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Main Challenges for High Performance NAS Battery:

Materials and Interfaces

Zhaoyin Wen,* Yingying Hu, Xiangwei Wu, Jinduo Han, and Zhonghua Gu

The progress in the research work and real applications of sodium-sulfur
(NAS) battery in large scale energy storage is introduced. The key mate-

rials and interfaces of the battery, particularly the role of Shanghai Institute
of Ceramics, Chinese Academy of Sciences (SICCAS), are systematically
reviewed. As the most important and difficult part, the high-quality beta-
alumina ceramic electrolyte tubes are prepared by a low-cost solid state reac-
tion process; their sealing performance and interfacial behavior with molten
sodium and sulfur electrodes could be substantially improved by glass
ceramic type sealants and surface modification, respectively. Combination of
carbon and additives like SiO, with different wetting behaviors for sulfur and
the discharge product sulfides is shown to be significant in improving the
electrochemical performances of NAS battery. Conductive ceramic coatings
are developed as anti-corrosion media of the current collector of sulfur elec-
trode; this is identified as an effective route to protect the metal parts.

high energy efficiency, cycling flexibility,
high rate pulse power capability, and low
maintenance requirements.!™  More-
over, NAS batteries are environmentally
benign, since the batteries are sealed
and thus allow no emissions during
operation. More than 99% of the overall
weight of the battery materials can be
recycled. Only sodium must be handled
as a hazardous material.

After several decades of research and
development, NAS battery technology
has been demonstrated on the grid in
Japan and other countries, where it is
largely used in utility-based load-leveling
and peak shaving applications. In the last
decade, NAS battery-based installations

1. Introduction

In recent years, world-wide renewable energy research has
been focused heavily on large capacity energy storage, so that
clean energy sources like solar and wind power which are
by nature unpredictable and greatly dependent on weather,
can be ultimately utilized.!l In addition, load leveling of elec-
tricity grid by large-scale energy storage is in more and more
urgent demand, especially for cities and even countryside,
due to the growing economic and social development. Many
kinds of physical and chemical energy storage technologies
have been developed recently. For such purposes, several cri-
teria must be considered, including lifetime, life cycle, power
and energy, self-discharge rates, environmental impact, cycle
efficiency, capital cost, storage duration and technical matu-
rity. Among all chemical energy storage technologies, the
medium-temperature rechargeable sodium-sulfur batteries,
although they were originally developed by Ford in the late
1960s and 1970s for electrical vehicle applications, are well-
suited for stationary energy storage for the electrical grid
owing to their high theoretical specific energy (~760Wh kg™!),
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have grown exponentially from 10 MW in
1998 to 300 MW/2000 MWh in April 2009,
and to over 350 MW by the year 2010.
The production capacity of NGK Insulators Inc. has reached
150 MW per year and there are plans to ramp up the annual
production capacity to 210 MW in 2011.5) More than 250 loca-
tions with power larger than 500 KW are built by NGK and are
operating in Japan and other countries. A 34 MW/245 MWh
system was installed in northern Japan for stabilizing a 51 MW
wind farm, and it is the largest energy storage system in the
world, apart from pumped hydroelectric storage (PHS) and
compressed air energy storage (CAES) systems.l®! It is claimed
that NAS battery is the most economically feasible battery
storage option for energy management, requiring electricity
prices of 32 cents/kW h.[¥

Recently, the NAS technology and other beta-alumina
ceramic electrolyte based batteries have also been recently
promoted in other countries including USA, China, Korea,
Switzerland, etc. In China, the research work on NAS batteries
for EV application dates back to late 1960’s. The work on NAS
battery research for large scale energy storage applications
started in 2006 with the collaboration of the Shanghai Elec-
tric Power Company. A 2 MW pilot production line for 650Ah
single cells was constructed, thereafter a 100 MW/800 MWh
energy storage system was demonstrated since the 2010
Shanghai World Expo. A mass production company was estab-
lished recently with joint investment of the Shanghai Electric
Group and the Shanghai Electric Power Company.’!

Although the application scale of the NGK NAS batteries
expanded year by year and especially increased sharply in the
last 3-5 years, the large-scale commercialization of NAS Dbat-
teries still demands better performances, safety improvements,
and level of automation in the fabrication of high-quality
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Figure 1. Schematic illustration of a tubular designed NAS cell.

ceramics for cost reduction, which depends on the development
of new functional materials and novel cell designs.®*!

NAS batteries are commonly constructed in tubular designs,
as schematically shown in Figure 1. As indicated, the battery
is basically composed of a beta-alumina ceramic tube acting
simultaneously as a solid electrolyte and a separator, sodium
anode and sulfur cathode, which are assembled with current
collectors and insulators. NAS batteries typically operate at tem-
peratures between 300 and 350 °C to keep the electrode mate-
rials in a molten state, and convert electrical energy to chemical
potential via the following reactions:1¥

Anode : 2Na —2e~ <> 2Na™ (1)

Cathode : xS+ 2Nat 4 2¢~ <> Na, S, (x =3 ~5) 2)

Cell Reaction: 2Na+ xS <> Na, S, (x =3 ~5) (3)

The working voltage of NAS batteries is in the range of 1.78—
2.076 V at 350 °C.

The solid state electrolyte, usually beta-alumina ceramic tube,
is acknowledged to be the key element for determining battery
operation and cost.'l In addition, for both safety and perform-
ance reasons, the sealing of all the parts of NAS battery must be
of high-integrity and gastight, the sealants and current collec-
tors are also important materials to be considered with highly
stable properties since they faced to the active and corrosive
electrode materials. This paper reviews the available literatures
on the key materials and interfaces in NAS batteries; especially
highlighting our recent relative research progress.

2. f”-Alumina Ceramic Electrolyte
2.1. Structural Feature

p’-alumina is the preferred electrolyte system applied in NAS
battery, acting as the electrolyte and the separator, and belongs
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to the beta-alumina subgroup of sodium aluminates with layer
type structure.'!l' As Figure 2 illustrates, ”-alumina is com-
posed of closely packed spinel type blocks, referred to as spinel
blocks, separated by loosely packed slabs containing mobile
sodium ions which are free to move under an electric field.
Each closely packed block has four layers of oxygen ions with
aluminum ions in both octahedral and tetrahedral interstices
and bonded together by the sodium ions and Al-O-Al bonds in
the interlay.'? The typical ionic conductivity of §”-alumina is as
high as 0.2-0.4 Scm™" at 300 °C, which can be an excellent elec-
trolyte for sodium batteries.'3'* However, ”-alumina crystals
lack stability, thus Li* and Mg?* are the most popular doping
ions to stabilize the f”-alumina with the ideal compositions of
Nay 67Al1033Mgg,67017 and Nay g;Aly,67Lig 33017, respectively.!'’]

It is noticeable that various kinds of defects possibly exist
in B”-alumina. They remarkably affect the overall properties of
NAS batteries. The defects can resulte from composition devia-
tion, impurity phase and grain boundary, crystal intergrowth,
dislocation, etc. Composition design and precise control for the
whole material processes are critical to guarantee the quality of
the f”-alumina electrolyte.

2.2. Powder Synthesis

Significant work has been done to synthesize ”-alumina powders
by various processes such as conventional solid-state calcination,
sol-gel route, co-precipitation technique, spray-freeze/freeze-
drying method, mechanochemical processing, etc.[11-1316-20]
Usually, the synthesis temperature for solid-state reaction is
above 1600 °C; sodium loss and exaggerated grain growth
are inevitable during the high temperature heating process,
which results in the mixture of B- and B”-alumina with lower
conductivity and duplex microstructure with large grains in a
fine-grained matrix.'”] For the purpose of optimizing the solid-
state approach, Vanzyl et al. obtained pure f”-alumina at the
temperature as low as 1200 °C, using hydroxyl alumina group,
such as boehmite and bayerite as the starting precursors.[?!22
Compared to the solid-state reaction process, the solution-based
chemical methods decrease the synthesis temperature and can
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Figure 2. Perspective drawing of the idealized structure of f”-alumina.
Reproduced with permission.?8l Copyright 2008, Elsevier.

produce powders with more homogeneous microstructure and
higher sinterability. However, B-alumina cannot be eliminated
completely from the final products via these processes. 2324

In order to realize the homogenization of the small amount
of the lithium content in f”-alumina powders and the final
ceramic products, a double-zeta powder process was estab-
lished by this lab in 1980’s.2’l The powder process employed
the synthesized zeta-lithium aluminate (Li,O-5Al1,03) and zeta-
sodium aluminate (Na,O-5Al,03) (both at 1250 °C) as precur-
sors for the f”-alumina powders. The experimental results indi-
cated that the double-zeta method together with spray drying
produced more homogeneous powders than normal solid state
reaction because of the pre-dilution for the minor component
lithium in the major component alumina.l2¢-%7]

2.3. Ceramic Tube Fabrication

As the solid electrolytes and separator in a practical sodium bat-
tery, B”-alumina is usually designed in one-end closed tubular

Adv. Funct. Mater. 2013, 23, 1005-1018
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form.1?! The B”-alumina tube electrolyte should meet the fol-
lowing requirements to confirm the high quality of NAS battery:
(1) high sodium ion conductivity, (2) low electronic transference
number, (3) high relative density, (4) high mechanical strength
and (5) long-term durability against corrosion.[”] Fabrication of
p”-alumina ceramic tube with a dense and fine-grained micro-
structure is rather difficult. Isostatic pressing, electrophoretic
deposition, extrusion techniques, etc., have been developed to
prepare the ’-alumina tubes.>1>2931 In an electrophoretic
deposition, ”-alumina powders are dispersed in an organic
dielectric liquid in which a mandrel is placed. Then an elec-
trical field is applied between the mandrel and a counter elec-
trode and powders are deposited evenly onto the mandrel. The
technique produces uniform green tubes but removal from the
mandrel is difficult. Extrusion is an economically attractive way
of making tubes but lacks a suitable binder system due to the
strong basicity of §”-alumina.?l [sostatic pressing is a relatively
simple, low cost and high efficiency method, and is the most
commonly used technique to form 8”-alumina green tubes. Iso-
static pressing has many advantages, for example binder as low
as 1-2 wit% added to the precursor powders to be formed, high
green body strength for handling and post cutting to a designed
length, and high efficiency with readily raised production rates.

Isostatic pressing based on a double-zeta powder process
is carried out to fabricate ”-alumina ceramic tubes in this
1ab.126:27) Powders with high fluidity are obtained by slurry spray
drying process, which are necessary to guarantee the quality of
the green tubes.

Figure 3 demonstrates the good fluidity of the powders.
As shown, the spray-dried powders possess an average size
of 50 pm. Figure 4 illustrates f”-alumina ceramic tubes with
different sizes prepared in SICCAS, together shown as the
insets are the typical microstructure and cross section image
of the tube. As shown , the ceramic tubes display good cir-
cularity without obvious deformation. Table 1 lists the basic
properties of the ceramic tubes prepared in SICCAS.?! Sin-
tering is the most difficult process to control and potentially
the most expensive operation involved in the preparation
of B’-alumina ceramic tubes. It usually takes place with the
assistance of liquid phases which easily result in deformation
of the final ceramic tubes. The densification of the ceramics

Figure 3. Precursor powders with good fluidity and spherical particle
morphology. Reproduced with permission.? Copyright 2008, Elsevier.
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Figure 4. Beta-alumina ceramic tubes of different outer diameters
prepared in SICCAS. Reproduced with permission.l?8l Copyright 2008,
Elsevier.

Table 1. Properties of f”-alumina ceramic tubes prepared by SICCAS.

Property Value
Outer diameter (mm) 10-60
Length (mm) 100-600

1.0-1.5
Na,0: 9.0, Li,O: 0.72, Al,O3: balance

Thickness (mm)

Chemical composition (wt%)

Relative density (%) 99
Relative ”-alumina phase content (%) 99
Matrix grain size (um) 1-5
Sodium ion resistivity at 300 °C (Qm) 4-6

Bending strength (MPa) 250+ 26

proceeds in parallel with phase transformation to f”-alumina
and grain growth. Loss of the volatile alkaline elements, espe-
cially deformation decrease in circularity, and the exaggerated
grain growth of the ceramics are the main factors to be prefer-
ably considered. Both vertical and horizontal batch sintering
processes were developed in SICCAS, by which high-quality
ceramic tubes were fabricated.

Table 2. Properties of ”-alumina ceramic tubes prepared by SICCAS.
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2.4. Composite and Mechanical Properties

The mechanical properties of f”-alumina depend mainly on the
relative density and microstructure of the ceramic electrolyte.!%
Dense f”-alumina ceramics with fine grains exhibit much
higher fracture strength.3%3% The defects such as cracks and
impurities also influence the mechanical strength significantly.
The transformation from tetragonal-ZrO, (t-ZrO,) to mono-
clinic-ZrO, (m-ZrO,) has been used successfully to toughen
and strengthen many ceramic systems. It was also employed
to B’-alumina by many laboratories.>*3”] Improvement of the
mechanical strength and K ¢ (the fracture toughness) of the
B’-alumina ceramics should lead to significant enhancement of
the battery life. Table 2 summarizes the mechanical and elec-
trical properties of typical ”-alumina/ZrO, composites.?? As
observed, the strengthening and toughening effect of ZrO, is
significant, while the electrical properties is comparable to that
of the pristine f”-alumina at the amounts of ZrO, not more
than 15 vol.%.

The strengthening effects of ZrO, addition may result from
several mechanisms, including transformation toughening,
deflection toughening and microstructure optimization.'”l The
effect in the t-ZrO, containing composite is even more remark-
able than the ¢-ZrO, containing composite. Moreover, microc-
rack toughening and crack deflection mechanisms are mainly
attributed to the ¢-ZrO, containing composite. The t-m phase
transformation mechanism is ascribed to the main toughening
and strengthening effects of the t-ZrO,-based composites.

3. Sealing Materials

NAS battery operates at a temperature above 300 °C in order to
keep the discharge products in the liquid state and improve the
cell performance. Sodium and sulfur are also in melting state
at the operating temperature. If the melts of both electrodes are
in direct contact with each other, the reactions between them
are inherently violent, potentially leading to fire and even explo-
sion.”] 1t is easy to see from Figure 1 that the breakdown of
any parts in the NAS cell facing both Na and S electrode would
cause the direct contact of the electrodes. Such parts include the
B’-alumina ceramic electrolyte tube, the insulator, a-alumina,
the sealant 1 connecting the electrolyte and the insulator, as
well as the sealant 2 connecting the insulator and the current
collectors. Among all the parts, the sealant 1, normally a glassy
material, is the weakest one. Borosilicate glass has usually been
selected due to its high mechanical strength and chemical
durability.’>! However, the glass sealants have inherent disad-

vantages like high brittleness, high sealing

temperature, easy cristobalite precipitation,

and poor thermal expansion match with the

ZrO, in composite Y,05in ZrO, Bending strength  Fracture toughness  Resistivity at 300 °C sealed parts.[SS] The seal creates a ma]'or chal-
o, o, 1/2 .
(vol.%) (mol.%) (MPa) (MPa cm'/?) (&2 cm) lenge in the development of NAS battery.
0 / 250 23 5.7 However, few works about glass sealants for
10 2.5 278 3.1 9.3 NAS battery were reported except for some
15 25 14 34 0.8 patents.}*) The data in these patents are
2 )5 330 . o not systematically and completely opened.
In recent years, new types of sealants, such
15 6 270 3.0 9.8

as glass-ceramics, Bi-doped borosilicate glass
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Table 3. TECs of the sealants obtained at different conditions.

Y,0; contents Thermal treatment TECs (X106 K™)
(wt%) 25-300°C  25-400°C
G1:0.5 1000 °C x 7 min 6.5 6.7
G2:1.0 1000 °C x 7 min 6.3 6.5
G3:3.0 1000 °C x 7 min 5.1 5.7
3.0 1000 °C x 7 min, 6.9 6.4
800 °C x 90 min
3.0 1000 °C x 7 min, 6.6 6.5

700 °C x 120 min,
800 °C x 90 min

have been developed in SICCAS and exhibit superior thermal
expansion match and chemical compatibility.3843-46]

3.1. Glass-Ceramic Sealants

Compared to commercial borosilicate glass sealants, glass-
ceramic sealants possess several advantages: (1) high strength;
(2) high chemical stability; (3) no phase transformation and
ignorable stress during thermal cycles and (4) controllable
thermal expansion. Borosilicate glass was chosen as the basic
glass and TiO, as the nucleating agent. Large radii and high
field intensity Y,0; was doped to modulate the thermal expan-
sion coefficient (TEC) and CaF, was further added to decrease
the viscosity of the borosilicate glass.

The effects of Y,0; contents and the thermal treatment
process on the TECs of the glass-ceramic sealants were inves-
tigated. Table 3 lists the TECs of the sealants obtained at dif-
ferent conditions.** As observed, at Y,0; doping level of 0.5,
1.0, 3.0 wt.%, the TECs of the glass-ceramic sealants were well-
matched with those of the o~alumina and f”-alumina, which
were 6.9 X 10 K~! and 6.6 x 10° K! from room temperature
to 300 °C, respectively. The TECs of the sealants at Y,0; dopant
of 0.5 and 1.0 wt.% were adaptive while sealed at 1000 °C for
7 min. However, when the doping level is increased to 3.0 wt.%,
the sealant should be heated at 800 °C for 90 min to realize a
satisfactory TEC match.

The glass-ceramic sealants displayed favorable performance.
Even after 100 times thermal shock, the interfaces between the
3.0% Y,05 doped glass-ceramics and a-alumina or f3”-alumina
were still kept intact and highly bonded, as shown in Figure 5a
and b. The thickness of the diffusion layer was less than 10 pm
after heat treating at 350 °C for 850 h, indicating favorable
chemical match of the sealants with alumina. However, a few
pores were found in the sealants, which resulted from the
glass crystallization at the sealing temperature. Replacing part
of SiO, in the glass by Bi,O; can depress the precipitation of
cristobalite effectively and realize densification of the glass-
ceramic sealants.3®!

3.2. Bi-Doped Borosilicate Glass

Substituting Bi,03 for part of SiO, in borosilicate improved the
thermal expansion match between the glasses and a-alumina

Adv. Funct. Mater. 2013, 23, 1005-1018
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Figure 5. (a, b) Cross-sectional images of the o-alumina/3.0% Y,0;
doped glass-ceramic (G3) sealant/f”-alumina interfaces after thermal
shock for 100 times. Reproduced with permission.*l Copyright 2010,
Springer. Cross-sectional morphologies of B”-alumina/glass sealant
with Bi,O3 dopant of 32wt.% (GA3)/a-alumina interfaces heat-treated at
800 °C for 7 min (c) before thermal shock and (d) after thermal shock for
200 times. Reproduced with permission.l*] Copyright 2011, Elsevier.

or f”-alumina. The glass transition temperature (Tg), the sof-
tening temperature (Ts) and the viscosity of the doped glass
were decreased. It was assumed that the replacement of SiO, by
Bi,0; made the glass network less rigid and Bi,O; built the glass
network as [BiOg] unit, which gave rise to the decrease in the
viscosity. A viscosity about 10° Pa s was achieved at 800-850 °C,
making the sealing temperature 200 °C lower than that of the
undoped one. 8!

The density of Bi-doped glass sealants was elevated obviously
due to the optimized viscosity.[*?! Figure 5c illustrates the cross-
section morphologies of the interfaces between o, f”-alumina
and the glass sealant with Bi,O; dopant of 32wt.% (GA3 glass).
As seen, the ”-alumina/GA3 glass/o~alumina interfaces were
joined well without any microcracks and the joint was pore free
and indicated perfect hermeticity. The bonding strength reached
as high as 17.91 MPa. After 200 times thermal shock, no obvious
changes were found except the formation of a thin diffusion
layer between the GA3 glass and f”-alumina (Figure 5d). After
thermal shock, Al diffusion from f”-alumina to GA3 glass pro-
duced the diffusion layer with thickness of about 7 um and no
diffusion of Si, Bi, Na occurred from glass into o, f”-alumina.
The 7 um diffusion layer could be ignored compared with the
electrode operation area, which would present little influence
on the performance of the electrolyte materials.

4, Sulfur Electrode

In a practical NAS battery, the constituents of the sulfur elec-
trode include the sulfur that is reduced during discharge and
the graphite or carbon felts that are commonly used as the elec-
tronically conductive matrix material.'>*! During the first ten
years (1968-1977), the cells were filled with molten sulfur after
the graphite or carbon felt had been packed into the cells. This
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technique presents several disadvantages such as long calcina-
tion duration, large structural and compositional inhomoge-
neity, high resistance, complex synthesis route etc.

The sulfur electrode manufacture now widely used by the
developers was preformed sulfur electrode technique, which
was first described by Storey’s patent.*¥] In this technique,
the electrodes are made up from elements which are shaped
in a mould under compression whilst impregnated with liquid
sulfur. While the felt is still under compression the sulfur is
cooled and solidified. These solid preforms are inserted into
cells during assembly, and when the cell is heated up the sulfur
melts and allows the graphite or carbon matrix to expand and
contact the collector and the beta-alumina ceramic surfaces.
The advantages of this method were ease of cell assembly, rapid
production, low resistance and a less uneven loading of felt into
the cathode compartment.!

To obtain the sulfur electrode with good performance, not
only a low cathode resistance is required, but it is preferable
to make the fibers parallel to current flow. Thus two different
electrode structures have been developed.*’! The purpose of
both methods is to reduce the amount of elemental sulfur
that forms on the electrolyte surface during recharge, which
will be discussed carefully in the Interface subsection. One
method uses physical components that are preferentially wet by
sodium polysulfides!*)l and the other alters the electric-potential
distribution in the sulfur electrode by using graded-porosity
carbon or graphite felt. In general, the first method produces
cells with better recharge characteristics. However, this method
can be more costly because of the complicated structure.

In our lab, we have studied the influence of heat treat-
ment of carbon felt on the performance of the sulfur elec-
trode. Figure 6 shows the morphology of carbon felt heat-
treated at 550 °C. Abundant nanoscale pores formed on the
surface of carbon felt after heat treatment, which was of
benefit to the absorption of the electrode materials. As dis-
played in Figure 7, the electrical conductivity of the carbon
felt increased with the increase of heat-treatment tempera-
ture, and it reached a maximum for the sample treated at
550 °C. Further increase of the treating temprature caused
decrease in conductivity.

In addition, we have designed a carbon felt with SiO, fibers
punched, as shown in Figure 8. It was found that the C/SiO,
composite show remarkably improved electrochemical behavior
as demonstrated in Figure 9, the cycling stability of the NAS
cell was improved significantly with the additive, and the over-

Figure 6. SEM images of carbon felt before and after heat-treated at
550 °C.
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Figure 7. Electrical conductivity of carbon felt after heat-treated at dif-
ferent temperatures.

Figure 8. The structure of the C/SiO, composite felt.

potential of the NAS cell greatly decreased with the SiO, addi-
tives. The addition of 35wt% SiO, showed further improvement
in the charge and discharge behavior as shown in Figure 10.
Moreover, The 35wt% SiO, containing composite carbon felt
showed better cycling stability that the 20wt% SiO, based cell.
The improved performance of the C/SiO, composite felt was
supposed to be connected with the different absorbing and wet-
ting performance of the carbon and the SiO, surfaces, which
caused selective absorption of the sulfur and the resulted
sodium sulfide between the C and the SiO, surfaces, giving an
abundant reactive region for the cell reactions, as schematically
illustrated in Figure 11.

Adv. Funct. Mater. 2013, 23, 1005-1018
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Figure 10. Charge and discharge profiles of Na-S battery with different
carbon fibres in sulfur electrode.

Figure 11. lllustration of the formation and transport of the sodium
sulfide in the sulfur electrode with composite backbone.

5. Interface and Surface Modification

The cell reactions take place at the interfaces of ”-alumina and
sodium electrode or sulfur electrode respectively. The interface
behavior of the cell is one of the key factors determining the cell

Adv. Funct. Mater. 2013, 23, 1005-1018
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electrochemical performances. Hence, the interfaces between the
liquid electrodes and f”-alumina electrolyte have been consid-
ered to be crucial for the development of a satisfactory NAS cell.

5.1. Sodium/”-Alumina Interfacial Polarization

In order to ensure that the sodium electrode does not consider-
ably contribute to the cell resistance, the Na/f”-alumina interfa-
cial polarization has to be kept to a minimum, and the sodium
anode has to be maintained in contact with the full area of the
B’-alumina surface during the cell operation life.

It was expected that liquid sodium would be an ideal revers-
ible electrode and the polarization problems would not arise
from the Na/f”-alumina interface. However, a mass of polariza-
tion has been observed at the interface during the past decades.
Sudworth et al. have investigated the AC resistance and DC
cyclic galvodynamic polarization curves of the Na/f”-alumina
interface via a tubular Na/f’-alumina/Na system in 1973.50
The AC resistances of the symmetrical cell decreased as the
frequency increased. The non-ohmic, asymmetric, and sweep
rate-dependent behavior of the polarization curves were illus-
trated at all temperatures. In addition, the contrast experiments
in this work demonstrated that the oxide content of the sodium
was not the reason for the appearance of the polarization,
instead the polarization was more severe when the sodium has
a lower degree of purity. This is consistent with the observa-
tions of Bradhurst and Buchanan.P! Their work indicated that
dissolved oxide could enhance the wetting of ceramics. The
polarization might be attributable to the incomplete wetting of
the f”-alumina by sodium.

It is worth mentioning that attempts to measure the Na/f"-
alumina interfacial resistance directly from the AC impedance
spectra of the planar Na/B”-alumina/Na cell at temperatures
between 150 and 350 °C have been conducted by Armstrong
and his coworkers.?! Figure 12 a presents the complex imped-
ance of polished f”-alumina surface at 150 °C. As proposed in
this work, based on the fitted equivalent electrical circuit shown
in Figure 12b, the impedance spectrum displays an intercept R.,
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Figure 12. a) The complex impedance of polished B”-alumina surface
at 150 °C. b) The proposed corresponding fitted equivalent electrical
circuit.b2
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on the real axis, corresponding to the resistance of the ”-Al,0,
(including the bulk resistance and grain boundary resistance),
and a semi-circle at lower frequencies derive from the inter-
facial resistance (mainly charge-transfer resistance R.). The
article pointed out that both the polished and rough f”-alumina
surface introduced a certain amount of R, but the enhanced
wetting of the surfaces by sodium conduced to the decrease of
the interfacial resistance. Later, more work on the impedance
of the B”-alumina and sodium-based substance interface have
been employed to discuss the transfer of Na* across the inter-
face and the influence factor (for example water vapour) of the
interfacial resistance.l>3-60)

Besides the viewpoints concentrating on the incomplete
wetting of the electrolyte surface, Breiter et al. who used other
three testing systems to study the behavior of different sodium
electrode/f”-alumina interface reported that the asymmetric
behavior involved a larger effective resistance during anodic
sodium dissolution than during cathodic sodium deposition,
suggesting that a thin passivating Na,O film formed on the
interface during the sweep caused the polarization.[’!] The vol-
tammetric current-potential curves for the cell Cu/Al/Na/fB”-
alumina/NaNO;/Pt/Cu shown in Figure 13. The asymmetric

I(A) I(A)
1.0+
(a) 0 (b)
05+
A

05 10

L E()-E(0) E(I) E(O)
7705 ") V)
1410

(C) 05
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Figure 13. The voltammetric current—potential curves for the cell Cu/
Al/Na/fB”-alumina/NaNO3/Pt/Cu. a) 0.001, b) 0.01, ¢) 0.1, d) 1, e) 10,
f) 100Vs ~'. Reproduced with permission.8'l Copyright 1981, Springer.
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curve shape showed a strong sweep rate dependence. Like the
above-mentioned point of view, they attributed the asymmetry
to the effects of the sodium/fB”-alumina interface, but there is
no further explanation for how the passivating film acts in the
cycling process.[61:62]

5.2. Wetting Studies of Sodium on f3”-Alumina Ceramic

The theoretical research of the wetting behavior of sodium on
p’-alumina starts with a discrepancy between the calculated
and experimental value of critical current density at f”-alumina
failure when Virkar and Miller tried to prove the Richman-
Tennenhouse (R-T) model®! which used to explain the f”-
alumina degradation in liquid sodium. They proposed that non-
wetted areas of the f”-alumina surface could induce high local
current densities, leading to the degradation of f”-alumina.l!l
Afterwards they utilized an electrical mechanical analogue to
determine intensification and obtained:

c\ 2
hip = i [2 (7) 4 1} )

where i is current density, 2C is the diameter of the unwetted
area and r is the crack tip radius.[*! The value of i, increases as
the unwetted area expands. Feldman and De Jonghe suggested
that the sodium dendrite would grow out of the high current
density region more easily.l® Therefore, from the perspective
of optimizing the Na/f”-alumina interface, it is important to
study and improve the wettability of sodium on the f”-alumina
surface.

For pristine f”-alumina without treatments, Gibson!®”) and
Viswanathan et al.[%®] obtained the similar results which indi-
cated that the wetting of sodium did not occur at temperature
below 300 °C. The incomplete wetting behavior conforms to the
previous inferences. For years, many researchers tried to explore
the cause of the poor wetting and the methods improving the
wettability of sodium on the f”-alumina surface. Two factors
arising from moisture and impurity in the f”-alumina ceramic
such as calcium were proposed to be responsible. Viswa-
nathan and his coworkers, who pretreated the ceramics in dry
or humid environment, demonstrated that the presence of
moisture played a role in the poor wetting.%] Moreover, it has
been reported by many researchers that the impurity calcium,
introduced in the cell by the ceramic powders during synthe-
sizing the [3”-alumina electrolyte, caused obvious increase in
cell resistance.®721 Mobility and accumulation of calcium on
the Na/B”-alumina interface were confirmed by Demott et al.
in 1981, who achieved the results through tracking radioactive
Ca-45.73 Later, Lehnert and Hartmann observed tha asym-
metric resistance behavior occurred in Na/f”-alumina/Na sys-
tems even without current flow owing to the formation of a
layer of Ca(OH), and CaO."*

In order to overcome the negative impact of the impurity, the
challenges involved as well as the potential solutions would be
discussed. Changing the f”-alumina formulation and treating the
Na/f"-alumina interface were considered to be effective ways.!!>!
Bugden and his coworkers found that using an o~alumina pre-
cursor containing less calcium impurity was favorable to the

Adv. Funct. Mater. 2013, 23, 1005-1018
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Table 4 Summary of the wettability of liquid sodium on f”-alumina substrates reported in the literatures.

No. Treatments for f”-alumina Mesuring temperature Test methods Wettability (contact angle) Ref.
1 None <300 °C, >350 °C X-radiography Unwetted (>90°), wetted (<90°) [68]
2 None 260 °C Sessile drop Unwetted(160°) [69]
3 Baked at 425 °C in vacuum for 60hs 360 °C Sessile drop Fully wetted (0°) [69]
4 Exposed to 100% relative humidity for 24hs 360 °C Sessile drop Incomplete wetted (103°) [69]
5 Coating Pb or Bi 250 °C Immersion tests Wetted [77,78]
6 Coating an oxide of a transition metal 250 °C Immersion tests Wetted [78]
(Fe,Ni,Cu,Mn,Co,Cr,Mo)
7 Coating liquid NaNH, 210 °C Sessile drop Fully wetted (0°) [79]

decrease of the cell resistance.””! Nevertheless, more researchers
focus on the modification of sodium and the §”-alumina surface.

Table 4 summarizes the wettability of liquid sodium on the
surface of ”-alumina substrates reported in the literatures. The
effect of the surface treatments were investigated by observing
the contact angle between a drop of liquid sodium and the sur-
face of a f”-alumina disc in a inert atmosphere. Many materials
including metal (such as Pb, Bi), transition metal oxide, and
liquid Na* ion conductor NaNH, were employed to coat on the
surface to diminish the contact angle.”®781 On the other hand,
it was found that addition of a Ti or Al to sodium as an oxygen
getter to minimize the amount of calcium which is oxidized at
the Na/B”-alumina interface, reduced significantly the rate of
resistance increase.’>7%! Although these treatments have been
proved to be effective, explanation of the mechanism is ques-
tionable till now. For example, coating the ceramic surface with
a layer of lead greatly improved the wettability of the surface
for sodium.®! Tt was proposed that the coatings provided an
increased surface area to lessen the inter-
ference of calcium oxide. For this reason,
porous materials are suggested to be a more
suitable candidate, which has not been veri-
fied. Therefore, the new coating materials
and mechanism need to be developed to
avoid hazardous substances and enlarge
the understanding. Recently, porous carbon
films (PCFs) with tunable pore structure
have been fabricated by our group to modify
the B”-alumina electrolyte surface through a
low-cost and direct wet chemistry method fol-
lowed by a calcination process, which is dis-
played in Figure 14a. As seen in Figure 14b,
the porous carbon films were demonstrated
to largely improve the wettability of the
pB’-alumina ceramics by molten sodium at
300 °C. Na/f"-alumina/Na cells were assem-
bled to investigate the interfacial properties
between sodium and the §”-alumina electro-
lyte. The polarization potentials of the cells
with and without the PCF coating were meas-
ured as a function of the current density, as
shown in Figure 14c. The results obtained at
350 °C revealed that the polarization behavior
of the cell was improved by the addition of
the porous coating.

Adv. Funct. Mater. 2013, 23, 1005-1018
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5.3. Sodium Capillary Wicks

Generally, a traditional sodium anode of NAS battery achieved
good contact between sodium and f”-alumina electrolyte by
means of three methods: feeding sodium by gravity from a top
reservoir, wicking sodium to the ”-alumina surface and forcing
sodium from a reservoir by gas pressure. It is noteworthy to
emphasize the featured advantages of eliminating the sodium
reservoir and using capillary wicks as follows: (1) cost reduction,
(2) simplifying sealing process, (3) increasing utilization rate of
sodium, (4) improving security of cell on account of restricting
the path for sodium, and (5) facilitating a more compact cell
design which is more suitable to large capacity energy storage.
As a sodium wick material, several requirements should be
satisfied: (1) fully wetted by sodium at the sodium filling tem-
perature, (2) not reacting with liquid sodium, (3) cheap, light
and easily incorporated into a cell, (4) not reacting exothermally
with sulfur, (5) not releasing gas during warm-up of the cell.

26Acm” 52 Aem’

i

-
-

94.5°

151° B"-alumina coated by PCF

Figure 14. (a) SEM images of the surface of the typical porous carbon film. (b) Optical micro-
graphs of the static sodium drop on f”-alumina with and without the porous carbon coating
at 300 °C in argon atmosphere. (c) Constant current polarization curves in Na/f”-alumina/Na
cell with and without the porous carbon coating at 350 °C.
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Table 5 Summary of the wetting behavior of liquid sodium on various metals and non-metals.

Material Measuring temperature Test methods Wettability (contact angle) Ref.
Ni, Co, Fe, Mo, W, V, Ti, Zr, Cr Below 200 °C Vertical plate Wetted [81,82]
Ni, Fe 250 °C / Wetted (30°) [83]
Cr Below 280 °C, 350 °C Sessile drop Unwetted (150°), wetted (75°) [84]
Fe Below 330 °C, 350 °C Sessile drop Unwetted (120°), wetted (60°) [84]
Mo Below 380 °C, 400 °C Sessile drop Unwetted (140°), wetted (90°) [84]
Ni Below 330 °C, 400 °C Sessile drop Unwetted (150°), wetted (75°) [84]
Al,O3, ZrO,, Y,03, MgO Below 400 °C / Unwetted [85]

A brief summary of the wetting behavior of liquid sodium
on various metals and non-metals is given in Table 5. In gen-
eral, metals are more readily wetted than non-metals, may due
to the relative large surface tension of metal,® thus metal has
the best chance of complete wetting metallic sodium.®) Metal
(such as iron and nickel) shims, gauzes and foams were accord-
ingly common to act as sodium wicks. However, these thin
metal wicks could easily be corroded by the molten sulfur and
sodium polysulfides produced in the failure reaction, which
should be overcome when relying completely on metal wicks
to limit the quantity of available sodium.®”) In addition, porous
metals and powders are another alternative wicks, especially for
vertically operated cells. Knoedler et al. investigated the electro-
chemical behavior of an sodium electrode containing porous
stainless steel felt.B® They suggested that the optimum pore
size was 80 um with an optimum porosity of approximate 90%.
For porous wicks, a close contact between f”-alumina and the
porous felts was an issue that was noticeable. Thin porous coat-
ings of nickel and aluminum on a f”-alumina tube prepared
by flame spraying or plasma spraying have been patented in
1978, but the synthetic methods were too expensively for fur-
ther application. Hence, fabrication of large-scale porous metal
coatings with controllable surface morphology, porosity, and
thickness on the f”-alumina surface is still a great challenge so
far. Very recently, novel porous Ni@C coatings on f3”-alumina
surfaces have been prepared by our group. SEM images in
Figure 15a shows the Ni@C coating possesses a net-like struc-
ture that contained the pores with diameter of ca. 30 um. Typ-
ical cross-sectional (Figure 15b) image clearly displays that the
thickness of the as-prepared coating is around 60 pm. In TEM
and HRTEM micrographs, it is evident that the Ni nano- or
micro-particles (dark part) are coated with a layer of graphite
(pale part) with varying thickness. Furthermore, the corrosion
behaviors of the coatings in molten sulfur were investigated
to demonstrate their high corrosion resistance against molten
sulfur. This porous Ni@C coating on the ”-alumina surface
has great potential for the sodium wick in NAS batteries.

5.4. Sulfur (Polysulfides)/”-Alumina Interfaces

We notice that the NAS battery system is not only limited by
the performance of the sodium anode. As is well known, sulfur
is an electronic insulator, and the electron transfer necessary
for electrochemical reaction requires the presence of a porous

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 15. (a) Top-view and (b) cross-sectional SEM images of the typical
Ni@C coating. (c) TEM and (d) HRTEM images of the coating.

electronic conductor matrix with high specific surface area in
the vicinity of the B”-alumina electrolyte. During discharge,
the polysulfide ions are formed on the surface of the conduc-
tive matrix near the f3”-alumina electrolyte by reaction of sulfur
with electrons from the external circuit. During charge, elec-
trons are removed from sodium polysulfide by charge transfer
at the surface of the matrix preferentially in the vicinity of the
B’-alumina, leaving behind molten sulfur. Since sulfur is non-
conductive, when it covers the surface of the porous matrices,
charge transfer is forbidden, and the charging process is hin-
dered. With the goal of solving this problem, it is essential
to choose a porous inert electronically conducting material with
high surface area, which is more readily wetted by polysulfides
than sulfur, as the cathode matrix near the solid electrolyte.
Carbon felt (usually graphite felt) is generally believed to
be one of the appropriate conductive matrices,®! and almost
universally adopted in cells using ”-alumina electrolyte. Nev-
ertheless, Ludwig reported that graphite was preferentially wet
by sulfur as opposed to sodium polysulfide, and he selected
porous metal substrate which was coated by an oxide with a
thickness of greater than 50 nm.°¥ Many other researchers
made effects on the improvement of the cathode matrices near
the surface of the f”-alumina electrolyte. Carbon foams have
been investigated by Sudworth et al. in 1983. They found that

Adv. Funct. Mater. 2013, 23, 1005-1018
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Table 6. The performance of several typical coating materials on Al substrate
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s.1102 or conducting ceramics also have been exam-

ined,®¢19 but most of them have certain

drawbacks. Composites with an anti-corro-

Material Coating method Electrical cycling performance

Mo Flame spray 50 cycles, high resistance

C PAVD 10 cycles, high resistance

Cr,Cs lon plating 300 cycles, high resistance

Cr,Cs Plasma spray 1000 cycles, acceptable performance
NiCr/Cr,C; Plasma spray 1000 cycles, acceptable performance

Nb doped TiO, Plasma spray 200 cycles, high resistance

Cr, G Detonation coating 200 cycles, good performance, very expensive
TiO,/Al,04 Flame spray 10 cycles, high resistance

sive layer coated on the conducting substrates
attracted many researchers’ interests and
could fulfill the requirements of the positive
current collector. Table 6 summarizes the per-
formance of several typical coating materials
on Al substrates.'™! It can be seen that most
coated current collectors demonstrate high
resistance except plasma sprayed chromium
carbides which appear to be satisfactory for

it is difficult to obtain good contact with the metal current col-
lector.®? A dispersion of conductive powder in sulfur is another
interesting choice for the cathode matrix. South et al. prepared
sulfur electrodes from suspensions of carbon black in sulfur,
but this method had two disadvantages: low bulk density and
high cell resistance at the beginning of discharge.l’! Recently,
a mesoporous carbon sphere with the uniform channels has
been employed as the conductive matrix in the sulfur cathode
for the lithium-sulfur battery.’”* There is still a space to exploit
by growing other potential sulfur matrix in the vicinity of the
B”-alumina for NAS batteries.

6. Sulfur Electrode Current Collector

As mentioned above, sulfur and the discharged products
sodium polysulfide, which are in molten state at the operating
temperature of NAS battery (above 300 °C), are extremely cor-
rosive. The corrosion of the positive current collector may lead
to loss of capacity, increase of resistance and cycle-life limita-
tions. Therefore, the corrosion of the positive current collector
has been considered as one of the major reasons for the failure
of NAS battery."” The main requirements for the positive cur-
rent collector include good corrosion resistance, high electrical
conductivity, easy fabrication, low weight and low cost. Metals
and alloys are either extensively corroded, e.g. Fe, Cu, Ti, Ni
and Ni-based alloys,® or covered by relatively protective films
with low conductivity, e.g. Al, Mo and stainless steel.’®%7] Inor-
ganic compounds such as chromium carbide, titanium carbide

(a) 3 « 3161
LSCF
2L | — Fitted data
1f
<
El
~ oF

several hundred cycles.

We found that perovskite-type oxides,
ABO;, based on rare earth and alkaline earth oxides with 3d
transition metal oxides seemed to be promising candidates as
the interior coating materials for the sulfur electrode current
collectors due to their good electrical conductivity and high
stability in both oxidation and reduction environments.[102103]
In our lab, several complex perovskite-type oxides such as
Lag §S10,,Coq 3Feq 7035 (LSCF), LaggSry2C00,Cro03.5 (LSCC),
St(CogFeq,NDby,)O5.5 etc. were investigated. The corrosion
mechanism of these materials in molten sodium tetrasulfide
at 350 °C has been studied by electrochemical noise tech-
nique, together with potentiodynamic polarization and dip-
immersion tests.'%1%] LSCF possessed high electrical con-
ductivity as well as thermal expansion coefficient matching
well with the generally used current collector material 316L
stainless steel. Figure 16 a shows the potentiodynamic polari-
zation curves recorded from —30 mV to 30 mV with respect to
the corrosion potential (E,,,) and the results of the data fitting
for LSCF and SS316L exposed to molten sodium tetrasulfide at
350 °C, respectively. The corrosion current density i, of LSCF
obtained from the polarization curve fitting was approximate
10 times smaller than that of SS316L. Figure 16D illustrates
the potentiodynamic polarization curves of LSCF and SS316L
measured over the wider potential range from —1.60 V to 1.80V
versus graphite reference electrode. Compared to SS316L,
LSCF showed a rather higher E,,, and a relatively smaller pas-
sive current, which implied that the passive films formed on
the surface of LSCF provided more effective protection against
the corrosion attack. However, the corrosion resistance of LSCF
against molten sodium tetrasulfide along corrosion time is
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Figure 16. Potentiodynamic polarization curves performed in the potential range of (a) =30 mV to 30 mV and (b) —1.60 V to 1.80 V for the LSCF and
SS316L exposed to molten sodium tetrasulfide at 350 °C. Reproduced with permission.l1%l Copyright 2010, Elsevier.
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Figure 17. Morphologies of the corrosion surface of (a) LSCF and
(b) LSCC immersed in molten sodium tetrasulfide melt for 130 days.
Reproduced with permission.'%! Copyright 2011, Elsevier.

limited. The cross section micrograph of LSCF immersed in
molten sodium tetrasulfide for 130 days is shown in Figure 17
a. As seen, the corrosion scale consists of two compact layers.
A layer spalled away from the surface with the gaps being filled
with epoxy, indicating LSCF degraded to some extent. Besides,
Sr(CoyFey,Nby,)Os.5 and SrjgCey,Nig 4Crg O35 exhibited very
low corrosion current density and high corrosion potential, but
both displayed cracks after immersing in molten sodium tet-
rasulfide at 350 °C for several days.

Among those perovskite oxides, LSCC which combines the
excellent corrosion resistance with high electrical conductivity
turns out to be a promising candidate for the interior coating for
the sulfur electrode current collector. The cross-section micro-
graph of LSCC immersed for 130 days is shown in Figure 17b.
Although spallation occurred on the outer surface of the cor-
rosion scale, it didn't influence the evenness and coherence of
the corrosion layer. The corrosion rate deduced from immer-
sion test was about 12 um year!, which was significantly lower
than that of aluminum (150 um year™!) and the steel (AISI 446)
(90 um year™).”l The corrosion current density of LSCC was
about 0.08 mA cm™2, approximately two orders of magnitude
lower than that of SS316L.

7. Conclusions and Future Outlook

Large scale battery storage technology will play a very impor-
tant role in the reliable and economic operation of smart elec-
tric grids with amounts of renewable power like solar and wind
sources. In particular, some countries have set ambitious targets
for renewable power sources in the future. It is expected that
battery storage technologies can meet the future requirements
economically and efficiently. The NAS battery, as one of the
most advanced large scale energy storage battery systems, has
been widely applied for stationary power storage; it is installed
and operating in the energy storage station that is largest in the
world (apart from stations using PHS and CAES systems). At
present, the NAS battery has occupied nearly 65% market share
of large scale energy storage batteries. More and more extensive
applications can be expected based on its economic feasibility
and optimized performances. As far as the battery technology
is concerned, in future there will be significant development in
reducing the battery cost and improving their reliability. This
article focused on the key materials and the main interfaces
in NAS battery, which are among the most important factors
determining the performances and cost of the battery.
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Since the design of NAS battery is based on many fragile
parts involving ceramic electrolyte membrane, glass (ceramic)
sealants, and ceramic insulators, for the sake of safety, contin-
uous contributions to improve all the ceramic materials should
be made. In addition to the evaluation of NAS cells and module
systems, more attention to strict inspection for the ceramic
parts has to be paid. New techniques to inspect the parts are
meaningful.

Moreover, processes for the most expensive and difficult part
p’-alumina ceramic tubes need to be further optimized, which
is very helpful to promote the future application of NAS battery
and to compete with other large scale battery systems.

It is noticeable that one of the most significant advantages
of the present commercial tubular designed NAS battery is its
higher energy density in comparison with Li-ion battery and
vanadium redox flow battery under development. The enhance-
ment of its power density is very important to widen the appli-
cation area of the NAS battery. Different designs, for example,
planar type, new electrode systems workable at low temperature
(100-200 °C) and ambient-temperature sodium (ion) battery are
attractive candidates.[8106-10%

In order to improve the electrochemical performance of
NAS battery, particular attention should be paid to the interface
behaviors along its inner circuit; optimization of the ceramic
electrolyte/electrode interfaces is among the best strategies.

The NAS battery energy storage technology has been com-
mercialized by NGK Insulators Inc. for almost ten years, long
period battery maintenance and the recycling cells will be new
urgent research topics.
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