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Sodium-based batteries are promising post lithium-ion technol-
ogies because sodium offers a specific capacity of 1166 mAhg™'
and a potential of —2.71 V vs. the standard hydrogen electrode.
The solid electrolyte sodium-beta alumina shows a unique
combination of properties because it exhibits high ionic
conductivity, as well as mechanical stability and chemical
stability against sodium. Pairing a sodium negative electrode
and sodium-beta alumina with Na-ion type positive electrodes,
therefore, results in a promising solid-state cell concept. This
review highlights the opportunities and challenges of using
sodium-beta alumina in batteries operating from medium- to

1. Introduction

Due to the increasing competitiveness of renewable energy
with fossil energy sources, the transition to sustainable energy
supply can be accelerated. Especially the electricity trans-
mission and distribution can be improved by grid energy
storage, which would lead to more efficient energy markets
and thus, a lower cost of energy." For medium power storage
technologies, batteries provide the best solution in terms of life
cycle cost of storage and levelized cost of energy, which are
metrics to address the economic feasibility.” However, high
investment costs weaken its position as storage technology,
while the shortage of raw materials limits — and environmental
pollution caused by battery usage even threatens - the
widespread utilization of batteries as a grid storage
technology.” Meanwhile, current Li-ion battery (LIB) technol-
ogy approaches its physicochemical limits in energy density.”!
Hence, incremental optimizations of the LIB technology are
inevitable (advanced Li-ion) or modifications of Li-ion core
components are necessary (post Li-ion) with special respect to
material abundance, environmental friendliness, and safety,
which are of special importance for grid storage application.®®
These post Li-ion technologies promise to solve existing
problems (e.g., limited specific energy), while posing new
challenges simultaneously. One promising alternative is the
substitution of lithium with sodium. Especially for grid storage,
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low-temperatures (200°C-20°C). Firstly, the recent progress in
sodium-beta alumina fabrication and doping methods are
summarized. We discuss strategies for modifying the interfaces
between sodium-beta alumina and both the positive and
negative electrodes. Secondly, recent achievements in design-
ing full cells with sodium-beta alumina are summarized and
compared. The review concludes with an outlook on future
research directions. Overall, this review shows the promising
prospects of using sodium-beta alumina for the development
of solid-state batteries.

where huge amounts of materials are needed, sodium-based
batteries with high specific energy based on abundant
resources are desirable. Several advantages add up to cell
systems when sodium is utilized as the negative electrode, due
to the earth's abundance in sodium and therefore low-cost
availability® while offering a specific capacity of 1166 mAhg™
and a potential of —2.71 V vs. the standard hydrogen electrode.
Furthermore, cost reduction might be achieved as it allows the
use of aluminum current collectors instead of copper, as
sodium does not alloy with aluminum.**"'"! On the other hand,
sodium-ion batteries (SIBs) still rely on organic, flammable
electrolytes which leads to safety challenges comparable to
LIBs. Solid-state batteries (SSBs), based on solid electrolytes
(SEs), offer a solution to the aforementioned problems and are
seen as next-generation batteries, as they promise excellent
thermal stability, low flammability, high safety, high specific
energy as well as long cycle life’>?? Meanwhile, R&D on
already commercialized cell systems with sodium as the
negative electrode and sodium-beta alumina as solid electro-
lyte continue. These are the well-known Na/NiCl,- and Na/S-
batteries, also known as ZEBRA- and NAS®-batteries, which
operate typically between 200°C and 350°C and are based on
conversion reactions.”**! The world-wide capacity of these
sodium-beta alumina-based batteries is currently in the GWh
range.” Applications and challenges of these high-temper-
ature systems and related concepts have been extensively
reviewed by different groups in the last decade.®'®*2% The
possible use of sodium-beta alumina in gas sensing and thin
film transistors has been also discussed.®” It is even regaining
interest as a high-rate sodium-ion electrode.®" Meanwhile,
sodium-beta alumina is increasingly utilized in sodium-based,
medium- to low-temperature cell systems due to its unique
combination of properties. Research shows, for example, that
sodium-beta alumina performs well not only at high but also at
low temperatures (Gione =5 mScm™').? Hence, it may be an
option even for room temperature applications. The combina-
tion of sodium as the negative electrode, sodium-beta alumina
as a solid electrolyte, and Na-ion type positive electrodes
results in a promising, medium- to low-temperature solid-state
cell concept. Those positive electrodes are already used in Na-
ion half and full cells.***¥ Overview of the research, progress,
properties and advantages of positive electrode materials for
Na-ion batteries is given elsewhere.""* This review discusses
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key aspects and guidelines for designing sodium-beta alumina
and cell concepts based thereon utilizing Na-ion type electro-
des, which show insertion reactions. Recent progress in
fabricating and doping sodium-beta alumina is presented. The
interface design between the solid electrolyte and both the
negative and positive electrodes is discussed. The review
provides an overview of the progress in using sodium-beta
alumina for novel, medium- to low-temperature (200°C-20°C)
full cells along with a summary on their up-to-date perfor-
mance values.

2. Advantages and Properties of Solid
Electrolytes

The development of solid-state cells requires a detailed under-
standing of solid electrolytes (SE) and their interaction with the
electrode materials. This also includes aspects of materials
processing, the conduction mechanisms, as well as simulation
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studies and modeling of the electrolytes and their
interfaces.”'32'%#2 The term “solid-state” cell is used in this
review because the electrolyte and the positive electrode are
solid. Please note that the sodium negative electrode is liquid
when the temperature of operation exceeds its melting point.
Otherwise, the term “all-solid-state” cell might be used.

The use of solid electrolytes in batteries can provide several
benefits compared to using liquid electrolytes. Frequently
mentioned advantages associated with using SE are improved
safety, higher specific energy, and a wider temperature
window.”** These promises, however, still need to be
demonstrated on a technological level. Furthermore, chemo-
mechanical issues, which are related to volume changes of the
active material in the electrode must be eliminated.®**”
Combined with poor particle-particle contact, this results in an
often insufficient rate capability and cycle life of solid-state cell
systems.”” Recent research for building better Li- and Na-solid-
state batteries is summarized in the review from Mauger
et al™ Utilizing sodium in solid-state batteries and nonaqu-
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eous sodium-ion full cells based on solid electrolytes (SEs) were

reviewed, too.['*3*

The ideal SE in electrochemical cells must fulfill multiple
requirements.

- The SE must be conductive for ions but insulating for
electrons when used as a separator. The total ionic
conductivity O i.e., the bulk and grain boundary ionic
conductivity, must be higher than 10™*Scm™ (for composite
electrodes 1072Scm™'). The SE must have negligible elec-
tronic conductivity to avoid self-discharge (lower than
1072Scm™) and a high transference number (close to 1) for
the cation at ambient operating temperature and
conditions.”® High ionic conductivity reduces the area-
specific resistance of the electrolyte (ASRecyoiyte) in cOMbina-
tion with a thin SE®? (compare Section 3.1).

- The SE must have a sufficiently large electrochemical stability
window of several volts (i.e.,, chemical stability against high
potential positive electrode as well as a low potential
negative electrode) as otherwise additional interface layers
are required. Reactions at the electrolyte/electrode interfaces
lead to increasing resistance and thus, premature cell death.
Thermal as well as mechanical stability are also relevant
parameters."? Moreover, SEs should inhibit the growth of
dendrites on the negative electrode.

- The SE should be non-toxic and non-flammable while
offering cost-effective fabrication and easy processing
methods."

In the subsequent Sections, sodium-beta alumina shall be
compared to above-stated requirements for SEs.

3. Properties of Sodium-Beta Alumina

3.1. lonic Conductivity and Area-Specific Resistance

A lot of effort was put into the improvement of the ionic
conductivity of sodium-beta alumina in the last 50 years.

Whittingham and Huggins obtained a conductivity o of
1.4x1072Scm™" at 25°C of small single-crystal beta-alumina

A 600°C  400°C 200°C 100°C [
4

[i*-alumina single crystals

Log aT (K-S<cm™)

1000/T (K")

B 100

a/Scm’

with a reversible electrode in 1971 already.” Figure 1A shows

that B”-alumina single crystals generally show the highest
conductivity followed by (-alumina single crystals and poly-
crystals. This is due to their different crystal structure (see
section 3.2). While f-alumina single crystals follow the
Arrhenius-type equation over a wide range of temperature,“”
(”-alumina single crystals don't, probably due to ordering of
vacancies at lower temperatures.“®’ Due to the change in grain
bulk resistance R, and grain boundary resistance Ry, sodium-
beta alumina does not strictly follow the Arrhenius-type
equation, either.”*¥ However, single crystals are not practical
for application in electrochemical cells. Thus, polycrystalline
materials are commonly used in applications. For lithium-
stabilized polycrystalline ”-alumina was observed that coarse-
grained material (mean grain size around 100 um) exhibits a
higher conductivity than fine-grained material (mean grain size
<2 pm).® This indicates that additional grain boundaries
impede ion transport. The grain bulk resistance R, and grain
boundary resistance Ry, are equal at a specific temperature,
while Ry, becomes negligible at higher temperatures.*® Similar
results were obtained for polycrystalline sodium-beta
alumina.*’*®¥ Hence, decreasing the grain boundary resistance
Ry, should be considered for room temperature energy-storage
technologies, but seems not essential for high-temperature
applications. For the processing of the ceramic, unnecessarily
huge grain size is not suggested, because the decrease in
resistivity will be negligible compared to mechanical
deterioration."”

The ionic conductivity o [Q7'm™' =Sm™"] of solid materials
is governed by the ion concentration n [molm™], the charge of
the mobile ions g [Cmol™"] and mobility of the mobile ion
carrier 1 [m?V~"'s7'] (Equation (1)):7>¢

0= nqu= (%) ~exp(—E./ksT) M

A low activation energy E, [J] and high temperature T [K]
are beneficial for a high mobility (Equation (2)):*¢

TI°C
10.1
10%
10°
10*
10° : . . . 3 ALO
1.5 20 25 3.0 35 40
1000/T/ K'

Figure 1. A) Arrhenius-plot of polycrystalline -, f”- and  / f”-alumina as well as {3 - and f”-single crystals. For references, please check the original source.
Reproduced with permission from Ref. [37]. Copyright (2012) Elsevier B. V. B) Temperature dependence of the total ionic conductivity of different sodium-beta
alumina, stabilized with different elements. For references, please check the original source. Reproduced from Ref. [22]. CC BY 4.0, Copyright (2020) The

Authors. Published by Wiley-VCH Verlag GmbH & Co. KgaA.
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p o< exp(—E,/ksT) (2)

with kg [J/K] as the Boltzmann constant. The sodium ion
conduction in sodium-beta alumina is attributed to an intersti-
tially mechanism. Here, the ions move between lattice and
interstitial sites in the conduction plane.* (Sodium) lon trans-
port and migration mechanisms in solid electrolytes were
described in detail in recent reviews.”***4 |n the past,
sodium-beta alumina was mainly utilized in high-temperature
batteries with an operating temperature around 250°C to
350°C.F" Hence, ionic conductivities are reported often at this
temperature (compare Sections 4.1 and 4.3). However, samples
with high ionic conductivities at elevated temperatures point
to good conductivity of the ceramic at room temperature
(Figure 1B). Thus, values given for elevated temperatures are
also relevant for room temperature applications. Recently,
Heinz et al. proposed a microstructural model in line with the
brick layer model. It gives an explanation to which extent
conductivity variations of a BASE sample series with constant
composition may be explained by differences in grain size
alone. The different grain sizes are due to different sintering
regimes. The model helps to identify grain and grain boundary
parameters. However, the model can be applied only to dense
samples without long dwelling times? Nonetheless, the
model is an elegant approach to shed some light on the
determining factors for the temperature-dependent conductiv-
ity and might be used to predict the temperature dependence
of measured conductivity data.

lonic conductivity is a property of the solid electrolyte
material. The area-specific resistance (ASR) [Qm?] can act as a
key performance parameter for the electrolyte (ASRectoyte), Ut
also a whole battery (ASR..). The ASR, is calculated from the
cell resistance R [Q2] and the geometric contact area A between
electrode and electrolyte [m?. The ASRjectroyte 1S Most often
calculated from the conductivity o [Q7'm™'] and the electrolyte
thickness t [m], as shown in Equation (3). Thus, these values
normalize resistance to a geometrical area.

ASR=R-A= L (3)
o

ASR_ contains resistance contributions from the electrolyte
(ASRgjectrolyte) @nd both the positive and negative electrodes with
their respective interfaces (ASRpy and ASRyy). Equation (3)
shows that thin solid electrolytes can compensate for a low
ionic conductivity. Several fabrication methods enable sodium-
beta alumina with thicknesses around 100 pm already. For
instance, thin fabrication of sodium-beta alumina via laser
chemical vapor deposition was reported.”® However, there is a
lower limit of electrolyte thickness for brittle or even non-
flexible materials, as it is sodium-beta alumina. Mechanical
stability of the electrolyte is important to prevent cell failure.
Most BASEs show a fracture strength of at least 200 MPa
(compare Section 4, Tables1 and 2). Especially for room
temperature solid-state cell systems, high pressure for oper-
ation is beneficial. Additional robustness enables the applica-
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tion of external pressure more easily, which in turn increases
the critical current density (CCD) and thus, specific power of
the cell system, as it is shown in Section 5. Beside dendrite
growth, also the volume expansion of the electrodes must be
considered in sealed cell systems. As Heinz et al. pointed out in
their work on pressure management in solid-state batteries,
especially planar electrolytes are prone to pressure differences.
For example, the pressure difference must not exceed 1.1 bar
in a small cell with 3 cm? active area, considering a thickness of
200 um and a fracture strength of 200 MPa.® This is important
for Na/NiCl, cells, where the planar cell design experiences
increasing interest.®” However, due to the low volume
expansion of insertion electrodes® in comparison to, e.g., alloy
formation or conversion reactions,”” the mechanical stress for
the BASE during operation is comparably low in cells with Na-
ion positive electrodes. No BASE fracture has been reported for
this cell system in the literature yet (compare Section 6).

A cell with modified as well as stable interfaces, which are
not prone to side reactions, exhibits lower ASRy; and ASRy in
comparison to a cell system with identical components with
unmodified or unstable interfaces. Hence, the ASR.,, highlights
aspects of the performance of batteries while including inter-
face processes and interface stability (see Table 3). A “full-cell”
ASR (ASR.,)) can be calculated and used for the comparison of
different cell systems. Reducing the ASR., lowers the over-
voltage for any battery application and therefore, increases the
energy efficiency. We follow up with two examples. They
demonstrate the simple but significant implications of the key
parameter ASR for solid-state battery performance. For exam-
ple, the ASR e in @ Na/NiCl, cell system equals 0.7 Qcm? at
300°C, when the thickness of the electrolyte component is
1500 um, as Ma and Tietz stated.”® To maintain the same
ASRjectrotyte Of 0.7 Qcm? at room temperature, the sodium-beta
alumina may only be 8 pum thick, since the conductivity
decreases with decreasing temperature. To reach an ASR, eyt
of 24 Qcm? which is the highest ASR., of commercial 18650
LIBs® when the value is fully determined by the electrolyte
material, the moderate room temperature conductivity of
sodium-beta alumina of 1x103Scm™ is sufficient when the
thickness is equal to 240 um. For comparison, commercial
sodium-beta alumina electrolytes exhibit a two- to a four-fold
thickness of about 500 um for tubes and 1000 um for flat
diSCS.[SS'SQJ

Figure 2(A) illustrates the consequences of the desired
ASRgectrolyte  fOr the thickness of two sodium-beta alumina
electrolytes with different ionic conductivities. As an example,
the ionic conductivity of sodium-beta alumina type | (blue) is
5mScm™' compared to 1 mScm™' for type Il (orange). Both
values are typical values for the room temperature ionic
conductivity of sodium-beta alumina (see Tables 1 and 2). To
reach an ASRyeqaye Of 20 Qcm? i.e, a value comparable to
ASR; of commercial LIBs (marked with the red line and dashed
area), the sodium-beta alumina (blue) with the higher ionic
conductivity might be five times thicker (t=1000 um, blue
arrow) than the other sodium-beta alumina (orange). If an
ASReiecroie Of 20 Qcm? must be reached with the less
conducting sodium-beta alumina (orange), its thickness must

© 2021 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH
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A B — (blue) would have been fabricated with only 200 um thickness,
o e el its ASRqectrolte WOUId be as low as 4 Q cm?. Figure 2(B) compares
L® E il the possible current densities of two cells, which utilize the two
é o0 ESD» solid electrolytes (blue and orange) with different ionic
Zw gm» conductivities, i.e., different ASRs oyt IN this example, the
i A cf oormme 1Al L gm, Ohmic drop shall not exceed a fixed value of 0.05V while the
L. © L= | ASR; shall be fully determined by the electrolyte material. The

Thickness t /um Thickness t /um

Figure 2. A) lllustration of the importance of high ionic conductivity of
sodium-beta alumina for good performance of a cell system. The ASR,, of
commercial LIBs is marked as a red line. An electrolyte with a higher ionic
conductivity can be fabricated thicker while reaching the desired ASRgecolyte-
An electrolyte with a lower ionic conductivity exhibits higher ASRjectolyte
compared to an electrolyte with a higher ionic conductivity (orange arrow)
when the thickness is the same. B) When the resulting overvoltage shall not
exceed, e.g., 0.05 V, the possible current densities are fixed due to the given
ASR- A cell, which utilizes an electrolyte with lower ASR.,,, can be cycled at
higher current densities (red arrow).

be reduced to only 200 um (orange arrow). This comes at the
cost of deteriorating its robustness. If sodium-beta alumina

cell, which utilizes the electrolyte with lower ASR (blue), can be
cycled at higher current densities (red arrow), despite the equal
thickness. Consequently, the cell system utilizing sodium-beta
alumina (blue) exhibits a five times higher power density and
five times shorter charge/discharge time than the cell system
based on sodium-beta alumina (orange).

Hence, ionic conductivity and thickness of sodium-beta
alumina as well as interface modifications, which influence the
ASR, are key factors for enabling medium- to low-temper-
ature solid-state cell systems based on sodium-beta alumina.
For this reason, attention is aligned on the progress of
fabricating the ceramic electrolyte with higher ionic conductiv-
ity and/or reduced thickness in the following Sections 4.1, 4.2,
and 4.3. Modifications of the interfaces between the negative

Table 1. Characteristic values of differently fabricated sodium-beta alumina*.
Ceramic 6smler t [3,/ prelative o 60 EA 9 60 Omechanical
[°d [min] [%] [%] [Scm™'] rd [eV] [Scm™'] [°d [MPa]
a-AL0,/50 wt % YSZ®® 1500 240 79 na. 1.8x1072 350 na. 1.3x10°° 150 na.
a-Al,0; / 20 vol %3Y5Z) 1450 120 100 99 22%1072 300 0.21 2.4x10°° 72 350 (B)
Li-BASE®Y 1550 120 96 n.a. 56x107? 300 0.16 4.7x1072 203 n.a.
Mg-BASE®” 1500 360 97 98 54%102 300 0.19 3.5%107 199 245 (A)
Mg-BASE®" 1300 10 86 98 1.8x10" 350 0.25 1.7x107? 25 250 (A)
Mg-BASE®” 1600 180 93 93 24%10" 350 0.27 2.0x10° 25 250 (A)
Mg-BASE®! 1570 300 96 81 9.7x1072 350 0.39 4.5x10°° 25 198 (A)
Li-BASE"® 1550 30 99 97 3.7x10™" 300 na. n.a. na. n.a.
Li-BASE®” 1700 30 84 93 23x107" 300 0.17 1.7x 107 240 na.
Li-BASE®" 1560 10 96 29 1.2x107" 300 0.25 55%x107* 25 292 (A)
Mg-BASE®? 1320 120 84 96 54x1073 25 na. 54x1073 25 na.
*For conductivities, the highest value, as well as the value at the lowest temperature from the respective publication is given. Bold printed values are
estimated from figures in the respective reference. Italic values are calculated from the data given in the respective references. O sintering temperature,
t: sintering time, ”: f”-phase content, p,..uve: relative density, o: ionic conductivity, d,; Measurement temperature of the ionic conductivity, E,: activation
energy, Omechanica: Mechanical strength, A: three-point bending method, B: Ring-on-ring method.

Table 2. Characteristic values of differently doped sodium-beta aluminas*.

Dopant Amount 6sinter t :8” prelative o 60 EA o 60 Omechanical
ra [min] [%] (%] [Sem™1 [°cl [eV] [Sem™ @ [MPa]
Cr,0,° 0.15 wt% 1600 10 98 99.1 8.2x1072 350 0.15 2.2x1072 97 253 (A)
Tio,® 1.5 wt% 1500 30 94 97.2 3.0x107" 300 na. na. na. 175 (1)
Sn0,* 1 mol % 1520 15 99 98.1 52x107? 300 0.35 1.3x1072 199 198 (B)
CoQ™” 1 wt% 1600 30 na. 98.0 6.1x107? 300 0.18 6.3x1072 253 na.
Cr,0,%% 0.15 wt% 1600 10 94 98.1 1.1x107" 350 0.16 2.7x1072 97 215 (A)
MnOQ,"” 0.5 wt% 1600 45 95 98.3 1.7x107" 350 na. 1.0x1077 25 na.
MnO,"® 1 wt% 1620 30 98 99.6 1.0x107" 350 0.21 1.0x10°° 25 n.a.
Ta,0s/ 0.3 wt% 1620 30 89 97.1 1.1x107" 350 0.24 40%x10°° 25 na.
3Y5Z1%® 8 wt%
Na,0" 25 wt% 1450 120 95 97.8 1.2x1072 350 0.30 3.5x10° 203 na.
3YsZ) 5 vol % 1600 5 na. 97.5 1.6x107" 300 0.25 1.4x 107" 280 214 (B)
3yszi 5 wt% 1500 15 94 99.2 7.1x1072 300 0.27 4.5x10°* 25 289 (A)
8yszion 15 wt% 1590 10 89 99.0 1.3x107" 300 0.23 4.7%x1072 203 12100 (A)

*For conductivities, the highest value, as well as the value at the lowest temperature from the respective publication is given. Boldly printed values are
estimated from figures in the respective reference. Italic values are calculated from the data given in the respective references. o, sintering temperature,
t: sintering time, 5": f"-phase content, pc.qve: relative density, o: ionic conductivity, 6,: measurement temperature of the ionic conductivity, E,: activation
energy, Omechanicat Mechanical strength A: three-point bending method, B: Ring-on-ring method, I': Ball-on-three-balls method, A: Vickers microhardness.
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and positive electrode and the solid electrolyte are reported
with up-to-date performance values of the respective cells in
Sections 5 and 6.

3.2. Crystal Structure

The research of the ceramic sodium-beta alumina started more
than a century ago in the year 1916, when Rankin and Merwin
investigated the ternary system CaO—Al,0;—MgO and proposed
the formula B-ALO,®” (B-alumina), which was regarded as an
isomorph of Al,O; at that time.”” However, in the subsequent
years, it was shown that sodium was a key component in the
structure, and the influence of sodium ions on the chemical
composition and electrical properties was noticed and eluci-
dated in diffraction studies® ¥ and more compounds with
slightly different empirical formulas were discovered, e.g.,
sodium-f’-alumina, which shows great similarity to [-
alumina.®®! In 1962, Thery etal. found sodium-B”-alumina
while studying the Na,0—Al,O; system.’*®

It is noteworthy that sodium-f-alumina and sodium-f3”-
alumina (often simply written as 3-alumina and ”-alumina) are
not just polymorphs of Al,0,°" i.e, the term “alumina” is a
misnomer.®® Often, it is not clear whether the terms stand for
the crystal structure or for the solid electrolyte itself. In this
review, the terms (sodium-)p-alumina and (sodium-)p"-alumina
(Greek letters) are used for the two crystal structures, too,
because the terms are commonly used due to historic reasons
mentioned above. Sodium-beta alumina and BASE (beta
alumina solid electrolyte) are chosen as generic, all-encompass-
ing terms for the fabricated ceramic, which is used as a solid
electrolyte. Note, that sodium-beta alumina most often exhibits
a mixture of both B-alumina and f”-alumina (compare Table 1

Sodium-pB-alumina

Perpendicular to c-axis
[ °

and Table 2) and that they are chemically described as sodium
polyaluminates.

The sodium-f-alumina phase and the sodium-f3”-alumina
phase are two distinguishable layered crystal structures accord-
ing to the different ratio of sodium to aluminum with the
empirical formulas NaAl;;0,, and NaAl;Og, respectively (com-
pare Figure 3).°**® Both are examples of a family of complex
oxides.” The two distinct crystal structures can vary slightly in
their composition and thus, often are given as Na,O-nAl,O; (8 <
n<11 for sodium-f-alumina) and Na,O-mAl,O; (5<m<7 for
sodium-B"-alumina).’** Both structures contain excess sodium
beside the ideal formula, thus sodium-B-alumina can be also
represented as Na;,,Al;;0;7,,» (0.15<x<0.3), where excess
sodium ions are compensated by oxygen ions. Sodium-f3’-
alumina is often stabilized by the addition of specific ions, most
often Li* or Mg?* (compare section 4.3), which substitute for
AP*. Additional sodium ions are incorporated in the structure
to maintain charge-neutrality so that magnesium-stabilized
sodium-f”-alumina can be written as Na,, ,Mg,Al;;.,0,; where
x is normally 0.67.® Nowadays, the structure of both phases is
fully revealed: It exhibits regions of alternately stacked non-
conducting blocks of aluminum oxide separated by loosely
packed layers of sodium oxide.”®**%® The dense blocks are an
arrangement of oxygen ions with aluminum ions sitting on
both octahedral and tetrahedral interstices, often referred to as
spinel blocks.”?” The conduction planes are composed of
oxygen and sodium ions, where the latter can move under the
applied electric field perpendicular to the c-axis, making the
crystals  of  sodium-beta alumina  anisotropic  ionic
conductors.®®”? The conduction planes are parallel to the
aluminum oxide layers. The unit cell of sodium-fB-alumina
exhibits a hexagonal crystal structure, containing two spinel
blocks and a mirror plane/conduction plane (space group:

Sodium-B“-alumina

Perpendicular to c-axis
L ] o o

Figure 3. Crystal structures of sodium-f3-alumina and sodium-f”-alumina. Reproduced with permission from Ref. [71]. Copyright (2016) Elsevier Ltd and Techna

Group S.r.l.
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P6;/mmc). The sodium-B"-alumina unit cell has a rhombohedral
crystal structure (space group: R3m) and is composed of three
spinel blocks with intermediate conduction planes. Mobile
sodium ions reside in the conduction planes. Sodium-3’-
alumina exhibits a larger fraction of sodium ions as well as a
larger unit cell (@,=0.560 nm, ¢,=3.39 nm)*** in comparison to
sodium-B-alumina (d,=0.559 nm, ¢,=2.261 nm).®"®¥ Both fac-
tors have a positive impact on the ionic conductivity of
sodium-B"-alumina.’” The lattice parameters vary slightly
depending on the reference.®’*®” Hence, sodium-f”-alumina is
the preferred phase for sodium-beta alumina used in cell
systems and a high sodium-f"-alumina phase purity is desired
for fabrication of the solid electrolyte.

4. Recent Progress in Fabrication and Doping
Methods of Sodium-Beta Alumina

Generally, multiple methods exist for synthesizing sodium-beta
alumina powders, e.g., sol-gel processes or solid-state reactions.
For solid-state reaction, a-Al,O; is mixed with appropriate
amounts of sodium salts as well as Li- and/or Mg-salts.”® Note
that several alumina precursors can be used, but it was found
that the sodium-B”-alumina content is strongly dependent on
the alumina source.”>”® After mixing, several ball milling and
calcination steps, followed by final sintering treatment are
necessary. Detrimental is the high sintering temperature of
around 1600 °C at the solid-state reaction (i.e., sodium loss and
grain growth), moisture sensitivity due to NaAlO, residue along
the grain boundaries and the resulting two-phase mixture of 3/
p’-alumina, where f-alumina's presence lowers the ionic
conductivity.” Slip casting, extrusion,*> and isostatic press-
ing are methods for forming the solid electrolyte.”” Newer
methods include tape casting and chemical vapor deposition
(CVD). Tape «casting results in large and planar BASE
membranes,” and CVD results in thin BASE membranes.”® For
details of fabrication of sodium-beta alumina, it is recom-
mended to consider reviews focusing on the synthesis and
fabrication methods, e.g., from Lu et al.?’?® The research shows
that properties like microstructure, porosity, relative density,
B"-phase, activation energy, ionic conductivity, and mechanical
strength of sodium-beta alumina are heavily influenced by the
production process (i.e., fabrication/material processing of
sodium-beta alumina and sintering methods at different
sintering temperatures and sintering times) and doping. Both
have been studied over decades. Nonetheless, the focus is still
dedicated to the improvement of fabrication methods, both
conventional solid-state fabrication and methods besides
conventional solid-state fabrication as well as doping. The
results are covered in Sections 4.1, 4.2, and 4.3, respectively.
Only the latest literature of the last three years (2018-2021) is
presented to give the reader an up-to-date overview of the
topic. In the following schemes and tables, the results of several
publications are shown and listed. Please note that only the
results of the material with the highest ionic conductivity with
the respective measurement temperature are shown in Tables 1
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and 2, even if multiple materials or preparations methods were
investigated in the respective publications. Furthermore, liter-
ature proposes different calculation methods for sodium-f’'-
alumina fractions.” Thus, the comparison of sodium-p”-
alumina fractions from various publications can be misleading.

4.1. Influence of Conventional Solid-State Fabrication
Methods on the Properties of Sodium-Beta Alumina

A common modification of the solid-state method is the
double-zeta method (see Figure 4(A)). Here, the stabilizers are
sodium aluminate and lithium aluminate. The method tries to
achieve a more homogeneous Li* distribution in the green
compact. Here, ”-alumina conversion shall be enhanced in
comparison to the conventional solid-state method.””’® Lee
et al. performed both processes in a single synthesizing-cum-
sintering process, combining the synthesizing and firing steps.
The synthesis temperature of 1400 °C with sintering at 1600 °C
leads to a high relative density, which was ascribed to the pre-
consolidation effects during the synthesis process.””

Furthermore, the sintering conditions and liquid phase
formation temperature are of utmost importance for the
microstructure and ionic conductivity of samples prepared by
solid-state synthesis. This was demonstrated in a comprehen-
sive study from Bay et al. for Li-stabilized sodium-beta alumina,
prepared from identical starting powders while varying the
fabrication conditions.” The relative sintered density of the
final ceramics was independent of the green densities. This
result points towards a liquid phase formation at a eutectic
temperature of 1503 °C. Surprisingly, the composition and ["-
phase content of sodium-beta alumina, prepared from identical
green bodies, did not depend on the sintering profiles
(Figure 4(B)). The profiles were varied in maximum sintering
temperature and dwell times. However, a sintering temperature
above 1500°C had a huge impact on the microstructure. It led
to an abrupt increase of relative densities, which was again
related to the formation of the liquid phase (compare Fig-
ure 4(C)). Above a temperature of 1600°C the density
decreased due to Na,O evaporation. Grain growth was
observed with increasing temperature and dwelling times,
resulting in ionic conductivities from 4x1072Scm™" up to 3.7x
107'Scm™' at 300°C (see Table 1). Once more, an abrupt
increase is observed at the formation temperature of the liquid
phase at 1500°C, resulting in the densification of the sample.
However, the sample with the highest conductivity featured
grains larger than 100 um and pores larger than 20 pm. The
sample is therefore unsuitable for battery application because
the grains and pores significantly reduce the mechanical
stability. Unfortunately, fracture or bending strengths were not
given for these samples.
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Figure 4. A) Schematic of the double-zeta method. Redrawn after Ref. [77]. B) B”-alumina fractions of ceramics sintered at different temperatures and dwelling
times. C) Impact of sintering temperature on the relative density. For temperatures > 1500 °C, the ceramics are dense. Reproduced with permission from Ref.

[76]. Copyright (2019) American Chemical Society.

4.2. Influence of Fabrication Methods Beside Conventional
Solid-State Fabrication on the Properties of Sodium-Beta
Alumina

Conventional solid-state synthesis relates to high sintering
temperatures and limitations of reducing the thickness. Loss of
sodium is observed above 1300°C, which results in composi-
tional and structural changes in unprotected ceramics and
exaggerated grain growth. Therefore, encapsulation’® or
mitigating high temperatures is beneficial to obtain the desired
composition. Undesired, rapid grain growth is prevented when
sintering is performed quite quickly. To prevent high sintering
temperatures and to avoid challenges connected to conven-
tional solid-state fabrication, alternative fabrications methods
are explored.

The simple and versatile sol-gel route based on the Pechini
method resulted in Li-stabilized sodium-beta alumina with high
ionic conductivity but suffers from the high sintering temper-
ature of 1700°C.2” For optimization of homogeneity of
sodium-beta alumina, non-aqueous gel casting seems to be an
appropriate method. SEM images of gel casted samples
showed a homogeneous and densified microstructure (Fig-
ure 5(B)).®" Gel casting is a more complex multi-step fabrication
method due to an increased number of involved steps and
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chemicals. If the fabrication results in thinner electrolytes it
could be worthwhile because it would have a huge influence
on the ASR,jecoiyte (COMpare Section 2). However, no thicknesses
were given in the aforementioned publication.

Low sintering temperatures of 1300°C were achieved with
spark plasma sintering, which is an attractive method® due to
its faster heating rate and shorter sintering time. The grains in
the sintered samples partially inherited the microstructure of
their precursors (i.e., the grains grew preferentially in a specific
direction) as indicated from XRD measurements.®” Preparation
of the Mg-stabilized alumina powder from one-dimensional
rod-shaped boehmite by ice templating and freeze-drying
enabled spark plasma sintering at even lower temperatures of
only 1100°C. Here, the slurry is freeze-dried and then
sublimated into vapor in a vacuum state. Again, it was
indicated that the microstructure of the sodium-beta alumina
was inherited from the precursor, which was also observed
from samples fabricated by solid-state reaction, resulting in a
“brick-bridge-mortar” crystal structure (Figure 5(A)).*? The in-
heritance is interesting due to the anisotropic character of
sodium-beta alumina but did not result in higher ionic
conductivities yet (compare Table 1).

A promising approach was the fabrication of only 50 um
thick sodium-beta alumina via thin-film technique with one of

© 2021 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH
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Figure 5. A) Schematic of the particle orientation induced by ice template. Reproduced with permission from Ref. [82]. Copyright (2021) Elsevier Ltd and
Techna Group S.r.l. B) SEM of the particles in the mixture, with the particle size distribution curve shown in the inset. Reproduced with permission from Ref.
[81]. Copyright (2020) Elsevier Ltd. C-a) Optical image of sodium-beta alumina with an area of roughly 2x2 cm? C-b) SEM fracture surface image of sodium-
beta alumina (50 um thick), C-c) fracture surface of a 20 pm thick film. Reproduced with permission from Ref. [32]. Copyright (2018) the Royal Society of

Chemistry.

the lowest reported sintering temperatures of only 1320°C
(Figure 5C). A 50% sodium excess was selected, because it was
assumed that the loss rate is much faster in thin samples,
compared to thick pellets. The addition of flame synthesized
TiO, and ZrO, nanopowders (28 nm and 32 nm) aided sintering
and successfully inhibited grain growth. The thin films were
translucent and offered a room temperature ionic conductivity
of 54 mScm™.%? Note that the resulting ASRyecroyte is below
1 Qcm? and thus, comparable with already commercialized
LIBs (see Section 2). Hence, novel cell designs with flat geo-
metries and room temperature operations may be realized.
Another synthesis method besides conventional solid-state
synthesis is the vapor phase synthesis.®® For vapor phase
synthesis, a mixture of Al,O; and Y,O;-partially stabilized
zirconia powder (YSZ) is pressed into discs and then heat
treated.”® ZrO, is most often stabilized with 3 or 8 mol% Y,0;,
resulting in 3YSZ and 8YSZ, respectively. The discs are
converted to sodium-beta alumina by placement in a packing
powder (i.e., NaAlO,, LiAlO, and a-AlLO,).®” The Na,O sub-
limates onto the ceramic during subsequent heat treatment,
which is converted to sodium-beta alumina in a solid-state
reaction. YSZ provides oxygen paths for ion diffusion during
the vapor phase conversion of a-Al,O; to sodium-beta alumina
(compare Figure 6). In contrary to the conventional process, no
stabilizers (Li*, Mg®™) for the B”-phase are needed due to lower
conversion temperature. Furthermore, the grain size remains
constant after conversion.”® Vapor phase synthesis was chosen
from different groups for the fabrication of sodium-beta
alumina.®®*" Nano-n-alumina can be used to synthesize B’-
alumina by a vapor phase process®” and y-Al,0; instead of a-
Al,O; can be used for synthesis to overcome a large amount of
p”-alumina powder since vy-Al,O; and sodium-f”-alumina
exhibit similar structures. The powder is needed for vapor
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Figure 6. lllustration of the conversion process from a-alumina/YSZ compo-
site to Na™-f3/B"-alumina/YSZ composite electrolyte by vapor phase
conversion. Reproduced with permission from Ref. [88]. Copyright (2019)
Elsevier.

phase conversion.”” Lee etal. reported a steady increase in
ionic conductivity with increasing mass fraction up to 50%
YSZ.® Ligon et al. found a significantly lower ionic conductivity
when comparing samples fabricated via vapor phase conver-
sion (20% 3YSZ) with conventionally sintered samples without
3YSZ at 300°C (0.022 Scm™' vs. 0.18 Scm™), but an increase in
strength up to 350 MPa. Interestingly, samples prepared with a
higher amount of yttria (8YSZ) performed worse than their
counterparts with less yttria (3YSZ), both fabricated via vapor
phase synthesis. Hence, 8YSZ does not beneficially assist the
oxygen diffusion for phase conversion, despite its higher
oxygen diffusion value/bulk oxygen conductivity. The activation
energy was only 0.21 eV for the vapor phase sample.”” This
fact and the high flexural strength make the vapor phase
conversion a consideration for fabricating sodium-beta alumina
for room temperature applications (for the importance of
mechanical strength for room temperature application com-
pare section 5).
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These examples show that the fabrication methods, the the sample density and thus, the ionic conductivity.”” Hence,

sintering regimes, and the features of the starting powders
have a huge impact on the properties of the ceramic electro-
lyte. However, most of the fabrication methods do not
significantly improve the conductivity of sodium-beta alumina
(see Table 1). Scalable methods for the fabrication of thin
electrolytes are advantageous and promising. Thin electrolytes
diminish the ASR oyt Which is beneficial for cell systems.

4.3. Influence of Doping on the Properties of Sodium-Beta
Alumina

The stabilities of both the sodium-B-alumina as well as sodium-
["-alumina phase is dependent upon dopants, which can alter
the properties of the alumina system. Sodium-f”-alumina is the
preferred phase in cell systems due to its higher conductivity.
Its high temperature stability is improved by adding mono-
valent (Li", regarded as the most effective dopant), divalent
(Cd?**, Co*™, Cu*, Mg, Mn**, Ni*¥, Zn*") or tetravalent (Ti*")
cations.P*”® Those cations occupy tetrahedral or octahedral
sites of the spinel block (ionic radius <0.097 nm, Boilot and
Thery's theory).”? Furthermore, replacing AP" in the spinel
blocks by a cation with a lower charge results in a charge
imbalance and an alteration of the concentration of mobile
Na* in the conduction plane. Most often, this is done by
adding Mg?*.”® The charge imbalance is overcome by either
incorporating a larger number of Na* or a lower number of
oxygen interstitials in the conduction plane, or a lower number
of aluminum vacancies in the spinel layer.” Modeling and
simulations of the influence of dopants on ionic transport
mechanism were reviewed by Avall et al.*® Table 2 shows the
properties of different sodium-beta alumina doped with
Cr,05,%** Ti0,* Sn0,"" Co0*" Mn0,"*¥ Ta,0,*¥ and
Na,0.”¥ All doped samples exhibited higher ionic conductiv-
ities in comparison with the undoped specimens. 0.15 wt%
Cr,0, also enhanced the content of the [”-phase, the relative
density, and the bending strength, while additional chromium
elements would accumulate in the grain boundary and hinder
the p”-phase formation.” Also, the optimal doping amount of
0.15 wt% Cr,0; was confirmed for the synthesis via a citrate-
nitrate combustion method with similar performance values.*
An improved f"-phase fraction was found for doping a sample
with 0.5 wt% MnO, for a synthesizing-cum-sintering fabrica-
tion, too."”” In a follow-up study, Lee et al. identified the 1 wt%
MnO, sample as the one with the highest conductivity. Here,
also a Ta,0s-doped sample was prepared with 8 wt% 3YSZ,
where only 04wt% of Ta,O; already led to a secondary
phase.™

Another advantage for a doped sample is the lowered
sintering temperature without losing stability nor conductivity,
as it was observed for 1.0 wt% TiO,* and 1 mol% Sn0,.*®
However, mechanical deterioration was found for TiO, due to
larger grain size, while SnO, improved the densification
behavior and fracture strength. A more densified microstruc-
ture was observed for samples doped with 1 wt% CoO, while
excess doping with only 1.25wt% CoO already deteriorated
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also high conducting sodium-beta alumina samples can be
further improved by adding appropriate amounts of dopants.

Last, the degree of densification can be altered with
additives, mainly MgO"? and ZrO,, impacting the resistivity
and strength.” As for the vapor phase conversion, ZrO, is most
often stabilized with 3 or 8 mol% Y,0,, resulting in 3YSZ and
8YSZ. In comparison to other dopants, it does not alter the
crystal structure, but accumulates in the grain boundary and
delays grain growth.'®™ ZrO, enhances not only the strength
up to 100% but also increases resistivity towards humidity.
However, it also decreases ionic conductivity due to accumu-
lation on the grain boundary, increasing the grain boundary
resistance and percolation path."®' A reduced ionic conductiv-
ity in comparison to the undoped sample was observed for
samples, which were fabricated with a 3YSZ composite beta
alumina precursor. Li et al. found that the addition of 3YSZ on
the alumina particle surface hindered the transport of matter
during phase formation, resulting in an increased diffusion
distance of the substances. Hence, for samples with 3YSZ
addition, a higher temperature or longer times are needed for
(/p"-alumina phase transformation. Nonetheless, the uniform
distribution of nano ZrO, via spray drying had a beneficial
effect on the microstructure and densification, resulting in a
higher Weibull's modulus and higher characteristic strength. It
was detrimental to the ionic conductivity due to the increase of
grain boundary resistance."® Bay et al. showed that the 3YSZ
addition decreased the liquid phase formation temperature by
60°C due to its impact on the grain boundary composition.
5vol% 3YSZ decreased the ionic conductivity while increasing
the flexural strength.”® Unfortunately, Li et al. did not inves-
tigate the liquid phase formation temperature in the study,
where they added 15 wt% 8YSZ to the specimen. The 15 wt%
8YSZ addition supported the densification and - to ”-phase
transformation at low temperature during sintering, which was
described as pore control process. It was suggested to sinter
the specimens at higher temperatures and short dwell times
for high p”-phase fraction and high relative density. Nearly the
same activation energies were obtained for the doped and
undoped samples, indicating that YSZ addition does not hinder
ion migration in the lattice."® This result is in line with the
study from Bay et al. for different volume percentages of 3YSZ
in the specimens, in which the activation energy was constant
for samples with and without 3YSZ in a temperature range
from 280°C to 320°C." A study from Li et al. with 5 wt% 3YSZ
specimens contradicted those findings. It indicated that 3YSZ
was able to introduce a sodium ion transport barrier. Here, they
took a larger temperature range into account."® Generally, the
vapor phase converted sodium-beta alumina with YSZ exhib-
ited significantly lower activation energies in comparison to
their directly sintered specimens with YSZ (0.20 eV vs. 0.30 eV)
due to the smaller average grain size, as mentioned in
Section 4.1.%% Since grain boundary resistances Ry, become
more prominent at lower temperatures, the addition of YSZ to
fabricate sodium-beta alumina should be considered carefully
for cell concepts operating at room temperature.
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4.4. Chemical and Electrochemical Stability

Insufficient chemical stability of the solid electrolyte induces
interfacial degradation. The degraded interfaces increase the
resistance and the total overvoltage. Therefore, interface
engineering of the negative and positive electrodes is neces-
sary (see Sections 5 and 6). Hence, electrolytes with high
macroscopic conductivity can still exhibit high impedances
when no favorable compatibility with the electrodes is
manifested.”” But to supersede Li-ion technology, novel cell
systems must utilize a sodium negative electrode, which can
significantly increase the specific energy.'? Challenges arise
from the low Coulomb efficiencies and thus, limited cycle life.
This is due to side reactions that lead to loss of active material
and corrosion of the solid electrolyte. A prolonged cycle life
requires further understanding of interfacial processes and
chemistry." Luckily for cell systems based on sodium-beta
alumina, this solid electrolyte shows excellent stability against
sodium metal.

The interface stability of sodium-beta alumina was ad-
dressed in density functional theory calculations, showing
remarkable stability against reduction by sodium metal. For
NaAl;0,, instability below 0.14V vs. Na/Na* was calculated,
decomposing the f-alumina phase to NaAlO,+ Al. Luckily, the
reaction energy for the compositions is less than
25 meVatom™, and stabilization is likely due to structural
disorder. The oxidation occurs at approximately 4 V vs. Na/Na*
(Figure 7A). Furthermore, the ceramic shows resilience to
variations in cathode chemistry.*"

MNaH
NaBH. Hz+NalBHlg
Na(BH)g BBy,
NaF
NasAlFg
NasAlzFia

NaCl
NaalCly

Na; QO
Na,Ol; NalOy+Nal

Cly
AICI 4Ll

NasAlQy
NagsAlsOqy
Na; 7815016
N;;:I\eloe N0 +Na;0z e
aAlo; 10y+0;
Nahl 04 4305405
TTAFINIYIVED TISZ e SO T 02 T 21510
NazZr5i;P0q; Zr5i0u+03+MaZr PO +510;
aLry 4)3 Or+ZraPa0s+ 2Py
NaTi>(PO4)s TiP0; 4T 40;
NaySi0,
NasBOs
NazPO,4
MNazNbO,
NazSh0,

Na;0y4NagsAl0yy
Nanhly O+ Naz Oz
Nani; +Naz0;

MasP+Zr0a+NasPOs
Na,TiOa+NayPO,+Na,P

0y #Nay5i0;
Na,B;0s +Na0;

Na;50,
NaNbO;
NaPO; NayPO,+NayP P,0540;

Naz5 Nas

Nas5h5, MazSh+Nazs | NaSbs;+Nas;
NaygSnPaSyz 545053+ NasPSs

NasPSs NasPhass 54755,

Na,y5i54 MaSieNa;s Hay5i:Se45

NazSe NaSe
NaaPSe, NajP+Ha;Se Ma;PSe;+Se

Ha;5+Na;0

1] 1 2 3 4 5 6
V vs. Na/Na*

The stability was demonstrated experimentally for the
ceramic solid electrolyte, too, on which sodium metal was
pressed onto both sides of the ceramic pellet. The stability was
investigated with impedance and polarization measurements
as well as in situ X-ray photoemission spectroscopy (XPS). The
Nyquist plot showed no change over time, while the cyclic
voltammetry indicated no change in polarization resistance
during the measurement (Figure 7B). No decomposition prod-
ucts were observed with in situ XPS-measurements (Figure 7C),
which corroborates the interfacial stability of sodium-beta
alumina against sodium metal. This makes sodium-beta alumi-
na “the material of choice” for cell systems with protected
sodium metal negative electrodes, as it shows excellent
stability, as Wenzel et al. stated.

Additionally, an electronic conductivity o, of 6x 107> Scm™
was determined by the use of blocking gold electrodes via dc
measurement."® This electronic conductivity is consistent with
other reported values, e.g., 0.=7x10""" Scm™" reported at
room temperature, following Arrhenius behavior with an
activation energy of 0.42 eV."''""! Hence, sodium-beta alumina
clearly fulfills the requirements for chemical stability against
sodium as well as electronic insulation to prevent self-discharge
stated in Section 2.

Ansell summarized research for decomposition at high and
low potentials."® Anodic decomposition of sodium-beta alumi-
na was no concern in electrochemical cell tests, which will be
presented in Section 6, where cells were cycled to an upper
voltage up to 4.5 V vs. Na/Na™.

Hence, sodium-beta alumina shows chemical stability
against sodium and electrochemical stability. However, expos-
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Figure 7. A) Calculated electrochemical stability windows of different sodium solid electrolytes. The different oxides are distinguished by different color. The
sodium aluminates are highlighted with the red rectangle. Reproduced from Ref. [41]. CC BY 3.0, Copyright (2019) The authors, published by The Royal Society
of Chemistry. B) No change in the polarization resistance corroborates the interfacial stability of sodium-beta alumina against sodium metal. Reproduced with
permission from Ref. [105]. Copyright (2016) American Chemical Society. C) Results of the in situ XPS measurements, where Na was sequentially deposited on
sodium-beta alumina. Here, no changes in the chemical states of O and Al can be observed. This confirms the interfacial stability of sodium-beta alumina
against sodium metal. Reproduced with permission from Ref. [105]. Copyright (2016) American Chemical Society.
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ing the ceramic to water or water vapor leads to the occlusion
of water and diffusion of hydronium ions into the crystal lattice.
The occlusion is a fast process, happening in a time frame of
hours."™ A surface layer of several micrometer forms."'”
Occlusion and diffusion lead to ion exchange in the conducting
plane. The latter process is not finished within days."®"" p"-
alumina is more prone to water intake than f-alumina. Those
two effects increase the resistivity of the SE
significantly."®''>""'3 Therefore, researchers should limit the
exposure time of sodium-beta alumina to moisture to a
minimum and consider heat treatment"'? before usage.

5. Negative Electrode Interface Modifications
and Dendrite Growth

The preceding sections highlighted the structure of sodium-
beta alumina, as well as its properties, e.g., ionic conductivity
and mechanical strength, and how they are altered by
fabrication methods and dopants. The sections highlighted that
the solid electrolyte (SE) shows fine chemical and electro-
chemical stability. However, chemical stability does not inevi-
tably induce low interfacial resistance, which is correlated to
surface chemistry and wettability."™ As it can be seen on the
number of reviews regarding interface modifications for differ-
ent SEs,!>11821 3 paradigm shift has happened: The perform-
ance of solid-state cell systems is not limited by the ionic
conductivity of the solid electrolyte (SE) anymore but by the
insufficient interface contact between the rigid SE with both of
its adjacent electrodes. Intimate contact for sufficient charge
transfer over the electrode/electrolyte interfaces, in tandem
with mechanical and structural stability are key requirements
for a well-performing cell. Hence, modifications methods of SEs
and the understanding of interfacial stability of SEs for novel
cell systems are of huge importance.”*""® Furthermore, high
power density could be hindered due to potential dendrite
growth. Both aspects apply for cell systems based on sodium-
beta alumina, which are most often neglected when consider-
ing SEs despite the progress. Surface treatment and modifica-
tion methods are needed, especially for cell systems operating
at medium to room temperature, where sodium wetting is
difficult to maintain. A reasonable sodium wetting, i.e, an
intimate interface contact between the sodium negative
electrode and sodium-beta alumina, results in low polarization,
and thus, in enhanced electrochemical cell performance and
prolonged cell life. Reasonable sodium wetting is achieved for
wetting angles 6 < 90° (see Figure 8A)."'

Already in 1985, the modification of the sodium-beta
alumina surface with Pb/PbO was proposed by Sudworth and
Tilley, followed by other modifications methods, e.g., Ni nano-
wires, Bi and Sn.™" Chang etal. treated the sodium-beta
alumina surface with lead acetate trihydrate (LAT). Subsequent
heating to 400°C resulted in the formation of spherical lead
particles on the surface with minor byproducts of Pb(ll). The
wetting configuration was proposed to be a “sunny-side-up
drop”, differing from the previously proposed Young-Dupré
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relation for smooth surfaces. The application of sodium on this
Pb-decorated sodium-beta alumina resulted in a significantly
smaller wetting angle of sodium on the sodium-beta alumina
surface. It increased the performance of the Na/NiCl, test
cell"® Lj et al. extended the heat treatment temperature with
LAT to 550°C. It resulted in a wetting angle close to 0° at
120°C, i.e., perfect sodium wetting. The improved wetting
lowered the Na/S cell's interfacial resistance, enhanced specific
capacity, and improved the long-term cyclability of the cell
system.”? Na wetting engineering was done by Jin etal. on
another Na/NiCl, cell. Here, bismuth deposition on sodium-beta
alumina effectively eliminated moisture and enhanced the
wetting of liquid sodium, resulting in a decreased Ohmic
resistance (see Figure 8B).""”" This makes the application of
bismuth a viable coating especially for low-temperature Na/
NiCl, cells and therefore, also novel cell systems with sodium
negative electrodes working at low-temperature. Both up-to-
date results, published in the last three years (2018-2021),
show clearly that modification methods enhance the perform-
ance of cell systems with a sodium negative electrode.
However, it is questionable, whether the application of high
cost or toxic metal coatings can be a practical solution for
sustainable energy storage. Therefore, several other approaches
were investigated in the last three years. For example, Lu et al.
designed a Na,MoS,-C-BASE triple junction interface by
dispersing MoS, and carbon in molten sodium. The composite
had a small wetting angle of only 45° on BASE. It showed a
significantly reduced ASR,g in symmetrical solid-state cells and
enhanced the performance of a Na/S test cell'” Another
possible approach was the introduction of cotton-cloth-derived
disordered carbon tubes (DCTs) on the surface of sodium-beta
alumina. The DCTs were prepared by carbonizing the cotton
cloth under an argon atmosphere at 1100 °C. Afterward, a slurry
of NMP, PVDF, and DCT powder was cast on the sodium-beta
alumina. The carbon tubes provided enough space for sodium
deposition and reduced the contact angle of molten sodium on
the sodium-beta alumina surface to 30° at 300°C. The
resistance dropped from 750 Qcm™ (sic!) in a Na/BASE/Na cell
to 150 Qcm (sic!) in a Na/DCT-BASE/Na symmetrical cell. Our
calculation with a diameter of 12 mm for the symmetrical cell
gives an ASR.-drop from 958 Qcm? to 192 Qcm’ Note that
the figure in the original source shows a drop from roughly
1600 Qcm? to 300 Qcm? Nonetheless, the interface impe-
dance was successfully reduced by this low-cost strategy.*” A
porous carbon coating, consisting of carbon black particles and
sodium hexametaphosphate dispersed in an isopropanol-water
solution (see Figure 8C), successfully reduced the ASR., of a
Na/BASE/Na cell to only 1.3 Qcm? at an operating temperature
of 250°C. The ASRectroye CONtributed about 0.8 Qcm?!"™ The
coating provided electrons and acted as a reservoir for liquid
sodium while wetting the sodiophilic sodium-beta alumina
surface. This ASRyeoye i Suitable for practical application
(compare Section 2), presupposed the positive electrode in a
full cell does not increase the ASR., considerably. Carbona-
ceous additives also played a role in a more sophisticated
approach for reducing the ASReoyer Wherein a bi-layer
sodium-beta alumina was fabricated. Two different slurries
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Figure 8. A) Schematic illustration of sodium drops on sodium-beta alumina with different wetting angles 6. Reproduced with permission from Ref. [116].
Copyright (2018) The Royal Society of Chemistry. B) Surface cleaning of sodium-beta alumina by heating with subsequent Bi thin film deposition by
sputtering, followed by the liquid Na wetting test on the surface of sodium-beta alumina. Reproduced with permission from Ref. [117]. Copyright (2019)
American Chemical Society. (C—A) Photograph of sintered sodium-beta alumina (left) and disk with sprayed carbon coating (right). (C—B) SEM image of the
porous carbon coating (C—C and D) Cross-sectional images of the carbon coating with 50 um and 200 um thicknesses, respectively. Reproduced from Ref.
[118]. CC BY 4.0, Copyright (2020) The Authors, published by Elsevier Ltd. (D) Back scattering SEM images of fracture surfaces of the bilayer sodium-beta
alumina with a porous layer thickness of 250 um and a dense layer thickness of 125 um. Reproduced with permission from Ref. [119]. Copyright (2018) Elsevier
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and (E-e) 12" plating after cycling at 1.5 mAcm ™2 and under 4 MPa pressure. Reproduced with permission from Ref. [120]. Copyright (2020) American Chemical

Society.

were cast into two type sheets, resulting in a bi-layer sodium-
beta alumina with 125 um dense and 250 um porous layers
after calcination and sintering steps at 1600°C (see Figure 8D).
The wettability improvement and bi-layer BASE accounted for
the increased energy efficiency of the Na/NiCl, cell system.!'"
Lai etal. also improved a Na/BASE/Na;V,(PO,); cell with a
vertically porous-dense bilayer structure. Their improvement
focused mainly on the side of the positive electrode (see
Section 6)."* Another bilayer electrolyte was prepared by
integrating sodium-ions as well as poly(ethylene oxide) (PEO)
into a sol-gel synthesis. The cross-section of the bilayer showed
three different areas: a dense layer with a thickness of around
50 um to 100 um, porous bulk material, and in between a
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sodium-enriched layer with a thickness of around 300 pum."*

However, neither carbon coating nor bilayers may be needed
for an improved ASR.. Simple heat treatment of polished
sodium-beta alumina successfully reduced the ASRyg due to
the reduction of the number of hydroxyl groups at the
interface. The ASRyg decreased from 19,900 to just 8 Qcm?in a
Na/BASE/Na cell at room temperature (Figure 9A and B)."*
Similar results were obtained with heat treatment from
Bruce's group. Here, the resistance was lowered from roughly
15,000 Q to 200 Q for a Na/BASE/Na cell at 30°C. It was
ascribed to a reduction in surface hydroxides and carbonate
species, as they occur on alkali-rich oxides."?™ With this simple
measure, Bay etal. managed to increase the critical current
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density (CCD), which is defined as the maximum available
current density!"?” of a solid-state battery. The CCD is related to
a short-circuit due to dendrite growth and therefore, a crucial
metric. An initial pressure of 3.4 MPa was applied for the
assessment of the CCD. The CCD was increased from
03mAcm™2 to 12mAcm? for a charge density of
0.25 mAhcm™ after heat treatment of the BASE and resistance
reduction in the Na/BASE/Na cell at room temperature. This
value is one of the highest reported CCD for a solid
electrolyte."® For comparison, this value is ten times higher
than the measured CCD of Li metal and Li;La;Zr,0,, (LLZO) at
identical measurement conditions (1 mAcm™) and therefore,
high enough for applications like electric vehicles (>3 mAcm™)
(Figure 9C)."*® The remarkable result highlights the potential of
sodium solid-state batteries with modified sodium-beta alumi-
na, which can be charged ten times faster than lithium solid-
state batteries based on LLZO. It shows that the maximum
current density is related to the interfacial resistance between
the metal negative electrode and the SE. Those results
demonstrate that an all-solid-state sodium battery based on
sodium-beta alumina becomes a promising option when an
appropriate positive electrode is available.'®

In a three-electrode study, the processes of plating and
stripping were separated in a Na/BASE/Na cell at room temper-
ature, which undoubtedly deepens the understanding of the
interface processes between a sodium metal electrode and
sodium-beta alumina electrolyte. Na worked both as counter,
reference, and the working electrode. Void formation in the Na
metal at the interface occurred on stripping when the current
density was too high. The voids grew over successive cycles
(see Figure 8E). The growth was observed electrochemically as
a voltage increase due to increasing polarization, as well as
with cross-sectional SEM images and with operando tomog-
raphy. The polarization on plating remained low and relatively
constant, due to the uniform growth of sodium across the solid
electrolyte, which partially occluded the voids which arose
from previous stripping cycles. Hence, not all voids were filled
in and the voids were pushed back away from the interface.
This diminished the contact area of the sodium metal with the
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electrolyte, which lead to high local plating currents and
resulted in dendrite growth, and therefore, cell death. The
tomography revealed that the total volume of voids grew with
cycle number, which equals a decrease in the contact area
between the sodium negative electrode and the solid electro-
lyte. Thus, the concept of a “critical current density of stripping”
(CCS) was transferred from previous work on Li systems.'” The
CCS is defined as the current density, where sodium ion flux
away from the interface exceeds the rate of replenishment of
sodium to the interface due to diffusion and stress-driven
deformation, i.e., creep. The latter is the dominant mechanism
for sodium transport to the interface. Hence, void formation is
driven by insufficient mass transfer towards the interface.
Spencer Jolly et al. found that additional pressure successfully
suppressed void formation. It was controlled throughout
cycling. The pressure was applied on the aluminum spacers
which were in contact with the sodium electrodes. Spring
clamps and a piezoelectric load cell or a stage loading rig
measured the pressure. The required pressure increased linearly
with current density. However, this is not arbitrary gradable: If
the current density exceeds the second critical current density
(critical current density for plating, CCP), the formation of
dendrites is inevitable, acting as “the ultimate power limit” of
the cell system. The CCS is usually lower than CCP. The CCS
was 1.5 mAcm™2 and 2.5 mAcm™? for 4 MPa and 7 MPa in this
system, respectively. However, those are not intrinsic values,
due to differences in the purity of different surfaces of the SE,
illustrating the importance of pre-treatment of the SE once
more.? Hence, the values of 2.5 mAcm 2 and the previously
mentioned 12mAcm™ do not contradict each other. The
three-dimensional time-dependent model from Zhang et al."*”
showed excellent agreement with the experimental results
from Spencer Jolly etal™®™ for an effective Na hardness of
15 MPa. According to Zhang et al., a higher stack pressure does
not always improve the fractional creep rate. The higher
pressure induces a more homogeneous contact stress, which
reduces the creep rate. Nevertheless, the model confirms the
necessity of stack pressure to suppress voids at high current
densities. According to Zhang etal, contact elastoplasticity
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dominates the pressure dependency of void suppression rather
than creep.'*

Rees et al. observed sodium electrodes before and after
dendritic growth in sodium-beta alumina in a Na/BASE/Na cell
for the first time with 2Na magnetic resonance imaging (MRI)
(Figure 10A). The dendrite growth followed a “spalling
morphology”."*" Kazyak et al. observed the spalling morphol-
ogy as one type out of four different dendrite morphologies
besides straight, branching, and diffuse."®® The spalling
morphology forms when the dendritic crack spreads back to
the surface. This forms a surface fracture, which is often
followed by a short circuit. Despite the voltage drop to 0V (i.e.,
short circuit), no traversing dendrite was observed. This was
probably due to Joule heating originating from the high
current, which removes the thin parts of the dendrite, making
the dendrite difficult to observe. The full spin-spin (T,)
relaxation mapping took roughly 11 hours, completed on
commercially available equipment.'*"

Another study found a correlation between interface
deformation between a sodium electrode and a 500 pm thick
sodium-beta alumina, and the formation of dendrites. Mechan-
ically induced stress must be avoided to prevent the formation
of cracks, which open the pathway to agglomeration of sodium
and dendrite growth. X-ray imaging was utilized to reveal the
cracking of the sodium-beta alumina (Figure 10B)."**

Those results indicate an influence of pressure on the
performance of a cell system operating with sodium as the
metal negative electrode. Surprisingly, no comprehensive data
for elastic and plastic properties of sodium metal at room
temperature was available, until recently. The data reveals that
the elastic modulus (3.9 GPa using nanoindentation,*" 4.6 GPa
using acoustic techniques!), the shear modulus (1.7 GPa"*)
as well as the bulk modulus (8.5 GPa™") of sodium metal are
smaller than the moduli of lithium metal, according to the
lower melting point. The plastic properties with a yield strength
between 0.19 MPa and 0.28 MPa at a strain rate of 107> s™' may
explain the rate capabilities of sodium as the negative
electrode."™ The yield strength is 0.41 MPa, when it is taken as
one-third the hardness for ductile metals."* The soft nature of
sodium assists in maintaining a uniform deposit morphology
and interface contact. Sodium creeps at a faster rate than
lithium, which results in a higher rate capability."** This is in
line with findings from Park et al. They showed that pure alkali
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metals have CCDs that scale inversely to their yield stress.!*

The stress exponent value of sodium suggests that the rate-
controlling mechanism is dislocation climb, which was also
proposed for lithium."*¥ Wang etal. connect the electro-
chemical quantity of current density due to its impact on the
height change of the sodium metal with the strain rate. With
increasing strain rate (i.e., with higher current density), the
sodium metal, behaving like a non-Newtonian fluid, becomes
more difficult to deform. For charging, additional pressure may
be put on the electrolyte because the sodium flux away from
the surface is impeded. On discharge, maintaining contact with
the electrolyte is more difficult. When applying sodium metal
on a clean sodium-beta alumina surface, not only frictional
forces but also adhesive forces may impede the sliding of
sodium metal. The flow stress increased up to 40% compared
to the measurement on oil-lubricated stainless steel, with the
aforementioned major implications to the charging
procedure.® Liu et al. observed Na dendrite growth in real-
time in an extensive ETEM-AFM (environmental transmission
electron microscopy - atomic force microscopy) study. They
were able to measure the elastic-plastic properties of individual
dendrites with different shapes and diameters (Figure 11). Na
dendrites reached tensile strengths up to 203 MPa, which is
more than 300 times higher than that of bulk sodium. It
underlines the findings of earlier works™” that Na creep
through defects can lead to the failure of solid-state sodium
cells. Hence, Liu et al. suggest reducing the flaw size to mitigate
sodium dendrite-induced failure in sodium-based batteries."*®
The relation between pressure, dendrites, and flaw size is the
subject of current research. In a Li-ASSB, Li crept between the
SE's grains under a stack pressure of 10 MPa, and therefore,
plating occurred.® Again, this is no intrinsic value as the
threshold correlates with flaws in the solid electrolyte."*®
Notably, a fabrication pressure of 25 MPa allowed proper
wetting of the solid electrolyte with Li and reduced the cell
resistance significantly, even as the pressure was later released
to a lower value.™ Sodium dendrite growth in defects may
occur at lower pressures already due to Na's lower yield stress
compared to Li. The findings suggest an optimal stack pressure:
The pressure must be high enough to prevent void formation
and guarantee good interfacial contact. On the other hand, to
prevent creep of the alkali metal between the grains of the
solid electrolyte and, of course, BASE fracture, an upper-

Figure 10. A) T, weighted contrast map of a Na/BASE/Na cell after short circuit due to a dendrite (highlighted). Reproduced from Ref. [131]. CC BY 4.0,
Copyright (2020) The Authors, published by Wiley-VCH GmbH. B) 3D image obtained from ex situ X-ray microcomputed tomography of the solid electrolyte
after short circuit of a Na/BASE/Na cell. Reproduced with permission from Ref. [133]. Copyright (2019) WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 11. A) TEM image of an AFM cantilever tip, which approaches the counter electrode of Na metal. The counter electrode is attached to a scanning
tunneling microscopy (STM) probe. B) TEM images, which show the growth of a Na dendrite via electrochemical plating in timelapse. The yellow rectangle is
magnified in the panel on the right. The yellow arrows indicate a 14 nm thick layer of Na,CO;, originating from the CO, atmosphere around the AFM tip, while
the inner core is metallic sodium. Reproduced with permission from Ref. [138]. Copyright (2020) American Chemical Society.

pressure limit must not be exceeded. Those findings apply to
temperatures below the melting point of sodium. However, for
a high operating temperature of 250°C, no dendrite formation
was observed in a Na/BASE/Na cell, whose SE was carbon-
coated, even at current densities as high as 2600 mAcm™ and
10 Ahcm™ cumulative plated capacity. The high temperature
eliminated the creep-related mass transport limitations men-
tioned in the sections above. The temperature above the
melting point of sodium provides a practical solution for the
integration of sodium metal negative electrodes in Na/BASE
cell systems."'®

Summarized, utilization of sodium-beta alumina doesn't
inevitably prevent dendrite growth in electrochemical cells,
operated at room temperature, because the formation of
dendrites is not only related to the sodium-beta alumina itself.
The properties of the sodium metal negative electrode play a
crucial role, too. To grasp the processes at the Na/BASE
interface, it is important to understand the mechanical proper-
ties of both compartments. Moreover, sodium creep to the
interface can be increased by applying pressure. Therefore,
high fracture strengths of sodium-beta alumina are necessary,
which shows the importance of mechanical stability. Dendrite
growth in cell systems utilizing sodium as the negative
electrode and sodium-beta alumina can be prevented when
the CCS is not exceeded. Another possibility is an increase in
temperature for cell operation, where the temperature exceeds
the melting point of sodium.

6. Performance of Sodium-Based Cell Systems
Utilizing Sodium-Beta Alumina and Modified
Interfaces

Multiple groups recognized the potential of sodium-beta
alumina in novel cell systems. The physical and (electro)
chemical properties of sodium-beta alumina (BASE), e.g., high
ionic and low electronic conductivity, high mechanical
strength, large electrochemical stability window, and stability
against sodium, are capable of competing or even outperform-
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ing those of the other solid electrolytes. Other electrolytes
include NaSICON, chalcogenides, and complex hydrides, for
example (compare Figure 12). However, high mechanical
strength makes the assembly of a cell more difficult. These
novels, medium- to low-temperature sodium-based cell sys-
tems most often utilize sodium as the negative electrode and
sodium-beta alumina as a solid electrolyte. The sodium
negative electrode is paired with a Na-ion type positive
electrode. As this section will demonstrate, Na-ion type positive
electrodes can be deployed successfully in medium- to low-
temperature sodium-based cell systems, utilizing sodium-beta
alumina as a solid electrolyte. The cell systems are presented in
the next sections. They retrace the chronological order of these
cell systems. From the presented literature, necessary parame-
ters are shown in Table 3 to make the comparison of different
cells easier,"*” providing a useful outline for the progress of
those cell systems.

The importance of temperature regarding cell performance
was demonstrated in early work on all-ceramic solid-state
sodium full cell. Thin electrodes of P,-Na,;[Fe;,Mn,,,]JO, and
Na,Ti;O,-LagsSre,MnO; with a thickness of only 22 um and
52 um were air sprayed on a 154 pm thin sodium-beta alumina.
To enhance electronic conductivity in the negative electrode,
Na,Ti;O, was blended with Lay¢Sry,,MnO:;. In this type of full cell
setup (without sodium acting as sodium reservoir), Coulomb
efficiency is even more important because sodium is not
available in surplus. The elevated operating temperature of
350°C helped to increase the ionic conductivity in the sodium-
beta alumina and enhanced activity in the electrodes. Both
decreasing the operating temperature to 250°C as well as
increasing the discharge current to a “C-Rate” of 2h™'
diminished the specific discharge capacity from 152 mAhg™
(0.05h™", 350°C) to 60 mAhg™' due to increased polarization
losses, which were already observable in the voltage profile.
Another all-ceramic solid-state full cell with an electrolyte
thickness of 195 um in a voltage window from 1.0V to 40V
showed good capacity retention over 100 «cycles (Fig-
ure 13A)."*" This result of the early work indicates the difficulty
of lowering the operating temperature of cell systems in an all-
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Figure 12. Radar plots of four different solid electrolytes and their various physical and chemical properties. Reproduced with permission from Ref. [18].

Copyright (2020) Elsevier Ltd.

Table 3. Characteristic cell values of the novel, medium- to low-temperature cell systems based on sodium-beta alumina and Na-ion type positive electrodes*.
Cell components U lipec Qusens Cydles o T A Mg Muwe/ Ung  Eucive Ewsive  ASRg  Rate test
Myositive

NE/Electrolyte/PE \Y] [mAg™l [mAhg™] [%] [°C] [em?] [mgem™?] [wpt%] VI  [Whkg™l [Whkg™l [Qcm? [mAhg'@h™]
Na/BASE/ 25-37 23 100 100 100 58 1.1 3.00 60 na. na. n.a. 821 100 @ 0.1
Na,V,(PO,), "% 80 @ 0.5
Na—Sn/BASE/PTO- 1.3-3.0 471 290 50 80 60 1.3 1.20 30 2.15 623 187 693 360 @ 0.1
PEQ"* 180 @ 0.5
Mg/BASE/ 24-38 130 98 20 85 25 30.7 na. 72 3.06 300 216 n.a. 110 @ 0.2
Na, sVPO, gF,,"** (vs. Mg) 80@2
Na/BASE/ 1.5-25 13 100 50 75 25 2.5 0.40 70 1.98 198 138 9,398 130 @ 0.1
NaTi,(PO,),!"*” 60 @ 0.5
Na,Ti;O- 1.0-4.0 13 140 10 92 350 25 n.a. 100 227 318 318 n.a. 140 @ 0.1
LaggSro,MnO,/BASE 67 @2
/NaFmMo""
Na/ANs-GPE/ 25-38 171 86 500 95 25 2.5 2.8 70 na n.a n.a 375 90 @ 0.1
Na,V,(PO,),"*" (60°C) 65@2
Na/NP-GPE/ 2.5-4.0 59 80 300 85 25 1.1 1.28 80 3.19 255 204 456 97 @ 0.2
Na,V,(PO,);"*" 68 @ 2
Na/BASE/ 20-43 8 70 623 87 30 1.0 0.60 72 2.77 193 139 n.a. 70 @ 0.01
Na,FeP,0,""*? 24 @0.1

(Mace =4 Mg cm )
Na/BASE/ 2.0-4.5 10 80 1 100 30 1.0 3.68 83 na. na. n.a. 120 80 @0.1
Na,FeP,0,""* 47 @2
Na/BASE/ 25-40 59 64 100 79 60 2.0 na. 80 3.00 191 153 n.a. 92 @0.2
Na,V,(PO,),” 65 @2
Na/BASE/Nag¢cNMO  2.5-3.8 528 52 10,000 90 70 n.a 2.0 40 330 172 69 80 80 @0.1
+IL Ohm 73@2
Na/BASE/ 2.8-4.0 11.7 83 100 96 60 na 8.0 100 325 270 270 115Q 87 @ 0.1
Na,V,(PO,); '
*ltalic values are calculated from data given in the publication but are not explicitly mentioned. Bold values are estimated from graphs or figures. U: voltage window, [y,
specific current, gy ens: SPecific discharge capacity at the end of cycling, Cycles: number of cycles, g.: capacity retention, T: temperature of cell operation, A: surface area,
M,qe: l0ading of the active material in the positive electrode, m,qe/Mposive: Mass fraction of active material in the positive electrode, U,,,: Average voltage in the last
discharge after the number of cycles “Cycles”, E,..: Specific energy in regard to the mass of the active material in the positive electrode, Eq.e: Specific energy in regard to
the mass of the positive electrode, ASR.: area-specific resistance of the cell, Rate test: Rate performance of the cell system, given in specific discharge capacity at two
different rates.

ceramic solid-state cell while maintaining electrochemical
performance.

Lowering the operating temperature is easier, when
auxiliary materials are used, as it was in a Na/BASE/NaTi,(PO,);
cell, where the temperature of cell operation was lowered to
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just 25°C. In this work, the positive gel-type electrode (NaPF; in
EC/DMC and PVDF-HFP) was screen-printed with an approx-
imate thickness of 60 um on the ceramic electrolyte. Sodium-
beta alumina with a thickness of 100 um was applied via tape-
casting and subsequent sintering process. A tight attachment
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Figure 13. A) Cycling performance of the all-ceramic Na,Ti;O;-La, sSr,,MnO,/BASE/P,-Na,;[Fe, ,Mn,,]0, cell. Reproduced with permission from Ref. [141].
Copyright (2014) WILEY-VCH Verlag GmbH & Co. KgaA. B) Charge and discharge curves of the Na/BASE/NaTi,(PO,); cell system with a voltage plateau at
around 2.15 V (Reproduced with permission from Ref. [142]. Copyright (2016) Elsevier B.V.

of the positive electrode to the sodium-beta alumina was
observed from SEM imaging. It was assumed that the gel-type
electrode helped to obtain a low interfacial polarization. No
impedance spectra were recorded to prove this claim. However,
the charge/discharge profiles showed a broad, flat, and stable
voltage plateau at 2.15 and 2.10V, respectively, at 0.1 h™
(Figure 13B). However, the internal cell resistance was still
extensive, as it was calculated via Ohms law from the over-
voltage given in the voltage profile (see Table 3). The intrinsic
polarization from the negative electrode may be significant,
especially since the interface on the side of the negative
electrode was not modified."*? The work shows that an
operation at room temperature is possible. However, a thin
electrolyte in cell systems based on sodium-beta alumina is not
sufficient to provide low resistance at room temperature, and
thus, good rate performance. Interface modifications on both
sides of sodium-beta alumina are necessary.

A strategy to tackle interface issues was the wetting of the
electrolyte/electrode interface with an ionic liquid (IL). Appa-
rently, the IL enables are more facile charge transport in
comparison to the gel-type approach due to even better
interfacial contact with BASE. It is likely that the polymer of the
gel-type electrode induced additional resistance (compare
Table 3), especially at the operation temperature of 25°C. The
IL, PY14FSI, enlarged the contact area between the transition
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metal positive electrode made from the active material
NageeNig33MNnge;0, (NaNMO) and sodium-beta alumina. It
lowered the interface impedance by enhancing the contact
area between electrode and electrolyte. The resulting soft
positive electrode adhered directly onto the sodium-beta
alumina pellet (Figure 14A). It was assumed that the adhesion
promoted the ionic transport, leading to outstanding cycling
stability of the new type of solid-state cell of more than 10,000
cycles at 6h™" and a final specific discharge capacity of
52mAhg™" at 70°C (Figure 14B). The addition of the IL
significantly reduced the resistance in impedance measure-
ments, which shows the importance.™ A similar method was
already successfully employed in a Na/NASICON/Na;V,(PO,);
cell with PP13FSI."¥ The remarkable results suggest further
research on the combination of sodium-beta alumina, ionic
liquids, and transition metal oxide positive electrodes. For cell
systems utilizing transition metal oxides in the positive
electrode, calcium impurities may be detrimental to the
performance of the cell system. The harmful effect of calcium
on sodium-beta alumina was reported already by several
researchers.™ As it was shown for NaCoO, thin-film electrodes
recently, calcium impurities migrate from the sodium-beta
alumina bulk to the thin film. For layers thinner than 9.0 nm,
spectroscopic XPS data indicates a mixed oxide formation
(Ca0-Al,0;) in the interface region, presumably CaAl,O, Thus,
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Figure 14. A) Schematic diagram of A-a) a conventional sintering type, and A-b) the novel cell system with the ionic liquid and sodium-beta alumina.
Reproduced with permission from Ref. [143]. Copyright (2016) American Chemical Society. B) Cycling performance of the cell system with over 10,000 cycles
at 6 h™'. Reproduced with permission from Ref. [143]. Copyright (2016) American Chemical Society.
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the ionic conductivity decreases at the interface. For thicker
electrodes, an ion-exchange mechanism takes place, i.e.,
calcium replaces sodium in the layered transition metal oxide.
Both processes are detrimental to interface kinetics and may
hinder the electrochemical performance of the cell system.'*
A Na/BASE/Na,CoO, cell was further investigated with XPS and
XRD. Again, a CaAl,O, phase was observed at the BASE/positive
electrode interface. A Ca;Co,0, phase was formed by the
transfer of Ca** via the intermediate Na,Ca,CoO, phase, which
can result in full conversion of the positive electrode into
Ca;Co,0,. Impedance measurements, as well as electrochemical
cycling showed that these interphases result in high over-
voltages and small discharge capacities. However, due to the
thin-film positive electrode, sodium-beta alumina acted as an
unlimited calcium reservoir. Hence, the results may not be
transferable to typical bulk batteries."*”

Different methods for negative electrode interface modifi-
cation were already presented in section 5. The positive impact
of this modification on cell performance was demonstrated
with a thin film composed of cotton-cloth-derived disordered
carbon tubes (DCTs) on the sodium-beta alumina surface,
which reduced the interfacial resistance in a Na/Na-cell.
Furthermore, the advantage of the modified interface was
demonstrated in a Na/DCT-BASE/Na;V,(PO,); cell. The operating
temperature of 58°C was far below the sodium melting point
(98°C). The interfacial contact of Na/DCT-BASE remained quite
stable even after 100 cycles. Due to the modification, the
ASRyg, which was ascribed to the negative electrode side,
increased by only 51 to 228 Qcm? after 100 cycles, while the

ASR,, ascribed to the side of the positive electrode more than
doubled to 577 Qcm? (Figure 15A). A final specific discharge
capacity of 100 mAhg™' was reached, without evident loss of
specific capacity over cycling. However, the cell showed a poor
rate performance, which may be related to the increased
intrinsic polarization, mainly induced by the positive electrode
interface, which was not modified.!'*!

Both the negative and the positive sides of the sodium-
beta alumina were modified for a reduced interfacial resistance
in a proof-of-concept study. It demonstrated the combination
of an organic quinone-based positive electrode (pyrene-
4,5,9,10-tetraone, PTO) with sodium-beta alumina and sodium
as the negative electrode at 60°C. Between the sodium
negative electrode and sodium-beta alumina, a 20-nm-thick Sn
thin interlayer was deposited in a thermal evaporator, while a
PEO-PTO composite positive electrode was utilized that formed
both ionic and electronic pathways (Figure 15C). Both modifica-
tions drastically reduced the interfacial resistance, showing that
interface modifications are important for cell systems at the
side of the positive electrode, too. These modifications
successfully ameliorated the interface challenges and enhanced
cycling stability. Due to the quinone-based positive electrode
and its corresponding cell reaction, a high initial discharge
specific capacity of 362 mAhg™' was achieved, which results in
an initial specific energy of around 900 Whkg™' (considering
only active material mass) due to the average voltage of 2.46 V
vs. Na/Na* during discharge at 60 °C."*!

An even higher average discharge voltage was obtained by
another proof-of-concept cell system, which was an Mg/Na
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Figure 15. A) Nyquist plot of the Na/DCT-BASE composite and the Na/BASE cell before (straight line) and after (dotted line) 100 cycles. Reproduced with
permission from Ref. [124]. Copyright (2018) The Royal Society of Chemistry. B) Working principle of the high-voltage Mg/Na dual ion battery. Reproduced
from Ref. [148]. CC BY, Copyright (2019) The Authors, published by Springer Nature. (C-a) Schematic illustration of the Na—Sn/BASE/PTO-PEO cell, and (C-b and
<) highlight the intimate contact between the positive electrode and sodium-beta alumina as well as the network between PTO-PEO in the composite
electrode. Reproduced with permission from Ref. [149]. Copyright (2019) Elsevier Ltd.
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dual-ion cell. These cells generally consist of an Mg metal
negative electrode, a Na-ion positive electrode, and a liquid
Mg/Na dual-ion electrolyte. Hence, the electrolyte must support
reversible plating of Mg on the negative electrode as well as
insertion/removal of Na* at the positive electrode, which often
limits the voltage range. Kravchyk et al. proved in a modified
Mg/Na dual-ion cell (Mg/dual-ion electrolyte/BASE/sodium-ion
electrolyte/Na, sVPO,sF,) that a high voltage is achievable due
to utilization of oxidatively stable, liquid Na-ion electrolyte in
the vicinity of the positive electrode separated from the Na/
Mg-ion electrolyte in the vicinity of the negative electrode by
sodium-beta alumina (Figure 15B). The concept resulted in a
cell with a high average discharge voltage of 3.0 V vs. Mg/Mg**
at a rate of 1 h™". The specific capacity was 98 mAhg™"' after 20
cycles. A limiting factor in this cell concept was the solubility of
the Mg-salt magnesium borohydride in tetraglyme in the Mg/
Na dual-ion electrolyte, as it limits the negative electrode
capacity associated with reversible magnesium stripping/depo-
sition. For improved performance, Mg/Na dual-ion electrolytes
with higher Mg*™ molarity are needed."*®

Instead of making the electrodes more viable to fit the rigid
electrolyte, the advantages of sodium-beta alumina were
employed while making the electrolyte itself smoother. An
inorganic ionic conductor/compact gel polymer electrolyte
(GPE) composite with cross-linked sodium-beta alumina nano-
wires (ANs) was fabricated."*® The ANs were compactly coated
with a polymeric poly(vinylidene fluoride-co-hexafluoropropy-
lene) (PVDF-HFP) layer. This resulted in a dense, but flexible
membrane structure with a thickness of 80 pm, which showed
high electrochemical stability up to 4.8V vs. Na/Na*'. The
composite electrolyte exhibited solid-liquid hybrid Na* trans-
portation channels due to the cross-linking of ANs inside the
membrane, as it was observed via SEM imaging. It enhanced
not only the transportation of Na® but also the mechanical
strength of the composite electrolyte (Figure 16A). Conse-
quently, the ANs induced a uniform deposition of Na metal,
leading to a long-term cycling performance over 1000 cycles at
1h™" at room temperature in a Na/ANs-GPE/Na;V,(PO,); cell
system without any side reactions or dendrite growth. The cell
with an NVP mass loading of 28 mg cm™2 still showed
86 mAhg™' after 500 cycles (Figure 16B). However, the mem-
branes were soaked in a liquid electrolyte, and a thin but stable
SEl layer was formed on the positive electrode. Additionally,

~~ Na-ion transportation
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Pores DA
B sE G
I Gilass fiber

the overvoltage was only 0.18 V despite the ionic conductivity
of the composite electrolyte of only 7.9x10™*Scm™' at room
temperature. The overvoltage is significantly lower than other
room temperature overvoltages due to sufficient contact and
affinity with both the positive as well as the negative electrode
(compare Table 3). The transport number of sodium ions ty,"
was determined as 0.37. ’Li and Na NMR spectra as well as
XRD data indicated the strong participation of ANs at the ionic
transport. The ANs formed transportation channels through as
well as along the ANs in the composite electrolyte.” Liu et al.
obtained a similar Na/NP-GPE/Na,V,(PO,); cell performance
with a PVDF-HFP/poly(methylmethacrylate)-based GPE contain-
ing 4 wt% sodium-beta alumina nanopowder (NP)."*"
Yamauchi et al. established a strong junction at the positive
electrode and electrolyte interface by cofiring Na,FeP,0, (NFP)
crystallized glass and beta alumina solid solution at 550°C. To
obtain the crystalline phase of NFP, heat treatment in reducing
H,/N, atmosphere was necessary. The glass-ceramic positive
electrode, which was also highly resistant to overcharging,
showed stable cycling performance with a high capacity
retention of 87% over more than 600 cycles (Figure 17A).
However, the voltage profile leads to the assumption of high
internal resistance, which may be the reason the Na/BASE/NFP
all-solid-state cell was evaluated only at 0.1 h™"."*? Even though
no resistances were given, Yamauchi et al. repeated the cell
preparation with a mass loading of 3.9 mg NFP and reported
an internal resistance of 3929 Q at a depth-of-discharge (DOD)
of 45%, measured during charge/discharge reaction via
operando impedance spectroscopy. This was the minimum
value for this cell since the resistivity components varied
significantly during cycling, especially the charge transfer
resistivity attributed to the positive electrode. The dependency
on the charge depth was explained as followed: During
charging, Na-ions are depleted in the NFP and released from
the interior of the active material particles. During discharging,
the NFP is saturated with Na-ions, which occupy the free space
where Na-ions are able to move. In four follow-up experiments,
the Na/BASE/NFP cell was continuously improved by lowering
the crystallization temperature and either adjusting the con-
ductive additive content, roughening the sodium-beta alumina
surface, or decreasing the particle size. A decrease in crystal-
lization temperature supported the formation of conduction
paths, hence increasing the ionic conduction at the active
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Figure 16. A) Scheme of the ion transport through and along the ANs. Reproduced from Ref. [150]. CC BY 4.0, Copyright (2019) The Authors, published by
Springer Nature. B) Cycling performance of Na/ANs-GPE/NVP cell with NVP loading of 2.8 mgcm™ at 25 °C. Reproduced from Ref. [150]. CC BY 4.0, Copyright

(2019) The Authors, published by Springer Nature.
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The American Ceramic Society. B) lllustration of the preparation of the roughened sodium-beta alumina surface and SEM images of the BASE/positive
electrode interface. Reproduced from Ref. [153]. CC BY 4.0, Copyright (2020) The Authors, published by Springer Nature.

material/BASE interface. An increase in the contact area of the
interface between NFP and sodium-beta alumina or conductive
additive assisted the diffusion for Na-ions and electrons in the
NFP. Roughening both sides of the sodium-beta alumina
surface also increased the solid electrolyte-electrode layer
interface and lowered the internal resistance subsequently to
only 120Q at a DOD of 29% (Figure 17B). The interface
characteristics are comparable to those of a liquid electrolyte-
based Li-ion and sulfide-based all-solid-state battery. The cells
were tested especially regarding their rate characteristics. It
was proven that the rate characteristics improved with
decreasing internal resistance. The Na/BASE/NFP cell, in which
both surfaces were roughened, showed a superior rate
performance in comparison to the original cell system and was
discharged at a rate of 10 h™". A pouch cell with an adjusted
amount of conductive additive operated at 0°C and even
—20°C, which is a significant result when considering the low
jonic conductivity of sodium-beta alumina at this
temperature.!”¥ This result should ultimately exile the mis-
conception that cells utilizing sodium-beta alumina work only
at elevated temperatures. The comparison of the two cells with
the NFP positive electrodes in Table 3 shows that the rough-
ening of the sodium-beta alumina enabled a six times higher
loading of NFP active material, without decreasing the specific
capacity. Hence, higher energy densities are possible with this
measure.

Yamauchi etal. roughened the surface of sodium-beta
alumina to increase the BASE/electrode interface. Lai et al.
increased the BASE/positive electrode interfacial contact by
preparing a 1050 um thick BASE with a porous-dense bi-layer
structure by the ice-templet method. The vertically porous layer
was 960 um thick and exhibited pore diameters in the range of
10-20 um. The porous layer with a porosity of 46% was
carbon-coated and infiltrated with a mass-loading of 8 mgcm™
Na,V,(PO,); (NVP). 8 mgcm 2 is the highest mass loading of all
presented cell systems in Table 3. Hence, the specific energy in
regard to the mass of the positive electrode is one of the
highest values (270 Wkg™). Liquid electrolyte was added to
wet the interface. The resulting Na/BASE/NVP cell showed a
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specific discharge capacity of 83.1 mAhg™' after 100 cycles
with a retention of 96% at 60°C. The resistance was about
115 Q, which is 1/20 of the resistance of the reference cell.'*!
Unfortunately, Lai et al. performed no rate test and gave no cell
area. The claim that the dense layer might prevent dendrites is
doubtable, considering the findings in Section 5. However, Lai
et al. confirmed with the bi-layer approach the findings from
Yamauchi et al.: Increasing the interface contact area provides
enhanced electronically and ionically conductive pathways,
although two different positive electrode materials were
utilized.

7. Summary and Outlook

This review provided an overview of the development of the
ceramic sodium-beta alumina solid electrolyte and its applica-
tion in novel, medium- to room-temperature sodium-based
batteries with Na-ion type positive electrodes. While sodium-
beta alumina is already successfully used in high-temperature
batteries, recent research shows that it can be a promising
material for solid-state batteries (SSBs), too. Sodium-beta
alumina meets important requirements for SSBs such as high
ionic conductivity, negligible electronic conductivity, chemical,
thermal, and mechanical stability, environmental friendliness as
well as non-toxicity. Room temperature ionic conductivity is no
limiting factor anymore, as it reaches values of around
5mScm™' nowadays. For fabrication, methods with low
sintering temperature besides conventional solid-state syn-
thesis are of interest to produce thin but mechanically stable
ceramics with high grain conductivity and low grain boundary
resistance. BASE's thickness in most cell concepts is around 0.5-
1 mm. A thin electrolyte is essential for a low area-specific
resistance of the electrolyte (ASRgectonye) @and thus of the cell
(ASRe). However, a low ASR e oe Was not a decisive factor in
the presented cell systems. The reason is that ASRgectroyte iS
negligible, with decent ionic conductivities already. Hence, cells
with a thin electrolyte did not automatically show a better
electrochemical performance than cells with thicker electro-
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lytes. Nonetheless, the BASE should be as thin as possible to
maximize energy efficiency. However, the thickness reduction
might be limited by mechanical stability. Adequate dopants
should be considered to enhance not only the ionic con-
ductivity but also reduce sintering temperatures.

For batteries using sodium as the negative electrode,
sodium-beta alumina as solid electrolyte, and Na-ion type
positive electrodes, attention must be paid to the area-specific
resistance (ASR..), which is a critical performance parameter,
affecting the overall cell performance. The ASRcoiye CaN be
lowered by dopants and by the fabrication method. For
sodium-beta alumina, ASRSgeqoye around 1Qcm? were
reached already. Sodium-beta alumina's rigid interfaces can
lead to high resistance. This applies to the positive as well as
negative electrode/electrolyte interface. Intimate contact of the
positive Na-ion type electrode with BASE must be established
to minimize the area-specific resistance related to the interface
of the positive electrode (ASRg). Here, ionic liquids (IL) and gel
polymer composites offer huge potential for modification of
the interface, as the number of available materials is vast and
their properties as well as results of former experiments, which
utilized these additives, are promising. Although the use of ILs
and gels is a step back from true “solid-state” batteries, they
might lead to significant improvement in electrode perform-
ance. For the BASE/negative electrode interface, low-cost
approaches to mitigate poor wetting are needed, such as
carbon coating or simple heat treatment. These measures lower
the area-specific resistance related to the interface of the
negative electrode (ASRyg). Suitable interface engineering shifts
the critical current density (CCD), which is another crucial
parameter for medium- to low-temperature sodium-based cell
systems, to higher values. This allows faster charge- and
discharge, i.e., higher power densities. In fact, the CCD of cells
utilizing sodium metal and sodium-beta alumina at room
temperature is one magnitude higher (12 mAcm™) than the
measured CCD of lithium metal and Li;La;Zr,0,, (LLZO) at
identical measurement conditions. To avoid cell death, liter-
ature underlines the importance of strict pressure management
for room temperature operations. Research papers should
include information on whether the pressure is applied during
fabrication (fabrication pressure) or cycling of the cell system
(stack pressure). External pressure shifts the CCD to higher
values. For sodium-based batteries, an optimal stack pressure
might exist. The external pressure, as well as the pressure due
to volume changes of the electrodes, must be taken into
account when considering the thickness of the electrolyte.
However, no cell failure was reported due to volume changes
of the electrodes yet. Generally, important variables and a set
of necessary parameters must be controlled and reported more
precisely, e.g., pressure in the cell system, cell area, and average
voltage. These parameters are required to benchmark and
compare the cell performance.!*!

Elevated temperatures increase BASE's ionic conductivity
and thus overall cell efficiency due to lower ASR;. Concerning
interface kinetics and to bypass current limitations and dendrite
growth, elevating the temperature above the melting point of
sodium may be advantageous. While this might be a strategy
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for realizing stationary batteries, an operating temperature
window from about —20°C to 50°C is required for mobile
applications. None of the studies published so far satisfy this
requirement, and most measurements are conducted at
elevated temperatures (typically 25°C to 70°C). Improvements
towards lower temperatures are therefore needed. Next-
generation all-solid-state cells based on BASE must utilize an
electrolyte thick enough to withstand external pressure for a
high CCD while exhibiting low ASRgeoye due to high ionic
conductivity. Cost-efficient interface modifications are required
for the BASE/positive electrode as well as the BASE/negative
electrode interface to lower the values for ASRy; and ASRyg.
These measures result in a low ASR.; and therefore ensure cell
performance with high efficiencies. Sodium batteries with Na-
ion type positive electrodes and sodium-beta alumina as
electrolytes showed already 10,000 cycles at high specific
currents. They were able to operate from 1.0 V as lower cut-off
voltage up to 4.5V vs. Na/Na™. The operating temperatures
ranged from ambient temperature up to 350°C, but they even
operated at temperatures as low as —20°C.

Overall, sodium-beta alumina as a solid electrolyte is
regaining prominent interest thanks to the development of
solid-state batteries. As the most important advantage, sodium-
beta alumina is environmentally friendly, based on abundant
elements, and shows excellent mechanical properties. Com-
bined with the latest progress in materials and interface design,
the use of this ceramic for solid-state batteries in mid- to low-
temperature applications may become a very attractive option
for the future.
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