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ABSTRACT: Solid-state sodium-ion batteries employing superionic solid-state electro- NaOH EtOH
Iytes (SSEs) offer low manufacturing costs and improved safety and are considered to —g
be a promising alternative to current Li-ion batteries. Solid-state electrolytes must have ¥
high chemical/electrochemical stability and superior ionic conductivity. In this work, we ) ‘ g R
employed precursor and solvent engineering to design scalable and cost-efficient Sb:Ses Se
solution routes to produce air-stable sodium selenoantimonate (Na;SbSe,). First, a
imple metathesis route is d d for the production of the Sb,S hae et ()
simple metathesis route is demonstrated for the production of the Sb,Se; precursor that

is subsequently used to form ternary Na;SbSe, through two different routes: alcohol- -
mediated redox and alkahest amine-thiol approaches. In the former, the electrolyte was e ! Na:!e‘
successfully synthesized in EtOH by using a similar redox solution coupled with Sb,Se;,

Se, and NaOH as a basic reagent. In the alkahest approach, an amine-thiol solvent mixture is utilized for the dissolution of elemental
Se and Na and further reaction with the binary precursor to obtain Na;SbSe,. Both routes produced electrolytes with room
temperature ionic conductivity (~0.2 mS cm™) on par with reported performance from other conventional thermo-mechanical
routes. These novel solution-phase approaches showcase the diversity and application of wet chemistry in producing selenide-based

electrolytes for all-solid-state sodium batteries.

B INTRODUCTION

Chalcogenides are a diverse and essential class of compounds
that are employed in a variety of energy applications including
photovoltaic"”” and thermoelectric energy conversion,” as well
as energy storage media such as batteries and fuel cells."”
Specifically, ternary and quaternary chalcogenides are widely
explored as solid-state electrolyte and cathode materials for
lithium and sodium-ion batteries." ® Sodium-ion batteries are
garnering enormous attention for large-scale energy storage
and power grid applications owing to their low cost, enhanced
sustainability, and good performance. Replacing conventional
liquid electrolytes with solid-state electrolytes enhances the
thermal stability and innate safety of all-solid-state Na-ion
batteries. In addition, the incorporation of Na as the anode is
expected to improve energy density and prevent dendrite
formation.” "'

However, to date, the performance of solid-state electrolytes
faces various challenges such as low ionic conductivity (oy,.),
poor air stability, and interfacial incompatibility with the
electrodes.'>*? Among the various classes of SSEs, inorganic
Na-based solid-state electrolytes and specifically ternary
chalcogenides and their derivatives are promising candidates
that can achieve high ionic conductivity and mechanical
ductility compared with oxide-based electrolytes such as Na
beta-alumina and NASICONSs. Oxides suffer from interfacial
resistance and grain boundary contribution at room temper-
ature (RT) cold pressing and typically require very high-
temperature sintering to provide a similar ionic conductivity.
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Alternatively, chalcogenides can be incorporated into a cell
through simple cold pressing at ambient temperature. >~
The tetragonal phase of Na;PS, (oy,, = 0.004 mS cm™"), the
archetype of Na-based sulfide electrolytes, was first synthesized
by Jansen and Henseler.'® Later Hayashi and co-workers'’
prepared the highly conductive (0.2 mS cm™) cubic phase
through high-energy mechanical milling. Since then, research
efforts have produced a variety of iso/aliovalent-doped sulfides
such as Na,MS,,'%"** Na,;Sn,MS,,”*** (M = P, Sb),
Na‘2.9375PS3.9375Clo.0625;25 Na3Po.5zA50AssS4y26 N’az.nocao.135PS427
and so on via various synthesis methods. Remarkably, Hayashi
et al.”® and Fuchs et al.*” showed that tungsten-doped Na;SbS,
can achieve very high ionic conductivity surpassing the
performance of liquid electrolytes (>10 mS cm™). This
performance was mainly attributed to the formation of defects
resulting from the addition of Na vacancy to the host lattice. In
terms of air stability, phosphorus-containing electrolytes do
react with oxygen and water moisture, leading to the release of
toxic H,S gas and subsequent loss of structure and perform-
ance. Therefore, the addition/replacement of phosphorus with
softer acids such as Sn** and Sb®* has been demonstrated to
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provide a more stable bonding between the central cation and
sulfide ion based on Pearson Hard and soft acid and base
(HSAB) theory.*

Replacement of sulfide with selenide anions can expand the
crystal lattice due to selenide’s larger ionic radius while
decreasing the binding energy between the anionic lattice
framework and Na ions because of its high polarizability. This
is specifically more beneficial in Na-based compounds
compared to Li counterparts since selenides provide larger
diffusion channels suiting the larger Na® ions diffusion
requirements leading to improved ionic transport.’'
Furthermore, studies from the Zeier group®™** showed that
softening the lattice by incorporating more polarizable Se in
the Na;MS, (M = P, Sb) system will lower the activation
barrier and Arrhenius prefactor. Similar attempts were made to
synthesize more air-stable Se-doped Na;SbS, electrolytes that
led to the production of cubic Na;SbSe, with a high
conductivity of 0.85 mS cm™ and improved activation barrier
(0.19 eV) relative to its sulfide analog.’® A later study by Wang
and co-workers’” investigated the Sb doping in the parent
Na;PSe, system and reported a remarkable 3.7 mS cm™
conductivity with similar activation energy as previous reports.

Like other ceramic electrolytes, conventional synthesis
routes of selenides include mechanochemistry and high-
temperature solid-state reactions, which are often time- and
energy-intensive. Solution-based synthesis of selenide SSEs has
not been explored in detail yet. Organic solvents utilized in this
approach partially or fully dissolve the precursors driving the
reaction through “suspension/solution” allowing us to control
particle size and morphology of the resulting SSE product.”®*”
To date, most of the reported liquid-based techniques have
been focused on sulfides. Selenides are far more challenging
due to a lack of appropriate solvents that could either dissolve
selenium or facilitate the selenide formation reaction in the
suspension form. In our previous report,22 we demonstrated
ethanol as a benign and environment-friendly solvent that can
be used to produce Na;SbS, with improved yield and high
ionic conductivity. This has inspired us to study various solvent
systems, including ethanol and other mixtures, that could
produce ternary selenides without any undesired side reactions.

In this work, we report two wet-chemical synthesis
approaches for the highly air-stable sodium selenoantimonate,
Na;SbSe,. First, we demonstrate the redox reaction of binary
Sb,Se; that was employed as a precursor for the production of
ternary Na;SbSe, in polar solvents such as water and ethanol
via suspension synthesis. Second, we use the mixture of
relatively volatile and benign solvents, that is, ethylene diamine
(EDA)- ethanethiol (ET), to synthesize NaySbSe, based on a
solution approach, which can be recovered with no carbon-
ization at mild temperatures. The underlying chemistry and
impurity profile of each approach was elucidated through a
complementary set of physical characterization techniques
including scanning electron microscopy (SEM), X-ray
diffraction (XRD), Raman, and Fourier transform infrared
(FTIR) spectroscopy. The electrochemical performance of the
obtained SSE including ionic conductivity, activation energy,
and electrochemical stability against Na-alloy anode was
determined through electrochemical impedance spectroscopy
(EIS) and galvanostatic cycling. This work introduces various
solution-phase syntheses of ternary selenides that will expand
the strategies available to produce this important class of
chalcogenides.

B EXPERIMENTAL SECTION

Materials. Antimony chloride (SbCl;, ACS, 99% min, Alfa Aesar),
sodium borohydride (NaBH,, > 98%, Sigma-Aldrich), selenium (Se,
99.99%, UMC), sodium (Na, Sigma-Aldrich), tin powder (Sn, Alfa
Aesar, —325mesh, 99.8%), ethanol (EtOH, Sigma-Aldrich, anhydrous,
299.5%), 1, 2-ethylenediamine (EDA, Alfa Aesar, 99%), ethanethiol
(ET, Sigma-Aldrich, 97%), and UHP grade argon (Ar, 99.999%,
General Air) were used as received without purification. Se pellets
were further ground using a mortar and pestle to reduce particle size.
All procedures were conducted in an Ar-filled glovebox (<1 ppm of
H,0) except otherwise stated.

Synthesis. Sb,Se;. Sb,Se; was synthesized in ~2 g batches as
follows. First, the NaBH, solution was prepared by adding 1212 mg
(32.0 mmol) of NaBH, in 40 mL of DI water and stirring for 1 h to
fully dissolve. Next, NaBH, solution was added dropwise to 1150 mg
(14.6 mmol) of Se in a three-neck flask that could facilitate the release
of the redox reaction byproduct hydrogen gas. After stirring for 2 h at
RT, a clear solution of NaHSe was formed. 10% excess NaBH, was
used to ensure the full reduction of Se powder. In another container,
2215 mg (9.7 mmol) of SbCl; was dissolved in 20 mL EtOH. Then,
the SbCl; solution was slowly added to the aqueous NaHSe and
stirred overnight to ensure reaction completion. The as-obtained
product was centrifuged and washed with water and EtOH
consecutively multiple times and dried at RT for 12 h in a vacuum.
An extra step of precipitate grinding and dispersion in water was
performed to remove the NaCl byproduct. The final yield was ~83%.
The recovered powder was annealed under Ar flow at 200, 300, and
400 °C in a horizontal tube furnace with a heating rate of 5 °C min™"
to remove the residual solvents and form the crystalline Sb,Se;.

Aqueous NasSbSe, (R1). 250 mg (6.6 mmol) of NaBH, in 2 mL of
water was slowly added to 250 mg (3.1 mmol) of Se at RT to prepare
the aqueous NaHSe. After 1 h of reaction, the solution was cooled
down to 4 °C and centrifuged to collect and discard the precipitate.
Next, 500 mg (1.0 mmol) of Sb,Se;, 130 mg (3.2 mmol) of NaOH,
and 164 mg (2.2 mmol) of Se were added to the aqueous NaHSe
solution. The dark suspension turned to light brown very quickly and
was stirred overnight. After centrifugation, the solid product was
collected by drying the supernatant at 150 °C in a tubular furnace
under continuous Ar flow for 2 h. The yield was roughly 67%.

0.5 M Ethanolic NaHSe Stock Solution. 1040 mg (27.5S mmol) of
NaBH, was dissolved in 50 mL of EtOH and slowly added to 1972.4
mg (25.0 mmol) of Se powder in a 100 mL flask. 10% excess NaBH,
was used to ensure the full reduction of Se powder. The solution was
later filtered to remove any unreacted Se.

Aqueous Ethanolic NasSbSe, (R2). 47.2 mg (1.25 mmol) of
NaBH, was dissolved in 2.5 mL of EtOH and slowly added to 98.6
mg (1.25 mmol) of Se powder in a flask to form the ethanolic NaHSe
solution. 7.5 mL of H,0, 200 mg (0.42 mmol) of Sb,Se;, SO mg (1.25
mmol) of NaOH, and 65.7 mg (0.83 mmol) of Se were added to this
flask. The water/EtOH ratio was set at 3. After stirring overnight, the
undissolved precipitate was discarded, while the supernatant was dried
at 150 °C for 2 h under Ar flow in a tube furnace.

Ethanolic Na;SbSe, (R3). To prepare “R3, 1X NaHSe” electrolyte,
400 mg (0.82 mmol) of Sb,Se;, 100 mg (2.50 mmol) of NaOH, and
131.5 mg (1.67 mmol) of Se were added to S mL of 0.5 M ethanolic.
The solution was stirred overnight, decanted, and washed with EtOH
twice. The precipitate was dried overnight under vacuum at RT. For
the “R3, 2X NaHSe” experiment, 10 mL of 0.5 M ethanolic NaHSe
and 200 mg (5 mmol) of NaOH to ensure neutrality was used. The
electrolyte yield was ~83%. Ethanolic Na;SbSe, was further heat-
treated at various temperatures for 2 h under flowing Ar in a custom-
built fluidized-bed drier.

EDA Synthesis of Na;SbSe,. 400 mg (0.82 mmol) of Sb,Se;, 115
mg (5 mmol) of Na, and 329 mg (4.16 mmol) of Se were added to 10
mL of EDA and reacted at 90 °C on a hot plate inside the glovebox
for 1 day. Reflux reaction was performed in a round-bottom flask
attached to a condenser at 130 °C for 1 day under continuous Ar flow
(10 scem flow). After the reaction, the solutions were centrifuged, and
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Figure 1. (a) Schematic of Sb,Se; metathesis process, (b) diffraction patterns of metathesis products heat-treated at different temperatures. The
reflections at the 200 °C annealing sample are assigned to the orthorhombic phase of Sb,Se;. (c¢) SEM image and EDX elemental mapping of

crystalline Sb,Se; powder.

the collected supernatant was dried at 150 °C for 2 h under Ar flow in
a tube furnace.

EDA-ET Synthesis of NasSbSe,. 400 mg (0.82 mmol) of Sb,Se;,
115 mg (5 mmol) of Na, and 329 mg (4.16 mmol) of Se were
dissolved and reacted in 10 mL of EDA-ET (4:1 v/v) at RT inside the
glovebox. After 1 day, the EDA-ET solution was centrifuged, and the
collected supernatant was dried at 150 °C for 2 h under Ar flow in a
tube furnace. Recovered Na;SbSe, was further heat-treated at various
temperatures for 2 h under flowing Ar in a custom-built fluidized-bed
drier. The product yield was ~85%.

Precursor Solubility. We also attempted to quantify the solubility
of individual precursors in a 4:1 v/v mixture of EDA: ET. The
solubility limits were measured by adding aliquots of precursor
powders in 1 mL of EDA-ET with continuous stirring for a few hours
until no dissolution and saturation are discerned visibly. Sb,Se;, Se,
and Na were soluble up to ~1.5 (7.5), ~4.4 (3.5), and ~1.8 (0.42)
mol L™! (wt %), respectively, when dissolved at room temperature
(Figure 4c). Weber and Brutchey™ reported a 28 wt % solubility of
Sb,Se; in a 10:1 1,2-ethylenediamine and 1,2 ethanedithiol solution,
which is higher than our measured value most likely due to the strong
deprotonating ability of dithiol compared monothiol solvents.

Material Characterization. Thermogravimetric analysis (TGA)
was performed on a TA Instruments SDT-Q650 model. For a typical
run, 10 mg of sample was loaded into a precleaned alumina pan and
heated under flowing Ar from RT to 400 °C at 10 °C min™" rate and
then cooled down naturally. X-ray diffraction (XRD) was performed
with a Philips X'Pert X-ray diffractometer with Cu Ka radiation (4 =
0.15405 nm) between 10° and 60° at a scan rate of 3° min™". Samples
were prepared on a glass slide with protective tape covering the
material to prevent undesired reactions with ambient air. XRD

17104

background correction and Rietveld refinement were performed using
HighScore software. Raman spectroscopy was conducted with a
WiTec alpha 300 M Confocal Microscope/Raman Spectrometer
employing a 100 mW 532 nm laser. Samples were mounted on a glass
slide and sealed under a 0.1 mm quartz coverslip. The laser was
focused through the coverslip onto the sample using a 20X objective,
and spectra were collected using a CCD detector (Andor
Technologies) at —60 °C. Fourier-transform infrared spectroscopy
(FTIR) was performed with a Nicolet Summit FT-IR spectrometer
using an attenuated total reflection (ATR) accessory equipped with a
diamond crystal. Field emission scanning electron microscopy
(FESEM) images were collected on a JEOL JSM-7000F FESEM
instrument equipped with energy-dispersive X-ray spectroscopy
(EDX) for compositional analysis. To prepare the samples for SEM
and EDX measurements, powder samples were immobilized onto an
aluminum stub by using double-sided carbon tape. An accelerating
voltage of 5 kV was used for taking the SEM image while a higher
voltage of 15—20 V was employed for EDX spectra collection. All
sample preparation was done in an Ar glovebox.

Electrochemical Characterization. Pellets of Na;SbSe, electro-
Iytes were prepared for conductivity measurements via conventional
uniaxial pressing. For this purpose, 150—250 mg of the electrolyte was
loaded into a 12 mm PEEK split cell with stainless steel plungers
under a uniaxial fabrication pressure of 270 MPa and held for 5 min.
Pellets were typically 0.6—0.8 mm thick (~75 to 90% densification).
The SSE pellets were contacted using stainless steel plungers as ion-
blocking electrodes for electrochemical characterization. The pressure
was released for 1 min and then increased again to 75 MPa. A Gamry
Interface 1000E potentiostat was used to perform electrochemical
impedance spectroscopy (EIS) measurements across a frequency
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range of 1 Hz to 1 MHz with a 10 mV perturbation. Temperature-
dependent EIS testing was performed by heating the split cell
apparatus with an electrical heating element and allowing it to
stabilize at the target temperature for 1.5 h. The accuracy of the
temperature control was verified by measuring the surface temper-
ature of the sample with a thermocouple inserted in the split cell. DC
polarization measurements were performed by applying three-step
potentials to the sample (0.6, 0.8, and 1 V) and recording the
transient current. The steady-state current was recorded after 2 h at
each step potential, and the electrical conductivity was calculated
using Ohm’s law.

Sodium plating/stripping cycling was performed in a symmetrical
Na,sSn,/Na;SbSe,| Na,Sn, cell at a current density of 0.02 mA cm™2.
Na,sSn, was synthesized by milling the stoichiometric amounts of
finely cut Na and Sn powder (total mass of ~750 mg) in a planetary
mill (Across International, PQN2) at 350 rpm for 10 h. To assemble
the symmetric cell, 150 mg of Na;SbSe, (R3, 2X NaHSe) was cold-
pressed in a PEEK split cell at 270 MPa. Then, 60 mg of Na,;;Sn,
powders were dispersed on both sides of the Na;SbSe, pellet and
cold-pressed together at 340 MPa for 5 min. Galvanostatic charging
and discharging (30 min per step) was performed after aging the cell
at 60 °C for 2 h by a battery tester (MTI Corporation, BST8-MA)
with a stacking pressure of 50 MPa. A Gamry Interface 1000E
potentiostat was used to measure the EIS spectra at different cycling
intervals.

B RESULTS AND DISCUSSION

Sb,Se; Preparation. Binary Sb,Se; is a promising
chalcogenide with unique optical and electrical properties
that finds applications in photovoltaics,*' photoelectrochemical
water splitting,"* and battery electrodes.”™** Sb,Se; is one of
the main cost-driver precursors in the synthesis of Sb-based
selenides (38.6 $/g, Sigma—Aldrich),46 therefore, we developed
a simple cost-efficient synthesis of bulk Sb,Se; without the use
of solvothermal processing. The target product was produced
through a metathesis-based redox reaction in an aqueous
solution at room temperature, as illustrated in Figure la. In this
process, the common reduction agent NaBH, was used to
convert elemental Se into sodium hydrogen selenide, NaHSe,
which was further reacted with SbCl; dissolved in EtOH via
counterion exchange reaction to produce Sb,Se; (egs
1-2).*** This reduction is spontaneous and favorable at
RT. NaCl and other impurities including sodium tetraborate
(Na,B,0;) or borax are washed away during the purification
step, and black precipitates were recovered after drying under
vacuum at RT overnight.

ZSe(S) + 4NaBH4(Sol) + 7H20(1)

g 2NaHSe(Sol) + N32B4O7(501) + 14H2(g) (1)

3NaHSe(SOI) + ZSbCl3(Sol)
g Sb28e3(s) + 3NaCl(SOD + 3HC1(501) (2)

This approach was inspired by the redox reaction used by
Guo et al.** without the need for a capping agent and high
energetics of the solvothermal approach (i.e., high pressure and
temperature). Figure 1b displays the XRD patterns of
precipitates collected from the metathesis reaction. The
precipitate is fully amorphous with no traces of other
crystalline side products indicating the complete removal of
NaCl. The supernatant was also evaporated to further confirm
the removal of NaCl salt (Figure S1). Heat treatment of the
precipitate under an Ar atmosphere results in the crystal-
lization of Sb,Se; into a pure orthorhombic phase with Pbnm

(62) space group (PDF 01-075-1462) at 200 °C.***” This is in
good agreement with literature reports stating 161 °C as the
onset of crystallization and 188 °C to fully crystallize the
amorphous thin films of Sb,Se;.”" Increasing the heat
treatment temperature enhances the crystallinity of the samples
demonstrated by narrow and sharper peaks; however, it raises
the probability of oxidation/decomposition as well. The
sample heat-treated at 400 °C shows the presence of a trace
amount of Sb,0, and Se possibly due to the decomposition of
binary selenide.*’ Hence, Sb,Se; heat-treated at 300 °C with
the highest crystallinity and minimum impurities is employed
for further characterization and as the precursor to the
subsequent electrolyte reaction.

SEM was used to investigate the morphology and micro-
structure of Sb,Se;. Figure lc shows the SEM images and the
corresponding EDX element mapping of the Sb,Se; sample
annealed at 300 °C, demonstrating a uniform distribution of
elements within the crystalline material. A semiquantitative
EDX analysis (Figure S2) shows the Se/Sb stoichiometric ratio
of ~1.49. SEM micrograph shows agglomerated micro-
structures of 10—50 pm; lack of capping agents most likely
leads to the low control over size and formation of
inhomogeneous larger particles. Various morphologies with
better control on size through applying capping agents have
been shown to improve the electrochemical properties of
Sb,Se; utilized as an anode in Na/Li-ion batteries; however,
the primary morphology of the Sb,Se; precursors was not of
particular interest in this synthesis. Here we showed that
Sb,Se; can be produced through a room-temperature reaction
without the need to use solvothermal energetics. Also, this
approach uses a more benign, environmental-friendly, and
more cost-efficient precursor such as NaBH, and SbCl,
compared to other methods incorporating toxic hydrazine
and other antimony salts such as acetates.*

Alcohol-Mediated Synthesis of NasSbSe,. Inspired by the
applicability of NaHSe as a reagent in producing Sb,Se;, we
explored the possibility of leveraging this Se ion source in
developing ternary selenides in protic solvents, such as water
and ethanol. This process consists of a redox reaction to form
NaHSe followed by a final electrolyte reaction in which the rest
of the precursors, Sb,Se;, excess Se, and NaOH as a basic
agent, are added (Figure 2). Like Sb,Se; synthesis, an aqueous

e

Se + NaBH,
) \ a0~ NasSbSe o+ BOCHo): w + HO (R2)

% /
ied NaHSe + B(OC,Hs); + Hy SbaSes
NaOH + Se
o

NaySbSe, ;) + B(OC,Hs)s e+ H;0 (R3)

Electrolyte Rxn

H,
NaHSe + Na,B,0; + H, SbiSer = NaoH + e NA:SDSes oy + NazB,07 o) + H,O (R1)

Redox Rxn

Figure 2. Reaction schemes for aqueous- and alcohol-mediated
synthesis of Na;SbSe, electrolytes.

NaHSe solution that contains borax as a side product is formed
in water (eq 1). As the ternary electrolyte is soluble in water,
the formed borax will precipitate out during the powder
recovery with the electrolyte; therefore, a separation step is
needed to minimize the borate concentration. For this
purpose, the NaHSe solution was cooled to 4 °C and the
borate precipitate was removed through centrifugation.*”*"
Based on the mild solubility of borax in water, complete
removal is not viable, so there still will be traces of borax
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Figure 3. (a) XRD and (b) Raman spectra of Na;SbSe, derived from H,0, EtOH, and their mixed solutions. Aqueous and aqueous-ethanolic
solutions were evaporated at 150 °C (Ar) while precipitates recovered from EtOH dried at RT under vacuum. (c) TGA scan of ethanolic Na;SbSe,
(R3, 2x NaHSe) and (d) diffraction pattern of ethanolic Na;SbSe,, (R3, 2x NaHSe), heat-treated at 200, 300, and 400 °C under Ar.

present in the solution. Next, Sb,Ses, Se, and NaOH are added
to aqueous NaHSe to proceed with the formation of Na;SbSe,.
This reaction path is denoted as RI1. The dark suspension
quickly turned into a brown solution. The electrolyte is
recovered by centrifugation and drying at 150 °C in Ar
atmosphere. The undissolved species are discarded.

We previously showed that ethanol can be used as a benign
solvent to synthesize Na;SbS,, and considering a similar
molecular chemistry of the sulfides and selenides, we
postulated that the EtOH could drive the Na;SbSe, reaction
toward completion as well.”> Additionally, it was stated that
the reduction of Se with NaBH, in a less polar EtOH is more
favorable as the rate of NaBH, decomposition is significantly
slower compared to water-mediated reduction. This improves
the yield of the final material with regard to the amount of
borohydride consumed (eq 3). Most importantly, this solution
can be utilized directly in different reactions such as Na;SbSe,
formation since triethyl borate (B(OC,Hy);) is fairly inactive
and will not impact the main reaction.””

Se(s) + NaBH4(Sol) + 3CZHSOH(1)

- NaHSe(SOD + B(OCZH5)3 + 3H2(g) 3)

In short, NaHSe can be produced in protic solvents such as
water and EtOH through appropriate control of the
borohydride to selenium ratio. Accordingly, we postulated
that we could use both EtOH as redox solvent and water as the
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electrolyte solvent to remove the formation of undesirable
Na,B,0O, while benefiting from faster kinetics of highly polar
water (R2). In this route, the NaHSe solution was formed in
EtOH and was slowly added to the suspension of Sb,Se;,
NaOH, and Se in water. Although the rate of aqueous
reduction of Se is higher, the ethanolic NaHSe is probably the
reagent of choice for preparing binary and ternary selenide, as
it is not necessary to remove undesirable tetraborate
compounds. In the last approach (R3), only EtOH was
utilized in both NaHSe and electrolyte reactions. Similar to its
sulfide analog, Na;SbSe, is insoluble in EtOH; hence, its
reactive precipitation recovery is facilitated through centrifu-
gation and RT vacuum drying which provides a processing
advantage over R1 and R2 routes (Centrifugation and
supernatant drying at 150 °C). Figure 2 illustrates the various
combinations of reagents and solvents used for the synthesis of
Na;SbSe, in protic solvents.

The physicochemical properties of the obtained materials
were studied by XRD, Raman, and FTIR spectroscopy. Figure
3a shows the diffraction patterns of the as-synthesized
Na,SbSe, electrolytes from water (R1), water—ethanol (R2),
and ethanol (R3) solvent routes, confirming the formation of
the cubic phase of Na;SbSe, (PDF 04-008-2989). The
aqueous Na;SbSe, pattern (R1) does not exhibit any
crystalline impurities, nor does it rule out the existence of
amorphous or nondetectable species in the product. The
Raman spectrum of aqueous Na;SbSe, confirms the formation
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of SbSe,*” polyanions as its stretching modes are observed at
202, 256, and 265 cm 13733 SbSe,*” is the building block for
cubic Na,SbSe,. The peak at 249 cm™ could be assigned either
to the Sb—Se stretching mode from the unreacted Sb,Se;
precursor or interchain stretching from deposited amorphous
selenium.”** As no trace of crystalline Sb,Se; was observed in
XRD, we can assume that this Raman peak solely originates
from the presence of the unreacted Se precursor. We attribute
the incomplete consumption of Se to the reactivity of the
tetraborate byproduct in the solution. Klayman and Griffin®’
stated that borax can react with the available NaHSe in the
presence of extra Se, as shown in eq 4. This reaction produces
sodium diselenide and boric acid (H;BO;) byproducts.

2NaHSe(Sol) + Na2B4O7(sol) + ZSe(S) + SHZO(I)
- 2I\Ialsel(sol) + 4H3BO3(501) (4)

Depletion of NaHSe from this side reaction leads to
incomplete conversion and the presence of residual amorphous
Se reagent in the final product, as suggested by Raman data.
FTIR spectroscopy was utilized to help identify other possible
impurities formed in this synthesis approach (Figure S3 and
Table S1). The absorbance spectrum of the aqueous sample
mainly shows features from boric acid, deposited borax, and
other oxidized selenium impurities, confirming the role of
borax in diminishing the required NaHSe precursor for
electrolyte formation. Due to the similarity of borax and
boric acid IR active signals, a quantitative analysis of the
impurities’ composition seems unreliable, but qualitatively, we
can safely assume that most impurities are boric acid.

In the case of the aqueous-ethanolic reaction (R2), we
expected to minimize the extent of impurities, esp. borax,
present in the final products; however, IR results revealed
otherwise. Boric acid IR signals in aqueous-ethanolic Na;SbSe,
are stronger than in the aqueous sample, suggesting that the
mixing of water and ethanol favors the formation of boric acid.
This could be explained based on the fact that triethyl borate
can convert to boric acid and ethanol through hydrolysis (eq
5)."” As a result, the aqueous-ethanolic route might have
improved the borax formation judging from a weaker Se
Raman peak, but it produces more boric acid and other
impurities, that is, Na,SbO, simultaneously.

B(C2H50)3(501) + 3HZO(1) = H3BO3(501) + 3C2HSOH(1)

©)

This prompted us to turn our attention to using only EtOH
as the reaction medium (R3). First, a 0.5 M ethanolic solution
of NaHSe was prepared by adding 10% excess NaBH, to Se in
EtOH which was later used as a NaHSe source for the
following experiments. To prepare ethanolic Na;SbSe,,
stoichiometric quantities of NaHSe solution, Sb,Se;, NaOH,
and Se and an extra volume of EtOH to adjust the
concentration of the product were reacted. The electrolyte
was recovered by multiple centrifugations and washing with
EtOH and drying the precipitate at RT overnight under
vacuum. This obtained sample was denoted as “R3, 1X
NaHSe”. Additional details on the synthetic conditions are
provided in the Experimental Section.

The diffraction pattern of the R3, 1X NaHSe displays the
cubic Na;SbSe, with traces of Na;SbSe, secondary phase,
while no impurity was observed in the corresponding Raman
spectrum (Figure 3a,b). Xiong and co-workers™® also reported
the presence of NaSbSe, impurities in their solid-state

synthesized Na;SbSe,_,S, sample which was mainly ascribed
to the loss of S and Se during high-temperature solid-state
ampule synthesis (650 °C). As the natures of solid-state and
solution-phase synthetic approaches are different, we focused
on understanding the reaction mechanism more to determine
the source of the NaSbSe, byproduct. As in the mechanism
suggested for Na,SbS, in protic solvents,”>*® we hypothesized
that the production of Na;SbSe, in water and ethanol proceeds
as follows:

Sb28e3(s) + Hse(_sol) + OH(_sol) - SbZSei(_SOl) + HZO(I)

(6)
2— - - -3
SbZSe4(SOD + ZHse(soI) + OH(sol) b ZSbSe3(Sol) + ZHZO(I)
(7)
3— 3—
ZSbSe3(SDI) + ZSe(S) d ZSbSe4(SOD (8)

An insufficient quantity of HSe™ or OH™ ions in the

solution could lead to the low conversion of reagents in eq 7,
which ultimately leaves intermediate species such as Sb,Se,*”
unreacted. The subsequent decomposition of this unstable
intermediate led to the formation of NaSbSe,.

NaZSb25e4(SOI) b 2NaSbSe2(s) (9)

The formation of NaSbSe, can simply be written as shown
in eq 10:

NaHSe(SOI) + SbZSe3(S) + NaOH(SOD
g 2NaSbSe2(S) + HZO(I) (10)

To ensure the availability of HSe™ ions, we added twice the
stoichiometric quantity of ethanolic NaHSe solution to repeat
the reaction (represented as “R3, 2X NaHSe”), which leads to
a phase-pure Na;SbSe,, as confirmed by XRD and Raman
results. Rietveld refinement of the diffraction pattern was
performed by using a crystal structure with space group I43m
(Figure S4). The refinement results demonstrate that the
recovered electrolyte purely entailed cubic Na;SbSe, with the
lattice constant of a = 7.4803 A consistent with values reported
in the literature.”®*”*” The cubic polymorph in Na;SbSe,
typically consists of body-centered cubic sublattice of SbSe,
tetrahedra and Na ions that occupy the octahedral sites.”> SEM
and EDX mapping revealed a powder homogeneously
agglomerated in 5—10 pm clusters with appropriate
stoichiometry and no segregation among its constituent
atoms (Figure SS).

To investigate the thermal stability and potential of residual
solvent impurities, TGA was performed on the Na;SbSe,
sample recovered from EtOH (Figure 3c). The weight trace
and its derivative exhibit three distinct processes at ~140 °C,
~235, and ~307 °C. The gradual weight reduction (<1%)
accompanied by a broad peak in the weight derivative signal at
~140 °C is probably due to the evaporation of ethanol-
solvated moieties. Ethanol-complexed chalcogenides are very
stable, and typically elevated temperatures relative to their
boiling point are required to eliminate all the residuals without
altering the compound of interest. We recently showed that a
minimum temperature of 300 °C is required to fully purify the
Li,S fabricated through metathesis in EtOH.® IR spectra of
heat-treated ethanolic Na;SbSe, (Figure S6) confirm the full
removal of EtOH-solvated complexes at 200 °C. The slight
decline of the TGA scan at ~235 °C can be attributed to the
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excess Se that has been evaporated, and last, the slow but
gradual reduction starting at ~307 °C could imply the onset of
the ternary compound decomposition through loss of bonded
Se”” XRD shows that NajSbSe, like its sulfide analog,
crystallizes to the cubic phase at RT, and additional annealing
does not appear to change the broadening or sharpness of the
Bragg reflections (Figure 3d). As suggested by the TGA scan,
heat treatment above ~300 °C initiates the decomposition of
the ternary electrolyte, as traces of NaSbSe, are evident in the
diffraction pattern of the 400 °C sample.

Amine-thiol Synthesis of NasSbSe,. In the previous section,
we demonstrated that protic polar solvents such as H,O and
EtOH are suitable media for the synthesis of ternary Na;SbSe,
in suspension using NaBH, and NaOH as reducing and basic
reagents, respectively. However, solvents that could fully
dissolve all reagents and drive the reaction to completion
without any other reagents would be more desirable, as they
simplify the synthesis process and enable a similar yield
ultimately. Moreover, this approach can produce homogeneous
SSE solutions that could be further extended in the production
of composite cathodes. This inspired us to investigate other
wet-chemistry approaches for the synthesis of selenide
inorganic materials. Specifically, simple amines like 1,2-
ethylene diamine (EDA) have been used extensively to
produce thermoelectric selenides such as Cu;SbSe, and its
doped derivatives at reflux conditions.””®" We employed a
similar approach, in which elemental Na, Se, and Sb,Se; with
the stoichiometry shown in eq 11 were dispersed in EDA and
examined the impact of different reaction temperatures in the
formation of the desired selenide. As Na;SbSe, is soluble in
EDA within the concentration range used, the supernatant was
evaporated at 150 °C in an Ar atmosphere to obtain the SSE
powder.

6Na + Sb,Se; + 5Se — 2Na,SbSe, (11)

Figure 4 exhibits the XRD and Raman spectra of samples
obtained from the EDA synthetic route conducted at 90 and

a. C.

EDAET(41)

R-NH,, R-SH

Normalized Intensity (arb)

Reaction

l '

Se =——

Na,;SbSe,
R-NH,, R-SH
| Sb,Se, =

Intensity (arb)

_JL A
W 10 20 2 w0 w0 40
Raman Shift (cm-')

Figure 4. (a) XRD and (b) Raman spectra of the electrolyte derived
from EDA and EDA-ET (4—1) solutions. (c) Schematics of amine-
thiol formation of Na;SbSe,.

130 °C (Reflux). The sample at 90 °C shows significant traces
of unreacted hexagonal Se mostly due to insufficient
dissolution. In contrast, conducting the reaction under reflux
forms phase-pure Na;SbSe, SSE in nearly 60% vyield. The
diffraction patterns are not corrected for the background
diffraction to help identify the crystallinity difference. Amines

such as 1,2-ethylene diamine and oleyamine have relatively
weak reducing abilities, which hinder the dissolution of large
Se quantities at mild conditions ultimately requiring high
temperatures.”” Even though the collected product from the
reflux is highly pure, unfavorable reflux requirements such as a
high-temperature reaction and relatively more complicated
equipment used render this method less amenable for large-
scale productions compared to the alcohol-mediated approach.

Improving amine (R-NH,) dissolution of Se through the
addition of alkali borohydrides such as NaBH, and KBH, has
been successful in synthesizing binary selenides,">** but
considering the high solubility of ternary Na;SbSe,, the
addition of boron and its derivatives adds to the complexity
of product purity. Alternatively, several research groups®>®
introduced alkylthiol (R-SH) reducing agents to dissolve Se in
large concentrations through a series of amine-thiol proto-
nation and deprotonation, which produces ammonium ions
and alkyl disulfide, a thiolate species. The resulting thiolate
remains in solution and opens the Se ring through nucleophilic
attack, while the ammonium further reacts with reduced Se to
form an ammonium complex of Se, [(Se’”)(R-NH;*),].
Further studies by the Agarwal group66 showed that the
monoamine and diamine solvents combined with monothiols
could lead to different polyselenide complexes.

Nevertheless, this solvated Se complex remains soluble in an
amine-thiol mixture and can be utilized in conjunction with
other precursors to form other selenides. The combination of
amine-thiol solvents has been developed to dissolve bulk
metals, metal oxides, and chalcogenides, which are mainly
applied in the solution processing of inorganic semiconductors.
The metal thiolates formed as a result can be used without the
need for purification or separation.’”*>%>%” Besides, Lee et
al.*® have recently introduced the use of an amine-thiol mixture
as an alkahest solution system to produce various Li/Na
sulfides SSEs (LigPS;Cl, L,,GeP,S;,, and Na;;Sn,PS,,).
However, the formation of residual carbon impurities during
solvent removal and powder recovery hinders their utilization
in Na-based SSEs.

Inspired by these studies, we explored the addition of
ethanethiol (ET), the most volatile and lightest available thiol,
to EDA. Small amounts of Sb,Se;, Se, and Na were all
dissolved very quickly in an EDA-ET (4:1, v/v) mixture,
yielding yellow, light orange, and clear solutions, respectively
(Figure 4c). Notably, the dissolution of elemental Na involved
slight gas evolution. Zhao et al.”” identified H, evolution and
formation of metallic thiolates during the dissolution of In and
Cu bulk metals in hexylamine-1,2 ethanedithiol (10:1, v/v)
solution. Accordingly, we can assume that Na follows a similar
dissolution chemistry, forming a mix of thiolates and H, gas.
The Na;SbSe, reaction was conducted by adding stoichio-
metric quantities of precursor powders (0.17 M wrt to
Na,SbSe,) to 10 mL of EDA-ET (4:1, v/v). After the initial
fast dissolution, the solution turned dark red. The solution was
centrifuged to discard any undissolved species, and the brown
powder was recovered by evaporation of the solvents at 150 °C
in Ar. The obtained powder was highly crystalline, and the
diffraction pattern matched very well with the cubic phase of
Na;SbSe,, while Raman confirmed the formation of con-
stituent tetrahedral SbSe, units with no apparent impurity
(Figure 4a, b).

FTIR spectra (Figure S7) of Na;SbSe, derived from the
EDA-ET mixture evaporated at 150 °C lacked any solvent
features, specifically v(C—H) and v(N—H) stretching bands at
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Figure S. (a) TGA curves of Na;SbSe, powders derived from EDA-ET (4—1) solution at 150°C and (b) XRD patterns of Na,SbSe, were derived
from EDA-ET (4—1) solvents and annealed at different temperatures.
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EDA-ET (heat-

treated at 300 °C).

2750—3350 cm™'. Additionally, thiol signatures such as C—S

stretching (653 cm™'), S—H bending mode (~870 cm™"), and

slight v(S—H) stretching band (2500—2600 cm™") observed in
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ET solvent are absent.>*°®® This indicates the low energetics

needed to achieve recovery of the phase-pure selenide.

TGA of Na;SbSe, derived from EDA-ET displays a very

stable phase, further verifying the removal of solvents as
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Figure 7. (a) Symmetric cell cycling of Na,sSn,/Na;SbSe;INa,sSn, cell with a current density of 0.02 mA cm™ at 60 °C, (b) Nyquist plots and
fitted spectra of the cell before and after cycling for 20 and 60 h, (c) cross-sectional SEM image of the symmetric pellet after 60 h of stripping/
plating with corresponding EDX maps of constituent elements, and (d) EDX spectra of various areas denoted on the SEM cross-section image.

suggested by FTIR results (Figure Sa). The different trend
seen in the thermal analysis of SSE recovered from EDA-ET in
comparison with the ethanolic sample highlights the difference
in the underlying mechanisms of the two approaches with
different intermediate species and kinetics. For instance, unlike
the ethanolic sample, there is no trace of excess unreacted Se in
the 200—300 °C range. Further heat treatment of Na;SbSe,
was performed for consistency with the ethanolic study. As
indicated in the TGA investigation, SSE derived from amine-
thiol is stable until 400 °C, even though a small trace of Se-
deficient Na;SbSe; is noticeable in XRD patterns. The
intermediate reflection becomes significantly larger at 500
°C, indicating the onset of decomposition. The Rietveld
refinement (Figure S8) of the sample heat-treated at 300 °C
mainly consisted of cubic Na;SbSe, with a lattice constant of
7.4866 A similar to the ethanolic sample. The weight fraction
of Na;SbSe; is around 0.03%. Morphology investigation shows
similar inhomogeneous microstructures with a uniform
elemental distribution (Figure S9). It is notable that the SSE
from the amine-thiol route is a light brown powder unlike the
ethanolic products, which have a darker shade, presumably due
to the presence of absorbed Se (Figure S6). In the following
section, the electrochemical performance of as-synthesized
Na;SbSe, obtained from two synthetic approaches will be
discussed.

Na;SbSe, Electrochemical Performance and Air Stability.
Na" conductivity and activation barrier were evaluated through
temperature-dependent impedance spectroscopy. The electro-
lyte pellets were formed by isostatic cold pressing at a pressure
of 270 MPa at room temperature with no additional sintering
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steps. As demonstrated in Figure 6a, b, the EIS spectra of
recovered electrolytes for all samples consist of a high-
frequency repressed semicircle and a blocking arc at mid to low
frequency, which are attributed to Na* diffusion contribution
and the electrode polarization, respectively. The pellet
resistances were derived by fitting the impedance spectra to
an equivalent circuit consisting of a constant phase element in
parallel with a resistor which is in series with another constant
phase element for R1, R3 2X NaHSe, and EDA-ET (4-1)
samples. In the case of R2 and R3 1X NaHSe and EDA Reflux
data, another RC element is considered to explain the grain
boundary contribution and improve the fitting (Table S2). The

ionic conductivity is derived from ¢ = o in which [, A, and R

are pellet thickness, surface area, and calculated resistance from
equivalent circuit fitting.

Figure 6c¢c presents the ionic conductivity of samples
recovered from ethanol (R3, 2X NaHSe) and EDA-ET (4—
1) solvents as a function of the heat-treatment temperature.
The ionic conductivity obtained from both routes was oy, ~
0.2 mS cm™', and the results were weakly dependent on the
annealing temperature owing to its high crystallinity at low
temperatures. Conductivity declined for samples annealed at
temperature >300 °C, particularly in the ethanol system, which
was attributed to the low conductivity of the NaSbSe, phase.
The activation energy was calculated based on the Arrhenius
equation. A smaller value of 0.11—0.14 eV in comparison with
activation energies reported from Na;SbSe, synthesized from
the solid-state routes (Table S3) was realized in our work,
which could be attributed to different data acquisition
protocols and experimental conditions of various research
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Table 1. Summary of Solution Derived Na;SbSe, Experimental Parameters and Their Performance

NaHSe/Na;SbSe, molar

sample H,0 (v %) EtOH (v %) ratio
R1 100 0 3/2
R2 75 25 3/2
R3, 1X NaHSe 0 100 3/2
R3, 2X NaHSe 0 100 3
R3, 2x NaHSe, 200 °C 0 100 3
sample EDA (v %) ET (v %)
EDA, 90 °C 100 0
EDA, Reflux 100 0
EDA-ET (4—1) 80 20
EDA-ET (4-1), 300 °C 80 20

heat-treatment (°C) products o (mS cm™)
150 Na;SbSe,, Sb,Se;, H;BO; 0.056

150 Na,SbSe,, Sb,Se, H;BO;  0.038

RT Na;SbSe,, NaSbSe, 0.030

RT Na,SbSe, 0.195

200 Na,SbSe, 0250
heat-treatment (°C)  products o (mS cm™)
150 Na;SbSe,, Se

150 Na,SbSe, 0.051

150 Na,;SbSe,, Na;SbSe; (trace)  0.123

300 Na;SbSe, Na;SbSe; (trace)  0.175

groups. Temperature-dependent Nyquist plots are presented in
Figure S10. DC polarization measurements (Figure S11) of
Na;SbSe, powder recovered from both systems show an
inconsequential electronic conductivity of 1.4—1.6 X 107° m$S
cm™!, which is S orders of magnitude lower than the recorded
ionic conductivity characteristics of solid-state superionic
conductors.

To realize all-solid-state sodium batteries with high energy
density and capacity, Na metal has been proposed as an anode
candidate owing to its high theoretical capacity (1165.8 mAh
g™') and low electrochemical potential (—2.7 V vs SHE).”’
However, Na metal is highly reductive and incompatible with
most solid-state electrolytes such as chalcogenides, resulting in
inhomogeneous plating/stripping and dendrite penetration. As
a solution, Na-based alloys like Na—Sn have been extensively
studied as alternatives to improve the anode-electrolyte
interfacial stability.””"”* As a proof of concept, we investigated
the chemical and electrochemical stability of Na;SbSe, with
Na;Sn, in a symmetric cell setup. For this study, Na,;Sn, was
prepared through ball-milling, and its formation was confirmed
by XRD measurements (Figure S12). The XRD pattern shows
traces of unreacted Na present in the final electrode
composition.

To better understand the chemical stability of Na ;Sn,
against Na;SbSe, the symmetric cell was monitored with EIS
at an OCV of 0 V at 60 °C without biasing (Figure S13a and
Table S3). The Nyquist plots were fit to an equivalent circuit
(inset) that accounts for the electrolyte bulk resistance Ry,
solid-electrolyte interface (SEI) resistance R,,, and the
electrolyte-electrode charge transfer resistance R..”> The low-
frequency electrode contribution was quite weak and did not
produce reliable fittings for impedance data due to
instrumental frequency limitations. Figure S13b shows the
extracted bulk and interface area-specific resistance (ASR). It
was found that Na;sSn, can form a stable interface with the
selenide after 2 h. Here, the interface resistance increases
slightly, while the bulk resistance initially has an abrupt rise,
most likely because of selenide reduction and subsequent SEI
formation. Once the SEI is fully formed, the overall cell
resistance starts to decline.

Figure 7a shows the voltage—time profile of Na;Sn,
stripping/plating at a current density of 0.02 mA cm™> at 60
°C after aging for 2 h. The initial polarization voltage was
approximately 43 mV and gradually increased within the first
~36 h of cycling and started to stabilize afterward. The
overpotential remained relatively small and stable after 60 h,
indicating the presence of a robust SEI layer. EIS was used to

monitor the evolution of cell resistance before and after cycling
for 20 and 60 h (Figure 7b). The fitting parameters and
corresponding capacitances are displayed in Table S3. The
increase in the total resistance of the cell is consistent with the
constant, yet slow, rise in the potential of the symmetric cell,
but the contribution from the individual resistances varies
through different cycles.

Cross-sectional SEM and EDX mapping were conducted
before (Figure S14) and after 60 cycles (Figure 7c) to probe
the evolution of the Na,;Sn,—Na;SbSe, interface. A 20—30 ym
interlayer was observed where it separated the electrode—
electrolyte interface into 3 areas. To further complement the
mapping results, individual EDX spectra were collected in areas
1, 2, and 3 which correspond to the electrode, SEI layer, and
electrolyte, respectively (Figure 7d). Due to the inhomoge-
neous surface of the cross-sectional cut and the proximity of Sb
and Sn peaks, the gradient in elemental concentration observed
in Sb mapping is quite unreliable. However, we can clearly
observe the presence of reduced species containing Na, Sb, and
Se in the SEI layer likely to originate from Na;Sb and Na,Se
compounds based on similar chemistry of Na;SbSe, to
Na;PSe,. Tian et al.® predicted that Na—P and Na,Se materials
could be the decomposition products of Na;PSe, cycled
against Na anodes using DFT calculations. The formation of a
relatively thick SEI containing the reduced species correlates
well with the total resistance increase observed after cycling.
Further post-mortem cell experiments such as X-ray photon
spectroscopy (XPS) are necessary to elucidate the nature of
chemical species formed in the Na;sSn,/Na;SbSe, interface,
but this study suggests that Na;sSn, is a suitable candidate to
be coupled with the selenide electrolyte for a long-term Na all-
solid-state battery.

To assess the air stability of ternary selenide electrolytes in
an ambient atmosphere, a pellet of ethanolic Na;SbSe, was
exposed to air with RH ~ 40% for 1 day. The XRD patterns,
IR spectra, and ionic transport of the pellet before and after
exposure were measured. As displayed in Figure S1S, the
crystallinity of the air-exposed sample slightly diminishes with
minimal peak broadening compared to the pristine sample,
while the overall crystalline structure is retained with no
apparent presence of new phases. The peak broadening could
be due to the presence of adsorbed moisture.”* This is verified
through IR spectroscopy as the absorbances of oxygenated and
OH-bonded species are intensified after exposure to air.
Therefore, the slight reduction in conductivity is due to an
infinitesimal decrease in crystallinity and absorption of
moisture on the electrolyte surface.
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Table 1 summarizes the experimental conditions for the
liquid synthesis of Na;SbSe, samples, resulting in purity and
electrochemical performance. Among protic solvents, ethanolic
Na;SbSe, with excess NaHSe concentration (R3, 2x NaHSe)
at RT produces a high conductivity of 0.195 mS cm™, which is
~4 times larger than aqueous Na;SbSe,. Boric acid and borax
impurities are the main reasons for the low conductivity
achieved from aqueous electrolytes. In the case of amine-thiol
synthesis, the sample recovered from mixed solvent shows a
higher conductivity that is mainly attributed to better
crystallinity obtained through a thermodynamically favorable
reaction facilitated by the addition of ethanethiol.

B CONCLUSIONS

In summary, this study illustrates two novel liquid-based
approaches for the synthesis of air-stable Na;SbSe, solid-state
electrolytes. First, binary Sb,Se; was fabricated through a
metathesis route and utilized as a precursor in subsequent
Na;SbSe, formation. Amorphous Sb,Se; was crystallized
through mild heat treatment and used as synthesized with no
apparent impurities in the electrolyte reactions. Next, alcohol-
mediated redox (suspension-based) and amine-thiol (solution-
based) approaches were used to successfully synthesize
Na;SbSe, in EtOH and EDA-ET cosolvent mixtures. The
electrolyte recovered from the ethanolic suspension without
any postreaction treatment has a significant ionic conductivity
of 0.2 mS cm™' and activation energy of 0.14 €V, which are
slightly lower than previous reports of the synthesized
Na;SbSe, (Table S2). A similar electrochemical performance
is achieved from Na;SbSe, from the amine-thiol route
recovered with mild heat treatment. The ethanol route
requires the use of excess NaHSe to drive the reaction to
completion, but benefits from reactive precipitation that
enables product recovery at room temperature. In the alkahest
approach, the addition of ET enhanced reactivity and the
electrolyte is recovered by solvent evaporation and annealing at
150 °C. We also showed that Na;;Sn, is a compatible anode
that could be utilized with Na;SbSe, in Na all-solid-state
batteries. This study has provided key insights into the
formation mechanism and expands routes for the solution
synthesis of selenide compounds of interest for Na all-solid-
state batteries as well as other applications.
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