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Introduction

Metastable cubic CusSbSs: a facile solution-phase
access to a kinetic polymorph

Rittika Dhar,? Anil Kumar B. M.,? Pranav Negi,” Shuva Biswas, Dirtha Sanyal (2 % and
Satya N. Guin () *@

Polymorphism in inorganic solids is central to controlling their structure—property relationships, yet stabi-
lising high-energy phases remains challenging. CuzSbSs, a ternary copper chalcogenide, exhibits rich
structural diversity, but its metastable cubic polymorph (space group /43m) has thus far eluded stabilis-
ation in pristine form. Here we report the room-temperature stabilisation of cubic CuzSbSs nanocrystals
via a simple low-temperature solution-phase synthesis. Structural and spectroscopic analysis confirm the
formation of phase-pure cubic nanocrystals with a band gap of ~1.86 eV. Thermal studies, including
high-temperature powder X-ray diffraction and positron annihilation spectroscopy, reveal that the cubic
phase is kinetically stabilised up to ~623 K, beyond which it undergoes an irreversible transformation into
orthorhombic and tetrahedrite-type phases, assisted by Sb and S-vacancy formation. The metastable
cubic CusSbSsz nanocrystals exhibit p-type semiconducting behaviour and ultralow thermal conductivity
(~0.77 W m™ K~* at 303 K). The low thermal transport originates from strong anharmonicity induced by
stereochemically active Sb 5s> lone pairs and local Cu coordination distortions. These findings demon-
strate that nanoscale synthesis enables access to otherwise inaccessible metastable polymorphs and
uncover the thermally driven pathways governing their structural evolution. This study extends the acces-
sible phase space of chalcogenides, offering new possibilities for tailoring their optoelectronic and ther-
moelectric properties.

8

erature solid-state reactions,®® whereas metastable or kineti-

cally trapped phases are often difficult to access by such

The synthesis of inorganic materials with diverse crystal struc-
tures is important for both fundamental understanding and
technological applications. A key concept in solid-state chem-
istry is polymorphism,"™ wherein a single compound can
adopt multiple crystal structures despite having the same
chemical composition. Since crystal structure strongly influ-
ences electronic, optical, magnetic, and thermal properties,
access to different polymorphs is essential for understanding
and tailoring material functionality. The stability of a given
polymorph is determined by its relative Gibbs free energy
under specific thermodynamic conditions. Generally, thermo-
dynamically stable polymorphs are synthesised via high-temp-
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routes.””®® These kinetically stable or metastable phases,
although not the lowest in energy, are of considerable interest
for exploring novel structural, chemical, and physicochemical
properties. The synthesis and stabilisation of metastable
phases provide important insights into energy landscapes and
structural frameworks fundamental to advanced material
design.

Nanocrystals offer a particularly attractive route for acces-
sing such unconventional crystal structures and precisely tai-
lored material properties. In nano-dimension, the increased
surface-to-volume ratio leads to elevated surface energy and
lower lattice energy compared to their bulk counterpart. These
features lower the activation energy required for structural
transformations, thereby facilitating solid-solid phase tran-
sitions and stabilisation of certain structures that may be hin-
dered in bulk analogues.'®" Various wet-chemical methods
have been developed for the synthesis of nanomaterials,
including seeded growth," polyol synthesis,"* solvothermal
processes,"” and hot-injection techniques.'® In low-tempera-
ture solution-based synthesis, phase formation is predomi-
nantly governed by kinetic,"”” rather than thermodynamic
control. This often facilitates the stabilisation of higher-energy
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metastable phases under ambient conditions, which are typi-
cally difficult to access via conventional high-temperature
routes. Several metastable nanocrystalline polymorphs have
been realised through such routes, including Ge,Sb,Tes,"
Pb,,,Sb,,Te .3, homologous series,’® CulnSe,,”® Cu,SnSe;,>"
Cu,ZnSnS,,>*>* tetragonal p-Ag,Se,>* orthorhombic MnAs,>’
Pb,_,Sn,S,,%° and wurtzite-type y-MnSe,>” Cu,BaSnS,_,Se, >
Cu,Te.”® These examples highlight the importance of nano-
scale synthesis in expanding the accessible phase space of
functional inorganic materials.

Copper and silver-based chalcogenide compounds have
emerged as materials of significant interest owing to their
applicability in thermoelectric energy conversion and photo-
voltaics. Recently, particular attention has been devoted to
ternary systems including Cu-Sb-Se and Cu-Sb-S,*°7> which
offer a unique combination of non-toxicity, elemental abun-
dance, and promising electronic and thermal transport pro-
perties. Among these, the CusSbSe;, Cuz;SbSe, and Cu;SbS,
phases have been shown promise for thermoelectric appli-
cations due to their intrinsically low lattice thermal
conductivity.>*® The presence of stereochemically active 5s
lone-pair electrons on Sb atoms, which induce pronounced
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bond anharmonicity and soft phonon modes, leads to such
low thermal transport behaviour.**°

Cu;SbS; is an intriguing member of the Cu-Sb-S ternary
chalcogenide family, notable for its rich polymorphism and
pronounced structural phase transitions upon thermal
treatment.’®™*? At temperatures below 263 K, Cu;SbS; crystal-
lises in an orthorhombic lattice with the P2,2,2; space group.
Between 263 K and 395 K, it adopts a monoclinic structure
(space group P2;/c). Upon further heating above 395 K, a
second phase transition occurs, leading to an orthorhombic
structure with the Pnma space group (Fig. S1). Additionally, the
existence of a high-energy metastable cubic phase adopting
the tetrahedrite structure (I43m space group) is also discussed
in the literature (Fig. 1a).** In the cubic phase, half of the Cu
atoms reside in distorted four-coordinated tetrahedral sites
[CuS,], while the remaining half occupy three-coordinated tri-
angular sites [CuS;]. The absence of one sulfur atom (denoted
as ¢) in the [CuS;] unit removes a vertex from the triangle,
yielding an open isosceles configuration denoted as [CuS,0].
Such configurations lead to additional degrees of freedom for
Cu atom, which induces rattling vibrations (Fig. 1b).** The Sb
atoms are positioned in tetrahedral sites but bond to only
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Fig. 1 (a) Crystal structure of CuzSbSs adopting a cubic structure (I43m space group). (b) Left panel: the isosceles [CuS,0] unit formed by a vertex-
deficient [CuSs] triangle. Right panel: the associated vibrational freedom of the Cu atom, enabled by the open coordination. (c) Room temperature
PXRD pattern of monoclinic (space group P2;/c) bulk CuzSbSz with the simulated pattern (COD: 00-900-4360). (d) Room temperature PXRD pattern
of as-synthesised cubic (space group /43m) nanocrystalline CuzSbSz with the simulated pattern (COD: 00-101-0508).
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three sulfur atoms, forming distinctive SbS; pyramids. This
coordination leaves the Sb 5s lone pair electrons oriented
toward the unoccupied vertex of the tetrahedron. The presence
of active lone pairs and rattling vibrations in cubic-CuzSbS;
makes it a promising candidate for intrinsic low thermal con-
ductivity. Yet, stabilisation of cubic-Cu;SbS; remains challen-
ging in its pristine form. Conventionally, stabilisation has
been achieved through substitution of transition metals (Fe,
Co, Ni) at the Sb site, which intrun reduces structural
dimensionality.>**> The influence of reduced dimensionality
on crystal symmetry suggests that low-temperature, solution-
based methods could offer a promising approach for stabilis-
ing metastable Cu;SbS; polymorph in its pristine form.
However, in most cases, these methods tend to yield a low-
energy monoclinic phase,* and reports of stabilised cubic
Cu;SbS; remain scarce in the literature.

In this study, we report the successful stabilisation of the
metastable cubic phase of Cuz;SbS; at room temperature in
nanocrystalline form using a simple low-temperature solution-
based synthesis approach. The nanocrystals have been charac-
terised using powder X-ray diffraction (PXRD), X-ray photo-
electron spectroscopy (XPS), field emission scanning electron
microscopy (FESEM), and transmission electron microscopy
(TEM). Room temperature PXRD pattern confirms the stabilis-
ation of metastable cubic CusSbS; phase in the I43m space
group. Differential Scanning Calorimetry (DSC) measurements
reveal that kinetically stabilised cubic nanocrystals exhibit
temperature-driven unusual phase transformation. To under-
stand such thermally induced phase transformation behaviour
and structural information, we have performed a temperature-
dependent PXRD study and positron annihilation spec-
troscopy. Analysis of DSC and temperature-dependent
heating-cooling PXRD data reveals that the metastable cubic
phase remains stable up to ~623 K. Upon further heating and
subsequent cooling, it irreversibly transforms into a mixture of
cubic tetrahedrite and orthorhombic Cu;SbS; phases. Positron
annihilation spectroscopy measurements show the formation
of a large number of Sb and S vacancies at higher tempera-
tures, which facilitates phase separation. The Kkinetically
trapped metastable phase transitions into thermodynamically
stable structures upon thermal treatment and does not revert
back to the original cubic phase during cooling.

Results and discussion

Nanocrystalline cubic-phase of Cu;SbS; was synthesised via a
facile solution-based approach employing ethanolamine as
both solvent and coordinating agent. Copper nitrate trihydrate
and antimony acetate served as the respective copper and anti-
mony precursors, while elemental sulfur was used as an
anionic source in the ethanolamine medium. The reaction
mixture was subsequently heated to 150 °C for 30 minutes and
then allowed to cool naturally to ambient temperature. This
low-temperature, solution-mediated process, coupled with
nanoscale particle formation, effectively stabilises the kineti-
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cally favoured cubic phase of Cu;SbS; at room temperature.
Phase purity and composition were conclusively established
through powder X-ray diffraction (PXRD), X-ray photoelectron
spectroscopy (XPS), Field emission scanning electron
microscopy (FE-SEM), transmission electron microscopy
(TEM), energy-dispersive X-ray spectroscopy (EDX), and
selected area electron diffraction (SAED) analysis. For compari-
son, bulk synthesis was conducted by using stoichiometric
amounts of elemental copper (Cu), antimony (Sb), and sulfur
(S) in vacuum-sealed quartz ampoules. The ampoule was sub-
jected to a controlled heating protocol, slowly ramping the
temperature to 900 °C over a period of 12 hours, and soaked at
this temperature for 48 hours before quenching in ice-cold
water.

In Fig. 1c and d, we present the room-temperature powder
X-ray diffraction (XRD) patterns for both bulk and nanocrystal-
line Cu3SbS; samples alongside their respective simulated pat-
terns. The bulk Cu;SbS; synthesised using the conventional
high-temperature solid-state method shows the PXRD patterns
corresponding to the monoclinic phase (space group P24/c)
(Fig. 1c). Thus, attempts to stabilise the metastable cubic
phase in bulk samples by rapid quenching in ice-cold water
were unsuccessful. The experimental PXRD pattern of the
nanocrystalline sample synthesised via the low-temperature
solution-phase route exhibits excellent agreement with the
simulated pattern corresponding to the cubic phase (space
group 143m) (Fig. 1d and Fig. S5), which is further supported
by the Rietveld refinement (Fig. S2 and Table S1). Therefore,
the PXRD analysis of both bulk and nanocrystals indicates that
pristine cubic Cu;SbS; cannot be accessed via high-tempera-
ture, thermodynamically controlled routes. The observations
also reveal that the metastable pristine cubic phase of Cu;SbS;

/s (a. u.)
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Fig. 2 Optical absorption spectra of cubic nanocrystalline CuzSbSs
measured at room temperature.
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can only be stabilised through nanoscale synthesis under low-
temperature conditions, highlighting the importance of the
synthetic route on phase selectivity. The as-synthesised nano-
crystalline cubic CuzSbS; is a semiconductor in nature, as
evident from optical band gap measurements. The spectrosco-
pically measured optical band gap of cubic CuzSbS; nanocrys-
tal is ~1.86 eV (Fig. 2), which is significantly blue-shifted rela-
tive to the as-synthesised bulk monoclinic counterpart (~1.65
eV) (Fig. S9).

The field-emission scanning electron microscopy (FESEM)
images reveal that the Cu;SbS; nanocrystals are nearly mono-
disperse, exhibiting nearly uniform size and morphology
throughout the sample (Fig. 3a and b). Energy-dispersive X-ray
(EDX) analysis confirms that the actual elemental composition
is Cus.15SbS;3,04, Which is in close agreement with nominal
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composition (Fig. S3). Furthermore, elemental mapping
demonstrates a homogeneous distribution of Cu, Sb, and S
within the nanocrystals, affirming the single-phase nature and
compositional uniformity of the synthesised material (Fig. 3c—
f). To further understand the morphology and microstructure,
transmission electron microscopy (TEM) and electron diffrac-
tion analysis were performed at room temperature for the syn-
thesised nanocrystals (Fig. 4). The particle size distribution
histogram derived from TEM images reveals a diameter
ranging from 45 to 55 nm, with an average of ~51.33 nm
(Fig. S4). This is reasonably consistent with the crystallite size
(~34.95 nm) estimated from XRD peak broadening using
Scherrer analysis, considering the difference between particle
and crystallite size (Table S2). Furthermore, the selected area
electron diffraction (SAED) pattern obtained from a single par-

Fig. 3

(a) and (b) Field emission scanning electron microscopy (FESEM) images of CusSbSs nanocrystals. (c)-(f) Energy-dispersive X-ray spec-

troscopy (EDX) elemental mapping of CuzSbSs nanocrystals. The mapping confirms the homogeneous distribution of constituent elements Cu, Sb

and S.
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Fig. 4
and (d) high-resolution-TEM (HRTEM) images showing (211) lattice planes.

ticle (inset of Fig. 4b) indicates the crystalline nature of the
nanoparticle. High-resolution TEM (HRTEM) images display
well-defined lattice fringes with an interplanar spacing of
4.20 A, which can be indexed to the (211) crystallographic
plane of cubic Cu;SbS; (Fig. 4c and d).

X-ray photoelectron spectroscopy (XPS) analysis confirms
the presence of all constituent elements within the nanocrys-
tals, with no detectable impurities observed (Fig. S6). The Cu
2p region exhibits two prominent peaks at binding energies of
932.15 eV and 951.56 €V, corresponding to Cu 2ps, and Cu
2p12, respectively.®*” The absence of a satellite peak near 942
eV confirms the exclusive presence of Cu'" oxidation state and
excludes the presence of Cu”* species.” A doublet at approxi-
mately 160.68 eV and 161.69 eV can be attributed to the S 2p3,
and S 2p;,, levels, respectively.*® The Sb 3p spectrum displays
binding energies at 767.2 eV (Sb 3ps;) and 813.46 eV (Sb
3p1s2), which are consistent with the expected values for Sb**
oxidation state.*® These results collectively confirm the compo-
sitional purity and the oxidation states of the constituent
elements in the nanocrystals.

After successful stabilisation of the cubic Cu;SbS; phase at
the nanoscale, we have investigated the influence of tempera-
ture on its metastability. Fig. 5 shows the heating-cooling

This journal is © The Royal Society of Chemistry 2026

(@) and (b) Transmission electron microscopy (TEM) images of Cu3SbS3 nanocrystals; the inset (b) shows the corresponding SAED pattern, (c)
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Fig. 5 Temperature-dependent heating—cooling Differential Scanning
Calorimetry (DSC) plot of the synthesised CuzSbS3z nanocrystals.

differential scanning calorimetry (DSC) measurements data of
cubic CuzSbS; nanocrystals. The DSC data show a strong, well-
defined A-shaped endothermic event with an onset at ~673 K
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and reaching a peak maximum at ~679 K. This process is
attributed to a phase transformation of the metastable cubic
Cu;SbS; to the thermodynamically stable phases. The relatively
narrow temperature range over which this event occurs
suggests a sharp and well-defined transformation. More
specifically, the material undergoes a transition to a mixed-
phase assemblage comprising two distinct tetrahedrite-type
polymorphs and an orthorhombic phase, as further corrobo-
rated by high-temperature powder X-ray diffraction (PXRD)
analysis, which will be discussed in a later section. Two weak
endothermic peaks (~620 and ~645 K) might be associated
with the structural relaxation/local phase transformation. This
observation indicates the metastable nature of the cubic
phase, which exists due to kinetic trapping, and thermal
energy supply helps to overcome the thermodynamic barrier
for conversion to the stable form. The cooling curve also con-
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firms its irreversible phase transition with the absence any
additional peaks.*®

Temperature-dependent PXRD measurements were per-
formed to probe the structural evolution in metastable cubic
Cu;SbS; (Fig. 6). The in situ diffraction pattern shows that the
cubic phase remains stable up to 623 K, which is consistent
with DSC results. Upon further rise of temperature at 648 K,
we observed the appearance of additional peaks along with the
cubic Cu;SbS; phase (Fig. 6a), indicating the onset of a ther-
mally activated structural change/decomposition in the
system. These additional peaks are identified due to the for-
mation of CuzSbS, phase (space group (I42m)) (Fig. 6b and c).
The intensity of these additional peaks becomes more promi-
nent at higher temperatures, as evident from the PXRD pattern
at ~683 K and 693 K. The transformation was observed to com-
mence around the similar temperature ranges as identified in

Heating
a [— 093K — Cu,Sbs, @3m | b c
— 883K — Cu,Sbs, /32m
— 648K
— 623K

Intensity (a. u.)

%

)
LA N |
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Fig. 6 Temperature-dependent PXRD of nanocrystalline CusSbSz showing an irreversible phase transition. (a—c) Heating cycle. (b and c) Magnified
views of the PXRD patterns shows the transition to S-rich and S-deficient phases at higher temperature. (d—f) Cooling cycle data, revealing the
decomposition of CuzSbSsz into a mixture of tetrahedrite-type cubic phases (C; and C;) and an orthorhombic Pnma phase (marked with an asterisk).
(e and f) Magnified views of key regions of the PXRD pattern depicting these phases.
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DSC measurements. The secondary phase formed at elevated
temperatures is structurally consistent with CuzSbS, and is rela-
tively sulfur-rich compared to cubic Cu;SbS;. However, given the
complex thermal behavior of metal sulfides, including sulfur vola-
tility and defect formation, the high-temperature phases detected
above 648 K may accommodate compositional variation through
nonstoichiometry and defect formation rather than representing
perfectly stoichiometric compounds.® It must be mentioned that
the subsequent cooling does not recover the original cubic
pattern, confirming the metastable nature of the cubic phase
(Fig. 6b). The material decomposed to a mixed-phase assemblage
comprising two distinct cubic tetrahedrite-type polymorphs
(Fig. 6e and f) marked as C, and C,, and an orthorhombic phase
(marked with an asterisk, Fig. 6d), as evident by cooling cycle
PXRD analysis. Therefore, the transformation is irreversible in
nature and highlights the kinetic stabilisation of cubic Cu;SbS; at
nanoscale. The results also confirm that the cubic polymorph
cannot revert once transformed, emphasising the importance of
kinetically controlled, low-temperature synthetic methods for
accessing and stabilising metastable phases that are otherwise
inaccessible under equilibrium conditions.

Defect plays an important role in the phase transition/
decomposition of solids. To understand the role of defects in
the present case, we have performed a positron annihilation
spectroscopy (PAS) study. PAS is a powerful technique for
detecting vacancies or defect types in solids. The positron
annihilation lifetime spectrum (Fig. 7a) of the pristine and
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673 K annealed Cu;SbS; sample has been best fitted (using
PATFIT 88 computer code) with three lifetime components.
Table 1 presents the different lifetime components and their
intensities. The source component measured with a pure Al
and pure silicon sample has been well taken care during the
extraction of lifetime components. It shows a very long lifetime
component of 1532 ps to 1715 ps with an intensity of 3%. This
is very common in the polycrystalline samples, and the origin
of such long component is the pick off annihilation process,
i.e., positron initially formed an ortho-positronium (spin
triplet state) with an electron and subsequently decay with
another electron with opposite spin as para positronium (spin
singlet state). The intermediate lifetime component (z,) rep-
resents the lifetime of the positrons annihilating in a defect
site. The value of the intermediate lifetime component
reduces from 348 ps to 316 ps, and the intensity (I,) decreases
from 68% to 65% due to annealing at 673 K (the positron
annihilation was done at room temperature). The typical value
of positron lifetime in pure sulphur is 300 ps (ref. 51) and the
negatively charged sulphur vacancy reduces the position life-
time value. The shortest lifetime component, 7z; is the free
annihilation of positron at the bulk of the sample, which
decreases from 188 ps to 144 ps also the average positron life-
time (zae) decreases to 259 ps from 300 ps due to annealing.
The present experimental result suggests the formation of a
sulphur vacancy along with the existing cation defect due to
annealing at 673 K.

-&—- Cu,SbS, b
—@— 673 K fired Cu,SbS,

—_
o
1

—
»
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-
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Ratio wrt 99.9999 % pure Al SXL
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25

(a) Positron annihilation lifetime spectra for cubic nanocrystalline CuzSbSs. (b) The area normalised point by point ratio between the CDB

spectra of CuzSbSs and 673 K annealed Cu3SbS3 with the CDB spectra of defect-free 99.9999% pure aluminium.

Table 1 Different lifetime components and their intensities

Sample 7, (ps) I (%) 7, (ps) I, (%) 73 (ps) I3 (%)

Cu;Sbs; pristine 188+ 5 29+ 2 348+ 6 68 £2 1532 + 32 3+£0.2
Cu;SbS; fired at 673 K 144+ 4 32+2 316 £ 5 65+ 2 1715 + 36 3+0.2
This journal is © The Royal Society of Chemistry 2026 Nanoscale
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The coincidence Doppler broadening (CDB) spectroscopy
has been employed to understand the chemical nature of the
defect. The CDB data has been analysed by constructing a
ratio curve. In the present case, the ratio curve has been con-
structed between the area-normalised CDB spectra for the
673 K annealed Cu;SbS; sample with the area-normalised CDB
spectra of the pristine Cu;SbS; sample (Fig. 7b). The coinci-
dence Doppler broadening spectra of CuzSbS; and 673 K
annealed Cu;SbS; sample has been constructed with the CDB
spectra of a defect-free 99.9999% pure Al single crystal
(Fig. 7b). In the figure, we find a peak around the momentum
value 13 x 10™>mqc. In the positron annihilation process, just
before annihilation, positrons are thermalised i.e., their energy
is in the order of meV, but the annihilating electrons have
some kinetic energy. The kinetic energy of the electron, E, can
be estimated using the Virial approximation®® (in the atom,
the expectation value of the kinetic energy of an electron, Eip,
is equal to the binding energy of the electron), as Ey = p*/2m,,.
Considering the momentum value of 13 x 10~*mc, the corres-
ponding kinetic energy of the electron has been calculated as
43 eV. In the present sample, Cu;SbS; the electrons energy of
43 eV is very close to the 4d electron of the Sb (32 eV) atom.”?
The peak height has been increased due to annealing of the
Cu;SbS; sample at 673 K, suggest the positrons are more

375
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exposed to the 4d electrons of Sb. Since, lifetime data indicate
the formation of anion vacancy and ratio curve of CDB spectra
shows more annihilation of positrons with 4d electrons of Sb
atom, it is therefore concluded that due to annealing of the
Cu;SbS; sample sulfur-deficient sites has been generated in
the sample. This observation suggests that the formation of Sb
and S vacancy defects concentration after heating plays a criti-
cal role in the irreversible transformation of cubic Cu;SbS;
nanocrystals to orthorhombic Cu;SbS; and non-stoichiometric
tetrahedrite phases.

The semiconducting nature of the compound, presence of
lone pair electrons on the Sb and open isosceles [CuS,¢] con-
figuration motivated us to investigate the thermoelectric pro-
perties of cubic Cu;SbS; nanocrystals. To measure their ther-
moelectric properties, we treated the as-synthesised nanocrys-
tals with hydrazine and chloroform to remove any surface-
adsorbed ligands. The treated sample was hot-pressed under
vacuum in a graphite die by applying a pressure of 50 MPa at
523 K for 30 min. The density of the hot-pressed sample was
~90% of the theoretical density. At 335 K, the o values for
Cu;SbS; sample was ~245 S em ™, increasing to ~335 S cm™*
at 434 K, indicating the semiconducting nature (Fig. 8a). Upon
further heating, o values start to decrease and reaches a value
of ~6.3 S cm™" at 725 K. The ¢ values show variation in trend

a —@— Cubic Cu;SbS; 300 b —@— Cubic CuzSbS,
300+
250
£2251 .
£ X 200+
© >
9,150 2
b » 150
75-
100
0 al
T T T T 50 T T T T
300 400 500 600 700 300 400 500 600 700
T (K) T (K)
a8 c —@- Cubic Cu,SbS, d —@— Cubic Cu,SbS,
0.3
1.5-
= 0.2
£1.0 ks
=
e 0.1
0.0 : . . ; 0.0 . . . .
300 400 500 600 700 400 500 600 700
T (K) T (K)

Fig. 8 Temperature-dependent (a) electrical conductivity (o), (b) Seebeck coefficient (S), (c) thermal conductivity (), and (d) thermoelectric figure
of merit (zT) of hot-pressed cubic CuzSbSs. A 10% error bar is shown for zT estimation.
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above and below ~450 K. Moreover, as discussed previously
two weak endothermic peaks (~620 and ~645 K) in DSC could
be associated with the structural relaxation/local phase trans-
formation. Overall, structural relaxation/local phase transform-
ation at higher temperature might be the reason for the
observed anomaly in electrical conductivity.>*>>* The positive
Seebeck coefficient (S) indicates p-type conduction behaviour.
At 335 K, the S values for the Cu;SbS; sample was ~83 pv K™*
(Fig. 8b) and remains nearly flat up to 481 K (~96 pV K™ %), fol-
lowed by a steep rise at higher temperature and reaches a value
of ~271 uv K™' at 725 K. It must be mentioned that sub-
sequent cooling cycle data is not reversible in nature due to
metastable nature of the nanocrystal as discussed in previous
sections (Fig. S7). Hot pressed CusSbS; sample exhibits low
thermal-conductivity (k) ~0.77 W m™" K™' at 303 K, which
further decreased to ~0.52 W m™" K" at 725 K (Fig. 8c). Since
the sample has ~90% of the theoretical density, we have also
applied a porosity correction to x values. The porosity correc-
tion leads to a slight increase in « values within the measure-
ment temperature range.>* >’ It shows a value of ~0.89 W m™"
K™' at 335 K (Table S3 and Fig. $10). The lattice thermal con-
ductivity (k;) was determined by subtracting the electronic con-
tribution (k.) from the total thermal conductivity () using the
Wiedemann-Franz law relation, k. = LoT, where L is the Lorenz
number, and T is the temperature. This analysis reveals that
the nanocrystals possess a low lattice thermal conductivity
~0.69 W m~" K™ at 335 K (Fig. $8). The ultralow « originates
from the strong lattice anharmonicity induced by stereochemi-
cally active Sb 5s> lone pairs.***® Moreover, in the triangular
[CuS;] coordination environments of cubic Cu;SbS;, the
absence of one sulfur atom (denoted as ¢) gives rise to an
open isosceles [CuS,0] configuration, which leads to an
increase in the degree of freedom for the atoms. Such an
increase in degrees of freedom can leverage additional displa-
cement of the atom from its mean position. An atomic displa-
cement parameter (ADP), a measure of the mean square dis-
placement of an atom from its position, reflects this. Rietveld
refinement of the PXRD pattern (Fig. S2) reveals a Cu2 atom in
the isosceles [CuS,0] configuration at RT, exhibits Ui,
~0.01050 A* (Table S1), which is ~1.24 times higher than the
Cu1 atom from the CuS, tetrahedron (Ui, ~0.00848 A%). Such
elevated ADPs are characteristic of rattlers,””®® whose
vibrations strongly scatter the heat-carrying phonons. Thus,
anharmonicity induced by the Sb 5s> lone pair and ‘rattling’-
like Cu vibrations synergistically lead to ultralow thermal con-
ductivity. Finally, we have estimated the thermoelectric figure
of merit (27) of hot pressed cubic Cu;SbS;, which shows a
peak zT of ~0.23 at 627 K (Fig. 8d).

Conclusion

In summary, we have demonstrated the successful stabilisation
of the metastable cubic polymorph of Cu;SbS; at room temp-
erature in nanocrystalline form using a simple low-tempera-
ture solution-phase approach. Comprehensive structural and
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spectroscopic characterisations confirm the formation of
phase-pure cubic nanocrystals with a direct band gap of ~1.8
eV, distinct from the bulk monoclinic phase. Thermal ana-
lyses, high temperature PXRD and PAS study reveals that the
cubic phase remains kinetically stabilised up to ~623 K,
beyond which it irreversibly transforms into orthorhombic and
tetrahedrite-type structures, assisted by Sb and S vacancy for-
mation. Furthermore, nanocrystals exhibit p-type semiconduct-
ing behaviour and a low thermal conductivity of ~0.77 W m™*
K" at 303 K. The ultralow « originates from strong lattice
anharmonicity induced by stereochemically active Sb 5s” lone
pairs and local Cu coordination distortions. The results high-
light the critical role of nanoscale synthesis and kinetic
control in accessing otherwise inaccessible polymorphs,
thereby expanding the phase space of functional chalco-
genides. The insights gained from this work not only advance
the understanding of structural stability and transformation
pathways in CuzSbS; but also provide a framework for the
rational design of metastable phases with tailored opto-
electronic and thermoelectric properties.
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