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a b s t r a c t

The increasing penetration of renewable energy and the trend toward clean, efficient transportation have
spurred growing interests in sodium-beta alumina batteries that store electrical energy via sodium ion
transport across a �′′-Al2O3 solid electrolyte at elevated temperatures (typically 300–350 ◦C). Currently,
the negative electrode or anode is metallic sodium in molten state during battery operation; the pos-
itive electrode or cathode can be molten sulfur (Na–S battery) or solid transition metal halides plus a
liquid phase secondary electrolyte (e.g., ZEBRA battery). Since the groundbreaking works in the sodium-
beta alumina batteries a few decades ago, encouraging progress has been achieved in improving battery
performance, along with cost reduction. However, there remain issues that hinder broad applications
and market penetration of the technologies. To better the Na-beta alumina technologies require further
advancement in materials along with component and system design and engineering. This paper offers a
comprehensive review on materials of electrodes and electrolytes for the Na-beta alumina batteries and
discusses the challenges ahead for further technology improvement.

© 2009 Published by Elsevier B.V.
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. Introduction

Environmental concerns over the use of fossil fuels and their
esource constraints, along with the trend of carbon monetization,
ave spurred increasing use of energy generated from renewable
ources such as wind and solar. Despite the abundance and ready
vailability, solar and wind power are variable and uncontrolled.
n effective approach to smooth out the intermittency and make it
ispatchable is to use electrical energy storage (EES), storing exces-
ive energy and releasing it when needed. The EES technologies are
lso demanded to improve the reliability and efficiency of future
rids, which are expected to be able to provide fuel (i.e., electricity)
or plug-in hybrid vehicles and allow for two-way communication
nd digital balancing of demand and supply (i.e., smart grid). Among
arious EES technologies, electrochemical energy storage systems
r batteries are capable of reversibly storing and releasing elec-
rical energy without involving “Carnot” cycles, thus potentially
llowing a high efficiency. One such technology is based on a solid
lectrolyte membrane that selectively allows sodium ion transport
etween a positive and negative electrode. As the most widely
sed solid electrolyte has been based on beta alumina, this type
f electrochemical devices is often referred as Na-beta batteries
NBBs). Due to the high round-trip efficiency, high energy den-
ity and capability of energy storage for duration of hours, the NBB
echnologies have been increasingly interested for renewable stor-
ge and utility applications, as well as for clean, efficient vehicles
1]. Significant progress has been achieved in the NBB technolo-
ies during the past few decades. However, the batteries are still
acing challenges in battery performance and cost for broad mar-
et penetration. Advancement in the technologies closely relies on
he development and use of advanced materials that make battery
omponents. This paper provides an overview on NBBs, including
he basic electrochemistries and materials for various cell compo-
ents, while exploring future direction in material research and
evelopment for further battery performance improvement and
ost reduction.

. Basic electrochemistries

NBBs reversibly charge and discharge electricity via sodium
on transport across a �′′-Al2O3 solid electrolyte (or, BASE) that is
ypically doped with low valence elements. For minimum electri-
al resistance and satisfactory electrochemical activities, the NBBs
sually operate at moderate temperatures (300–350 ◦C). With a
elting point (MP) at 98 ◦C, the sodium in anodes (negative) is thus

n a molten state. A common cathode (positive) is molten S/Na2Sx

MP of S = 115 ◦C) and porous graphite felts are usually incorporated
nto the cathode to improve its electrical conductivity. This type
f battery is known as sodium–sulfur (Na–S) battery. The ground
reaking work was carried out by Ford Motor Company in the late
960s [2]. Since then, the NBBs have been commonly constructed

n tubular designs, as schematically shown in Fig. 1. The half- and
verall-cell reactions are as follows:

node : 2Na ⇔ 2Na+ + 2e− (1)

athode : xS + 2Na+ + 2e− ⇔ Na2Sx (2)

verall-cell reaction : xS + 2Na ⇔ Na2Sx (x = 5–3),

= 2.08–1.78 V at 350 ◦C (3)
A closely-related system is the ZEBRA (“ZEolite Battery Research
frica”) battery that uses �′′-Al2O3 electrolyte to separate a molten
odium anode and metal halide cathode [3]. The solid-state halide
lectrode is added with a molten secondary electrolyte (e.g.,
Fig. 1. Single-cell and tubular design of a sodium/nickel chloride battery and elec-
trode reactions.

NaAlCl4) to allow rapid transport of sodium ions. If nickel chloride
is used as cathode material, the cell reactions are as follows:

Anode : 2Na ⇔ 2Na+ + 2e− (4)

Cathode : NiCl2 + 2Na+ + 2e− ⇔ Ni + 2NaCl (5)

Overall-cell reaction :

NiCl2 + 2Na ⇔ Ni + 2NaCl, E = 2.58 V at 300 ◦C (6)

During discharge, metallic sodium (anode) is oxidized at the
sodium/�′′-Al2O3 interface to form sodium ions, which is same
as that in Na–S battery. The Na+ ions are transported through the
electrolyte membrane as well as molten secondary electrolyte and
combine with nickel chloride in the cathode (Eq. (5)). The nickel
chloride is then reduced to Ni metal. During charge, these reac-
tions are reversed. An electrochemical cell can be assembled in one
of three states: discharged state, charged state and partially charged
state. Considering that both anhydrous nickel chloride and metallic
sodium are rather difficult to handle, the cell is typically assembled
in the discharged state. A mixture of metallic nickel and sodium
chloride powders is filled into the cathode chamber and sodium as
well as nickel chloride are generated during the first charge [4,5].

3. �′′-Al2O3 solid electrolyte (BASE)

3.1. Crystal structure

The beta alumina group of oxides is characterized by struc-
tures of alternating closely-packed slabs and loosely-packed layers.
The loosely-packed layers, which contain mobile sodium ions,
are called conduction planes. In these conduction planes, sodium
ions are free to move under an electric field. The closely-packed
oxide slabs are comprised of four layers of oxygen ions with alu-
minum ions in both octahedral and tetrahedral interstices. These
layers, referred as a spinel block, are bonded to two neighbor-
ing spinel blocks via conduction planes. There are two distinct
crystal structures in the group: �-Al2O3 (hexagonal; P63/mmc;

′′
ao = 0.559 nm, co = 2.261 nm) [6,7] and � -Al2O3 (rhombohedral;
R3m; ao = 0.560 nm, co = 3.395 nm) [8,9]. They differ in chemical
stoichiometry, stacking sequence of oxygen ions across the con-
duction plane (see Fig. 2) and sodium ion conductivity. As shown
in Fig. 2, a conduction plane in the �-Al2O3 is sandwiched between
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Fig. 2. Projection of (a) �-Al2O3 and (b) �′′-Al2O3

wo spinel blocks while it is two conduction slabs separated by
hree spinel blocks in the �′′-Al2O3. Due to the difference in oxy-
en stacking sequence, the unit cell of �′′-Al2O3 is 50% larger than
hat of �-Al2O3. �′′-Al2O3 exhibits a higher sodium ionic conductiv-
ty (typically 0.2–0.4 S cm−1 at 300 ◦C [10,11]) and is the preferred
hase for sodium battery electrolyte applications.

Fig. 2a shows stoichiometric �-Al2O3 with the formula
Na2O)1+x11Al2O3 (x = 0). In practical, x could be as high as 0.57
or undoped �-Al2O3 [12]. Accommodation of excessive sodium
toms in the interstitial sites could significantly improve the con-
uctivity. In the presence of such excessive sodium ions, electrical
ompensation might be achieved via two mechanisms. The first one
s so-called “Frenkel defects” mechanism [13,14], in which an inter-
titial oxygen ion in one of the three equivalent mid-oxygen sites in
he conduction plane is assumed to be stabilized by the occurrence
f an interstitial aluminum ion, and the interstitial aluminum ion
tself is compensated by vacancy in a normal octahedral aluminum
ite. The presence of each interstitial oxygen ion allows two extra
odium ions into the plane. The second one is substitution of alu-
inum ions in the spinel blocks with mono or divalent ions (e.g., Li+,

o2+ and Mg2+). Compared to the first one, this mechanism allows
ignificant departure from stoichiometry and is probably the only
pproach to obtain ion-rich single crystal. With Mg2+ doping, the
aximum value of x in (Na2O)1+x11Al2O3 could increase from 0.57

o 0.67 [12]. In the case of doped �-Al2O3, the structure change
o �′′-Al2O3 offers accommodation of higher levels of sodium ions,
hich further improves the ionic conductivity. It has been reported

hat conductivity of ion-rich �-Al2O3 is much higher compared to
sual �-Al2O3 while that of �′′-Al2O3 is slightly higher than the

on-rich one [15]. The �′′-Al2O3 tends to decompose at elevated
emperatures (e.g., higher than 1600 ◦C) unless stabilized by the

ono or divalent dopant ions. The ideal compositions of �′′-Al2O3
re Na1.67Al10.33Mg0.67O17 (Mg2+ doped) and Na1.67Al10.67Li0.33O17
Li+ doped) [12].

.2. Powder synthesis

�′′-Al2O3 powders can be synthesized by conventional solid-

tate reaction [10,16–18], sol–gel process [19–24], co-precipitation
echnique [21,25], spray-freeze/freeze-drying method [26,27], etc.
he preparation of �′′-Al2O3 via a solid-state reaction is typically
arried out with the starting materials of �-Al2O3; Na2O added as
a2CO3, NaNO3, NaOH or NaAlO2; and a small amount of MgO as
ells on (1 1 2̄ 0) showing stacking sequence [12].

Mg(NO3)2 or itself and/or Li2O as Li2CO3, LiOH or Li2O·5Al2O3. The
procedures involve multiple ball-milling and calcination steps, fol-
lowed by final sintering treatment above 1600 ◦C. Disadvantages of
the process include: (i) sodium loss and exaggerated grain growth
during the high-temperature sintering. The extensive grain growth
can lead to significant reduction in mechanical properties (to be dis-
cussed in Section 3.4); (ii) remnant NaAlO2 along grain boundaries,
which results in sample moisture sensitive; and (iii) formation of
two-phase mixture (�- and �′′-Al2O3) with relatively low conduc-
tivity. In order to maximize the amount of �′′-Al2O3, a number of
techniques have been employed, including post-sinter annealing
[28], two-peak firing schedule [29], so-called Zeta process [30] and
seeding of reaction mixture with pre-reacted �′′-Al2O3 [28]. All the
processes require high purity Al2O3 precursors and a long period
of time at very high temperatures. Compared to the solid-state
reaction route, the solution-based chemical methods offer several
advantages: (i) producing powders with a higher degree of homo-
geneity and therefore high purity final products; and (ii) yielding
high surface area powders that can be sintered at relatively low
temperatures. The synthesis of �′′-Al2O3 via the chemical methods
have the drawback of coexistence of �′′-Al2O3 with �-Al2O3 as well
[19,22,24].

As attractive alternatives to the high purity chemical precursors,
cheap abundant raw materials from hydroxyl alumina group such
as boehmite and bayerite could be used to prepare pure �′′-Al2O3
[31,32]. For example, it was synthesized with the starting precur-
sors of boehmite, Na2CO3 and Li2CO3 via the solid-state reaction.
The pure �′′-Al2O3 was obtained at temperatures as low as 1200 ◦C
without �-Al2O3, NaAlO2, or �-Al2O3 side products. According to
models proposed by Poulieff et al. [33] and Vanzyl et al. [31], the
oxygen stacking sequence of the Al2O3 precursor is inherited by the
final product and pure �′′-Al2O3 can be formed with a commercial
precursor material with a similar oxygen sublattice. Both boehmite
and bayerite have highly crystalline and ordered structures and
after dehydration, they form a transition �-Al2O3 structure, which
is characterized with a regular cubic closely-packed oxygen array.
During formation of �′′-Al2O3, the oxygen ions from Na2O and Li2O
components are inserted between the closely-packed layers to pro-

vide bridging oxygen ions, as shown in Fig. 3. The introduction of
bridging oxygen ions imparts an overall negative charge into the �-
Al2O3 structure, which, therefore, permits the diffusion of lithium
ions into the defected spinel blocks. The lithium ions act as “pins”
that stabilize the cubic closely-packed oxygen spinel blocks. Mean-
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Fig. 3. Schematic illustration of the proposed mechanism for

hile, since sodium ions are too large to diffuse into the spinel
locks, they remain in the conduction plane. The use of commercial
oehmite precursor to prepare �′′-Al2O3 significantly reduces the
intering temperature and therefore, alleviates sodium loss during
he process.

.3. BASE fabrication

The as-synthesized powders are ball-milled to desired parti-
le size and then sintered into required shapes, disc or one-end
losed tube depending on cell design, by either isostatic press-
ng, electrophoretic deposition, slip casting or extrusion techniques
12]. Isostatic pressing is a relatively simple, well-established and
ost-effective method, in which powders are introduced into a
olyurethane mold and compacted by applying a hydraulic pres-
ure to the mold. The powders are pressed isostatically to a
elatively high density with a good dimensional tolerance. Another
dvantage of the method is high production rate. Electrophoretic
eposition [34,35] uses an electrically charged mandrel placed in a
ielectric liquid with �′′-Al2O3 powder as the suspension in the liq-
id. An electric field is applied between the mandrel and a counter
lectrode, and powders are deposited uniformly onto the mandrel.
he green tube is removed from the mandrel and further isostati-
ally pressed to improve the homogeneity and strength. Slip casting
s another technique to fabricate �′′-Al2O3 electrolyte. Byckalo et
l. [36] casted �′′-Al2O3 using aqueous suspensions with additives
n plaster molds to produce green tubes with a relatively high den-

ity. Rivier and Pelton [37] slip-casted �′′-Al2O3 in a similar way
ut employed a different kind of mold. The main drawback of slip
asting lies in that there is a strong particle orientation in the cast
roduct (parallel to the tube wall) and the low resistivity direction

s perpendicular to the direction of current flow. The final product
nversion of oxygen lattice of (a) �-Al2O3 to (b) �′′-Al2O3 [31].

thus exhibits a higher resistance. In order to increase production
rate, Ford Motor Company developed an extrusion technique to
produce �′′-Al2O3 tubes [38]. The apparatus is composed of a fixed
mandrel over which a moveable die is pushed and, thus, the pow-
ders between the two components are compressed.

After removal from the mold, the green body is ready for
high-temperature sintering treatment to achieve a high density,
adequate mechanical strength and good electrical performance.
Several issues need to be addressed during the sintering pro-
cess. The first one is sodium evaporation at high temperatures,
as mentioned earlier. It can be simply controlled by encapsulation
sample in a platinum or magnesia container. One technique, zone
sintering, also can be employed to minimize the sodium loss by
shortening dwelling time in the high-temperature zone [39,40].
The green tube is rapidly passed through the hot zone without
encapsulation and the resulting product exhibits a satisfactory den-
sity and microstructure. The second issue is duplex microstructure
consisting of large grains (50–500 �m) in a fine-grained matrix
(grain size ≤ 10 �m) after sintering [10,11,29]. The exaggerated
grain growth may be suppressed with a short period of sintering at
high temperatures (<30 min). The third issue is lower �′′-Al2O3 con-
version rate, which can be resolved via the techniques mentioned
in Section 3.2 or by using boehmite as the precursor. As an exam-
ple, Fig. 4a shows the XRD results of �′′-Al2O3 powders synthesized
from boehmite precursor. It can be seen that a pure �′′-Al2O3 phase
is yielded after fired at temperatures as low as 1200 ◦C, which is in
agreement with literatures. The powders are then attrition-milled,

pelletized by die-pressing uniaxially at 8000 psi and further iso-
statically pressed at 50,000 psi. The green pellet is finally sintered
at 1600 ◦C for 30 min in the air. The microstructure of the pellet
after thermal etching is shown in Fig. 4b. Extremely large rod-like
grains are observed in the fine-grained matrix while the density is
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Table 1
Physical and mechanical properties of �′′-Al2O3 fabricated via various methods.

Property Fabrication condition

Isostatically
pressed at
60,000 psi and
sintered at
1585 ◦C for
30 min

Isostatically
pressed at
60,000 psi and
sintered at
1585 ◦C for
20 min

Isostatically
pressed and
sintered at
1585 ◦C for
10 min

Isostatically
pressed and
sintered at
1605 ◦C for
20 min

Hot-pressed at
1400 ◦C for
15 min and
annealed at
1300 ◦C for 20 h

Hot-pressed at
1400 ◦C for
15 min and
annealed at
1400 ◦C for 24 h

Hot-pressed at
1400 ◦C for
15 min and
annealed at
1500 ◦C for 24 h

Grain size (�m) ≈3 40% ≈3, 60% ≈90 65% ≈3, 35% ≈22 Duplex structure
with large grain
≈120

<4 <5 200–300

Density (%) ≈98 ≈97 95–97 ≈97 >99 >99 >99
Fracture strength

(MN m−2)
210 120 140–170 120 200 260 120

Critical stress intensity
−3/2

2.3 2.8 – 2.6–3.8 2.3–3.8 3.6 2.6–4.0

o
e
d

a
b

F
a

factor (MN m )
Young’s modulus

(N m2)
1.4 × 1011 1.2 × 1011 –

Reference [57] [57] [58]

nly 93% of theoretical density. Clearly, the fabrication of �′′-Al2O3
lectrolyte with a dense and fine-grained microstructure is rather

ifficult.

As an alternative method to the aforementioned, a vapor phase
pproach was developed by Virkar et al. [41–43], that offers a num-
er of advantages. In the vapor phase process, the starting materials

ig. 4. (a) XRD patterns of synthesized �′′-Al2O3 powders at various temperatures
nd (b) SEM image of �′′-Al2O3 electrolyte after thermal etching.
– – 2.9 × 1011 –

[59] [59] [57] [59]

are high purity �-Al2O3 or �-Al2O3/YSZ (yttria-stabilized zirconia).
The powders are ball-milled, pelletized and fired at 1600 ◦C in air
to achieve a full density (>99%). The sample is then buried in pack-
ing powders (�′′-Al2O3, prepared separately) and heat-treated at
high temperatures (e.g., 1450 ◦C) in air for a period of time. The
conversion occurs by coupled transport of sodium and oxygen ions
from the packing �′′-Al2O3 powders into the �-Al2O3 sample. As
a good oxygen-ionic conductor, the added YSZ acts as fast oxygen
conducting path to accelerate the conversion reactions. The addi-
tion of YSZ into �-Al2O3 enhances the mechanical strength as well,
which will be discussed later. Advantages of the method include:
(i) full conversion of �-Al2O3 to �′′-Al2O3; (ii) elimination of the
need of encapsulation as the conversion temperature is lower than
that in the conventional process; (iii) grain size in the same level as
that prior to conversion [43], as seen in Fig. 5; and (iv) resistance to
moisture attack.

3.4. Mechanical properties

The mechanical parameters of �′′-Al2O3 fabricated via various
methods are compared in Table 1. It can be seen that the strength
is strongly affected by the microstructure (e.g., porosity and grain
size). Dense �′′-Al2O3 with an average grain size less than 10 �m
exhibits much higher fracture strength (e.g., >200 MN m−2), while
that of completely coarse-grained ones with grain size larger than
200 �m is as low as 120 MN m−2. The strength with a duplex struc-
ture varies from 120 to 170 MN m−2, depending on the size and
amount of large grain in the matrix. Also, the listed data indicates
that high strength can be achieved with hot-pressed materials.
When post-annealed at temperatures below 1500 ◦C, fine-grained
electrolyte with a relative density above 99% can be obtained, which
leads to fracture strength higher than 200 MN m−2.

In addition to the abnormally large grains, defects such as pores,
cracks and impurities may also significantly affect the mechanical
strength of �′′-Al2O3. The discrete pores, localized groups of smaller
pores, micro- and macro-cracks, as well as impurities due to the
local inhomogeneities in the powders may act as sites for crack
initiation and propagation, which causes ceramic failure well below
its fracture strength.

It has long been known that strength and fracture toughness
can be enhanced by incorporation of ZrO2 into �/�′′-Al2O3 matrix

[17,44–49]. The enhancement in fracture toughness (KIC) leads to
obvious improvement in critical current density (icr) [50], which
has significant economic advantages with regard to battery perfor-
mance. For example, not only the battery life would be extended,
but the charging time could be dramatically shortened due to the
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Table 2
Physical and mechanical properties of �′′-Al2O3/ZrO2 composite.

Property Composition

�′′-Al2O3 + 15 vol%
ZrO2 (doped with
3 mol% Y2O3)

�′′-Al2O3 + 15 wt%
ZrO2

�′′-Al2O3 + 25 wt%
ZrO2

�′′-Al2O3 + 15 vol%
ZrO2 (doped with
2.4 mol% Y2O3)

�′′-Al2O3 + 15 vol%
ZrO2 (doped with
6.6 mol% Y2O3)

�′′-Al2O3 + 15 vol%
ZrO2

�′′-Al2O3 + ZrO2 or
partially stabilized
ZrO2

Density (%) ≈97 ≈97 ≈97 >97 >97 ≈97 –
Fracture strength

(MN m−2)
350 228–310 379 335 226 356 350

Critical stress intensity
−3/2

4.5 5.0–8.0 5.0–8.0 4.1 3.2 4.1 4.0

i
c
i
c
�
m
T
Z
t
o
t
[
m

factor (MN m )
Resistivity at 300 ◦C

(� cm)
7.7 <7 –

Reference [44] [45] [45]

ncrease of charging current density (during charge, degradation of
eramic electrolyte usually occurs when current density exceeds
cr). Table 2 lists mechanical properties of various �′′-Al2O3/ZrO2
omposites. Even though the relative density of ZrO2-incorporated
′′-Al2O3 is not as high as that of pure �′′-Al2O3 (see Table 1),
echanical strength of the former is much higher than the latter.

he typical fracture strength value of �′′-Al2O3 with the addition of
rO2 is above 300 MN m−2, which is almost 50% higher compared
o that of pure �′′-Al O (∼200 MN m−2). The strengthening effects
2 3
f ZrO2 addition may result from several mechanisms, including
ransformation toughening [17,44,45,47,48], deflection toughening
47] and microstructure optimization [17,48,49]. In the transfor-

ation toughening, partially stabilized tetragonal ZrO2 particles

Fig. 5. SEM images of samples (a) before and (b) after conversion [43].
8.5 – 9 –

[48] [48] [17] [49]

would convert to monoclinic polymorph at the tip of a propagating
crack. Volume expansion associated with the phase transformation
leads to formation of compressive stress, resulting in an increased
resistance to crack propagation. Binner and Stevens [47] suggested
that an additional proportion of improvement in the strength may
result from deflection toughening mechanism, in which ZrO2 par-
ticles act as a second phase to hinder crack propagation. According
to Green [48], the strengthening of �′′-Al2O3 was a combination
of transformation toughening and microstructure optimization.
The addition of both partially and fully stabilized (tetragonal and
cubic, respectively) ZrO2 into the matrix limited �′′-Al2O3 grain
growth and suppressed formation of abnormal grains, which led
to improvement in strength and toughness. Heavens [49] insisted
that the addition of unstabilized ZrO2 into �′′-Al2O3 can yield sim-
ilar strength as that of partially stabilized ZrO2, indicating that
microstructure control instead of transformation toughening was
the primary mechanism. Overall, the toughening effect of �′′-Al2O3
by ZrO2 seems rather complicated, depending on a number of fac-
tors such as composition, synthesis/processing method as well as
microstructure, and one or multiple mechanisms discussed above
may be responsible for it.

3.5. Conductivity

The structures of �- and �′′-Al2O3 (see Section 3.1) enable
sodium ions to move freely in conduction planes. The conduction
planes have a high proportion of defect sites linked by easily acces-
sible networks. As a result, both �- and �′′-Al2O3 exhibit a relatively
high ionic conductivity that is comparable to electrolyte in aqueous
batteries while remaining electronically insulated.

Table 3 lists the typical ionic conductivity of single crystal and
polycrystalline �- and �′′-Al2O3. In general, single crystal mate-
rials show much higher conductivity compared to polycrystalline
ones. It is probably due to the absence of grain-boundary effect and
the anisotropic sodium ion conduction in the �- and �′′-Al2O3 crys-
tals (sodium ion diffusion occurs exclusively within the conduction
planes perpendicular to the c-axis, see Fig. 2). The conductivity of
1 S cm−1 at 300 ◦C was reported for single crystal �′′-Al2O3 [51,52],
which is almost 5 times of that for polycrystalline �′′-Al2O3. AC
impedance analysis allows separation of bulk conduction from
grain-boundary effect [53–56], and one example is shown in Fig. 6
[56]. The measured activation energy for bulk conduction in poly-
crystalline �-Al2O3 was similar to that in single crystal. However,
the absolute resistance value for the former was much higher than
the latter, due to the anisotropic conduction in �-Al2O3 lattice.

Several factors influence the conductivity of polycrystalline

�/�′′-Al2O3, including: (i) composition; (ii) relative proportion of �
and �′′ phases present; and (iii) microstructure (grain size, poros-
ity, impurities, etc.). The effect of composition on the conductivity
is most straight-forward. As mentioned earlier, for undoped and
doped �-Al2O3, the accommodation of excessive sodium atoms in
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Table 3
Ionic conductivity of single crystal and polycrystalline �- and �′′-Al2O3.

� (S cm−1) Ea (eV) Reference

25 ◦C 300 ◦C

Single crystal �-Al2O3 0.036 – – [100]
0.024 – 0.16 [101]
0.035 0.21 0.13 [56]
0.03 – 0.16 [102]
0.014 – 0.16 [103]
0.03 – 0.17 [15]
0.025 – 0.15 [104]
0.03 0.27 0.14 [105]

Polycrystalline �-Al2O3 0.0012 0.065 0.27 (25–200 ◦C) [56]
0.15 (>200 ◦C)

Single crystal �′′-Al2O3 0.04 – 0.22 (25–250 ◦C) [15]
0.17 (250–650 ◦C)

0.1 – 0.20 (−80 to 150 ◦C) [104]
0.12 (150–500 ◦C)

0.014 – 0.31 (−80 to 150 ◦C) [104]
0.09 (150–500 ◦C)

– 1 0.33 (25–150 ◦C) [51]
0.10 (>150)

0.01 1 0.33 (<200 ◦C) [52]

Polycrystalline �′′-Al2O3 – 0.22–0.35 0.15–0.26 [11]
– 0.21 0.24 (285–330 ◦C) [10]
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he interstitial sites could significantly improve the conductivity.
n the case of doped �-Al2O3, the structure change to �′′-Al2O3
ffers accommodation of higher levels of sodium, further increasing
he conductivity. Fig. 7 shows an approximately linear relationship
etween the resistance and proportion of � and �′′ phases [12].
imilar observation was reported by Youngblood et al. [11]. Pure �′′

hase, therefore, appears to be the most desired phase. However,
he relatively low mechanical strength and moisture sensitivity
rohibit it to be used solely as electrolyte material. In practical, a
wo-phase mixture of either � plus �′′-Al2O3 or ZrO2-incorporated
′′-Al2O3 is preferable for good conductivity along with satisfactory
echanical properties. Like mechanical strength, the conductivity

f polycrystalline �′′-Al2O3 is significantly affected by microstruc-
ure. The smaller average grain size, the higher fracture strength,
ut lower conductivity [57–59]. Whalen et al. [58] studied the resis-
ivity and fracture strength of polycrystalline �′′-Al2O3 as a function
f sintering time. A holding time of 15–20 min at 1585 ◦C was found
or optimized microstructure, mechanical strength and conduc-
ivity. The presence of impurities also influences the conductivity
f �/�′′-Al2O3. Calcium and silicon are the typical contaminants
n ceramic electrolytes. The presence of calcium in �-Al2O3 elec-
rolyte led to formation of intergranular calcium aluminate phases,
hich were likely to block ion transport and cause exponential

ncrease in resistance [60]. The impurity of calcium in the elec-
rolyte might also cause incomplete wetting of electrolyte by liquid
odium anode, which will be discussed in Section 4. The addition
f small amounts of silica showed a similar trend of resistance
ncrease due to formation of glassy sodium aluminosilicate phases
t triple grain junctions [61].

While potentially enhancing the mechanical strength, the
ddition of ZrO2 into �′′-Al2O3 might deteriorate the electrical per-
ormance due to its poor sodium-ionic conductivity. Heavens [49]
tudied strength improvement in �′′-Al2O3 with the addition of

rO2. It was found that the amounts of ZrO2 could be up to 10 wt%
∼6 vol%) before significant increase in resistivity was observed, as
hown in Fig. 8. The resistance of �′′-Al2O3 with the addition of
arious amounts of ZrO2 can be referred to Table 2. Even though
he resistance is almost 50% higher compared to that of pure �′′-
0.22 (330–375 ◦C)
6 0.18 (285–330 ◦C) [10]

0.16 (330–375 ◦C)
– [58]

Al2O3 (see Table 3), it remains less than 10 � cm at 300 ◦C with up
to 15 vol% ZrO2 addition.

4. Anode

To fully utilize the advantage of sodium anode, the cell has to be
structured in a way that can maintain good contact between sodium
and BASE during cell operation and keeps sodium/BASE interfa-
cial polarization at a minimum throughout the cell life. There are
three common ways to achieve good contact between the anode
and BASE: feeding sodium by gravity from a top reservoir, wicking
sodium to the BASE surface and forcing sodium from a reservoir by
gas pressure. The three designs are schematically shown in Fig. 9.
Feeding sodium from a top reservoir is most straight-forward, but
it incurs sealing problem due to the contact and possible reaction
between the molten sodium and seals, lower sodium utilization
rate since redundant sodium has to be maintained in the electrolyte
tube even when the cell is fully discharged, and the need for addi-
tional space for the excessive sodium and sodium reservoir. The
design with a sodium reservoir can be replaced by using metal
wicks, such as shims, gauzes and metal foams (see Fig. 9b). Under
capillary force, the molten sodium is wicked to the full surface of
the BASE and wets it, which is almost independent of the sodium
amount in the anode chamber. The wick system exhibits a few
advantages over the reservoir design: (i) cost reduction; (ii) sim-
plification in sealing since there is no contact between the molten
sodium and seals if the cell is operated vertically; (iii) higher sodium
utilization as there is no requirement for excessive sodium; and (iv)
more compact cell design. The third method to enhance sodium
contact with BASE is pressurizing sodium with an inert gas in a
pressure can system (see Fig. 9c). The design gives a simple resolu-
tion of cell assembly with a small reduction in specific energy and
is more suitable for large vertical cells.
Polarization at the sodium anode and BASE interface manifests
itself in a number of ways, including non-linear I–V curve, asym-
metry of resistance (i.e., lower on charge than on discharge), high
transient resistance at the start of discharge or after a period at
open circuit, and rapid increase in cell resistance during cycling
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ig. 6. Impedance and the corresponding admittance plots for polycrystalline �-A
RB), electrolyte/electrode interface capacitance (Cdl), and parallel combination of a

62–64]. Demott [64] observed increase in cell resistance during
ycling and found that it could be eliminated by renewal of sodium
n the electrode chamber. Not only was the subsequent discharge
esistance lower than that prior to renewal, but it remained con-
tant over a large number of cycles and the non-ohmic effects
isappeared as well. These observations are not well understood
et. But incomplete wetting of BASE by sodium was identified to be
ne crucial factor. The incomplete wetting is likely caused by impu-
ities at the sodium anode/BASE interface. As reported by a number
f researchers, the addition of small amounts of calcium in the start-
ng powders led to a significant increase in resistivity of the final

roduct during BASE fabrication [39,60,65]. The mobility of calcium
as observed by Demott et al. [66] via addition of radioactive Ca-

5 into sulfur electrode of Na–S battery. After cycling, a high level
f calcium was observed on BASE surface adjacent to sodium elec-
rode. Calcium might be oxidized and form a surface film, which
6]. A simple equivalent circuit model was employed to determine bulk resistance
-boundary resistance (RGB) and a capacitance (CGB).

impedes the sodium dissolution as well as sodium ion transport,
and eventually causes the observed abnormal in cell resistivity. The
wetting of BASE can be modified via treatments of both electrolyte
and liquid sodium electrode. Coating the electrolyte surface with a
thin layer of lead was proved to significantly decrease contact angle
and improve initial wettability of sodium accordingly [66,67]. The
ceramic electrolyte surface can be coated with lead acetate by dip-
ping into the corresponding saturated aqueous solution. The lead
acetate is then decomposed to metallic lead in a subsequent heat
treatment. It was proposed that the treatment with lead might
result in calcium oxide dispersed over an increased surface area,

and its interference with sodium ion transport was then lessened.
Another treatment is addition of titanium or aluminum into the liq-
uid sodium, which serves as oxygen getters to minimize the amount
of calcium oxidized at the interface [66,68]. The combination of
both treatments was demonstrated to completely eliminate the
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Fig. 7. Resistivity of �-Al2O3 as a function of �/�′′ ratio [12].

nterfacial effects. The negative effects of calcium oxide at the inter-
ace can also be alleviated by modification of the composition of the
lectrolyte [69]. It was found that, with the doping levels of Li+ and
a+ below certain values, the rise in cell resistance could be dra-
atically suppressed. In addition to the impurities at the interface,

reiter et al. [63] and Viswanathan and Virkar [70] reported sodium
eaction with moisture to form a surface layer of sodium oxide,
hich might be responsible for the incomplete wetting of BASE.

. Cathode
.1. Sulfur

The Na–S chemistry offers attractive features such as high the-
retical specific energy (∼760 Wh kg−1), high energy efficiency

Fig. 9. Schematic of three anod
Fig. 8. Effect of ZrO2 amounts on the resistivity of �′′-Al2O3 at 350 ◦C [49].

and good cycle life. However, sulfide melts are highly corro-
sive; the material selection for cathode current collector is rather
challenging. The use of metals or alloys includes molybdenum,
chromium as well as some alloys, and inexpensive materials such
as stainless steels are limited due to corrosion [71]. Degradation
of BASE in the corrosive melt was also reported [72]. In addi-
tion, both sulfur and sodium polysulfide are electrical insulators.
As such, graphite felt is typically used in the cathode as a cur-
rent collector, which incurs high cost. Another critical issue with
the Na–S battery is its cell failure mode. When BASE is bro-
ken, the sulfide melts are in direct contact with liquid sodium;
reaction between them is inherently vigorous, potentially caus-
ing fire and even explosion due to temperature excursion since

the cell operation temperature (300–400 ◦C) is close to the boil-
ing point of sulfur (440 ◦C). Furthermore, as the cell fails, resistance
increases significantly and renders the entire series of cells open-
circuited.

e designs in tubular cell.
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ig. 10. Cell reactions in sodium battery using nickel chloride cathode at 300 ◦C.

.2. Transition metal halides

Alternatively, metal halides can be employed to replace sul-
ur in NBB cathodes. SbCl3 [73], Cl2 [74] and SCl3+ [75] were first
xamined. In spite of their attractive energy density, these mate-
ials are not free from corrosion problems. In 1986, a new class of
odium battery system was reported in ZEBRA cells that employed
ransition metal chlorides as solid cathodes in a secondary molten
lectrolyte of NaAlCl4 (melting point, 170 ◦C) [76]. The secondary
olten electrolyte serves mostly as a sodium ion transport medium

etween BASE and reaction zone in the cathode and does not partic-
pate in the cathode reaction. Thus, composition and conductivity of
he NaAlCl4 melt remain unchanged during charge/discharge. The

etal halide cathodes are less corrosive than sodium polysulfide in
a–S battery, easing materials selection for current collectors and
ell container. The electrochemical cell is typically assembled in
discharged state without the need of handling metallic sodium.
ransition metals, such as nickel or iron, and sodium chloride as
tarting materials are mixed and filled into the cathode chamber
o form a porous matrix. Then, the molten NaAlCl4 is vacuum-
mpregnated into the porous cathode to extend the reaction zone.
nother major advantage of the system over Na–S battery is the

ow resistance cell failure mode. If BASE is broken, liquid NaAlCl4
eacts with sodium to generate sodium chloride as well as metallic
luminum. The reaction is much less violent compared to that in
a–S battery. Small cracks in BASE can be resealed by the reaction
roducts. In the case of large cracks, the produced aluminum shorts
he current pathway between the anode and cathode and eventu-
lly leads to a low cell resistance. The entire battery can be further
perated with only loss of voltage associated with the broken cell
nd without loss of ampere-hour capacity. Another advantage of
he ZEBRA batteries is their tolerance to overcharge and overdis-
harge. For example, if made from Ni and NaCl (see Fig. 10), the
athode can be excessively charged at a higher voltage than the
ormal charge with the cost of current collector and NaAlCl4 melt,
hich can serve as a useful “end of charge” indicator so that the

isk of BASE breakdown can be avoided. The overdischarge reac-
ion, which is similar to the cell failure reaction, happens at a much
ower voltage without an electrolyte failure. One notable disadvan-
age of the current ZEBRA technology is its lower power than the
a–S battery.

.2.1. Nickel chloride
A critical requirement for cathode materials is that their elec-

rochemically active species must be insoluble in NaAlCl4 melt in

oth charged and discharged states. Thus, mass transport of the
pecies to BASE surface and potential ion exchange with sodium
n the electrolyte could be prevented. So far, among various tran-
ition metal chlorides, nickel [4,5] and ferrous [77,78] chlorides
eet the requirement and have been extensively studied. As seen
ces 195 (2010) 2431–2442

in Eqs. (4)–(6), the half- and overall-cell reactions for nickel chlo-
ride cathodes are rather simple. The open-circuit voltage of the cell
is 2.59 V at 250 ◦C, which is 0.24 V higher compared to that of fer-
rous chloride cathodes. A number of studies have been carried out
to understand the charge/discharge processes and improve the per-
formance of nickel chloride cathodes [5,79–86]. A low-conducting
layer of nickel chloride was reported to form on the nickel surface
during charge. Once it reached a certain thickness (on the order
of one micrometer), further charge of the cell was suppressed. As
a result, both utilization of the electrode and cell capacity were
limited [83,86]. The solubility of nickel chloride in NaAlCl4 melt at
elevated temperatures is another issue. Redey et al. [87] pointed
out that a higher concentration of nickel ions in the melt could
exchange with sodium ions in BASE, resulting in a lower conduc-
tivity and premature failure of the electrolyte. The third problem is
capacity loss during cycling. Bones et al. [5] studied stability of cell
with nickel chloride cathode and observed capacity decreased by
∼50% in less than 10 cycles. The loss was diagnosed to be related
to growth of nickel grains within the cathode during cycling. Mod-
ification of the molten electrolyte and porous cathode with certain
chemical additives has been carried out to minimize the degrada-
tion in capacity. Prakash et al. [86] reported the addition of small
amounts of sodium bromide, sodium iodide and sulfur into the
molten electrolyte, that led to much higher nickel utilization and
lower impedance. It was believed that formation of nickel bro-
mide and nickel iodide, which have larger lattice parameters than
nickel chloride, eased ion transport in the cathode layer during
charge/discharge processes and therefore enhanced the capacity.
Other study suggested the enhanced capacity from combination
effects of sodium bromide addition into cathode and sodium iodide
and sulfur addition into molten electrolyte [83]. A further study
by Prakash et al. [86] found that the addition of sodium bro-
mide, sodium iodide and sulfur into the molten electrolyte could
dramatically reduce the solubility of nickel chloride in the melt.
The addition of 1–5 wt% sulfur into the melt was also observed
to dramatically suppress the coarsening of nickel grains during
cycling. The cell with sulfur-doped nickel chloride cathode was
demonstrated to have a long cell life (>2000 cycles) with capac-
ity retention >75% and negligible resistance increase [5]. Other
solutions to improve cell performance include incorporation of
small amounts of aluminum, iron and iron sulfide into the nickel
chloride electrode [88,89]. In addition to the composition mod-
ification, electrode morphology can also significantly affect the
cell performance. Prakash et al. [85] investigated electrochemical
properties of nickel chloride electrode with three morphologies: a
nonporous nickel substrate, a nickel felt and a porous sintered elec-
trode. It was found that there was a direct relationship between the
electrochemical performance and morphological parameters (BET
area and pore-size distribution). Significant enhancement in per-
formance was achieved with the porous sintered electrode. Cell
performance improvement with the addition of pore-former was
reported as well [83]. The nickel chloride cathode can be fabricated
by various methods, including: (i) impregnation of nickel chloride
into a sintered nickel grid [80,81]; (ii) impregnation or physical
vibrating sodium chloride into a nickel felt to form an electrode
in the discharged state [85]; or (iii) cosintering of sodium chlo-
ride and nickel powders at high temperatures (∼700 ◦C) in an inert
atmosphere [5,83–85].

5.2.2. Ferrous chloride
At relatively low cost, ferrous chloride is a popular cath-
ode material for ZEBRA batteries [77,78,90–92]. Similar to the
sodium/nickel chloride couple, sodium/ferrous chloride cathode
shows a preferred operating voltage range (see Fig. 11). If dis-
charge continues with no more ferrous chloride available in the
cathode, sodium ions react with aluminum chloride component in
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ig. 11. Cell reactions in sodium battery using ferrous chloride cathode at 250 ◦C.

he molten electrolyte to produce metallic aluminum as well as
odium chloride, and the cell voltage immediately drops to 1.6 V.
he reaction is reversible and only consumes molten electrolyte,
hich is similar to the overdischarge reaction of sodium/nickel

hloride couple. However, during abuse of overcharge, as seen
n Fig. 11, remnant iron in the cathode reacts with sodium chlo-
ide component in the melt at a higher voltage (i.e., 2.75 V). The
vercharge reaction is extremely undesirable because it causes:
i) formation of ferric chloride, which is soluble even in the basic
aAlCl4 melt and might transport and penetrate into the elec-

rolyte; and (ii) depletion of sodium chloride in the melt, resulting
n an acidic aluminum chloride-rich melt. Both of them eventually
ead to degradation of the electrolyte. Moseley et al. [78] studied
tability of BASE in the sodium/ferrous chloride cell and observed
hat surface layer of the electrolyte adjacent to the cathode com-
artment was physically damaged and iron ions penetrated into
he layer during overcharge. The damage of the surface layer was
robably caused by ferric chloride or excessive aluminum chloride

n the NaAlCl4 melt while ion penetration only appeared with an
pplied electric field. In short, the sodium/ferrous chloride cell is
ensitive to overcharge. To overcome the problem, a small amount
f nickel metal (with extra sodium chloride) is incorporated into the
athode. As shown in Fig. 11, the overcharge reaction can now be
eplaced with oxidation of nickel to insoluble nickel chloride with-
ut either depleting the sodium chloride in the melt or oxidizing the
ron metal to ferric chloride. Another issue is related to degradation
f cell performance at elevated temperatures. In the same paper,
ron ions were observed to penetrate into BASE during the regu-
ar charge/discharge at higher temperatures (e.g., 370 ◦C), which
aused a significant increase in cell resistance [78]. It was likely
ue to increased solubility of iron species in the melt at these tem-
eratures. The addition of sodium fluoride, similar to the additives
f sodium bromide, sodium iodide and sulfur into nickel chloride
athode, can effectively inhibit the access of iron ions into the elec-
rolyte [76,78]. Meanwhile, it is suggested that the cell operates at
emperatures below 300 ◦C to avoid overheated.

.2.3. Others
In addition to nickel and ferrous chlorides, a number of other

ransition metal chlorides have been extensively examined by Rat-
akumar et al. [81,93] as potential cathode materials. The salts
tudied include copper, manganese, chromium, aluminum, sil-
er, titanium, molybdenum and cobalt chlorides. Among them,
nly molybdenum and cobalt chlorides appeared to be insol-
ble in the molten electrolyte and promising as the cathode

aterials. Virkar et al. [42,43] explored the possibility of using

inc chloride and tin (IV) iodide as cathodes. Immersion test
ith BASE in the corresponding molten salts revealed no ion

xchange occurred. However, based on the previous discussion and
eports [94], the presence of an applied electric field likely affects
ces 195 (2010) 2431–2442 2441

the ion exchange behavior. Apparently, more work is needed to
clarify it.

6. Perspectives

Owing to the excellent properties such as high theoretical
energy density, high round-trip efficiency and good cycle life,
NBBs have gained great interests for stationary and transportation
applications. However, broad market penetration requires further
advancement in performance, safety and cost reduction via use of
new materials along with novel component/cell designs and engi-
neering.

One trend is to reduce operating temperatures so that can
allow for improvement in materials durability, use of more cost-
effective cell and stack materials, and ease thermal management.
This may require optimization of current electrolytes or develop-
ment of alternative sodium ion conductors (e.g., NASICON [95,96])
that can demonstrate facile sodium ion transport at the reduced
temperatures. In addition, the reduction in operating tempera-
tures may call for new cathodes that can demonstrate satisfactory
electrochemical activities at the reduced temperatures. The reduc-
tion in operating temperatures can also open a door to employ
organic materials such as ionic liquids in the electrodes. There has
been limited efforts [80,97] involving tetracyanoethylene (TCNE) as
cathode, which exhibited an energy density as high as 620 Wh kg−1

with a potential of ∼3.0 V versus Na+/Na (but had issues for practical
use).

Alternatively, introduction of novel designs, along with the use
of new materials and materials/component fabrication, can help
meet performance and cost requirements. The tubular design has
been the dominate geometry of NBBs since the invention. ZEBRA
cell was optimized with the cross section from round to clover
leaf shape BASE [88,89], which significantly increased the avail-
able electrolyte surface area, reduced the thickness of cathode
and eventually improved power density of the cell. Recently, pla-
nar electrolyte has been considered [98,99]. The US Department
of Energy’s ARPA-E program has announced funding of planar
sodium-beta battery development effort proposed by EaglePitcher
Technologies, LLC and the Pacific Northwest National Labora-
tory. The drastic changes in design potentially lead to improved
energy/power densities and ease manufacturing. To fully utilize the
advantages of the novel designs, however, robust, effective seals
along with other components or materials have to be developed.
Overall, substantial progress demands the use of new materi-
als/chemistries and radical changes in designs and engineering.
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