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Facile one-pot synthesis of high-purity sodium
antimony chalcogenides in polar solventst

Saeed Ahmadi Vaselabadi, Brynn Benham and Colin A. Wolden (2 *

Alkali metal chalcogenides have emerged as a new class of inorganic materials with diverse applications
in energy conversion and storage owing to their structural versatility and wide range of properties.
Strategies are needed for simple and cost-efficient synthetic approaches that enable the composition and
functional properties of these materials to be systematically tuned. Herein, we present a novel wet-chem-
istry approach to produce ternary Na-based metal chalcogenides with varying compositions. Phase-pure
NazSbCh, (Ch =S, Se) solid-state electrolytes are synthesized in a single-step fashion by reacting an etha-
nolic solution of Na chalcogenides with appropriately selected metal halides at room temperature. This
process simplifies the reaction protocols, improves yield, and decreases the raw material loss incurred in
multistep systems by eliminating the need for phase-pure binary metal chalcogenides. The reaction
mechanisms and impurity profile of various sodium metal chalcogenides introduced in this work were
methodically investigated through characterization techniques such as X-ray diffraction (XRD) and Raman
spectroscopy. Among the chalcogenides, synthesis of the sulfide compounds (~99 wt% purity) was
straightforward, achieving a yield of 92-95% whereas the selenides required more control to generate the
appropriate mix of precursors, which resulted in a lower yield of 74-79% but with a high purity of
97.5-99.6 wt%. Electrochemical impedance spectroscopy of as-synthesized NazSbChy (Ch = S, Se)
showed a high ionic conductivity of 0.17-0.38 mS cm™ and low activation energy of 0.19-0.21 eV com-
parable with other reports of solution-based synthesis. The one-pot scheme was successfully extended
to the NaSbCh, (Ch = S, Se) system, producing phase pure ternary sodium metal chalcogenides with
tunable band gaps (1.6-1.8 eV) appropriate for solar energy conversion applications. The “one-pot”
approach offers a simple yet economical route for scalable production of bulk sodium ternary chalco-
genides at ambient conditions.

perties. For instance, sodium chalcogenides with Na;PnCh,
(Pn = P, Sb, As; Ch = S, Se) formula and their doped derivatives

Chalcogenides are essential classes of materials that include at
least one chalcogen atom (Ch = S, Se, Te) in a reduced state.
Unlike oxides, chalcogenides can form Ch-Ch bonds.
Synthesis of a variety of chalcogenides is possible due to the
reactivity of chalcogen anions with organic and inorganic
cations such as alkali metals."™* Alkali metal chalcogenides
have recently been the focus of intense research as a new class
of inorganic materials for the energy conversion and storage
sector. They have been explored extensively in various appli-
cations such as photovoltaics, thermoelectric, optoelectronics,
and energy storage.'”®

In this class of materials, slight differences in the elemental
constitution, composition, and structure lead to different pro-
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are being pursued as solid-state electrolytes for sodium-ion
batteries due to their intrinsic high ionic conductivity and
mechanical ductility. Originally based on sodium thiopho-
sphate, NasPS,, this class of solid-state electrolytes consists of
polyanion polyhedra, i.e. SbCh,,> with mobile Na* distributed
in interstices and form a crystalline structure in either cubic
phase (I43m space group symmetry) or tetragonal phase with
P421c symmetry.” "> As an example of the diversity of this class
of materials, ternaries with the stoichiometric variation
APnCh, (A = Na, Li; Pn = Sb, Bi; Ch = S, Se) have received atten-
tion for their promising optical'®*" and thermoelectric®>*7>*
properties. Specifically, they offer direct bandgaps suitable for
solar light absorption, providing an abundant and environ-
mentally friendly alternative.®>°

A variety of multinary chalcogenides have been synthesized
through classic solid-state synthesis with the direct reaction of
pure elements or binary precursors at high temperatures. This
method is generally time-intensive due to the slow diffusion of
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solid reactants and requires extremely high temperatures in
air-free media like evacuated quartz ampoules. In addition,
the products are limited to the most stable phases neglecting a
diverse range of metastable phases only accessible at low
temperatures.”® Alternatively, alkali metal chalcogenide or
polychalcogenide fluxes have been employed at milder temp-
eratures. However, the underlying mechanism in these systems
is quite underexplored. Moreover, from the scale-up stand-
point, this method requires high operational complexity,
equipment maintenance, and safety considerations addressing
the toxic gas releases with molten salt handling.>

Solution-based approaches, such as colloidal hot injection
and solvothermal hydrothermal methods, have been widely
utilized in synthesizing ternary alkali chalcogenides requiring
a low-to-medium temperature range at near- and supercritical
conditions.*® The colloidal method requires high boiling point
solvents at elevated temperatures, and the products are usually
contaminated with organic residues. Nanocrystalline alkali
metal ternary I-V-VI, materials are typically synthesized using
colloidal hot-injection that facilitates control over nucleation
and growth of nanomaterials however suffer from costly and
toxic precursors as well as non-volatile solvents that are hard
to fully remove.>?%??

On the other hand, solvo/hydrothermal methods involve
the production of chalcogenides at high pressure and tempera-
ture in an autoclave. This method has been used to synthesize
alkali metal chalcogenides such as NaBiS,,>”>° AInS, (A = Na,
K),*® NaFeS,*' at temperatures ranging from 180-200 °C for
extended periods (24-72 h), which utilized various chalcogen
sources such as thiourea, L-cysteine, Na,S-9H,0, and NaOH.

Overall, the liquid-phase synthetic approaches for multinary
chalcogenides like Na;SbCh, and NaSbCh, are often costly
and limited in scalability due to equipment and raw material
(precursor and solvent) requirements. Inspired by the simple
solvothermal reaction of Na chalcogenides such as Na,S with
InCl;-4H,0 in ethanol,>*?* we present a simple wet-chemical
synthesis method for sodium ternary chalcogenides at room
temperature. This approach is built on the hypothesis that the
synthesis of the binary and ternary metal chalcogenides could
be simplified to a single step, where precursors derived from
the binary reaction are directly utilized to fabricate ternary Na-
based chalcogenides. This approach, specifically, simplifies
the current reaction protocols for Na;SbCh, and NaSbCh, by
decreasing the raw material loss and improving the yield. The
appropriate selection of precursors and solvents, as well as the
impact of reaction parameters such as concentration and basi-
city, are investigated to optimize product purity.

First, we start by demonstrating the applicability of Na chal-
cogenide binary reagents to drive the single-step reaction with
appropriate antimony salts in generating 314 chalcogenides
with Na;zSbCh, (Ch = S, Se) stoichiometry in polar solvents. We
further confirm their potential as solid-state electrolytes for
sodium all-solid-state batteries. We then extend the same
methodology to the 112 ternary compositions, i.e. NaSbCh,
(Ch =S, Se), confirming their semiconductor character with
photoabsorption studies. The underlying chemistry and
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impurity profile of various compositions were investigated sys-
tematically through a complementary set of characterization
techniques including scanning electron microscopy (SEM),
X-ray diffraction (XRD), and Raman spectroscopy.

Experimental methods

Materials

Sodium sulfide hydrate (Na,S-xH,0, 60 wt%, Sigma-Aldrich),
antimony(im) chloride (SbCl;, ACS, 99% min, Alfa Aesar), anti-
mony(u) bromide (SbBr;, 99.5% metal basis, Thermo
Scientific Chemicals), bismuth(um) bromide (BiBrs, >98%,
Sigma-Aldrich), sodium borohydride (NaBH,, >98%, Sigma-
Aldrich), sulfur (S, 99.999% trace metal basis, Thermo
Scientific Chemicals), sodium (Na, Sigma-Aldrich), sodium
hydroxide (NaOH, 98%, Thermo fisher scientific), selenium
(Se, 99.99%, UMC), ethanol (EtOH, anhydrous, >99.5%,
Sigma-Aldrich), dimethyl sulfoxide (DMSO, ACS, 99.9% min,
Alfa Aesar), sodium selenate (Na,SeO,, anhydrous, 99.8+%
metals basis, Thermo Scientific Chemicals), barium sulfate
(BaSO,, 99%, precipitated, Alfa Aesar), and UHP grade argon
(Ar, 99.999%, General Air) were used as received without purifi-
cation. Se pellets were further ground using a mortar and
pestle to reduce particle size. All procedures were carried out
in an Ar-filled glovebox (<5 ppm of H,O) unless otherwise
stated.

Synthesis

Na;SbS,. First, Na,S-xH,0 hydrate flakes (60 wt%, Sigma)
were purified as reported previously.*® In this process, the low-
grade Na,S was dehydrated by heating the ground powder
under vacuum at 70 °C (12 h) and 150 °C (12 h), consecutively.
The dehydrated Na,S was further purified by reducing the
polysulfide and oxy-sulfide impurities at 600 °C under 50%
H,/Ar gas flow for 12 h in a packed bed setup. To prepare the
chloride-based Na;SbS,, stoichiometric quantities of Na,S
(351 mg, 4.5 mmol), SbCl; (342 mg, 1.5 mmol), and S
(48.1 mg, 1.5 mmol) were added to 10 ml of MeOH or DMSO
and stirred overnight. The sample was recovered after decant-
ing the solution and drying the precipitate at RT under
vacuum overnight. Follow-up DMSO washes were carried out
on the MeOH sample to remove the remaining NaCl bypro-
ducts. In the case of the bromide-based sample, Na,S
(234.2 mg, 3 mmol), SbBr; (361.5 mg, 1 mmol), and S
(32.1 mg, 1 mmol) were added to 10 ml of EtOH and stirred
overnight. The solution turned to a brown color after 1 hour of
reaction. After overnight stirring, the sample was recovered by
decanting and washing the precipitate with an excess of EtOH
and drying under vacuum at RT (yield = ~92-95%). The
sulfide was further dried at 150 °C under Ar to remove the
remaining ethanol.

Na;SbSe,. To prepare the 0.4 M Se solution, 20% excess
NaBH, (211.8 mg, 5.6 mmol) in 10 ml of EtOH was slowly
added to Se (315.8 mg, 4 mmol) Se at RT to attain the “wine-
red” solution (denoted as solution A) with no visible unreacted
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Se grains (~4 h). Injecting excess NaBH, (~40%) generates a
“clear” solution (solution B). Solutions A and B were separately
used for the ternary reaction. NaBH, concentrations were 0.48
M and 0.56 M for A and B solutions, respectively. The selenide
experiments were performed by adding corresponding quan-
tities of NaOH (80, 160, 240, and 240 mg), and 5 ml solution of
SbBr; (361.5, 361.5, 361.5, and 180.7 mg) in ethanol to the
corresponding A and B solutions denoted as A/B4-1-2, A/B4-1-
4, A/B4-1-6, and A/B8-1-12, respectively (Table 1). In all cases,
the suspension turned dark instantly and changed to light
brown after 1 day of stirring. The solutions were centrifuged,
decanted, and washed with excess EtOH multiple times. The
samples were collected by drying the precipitate at RT under
vacuum overnight (yield = 74-79%). For the A/B8-1-12
samples, 180.7 mg (0.5 mmol) of SbBr; was used while
keeping the [Se]/[NaOH] constant. The samples was further
dried at 200 °C under Ar to remove the remaining solvated
complexes. Supernatant from A4-2-6 and B4-2-6 samples are
obtained after drying at 120 °C under Ar flow in a horizontal
tube furnace.

The Na;SbSe, reaction using Na,Se, was attempted as
follows: first, the Na,Se, precursor solution was prepared as
described previously.** In brief, 110 mg (4.78 mmol) of Na was
dissolved in 10 mL EtOH for approx. 1 h to form sodium ethox-
ide (EtONa) solution. Next, we added 29.4 mg (0.78 mmol) of
NaBH, to EtONa solution. In a three-neck flask, 430.6 mg
(5.45 mmol) of Se was dispersed in 5 mL EtOH, and EtONa/
NaBH, solution was dripped slowly in Se dispersion for
approx. 1 h and let it react overnight to generate ethanolic
Na,Se, solution. The reaction with similar stoichiometry to the
A/B4-1-6 experiment was conducted. First, 333.3 mg
(8.33 mmol) of NaOH was added to the Na,Se, solution. After
30 min of stirring, 494.6 mg (1.37 mmol) of SbBr; was added
to the solution and the stirring continued overnight. A similar
procedure was used to recover the sample powder as men-
tioned earlier (yield = ~70%.)

NaSbS,. SbBr; powders (1 mmol) were added to 10 ml of
EtOH to dissolve. After full dissolution, Na,S (2 mmol)
powders were slowly dropped into the halide solution causing
an instantaneous color change. For samples with the basic
agent, NaOH (5 mmol) was added before Na,S addition. The
obtained solutions after 1 day of reaction were decanted, and
washed with excess EtOH until the supernatant became clear.

View Article Online
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The sample was dried under vacuum overnight to recover the
sulfide. Extra grinding and washing with H,O were performed
to remove persistent NaBr impurities. Heat treatment at 300 °C
was conducted in a horizontal tube furnace under flowing Ar
(yield = ~70%).

NaSbSe,. This experiment used 0.4 M clear Se solutions (B)
as the activated Se source. Next, SbBr; and NaOH reagents
were added with [Se]:[Sb]:[NaOH] = 2:1:2 molar ratios.
Similar recovery and purification as other selenides were
implemented to obtain NaSbSe, powder (yield = ~80%).

Material characterization

Simultaneous thermogravimetric analysis (TGA) and differen-
tial scanning calorimetry (DSC) were carried out on a TA
Instruments SDT-Q600 model. For a typical run, 10 mg of
sample was loaded into a pre-cleaned alumina pan and heated
and cooled for one cycle under flowing Ar at 10 °C min™" rate.
X-ray diffraction (XRD) was performed with a Philips X'Pert
X-ray diffractometer with Cu Ko radiation (4 = 0.15405 nm).
Samples were prepared on a glass slide with protective tape
covering the material to minimize air exposure. Rietveld refine-
ment of the XRD patterns was conducted using the generalized
structure analysis system (GSAS-II) software.*® A WiTec alpha
300 M Confocal Microscope/Raman Spectrometer employing a
100 mW 532 nm laser was used to obtain Raman spectra.
Samples were mounted on a glass slide and sealed under a
0.1 mm quartz cover slip. 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. 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 placed onto an
aluminum stub using double-sided carbon tape. An accelerat-
ing voltage of 5 kV was used for taking the SEM image while a
higher voltage of 15-20 V was employed for EDX spectra collec-
tion. "’Se Nuclear Magnetic Resonance (NMR) spectroscopy
was conducted on a JEOL ECA-500 500 MHz liquids-only
spectrometer. A 1.5 M solution of sodium selenate (Na,SeO,)
in D,0 was used as standard. Fourier transform infrared
(FTIR) spectroscopy was carried out on a Nicolet Summit FT-IR
spectrometer using an attenuated total reflection (ATR) acces-

Table 1 Summary of solution-phase synthesis of NazSbSe, reported in this work

Sample Se Molar ratio Se conc. NaBH, conc. Sbconc. NaOH Size
name solution [Se]:[Sb]:[NaOH] (M) (M) M) (M) Product (nm)
Ad12 A 4:1:2 0.4 0.48 0.1 0.2 NaSbSe, (72%), Na,SbSe, (28%) —
A4-1-4 A 4:1:4 0.4 0.48 0.1 0.4 Na;zSbSe, (90.8%), NaSbSe, (9.2%) 26.4
Ad16 A 4:1:6 0.4 0.48 0.1 0.6 Na;SbSe, (99.3%), NaSbSe, (0.7%) 26.2
A8-1-12 A 8:1:12 0.4 0.48 0.05 0.6 Na;SbSe, (99.6%), NaSbSe, (0.4%) 17.9
B412 B 4:1:2 0.4 0.56 0.1 0.2 NaSbSe, (56.6%), Na;SbSe, (9.2%), NaBr (34.2%) —
B4-14 B 4:1:4 0.4 0.56 0.1 0.4 NaSbSe, (<100%), unknown impurity 21.1
B416 B 4:1:6 0.4 0.56 0.1 0.6 Na;SbSe, (~82%), Na,SbSe, (~18%) —
B8-1-12 B 8:1:12 0.4 0.56 0.05 0.6 Na;SbSe, (97.5%), NaSbSe, (2.5%) 37.3
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sory equipped with a diamond crystal (16 scans, absorption
mode, 4 cm ™" resolution). All sample preparation was done in
an Ar glovebox.

Electrochemical characterization

Pellets of NazSbCh, (Ch = S, Se) electrolytes were prepared for
electrical conductivity measurement 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 plun-
gers under a uniaxial fabrication pressure of 270 MPa and held
for 5 min. Pellets were typically 0.6-0.8 mm thick. The pellets
were contacted using stainless steel plungers as electrodes for
electrochemical characterization. A Gamry Interface 1000E
potentiostat was used to perform electrochemical impedance
spectroscopy (EIS) measurements across a frequency range of 1
Hz to 1 MHz with a 10 mV perturbation with a stacking
pressure of 75 MPa. 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 temp-
erature for 1.5 h. DC polarization measurements were con-
ducted by applying multi-step potentials to the sample (04,
0.6, 0.8, and 1 V) and recording the transient current. The
steady-state current was recorded after 2 h at each step poten-
tial, and the electrical conductivity was calculated using
Ohm’s law.

Optical absorption characterization

A Cary 5G UV-Vis and NIR spectrophotometer, with a
200-1500 nm range was used to obtain diffuse reflectance
data. Barium sulfate (BaSO,) was used as a reference with
100% reflectance. To prepare the samples, a 25:75% mixture
of ternary powder and BaSO, was ground in a pestle and
mortar and pelletized into 10 mm pellets. The pellets were
loaded on an integrating sphere attachment on the UV-Vis
instrument. The reflectance versus wavelength data were col-
lected to obtain the direct and indirect bandgaps of NaSbCh,
(Ch = S, Se) samples using the Kubelka-Munk transformation
(F(R)) and Tauc plots (eqn (1) and (2)).***”

(1-R’
F(R) = TR (1)
(F(R)hw)" oc (hv — Eq) (2)

R, h, v, and E, represent absolute reflectance, Planck’s con-
stant, light frequency, and band gap respectively. The value of
constant 7 is equal to 2 for direct and 2 for indirect band gap
transitions.

Results and discussion

Na;SbCh, (Ch = S, Se) synthesis and structural
characterization

The main reagents commonly used to produce Na;SbCh, are
pure binary chalcogenides such as Na,Ch and Sb,Ch;. As we
have shown in our previous reports, Sb,Ch; can be prepared

This journal is © the Partner Organisations 2025
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through simple metathesis reactions.""'> However, the indi-
vidual synthesis and purification of binary chalcogenides fol-
lowed by their incorporation in ternary synthesis results in
extensive raw materials loss and reductions in the overall reac-
tion yield. Therefore, we submit a simplified protocol for the
production and purification of Naz;SbCh, electrolytes by com-
bining the binary and ternary reaction steps into a “one-pot”
approach as illustrated in Fig. 1.

The choice of solvent is crucial in this process; first, the
solvent must be able to dissolve all the precursors without any
side reactions since this approach utilizes the products of the
metathesis reaction as intermediates. Second, the solvent
should facilitate the subsequent precipitation of the desired
product with simple recovery steps based on the solubility cri-
teria. Direct precipitation through filtration and centrifugation
is typically more desirable compared to other energy-intensive
solvent removal routines. Third, the reactants, products, and
intermediates should be stable against solvents. Lastly, purifi-
cation from the solvato complex should be attainable at low to
moderate temperatures.

Sulfides

The standard solution-phase reaction of Na;SbCh, is based on
the nucleophilic attack of the chalcogenide ions on the binary
compounds. In this approach, binary chalcogenides Sb,Ch;
are reacted with alkali metal polychalcogenides to form the
salts of polyhedral anions of [SbCh,]*". It is widely known that
group (V) sulfides such as Sb,S; dissolve in alkaline aqueous
solutions to produce tetrahedral thiometallates in the form of
[SbS;]*~. Furthermore, the addition of suitable cations can
drive the formation of various polyanions in the presence of
[SbS;]*~ species.® Previously, we utilized this concept by dissol-
ving Sb,S; in an alkaline solution of Na,S in EtOH.
Dissolution of alkali metal sulfides such as Li,S and Na,S in
highly polar alcohols results in the formation of hydrosulfide
and alkoxide ions through alcoholysis creating an alkaline
solution.’***?° The formed HS™ anions act as the driving force
for the formation of intermediate Na;SbS; in ethanolic solu-
tion, and its subsequent oxidation to NazSbS, (eqn (3) and
(S1)-(S4)t). The redox reaction is based on coupling Sb oxi-

Step 1 Step 2
b —
Metathesis Ternary Rxn

NaHCh SbX: Sh.Chs NaHCh Na;SbCh,
(Ch=S§, Se) (X=Cl,Br,1) (Ch=S§, Se) (Ch=S§, Se) (Ch=S5, Se)

L J

Ch=5Se

NaHCh

SbBr;
(Ch=S§, Se) "

Ch=5Se

Single-step Ternary Rxn

Fig. 1 Schematics comparing two-step and single-step (“one-pot”)
reaction for NasSbSCh, (Ch = S, Se) synthesis in ethanol (created with
BioRender.com).
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dation and sulfur reduction in ethanol. Sulfur solubility in
ethanol further facilitates this reduction.

EtOH
3NaZS(Sol) + SbZS3(501) + Zs(sol) —_— 2NagsbS4(s)

(3)

The first approach to bypass the need for two binary precur-
sors was to combine metathesis with ternary formation using
methanol as the solvent and SbCl;, the most inexpensive and
widely available antimony halide (eqn (4)):

MeOH
3NaS(son) + SbCl3(501) =+ S(son) = NagsbS4(501) + SNaCl(S(,])

(4)

The reaction was successful, but since both products are
highly soluble extensive washing with DMSO was required to
recover phase pure Na;SbS,;, making the approach expensive
and inefficient. More details of the process and characteriz-
ation are provided in the ESI (Fig. S1%).

This prompted us to search for other reagents and solvents
that could resolve the NaCl separation issue. Interestingly,
other halide precursors such as antimony bromide/iodide
(SbX3, X = Br, I) are very soluble in alcohols, and their reaction

View Article Online
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with Na chalcogenides reagents results in the formation of
highly soluble Na halides (NaX). For instance, NaBr solubility
in EtOH is 2.496 g per 100 g EtOH."® We previously showed
that EtOH is a suitable solvent for ternary reaction since it
improves overall ternary yield and retains comparable ionic
conductivity to other synthetic approaches.'> Hence, we
hypothesized that the following reaction (eqn (5)) with SbBr;
as the antimony source is thermodynamically favorable and
could proceed in EtOH:

EtOH
3NayS(sol) + SbBI3(sol) + S(sol) — NazSbS,(s) + 3NaBr s (5)

Since Na;SbS, is sparingly soluble in EtOH, this scheme
provides direct precipitation of the sulfide at RT based on solu-
bility criteria without any extra processing. The obtained
powder was further dried at 150 °C to remove any remaining
solvents. Fig. 2a shows the XRD patterns of powder collected at
RT and after the 150 °C drying step. The crystal structure
matches well with the tetragonal phase of NazSbS, (P421c
space group, PDF 04-023-8842). The Rietveld refinement of the
RT sample (Fig. S21) shows a 98.8 wt% purity for Na;SbS, with
a 1.2% secondary Na;SbS; phase.

a. b.
& sbs,s  *
= | 150 °C
g wkxl“ ,‘\ — 7 “‘
=4 | SN | W N = | 5 &
s S| 1s0°c 1l IF 5
c i
] é‘ o NV S ——|
£ RT @
- [
E £
g =
£ RT A
Na;SbS, PDF 04-023-8842 S
bl || L e 600 500 400 300 200 100
10 20 30 40 50 60
26 (°) Raman Shift (cm-)
C.

5.0kV

X5,000 WD 10.8mm

Fig. 2
micrograph, and (d) EDAX elemental mapping of NazSbS, at RT.
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(a) XRD patterns and (b) corresponding Raman spectra NasSbS, recovered from one-pot reaction bromide halide at RT and 150°. (c) SEM
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The lattice parameters for NazSbS, (a = b = 7.1736 A, ¢ =
7.3041 A, V = 375.877 A®) are in good agreement with the
values reported from NazSbS, synthesized through other
methods.">*! The average crystallite size of ~31.2 nm for the
primary particle is calculated from the Scherrer equation. As
expected, the supernatant contains pure NaBr further confirm-
ing the feasibility of a one-pot reaction with bromide salt
(Fig. S37).

Fig. 2b exhibits the Raman spectra of corresponding
Na;SbS, samples and confirms the presence of tetrathioanti-
monate anions (SbS,*").*> The SEM images of the RT sample
(Fig. 2c) feature large crystals (~1-5 pm) that are formed
through the agglomeration of primary nanoparticles. EDAX
mapping confirms the homogeneity of the elemental constitu-
ents throughout the sample (Fig. 2d and S4f). FTIR spec-
troscopy (Fig. S51) further demonstrated that mild heat treat-
ment at 150 °C is required to remove residual solvents. In
short, we showed that EtOH is an ideal solvent for this one-pot
scheme that facilitates RT reactive precipitation of highly pure

a.  (A)Wine-red (B) Clear b.
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—Solution B

Intensity (a.u.)

-498 -497 -496 -495 -494 -493 -492
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Fig. 3 (a) Photograph of activated Se solution used as Se precursors in
NazSbSe, reactions, (b) 7’Se NMR spectra of Se solutions (A: wine-red,
and B: clear solution).
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Na,;SbS, with high yield in a cost-effective and scalable
approach.

Selenide

In our previous work, we presented a novel solution-based
method to synthesize Sb,Se; and NazSbSe, (314 phase) in
polar solvents such as H,O and EtOH utilizing sodium hydro-
selenide (NaHSe) solution as the main resource for activated
Se." In this process, elemental Se is reduced using NaBH, in
EtOH to generate NaHSe reagent at RT (eqn (S5)). Then, crys-
talline Sb,Se; is recovered from the metathesis reaction
between NaHSe and SbCl; followed by heat treatment at
300 °C (eqn (S6)T). Subsequently, Sb,Se; is used as the precur-
sor for the ternary reaction in conjunction with NaHSe(,) and
Se(s) reagents (eqn (6)).

3NaHSe g1 + SbySes(s) + 3NaOH o)) + 2S¢
— 2Na38bSe4(s) + 3H,Oy (6)

Similar to the sulfide synthesis detailed earlier, we
attempted a one-pot reaction using antimony bromide as the
precursor assuming that the nucleophilic attack of the acti-
vated Se on the halide can generate the ternary selenides
directly as suggested in eqn (7). The formation of sodium
bromide, analogous to the sulfide reaction, facilitates the
direct precipitation of the ¢ at RT through centrifugation and
supernatant removal.

4NaHSeso1) + SbBI‘g(SO[) =+ 2NaOHs,)
— Na3SbSe4(s> =+ 3NaBr(so1) + 2H,0 + Hy (7)

In this reaction, EtOH serves multiple roles; first, the Se
reduction with NaBH, has been successfully reported in H,O
and EtOH. However, the aqueous Se reduction is often

b.

+ NaSbSe, < NaBr

Norm. Intensity (a.u.)
1]
£
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Fig. 4 XRD patterns of NazSbSe, one-pot reaction precipitate with (a) “wine-red” (A) solution, and (b) “clear” (B) solution with varying

[Se] : [Sb] : [NaOH] compositions.
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accompanied by the formation of borax as a side product,
which contaminates the process. Additionally, 314 phase is
soluble in H,O further complicating its recovery. In this
context, ethanol is the ideal solvent which also facilitates the
reactive precipitation of the desired 314 phase during the final
stage of reaction. Second, NaBH, is moderately soluble in
EtOH which leads to a slow decomposition and little loss of
NaBH,, thereby preserving its effectiveness as a reducing agent
over time.*® Third, Se reduction in ethanol produces a mildly
alkaline environment contributing to the basicity needed to
enhance the solubility of [SbCh,] intermediates (eqn (8)).***

Se<s) + NaBHyso)) + 3C2H5OH(1)
— NaHSeso1) + B(OC2Hs); + 3Hy(g) (8)

Furthermore, it was found that the state of the NaHSe
reagent impacted the reaction pathways. Initially, the expected
“clear” solution** was formed upon dropwise addition of
NaBH, solution (20% excess) to the Se suspension indicating
the full reduction of Se after 1 h; however, the solution started
to slowly turn light wine-red with color darkening as the stir-
ring continued. Previous studies utilizing aqueous NaHSe have
reported that the initial “clear” solution turns “wine-red” poss-
ibly due to its reactivity with water. The red color is attributed
to the presence of amorphous selenium and polyselenide
species in the solution.***® We observed similar behavior in
ethanolic NaHSe solution even though the reaction was
carried out in a glove box with minimal H,O (<5 ppm).
Alternatively, injecting additional NaBH, reverts the solution’s
state to “clear”. De Oliviera et al.*’ also reported the occur-
rence of wine-red color and its reversibility upon adding excess
NaBH,. They identified various Se species through organosele-
nide reactions involving reduced Se in ethanol and benzyl
chloride. They concluded that by tuning the ratio of NaBH, to
Se, alternating concentrations of HSe™ and Se,®” species
trapped through an alkylation reaction with benzyl chloride
could be generated and identified via NMR studies. NMR is
very suitable for characterizing the various Se species in solu-
tions owing to the Se NMR active spin isotope.*”>°

Similarly, we conducted 7’Se NMR of the ethanolic Se solu-
tion to further understand the nature of the color change in
the Se solution (Fig. 3). We prepared two Se solutions in
ethanol for this experiment as detailed in the Experimental
section (Fig. 3a). In the first solution (A), the Se was reduced
with a 20% excess solution of NaBH, in EtOH, generating a
wine-red solution after 4 h. Small aliquots were separated for
NMR analysis. The second solution (B) was prepared by titrat-
ing NaBH, in solution A until the solution became “clear”.
The Se concentration was maintained at 0.4 M for A and B
solutions while NaBH, concentrations were adjusted to 0.48 M
and 0.56 M for A and B, respectively.

The observed doublet peak at —495 ppm in the NMR profile
for solutions A and B is in very good agreement with previous
reports assigning it to HSe™ monoselenide anion (Fig. 3b).*”>°

The small shift to a lower chemical shift for solution B is
possibly due to a slight change in the solvated environment
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([Blnapm, = 0.56 M vs. [Alnagm, 0.4 M), and the higher intensity
of NMR signals for “clear” solution indicates a slightly higher
concentration of HSe™. Nevertheless, neither solution shows
signs of other selenium species such as Se*” and Se,>~ anions.
Cusick and Dance® reported that they could not find any evi-
dence of Se,®” in the NMR spectrum of Na,Se, in ethanol,
since most probably it dissociates to HSe™ and (Se,)*~ or Se(
species. Also, the diselenide Se,”” is reported to be highly
unstable while exposed to ambient oxygen and decomposes to
monoselenide (Se*”) and Se().°"** From these findings and
our observation of the color shift in ethanolic Se, we can
assume that the initial wine-red color is due to the formation
of amorphous Se from Na,Se, decomposition while most of
the activated Se species are in form of HSe . The addition of
extra NaBH, further reduces the Se(, and increases HSe™* con-
centration reclaiming the clear solution. It is not feasible to
conclusively pinpoint the water moisture (eqn (S8) and (S9)f)
or oxygen (eqn (S10)}) as the source of decomposition and

* .
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—> [
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e
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NaBH, ' (
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Fig. 5 (a) Schematics of ethanolic Se species and ternary selenide pro-

ducts from “one-pot” approach. (b) Rietveld refinement of NazSbSe,
sample recovered from A8-1-12 experiment.
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color shift in the Se solution. Despite the color shift, the con-
centration of activated Se in either state is constant; however,
we can conclude that the monoselenide (HSe™) is the highly
dominant species in both solutions while appreciable
amounts of unstable Se,?” exist in the “wine-red” solution (A).

To systematically study the impact of color shift and reac-
tant concentration, we designed a series of experiments with
solutions A and B as the source of Se species and varying con-
centrations of Se and NaOH solutions. Fig. 4 compares XRD
patterns of the one-pot reaction precipitate using (a) the wine-
red and (b) clear NaHSe solutions. All powders were recovered
at RT under vacuum without any post-synthesis heat treat-
ment. The first set of reactions varied the NaOH concentration
while fixing the [Se]:[Sb] ratio at 4:1. Our initial experiment
was based on the stoichiometry shown in eqn (7) in which the
concentration ratio of the precursors was [Se]: [Sb]:[NaOH] =
4:1:2. At this condition both solutions primarily generated
NaSbSe, (112 phase). Considering the Sb,Se; as the intermedi-
ate formed in this scheme (eqn (S6)f), we can assume that
hydrobromic acid (HBr) is also generated. Therefore, excess
NaOH is required to neutralize the intermediate acid and
maintain the basic condition required to drive the 314 phase
reaction. In the case of the wine-red reagent increasing the
NaOH ratio to 4 produced primarily Na;SbSe,, and further
increasing to 6 eliminated the 112 phase (A4-1-6).

In contrast, with solution B the 112 phase persisted as
NaOH was increased to 4, and at 6 the reaction produced a
mixture of the 313 and 314 ternaries (B4-1-6). Optimization
showed that the desired 314 phase could also be achieved
through the use of excess Se. In this case the [Se]:[Sb] ratio
was doubled to 8:1, and the [NaOH]:[Se] ratio was fixed to
maintain solution pH and for consistency. Both solutions pro-
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duced predominantly 314 with trace levels of the 112 phase,
however slightly better purity was obtained with wine-red solu-
tion. Table 1 also summarizes all the reaction parameters,
product composition as well as crystalline size determined
from the Scherrer equation.

Although the purity of Naz;SbSe, for both A8-1-12 and B8-1-
12 reactions was very similar, solution A proved superior in
terms of reactant concentration and yield; in the case of A4-1-6,
solution A produced comparable purity with a higher yield and
lower Se concentration compared to reactions with solution B
(B8-1-12 and B4-1-6). The prevalence of solution A was attribu-
ted to the presence of diselenide salts, and characterization of
the supernatant showed that the Na,Se, signal is more signifi-
cant from the wine-red Se solution (A) further confirming our
hypothesis (Fig. S61). These results highlighted that reactions
with solution (A), that included a mixture of activated Se species
in the form of monoselenide and diselenide, proved to be favor-
able toward the production of the Na;SbSe, phase with minimal
quantities of precursors required. Another important obser-
vation was the absence of any gas evolution, which suggested
that the proposed synthesis reaction (eqn (7)) is not correct.
Based on our findings we propose that the presence of both
NaHSe and selenide precursors promotes Na;SbSe, formation:

2NaHSe(sop) + SbBrg(Sol) + Na,Sey(sony + 2NaOH 501 —

(9)
NagsbSe4(s) + 3NaBr(so)) + ZHZO(I)

It is proposed that insufficient selenide leads to the for-
mation of the 313 phase through eqn (10):

3NaHSe(sop) + SbBr3<sol) + 3NaOH sy

— NagsbSe3(s) + 3NaBr(sop) + 3H2Oy) (10)

] o,
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Fig. 6 Nyquist plots of (a) NazSbS,, (b) NasSbSe,, and (c) Arrhenius plot of ternary chalcogenides obtained from temperature-dependent impe-
dance spectroscopy. The samples are recovered from the one-pot reaction in EtOH at RT.
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Finally, insufficient NaOH to neutralize the released HBr
results in the formation of the 112 ternary through eqn (11):

2NaHSe(sop) + SbBr3(501) =+ 2NaOH))

— NaSbSeys) + 3NaBr(so)) + 2H,0y) (11)

In studies on similar ternary chalcogenides, such as
Cu;SbS,, it has been shown that a basic environment and the
presence of oxidizing agents, like elemental chalcogens, are
crucial for the oxidation of Sb(m) to Sb(v). This emphasizes the
importance of additional sulfur in the Na;SbS, reaction and
the necessity of excess Se and NaOH in the selenide analog,
NazSbSe,.>>*® Schematics of possible Se species formed in
ethanolic Se precursor solution and their subsequent products
in the proposed one-pot reaction are depicted in Fig. 5a.
Additional data supporting these conclusions is included in
the ESI (Fig. (S7)-(S9)1).

Fig. 5b shows the Rietveld refinement of the Na;SbSe,
sample recovered from the A8-1-12 experiment. The dominant
crystalline phase (99.6 wt%) is cubic NazSbSe, with Iq3m space
group as the typical high-temperature polymorph in Naz;SbCh,
structure type. In this structure, the SbSe, polyanion forms a
body-centered sublattice with Na ions positioned in the octa-
hedral voids (Fig. S101).>* The sulfide counterpart forms the
low-temperature tetragonal phase with the P421c space group
with slight changes in polyhedra and Na positions (Fig. S107).
A small trace of NaSbSe, (0.4 wt%) is also identified in the
compound. SEM image and EDAX mapping of this sample is
shown in Fig. S11.} Similar to the sulfide case, a mild heat
treatment is carried out to remove any residual complexated
solvents from Na;SbSe, as demonstrated by the IR spectra in
Fig. S12.1

Transport properties

The ionic transport of the ternary chalcogenides was character-
ized using electrochemical impedance spectroscopy (EIS).
Fig. 6a and b shows representative room temperature Nyquist
plots of Na;SbCh, recorded from the one-pot reaction pro-
ducts. The impedance spectrum is fitted with an R-CPE
element for the bulk resistance added to the CPE element con-
tributing to the electronic resistance of the blocking electrodes
(Table S1%). The ionic conductivity is calculated from the
obtained resistance in the Nyquist plots. The ionic conduc-
tivity of Na;SbS, (0.38 mS cm™") and NazSbSe, (0.17 mS cm ™)
from the one-pot reaction recovered at RT are in good agree-
ment with our previous work utilizing the standard “two-pot”
solution approach (Table $31).'%'?

The kinetics of Na' transport was studied via temperature-
dependent EIS. The activation energy, derived from Arrhenius
plots (Fig. 6¢), shows almost identical values for both sulfides
and selenides comparable with other reports in the
literature.>*” Even though a more facile ionic transport in
selenide composition is predicted due to lattice expansion and
softening,”* we see a lower ionic conductivity for selenide
which is attributed to the presence of off-stoichiometry and
impurity phases. The as-synthesized NazSbS, and Na;SbSe,
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contain trace quantities of low-conductive NazSbS; and
NaSbSe, compounds, respectively, along with residual organic
impurities. Furthermore, they possess lower crystallinity than
highly crystalline chalcogenides developed from classical
solid-state reactions, which may contribute to their inferior
ionic conductivity (Table S37).

DC polarization measurements were carried out to deter-
mine electronic conductivity. Fig. S131 shows the transient
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Fig. 7 (a) XRD patterns of NaSbS, before and after annealing at 300 °C.

(b) TGA-DSC scans of cubic NaSbS, recovered at RT. (c) XRD patterns of
NaSbSe, recovered at RT and annealed at 300 °C.
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current time for sulfide and selenide at 0.6 V indicating the
lower electronic conductivity obtained for ternary sulfide most
likely due to different NaSbCh, impurity concentrations. The
obtained values from Ohm’s law are 1.22 x 10~® mS cm ™" and
2.11 x 107> mS em™" for Na,SbS, and Na;SbSe,, respectively.
The recorded ionic conductivity of ternary chalcogenides is
5-6 orders of magnitude higher than the electronic conduc-
tivity demonstrating the ideal characteristics of superionic
conductors.

NaPnCh, (Pn = Sb, Bi, Ch =S, Se) synthesis and structural
characterization

Stoichiometric variation provides different functionalities in
ternary alkali metal chalcogenides. For instance, NaSbCh,
materials, another variant composition of Na;SbChy, are con-
sidered mixed ionic-electronic conductors with low band gaps,
making them promising candidates for semiconductor appli-
cations. Conversely, they lack the superionic tendency of the
latter composition largely due to an absence of Na-ion
diffusion pathways in the lattice structure and a difference in
their density of states. NaPnCh, typically crystallizes with a dis-
ordered rock-salt cubic structure in which Na*/Sb*" cations are
positioned on the octahedral sites in a face-centered arrange-
ment of chalcogenide ions, but other stable crystallographic
structures like monoclinic and triclinic have also been
reported.>*'9?!
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Inspired by the side product formed in Naz;SbCh, synthesis,
we turned to directly synthesizing NaSbCh,. Eqn (12) exhibits
the simple scheme for the alkali metal sulfides:

2Na,S + PnBr; — NaSbS, + 3NaBr (Pn = Bi, Sb). (12)

This scheme was first tested using SbBr; as the pnictogen
precursor in ethanol. The XRD patterns of the precipitate
recovered at RT (Fig. 7a) show a cubic phase of NaSbS, (Fm3m
space group) with broad peaks indicating the nanocrystalline
nature of the primary particles (Fig. 7a). Heat treatment was
carried out to remove any remaining solvated complexes and
crystallize any possible amorphous phases. Interestingly, the
initial cubic phase transitioned to a monoclinic (C2/c) phase
after annealing at 300 °C. The thermal analysis of the sample
obtained at RT through DSC also confirms the occurrence of a
structural change at 245 °C (Fig. 7b). Raman spectra further
verify this phase transition (Fig. S147). Xia et al. reported a
similar phase transition induced by heat treatment.>®

The polymorphism in NaSbs, is highly dependent on the
synthetic approach; even though the monoclinic phase'®?® is
mainly observed through solid-state synthesis, metastable
phases like cubic are mainly achieved through low-temperature
solution-based methods.>®°%°%®!  The annealed NaSbs,
powder was mostly agglomerated in large clusters with elemen-
tal constituents homogenously distributed within the com-
pound (Fig. S157).
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Fig. 8 Solid-state optical diffuse reflectance spectra of (a) NaSbS,, and (c) NaSbSe,, and calculated direct and indirect band gaps from Tauc plots of

(b) NaSbS,, and (d) NaSbSe, compounds.
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Alternatively, the generalized form of one-pot reaction
scheme for selenides analogs is suggested in eqn (13):

2NaHSesop) + PnBry(sor) + 2NaOH 50 —

13
NaPnSe, () + 3NaBr () + 2H,O(y  (Pn = Bi, Sb) (13)

Previously, we showed that NaSbSe, is the main impurity
in Naj;SbSe, synthesis and is formed even without any NaOH
precursor (Fig. S91) with [Se]:[Sb] = 4:1 stoichiometry. Here,
we shifted toward phase-pure NaSbSe, synthesis based on
eqn (13) which requires lower Se content. Our preliminary
experiments showed that the choice of Se precursor solutions
(A or B) does not have any meaningful impact on NaSbSe,
purity. Hence, all the following experiments were carried out
with A (clear) solution. Fig. 7c displays the XRD patterns of
NaSbSe, products recovered from ethanolic solution at RT and
further annealed at 300 °C. The highly pure NaSbSe, sample
adopts an Fm3 m cubic structure with a = ¢ = 5.9914 A match-
ing previous reports.>®® Similar to other antimony-based
chalcogenides, NaSbSe, is highly crystalline at RT with extra
annealing promotes its crystallinity. EDAX mapping further
confirmed the purity of the 112 phase (Fig. S16%). In ESI, T we
have presented our attempts to extend a similar methodology
to synthesize phase-pure NaBiCh,. Table S21 summarizes all
the synthetic conditions and parameters used for NaPnCh,
compounds. To investigate the potential of these ternary
chalcogenides as candidates for solar energy conversion appli-
cations, diffuse reflectance spectroscopy was conducted to
measure their optical bandgaps. As shown in Fig. 8, the onset
of absorption for NaSbCh, (Ch = S, Se) compounds begins
around 800 nm. In the corresponding Tauc plots, the region
with a linear increase in light absorption represents the
characteristic of a semiconductor, and the x-axis intercept is
used for band gap estimation.®® Both direct and indirect band
gaps have been predicted and experimentally measured for
NaSbCh, **°! compounds. The direct band gaps calculated for
NasSbSs, (Fm3m) and NaSbSe, are 1.8 and 1.71 eV, while the
indirect transition resulted in 1.58, and 1.64 eV, respectively.
These values are in close agreement with the previous
reports for nanocrystalline NaSbS, (Fm3m) and NaSbSe,
materials.®?%%328

Conclusions

In this work, we developed simple, solution-based protocols to
produce sodium metal chalcogenides used in energy conver-
sion and storage applications. Utilizing ethanolic solutions of
activated chalcogens, we synthesized phase-pure NazSbCh,
(Ch =S, Se) and NaPnCh, (Pn = Sb, Bi, Ch = S, Se) compounds
through reactive precipitation at RT with careful precursors
selection and reaction optimization. Throughout this work, we
observed that the underlying chemistry of chalcogen precursor
and solvent interactions directly impact the phase purity of
various ternary chalcogenides. Complementary analysis of the
XRD and Raman spectroscopy was employed to shed light on
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the formation of the transient phases and the impact of pre-
cursor stoichiometry. Specifically, we identified the pivotal role
of NaOH in enabling the redox mechanism of Sb(ir) and Sb(v)
in the Na;SbSe, formation. Synthesis of the sulfide compound
achieved a high yield of 92-95% with ~99 wt% purity whereas
the selenide reactions resulted in a lower yield of 74-79%
(97.5-99.6 wt% purity). Electrochemical characterization of
Na;SbCh, compounds vie impedance spectroscopy and
chronoamperometry demonstrated high ionic conductivity
(0.17-0.3 mS cm™") as well as infinitesimal electronic conduc-
tivity further confirming their potential as solid-state electro-
lytes. Moreover, the one-pot protocol was extended to NaPnCh,
composition and resulted in highly pure ternaries with prom-
ising optical properties confirmed through diffuse reflectance
UV-Vis spectroscopy. Although the one-pot solution presented
in this study does not allow for precise control over the mor-
phology or size of the chalcogenides, it is more scalable com-
pared to other solution-based methods like solvothermal and
colloidal hot injection, making it potentially more suitable for
large-scale applications.
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