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ynthesis and characterization of
alkaline earth polysulfides as colloidal nanocrystals

Daniel C. Hayes, a Omair Z. Choudhry,a Shubhanhsu Agarwal, a

Kiruba Catherine Vincent, a Huamã Belmonteb and Rakesh Agrawal *a

Solution-chemistry fabrication of semiconductor materials is an attractive synthesis method that allows for

easy post-synthesis use in various applications. In this work, we investigate the solution-phase synthesis of

a lesser-studied class of semiconductor materials, the binary sulfides of alkaline-earth (AE) metals and their

potential for forming polysulfides. Studies have shown that metal polysulfides are widely applied as cathode

materials in metal–sulfur batteries and isolated metal polysulfides outside of sulfur-containing solutions are

quite rare. Other studies have shown that this material system has the potential to be a wide-bandgap

semiconductor or superconducting electride and can also be used as an AESn precursor to access

certain AE-M-S ternary materials. We show that the synthesis of Ba and Sr polysulfides is strongly

correlated to the reaction temperature and that the length of the Sn
2− oligomer chain is the dependent

variable. To the best of our knowledge, we also report the synthesis of a previously unreported

polymorph of SrS2. With bandgaps estimated via UV-vis spectroscopy, spanning the upper energy range

of the visible spectrum (2.4–3.0 eV), the AE polysulfides have potential for semiconducting applications,

such as displays, transparent conducting oxides, or tandem photovoltaics, among others. Paired with

their high crystal abundance and relatively low toxicity, these materials make good candidates for future

studies as wide-bandgap semiconductors.
1. Introduction

Chalcogenide semiconductors are a class of materials that cover
an enormous array of different compositions, properties, and
applications, including photovoltaics, thermoelectrics, light-
emitting diodes (LEDs), and other devices that take advantage
of the unique optoelectronic properties offered by these mate-
rials. Many iterations of chalcogenide semiconductors—from
the likes of Cu(In,Ga)(S,Se)2, Cu2-II-IV-(S,Se)4 (II = Sr, Ba, Zn,
Cd, for example; IV= Sn or Ge for example), and II–VI and IV–VI
chalcogenides (i.e. CdSe or PbS), among many others—have
been extensively studied over the years and have seen consid-
erable success as materials for photovoltaic applications or
LEDs.1–14 For applications in which a wider band gap is desir-
able (i.e. as buffer layers in solar cells, transparent thin lm
transistors, photoelectrocatalysts for water splitting, and visible
LED displays, among others), alkaline-earth (AE)-based chalco-
genides have begun to receive considerable attention in binary
and other multinary materials.15 This includes chalcogenide
perovskites,16,17 noteworthy for having received considerable
attention in the last decade for having an extremely high
, Purdue University, West Lafayette, IN

a Universidade de São Paulo, São Paulo,

the Royal Society of Chemistry
absorption coefficient (>2 × 105 cm−1 at E = Eg + 0.5 eV for
BaZrS3)18 and an increased, across-the-board stability over
halide perovskites,19,20 with various studies of its fundamental
properties21–25 and the moderation of synthesis protocols for
increased ease-of-use.26–32 Aside from being earth-abundant, AE-
based chalcogenides can also be used as alternatives to other
heavy metal chalcogenides, such as many of the popular II–VI
and IV–VI compounds containing Cd or Pb, which carry
concerns related to toxicity.

Another unique property of chalcogens is their ability to
stabilize into polychalcogenide chains of various lengths (Xn

2−,
n$ 2). These polychalcogenide chains possess unique chemical
attributes and can be used to access kinetically stabilized or
metastable materials, many of whichmay possess attractive and
unusual chemical and physical properties.33 Polysuldes, in
particular, see extensive use in metal–sulfur batteries, particu-
larly for the Li–S system.34 Despite the advances made in Li–S
batteries recently, challenges remain, such as their propensity
for forming dendrites during cell operation and the anticipated
cost increase and ever-limited availability of Li. This has moti-
vated researchers to investigate other metal–sulfur systems,
including those of Mg and Ca as alternatives to Li,35 potentially
opening the door to further research into other AE-sulfur
battery systems.

Over the years, the scientic community has seen an
increasing number of works on AE polychalcogenides, ranging
Nanoscale Adv., 2025, 7, 7653–7662 | 7653
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from fundamental studies on their chemical and physical
properties36–42 to their potential for applications in devices,
including thermoelectric devices, photovoltaic devices and
photodetectors.43–46 Among the AEmetals, polysuldes of Mg up
to Ba have been reported, but crystal structures have been
standardized only for those of Ba and Sr,47 possibly owing to the
difficulty in synthesizing quality and/or isolating stable samples
of the lighter AE polysuldes for a detailed characterization.
Fig. 1 shows the crystal structure of these standardized AE
polysuldes, namely SrS2, SrS3, BaS2, BaS3, and Ba2S3, a non-
integer polysulde, along with the Fm�3m rock salt structure of
the AE monosuldes (excluding BeS, which crystallizes in the
F�43m zinc blende structure), which are part of the Inorganic
Crystal Structure Database (ICSD). Notably, the polysulde
chains containing S–S bonds are seen in these structures with
bent S3

2− chains for the trisuldes. Previous work shows that
the AE polysuldes, BaS2 and BaS3, have unique chemical and
electronic structures that allow for accessing more complex
ternary systems via solid-state techniques under milder condi-
tions.40 Various methods are used to synthesize metal chalco-
genides, including solid-state techniques, but solution-based
methods—of particular interest for this work—have also been
explored. Synthesis and fabrication of materials via solution
methods can bypass the need for capital-intensive and/or
energy-demanding equipment (i.e., vacuum-based methods,
such as sputtering, atomic-layer deposition, or molecular beam
epitaxy and/or high-temperature furnaces for solid-state reac-
tions) and can additionally allow for easy post-synthesis use in
deposition or thin lm fabrication.3,48–51

In this work, we studied the controlled formation of AE
polysuldes, particularly of Ba and Sr, via solution-based
methods. We demonstrate that the formation of these mate-
rials is highly dependent on reaction temperature, resulting in
polysuldes of different Sn

2− chain lengths (n = 2–3).
Fig. 1 Unit cells of the standardized AE polysulfide crystal structures of th
BeS). Each illustration is listed with its chemical formula, crystal system, an
red, S atoms are in yellow, and any AE atom (fromMg to Ba) is in grey. The
(SrS2), ICSD# 23638 (SrS3), ICSD# 70058 (Ba2S3), ICSD# 2004 (BaS2), and

7654 | Nanoscale Adv., 2025, 7, 7653–7662
Temperature has been known to be a key factor in dictating the
polychalcogenide chain length due to the thermal instability
exhibited by Xn

2− chains,33 with lower temperatures enabling
predominantly larger n values and higher temperatures
enabling predominantly smaller n values.52 In an alkylamine–
sulfur system, used in our synthesis protocol, polysulde
anions are formed upon a reactive dissolution of elemental
sulfur with the alkylamine, and are expected to represent one of
the primary reactive sulfur species in solution.53 If we assume
a similar trend of polysulde chain length as a function of
temperature in the amine–sulfur system, it would seem that the
selective synthesis of metal polysuldes of varying chain lengths
should be possible via solution-based methods. By tuning the
reaction temperature in our system, we can access BaS2, BaS3,
and, to the best of our knowledge, a previously unreported
polymorph of SrS2 by reacting AE salts with elemental sulfur in
oleylamine. We show that the chain length, n, of the synthesized
AE polysuldes follows a trend where higher temperatures yield
shorter chain lengths (lower n values) down to n= 1, while lower
temperatures can be used to access polysuldes. We show that
with our methods here, barium has the most control over chain
length, between 2 # n # 3, while strontium is only able to
stabilize the n = 2 polysulde. Ca was also included in this
study, but was found to form only the monosulde (CaS)
regardless of the reaction conditions used during this study. In
addition to the synthesis of these polysulde materials, we also
determine the absorption properties of these materials via UV-
vis and assess their viability for use in optoelectronic devices.
2. Experimental methods
2.1 Materials

Barium acetylacetonate hydrate (Ba(acac)2$xH2O) and stron-
tium acetylacetonate hydrate (99%, Sr(acac)2$xH2O) were
e ICSD and the Fm�3m rock salt structure of AEmonosulfides (excluding
d space group to which it belongs. Sr atoms are in blue, Ba atoms are in
collection codes used for generating these illustrations are ICSD# 642
ICSD# 70059 (BaS3). These illustrations were generated using VESTA.70

© 2025 The Author(s). Published by the Royal Society of Chemistry
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purchased from Strem. Calcium acetylacetonate hydrate
(99.95%, Ca(acac)2$xH2O), elemental sulfur ($99.99% trace
metals basis, S), calcium hydride (reagent grade, 95%, CaH2),
and oleylamine (technical grade, 70%, OLA) were purchased
from Sigma-Aldrich. The AE acac salts were placed in a round-
bottom ask and dried in vacuo for ∼12–16 hours using
Schlenk line techniques with a heatingmantle set to 150 °C. The
oleylamine underwent successive freeze–pump–thaw cycles,
followed by stirring for ∼12–16 hours over CaH2 in vacuo at
room temperature, followed by an additional 2 hours at a heat-
ing mantle setpoint of 200 °C to remove residual water while
still in vacuo. Aer drying over CaH2, the oleylamine was deca-
nted and distilled in vacuo, followed by storage over 3 Å
molecular sieves. The S and CaH2 were used as received.
2.2 Nanocrystal synthesis

All material preparation and post-synthesis workup were per-
formed in an inert, N2-lled glovebox. For the synthesis of AE
sulde nanocrystals, our standard procedure used a metal : S
ratio of 1 : 12. In a typical synthesis, 0.25 mmol of the AE salt
was combined with 3 mmol of S akes in 3 mL of dried OLA into
a borosilicate glass microwave reaction vial with a small PTFE-
coated magnetic stir bar. Unless otherwise specied, the reac-
tions were performed in a Biotage Initiator EXP or Biotage
Initiator+ 400 W microwave reactor for 60 min at varying
temperatures from 100 °C to 300 °C at a stir rate of 600 rpm.
Aer the synthesis, nanocrystals were washed using a ∼1 : 5
mixture of toluene : IPA—rst adding toluene and mixing, fol-
lowed by IPA and mixing—and centrifuged at 14 000 rpm for
5 min. This washing procedure was repeated one additional
time before storing the synthesized nanocrystals in a scintilla-
tion vial with toluene in the glovebox before further usage and
characterization.
2.3 Characterization

Raman spectra were collected using a Horiba/Jobin-Yvon HR800
Raman spectrometer with a 632.8 nm wavelength excitation
laser. Powder X-ray diffraction (pXRD) data were collected using
a Rigaku SmartLab diffractometer with a Cu Ka (l = 1.5406 Å)
source operated at 40 kV/44 mA in parallel-beam mode. When
identifying experimental pXRD data, standardized data from
the Inorganic Crystal Structure Database (ICSD) were used as
a reference. Elemental composition measurements were ob-
tained using a Fisher XAN 250 X-ray uorescence (XRF) instru-
ment at a 50 kV voltage, equipped with a silicon dri detector,
primary nickel lter, and owing helium gas purge. Trans-
mission electronmicroscopy (TEM) images were obtained using
both Tecnai G2 20 and Talos 200i microscopes with an accel-
erating voltage of 200 kV. UV-vis diffuse reectance data were
collected from nanocrystal drop-cast lms on soda-lime glass
substrates using a PerkinElmer Lambda 950 spectrometer
equipped with an integrating sphere. The reectance spectra
were then transformed to absorption spectra (wavelength vs.
absorbance) using the Kubelka–Munk function to estimate the
band gap.
© 2025 The Author(s). Published by the Royal Society of Chemistry
3. Results and discussion

To minimize experimental complexity, our primary synthesis
protocol of the AE polysuldes consisted of a simple system
with only three components: a solvent/ligand (OLA), sulfur
source (elemental sulfur), and an AE source (AE acac salts). In
its elemental form, sulfur can exist as many different allotropes,
but thermodynamically favors a crown-shaped, cyclooctasulfur
(S8) ring as its most stable form—important to consider for
understanding how these polysuldes might form. The number
of S units in this more stable form can consequently decrease or
increase in the liquid or gaseous state, which is caused by
changes in temperature and/or pressure due to the sensitivity of
polychalcogenides to changes in these variables.33,52,54 For sulfur
in solution with primary amines, the behavior and chain length
of elemental sulfur is less understood, but it is known that
reactive dissolution does generate polysulde anions via a ring-
opening mechanism.53

The structural characterization of polysulde nanocrystals
formed via solvothermal reactions in a microwave reactor is
shown in Fig. 2, along with data obtained via pXRD measure-
ments. Data is shown for the temperature studies of the Ba-, Sr-,
and Ca-S systems in the range of 130 °C to 250 °C, which
exemplies the effect of temperature on polysulde formation
in alkylamine–sulfur solutions, particularly for the Ba–S and Sr–
S systems. Beginning with the Ba–S system, we observe a good
agreement between the lower-temperature products (130–160 °
C) and the BaS3 standard. When increasing the temperature
above 160 °C but below 250 °C, the pXRD results seem to
indicate that a “region of instability” may exist, preventing the
formation of either of the expected Ba polysulde species,
especially for the 190 °C reaction product. Favorability towards
BaS2 is observed at 220 °C, but it is currently unclear why this
temperature region does not instead primarily show a mixture
of BaS3 and BaS2 products. Once the reaction temperature is
raised to 250 °C, there is again good agreement with previous
standards—BaS2 in this case. Additional data on the reactions
of the Ba–S system performed at 100 °C and 300 °C are given in
Fig. S1, where it is observed that the reaction pressure and/or
the residual presence of volatile reaction byproducts can also
inuence the reaction product. The close match of the Ba-
polysulde spectra with the ICSD standards indicates the
degree of phase purity achievable for these synthesis protocols.

Next, the Sr–S system also shows tunability for its polysulde
chain length but is shown here to exist only as the disulde or
monosulde. SrS3 was not obtainable as a phase-pure product
via the methods explored in this work. Analyzing in detail the
130 °C and 160 °C reaction products, though, there is an indi-
cation that it may appear as a minor product for the Sr–S
reactions performed at lower temperatures. Its formation may
suggest that, through further optimization of reaction param-
eters, phase-pure SrS3 nanocrystals may be attainable. The most
notable result from the Sr–S system is the formation of, to the
best of our knowledge, an unreported polymorph of SrS2 in the
range of 130 °C to 190 °C. This form of SrS2 exhibits structural
characteristics similar to those of BaS2 based on qualitative
Nanoscale Adv., 2025, 7, 7653–7662 | 7655
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Fig. 2 Temperature studies of the Ba-, Sr-, and Ca-S systems for the temperature range of 130 °C to 250 °C, characterized via pXRD, in (a)–(c),
respectively. We attribute the peaksmarkedwith ! and * in the Sr–S system to SrS and traces of SrS3, respectively. The standards used in this figure
are ICSD# 70059 (BaS3), ICSD# 2004 (BaS2), ICSD# 28900 (SrS), and ICSD# 28902 (CaS). Shown in (d) is the unit cell of the monoclinic C2/c
crystal structure of SrS2 from three different orientations, determined and optimized during Rietveld refinement of the 160 °C experimental data
of the Sr–S system by adjusting the BaS2 standard to best fit the Sr–S data. More information can be found in the supporting information in Fig. S2
and Table S1. The crystal structure illustration in (d) was generated using VESTA.70
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similarities in the pXRD patterns and Raman spectra (shown in
Fig. 3).

A search through the ICSD and the International Centre for
Diffraction Data (ICDD) reveals that these databases do not
contain any crystal structures in the Sr–S family that closely
match our experimental SrS2 data. To further justify our claim
that this is a new polymorph, closely related in structure to the
monoclinic C2/c phase of BaS2, we performed a Rietveld
renement on the experimental data using a simulated
7656 | Nanoscale Adv., 2025, 7, 7653–7662
structure of SrS2 in this same crystal motif. This result is shown
in Fig. S2 and shows good agreement with the calculated
structure. Some additional data on the crystal structure gener-
ated during the renements are given in Table S1 and
comparisons between the calculated SrS2 structure and other
structures in the ICSD are also provided in Fig. S3 for the
readers' reference.

Analyzing the Raman spectra, we see a striking similarity
between that of the BaS2 and SrS2 nanocrystals, with the most
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Raman spectroscopy of the alkaline-earth polysulfide samples
of BaS3 (a), BaS2 (b), and SrS2 (c), at 160 °C, 250 °C, and 160 °C,
respectively, in a microwave reactor. The plots in black at the bottom
of (a) and (b) were digitized from Sasaki et al. and are used for visual
comparison of BaS3 and BaS2, respectively, to previously reported
work.40
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prominent peak for both located at ∼474 cm−1 and a similar
peak shape with (at least) two overlapping signals from the
stretching signal of the S2

2− bonds. The Raman spectra ob-
tained for polysuldes similar to these materials are dominated
by covalent bonds in the Sn

2− chains,36 which supports the
notion that they reside in similar coordination environments
and thus have a similar overall crystal structure. It should be
noted that previous studies on Sr polysuldes were carried out
via solid-state methods. One such study conducted the
synthesis at a high temperature and pressure (900 °C, 20 kbar)
using SrS and elemental S to generate SrS2 crystals.55 Another
study investigated the reactions of Sr(OH)2 with elemental
sulfur at relatively low temperatures (200 °C), presumably at
Fig. 4 TEM images of BaS3, BaS2, and SrS2 nanocrystals are shown in (a)–
and 160 °C in a sealed microwave vessel for BaS3, BaS2, and SrS2, respect
shape anisotropy with rod-like structures.

© 2025 The Author(s). Published by the Royal Society of Chemistry
atmospheric pressures under a ow of N2 gas (though the study
does not make it entirely clear), to form SrS3, followed by
decomposition at 300 °C, breaking down the S3

2− chains, to
generate SrS2.56 These studies may indicate that either high
pressures are needed to fabricate polysuldes of Sr, or that
certain precursors (i.e. Sr(OH)2) may be needed to provide
a kinetic pathway for the formation of Sr polysuldes. For
reactions starting at 190 °C and above, we observe the formation
of SrS alongside SrS2 at 190 °C and phase-pure SrS at temper-
atures above 220 °C.

In addition to the structural characterizations shown thus
far, XRFmeasurements revealed a Ba : S ratio of∼1 : 3 and∼1 : 2
for the BaS3 and BaS2 products, respectively, and a Sr : S ratio of
∼1 : 2 for the SrS2 product. Plots of these data are shown in
Fig. S4. The Ca–S system was also studied for its potential to
form polysuldes via solution-phase methods. As stated previ-
ously, this material system has been used in Ca–S batteries35

and is also predicted to have some interesting electronic prop-
erties as superconducting electrides; however, to date, it has
only been computationally predicted and experimentally iso-
lated as polysuldes under high pressures.37,43 Over the entire
temperature range used in this study (130–250 °C), only the
monosulde, CaS, was found to form. Powder XRD character-
ization data for the Ca–S experiments are also shown in Fig. 2c,
with additional analysis of the pXRD data in Fig. S5. Here, it is
shown that the growth and ultimate size of the CaS nanocrystals
are not particularly sensitive to changes in temperature (at least
given the conditions and temperature range investigated here),
suggesting that, given the precursor choices in this study,
nucleation and growth occur quite rapidly. The general sharp-
ness of the pXRD peaks further corroborates this claim.

Based on these results, the polysulde anion chain length in
the isolated crystal structure is not solely temperature depen-
dent, as the AE cation is also shown to affect the chain length of
the isolated product. Under our reaction conditions at 160 °C,
for example, the majority product with Ba, Sr, and Ca is with n=

3, 2, and 1, respectively. One might consider cation size to play
a prominent role, but considering another example in PbS
(c), respectively. These nanocrystals were synthesized at 160 °C, 250 °C,
ively. The nanocrystals synthesized in this study appear to all resemble

Nanoscale Adv., 2025, 7, 7653–7662 | 7657
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Fig. 5 Kubelka–Munk transformations used to determine the
bandgap of the synthesized nanocrystals. The direct transformation is
shown in (a), and the indirect transformation is shown in (b). (c)
Displays the bandgaps determined from these measurements with the
direct and indirect energy gaps of BaS3, BaS2, and SrS2 being 2.65, 2.51;
2.93, 2.72; and 2.69, 2.47 eV, respectively. The blue cross in (c)
represents the calculated data from the computational study on Ba
dichalcogenides.46 These measurements were performed on nano-
crystals synthesized at 160 °C, 250 °C, and 160 °C for BaS3, BaS2, and
SrS2, respectively.
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nanocrystals, it is shown that with the use of sulfur–oleylamine
solutions at temperatures as low as 40 °C, only the monosulde
of Pb is formed.57 The ionic radius of Pb2+ is comparable to Ba2+

and Sr2+ (in pm, 133, 149, and 132, respectively), indicating that
there are likely other contributing factors. This phenomenon
likely stems from the relatively unstable thermodynamics and
(due to their similar Gibbs free energies) the complex
disproportionation/comproportionation equilibria present with
polysulde anions of different n values, resulting in very few
metal polysuldes reported to be isolatable outside of mixtures
with excess sulfur.34,58 Various techniques exist to characterize
polysulde species,58 but the complex equilibria of these poly-
suldes make it quite difficult to characterize individual
species, which is beyond the scope of this work.

TEM data are shown in Fig. 4, S6 and S7 for the three species
with both low-resolution and high-resolution images, respec-
tively, for gauging size dispersity and observing crystal planes of
the nanocrystals. Indicated by the general sharpness of the
pXRD data (Fig. 2) and shown in the TEM images (Fig. 4), we can
see that nanocrystal sizes are on the order of (at least) several
tens of nanometers. Nanocrystal size can play a big role in the
colloidal stability of nanomaterials by overcoming Brownian
motion in solution once the nanocrystals surpass a critical size.
As such, we at least partially associate the observation that these
nanocrystals settle out of solution aer only a few minutes of
resting due to their larger crystal sizes. Another possible
signicant contribution is the surface functionality of the
synthesized nanocrystals, which dictates ligand coverage and
aggregation potential. OLA, as used in this protocol, is widely
used in a variety of nanocrystal syntheses as a stabilizing ligand
for generating colloidally stable nanomaterials. In the case of
these materials, it seems as though OLA alone is not sufficient
for adequately stabilizing them. This may be due to a lower
binding affinity of the –NH2 functional group to the surfaces of
the AE polysuldes.

Apart from this discussion on surface functionality, we can
see that each nanocrystal species presents a moderate degree of
shape anisotropy. All species appear to have somewhat similar
rod-like morphologies, with BaS3 appearing to form as feather-
or fan-like clusters. Further work with these synthesis protocols,
including experimentation with different ligands (i.e., carbox-
ylic acids, phosphines, thiols, etc.) and different precursors
(though care should be taken to avoid insoluble AE precursors
or less reactive precursors such as the AE halides59) would be
needed to synthesize more colloidally stable nanocrystals—
important for downstream usage for homogeneous inks and/or
coatings. More discussion on precursor choices is given in
Fig. S8, along with the supplementary discussion that follows.

To our knowledge, only one study thus far has been reported
for the band structure of any of the compounds synthesized in
this work—specically, monoclinic BaS2—via density func-
tional theory calculations using the generalized gradient
approximation with the PW91 exchange–correlation (XC) func-
tional.46 In this previous work, BaS2 is predicted to have an
indirect bandgap of 1.535 eV and a direct bandgap transition at
a slightly higher energy. The PW91 functional tends to under-
estimate the bandgap of semiconductor materials, as opposed
7658 | Nanoscale Adv., 2025, 7, 7653–7662
to more reliable XC functionals for band structure analysis,
such as the HSE06 or mBJ functionals,60–64 which may explain
the deviation between the theoretical data and our experimental
data. The experimental bandgaps were estimated using the
Tauc method (a$hn)1/g = B(hn− Eg), where g= 1/2 for direct and
2 for indirect bandgaps. Since we performed reectance
measurements, the Kubelka–Munk function, F(R), is applied in
© 2025 The Author(s). Published by the Royal Society of Chemistry
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place of absorption, a.65 The literature on the bandgap of these
materials is limited, so we have reported both direct and indi-
rect band gaps in Fig. 5. The data presented has been normal-
ized to the maximum of [F(R)$hn]1/g in the window shown so
that the shape and position relative to the energy of each curve
can be compared with one another. For all three species, we see
a signicant absorption onset characterizing the bandgap of
each material. BaS3 and SrS2 have similar bandgaps of around
2.5–2.7 eV, while BaS2 has the highest bandgap among these
three materials, approaching 3 eV for a direct bandgap esti-
mation. A bandgap increase from BaS3 to BaS2 is arguably as
expected, considering the band gap for BaS is reported to be in
the range of 3.5–3.9 eV.42 Additionally, BaS3 appears to show
a second absorption event at higher energies, possibly due to
a separate energy transition requiring energies slightly higher
than the main energy transition. Raw data of these measure-
ments plotted as % reectance vs. wavelength is also provided
in Fig. S9.

We should also note that in their native state, these materials
did not show any distinct photoluminescence (PL) when cast as
a lm. If we assume these are direct bandgap materials, this
could possibly be indicative of a defective material, but in
nanocrystals, deleterious surface states must also be considered
for the lack of notable PL. Since the properties of nanocrystals
are largely dominated by their surfaces, an accumulation of
harmful surface defects caused by dangling bonds from
improper or incomplete surface passivation can easily quench
any PL signal.66 This can be addressed by fabricating core–shell
nanocrystal structures where the material of interest resides in
the core, and a passivating shell is formed around the core to
promote increased PL yields.67 Additionally, ligand exchange
procedures can be used to replace the native ligands from the
nanocrystal synthesis with a ligand(s) better suited to passivate
harmful surface defects.

4. Conclusions

The earth-abundant, AE polysuldes are a lesser-studied class of
materials, but are predicted to have some interesting attributes,
making them attractive for semiconducting applications. This
study investigates the solution-based synthesis of three
different AE polysulde nanocrystals (BaS3, BaS2, and SrS2) via
colloidal methods by the variation of one key parameter—the
reaction temperature. Given a heavier AE metal (Ba or Sr),
changing the reaction temperature allows us to ne-tune the
chain length of the Sn

2− chains, resulting in the different
species discussed. In addition to the synthesis of Ba poly-
suldes, we discuss the formation of, to the best of our
knowledge, an unreported polymorph of SrS2, which is different
from that reported in the Inorganic Crystal Structure Database
for SrS2. We then assess some of the basic absorption properties
of these materials via UV-vis measurements and nd that their
bandgaps fall within the range corresponding to wide-bandgap
semiconductors.

Considering the instabilities of the polysuldes and the
protocols in this study unable to stabilize certain phase-pure
polysulde species (n > 2 for Sr, n > 1 for Ca and other non-
© 2025 The Author(s). Published by the Royal Society of Chemistry
integer values of n such as with Ba2S3), it should be recalled
that solution-based nanomaterials have the ability to access
metastable phases as a result of non-equilibrium reaction
kinetics and the inuence of surface energies on the system
thermodynamics. Additionally, cation-exchange methods have
oen been performed to access metastable polymorphs of
various materials.68,69 With this in mind, with the right precur-
sors, solvents, ligands, and other reaction parameters, stabili-
zation of these additional phases may be possible. Further work
is also required to increase the colloidal stability of these
materials, as occulation observed during sample handling
suggests aggregation in their native form. Additionally, photo-
luminescence of these materials was not observed; however,
surface modications, including but not limited to core–shell
structures and/or ligand exchange methods—which were not
investigated in this study—should be explored to assess if
deleterious surface states are responsible for the lack of notable
photoluminescence. Furthermore, pairing experiments such as
these with detailed computational studies on the band struc-
tures of these materials would help provide a more thorough
idea of their optoelectronic properties. We hope that by
expanding the catalogue of synthesizable nanocrystals, this
work allows others to explore AE polysulde nanocrystals and
the potential applications that may await these materials.
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Analyzing the Electronic and Optical Properties of Bulk,
Unstrained, and Strained Monolayers of SrS2 by DFT, Phys.
E, 2022, 143, 115403, DOI: 10.1016/j.physe.2022.115403.
Nanoscale Adv., 2025, 7, 7653–7662 | 7661

https://doi.org/10.1002/adfm.202304575
https://doi.org/10.1002/adfm.202304575
https://doi.org/10.1021/acsaem.9b02428
https://doi.org/10.1021/acsaem.3c02075
https://doi.org/10.1039/D4TC02287D
https://doi.org/10.1039/D4SC06116K
https://doi.org/10.1002/adfm.202405416
https://doi.org/10.1002/adfm.202405416
https://doi.org/10.1021/jacs.2c06168
https://doi.org/10.1021/acs.chemmater.3c00494
https://doi.org/10.1021/acs.chemmater.3c00494
https://doi.org/10.1021/acsaem.2c00704
https://doi.org/10.1021/acsaem.2c00704
https://doi.org/10.1039/D2CC03494H
https://doi.org/10.1039/D2CC03494H
https://doi.org/10.1021/cm00010a009
https://doi.org/10.1002/adma.201705590
https://doi.org/10.1002/adma.201901125
https://doi.org/10.1515/znb-1969-0726
https://doi.org/10.1103/PhysRevB.104.054117
https://doi.org/10.1021/ic0494612
https://doi.org/10.1021/acs.chemmater.7b00809
https://doi.org/10.1021/acs.chemmater.7b00809
https://doi.org/10.1039/C9CC01338E
https://doi.org/10.1016/0584-8539(82)80086-X
https://doi.org/10.1021/acsnano.2c02116
https://doi.org/10.1088/0256-307X/38/3/036201
https://doi.org/10.1021/acsami.9b23297
https://doi.org/10.1016/j.physe.2022.115403
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5na00587f


Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/2
0/

20
26

 4
:4

5:
20

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
46 W. Zheng, F.-S. Liu, Y. Lu, Z.-T. Liu, W.-H. Liu and Q. Liu,
First-Principles Calculations of the Structural, Mechanical,
Electronic, and Optical Properties of BaX2 (X=O, S, Se and
Te) Compounds, Mater. Sci. Semicond. Process., 2022, 147,
106755, DOI: 10.1016/j.mssp.2022.106755.

47 G. Bergerhoff, R. Hundt, R. Sievers and I. D. Brown, The
Inorganic Crystal Structure Data Base, J. Chem. Inf.
Comput. Sci., 1983, 23(2), 66–69, DOI: 10.1021/ci00038a003.

48 R. M. Pasquarelli, D. S. Ginley and R. O'Hayre, Solution
Processing of Transparent Conductors: From Flask to Film,
Chem. Soc. Rev., 2011, 40(11), 5406, DOI: 10.1039/
c1cs15065k.

49 C. R. Kagan, E. Lifshitz, E. H. Sargent and D. V. Talapin,
Building Devices from Colloidal Quantum Dots, Science,
2016, 353(6302), 885, DOI: 10.1126/science.aac5523.

50 G. H. Carey, A. L. Abdelhady, Z. Ning, S. M. Thon, O. M. Bakr
and E. H. Sargent, Colloidal Quantum Dot Solar Cells, Chem.
Rev., 2015, 115(23), 12732–12763, DOI: 10.1021/
acs.chemrev.5b00063.

51 J. S. Manser, M. I. Saidaminov, J. A. Christians, O. M. Bakr
and P. V. Kamat, Making and Breaking of Lead Halide
Perovskites, Acc. Chem. Res., 2016, 49(2), 330–338, DOI:
10.1021/acs.accounts.5b00455.

52 B. Meyer, Elemental Sulfur, Chem. Rev., 1976, 76(3), 367–388,
DOI: 10.1021/cr60301a003.

53 J. W. Thomson, K. Nagashima, P. M. Macdonald and
G. A. Ozin, From Sulfur−Amine Solutions to Metal Sulde
Nanocrystals: Peering into the Oleylamine−Sulfur Black
Box, J. Am. Chem. Soc., 2011, 133(13), 5036–5041, DOI:
10.1021/ja1109997.

54 P. Kayastha, G. Longo and L. D. Whalley, A First-Principles
Thermodynamic Model for the Ba–Zr–S System in
Equilibrium with Sulfur Vapor, ACS Appl. Energy Mater.,
2024, 7(24), 11326–11333, DOI: 10.1021/acsaem.3c03208.

55 I. Kawada, K. Kato and S. Yamaoka, Strontium Disulphide
Prepared at High Pressure, Acta Crystallogr., Sect. B, 1976,
32(11), 3110–3111, DOI: 10.1107/S0567740876009679.

56 V. Schnering and N.-K. Goh, Die Strukturen Der Polysulde
BaS3, SrS3, BaS2 Und SrS2, Naturwissenschaen, 1974,
61(6), 272, DOI: 10.1007/BF00595664.

57 M. C. Weidman, M. E. Beck, R. S. Hoffman, F. Prins and
W. A. Tisdale, Monodisperse, Air-Stable PbS Nanocrystals
via Precursor Stoichiometry Control, ACS Nano, 2014, 8(6),
6363–6371, DOI: 10.1021/nn5018654.

58 X. Y. Li, M. Zhao, Y. W. Song, C. X. Bi, Z. Li, Z. X. Chen,
X. Q. Zhang, B. Q. Li and J. Q. Huang, Polysulde
Chemistry in Metal-Sulfur Batteries, Chem. Soc. Rev., 2025,
4822–4873, DOI: 10.1039/d4cs00318g.

59 S. Agarwal, K. C. Vincent and R. Agrawal, Quantitative Scales
for Haliphilicity of Metals: Tailoring the Halide Affinity of
7662 | Nanoscale Adv., 2025, 7, 7653–7662
Alkaline Earth Metals to Synthesize Chalcogenide
Perovskite BaMS 3 (M = Zr, and Hf) and Cu 2 BaSnS 4
Compounds, ACS Appl. Energy Mater., 2024, 7(22), 10584–
10595, DOI: 10.1021/acsaem.4c02205.

60 P. Borlido, T. Aull, A. W. Huran, F. Tran, M. A. L. Marques
and S. Botti, Large-Scale Benchmark of Exchange–
Correlation Functionals for the Determination of
Electronic Band Gaps of Solids, J. Chem. Theory Comput.,
2019, 15(9), 5069–5079, DOI: 10.1021/acs.jctc.9b00322.

61 F. Tran, J. Doumont, L. Kalantari, A. W. Huran,
M. A. L. Marques and P. Blaha, Semilocal Exchange-
Correlation Potentials for Solid-State Calculations: Current
Status and Future Directions, J. Appl. Phys., 2019, 126(11),
110902, DOI: 10.1063/1.5118863.

62 H. Xiao, J. Tahir-Kheli and W. A. Goddard, Accurate Band
Gaps for Semiconductors from Density Functional Theory,
J. Phys. Chem. Lett., 2011, 2(3), 212–217, DOI: 10.1021/
jz101565j.

63 F. Wang, C. Di Valentin and G. Pacchioni, Electronic and
Structural Properties of WO 3 : A Systematic Hybrid DFT
Study, J. Phys. Chem. C, 2011, 115(16), 8345–8353, DOI:
10.1021/jp201057m.
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