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Synthesis of Cu-Sb-S nanocrystals: insight into the
mechanism of composition and crystal phase
selectionf

Qingshuang Liang,? Keke Huang,? Xiaoru Ren,? Wei Zhang,® Renguo Xie® and
Shouhua Feng*®

In this work, Cu-Sb-S nanocrystals (NCs) with various compositions and crystal structures are realized by
only tuning the amount of 1-dodecanethiol (DDT). When the DDT amount is 3.6, 5.5, 20.5, and 25.6 mmol,
pure tetragonal CusSbS,, cubic Cu;,Sb,4S3, orthorhombic CuSbS,, and orthorhombic CuzSbSs NCs are re-
spectively obtained. Systematic investigations demonstrate that different amounts of DDT are responsible
for formation of the different compositions and crystal structures of the initial Cu,_,S seeds, which results
into the formation of various Cu-Sb-S NCs. This reaction path is further verified by control experiments
from successful preparation of Cu-Sb-S NCs comparable to that of the as-prepared ones directly from the
reaction of Sb,Sz NCs with Cu,_,S seeds. The current study not only provides a facile and economical way
to synthesize high-quality Cu-Sb-S NCs, but also opens a new route for preparation other [-V-VI
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Introduction

Copper-based multi-component chalcogenides have received
considerable interest because of their high absorption coeffi-
cients, earth-abundant compositions, and low toxicity.'™®
Among these copper-based materials, the copper-antimony-
sulfide system, with four different phases (CuSbS,, CuzSbS;,
Cu;,Sb,S13, and CuzSbS,), have gained great attention for
their potential application in supercapacitors and scalable
photovoltaics.”*® The different components and crystal struc-
tures of these four phases lead to great differences in terms
of the electronic structures and potential applications.’’ >
For instance, several studies have found that CuSbS, has an
indirect band gap with low hole mobility,”****?* suggesting
that it may not provide the optimal carrier properties for use
in solar cells; however, its layer structure, with good ionic
conductivity, make it attractive for energy storage applica-
tions.”"* Cu,SbS;, which has a direct and suitable band gap,
has been considered as a promising absorber material for
sustainable and scalable thin-film solar cells.">**>*>> There-
fore, achieving composition and phase-controlled synthesis of
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multicomponent chalcogenides NCs, such as Cu-Bi-S systems.

Cu-Sb-S nanocrystals (NCs) is important for the use of them
in any type of device.

In conventional bulk Cu-Sb-S materials synthesis, mix-
phase structures are always obtained because of the very nar-
row thermodynamic stability window.>® Colloidal chemical
solution-based synthesis of semiconductor inorganic nano-
crystals has been well developed in the last few decades.?”*®
The ability to manipulate the nucleation and kinetic growth
of the nanocrystals has made composition and phase-
controlled syntheses possible.>*' In a Cu-Sb-S system, col-
loidal chemistry synthesis of phase-pure Cu-Sb-S NCs has
been reported.”*>***> Tachibana et al. first reported the syn-
thesis of monodisperse Cu;SbS, NCs using bis(trimethylsilyl)-
sulfide as sulfur source.” By reducing the amount of
bis(trimethylsilyl)sulfide and increasing the reaction tempera-
ture, monodisperse Cu,,Sb;S;; NCs were also prepared.32
Using a method of thermo-decomposition of a single-source
precursor, Wang et al. successfully synthesized rectangular
CuSbS, nanosheets (NSs), trigonal-pyramidal Cu,,Sb,S;3 NCs,
and rhombic Cu;SbS; NSs, respectively.® Gupta et al*®
reported the selective synthesis of phase-pure Cu-Sb-S NCs
of all four phases by careful selection of metal, sulfide pre-
cursors, and experimental conditions. The reaction parame-
ters, such as reaction temperature, precursor type and ratios,
and ligand composition, are found to be significantly impor-
tant in obtaining phase-pure Cu-Sb-S NCs.*>*>7** However,
due to various reaction procedures and repeatability, reaction
parameters for the formation of phase-pure Cu-Sb-S NCs are
sometimes controversial in the literature. Knowledge of
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composition and phase-controlled synthesis of Cu-Sb-S NCs
is still unclear, which lead us to explore of the formation
pathway and phase selectivity mechanism of Cu-Sb-S NCs.

In this report, we perform the phase selective synthesis of
Cu-Sb-S NCs by systematic investigation of reaction parame-
ters, such as capping agents, and the reactivity of sulfur pre-
cursors. By only tuning the amount of DDT, all four of phase-
pure Cu-Sb-S NCs are obtained. The effect of the amount of
DDT is studied in detail. The different amounts of DDT
greatly influence the composition and crystal structure of the
initial Cu,_,S seeds. The formation mechanism of NCs has
been proved to be reasonable because the Cu-Sb-S NCs with
different compositions and crystal structures are obtainable
by the reaction of Sb,S; NCs with different Cu,_,S seeds. Fur-
thermore, we find that the phase structures of Cu,_,S seeds
can also be affected by the reactivity of the sulfur precursor,
leading to phase selective synthesis of Cu-Sb-S NCs. This
study on phase selectivity mechanism could be extended to
the synthesis of other I-V-VI multi-component chalcogenides
NCs, such as the Cu-Bi-S system.

Experimental section

Chemicals

Copper(un) acetate (Cu(Ac),, 98%), 1-dodecanethiol (DDT,
98%), and 1-octadecene (ODE, 90%) were purchased from
Alfa Aesar. Oleic acid (OA, 98%) and sulfur powder (99.5%)
were obtained from Aladdin. Antimony chloride (99.5%) and
hexane (analytical reagent) were purchased from Sinopharm
Chemical Reagent Co., Ltd. Ethanol (analytical reagent) was
obtained from Beijing chemical works. All chemicals were
used as received without further purification.

Preparation of sulfur precursor

The sulfur precursors were obtained by dissolving 4.4 mmol
sulfur powder in 5 mL ODE under argon atmosphere at 120 °C
followed by heating at different temperatures (200 °C, 180 °C,
and 150 °C) for 20 min.

Synthesis of Cu-Sb-S nanocrystals

The synthesis of Cu-Sb-S nanocrystals was carried out in ODE
by the hot-injection method. In a typical synthesis, 1 mmol
Cu(Ac), (0.1816 g), 1 mmol SbCl; (0.2281 g), 1 mL DDT,2 mL
OA, and 7 mL ODE were loaded into a 100 mL three-neck flask
attached with a Schlenk line. The flask was degassed by a vac-
uum pump for 30 min to remove water and other low-boiling
point impurities at 120 °C. Then, the temperature was increased
to 200 °C in 10 min under an argon atmosphere. The as-
prepared sulfur precursor was quickly injected and the tempera-
ture was maintained at 200 °C for 1 hour with continuous vigor-
ous stirring. After the mixture was cooled to room temperature,
5 mL of hexane and 25 mL of ethanol were added, and the mix-
ture was sonicated for 5 min to remove all the free ligands and
the unreacted precursors. The solution was centrifuged at 8000
rpm for 5 min. The upper liquid layer was decanted and the iso-
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lated solid was dispersed in hexane and re-precipitated by
adding ethanol. Centrifugation and precipitation was repeated
three times and the final products were re-dispersed in hexane
or dried under vacuum for further measurements.

Characterization

X-ray power diffraction (XRD) patterns were recorded on a
Rigaku D/Max 2500V/PC X-ray diffractometer with graphite
monochromic Cu Ka radiation (4 = 0.1518 nm). Transmission
electron microscopy (TEM) and high-resolution transmission
electron microscopy (HRTEM) images were taken with a FEI
Tecnai G2 S-Twin F20 with an accelerating voltage of 200 kv.
The sample for TEM analysis was prepared by placing a drop
of the NCs hexane solution on a carbon-coated copper grid
and letting it air dry. The compositions of the as-prepared
Cu-Sb-S NCs were determined quasi-quantitatively by a He-
lios NanoLab 600I from FEI Company, at an acceleration volt-
age of 20 kV. X-ray photoelectron spectroscopy (XPS) was car-
ried out with a Thermo ESCALab 250 analyzer operating at
constant analyzer energy mode. The optical property mea-
surements were performed on a U4100 UV-vis spectropho-
tometer equipped with an integrating sphere attachment
using the as-prepared dry powers of the NCs.

Results and discussion

Cu-Sb-S nanocrystals were synthesized by a hot-injection proce-
dure. Given that SbCl; has very low affinity to DDT, and Cu(Ac),
is unable to dissolve in OA, the combination of DDT and OA is
a good choice for balancing the reactivity of the precursors. Af-
ter fixing the reaction temperature, precursor ratios and other
parameters, we found that by only tuning the amounts of DDT,
all four phase-pure Cu-Sb-S NCs could be obtained.

Fig. 1a shows the typical TEM image of NCs prepared with
3.6 mmol DDT. The as-prepared NCs show irregular to tetrago-
nal shapes an average size of 61 + 19 nm. In the HRTEM im-
age (Fig. 1b), the observed lattice spacings of 0.31, 0.38, and
0.48 nm could be assigned to the (112), (110), and (101) planes
of tetragonal Cu;SbS,, respectively. The acute angles between
the planes were 90° and 50.7°, respectively. The XRD result in
Fig. 1c shows that all the diffraction peaks from the product
can be indexed to tetragonal Cu;SbS, (PDF card No. 71-0555),
thereby illustrating the pure phase of the obtained NCs. In-
creasing DDT to 4 mmol, little XRD peaks appear, and these
peaks could be indexed to Cu;,Sb,Sq3 (Fig. S1f). Further in-
creasing the DDT amount to 5.5 mmol results the preparation
of phase-pure Cu,;,Sb,S;; NCs. The XRD pattern in Fig. 1f cor-
responds to cubic Cu;,Sb,S;; (PDF card No. 88-0282). The
TEM micrograph (Fig. 1d) shows that the cube nanocrystals
have an average size of 140 + 23 nm. The HRTEM image of the
as-prepared NCs (Fig. 1e) shows the perfect single crystal struc-
ture of Cuy,Sb,;S;3 NCs. The observed interplanar distances of
0.30, 0.42, and 0.33 nm correspond to the (222), (112), and
(310) planes of cubic Cu;,Sb,S;3, respectively. The observed
acute angles also agree well with theoretical values. When the
amount of DDT was in the range of 6-19 mmol, mixed-phases

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 TEM image, HRTEM image and XRD patterns of as-prepared (a—c) CuzSbS, nanocrystals; (d-f) Cu;,Sb4S;13 nanocrystals; (g-i) CuSbS, nano-

crystals; and (j-1) CusSbSz nanocrystals.

of Cu;,Sb,S;3, CuSbS,, and Cu;SbS; NCs were obtained
(Fig. S17). With further increases in DDT to 20.5 mmol, the
XRD result in Fig. 1i confirms the formation of orthorhombic
CuSbS, NCs (PDF card No. 88-0822). In the HRTEM image
(Fig. 1h), a lattice spacing of 0.30 nm was identified as the (200)
plane, and a lattice spacing of 0.19 nm was indexed to the (020)
plane perpendicular to the (200) plane. TEM images (Fig. 1g) of
the as-prepared CuSbS, NCs show the tetragonal shape with an
average size of 52 + 8 nm. Phase-pure Cu;SbS; NCs were
obtained with further increases in the amount of DDT to
25.6 mmol. The peaks in Fig. 11 match well with the standard
diffraction pattern of orthorhombic Cu;SbS; (PDF card No. 88-
1336). In the HRTEM image (Fig. 1k), clear lattice fringes with
average interplanar distances of 0.28, 0.51, and 0.33 nm corre-
spond to the (022), (020), and (002) planes of orthorhombic
Cu;Sbs;, respectively. The TEM micrograph of Cu;SbS; NCs
shows the oval structure with an average size of 72 + 5 nm.

Energy-dispersive X-ray spectroscopy (EDS) and XPS were
conducted to confirm the compositions and phase structures.
To acquire reliable data, quantitative EDS analysis at different
locations was carried out. The nominal compositions for all four
phases were found to be close to the expected ones (Fig. S2,
ESIT). Interestingly, XPS analysis (Fig. S3-S61) showed that the
valence states of cations of all four phases were the same: for
Cu is Cu(1) and Sb is Sb(i). For CuzSbS, nanocrystals, Sb(m) in-
stead of Sb(v) had been previously found in the literature.” For
Cuy,Sb,S;3 NCs, most of the reports reported that copper
existed both in Cu() and Cu(u) oxidation states.>> However, the
oxidation state of copper is still a matter of debate in bulk
materials.***”

This journal is © The Royal Society of Chemistry 2016

Apparently, the key factor on the composition and phase-
controlled synthesis of Cu-Sb-S NCs was the amount of added
DDT. In the synthesis of Cu-based chalcogenides, alkane thiols
have been explored with various roles, such as surfactant, sulfur
source, and solvent.***° To understand the composition and
phase selectivity mechanism of Cu-Sb-S NCs, we investigated
the role that DDT played in the synthesis first. In a contrast ex-
periment, the stoichiometric amounts of Cu(Ac), and SbCls,
DDT, OA, and ODE were placed in a three-neck flask, cycled be-
tween vacuum and argon three times at 120 °C, and then
heated at 200 °C for 1 h. XRD and TEM showed that the
obtained products were ultrathin Cu,S, nanosheets instead of
Cu-Sb-S ternary NCs (Fig. 2). This result indicated that DDT
was not a sulfur source for the growth of Cu-Sb-S NCs. We have
noted that SbCl; does not react with DDT to produce Sb,S; or
Sb,Ss, even when the reaction temperature reaches at 278 °C.
Generally, DDT is introduced as a reactivity controlling ligand
in the synthesis of Cu-based multicomponent chalcogen-
ides.*"**> According to the hard-soft acid-base theory, Cu" is a
soft Lewis acid and Sb®" is an intermediate Lewis acid. There-
fore, the S precursor, being as soft Lewis base, will be more re-
active to Cu" than to Sb®", After the adding of DDT, strong bind-
ing of DDT to Cu" ions give rise to a relatively slow reaction of
the copper ions with the chalcogens. By this, phase selective
synthesis may be involved in the relative reaction rates between
different metal precursors and S precursors. By reducing the Cu
precursor ratios, the relative reaction rate between Cu precursor
and S precursor decreases. However, composition and phase-
controlled synthesis of Cu-Sb-S NCs was not achieved
(Fig. S71). When the added amount of DDT was fixed and the

CrysttngComm, 2016, 18, 3703-3710 | 3705
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Cu/Sb precursor ratios were systematically changed from 1:0.3
to 1:2, all of the products were phase-pure Cu;SbS, NCs. Fur-
ther increasing the Sb precursor ratios just lead to the forma-
tion of Sb,S; impurities. Thus, the role of DDT was more than a
reactivity-controlling ligand in the growth of Cu-Sb-S NCs.

To further obtain insight into the role of DDT and the phase
selectivity mechanism, experiments on the formation pathway
of these NCs were performed. Several works™**** have indi-
cated that the growth of the copper-based ternary (I-III-VI) or
quaternary (I-II-IV-VI) NCs roots generally from the insertion
of the III or II, IV cations into the pre-formed binary Cu,_,S
seeds. However, in the case of Cu-Sb-S NCs, the issue may be
different. When Cu(Ac), and DDT were heated at 200 °C for
30 min, small Cu,S seeds were prepared (Fig. S8a and S8bt).
Injection of SbCl; in OA and ODE solution followed by heating
the mixture at 200 °C for 1 h did not result in any Cu-Sb-S
NCs; however, larger Cu,S NCs were formed (Fig. S8a and
S8ct). When we separately prepared Cu,S and Sb,S; NCs, and
then inject them together with heating at 200 °C for 1 h, pure
Cu;zSbS; NCs were obtained (Fig. 3). While for the Cu,S, and
Sb,S; counterparts, Cu;,Sb,S;3 and Cu;SbS; mixed-phase NCs
were formed (Fig. S9t). Based on these results, we concluded
that the formation of Cu-Sb-S NCs may relate to the reaction
of Sb,S; with different Cu,_,S seeds. In other words, the for-

80
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(a) XRD and (b) TEM image of Cu,S4 nanosheets obtained by heating stoichiometric amounts of Cu(Ac),, SbClz, and DDT at 200 °C for 1 h.

mation pathway of Cu-Sb-S NCs was possible by the reaction:
Cu,_,S + Sh,S; — Cu-Sb-S NCs.

Based on this formation pathway, we discuss the influence
of the amounts of DDT on the Cu,_,S and Sb,S; seeds,
respectively. Cu(Ac),, or SbCl;, in different amounts of DDT re-
spectively, react with the sulfur precursor. For SbCl;, regardless
of the amount of DDT added, the obtained NCs are always
orthorhombic Sb,S; (Fig. S10f). However, for Cu(Ac),, the
amount of DDT does greatly influence the composition and
crystal structure of the formed Cu,_,S NCs (Fig. 4). When the
amount of DDT is 0.7, 2, 9.5, and 10 mL, hexagonal Cus, cubic
Cuy,S,;, monoclinic Cuz;S;6, and hexagonal Cu,S NCs are
obtained, respectively. A similar phenomenon has also been ob-
served in the literature.*>*® Plass et al.*® recently reported that
alteration of the DDT/OA solvent ratio lead to the preparation of
a variety of different copper sulfides with varying compositions
and crystal structures (CuS, CuygS, CuyoeS, and Cu,S). The
phase selectivity of copper sulfides was attributed to different
precursor speciation, which originated from the different reduc-
ing ability of DDT versus OA. Therefore, in our systems, DDT not
only acted as a reactivity controlling ligand, but also as the con-
troller of reducing ability. The different DDT amounts lead to
different reducing conditions, thereby resulting in the formation
of different compositions and crystal structures of Cu,_,S seeds.

(a) XRD and (b) TEM image of nanocrystals synthesized with Cu,S and Sb,Ss as seeds at 200 °C for 1 h.

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 XRD patterns of nanocrystals synthesized with (a) CuS and Sb,S3 as seeds at 200 °C for 1 h; (b) Cuz;S;6 and Sb,Ss as seeds at 200 °C for 1 h.

The formed Cu,_,S seeds reacted with Sb,S; NCs, resulting in
different compositions and phase structures of Cu-Sb-S NCs.
That is, the composition and phase-controlled synthesis of
Cu-Sb-S NCs was determined by the initial Cu,_,S seeds.

To confirm this mechanism, we synthesized Cu-Sb-S NCs by
the reaction of Sb,S; NCs with CuS or Cujz;S;¢ NCs at 200 °C for
1 h, respectively. Fig. 5 shows the XRD patterns of pure-phase
Cu3SbS, and CuSbS, NCs, respectively, illustrating the composi-
tion and phase-controlled synthesis.

In the literature,”***** both the type and the amount of sul-
fur sources were found to be significantly important to the
phase-selective synthesis of Cu-Sb-S NCs. Yet the substantial
role of the sulfur source has not been explored. By changing the
reactivity of sulfur precursors, we discuss the effect of sulfur
source on the composition and phase-controlled synthesis of
Cu-Sb-S NCs. It has been known that the reactivity of sulfur
precursors can be controlled by the heating temperature and re-
action time.*” High temperature converts the S8 rings to poly-
sulfides with long S chains and promotes the breakage of the
long S chains, making the sulfur precursors more active. As
shown in Fig. 6, when elemental sulfur in 1-octadecene heated

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 XRD patterns of nanocrystals synthesized with different reactivity
of sulfur precursors prepared by heating at (a) 240 °C; (b) 200 °C; (c)
180 °C; (d) 150 °C; and (e) 120 °C for 20 min.
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to 120 °C for 20 min, Cu;SbS, NCs are obtained. While with fur-
ther increase in temperature to 150 °C; 180 °C; and 200 °C,
mixed-phases of CuzSbS; and Cu,;,Sb,S;3; pure CuSbS,; and
mixed-phases of Cu;,Sb,S;3, CuSbS,, and Cu;SbS; NCs are
obtained, respectively. Further increases in temperature leads to
the formation of Cu,S NCs instead of Cu-Sb-S ternary NCs. The
reactivity of sulfur precursors also does have a significant effect
on phase-selective synthesis of Cu-Sb-S NCs. To explore the role
of the sulfur source, we investigated the effect of the reactivity
of sulfur precursors on the Cu,_,S and Sb,S; seeds, respectively.
Similar to the amount of DDT, the different reactivity of sulfur
precursors does not have a noticeable impact on the Sb,S;
seeds, but they do result in different compositions and crystal
structures of Cu,_S NCs. When the other reaction parameters
are fixed and the reactivity of sulfur precursors is changed with
heating at 150 °C and 200 °C for 20 min, the obtained Cu,,S
NCs are hexagonal CuS and Cu,S (Fig. S11, ESI{), respectively.
These results further confirm that phase-selective synthesis of
Cu-Sb-S NCs is determined by the initial Cu,_,S seeds. When
the reactivity of the sulfur precursor, or the DDT amount is
changed, different compositions and crystal structures of Cu,_,S
seeds are formed because of the different reducing abilities of
the systems. A clear formation path of Cu-Sb-S NCs is demon-
strated in Scheme 1. Different compositions and phase structure
of Cu-Sb-S NCs are obtained by the reaction of the Cu,_,S seeds
with Sb,S; seeds.
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Fig. 7 Extrapolation of the absorption spectra in the band edge region for the determination of band gaps of the as-prepared (a) CuzSbS,, (b)

Cu15Sb4S13, (c) CuSbS,, and (d) CusSbSz nanocrystals.
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The optical properties of the as-synthesized phase-pure
Cu-Sb-S NCs were investigated by UV-vis-NIR absorption
spectroscopy (Fig. S12, ESIt). The optical band gaps were esti-
mated by using the method based on the relationship of
(afv)" versus hiv (where « is absorbance, 7 is Planck's constant,
and v is frequency, n = 2 or 1/2). The results (Fig. 7) show that
all of the Cu;SbS,, Cu;,Sb,S;3, and CuSbS, NCs were indirect
band gap semiconductors with band gaps of ~1.33, ~1.34,
and ~1.25 eV, respectively; while for Cu;SbS; NCs, the direct
band gap was 1.15 eV. The band gap value and direct absorp-
tion nature of the as-prepared CuzSbS; NCs were in good
agreement with previous reports’®?>** and make them attrac-
tive candidates for the application of solar energy conversion.
CusSbs, has been found as an indirect band gap semiconduc-
tor in theoretical calculations,'” however, experimental results
for CuSbS, have reported it to be both a direct and indirect
band gap material.>**®> The band gap value and indirect be-
havior of the CuSbS, NCs in our results are consistent with
the theoretical study. Because of the large size of the obtained
NCs, no quantum confinement effect was observed, and thus,
their indirect bands were all in good agreement with the pre-
vious reports of bulk Cu;SbS,, Cu;,Sb,S;;.*5*

Conclusion

In this work, composition and phase-controlled synthesis of
Cu-Sb-S NCs are performed by a facile hot-injection procedure.
While fixing the other parameters, by only changing the amount
of DDT, a series of pure tetragonal Cu;SbS,, cubic Cu;,Sb,S;3,
orthorhombic CuSbS,, and orthorhombic Cu;SbS; NCs are
obtained. A systematic investigation shows that the DDT not
only acts as reactivity controlling ligand, but also as the control-
ler of reducing ability. Different amounts of DDT leads to the
different reducing conditions. As a result, different compositions
and crystal structures of Cu,,S seeds are formed. The reactions
of Sb,S; NCs with different Cu,_,S seeds reveal that the composi-
tion and phase-controlled synthesis of Cu-Sb-S NCs is deter-
mined by the initial Cu,_,S seeds. Furthermore, the phase struc-
tures of Cu,_,S seeds can also be affected by the reactivity of the
sulfur precursor. This scenario will lead to the phase selective
synthesis of Cu-Sb-S NCs. This phase selectivity mechanism
may have positive implications on other I-V-VI multicomponent
chalcogenides NCs such as the Cu-Bi-S system.
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