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Synthesis of Cuz;SnS, nanocrystals and nanosheets by using Cuz;S;¢ as seedsT
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Orthorhombic Cu3SnS, nano-cuboids and nanosheets were synthe-
sized by using monoclinic Cuz;S;¢ nanocrystals as seeds. Trans-
mission electron microscopy and powder X-ray diffractometry were
adopted to investigate the resultant nanocrystals and the structural
transformation of monoclinic Cus;S;¢ to orthorhombic Cu3SnS,.

Multinary semiconductor materials have attracted increasing atten-
tion due to their potential applications in photovoltaic devices,'
nonlinear optical materials,? superconducting materials,? fluorescent
materials,* etc. The physical properties of multinary semiconductors
are highly abundant because the electronic structures of multinary
semiconductors can largely be tuned by the stoichiometric ratio of the
constituent elements. Although the physical properties as well as the
preparation of thin films of various types of multinary semiconductor
materials have largely been investigated, the synthesis of multinary
semiconductor nanomaterials remains a hot topic. Nanometre sized
semiconductors on the one hand present unique physical properties
due to the quantum confinement effect. On the other hand, low cost
processing techniques can facilely be used for integrating semi-
conductor nanoparticles into optoelectronic devices.>™!

Djurleite (Cuz;Sis) as a metal chalcogenide compound semi-
conductor possesses a cationic deficiency structure. At temperatures
above 125 °C, Cuz;Si¢ has only 85% of its copper sites in the
hexagonally packed framework of sulfur atoms occupied,”? which
makes Cu atoms in Cuz;S;¢ behave virtually like “fluid” supported by
the fact that djurleite has large ionic conductivity above 100 °C.'
Therefore, djurleite is an ideal host for forming multinary semi-
conductors with unique physical properties. For example, copper
sulfide-based multinary semiconductors such as Cu(In,Ga)(Se,S),
and Cu,ZnSnS, have been demonstrated to be useful in solar cells
and non-linear optical materials."**” Nanometre sized Cu,ZnSnS,
was also reported to be possibly useful in achieving low cost photo-
voltaics.®?! Nevertheless, the Cusz;S;6 nano-seeds do not always lead
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T Electronic  supplementary information (ESI) available: (1)
Experimental details; (2) XPS analysis of sample 6; and (3) TEM,
XRD, and SAED results of nanosheets obtained via synthetic route 2
shown in Scheme 1 by 48 min and 5 h of reflux. See DOI:
10.1039/c1ce06153d

to a homogeneous structure. Our previous studies have demonstrated
that by successively pyrolyzing Cu(i) acetylacetonate (Cu(acac),) and
In(m) acetylacetonate (In(acac);) in dodecanethiol, Cu,S-In,S; het-
erostructured nanocrystals can be obtained.*? By a similar approach,
Cu; 94S-ZnS heterostructured nanorods instead of ternary semi-
conductor nanocrystals are also obtained.”® In difference, very
recently we have further demonstrated that pyrolyzing Cu(acac), in
dodecanethiol in the presence of SnCly leads to Sn doped Cus;S;s
nanosheets.?

Following on from our previous investigations on copper sulfide-
based semiconductor nanocrystals, herein we report our recent results
on quasi-cuboid Cus3SnS, nanocrystals and thin CuzSnS4 nanosheets
prepared by using faceted Cu, o4S nanocrystals and ultrathin Cu; ¢4S
nanosheets as templates. The structural transformation of monoclinic
Cugz;S;6 to orthorhombic CuzSnS, was also investigated.

Two synthetic routes as shown in Scheme 1 were adopted in the
current investigation. In the first synthetic route, 1.00 mmol of Cu
(acac), was firstly pyrolyzed at 200 °C in 30 mL of dodecanethiol for
1 h to obtain Cus;S;¢ nano-seeds, into which 10 mL of dodecanethiol
stock solution containing 0.50 mmol of SnCly-5H,O was then
intermittently injected by three times with an interval of 1 h. After
that, the reaction was allowed to proceed for 4 more hours under
reflux. Aliquots were extracted every hour during the preparation for
monitoring the particle growth. The resultant nanocrystals were
collected and purified by using ethanol as precipitant. Fig. 1a shows
a representative transmission electron microscopy (TEM) image of
the nanoparticles (sample 6) obtained 4 h after the last portion of

Synthetic Route 1

SnCly5H,0 SnCly5H,0 SnCly-5H,0
in DDT in DDT in DDT
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Cu3¢Sg seeds J sample 1 -j sample 2 j
60 min 60 min 60 min 60 min

sample 3 j sample 4 j sample 5 j sample 6 j
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Scheme 1 Synthetic routes for Cus;SnS, nanocrystals and nanosheets.
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Fig.1 TEM image (a), powder XRD pattern (b) and UV-Vis absorption
spectrum (c) of sample 6. The diffraction peaks in frame (b) are labeled by
the corresponding crystal planes of orthorhombic Cu;SnS, whose stan-
dard diffraction data (JCPDS card 36-0217) are plotted at the bottom.

SnCl, was injected. In general, most of the resultant nanoparticles are
rectangular in shape with a long-axis size of 31.8 + 4.9 nm on
average. The crystalline structure of this sample was analyzed by
XRD. As shown in Fig. 1b, the major diffraction peaks can well be
indexed to orthorhombic Cu;SnS, (JCPDS card No. 36-0217), while
the diffraction peak marked by “ 4 ” can be assigned to the diffrac-
tion of tetragonal Cu;SnS, which is often observed as a co-existing
phase in orthorhombic Cu;SnS, thin films prepared by the sputtering
method.” Further XPS analysis revealed that the atomic ratio of
Cu : Sn : S in this sample is around 3.54 : 1.00 : 3.81 based on Cu2p,
Sn3d, and S2p core level peaks, quite close to the stoichiometric ratio
within CusSnS,. More details are provided in Fig. S1 in the ESI. The
as-prepared nanocrystals can well be dispersed in tetrahydrofuran to
form a colloidal solution, which allowed further characterization of
their optical properties. A typical ultra-violet and visible (UV-Vis)
absorption spectrum of the nanocrystals is provided in Fig. Ic. In
general, the absorption spectrum is rather featureless with the
absorption edge located around 840 nm (1.48 eV), slightly red-shifted
in comparison with that, ie., at 800 nm (1.55 eV) for orthorhombic
Cu;SnS,,% which can be understood by the existence of the trace
tetragonal Cu3SnS, phase. Because the absorption edge of the latter
one is typically around 1016 nm (1.22 eV),# it is deserved to mention
that no orthorhombic CuzSnS, nanoparticles have been reported
before let along their optical properties. Therefore, the absorption
edge herein is extracted from the cross-point of the extended lines
from the absorption and non-absorption areas.

As a matter of fact, the synthesis of hexagonal Cu,SnS; nano-
crystals,® triclinic Cu,SnS; nanocrystals®” and tetragonal Cu;SnS,
nanocrystals®*® was previously reported. But to the best of our
knowledge, the orthorhombic phase Cu3;SnS, nanocrystals were not
reported before. Due to its suitable bandgap, orthorhombic CusSnS,
can be potentially used as an inexpensive light absorption material for
solar cells. Therefore the formation of orthorhombic Cu;SnS,
nanocrystals was carefully followed by both TEM and XRD
measurements. As shown in Fig. 2, the initial nanocrystal seeds of

17.6 £ 1.5 nm are quasi-spherical with an observable hexagonal-
faceted structure. The XRD results placed aside support that seeds
are monoclinic Cuz;S;¢ nanocrystals (17.6 = 1.5 nm). They are
subsequently elongated after the first portion of SnCl, was injected
and then remain nearly unchanged in shape after all three portions of
SnCl, were injected. Nevertheless, the XRD patterns are gradually
altered by showing new diffraction peaks at around 48.0° and 51.7°
starting from sample 3 that was extracted 1 h after all SnCl, portions
were introduced. These two diffraction peaks correspond to the
(0 0 20) and (2 0 18) of orthorhombic Cu;SnS,. Upon prolonged
reflux, the elongated hexagonal nanocrystals are gradually trans-
formed into cuboid nanocrystals as shown in Fig. 2f. Along with this
morphological change, the diffraction peaks of (2 0 0), (0 0 12), and
(12 6) of orthorhombic CusSnS, gradually develop. In the meantime,
the characteristic diffraction peaks of monoclinic Cusz S at 37.6°,
46.3°, and 48.6° gradually vanish, accompanied by a gradual increase
in the Sn/Cu ratio indicated in Fig. 2. In our previous investigations,
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Fig. 2 TEM images of Cuz;S;¢ nanocrystal seeds (a), sample 1 (b),
sample 2 (c), sample 3 (d), sample 4 (e), and sample 5 (f) together with the
corresponding XRD patterns laid aside. In each XRD frame, the stan-
dard diffraction peaks of Cus;S;s (JCPDS card 23-0959) and CusSnS,
(JCPDS card 36-0217) are placed on the top and at the bottom, respec-
tively. In addition, the Sn/Cu ratio of each sample is also inserted.
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Cus;S;6 nanocrystals were used as a host matrix for indium and zinc
ions, but similar preparations led to heterostructured Cu,S-In,S; and
Cus;S6-ZnS nanocrystals, respectively.’®* In difference, the current
reaction system generates ternary CusSnS, nanocrystals rather than
heterostructured ones, which suggests that Sn atoms can not only
enter the copper vacancy in Cuz; Sy at elevated temperature, but also
change the crystal cell of Cuz S to give rise to the orthorhombic
phase Cu;SnS,. Although djurleite Cus;S;¢ belongs to a monoclinic
crystal system, the § angle is only of 90.13°, quite close to 90°.
Therefore, the structural transformation of monoclinic Cusz;S;¢ to
orthorhombic Cus3SnS, costs less energy than to tetragonal CusSnSy
nanocrystals which are the typical phase formed by hydrothermal
synthesis.?®

We have previously demonstrated that SnCl, has a remarkable
ability in regulating the shape of Cus;S;¢ nanocrystals formed by
pyrolyzing Cu(acac), in dodecanethiol, because SnCl, can coordinate
with dodecanethiol forming stable complexes that preferentially
attach on the {100} facets of the djurleite and hinder the crystal
growth along the [100] direction. Consequently ultrathin 2D Sn-
doped djurleite nanocrystals can be obtained.** The current results
shown in Fig. 1 and 2 suggest that binary Cuz;S;¢ can be used as
seeds for synthesizing ternary Cu;SnS, nanocrystals. Therefore, the
second synthetic route shown in Scheme 1 was adopted for synthe-
sizing Cu3SnS, nanosheets. In brief, 30 mL of dodecanethiol solution
containing 1.00 mmol of Cu(acac), and 0.50 mmol of SnCly-5H,O
was refluxed. During the early stage of reflux, e.g., 48 min, Cusz;S¢
nanosheets of 209 £ 33 nm in lateral dimension and less than 1 nm in
thickness were also obtained as shown in Fig. S2 in the ESIf. High-
resolution TEM results provided in Fig. S3t support that the
nanosheets are single crystals. However, when the reflux time reached
5 h, the nanosheets comprised of both monoclinic Cus;S;s and
orthorhombic CuzSnS, phases were formed, as shown in Fig. S4 in
the ESIF. Careful XRD investigations suggested that 10 h of reflux is
the minimum time for achieving orthorhombic Cu;SnS, as shown in
Fig. 3a. The XPS eclemental analysis suggests that the Cu:Sn: S

Fig. 3 TEM images of the nanosheets obtained by 10 h of reflux via
synthetic route 2 (a—c) and the SAED pattern (d) of the single nanosheet
shown in frame (c).

ratio for the nanosheets is of 3.00 : 1.37 : 3.66, close to 3:1: 4 for
CusSnS,. In the meantime, the thickness of the resultant nanosheets
increases to ~15 nm as indicated by the results in Fig. 3b. A repre-
sentative nanosheet together with the selected area electron diffrac-
tion (SAED) pattern is shown in Fig. 3c and d, respectively. Close
observation reveals that the bottom and top surfaces, i.e., the original
(100) facets of Cuz;S;6 nanosheets, are transformed into (010) facets
of orthorhombic CusSnS,.

In summary, it has successfully been demonstrated that ternary
orthorhombic Cu3SnS, nanocrystals can be synthesized by using
Cuz;S;6 as seeds owing to the cationic deficiency structure of Cusz;Sig
at elevated temperature. As the shapes of the Cus;S;s seeds can
largely be preserved during the synthesis, quasi-cuboid Cu3SnS,
nanocrystals and Cu;SnS, thin nanosheets are obtained by using
faceted Cu;;S;¢ nanocrystals and ultrathin Cus;S;¢ nanosheets as
template, respectively. The current investigation therefore suggests
that taking the advantage of the cationic deficiency structure of
Cu;;S;6, different copper sulfide-based multinary semiconductor
nanocrystals can potentially be obtained by using nanostructured
Cus;;S6 as template.
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