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The huge demand for delocalized energy storage due to the
application of fluctuating energy sources leads to a need for
low-cost devices available on a large scale and with high energy
density. Solid-state sodium batteries (SSNBs) show great
potential in this field and have recently attracted extensive
interest. Several review-type publications have already dis-
cussed fundamental materials properties and more academic
aspects related to ionic transport and charge transfer. In
contrast, the current Review uses state-of-the-art 18650 Li-ion
batteries as a benchmark and evaluates solid-state electrolytes

1. Introduction

The combination of fluctuating energy sources, e.g. solar and
wind power, and stationary energy storage systems is regarded
as the most promising substitute for state-of-the-art fossil
energy with respect to sustainable energy supply."™ The huge
demands of delocalized energy storage units of at least the MW
level limit the application of state-of-the-art energy storage
devices, i.e. lithium-based batteries, because of the limited
abundance and increasing cost of lithium resources, while the
electrochemically similar but less mature sodium-based bat-
teries fit the requirements perfectly since stationary energy
storage does not require the system to have high energy
density. While the volume and weight of the devices is less
important, the main focus for sodium-based batteries is
directed towards low energy cost and large-scale applications
including high intrinsic safety.>® Parallel to their lithium
counterparts, sodium-based batteries with solid-state electro-
lytes (SSEs) rather than liquid based electrolytes (LBEs, defined
as electrolytes with liquid as the only or major conducting
phase, for example liquid electrolytes, ionic liquids, gel-
polymers etc.) display the advantages of non-leakage, non-
volatilization, separator-free design, adaptability to temperature
changes as well as compatible theoretical energy and power
densities (Figure 1), and are regarded as the batteries of the
next generation.” In fact, the flammability of the sodium-
metal anode in water-containing environments is still question-
able. However, its targeted stationary applications make the risk
controllable compared to that of mobile applications. The
situation can be compared with storage tanks of oil containing
thousands of tons of capacity and potentially have high risk of
explosion, but people will not abandon their installations
because such risk is highly controllable compared to a running
car. Moreover, since sodium metal has the highest specific
capacity of 1166 mAhg™' (in the charged state) and the lowest
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(SSEs) and corresponding SSNBs in terms of their practical
applicability and development status. This Review summarizes
recent progress based on key properties of various SSEs, such
as ionic conductivities, chemical stabilities, mechanical proper-
ties, interface compatibilities with sodium metal, and compares
the published SSNBs in detail with respect to galvanostatic
cycling and full cell performance. It provides insights and
perspectives with respect to SSEs for SSNBs and indicates the
direction of future developments for the practical application of
SSNBs.

potential of all sodium-based anodes of —2.71 V in comparison
to standard hydrogen electrodes, it complies the commercial
requirement of high energy density. The very low Na content
per battery cell is expected to cause a reduced thermal event
and not a heavy explosion. Especially when SSEs are applied
instead of LBEs, the hazard is further decreased."™ The
integrated consideration of the above arguments explains the
current great interest in solid-state sodium batteries
(SSNBS)_[7,8,10,167201

Na-based SSEs have a long history of more than fifty
years.? Successful examples such as sodium-sulfur and
sodium-nickel chloride batteries have already been commercial-
ized for stationary energy storage.”®*' However, formerly
(1960s to 2000s) such batteries usually had operating temper-
atures above the melting point of sodium metal, i.e. these
batteries had at least a liquid anode and needed temperature
control and complex protection systems because of the
presence of liquid sodium,”**” as well as extra heat to maintain
the operating temperature, which resulted in additional cost
and reduced efficiency. In comparison, the SSNBs discussed in

1400 4
1259

1200 4 1140 1106

1000 +

723 Anode
X pm

for C\/Cp = 1.1
489
417
400 -
2004 |27° | ﬂ ||

800 4

Electrolyte 30 ym

w Cathode
200 pm

Energy density / Whi/L
Specific energy / Whikg
P
8

[

O ® W ® W@ W@ (W@ b
‘50\&. RO \:\1’%\?“\ oV eV oVt \v\ﬁ:\@
N N N\ \ \ <
AV AV W «° & @

Figure 1. Comparison of the energy density (Wh I') and specific energy (or
gravimetric energy density, Whkg™) of an LIB, an SSLB and different SSNBs
on the basis of the cell architecture shown on the right-hand side. The LIB is
composed of a graphite anode with 30 vol.% porosity, a LiNij33Mn33C04330,
cathode with 30 vol.% porosity and a separator with 40 vol.% porosity, all
filled with liquid electrolyte (1 M LiPF4 in ethylene carbonate and dimethyl
carbonate). In the other cases, a pure metal layer or a composite of P/C
nanosheets with 40 vol % SSE is used for the calculations. The thickness of
the anode is determined by a capacity excess of the anode of 10% (Cy/
Cp=1.1). The cathodes are based on composites with 60 vol.% active
material and 40 vol.% SSE. Abbreviations denote 111-NMC = Li-
Nig33Mng33C0,330,, L.E.=liquid electrolyte (see above), C=graphite,

LLZ =Li,La;Zr,0,,, NVP =Na,V,P;0,,,*" NZSiP0 = Na;Zr,Si,PO;,,

NFS =Na,FeSiO,*? NFSO = Na,Fe(S0,),,*> P/G-red =red phosphorus-gra-
phene nanosheet.?¥
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the past ten years mainly target applications at room temper-
ature (RT), which avoids the disadvantages of high-temperature
sodium batteries mentioned above and commercial state-of-
the-art lithium-based batteries can be set as the benchmark
(see Figure 1).

Because of their prospective potential, SSNBs have received
considerable attention in recent years and some review
publications can already be found,*?**" and fundamentals of
the field have been both intensively and extensively overviewed
in detail. Nevertheless, the ultimate target of this research is
practical application of the system. In the current review, the
comprehensive collection of data on solid electrolytes will not
only give an update on the available materials,***? but also an
evaluation of practical applicability in SSNBs by summarizing
recent progress. The key parameters of SSEs, such as ionic
conductivities, chemical stabilities, interface compatibilities with
sodium metal, galvanostatic cycling performances and mechan-
ical properties, are discussed in detail. The key challenges and
an outlook for SSNB development are also given.

For historical reasons, inorganic SSEs are often mentioned
first in the context of sodium batteries, but there are also many
new developments in the field of polymer electrolytes. During
the past decade enormous progress has been made with
various types of organic electrolytes and recent review papers
are available for most of them, e.g. for ion-gels,*® ionic
polymers, and plastic crystals based on ionic liquids,®¥
diversification of conventional polymers by copolymerization
and multiple combinations to form composite and hierarchical
electrolytes.®™ In view of the above-mentioned up-to-date
reviews, we will concentrate in the following on the inorganic
solid electrolytes, and will also try to define “solid-state
polymers”, separate them from other polymer electrolytes, and
discuss them in comparison to inorganic solid electrolytes.

2. Discussion on Key Parameters of SSNBs

To date, no RT-SSNBs have yet been successfully commercial-
ized. For the discussion of SSNBs towards their practical
applications in future, it is necessary to briefly describe the
existing types of rechargeable batteries in the market. Today
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there are three main types of rechargeable batteries available
now, namely lead-acid battery, nickel-metal hydride battery and
Li-ion battery (LIB). Among these types, the lead-acid battery is
the most cost-effective type, but it also has the lowest
gravimetric energy density (35-40 Whkg™'). Moreover, the lead-
acid battery also causes environmental impacts because of the
toxic lead compounds, even though the recycling of these
batteries is very much established. Lead-acid batteries are
popular as auxiliary power source for cars, as well as for
stationary applications like grid energy storage. The nickel-
metal hydride battery shows higher gravimetric energy density
than the lead-acid battery (60-120 Whkg™') and is mainly
applied in digital devices. Compared to the other two types, the
nickel-metal hydride battery has an unpleasant memory effect
during charge and discharge. Comparatively, LIB is the most
popular available secondary battery type nowadays because it
shows the highest gravimetric energy density (100-
300 Whkg™), as well as long cycle life, high charge/discharge
rates etc.""™ LIB is extensively applied in both mobile and
stationary devices because of its excellent electrochemical
properties. The battery size 18650 (18 mm in diameter, 65 mm
long) is one of the most representative designs for LIBs. It has
received special notice because the well-known electric car
producer Tesla applies these batteries as the basic power unit
in their cars. Therefore, in the present study significant
parameters of the LIB, in particular the commercial 18650
battery size, is used as the most meaningful benchmark as
listed in Table 1.%%*” For the future commercialization of SSNBs,
the discrepancy should not be high, although it is not necessary
for all the criteria in Table 1 to be satisfied because stationary
applications are targeted and not mobile devices. On the one
hand, the properties of an electrolyte material in SSNBs, i.e. the
conductivity and interface resistance with electrodes, strongly
influence the internal resistance, chemical stability and interface
compatibility with the electrode, and, on the other hand, they
are also decisive for longevity. The design of the cell
architecture has an impact on both the above-mentioned
factors and the energy density of the full cell. The mechanical
properties are also important in practical applications of the
batteries in terms of manufacturing reliability and definition of
maximum dimensions of the batteries. There are already several
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Table 1. Some key parameters of the commercial 18650 batteries.
Working voltage Working ~ Capacity Internal resistance Electrode area Longevity (cycle Mass Volume
W\l C-rate [mAh] [mQ] [em?] count) [q] [em?]
24-42 0.2-1.0 1500-3500 10-40 400-600 > 1000 40-50 16.5
T/°C
candidate systems as electrolyte materials for SSNBs, which will - 3?0 2?0 1(?0 (.) 105
be discussed in the following sections with respect to the above 5 L,08-AL0,#  ASR =L a
key parameters. ] o o ot
N | R™-ALO,S /
2.1. Conductivities g 1024 /Hsmm E10°
-l 9 0 //me 133 cmz[ 10 £
The resistance of the electrolyte material itself contributes % 104 Ce'_' - : E 102 .
directly to the internal resistance of the battery cell. Hence, =% seslstanee_)
high conductivity is a necessity for the candidate material. The
area-specific resistance (ASR) of a separator in current commer- 10°5 ' T 2_ 10
cial LIBs can be considered as a rough estimate. The ASR of a e 2:2{:2::[47] i
single component can be written as Equation (1): T T T — 10°
2.0 25 3.0 35 4.0
1000/T / K™
ASR=L/o M
where L indicates the thickness and o indicates the conductivity . T /1;(? .
of the component. For example, a 25 um thick film of pure 100 L L L
liquid electrolyte with 6=1x10">Scm ™" results in an ASR value 0.7 0 om? b
of 0.25 QcmB* However, the application of a porous 101 L 10"
separator in LIBs increases this value to 3.75 Qcm? due to the
tortuosity of the membrane.“®*" Since the cationic conductivity < [ 102
is only a fraction of the total conductivity in the liquid g 1073 ~ S =
electrolytes, an even higher area-specific resistance can be @ Li,O-R"-Al,0,4! 5’
assumed. In order to achieve the above-mentioned ASR value 5 1034 "-AlLQO 445! 13835:‘0,“2 F10°
with a 10 or, more realistically, a 30 um thick SSE, this R"-AlLO,!
membrane should have an ionic conductivity of 2.7 or 8.0x 1044 Naj 4Scg 4Zry 6Si,PO,*¥ F 10
107*Scm™, respectively. Similar conductivity values are ob- AR Ll
tained when the total ASRs of LIBs, varying between 4 and 5 L 10
24 Qcm?, is considered (Table 1) and when the values are fully L 20 25 30 35 40

determined by the electrolyte material. Then the conductivity
of the SSE material should correspond to 2.5 and 0.4x
10™*Scm™, respectively, in the case of a thin electrolyte layer
of 10 um. This estimation, imprecise though it is, fits well with
the general opinion that the total ionic conductivity (O, of
the solid-state electrolyte should be at least>10"*Scm™, and
it would be better for it to be higher than 107> Scm™' at RT.***!
At the same time, to avoid self-discharge, the electronic
conductivity (o,) of the material should be at least lower than
1078 Scm*'l.[43]

Another benchmark can be derived from Na/S and Na/NiCl,
batteries and the ionic conductivity of the solid electrolytes at
high temperature. Figure 2a shows the temperature depend-
ence of the ASR for two B/B” alumina from the literature and
from a commercial manufacturer for different component
thicknesses.**® The temperature dependence of the cell-ASR
of a Na/NiCl, battery and its electrolyte-ASR is also shown."”
When the thickness of the electrolyte components is 1.5 mm,
the ASR increases steadily from 0.7 Qcm? at 300°C to about
133 Qcm? at 25°C. This means that the electrolyte may only be
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1000/T / K™

Figure 2. a) Temperature dependence of the ASR for different B/B“-aluminas
and a Na/NiCl, battery and its electrolyte (black curves). b) Comparison of
the conductivity of different 3/B"-aluminas together with a very well
conducting NaSICON material (Na;,Sc,4Zr, ¢Si,PO;,). For the same ASR values,
the corresponding layer thicknesses can be read on the right-hand scale.

8 um thick to obtain the same ASR as at 300 °C. This approach
can be transferred to Figure 2b, where the conductivity of the
electrolytes is shown. With the ASR values determined from
Figure 2a, the conductivities can be scaled with the thickness of
the components. Apparently, a more conductive electrolyte
allows larger thicknesses. As an example, a material with a
conductivity of 4x1072Scm™ at 25°C, Na;,SC.Zr; ¢Si,PO;,
(NSZSP0.4),"® may then allow an electrolyte thickness of 27 um
instead of 8 um to achieve the same ohmic resistance - a
thickness that can realistically be achieved with ceramic
manufacturing methods and can be defined as the target
thickness for Na batteries at RT (see also Figure 1). In principle,

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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SSE materials with even higher conductivity will greatly simplify
component preparation.

In the following sections, the ionic conductivity of various
Na* ion conductors is presented. For better comparison, the
Arrhenius diagrams have constant axis intercepts. In studies in
which a series of compositions or preparation methods have
been investigated, only the material with the highest con-
ductivity is shown. In all the figures, the values of oy, are
shown because these data are more relevant for technical
applications than bulk conductivity (o,), even though the Oy,
values result in a larger scatter of the data due to the varying
contributions of the grain boundary conductivities and porosity
of the materials.

2.1.1. NaSICONs

In 1976, Hong et al. discovered Na,_,Zr,(SiO,),(PO,);_, (NZSP),
which has high Na-ion conductivity of 0.2 Scm™ at 300°C.1*"
In the following years, it was observed that the composition of
the material has very high flexibility with respect to substitu-
tions without changing the crystal structure apart from
distortions. Up to now, hundreds of compositions have been
reported originating from NZSP.®" Because of their identical
origin, similar structure and high conductivity, these materials
are summarized under the name of NaSICON, which is the
abbreviation for Na superionic conductors.

Before discussing the conductivity of the NaSICONs, the
large scatter of the compiled conductivity data should be
clarified. Figure 3 shows the Arrhenius plot of the very first and
extensively studied NaSICON, Na;Zr,Si,PO,,, reported in various
references. Although nominally exactly the same composition,
different references gave deviations of up to one order of
magnitude for Oy, i.€. from 1x107* to 1x10°Scm™' at 25°C.
Two facts can be obtained from Figure 3. Firstly, the develop-
ment of the NaSICON is mature. There are plenty of data
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—-— Rei 52 —— Ref.62
1024 ——Ref53 —— Ref83
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Figure 3. Temperature dependence of the 0y, of Na;Zr,Si,PO,, reported in
different references.”***** For comparison a hot-pressed sample (h. p.)**?
and a hafnium analogue are shown.””

ChemElectroChem 2020, 7,2693-2713  www.chemelectrochem.org

2697

sources and several of them confirm a maximum conductivity
of 1x1072Scm™". Secondly, since the deviation of the data is
high, a correct understanding of the conductivities of NaSICONs
is difficult due to a frequent lack of further information on the
investigated samples. In recent years, the explanation of the
published scatter of o, has become clear. Theoretically, a
polycrystalline material with fixed composition, fixed sintering
conditions and at a fixed testing temperature should show the
same bulk conductivity (i.e. conductivity within a single grain,
op). However, oy, consists of both o, and grain-boundary
conductivity (contributed by the grain boundaries and other
microstructural imperfections of the polycrystalline material,
Ogp). It is known that during sintering of NaSICON materials, the
lattice parameters a and ¢ of the rhombohedral phase change
differently (monoclinic NaSICONs undergo a phase transition to
the rhombohedral phase above 200°C), i.e. the thermal
expansion coefficient (TEC) of lattice parameters a and c is very
different. Such thermal expansion anisotropy (TEA) causes
contact losses or microcracks along the grain boundaries."8¢”
Therefore the oy, of NaSICONs can be greatly decreased by
the sintering conditions and abnormal decrease of og,. Little
attention was previously paid to the separation of o, from 0y,
On the one hand, because targeted conductivities at 300°C do
not require and cannot deliver this information, and, on the
other hand, due to the lack of necessary experimental equip-
ment. However, recently several reports gave a clear differ-
entiation of o, from o, for Na;Zr,Si,PO,,, and are in close
agreement of 2x 107 Scm™' at 25°C.#3¢*6%67) This indicates that
the 0. May be one to two orders of magnitude lower than
the o, because of the dominant contribution of gy, Since o, is
significantly influenced by sample preparation processes result-
ing in different microstructures (grain sizes, density, micro-
cracks, impurities, etc.),®® it is not surprising that the different
references in Figure 3 show a large scatter of O,

NaSICONs have the generic formula of AM,X;0;,. Com-
pounds with this formula were first investigated in the 1880s,"”
then again in the 1960s,”” and a mineralogical example was
described as recently as 1993.7" A represents alkali ions, M
stands for tetravalent cations and X is usually phosphorus.
When M is replaced by trivalent ions (M’), this leads to the
formula A;M’,X;0,, whereas the replacement of X by tetrava-
lent ions (X'=Si*", Ge**) leads to the end member A,M,X’;0,,
with full occupation of the available A-sites. A further increase
of the A content is only possible with partial substitution and
occupancy on the M-sites, e.g. NasZrP;0,, (i.e. Na,(NaZr)P;0,,).

Figure 4 shows the high o, of different kinds of
NaSICONs.[#8646772711  Ag 3 reference, the O, Of original
Na,Zr,Si,PO;, can now reach 1x1073Scm™"'® Until now, the
NaSICONs with the highest o, are all variations of this
composition. The substitution of lower-valent ions on the Zr
position is compensated by a higher content of Na in the
formula and can normally increase the conductivity of the
system 872737671 The same effect can also be achieved by
changing the ratio of Si and P and increasing the Na content
accordingly.®” The same rules are also valid for other NaSICON
systems, e.g. using Hf or Sc as the transition metal in the
formula.’*”® Interestingly, in the generic formula of A,.,.

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Ti°C last member of the family, f"-alumina,® which has the formula
e 2 1 — Na,O-7 Al,O;. The compounds in the /f'/p"-alumina family all

Na S0 21, S1,P0,, 4
Na,Zr,Si,P0,, 154

Nay sLa 121 781,POy, 72

Nag Yo, 21, 25S1,P0r )
1,50, .P, 0,7

17s)

), 178

Na, 4Sc,Sig 4

o/Scm’

Nay, M 0.2 PO,, 17

1.5 2.0 25 30 a5 4.0
1000/T /K

Figure 4. Temperature dependence of the 0y, of NaSICON materials with
different Zr substitutions and Na contents.

yMM,_,Si P3Oy, there seems to be an optimum Na content of
about 3.4 mol per formula unit (f. u.). In several publications it
has been proven that the oy, of the optimum formula is higher
than for other compositions in the same system with higher or
lower Na content.®¥”72751 Ma et al. attributed this phenomena
to the accomplishment of the best ratio between occupied and
vacant Na sites in the NaSICON unit cell, where the require-
ments of high conductivity, i.e. high concentration of charge
carriers and significant number of Na vacancies, are both
satisfied in order to permit fast Na ion transport.**¢” The point
is also supported by some modelling investigations.*>’®

All the compositions in Figure 4 satisfy the minimum
requirement of SSEs with respect to O (>107*Scm™' at RT).
The sample with the lowest o, in Figure 4, Na;,Sc,Si;4P,¢01-,
still has a value of 7x107*Scm™" at RT." All other samples in
Figure 4 satisfy the above defined requirement of SSEs t0 Oy
(>1072Scm™" at RT). The sample with the highest G, in
Figure 4, Na;,Zr,Si,,P,s0;, has a value of 5x103Scm™' at
25°C*” which is also on the same level as the state-of-the-art
liquid-based electrolytes for sodium-ion batteries,®*”® indicating
the high potential of NaSICONs in solid-state batteries and
other electrochemical devices.

The electronic conductivity (o.) is generally regarded as
negligible in NaSICONs.B*”” |n specific, Song et al. confirmed
that Nas;Zr, sMgy0s5i,PO;, shows o, of only 1.3x10 8Scm ™' at
room temperature.””

2.1.2. Beta-Alumina

B-alumina was first named by Rankin and Merwin in 1916 after
investigation of the phase diagram of the CaO-MgO-Al,O,
system and identification of a special crystal structure,®™ which
at that time was regarded as an isomorph of ALLO,. Ridgway et
al. first reported the presence of Na,O in this compound, which
has the empirical formula Na,0-11 Al,O; in 1936,%" which has
the empirical formula Na,0-11 Al,O; Later in 1962, Thery et al
further studied the Na,0—Al,O; system and found another
compound with the empirical formula Na,0-5 Al,0;;,% known
as p“-alumina. Finally, in 1968, Yamaguchi et al. reported the
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display great similarity in their crystal structure. Especially for -
and [’-alumina, their similarity is so great that they were
customarily uniformly categorized as B-alumina.®*” In both B-
and f"-alumina, the Na* ions can be substituted by other
elements such as K, Ag, Ca, Mg and even trivalent cations
without changing the crystal structure.

B-alumina crystallizes with a hexagonal structure (space
group of P6;/mmc),® while B“-alumina displays a rhombohe-
dral structure with the space group R3m.®” The diffusion of the
sodium ions in [/B"-alumina occurs two-dimensionally in
conduction planes perpendicular to the c-axis. The motion of
the sodium ions parallel to the c-axis is blocked by closely
packed spinel layers,® i.e. B/B“-alumina is a highly anisotropic
ion conductor with excellent Na™ ion conduction in the planes
perpendicular to the c-axis, while it is an insulator in the
direction of the c-axis. Consequently, although the conductivity
of single-crystalline B/B"-alumina can be as high as >0.1 Scm™
(at RT) along the conduction planes,®®®” the total conductivity
of polycrystalline p/p"”-alumina is much smaller (Figure 5)
because in freely arranged polycrystalline grains the sodium ion
conduction path may be blocked by the mixed orientation of
the grains. Since the cost of single-crystalline B/f"-alumina is
not acceptable in practical applications, this section focuses on
the conductivity of polycrystalline 3/3"-alumina. Figure 5 shows
the Arrhenius plots of representative polycrystalline B/p"-
aluminas *4>608485-91 Geattered conductivity values are also
observed here, ranging from 3x10™*Scm™ to 5x103Scm™".
As mentioned above, this is mainly due to the disorientation of
the grains in the polycrystalline structure. In most cases, the
processing of the materials results in microstructures in which
the grains show random orientation leading to a conductivity
of about 1x1072Scm™". One exception in Figure5 is the
investigation by May et al.*” where they applied a seeding
technique to control the lattice direction of the grains in the
polycrystalline structure and achieved a high conductivity of 6 x
103 Scm™". Also, the use of nanopowders in combination with

T/°C
o 00 20 100 0 Lowaom
MgO-R/R"ALO,
(B ~ 85 val%, solid)!**!
MgO-R/B"™AI,0,

(R" ~ 50 vol%, dot)*s!
LiO,-A"-AlL0, 189
R-ALO,®
R"-ALO,
MgO-R/B"™-ALLO,P%

s/Scm’

1.5 2“0 2i5 3.‘0 3:5
1000/T / K’

Figure 5. Temperature dependence of the 0., of different polycrystalline 3/
B“-aluminas stabilized with different elements.
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sintering aids (TiO, ZrO,) led to very dense and highly
conductive B/B“-aluminas of up to 5.4x 107> Scm™".®?

B/p“-aluminas also show negligible o, of 107"°-107"" Scm™
at room temperature.®”*

1

2.1.3. Other Oxides and Oxide Glasses

Because of the benefits of high stability and low cost compared
to other sodium ion conductors, oxides or oxide glasses are
specifically addressed in this section. Figure 6 shows the
Arrhenius plots of miscellaneous oxides and oxide glasses other
than NaSICONs and p/f“-aluminas, including NasLnSi,O,, ce-
ramics or partially crystallized glass-ceramics (Ln=La-Lu and
Y),?*® Na,0—P,0,-Si0, based glass-ceramics,”® ™" Na,X,TeOq
ceramic series (X=transition metal)'*'®, Na,O-TiO, based
ceramics,"™ and glasses of various compositions.*71%1%! |
general, crystalline ceramics (or glass-ceramics) show higher
conductivity compared to pure glasses (Figure 6), because
regularly arranged atoms in crystalline ceramics have a long-
range order and can form conduction paths for Na ions, while
single ionic jump mechanisms dominate sodium diffusion in
materials with short-range order, such as glasses, where higher
activation energy is needed.!'”!

As the most conductive materials in Figure 6, the
NasLnSi,0,, series was first reported by Maksimov etal. in
1969."%7 The silicates show a rhombohedral phase in a space
group of R3c or R3."" However, the preparation of single-phase
NasLnSi,0,, is rather difficult, because a small number of
secondary phases, especially glassy phases, are always found in
the final product.®**>*°W Although in general glasses display
lower conductivity compared to ceramics, proper amounts of
glassy additives may induce densification and improvements in
ionic conductivity at grain boundaries of a polycrystalline ionic
conductor,”” which is also the principle of glass-ceramics.
Sadaoka etal. deliberately added a Na,0-Y,0;—SiO, glassy
phase into NasYSi,O,, to increase the density and conductivity
of the final product.”” Beyeler et al. measured the single-crystal
conductivity (i.e. o,) of NagYSi,O,, and obtained 3.2x

Na,YSi,0,,(solid}f*!
300 200 100 ] Na,_YSi,0,,(dotj*!

T Na, Y8 D‘:(nash,“m
Na,YS51.0,,(dash det)*!)
NaYSL.0,, +
Na,0-Y,0,-Si0, glass™’
Na,GdSi,0,,(solid)i%®
Na,GdSi,0.(dash 5]
Na;5mSi,0,, B!

o/Sem’

Nas Yo P (i 50,

Ga 51, 0,100

Nay Y0P, o0l
NaZn,TeO, /"l
Na.LiFeTe0, 0%

{104

6.7Na,0-1.0Y,0.-108i0, glags!®
B cMa 108;

28Na,0-2Na,§-19P,0; glass!!%d!

10°% 3 T T T
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Figure 6. Temperature dependence of the o,,, of miscellaneous Na-ion
conducting oxides (oxide glasses) other than NaSICONs and f3/B“-aluminas.
Compositions of glasses are given in molar ratios.
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103 Scm ™" and 8.0x10° Scm™' (RT) parallel and perpendicular
to the c-axis,"® respectively, while the corresponding 0,y of
Na;YSi,O;, and other Na;LnSi,O,,-based materials is typically
about 1x107°Scm™" at RT (Figure 6). Such high conductivity
determines the great potential of NasLnSi,O,,-based materials
such as SSEs for SSNBs, but these materials have not been
extensively studied as yet. With respect to the NaSICON
materials, substitutions may further improve the conductivity of
the Na;YSi,O,, system. Although other Na,O—Ln,0,—P,0,—SiO,-
based glass-ceramics have also been investigated,” " their
conductivity is not only much lower than the Na;LnSi,O;, series,
but also lower than the minimum requirement of SSEs with
respect to Oy, (107*Scm™' at RT). NasLnSi,0,, also shows very
low 0,21 The value is only ~107>Scm™' at room
temperature.'™®

Other oxide ceramics or glass ceramics have been even less
thoroughly investigated compared to the NasLnSi,O,, system.
Na,X,TeOg ceramics, which crystallize in a hexagonal structure
(space group P6522), were first reported as SSEs by Evstigneeva
etal. in 2011,'%% | Additionally, Na,O-TiO,-based ceramics also
have a hexagonal structure,"® but have not yet attracted much
interest, although the Li,O-TiO, analogues have been inten-
sively studied as ion conductors with perovskite structure."® As
yet, these two series show conductivities just above the
minimum requirement of SSEs. However, since only a very
limited number of studies have been published so far, there is
still potential in the two series for improving the conductivity.
Some pure glasses of Na,0—Na,5—P,05""® Na,0-Y,0,-Si0,"”
and Na,0—B,0,-Si0," are also included in Figure 6. However,
their conductivity is in the range of 107°Scm™ or less at RT,
which is not really favorable for SSEs. As mentioned above, the
lack of long-range order makes ionic conduction more difficult
in glasses than in crystals.

2.1.4. Sulfides and Chalcogenides

Figure 7 shows the Arrhenius plots of o, of Na-ion conducting
sulfide or chalcogenide ceramics, glass-ceramics or
glasses.'*"1%1231 Racent attention to sulfide (or chalcogenide)
ceramics or glass-ceramics started from Na;PS, reported by

T/°C
300 200 100 0

1)

10° Cubic Na,PS, glass-ceramic (solid)
T T T Tetragonal Na,PS, (dashjl''%
Cubic Na,PS, (dot)""
Na,PS, glass (dash dot)"®!
10 4 N fici 12}
IE 2 |
G 10
w
-
€ 4024
GONE;S—;’OGQS» glass’12% i
104 4 60Na,5-4Ga,5,-36GeS, glass!'2
; 1ecl122)
1122
45Na,8-56P,S, glass {solid)I'?
10° T r r - : 75Nz 5, glass (dash)l'23
15 20 25 30 35 4.0

1000/T / K™

Figure 7. Temperature dependence of 0., of sulfide (or chalcogenide)-
ceramics, glass-ceramics or glasses.
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Hayashi etal. in 2012,"" which has been influenced by the
increasing significance of lithium-sulfides as lithium fast ionic
conductors. Although NasPS, had long been reported,™'”
Hayashi et al. were the first to report the cubic phase of Na,PS,
rather than the formerly known tetragonal phase. The phase
change leads to a leap in conductivity from 1x107¢Scm™ to
2x10*Scm™' at RT"® which was further increased to 5x
107 Scm™'."" Some materials with similar compositions, e.qg.
Na;SbS, and Naj;,sSng ;55,255 > were subsequently re-
ported. Although the materials have a tetragonal crystal
structure, their conductivities are similar to that of NasPS,, and
also reach ~2x107* Scm™" at RT. A breakthrough was achieved
very recently when Hayashi et al. reported a superior conductiv-
ity of 3.2x1072Scm™" at RT for Na,ggSbggsWo 1,54 > which also
displays a cubic structure. The conductivity is even higher than
the best lithium thiophosphate: Ligs,Si;74P1445:17Clos (2.4X%
1072 Scm™),!"* which exhibits the highest conductivity of all the
reported lithium ion conductors. A small technical trick was
used for Na,g3Sbg s W, 1,S, to achieve this superior conductivity:
a pressure of over 1 GPa was applied to the sample during
preparation. Since sulfide ceramics have limited ductility, it is
possible that the super-high pressure decreased the grain-
boundary resistance of the sample to the minimum. Another
series of Na;;Sn,PS,, was reported almost simultaneously by
two groups,''®""”" and shows great similarity to its lithium
counterpart  Li;,GeP,S,,."* Although the conductivity of
Na;;Sn,PS;, (1-4x 107> Scm™" at RT) is significantly lower than
that of Li,,GeP,S;, (1.2x1072Scm™), it is still favorable for
application as an SSE. Similar to sulfide ceramics (or glass-
ceramics), other chalcogenide-based materials also show their
potential with respect to conductivity. Nas;PSe, was first
reported by Zhang et al."'® followed by Na,P,_,Sb,Se, reported
by Wang et al™ Similar to Na,PS,, these materials show a
cubic structure and exhibit even higher conductivities. Na;PSe,
has a conductivity of 1.2x1072Scm™' at RT, while Na;SbSe,
displays a conductivity of 3.7x 1072 Scm™'. Evidently, when the
composition of NasPX, (X=0, S, Se) changes with X along the
group VI elements, the conductivity of the composition also
increases accordingly. At RT, Na;PO, has a conductivity of only
~1072Scm™','*! while the conductivity of NasPS, leaps to 2x
10*Scm™, and the conductivity of Na;PSe, is further increased
to 1.2x1072*Scm™". Such a change is reasonable because the
bond length in P-X and Na-X increases with the atomic number,
while the bond energy decreases. In general, these steric
modifications decrease the geometric difficulty and activation
energy for the diffusion of Na ions and result in higher
conductivity. For the same reason, Na;SbSe, also exhibits higher
conductivity compared to Na;PSe,. Based on such a principle, in
general it is always easier to find a composition with higher
conductivity in sulfides compared to the oxides. This has been
proven with lithium conductors,"® and is similarly correct for
sodium conductors. With respect to the sulfide-glasses, similar
conclusions can be drawn compared to oxide-glasses. Due to
the lack of long-range order in the structure, their conductivities
are significantly lower than those of ceramics or glass-ceramics.
In Figure 6, none of the glasses shown passed the minimum
requirement for SSEs.'2°"'%
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The o, of sulfides and chalcogenides is also
2115117118126 Among them, Na;SbS, shows an o, of 1.9x
107 Scm ;"2 Na;;Sn,PS,, 6.0x107°Scm~";1"7
Na,gsSbggsWo 1,5,  6.0x107°Secm™"""  and NasPSe, 1.4x
1072 Scm~";"""¥ all values measured at room temperature.

low

2.1.5. Boranes

Na-ion conducting borane is a relatively new category of
sodium conductor, starting from the Na(BH,)-Na(NH,) system
reported by Matsuo etal. in 2012,'*" which received consid-
erable attention when monocarba-closo-borate salts were
reported to have superior conductivity at RT by Tang et al.'®'*
Initially, sodium-closo-borate salts (Na,B,,H;,, and Na,B,H;,)
showed remarkable conductivities at their high temperature
phases.***! Based on this fact, similar compositions were
investigated with the aim of decreasing the phase transition
temperature to achieve high conductivity at RT. As a first
example, NaCB,;;H;, was found to show a low-temperature
phase in the ordered orthorhombic structure and a high-
temperature phase in the disordered face-centered-cubic
structure, with a transition temperature of 356 K'*? Then
NaCByH,, was reported to exhibit a low-temperature phase in
the ordered orthorhombic structure and a high-temperature
phase in the disordered hexagonal structure and a much lower
transition temperature of 323 K. Moreover, Tang et al. further
reported the composition of Na,(CByH,,)(CB,;H;,), which has a
similar structure to NaCByH,, with an even lower transition
temperature of 310 K."* Figure 8 shows the Arrhenius plots of
O Of Na-ion conducting boranes,'*'*¥ where Na,(CBgH,)
(CBy;H;,) shows an unprecedented conductivity of 6x
1072 Scm™" at 300 K. This value is currently the highest of all the
polycrystalline sodium ion conductors. Although the transition
temperatures of both NaCByH;, and Na,(CBsH,0)(CB;;H,,) are
higher than RT, Tang et al. claimed that the high-temperature
phases can also exist at lower temperatures because of their
high stability even at lower temperatures.'*'* NaCByH,, can
stably display its high temperature phase at RT with a
conductivity of 3x1072Scm™". Even at 285 K, the high temper-
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S 1024 (solid)/ 133
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Figure 8. Temperature dependence of the 0y, of Na-ion conducting
boranes.
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ature phase can still remain. Na,(CByH,,)(CB;;H;,) even remains
in the high-temperature phase down to 243 K and exhibits a
conductivity of 5x 107 Scm™ at this temperature. Clearly, other
sodium boranes such as Na,B,,H;,, Na,B;;H;, and NaCB,;H,,
have no such exceptional properties. Their transition temper-
atures can be clearly seen by the inflection point in the
Arrhenius plots (Figure 8). One exception is Na,(BoH;0)(B;,H15),
which is the product of an equimolar mixture of Na,B,,H;, and
Na,B;,H;,. However, although it shows almost the same face-
centered-cubic crystal structure as the high-temperature phase
of Na,B;oH,,, it has no inflection point in the Arrhenius plot like
the other borohydrides from 573 K down to 233 K, which is
attributed to temperature-dependent anion dynamics within
the respective crystal structures."*! Nevertheless, the conductiv-
ity of Na,(B,H0)(Bi;H;,) is remarkably high with 0.9x
1072 Scm™" at 20°C.

The o, of boranes has not been explicitly determined
because of its early stage of development. However, it is
generally assumed that their electronic conductivity is
negligible.'?134

2.1.6. Solid-State Polymers

As mentioned in the Introduction section, presently various
types of organic electrolytes exist, such like classical polymers,
co-polymers, cross-linked polymers as well as ion-gels, ionic
polymers, and plastic crystals based on ionic liquids. They could
all be named as “solid-state electrolyte” or “all-solid-state
electrolyte” just according to their apparent appearance in their
publications, ignoring whether solvent or other kind of liquid is
present in the polymer structure. Here we disagree to name any
liquid-containing (solvent, ionic liquid and so on) polymer as
“solid-state”, because apparently the mechanism of Na-ion
conduction in these electrolytes is based on the liquid phase
instead of the solid component. When they are compared with
oxides or sulfides as so-called solid electrolytes or solid-state
electrolytes, it makes the term “solid” to some extent
inaccurate. Several reports with precise nomenclature catego-
rized them as “quasi-solid-state” electrolyte, which is more
appropriate. In this review, only liquid-free polymers, i.e. solid
polymers composited with other solid components like salts or
oxides are regarded as “solid-state polymer electrolytes”.

The research on ion-conducting solid-state polymers started
in the 1970’s, when Fenton etal. investigated the ionic
conductivity of poly(ethylene oxide) (PEO) complexes with alkali
metal salts."* Since then, PEO has always been the main
polymer phase for solid-state polymers. The reasons include:"*
Firstly, PEO has comparatively low glass-transition temperatures
(—60°C). A low glass-transition temperature is highly correlated
to high polymer flexibility, while a more flexible backbone is
naturally beneficial for conductivity. Secondly, although PEO
has a rather low dielectric constant in comparison with many
other polymers, it is a very good complexing agent for alkali
metal ions, which also supports the ionic conductivity. And
thirdly, the electrochemical stability of PEO is qualified for the
application in Li or Na batteries. Hence, until today, more than
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half of the published solid-state polymers are based on PEO
backbones.

In general, solid-state polymers received massive interest of
research and some of them are already commercialized or
closer to commercialization than other SSEs mentioned in the
above sections because of their low cost, potential of mass
production, and mechanical flexibility and ductility. As a
compromise between the huge number of publications on
solid-state polymers and the appropriate presentation here,
Figure 9 only shows the most recent research results from 2018
to the present. Most of these results are based on PEO
polymers,*™* while there are also some reports using other
polymer backbones."*">% For PEO based polymers, other
polymers such as poly(ethylene glycol) (PEG) or solid organics
such as succinonitrile (SN) may be applied as additional
component. The conductive salt in the polymer structure as
complex can be both organic (e.g. sodium bis(fluorosulfonyl)
imide (NaFSl), sodium bis (trifluoromethanesulfonylimide)
(NaTFSI) or sodium trifluoromethanesulfonate (NaTF)) and
inorganic (e.g. NaClO,, NaPF,, and NaBF,). Sometimes other Na-
conducting SSEs (for example NaSICONs) have also been
applied as the additive to the sodium salts, or even non-Na-
conducting solids, like SiO,, Al,O; or carbon quantum dots
(CQDs) were used to increase the conductivity of the solid-state
polymers. The mechanism of Na-ion conduction in PEO-Na-salts
complexes is explained with enhanced mobility of Na™ along
the polar ether groups within a PEO chain.""" The beneficial
influence of additional other Na-conducting SSEs to increase
the conductivity is not clear yet. Although these added Na-
conducting SSEs have higher conductivity compared to the
solid-state polymers themselves, they should show very limited
influence because of their small content and unconnected
particles. Moreover, similar effect can also be accomplished
even with insulators such as SiO,, Al,O; and CQDs. The most
widely accepted theory is that the formation of space-charge
layers between oxide particles and polymer regions is respon-
sible for the enhanced conductivity of the complex.®™ Never-
theless, the limited content of Na-salts in the polymers and
longer hopping distance of Na-ions compared to those in
crystals result in insufficient conductivity of solid-state polymers
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Figure 9. Temperature dependence of the 0y, of Na-ion solid-state
polymers (solid line) together with plastic crystals (dotted line).
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compared to other kinds of Na-conducting SSEs. In Figure 9,
even the solid-state polymer with the highest conductivity at
RT, PEO-NaClO,-CQDs, only shows a conductivity that barely
reached 107*Scm™". Solid-state polymers with backbones other
than PEO also have similar Na-ion conduction mechanism to
PEO-based materials. Figure 9 includes other polymers such as
poly(ethylene glycol) methyl ether methacrylate (PEGDMA),
polycaprolactone-polytrimethylene carbonate (PCL-PTMC), poly-
vinyl pyrrolidone (PVP), poly(methacrylate) (PMA), cyclodex-
trine-multiple oligo(methyl methacrylate)-block-oligo(ethylene
glycol) methylether methacrylate (CD-PMMA-b-PPEGMA) and
octakis(3-glycidyloxypropyldimethylsiloxy)octasilsesquioxane
(POSS). Compared to PEO-based solid-state polymers, their
conductivities are not specially higher or lower. The best
complex is PEGDMA-NaFSI,"*' which show almost the same
conductivity as the best PEO-based complex: PEO-NaClO,-CQDs.
Such low conductivity indicates that the SSNBs based on solid-
state polymers can hardly be applied at or below RT. Judging
from Figure 9, at least about 60 °C is needed to operate the cells
based on excellent solid-state polymers, a temperature where
they show conductivity of about 107> Scm™.

Besides the solid-state polymers which were complexed
with conductive salts under dry conditions, organic ionic plastic
crystal (OIPC) is also frequently regarded as “solid-state”. OIPCs
consist of an organic cation-anion pair, like those within an
ionic liquid. However, they have regular crystal structures in the
solid state. At temperatures below the melting point, an OIPC
rearranges to a crystalline phase with lower symmetry through
the rotational motion of ions within the long-range ordered
lattice. The presence of these rotating ions leads to one or
several transitions from orientationally ordered phases to
orientationally disordered ones resulting in an increase in
entropy with increasing temperature. Thus, eventually these
crystals melt with a remarkably low entropy of fusion. A
consequence of this structural disorder is the formation of
defects (vacancies or extended defects such as dislocations)
which enables the motion of ions and hence results in ionic
conductivity. These defects also lead to more readily deform-
able materials, therefore the term plastic crystal."*? Since OIPCs
are supposed to be applied near to their melting point, the
definition of “solid-state” is especially tricky to this kind of
materials. Three examples are shown in Figure 9. The first one is
N-methyl-N-ethyl-pyrrolidinium  bis(trifluoromethanesulfonyl)
amide (C2mpyr-NTf2) together with sodium bis(trifluorometha-
nesulfonyl)-amide (Na[NTf2])."*® The authors clearly claimed
that this OIPC is completely solid at temperatures <60°C. In
that case, it can surely be defined as a “solid-state polymer”.
However, at the same time, it is also clear that C2mpyr-NTf2-Na
[NTf2] shows similarly low conductivity as normal solid-state
polymers mentioned above. In comparison, although the OIPC
of succinonitrile-boron-containing cross-linker 2-hydroxyethyl
methacrylate (SCN-B-HEMA)-NaClO, shows a conductivity high-
er than 10°Scm™ at RT,"*¥ which is also the highest
conductivity in Figure 9, (SCN <-B-HEMA)-NaClO, should be at
least partially in liquid phase at >20°C concluding from the
differential scanning calorimetry investigations. In that case,
(SCN-B-HEMA)-NaClO, cannot be defined as “solid-state” accord-
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ing to the definition above. A more representative example is
trimethylisobutylphosphonium  (P111i4)-NTf2-Na[NTf21."*¥ A
sharp transition of the conductivity can be found at about
30°C, where the conductivity strongly increased from
107Scm™" to 10°Scm™' in the temperature range of only
10°C. The authors attributed this phenomena to the appear-
ance of liquid phase at this temperature. Hence, OIPCs can be
regarded as solid-state polymers only in limited compositional
and temperature regimes. And as solid-state polymer electro-
lytes, OIPCs are not especially attractive, because in the solid
state they show insufficient conductivity at RT like other solid-
state polymers.

2.1.7. Comparison of the Most Conductive Materials

The compositions with the highest o, in the above mentioned
classes  of  materials are  summarized in Fig-
ure 10.1134367841131291561571 \When the satisfactory conductivity
criterion of >107> Scm™' at RT is applied to SSEs as mentioned
in Section 2.1, almost all the representative compositions of
solid-state sodium conductors fulfill this requirement, indicating
the potential of Na-ion-conducting SSEs in general. Specifically,
borohydrides and sulfide-based materials show better conduc-
tivity compared to oxide-based materials. However, since the
0w Of the representative NaSICON and (/B“-alumina both
exhibit competitive values compared to the state-of-the-art
liquid electrolyte of 1 M NaClO, in the mixture of ethylene
carbonate and dimethyl carbonate (EC-DMC),"™® it can be
concluded that the conductivity target for these SSEs has also
been achieved. Compared to Li-ion-conducting SSEs, although
the Na-ion-conducting SSEs have received much less attention,
more outstanding compositions have been developed if only
conductivity is considered. Ligs,Si;74P1445117Clos possesses the
highest 0,y among all the Li-ion-conducting SSEs,""® while two
compositions of Na,ggSbygeW,1,S,s and Na,(CBgH;)(CB;Hy,) in
Figure 10 exhibit even higher o,,,. In addition to the sulfides,
the most favored Li-ion-conducting SSEs are La;Zr,Li,O,, (LLZ)-
based materials, of which La;Zr,LigssGag,50;, is shown in
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Figure 10. Comparison of the temperature dependence of the oy, of the
most conductive Na-ion conductors, together with a liquid electrolyte and a
Li-ion conductor.
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Figure 10 as a typical example with G, of 1.3x107>Scm™' at

RT,™” while almost all classes of Na-ion-conducting materials
can satisfy this value (Figure 10). Solid-state polymers are the
only exception. In Figure 10, the conductivity of the best solid-
state polymer barely reached 107*Scm™' at RT. Undoubtedly,
O IS NOt the only decisive parameter for choosing a qualified
SSE in SSNB development. Other parameters such as chemical
stability, interface compatibility with the electrode, and the
design of the cell structure are also important and should
receive more attention for materials selection.

It should also be mentioned that all these SSEs are almost
electronic insulators. As discussed in the sections above, their o,
is always lower than 1x 1078 Scm™ at RT, which is at least five
orders of magnitudes lower than their o,. Low o, of electrolytes
prevents internal leak current in batteries and is the basis of
efficient energy storage.

2.2. Stabilities

High conductivity of the SSEs is necessary to obtain high
performances of the battery cells. However, apart from the high
conductivity, stability of the SSEs is also important for the
ultimate commercialization of the SSNBs. SSE stability includes
chemical and physical aspects. The chemical stability of the
SSEs mainly influences the longevity of the batteries under
operating conditions. Specifically, the electrochemical window
of the materials influences the choice of the electrode materials
and the working voltage of the batteries, affecting, on the one
hand, the energy density and, on the other hand, especially the
longevity of the batteries under high voltages. The chemical
stability of the SSEs in ambient air also influences the longevity
and the production processes of the batteries, which may have
an impact on the cost of the final product. The thermal stability
of the SSEs under a reasonable temperature range decides
whether the battery can be operated under practical conditions.
The physical stability of the SSEs mainly indicates the mechan-
ical strength of the material, which is important for processing
the cells and for the robustness of the cells during application.
These aspects are discussed in detail in the following sections.

2.2.1. Electrochemical Window

The electrochemical window of an electrolyte is the voltage
range between which the material is neither oxidized nor
reduced, i.e. a higher operating voltage oxidizes the electrolyte
while a lower operating voltage reduces the electrolyte causing
decomposition of the material. A wider electrochemical window
of the electrolyte allows more choices for electrode materials,
higher energy and power density as well as higher stability
during operation. Thus, a wide electrochemical window is
beneficial for electrochemical performance and is important for
the lifetime of a battery. Generally, SSEs are regarded as more
stable since they have a wider electrochemical window
compared to conventional liquid electrolytes for both lithium-
and sodium-based batteries."®*>’" Since electrochemical win-
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dow is mostly tested or calculated against Na/Na*, it also
reflects the stability of the SSEs against Na metal itself.
However, the actual situation may be more complicated.™
Figure 11 shows the electrochemical stability windows of Na-
ion conducting SSEs calculated by thermodynamic
principles.”®™ In contrast to expectations, the SSEs exhibit
relatively small calculated thermodynamic ranges of stability.
Referring to the redox potential of Na*/Na, NaSICON is stable
between 1.1 and 3.6 V; f-alumina is stable from 0.1 to 3.8V, but
even the simplest Na;PO, is only stable at 0-3.4 V. The situation
for sulfides and borohydrides is likely to be worse than for the
oxides. The borohydrides mentioned in Section 2.1.5 are not
included in the calculation. However, the best borohydride, Na
(BH)s is only stable at 0-3.4V in the figure. Moreover, the
sulfides in Figure 11 all show small electrochemical windows.
None of them is stable when the voltage is higher than 2.5 V.
The most unstable composition, Na;SbS,, has an electrochem-
ical window as narrow as 0.1V (1.8-19V vs. Na/Na®). For
comparison, the practical electrochemical window of the state-
of-the-art liquid Na-ion-conducting electrolytes is mostly 0-4 V
or better,” while that of polymer based electrolytes (including
both gel-polymers and solid-state polymers) is even better (0-
4.5V or better).® In the above analysis, the thermodynamic
limit is calculated as the voltage (the Na chemical potential) at
which the electrolyte is expected to decompose into other
phases, accompanied by Na extraction. Such decomposition
into distinct phases may not always be possible at RT until a
sufficient driving force for the reaction is reached at higher
potentials, which can be understood as a kinetic barrier."™®
Scale bars on partial compositions of Figure 11 show their
kinetic upper limit. As anticipated, the predicted kinetic voltage
limit is always higher than the thermodynamic limit. Some of
the compositions show huge differences, e.g. Na;SbS, and
NaBH,. However, it should be emphasized that Figure 11 is still
completely based on theoretical calculations. The actual
situation might be very different during practical applications
because of the formation of solid-solid interfaces. For example,
although the electrochemical window for Na;SbS, is only 0.1V
as calculated thermodynamically, with 1.4V as the calculated
kinetic threshold, Wang etal. reported an electrochemical

Na,B,H,,
NaBH;
NaBH,

Na,;SnP,S,,
Na,PSe,
Na;Sbs,
Na;PS,
NazAlF,

NaAl,,0,;

Na,Zr,PSi,0,,

NaZr,P,0,,

Na;PO,

2 3 4 5 6 7
Voltage v.s. Na/ Na*/V

Figure 11. Thermodynamically calculated electrochemical stability windows

of Na-ion conducting SSEs. Error bars right to the stability regions (thick
bars) indicate their calculated kinetic upper limit for oxidation.
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stability of 0-5V for Na;SbS, with cyclic voltammetry (CV)
measurements of a Na/Na;SbS,/Pt cell (although a very tiny
signal can be observed in the plot at about 1V)."'? Similarly,
some other Na-ion-conducting SSEs also display higher electro-
chemical stability compared to the calculated value in Fig-
ure 11, as shown in Table 2. So far no detailed research has
explained the mismatch between the calculated and exper-
imental electrochemical window. However, some explanations
can be put forward. Firstly, when SSE materials are in contact
with sodium metal, a passivating reaction may take place at the
interface. With the formation of such a protective layer, even if
possibly only a thin nanolayer, a further reaction is prevented.
Due to the passivating layer, the practical electrochemical
window may also be widened compared to the calculated
values, because the calculation does not take a third material
into consideration. Secondly, unlike the homogeneous system
of a liquid electrolyte, secondary phases may exist within the
SSEs, especially at the surface of the materials because of
contact with the ambient environment, e.g. contact with
ambient air during sintering for oxide-based SSEs. These
secondary phases may also act as a protective layer for the SSEs
and widen the electrochemical window during testing. Thirdly,
even if the decomposition reaction takes place both thermody-
namically and kinetically when the operating voltage is higher
than the limit, it should still be taken into consideration that
the decomposition reaction may show very moderate influence
to cell-performance even until the longevity of the cells. For
example, in Table 2, both Na;;Zr, 4sMg,05Si,PO;, and Na,(B;,H;,)
(B1oH10) show a very slight oxidation peak during the CV
measurements. In general, such oxidation indicates the start of
the decomposition reaction and should be regarded as the limit
of the electrochemical window. However, since the scan rates
are very slow (0.1 mVS™") and the height of the peaks is very
low (in nAcm™? level), the actual decomposition can be
extremely slow. As long as the decomposition reaction has no
obvious influence on the performance of the battery during its
longevity (normally >1000 cycles), it can still be considered
that the SSEs can be applied even beyond the limit of the
electrochemical window. However, further experiments are
needed to support this point. Instead, although Na;PS, and
Na,SbS, both show a stable electrochemical window between 0
and 5V (Table 2), the scan rate in their CV measurement is
extremely high (5mVS™). In that case, the oxidation peak
might be suppressed for kinetic reasons, and the conclusion of
“stable electrochemical window of 0 to 5 V" might be inappro-
priate. The final evaluation should still rely on a full cell

operated under practical parameters as listed in Table 1.
Unfortunately, no such published data are currently available.

2.2.2. Stability in Ambient Air

The stability in ambient air of SSEs is mainly related to the
processing of the batteries. The investment costs and consum-
ables for the SSE processing of air-sensitive or air-insensitive
materials is very different, while low-cost processing is of great
significance for battery production. Thus, it is necessary to
understand the stability of the SSEs in contact with ambient air,
which is discussed in the following.

In general, the commonly held opinion is that oxide-based
SSEs show negligible reactions with ambient air compared to
other chalcogenides or hydrides because they are normally
produced by sintering in air. However, in the field of SSLBs this
topic has attracted considerable attention due to the intensively
studied Li-ion-conducting oxides such as LLZ-based SSEs, which
react with H,0 and CO, in ambient air and form thick blocking
layers on the surface.’® In the case of NaSICON-type oxides,
they are also considered to form tiny surface layers of
hydroxides and carbonates during long-term exposure in
ambient air because of their reactivity to H,0 and CO,."®""'¢¥
However, no study clearly reveals that such reactions take place
with the NaSICON-phase themselves or with secondary phases
existing on the surface or at the grain boundaries of the
materials. Indeed, discussions tend towards the latter view,
namely that trace amounts of salts such as Na;PO, on the
surface or along the grain boundaries absorb H,0 and CO, from
the ambient air. Similarly, the uptake of H,0 and CO, by B/p"-
aluminas was confirmed a long time ago,""*'"* also resulting in
compounds such as NaOH or Na,CO;. The difference to
NaSICONs is the reaction mechanism, i.e. the reaction is
generally regarded as a direct interaction with the p/p"-
aluminas themselves, also leading to an ion exchange of Na*
by H;O0" in the conduction planes."* " [t should be
mentioned that the reaction conditions in the above references
are quite severe, e.g. long contacting times ranging from days
to months, direct soaking of the samples in water or even acid/
alkaline solutions and increased temperature. The influence on
conductivity of the materials was moderate. Generally speaking,
when handled with care, it is not very difficult to process
batteries with oxide-based SSEs.

It can be expected that the stability of Na-ion-conducing
SSEs based on sulfides raises more concerns, because lithium
sulfides are very sensitive to the moisture in ambient air
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Table 2. Electrochemical window tested by CV measurements for different Na-ion conducting SSEs.
Category Composition Scan rate Electrochemical window Comments Ref.
[mVs] (V, v.s. Na/Na™)
NaSICON Nas;Zr, 9sMdg,055i,PO;, 0.1 0-9 Slight oxidation peak found at 4.3 V v
Nas ,S¢y4Zr,Si,PO;, 0.1 0-6 - 4l
Sulfide NasPS, 5.0 0-5 Very fast scan rate no
Na;SbS, 5.0 0-5 Very fast scan rate a2
Borane Na,(B;,H;5) (B1oH10) 0.1 0-6.5 Slight oxidation peak found at 3 V (133l
Solid-state polymer PEO-NaPF; 0.1 0-5 - 1s9l
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resulting in poisonous H,S as one of the products,"® which is

not only harmful for cell performance, but can also be danger-
ous for users. Similar conclusions can be associated with
sodium-based sulfides because of the very similar properties of
lithium and sodium compounds. Shang et al. also discussed the
reaction between Na,P,_,As,S, and H,0 in detail and confirmed
the sensitivity of H,S production."® Information on the
reactivity of sulfide-based sodium compounds to oxygen is less
definite. Although it is stated that sulfide SSEs containing
phosphorus are not only sensitive to moisture in air, but also in
the presence of oxygen,'"*'*! no experimental support was
found to prove the point. Banerjee etal. confirmed that
exposing NasPS, in dry air results in the secondary phase
formation observed in the XRD pattern.” However, the
reflections of the secondary phases were defined as “unknown”.
Further experiments are necessary to clarify the point. It is
worth mentioning that several references claimed that Na;SbS,
-based materials are stable in ambient air.''21131131261681 \yang
et al. discussed the XRD patterns and Raman spectra of Na,SbS,
before and after exposure in air. They found that Na;SbS, will
only form Na;SbS,-9H,0 after contact with moisture in air,""?
which can be dehydrated backwards to Na;SbS, after heating
up to 150°C in vacuum. No H,S production was found in the
process, which is confirmed by other reports."*'"** Tijan et al.
pointed out that air treatment even improves the stability of
the Na;SbS, electrolyte-Na metal interface upon electrochemical
cycling because the formation of a newly discovered hydrate
phase, Na;SbS,-8 H,O, led to the generation of desired
passivating products (i.e. NaH and Na,O) at the interface, which
suppressed the electrolyte decomposition.'®™ Kim etal. and
Banerjee etal. managed to produce Na;SbS, from aqueous
solution.""*'?) The high stability of Na,SbS, with respect to
moisture is explained by the strong bonding of the Sb>* (soft
acid) to the S* ions (soft base) allowing the Na;SbS, to retain
its chemical stability in an ambient environment."'? However,
the formation of Na;SbS,-9H,0, although harmless, is still very
detrimental to the performance of the material, because the
conductivity of Na;SbS,-9H,0 is more than three orders of
magnitude lower than that of Na;SbS, at RT."'? Therefore
contact with moisture has to be prevented during processing of
the material. Since the development of Na-ion-conducting
SSNBs is still at an early stage, no information on the stability in
air of other sulfides (or chalcogenides) is yet available.

After the discovery of borohydrides as possible Na-ion
conductors at RT, hardly any work has been devoted to the
stability of the materials in ambient air. On the one hand,
borohydrides are a relatively “novel” category of Na-ion-
conducting SSEs, and, on the other hand, earlier investigations
confirmed the chemical stability of borohydrides (or carba-
borohydrides) in ambient air or even in water solution."**"? |t
is known that B, H,,>~ and B,,H,,* -based salts do not only exist
in aqueous solution, but also have high stability in strong acidic
or basic solutions."® The chemical stability of CB,;H,,-based
salts with respect to miscellaneous solutions including water is
also confirmed."”® Moreover, in the discussion of the con-
ductivity of Na(CByH,,) and Na(CB,;H,,), although Tang et al. did
not specifically discuss the chemical stability of the materials in
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ambient air, it is clear that these materials are prepared directly
out of water solutions,"*"? indicating their stabilities with
respect to water and air. Although Udovic et al. mentioned
possible hygroscopic properties for borohydrides,"*® the uptake
of water can be reversed by drying. The materials can still be
regarded as air-stable at room temperature.

Although the main backbone of solid-state polymers, PEO,
is stable in air, as well as the inorganic salts like NaClO,, NaPF¢
etc, they all largely absorb water from the ambient air. Water
contained solid-state polymer may cause battery-bulge because
of the water-decomposition during charge and discharge. The
advantage of these materials is that the absorption is reversible.
The absorbed water can be removed by heat or vacuum. It
should be noticed that some organic sodium salts, like NaFSI
may be oxidized in air irreversibly. Special attention should be
taken to these materials.

In brief, although the related research is still in progress, it
can already be concluded that Na-ion-conducting SSEs are
slightly sensitive to moisture and CO,. Compared to oxides and
borohydrides, sulfide-based Na-ion-conducing SSEs are more
problematic in contact with ambient air. Nevertheless, it seems
that the hygroscopicity of most of the Na-ion-conducing SSEs
can be solved simply by making use of a drying room during
practical applications.

2.2.3. Thermal Stability

The thermal stability of Na-ion-conducting SSEs is taken into
consideration because this is a well-known problem for state-
of-the-art Li-ion or Na-ion LBEs.”*'®'7'-"73 They tend to exhibit
battery failure or thermal runaway at temperatures>100°C
mainly due to the decomposition of the materials. Such
temperatures are easily reached and may lead to failure
because of high-power applications, complications of the
operating environment (such as temperature change and
possible mechanical impact on the device), abuse of the devices
etc.. For the Na-ion conducting SSEs discussed in the current
study, such a problem is comparatively easy to remedy. The
oxide-based materials, either NaSICONs, [/B“-alumina or
Na;LnSi,O,,, all have decomposition temperatures of > 1000 °C.
All these materials also need processing temperatures of >
1000°C to achieve phase-pure and dense bodies.***’*! The
sulfide-based materials, although less robust compared to the
oxides, also need a sintering procedure with a temperature of
about 300°C and are thermally stable up to this
temperature.®""*""719 |t should be noted that the thermal
stability of the sulfides discussed here refers to stability in
protective atmospheres such as dry Ar, while that of the oxides
refers to ambient air. Because sulfides react readily with water
(at RT) or oxygen (when heating up), the gas-tightness of sulfide
batteries must be of a sufficient quality to avoid decomposition.
The thermal stabilities of borohydride-based Na-ion-conducting
SSEs are less well understood compared to the above two
classes of materials. So far, B,H,,>~ and B,,H,,” -based salts are
known to have thermal stability up to 300°C when the oxygen
partial pressure is low (vacuum or Ar),"*® whereas the stability
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limit of CBgH,,~ and CB,;H;, -based salts is not well established.
However, at least 200 °C is still a safe temperature in vacuum or
Ar.'® Solid-state polymers also possess higher thermal stability
compared LBEs since no liquid phase is involved. As the major
category in solid-state polymers, PEO-based solid-state poly-
mers are thermally stable up to temperatures of 200-300°C.5*
Generally speaking, oxides have better thermal stability com-
pared to sulfides, boron hydrides and solid-state polymers,
while these SSEs are almost all better than the state-of-the-art
LBEs in Li-ion or Na-ion batteries.

It should also be mentioned that, although normally
thermal stability indicates the stability of the material at high
temperatures where decomposition starts, for SSEs behavior at
temperatures below RT should also be addressed because they
normally have a higher activation energy compared to the
state-of-the-art LBEs resulting in a faster decrease of conductiv-
ity with decreasing temperature. For applications under severe
ambient conditions with low temperatures, battery failure may
take place because the conductivity of the SSEs is too low.
Figure 12 shows the o, of some representative Na-ion-
conducting SSEs [064671131161291331 At _ 90 °C, all SSEs in Figure 12
have a universal decrease of o, of about 1-2 orders of
magnitude compared to conductivity at RT. When the upper
requirement for SSEs of >1072 Scm™' is applied at —20°C, only
the two best SSEs of Na,g;SbogsWy 1,54 and Na,(CByH;)(CB;;H;5,)
are qualified. However, since the aim of this discussion is only
to avoid battery failure, the lower limit of >10™*Scm™' should
be sufficient to keep the battery alive. In that case, a relatively
large number of oxides, sulfides and borohydrides can reach
this level. In Figure 12 only Na,(B,oH;0)(B;,H;,) shows a con-
ductivity of 107°Scm™ at —20°C because of the very high
activation energy. In summary, it can be concluded that Na-ion-
conducting SSEs do not cause any problems with respect to
battery failure due to too low oy, at low temperatures as long
as proper compositions are chosen.

2.2.4. Mechanical Stability

As an example of commercialized Li-ion batteries, the mechan-
ical stability of an 18650 battery is not based on key battery
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Figure 12. Comparison of the temperature dependence of the 0., of
different Na-ion conducting SSEs at low temperatures.
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materials such as the anode, cathode or electrolyte, but on the
container material, which in most cases is aluminum. This is
easy to understand because the cell materials of the liquid-
electrolyte-based 18650 battery do not have significant me-
chanical strength and have to be stabilized by the aluminum
case. For an 18650 battery, the failure force is several kN both
under axial and transverse compression."’*"7*! Because of the
current early stage of SSNB development, it is difficult to discuss
their mechanical stability in a coordinated manner. There is no
full battery design even close to practical application. The size
and outer shape of a potential commercialized cell are still
unknown. What kind of casing should be applied is also
unknown. Since the SSNBs reported on the laboratory scale are
mainly based on button-cell designs with an SSE as support, at
this point only the mechanical properties of SSEs can be used
for comparison. Even if only this information is considered,
related investigations on mechanical properties are completely
insufficient. With respect to the most important parameter for
the evaluation of the mechanical stability of a material under
practical applications, Nonemacher et al."”® and Sheng et al.®”
investigated the fracture toughness of Al,0;-Y,O;-substituted
NaSICON and ZrO,-substitued B/B“-alumina resulting in fracture
toughness values of 1-2 and 2-3 MPam®’, respectively. For
comparison, the aluminum casing of the 18650 battery has a
fracture toughness of about 20 MPam®®. Such a comparison,
although rough, indicates the problem of brittleness for oxide-
based SSEs. A similar comparison for sulfides and boranes is not
possible because of the lack of data. However, as mentioned in
Section 1 (Introduction), SSNBs are mainly being developed for
stationary applications, which require lower mechanical stability
compared to mobile applications because of the low probability
of mechanical impact from the environment.

Because of the mechanical flexibility and ductility of
polymers, the above parameters are not suitable to evaluate
solid-state polymers. The mechanical stability of polymers are
frequently expressed by tensile strength and compressive
strength, where PEO based polymers normally have tensile
strength of about 1 MPa, and compressive strength of about
10 MPa.B>1381921%1 Gince polymers (gel-polymer) have already
been commercialized and applied in the devices like cellphones,
the mechanical stability of polymer based electrolytes is
generally believed to be trouble-free.

2.3. Compatibility with Na Metal

The compatibility of Na-ion-conducting SSEs with Na metal is
above all related to the reactivity between SSEs and Na metal,
which is defined by the electrochemical stability windows of
Na-ion-conducting SSEs, as described in Section 2.2.1. However,
a passivating layer or secondary phase between SSEs and Na
metal may stop the decomposition of SSEs. As long as such
interface reactions do not penetrate the SSE, this may widen
the application window for SSEs. However, the reactivity
between SSEs and Na metal is just one aspect related to
compatibility. Other parameters such as interface resistance and
dendrite tolerance, are also important for practical cell
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operation. Ultimately, the most direct method to fully evaluate
the compatibility between SSEs and Na metal is the practical
test of Na/SSE/Na symmetric cells. All the parameters related to
the compatibility can be inspected by the cell operation,
including interface stability with Na-metal, dendrite tolerance,
internal resistance, etc. When all the parameters for compati-
bility are satisfactory, the criterion of an areal capacity of
>3 mAhcm™ (per half cycle, e.g. a plating or stripping of the
metal electrode) at a current density of >1mAcm™2 is fully
satisfied.">"®" When the key parameters of the commercial
18650 batteries (Table 1) are also applied here, the total areal
capacity of the symmetric cells during the whole operating
longevity should be over 6000 mAhcm™ since the cells should
survive for at least 1000 cycles, and the interface resistance of
the cells should be at least <20 Qcm?

Fortunately, several symmetric cells have already been
tested in earlier publications which display performances that
can be compared with the above criteria, as listed in Table 3.
From these symmetric cells, the following points can be
extracted and discussed. Firstly, in general, current symmetric
cells still cannot fulfill the criteria of practical application.
However, some of the cells have already been partially qualified.
For example, a Na;,4Zr,Si, 4Pos0;, and a "-Al,05-based symmet-
ric cell both show interface resistance as low as 4 and 8 Qcm?
at RT, respectively, indicating trouble-free interfaces between
Na metal and the SSEs.*”®¥ These very new results from 2019
reveal a considerable improvement compared to earlier reports,
the majority of which specify hundreds or dozens of Q cm?
thus indicating ongoing developments in this field. Some B"-
AlL,O; -based samples also display a high operating current
density (0.5-5.5 mAcm™) and areal capacity per half cycle
(3 mAhcm™2) at RT.¥ Although no cell in Table 3 reached a
total areal capacity of>6000mAhcm™, one of the
Na;Zr,Si,PO,,-based samples did reach quite a high level of
1000 mAhcm 2% There is still potential for the improvement

of SSNBs. It should also be mentioned that the dendrite growth
of Na metal is regarded as the major failure mode of symmetric
SSNBs,"®? which is similar to that of SSLBs."*'®¥ Although most
of the reports in Table 3 did not mention how their cells finally
failed, dendrite formation is probably the main reason. This is
currently the major obstacle that prevents symmetric SSNBs
from satisfying the requirements for practical application.
Secondly, although sulfides and boranes generally show
better conductivity compared to oxides (see Figure 10), at the
symmetric cell level, their development is not as mature as that
of the oxides. In Table 3, there is generally no data on their
interface resistance, and their current density and areal capacity
during testing are also inferior compared to the oxide-based
cells. Although interface resistance and dimension data are
missing in sulfide- and borane-based cells in Table 3, the total
resistance of the cells can be obtained from the results of
galvanostatic cycling, where the total resistance of Na,sPS, _ and
NasPSe,-based cells is as high as 5000 and 2000 Qcm?
respectively.""®® |n view of the sufficient conductivity of these
two materials (see Figure 7), such high total resistance of the
symmetric cells should mainly come from the interface between
the Na metal and the respective SSE. The Na,SbS,-based
symmetric cell has a total resistance of about 500 Qcm?!"?
which is on the moderate level in Table 3, but still much higher
than the practical application level (see Table 1). The most
interesting result is shown by a Na,(B,,H,,)(B;oH;o)-based cell,
where the total resistance is only about 10 Qcm? indicating
both good conductivity of the material itself and good interface
conditions between the material and Na metal. The only
problem is that the data were obtained at 60°C instead of RT,
and there are no RT data available for any borane-based
symmetric cell. Moreover, although CBsH,,~ or CB,;H;,” salts
show the highest o, of all the Na-ion-conducting SSEs
(Figure 10), no symmetric cell has been reported to date,
indicating the early stages of development. Finally, although
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Table 3. Performances of different Na/SSE/Na based symmetric cells.
Category Composition of SSE Interface Current Areal capacity per half Total areal Temp. Ref.
resistance density cycle capacity [°c]
[Q cm?] [mA cm™] [mAhcm™] [mAhcm™3]

NASICON Na;Zr,Si,PO;, 400 0.15-0.25 0.15-0.25 105 65 0771
Nas,Zr, 4Cay,Si,PO;, 175 0.1-0.3 0.1-0.3 150 RT n7el
Na; 4Zr,Si;4Po 6012 4 0.6 1.8 180 RT 7
Na;Zr,Si,PO,, coated with gra- 46 1 1 1000 RT n7al
phene

Beta alumina B“-Al,0, 150 0.1 0.05 100 58 e
TiO,-p"-Al,0, - 0.044 0.006 0.073 RT o2
B“-Al,0, 8 0.5-5.5 3.0 33 RT 31

Sulfide Na,PS, - 0.1 0.1 10 RT (801
Na;PSe, - 0.025 0.013 0.25 RT ma
Na;Sbs, - 0.1 0.05 8.3 RT 02

Borane Na,(B;,H;5) (B1oH10) - 0.1 1.2 28.8 60 (33l

Solid-state poly- ~ PEO-NZSP-NaClO, - 0.2 0.2 56 55 t3el

mer PEO-NaPF, - 0.1 0.1 10 80 (371
PEO-Na,Zn,TeO 47 0.1 0.05 15 80 038
PEO-NaSFI - 0.3 0.15 240 80 (1391
(Na with C as electrodes)
PEO-NaClO,-Na;Zr,Si,PO;, - 1.0 1.0 500 60 (1401
PEO-CQDs-NaClo, - 0.05-0.1 0.05-0.1 9 60 0421
PEGDMA-NaFSI - 0.1 0.1 80 60 (4s]
POSS-PEG-NaClO, - 0.5 0.5 1775 80 o0l
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the number of reported symmetric SSNBs is smaller than their
lithium counterparts, the performance of the symmetric SSNBs
is already very promising. As a very representative example,
Sharafi et al. reported a symmetric SSLB based on Na/LLZ/Na,
which had an interface resistance of 2 Qcm?, current density of
0.2 mAcm™? areal capacity of 0.2 mAhcm™ per half cycle, and
total areal capacity of 40 mAhcm™ all measured at RT.'®"
Although the interface resistance is better than any cell in
Table 3, the cycling performances are inferior compared to
those in Table 3. As mentioned above, the failure of the cycling
of SSLBs and SSNBs is mainly due to dendrite formation. There
are two possible reasons for the higher dendrite tolerance of
SSNBs compared to SSLBs. Firstly, sodium atoms in sodium
metal have a higher self-diffusion coefficient compared to that
of lithium atoms in lithium metal,"®>'*® and the difference is as
high as about 100 times. A higher self-diffusion coefficient
results in higher dendrite tolerance."®™ Secondly, benefitting
from the larger size of Na atom/Na ion compared to that of Li
atom/Li ion, the penetration effect of Na atom/Na ion is also
weaker than that of Li atom/Li ion, resulting in higher dendrite
tolerance.

Apparently the database of symmetric cells based on solid-
state polymer is more abundant compared to other categories,
because of their low cost, facilitation of mass production,
mechanical flexibility and ductility, as well as their popularity as
a result. Their performances are not especially different from
other kind of SSEs. The only difference is symmetric cells based
on solid-state polymer can only be operated at enhanced
temperatures instead of RT. The insufficient conductivity at RT is
surely the reason. Under the actual operation temperature of
these symmetric cells, the conductivity of the solid-state
polymers is about 107 Scm™', which is close to other SSEs
under RT. Generally, at the present stage the starting point of
SSNB-development gives clear perspectives for successful
performance improvements.

2.4, Existing Full SSNBs

For evaluation of a full battery, the C-rate is a preferred general
parameter, where nC means the battery is fully charged/
discharged at a constant current in » hours. This C-rate test is
favorable because it clearly indicates how fast the whole active
material for energy storage can be fully charged or discharged.
However, in tests with solid-state batteries the current density
(mA cm™) is often used for comparisons. As an example, NVP
was frequently applied in SSNBs as a cathode material. When it
is operated under typical test conditions in publications, i.e. 1 C
with mass loading of 1 mg cm™? the actual current density is
0.12 mAcm™2 In comparison to the standard of 18650 cells (1 C
indicates ~5 mAcm 2, see Table 1), the value is much too low. If
the current density of 5 mAcm™ should be reached under the
same C-rate, theoretically at least 40 mg cm™ of mass loading
should be applied for NVP-based SSNBs. Unfortunately, to date
this is very challenging because much thicker cathode layer as
well as much higher content of active materials in cathode layer
have to be applied, which brings many difficulties like increased
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internal resistance, longer distance for Na-ion diffusion, engi-
neering problems and so on. Until now, no publication of any
SSNB even reported a value close to such mass loading.
Similarly, the specific capacity (mAhg™') is an academic-
preferred unit for energy density, indicating the capacity of a
battery per unit weight of the active material for energy
storage. However, the high specific capacity in academic
research is not necessarily reproduced when the battery is
developed towards practical applications because of the large
difference of mass loading. These two issues are the actual
technological gaps between academic research of solid-state
batteries and practical application. The ultimate goal of practical
application for a battery is the high gravimetric energy density,
which is expressed by the unit of Whkg™', indicating the total
energy storage of the battery device per weight unit of the
device. 18650 batteries typically have energy densities of 150-
250 Whkg™ (Table 1). However, to date there is no report which
notes the weight of the full SSNB device, not even the
summation of the weight of the anode, cathode and electrolyte
of the cells. Therefore, it is difficult to obtain statistics on the
gravimetric energy density of the published SSNBs, which also
indicates the early development stage of SSNBs. Nevertheless,
almost all reports on SSNB full cells mention the areal capacity
of the cell, which can be used as a criterion to compare them
with 18650 cells instead of the gravimetric energy density,
which, as derived from Table 1, is about 3-6 mAhcm™. In
addition, as mentioned in Section 2.3, some reports agree on
the criterion of areal capacity of >3 mAhcm™ (per half cycle,
e.g. a plating or stripping of the metal electrode) at a current
density of >1mAcm 2" which can be applied as the
starting point for the present discussion.

Table 4 shows the performance of different SSNB full cells.
For illustration, some SSNB full cells containing small amounts
of LBE are also listed. Above all, no cell fulfilled the criterion,
and most of the reported cells deviate by over one order of
magnitude, not only for areal capacity, but also for current
density. Moreover, more than 1000 cycles have also hardly been
reached. In general, for the SSNBs based on oxide SSEs, the
performance of the full cells is obviously weaker than that of
the symmetric cells (see Table 3), either judging by the current
density or by the areal capacity. Since the main difference
between the full cell and half-cell is the additional interface
between cathode and SSE, it can be reasonably concluded that
this interface is the bottleneck for performance. The possible
reason for this bottleneck is often insufficient contacts between
randomly arranged grains of SSEs and electrode active materials
leading to highly resistive ion-conduction paths and a limited
electrochemical reaction. The rigid contacts between SSEs and
electrode active materials are further damaged by the volume
change of electrode active materials during electrochemical
cycling.""® Similar difficulties are also found for SSLBs.*
Nevertheless, when the interface between the solid-state
cathode and electrolyte is in contact with an added LBE, the
cycling performance shows an apparent improvement
(Table 4),7>"® because ionic transport can bypass the poorly
permeable rigid interface. The volume change of cathode active
materials during electrochemical cycling can be absorbed by
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Table 4. Performances of different SSNB full cells, including LBE-assisted SSNB full cells.

Cell components Electrode area  Current density Areal capacity Longevity (cycle Degradation  Temp. Ref.

[cm?] [mA cm™2] [mAhcm™?] numbers) [%] [°C]

Na;V,P;0,, | NZSP coated with graphe-  ~0.8 0.018 0.18 30 14 80 n7l
ne|Na

Na;V,P;0,, |liquid electrolyte | ~0.8 0.18 0.18 300 15 RT n7al
NZSP coated with graphene|Na

Na,V,P,0,, | La-substituted NZSP |Na 1 ~0.02 ~0.2 40 33 80 o2
Na,V,P;0,, |ionic liquid | La-substituted 1 1.5 0.15 10000 ~0 RT 72
NZSP|Na

Na,CoO, (0.8 pm thin film) |Sc-substi- 0.8 0.008 0.05 100 25 RT s
tuted NZSP|Na

Infiltrated 0.8 0.035 0.35 100 9 RT fesl
Na;V,P30;; | Na3 4Zr,Si;4Po6012 | Na

Infiltrated 0.8 0.13 0.2 100 9 RT nesl
Na3V,P;0;; | Na 4Zr,Si5 4Pos0:, | Na

Na,Co02 (0.7 um thin film) | 3"- 0.25 0.004 0.011 40 27 RT (190)
AlLO;|Na

Na,O-Fe,0;-P,0s glass | B“-Al,0; | Na 1.1 0.005 0.05 600 15 30 nen
Na,V,P;0,, in polymer | Carbon 1.1 0.07 0.35 100 10 58 w1
coated ("-Al,O; | Na

TiS, | Na;PS,| Na-Sn 0.8 0.013 13 10 5 RT oy
NaCrO, | Na,PS, | Na-Sn 0.8 0.013 - 20 33 RT o
FeS,|Na;PS,|Na-Sn 0.8 0.15 0.7 100 18 RT (180)
NaCrO, | Na;SdS, | Na-Sn 1.3 0.05 1 1 - 30 26l
FeS,|Na;SdS, | Na-Sn 13 0.05 1.1 50 38 30 sl
NaCrO, | Na,(B,,H;,) (B;oHi0) |[Na 1.1 0.034 0.17 250 15 RT (o2l
Nay,s7Nig33Mng 6;0,-C-polymer | 3.1 ~0.025-~0.33 ~0.25 35 7 55 nsel
PEO-NZSP-NaClO, | Na

NVP-C-polymer | PEO-NaPF¢| Na 0.5 0.56 0.28 200 14 80 037
NVP-C-polymer | PEO-Na,Zn,TeO, | Na ~1 0.04 0.21 100 6.6 80 n3sl
NVP-C-Polymer | PEO-NaFSI | Na-C 0.36 3.1 0.78 10000 35 80 139l
Na,MnFe(CN),-C-PEO | 0.38 0.19 0.37 300 17 60 1401
PEO-NaClO,-Na,Zr,Si,PO,, | Na

NVP-C-polymer|PEO-CQDs-NaClO,[Na - 0.21 0.21 100 12 60 421
NVP-C-polymer | PEGDMA-NaFSI | Na - 0.11 0.22 925 13 60 f145)
Na,V,0s-C-polymer | POSS-PEG-Na- 0.28 0.04 0.16 50 50 80 (150l
Clo, Na

Electrolyte material
(a) B Electrode material (b)

the “soft” interlayer of LBE. An advanced thin-film fabrication
technique was also applied to improve the situation,'®'"
because in the case of a very thin cathode layer, the endurance
of SSEs with respect to the volume change of cathode active
materials during cycling is also higher. However, this strategy is
unfavorable for practical applications due to the high cost of
the advanced thin-film fabrication technique and limited
effective electrode active materials. When SSNBs without LBE
are discussed, and also no advanced thin-film fabrication
technique is applied, the high interface resistance between
cathode and electrolyte can also be reduced by a smart
electrode design, as reported by Lan etal. and shown in
Figure 13."% In the design, instead of the traditional cathode
fabrication by mechanical mixing and sintering of SSE and
cathode active materials, the cathode active material is
prepared in situ on the pore walls of the porous SSE backbone.
Such a design improves the solid-state electrode/electrolyte
contact as effective as the electrode/liquid electrolyte, provides
effective ion exchange and minimizes the stress caused by the
dimensional change of electrode active materials during
charging and discharging processes. The performances of the
cells, although still lower than required, are competitive with all
oxide-based SSNBs. Despite this achievement, sulfide-based
SSNBs still show the best performance so far (Table 4).
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Infiltrated electrode

Co-sintered mixed electrode

Figure 13. Sketches of different electrode structures: a) mixed and sintered
electrode; b) infiltration electrode. Reprinted with permission from Ref. [189]
(Copyright 2019, Elsevier Ltd.).

Especially with respect to areal capacity, the data reported in
Table 4 for sulfide-based SSNBs are hard to achieve for any
other type of SSEs and are promising even compared with the
practical application level of >3 mAhcm ™2 The most likely
reason is the rubber-like mechanical behavior of sulfides instead
of the stiffness of oxide ceramics. This property decreases the
interface problem, as mentioned above for oxide-based SSEs.
The main problem of sulfide-based SSNBs is the current density,
which is not superior to other SSEs nor is it close to the level
required for practical applications (>1mAcm™). The high
internal resistance due to the inappropriate cell design of
electrodes and SSEs might be the reason for the low current
density, as mentioned in Section 2.3. Finally, the borane-based
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SSNB full cells are still at an early stage of development in
comparison to the SSNBs of the two other types of SSEs. Only
one cell is listed in Table 4,"%? which is not enough to draw
definite conclusions. However, the reported borane-based SSNB
shows at least an average performance, indicating the potential
of the system. Similar to the symmetric cells, solid-state
polymer-based cells are more often described in publications
than cells of other kinds of SSEs, indicating their popularity and
easiness of assembling. Their performance is also remarkable.
Zhao etal™ operated their cell at 3.1 mAcm™ for 10000
cycles. The reason of the long-term stability is similar to sulfide-
based SSNBs, where the soft interfaces between electrolyte and
cathode are beneficial for the electrochemical operation. The
main disadvantage for solid-state polymer-based cells is that
they cannot be operated at RT because of their low conductivity
(see section 2.1.6). All the solid-state polymer-based cells listed
in Table 4 were tested at least at 55°C, while other SSNBs
frequently can be operated at RT. High operation temperature
of solid-state polymers generally prevent the commercialization
of their SSNBs. Higher conductivity is significant for solid-state
polymers, because it is almost the only bottleneck towards
practical applications.

3. Summary

In summary, by categorizing the SSEs into NaSICONs, B/B"-
aluminas, other oxides, sulfides, boranes and polymers, and
benchmarking the key parameters of ionic conductivity, chem-
ical stabilities, mechanical properties, interface compatibilities
with sodium metal as well as the galvanostatic cycling and full-
cell performance of SSNBs to state-of-the-art 18650 commercial

Li-ion batteries, we reviewed recent advances in SSEs for SSNBs

and evaluated their practical applicability. The following

conclusions and outlooks are drawn:

1. In general, the conductivity of SSEs is not a serious challenge
for battery application. In almost all categories - of
NaSICONs, 3/B“-aluminas, other oxides, sulfides and boranes
- several or few compositions can be found with sufficiently
high conductivity. Only solid-state polymers show insuffi-
cient conductivity at RT. The search for compositions with
higher conductivity is therefore still important for this type
of SSEs. Sb-based sulfides and carba-borohydrides show the
highest potential of all SSEs.

2. Oxides show the highest chemical and thermal stabilities of
all SSEs. Abundant data are available for the electrochemical
windows of the SSEs. However, the evaluation of SSE
electrochemical stability with respect to practical applica-
tions by means of calculated electrochemical windows is not
precise, because interphases and kinetic inhibition have not
been taken into consideration. When no water vapor is
present in the environment, oxides, sulfides and boranes are
all generally applicable in ambient drying room conditions,
whereby oxides have the highest chemical and thermal
stability. It is still too early to evaluate the mechanical
stability of SSEs. However, stationary applications lower the
demands on mechanical stability and with respect to large
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storage units, these will be packed in materials with higher
fracture toughness than the SSEs.

3. Although not as good as state-of-the-art 18650 Li-ion
batteries, Na/SSE/Na symmetric cells show closely compara-
ble performances. In comparison, SSNB full cells are still far
from practical applications. The cathode/electrolyte interfa-
ces are regarded as the main reason, which may be solved,
on the one hand, by means of infiltrating cathode materials
into electrolyte backbones for oxides, or, on the other hand,
by material or structural optimization for sulfides or boranes.

4, Outlook

As mentioned in section 2.4, in almost all existing reports on
SSNBs the areal capacity (mAhcm™) is used instead of the
industrially preferred gravimetric energy density (Whkg™) to
evaluate the cells, indicating the barrier between the current
academic developments and industrial requirement. Academ-
ically the efforts are still mainly focused on various interfaces,
while industry needs more effective materials per unit weight
or volume together with stable performance in large scale
applications. To bridge the gap, the key point is a scale-up of
battery cell dimensions without changing the performances
under laboratory conditions. Table 3 and Table 4 indicate that
the development of SSNBs is approaching the targeted
academic milestone of 3 mAhcm™. With larger battery compo-
nents the attention will gradually shift from scientific feasibility
to engineering development. Strategically, anode-less designs
should be further explored to increase the energy density. Here
the Na metal anode is formed during the charge process from
cathode side. The electrolyte layer should be as thin as possible
applying established processing methods. When dendrite
formation can be fully prevented, um-level or even thinner
electrolyte layers will further increase the energy density of the
full cell. The most difficult part is the cathode, because currently
no cathode materials with high ionic conductivity is available.
For compensating the sluggish ionic conductivity in the
cathode material, so far electrolyte material has to be added to
the cathode layer, which decreases the energy density. An
electrolyte backbone together with infiltrated cathode active
material is actually regarded as the most promising design for
SSNB cathodes. In future, the electrolyte backbone should have
high porosity of over 70% to decrease the amount of electro-
lyte material in cathodes and pores should be fully filled up by
cathode active material to increase the energy density. Further
scale-up of SSNB production depends on industrially preferred
processes like tape casting or roll-to-roll deposition techniques.
Because of the rigid nature of the SSNBs compared to LBE-
based batteries, the stacking of large single cells (> 100 cm? per
cell) should have a realistic design for practical applications.
Surely, the realization strongly relies on engineering skills. Solid-
state polymers are special because they almost have only one
bottleneck towards practical applications, the conductivity.
When a solid-state polymer with the conductivity of 107> Scm™
at RT is found, it has great potential to be commercialized
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based on the existing industrialized technologies for polymer-
based batteries.

Scientifically, the main task is still to find materials with
better properties and performances. Ultimately, finding new
materials with better properties compared to existing materials
could always be the breakthrough for the whole research field.
The possible strategy to find better SSEs was extensively
discussed with respect to computational simulations.”>'?*
When electrolyte materials will be discovered with even higher
conductivity and stability compared to the materials mentioned
in this review, and at the same time a cathode material with
high electronic and high ionic conductivity as well as high
specific capacity is also found, the resulting cells will be the
breakthrough.
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