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Abstract: All-solid-state sodium-ion batteries that operate at
room temperature are attractive candidates for use in large-
scale energy storage systems. However, materials innovation in
solid electrolytes is imperative to fulfill multiple requirements,
including high conductivity, functional synthesis protocols for
achieving intimate ionic contact with active materials, and air
stability. A new, highly conductive (1.1 mScm™ at 25°C,
E,=0.20 V) and dry air stable sodium superionic conductor,
tetragonal Na;SbS,, is described. Importantly, Na;SbS, can be
prepared by scalable solution processes using methanol or
water, and it exhibits high conductivities of 0.1-0.3 mScm™.
The solution-processed, highly conductive solidified Na;SbS,
electrolyte (NaCrO,)
demonstrates dramatically improved electrochemical per-
formance in all-solid-state batteries.

coated on an active material

The provision of stable electricity from renewable energy
sources requires large-scale energy storage systems (ESSs).[!!
Sodium-ion batteries (NIBs) are more competitive for
application in ESSs than lithium-ion batteries (LIBs) in
terms of their cost and environmental effect.>“? Moreover,
solidification of electrolytes in batteries avoids serious safety
concerns, such as flammability and leakage, thereby guaran-
teeing the reliability of ESSs.”! In this regard, all-solid-state
sodium-ion batteries (ASNBs) are good candidates for use in
ESSs.”! In particular, composite-structured bulk-type all-
solid-state batteries are promising because of their scalable
fabrication and high energy density.*!

Among various solid electrolyte (SE) candidates, sulfide
rather than oxide materials are the key to success for bulk-
type all-solid-state batteries.>* Sulfide SEs exhibit high
conductivity, as found in several state-of-the-art sulfide
lithium-ion SEs with conductivities comparable to that of
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liquid electrolytes (for example, Li;(GeP,S;, (12 mScm™),
Li,P;S;; (17 mScm™)).F*% Additionally, sulfide materials are
deformable and consequently two-dimensional (2D) contact
with active materials can be made by simple cold-pressing,[**°!
Despite these advantages, several challenges remain before
the widespread use of SEs may be accomplished.

First, composite electrodes in bulk-type all-solid-state
batteries suffer from poor ionic contact.®®”! In conventional
fabrication of composite electrodes, the SE powders are
physically mixed with active materials and the powder
mixtures are subsequently subjected to cold-pressing.*
Despite the deformability of sulfide SE materials, cold-
pressing alone is not enough to form void-free dense
composites."**’ Additionally, the mixing of heterogeneous
solid particles results in aggregation of each component.[**6°7]
As a consequence, bulk-type all-solid-state systems employ-
ing highly conductive SEs have performed below par.P“#l As
long as preparation of SEs relies on conventional synthesis
protocols, such as solid-state reactions at high temperatures,
no breakthrough in achieving intimate ionic contact is
expected.”“**7 Second, the primary disadvantage of sulfide
materials is their instability in air.’***® Recently, our group
reported the fabrication of a novel lithium superionic
conductor, 0.4 Lil-0.6 Li,SnS,, which showed high conductivity
(0.41 mScm™"), stability in dry air, and solution processability
using methanol (MeOH). This conductor, in the form of
SE-coated LiCoO,, demonstrated outstanding performance
in conjunction with all-solid-state lithium-ion batteries.*” Our
search for novel SE materials capable of tackling multiple
issues at the same time has thus been expanded to sodium-ion
SEs and ASNBs.

The search for sulfide sodium superionic conductors was
initiated by the development of cubic Na;PS, (NPS), which
showed a conductivity of 0.46 mScm™, a value that is much
higher than that of the tetragonal phase.”®" By forming
a solid solution with Na,SiS, (94 Na;PS,-6Na,SiS,), the con-
ductivity of NPS was further increased to 0.74 mScm .1l An
even higher conductivity of 1.16 mScm™ was achieved by
replacing sulfur in NPS with selenium (NasPSe;). This
enhancement is explained by lattice expansion while retaining
the same cubic structure and the presence of highly polar-
izable selenium.!"! It was anticipated that Na;SbS, might also
show high conductivity considering the similar size of SbS,*~
with respect to PSe/ . Very recently, another type of
sodium-ion conductor was reported, Na,,SnP,S,,, which
showed a conductivity of 0.4 mScm™L."% Overall, only a few
sulfide sodium-ion SEs have been developed. Thus, there is
much room for further improvement in composition and
structure by design of materials. Moreover, important
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considerations other than conductivity have not been scruti-
nized yet. The previously developed sulfide sodium-ion SE
materials were based on phosphorus, which has a high affinity
with oxygen, and consequently they were not stable in air.[*!
Importantly, no solution processable sulfide sodium-ion SE
materials are known, which is related to the unavailability of
solvents that can dissolve SEs without irreversible or side
reactions.”

Herein, we report the synthesis of a new type of sodium
superionic conductor, Na;SbS,. Na;SbS, has a tetragonal
structure with three-dimensional (3D) sodium ion diffusion
channels. It exhibits a high ionic conductivity of 1.1 mScm
at 25°C and a low activation energy of 0.20eV. More
importantly, for the first time, solution-processing for
sodium-ion SEs is demonstrated. Na;SbS, prepared from
MeOH or aqueous solutions exhibits high ionic conductivities
of 0.1-0.3 mScm . The solution-processed solidified 13 wt %
Na;SbS, coating on NaCrO, (NCO) provides intimate ionic
contact and well-percolated SEs, resulting in dramatic
improvement in the utilization of NCO for these electrodes
in all-solid-state cells over conventional mixed electrodes.

For the solid-state synthesis, Na;SbS, powders were
prepared from a stoichiometric mixture of Na,S, Sb,S;, and
sulfur powders at 550°C. Figure 1a presents the powder X-ray
Rietveld refinement profile for Na;SbS,. All the peaks could
be indexed to the tetragonal structure (a=7.1453 A and
c=72770 A, Z=2, P42,c, no.114; Supporting Information,
Tables S1 and S2) without any noticeable impurities,"* which
is isostructural with tetragonal NasPS,™ and slightly
elongated from previously reported cubic Na;SbS,.l"! The
unit cell structure consists of a body-centered tetragonal
sublattice of SbS,’” tetrahedra that are connected to neigh-
boring tetrahedra by sodium ions (Figure 1b; Supporting
Information, Figure S1-3). The presence of SbS,>~ was also
confirmed from three distinct peaks in the Raman spectrum
(Supporting Information, Figure S4)."7! In the [010] view
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Figure 1. Structural analysis results of Na;SbS,. a) X-ray Rietveld refine-
ment profile for the Na;SbS, powders recorded at room temperature.
b) Crystal structure of Na;SbS, with the unit cell outlined. c) 3D bond
valence map isosurfaces for Na;SbS, with an isovalue of +0.3 v.u.
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(Figure 1b), sodium ion diffusion channels are apparently
seen perpendicular to the plane. It should be noted that such
channels exist parallel to all three crystallographic axes
(Figure 1b; Supporting Information, Figure S1) to form
orthogonal 3D  networks (Supporting Information,
Figure S2). For a better understanding of the sodium ion
conduction pathways of Na,;SbS,, the bond valence sum
mapping (BVSM) method was utilized."” Figure 1¢ shows
the BVS isosurfaces at +0.3 v.u., clearly demonstrating the
3D network of the sodium ion conduction pathways along the
a- (or b-) and c-axes, which implies the high ionic conductivity
of Na;SbS,. It is also noted that the channels appear to have
a bottleneck along the c-axis, as indicated by the narrower
isosurfaces between the sodium ions than in the a-b plane (see
the Supporting Information, Figure S5), which might reflect
preferential 2D conduction.

The electronic conductivity of Na;SbS, measured by the
four probe method!" was less than 10~* Scm™!. The electrical
conductivity of Na;SbS, measured by the AC impedance
method using sodium ion blocking cells, which is in turn
interpreted as ionic conductivity, is shown in Figure 2 and
Table 1 (typical Nyquist plots are shown in the Supporting
Information, Figure S6). Tetragonal Na,;SbS, possesses a con-
ductivity value of 1.1 mScm™ at 25°C and an activation
energy of 0.20 eV, which is comparable to the best result
obtained to date for cubic Na;PSe, (Supporting Information,
Table S3).'YI The high conductivity of Na,SbS, is attributed to
an open framework with 3D sodium ion channels (Figures 1b
and 1c; Supporting Information, Figures S1 and S5).” A
trace amount of sodium vacancies may also contribute to the
high conductivity of Na;SbS,, although precise determination
of the amount was beyond the experimental limits of X-ray
refinement."”

The dry air stability of Na;SbS, was tested by exposing the
SE powders to a flow of dry air for 24 h. After the exposure,
only marginal degradation in conductivity and the same
activation energy were observed (Figure 2). Furthermore, the
XRD pattern of Na;SbS, after exposure to dry air did not
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Figure 2. Conductivity of Na;SbS, prepared by solid-state reaction at
550°C. Data after exposure to dry air for 24 h is also compared.
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Table 1: Conductivity and activation energy values for Na;SbS, prepared
by solid-state reaction and the solution process using MeOH or H,0.

Sample Preparation ~ Temperaturel® Oys E

[°q [mScm™] [eV]
Na,Sbs, Solid-state 550 1.1 0.20
NSbS-M100 MeOH 100 0.23 0.37
NSbS-M200 MeOH 200 0.11 0.38
NSbS-W100 H,O 100 0.26 0.32
NSbS-W200 H,O 200 0.15 0.30

[a] Heat-treatment temperature.

differ from that before exposure (Supporting Information,
Figure S7a), indicating that the material possesses good
stability. In sharp contrast, the XRD pattern of NPS showed
a noticeable unknown broad peak (“*” in the Supporting
Information, Figure S7b) after exposure to dry air. Accord-
ingly, the conductivity value decreased by approximately one
order of magnitude (from 0.11 to 0.02 mScm ™), confirming
the instability of NPS in dry air. According to hard and soft
acid and base (HSAB) theory, antimony (a softer acid than
phosphorus) demonstrates reduced affinity for oxygen (a hard
base), which explains the superior stability of Na,;SbS, in dry
air compared to NPS.**7# However, Na,SbS, appeared to
change after 48h of exposure to ambient air, forming
a hydrated compound (Na;SbS,-9H,O; Supporting Informa-
tion, Figure S8a). Interestingly, Na;SbS,, with a conductivity
of 0.34mScm!, was recovered by heat treatment of the
hydrated form under vacuum at 200°C (Supporting Informa-
tion, Figures S8b,c). Na;SbS, also showed moderate stability
upon exposure to CO, (Supporting Information, Figure S9).
After exposure to a flow of CO, for 24 h, no noticeable
change in the XRD pattern (Supporting Information,
Figure S9b) and only a slight decrease in conductivity
(0.82 mScm™") were observed.

Importantly, Na;SbS, showed excellent solubility in water
and MeOH, from which solidification of the dissolved
solutions was attempted. After forming yellowish homo-
geneous solutions by dissolving the Na;SbS, powders in
MeOH or water, the solvents were removed by drying under
vacuum at room temperature, followed by heat treatment
under vacuum (Supporting Information, Figure S10). The
results for MeOH and aqueous solution processes are shown
in Figure 3 and Figure S11 (Supporting Information), respec-
tively. Hereafter, the MeOH and aqueous solution-processed
samples heat-treated at a given temperature (°C) are referred
to as “NSbS-Mx” and “NSbS-Wx”. Further consideration of
the application of the solution process to SE coating on active
materials suggests that a minimum temperature at which the
solvents can be removed would be desirable to avoid any
reaction between the electrode materials and the coated SEs.
From thermogravimetric analysis (TGA) results (Figure 3b;
Supporting  Information, Figure S11b), heat-treatment
temperatures of 100, 150, and 200 °C were thus selected.

In all solution-processed samples, XRD patterns identical
to that for solid-state synthesized Na;SbS, were observed, but
with broadened peaks (Figures 1 and 3c; Supporting Infor-
mation, Figure S11c¢). The Raman spectra for the solution-
processed samples also clearly showed strong signatures for
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Figure 3. Preparation and characterization of solution processable
Na;SbS,. a) Photograph of Na,;SbS, dissolved in MeOH solution.

b) TGA profile for the Na;SbS, xMeOH powders obtained by drying
under vacuum at room temperature. c) XRD patterns and d) conduc-
tivities of Na,;SbS, processed in MeOH solution and prepared at
different heat-treatment temperatures.

SbS,*~ (Supporting Information, Figure $12).l") However, the
samples heat-treated at 200°C (NSbS-M200 and NSbS-W200)
exhibited additional broad peaks at approximately
320220 cm ™' (Supporting Information, Figures S12a,b).
This might be related to the formation of trace amounts of
surface impurities such as Sb,S; or Sb,Ss (Supporting Infor-
mation, Figure S12¢).?! Importantly, high conductivity values
of 0.1-0.3 mScm™' were achieved for all MeOH and aqueous
solution-processed Na;SbS, (Figure 3d, Table 1; Supporting
Information, Figure S11d). The lower conductivities and
higher activation energies for solution-processed Na;SbS,,
compared to solid-state synthesized Na;SbS,, are the result of
the low heat-treatment temperatures, which led to lowered
crystallinity and/or to the formation of surface impurities. It is
expected that further increases in conductivity may be
possible by iso-/aliovalent substitution or by the addition of
NaX (X: Cl, Br, I) for both solid-state synthesized and
solution processable Na;SbS,, as demonstrated for lithium-
ion SE materials such as Li,SnS,.***

Finally, a solution-processed coating of highly conductive
Na;SbS, was adopted on an electrode material, NCO
(NaCr0O,). NCO was chosen because of its excellent reversi-
bility for sodiation—desodiation, simple preparation method,
and thermal stability.”) NCO showed normal electrochemical
behavior in liquid-electrolyte cells (Supporting Information,
Figure S13).”! The solution-processed coating of Na;SbS, on
NCO was carried out by following the same MeOH solution
process in the presence of NCO powders at a heat-treatment
temperature of 200°C. The MeOH solution process was
applied because NCO is not stable in water.>??! A moderate
quality of Na;SbS, coating on NCO is observed in electron
microscopy images (Figures 4a,b; Supporting Information,
Figures S14-16). In the high-resolution transmission electron
microscopy (HRTEM) image of a focused ion beam (FIB)
cross-sectioned Na;SbS,-coated NCO and its corresponding
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Figure 4. Results of Na;SbS,-coated NaCrO, (NCO). a) HRTEM image
of FIB-sectioned Na;SbS,-coated NCO. b) Annular dark-field (ADF)
TEM image of FIB-sectioned Na;SbS,-coated NCO and its correspond-
ing EDXS elemental maps. c) Initial charge—discharge voltage profiles
(50 pAcm ™, 30°C). d) Nyquist plots of NCO/Na-Sn all-solid-state
cells. Results of the mixed electrode and the Na,;SbS,-coated NCO
electrode are compared. The cells were fabricated by pressing at

370 MPa. The NCO:Na;SbS, weight ratio is 87:13.

energy dispersive X-ray spectroscopy (EDXS) elemental
maps (Figures 4a,b), an approximately 200 nm thick coating
of Na;SbS, on NCO is clearly seen. Improvement of quality of
the Na;SbS, coating, in terms of uniformity and surface
coverage, may be possible by elaborating the experimental
conditions for the solution process or by applying a spray-
coating method.’**! The selected area electron diffraction
(SAED) pattern for the Na;SbS, coating (Supporting Infor-
mation, Figure S16) also agrees well with the XRD results
(Figure 3¢).

The electrochemical performance of all-solid-state NCO/
Na-Sn cells using the as-prepared Na;SbS,-coated NCO was
compared to that using a conventional mixed electrode. The
weight fraction of SE (Na;SbS,) was 13 wt %. For the mixed
electrode, Na;SbS, prepared by solid-state synthesis with
a conductivity of 1.1 mScm™' was used. No carbon additives
were included in the electrodes, thus providing a simple
system to investigate the effects of the SE coating.*!
Figure 4c displays the initial charge—discharge voltage
profiles at 50 pAcm 2 at 30°C. The mixed electrode shows
a negligible discharge capacity. The applied pressure used to
fabricate the cells with the mixed electrodes may be increased
from 370 to 590 MPa, resulting in an increase of discharge
capacity from 3 to 11 mAhg™" (Figure 4c; Supporting Infor-
mation, Figure S17), implying the importance of ionic contact.
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Surprisingly, the Na;SbS,-coated NCO shows a discharge
capacity of 108 mAhg', which is almost the same value as
that for the liquid-electrolyte cell (Supporting Information,
Figure S13b). A slight increase in the weight fraction of SE to
15 wt % also resulted in a high capacity value of 104 mAhg™
(Supporting Information, Figure S18a). The Nyquist plots in
Figure 4d show that the amplitude of the semicircle for the
mixed electrode (corresponding to the charge transfer
resistance at the SE-NCO interface)* is huge, (~30 kQ)
in contrast to approximately 0.6 k2 for the coated electrode.
Considering that the conductivity of Na;SbS,
(1.1 mScm™') used in the mixed electrode is one order of
magnitude higher than that for NSbS-M200 (0.11 mScm ')
with an SE-coated electrode, it is striking that the SE-coated
NCO electrode dramatically outperforms the mixed
electrode. This result is in line with our previous findings for
0.4Lil-0.6 Li,SnS,-coated LiCoO, for all-solid-state lithium-
ion batteries.*! The electrode from LiCoO, coated by
0.4Lil-0.6Li,SnS, (0.41 mScm™!') outperformed the mixed
electrodes employing the same SE (0.4Lil-0.6Li,SnS,) or
Li,(GeP,S;, (6.0 mScm ™). Voltage profiles for the conven-
tional mixed electrode using NPS showing the same con-
ductivity (0.11 mScm™) as the solution-processed Na;SbS,
(NSbS-M200) were also compared (Supporting Information,
Figure S18b). The NPS mixed electrode exhibits much higher
overpotential and a correspondingly lowered capacity
(94 mAhg™') than the Na;SbS,-coated electrode. To clarify
the origin of the dramatic improvement in performance of the
coated electrodes, compared to the mixed electrodes, electron
microscopy analysis on composite structures was carried out.
The field emission scanning electron microscopy (FESEM)
images and their corresponding EDXS elemental maps for
the electrode surfaces (Supporting Information, Figure S19)
and cross-sections (Supporting Information, Figures S20 and
S21) were compared with the Na;SbS,-coated NCO electrode
and the mixed electrode: 1) a much more uniform spatial
distribution of SEs and active materials is confirmed for the
coated electrode when compared to the mixed electrode;
2) and for the coated electrode, the SE fills the voids between
the NCO particles to form intimate contacts. In stark contrast,
many voids are evident for the mixed electrode between the
NCO particles with the segregated SE regions. These
observations imply far superior ionic conduction and ionic
contacts in the SE-coated electrode compared to that of the
mixed electrode, thus explaining the significantly improved
electrochemical performances. Overall, the combined results
demonstrate the exceptional advantages of solution process-
able SE, Na;SbS,, as a means to satisfy the challenging
requirements of all-solid-state batteries, intimate ionic
contact, and uniform spatial distribution of SEs.
Unfortunately, the NCO/Na-Sn all-solid-state cell using
Na;SbS,-coated NCO showed gradual capacity fading upon
repeated cycling (Supporting Information, Figure S22), which
could be explained by poor electrochemical stability of sulfide
SEs,P* chemical reaction between NCO and Na,;SbS,,*!
a space charge layer model,®® and lattice mismatch.”! It
should be noted that the results in this work were obtained
using NCO powders without any protective coatings. Further
improvements of the electrochemical performances could be
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possible by protective coating on cathode material (NCO) as
demonstrated for surface-modified LiCoO, in all-solid-state
lithium-ion batteries, 436!

In summary, a high conductivity of 1.1 mScm ™, good
stability in dry air, and scalable solution processability using
MeOH or water, were successfully demonstrated for a new
sodium superionic conductor, tetragonal Na;SbS,. The
structural refinement revealed 3D sodium ion diffusion
channels, with a preference for 2D diffusion in the a-b
plane. Finally, the high conductivity (0.1 mScm™), intimate
ionic contact with the active material, and well-percolated
SEs enabled by the solution-processed Na;SbS,, resulted in
a dramatically improved electrochemical performance of
NCO/Na-Sn ASNBs. We believe that our results will ignite
interest in materials design and synthesis for superionic
conductors and advance commercialization of all-solid-state
technologies.
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