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A synthetic pathway to ultrasmall antimony(i) sulfide nanoparticles is demonstrated using scalable, room-
temperature, and open-atmosphere procedures that only requires commonly available precursors. The
synthesis is accompanied by the immediate self-assembly of nanoparticles, which is characterized using
small angle X-ray scattering (SAXS). During the synthesis, particles assemble into stable mesophases that
exhibit unusual rod-like’ hexagonal packing, which is unexpected from discrete nanoparticles lacking

crystallographic registry. It is demonstrated that the resulting superstructures are effectively manipulated
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1. Introduction

Antimony(m) sulfide (Sb,S;) is an environmentally friendly
material of interest for thermoelectric,"* photovoltaic,>* and
electrochemical applications.®® It is found naturally in a layered
orthorhombic phase (Pmna), where it has been known since
antiquity as stibnite,” but under certain conditions an amor-
phous phase is also accessible.'®"* As is the case with many
metal chalcogenide systems, Sb,S; benefits from nano-
structuring, particularly in colloidal synthesis routes, to
improve and tailor its properties.*'> Colloidal nanoparticles
have larger specific surface areas, tunable sizes, morphology
dependent properties, and are solution processable.”® Because
of this, expanding the library of colloidal synthesis routes
towards useful morphologies of Sb,S; has continued to be
impactful to a diverse range of technologies.**"” Sb,S; has been
synthesized colloidally using a variety of methods producing
several structures and forms. Since the most thermodynami-
cally stable product is crystalline orthorhombic, micro and
nanoparticles commonly manifest as wires,"® bundled rods,*®
and even ‘flowers’.” In contrast, the amorphous phase is
spherical when synthesized using solvothermal bottom-up
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batteries yields impressive capacity, charge/discharge rates, and cyclability.

strategies.*'**»** Sizes for particles, crystalline and amor-
phous, range from ~20 nm to many hundreds of micrometers,
but some cases of smaller nanoparticles (<10 nm) also exist in
literature.'**

The synthesis of ultrasmall colloidal particles, defined as
particles smaller than ~5 nm in diameter, can often require
highly involved procedures.”* At these sizes, unstable atomic
arrangements become easier to access due to the increase in
surface area relative to volume.* Magic-sized clusters, having
specific numbers of atoms producing stable structures, are
a prototypical example exhibiting unique optical characteristics
and self-assembly.”® Nanoparticle assembly into stable struc-
tures is affected by the shape and morphology of the particles,*
by the use of templates (e.g. patterned surfaces or self-
assembling polymers),***® by surface bound ligands,* by
external fields,*" and by registered crystallographic directions.
With respect to crystallographic registry, this can be mediated
either through the attachment of specific facets,** or by the
facet-specific capping of ligands which can influence alignment
of nanocrystals during packing.** Because of this, the nano-
particle structure and morphology are strong predictors for
highly ordered self-assembly in the absence of a template or
external field. For example, large aspect ratio nanostructures
pack into hexagonal arrays,®»** and monodisperse spheres
typically experience close packing into face-centered cubic or
hexagonal close-packed lattices.>**”

Sb,S; has also received significant attention as a battery
material for both Li* and Na' ion systems. It is able to undergo
both alloying and conversion reactions with Li'/Na" at the
negative electrode giving it a theoretical capacity of 946 mAh g ~*
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compared to graphite's 372 mAh g ".° Its rate capabilities are
also impressive, with certain Sb,S; electrodes able to withstand
cycling at rates up to 20C (~3 min charge/discharge).® As such,
Sb,S; stands to be impactful in electrifying machines that draw
large currents or benefit from faster charging than what current
battery technologies can support.® One challenge with Sb,S; is
that the highest performing batteries are exclusively made using
bottom-up processes to produce a nanoscale active mate-
rial,>*** which complicates production at relevant scales and
low cost. The commercialization of Sb,S; as an electrode
material would greatly benefit from simplified synthetic
procedures that lower the cost of preparation.

To this end, we synthesize ultrasmall antimony(m) sulfide
(Sb,S;3) nanoparticles (<4 nm) using a simple one-step, room
temperature, procedure in open air. Small angle X-ray scattering
(SAXS) measurements demonstrate that these nanoparticles
assemble into unusual long-range hexagonal ‘rod-like’ pack-
ings, which we attribute to a non-uniform coating over the
surface of the particles. The spacing and structure of the
arrangement can be fine-tuned by changing the composition
and length of the alkylamine ligands and solvent. The Sb,S;
nanoparticles also exhibit impressive electrochemical perfor-
mance when prepared as a negative Li" and Na' ion battery
electrodes. Different ligands influence the packing arrange-
ment, and electrochemical data shows significant differences
between these samples even after a ligand exchange. Thus, the
identity of the ligand used in the synthesis of Sb,S; nano-
particles has significant impacts for assembly as well as
electrochemical performance.

2. Experimental

2.1. Materials

All chemicals were used as received unless specified otherwise.
Antimony(m) acetate (Sb(OAc);, 99.99% trace metals basis),
ammonium sulfide solution ((NH,),S, 20 wt% in water),
ammonium sulfide solution ((NH,),S, 40-48 wt% in water),
octylamine (OcAm, 99%), dodecylamine (DoAm, 98%), oleyl-
amine (OAm, >98% (primary amine)), trioctylphosphine (TOP,
97%), trioctylphosphine oxide (TOPO, 99% ReagentPlus),
hydrazine monohydrate (N,H,, 64-65%), were purchased from
Sigma-Aldrich. Toluene, ethanol, and other common solvents
were purchased from Fischer Scientific and used as received.
Battery grade 1.0 M LiPF, in EC/DMC = 50/50 (v/v), propylene
carbonate (99.7%), sodium metal (>99.99%, dry cubes, ACS
Specification), sodium carboxymethyl cellulose (CMC) (M, ~ 90
000) were purchased from Sigma Aldrich. Sodium perchlorate
(=98%) was purchased from Fisher Scientific. Fluoroethylene
carbonate (=98%) was purchased from TCI America. Carbon
black (Vulcan XC72R) was purchased from Cabot Corporation
and stored in a vacuum oven at 80 °C. CR2032 coin cell cases
(SS316 Option), CR20XX stainless steel spacer (15.5 mm dia. X
0.4 mm), stainless steel wave spring, copper foil (>99.99%, 9 um
thickness), 600 um thick lithium chip (Battery R&D grade) were
purchased from MTI Corporation. Celgard separator (Celgard
2400, 25 pm microporous monolayer polypropylene membrane,
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Celgard Inc. USA), glass microfiber separator (GF/D, cat no.
1823-257, Whatman).

2.2. Synthesis of ultrasmall antimony() sulfide
nanoparticles

The synthesis of ultrasmall Sb,S; was adapted from a procedure
used by Zhang et al. for different chalcogens.*® First, a 0.1 mM
Sb(OAc); solution was prepared in a 1:1 ratio by weight of
toluene and alkylamine ligand (octylamine, dodecylamine, or
oleylamine) by sonicating for 15 minutes. The total mass of
solution was 5 g. After sonicating, a stir bar was added, and the
supersaturated milky white solution of Sb(OAc); was stirred
vigorously. While stirring, 0.5 mL of ammonium sulfide solu-
tion (20 wt%, aqueous) was added quickly, making the total
sulfur concentration 0.245 mM. The reaction immediately
turned a reddish brown, remained turbid, and was stirred for
~1 min to ensure a completed reaction. The solution was then
transferred directly to a quartz capillary for SAXS characteriza-
tion of the as-synthesized nanoparticles and their assembly.
This synthesis procedure deviates from the methodology of
Zhang et al. in key ways that render the process more amenable
for commercial scales. First, using a lower concentration
(20 wt%) of aqueous ammonium sulfide allows for the direct
injection of the sulfur reagent into the antimony acetate solu-
tion. We find that, for this material system, additional drying
and preparation of the ammonium sulfide precursor into an
alkylamine solution is unnecessary. Secondly, the preparation
of the cation solution is also performed at room temperature,
whereas Zhang et al. specify much more elevated temperatures
to ensure complete dissolution of the metal salts, sometimes
under nitrogen to prevent oxidation. Conversely, with antimony
acetate, we observed an opaque white solution indicating
incomplete dissolution. Under these reaction conditions, anti-
mony acetate is prone to oxidize but its sulfurization is still able
to proceed (Fig. S6). The ability to conduct the entire process in
open air, at room temperature, and without drying or intensive

preparation of precursors is attractive for commercial
production.
2.3. Dry synthesis of antimony(m) sulfide nanoparticles

More closely following Zhang et al.,** a dried ammonium sulfide
solution in octylamine was prepared in open air to be used as
the source of sulfur for the room temperature synthesis of
ultrasmall Sb,S; nanoparticles. First, 0.8 mL of 40-48 wt%
aqueous ammonium sulfide was added to 10 mL of octylamine
and stirred. After 15 minutes, activated 3.4 A molecular sieves
were added and allowed to stir for an additional 15 minutes. A
2 mL aliquot of this solution was then injected into the 0.1 mM
Sb(OAc); solution which was prepared as previously described
with a mixture of 50 wt% octylamine and 50 wt% toluene using
15 min of sonication. Molecular sieves were activated via heat-
ing at 110 °C under vacuum for approximately 48 hours.

2.4. Scanning transmission electron microscopy

Scanning transmission electron microscopy (STEM) samples
were prepared by the drop casting of diluted nanoparticles onto

This journal is © The Royal Society of Chemistry 2025
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carbon film, 200 mesh nickel grids (Electron Microscopy
Sciences; Hatfield, PA). STEM imaging was performed using an
aberration-corrected Nion UltraSTEM 100 operated at 60 kV
with a convergence semi-angle of 32 mrad. High-angle annular
dark field (HAADF) images were acquired using an annular
dark-field detector with inner and outer collection semi-angles
of 80 and 200 mrad, respectively.

2.5. Fourier transformed infrared spectroscopy

Attenuated total reflectance Fourier transformed infrared
spectroscopy (FTIR) was performed using a Thermo Fisher
Scientific Nicolet IS50R equipped with a diamond window at
a resolution of 2 cm™". Solid nanoparticle samples were dried

overnight under vacuum prior to measurement.

2.6. X-ray scattering sample preparation and measurement

Immediately after the previously described synthesis of Sb,S;
nanoparticles, the nanoparticle reaction solution was trans-
ferred into a quartz capillary. Thin walled (10 pm) 1.5 mm
diameter quartz capillaries were purchased from Hampton
Research (Aliso Viejo, CA) and were sealed with two part 5
minute epoxy from Devcon (Illinois Tool Works; Danvers, MA).
Small angle X-ray scattering (SAXS) was performed on a Xenocs
Xeuss 3.0 (Grenoble, France) powered by microfocus GeniX 3D
X-ray generator for Cu Ko (0.15406 nm wavelength) and a Dect-
ris EIGER 2 1M X-ray detector. The measurements were made at
detector distances of 1.80 m, 0.90 m, 0.37 m and 0.05 m. The 2D
images recorded were reduced and merged using XSACT 2.10
from Xenocs (Grenoble, France). Peak positions were deter-
mined using Origin 2016 from OriginLab (Northampton, MA).
X-ray diffraction data was acquired using a Bruker D8
Discover Microfocus powder X-ray diffractometer equipped with
a Pilatus 100K large-area 2D detector with X-ray source (Cu tube
Ko radiation 1.54184 A) operating at 100 mA and 50 kV. Samples
were drop-cast onto silicon wafer under ambient conditions.

2.7. Preparation of Sb,S; electrode material

To prepare an electrode from ultrasmall Sb,S; nanoparticles,
the nanoparticles first had to be washed, followed by a ligand
stripping procedure. After the reaction, the turbid solution of
particles was transferred to a falcon tube with 5 mL of ethanol
and centrifuged at 5000 rpm (2907 x g) for 3 minutes before
resuspending in toluene. This process was repeated 3 times. To
strip the ligands, the NPs were first dispersed in acetonitrile
through vortexing and sonication before transferring to a dram
vial and stirring vigorously with a stir bar. The acetonitrile is
a poor solvent for the alkylamine coordinated NPs, so the
solution appeared more aggregated. An autoinjector was used to
dispense 2 mL of hydrazine monohydrate (N,H,, 64-65%) into
the solution at a rate of 0.025 mL min~" over 2 hours. The final
volume of the resulting solution was approximately 25 mL and
1 M of hydrazine. As the ligands were stripped by the hydrazine,
the NPs sedimented and deposited onto the glass of the dram
vial over the course of the process. Once all the NPs had sedi-
mented, the acetonitrile supernatant was discarded, and the
deposited particles were dispersed back into a small amount of

This journal is © The Royal Society of Chemistry 2025
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acetonitrile and nanopure water (18.2 MQ cm™ ') in a 1 to 1 ratio
using sonication and dried using a rotovap. Qualitatively, the
ligand exchange could be deemed successful as polar solvents
suspended the nanoparticles more thoroughly than nonpolar
solvents after the exchange.

Once dry, the NPs were mixed using an agate mortar and
pestle with conductive carbon (Super P) and sodium carbox-
ymethyl cellulose (Na CMC) dissolved in water at a concentra-
tion of 33 mg mL " in a ratio of 64 : 21 : 15. This ratio was used
following the battery preparation of Kravchyk et al. using other
antimony sulfide nanoparticles.® Once the slurry was homoge-
nous, a 12.7 pm (0.5 mil) electrode was coated on copper foil
using a stainless-steel doctor blade. The printed electrodes are
dried on a heating plate at 80 °C then stored in a vacuum oven
set to 90 °C for >24 h until needed. 15 mm electrode punch-outs
resulted in an areal electrode loading that ranges from 0.5-
0.8 mg cm 2. Similar loadings were used for fair comparison
between the samples.

2.8. Electrochemical characterization

All electrochemical characterization was done in a 2032 coin
cell configuration. Coin cells were assembled in an argon-filled
glovebox (O, < 1 ppm, H,O < 1 ppm). For Li-ion, one layer of
glass fiber and one layer of polypropylene membrane were used
as the separator with 150 puL of 1 M LiPFg in EC : DMC (1:1 v/v)
with 3 wt% FEC. For Na-ion batteries, one layer of glass fiber
separator was used with 100 pL of 1 M NaClO, in propylene
carbonate (PC) with 3 wt% FEC. Li and Na metals were used as
counter electrodes. Electrochemical measurements were per-
formed using a constant current mode for both, charge and
discharge between 0.01-2.0 V on a MACCOR (Tulsa, OK) 64
channel Battery Tester.

3. Results

3.1. Synthesis of ultrasmall Sb,S; nanoparticles

The room temperature synthesis of ultrasmall Sb,S; nano-
particles is achieved by dissolving antimony(m) acetate
(Sb(OAc);) in toluene and an alkylamine followed by the fast
injection of a 20 wt% aqueous solution of ammonium sulfide,
(NH,),S, at room temperature under vigorous stirring. The
opaque white Sb(OAc); solution turns a turbid reddish brown
immediately as nanoparticles form (Fig. 1A). The solution is
vigorously stirred with a stir bar for 1 minute to ensure
a complete reaction. The formation of a turbid solution and
a low-density precipitate, which sediments within a few hours,
suggests the presence of large structures within the dispersion.
Since the reaction benefits from vigorous stirring, we found
octylamine to be most suitable for synthesis as higher melting
point alkylamines tend to form a gel following the reaction. To
characterize these materials, SAXS was used to probe the ‘as-
synthesized’ matrix. Using SAXS, the presence of highly ordered
structures within the nanoparticle dispersion was identified
(Fig. 1C). The turbid solution was found to contain long (>300
nm) assemblies in a ‘rod-like’ hexagonal packing, which is
easily distinguishable from typical cubic closed-packed

J. Mater. Chem. A
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Fig. 1 Diagram depicting (A) the room temperature, open air, reaction between antimony acetate (Sb(OAc)z) and 20 wt% aqueous ammonium
sulfide using ligands of different lengths (octylamine and oleylamine) and chemistries (trioctylphosphine) to produce (B) ultrasmall (~3 nm) Sb,S3
nanoparticles identified with scanning transmission electron microscopy (STEM) in high-angle annular dark field (HAADF) imaging mode. (C)
Small angle X-ray scattering measurements of the as-synthesized reaction matrix reveals the particles order into a mesophase with tunable

arrangements and spacings in the as-synthesized matrix.

structures.*>** The sharpness of peaks, and their magnitude,
suggests a strongly scattering medium with a high degree of
order. This result, in conjunction with the high turbidity and
formation of precipitates, suggests that a mesophase is
produced after the reaction.*

The structure of the mesophase of assembled nanoparticles
is further controllable by changing the length and functional
group of the ligands. Fig. 1B shows this graphically. Shorter
alkylamines, like octylamine, reduce the center-to-center
spacing (dq00) of the ‘rods’, while longer ligands, such as oleyl-
amine, increase the spacing while maintaining the same
hexagonal structure (Fig. 1C). The spacing in the [100] direction,
which is attributed to the position of the first scattering peak,
when using a 50 wt% solution of octylamine in toluene was
0.200 A™* (3.1 nm), while an equal weight percent of oleylamine
gave spacings of 0.146 A™* (4.3 nm). Given that the spacings are
only a few nanometers larger than the extended lengths of the
alkylamines, octylamine has an approximate length of 1.0 nm
and oleylamine is approximately 2.04 nm long when fully
extended,*** the particles are ultrasmall in all cases (1-4 nm)
and coordinated by ligands. These particle sizes were confirmed
using HAADF-STEM (Fig. S1-S4). The same hexagonal structure
is not maintained, however, when 10 wt% of another ligand,
trioctylphosphine (TOP), is added in conjunction with octyl-
amine. Instead, the structure becomes a face-centered cubic
spherical arrangement with a dy, spacing of 0.195 A™* (3.2 nm).
The ‘rod-like’ hexagonal organization that is observed for all
pure alkylamine ligands is unusual for spherical particles since
there is no obvious driver for assembly into linear arrays.”****”

From high-resolution aberration-corrected scanning trans-
mission electron microscopy (STEM) in high-angle annular dark
field (HAADF) imaging mode, it is determined that the Sb,S;

J. Mater. Chem. A

primary particles are ultrasmall, discrete, and roughly spher-
ical. However, depending on the ligand, the particles can also
form fibrous structures (Fig. S1). These fibers are like those
previously reported by Nevers et al. in syntheses of CdS magic-
sized clusters.*”® These researchers reported a similar hexag-
onal structure of ultrasmall nanoparticles, and suggest that
formation of a mesophase halts the growth of the particles by
sequestering nucleation sites away from monomers in the
reaction solution. The reaction solution being supersaturated is
also thought to be critical in making nucleation more prevalent
than growth for this and other ultrasmall systems.*®* Still, the
exact cause for the stability during formation of particles in this
size regime is debated.*®

The synthesis reported in this work produces similar parti-
cles when using other alkylamines, namely dodecylamine and
oleylamine. However, a fibrous morphology was not observed in
HAADF-STEM (Fig. S3 and S4) for these samples. Primary
particles were not found to be crystalline, and lattice fringes
were not distinguishable in HAADF-STEM in any sample. While
HAADF-STEM can provide information on the morphology of
the primary particles, SAXS is a preferable technique for char-
acterizing assembly since it can probe the structures in the
dispersed state without the need for solvent removal. In
contrast, morphologies are anticipated to be altered by prepa-
ration of samples for imaging due to washing steps required to
remove excess ligands and the requisite evaporation of the
solvent. This is commonly seen in other nanoparticle systems
where the solvent is a critical component to the assembly, and
drying disrupts the structure.**>*>>

In this system, the concentration of reagents contributed
greatly to the presence of the ‘rod-like’ mesophase, since lower
concentrations of Sb(OAc); led to no assembly in solution

This journal is © The Royal Society of Chemistry 2025
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(Fig. S5B). When Sb(OAc); was in excess (at high concentrations
of Sb** or low concentrations of $>7) a cubic antimony(m) oxide
phase (senarmontite, PDF #98-002-0076) was observed in the
wide-angle X-ray scattering (WAXS) range. Since all steps in the
synthesis were performed in open air, oxide formation is ex-
pected when excess Sb*" is left unreacted. We also note that, in
a typical synthesis (Fig. S5A), there is a single peak in the WAXS
region at 2.21 A~* (0.28 nm). While a single peak is insufficient
to assign it to be the bulk orthorhombic phase of Sb,S; (stibnite,
PDF# 98-000-0411), it is within the approximate range of lattice
spacings of layered bulk stibnite.*® This indicates that while
particles may be too small to be accurately called ‘amorphous’,
they do not show evidence of strong crystallinity. Regardless of
the choice of ligand, no variations are observed in the position
of this WAXS feature between Sb,S; samples. These results are
corroborated using X-ray diffraction which can observe higher g
values and angles in 26 (Fig. S6).

3.2. Structure of self-assembled nanoparticle mesophases

In addition to synthesizing ultrasmall Sb,S; nanoparticles, the
spacings in the hexagonal ‘rod-like’ packing were shown to be
controllable by changing the length and concentration of
alkylamine ligands. Three different ligands were evaluated for

View Article Online
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variations in length: octylamine (8 carbons), dodecylamine (12
carbons), and oleylamine (18 carbons) (Fig. 2A). The shortest
ligand, octylamine, produced the closest packing with a center-
to-center spacing of 3.1 nm. Dodecylamine and oleylamine are
substantially longer ligands and produce spacings of 3.7 and
4.3 nm respectively. All alkylamine samples shared the same
signature Bragg spacings of hexagonal close-packed ‘rods’ with
peaks at scattering vectors of g, v/3¢, 2¢, and v/7q corresponding
to dpnro lattice spacings dioo, @110, @200, and daq respectively.*
The peak position in g-space (g) is converted to real-space (d) by
the relationship d = 27/q where q is in units of inverse length.>*
The longest ligands produced the narrowest peaks, which is
indicative of a uniform structure containing large domains in
the scattering medium.*

The lattice spacings were also tuned by adjusting the
concentration of the alkylamine ligand in the solution. In these
syntheses, the ligand was replaced with the same mass of
toluene over the workable range. For octylamine (Fig. 2B), the
syntheses ranged from no added ligand (0 wt%), to pure octyl-
amine (90 wt% of the total mass including precursors). When
no ligand was added, the Sb,S; particles deposited immediately
onto the walls of the vial as it was unstable in solution without
a ligand. Lower concentrations of octylamine gave larger

1
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Fig.2 SAXS profiles for Sb,S3z syntheses using (A) 50 wt% solutions of three alkylamines with a range of chain lengths. Syntheses were performed
with these three alkylamines, (B) octylamine, (C) dodecylamine, and (D) oleylamine with variable concentrations ranging from 20 wt% to 70 wt%
or more. In dodecylamine samples, lamellae formed when the ligand was not fully dissolved. These follow a peak spacings of 1g (at 0.271 A~) and

29. Both are marked with an asterisk. All axes are in log scale.
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particle spacings and broader peaks while higher concentra-
tions produced tighter spacings and narrower peaks.

Nanoparticles prepared from longer ligands displayed
similar trends. The spacing for dodecylamine (Fig. 2C) and
oleylamine (Fig. 2D) assemblies change over a 0.2 nm and
0.3 nm range respectively as the ligand concentration is altered.
The variation was proportional to the total number of carbons
in the alkyl chain. While octylamine produced sharper features
on increasing concentration, dodecylamine and oleylamine
showed the sharpest features at ~50 wt% ligand before broad-
ening again above 70 wt%. An added complication, which was
unique to dodecylamine, was that high concentrations of the
ligand precipitated to form crystalline lamellar phases. This
produced smaller peaks in the SAXS data that increased in
intensity with increasing concentration of dodecylamine at
ratios of 1¢ (0.271 A™*, 2.3 nm) and 2¢ (marked with an asterisk
in Fig. 3C).*® No lamellae were observed below 20 wt%, and no
peak shift was observed between 50 and 70 wt% ligand.

Since this synthesis procedure involved the addition of an
aqueous reagent (~0.5 mL of aqueous 20 wt% (NH,),S) to
a nonpolar organic solution (~5 mL toluene and alkylamine),
the potential influence of water on the structure of the assembly
was determined. SAXS data was collected on samples synthe-
sized with octylamine at different concentrations, while also
preparing corresponding backgrounds by centrifuging each
sample at 10 000 rpm (5814 X g) and collecting the supernatant,
absent of particles, for measurement (Fig. 3A). SAXS showed the
hexagonal ‘rod-like’ structure for as-synthesized samples, while
the corresponding background only shows a broad feature that
shifts to higher angles (0.21 A~ to 0.28 A™") as the concentra-
tion of octylamine increases. This feature may result from the
spacing between reverse micelles of solvated water molecules.
To demonstrate that this feature is independent of the assembly
of nanoparticles, we followed a procedure by Zhang et al. for
transferring and drying aqueous ammonium sulfide into
a liquid alkylamine using 3 A molecular sieves.* Details for the
procedure can be found in the methods section. Both samples
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Fig. 3 SAXS of control samples where (A) the synthesis of Sb,Ss
nanoparticles using 90, 70, and 50 wt% of octylamine (dark lines). The
nanoparticles assemble into hexagonal rod-like’ arrangement and the
d10o peak shifts with higher concentrations of octylamine. Background
scattering of the solvents (lighter lines) were collected on the centri-
fuged supernatants of the same samples. (B) SAXS of control syntheses
comparing drying of the agueous ammonium sulfide into pure
octylamine. One (blue) was dried with molecular sieves and the other
(red) followed the same procedure of transferring the (NH,4),S (ag.) to
octylamine, but no sieves were added. Both axes are in log scale.
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in Fig. 3B were prepared with 1:1 octylamine to toluene by
weight. Two samples were prepared following this procedure:
one that was dried with molecular sieves and a control that had
no molecular sieves. SAXS was collected for both along with
a corresponding background prepared by centrifugation and
separation of the supernatant (Fig. 3B). In both the dried
sample with sieves and the control without sieves, the ‘rod-like’
hexagonal structure is still maintained while the intensity of the
broad feature belonging to solvated water decreases. Since the
same hexagonal mesophase is obtained using both ‘dry’
(Fig. 3B) and ‘wet’ methods (Fig. 3A), assembly involves
primarily Sb,S; particles and ligands. Thus, it is independent
from water introduced into the system.

3.3. Altering nanoparticle self-assembly with multiple
ligands

Ultrasmall Sb,S; particles, which are expected to be homoge-
neously covered in ligands, do not assemble into the typical
spherical particle packing of face-centered cubic or body-
centered cubic. Instead, they assemble into hexagonal
arrangements typical for rods or wires.*>*”** Based on the
sharpness of the peaks, the assemblies are expected to be highly
ordered. Since particles remain un-sintered however, they are
also sufficiently stabilized by alkylamine ligands. Similar
hexagonal assemblies of ultrasmall nanoparticles, or clusters,
have been described by Nevers et al. for CdS magic-sized clus-
ters.** A possible explanation for this in the Sb,S; system is that
alkylamine ligands form a non-uniform coating despite lacking
strong internal crystallinity. Since alkylamines are an L-type
ligand with a demonstrated preference for cation-rich fac-
ets,*>® it is possible for Sb,S; clusters to form a non-uniform
coating on the particle. In this work however we do not exper-
imentally confirm the coverage of ligands given the difficulty of
this task due to the small size and low contrast of the particles.”

To explore this possibility, syntheses in octylamine were
performed with increasingly higher concentrations of another
ligand, trioctylphosphine (TOP). The amount of nonpolar
solvent, toluene, remained constant while octylamine was
replaced with TOP. TOP was added to the reaction just before
injecting the sulfur reagent, (NH,),S. This prevented Sb*" from
being preferentially solvated by TOP, which might have slowed
the kinetics of the reaction due to TOP's bulky alkyl tails. SAXS
on samples with variable TOP concentrations from 0 to 10 wt%
(Fig. 4A) show a continuously variable structure. As the TOP
fraction increases, the ‘rod-like’ hexagonal assembly shifts to
a face-centered cubic (FCC) spherical packing. The FCC phase is
identified by reflections at ratios of
1q, \/m% Mq, \/Mq, and 2q for the [111], [200],
[220], and [222] directions respectively.®»*> The gradual shift
occurs with an increase of the [220] FCC peak, which becomes
noticeable above 0.5 wt% TOP, as well as the splitting of the first
peak into the [111] and [200] FCC reflections. A possible
explanation for this behavior is that the trioctylphosphine is
less nucleophilic than octylamine and therefore does not bind
with as much site specificity. This would more fully coat the
particle in ligands as more anion and cation sites would be

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (A) SAXS data of syntheses where octylamine was replaced with

increasing amounts of TOP in solution which coincides with the
structure transitioning from a hexagonal arrangement to an FCC
structure. The FCC phase can be identified by the growth of the [220]
peak (1.91qg) and the splitting of the hexagonal structures’ [100] peak
into the [111] and [200] peak (1g and 1.15g respectively). (B) Graphic
demonstrating the structure using only alkylamine ligand (black) and
the increased axial spacing resulting in FCC packing using an addition
of TOP (purple) to cover the surface.

passivated. As opposed to mostly cation sites when only octyl-
amine is used. To confirm this mechanism in future studies, ab
initio simulation and more thorough spectroscopy would be
required to determine the exact binding site of the amine and
phosphine ligands.

3.4. Electrochemical evaluation in battery electrodes

Since long alkyl groups are highly insulating,* it is necessary to
remove them before preparing the Sb,S; nanoparticles into
electrodes. To do this, a ligand exchange procedure was fol-
lowed using hydrazine, which has been shown to be an effective
displacing agent for alkylamines on metal chalcogenides.®>**
Nanoparticle samples were characterized in SAXS before
(Fig. 5A) and after (Fig. 5B) the washing and ligand exchange
procedure. After performing the ligand exchange, the assem-
blies of the nanoparticles were disrupted, and the particles
deposited onto the glass vial. Once exchanged, the SAXS curve
only features a single broad peak at 0.35 A™* (1.8 nm), which is
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Fig. 5 SAXS spectra of (A) Sb,Ss particles before ligand exchange
synthesized with oleylamine, dodecylamine, octylamine, as well as
octylamine with 10 wt% trioctylphosphine (TOP). (B) After synthesizing,
the particles were washed and ligand exchanged with hydrazine
(procedure in methods) before being dispersed in water and charac-
terized in SAXS. Both axes in log scale.
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expected to represent the center-to-center distance between
hydrazine coordinated nanoparticles of this size.

The electrochemical performance of ultrasmall Sb,S; nano-
particles as negative electrodes for Li* and Na' ion batteries was
evaluated. The data for Na" ion electrodes can be found in the SI
(Fig. S16). To ensure consistency and reproducibility, the elec-
trode slurry composition, slurry preparation, electrode fabrica-
tion, and testing environment using a coin cell configuration
were standardized.

The only variable in these experiments was the choice of
ligand (at 50 wt% in solution) during the nanoparticle synthesis
prior to ligand exchange. For clarity, although the ligands are
stripped, each sample is referred to by the ligand that was used
during the sample's synthesis. In addition to SAXS, successful
ligand exchanges were confirmed through Fourier-transformed
infrared spectroscopy (FTIR) (Fig. S8). After ligand exchanging,
the C-H bend peaks found between 3000 and 2850 cm ™" greatly
decreased in intensity or disappeared in all samples regardless
of choice of ligand.®® The Sb,S; nanoparticles can also be
identified in the FTIR spectra. Characteristic Sb,S; vibrational
peaks at 721 cm * and 538 cm ™' are present,® as well as a peak
characteristic of the metal-sulfide interaction at 1376 cm™".%
Furthermore, the identity of the nanoparticles is confirmed with
EDS (Fig. S9-S12) which demonstrates that before and after the
ligand exchange the particles remain antimony(m) sulfide.
These images also show that the aggregate size is not easily
characterized in imaging techniques as the history of the
sample's preparation plays a significant role in the size and
morphology of secondary particle formation. Brunauer-
Emmett-Teller (BET) analysis was used to characterize the
surface area of nanoparticles synthesized with the four ligands
(Table S1). The octylamine-TOP sample was measured to have
the highest surface area at 33 m* g~ *, followed by octylamine at
22 m® g~ ', and then dodecylamine and oleylamine at 13 and 12
m? g~ respectively.

Fig. 6A shows the redox peaks of ultrasmall Sb,S; from
lithiation and delithiation in the form of total differential
capacity data. All samples exhibit distinct lithiation peaks
between 1.2-1.5 V vs. Li'/Li, corresponding to the solid elec-
trolyte interphase (SEI) formation and the conversion reaction
(eqn (1)). In the two electrodes prepared from nanoparticles
synthesized in octylamine with 10 wt% TOP (Oct-TOP) as well
as dodecylamine, a shoulder forms before the primary peak
indicating intermediate reactions preceding the SEI formation.
A second reduction peak at ~0.85 V represents the alloying
reaction below (eqn (2)).*®%* During delithiation, a broad
oxidation peak near 1.0 V reflects the de-alloying of Li-ions from
antimony. This is followed by a shallow peak between 1.5-2.0 V,
attributed to the reverse conversion reaction.®

Sb,S; + 6LiT + 6e~ < 2Sb + 3Li,S (1)

2Sb + 6Li* + 6e < 2LisSb )

Fig. 6B presents the charge-discharge profiles of the first
cycle obtained at 0.3 A g ', a rate slow enough to capture
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Fig. 6 Li-ion electrochemical data of the ultrasmall Sb,S3 synthesized in different ligating environments. (A) Total differential capacity data of the
first (lighter) and second (darker) cycle for nanoparticles synthesized using identified alkylamine. (B) Galvanostatic charge—discharge curves of
the first cycle. (C) Rate capacity. (D) Cycling stability data. (E) Normalized cycling stability data of the first 20 cycles.

detailed redox processes and the energy contributions of indi-
vidual reactions. The lithiation profiles show distinct plateaus
corresponding to the SEI formation, conversion, and alloying
reactions, consistent with the total differential capacity peaks
shown in Fig. 6A.” Notably, most of the irreversible capacity
occurs above 1.2 V, which is evident from the difference in the
total differential capacity data of the first and second cycle. As
stated earlier, this region with the stark difference between the
first and second cycle is primarily associated with SEI formation
and initial conversion reactions.

Discharge capacities were highest for Oct-TOP at 1980 mAh
g1, followed by oleylamine at 1816 mAh g, octylamine alone
at 1481 mAh g ', and dodecylamine at 1412 mAh g~ '. The
subsequent charge capacities were approximately half of the
first discharge capacities, consistent with irreversible SEI
formation and side reactions in nanostructured materials,
especially considering the high surface to volume ratio of these
nanoparticles.

Other antimony sulfide nanocrystals in literature have
exhibited an impressive specific capacity of 643 mAh g~ (61%
retention) when charged and discharged at a current of

J. Mater. Chem. A

12 A g 1.® In our work, the ultrasmall Sb,S; nanoparticles
demonstrated similar rate capabilities, particularly for Oct-
TOP, which had a capacity of ~700 mAh g™ " at 12 A g™, cor-
responding to 67% retention of its capacity measured at
0.3 A g~". Oleylamine had the next highest with 561 mAh g~*
(61% retention), while dodecylamine and octylamine exhibiting
similar capacities with 510 and 521 mAh g™, respectively (67%
retention for both). As shown in Fig. S13, with increasing
current, less energy from the conversion reaction contributes to
the overall capacity. This is due to the relatively large band gap
(4.8 eV) of Li,S, which is a major reason why lithium-sulfur
batteries often have limited charging speed.®®*7” This also
explains the 20% decrease in retention compared to that of
antimony nanocrystals when fast charging/discharging.®

To assess the lifetime of the electrode, the electrodes were
cycled at a relatively fast rate of 2.4 A g " until their capacity
retention dropped to 50%. As shown in Fig. 6D, which shows
the capacity data up to 500 cycles, the initial discharge capac-
ities varied noticeably among the four electrode samples,
reflecting differences in irreversible side reactions, including
the SEI formation. The electrode prepared with Oct-TOP

This journal is © The Royal Society of Chemistry 2025
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demonstrated the highest initial capacity at 1177 mAh g,
followed by oleylamine (1014 mAh g™ '), dodecylamine (648
mAh g "), and octylamine (375 mAh g~ ').

As expected, capacity decreases over time, but their varia-
tions in the rate of decrease between samples is apparent. With
Oct-TOP reaching 67% retention at 500th cycle (80% at 370th
cycle). Similarly, both octylamine and dodecylamine exhibited
a gradual capacity decrease. Once the capacity reached 597 mAh
g~ for octylamine, it slowly degraded, whereby at 500th cycle
showed 77% retention (80% at 480th cycle). With dodecyl-
amine, once the capacity reached 541 mAh g, the capacity
decreased to 55% retention (80% at 318th cycle). As for oleyl-
amine, similar to the cycle life data shown with previously
showcased Sb,S; nanoparticles prepared using oleylamine as
the coordinating ligand, the capacity degraded until 380th cycle
upon which it plateaued around 50% capacity retention (80% at
167th cycle).®

Performing electrochemical impedance spectroscopy (EIS)
before and after the first 20 cycles corroborates this (Fig. 7). The
nanoparticles synthesized with octylamine with TOP showed
the smallest change in resistive impedance (Z') and capacitive
impedance (—Z") response pre and post cycling at 2.4 A g™,
which demonstrates its stability and lack of rearrangement
during activation cycling. This suggests that the electrode
composite has a more favorable structure when synthesized
using octylamine with TOP compared to the other samples. By
comparison, oleylamine's charge transfer resistance increased
significantly after the 20 cycles, while octylamine and dodecyl-
amine both decreased suggesting their arrangement was less
optimal pre activation cycling. This rearrangement during
initial cycling is a common phenomenon.””* EIS also provides
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Fig. 7 Electrochemical impedance spectra of electrodes prepared
with Sb,Ss nanoparticles synthesized using octylamine (oct), dode-
cylamine, oleylamine, and octylamine with trioctylphosphine (TOP)
before and after cycling 20 times at 2.4 A g%,
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further insight into the performance of the Oct-TOP samples
compared to the other synthesized materials. The smaller real
and imaginary impedance in the higher frequency region (left
side of Nyquist plot) of the Oct-TOP sample as well as the
steeper rise in imaginary impedance at low frequencies (right
side of Nyquist plot, Warburg region) indicate that the imped-
ance is dominated by capacitative limitation rather than diffu-
sive limitation. Whereas, with the Oct sample, the onset of
diffusion-controlled behavior or the transition point to the
Warburg region is preceded by the heavily diffusion limited
plateau that is parallel to the real axis. This is a behavior that's
observed in systems that have a significant particle depth
causing limited long-range ion penetration caused by a variety
of possible factors including low effective surface area, finite-
length diffusion, or interfacial polarization.™

Altogether, this work shows that the ultrasmall Sb,S; nano-
particles performed the best when synthesized in a solution of
50 wt% toluene, 40 wt% octylamine, and 10 wt% tri-
octylphosphine (Oct-TOP). Over 500 cycles at 2.4 A g~ ', Oct-
TOP experienced a similar drop in specific capacity to octyl-
amine, but exhibited excellent rate capability, outperforming all
other samples. When adding TOP, the SEI layer formation
appears to be impacted as is evidenced by the slight difference
in shape of the galvanostatic lithiation/delithiation curves
between the Oct-TOP and octylamine samples as seen in
Fig. 6B. Providing more evidence of its improved electro-
chemical performance, higher lithiation percentages in the
alloying and conversion reactions were measured for the Oct-
TOP sample as shown in Fig. S14. Additionally, the Oct-TOP
sample required fewer initial cycles to reach its maximum
capacity. All other samples exhibited a gradual capacity increase
during the initial cycles as can be seen in the inset of Fig. 6D.
Eventually, each stabilized at 537 mAh g~ ' for octylamine, 541
mAh g~ for dodecylamine, and 597 mAh g~ " for oleylamine. In
addition, to investigate the cause of performance differences,
we conducted differential capacity analysis over the first 100
cycles (Fig. S15A-D), as well as from 100 to 50% capacity
retention (Fig. S15E-H). The data reveal distinct changes in
redox peak shape and position, particularly during activation,
where redox features become more defined. Samples prepared
with octylamine and dodecylamine exhibit broader and more
polarized redox peaks, indicative of sluggish kinetics and
higher internal resistance. In contrast, samples synthesized
with TOP and oleylamine exhibit narrower peaks and lower
polarization, correlating with improved electrochemical
performance. Differential capacity analysis also sheds light on
degradation pathways, especially noted in Fig. S15E-H. All
samples show unique peak formations and fading, which
suggest that ligand identity, and by extension particle aggre-
gation and size or some other factors, plays a significant role in
electrochemical behavior. This suggests the importance of the
synthesis procedure and packing behavior regardless of
whether the initial ligating environment has been removed. The
synthesis path or mechanism could be important factors to
consider especially for particles in this size regime that self-
assemble.
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4. Discussion

Assembly is a commonality between many systems with ultra-
small building blocks.>***”> It is often attributed to strong
registry along preferred crystallographic directions, which can
be followed by sintering.?”*>7%”” In this work, the Sb,S; particles
lack strong atomic lattice spacings and remain unsintered
(Fig. S2 and S3). This indicates that the particles are aligning via
well-coordinated ligands. While the length of the ligands affects
the distance between the particles, the concentration of ligands
in solution also affects the spacing to a lesser extent. As the
concentration of ligands increases, the interparticle spacing
decreases (Fig. 2). At lower ligand concentrations, when the
solution is mostly toluene, the ligands on the surface extend
since nonpolar toluene is a ‘good solvent’ for nonpolar alkyl
groups. When the solution has a much higher concentration of
ligand, the ligand contracts on average since the nonpolar alkyl
group is not as strongly solvated.**”® This effect also explains the
narrowing of the peaks in the octylamine series (Fig. 2A) where
the structure of the assembly becomes more homogeneous as
the ligands contract and spacing decreases.

In all Sb,S; nanoparticles synthesized with alkylamines, the
packing was ‘rod-like’ and hexagonal (Fig. 2). Only when tri-
octylphosphine (TOP) was added did the packing change to
a close packed face-centered cubic arrangement (Fig. 4). We
postulate that this is due to the primary particles being more
fully covered by ligands given that trioctylphosphine would
bind with less site-specificity.”* In addition, it has been shown
that trioctylphosphine readily oxidizes to form  tri-
octylphosphine oxide when used in open-to-air reactions.”
Trioctylphosphine oxide coordinates preferentially into cation
vacancies as an electron acceptor,® making it more likely to
fully cover the Sb,S; particles in conjunction with alkylamines,
electron donating L-type ligands. In control experiments, the
addition of 10 wt% trioctylphosphine oxide also resulted in the
FCC structure (Fig. S7).

The effect that different alkyl phosphine or amine ligands
might have on a ligand exchange is rarely discussed in literature
as it relates to ultrasmall particles or electrochemical applica-
tions. In this work, the length of the alkylamine ligand is
inversely proportional to the overall performance of the battery,
where smaller ligands improve cycling and specific capacities
even after a complete ligand exchange was performed. The
addition of trioctylphosphine was also found to improve
specific capacity and reduce or eliminate the number of cycles
needed to reach a more stable capacity. The phenomenon of
increasing capacity over the first few initial cycles is commonly
referred to as activation cycling. It is attributed to the gradual
rearrangement of the active material, conductive medium, and
binder into a more kinetically favorable configuration.”7”?
Activation cycling is often more pronounced in systems where
nanoparticles are highly bridged or aggregated into secondary
particles.” Since the trioctylphosphine containing sample
requires fewer, or no, activation cycles, it suggests that the
particles are in a more favorable arrangement before cycling. In
a half-cell configuration with a plentiful lithium reserve from
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a lithium metal counter electrode, this behavior may seem
minor. However, in a full-cell configuration with balanced
capacities in the negative and positive electrodes, capacity may
fade due to repeated exposure of active materials to the elec-
trolyte, reducing the benefits of high energy density materials.
Even if the positive electrode mass is increased or an active
material like lithium iron oxide (Li,FeOs) is used to compensate
for SEI layer growth, the overall battery capacity would still be
limited.

We postulate that the variances in the battery data, including
differences in capacity degradation behavior observed in the
differential capacity analysis shown in Fig. S14, may result from
size and morphology differences in the aggregated particles
after ligand exchange. The higher surface area of the Oct-TOP
sample measured with BET (Table S1) would support a differ-
ence in secondary particle morphology resulting in a higher
surface area which may be an explanation for its difference in
electrochemical performance compared to the other samples.
Unfortunately, the ligand exchange strategy used in numerous
past studies,®*"**%4% typically involving redispersing the mate-
rial in a solvent of opposite polarity with a chosen ligand, lacks
the necessary details to definitively determine the cause. Post-
analysis often only highlights differences in chemical struc-
ture before and after ligand exchange using techniques such as
attenuated total reflectance Fourier transform infrared (ATR-
FTIR) spectroscopy.>®**#! This work also demonstrates that
the majority of the alkyl chains were effectively removed
(Fig. S8). Nonetheless, the battery data reveals differences in
electrochemical performance in various aspects. We believe the
variations in secondary particles stem from factors during and
after the synthesis such as the assembly and packing density of
the nanoparticles before and during the ligand exchange.

5. Conclusion

The synthesis of ultrasmall antimony(m) sulfide (Sb,S;) parti-
cles is reported using a room temperature, open-air procedure.
Self-assembly of ultrasmall nanoparticles is characterized via
small angle X-ray scattering, showing the formation of elon-
gated hexagonal structures typically found in rod-like particles
and micelles. This assembly is modified by adjusting the
ligands and/or the solvent, with longer ligands, as well as lower
concentrations of ligand in solution, increasing the interpar-
ticle spacing. The unusual hexagonal structure is proposed to be
caused by a non-uniform coordination of alkylamines over the
Sb,S; surface. Using an additional ligand (trioctylphosphine),
which lacks in binding selectivity, leads to the formation of an
FCC phase. The performance of Sb,S; nanoparticles in Li
battery electrodes is exceptional, demonstrating over 500 cycles
above 80% retention, as well as cycling up to 12C with a rela-
tively small drop in capacity. The ligand used in the nano-
particle synthesis is also shown to impact the performance of
electrodes even after a ligand exchange. This suggests that
ligand identity is an important design criterion that cannot be
overlooked regardless of how similar the final nanoparticle
morphology may appear.
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