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ABSTRACT: Sn-doped ultrathin copper sulfide nanosheets of

209 % 33 nm and nanoplates of 36.0 & 5.9 nm were synthesized
by pyrolyzing copper(II) acetylacetonate (Cu(acac),) in dode-
canethiol in the presence of different amounts of SnCl, - SH,O.
The large nanosheets appeared in hexagonal and quasi-trian-
gular shapes, while the small nanoplates presented mainly
triangular shapes. Transmission electron microscopy (TEM)
studies revealed that both nanosheets and nanoplates tended to
form face-to-face stacking, which was further confirmed by
X-ray diffraction studies. Such a self-assembling tendency
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became so strong for the small nanoplates that they formed one-dimensional (1D) self-assembled nanorods of 365 £ 145 nm.
Atomic force microscopy studies revealed that the thickness of nanosheets was around 6.4—6.6 A. The powder X-ray diffraction and
high resolution TEM investigations demonstrated that the resultant two-dimensional (2D) nanocrystals are of monoclinic djurleite
(Cus;S16). Further investigations on different control samples revealed that Sn could partly replace Cu in forming lamellar
supramolecular structures which actually acted as the precursors for the ultrathin 2D djurleite nanocrystals. Because of the excellent
thermal stability and protective effects, the Sn-dodecanethiol complexes survived the pyrolysis of Cu(acac), and preferentially
attached on {100} facets of the resultant djurleite nanocrystals. Consequently, the growth of djurleite nanocrystals along the [100]
direction was blocked, resulting in 2D Cus;S;¢ nanocrystals. The dipole—dipole interaction along the [100] direction and the
hydrophobic interaction between the nanoplates were the main driving force for the formation of 1D superstructures of the

nanoplates.

B INTRODUCTION

Two-dimensional (2D) nanomaterials such as nanosheets and
nanoplates are especially worth researching because they as
building blocks are superior over spherical nanocrystals for
constructing nanodevices with desired crystal orientation owing
to their anisotropic structures." > In particular, recent develop-
ments on 2D crystalline nanosheets such as graphene® and
transition-metal chalcogenides’ ® have sparked tremendous
research interest for exploring the synthesis and physical proper-
ties of 2D nanomaterials as they are potentially useful not only for
developing new generation of optoelectronic devices,' but also
for high performance catalysts."'

Anisotropic bulk materials such as inorganic layered materials
are the most effective precursors for achieving 2D nanomaterials.
As a matter of fact, many inorganic layered materials exist
possessing strong in-plane bonds and weak van der Waals-like
coupling between layers. Owing to such a layered structure, they
can be split into individual atomic layers through chemical
exfoliation'>"* or mechanical exfoliation methods by which
nanosheets such as BN,"*!° BiTe,® MoS,,” WS,,” MoSe,,” and
graphene6 have been obtained, and the thickness of the resultant
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2D materials is often composed of a few atomic layers. Apart
from the inorganic layered materials, metal—organic layered
solids were also found to be able to be transformed into 2D
inorganic nanomaterials under proper chemical reactions.'*” %
For example, layered AgSC;,H,s was used as a precursor to
prepare uniform Ag nanodisks by the solventless thermolysis
method.” In a similar way, amorphous Bi nanofilms with a
thickness of several atoms (0.6 nm) and uniform Cu,S nanodisks
of 10 nm thick were successfully obtained via the solventless
thermolysis of layered Bi(SC,,H,;s)5 and layered Cu(SC,H,s),,
respectively.”>*" In-depth studies on the formation mechanism
of 2D nanomaterials via the thermolysis of metal—organic
layered precursors suggest that the growth of these 2D nano-
crystals is achieved largely due to the constraint from the layered
structure of the precursors.”!

Although various types of solution-based synthetic approaches
are widely utilized for synthesizing semiconductor, metal, and
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metal oxide nanocrystals with various morphologies and well-
defined nanostructures, they remain less successful in achieving
2D nanomaterials in comparison with their zero-dimensional
(0D) and one-dimensional (1D) counterparts.”>” >* With re-
spect to the formation of 2D nanostructures, preferential growth
along two axes has to be promoted with the growth along the
third axis being blocked.*>* So far, only a few 2D nanomaterials
have been synthesized, such as metallic cobalt nanodiscs>” and
lanthanide oxide nanoplates”®*” upon the solution-based syn-
thetic methods.

Nanocrystals of metal sulfides have driven particularly exten-
sive investigations among all types of inorganic nanocrystals in
recent years.”” "' Metal sulfides have narrow band gaps and
band edge levels at relatively negative potentials compared with
their corresponding oxides. Thus, the metal sulfides could be
good candidates for solar energy cells, photocatalysts, and water
treatment.** > For instance, Cu,_,S is a p-type semiconductor
with an x-dependent band gap energy varying from ~1.2 eV for
chalcocite (x =0) to ~1.5 eV for digenite (x = 0.2), accompanied
by a transformation from an indirect band gap semiconductor
into a direct band gap one. Djurleite is a copper sulfide mineral
with a formula of Cus;S;¢. In the crystal structure, djurleite has a
monoclinic structure with a large unit cell containing 248 copper
and 128 sulfur atoms.>® Our previous studies have shown that
Cus;S16 nanocrystals can be used as a seed catalyst to assist the
heterogrowth of other types metal sulfide nanomaterials.>*** Tt
has also been demonstrated that by pyrolyzing copper(Il)
acetylacetonate (Cu(acac),) in dodecanethiol at 200 °C, uni-
formly sized Cus;S;s nanocrystals can easily be produced.>*
Following from our previous investigations, we herein report
djurleite nanosheets and 1D nanorods formed upon the self-
assembly of djurleite nanoplates which were prepared by pyr-
olyzing Cu(acac), in dodecanethiol in the presence of SnCl,.
The mechanisms for the formation of ultrathin djurleite na-
nosheets and 1D self-assembled structure made up of djurleite
nanoplates are discussed.

B EXPERIMENTAL SECTION

Chemicals. Stannic chloride pentahydrate (SnCl,-SH,O, 99%)
and copper(II) acetylacetonate (Cu(acac),, 97%) were purchased from
Shanghai Jingchun Chemical Company; n-dodecanethiol (98%) was
obtained from Shanghai Chemical Company. Other solvents such as
ethanol and dichloromethane were analytical grade and used as received.

Synthesis of Djurleite Nanosheets. Typically, 0.262 g (1.00
mmol) of Cu(acac), and 0.175 g (0.50 mmol) of SnCl;+ SH,O (molar
ratio of Cu to Sn is 2:1) were first dissolved into 30 mL of n-
dodecanethiol under magnetic stirring, and then nitrogen gas was
introduced to purge the reaction solution. After ~20 min, the flask
containing the sky-blue mixture was quickly immersed in an oil bath of
200 °C. With the increase of the reaction temperature (T), the reaction
mixture changed from turbid blue (T < 90 °C) to turbid white (T >
90 °C). When T reached ~130 °C, the reaction mixture abruptly turned
transparent yellow, and then to opaque brown when T arriving at
200 °C, indicating the formation of nanocrystals. Usually it took
approximately 15 min for the temperature of the reaction mixture to
increase to 200 °C in the oil bath. The reaction mixture was maintained
at 200 °C for 48 min and then cooled down to room temperature. The
resultant solution was dripped into 7-fold ethanol (by volume) to
precipitate nanocrystals which were subsequently collected by centrifu-
gation at 4000 rpm for 10 min. The following purification procedures
included the redispersion of the nanocrystals in dichloromethane (equal
volume to the resultant solution) and the collection of the nanocrystals

by centrifugation at 4000 rpm for 10 min. Typically, the redispersion/
centrifugation procedures were repeated twice before a final elimination
of large agglomerates by centrifugation at 2000 rpm for 5 min.
Eventually, the resultant nanocrystals dispersed in dichloromethane
were obtained for further characterizations.

In order to follow the growth of the final nanocrystals, two additional
intermediate products of the aforementioned reaction were extracted
during the preparation. The first one was obtained right after the
reaction temperature reached 140 °C, while the second one was
obtained after the reaction mixture was maintained at 200 °C for 12
min. The first sample was precipitated from the reaction mixture by
7-fold ethanol. After being washed by ethanol three times, it appeared as
a light yellow powder in the dry state and was denoted as I-sample 1
(intermediate sample 1). The second sample, denoted as I-sample 2 was
purified according to the procedures described for the final nanocrystal
product. I-sample 1 was extracted at 140 °C because according to a
previous investigation the C—S bond in Cu(SC;,H,;s), complex is
broken at 142.3 °C.>!

Synthesis of Djurleite Nanoplates Capable of Forming 1D
Self-Assembled Superstructures. To further tune the morphol-
ogy of the resultant djurleite nanosheets, the Cu to Sn ratio was
increased to 8:1 for a new set of preparations with the preparative and
sample purifying procedures being kept the same. The resultant djurleite
nanosheets were greatly reduced in size and termed as nanoplates below.
Moreover they tended to form 1D self-assembled nanorods with a very
uniform rod width.

Characterizations. Transmission electron microscopy (TEM)
images and selected area electron diffraction (SAED) patterns were
recorded on a JEM-100CXII electron microscope operating at an
accelerating voltage of 100 kV to show the general morphology of the
resultant nanomaterials. High resolution TEM (HRTEM) images were
taken on FEI Tecnai 20 working at an accelerating voltage of 200 kV for
further showing the lattice structure of the nanocrystals. The morphol-
ogies of the metal sulfide nanocrystals were investigated by atomic force
microscopy (AFM) using Digital Instruments Nanoscope IIla Multi-
mode System (Santa Barbara, CA). Tapping-mode was adopted to
acquire the AFM images with the aid of a silicon cantilever equipped
with an E-scanner. The scan speed was 1.3 Hz. No additional image
processing was made except for flattening. Powder X-ray diffraction
(XRD) was taken with a RigakuD/Max-2500 diffractometer under Cu—
Ko, radiation (4 = 1.54056 A) to investigate the crystalline structure of
the resultant nanomaterials. The Cu and Sn contents were determined
by the inductively coupled plasma optical emission spectrometer (ICP-
OES) method using a Thermo Fisher IRIS Intrepid II XSP. X-ray
photoelectron spectroscopy (XPS) measurements were performed with
an ESCALAB 220i-XL photoelectron spectrometer from VG Scientific
using 300 W Mg KR radiation (1253.6 eV) for investigating the binding
state of Sn and Cu apart from providing their quantification information
in the resultant nanomaterials.

B RESULTS

Djurleite Nanosheets. The preparative procedures of the
djurleite nanosheets were similar to those for Cuj;S;¢ nano-
crystals reported previously.** The only difference is that in the
current reaction system SnCl,-SH,O was introduced. The
nanocrystals obtained by Cu to Sn ratio of 2:1 are shown in
Figure 1. In general, the resultant nanosheets present quasi-
triangular and hexagonal structures with an opposite side dis-
tance of 209 & 33 nm. Moreover, they tend to stack onto each
other forming aggregates composed of several pieces of the
nanosheets. Under high resolution TEM operating at 200 kV, as
shown in Figure 1b, the nanosheets remain quite stable. In spite
of the heave stacking, a single piece of nanosheets appearing
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Figure 1. TEM image (a) and HRTEM images (b, c) of the resultant
nanosheets obtained by a Cu to Sn ratio of 2:1. The identification of the
crystalline plane is overlaid in panel ¢, while the yellow arrows indicate a
step-like edge of a nanosheet.

a

1.28 nm

Figure 2. AFM image of the nanosheets obtained by a Cu to Sn ratio of
2:1 together with two height profiles recorded along the white lines
overlaid.

brighter in color can still be identified, suggesting that the
resultant nanosheets are very thin. Further interplanar distance
analysis based on the HRTEM image (Figure 1c) suggests the
resultant nanosheets are djurleite nanocrystals, while the crystal
edge structure implies that the nanosheets are comprised of
several atomic layers.
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Figure 3. XRD pattern of nanosheets obtained by a Cu to Sn ratio of 2:1
together with the standard diffraction lines of bulk monoclinic djurleite
(JCPDS card 23-0959) shown at bottom for comparison.

The thickness of the nanosheets shown in Figure 1 was further
determined by AFM. The vertical resolution of the AFM used for
current investigations can reach 0.3 A by proper calibration. The
upper panel of Figure 2 presents an overview image of several
pieces of the nanosheets. The height profiles of selected na-
nosheets appearing to be single or overlapped are shown in the
lower panel of Figure 2. The section analysis by averaging
different measurements suggests that the thickness of a single
layer nanosheet is about 6.6 A and the thickness of two over-
lapped nanosheets is about 12.8 A.

The atomic ratio of different elements in the resultant
nanosheets was determined by both XPS and ICP-OES methods.
The ratio of Sn:Cu:S was estimated to be 0.07:1.92:1.00 by XPS
method. While by ICP-OES analysis, it was determined to be
0.097:2.01:1.00, quite consistent with the XPS results. Further
analysis on Sn3ds,, spectra, shown in Figure S1 in Supporting
Information, suggests that Sn is doped into the crystal lattice of
Cu;3,S;¢ nanosheets. But the Sn/Cu ratio in the resultant
nanosheets is far below the feed ratio.

The crystalline structure of the nanosheets was analyzed by
powder X-ray diffraction. The diffraction pattern between 40°
and 80° (Figure 3) reveals that the nanosheets are of Cusz;S;s
(djurleite, Cu, o,4S, JCPDS card No. 23-0959; a = 26.897 A, b =
15.745 A, c=13.565 A, and 8 = 90.13°).** Quite unexpectedly, in
alow angle regime between 3° and 15°, a set of diffraction peaks
appear, indicating that a periodical superstructure exists which is
quite probably caused by the face-to-face stacking of the
nanosheets as shown in Figure la. The periodic spacing was
calculated to be 36.2 A. As the length of a fully stretched alkyl
chain of dodecanethiol is about 15.2 A, it can be deduced that
thickness of the inorganic core of the nanosheets should be less
than 1 nm.

Djurleite Nanoplates and Their Self-Assembled 1D Super-
structure. The nanocrystals obtained by a Cu to Sn ratio of 8:1
are shown in Figure 4. Different from those shown in Figure 1a,
the nanocrystals shown in Figure 4a appear as 1D nanorods at
low magnification. However, the detailed structure shown by a
higher magnification (Figure 4b) demonstrates that these rods
are comprised of a large number of ultrathin triangular nano-
plates assembled in a face-to-face manner, suggesting that
increasing the Cu-to-Sn ratio dramatically decreases the size of
the 2D nanosheets and meanwhile greatly increases the over-
lapping degree of the nanosheets, consequently leading to the
formation of the rodlike 1D superstructure.

The composition of the nanoplates was also measured and
the atomic ratio of Sn:Cu:S ratio was determined to be
0.030:1.98:1.00 according to the elemental analysis by XPS. It
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Figure 4. TEM images of 1D self-assembled nanorods made up of
triangular nanoplates obtained by pyrolyzing Cu(acac), at 200 °C in
dodecanethiol in the presence of SnCl, (Cu/Sn = 8:1) for 48 min.

is worth mentioning that the Sn/Cu ratio is further lowered in
comparison with that in the djurleite nanosheets mentioned
above.

The crystalline structure of this sample was also analyzed by
XRD. The detailed results are shown in Figure S2 in Supporting
Information. In general the nanoplates can also be indexed to the
monoclinic djurleite phase. Quite similar to the djurleite na-
nosheets, the nanoplates also show a set of diffraction peaks in
the small angle regime of 3—15°. The periodic spacing was
calculated to be 35.8 A, slightly smaller than that in the
nanosheets.

l DISCUSSION

As a matter of fact, the nanosheets comprised of a few atomic
layers can be obtained with a top-down strategy by various types
of exfoliation methods. But the resultant nanosheets are typically
characterized by irregular shapes.’”*'*'* Although the chemical
synthesis based on bottom-up strategy is more favorable for
obtaining regularly shaped nanomaterials including nanosheets
and nanoplates,”>® the nanosheets with a thickness of smaller
than 1 nm are rare because on the one hand the nanocrystals of
few-atomic-layer-thick are usually quite unstable;*®” on the
other hand, the size of the crystal nuclei may exceed 1 nm.”’

1. The Formation of Ultrathin Djurleite Nanosheets. The
djurleite nanosheets shown in Figure 1 are characterized by their
ultralow thickness of ~6.4—6.6 A according the AFM measure-
ments. In comparison with their 0D counterpart,®* that is,
Cuj;S16 nanocrystals shown in Figure S3 in Supporting Informa-
tion, the only difference with respect to the preparation is that the
djurleite nanosheets were prepared in the presence of SnCly. The
process from the nucleation to the growth of 0D Cuj;Si6
nanocrystals formed by pyrolyzin§ Cu(acac), in dodecanethiol
has previously been investigated.”® It was demonstrated that the

Figure 5. TEM images of I-sample 1 (a) and I-sample 2 (b).

uniformly sized Cuj3;S;6 nanocrystals are generated at the cost of
a lamellar structure formed by the copper and sulfur
precursors.”*>* Similar lamellar structures are also found to be
dominant in the sample extracted at 140 °C (I-sample 1) as
presented in Figure Sa. In contrast, triangular nanosheets of
larger than 100 nm appear in the sample obtained in 12 min at
200 °C (I-sample 2) as shown in Figure Sb, which implies that the
nanosheets are born in the lamellar structures formed. These
morphological differences are clearly reflected in their XRD
patterns shown in Figure 6. In general, both of these two samples
present similar successive diffraction peaks at low angle regime,
suggesting that they both possess internal superstructures.
However, apart from the appearance of monoclinic djurleite
phase, I-sample 2 shows a d-spacing of 35.5 A, larger than 33.9 A
for I-sample 1. But it remains slightly smaller than the d-spacing
(36.2 A) for the djurleite nanosheets eventually obtained at
200 °C in 48 min. Therefore, it is reasonable to conclude that the
nanosheets are generated by consuming the lamellar structures
formed by the Cu(acac), and dodecanethiol.

Nevertheless, it is still so far unclear how Sn leads to the
formation of djurleite 2D nanosheets instead of 0D nanocrystals,
meanwhile with only a very small amount is leftover in the finally
obtained samples. To understand this phenomenon, XPS mea-
surements were carried out to determine Sn in I-sample 1. It was
quite unexpected that virtually no Sn signal was detected.
According to previous literature reports, Sn, Cl, and ethanol
can form a complex structure of Sn,Clg(C,Hs50),(C,Hg0),;°
therefore, Sn is quite possibly removed during the purification
process by ethanol with dodecanethiol partly involved in forming
certain complexes which are still unknown. To further provide
experimental proofs on this speculation, two additional lamellar
precursor samples were prepared. The first one, denoted as C-1
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Figure 6. XRD patterns of I-sample 1 (a) and I-sample 2 (b) together
with the line pattern of monoclinic djurleite (JCPDS card 23-0959)
showing at bottom of frame b for comparison. A vertical dashed line is
drawn across frames a and b to show the difference between the
corresponding diffraction peaks from these two samples.

(control sample I), was prepared in the absence of Sn at 140 °C,
while the second one (denoted as C-2) was prepared in exactly
the same way as that for I-sample 1 except that the resultant
sample was collected by centrifugation at 8000 rpm followed by
blow drying with nitrogen stream. Then the d-spacing in the
resultant samples were determined by XRD. The results are
shown in Figure 7. According to the successive diffraction peaks
appearing in the range of 3—15°, the d-spacing of the first sample
(C-1) was calculated to be 35.7 A, while that of the second
sample (C-2) was of 35.1 A, quite consistent with each other but
larger than that of I-sample 1, that is, 33.9 A. Therefore, it can be
concluded that Sn is involved in the lamellar structure but can be
removed by ethanol, which also explains why very much less Sn
was leftover in comparison with the feed molar ratios of Sn to Cu
with respect to both djurleite nanosheets (Figure 1) and nano-
plates (Figure 4).

To know how Sn is involved in the lamellar structure, XPS
measurements were performed on the above-mentioned two
control samples, that is, C-1 and C-2. It was confirmed that there
is only monovalent copper being present in both of these two
samples, while in second control sample (C-2) Sn occurs in the
tetravalent state. The atomic ratio of Cu:S:C in C-1 is of
1.07:1:11.66, quite close to 1:1:12, suggesting that Cu*" was
reduced to Cu' and then forms a 1:1 complex with dodeca-
nethiol. The atomic ratio of Cu:Sn:S:C in C-2 is of
0.94:0.06:1:12.7, suggesting that Cu is partly replaced by Sn by
approximately 6.0%, forming a similar 1:1 complex with dode-
canethiol. The absence of Sn in I-sample 1 suggests that Sn was
extracted by ethanol during purification; consequently, I-sample 1

Intensity (CPS)

5 10 15
26 (°)

Figure 7. XRD patterns of C-1 (a) and C-2 (b) together with the
reflection indexes. A vertical dashed line is drawn across panels aand b to
show the difference between the corresponding diffraction peaks from
these two samples.

presents a decreased thickness in comparison with C-2. In this
context, it is reasonably to deduce that the Sn atoms binding on
the surface of the nanosheets were extracted by ethanol during
the purification. Thus, the d-spacing difference between the
djurleite nanosheets (36.2 A) and lamellar structures in C-2
(35.1 A) becomes smaller than the thickness of the djurleite
nanosheets (~6.5 A) shown in Figure 1.

As a matter of fact, SnCl, and dodecanethiol can also form
SnCl,—,SR, complexes.*® ' However, under the same prepara-
tive conditions for producing djurleite nanosheets no tin sulfide
nanoparticles were generated in the reaction system of SnCl,-
in-dodecanethiol, suggesting that the SnCl,—,SR, complexes are
very stable and can survive the whole preparation process. On the
basis of all above-mentioned experiment proofs and observa-
tions, the formation mechanism of the ultrathin djurleite na-
nosheets is proposed as follows.

Before the thermal cleavage of the C—S bond above 140 °C,
Cu, Sn, and dodecanethiol can form a lamellar structure in which
Sn in tetravalent state partly replaces the monovalent copper
without disturbing the huge lamellar skeleton constructed by
monovalent copper and dodecanethiol. In such a supramolecular
lamellar structure, Cu, Sn, and S form a central layer with alkyl
chains serving protective layers on both sides. Upon the thermal
decomposition of CuSR at further elevated temperature, the
C—S bonds are broken to form the djurleite phase, while
SnCl,_,SR survives and remains capping on both sides of the
resultant djurleite nanosheets and consequently prevents the
nanosheets from further growing into 0D nanocrystals. In fact,
Talapin and co-workers have recently demonstrated that molec-
ular complex Sn,Se*~ can serve as a novel type of surface capping
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ligands for a great number of colloidal nanocrystals and
nanowires,®> which strongly support that the surface binding
SnCl,—,SR, complexes also act as surface ligands with respect to
the current system. Nonetheless, SnCl,—, SR, complexes can be
removed by further forming complex structures with ethanol
during the post-purification process. Therefore, a slight decrease
in the thickness of the organic capping layer occurs. Conse-
quently, the overall thickness increase caused by the formation of
djurleite nanosheets of 6.5 A is slightly compensated.

2. The Regular Shapes of the Djurleite Nanosheets. The
second noticeable characteristic of the djurleite nanosheets is
their regular shapes. As mentioned above, the nanosheets with a
few atomic layers can easily be obtained but characterized by
irregular shapes.®” % In order to explain the regular shape of the
current nanosheets, further TEM investigations were carried out.
According to TEM results shown in Figure la, the djurleite
nanosheets present three sorts of morphologies, that is, triangle,
hexagon, and quasi-equilateral hexagon. The representatives of
these three sorts of nanostructures are selected and presented in
Figure 8. The SAED patterns of each nanosheet shown as insets
demonstrated that they are single crystals. Further analysis on the
SAED patterns suggests that the diffraction dots of 6-fold
symmetry come from the (080) and (046) planes. Therefore,
it can be concluded that (100) facet of djurleite phase forms the
bottom and top surfaces of the nanosheets.

On the basis of the investigations of Evan on djurleite,”® an
atomic packing model that depicts the {100} facets of the
monocline Cuz;S;4 is shown in Figure 9a. According to this
model, Cusz;S;4 possesses a triangular packing of sulfur atoms
from two groups of (046) planes and one group of (080) planes
as highlighted by white lines overlaid, which can in principle
interpret the formation of the regular shapes of the nanosheets
shown in Figure 8. The crystal lattice of {100} facets of one piece
of djurleite nanosheet is shown in Figure 9b. As indicated by the
guide lines the (080) and (046) crystal planes can compose the
representative shapes of nanosheets shown in Figure 8.

Djurleite Cus;S;4 belongs to monoclinic crystal system which
has only a 2-fold symmetry axis or symmetry plane. In principle, it
is difficult to a form single crystal with a 6-fold symmetry axis.
The interior angles overlaid on each nanosheet shown in Figure 8
demonstrate that both the triangles and hexagons are inequi-
lateral, which further support that the nanosheets belong to
monoclinic djurleite with the {100} facets being perpendicular to
the normal direction, very consistent with the aforementioned
analysis. The appearances of quasi-equilateral triangles and quasi-
equilateral hexagons can be attributed to the fact that the 3 angle
of monoclinic djurleite is 90.13°, quite close to 90°.

In general, nanocrystals growing under thermodynamically
controlled growth conditions tend to form regular shapes
enwrapped by low-energy crystal facets. The formation of 2D
nanocrystals involves two necessary conditions; that is, the
growth along a certain axis is blocked and the growth along the
reset two axes is promoted. The results shown in Figure Sb
demonstrate that the initially formed nanosheets (12 min) are
dominated by triangular ones with an average size of 131 & 21
nm. In contrast, in the sample obtained in 48 min at 200 °C, quite
a percentage of hexagonal nanosheets appear apart from an
increase in the average size (209 %+ 33 nm), as shown in
Figure la. Moreover, the quasi-triangular nanosheets presenting
in the latter sample are also bigger than those shown in Figure Sb.
Therefore, it can be deduced that the initially formed triangular
nanosheets grow along lateral directions as the reaction goes on.

Figure 8. TEM images of three representative nanosheets obtained by a
Cu to Sn ratio of 2:1 overlaid with identifications of the crystal planes for
each edge and selected interior angles. Inset: SAED of the corresponding
single nanosheets.

Because of the higher energy of three sharp angle tips, they
gradually grow bigger and meanwhile change their shapes to
more stable forms.

3. The Formation of 1D Superstructure Comprised of
Djurleite Nanoplates. Note that SnCl, has a crucial impact
on the morphology of djurleite nanocrystals, which find more
proof from the following results obtained upon an increased
feeding molar ratio of Cu/Sn. As mentioned in Results, apart
from a decrease in the doping level of Sn, the resultant
nanosheets are greatly reduced in size, leading to triangular
nanoplates of ~36 nm as shown in Figure 4. The average d-
spacing between two adjacent nanoplates is estimated to be
around 3.4 nm based on TEM measurements on vertically
arranged pieces shown in Figure 4b.
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Figure 9. (a) Crystallographic model of the monoclinic djurleite
structure viewed from the [100] direction for depicting the arrangement
of atoms of {100} facets; (b) HRTEM image of one nanosheet obtained
by a Cu to Sn ratio of 2:1 overlaid with imaginary shapes that may be
formed according to the atomic arrangement of the atoms of {100}
facets.

It is worth mentioning that apart from the unique triangular
shape, the 2D Cus;S;6 nanoplates can self-assemble into 1D
nanorods with an average length and width of 365 & 145 nm and
36.0 £ 5.9 nm, respectively, as shown in Figure 4a, which is
interestin% but quite unexpected. As a matter of fact, the Co
nanodiscs”’ and rare-earth oxide nanoplates®>*® were also found
to have such a self-assembling tendency owing to the hydro-
phobic interaction offered by the surface capping agents posses-
sing long alkyl chains. However, in addition to hydrophobic
interaction, dipole interaction may also play an important role in
the self-assembly of Cus;S;s nanoplates. According to previous
reports, the dipole—dipole interaction among 0D Cu,S nano-
crystals is one of the key factors for them to form a 3D super-
lattice structure.!”*®%* Further, theoretical calculations confirm
that the dipole direction of Cu,S nanocrystal is parallel to the
[001] direction.®* In fact, in coexisting djurleite (Cus;S;6) and
chalcocite (Cu,S) 55 the typical orientation relationship between
them is that [010] or [012] of Cus;S,6 is parallel to [010], and
[100] of Cus,S;¢ is parallel to [001] of Cu,S, which suggests that
the dipole direction of Cus;Sy¢ is parallel to [100].° According
to the growth mechanism discussed above, the bottom and top
surface of the djurleite nanosheets belong to {100} facets. It can
be deduced that the bottom and top surface of the nanoplates
with greatly reduced sizes should also belong to {100} facets,
which can find more support from their XRD pattern (Figure S2,
Supporting Information) in which the diffraction of (804) plane,
which is supposed to be the third strongest diffraction for bulk
djurleite, is very weak. Therefore, it is reasonable to deduce that
the dipole—dipole interaction plays an important role in the 1D
self-assembled structures of the nanoplates. Although such a self-
assembling behavior can also be observed from the face-to-face
stacking of the regular nanosheets shown in Figure 1la, due to
greatly reduced size the triangular nanoplates gain dramatically
increased mobility partly due to their dispersibility in solution
(Figure S4, Supporting Information); consequently they more
readily form large-scale 1D self-assembled structures.

B CONCLUSIONS

In summary, it was for the first time for us to demonstrate 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 subsequently serve as surface capping agents
preferentially attached on the {100} facets of the djurleite, the

ultrathin 2D djurleite nanocrystals doped with Sn were obtained.
Owing to the dipole—dipole interactions along the [100] direc-
tion and hydrophobic interactions offered by the surface capping
dodecanethiol, the resultant nanosheets tend to stack face-to-face
on each other, which becomes more evident with respect to
much smaller triangular djurleite nanoplates obtained upon a
reduced Sn/Cu feeding ratio, resulting in interesting 1D self-
assembled nanorods comprised of djurleite nanoplates.

B ASSOCIATED CONTENT

© Supporting Information. (1) XPS analysis of Sn in
Cus;S;16 nanosheets and lamellar structure with Sn being in-
volved; (2) X-ray diffraction of the djurleite nanoplates; (3)
TEM and XRD results on Cus;S;6 nanocrystals; (4) UV—vis
absorption spectra of the as-synthesized nanosheets and nano-
plates dispersed in dichloromethane together with photographs
of the resultant solutions. This material is available free of charge
via the Internet at http://pubs.acs.org.
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