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In view of the burgeoning demand for energy storage stemming largely from the growing renewable energy
sector, the prospects of high (>300 °C), intermediate (100-200 °C) and room temperature (25-60 °C)
battery systems are encouraging. Metal sulfur batteries are an attractive choice since the sulfur cathode is
abundant and offers an extremely high theoretical capacity of 1672 mA h g~ upon complete discharge.
Sodium also has high natural abundance and a respectable electrochemical reduction potential (—2.71 V vs.
standard hydrogen electrode). Combining these two abundant elements as raw materials in an energy storage
context leads to the sodium—sulfur battery (NaS). This review focuses solely on the progress, prospects and
challenges of the high and intermediate temperature NaS secondary batteries (HT and IT NaS) as a whole.
The already established HT NaS can be further improved in terms of energy density and safety record. The IT
NaS takes advantage of the lower operating temperature to lower manufacturing and potentially operating
costs whilst creating a safer environment. A thorough technical discussion on the building blocks of these two
battery systems is discussed here, including electrolyte, separators, cell configuration, electrochemical
reactions that take place under the different operating conditions and ways to monitor and comprehend the
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the work conducted on the room temperature (RT) NaS system is given seeking to couple the knowledge in

DO 10.1039/c8ra08658¢ this field with the one at elevated temperatures. Finally, future perspectives are discussed along with ways to

rsc.li/rsc-advances effectively handle the technical challenges presented for this electrochemical energy storage system.
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1 Energy storage outlook

Renewable energy is derived from resources that are replen-
ished naturally on a human timescale. They differ from fossil
fuels in their diversity and abundance and most importantly
they do not produce greenhouse gases. Some of these sources
are topographically limited even though they produce
a constant supply of electricity, such as geothermal and
hydropower, whilst others produce electricity in an intermittent
manner (i.e. wind and solar). The quickly dropping cost of wind
and solar electricity generation is reflected by the competitive
levelized costs of electricity (LCOE) to that of fossil fuel gener-
ation, nuclear power plants and combined cycle gas turbines in
several modernized countries around the world including Ger-
many, Australia, Spain and the United States.” The LCOE from
electricity to solar is set to drop 66% by 2040 while onshore and
offshore wind levelized costs will decline by 47 and 71%,
respectively owing to economies of scale, experience and
competition.

Replacing the incumbent energy model of centralized fossil
fuel electricity with a more decentralized model that will be
based on high penetration rates of intermitting renewable
energy carries numerous challenges. Together with lower power
rating batteries, the renewable energy penetration in advanced
and developing economies is expected to increase significantly.
Examples include Germany (74%), U.S.A (55%), China (49%)
and India (49%).?> Above a penetration rate of 30%, intermittent
renewable energy with no energy storage can prompt
a mismatch between supply and demand leading to low power
quality, network constraints and renewable energy curtail-
ment.* Therefore, versatile energy storage technologies that can
readily provide demand and peak reduction, network conges-
tion relief and infrastructure deferral, rapid frequency, superior
power quality and voltage response along with seasonal storage
are indispensable.® This task can be fulfilled by electrical energy
storage systems (EES).®
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EES can be classified with regards to their energy form used
to mechanical, chemical, electrochemical, thermal, and elec-
trical. Key parameters of these systems include the ground
facilities, interaction with existing uses of gas, optimal (electro)
chemical processes, safety, reliability and efficiency. Putting
things in perspective, the current incumbent electrical energy
storage technology is pumped hydro storage (PHS), a hydro-
electric energy storage system that accounts for over 99% of
installed storage capacity of electrical energy through its 270
sites globally reaching a total generating power capacity of 127
GW.”® PHS together with underground compressed air energy
storage (CAES) carry the lowest installed cost per kW h (~$100).
The remaining 1% of the installed storage capacity is deployed
by compressed air (41.5%) and a plethora of battery systems
including LIB, SIB, NaS, advanced Pd-acid and Ni-Cd batteries,
flywheel and redox flow batteries.’

The majority of the systems that constitute the non-pumped
utility scale energy storage come under the electrochemical EES
category (EEES). EEES yield higher efficiency compared to other
ESS in terms of scalability, round-trip efficiency, calendar life,
discharge time, weight and mobility of the system. At present,
Battery Energy Storage Systems (BESS) hold a minor share in
total battery capacity in stationary applications, yet rapid
growth rates are forecasted with battery capacity increasing to
167 GW in 2030."

BESS are employed as a power or an energy configuration,
depending on their intended application. In an energy config-
uration, the batteries introduce a steady amount of power into
the grid so as to store excess renewable production for later
periods of higher demand. Examples include energy supply
shift process, peak management, back-up and energy time-
shifting (Fig. 1(a)) and dispatch power over a period of many
hours (energy trading or arbitrage). In a power configuration,
the batteries inject a hefty amount of power into the grid during
short intervals, which is achieved through the use of a high
inverter-to-battery ratio. Both are deployed at the centralized
solar and wind power production sites to smooth variable
generation output (ie. load levelling, voltage regulation,
frequency response and regulation and peak shaving) as it is fed
into the grid. These applications are distinguished from regu-
lation because they occur on the renewable energy production
side, storing energy directly generated from the specific
renewable energy resources such as solar, wind and hydro
(Fig. 1(b)). By contrast, battery storage regulation services
operate at the grid level.

LIB technology is currently the most cost-effective solution
for fast-response applications like frequency regulation and
response as well as short-term spinning reserve applications
(between 30 minutes and 3 h).*® As such, it holds the lion's share
(>60%) of the total current utility-scale grid connected BESS
market followed by sodium based batteries with 19%."" Yet, over
the last years there have been several reported fire incidents at
LIB sites'>" raising questions on its safety. On top of the above,
evidence of a growing market demand for more flexible, mid to
long duration applications (>3 h) is strong and imminent,
enabling researchers to look for different and safer battery
chemistries. Long duration storage technologies have the

This journal is © The Royal Society of Chemistry 2019
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advantage of being more versatile in capturing a wider range of
use cases and potential revenue streams.

From a technological perspective, battery storage has
matured enough to be considered a reliable and robust supplier
of energy (Fig. 2(a)). Bain & Company estimates that by 2025,
large scale battery storage could be cost competitive with
peaking plants and that is based only on cost, without any of the
added value companies and utilities the corporations are ex-
pected to generate from storage.' In addition, Lux Research
forecasts a $8.5 billion energy storage market by 2025 with
transport applications covering 85% share of the revenues ($7.4
billion) while stationary applications will earn $1.3 billion.*

A breakdown of the key technical, financial and policy-
making features surrounding BESS is outlined in Fig. 2(b). It
is imperative that all these considerations are met in order for
the BESS to operate in a sustainable, regulatory and cost-
effective manner. Technical issues are linked to the life,
performance and topography of the battery whilst financial
considerations include power component availability and cost
as well as maintained costs and risks related to manufacturers
and vendors. Policy and regulatory aspects along with the
appropriate safety measures are correlated to each specific
battery technology and application.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a) Current status of Battery Energy Storage Technologies

(BESS). Data taken from ref. 17 and 18. Metal air batteries: Zn—air and
Li—air; RFB: Zn—Ir, Zn—Br,, Zn-NiO, Ir-Cr, VRFB. Pb-acid batteries:
advanced and valve-regulated. Li based batteries: LTO, LCO, LFP,
NMC, NCA and Li-polymer. Ni based batteries: Ni—Cd, Ni—Fe. (b)
Criteria for BESS selection.

2 Sodium battery technology

Technological maturity of the BESS determines its selection
priority for any given energy storage application. These tech-
nologies are preferred due to their developed operational
expertise, which drives down the cost of the given technology.
The significantly higher cost of raw lithium versus sodium
renders the last one a more attractive choice for use in BESS
(Fig. 3(a)). Also, LIB typically contains 5-20% Co, which is
another expensive and scarce metal." Two main types of
matured sodium batteries based on the materials used for the
positive electrode are identified, namely the HT NaS and ZEBRA
systems, both of which use liquid metal electrodes.

The ZEBRA technology is currently developed and commer-
cialized by SoNick® systems.'® NaS refers to a commercialized
tubular HT NaS system commercialized from Tokyo Electric
Power Company (TEPCO) and NGK Insulator Ltd in 2002. The
technology though was initially developed from Ford Motor

RSC Adv., 2019, 9, 5649-5673 | 5651
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Fig. 3 Na-based electrochemical energy storage systems. (a) Price
breakdown of raw materials of the battery and comparison with
lithium. (b) Current development status of the main Na-based tech-
nologies. Data taken from ref. 17. (c) Gravimetric energy density. (d)
Capacity of various Na-based storage systems. Data taken from ref. 20,
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NaS, the theoretical capacity of the cell is the capacity calculated from
the weight of sulfur in the cell assuming full conversion to Na,S, (0 < x
< 2). For the HT Na—-NiCl,, a molar ratio of 1.8 between Ni/NaCl is
assumed.

Company in the 1960's followed by NASA. The operating
temperature of this battery is high compared to its peers such as
Pd-acid, redox flow and LIB due to the fact that polysulfide melt
solidifies below 280 °C and the ionic conductivity of the solid
electrolyte is heavily compromised at lower temperatures too.
Currently over 300 deployed energy storage stations with
ZEBRA and HT NaS technology are in operation worldwide®
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and offer attractive, cost-competitive technology for large scale
storage of electrical energy. MW power battery modules are
common for these battery systems since large unit cells mitigate
the economic considerations by achieving low unit costs.*
Therefore, as depicted in Fig. 3(b) their maturity level is far
more progressed when compared to other Na based technolo-
gies. The driving force for the realization of RT and IT NaS is the
projected energy density gain from the decrease of temperature
along with improved safety.”** The same rationale was imple-
mented in ZEBRA batteries along with the introduction of
a planar cell configuration. SIB technology due to the notable
number of new electrode materials investigated in the last
decade is at a more progressed level than the RT and IT NaS and
Ni-NiCl, systems.>*?*

HT NaS and ZEBRA exhibit a large theoretical gravimetric
energy density due to the high solubility of their active
compounds. For the NaS system, the sulfur cathode along with
the sodium anode can deliver a theoretical energy density of
760 W h kg™, that is two times higher than Pb-acid.>>* Yet, the
actual operational energy density lies between 180 and
220 W h kg™ (1000-1200 W h per 5.5 kg unit Na$ cell), arguably
promoting a longer calendar life with stable performance.*”*
The NGK cells demonstrate energy and power densities of 367
W h L™ " and 36 W kg™ ', respectively with the optimal temper-
ature range engaged between 300 and 340 °C.*° For the ZEBRA
system, power density lingers around 166 W h kg™~* (100 W h per
600 g unit Na-NiCl, cell).

Capacity-wise, a complete discharge of elemental sulfur to
sodium sulphide (NaS cell) involves a conversion reaction with
two electrons per sulfur atom and could yield a theoretical
capacity of 1672 mA h g~ (Fig. 3(d)).** However, the reversibility
of the system is in peril when going to lower polysulfides (Na,S,,
x < 3) due to their insoluble nature at the battery's operating
temperature and therefore a more realistic capacity points to
558 mA h g~ at the state of sodium trisulfide (Na,S;) formation
during discharge.*” The RT NasS cell shows a similar theoretical
capacity (560 mA h g~ ').** Regarding the ZEBRA battery, which
is the most prominent metal halide battery (Na-MH), the HT cell
exhibits a lower capacity (305 mA h g~') than NaS.?°

Other than the ZEBRA cell, Na-MH batteries that have been
reported in the literature include Na-FeCl,, Na-SbCl; and Na-
ZnCl, systems with limited deployment success though, due to
fast material degradation at high operating temperature and
high manufacturing cost.**** To realise competitive molten Na-
MH batteries in terms of safety, energy efficiency and density,
the operating temperature has be set between 100-150 °C. In
order to get to this temperature range (a) solid electrolytes with
high ionic conductivity, good mechanical strength should be
devised and (b) novel molten-salt electrolytes that possess
a lower melting point than NaAICl, should be realized.*® An
example of a novel molten salt battery working at IT is the one
developed by Sumitomo Electric Lightwave and Kyoto Univer-
sity that uses a nickel cathode and glassy carbon anode. This
cell is composed of non-flammable materials and delivers
reasonable gravimetric capacities (i.e. 580 mA h g~' assuming
a potential of 2.57 V) along with closer cell packing at 90 °C.*
Former battery concepts based on liquid sodium include the

This journal is © The Royal Society of Chemistry 2019
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NaBi cell with NaF-NaCl-Nal (15 : 32 : 53 mol%), the Na-Sn
battery incorporated with a NaCl-Nal electrolyte (Na|NaCl-
Nal|Sn) and the Na-Hg cell. However, they did not manage to go
past the demonstration stage due to their high operating
temperature (>580 °C) and environmental issues (toxicity of
mercury).*®* SIB currently utilizes a fraction of its theoretical
capacity (viz. 30 mA h g " vs. 1160 mA h g~ )***” while the Na-0,
cell despite having a theoretical specific energy of
1600 W h kg, it is hindered by the irreversible formation of
sodium peroxide and superoxide.*

Clearly, HT Na-based systems are economically and techno-
logically viable large scale storage solutions that exhibit
manageable sustainability issues. Unlike other generating
equipment, they do not generate CO, or other gases and have
a low environmental load due to their sealed structure. An
increasing number of patents during the last years has been
identified** while also a tenfold increase of the installed rated
capacity, reaching currently 4 GW h, outperforming any other
commercialized Na-based system (HT NaNiCl, = 7 MW h).* Of
late, the HT NaS technology is deployed in new parts of the
world (Middle East, Africa, Europe and China) enhancing its
technology penetration. Taking into account the increasing
demand for energy storage, future improvements on the
decrease of temperature and accessing the lower polysulfide
spectrum in a reversible manner could render the NaS electro-
chemical energy storage systems price competitive with pum-
ped hydro and compressed air storage. On a final note, it should
be noted that a plethora of upcoming energy storage systems
(i-e. solid oxide electrolyzers, fuel cells, redox flow cells) can also
leverage the use of this existing technology.

3 Redox active components of the
NaS battery

The energy released from the reaction of sulfur with sodium is
the cornerstone of the NaS battery technology. Elemental sulfur
contains a number of allotropes and several molecular struc-
tures with the most stable being the orthorhombic a-S crystal at
ambient temperature and pressure.*’ a-S is composed of puck-
ered Sg rings organizing in an orthorhombic cell.* In its
elemental form, it shows as an odorless, non-metallic, pale-
yellow solid. Sulfur is one of the chemical industry’s most
important raw materials, utilized as the derivative in numerous
industrial processes including rubber processing, cosmetics
and pharmaceuticals. The growth of the global sulfur industry
is currently at a nominal rate of ~2.5% and projected to reach
75 million metric tons by 2020.*” Measured in $kA h™", sulfur
has 0.15, zinc 3.66, graphite 32.27, and LCO 292.14 rendering it
a financially sustainable chemical fuel material for energy
storage.>

Sodium is a soft, lightweight metal that advertises itself as
a robust, cheap and favourable chemical fuel. It is the 6™ most
abundant metallic element in the earth's crust and 4™ in the
ocean. More precisely, sodium content is 28 400 mg kg™ " and
1000 mg L™ " in the earth's crust and water (1.08% of ocean

This journal is © The Royal Society of Chemistry 2019
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mass) in the form of numerous minerals such as rock salt and
sodality.

It is available in numerous parts of the world namely Chile,
China, Australia and Argentina, which hold 99% of its
resources.*® Currently, metallic sodium is priced at 2100 USD
ton~' in quantity.*

Sodium provides an electrochemical reduction potential of
—2.71 V vs. standard hydrogen electrode (SHE). When coupled
as an anode with an appropriate cathode material it is capable
of giving a cell voltage greater than 2.5 V. From its atomic mass
(23 g mol ™), a theoretical capacity density of 1.16 Ah g~ * can be
realized. Sulfur possesses a theoretical capacity of 1.67 Ah g *
and has a formal potential of —0.407 Vvs. SHE (S+2e~ = S, 7).
Overall, the combination of high voltage and relatively low mass
promotes both sodium and sulfur to be employed as electro-
active compounds in electrochemical energy storage systems for
obtaining high specific energy, especially at intermediate and
high temperatures (100-350 °C).

4 Types of NaS battery

The types of NaS battery can be categorized by their operating
temperatures. The major components of the HT (300-350 °C)
and IT (150-200 °C) NasS cells are the solid ceramic electrolyte of
B”-alumina (BASE), the electrodes of sodium and sulfur in
liquid state (Tyna = 98 °C and Ty, = 118 °C) and a container.
The cell configuration can be represented as Na(l)|B"-Al,O3-
|Na,S,(1) + S(1)|C, where C stands for carbonaceous material that
is commonly used as current collector and B”-Al,0; (beta-
alumina) is the solid electrolyte. In the case of the RT NaS
system (25-60 °C), metallic sodium is used instead of molten
sodium and therefore BASE can be replaced by inexpensive
glass fiber, the latter being a sound economic incentive for
utilizing RT technology. The following sections discuss in detail
the chemistry, current status and challenges of each of the
major components of these battery systems.

4.1 HT NaS battery

The operation of the cell involves the formation of polysulfides,
viz. chemical compounds containing chains of sulfur atoms
that are complexed with molten sodium forming sodium poly-
sulfides. Molten sulfur being a covalent bond species is usually
impregnated into porous carbon-based current collectors
placed in-between the BASE and the cell container, to provide
sufficient electronic conduction to carry out the electrochemical
reactions.

During discharge, sodium ions travel through the BASE to
the sulfur cathode and electrons flow in the external circuit of
the battery. Then, they react with sulfur to produce sodium
polysulfide intermediates as depicted in Fig. 4(a). Electrons are
transported to the reaction sites where the carbon fibers are in
contact with the BASE. During the subsequent reversible charge
process, sodium polysulfides release the positive sodium ions
through the electrolyte to recombine as elemental sodium at the
anode polysulfides.

RSC Adv., 2019, 9, 5649-5673 | 5653
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Fig. 4 (a) Diagram depicting the operation of the HT/IT NaS battery.
(b) Phase diagram of the HT/IT NaS system for the commercialized HT
system. Temperature versus atomic percentage of sulfur. Cell EMF
(blue line) at 350 °C. The diagram is adapted/reproduced from ref. 55
with permission from the Electrochemical Society. (c) Crystal struc-
tures of NaS, materials showing the S-S chain structures of each
polysulfide. Diagram is adapted/reproduced from ref. 46 with
permission from the Journal of the Physical Society of Japan.

Molten sodium make intimate contact with BASE and gives
rise to negligible ohmic polarization caused by contact resis-
tance at the Na|B’-Al,O; interface. The operational potential
window 2.08 and 1.78 V, being dependent on temperature and
melt compositions as depicted in the Na|Na,S, phase diagram
first devised by Gupta and Tischer and perfected later on
through theoretical calculations and further experimental
results.>**”

At the cell's operating temperature, there are two phase
regions where the melt is completely ionized containing sodium
and sodium polysulfide ions solely.”® When the starting anodic
and cathodic reactants are in their pure elemental forms the cell
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electromotive force in the two phase region is 2.076 V (Fig. 4(b)).
At compositions of x > 5, that is the sulfur rich state, the melt
consists of two liquid phases that solidify at 253 °C (sodium
pentasulfide, Na,Ss) and 115 °C (B-Sg), respectively.”® Any
capacity loss evidenced in this system stems from inadequate
charging at the two-phase zone.* During the early stage of
discharge, sulfur content ranges from 78 to 100 wt%. The initial
stage of discharge is described by eqn (1).

2Na + 5S — Na255 E300 oCc = 2.076 V (1)

Since there are two components and two phases, from the
Gibbs rule we can deduce that there are only two degrees of
freedom, namely temperature and pressure, whilst pressure is
invariant. The discharge begins adjacent to the Na|p"-Al,0; and
the two phase zone gradually extends through the catholyte to
the current collector. As this zone thickens, the sodium content
increases upon complete filling of the cathode with Na,Ss. Upon
prolonged discharge, all sulfur combines with sodium to form
a polysulfide in the shape of sodium tetrasulfide (Na,S,) as
illustrated in eqn (2), which consecutively results in the
appearance of a third degree of freedom that being the poten-
tial. The latter in turn prompts the cell voltage to fall progres-
sively. The melting point of Na,S, lies at 290 °C whereas
polysulfide melts with compositions of Na,S, (3 < x < 5) solidify
at lower temperatures (<290 °C).

2Na + 4Na2$5 - 5N3.2S4 E300 °c = 1.970 V (2)

The reaction proceeds until an overall melt composition
equivalent to x = 3 is achieved, according to eqn (3). Further
discharge to sodium trisulfide (Na,Ss, Ty, = 235 °C) leads to the
EMF decreasing to 1.78 V, where it can remain as long as the
liquid phase is present.>®

2Na + 3N32S4 - 4Na253 E300 oc = 1.74-181V (3)

Density functional theory (DFT) calculations predict Na,S; to
be of C,, symmetry with the coordination of the metal by the
terminal sulfur atoms of the S; unit only.*** The enthalpy of
formation of Na,S; (—0.85 eV per atom) is greater than the one
of Na,S, and Na,Ss, respectively (—0.80 and —0.70 eV per atom).
Beyond this point, sodium disulfide (Na,S,, Ty, = 475 °C) is
formed as corroborated by density functional calculations and
the phase diagram of Fig. 4(b). The Gibbs free energy of
formation from Na,S, is negative®® and precipitates in the
electrolyte being electronically non-conductive, hindering
battery recharge. Hence, in order to ensure continued opera-
tion, the cell should be discharged up to Na,S;. Fig. 4(c) shows
the crystal structure of sodium disulphide, which consists of S,
dimers, namely o-Na,S, and p-Na,S,. Theoretically, full
discharge is terminated when the voltage reaches 1.78 V. Sulfur
reacts with sodium ions to form sodium polysulfides according
to eqn (4):

2Na + (X — I)NaZS +2e — XNazs(x,I) (4)
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x varies from 2 to 6 depending on the overall composition of the
melt. In the higher polysulfides, the metal atoms interact not
only with the terminal atoms of the sulfur chain but also with
adjacent atoms resulting in cluster-like structures of low
symmetry and in branching of the polysulfide anion (Fig. 4(c)).*

In practical HT NasS cells, concentration gradients of sulfide
anions and sodium cations are created in the melt by the
migration of the sodium and sulfide ions. The extent of these
concentration gradients depends on the magnitude of trans-
ference numbers of the sodium ion and to a lesser extent of the
sulfur anion. It is postulated that the principal current carrying
species are the sodium ions, owing to (a) their larger relative ion
size; 1.02 A vs. 0.37 A for sulfur and (b) the diffusivity of the
individual ions that tend to counteract the movement of species
by migration.**

4.1.1 BASE. The essential requirements for a reliable solid
electrolyte involve a high sodium ion conductivity with zero
electronic conduction, chemical corrosion resistance to sulfur
and polysulfides, impermeability and adequate thermal and
mechanical strength. The beta alumina type of crystal structure
is ideally suited for rapid ionic transport in the conduction
planes, having numerous defect sites for the mobile ions linked
with networks and allowing easy access. The properties of beta
alumina resemble those of more conventional ceramics, so that
electrolyte tubes with acceptable thermal and mechanical
properties can be constructed in large numbers.*

Borate glass and beta alumina are the building blocks of the
BASE. The resistivity of the glass (~1000 ohm ecm ') is higher
than that of beta alumina by a factor of 10 leading to the
formation of extremely thin walled capillary tubes. The beta
alumina powders can be synthesized via several techniques
including sol-gel, solid-state reaction, co-precipitation and the
spray-freeze/freeze-drying.*>** The traditional synthesis of beta
alumina involves a HT solid state reaction of a-Al,O; with Na,O
in the presence of Li,O and/or MgO, the last two acting as
stabilizers. The raw materials are initially mixed and milled
followed by granulation where the formation of a green product
is evidenced. Whilst the tube is fired up, the transition from o-
alumina to B-alumina takes place. It is imperative that the
alumina surface is protected by materials that are impervious to
water and in the same time preserve the sodium ion conduc-
tivity. Firing conditions such as the sintering step of Fig. 5(a)
must be carefully managed to obtain crystal grain sizes and
grain size distributions that provide an optimal combination of
strength and conductivity.

Beta alumina has the general formula of Na;,,Mg,Al;; ,O;5
(x = 0.67). Sodium beta alumina is a 2D conductor, made of
alkaline powder that is sensitive to moisture and has the
general structure Na,0-xAl,0; and an activation energy of
0.16 eV £ 0.01 eV. Depending on x, two distinct crystal struc-
tures are formed, beta alumina (B-Al,03, x = 8-11) and beta”
alumina (B”-Al,03, x = 5-7).°* These structures enable sodium
ions to move freely in conduction planes that have a high
proportion of defect sites liked by easily accessible networks.
Fig. 5(b) and (c) illustrate the p and B"-Al,O; unit cells on (1120),
showing a stacking sequence. The basic unit consists of spinel
blocks and conduction planes. The spinel block has a four layer
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Fig. 5 (a) Conventional tube (B”-Al,Os) production process. Crystal
structure of (b) B-Al,Os and (c) B”-AlOs. The diagram is adapted/
reproduced from ref. 67 with permission from Elsevier.

ABCA stack of oxygen ions encircled with aluminum ions
whereas the conduction planes or slabs contain fewer oxygen
atoms giving more room for sodium cations. One full unit cell
requires three sets of this pairing. The bridging oxygen atoms in
the loose layers provide spacing, which in turn allows the
interstitial migration of sodium ions in the conduction plane.
The difference between the materials stems from their chemical
stoichiometry, sodium ion conductivity and stacking sequence
of O*" across the conduction layer. The unit cell of B"-Al,O3,
stacked according to a threefold screw axis containing no
mirror plane and having a rhombohedral structure is 50%
larger than that of B-Al,O3, giving an enhanced sodium ionic
conductivity, suitable for battery applications as in the case of
the HT NaS cell.®>%¢

The ionic conductivity of the $”-Al,O3 at 350 °C is similar to
that of an aqueous electrolyte in (non)aqueous batteries when at
the same time the material remains virtually an electronic
insulator. At 25 °C, single crystals in the plane direction reach
0.1 S cm™* whereas commercial ”-Al,0; reach 0.002 S cm ™. At
300 °C, the conductivity of a single B’-Al,O; crystal lingers at
1Scm ' compared to 0.3 S cm™* for polycrystalline f”-Al,O; at
the same temperature.®® The higher conductivity of single
crystals is attributed to the absence of grain boundary effects
and anisotropic ion conduction in the B and B’-Al,O; crystals.”
The diffusion of ions through the B”-Al,O; is a thermally acti-
vated process. At 300 °C, the surface of the electrolyte in the cell
is partially wetted and it becomes fully wetted at 350 °C.***° Still,
impurities like calcium (Ca) and lithium oxide (Li,O) that are
formed during cell operation can impede sodium wettability
during long-term cycling by forming a blocking calcium oxide
(CaO) film between sodium and the BASE.*>”°

Overall, the BASE conveniently and effectively allows sodium
ion transport, rendering the HT NaS a competitively energy
storage system. It is largely dependent on temperature and can
be somewhat prone to formation of blocking layers upon long
term cycling and exposure to air. Apart from the traditional and
energy intensive method of manufacturing BASE, a number of
different methods have been reported including tape casting,
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sol-gel, co-precipitation, hydrothermal growth and nano-
powder processing.®>¢%7*74

4.1.2 The sulfur electrode. The sulfur electrode is respon-
sible for the rechargeability of the cell. The electrochemical
potential, stoichiometry, and composition of the polysulfide
melt varies periodically during cell operation, which in turn
alters the solubility, wetting properties, chemical reactivity and
viscosity of the reaction products. In the liquid phase, poly-
sulfide anions of different chain lengths are in equilibrium with
each other as corroborated by ab initio computational calcula-
tions that show that in all polysulfides, sulfur exists in the form
of unbranched S,°>” chains.”>”® This equilibration is often
described by the following equation:

22 - ST ST vy +zandy> o) G)

Elemental sulfur between 300-350 °C is a viscous liquid with
a measurable vapour pressure (bp: 444 °C) that is reduced to
polysulfide ions on discharge and reformed on charge. The
initial cell discharge involves the formation of Na,Ss, having
a density of 1.86 g cm ™, which is higher than that of sulfur at
350 °C (1.66 g cm ), indicating that the latter forms the upper
phase in the two phase system of Fig. 4(b).*” The density of
Na,S; at 350 °C is similar to that of Na,S;, equal to 1.87 g cm ™ >.*
At 300 °C, the densities of the polysulfides do not differ mark-
edly, 1.89 and 1.90 g cm ™ for Na,Ss and Na,S;, respectively, yet
the surface tension has been reported to increase by a factor of
three.”” The conductivity of sulfur at 300 °C is 10" % Q ecm ™,
considerably higher than in 25 °C, viz. 5 x 10*° Q cm ™", while
that of for Na,S; and Na,S; are of the order 0.18 and 0.41
Q cm™', respectively.””® Diffusion coefficients (D) on poly-
sulfide melts at the single phase region (between Na,S; and
Na,S;) at 350 °C linger between 1 x 10> ecm” and 6 x 10~” cm?
s~ for Na,Ss. In the case of Na,S,, D was reported equal to ca. 2
x 10”7 em? s~ ', For Na,S;, the D values were of the order of ca. 9
x 107% em? s7'.7>% The reversible charge transfer reaction
represented by eqn (6) can partially describe the reaction
condition on the sulfur electrode:*

(X — 1)5\ +2e © XS(x,]) (6)

High currents can be realized from the sulfur electrode
under the provision of high electrode surface area and solubility
of sulfur in the polysulfide at the electrode/melt interface.®* The
highly corrosive environment though constitutes a major issue
and limits the selection for current collectors and containers.
Molybdenum (Mo), chromium (Cr), aluminum (Al) and stain-
less steel (SS) have been tested as current collectors with
moderate success due to economic and practical reasons.* A
more suitable solution entails the introduction of cost-effective
corrosion resistant alloys like stainless steel and perovskites
such as Lag ¢Sty ,C0¢ 3Fe, ;035 (LSCF) that was found to retard
the corrosion process of the Na,S, melt significantly.®>*>

Several carbon-based materials have also been explored as
an efficient hosts for sulfur due to their relative high conduc-
tivity, ease of tailoring their structure, chemical stability, large
surface area and compliance with physicochemical

5656 | RSC Adv., 2019, 9, 5649-5673

View Article Online

Review

characterization tools. The most common cathodic collectors
include (modified) graphite felts and cloths with oriented fibers
(radially, perpendicularly or crosswise) or needle-punched glass
fibers (of ~10 pm diameter), microporous carbon and graphite
powders.**** Normally, the collector is wrapped with stainless
steel or tungsten wire around.* Examples of carbon felt modi-
fication involve the introduction of an inorganic-organic hybrid
sol layer that enhanced the charge acceptance and allowed the
cell to operate at current densities as high as 100 mA cm > (ref.
86) as well as sulfur dioxide and a-Al,O; coatings that improved
the electrochemical behavior of the cell.*** Microporous
carbon can initiate fast electron transfer for high capacity as it
offers a larger active surface area to carry the electrochemical
reactions during the operation of the battery.

In order to combat the poor wettability of sulfur on the
carbon felt, the implementation of different cathode structures
has been reported.” Layered structures containing carbon
fibers accompanied by a highly resistive layer are placed
perpendicularly to the BASE acting as a passage way for the
sodium ions to reach the anode and also as a sulfur deposition
suppressant are displayed in Fig. 6(a). Similarly, the introduc-
tion of round to clover-leaf shaped BASE in a ZEBRA cell
managed to (a) enhance the active electrochemical area and (b)

(a)
\ Na,S; + S
B2 Na-impregnated
“““““““““““““““““““““““ resistive layer
% Carbon Fiber
5 Sulfur
=
g { Mitigate S deposition
S
()
c
£
(b)
— Pristine
|——cycled D G
3
S in,=1.16
2
£
c
2
£
{11, =1.61
1000 1200 1400 1600 1800
Raman Shift / cm™
Fig. 6 (a) Structure of a perpendicular cathode on a tubular HT NaS

cell. This figure has been adapted/reproduced from ref. 87 with
permission from Elsevier. (b) Raman spectroscopy of carbon cloth
current collector on a NaS cell containing 2 M Na,Ss and TEGDME.
Cycled carbon cloth shows the use of the cell for 50 charge—discharge
cycles at 160 °C and a current density of 2 mA cm™2. D band arises
from the disordered structure of graphene. G band arises from the
stretching of the C—C bond in the carbon cloth. The appearance of an
extra peak signifies different defect densities; taken from ref. 93.
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minimize the thickness of the cathode, leading to greater power
densities.*® Other reported strategies involve the introduction of
an overlayer (e.g. Al/Si) or casting on the BASE to construct
electronically-conductive matrixes where sodium polysulfides
can freely migrate, whilst in the same time isolating sulfur from
the carbon fibers drastically improving the internal resistance
of the cell is essential.***

Raman spectroscopy is a helpful tool that can accurately detect
the presence or absence of sulfur molecules on the current
collector on top of the detailed bonding structure of the carbon
material itself.* The carbonaceous materials reveal the character-
istic G (sp” hybridized) and D (sp® hybridized) modes at 1360 and
1592 ecm ™, respectively.” The Ip/I; ratio is a reliable indicator of
the extent of structural defect of the carbon based material with
regards to usage. Fig. 6(b) shows that the Ip/I; ratio of the carbon
cloth shifted from 1.16 from 1.61, indicating a substantial level of
defect on its structure upon repetitive galvanostatic cycling.****

In order to enhance polysulfide solubility and inhibit non-
desirable discharge products such as sulfur deposition on the
BASE, the employment of various additives has been suggested,
namely tetracyanoethylene (C¢N,),* selenium (Se, 1 mol%),*
silicon dioxide (Si0,)** metal sulfides like FeS,, NiS,, C0S,,”
carbondisulfide (CS,)** carbon suspensions,® and tetracyano-
ethylene (TCNE).*® For the Na-MH technology additives on the
NaAIX, electrolyte such as thionyl chloride (SOCl,), sulfur
dioxide (SO,) and dimethyl sulfoxide (DMSO)** have been
successfully employed. The additives seek to stabilize the long
chain polysulfides during discharge while in the same time
improving sulfur solubility.

To sum up, the formidable material requirements for the
sulfur electrode encompass good corrosion resistance, high
conductivity, good wettability against the polysulfides formed
during the cell operation and low weight and cost.

4.1.3 The sodium electrode. The sodium electrode is as
important as sulfur for the robust operation of the HT NasS cell.
The solubility of liquid sodium in molten salts ranges between
1.6 and 3 mol% and its surface tension is equal to 200 mN
m™ .2 The high reactivity of the molten sodium can afford high
current densities of the order of 40 to 300 A cm ™2, rendering it the
limiting element of the cell performance.* Sodium serves a dual
purpose, that of a reactant and a current collector. When
consumed during discharge of the cell, a volume decrease occurs.
At this stage, it is paramount to keep sodium in contact with the
active area of the BASE, thereby minimizing the anode resistance.
The three most prevailing ways to achieve this involve (i) feeding
sodium by gravity from a top reservoir (ii) wicking sodium to the
BASE surface and (iii) forcing sodium from a reservoir by gas
pressure.®® The interfacial polarization of the Na|B’-Al,O;
appears to be dependent on the ceramic composition and can
abruptly increase in a non-asymmetric manner. This behavior
stems from the formation of sodium oxide film or from impuri-
ties arising from the ceramic electrolyte.*>®® Typical ways to
diminish the interfacial polarization implicate renewing the
sodium electrode, treatment of the ceramic surface to improve
wetting and introduction of oxygen getters such titanium and
aluminium into liquid sodium.
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In order to devise a sodium electrode and taking into
account its reactive nature and high electrical conductivity (ca.
2.1 x 107 S m ™), the electrolyte separator must be thinner than
the equivalent beta alumina membrane in order to keep the
resistance low. It has to be mentioned that the sodium ion
intermediate size (2.27 A) offers no change in its conductivity up
to pressures of 20 kbar. The sodium electrode can be realized by
using glass in the form of hollow fibers with walls of certain
distance, typically 10 mm.* Once the issue of the interfacial
polarization is dealt with, the liquid sodium metal can behave
as an ideal reversible electrode.

4.1.4 Cell considerations

4.1.4.1 Cell design. A great deal of research has been done
on devising the optimum design of this BESS. Tubular and
planar cells are the prevailing designs each bearing its advan-
tages and limitations. They exhibit different bulk transport
mechanisms of their active species to the reaction front that is
formed on the outside of the BASE.**

Planar cells (Fig. 7(a)) are widely used for fundamental
studies on the battery chemistry such as wetting characteristics
of molten sodium on the BASE,”® in situ monitoring of
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Fig.7 Components of (a) planar and (b) tubular NaS cells. Most parts of
the battery are fabricated from inexpensive materials while the majority
of the overall weight of the battery materials (99%) can be recycled
(steel, copper, and aluminum). This figure has been adapted/reproduced
from ref. 20 with permission from Elsevier. Optical pictures of planar (c)
and tubular (d) NaS cells. This figure has been adapted/reproduced from
ref. 100 with permission from Elsevier (e) NaS assembly of modules and
cells with the respective equations describing its parameters (E:
potential, P: power, [: current, R: resistance).

RSC Aadv., 2019, 9, 5649-5673 | 5657


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra08658c

Open Access Article. Published on 14 February 2019. Downloaded on 10/11/2025 2:10:25 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

polysulfides® as well as testing of novel cathodes.”® They offer
several distinct advantages including efficient stacking, direct
inter-cell connection without any external connectors, better
stability due to cathode geometry and larger active area of BASE
per unit weight of the cell.’® Non-glass sealings can also be
implemented here due to the lesser amount of joints and cell
architecture. An example of such a compliant polymer sealing
for a planar Na-NiCl, battery is a fluorinated ethylene propylene
(FEP)-polyvinylidene fluoride (PVDF) seal that could run at
190 °C for 1000 cycles with high capacity retention and no signs
of degradation.'

A direct comparison study between planar and tubular HT
Nas cells (Fig. 7(c) and (d)) revealed that the deviation from the
ideal open circuit voltage (especially in the discharge process)
was much smaller for the case of the planar cell, which can lead
to a relatively more stable and high power operation by reducing
the power loss compared with the conventional tubular cells.®
Despite these advantages, no commercial up-to date planar cells
have been devised for practical operations due to the thermo-
mechanical fracture issue in the cell joint or BASE area.

Commercial HT NaS cells implemented largely in load
levelling and stationary applications are solely tubular based
(Fig. 7(b) and (d)). No circulation is required for this system
unlike other MH batteries (Zn-Cl,, Zn-Br). The prevailing
design involves a cylinder-shaped metallic cell casing that also
serves as the current collector, the sulfur electrode and a tubular
BASE surrounding the internal metal container as well as the
molten sodium.®® The cell is assembled by inserting the sulfur
electrode in the cell casing, followed by the electrolyte tube
containing the sodium electrode. An inert gas forces sodium
onto the surface of the electrolyte. The electrolyte tube is closed
off by a beta alumina hermetic seal together with an alpha
alumina metal thermo-compression seal.'®>'** Further refine-
ments have emphasized on reducing sealing areas so as to avoid
any large thermal mismatch during the thermal compression
bonding (TCB) process.

The active materials (i.e. sodium and sulfur) account for
approximately one third of the weight of the cell (32%) case
whereas BASE accounts for 20%.2° Fig. 7(b) displays all the main
components of the cell including metal casing (30 wt%), disc
springs, carbon (3 wt%), current collector (3 wt%) aluminum
gaskets and sealing gaskets (12 wt%). As a figure of merit, a 1
MW battery module developed by NGK insulators weighs 86
tonnes'™ (Fig. 7(d)). The emission of carbon dioxide from the
whole manufacturing is of the order of ~0.15 g per W h.

The HT NaS thermally insulated and vacuum-packed
module, comprises of multiple unitary cells mechanically and
electrically connected in an insulated enclosure as depicted in
Fig. 7(e). A robust thermal management system for initial heat-
up and waste heat control plus sound electrical networking and
insulation in the form of double-walled stainless steel is
enforced.’® For large utility applications, insulation takes the
form of conventional fibers board or microporous materials
that are cheap, flexible and can be utilized to provide energy for
reinjecting lost heat.’® Its high spatial efficiency makes it an
ideal candidate for realizing large individual cells or cell stacks.
As an example, at the Buzen Substation in Japan, batteries with
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a storage capacity of 300 MW h are installed on a relatively
narrow site measuring approximately 14 000 m> comprising of
252 containers, currently being the largest battery system in the
world.* Modular fabrication can yield high power and energy
capability, which can reduce the construction intervals.'®”

4.1.4.2 Thermal management. The heat produced during
charge is sufficient to sustain the operating temperature
without heaters whereas the nominal temperature of the
implemented system remains at 325 °C to successfully achieve
combined operation and peak shaving.'”® During discharge, the
cell generates resistance and entropic heat leading to an
increase in its temperature whereas during charge the amount
of resistance heat generation is similar to that of entropic heat
absorption.'” The temperature gradient between the inner and
outer cells does not exceed 30 °C in order to maintain temper-
ature uniformity and mitigate potential hazards to the external
environment."*

The efficiency of the module is dependent on temperature
uniformity inside the module, both in vertical and horizontal
directions and the cooling and heat dissipation from the casing.
The last two can be realized through the use of heat pipes,
thermal shunts, latent heat storage, evaporative cooling and air/
liquid heat exchange.'™ A good electrical networking through
the introduction of banks on each unit is crucial for main-
taining battery performance in case of cell failure or aging as it
can isolate the faulty cell. Temperature fluctuation can provoke
TCB joint failures due to the distribution of thermomechanical
stress during the booting and shutdown of the cell but can be
mitigated by implementing a larger interfacial contact
area.'°®'> TCB is one of the most reliable solid state hermetic
sealing methods implemented between heterogeneous compo-
nents that comprise large sized HT NaS cells, including
ceramic|ceramic, metal|metal, and metal|ceramic couples,
electron-beam and gas tungsten arc welding.**

Each module is protected by a battery management system
(BMS) that disconnects the battery from the load in case of
anomalous behavior such as voltage values outside the pre-
defined operating range."™* External heaters are intermittently
used in case the system is idle or the operating temperature
drops below 300 °C and are located at the bottom and the sides
of the battery modules. The use of electric heating can improve
temperature uniformity on the expense of module efficiency. A
typical thermal loss from a 50 kW h battery is of the order of
200 W meaning that the battery can stand-off charge for up to
48 h.'® Yet, a more realistic thermal loss approximation for
current HT NaS modules is of the order of 15% on a daily
basis.'*

4.1.5 Safety. The high operating temperature range of the
HT NasS system raises several safety concerns. Chemical hazards
of elemental sodium and sulfur are rather substantial due to the
high negative enthalpy of the reaction at 350 °C (AH =
—420 kJ mol ™ ").1 Bulk sodium is stored in a corrosion resistant
safety tube'®® equipped with a small supply hole at its base that
regulates the flow of sodium and also allows a minimum
amount of sodium to maintain the electrochemical reaction.
Sulfu