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n synthesis of Na3SbS4 solid
electrolytes for all-solid-state Na-ion batteries†

Tae Won Kim, Kern Ho Park, Young Eun Choi, Ju Yeon Lee and Yoon Seok Jung *
Room-temperature-operable all-solid-state Na-ion batteries (ASNBs)

using sulfide Na-ion solid electrolytes (SEs) are promising because of

their potential for greater safety, lower cost, and acceptable perfor-

mance. Despite extensive developments in the area of sulfide Na-ion

SEs, their poor chemical stability and prospects for wet-chemical

synthesis have been overlooked to date. Herein, the scalable

synthesis of Na3SbS4 via aqueous-solution routes using precursors of

Na2S, Sb2S3, and elemental sulfur for ASNBs is described. With no

concerns about the evolution of toxic H2S gas, the aqueous-solution-

synthesized Na3SbS4 exhibits high ionic conductivities (0.1–0.2

mS cm�1 at 25 �C). Importantly, the homogeneity of the aqueous

solutions enables the creation of uniform Na3SbS4 coatings on FeS2.

Fe2S/Na–Sn ASNBs, employing the aqueous-solution-synthesized

Na3SbS4 and the Na3SbS4-coated FeS2 for the SE layer and positive

electrode, respectively, demonstrate a high charge capacity of 256 or

346 mA h g�1 with good reversibility at 30 �C, highlighting their

potential for practical applications.
Safety concerns about conventional Li-ion batteries, which
originate from their use of ammable organic liquid electro-
lytes, have led to a slow-down in their widespread adoption for
large-scale energy-storage applications such as battery-driven
electric vehicles and grid-scale energy storage.1,2 Moreover, the
limited Li resources in the Earth's crust, combined with recent
rapid rises in the price of the Li precursor (Li2CO3), as well as its
geologically uneven distribution, are all serious challenges.3

Therefore, the replacement of Li+ ions with Na+ ions as the
charge carrier, combined with the solidication of electrolytes
manufactured from nonammable inorganic materials, would
be an ideal solution.4–6

To date, there has been signicant progress in the develop-
ment of sulde Li+ superionic conductors, such as
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Li9.54Si1.74P1.44S11.7Cl0.3 (25 mS cm�1)7 and argyrodite Li6PS5Cl
(>1 mS cm�1),8 and their application to composite-structured
bulk-type all-solid-state Li-ion batteries.6,7,9 The promising levels
of performance of bulk-type all-solid-state Li-ion batteries can be
attributed to the excellent properties of sulde materials: not only
their high ionic conductivities but also their deformability that
allows two-dimensional contact with active materials by applica-
tion of a pressing process at room temperature, thus avoiding the
deterioration that accompanies high-temperature sintering
processes.6 Following these successes, the rst report on the use
of highly conductive sulde Na-ion solid electrolytes (SEs), cubic
Na3PS4 (0.2 or 0.46 mS cm�1),4 led to extensive developments of
new sulde Na-ion SEs, e.g., 94Na3PS4$6Na4SiS4 (0.74 mS cm�1),10

Na3PSe4 (1.16 mS cm�1),11 Na2.9375PS3.9375Cl0.0625 (1 mS cm�1),12

and Na3P0.62As0.38S4 (1.46 mS cm�1).13 However, most efforts to
develop Li-ion and Na-ion SEs have overlooked the serious
problem of poor chemical stability. Conventional sulde SE
materials containing phosphorus are not stable in air.5,6,9 They
react not only with water in ambient air to produce toxic H2S gas,
but also with oxygen in dry air, which is a serious obstacle to their
practical application.5,6,9 Moreover, the synthesis protocols for SE
materials in most previous reports have been restricted to
conventional methods such as solid-state reaction at high
temperatures, as well as ball-milling.6,9

Recently, our group reported on the development of new Li-
ion and Na-ion SEs, namely, glass 0.4LiI–0.6Li4SnS4 (ref. 9) and
tetragonal Na3SbS4,5 respectively. These phosphorus-free
materials exhibited excellent stability in dry air. Especially,
Na3SbS4 does not produce toxic H2S gas when exposed to water.
Moreover, both 0.4LiI–0.6Li4SnS4 and Na3SbS4 dissolve
completely in methanol or water without any side reactions. It
was demonstrated that the resulting solutions could be used to
form SE coatings on active materials5,9,14 or to inltrate
conventional lithium-ion battery electrodes with SEs,15

providing a breakthrough in terms of electrochemical perfor-
mance and practical applications. However, the aforemen-
tioned solution-processes still rely on the conventional
synthetic protocol: the SEs are prepared by either a high-
This journal is © The Royal Society of Chemistry 2018
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temperature solid-state reaction or by ball-milling prior to
dissolution into the solvent.5,9,14,15 Although several results for
the wet-chemical synthesis of Li-ion SEs using precursors such
as Li2S and P2S5 (e.g., Li3PS4 using tetrahydrofuran,16,17 Li7P2S8I
using acetonitrile,18 and Li4PS4I using dimethylethane19) have
been reported, these solutions are not homogeneous, thus
preventing their application to SE coatings or inltration into
the as-prepared electrodes.

Based on the above-mentioned research and motivations, we
report on the application of the scalable synthesis of Na3SbS4
from a homogenous aqueous solution using precursors of Na2S,
Sb2S3, and elemental sulfur, for FeS2/Na–Sn all-solid-state Na-
ion batteries (ASNBs).

The processes for the aqueous-solution synthesis of Na3SbS4
are illustrated in Fig. 1a. Powdered Na2S (twice the required
amount), Sb2S3, and elemental sulfur are fully dissolved in
deionized water, thus forming a homogeneous yellowish solu-
tion. The dissolution of Na2S in water proceeds according to the
following eqn (1) and (2).20,21

Na2S(s) + H2O / NaHS(aq) + NaOH(aq) (1)

NaHS(aq) + H2O / H2S(g) + NaOH(aq) (2)

It is suggested that the as-generated bisulde anions (HS�)
react with the Sb precursor, Sb2S3, generating a sulfur-rich
anion, SbS3

3�, as dened by eqn (3) and (4), which further
reacts with the elemental sulfur to form SbS4

3�, which is the
building block for tetragonal Na3SbS4 (eqn (5)).21

Sb2S3(s) + HS�(aq) + OH�
(aq) / Sb2S4

2�
(aq) + H2O (3)

Sb2S4
2�

(aq) + 2HS�(aq) + 2OH�
(aq) / 2SbS3

3�
(aq) + 2H2O (4)

SbS3
3�

(aq) + S(s) / SbS4
3�

(aq) (5)
Fig. 1 Schematic illustrating (a) the synthesis of Na3SbS4 from
aqueous solution using precursors of Na2S, Sb2S3, and elemental sulfur
and (b) its application to the coating of Na3SbS4 on the active material
of FeS2 powder.

This journal is © The Royal Society of Chemistry 2018
The extraction of the Na3SbS4 from the as-prepared solu-
tions was carried out via two different routes. For route-1, aer
the solids had been precipitated by adding acetone, the
ltered powders were washed using ethanol to remove excess
Na2S and other impurities. The intermediate product is
referred to as ‘NSbSH1’.20 From the thermogravimetric anal-
ysis (TGA) prole of NSbSH1, which exhibited a 26.2% weight
loss below 100 �C and a constant value up to 400 �C (Fig. S1,
ESI†), dehydration of the NSbSH1 was carried out by heat-
treatment at 200 �C under vacuum, producing Na3SbS4
(NSbS1).22 For route-2, water in the solutions was evaporated
under vacuum at room temperature. The subsequent proce-
dure was the same as that for route-1. The as-developed
synthetic routes applied for the Na3SbS4 coating onto the
active material of FeS2 are illustrated in Fig. 1b. Although the
process via route-1 could be advantageous in terms of the
preparation time, it suffers from severe evolution of H2S gas
during the precipitation using acetone (above 20 ppm, Fig. S2,
ESI†). In contrast, the amount of H2S gas evolved for the
process via route-2 is controlled to be below 5 ppm under our
experimental conditions, which would imply more practica-
bility for route-2 than route-1 in terms of safety.23
Fig. 2 (a) XRD patterns of the intermediate products (NSbSH1 and
NSbSH2) and final products (NSbS1 and NSbS2) for the aqueous-
solution synthesis of Na3SbS4. The Bragg positions of Na3SbS4$9H2O
(JCPDS no. 43-0442) and Na3SbS4 (ref. 5) are shown in green and red,
respectively. (b) Arrhenius plots of Na-ion conductivities for the
aqueous-solution-synthesized Na3SbS4.

J. Mater. Chem. A, 2018, 6, 840–844 | 841
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Fig. 3 Characterization of Na3SbS4-coated FeS2 prepared via the
aqueous-solution route-2. (a) XRD pattern and (b) Raman spectrum of
the Na3SbS4-coated FeS2 powder. The Bragg positions for Na3SbS4
(ref. 5) and FeS2 (JCPDS no. 65-3321) are shown in red and violet,
respectively, in (a). Raman spectra of aqueous-solution-synthesized
Na3SbS4 and FeS2 are compared in (b). (c) FESEM image of Na3SbS4-
coated FeS2 and its corresponding elemental maps. (d) HRTEM and (e)
scanning TEM images of the FIB-cross-sectioned Na3SbS4-coated
FeS2 and EDXS elemental maps for the scanning TEM image.
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The powder X-ray diffraction (XRD) patterns of the inter-
mediate and nal products of the aqueous-solution synthesis
process are presented in Fig. 2a. While the intermediate prod-
ucts of NSbSH1 and NSbSH2 are isostructural with Na3SbS4$
9H2O, the nal products of NSbS1 and NSbS2 are identied as
being tetragonal Na3SbS4 without any noticeable impurities.5

Fig. 2b shows the Arrhenius plots of the Na-ion conductivities
measured by an AC impedance method using symmetric Ti/SE/
Ti cells. NSbS1 and NSbS2 present similar conductivities at
25 �C (0.21 and 0.15 mS cm�1, respectively) with activation
energies of 0.27 and 0.35 eV, respectively. The conductivities of
the aqueous-solution-synthesized Na3SbS4 are approximately
one order of magnitude lower than that of the solid-state
synthesized one (1.13 mS cm�1), and similar to those of the
one prepared in our previous work, by recrystallization from the
solution in which the solid-state-synthesized Na3SbS4 is dis-
solved.5 The XRD patterns and conductivities of the aqueous-
solution-synthesized Na3SbS4 heat-treated at different temper-
atures are also compared in Fig. S3, ESI.† By increasing the heat-
treatment temperature from 200 to 400 or 550 �C, the XRD
peaks were sharpened, indicating an increased level of crystal-
linity. However, the conductivities did not exhibit any notable
enhancement: 0.25 mS cm�1 at 25 �C. The lower ionic
conductivities of the aqueous-solution-synthesized Na3SbS4,
relative to that of the solid-state-synthesized one, can be
attributed to the presence of impurities, such as antimony
suldes and oxides, associated with complex solution chemis-
tries.5 Note that a conductivity of around 10�4 S cm�1 is
a minimum requirement for the operation of all-solid-state
batteries at moderately low C-rates (e.g., 0.1C) at room temper-
ature.9,15 Further optimization of the aqueous-solution synthetic
conditions may minimize the amount of impurities and thereby
enhance the conductivities. Efforts to achieve this are
underway.

We also attempted to extend the application of the aqueous-
solution synthesis to a new structural class of SEs, namely,
Na4�xSn1�xSbxS4 (0.02 # x # 0.33), which exhibits a maximum
conductivity of 0.50 mS cm�1 at 30 �C (Na3.75Sn0.75Sb0.25S4) for
the sample heat-treated at 550 �C.24 The addition of the Sn
precursor, SnS2, to Na2S, Sb2S3, and elemental sulfur in deion-
ized water also resulted in complete dissolution, thus forming
a homogeneous solution. Interestingly, the sample heat-treated
at 200 �C consisted of Na3SbS4 and Na4SnS4 while heat-
treatment at 550 �C resulted in a new phase of Na3.75Sn0.75-
Sb0.25S4 (Fig. S4, ESI†). This result may be explained by the
difference in the solubility of the Sn and Sb species or by the
meta-stability of the new phase at low temperatures. The
aqueous-solution-synthesized Na3.75Sn0.75Sb0.25S4 heat-treated
at 550 �C exhibited a high ionic conductivity of 0.23 mS cm�1

at 30 �C, which is comparable to that of its Na3SbS4 counterpart
(0.29 mS cm�1 at 30 �C, Fig. S3b, ESI†).

FeS2 was selected as an active material for producing Na3SbS4
coatings via the aqueous-solution synthesis routes because of its
exceptional advantages: (i) low cost or abundance of rawmaterial,
(ii) excellent stability in water, which is in contrast to most
conventional positive electrode materials for Na-ion batteries,25

(iii) high theoretical capacity,26,27 and (iv) good electrical
842 | J. Mater. Chem. A, 2018, 6, 840–844
conductivity.27,28 The XRD pattern and Raman spectrum of
Na3SbS4-coated FeS2 prepared by the aqueous-solution process
via route-2 are shown in Fig. 3a and b, respectively. The Raman
spectra of the FeS2 and the aqueous-solution-synthesized
Na3SbS4 are also compared in Fig. 3b. The weight fraction of
Na3SbS4 was determined to be 13 wt% from the measurements
obtained using inductively coupled plasma optical emission
spectroscopy (ICP-OES). The XRD peaks of tetragonal Na3SbS4
and cubic FeS2 can be clearly seen with minor unknown impurity
peaks (labeled ‘*’). Consistently, the characteristic bands of
Na3SbS4 and FeS2 are also observed in the Raman spectrum of
Na3SbS4-coated FeS2. However, a broad, low-intensity band
centered at around 270 cm�1 can be seen, which is attributed to
SbSx impurities.5 In short, the XRD and Raman spectroscopy
results conrm that the FeS2 remains intact during the formation
of Na3SbS4 via the aqueous-solution route, with negligible
chemical reaction between the FeS2 and Na3SbS4.

Fig. 3c shows a eld-emission scanning electron microscopy
(FESEM) image of the Na3SbS4-coated FeS2 particle and its
This journal is © The Royal Society of Chemistry 2018
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corresponding energy dispersive X-ray spectroscopy (EDXS)
elemental maps. The signals for the Sb and Na are distributed
all over the particle, indicating good surface coverage of the
Na3SbS4 coating layers. High-resolution transmission electron
microscopy (HRTEM) images of the focused ion beam (FIB)
cross-sectioned Na3SbS4-coated FeS2 particle and the corre-
sponding Fast Fourier Transform (FFT) patterns are shown in
Fig. 3d and S5, ESI.† It is seen that the approx. 20 nm tetragonal
Na3SbS4 coating layer is in close contact with the cubic FeS2
core, which is corroborated by the scanning TEM image and its
corresponding elemental maps in Fig. 3e (another scanning
TEM image and its corresponding elemental line proles are
shown in Fig. S6, ESI†).

Finally, FeS2/Na–Sn ASNBs were fabricated using the
Na3SbS4-coated FeS2 (prepared via route-2) and Na3SbS4 (NSbS1)
as the positive electrode and SE layer, respectively, and cycled
between 0.6 and 3.0 V at 50 mA cm�2 and 30 �C. Fig. 4a shows the
rst two-cycle discharge–charge voltage proles where the
discharge and charge capacities are 324 and 256 mA h g�1,
respectively. These values correspond to the uptake and
extraction of 1.5 and 1.1 moles of Na, respectively. For up to 2
moles of Na, discharge (or sodiation) proceeds by a reversible
intercalation reaction via the reduction of the suldes.26,27 The
cycling performance is shown in Fig. 4b. The FeS2/Na–Sn ASNBs
retained 62% of their initial capacity aer 50 cycles. This
reversibility indicates good compatibility between FeS2 and
Na3SbS4. Although lowering the cut-off voltage to 0 V could
increase the capacity, capacity fading is expected due to severe
volume changes resulting from the conversion reaction which
proceeds via a reaction involving more than 2moles of Na. FeS2/
Fig. 4 Electrochemical performance of FeS2/Na–Sn ASNBs employ-
ing Na3SbS4-coated FeS2 prepared by the aqueous-solution process
via route-2. (a) First two-cycle discharge–charge voltage profiles at 50
mA cm�2 and (b) the corresponding cycling performance.

This journal is © The Royal Society of Chemistry 2018
Na–Sn ASNBs employing Na3SbS4-coated FeS2 prepared via
route-1 (17 wt% Na3SbS4) also showed high rst-cycle discharge
and charge capacities of 431 and 346 mA h g�1, respectively
(Fig. S7, ESI†).

In summary, a scalable aqueous-solution synthesis of
Na3SbS4 using precursors of Na2S, Sb2S3, and elemental sulfur
was successfully applied to ASNBs. The as-synthesized Na3SbS4
exhibited high ionic conductivities of 0.1–0.2 mS cm�1 at 25 �C.
Importantly, it was demonstrated that the aqueous-solution
route could be applied to high surface-coverage coating of
Na3SbS4 on FeS2, which was attributed to the homogeneity of
the solutions. Finally, FeS2/Na–Sn ASNBs employing Na3SbS4-
coated FeS2 and Na3SbS4, prepared via the aqueous-solution
route, exhibited promising electrochemical performance. The
simple process and the use of abundant (or low cost) and
nontoxic elements/solvent should be emphasized when
considering scalability and practical applications. Moreover, as
conrmed by the extended application for the new class of SE
Na3.75Sn0.75Sb0.25S4, the as-described solution synthesis has the
potential to be applied to the production of new SEmaterials for
practical all-solid-state technologies.
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