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ABSTRACT
On the background of the urgent demand to realize a decarbonized society, energy storage technology plays a key role in shifting from social
activities founded on the combustion of fossil fuels to those based on renewable energy resources. Toward this end, global deployment of
large-scale rechargeable batteries supplying electricity to power grids is imperative, which requires widespread commercialization of high-
performance and safe batteries at a low price relying on abundant and ubiquitous source materials and a cost-efficient manufacturing process.
Along this line, the trend of the battery research field is currently located at a turning point: “from Li–ion to Na–ion” and “from liquid to solid
electrolyte.” From the viewpoints of the distinguished oxide solid electrolyte, Na superionic conductor (NASICON), and the long-standing
progress in ceramic processing, Na–ion all-solid-state batteries (Na-ASSBs) based on NASICON and its derivatives show great promise to
realize an innovative and sustainable society in the future. At this moment, however, Na-ASSBs face multifaceted and formidable challenges
to overcome for practical usage, mostly relating to interfacial matters in terms of interparticle and interlayer contacts. Here, we overview the
recent research progress in NASICON-based solid electrolytes (SEs) from the aspects of synthetic techniques and sintering aids, particularly
focusing on the tape-casting process and glass additive. We also provide insights into how to prepare electrode layers and incorporate them
with an SE layer into an ASSB cell via tape casting, with the prospect of a high-capacity multilayer-stacked ASSB analogous to the multilayer
ceramic capacitors (MLCCs). In addition, the feasibility of a Na metal anode in conjunction with the NASICON-type SEs and the tape-casting
process toward an MLCC-type cell configuration is discussed. In the last section, we propose our ideas about future research directions in
relevant fields to achieve a breakthrough for Na-ASSBs based on NASICON.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0151559

I. INTRODUCTION

The advent of rechargeable “lithium–ion” batteries (LIBs) in
the market, pioneered by Sony Corp.1–4 after the abortion of
rechargeable “lithium” battery (Molicel®) supplied by Moli Energy,
Ltd.,5 brought noticeable innovation to not only energy storage
applications but also all the relevant fields such as electronics.6,7

The marked miniaturization of various portable devices that has
continued up until now is undoubtedly associated with the evolu-
tion of small power sources with high power and energy densities.

Continuous efforts to improve the longevity and safety of LIBs
have enabled the deployment of large-scale LIBs for electric/hybrid
electric vehicles (EVs/HEVs) and stationary storage in the last
decade.8–11 However, in the context of the current environmental
crisis of global warming and frequent climatic anomalies predom-
inantly posed by a large quantity of CO2 emissions as a result
of energy generation derived from fossil fuel combustion, a new
type of rechargeable battery that surpasses the incumbent LIBs in
terms of safety and cost while holding an acceptable energy den-
sity is urgently demanded. This is because, in order to realize an
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environmentally benign and sustainable energy infrastructure with
no or little reliance on fossil fuels, the electricity generation from
renewable sources needs to be combined with a large-scale energy
storage system due to the intermittent nature of solar and wind
power and the shortage of hydroelectric power plants to fulfill the
world’s electricity consumption: storing excess energy, for exam-
ple, harvested electricity during low usage or high production, and
supplying it to the power grid when the demand exceeds the pro-
duction rate.10–13 In this regard, it is implausible that conventional
LIBs based on an organic liquid electrolyte can afford such grid-scale
energy storage over the world from the viewpoint of the insufficient
and localized Li sources within the Earth’s crust, inevitably result-
ing in a high production cost.14 Recycling discarded LIBs might be
a possible solution to the scarcity issue for Li and other constituting
elements, while the relevant technology is, as of yet, in a very early
stage and far from the practical level.15–18

The use of Na–ion chemistry, i.e., sodium–ion batteries (SIBs),
is a promising and viable choice owing to the wealth of Na
resources.19–24 As the cost of manufacturing a cell is dominated by
the prices of the materials,25 significant cost savings are expected for
producing SIBs compared with LIBs when electrode active mate-
rials based on abundant and accessible elements like Ti, Fe, and
Mn are adopted together with the omnipresent Na. However, SIBs
with an organic liquid electrolyte sacrifice safety by increasing the
risk of serious hazards due to the higher reactivity of Na than that
of Li when a dendritic precipitate forms. All-solid-state batteries
(ASSBs),26–36 in which an ion-conducting solid layer plays the roles
of both separator and electrolyte, offer a solution for the safety
concerns suffering from the underlying flammability and explosibil-
ity of an organic liquid electrolyte. There exists another advantage
that ASSBs have a chance to implement cathode candidates that
are not adoptable to conventional liquid-electrolyte type batteries
due to inherent issues such as too high operating potential above
the potential window of liquid electrolytes and solubility in liquid
electrolytes like Mn-based active materials.37–42 In addition, oxide-
based solid electrolytes (SEs) can confer availability over a wide
temperature range owing to their high thermal stability. In this
sense, ASSBs using Na+ ions as a charge carrier (Na-ASSBs) are
regarded as the leading candidate for a next-generation battery to
address both safety and cost concerns and thereby enable large-
quantity and/or large-scale energy storage systems to be deployed
worldwide.

However, the replacement of a liquid electrolyte with a solid
alternative imposes several challenges to producing a practically
usable ASSB that can be operated with sufficient energy density
at a reasonable current density. While it is essential to achieve
efficient transport of charge carriers within the anode and cath-
ode layers, as is the case with conventional batteries with a liquid
electrolyte, the crux of ASSBs is how to establish smooth path-
ways of cations across a monolithic cell (most simply, a tri-layer
laminate of anode∣SE∣cathode) involving grain boundaries and elec-
trode/electrolyte interfaces.29,33,35,43–45 Since most active electrode
materials show relatively low ionic conductivity, SE particles are
often incorporated into electrode layers. It is, therefore, indisputable
that the most vital component in ASSBs is the SE, which deter-
mines the cell’s performance with respect to energy density, rate
capability, and cycle stability. Accordingly, a great deal of research
effort has been devoted to developing ion-conducting solids for SEs

to date, which are classified into three categories: organic polymer
electrolytes,46,47 inorganic SEs,48–54 and their composites.50,53,55 Each
class of SEs has its pros and cons, which need to be weighed depend-
ing on the type of ASSBs for the intended application (small or large;
flexible or rigid; low-rate or high-rate charge/discharge; operating
temperature range).

The organic polymer electrolytes are characterized by a flexi-
ble mechanical feature capable of readily making a good interface
with an electrode layer, yet suffer from several drawbacks, includ-
ing poor ionic conductivity along with a low cationic transference
number (typically, t+ < 0.5) due to the large contribution of anion
migration, a narrow electrochemical stability window, and a lim-
ited range of operational temperature.46,47 The composite SEs,
which combine the features of polymer electrolytes and inorganic
SEs, show enhanced ionic conductivity while maintaining a flex-
ible nature.50,53,55 Nevertheless, this emerging class of electrolyte
materials still has room for improvement in ionic conductivity,
transference number, and electrochemical stability to satisfy the
requirements for practical use.

By contrast, the notable advantage of inorganic SEs lies in
their high ionic conductivity (>10−4 S cm−1 at room temperature)
together with a cationic transference number close to unity, which
enables fast ionic transportation comparable with or even faster
than that in an organic liquid electrolyte.56–58 The major groups of
inorganic SEs are sulfide- and oxide-based ion conductors.48–53 The
former SEs have the advantage over the latter in terms of plastic-
ity, which allows for not only facile densification of the SE layer
but also intimate contact between the SE and electrode active par-
ticulates by a single-step mechanical compression even without
heating.59–61 Despite this immense benefit, the sulfide-based SEs
are notoriously plagued by critical deficits: poor stability against
moisture and, what is more, the evolution of toxic H2S gas on
decomposing sulfide SEs, which spoils the superiority in the safety
of ASSBs. Therefore, to reconcile this dilemma, non-sulfide inor-
ganic SEs imbued with high ionic conductivity as well as plastic-
ity have been developed recently, as represented by a group of
borohydride salts.54,62–68 However, technologies for economically
viable mass production of borohydride-based SEs have yet to be
established.

On the other hand, the oxide-based SEs are characterized by
high thermodynamic stability and a wide bandgap, leading to a wide
electrochemical stability window and processability under atmo-
spheric conditions. It indicates that well-developed slurry-based
ceramic processing technologies are available, affording large-scale
and low-cost production of ASSBs.69–73 In addition, the high safety
of ASSBs imparted by the oxide-based SEs is valuable for aerospace
applications since hazard risks must be thoroughly obviated in such
situations.

The oxide-based SEs, however, encounter daunting challenges
when assembled into ASSBs, which are incurred by their high elas-
tic moduli and, thereby, extremely poor plasticity.74 This drawback
makes it cumbersome to densify an SE layer and elaborate intimate
contact with a large area between SE and electrode active materials.
The low ductility of oxides is also problematic for guaranteeing a
long cycle life since intimate contact, even when successfully estab-
lished in production, is prone to being spoiled by the volume change
of active materials during charge/discharge.32,35,75–78 So far, several
approaches to circumventing these issues have been proposed, most
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of which resort to wetting aids such as ionic liquids, polymer elec-
trolytes, and other plastic SEs.33,35,43,45,79–85 However, these strate-
gies compromise the essential advantages of oxide-based ASSBs
including high safety.86 In another way, the incremental develop-
ment of ceramic processing technologies is expected to provide
a complete solution for materializing real ASSBs based solely on
oxide-based SEs.

Among the manufacturing methodologies of ceramics, tape
casting is a mature process with ∼80 years of history87–90 and is
suitable for producing ASSBs owing to its versatility to produce
diverse ceramic sheets and laminates with a controlled thickness
and the feasibility of large-scale production at a reasonable cost,71,72

which is of significance for the shift from laboratory to indus-
try. Indeed, the ceramic products commercialized thus far relying
on tape-casting technology literally underpin today’s human soci-
ety: e.g., multi-layer ceramic capacitors (MLCCs) as one of the key
components of electronic devices,91–94 oxygen gas sensors for auto-
mobile exhaust emission control systems,95 and solid oxide fuel

cells (SOFCs),96–98 which are now regarded as a flagship electric
power co-generator for housings, office buildings, and plants. These
devices have a multi-layer configuration as with ASSBs, indicat-
ing that the existing facilities and know-hows for their production
can be transferred to manufacturing ASSBs partially or wholly. This
prospect is proved in the case of Li–ion ASSBs: some ceramic man-
ufacturers, viz., TDK Corp., Taiyo Yuden Co., Ltd., and Murata
Manufacturing Co., Ltd., which are renowned as the world-leading
companies of MLCCs, have launched miniature oxide-based ASSBs
to the market.99–102 While their usage is still limited to small elec-
tronic devices because the net capacity is low due to their small size,
those micro-batteries validate that the cell configuration of stacked
thin layers of anode∣SE∣cathode mimicking that of MLCCs (Fig. 1)
is potent to increase the capacity and enhance the rate capability.
The overall capacity of an MLCC-type ASSB is the sum of the capac-
ities of all cathode (or anode) layers, while the thinner electrode
layer offers a lower intrinsic resistance, resulting in a higher rate
capability.

FIG. 1. Manufacturing MLCCs and MLCC-type Na-ASSBs via the tape-casting process: (a) production procedure of MLCCs and the expected production of oxide-based Na-
ASSBs that mimic the MLCC-production; (b) ways of stacking for making a typical MLCC and two types of ASSBs. The dotted lines represent the cutting point after lamination.
In the ASSB with symmetrical electrodes reminiscent of the MLCC structure, the electrode layer contains single or multiple electrode active material(s) corresponding to the
positive and negative electrode reactions, and a conductive aid and an oxide electrolyte may be mixed with each layer. In the ASSB with asymmetric electrodes aiming at
enhanced energy density, the electrode active materials corresponding to the positive and negative electrode reactions are applied on an internal current collector layer,
respectively.
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When it comes to Na-ASSBs, commercialization is yet to be
realized, even in miniature size. However, the Na–ion ceramic
conductors have a long history and are ahead of their Li–ion
counterparts in terms of ionic conductivity despite the larger
ionic size since the discovery of outstanding ionic conductivity for
Na-β/β′′-alumina by Yao and Kummer in 1967,103 now exceed-
ing 10−2 S cm−1 at 25 ○C.104–108 The layered crystal structure of
Na-β/β′′-alumina constituted by Al–O spinel blocks embraces the
two-dimensional (2D) spacing called “conduction planes,” where
Na+ ions are able to move smoothly. This superionic conductor
gave birth to the practical energy storage systems of Na/β′′-
alumina/S (NAS battery) and Na/β′′-alumina/NiCl2 (ZEBRA bat-
tery) operated at 270–350 ○C, in which a pair of electrodes work
in a liquid state.107,108 Nevertheless, Na-β/β′′-alumina necessitates
a fairly high sintering temperature (typically ∼1600 ○C) for ade-
quate densification.104–108 About a decade later, Goodenough et al.
designed and elaborated the three-dimensional (3D) polyanion-
based framework where Na+ ions can move fast (10−4–10−3 S cm−1

at 25 ○C), the so-called Na superionic conductor (NASICON).109,110

Notably, well-sintered SEs of NASICON can be obtained at lower
temperatures, like 1100–1250 ○C,109–113 and the sintering temper-
atures can be further reduced, which is described in detail later.
Afterward, multifold compounds with a crystal structure simi-
lar to NASICON have come out to date, forming an enormous
family of NASICON-type compounds applicable to not only SEs
but also electrode active materials.114–118 Along this line, Na-
ASSBs based on NASICON show great promise in view of future
industrialization.

In this article, we briefly overview recent research progress
on Na-ASSBs based on oxide-based SEs, in particular, NASICON,
with an eye on the tape-casting process. Since a broad spectrum of
reviews on SEs and ASSBs have been published with frequent updat-
ing recently,26–36,43–45,48,71–73,86 our insights into how to overcome
the difficulties in preparing NASICON-based SE films and integrat-
ing with cathodes and anodes into Na–ion ASSBs are addressed
from a technical aspect in light of the relevant research activities
in our group instead of a comprehensive summary in this field.
As the production cost projection based on the tape-casting tech-
nology is outside the scope of this perspective, interested readers
are referred to the seminal literature on this subject.71,72 Alterna-
tively, the feasibility of a Na metal anode in combination with a
NASICON-based SE is discussed according to the studies on inter-
facial resistance and dendrite growth behavior. In the last section,
we provide an outlook on the future direction for designing and
manufacturing Na-ASSBs via the tape-casting process toward a
practical use.

II. TAPE CASTING
Tape casting,87–98 also known as the doctor-blade method,

is a traditional ceramic process to produce flat films (and thick
sheets), yet it still makes progress with emerging new techniques like
freeze tape casting to fabricate an exquisite porous structure.119–123

This technique is currently employed at the forefront of engi-
neering ceramic-based devices including MLCCs, SOFCs, and
ASSBs.91–98,124–134 Ceramic films manufactured by this process are
marked by high homogeneity in thickness and microstructure, good

controllability of film thickness in the range of 1–1000 μm, large pro-
ductivity with decent reproducibility (by adopting a flow process),
and cost savings. The versatility and applicability to afford a wide
range of products, from highly dense films to porous ones, as well
as those from single-layer sheets to multi-layer laminates, are also
worth highlighting.

Figure 2 illustrates the tape-casting process where a ceramic
slurry prepared with a specific composition is cast onto a stationary
or moving flat substrate (usually a polymer film typified by Mylar®
film), forming a continuous tape with a homogeneous thickness by a
so-called doctor blade. After drying under optimal conditions, the
green tape is cut or punched into pieces with the desired shape,
followed by thermal treatments (debinding and sintering). In prac-
tice, there are many matters to be attended to in each process to
obtain truly high-quality ceramic films. The most important fac-
tors that determine the properties of final products (microstructure,
density, thickness, surface flatness, and mechanical strength) are
the slurry formulations and processing parameters. As for the for-
mer, the ceramic slurry is prepared by mixing ceramic powders
of interest with various additives: surfactants to expedite the dis-
persion of particles (viz., dispersants and deflocculants), binders
to adhere particles together, plasticizers to impart flexibility to a
green tape and assist in preventing crack formation during drying
and handling in the following processes, and solvents as dispersion
media.88–90,125,135–140 Sintering agents are usually added as well, with
the intention of obtaining densified ceramics.141–144 The processing
parameters involve the machine configuration, substrate velocity,
and blade height and width, which allow for precise control over the
physical properties of green tapes and, eventually, final ceramic films
because these parameters can be more readily and flexibly varied
than the slurry formulation.

The rheology of a slurry depends on the ingredients and their
contents and has a large influence on the physical properties of the
resultant green tapes and sintered products.90,140 Hence, it is neces-
sary to carefully optimize the slurry compositions individualized for
each material. One should also pay attention to the particle size and
distribution of ceramic powders as the main component of a slurry;
in general, the finer particle with the narrower size distribution is
favorable for better sintering thanks to the shorter diffusion dis-
tances and the larger driving force for densification.144–147 It should
be noted that, however, too small a particle size is detrimental to
the processability of a slurry because of the lowered dispersibility
and increased agglomeration tendency; the favorable particle size
normally ranges from submicrons to a few micrometers.88 Since all
the ingredients must be thoroughly mixed together in a homoge-
neous slurry without any agglomeration, the mixing process should
be carried out stepwise: ceramic particles are first dispersed into a
solvent using appropriate dispersants, resulting in a low-viscosity
suspension, followed by adding other additives such as binders and
plasticizers to form a viscous slip. When more than two kinds of
ceramic powders are employed (e.g., an electrode active material
and an SE), it is essential to make the two particle densities similar
in order to preclude inhomogeneous settling between an inter-
val of the two mixing stages. To ensure a complete mixture with
high dispersibility, special mixing processes are often leveraged, e.g.,
planetary mixing and ball milling. As it is inevitable that vigorous
mixing of a viscous slurry leaves bubbles, which are hardly dispelled,
causing the formation of voids and pinholes, the produced slurry
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FIG. 2. Overview of the tape-casting process involving (i) mixing, (ii) defoaming, (iii) casting, and (iv) drying. The digital photograph represents a typical ceramic green sheet
prepared in a laboratory.

must be subjected to a defoaming process before casting, for exam-
ple, stirring under vacuum, centrifugation, and ultrasonication. The
addition of defoamers or antifoamers is also useful to deter foaming
and dissipate bubbles.148

Stringent control of slurry viscosity by adjusting the binder
content in conjunction with those of the other constituents is cru-
cial for ensuring homogeneity in a green tape: relatively high-density
ceramic particles are liable to settle out in a low-viscosity liquid even
in the presence of surfactants, whereas an excessive increase in slurry
viscosity by adding a lot of binders makes it difficult to pour the
slurry onto a substrate and level off with a doctor blade. In order
to address this issue, the tape-casting process makes use of pseu-
doplastic behavior, in which the viscosity of a fluid decreases with
increasing shear force and vice versa.88,90 Specifically, the binder
concentration is tuned to render the slurry viscosity high enough to
hinder the sedimentation, while the viscosity may decrease by sev-
eral orders of magnitude upon casting due to the high shear force
applied and, soon after the doctor blade passes through, increase
again rapidly to keep the homogeneity.88 As such, the fabrication
of a homogeneous tape with a controlled thickness is achieved by
moving either a doctor blade or a substrate relative to the other;
the latter enables continuous production suitable for industrial
manufacturing.

A casted tape is subsequently submitted to a drying step, where
volatiles in the tape are evaporated merely from the surface while
the liquid diffuses from inside to the surface. A wet tape is exposed
to capillary force upon evaporation, leading to internal stress, which
fosters densification but simultaneously incurs an inhomogeneous
shrinkage that possibly causes crack formation.149 Hence, the drying
process needs to be carefully regulated as well. Usually, gentle heat-
ing and blowing are applied so as to keep the drying speed constant.
It should be stressed that the proper addition of binders and plasti-
cizers is requisite for preparing a crack-free green tape, as mentioned
earlier. In general, thicker tape is more difficult to dry without crack-
ing because of the larger extent of non-uniform shrinkage along the
thickness direction.

The next process after drying is shaping, where a large green
tape is cut or punched into small pieces with a desired size and shape,

as it becomes difficult after thermal processes due to the loss of flex-
ibility and plasticity. As for the preparation of multi-layer ceramic
products, the corresponding green tapes removed from support are
stacked together and pressed with heat, followed by the cutting
process. Thermal compression at a temperature above the soften-
ing point of an employed binder/plasticizer system yields coherent
multi-layer bodies. There are many routes to making multi-layer
ceramic products other than this procedure,69–72,91–94,150–152 which
are beyond the scope of this article.

In the final thermal process, a shaped green body is first
degreased by firing in the air at 400–600 ○C to pyrolyze all organic
species (debinding)153,154 and then sintered at high temperature to
accomplish full densification. Both debinding and sintering pro-
cesses entail unignorable shrinkage, which imposes cracking, blis-
tering, curling, and crumpling; in contrast to the aforementioned
drying step, the thinner film is more delicate, although a film
shrinks to a larger extent normal to the thickness than the in-plane
direction as in the case of drying.154–156 Concerning the debind-
ing process, in particular, the decomposition of organic additives
results in the volumetric decrease of solid moieties concomitantly
with gas evolution, enhancing the internal stress. Accordingly, care-
ful control of the heating conditions (heating rate, temperature,
duration time, and atmosphere) is required to maintain the integrity
of the final products. In general, a rapid elevation of tempera-
ture causes severe damage to a tape sample, as does the cooling,157

though the short processing time is favorable in terms of a high
production rate and low heating energy. Moreover, carbonaceous
residues may form through the rapid pyrolysis of organic compo-
nents upon raising the temperature,158 which often deteriorates the
relatively low density of a sintered body, leaving many pores.159

Another practical matter is the adhesion of a ceramic film to a plat-
form in a furnace during thermal treatment, which sets off cracking
and fracturing. Specific ceramic setters with some coating and/or a
scabrous surface can remedy this issue. In addition, when sintering
of a targeted material requires high temperatures where evapora-
tion of volatile elements unignorably occurs, specimens need to be
buried in mother powder on firing (i.e., buried powder sintering
or burying sintering) in order to suppress the volatilization and
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consequent decomposition. For the sake of enhancing the relative
density of a sintered film, the hot pressing technique is used in the
final sintering process.160–164

Practically, all of the variable parameters in the tape-casting
process described earlier are modulated in an empirical manner,
depending on the types of ceramic films in view of materials and
structures for satisfying the criteria of intended use. Furthermore,
since the optimal condition differs according to the production loca-
tion due to the difference in facilities and ambient environment,
temperature, and humidity, the adequate synthetic conditions need
to be deciphered based on a fund of experimental data collected
with an individual manufacturing setting pertaining to the corre-
lation between the processing parameters (viz., the composition of
slurry associated with its rheology, blade height, moving velocity,
etc.), the manipulation ways (for mixing, casting, shaping, drying,
and thermal treatment), and the nature of the final products includ-
ing thickness, relative density, microstructure, crystallinity, and so
forth. All these properties are entangled with ionic conductivity as
far as SE films are concerned.125–134 In addition, from an industrial
point of view, one should also pay attention to other matters of prod-
uct quality, yield ratio, and reproducibility, all of which are closely
linked to production cost.

III. PROPERTIES OF NASICON ELECTROLYTES
DEPENDING ON SINTERING PROCESS

As a critical component of ASSBs, several requisites should
be fulfilled to be a potent oxide-based SE: (i) high ionic conduc-
tivity comparable to those of liquid electrolytes together with an
electronically insulating feature to act as a separator that prevents
current leakage and self-discharge during an idle period; (ii) a wide
electrochemical stability window enough to afford high voltage;
(iii) large-scale producibility with the use of earth-abundant and
environmentally benign materials; (iv) good processability (prefer-
ably in the air) and sinterability at a reasonable temperature so
that unfavorable volatilization of Na and other easily volatile ele-
ments does not severely take place. As pointed out previously,
the old-established Na–ion conductor, NASICON,109–118 satisfies
these criteria except for the last point. In addition, the continu-
ous efforts in the ceramic engineering field have borne fruit with
the technical advances in the fabrication of well-sintered and high-
quality NASICON at lowered temperatures, such as flash sinter-
ing,165 microwave sintering,166 spark plasma sintering (SPS),167–170

and cold sintering.170–172 Note that to integrate an SE with a pair of
electrodes into ASSBs, the capability of establishing intimate inter-
faces between the SE and electrodes with a large area as well as their
mechanical and structural stability during the repeated charge and
discharge operation are of decisive importance, and precisely these
points are connected to the most formidable challenges, especially
in the case of oxide-based SEs, which is discussed not in this section
but later on.

NASICON originally stood for the solid solution between
NaZr2(PO4)3 and Na4Zr2(SiO4)3 endmembers, expressed as a gen-
eral formula Na1+xZr2SixP3−xO12 (0 ≤ x ≤ 3).109,110 The NASICON
crystal structure is built up of corner-sharing ZrO6 octahedra and
(Si,P)O4 tetrahedra forming the 3D rigid framework composed of
a unique structural unit called “lantern,” which provides the large

interstitial channel for Na+-diffusion. It allows for the fast 3D migra-
tion of Na+ ions, which is advantageous over the 2D ionic conductor
like Na-β/β′′-alumina when it comes to polycrystalline SEs because
the random orientation of crystallites in an SE layer diminishes the
overall conductivity suffering from the contribution from grains
residing in poorly conductive directions.106 As elucidated in the first
publication of NASCION,109 the NASICON solid solution exhibits
the highest conductivity with the composition of Na3Zr2Si2PO12 (x
= 2), which is denoted as “NZSP” in this article. Here, we mainly
deal with the simple NZSP in conjunction with the tape-casting
process, as the NASICON family involves plenty of substitutional
variants.112,113

Given that the standard interspacing distance between two elec-
trodes in conventional LIBs with a liquid electrolyte is 20–30 μm,
which corresponds to the thickness of a polymer separator such as
Celgard®,173 the thickness of a NASICON layer is desired to be less
than 100 μm in ASSBs so that the resistance within the SE layer is
on par with that in LIBs. In this sense, the tape-casting process is
suitable to fabricate NASICON films for ASSBs. Meanwhile, because
the grain boundary resistance (Rgb) is generally orders of magni-
tude higher than the bulk resistance (Rbulk) and, therefore, dominant
in the resistivity of an electrolyte layer, the densification of SEs for
increasing the interparticle contact area and growing the grain size
to the maximum extent is imperative to ASSBs. However, it becomes
more difficult to obtain well-sintered ceramics at low temperatures
by means of the pressureless process in comparison with the ded-
icated sintering procedures relying on mechanical pressure and/or
electric current.174–179

The addition of sintering aids (or fillers),144 which was first dis-
covered in sintering Al2O3 promoted by a small amount of MgO,141

is well-known as a complementary technique to densify ceram-
ics available for any sintering process, including tape-casting. Such
additives offer an economic advantage in the production of sin-
tered ceramics by shortening the process time and decreasing the
sintering temperature. There are several mechanisms proposed for
the enhancement of sintering in dependence on the kinds of addi-
tives, some of which are still controversial.142,144 Sintering assisted
by a liquid phase is a major consolidation phenomenon in pow-
der compacts, and most sintering aids, such as compounds with a
low melting point, play a role in the liquid phase at elevated tem-
peratures. Reagents that decrease the melting point of a target are
conducive to liquid-phase sintering as well. This sintering system
consists of three processes: (i) rearrangement of solid particles with
the help of a flow of melt driven by capillary pressure; (ii) progress
of densification by dissolution and reprecipitation of the solid in the
formed liquid; and (iii) relatively slow densification by coalescence
between solid grains that are not wetted.142,144 The liquid phase
either depletes during sintering or remains until the last stage. In the
former case, elements in sintering aids are to be more or less intro-
duced into the crystal lattice, whereas segregation of additives at the
grain boundary occurs in the latter.

Sintering agents employed for SEs should not disturb the afore-
mentioned requisites, particularly electrochemical properties (con-
ductivity and stability). The segregated phase derived from sintering
agents at the grain boundary usually spoils the total conductivity
of an SE by acting as a barrier against ionic transport, though the
grain-boundary conduction is, by contrast, enhanced with additives
in some cases.180–187 Electrochemical stability is often deteriorated
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TABLE I. Sinterability and electrical conductivity of the NZSP SEs sintered with different sintering agents.

Sintering agent
Melting

point (○C)
Sintering
method

Content
(wt. %)

Sintering
temperature (○C)

Relative
density (%)

σ25 ○C
a

(S cm−1) Reference

NNP glassb 730 SPSc 5 1045 98 1.0× 10−3 168
CS 10 900 ⋅ ⋅ ⋅ 1.2× 10−4 189

Na3BO3 680 CS 4.8 900 93 1.4× 10−3 192
CS 9.1 700 73 1.2× 10−4 193

Na2B4O7 741 SPSd 10 600 82 2.3× 10−4 169
CS 10 1000 ⋅ ⋅ ⋅ 1.72× 10−3 196

Na2SiO3 1088 CS 5 1175 93 1.45× 10−3 195
Na2Si2O5 848 CS 5 1150 77 1.7× 10−3 e 198
aTotal conductivity at 25 ○C.
b60Na2O–10Nb2O5–30P2O5 glass.
cSpark plasma sintering at 50 MPa under vacuum.
dSpark plasma sintering of Mg-NZSP [Na3.1Zr1.95Mg0.05(SiO4)2(PO4)] at 102 MPa.
eMeasured at 27 ○C.

by contaminated elements, as the integrity of the crystal lattice is
bound to be disturbed. In addition, the atoms with variable valency
are liable to redox reactions, which are responsible for the decom-
position of an SE. Hence, a compound consisting of main-group
light elements and/or sharing components of a target SE is favorably
employed as a sintering aid.

In the case of NASICON-based SEs, several sintering aids
have been investigated in conjunction with the different sintering
techniques,168–170,172,188–198 which are summarized in Table I. For
instance, the addition of borax (Na2B4O7⋅10H2O) allows for the den-
sification of NZSP to possess ∼10−3 S cm−1 of room-temperature
total conductivity at as low as 600 ○C by SPS.177 The newly developed
cold sintering technology is also capable of producing a highly con-
ductive NZSP SE in combination with post-annealing and adding
NaOH as an aid, although cold sintering alone fails to increase
the total conductivity of NZSP to a practical level.170,172 Regard-
ing ambient-pressure sintering, Na3BO3 effectively promotes the
sintering of NZSP, yielding a high-density compact (relative den-
sity of ∼93%) at 900 ○C.192,193 Nevertheless, these compounds are
soluble in water and aprotic organic solvents to form a basic solu-
tion, which is possibly detrimental to ingredients in the tape-casting
process.

Another option for sintering aids is glass additives.188–190,197,198

Among them, the Na2O–Nb2O5–P2O5 (NNP) glass exemplifies an
effective filler for sintering NZSP.189,190 The alkali niobate glass
shows relatively high Na–ion conductivity around room tempera-
ture and low glass transition temperature (Tg) and melting tem-
perature (Tm) among the oxide-based glass.189,199–201 Despite the
variable valency of Nb, the stable pentavalent state (Nb5+) guaran-
tees a wide electrochemical stability window by forming an inter-
facial passivation film.202–204 In the NNP system, the composition
60Na2O–10Nb2O5–30P2O5 has a high conductivity (2.6 × 10−7

S cm−1 at 25 ○C) as well as a low melting point of ∼730 ○C, as pre-
sented in Fig. 3.168 Accordingly, the NNP glass is eligible for the
sintering aid of NZSP films prepared via the tape-casting process.

The capability of NNP glass additive in sintering NZSP green
tapes is signified in Fig. 4(a), in which the NZSP sintered disks

are compared as a function of the amounts of NNP glass addi-
tive and sintering temperature.190 The disks started with the green
sheets, which were almost identical in terms of dimension (15 mm in
diameter and 45–50 μm in thickness) and composition (binder, plas-
ticizer, dispersant, and defoamer) except for the NNP glass content.
The additive-free NZSP green sheet experienced limited shrinkage
up to 1100 ○C, and the thermal treatment at 1230 ○C for 4 h encom-
passed crumpling as the densification proceeded. It transpired that
the high sintering temperature prompted the volatilization of Na
and P from NZSP, which imposed heterogeneous shrinkage, thereby
resulting in the wrinkled film. This result clarifies the difficulty of
producing a sintered NZSP film without sintering aids. On the other
hand, the disk diameter obviously diminishes as the NNP content
increases for the samples heated above 1000 ○C, which validates that
the NNP glass effectively stimulates the sintering of NZSP, proba-
bly through the liquid-phase sintering mechanism. As a result, the 5
and 10 wt. %-NNP added samples sintered at 1100 ○C appear to be
translucent, indicating the depletion of pores, which is also attested
by the microstructural images shown in Fig. 4(b).

The sinterability of NZSP films aided by the addition of NNP
glass was further evaluated from the standpoint of gas permeabil-
ity [Figs. 4(c)–4(e)].190 The poorly sintered samples provided in
Fig. 4(c) showed rapid or gradual gas leakage across the film, whereas
the negligible pressure change displayed in Fig. 4(d) ascertains that
those samples were highly gastight films with the permeability value
below 1.0 × 10−9 m3 s−1, which corroborates the successful prepa-
ration of highly densified NZSP films via the tape casting process
with the NNP glass aid. Such a superb impermeability feature opens
up the possibility for the NZSP films to be implemented in different
types of next-generation rechargeable batteries such as a metal–air
battery that requires a liquid-tight SE.8,205,206

The total conductivities (bulk and grain boundary) of a series
of NZSP sinters prepared via the conventional solid-state (CS) reac-
tion, SPS, and tape-casting with varied amounts of NNP glass are
compared in Figs. 5(a) and 5(b). Without any additives, the NZSP
SEs showed total conductivities (at 25 ○C) of 1.2 × 10−3 S cm−1 (CS;
1270 ○C for 12 h), 1.7 × 10−3 S cm−1 (SPS; 1210 ○C for 30 min), and
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FIG. 3. Physical and electric properties of the NNP glass (60Na2O–10Nb2O5–30P2O5): (a) thermogravimetric (TG) and differential thermal analysis (DTA) curves and the
colorless and transparent appearance of the NNP glass (inset); (b) impedance spectra of the NNP glass measured at varied temperatures; (c) Arrhenius plot of the NNP
glass. Reproduced with permission from Wang et al., Solid State Ionics 322, 54 (2018). Copyright 2018 Elsevier.

FIG. 4. Comparison of the NZSP SEs prepared via tape casting with the NNP glass additive: (a) appearances of the NZSP disks sintered with different conditions; (b)
microstructural morphologies of the surface and cross section of each NZSP sintered disk; (c) and (d) time-dependent pressure change measured with the gas permeability
test system in (e) for the respective NZSP sintered disks; (e) schematic illustration of the gas permeability test equipment. Reproduced with permission from Okubo et al.,
Electrochim. Acta 278, 176 (2018). Copyright 2018 Elsevier.

3.1 × 10−4 S cm−1 (tape-casting; 1230 ○C for 4 h).168,190 The NNP
glass additive lowered the sintering temperature of NZSP in each
synthetic system, offering those of 1.2 × 10−4 S cm−1 (CS; 900 ○C for
10 min),189 7.2 × 10−4 S cm−1 (SPS; 990 ○C for 30 min),168 and 4.4
× 10−4 S cm−1 (tape-casting; 1100 ○C for 4 h).190 In all cases, the acti-
vation energy for ionic conduction lay between 0.28 and 0.34 eV, as
presented in Fig. 5(b). Consequently, the addition of NNP glass can
reduce the sintering temperature of NZSP SEs by ∼130 ○C even in the
case of the tape-casting process, while it becomes more effective in

combination with CS and SPS techniques. It was also confirmed that
the depression of ionic conductivity by contaminating impurities
(NNP and its derivatives) is limited in all cases.

The compositional analyses testified to the good quality of the
NZSP sintered with NNP glass. Figure 6 shows the XRD profile
and elemental mapping images of the representative NZSP specimen
(tape-casting; 10 wt. % NNP; 1100 ○C).190 Whatever the synthetic
process is (CS, SPS, or tape-casting), the heat-treatment at >900 ○C
forms the perovskite-type NaNbO3 as a by-product, which is a
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FIG. 5. Ionic conductivities of the NZSP SEs prepared by different sintering pro-
cedures [tape casting, spark plasma sintering (SPS), and conventional solid-state
synthesis (CS)] using the NNP glass as a sintered agent: (a) total conductivities
as a function of sintering temperature; (b) Arrhenius plots of the total conductivities
for the representative NZSP sintered SEs.169,189,190 The activation energy values
are based on the relationship between ln σT and 1/T .

poor Na–ion conductor (<10−6 S cm−1 at 300 ○C),207–209 in addi-
tion to the small amount of ZrO2, which is routinely formed in
preparing NZSP.111,210 In the case of the NZSP film prepared by
tape casting, Nb was found to be uniformly distributed without
forming large NaNbO3 crystals [see Fig. 6(b)], and hence, the incor-
poration of Nb into NZSP may have occurred. As for the sample
prepared by SPS, on the other hand, the segregation of NaNbO3
grains (∼5 μm) was observed in triple junctions of grain bound-
aries.168 In both cases, the Na–ion conduction pathway was not
crucially perturbed by the incorporation of Nb and/or the contam-
ination of NaNbO3, as manifested by the good ionic conductivity
and low activation energy in Fig. 5. A wide electrochemical stability
window for these NZSP SEs was documented by the experimen-
tal results with the corresponding Na∣NZSP∣Pt cell demonstrating
reversible Na plating/stripping and negligible anodic current up to at
least 4.1 V.168

IV. NASICON-TYPE CATHODES FOR TAPE CASTING
As is the case with LIBs, multifold cathode materials for SIBs

have been developed along with a liquid electrolyte,20–25 yet all of
them are not necessarily applicable to Na-ASSBs. In other words,
a cathode candidate for Na-ASSBs needs to satisfy more stringent
requirements. Whether the electrolyte is liquid or solid, the electrode
layer must be a mixed electron–ion conductor to carry electrons to

FIG. 6. Compositional characteristics of the NZSP SE prepared via tape casting
with 10 wt. % NNP glass sintered at 1100 ○C: (a) XRD profile and the composi-
tion estimated by Rietveld refinement; (b) electron probe microanalysis (EPMA)
images.

the current collector and Na+ ions to the electrolyte. Nonetheless,
most electrode active materials do not possess electronic and ionic
conductivity high enough for practical usage. Therefore, carbon-
coating on particle surfaces and the addition of conductive agents
are usually implemented to ameliorate the electronic conductivity,
which is also applicable to ASSBs. Meanwhile, the general strategy
to address the low ionic conductivity issue is to diminish particle
size to minimize ionic conduction pathways in solids. It works out
well in conventional LIBs as ions migrate predominantly in a liquid
electrolyte, which percolates throughout the electrode layer wetting
all the particle surfaces. As for the ASSB configuration, particularly
with a stiff oxide-based SE, however, this approach is far less effec-
tive. This is because of the difficulty in establishing a perfect contact
between the active material and SE particles simultaneously with the
interconnectivity of all SE components to offer 3D ion-conducting
pathways, and what is more, the mandatory thermal treatment at
high temperature entails crystal growth, making it hard to preserve
small particle size in ASSBs.27–33

Incorporation of an electrode active material mixed with a con-
ductive agent into a 3D porous scaffold consisting of an SE seems
like a smart methodology to produce a cathode layer. The addi-
tion of sacrificial pore-forming agents (also called porogens) such
as organic molecules (carbohydrates like starch and polymer beads)
and carbonaceous species (graphite and amorphous carbons) to a
ceramic slurry is a simple way to intentionally introduce pores in
ceramic sheets prepared via tape casting.123,211,212 These additives
burn away during firing and sintering, leaving pores and voids in
the final ceramic sheet. As a more advanced methodology to con-
trol pore properties, the freeze-tape-cast technique was developed
as well.119–123 However, it is generally difficult to tailor exquisite 3D
scaffolds using powder-based ceramic processing, unlike solution
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processes such as sol–gel, which can produce porous materials with
controlled pore properties in conjunction with self-assembly,213,214

colloidal templating,215 and phase separation.216–218 On this account,
a cathode candidate for Na-ASSBs should have moderate ionic
conductivity, if not as high as that of SEs.

Another criterion for choosing an electrode material for
ASSBs is its structural stability during charge and discharge
cycles,75–78 which is associated with cyclic performance and
longevity. ASSBs are sensitive to internal stress arising from the vol-
ume expansion/shrinkage of electrode materials because the scarcely
deformable SE can tolerate only a little volumetric change, in stark
contrast to a liquid electrolyte. Consequently, even once a coherent
interface was successfully prepared, it remains a daunting challenge
to maintain intimate solid/solid contact through long-term cycling.
Hence, potential electrode materials fall into the “rocking-chair”
type of electrode, consisting of a rigid framework that allows for
a nearly “zero-strain” insertion/extraction reaction.219–236 Smooth
Na–ion transfer at an electrode/electrolyte interface is of great sig-
nificance to achieving high power density, though there have been
a small number of studies on this subject thus far. In addition, it is
indisputable that a cathode with higher capacity and higher opera-
tional potential leads to higher energy density, which is favorable for
a practical cell.

In view of good ionic conductivity and a small crystallographic
volume change upon sodiation/desodiation, some specific layered
oxides,224–228 Prussian blue analogs (PBAs),229–234 and polyanion-
type compounds235,236 have been reported as highly promising SIB
cathode materials. The layered oxide-type SIB cathodes are repre-
sented by NaxCoO2, which is a forerunner material first reported in
1980.237 Although the layered oxides generally undergo a large vol-
ume change in concert with the crystal transition, several zero-strain
electrode candidates have recently emerged from the elaborate crys-
tallographic design with cation substitutions.222–228 The preceding
studies on Na-ASSBs in tandem with the layered oxides were limited
to NaxCoO2, where the layered oxide thin film was directly deposited
on an SE by means of pulsed laser deposition (PLD).238,239 The PBAs
{AxMy[M′(CN)6]z , where A is an alkaline metal while M and M′

are transition metals} are featured with their open framework crys-
tal structure, thereby enabling reversible ion storage/release with a
minimum volume change.229–234 The low-cost and scalable solution
process at room temperature for PBA production makes them the
top contender for a cathode for launching practical SIBs with a liquid
electrolyte. Nonetheless, the low thermal stability of PBAs seems to
be incompatible with oxide-based SEs that require high-temperature
sintering.

Among the polyanion-type compounds, the NASICON-type
cathode materials have a high potential in terms of their robust crys-
tal lattice with 3D continuous ion-conducting channels.115–118 This
category of crystals has the formula AxM2(XO4)3 or AxMM′(XO4)3,
where A = Li, Na, K, etc.; M/M′ = Al, Cr, Mn, Fe, Ti, Zr, V, Nb,
etc.; and X = P, Si, S, etc.,115–118 and is a distinctive feature of the
3D covalent framework composed of fully corner-sharing M(M′)O6
octahedra and XO4 tetrahedra in analogy with NZSP.109,110 When
transition metals for M and M′ are electrochemically redox-active
to permit the variation of A-ion occupancy in a wide range, the
NASICON-type crystals are capable of being electrode active mate-
rials for rechargeable batteries. There is a large interstitial space
inside the robust 3D framework where alkali metal ions (A+ ions)

reside. In general, the NASICON-type compounds fall into either
rhombohedral (R3c) or monoclinic phase (C2/c or Cc); the former
embraces three crystallographic sites for A+ ions (Wyckoff posi-
tions of 6b, 18e, and 36f), while site splitting due to lattice distortion
takes place for the respective sites in the latter.118 Accordingly, the
NASICON-type compounds are expected to procure decent ionic
conductivity due to the pronounced 3D channel for ion diffusion
and the presence of vacant sites. If the target electrode active material
has adequately high ionic conductivity, the requisite amount of
SE contained in an electrode layer to enable the feasible opera-
tion of ASSBs can be drastically reduced or even zero. In addition,
the robust 3D framework can mitigate volumetric change upon
insertion/extraction of A+ ions, even when the occupation number
largely varies. By virtue of these features, the NASICON-type elec-
trodes tend to undergo charge and discharge in the fashion of a two-
phase reaction giving rise to a well-defined potential plateau,115–118

which is beneficial for delivering a stable voltage when implemented
in a full cell.

Recently, in addition to the cation-substituted members,116,118

the anion-substituted compounds (so-called mixed-anion mater-
ials240), such as mixed phosphates [Na4M3(PO4)2(P2O7)42,241–244

and Na7M4(P2O7)4(PO4)245,246], fluorophosphates [Na3M2(PO4)2
F3]247–249/oxyfluorophosphates [Na3(MO1−xPO4)2F1+2x],250–252

nitridophosphates [Na3M(PO3)3N]235,236 and so on,115,117,253–255

have been developed, which participate in the group of NASICON
derivatives in a broad sense (as their crystal structures are somewhat
altered from the original NASICON-type structure). The substituted
NASICON derivatives provide various merits like the augmented
operational potential and the reduced volume change during
Na+-insertion/extraction, which lead to the enhancement of cell
voltage and the improvement of cycle performance, respectively.
However, the more complicated chemical composition makes phase
control more difficult, even for samples in a powdery state, let alone
in a sintered layer. Hence, the following puts a focus only on the
simple NASICON-type electrode materials.

After the pioneering work demonstrating the electrochem-
ical alkali ion insertion/extraction behaviors of ATi2(PO4)3
(A = Li and Na) by Delmas et al.,256,257 the NASICON-type
compounds have been recognized as a leading cathode candi-
date from the standpoint of high rate capability as well as salient
cycle performance.115–118,253–255 Behind the Ti-based NASICON-
type compounds, the V-based analog of A3V2(PO4)3 (A = Li and
Na) emerged as a superior cathode material because of the higher
potential of the V4+/V3+ redox couple (∼3.4 V vs Na+/Na) com-
pared to that of Ti4+/Ti3+ in NaTi2(PO4)3 (∼2.1 V vs Na+/Na).258–262

Thereupon, various advantageous aspects of Na3V2(PO4)3 (NVP)
as a SIB cathode have been realized not only with a liquid
electrolyte261–264 but also in ASSB configurations.265–272 Although
the theoretical capacity is not markedly high (117.6 mAh g−1

for the V4+/V3+ redox couple), NVP shows high stability in
the air, flat charge/discharge curves with small polarization, and
good cycle performance. Notably, the two-phase reaction between
NVP and NaV2(PO4)3 corresponds to a volume change of only
8%–10%,262–264 which is as small as that of LiFePO4, renowned for
a small volume change cathode for LIBs.273,274 Within the range
of such a low volume change, a small amount of porosity persist-
ing in an electrode layer can poise a whole monolithic cell against
inner stress.275,276 Consequently, the NASICON-type NVP is identi-
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fied as an ideal cathode for Na-ASSBs, and indeed, some prototype
Na-ASSBs have been developed by different research groups in the
last decade.265–272 Along this line, our contribution to the tape-
casting technology to obtain a sintered NVP electrode layer is
introduced hereinafter.

In a bid to develop a serial processing to produce ASSB
laminates involving tape-casting, stacking, and co-firing, we have
explored the synthesis of NVP films via the tape-casting process with
the aid of the NNP glass additive277 in a manner analogous to the
NZSP films described previously.190 Figure 7(a) displays a series of
NVP green tapes and films sintered with varied amounts of NNP
glass at different sintering temperatures.277 As is the case with the
NZSP system in Fig. 4(a), the NVP green tapes were punched out
to be a disk with 15 mm in diameter and 40–50 μm in thickness by
adjusting the tape-casting parameters. The additive-free and 2 wt. %
NNP-containing NVP samples resulted in a similar final disk size
after heating at 880–1000 ○C, whereas the NVP disks were subjected
to discernible shrinkage by the thermal treatment. By contrast to the
NZSP case, the addition of 10 wt. % NNP glass caused fatal fractur-
ing in the NVP system. The microstructural observation [Fig. 7(b)]
and gas permeability test results [Fig. 7(c)] corroborate that the NNP

glass can sufficiently promote the densification of NVP to reach the
gas-tight level: 6.8 × 10−9 m3 s−1 for the sample containing 5 wt. %
of NNP and sintered at 920 ○C.

The well-sintered NVP disk allowed us to properly measure
the electrical property of NVP [Figs. 7(d) and 7(e)], providing reli-
able ionic conductivity values: the bulk conductivity of NVP was
estimated as 6.5 × 10−5 S cm−1 at 25 ○C and 3.2 × 10−4 S cm−1 at
90 ○C.277 As the electronic conductivity measured by the direct cur-
rent (DC) polarization was in the order of 10−9 S cm−1 at 25 ○C,
as plotted in Fig. 7(e), the total Na–ion conductivity of the NVP
sheet proved to be considerably high among the SIB electrode mate-
rials. Consequently, NVP is endowed with adequately high ionic
conductivity in association with the small volume change dur-
ing Na+-insertion/extraction and, therefore, is regarded as a viable
cathode choice for Na-ASSBs.

Differently from the NZSP sinters with NNP glass additive,
the XRD analysis revealed that the NaNbO3 perovskite phase was
not formed while the unidentified peak appeared with 5 wt. %
of NNP glass in the NVP system [Fig. 8(a)]. The high-resolution
electron transmission microscopy (HR-TEM) accompanied by ele-
mental analysis in Figs. 8(b) and 8(c) documented the formation

FIG. 7. Comparison of the NVP sintered disks prepared via tape casting with the NNP glass additive: (a) appearances of the NVP disks sintered with different conditions; (b)
microstructural morphologies of the surface and cross section for the NVP disks prepared with and without the NNP glass; (c) time-dependent pressure change measured
with the gas permeability test system in Fig. 4(e) for the NVP disks; (d) Nyquist plots of the NVP disk (5 wt. % NNP; 920 ○C) measured at different temperatures; (e) Arrhenius
plots of the total conductivities for the NVP disks prepared with varied amounts of the NNP glass additive. The activation energy values are based on the relationship between
ln σT and 1/T , while the electronic conductivity value is derived from the DC polarization analysis. Reproduced with permission from Wang et al., Electrochim. Acta 305, 197
(2019). Copyright 2019 Elsevier.
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FIG. 8. Chemical compositional and microstructural properties of the NVP disks: (a) XRD profiles of the NVP disks prepared with varied amounts of the NNP glass; (b)
HR-TEM images and the selected area electron diffraction (SAED) pattern (inset) of the NVP disk (5 wt. % NNP; 920 ○C); (c) energy dispersive X-ray spectroscopy (EDS)
analysis results measured in the grain and at the grain boundary of (b). Reproduced with permission from Wang et al., Electrochim. Acta 305, 197 (2019). Copyright 2019
Elsevier.

of Nb-enriched amorphous moieties at the grain boundaries of
NVP crystallites in the NVP film (5 wt. % of NNP and sintered
at 920 ○C). Nevertheless, according to Fig. 7(d), the grain bound-
ary conductivity of the correspondent specimen was calculated as
5.1 × 10−5 S cm−1 at 25 ○C, which is compared favorably with that
of bulk conductivity. In addition, the activation energy for Na–ion
migration in NVP based on the total conductivity [Fig. 7(e)] is
in the range of 0.31–0.35 eV.277,278 Hence, it can be concluded
that the NNP glass serves as a good sintering agent for NVP, like
NZSP. Furthermore, it is expected that the tape-casting strategy
is not limited to NVP but applicable to other electrode materials
either as a single component or as a mixture with an SE, though
optimization and modification of each synthetic step are indis-
pensable based on empirical trial-and-error processes. Precautions
for integrating electrode materials with an SE will be discussed
later.

The good ionic conductivity along with the Na+-
insertion/extraction capabilities of NVP allow a well-sintered
NVP film to function as a single-component ASSB.279,280 The
single-phase configuration, where the regions in the vicinity of
current collectors at both ends act as an anode and cathode while
the intermediate region acts as SE, is free from the predomi-
nant obstacle of ASSBs: the establishment of innate electrode/SE
interfaces. The first proof-of-concept for this type of ASSB was
demonstrated concerning a lithium superionic conductor (LISI-
CON), Li10GeP2S12 (LGPS), by Han et al. in 2015.279 They fabricated

the LGPS-carbon∣LGPS∣LGPS-carbon cell (in this regard, this cell
contained two components of LGPS and carbon though), in which
the LGPS-carbon layers were electronically and ionically conductive
and thereby capable of electrodes. When applying a direct current,
the Li–S and Ge–S components worked as electroactive species
at the positive and negative sides in ways reminiscent of Li2S
and GeS2, respectively.279 Inoishi et al. reported single-phase
Na-ASSBs composed of the NASICON-type Na3−xV2−xZrx(PO4)3
(x = 0–1.0).280 It was revealed that the 1.1 mm-thick cells delivered
∼1.8 V even without carbon additives. However, the relatively large
thickness needed to suppress the electron leakage (self-discharge)
imposed a high cell resistance,280 whereas the thinner cell was
plagued by the higher self-discharge rate.277 Nevertheless, since
the cell configuration with only one ceramic layer playing three
roles (anode, cathode, and electrolyte) can considerably reduce
the production cost and be applicable to the MLCC-type structure
simply by alternately stacking the ceramic and current-collecting
layers, continuous research progress is highly desired.

V. Na METAL ANODE AND OTHER CANDIDATES
Needless to say, the best choice for anode material in Na-

ASSBs is Na metal from the viewpoint of energy density because,
among all anode candidates, it has the highest theoretical capac-
ity of 1166 mAh g−1 and 1129 mAh cm−3 and enables the cell to
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deliver the highest voltage when the cell is assembled with an iden-
tical cathode.22,281 However, when it comes to the integration with
SEs of NZSP and its derivatives, the Na metal anode has long suf-
fered from a remarkably large interfacial charge transfer resistance
upon Na-plating/stripping reactions.282 So far, only the molten Na-
based anode in NAS and ZEBRA batteries with the Na-β/β′′-alumina
SE, in which the operation at elevated temperatures (300–350 ○C)
markedly reduces the interfacial resistance, has been practically
available.107,108

Recently, several approaches have been proposed to decrease
the resistance for the interfacial Na+-transfer for the electrochemi-
cal Na-plating/stripping reaction to a reasonable value by means of
interfacial engineering. Zhou et al. ascribed the poor wetting abil-
ity of NZSP with Na metal to the high interfacial resistivity and
prepared a thin interfacial interlayer by intentionally heating NZSP
at 380 ○C in contact with Na melt.282 The amorphous surface film
formed by the reductive reaction of NZSP was found to show good
wettability against Na, allowing for efficient Na-plating/stripping
with a lowered interfacial impedance. The following studies on
improving the surface wettability of NZSP with Na exemplified sev-
eral effective coatings, including AlF3,283 TiO2,284 and a Na–SiO2
composite.285 Some research groups also reported on the improve-
ment of wettability by adding a specific additive to NZSP, such as
Na2B4O7,197 BaTiO3,286 and CuO.287 It should be pointed out that
those coated compounds do not work as they are but are surely
bound to be reduced in contact with Na metal, and hence, the
detailed mechanism for each system has not been clarified yet. Lu
et al. exploited the combinatorial strategy of the surface coating
with SnO2 and a 3D-porous NZSP scaffold.288 The marked drop
in interfacial resistance was achieved due to the drastic increase
in the contact area between NZSP and Na. However, one should
keep in mind that such an uneven interface may facilitate den-
drite formation by the concentrated electric field at the projecting
tips.289,290

More simply, the high-pressure compression of Na metal onto
NZSP is also effective to reduce the interfacial resistance; Pervez et al.
investigated the effects of external pressure during the electrochem-
ical tests on the impedance of the Na-plating/stripping reaction and
realized that the higher pressure applied to the Na∣NZSP∣Na sand-
wich led to a lower impedance.291 What is more, it was revealed
that the continuous high-pressure loading is not necessary and that
a moderate compression (∼0.25 MPa) is enough to maintain the
low interfacial impedance during cell operation once a thorough
contact between NZSP and Na metal is established by an initial high-
pressure compression in assembling the cell, as shown in Figs. 9(a)
and 9(b).292 The resultant specific areal resistivity for the interfa-
cial charge transfer was estimated at 14 Ω cm2 at 25 ○C by pressing
at 30 MPa, compared to 660 Ω cm2 without compression. Note
that the NZSP SE for this investigation was performed on the 1
mm-thick NZSP pellet prepared via the CS process at 1270 ○C for
12 h. The surfaces were mirror-polished, followed by annealing
at 1100 ○C to recover the surface damaged by the polishing step;
otherwise, the cell is plagued by a significantly large interfacial resis-
tivity. It was also confirmed that the NZSP sample prepared via
SPS (1210 ○C) followed by annealing at 1000 ○C exhibited a sim-
ilar interfacial resistivity of 7–10 Ω cm2 at 25 ○C by pressing the
Na∣NZSP∣Na cell at 30 MPa. Unfortunately, our attempt to apply a
high-pressure loading of Na foils onto the above-mentioned NZSP

film prepared via tape casting failed because of the fragility of 20–30
μm-thick films.

The remarkable improvement of the interfacial Na+-transfer
resistivity by uniaxial compression is attributable to (i) the increase
of Na/NZSP contact area due to the ductile characteristics of Na
[Fig. 9(c)] and (ii) the formation of an interphase that allows effi-
cient Na-plating/stripping.292 The nature of interphase still remains
elusive, yet the X-ray photoelectron spectroscopy (XPS) profiles
[Fig. 9(d)] indicate the presence of reduced species on the NZSP
surface, as with the reaction between NZSP and molten Na at
380 ○C mentioned earlier.282 Since the impedance spectrum for the
Na∣NZSP∣Na cells pressed at 30 MPa was found to rarely change for
up to two weeks, the formed interphase is stable for a long period of
time.292

The viability of NZSP SEs sintered with an NNP glass addi-
tive in combination with a Na metal anode was examined in a
similar fashion. The electrochemical tests were representatively car-
ried out on the 10 wt. % NNP-containing NZSP pellet sintered at
990 ○C by SPS. This type of NZSP exhibited a pronounced impact
of the annealing temperature after surface polishing on the inter-
facial resistance at Na/NZSP, as displayed in Figs. 9(e) and 9(f).293

Without annealing, the interfacial resistance was assessed to be
>15 kΩ cm2 at 25 ○C even with high-pressure pressing at 30 MPa,
while it diminished dramatically by the post-annealing, resulting
in 19 Ω cm2 at annealing temperature of 1000 ○C. It is deduced
that the mirror-polishing process with abrasive powders (typically,
α-Al2O3 or SiC) in a coolant oil inflicts serious damage on the out-
ermost surface of NZSP sinters upsetting the grain packing and
compromising the crystallinity, and hence, the thermal treatment at
a relatively high temperature is necessary to retrieve a good NZSP
surface [Fig. 9(g)].

Figure 10 and Table II compare the interfacial resistances
and activation energy values for the charge transfer upon Na-
plating/stripping at the interfaces between the Na anode and various
electrolytes. As the pressure in assembling a symmetric Na∣NZSP∣Na
cell should have a non-negligible effect even when the NZSP
is subjected to surface modification to improve the wettability
against Na, a fair comparison can be permitted within the data
obtained in our group. It might be remarked that the additive-free
NZSP offers lower interfacial resistance than the NZSP contain-
ing impurities. Meanwhile, except for the NZSP sintered with the
aid of NNP glass, the activation energy values for Na/NZSP fall
within 0.4–0.6 eV, which is higher than that for Na/Na-β′′-alumina
(0.28–0.40 eV).292,294

In the case of organic liquid electrolytes, the interfacial resis-
tance for Na-plating/stripping is composed of the charge transfer
resistance as well as the resistance of a solid electrolyte interphase
(SEI) layer, resulting in 175 Ω cm2 at 25 ○C in 1M NaPF6 in ethylene
carbonate/dimethyl carbonate (EC/DMC).295 Besides, the resistance
gradually increases to 300 Ω cm2 after 96 h due to the growing
SEI film caused by the successive decomposition of EC/DMC on
the Na metal surface. According to the experimental results in our
group, the interfacial resistance and activation energy have values of
200–300 Ω cm2 and 0.6–0.8 eV, respectively, which are much higher
than those estimated for the Na/NZSP and Na/Na-β′′-alumina
interfaces (Fig. 10).

Despite the acceptable interfacial chemistry at Na/NZSP, the
use of Na metal anodes currently faces the intractable obstacle of
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FIG. 9. Feasibility of Na metal anode with NZSP: (a) impedance spectra (25 ○C; ∼0.25 MPa) of the Na∣NZSP∣Na symmetric cells prepared by pressing at varied pressures;
(b) variation of the areal resistances for the NZSP SE (RNZSP) and the Na/NZSP interfacial reaction (Rinterface) as a function of pre-pressing pressure; (c) mechanical behaviors
of Li and Na metal blocks upon uniaxial compression (the inset shows the stress–strain curve in the small strain region based on the original dimension of each block); (d)
XPS profiles of the NZSP surface before and after Na-pressing as well as impedance test; (e) impedance spectra (25 ○C; ∼0.25 MPa) of the Na∣NZSP-NNP∣Na symmetric
cells with varied annealing temperature for the NZSP SE containing the NNP glass (10 wt. % NNP; SPS; 990 ○C); (f) variation of the areal resistances for the NNP-containing
NZSP SE (RNZSP-NNP) and the Na/NZSP-NNP interfacial reaction (Rinterface) as a function of annealing temperature; (g) schematic illustration expressing the recovery of
damaged NZSP surface by annealing. Reprinted with permission from Uchida et al., ACS Appl. Energy Mater. 2, 2913 (2019). Copyright 2019 American Chemical Society.

Na dendrite growth.281 Upon the electrochemical plating of Na
corresponding to the charge step in Na-ASSBs, filament propaga-
tion across an SE layer frequently takes place, leading to a short
circuit. Although the non-flammable feature of an all-oxide-based
cell configuration obviates the risk of thermal runaway, fire, and
explosion,88 it causes an extremely short battery life and mortally
constrains the power density and charging rate because dendrite
growth is stimulated to a great extent by increasing the current
density.

In the early days of ASSB research, there was an optimistic
expectation that a hard and tough ceramic SE with minimized poros-
ity could perfectly serve as a reliable protective barrier against the
growth of dendrites owing to the soft and compliant mechani-
cal properties of Na metal.27,296,297 However, it is now commonly
accepted that an SE layer with high mechanical strength and a rela-
tive density approaching 100%, even a glassy SE with a single crystal,
cannot prevent the propagation of metal filaments.270,281,289,290,298–303

This is because a great deal of volume change of a Na metal layer
upon Na-plating/stripping spoils the homogeneity and flatness of
the Na/NZSP interface, particularly at a high rate, and the filament
propagation proceeds at parts where enhanced electric fields are
applied; the intrinsic stress arising from the tip of filaments causes
the spallation and transverse cracks of a rigid ceramic SE layer.290 A
recent study based on the real-time visualization of Li dendrite prop-
agation in SEs proposed that the direct deposition of dendrites may
take place, which might trigger a short circuit in another scenario.304

Hence, research efforts have been dedicated to preventing dendrite
growth and the resultant short circuit.

One benchmark to evaluate the durability of an SE against
dendrite growth is the highest current density at which the Na-
plating/stripping is stably repeated, termed “critical current density
(CCD).”305,306 Here, it must be emphasized that the determination
of CCD for each system is highly associated with the experimen-
tal conditions, such as the quantity of electricity for a single step
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FIG. 10. Comparison of interfacial Na+-transfer capabilities upon Na-plating/stripping at interfaces between Na and different SEs: (a) Arrhenius plots of the reciprocal
interfacial resistivities at different Na/SE interfaces (see also Table II); (b) relationship between the interfacial resistivity and activation energy for different SEs.

TABLE II. Interfacial Na+-transfer resistivities between various electrolytes and Na metal at room temperature and the corresponding activation energy values.

Electrolyte Sintering agent
Sintering
method Other conditions

Interfacial
resistivity (Ω cm2)

Activation
energy (eV) Reference

NZSP ⋅ ⋅ ⋅ CS ⋅ ⋅ ⋅ 10–14 0.54–0.61 292
NZSP ⋅ ⋅ ⋅ SPS ⋅ ⋅ ⋅ 7.1 0.44 293
NZSP NNP glass SPS ⋅ ⋅ ⋅ 19 0.20 293
NZSP Na2B4O7 CS ⋅ ⋅ ⋅ 36 0.49 196
NZSP CuO CS ⋅ ⋅ ⋅ 70 0.53 287
NZSP BaTiO3 CS ⋅ ⋅ ⋅ 65 0.39 286
NZSP ⋅ ⋅ ⋅ CS TiO2-coatinga 101b

⋅ ⋅ ⋅ 284
NZSP ⋅ ⋅ ⋅ CS Na–SiO2 electrodec 101 ⋅ ⋅ ⋅ 285
Ca-NZSP ⋅ ⋅ ⋅ CS Porous SEd/SnO2 coatinge 275 ⋅ ⋅ ⋅ 288
Na-β′′-alumina ⋅ ⋅ ⋅ CS ⋅ ⋅ ⋅ 21 0.28 292

1M NaPF6 in EC/DMC ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅
175 (1 h)f

⋅ ⋅ ⋅ 295300 (96 h)g

aThe SE surface was coated with TiO2 by atomic layer deposition (ALD).
bMeasured at 23 ○C.
cNa–SiO2 composite anode was employed.
dNa anode was impregnated into the 3D porous SE layer.
eThe porous SE surface was coated with SnO2 by the solution process.
fMeasured 1 h after the cell preparation.
gMeasured 96 h after the cell preparation.

of electrodeposition and the thickness of an SE layer. Concerning
the former, it is natural that dendrite growth is slower when the
quantity of electroplated metal is small. It is of great importance
to signify the quantity of electricity as a unit of “mAh cm−2” or
“C cm−2” (1 mAh cm−2 equals 3.6 C cm−2) for each step. The lat-
ter factor is rather complicated; the thicker SE layer prevents the
short circuit more effectively while at the same time increasing the
resistivity of the SE layer, resulting in faster dendrite growth at a
more enhanced electric field applied at the tips of dendrites.289,290

In addition, it has been disclosed that the pressure applied to a
monolithic cell during charge/discharge is a critical factor in domi-
nating CCD as well because the void formation upon Na-stripping
causes an inhomogeneous electric field on the Na surface, which
can be expelled by the continual compression.307,308 Accordingly,
it is not reasonable to compare the CCD values of different SEs

unless all the conditions are identical including, the specific areal cell
resistance.309

Figure 11 summarizes the CCD test results regarding a series of
NZSP SEs with a thickness of ∼1 mm prepared in our group.292,293

The NZSP pellet prepared by the CS process without any additives
was assembled into a symmetric Na∣NZSP∣Na cell in the manner
described earlier, which showed a total cell resistivity of 72 and
32 Ω cm2 at 25 and 90 ○C, respectively. The CCD test results with
a fixed duration for each Na-plating or stripping step of 30 min are
shown in Figs. 11(a) and 11(b). Under this condition, the CCD was
assessed as 0.8 and 2–3 mA cm−2 at 25 and 90 ○C, respectively. In the
meantime, the CCD at 90 ○C for the identical NZSP was measured to
be as high as 5 mA cm−2 when the quantity of electricity per step was
restricted to 0.5 mAh cm−2, as indicated in Fig. 11(c). These results
clearly enlighten us about the ambiguous definition of CCD unless
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FIG. 11. Short-circuit stabilities of the NZSP (CS; 1270 ○C; 1 mm thick) and NZSP-NNP (10 wt. % NNP; SPS; 990 ○C; 1 mm thick) SEs as a function of current density for
Na-plating/stripping: (a)–(c) galvanostatic cycling results of the Na∣NZSP∣Na cell prepared by pressing at 30 MPa measured at (a) 25 ○C and (b) and (c) 90 ○C with [(a) and
(b)] the constant duration time of 1800 s and (c) the constant electric charge of 0.5 mAh cm−2 (1.8 C cm−2) for each step; (d) voltage profile of the Na∣NZSP-NNP∣Na cell
prepared by pressing at 30 MPa measured at 25 ○C with increasing current density (duration time per step: 1800 s); (e) relationship between the reciprocal total resistivity
and critical current density for different Na∣SE∣Na symmetric cells. Reprinted with permission from Uchida et al., ACS Appl. Energy Mater. 2, 2913 (2019). Copyright 2019
American Chemical Society.

all the test conditions are unified because it is quite obvious that the
CCD value increases by decreasing the amount of electroplated Na
per step and vice versa. From the standpoint of an equivalent quan-
tity of Na electrodeposition, the specific areal capacity of 0.5 mAh
cm−2 corresponds to the mass loading of ∼5 mg cm−2 for a cathode
active material with ∼100 mAh g−1 (e.g., NVP), which is far lower as
compared with the capacities of the present commercial LIBs as well
as the launching Li-ASSBs.44,310–312

The capability of Na-plating/stripping as a function of current
density for the NZSP sintered with NNP glass additive (SPS at 990 ○C
followed by annealing at 1000 ○C) is also given in Fig. 11(d).293

Despite the Nb-based impurity,189 the feasibility of the NNP-added
NZSP SE for Na metal anode is demonstrated, while the larger
total cell resistivity resulted in a larger polarization and, thereby, a
lower CCD of 0.4 mA cm−2 than the aforementioned additive-free
NZSP.

In Fig. 11(e), the CCD values obtained for the symmetric cells
assembled with different NZSP SEs (1 mm-thick) fixing the dura-
tion time per step are plotted as a function of the reciprocal total
cell resistance.292 Although some deviations are observed, it is plau-
sible that there is a linear relationship between the two factors. In
other words, the larger polarization for the electrodeposition of Na
arising from the higher cell resistance causes faster filament prop-
agation across the SE layer, leading to a lower CCD. Once infant
metal filaments form in an SE, each filament grows up at an accel-
erated rate simultaneously with the spallation of the SE, and there
are no ways to recover the damaged SE layer. Consequently, the
increase in SE thickness might retard the deterioration of ASSBs but

cannot be a perfect solution to the short circuit issue. On the con-
trary, the decrease in cell resistance caused by replacing the thick
NZSP SE with a thinner NZSP film prepared via tape-casting might
be able to prohibit the initiation of nascent filaments. At least, the
cell configuration based on the thin layers of electrodes and SE that
resemble MLCCs (Fig. 1) requires a relatively small capacity of each
Na electrode, which limits the quantity of electricity for the single
charging step, possibly pushing up the CCD.

However, the implementation of Na metal anodes also con-
fronts many difficulties from the viewpoint of manufacturing in
practice. Most significantly, NZSP films prepared via tape cast-
ing are too brittle to press a Na foil at high pressure, where an
NZSP film is exposed to not only an axial pressure but also a
friction-induced shear stress due to the ductile behavior of Na metal
[see Fig. 9(c)].292 In addition, the extension of a Na foil by press-
ing causes a short circuit by enveloping an SE layer during the
production process, and the sticky nature of Na also makes the
lamination process difficult. Some existing ideas concerning Na
metal anodes have the potential to address these issues: in situ
Na plating,312 moldable composite-type Na,313 and infiltration of
liquefied Na into a 3D-porous SE layer.288 These strategies might
be beneficial for ensuring good cycleability by loading excess Na
relative to the cathode capacity and mitigating the volume change
during charge/discharge. Contrarily, there are drawbacks traced
to the chemical nature of Na: the whole manufacturing process
of Na-ASSBs is obliged to be performed in a carefully controlled
atmosphere because of the considerably high reactivity of Na
metal, which inflates the production cost. The low melting point
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of Na (∼97 ○C) imposes a stringent limitation on the operating
temperature as well.

Given the above-mentioned constraints of the Na anode, the
substitution of another anode candidate for Na at the expense of
capacity is a feasible way in the case of ASSBs based on tape-casting
technology. The preceding studies on SIBs with an organic liquid
electrolyte have developed a variety of anode materials ranging from
insertion-type to alloying- and conversion-type electrodes.314–316

According to the criteria for choosing electrode candidates for
ASSBs described previously, alloying- and conversion-type anode
materials should be excluded. Hard carbon is the first in line for
an anode of SIBs with a liquid electrolyte owing to its high elec-
tronic conductivity, high capacity reaching beyond 400 mAh g−1,317

low operational potential close to Na+/Na redox,318,319 excellent ini-
tial Coulombic efficiency over 90%,320,321 and good cycleability.322

The extremely low volume change during sodiation/desodiation
thanks to copious pores and voids is also eligible for ASSBs. Unfor-
tunately, no publication can be found at this moment regarding
the hard carbon anode implemented in an oxide-based Na-ASSB,
let alone a NASICON-based one. This is probably because the
reductive nature of carbon is liable to deteriorate the surfaces of
oxide-based SEs during the sintering process, establishing intimate
contacts between carbon and SE. Very recently, the group at Toyota
Motor Corp. reported on the superb electrode performance of hard
carbon in tandem with the specific carborane-based SE bearing the
high Na–ion conductivity (2 × 10−2 S cm−1 at 25 ○C) as well as
salient plasticity, Na(CB9H10)0.7(CB11H12)0.3.323 They verified that
the Na-ASSB assembled with a Na0.7Mn0.5Ni0.2Co0.3O2 cathode was
capable of delivering an areal capacity higher than 1 mAh cm−2 at
10 mA cm−2, which is unachievable with a Na metal anode as dis-
cussed earlier (see also Fig. 11). This result attests to the brilliant
prospect of hard carbon anodes for Na-ASSBs, and technological
advancement in interfacial engineering of hard carbons and NZSP
is highly desired.

More feasible anode alternatives are the NASICON-type com-
pounds, such as NaTi2(PO4)3

256,257 and NaZr2(PO4)3.324 Among
them, the use of the V3+/V2+ redox couple of NVP,261 which is intro-
duced as a cathode candidate previously, has been explored for Na-
ASSBs in association with a NZSP SE.265,266 NVP can additionally
accommodate one Na+ ion per formula unit to be Na4V2(PO4)3 at
1.6 V (vs Na+/Na), corresponding to the theoretical capacity of 58.8
mAh g−1. Accordingly, the all-NASICON-based NVP∣NZSP∣NVP
symmetric cell can be fabricated, which has the potential to be oper-
ated at ∼1.8 V.261 Aside from the NASICON-type materials, the
zero-strain anode of P2-type layered Na0.66[Li0.22Ti0.78]O2 and its
analog is deemed as a highly promising candidate,211–213 since it can
be prepared by heating in air by contrast to NVP, which requires a
reductive condition for synthesis.

VI. FABRICATION OF NASICON-BASED Na-ASSBs
VIA TAPE CASTING

The technological evolution of Li-ASSBs has stayed ahead
of their Na–ion counterparts. The first Li-ASSB was traced to
the halide-based Li∣LiI∣AgI cells in 1969.325–327 In 1983, the trail-
blazing Li-ASSB, founded on an oxide-based SE, amorphous
Li3.6Si0.6P0.4O4, was engendered by the researchers at Hitachi,
Ltd.328 The Li∣Li3.6Si0.6P0.4O4∣TiS2 ASSB offered an operational

voltage of ∼2.5 V with a cycleability of ∼2000 times. How-
ever, interfacial engineering of those incipient Li-ASSBs was thor-
oughly based on gas-phase methodologies, viz., vacuum deposi-
tion (VD), radio frequency (RF) sputtering, and chemical vapor
deposition (CVD), to make intimate contacts between electrodes
and SE.325–328 After a while, in 1999, Birke et al. developed the
whole oxide-based Li–ion ASSB with the cell configuration of
Li4Ti5O12∣Li1.3Al0.3Ti1.7(PO4)3∣LiMn2O4 by means of a ceramic pro-
cessing technique with large-scale producibility: cold-pressing of
three independent ceramic films followed by a single co-firing step
with the sintering aids of LiBO2 and LiF.329 This seminal work paved
the way for the ensuing innovative research on oxide-based Li- and
Na-ASSBs.

As already mentioned, the most significant but arduous process
for manufacturing ASSBs is to establish intimate contacts between
electrode and SE components both at the electrode/electrolyte inter-
layer and at interparticles inside the electrode layers because SE is
regularly added to enhance the ionic transportation within the
electrode layer. In addition, conductive agents, most likely car-
bonaceous species, must be added as well to endow the electrode
layer with electronic conductivity. As such, one ion-conducting
layer of SE is sandwiched with a pair of redox-active layers imbued
with both ion- and electron-conductivity to obtain an ASSB cell.
Moreover, the cell formulation should be arranged so that the vol-
ume change during charge/discharge cycles does not exacerbate
the interfacial contact to afford the battery longevity,43–45,75–78 for
example, by optimizing the thickness of each layer, introducing
an exquisite microstructure, and adding a specific compound that
can offset the intrinsic stress while maintaining structural integrity
as a whole.

It is important to take additional care of the SE component
involved in electrode layers in terms of not only the content330–334

but also the particle size (and shape).335–337 The ionic conductiv-
ity of an electrode layer is enhanced by increasing the volumetric
ratio of SE, which in turn decreases the specific capacity due to
the lowered loading mass of active materials. It was reported that
the smaller particle size empowers SE to impart higher ionic con-
ductivity to an electrode layer with a lower volumetric fraction
of SE.335–337 Depending on the kinds of electrode active mate-
rials and SEs, as well as their particle sizes, the increment in
ionic conductivity of an electrode layer is to be saturated at a
certain volume ratio of added SEs, which should be determined
experimentally for each system. As the optimization must be per-
formed in association with the aspect of electronic conductivity
assisted by electro-conductive aids, the previous studies on Li-
ASSBs suggested that the optimal volume fraction of SE normally
lies in the range of 40%–50% on the premise of a random
mixture.330–334

On top of those constructional aspects, special attention should
be paid to the chemical compatibility of an electroactive material
and SE pairing. On the one hand, the pair of two materials must
remain unreactive with each other at the interface throughout
the manufacturing process involving thermal treatment, while on
the other hand, the interfacial charge transfer reaction is required
to be fast enough, together with low areal interfacial resistiv-
ity, to ensure the good rate capability of an ASSB at a practical
level. The former point is closely correlated with the manufac-
turing strategy for ASSBs because thermal treatment at a higher
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temperature leads to a greater risk that mutual diffusion of constitut-
ing elements takes place,338,339 which may become an ion blocking
layer340,341 and in turn associate with the latter point. In addi-
tion, unfavorable electrochemical reactions at interfaces may occur
upon charging and discharging, resulting in a passivation inter-
phase and/or physical isolation of electrode/SE interfaces.342–345 For
instance, Delluva et al. manifested that trace quantities of Li2CO3
on the surface of garnet-type Li7La3Zr2O12 SE crystallites, which
are formed immediately upon being exposed to air, were electro-
chemically decomposed in the cathode layer concomitantly with
the evolution of O2 and CO2 gases, causing interfacial delamina-
tion.342 Hence, the manufacturing strategy available and suitable for
an intended ASSB hinges on a combination of electroactive materials
and SE. It should be noted that an incompatible electrode/SE pair is
not necessarily non-useable for ASSBs; there are some tactics to cir-
cumvent it, like the surface coating of electroactive materials with a
protective layer.202–204,344–355

The general procedure to prepare a composite electrode for
conventional LIBs with a liquid electrolyte, where a slurry mixture
of electroactive materials, conductive agents, and binders is cast on
a conductive substrate such as Al and Cu foils, is applicable to form
an electrode layer on SE in the case of ASSBs. Several techniques,
such as screen printing, doctor blading, and spin coating, have been
employed for depositing the slurry mixture of electroactive mate-
rials, electrolytes, conductive agents, and binders dispersed in a

solution onto SE surfaces.333,334,356–358 Differently from conventional
LIB electrodes, the deposited electrode layer needs to be subjected to
not only drying but also thermal treatment at high temperatures for
sintering to ameliorate interparticle contacts.

With respect to the manufacturing strategy based on tape
casting, there are three approaches to stacking the electrode and
SE layers, as illustrated in Fig. 12(a). Here, only one interlayer stack-
ing (cathode/SE or anode/SE) is taken into account for simplicity.
In the first strategy (Strategy I), the two ceramic films are indepen-
dently sintered, followed by unifying them using a reactive adhesive
that promotes the coalescence of two sheets as a “glue.”359–363 The
coalescence capability of the two films at low temperatures and
the interface (or interphase) properties in terms of ion transfer are
crucial in this case. The advantage lies in the flexible sintering condi-
tions for the individual films and the lower risk of mutual diffusion if
coalescence is possible at a low temperature. In the second (Strategy
II), either the electrode or SE layer that needs the higher sintering
temperature is processed in advance, on which a composite slurry
containing the other component is deposited, followed by the sec-
ond sintering step. Compared to the first strategy, there are higher
risks of degradation of an initially sintered layer and mutual diffu-
sion at the interface.338,339 Another drawback is the possibility of
fracturing and exfoliation of a second layer due to the mismatch
of shrinkage during the second sintering step.364–366 The third one
(Strategy III) is the simplest, in which a pair of electrodes and

FIG. 12. Processing of bi-layer ceramic sheets via tape casting: (a) three manufacturing strategies for bi-layer stacking; (b) schematic illustration showing the issue of
preparing bi-layer films due to horizontal shear force during thermal treatments; (c) and (d) photographs of examples of failures to produce bi-layer films.
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SE green sheets are laminated, followed by a single sintering pro-
cess favorably in the air or under a N2 atmosphere with moderate
purity. This is an ideal procedure in terms of its applicability to a
multi-layer cell configuration and its large-scale producibility at a
low cost, which is, however, fairly difficult in most cases. One reason
is that the modest difference in in-plane shrinking degree in drying
and debinding processes between the two sheets readily makes a bi-
layer sheet curl and warp due to its flexible nature [Figs. 12(b) and
12(c)].364–366 Even when a bi-layer sheet is forced to be flat during
these treatments, the following sintering process makes it fracture
due to the horizontal shear force arising from the different shrink-
ing behaviors and thermal expansion coefficiencies between the two
components, as exemplified in Fig. 12(d). In addition, as the sin-
tering temperature should be on the higher side, the reactivity and
interlayer diffusion should be more pronounced. Therefore, it is
indispensable for the co-sintering process to carefully identify the
optimal conditions in each step in addition to choosing a rational
combination of electrode material and an SE. As already pointed
out, the adjustment of preparation condition parameters and the
identification of feasible combinations are literally matters of trial
and error.

Although MLCCs are widely produced via tape casting accom-
panied by co-sintering,93–99 very few reports can be found con-
cerning a multi-layer ASSB, despite a few reports on a tri-layer
cell.367–379 Our attempt to fabricate all-oxide-based Na-ASSBs by the
co-sintering strategy is displayed in Fig. 13. According to the dis-
crete NZSP and NVP films prepared with NNP glass additive via
tape casting described earlier, the optimal condition to minimize the
mismatch of in-plane shrinkage during sintering was found. Sinter-
ing of 10 wt. % NNP-containing NZSP and 5 wt. % NNP-containing
NVP at 900–1000 ○C yielded well-sintered films with similar degrees
of shrinkage, as shown in Fig. 13(a). In light of this prospect, the
tri-layer NVP∣NZSP∣NVP cells were prepared by sandwiching NZSP
green tape with a pair of NVP green sheets (both containing 10 wt. %
NNP glass) by hot pressing at 6 MPa at 50 ○C, which was submitted
to debinding at 400 ○C and sintering at 920–1000 ○C for 30 min in a
5% H2-containing Ar atmosphere.

In contrast to the bi-layer films shown in Figs. 12(c) and 12(d),
the tri-layer configuration allows an NVP∣NZSP∣NVP sheet to main-
tain the crack-free and flat morphology after debinding and sintering
processes, as represented in Fig. 13(b), probably because similar
shear stress was applied to both surfaces of the NZSP layer owing
to the symmetric structure. In addition, the NZSP intermediate
layer acted as a good supporting substrate for the NVP layers pre-
serving their integrity during the thermal treatments, even when
the single NVP layer with 10 wt. % NNP glass failed to become
a crack-free sintered film [see Fig. 7(a)]. Figure 13(c) shows the
microstructural morphologies and elemental mapping images of the
NVP∣NZSP∣NVP tri-layer sheets sintered at 920–1000 ○C.380 The
NZSP layer was well-densified even by sintering at as low as 920 ○C,
whereas the densification of NVP portions proceeded with increas-
ing the sintering temperature. It should be pointed out that the
densification degree of NZSP in the tri-layer sheet sintered at 920 ○C
was apparently higher than that in the mono-layer NZSP film sin-
tered at 900–1000 ○C with 10 wt. % NNP glass, as indicated in
Fig. 13(d). Focusing on the elemental distribution in the tri-layer
sheet [Fig. 13(c)], it is perceivable that the diffusion of V from the
NVP layer to the NZSP took place, which became more distinct in

the samples sintered at higher temperatures. It is, therefore, plau-
sible that the incorporation of V into the NZSP layer accounts for
the enhanced densification of NZSP. On the other hand, the diffu-
sion of Si from the NZSP layer to NVP was found to be negligible,
and hence, the sintering behavior of NVP upon heating in the tri-
layer sheets was analogous to that in the mono-layer counterparts
[Figs. 7(b) and 13(d)].

With regard to the interface between the NZSP and NVP lay-
ers, the two layers moderately adhered to each other to the extent
that one can identify where the interface locates in the micro-
scopic images shown in Fig. 13(c).380 It means that further effort
should be dedicated to optimizing the co-sintering conditions in this
tape-casting process. The impedance spectra of the tri-layer sheets
consisted of a single deviated semicircle and a slope region at low
frequencies, which were incapable of isolating the respective ionic
transport components of NZSP and NVP.380 The total conductivity
values of the tri-layer samples were calculated to be >10 times higher
than the value assessed from the sum of resistivity for the three lay-
ers. It is, therefore, likely that the diffusion of V into the NZSP layer
as well as the imperfect NVP/NZSP interfaces were responsible for
the extremely high total resistivity. Meanwhile, the cyclic voltam-
metry measurement conducted on the tri-layer NVP∣NZSP∣NVP cell
co-sintered at 920 ○C documented its capability as a Na-ASSB based
on NASICON, demonstrating a well-defined redox couple centered
at 1.7 V,380 which is consistent with the potential difference between
the redox pairs of V4+/V3+ and V3+/V2+ of NVP.261,265,266,277

VII. FUTURE CHALLENGES AND PERSPECTIVES
Whatever the kind of battery, research progress in develop-

ing not only new electrode and electrolyte materials with improved
functionalities but also manufacturing techniques for a practical
cell is of great importance to attain a breakthrough in the next-
generation energy storage device. As compared with Li-ASSBs,
whose commercialization has been started by ceramic companies
but is still limited to microsized cells,100–103 the research on Na-
ASSBs is still at an incipient stage, apart from considering the pro-
duction cost, let alone oxide-based Na-ASSBs. However, the oxide-
based Na-ion SEs represented by Na-β/β′′-alumina and NASICON
have the advantage over their non-oxide-based and Li–ion coun-
terparts owing to deep understandings of their physicochemical
properties and mature ceramic processing technologies. The pro-
ducibility of NASICON-based ceramic films via the tape-casting
process with the aid of NNP glass sheds light on the future deploy-
ment of oxide-based Na-ASSBs manufactured at a reasonably low
cost, yet at the same time, it also illuminates a lot of remaining issues
to be addressed. Here, we set out the future challenges and research
directions of oxide-based Na-ASSBs with an eye on tape-casting
technology. The other critical issues, predominantly pertaining to
electrode/SE interfacial matters, have been pointed out elsewhere in
previous literature.29,33,35,43–45

Postulating the laminated multi-layer formulation for oxide-
based Na-ASSBs in a manner reminiscent of MLCCs, each electrode
layer should not necessarily be thick to enhance energy density.
Since the ceramic films (NZSP and NVP) described earlier started
with the green tapes with 40–50 μm in thickness, each tape was
able to be handled individually. However, a thinner green tape
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FIG. 13. Synthesis of NVP/NZSP/NVP tri-layer sheets via tape casting with the NNP glass additive: (a) shrinking behaviors of the NZSP and NVP disks with varied amounts
of the NNP glass as a function of sintering temperature [see also Figs. 4(a) and 7(a)]; (b) appearances of the NVP/NZSP/NVP tri-layer sheets before and after sintering;
(c) cross-sectional microstructures and elemental mapping images of the NVP/NZSP/NVP tri-layer sheets sintered at different temperatures; (d) comparison of the cross-
sectional morphologies in the NZSP single layers (10 wt. % NNP; 900 ○C and 1000 ○C) and those in the NZSP and NVP portions of the NVP/NZSP/NVP tri-layer (10 wt. %
NNP; 920 ○C).

with the intent to decrease the thickness of a sintered film can-
not be processed likewise. To this end, one should pursue another
approach to repeatedly cast each green tape and current collector
onto a stacked green laminate, followed by co-sintering, which is
definitely more challenging. It is necessary to find a more effec-
tive sintering aid that drastically decreases the onset temperature of
sintering while simultaneously affording a similar shrinkage behav-
ior upon heating for the pair of an intended electrode material
and NZSP.

In an alternative way, a relatively thick electrode layer (∼100
μm) with high areal mass loading of electroactive materials and,
thereby, high energy density is rationally designed to enable an oper-
ation at a reasonable current density. In general, the increase of
an electrode layer results in a decrease in rate capability; in other
words, the energy density and power density are in a trade-off
relationship. An attempt to overcome this dilemma is associated
with the elaboration of 3D pathways that allow for efficient charge
transportation in an electrode layer.126–130,288 However, the tape-
casting process to form the MLCC-type cell formulation has an
extremely low feasibility of arranging SE (and an electron con-
ductive agent) to form a controlled microstructure; an additional
process of percolating electroactive materials into a 3D porous layer
is indispensable.126–130,288

One possible approach is to incorporate a compositional gra-
dient into an electrode layer to maximize the transport efficiency
across the layer. Sun et al. demonstrated the improved electrode
performance of the layered lithium nickel-rich oxide cathode with
a rationally-arranged compositional gradient in each particle,381

and this approach is applicable to the electrode layer of ASSBs.

Recently, Kim et al. fabricated a concentration-gradient compos-
ite electrode consisting of graphite and Li2S–P2S5 glass ceramic
electrolyte by repeatedly pelletizing three composite electrode lay-
ers with varied compositions to unify them into a single elec-
trode for Li-ASSBs.382,383 The gradient graphite anode, in which
the higher concentration of SE is located near the SE layer, deliv-
ered superior electrode performance to the correspondent electrode
without a compositional gradient. It is noteworthy that such an
electrode layer with a compositional gradient is readily fabricated
by tape casting: stacking a series of green tapes with varied com-
positions, followed by co-sintering [Fig. 14(a)].384,385 Fine control
of the compositional gradient is expected by leveraging the tape-
casting process since the thickness of each layer can be flexibly
modulated and the interlayer diffusion upon co-sintering can ren-
der the stepwise concentration change more gradual. Due to the
lack of investigations on this topic both in Li- and Na-ASSBs, there
must be considerable scope for improving ASSB performance with
this strategy.

From the standpoint of materials science, it is of interest to
develop a new class of additives for electrode layers that possess both
electronic and ionic conductivity, namely, a good mixed conduc-
tor.386 In a composite electrode containing electroactive materials,
SEs, and electro-conductive additives, the constituent particles are
not arranged to form efficient carrier pathways but are just bound
to be randomly distributed. As a result, the migration routes for
electrons and ions may intersect with each other, disturbing the
transport of the other carriers, as portrayed in Fig. 14(b). By con-
trast, the mutual blocking of carriers can be circumvented by adding
a single agent to a mixed conductor. In addition, this approach also
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FIG. 14. Advanced technologies of manufacturing ASSBs: (a) tape-casting process to sandwich the SE with a pair of electrode layers with compositional gradient by stacking
multiple green sheets with varied compositions for each electrode layer; (b) comparison between the composite electrode layer consisting of active material, conductive
agent, and SE (conventional) and that consisting of active material and mixed conductor (advanced).

mitigates the concerns of unfavorable reactions between ingredients
in an electrode layer and makes it easy to optimize the synthetic
conditions due to the reduced parameters. For instance, thermal
treatments of oxide-based constituents with reductive carbonaceous
conductive agents often spoil the phase purity and decrease the
sinterability, leaving too much porosity in the final product. Accord-
ingly, the favorable mixed ion–electron conducting agents are oxide-
based ceramics that can be compacted with electrode active materials
by heating in air.

Some electrode active materials for LIBs and SIBs based on
transition metal oxides are renowned for acquiring a pronounced
mixed conducting nature by the partial insertion or extraction of
alkali ions, e.g., Li1−xCoO2,387 Li4+xTi5O12,388 and Na1−xCoO2.389

However, these compounds suffer from several constraints, such
as thermal instability due to the thermodynamically unstable state
and the limitation of the available potential range to hold a high
mixed conductivity. Thus far, there are no potent mixed conduct-
ing agents for an electrode layer in ASSBs that we have screened for.
The desirable features of mixed conducting agents involve thermal
stability (favorably, processability in the air), chemical and elec-
trochemical inertness free from redox activity, and rare-earth-free
constituents. We believe that the discovery of such a new class
of additives will provide a versatile platform for producing not
only Li- and Na-ASSBs but also a wide variety of electrochemical
devices.

To conclude this perspective, although we focus on the poten-
tial and benefits of oxide-based Na-ASSBs and the tape-casting
process, it does not mean that one should exclude the possibili-
ties for a practical application of other types of ASSBs prepared
via different approaches. On the contrary, individual battery con-
figurations and synthetic approaches have their own virtues from
multifaceted viewpoints. It has commonly occurred in history that
an innovation in a different field offered a game-changing technol-
ogy for a system that had been deemed hopeless until then. Hence,
we encourage researchers to keep devoting their efforts to a multidis-
ciplinary view so as to push forward all the existing battery systems
and manufacturing techniques.
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