the electrolyte
layer directly onto the electrodes. Meanwhile, the devel-
opment of solvent-free printable materials can be con-
sidered as a solution to overcome this challenge.

5. Although the solid electrolyte is directly printed on the
surface of the Li metal electrode, a certain interfacial
stability can be achieved. However, the severe chemical
instability of lithium metal narrows the range of fabri-
cation conditions (such as ambient air conditions) and
printable electrolyte ink materials (such as solvents,
additives, lithium salts, and processing solvents) for
printing SSEs. Therefore, antioxidation treatment of
Li metal surfaces or the use of anode-free electrodes to
achieve reliable Li plating/stripping cycling capability
is a future research direction.

6. Although oxide solid electrolytes are kinetically stable
when coupled with oxide cathodes, the wettability of
the interface is poor due to the high Young’s modulus
of ceramic oxides. The mechanical incompatibility of
the interface between electrodes and solid electrolytes is
another critical issue. Before considering the conductiv-
ity and final experimental synthesis, it is important to
prioritize component screening based on the interface
properties of the solid electrolyte and specific electrodes,
and to incorporate certain interface design and other
interface treatment techniques to improve the interface
stability during the printing process.

7. Printing optimization is the key to producing high-qual-
ity SSB devices. Therefore, tuning the printing process,
such as ink formulation, droplet delivery, wet film for-
mation, and curing, is an important task for researchers
in the field of printed SSBs. These processes are often
not well understood and far from well controlled. There-
fore, printer software should be more user-friendly and
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intelligent. If the printing optimization process could
be simplified, researchers would be much more produc-
tive. For example, the integration of post-processing and
printing processes, and the combination of dry prepara-
tion and printing of electrodes and electrolytes are also
research directions worthy of attention. By combining
chemical, geometric, mechanical, electrochemical and
interfacial transport properties and printing fabrication
processes, more advanced solid-state energy storage or
energy conversion systems can be expected in the future.
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