REVIEW

ADVANCED
ENERGY
MATERIALS

Solid-State Batteries

Solid-State Sodium Batteries

www.advenergymat.de

Chenglong Zhao, Lilu Liu, Xingguo Qi, Yaxiang Lu,* Feixiang Wu, Junmei Zhao, Yan Yu,*

Yong-Sheng Hu,* and Liquan Chen

Rechargeable Na-ion batteries (NIBs) are attractive large-scale energy storage

systems compared to Li-ion batteries due to the substantial reserve and low
cost of sodium resources. The recent rapid development of NIBs will no

doubt accelerate the commercialization process. As one of the indispensable

components in current battery systems, organic liquid electrolytes are
widely used for their high ionic conductivity and good wettability, but the
low thermal stability, especially the easy flammability and leakage make
them at risk of safety issues. The booming solid-state batteries with solid-
state electrolytes (SSEs) show promise as alternatives to organic liquid
systems due to their improved safety and higher energy density. However,
several challenges including low ionic conductivity, poor wettability, low
stability/incompatibility between electrodes and electrolytes, etc., may
degrade performance, hindering the development of practical applications.
In this review, an overview of Na-ion SSEs is first outlined according to the
classification of solid polymer electrolytes, composite polymer electrolytes,
inorganic solid electrolytes, etc. Furthermore, the current challenges and
critical perspectives for the potential development of solid-state sodium

1. Introduction

The development of advanced energy
storage systems (ESSs) is the promising
solution for the increasing environ-
mental concerns on fossil fuels and the
inevitability of utilizing renewable energy
sources.!?l Among them, electrochemical
energy storage systems offer efficient and
reliable storage of electricity, which are
widely used in a range of applications
from portable electronics to electric vehi-
cles in our daily life.l’} During the past
few decades, Li-ion batteries (LIBs) have
occupied a dominant position of the con-
sumer electronics market for the dramati-
cally growing demand toward the higher
energy density and long-cycle life.l It
is estimated that the worldwide sales of
LIBs will be up to 63% in all storage sys-
tems and the market value will reach
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$213.5 billion by 2020.3° The increasing
market demand for LIBs may drive the
rise of cost and cause lithium resource
shortage.l®! Therefore, alternative battery
technologies with lower cost and more abundant resources are
desirable to achieve long-term development goals.
Rechargeable Na-ion batteries (NIBs) with a similar elec-
trochemical storage mechanism have been confirmed to be a
potential alternative to LIBs for their substantial abundance of
sodium reserves and low cost, which show a great competitive
advantage for large-scale ESSs./"12l Very recently, the prototype
pouch NIBs with layered Nayo[Cuy y,Feq30Mng 4]0, cathode
and soft carbon anode materials (derived from anthracite), have
been successfully fabricated. This Na-ion full battery exhibits
an energy density of =100 Wh kg™! with good long-cycle sta-
bility. A series of safety experiments demonstrate the pouch
cells to satisfy the needs of practical applications, and most
importantly, the lower cost is much desirable for the large-scale
ESSs.Ml A recent review article systematically summarized
the most recent developments on Na-ion full cells, which gave
an academic overview of Na-ion technologies.'3] The current
NIBs derived by organic liquid electrolytes (OLEs) made from
sodium salts and organic solvents usually suffer from several
problems, including limited electrochemical window, flamma-
bility, and leakages to the potential safety hazard in large-scale
applications.[7-1014-16]
Lithium metal as an anode material has become one of the
most attractive anodes for a rechargeable battery owing to its
unique specific capacity of 3860 mA h g! and lowest redox
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potential of —3.04 V (Li*/Li) versus standard hydrogen elec-
trode (SHE), which shows a very high electrochemical energy
equivalent for LIBs.l>'720) Compared to lithium metal, sodium
metal shows the acceptable specific capacity (1166 mA h g7
and slightly higher standard reduction potential (-2.71 V vs
SHE), but it is more problematic than lithium metal owing
to its high chemical reactivity with the organic electrolyte sol-
vents.?1?2l Sodium metal anode also plays an important role
for the development of high energy batteries (e.g., Na-S, Na-O,
batteries).2*2°] However, the use of sodium metal in a prac-
tical battery may cause safety hazards, especially in the liquid
electrolyte battery: dendritic sodium growth due to its uneven
deposition upon charging, and further growth of dendrites may
puncture the separator, leading to a short circuit eventually.
Therefore, sodium metal batteries with higher energy density
are limited and difficult to be improved for the current liquid
electrolyte batteries. Although some strategies have been used
to effectively suppress the growth of dendrites by introducing
additives in current OLEs or surface protection to avoid direct
contact between sodium metal and electrolytes.212226-28] The
straightforward strategy is to replace liquid electrolytes with a
safer electrolytic media forming physical obstacles to stop the
growth of dendrites, which will indeed improve the electro-
chemical properties of a battery.

Solid-state batteries (SSBs) provide a promising choice to the
next generation of devices because of their enhanced safety and
accessible to high-energy and high-power densities. The con-
ventional NIBs with liquid electrolytes and solid-state sodium
batteries with solid electrolytes (in Figure 1a,b) generally com-
prise four components: cathode, anode, electrolyte, and sepa-
rator materials; while in the case of solid batteries, solid-state
electrolytes (SSEs) can be served as electrolyte and separator
simultaneously. However, several challenges should be further
understood and solved in the development of SSEs, including
a high ionic conductivity (>1072 S cm™), chemical stability
conjugating with anode and cathode materials, appropriate
electrochemical stability window, mechanical property, etc.*>-3°]
Solid—solid interface between electrode and solid electrolyte
materials is the key factor, which determines the electrochemical
performance of a solid-state battery. In this review, we will pro-
vide a comprehensive summary on Na-ion SSEs in Section 2,
where the ion-transport mechanisms will be discussed and the
analysis on the fundamental properties including ionic conduc-
tivity, chemical/electrochemical stability, mechanical property,
preparation process will be introduced based on the representa-
tive examples. In Section 3, the recent development on SSBs
will be overviewed; and in Section 4, the considerations and
future perspectives such as sodium metal anode, interfacial sta-
bility, safety, energy and power densities, and long-term cycling
stability, will be discussed. Nevertheless, sodium-based SSBs
are being the potential applications for large-scale ESSs, which
would capture widespread attention.

2. Solid-State Electrolytes

Generally, SSEs can be divided into three main categories: solid
polymer electrolytes (SPEs), composite polymer electrolytes
(CPEs) and inorganic solid electrolytes (ISEs). SPEs made up
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of the polymer matrix and sodium salt form a macromolecular
architecture, possessing low flammability, good flexibility, and
great competitive advantage in flexible solid-state sodium bat-
teries (in Figure 1c).?*37] SPEs based on the polyethylene oxide
(PEO) integrated with sodium salts are widely investigated in
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Figure 1. lllustrations of representative a) organic liquid electrolytes (OLEs), b) inorganic solid electrolytes (ISEs), and c) solid polymer/plastic
electrolytes (SPEs) for conventional sodium-ion batteries (NIBs) and solid-state sodium batteries. The electrode—electrolyte interface layers are high-
lighted for attention. Adapted with permission.3% Copyright 2016, Macmillan Publishers.

solid-state sodium Dbatteries.’?** However, SPEs show the
relatively low ionic conductivity =107 to 108 S cm™ at room
temperature (RT). In order to solve this problem, CPEs was
prepared by adding ceramic fillers (e.g., SiO,, Al,O;, ZrO,) to
enhance the ionic conductivity,*™* which can create more
amorphous regions in polymer host to enhance ion trans-
port.”] Usually, ISEs possess intrinsic high ionic conductivity at
ambient temperature (=107 S cm™!) as well as high mechanical
strength (suppressing the growth of sodium dendrites), but the
high cost and complex processing need further optimization.

A high ionic conductivity of SSEs at RT is the important
parameter for the development of solid-state sodium bat-
teries. A summary of ionic conductivity for the representative
sodium-ion SSEs is presented in Figure 2. Unfortunately, none
of these materials has been discovered with the high ionic con-
ductivity at RT, even the same level as that of liquid electrolyte
(in red oval). Compared to polymer electrolytes, ISEs show a
higher ionic conductivity at a relatively low temperature range.
Recently, Na Super Ionic Conductor structure (NASICON)
Naj3Lag3Zr; ;Si,PO;, composite electrolyte was found to have
a higher ionic conductivity of 3.4 x 10 S cm™ at 25 °C,*l
which showed a potential to develop solid electrolytes. In this
section, we will provide a summary of the current Na-ion SSEs,
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covering SPEs, CPEs, and ISEs, and discuss their unique ion-
transport mechanisms and fundamental properties for poten-
tial SSBs.

2.1. Solid Polymer Electrolytes

Polymer electrolytes can be prepared by a dissolution of metal
salts in a polymer host with relatively high molecular weight.*/=#
Alkali-ion can be solvated by polymer chains and move along
with the movement of molecular chains to lead to ion trans-
port.’%->2 However, the movement of polymer chains is seri-
ously influenced by the temperature; e.g., polymer electrolyte
could possess an ionic conductivity of 107 to 10 S cm™ for
a battery operation normally above 80 °C. Polymer electrolytes
have good flexibility for compensating the volume changes of
electrodes, making them as the promising candidates for flex-
ible SSBs.’3l The commonly used polymer matrix for SSEs
are PEO, poly(methyl methacrylate) (PMMA), poly(vinylidene
fluoride) (PVDF), poly(vinylidene fluoridehexafluoropropylene),
poly(vinyl chloride), poly(propylene oxide)), poly(acrylonitrile)
(PAN), poly(vinyl alcohol) (PVA), in which PEO is the most
widely used polymer owing to its flexible ethylene oxide
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segments and ether oxygen atoms as well as the commercial
availability.[38:39:49,53-56]

2.1.1. lon-Transport Mechanisms

For these polymer hosts, polar groups (e.g., —O—, —N—, —S—,
C=0, C=N) are of great importance to help dissolve sodium
salts and form polymer—salt group. In fact, a higher dielectric
strength for polymer matrix can often facilitate the dissocia-
tion of inorganic salts.””! The widely accepted view is that the
ion transport in SPEs mainly occurs in the amorphous regions
of polymer hosts, in which the molecular chains can oscillate
. . above their glass transition temperature (Ty), resulting in ionic
26 28 3.0 32 34 conductivity.’®%% For example, as shown in Figure 3a,b, Na*
1000 T* (K™) ion first locates at sites to coordinated with polar groups of poly-
Figure 2. Summary of ionic conductivity for the representative sodium- 1 apq (e.g., —O— in PEO); under the electric field, the segmental
based solid-state electrolytes (SSEs). Dashed box marks room tem- -, i of molecular chains induces free volumes for Na* ion
perature and red oval marks liquid electrolyte. Poly(ethylene oxide) . . . . . +
(PEO), Na super ionic conductor structure (NASICON), NaN(SO,F), ‘mlgratlon. With the constant lgﬂu?nce _Of the electr.lc field, Na
(NaFSl), NaN(SO,CF;), (NaTFSl), 1-ethyl-3-methylimidazolium  ions move/hop from one coordination site to the adjacent active
bis (trifluoromethanesulfonyl)imide (EMITFSI). sites along the long chains to realize ions transport.361:61l On

] . 1
|(f) Et;NH

rd sot o Q9 F ¢ B
i) { . ) "’}‘?'N'.—S £ (0 sr™~To
|0’S"§/“\) —~0‘S’~5/-\» LI ('!l\ ™5
b Organosilane 2 Organosilane 3

1
1

1

1

11 /7 Organosilane 1 i
E F 1

SF !

/ \ o%sep 1
"N_E-N o |1
(ke QLN !
d\uo F O" |
Faxi 0.
b'NQ‘Q'() F Y g :
1

o

Ne®
§i0);_anion Si0;_PEG_anion

o et e

Figure 3. Schematic figures of the ion-transport procedure for polymer-based electrolytes and the common approaches for improving the performance
of polymer electrolytes. a) The amorphous polymer matrix. Adapted with permission.[®8 Copyright 2016, American Chemical Society. b) lon-transport
mechanisms of the selected PEO polymer. Adapted with permission.[*®l Copyright 2016, The Royal Society of Chemistry. c) Models for polymer blends,
copolymer, crosslink. d) lon-transport in the ionic liquid doping polymer. €) Connection types between inorganic fillers (e.g., Na;Zr,Si,POy,, SiO,)
with polymer chains. Reproduced with permission.[®3 Copyright 2016, American Chemical Society. f) The synthesis of inorganic—organic hybrid SiO,
nanoparticles. Reproduced with permission.’!l Copyright 2013, The Royal Society of Chemistry.
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the other hand, a possibility of ion transport occurring in static
and ordered environment of a crystalline polymer host was
reported, where Li* ions can move from one site to the adja-
cent in the cylindrical tunnels in PEOgLiXF¢ (X = P, As, Sb)
crystalline polymer electrolytes without segmental motion. 6264
However, there is no report on the crystalline polymer for ion
transport in sodium-based SSEs until now. Generally, the ion
transport in SSEs may not be easily understood due to lack of
exact structure-property modes. In case of ion transport in poly-
mer-based electrolytes, the mechanism is related to an ionic
moving/hopping motion along with the relaxation/breathing
of polymer chains,[®®%7] and its temperature-dependent nature
is intensively analyzed by the Arrhenius and Vogel-Tammann-—
Fulcher models or a combination of them.[65-67]

2.1.2. PEO-Based Electrolytes

PEO with the dissolved alkali metal salt was discovered to
show ionic conductivity in 1973, which was first proposed for
solid-state battery in 1979.5132 The first PEO-based SPEs for
sodium battery was reported in 1988 with the NaClO, salt dis-
solved in PEO host, which showed an ionic conductivity of
=3 X 10° S cm™! at RT.I®! After that, NaN(SO,F), (NaFSI)- and
NaN(SO,CF3), (NaTFSI)-PEO SPEs were studied for a high
ionic conductivity at RT.V%7Y Currently, other sodium salts
have also been studied for PEO-based SSEs, including NaPFg,
NaClO,, NaCF;SO3, NaSCN, NaBF,, sodium 2,3,4,5-tetracyano-
pirolate (NaTCP), sodium 2,4,5-tricyanoimidazolate (NaTIM),
etc.*%0-73] Among these salts, NaTFSI is the relatively prom-
ising one due to its higher ionic conductivities about =10+ S
cm! above 80 °C) for PEO-based SSEs.! It was reported that
NaTFSI-PEO SPEs presented a higher RT ionic conductivity
than that of NaFSI-PEO SPEs, which could be attributed to the
weaker lattice energy of the NaTFSI salt and the large TESI™
group effectively reducing the crystallinity of PEO."Y In fact,
the ionic conductivity is intensively depended on the number
of free Na* ions; NaTFSI salt can be dissolved much easier
than NaFSI salt in the PEO host with more movable ions. How-
ever, NaTFSI exhibited a relatively low corrosion potential (i.e.,
voltage < 4 V vs Na*/Na) of aluminum (Al) foil.’

2.1.3. Non-PEO-Based Electrolytes

PEO is the most widely used polymer host because of its higher
solubility for sodium salts, good structural and chemical sta-
bility, especially the high ionic conductivity in amorphous region
(above the melting point). However, PEO shows a low oxida-
tion potential, poor mechanical properties and a high degree
of crystallinity at ambient temperature, resulting in the low
ionic conductivity.3¥#% By substituting the active group of C=0
by C=N, PAN was also studied for sodium-based SSEs.
NaCF3;SO;-PAN SSEs show a higher ionic conductivity of
=7.13x107* S cm ™' at RT and a lower activation energy =0.23 eV,
which can be due to the weaker interaction between Na* and
nitrogen atom in PAN host.”>! It is difficult to be shaped into
film and the mechanical strength is poor, which hinders its
practical application. Semicrystalline polymer PVA was also
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studied for the solid electrolyte owing to advantages of easy
preparation, high dielectric constant strength and good film-
forming property.’® NaBr-PVA electrolytes with different
weight ratios were prepared by a solution-casting technique,
where the electrolyte with ratio of 3:7 (NaBr:PVA) showed
a higher ionic conductivity of 1.36 x 107* S cm™ at 40 °C.¢l
NaClOj;-, NaClOy-, and NaF-PVP polymer electrolyte were also
prepared but without a desired ionic conductivity.”’-7?!

Because of the good mechanical elasticity, SPEs can also be
used as separators to segregate electrode materials or buffer
layers to suppress deformation of electrode materials. Unfor-
tunately, SPEs often suffer from a low ionic conductivity of less
than 10 S cm™ at RT, which is not high enough to drive the
battery operation unless the temperature rising to 60-80 °C. A
summary of the ionic conductivity of SSEs for sodium battery
is presented in Table 1. Unless material innovation to be fur-
ther developed, SPEs may not be suitable for the electrochem-
ical devices operated at RT.

2.2. Composite Polymer Electrolytes

In order to further enhance the ionic conductivity of SPEs, sev-
eral strategies (in Figure 3) have been implemented, including
polymer crosslinking, blending, copolymerization, doping of
additives such as plasticizers, ionic liquids, inorganic fillers, and
liquid electrolyte.l*+>089-88] Compared to SPEs, CPEs often pro-
vide some better properties in electrochemical devices: a high
ionic conductivity benefited from more amorphous region, good
flexibility, chemical/thermal stability, etc. Polymer crosslinking,
blending, copolymerization are the effective ways to increase
ionic conductivity, but the incorporation of inorganic fillers
has attracted a wide attention for the remarkably improved
ionic conductivity, and good mechanical strength. Therefore,
in this work, we focus on discussing influence of the incorpo-
ration of ceramic fillers. A good review article ref. [50] on the
polymer electrolytes of LIBs, including polymer crosslinking,
blending, copolymerization, etc. is recommended here for
reference. Incorporated with nanosized TiO,, NaClO,-PEO

Table 1. A summary of ionic conductivity for sodium-based solid polymer
electrolytes (SPEs).

SPEs [EO]/[Na]  Conductivity [S cm™] Conductivity Ref.
(room temperature)  [S cm™'] (80 °C)
NaClO,-PEO 12 =1.4x107® 6.5x107* [68]
NaPF¢-PEO 15 5x107° =2x107* [69]
NaTFSI-PEO 20 4.5%107° 1.3x107° [40]
NaFSI-PEO 6 =1.5x10°® 1.3x10™* [70]
NaFNFSI-PEO 15 =2x10°¢ 3.36x 107 [39]
NaPCPI-PEO 20 1.1x107° 53x107* [73]
NaTCP-PEO 16 6.9%x107° 1.57x1073 [73]
NaTIM-PEO 16 5.7x107° 7.7 %107 [73]
NaCF;SO3-PAN 416 713 x107* =5x 1073 [75]
NaBr-PVA 23 1.36x10°° =8 x107° 771
NaClO4-PVP 33 ~2.5%x 107 =7x107° [78]
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CPEs fabricated by a solution casting technique exhibited a
higher ionic conductivity of 2.62 X 10* S cm™ at 60 °C than
that of the TiO,free SPEs (1.35 x 10 S cm™).83 Beyond
simply mixing inorganic fillers with polymer matrix mechani-
cally, in situ growth of monodispersed SiO,-polymer electro-
lytes was proposed. This synthesis method strengthens the
much stronger chemical interactions between inorganic fillers
and polymer chains, thus producing more amorphous regions
and leading to a higher ionic conductivity.®® Ionic liquids are
typically identified as the ideal electrolyte additives for the
high ion conductivity, high thermal stability and low flam-
mability, etc.B%%21 A hybrid NaClO,-PEO-5%Si0,-x% Emim
FSI[1-ethyl-3-methylimidazolium bis(fluorosulfonyl) imide]
(x = 50, 70) solid electrolyte was reported for solid-state
sodium batteries, where a high RT ionic conductivity about
1.3 x 107> S cm™! was achieved.** Additionally, two special struc-
ture of SiO, groups were synthesized as shown in Figure 3f by
grafting SiO, nanoparticles with sodium 2-[(trifluoromethane-
sulfonylimido)-N-4-sulfonylphenyljethyl ~and  polyethylene
glycol (PEG), forming SiO,-PEG-anion and/or Na* salt (SiO,-
anion), respectively, and then the two groups were dissolved
in the matrix of PEO and polyethyleneglycol dimethylether to
obtain epoxy resin-SiO,-anion and EP-SiO,-PEG-anion CPEs.!
The obtained two CPEs presented the ionic conductivity of
=10~ S cm™ at RT, but EP-SiO,-PEG-anion could get a higher
ionic conductivity with the same Na* concentration, which could
be attributed to the high-delocalized anionic sulfonimide groups
suppressing the large concentration polarization. All these indi-
cates that the proper optimization on each segment can lead to
a development of better CPEs with high ionic conductivity, good
mechanical properties, etc. Therefore, CPEs have the ability to
achieve increased ionic conductivity to a certain extent; more
importantly, their electrochemical and mechanical properties
can also be improved based on proper strategies.

In addition, gel polymer electrolytes, composed of incorpo-
rating an organic electrolyte solution into a polymer matrix,
can be regarded as the intermediate state between typical liquid
and dry solid polymer electrolytes, which lead to a higher ionic
conductivity about 10™* to 10 S cm™ at RT.®%"] Compared
to the organic liquid electrolytes, an improved safety is often
obtained due to the limited leakage of liquid electrolyte from
the polymer hosts. A gel polymer electrolyte membrane of per-
fluorinated sulfonic ionomer in Na form swollen with ethylene
carbonate and propylene carbonate nonaqueous solvents was
studied as the electrolytes and separators for NIBs.[58¢ This
electrolyte showed the good mechanical and thermal stability
as well as high ionic conductivity about 2.8 x 10™* S cm™. The
study shows that the high ion exchange capacity of perfluori-
nated sulfonic ionomer can effectively offer enough ionic sites
to reduce the crystallinity and increase the absorption capacity
of solvent per unit weight of membranes. In comparison with
liquid electrolyte, the as-prepared polymer electrolytes exhibited
a higher reversible capacity and better cycling stability with the
Nay 44MnO; as cathode and Na metal as anode.® Recently, hier-
archical poly(ionic liquid)-based solid electrolytes were in situ
prepared for high-safety LIBs and NIBs, which showed a high
ionic conductivity >107 S cm™ at RT and good electrochemical
stability.®¥ Benefiting from the features of poly(ionic liquid)s
and advantages of in situ synthesis method, it provides high
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ionic conductivity for the application in SSBs. However, the low
mechanical strength and poor interfacial properties remain the
potential challenges to overcome. Incorporation of inorganic
fillers into GPEs is good strategy to enhance their mechanical
strength and improve the electrochemical properties.!

2.3. Inorganic Solid Electrolytes

Compared to the polymer-based electrolytes, ISEs with a high
ionic conductivity and a high Na* ion transference number at
RT, can effectively improve battery performance for both long-
term cycling and high-power density. In addition, ISEs with a
much higher mechanical strength can suppress the growth of
sodium dendrites, however, the low chemical/electrochemical
stability may cause an unavoidable side reaction between elec-
trolyte and electrode materials, resulting in a large interfacial
impedance.P% The widely studied ISEs for sodium batteries are
Na-f/B"-alumina, NASICON and sulfide due to their high con-
ductivity and good mechanical properties.

2.3.1. lon-Transport Mechanisms

In inorganic electrolyte materials, the long-range or local struc-
ture is the key feature for ion transport. Mobile species need
to move or hop from the local sites to adjacent sites by passing
through an energetic barrier, which has a great influence on
ionic mobility and conductivity.”? Ton diffusion mechanisms
follow the models of Schottky and Frenkel point defects but
take place in the connected conduction pathways. Therefore, a
large number of mobile species and available adjacent positions/
defects, along with a lower energetic/migration barrier, as well
as the suitable conduction pathways/channels are the indispen-
sable factors for a high ionic conductivity.”>? For example, the
well-known fast Na* conductor Na;Zr,Si,PO,, an aliovalent Si*
substitution to P>* in NaZr,(PO,); can increase the concentration
of mobile Na* and improve a skeleton of linked octahedra and
tetrahedra, which significantly promotes the development of fast
ion conductor.?”%!

2.3.2. Oxide Solid Electrolytes

Due to the high ionic conductivity and negligible electronic
conductivity, Na-f/f”-alumina has been extensively investi-
gated as components for electrochemical devices since the dis-
covery in 1967.°% The emergence of Na-fB-alumina has greatly
promoted the commercialization of high-temperature Na/S
batteries, which is the earliest commercially available battery
system with a solid electrolyte. Na-f/f"-alumina has two crystal
structures originating from different layer/block stacking
sequences and chemical compositions shown in Figure 4,
namely, [-Na,0-11A,0; (NaAl;;0;;) and f”-Na,0-5Al,0;
(NaAlsOg).**71921 Na-B-alumina has a hexagonal structure
belonging to P6;/mmc space group, while Na-fi”-alumina has a
rhombohedral with a space group of R-3m. These two structures
are both stacked up by spinel blocks consisting of [AlO,] tet-
rahedral and [AlOg4] octahedral, and the adjacent spinel blocks
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Figure 4. Crystal structures of Na-B/”-alumina. Reproduced with permission.%l Copyright 2017, Elsevier.

are connected by an oxygen ion with surrounding mobile Na*
to form the conduction planes. Na-f”-alumina phase with two
conduction layers separated by three spinel blocks has a long ¢
axis, which is 1.5 times longer than that of Na-fB-alumina phase.
In each conduction layer, Na-”-alumina phase has two mobile
Na* while Na-f-alumina phase has only one mobile Na*. The
bridging oxygen ion in Na-f”-alumina phase has a weaker
electrostatic force with the surrounding Na*, which makes it a
higher ionic conductivity =2 x 10 S cm™! at RT.*-1%2 Unfor-
tunately, Na-B”-alumina phase is not easily prepared for its
unfavorable thermodynamic stability; it usually decomposes
into Al,O; and Na-f-alumina mixture at high temperatures
about 1500 °C (the same temperature for phase formation).l'%l
Thus, the obtained material is the mixture of Na-f”-alumina
and Na-f-alumina, and the ionic conductivity is intensively
related to the ratio of them. In order to obtain a higher propor-
tion of Na-f”-alumina for a higher ionic conductivity, various
compounds, including Li,O, MgO, TiO,, ZrO,, Y,0;, MnO,,
SiO,, Fe,0s, etc. are widely used as the stabilizers to suppress
the formation of Na-B-alumina phase.'*1% [n addition, the
accommodation of excessive sodium in the interstitial sites can
also promote the formation of Na-f”-alumina toward a higher
ionic conductivity. So far, different synthesis methods, such as
solid-state reaction, coprecipitation, sol-gel, solution combus-
tion techniques, alkoxide hydrolysis, molecular beam epitaxy,
laser chemical vapor deposition, etc. are used to synthesize this
material, and some of them can effectively decrease the grain-
boundary effect leading to a higher densification.'-1"* In fact,
a pure Na-f”-alumina phase is not desirable for application due
to its moisture sensitivity and a low mechanical strength.l'%”]
Na-f/f”-alumina mixture with the proper ratio and incorporated
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stabilizers is more preferable for a high conductivity and good
mechanical properties.

2.3.3. Sodium Superionic Conductor

NASICON as one of the most promising ionic conductors for SSBs
has attracted considerable attention for its high ionic conduc-
tivity at RT.””8I The representative composition, Na;Zr,Si,PO1,,
is a solid solution of NaZr,P;0;, with partial replacement of P by
Si to form the general formula Nay,,Zr,Si,P;_,01, (0 < x < 3).1%]
Na,,Z1,Si,P; 01, can form two phases of rhombohedral
(R-3¢) and monoclinic (C2/c) (1.8 < x < 2.2) phase shown in
Figure 5. The monoclinic phase is the low temperature phase
and can be regarded as a rotational distortion of rhombohedral
phase. The two phases comprised of corner-sharing tetrahedra
[SiOy4], [POy4), and octahedra [ZrO4] form a 3D network of chan-
nels for Na* transportation. Two distinct Na sites of Nal and
Na2 construct a 3D diffusion network in rhombohedral phase,
while three Na sites in the distorted monoclinic phase are pre-
sented with the original Na2 splitting into Na2 and Na3 sites to
form two channels of Nal-Na2 and Nal-Na3 (in Figure 5). The
Na2 site in thombohedral phase can accommodate 3 moles of
Na* per formula. Therefore, a large number of mobile Na* and
available adjacent vacancies can exist simultaneously, which
is very beneficial for Na* diffusion. The optimal amount of
Na™ is related to the composition, and =3.3 mol Na per formula
unit is a criterion to a high ionic conductivity, demonstrated by
Naj 371 7Lag 3Si,PO;,.46115] At this point, a distorted mono-
clinic phase would appear, where the less symmetry structure
may be favorable for Na* migration. In addition, various
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Figure 5. Crystal structures of rhombohedral phase and monoclinic phase NASICON

compounds (NasZr,Si,PO;,) and their ion transport paths.

substitutions can be realized in the NASICON structure with
a general formula AMP;0,,, which has been reported in a
comprehensive article.'™®! Different compositions can lead to
a great ionic conductivity gap (several orders of magnitude)
in the NASICON-type compounds, where the effective ionic
radius in M-sites closes to 0.72 A.'5] Because of the closest
ionic radius of Sc** (0.745 A) and Zr** (0.720 A), a Sc-substi-
tution Nasz 4Scg 421, 6S1,PO;, was prepared by solution-assisted
solid-state reaction method with a higher Na* conductivity of
4.0 x 107 S cm™ at 25 °C, however, the expensive Sc is not
suitable for practical applications.''® Recently, a self-forming
composited NASICON material was discovered, yielding
a high ionic conductivity of 3.4 x 1073 S cm™ at 25 °C.[*] In
Na;Zr,Si,PO;,, a bigger La3* ion was introduced to form a new
phase of Na;La(PO,), while it did not occupy the lattice sites of
the original skeleton structure. The newly formed second phase
can influence the ionic conductivity in three aspects: providing
a concentration variation of the mobile ions in the pristine
phase; increasing the density of the two-phase composite; facili-
tating the ion transport path along with the grain boundary, in
this case a smaller grain boundary resistance is obtained. To be
noticed, substitution of foreign elements may result in different
optimal calcination temperatures, which in return would lead
to a change on the density of ceramic sintering.[117-122

2.3.4. Sulfide Solid Electrolytes

Because of the high polarizability and large ionic radius of
sulfur atom weakening the interaction between skeleton
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and sodium ions, sulfide solid electrolytes

often provide a higher ionic conductivity

at RT than that of the analogous oxides.'?’!
Na2 Generally, sulfide glasses are prepared by
Fd mechanical milling method followed by
heat treatment, which can produce some
amorphous phase surrounding the region
of crystalline phase, considerably decreasing
grain-boundary resistance. The composi-
tion-dependent Na,S-P,Ss glass was pre-
pared by mechanochemical processing,
where the RT conductivity was found to be
increased with the increase of Na,S content
(=107 S cm™ with the maximum percentage
of 80%).124 After further heat treatment, a
superionic cubic Na3PS, crystal (75Na,S—
25P,S5) was formed with a higher ionic
conductivity of 2.0 x 107* S cm~11124-126]
Importantly, this electrolyte has a wide
voltage window about =5 V and a good
electrochemical stability against sodium
metal.[12>126] Na,PS, was also reported with
a low-temperature tetragonal phase (P4-2,c),
a tetragonally distorted phase from the cubic
phase (I4-3m) shown in Figure 6.'”] The dif-
ference of the two phases is very small, only
with a less 0.2% volume change. However,
in the cubic phase, only a Nal (6b)-site occu-
pancy is reported, while this site split into two
Na* sites of Nal (2a) and Na2 (4d) in the tetragonal structure.
Both two phases were reported to have the ionic conductivity,
while the cubic one shows a higher value when a glass—ceramic
sample was obtained.?*'?°] In addition, the introduction of
vacancies can effectively improve ionic conductivity, even just
2% vacancies lead to an order of magnitude larger than that of
the stoichiometric. Aliovalent doping M*" (M = Si, Sn, Ge) for
P> and X~ for S*° (X = F, Cl, Br) to induce vacancy genera-
tion were also confirmed to a feasible strategy to influence the
ionic conductivity of Na;PS, materials.'2$130-132] The introduc-
tion of 0.06% Si can improve the conductivity of cubic Na;PS,
up to 7.4 X 10™* S cm™!, while the Cl-doped tetragonal Na;PS,
(Na,.9375PS3.9375Clo 0625) shows an ionic conductivity exceeding
1.0 X 1073 S cm™! at RT.13%131 [sovalent partial/complete substi-
tution with Se?to S*~ or Sb>*, As>* to P°* have also been reported,
Na;PSe,: 1.16 x 10* S cm™!, Na;SbSe,: 1.05 x 10* S cm™,
Na3Pj 52A8038S4: 1.46 x 107 S cm™L113-137] Although the high
ionic conductivity is found for sulfide-based solid electrolytes,
the stability of this kind of material, air-, or moisture-sensitivity
still captures great concern. It is reported that the above sulfides
are air-stable but moisture-unstable, resulting in the decrease
of ionic conductivity and the release of toxic H,S gas.[133138l
Recently, a high-temperature polymorph f-Na;PS, was inves-
tigated combining high-temperature powder X-ray diffraction
and molecular dynamics simulations, which showed that the
a-Na3PS, could transform to a cubic superionic phase 3-Na;PS,
at the temperature of =530 K.'*¥l This 8 phase provided an
expansion of bottlenecks for Na migration along ¢ axis in the
tetragonal structure making the 3D ionic transport. Two other
analogues of lithium-based sulfide solid electrolytes, Na;(SnP,S,
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Figure 6. Crystal structures of Na;PS, (cubic and tetragonal), Na;oSnP,S;,, and Na;P3X;; (X=0, S, Se). Na;oSnP,S,: Reproduced with permission.[140l
Copyright 2016, Nature Publishing Group. Na;P3X;; (X =0, S, Se): Reproduced with permission.*] Copyright 2017, American Chemical Society.

and Na,P3X;; (X=0, S, Se), have been predicted by the powerful
density functional theory calculations.'**1*ll The former has
been confirmed by experimental results, and the latter may not
be able to synthesize due to the unfavorable thermodynamic
factors in spite of a higher ionic conductivity. However, the
actual composition of Na;(SnP,S;, remains to be further dem-
onstrated due to the existence of impurity.

2.3.5. Others

Recently, complex borate-hydride compounds have been investi-
gated as the promising SSEs for their higher ionic conductivity
in Figure 7a.1*7%] This kind of compounds usually shows
highly disordered polymorphs at high temperature, in which
the fast reorientation of the anion can effectively promote cation
mobility, leading to the high conductivity. However, the in-depth
understanding of their ion-transport mechanisms as well as
their thermal and electrochemical stabilities is still underway.
As a novel solid electrolyte for sodium batteries, sodium-rich
antiperovskites have recently been discovered due to their supe-
rionic conductivity and structural tolerance.'*1*8! In the anti-
perovskite compounds, e.g., Na;OBr, a large amount of Na ions
can be accommodated. By aliovalent substitution of Sr** to Na*,
Nay, ¢St 0sOB1g 614 could show an ionic conductivity of 0.19 Sm™,
which could only be realized at operating at 200 °C.*8l In
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addition, the enhancement of the conductivity together with
Na™ kinetic transport properties should be further investigated.
Another kind of potential compounds with a general formula
NasMSi,O0q; (M = Sc, Y, Fe, In, rare earths, etc.) may be used
as the solid electrolytes for sodium batteries due to their open
structure for Na* location and migration in Figure 7b.[14%150]

In contrast to SPEs and CPEs, ISEs present a higher ionic con-
ductivity which can drive a battery to operate at RT to some extent.
However, it is not enough to contribute a good performance in
terms of high power densities and long-term cycling. In Na-/3"-
alumina, by introduction of stabilizers, such as Li,O, MgO, ZrO,,
SiO,, etc. a higher proportion of Na-f”-alumina can be obtained
with a higher ionic conductivity. For NASICON ionic conductor,
due to its large 3D network and high tolerance in crystal struc-
ture, alio- and isovalent ion substitution can often increase their
ionic conductivity. In addition, La** ion doping has been reported
to induce the formation of a new phase to adjust the concen-
tration of mobile ions and reduce grain boundary resistance,
successfully leading to a higher ionic conductivity.l*®! For sulfide,
the introduction of vacancies can effectively improve ionic con-
ductivity. Looking for new materials with higher ionic conduc-
tivity of =102 S cm™! is the target in the near future.

In addition to the ionic conductivity, chemical and electro-
chemical stability are also considerably important in the dis-
covery of electrolyte materials for sodium batteries. Commonly,
several aspects need to be noted, for instance, properties

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

T(°C)
700 500 400 300 200 100 50 0

(a) T O PN PETUL N TN I ST I

lon Conductivity (S/cm)
1

1.0 1.5 20 25 i 3.0 35
1000/T (K")

www.advenergymat.de

Figure 7. a) lon conductivity of sodium—borane compounds. Reproduced with permission.*3l Copyright 2017, American Chemical Society. b) Crystal

structures of NagMSi O, (M = Sc, Y, Fe, In, rare earths, etc.) compounds.

of electrolyte materials, electrochemical oxidation/reduction
potential and interface behavior between electrolytes and elec-
trodes. Although sulfide electrolytes show higher conductivities
than the others, they often suffer from a lower chemical sta-
bility. When exposed to air or moisture atmosphere, sulfides
may be decomposed, resulting in the generation of H,S, or
reaction with water to form crystalline hydrates.[124125133,151]
By partially replacing P with alloying element arsenic (As)
to obtain Na3P(¢As)3sS4, an increased moisture stability
was attained. The improved stability could be attributed
to the effectively tailoring reaction products into the diffi-
cult-forming hydrates (e.g., Na;P; ,As,S,-nH,0) instead
of the easy-forming oxysulfides (e.g., Na;P, ,As,OS; and
Na;P;_,As,0,S, with H,S release) due to the weaker As-O
affinity to that of P-0.[13% The moisture stability of the sulfide
is based on hard/soft acids and bases theory, where P (hard
acid) is preferable to react with O (hard base) instead of S
(soft base).[138 Therefore, substitution P (hard acid) with anti-
mony Sb (soft acid) have been indicated as a possible way
to realize the air stability.!33] Meanwhile, the composition is
also a sensitive factor.'>!l Na-f”-alumina also suffers from
the poor moisture sensitivity, where H*/H3;0% ions can inter-
calate into the conduction planes or cause the ion exchange
reaction with Na*, resulting in the formation of the Al(OH),
and aluminum oxyhydroxides.[106113.114152-154]  This often
causes a sharp decrease of the mobile Na* to result in a poor
Na* conductivity. In fact, Na-f/f"-alumina mixture with a
proper ratio and incorporation of stabilizers are preferable
for a high conductivity and chemical stability. By comparison,
NASICON compounds are found to be stable in a moist envi-
ronment. However, some elements, Zr*", Si*", etc. may be
easily reduced at low potentials when contacted with sodium
metal. SPEs and CPEs have good chemical and electrochemical
stability, but suffer from a low oxidation voltage and limited
thermal stability. In order to improve chemical and electro-
chemical stability, interface behavior is of great importance
especially when contacted with sodium metal.
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In addition, ISEs such as Na-f/f”-alumina and NASICON
often show a high elastic modulus, which can effectively
inhibit the growth of sodium dendrites to achieve improved
safety. However, the high-modulus electrolytes may not usually
provide a good wettability to electrode materials due to the
poor interfacial contact, leading to a poor cycle performance.?8!
During the battery operation, the volume change of electrode
materials is inevitable, so a suitable SSE is very important for
forming the favorable contacts at the time. Polymer electrolytes
have a low mechanical strength thus can present a good wet-
tability on the surface of electrode materials. Unfortunately, they
are often unable to prevent the growth of metal dendrites effec-
tively. To solve this problem, incorporation of inorganic fillers, or
formation of a block copolymer to develop CPEs are the prom-
ising strategy. The preparation of composite SSEs with polymer
electrolytes can be a trade-off to get the suitable modulus and
surface wettability for practical application.>>1%7] PEO based
Nas 4Zr; gMg,,Si,PO;, composite electrolyte was prepared,
which shows a high mechanical strength and an improved ionic
conductivity."”] In the solid-state Na;V,(PO,);/CPE/Na battery,
it shows the good cycle performance with negligible capacity loss
over 120 cycles. In addition, the use of a small amount of ionic
liquid as the interface wetting agent has been confirmed an
effective mean for both SSEs and CPEs to obtain a good wetta-
bility.1>8-1601 Recently, a toothpaste-like electrode was developed
by adding the ionic liquid into the cathode material to construct
a wet interface layer with ISEs (Na-f”-alumina) to increase sur-
face wettability toward a superior stability and high reversibility
for SSBs (in Figure 8a).*®! Differently, formation of a wet inter-
facial interlayer (sodium conductive thin layer) on the surface
of Na3Zr,Si,POy, solid electrolyte by in situ heat treatment was
also found to be an effective strategy to improve the poor surface
wettability of SSEs in Figure 8b.1% Furthermore, a polymer/
NASICON/polymer sandwich architecture could provide a
chance to increase the surface wettability of SSEs as well, which
not only effectively lowered the interface resistance but also sup-
pressed growth of sodium dendrites.['>161] Sulfide electrolytes
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Figure 8. a) Schematic diagrams of a conventional sintering type and the designed type solid-state battery based on an inorganic ceramic electrolyte.
Reproduced with permission.['*® Copyright 2017, American Chemical Society. b) Contact model of a good wetting ability artificial interlayer during the
plating of sodium. Reproduced with permission.[”% Copyright 2017, American Chemical Society.

with a moderate mechanical strength are expected to serve as an
interface buffer to solve the volume changes of electrode mate-
rials for a better cycle performance, even the cold-pressing treat-
ment could lead to a better densification.'®

3. Solid-State Sodium Batteries

The ultimate goal of developing SSEs technology is to make
them successfully applied in SSBs, realizing the high safety,
higher energy/power densities and long-cycle performance. In
this section, we will summarize and discuss the current solid-
state sodium batteries based on the above SSEs.

Na-f”-alumina is the pioneer of solid electrolytes used in
sodium batteries due to its high ionic conductivity, and the
high-temperature sodium-sulfur battery was discovered
based on it.’®163] Recently, the room temperature Na/S bat-
teries based on the Na-f”-alumina solid electrolyte were
also reported.'® The batteries were constructed by sulfur/
carbon (S/C) cathode, Na-f”-alumina solid electrolyte and
sodium metal anode with an optimized amount of tetra-
ethylene glycol dimethyl ether between the solid electrolyte
and electrodes, where the solid electrolyte prevents the dif-
fusion of sodium polysulfides into the anode sides.[165166]
This battery showed a high capacity of 600 mA h g!
with coulombic efficiency close to 100%. In addition, Na-f"-
alumina solid electrolyte was also used in the Na-ion bat-
teries.[158165-168] Solid-state sodium battery comprising of a
P2-Na,5[Fe; ;Mn; 5]O, cathode, Na-B7-Al,0; electrolyte, and
Na,Ti;07/Lag ¢Sty ,MnO; composite anode were prepared and
showed a reversible capacity of 152 mA h g at 350 °C.[1®%]
Furthermore, a solid-state battery was investigated based on
the layered oxide NaggNig33Mnge;0,, Na-f7-alumina and
sodium metal as cathode, electrolyte, and anode, respectively,
which showed an outstanding rate capability and an ultralong
cycle life of 10 000 times with a capacity retention of 90% at
6 C rate at 70 °C (in Figure 9a). Additionally, this SSB also
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presented a good performance at RT except for a poor power
density.l">® The outstanding performance was attributed to the
design of toothpaste-like electrode which could adhere onto
the surface of solid electrolyte and keep interface well contact
with SSEs.

Similar to the Na-f”-alumina, NASICON-type electrolytes
also present a high ionic conductivity but suffer from a big
interface resistance in the SSBs. Na/Na3Zr,Si,P01,/Na3V,(PO,)3
SSBs were evaluated at high temperature as shown in
Figure 10a, which exhibited a poor rate and cycle perfor-
mance.'%  Na/Naj; 3Zr; ;La3Si,P0;,/Na;V,(PO,);  batteries
were also studied and operated at 80 °C in Figure 10b, where
composite cathode was prepared by mixing Na;V,(PO,); with
electrolyte powder and carbon and then cosintered with elec-
trolyte pellet under 700 °C for 2 h before cell assembling. It
displayed a reversible capacity of 107.4 mA h g! at the first
cycle, but a capacity degradation and polarization increasing
were found in the following cycles.*) The above inferior
electrochemical performance could attribute to poor contact
between the electrode materials and solid electrolyte, especially
during the long-term cycling process.*! Although NASICON
electrolytes possesses the high ionic conductivity and high
elastic modulus, the poor wettability to electrode materials
often result in the unacceptable performance for SSBs, even
at a high temperature. Three strategies could be adopted to
solve this problem, including the ionic liquid addition, pol-
ymer infiltration, and in situ heat treatment.*dl Figure 10c
shows the electrochemical performance of a NaTi,(PO,);/H-
NASICON/Na battery, demonstrating a good long cycling
and rate performance with the Coulombic efficiency around
99.8% at all three C-rates after the initial formation cycles
when operated at 65 °C. The authors showed the good perfor-
mance resulting from the in situ formation of a sodium ion
conductive thin layer on the NASICON electrode at a high
temperature.'’? In addition, the same battery with the addi-
tion of a small amount of ionic liquid between cathode and
SSEs was tested, which showed an excellent rate and long
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cycling performance, even without attenuation of the capacity
after 10 000 cycles at a current rate of 10 C in Figure 10d.
All of these can be ascribed to the enhanced interface contact
and the formation of buffer layer between electrode materials
and solid electrolytes, which can effectively reduce interface
resistance and inhibit volume changes of cathode material
toward an outstanding electrochemical performance.

Sulfide electrolytes with a moderate mechanical strength
can be expected to have a better contact with electrode mate-
rials for a better cycle performance.1172 Na;P s,As( 35S, was
reported with an improved moisture stability and a high ionic
conductivity =1.46 X 103 S cm™ at RT, and a solid-state battery
Na-Sn/Na;3P ¢,As038S4/TiS, with it as the electrolyte was fab-
ricated.'*¥ Charge-discharge curves of this battery are shown
in Figure 11a, and a large irreversible capacity with a low ini-
tial Coulombic efficiency of 72.4% and a constant degradation
during the following nine cycles can be observed. Additionally,
Na,,,sFe;.5(SO04)3/Naz 1Sng 1 PooS4/Na,Tiz;O; was prepared and
showed an improved performance.'”! At a low rate, it delivered
a high capacity of =113 mA h g1 approaching to the theoretical
value with a high Coulombic efficiency. When charged/dis-
charged at a rate of 2 C, this battery showed a higher capacity
~109 mA h g! at 80 °C than that of =83 mA h g~! at RT shown
in Figure 11b. After 100 cycles at the 2 C rate at 80 °C, 80%
of the initial capacity was retained. Furthermore, Na;PS, as
both solid electrolyte and active material was proposed to form
the intrinsic interfacial contact between electrolytes and elec-
trodes.l'”?l The solid-state sodium-sulfur battery Na—Sn-C/
Na3PS,/Na;PS,~Na,S-C with a homogeneous Na;PS,—Na,S-C
nanocomposite cathode delivered a high reversible capacity of
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869.2 mA h g1 at 60 °C as shown in Figure 11c. A recent study
showed that the sulfide electrolytes, e.g., Na;PS, can be decom-
posed against sodium metal, resulting in an increasing overall
resistance.[!7?

Compared to the ISEs, polymer-based solid electrolytes
usually present a good wettability on the surface of elec-
trode materials. Therefore, development of SSBs based on
polymer-based solid electrolytes has attracted an extensive
attention.[3940448384160]  However, their low mechanical
strength and ionic conductivity are the potential prob-
lems for high power density and long-cycle life. Recently,
NaFSI/PEO blended polymer electrolyte was prepared
and showed the good interfacial stability and high elec-
trochemical stability with sodium metal.?%) NaFSI/PEO-
based NIBs with Nagg;Nip33Mnge0, or NazV,(POy); as
cathodes and sodium metal as anode were investigated in
detail, and these two SSBs were able to normally operate
at 80 °C with a high Coulombic efficiency in Figure 12a.
However, in contrast to Naje7Nij33Mng¢,0, cathode used
in Na-f”-alumina-based solid battery, the moderate cycle
performance should be further improved, which could be
due to the catalytic reaction between transition metal ele-
ments and PEO. The similar phenomenon also existed in
other polymer-based SSBs.3940448384 For example, after
150 cycles at 1 C, only 70% of the capacity was retained in
Na/NaFNFSI-PEO/NaCu, oNiyjoFe; sMny 30,.9 Nevertheless,
polymer-based electrolytes are the promising candidates for
the development of the flexible SSBs. A crosslinked PMMA
electrolyte with good mechanical strength was reported;
the obtained Sb/Gel-PMMA/Na3V,(PO,); SSBs exhibited a
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Figure 10. a) Capacity retention of Na/Na3Zr,Si,PO;,/Na3V,(PO,); SSB over cycling at 200 °C. Reproduced with permission.['®8l Copyright 2014, Elsevier.
b) The cycling performance of the Na/Naj 3Zr; ;Lag3Si,PO1,/Na3V, (PO,); battery operated at 80 °C, the inset displays the charge—discharge curves of the
1st and 10th cycles at 0.1 C rate. Reproduced with permission.*!l Copyright 2016, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. c) Charge—discharge
voltage profiles and cycling performance of NaTi,(PO,)s/H-NASICON/Na battery at different C-rates and 65 °C. Reproduced with permission.'’0
Copyright 2017 American Chemical Society. d) Rate and cycling performance of the Na/Naj 3Zr; ;Lag3Si,PO;,/ionic liquid/NasV,(PO,); battery at room
temperature. Reproduced with permission.*l Copyright 2016, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

superior cycling stability even compared to the conventional
liquid electrolyte battery shown in Figure 12 (b).[1*?] However,
this kind of SPEs presented a poor interface contact with
electrode materials, which needed the assistance of liquid
electrolytes to increase the compatibility. The study on solid-
state sodium batteries is just at an early stage, and related
work remains to be further explored. The current reported
sodium batteries based on the above SSEs are summarizes
in Figure 13.

4. Considerations and Future Perspectives
for Solid-state Sodium Batteries

SSBs are regarded as the promising alternatives to liquid
batteries with the prospect for large-scale applications.
Unfortunately, the relevant technologies and fundamental

Ady. Energy Mater. 2018, 8, 1703012

1703012 (13 of 20)

studies are still in its infancy and the further development
is needed. At present, several factors including interface
effect, energy and power density, safety concern, etc. need
to be taken into consideration, where the interface effect
between electrode and solid electrolyte materials is the most
critical issue, which restricts the charge-transfer process
and directly influences the electrochemical performance of
SSBs. In the following session, some considerations for the
above-mentioned factors will be discussed, respectively, and
the perspectives for the future development of SSBs are pro-
vided accordingly.

4.1. Interface
An ideal interface between electrolyte and electrodes should

present good compatibility and suitable mechanical strength

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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the SSBs based on ISEs, and the green triangle is based on polymer-based solid electrolytes.

as well as a high ionic conductivity. The good wettability can
effectively form ionic conducting layer to promote the charge-
transfer process. ISEs such as Na-f/f”-alumina and NASICON
often show the poor compatibility with electrode material,
where an effective ionic conducting layer is difficult to be in
situ formed. Although the battery operated at elevated tem-
perature has enhanced ionic conductivity, it cannot show
good performance. Therefore, it is very important to form an
interfacial wetting layer by the addition of ionic liquids, infil-
tration with polymer, and in situ/ex situ heat treatment, etc. in
Figure 14a.1*¢158170] Diversely, sulfide electrolytes and polymer-
based electrolytes have the ability to build a soft interface with
electrodes, which has good ionic conductive capability and
determines the good battery performance. However, their low
mechanical strength or poor electrochemical stability may not
be good for the long-term cycling. The large volume change of
electrode material as well as the generation of side products will
cause the worse compatibility, resulting in a high interfacial
resistance in the long-term cycling.39404483:84142160] Regarding
to this feature, SSBs based on ISEs such as Na-f”-alumina and
NASICON have been reported to have a good long-term stability
even over 10 000 cycles. However, they suffer from poor interfa-
cial compatibility with electrode materials, in this case, a proper
interfacial wetting layer usually intends to be formed artificially
by addition of little ionic liquid. Polymer-based electrolytes can
provide a good interfacial compatibility, but the poor interfacial
and electrochemical stability are the limitations for a long-cycle
performance. A stable interface is significant to realize long-
cycle performance, which not only compensates the volume
changes of electrodes but also inhibits the occurrence of side
reactions, even though it is still a challenge. For example, when
sulfide solid electrolytes contacted with sodium metal, unde-
sired reactions usually happens to form insulating sodium
sulfide and sodium phosphide, which will lead to a higher inter-
facial resistance for the poor performance.'? Thus, a highly
stable sulfide against sodium metal is essential. Commonly,
there are three interface layers (shown in Figure 14b) that may
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be possibly formed during the initial charge—discharge process
or made artificially between electrolyte and electrode materials,
including a stable interface (stable), a mixed-conducting inter-
phase (MCI), and the solid electrolyte interphase (SEI).I'”?! For
these three interfacial layers, the stable and high ionic conduc-
tivity are highly desirable.

4.2. Energy and Power Densities

The higher energy density is a desirable feature for SSBs. A
wide voltage window and good mechanical property of SSEs
can provide real opportunities to develop high-voltage and
large-capacity electrode materials. Metallic sodium anode with
the higher capacity and low potential is the promising candi-
date for the high-energy SSBs. Although, most SSEs have good
mechanical strength which may prevent the growth of sodium
dendrites to some extent, their thermodynamical instability
against sodium metal often causes some side reactions to
result in serious mechanical failure. Therefore, several strate-
gies of sodium anode modifications can be adopted, including
construction of 3D framework to inhibit the volume change of
sodium anode, in situ formation of artificial thin SEI layer on
sodium anode surface, alloying sodium with other elements to
stabilize the sodium anode, etc.l'”4178 Through the above strat-
egies, the condition of sodium metal anode was significantly
improved in both carbonate and ether OLEs with less dendrite
formation during the plating/stripping cycles, despite that fur-
ther tests based on SSEs are needed. In addition, high-capacity/
high-voltage cathode materials (e.g., polyanionic-structure com-
pounds and anionic redox for high-capacity cathode) may be
well used in SSBs to achieve higher energy density with the
employment of SSEs, and in the meantime, 7”778 metal den-
drites and chemical/electrochemical stability still need to be
further investigated and improved. Power density is another
important parameter, which indicates how fast the SSBs can
be charged and discharged. The higher ionic conductivity of
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Figure 14. a) Schematic representation of the cathode/SSEs/Na anode and cathode/IWL/SSEs/Na anode SSBs. Interfacial wetting layer (IWL) can be
formed by the addition of ionic liquids, infiltration with polymer, in situ heat treatment, etc. Reproduced with permission.l¢l Copyright 2016, Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim. b) Illustrations of three possible interphases between electrolyte and electrode materials: a stable interface
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below. Reproduced with permission.['73l Copyright 2016, American Chemical Society.

SSEs together with good interfacial contact among all compo-
nents is essential to obtain large power density. Unfortunately,
the reported sodium-based SSBs all show poor power densities,
which needs further effort to improve.

4.3. Safety

A major purpose on the development of SSEs is to obtain the
high-safety SSBs because of the use of nonflammable solid
electrolytes. In fact, sulfide electrolytes usually suffer from
chemical instability in spite of a high ionic conductivity at
RT. The release of toxic gas (H,S) and the decomposition of
materials imply a potential safety hazard. The same problem
may happen to polymer-based materials due to their low
mechanical strength and narrow limited electrochemical
window, especially against sodium metal anode. Fortunately, the
hazard may not happen when Na-f”-alumina and NASICON
electrolytes with the high mechanical strength are employed.
However, the in-depth understanding is still underway. Besides
electrolyte themselves, another safety concern comes from the
use of sodium metal as anode in solid-state sodium batteries.
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Sodium metal, with an extremely high chemical activity, is gen-
erally considered as impractical in large-scale energy storage.
However, when sodium metal is stored in an inert atmosphere
or sodium anode is enclosed in a sealed solid state battery, the
safety issue could be guaranteed. The safety considerations
in the high chemical activity of sodium metal come from two
aspects. On one hand, potential danger exists when dealing
with a large amount of sodium metal in large-scale production
and manufacturing due to its air and moisture sensitivity. And
the improper storage or post-processed treatment may cause
an unavoidable fire even explosion like lithium metal in prac-
tical use. On the other hand, once the sealed batteries were
damaged, sodium metal anode would be contacted/exposed
to moist air directly, giving rise to severe consequences. Here
we performed a simple experiment to observe visually the evo-
lution process of sodium metal under the environment of dry
air, humid air, and water. When sodium slice is exposed to the
dry air, it can be seen that a layer of sodium oxides (white color)
is formed instantaneously without any change in the following
time (Figure 15a,b), indicating sodium metal is not dangerous
when used in dry air. When exposed to the humid air, the
surface gradually becomes more wrinkled, and some bubbles
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Figure 15. Sodium metal slice in a) Ar atmosphere, b) in dry air after 20 min, and c) in moist air after 2 min. Sodium metal bulk at d) 25 °C, €) 100 °C

after 10 h, and f) 150 °C after 10 h.

are generated after several minutes as shown in Figure 15c.
Even like this, no drastic reaction or spark were observed
during the above experimental process. However, sodium metal
immediately catches fire when a drop of water is dropped on
its surface. Worse still, the bottle even gets cracked due to the
local temperature spiked suddenly. Therefore, it is extremely
important to protect the battery system to avoid the contact of
sodium anode with moisture. Another concern stems from the
low melting point (97 °C) of sodium metal, which may cause
internal short circuit under high working temperatures above
97 °C. In this case, another experiment was conducted by put-
ting a sodium bulk into the vacuum oven with the temperature
gradually increased. The results show that sodium metal has
almost no change after 10 h at 100 °C (Figure 15e) compared to
that at 25 °C (Figure 15d). When the temperature increases to
150 °C, the shape is still kept the same after 10 h (Figure 15f).
No obvious melting phenomenon was observed on the surface,
which is probably due to the oxide layer formed on the surface
during the process of vacuuming. It remains unclear about the
change under longer time (>10 h) at the constant high tempera-
ture, further investigations are still needed to clarify the issue.
Looking at the phenomenon from another viewpoint, the soft
characteristics of sodium metal is in turn an advantage when
used in SSBs. First, it can contribute to the interfacial contact
between the anode and electrolyte because the sodium anode
may become soft under a higher temperature to improve the
surface wettability. Second, due to the soft nature of sodium
metal under the high temperature, the mechanical strength
of formed dendrites may be too weak to pierce the electro-
lyte, indirectly improving the safety of a battery. Last but not
the least, sodium metal anode may have a self-healing ability
to avoid pulverization during cycling with a proper heat treat-
ment. Therefore, whether sodium metal could be directly used
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in SSBs, and how to inhibit the disadvantages and promote the
advantages still remain uncertainty and worth to be investi-
gated further. Even though the final solution has not come out
yet, potential strategies like using 3D architecture to alleviate
the volume change and forming protected layer to enhance the
interface stability could offer promising opportunities to use
sodium metal as anode to some extent. In the meantime, solid-
state Na-ion batteries shall also be considered for the future
development.

In this review, we systematically summarize the current
sodium-based SSEs, and discuss their potential advantages
and disadvantages for developing SSBs. SSEs as the prom-
ising alternative to OLEs can offer the high energy and power
densities, long-term cycling and improved safety for sodium
batteries. However, several challenges should be further over-
come, including high RT ionic conductivity, good chemical/
electrochemical stability, flexible mechanical property as well
as low-cost and environmental friendly preparation process,
etc. ISEs such as Na-f/f”-alumina and NASICON, present a
higher ionic conductivity at RT but cannot contribute a good
performance in terms of high power densities and long-term
cycling due to the poor interface contact with electrode mate-
rials. A wet interfacial interlayer formed by the addition of
ionic liquids, infiltration with polymer, in situ/ex situ SEI for-
mation, etc., are effective strategies to solve this problem. In
comparison, the flexible polymer-based electrolytes can easily
build an ionic conduction layer with electrode materials, but
their low mechanical strength and poor electrochemical sta-
bility may not be good for the long-term cycling. And the
low RT ionic conductivity is not favorable to the large-scale
applications. Sulfide electrolytes with a moderate mechanical
strength and high RT ionic conductivity can be expected to
achieve a good wettability to electrode materials for a better
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cycle performance. Unfortunately, their poor chemical stability
may lead to safety hazard. Materials innovation needs to be
further developed for the practical applications such as high
RT ionic conductivity and high chemical and electrochemical
stability. Meanwhile, interface is of great concern, which is the
bridge between electrode materials and electrolytes, directly
determining the batteries’ performance. A good interface can
effectively inhibit the growth of sodium-metal dendrites and
reduce the volume deformation of sodium-metal anode, which
has a profound influence on the long-term cycling. At present,
the long-cycle performance seems to be available based on the
reported ISEs, such as Na-f/f”-alumina and NASICON, fur-
ther effort is still needed to improve the interface contact of
other SSEs. In addition, high energy and power densities are
also very important for SSBs toward a large-scale application.
Besides discovering new materials (high-capacity and/or high-
voltage cathode materials and high ionic conductivity electro-
lytes), sodium-metal anode might be a good choice and special
design is needed when taking the safety issue into considera-
tion. Because the study of solid-state sodium batteries is just in
its infancy, related research still need to be further performed
to promote the practical applications.
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