FULL PAPER

DOI: 10.1002/chem.200801447

The Structure-Controlling Solventless Synthesis and Optical Properties of

Uniform Cu,S Nanodisks
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Abstract: Uniform Cu,S nanodisks
have been synthesized from a well-
characterized layered copper thiolate
precursor by structure-controlling sol-

12.7 nm) is accompanied by a continu-
ous phase transition from metastable
orthorhombic to monoclinic Cu,S, the
ripening of small particles by aggrega-

tion, and finally the crystallization pro-
cess. The growth of the nanoproduct is
constrained by the crystal structure of
the precursor and the in situ-generated
thiol molecules. Such controlled aniso-

ventless thermolysis at 200-220°C
under a N, atmosphere. The develop-
ment from small Cu,S nanoparticles

; . . compounds -
(diameter ~3 nm) to nanodisks (diam-

optical properties
eter 8.3 nm) and then to faceted nano-
. . . method
disks (diameter 27.5nm, thickness
Introduction

Nanocrystalline semiconductors have been extensively in-
vestigated because of their unique physical-chemical proper-
ties."! Generally, these properties are heavily dependent on
the size and morphology,™” and nanocrystals with aniso-
tropic features, such as nanowires, nanorods, nanotubes,
nanoribbons, nanofilms, nanodisks, nanoplates, nanocubes,
and nanoprisms, have more advantages over nanospheres in
technological application.” Among these examples, lamel-
lar nanostructures are a favorite for the fabrication of nano-
devices; for example, anisotropic nanodisks are very good
building blocks for constructing nanodevices, with the crys-
tal orientation controlled by a bottom-up method.['*"

The newly established solventless thermolytic method has
proved to be successful in producing anisotropic nanomate-
rials."*? As a first example, uniform Ag nanodisks were
obtained by the thermolysis of layered precursor AgSC,,H,s,
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tropic growth leads to a nearly constant
thickness of faceted nanodisks with dif-
ferent diameters, which has been con-
firmed by TEM observations and opti-
cal absorption measurements.

layered

solventless

which has large interlayer spaces. The disk morphology is
proposed to be self-controlled on the atomic level by the
structure of the precursor.'®! However, the thickness of the
Ag nanodisks (=2.3 nm) is about 15 times larger than the
1.5 A thickness of the central Ag/S slab of the precursor,
and the reviewers raised a doubt concerning the mechanism
of this layered-precursor-to-lamellar-nanoproduct (LPLP)
conversion. Unfortunately, an intermediate between the pre-
cursor and the nanoproduct is not currently available, but
an isostructural Bi precursor, Bi(SC;,H,s);, has subsequently
been synthesized. The interruption of the thermolysis pro-
cess of this Bi precursor at an early stage during heating al-
lowed the capture of an amorphous Bi nanofilm several
atoms in thickness (0.6 nm), which sustains the idea that the
early growth is constrained by the layered structure of the
Bi precursor. A parallel experiment without interruption
generated monolayer arrays of large lamellar nanorhombi
(=22 nm in length and ~0.9 nm in height).!'] Although the
physical layered arrangement of the rhombi and their uni-
form lamellar morphology suggest some relation to the
nanofilm, an intermediate between small nanoparticles and
large nanorhombi is still needed and therefore, there is still
a great degree of guesswork in the interpretation of the late
growth stage of the LPLP conversion. Herein, we present
interesting and important observations regarding Cu,S to il-
lustrate the late growth stage. These facts, together with pre-
vious observations on nanofilms'! and Ag disks,"! substan-
tiate the whole growth mechanism of a structure-controlling
solventless method.
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Bulk Cu,S (band gap energy E,=1.21¢eV) has been ex-
tensively investigated and used as a solar cell material.*"*’]
The quantum size effect of nano Cu,S materials®®! results in
the tunable band gaps of these materials, which is desirable
in photoelectric applications. Recently, Cu,S nanocrystals
with different morphologies, such as wires "] rib-
bons, %" tubes, ! rods,*! disks, and plates,'“'** have been
prepared by using different approaches, for example, solid,
solution, hydrothermal, and solventless methods. The sol-
ventless method has shown advantages in producing uniform
nanoproducts,'*!7) however, high yields from this method
are impossible because of the extreme difficulty of separat-
ing Cu,S nanoproducts from the raw products (a mixture of
several insoluble byproducts and unreacted reactants).
Herein, we utilize [Cu(SC,,H,s),] as a precursor, in place of
a mixture of copper salt, thiol, and surfactants, to produce
uniform Cu,S nanodisks on a gram scale. The possible for-
mation mechanism and the dependence of optical properties
on the morphology and size are also reported.

Results and Discussion

Structure and thermal properties of the [Cu(SC,,H,s),] pre-
cursor: The yellow-green powdery precursor was synthe-
sized from a 4:1 molar ratio of 1-dodecanethiol and copper
nitrate in ethanol and water (see the Experimental Section).
The excess dodecanethiol ensured the complete precipita-
tion of Cu** ions. The formula of the precursor was deter-
mined to be [Cu(SC,;H,s),] by using elemental analysis,
which also satisfies the charge-balance requirement. The
powder X-ray diffraction (PXRD) pattern of the [Cu-
(SC;Hys),] precursor (after the excess dodecanethiol was
washed off) is presented in Figure 1. The intense narrow re-
flections correspond to successive 0k0 (k=2-9) orders of
the diffractions from a layered structure with a large d spac-
ing and preferred orientation. The measured kd values of all
8 reflections fall within the range 35.67 to 35.94 A, with an
average of 3581 A (see the Supporting Information,
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Figure 1. The PXRD pattern (Cug, radiation) of the [Cu(SC;H,s),]
precursor.
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Table S1), which is about twice the expected length of the
alkyl chain (L). This layered motif is similar to that of silver
and bismuth dodecanethiolate,”®'! which have interlayer
spacings of 34.6 and 31.49 A, respectively. Therefore, the
structure of as-synthesized [Cu(SC,,H,s),] is also proposed
to consist of a central layer of Cu/S with the alkyl chain tails
extending out from both sides of the central layer. The inter-
layer distance of [Cu(SC,H,s),] (=2 L) is larger than that
of the silver or bismuth analogues, which may result from
different features of the intralayer structure. We have not
successfully obtained a suitable single crystal of [Cu-
(SCi,H,s),], which is needed to determine the detailed intra-
layer structure not revealed by the powder diffraction pat-
terns. However, knowing the anisotropic layered nature of
the [Cu(SC;,H,;s),] precursor gives some helpful insights into
the LPLP conversion process.

The temperature dependence of the decomposition of the
[Cu(SC,,H,;s),] precursor was examined by differential ther-
mal analysis, thermogravimetric analysis, and quadrupole
mass spectrometry (DTA/TG/QMS; Figure 2). The DTA
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Figure 2. a) DTA, b) TG, and c¢) QMS curves of the thoroughly washed

[Cu(SC,H,;s),] precursor, heated from 40 to 500°C under a N, atmos-
phere. The DTA scale refers to exponential values.

curve displays a sharp peak at 142.3°C that results from
cleavage of the C—S bond to generate Cu,S and a broad
peak at 275.9°C that corresponds to the evaporation of 1-
dodecanethiol (of which the boiling point is 266-283°C). On
the other hand, the TG curve shows no weight change up to
143°C and slight weight loss between 143 and 225°C, which
corresponds to the volatilization of the in situ-generated or-
ganic molecule (C,H,;SH), and rapid weight loss between
225 and 290°C caused by the evaporation of C;,H,sSH.
Therefore, the DTA and TG data suggest the decomposition
of the precursor starting at 143°C, and the remaining of the
in situ generated C,,H,sSH molecule in the reaction system
up to 225°C. The organic molecule, C;,H,;SH, contributes
greatly to the control of the morphologies of the uniform
Cu,S nanoproducts (see the LPLP Conversion Mechanism
section).
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Structure and morphology of the Cu,S nanoproducts: A rep-
resentative PXRD pattern of Cu,S nanoproducts in Figure 3
shows that all the diffraction peaks match well with ortho-
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Figure 3. The PXRD pattern of Cu,S nanoproducts synthesized under N,
at 210°C for 10 h. The pattern matches well with orthorhombic Cu,S
(JCPDS file no. 02-1294).

rhombic Cu,S (JCPDS file no. 02-1294, stored in the Inter-
national Centre for Diffraction Data). It is the first time
that nano Cu,S has been formed in the orthorhombic phase.
Bulk orthorhombic Cu,S is metastable at low temperature
and transforms into hexagonal chalcocite at 103.5°C.**! In-
terestingly, we found that nano orthorhombic Cu,S continu-
ously transforms into the monoclinic phase, as indicated in
Figure 4. For example, nanoparticles produced at 220°C for
1h are orthorhombic Cu,S (JCPDS file no. 02-1294), and
those produced after 10 h are monoclinic Cu,S (JCPDS file
no. 83-1462). For extremely long reaction times (7 d) the
products are mainly monoclinic Cu,S (JCPDS file no. 83-
1462) with a minor tetragonal phase (JCPDS file no. 72-
1071; Figure 5). More interestingly, the d values, which cor-
respond to the two most intense diffraction peaks at around
46 and 48° in Figure 4, increase linearly as the annealing
time lengthens (see the Sup-
porting Information, Figure S1).
These relationships indicate a
gradual phase transition that
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Figure 4. The PXRD patterns of Cu,S nanoproducts synthesized under
N, at 220°C for a) 1, b) 2, ¢) 4, and d) 10 h. The PXRD patterns for e) or-
thorhombic and f) monoclinic Cu,S are also shown.
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Figure 5. The PXRD pattern of Cu,S products synthsized under N, at
220°C for 7 days. Peaks marked with @ and m match well with monoclinic
Cu,S (JCPDS file no. 83-1462) and tetragonal Cu,S (JCPDS file no. 72-
1071), respectively.

Table 1. Experimental conditions for the preparation of Cu,S nanoparticles of different sizes from
[Cu(SC,H,;s),] at different annealing temperatures (7) and times (f).

may be caused by the twinning

Description of the nanoproducts®

relationship of orthorhombic T [°C) t [h] Morphology!! Diameter [nm] (0 [%]) Thickness [nm] (o [%])
and monoclinic Cu,S, as found 200 2 I ~3.0 -
in previous I'epOItS.[zg’sO] 200 10 I 25.2 (£16.7) 11.8 (£7.3)
The off. ¢ . 210 2 1 8.3 (£11.8) -
¢ effects of reaction tem- 5, 10 11 25.8 (£153) 12,0 (£7.1)
perature and time on the mor- 220 05 I 55 (£7.7) _
phology have been investigated 220 1 I 21.7 (£24.0) 11.9 (£6.3)
by performing a batch of ex- 220 2 Il 232 (+18.5) 12.0 (£5.3)
eriments loaded with similar 22 4 11 260 (14.9) 123 (£65)
p 220 10 11 275 (£14.7) 12.7 (£5.4)

amounts of [Cu(SC,,H,s),] pre-

cursor. The details of each reac-
tion and the descriptions of the
products are summarized in

Chem. Eur. J. 2008, 14, 11069 -11075

[a] Heating from RT to the desired temperature occurred within 2 h. [b] The morphologies and sizes of nano-
products were judged from TEM images, and their average diameter and thickness were obtained from count
plots (see the Supporting Information, Figures S7-S20). [c] I, II, and III indicate small nanoparticles, nano-
disks, and faceted nanodisks, respectively.

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org

— 11071


www.chemeurj.org

CHEMISTRY—

L.-M. Wu et al.

A EUROPEAN JOURNAL

Table 1, and these results clearly show that both the reaction
temperature and the time influence the size and shape of
the Cu,S nanoproducts. For example, samples annealed for
a fixed 2h showed an increase in diameter from ~3 to
232nm as the temperature was increased from 200 to
220°C, and the morphology changed from small particles to
disks. Note that the nanodisks shown in Figure 6b also ex-

Figure 6. TEM images of Cu,S nanoproducts produced under N, for 2 h at a) 200, b) 210, and c) 220°C, and

for 10 h at d) 200, e) 210, and f) 220°C.

hibit a typical quasi-close packing.'! These nanodisks are
lying flat on the substrate, which indicates a large diameter-
to-thickness ratio. However, the faceted nanodisks in Fig-
ure 6¢ tend to stack together into an extended chain, as indi-
cated by the circled area. Interestingly, some disk-like is-
lands made of these small nanoparticles are produced under
N, at 200°C after 2 h (Figure 7). Such small-particle aggre-
gation clearly shows an intermediate from small nanoparti-
cles to nanodisks during the growth process.

Figure 7. TEM images of small Cu,S nanoparticles and the fused small-
particle aggregation produced under N, at 200°C for 2 h. Right: An en-
larged view of the selected area.

Results of parallel experiments annealed for 10 h at these
three temperatures are shown in Figure 6d—f, and also reveal
the shape evolution from nanodisks (produced at 200°C)
into faceted nanodisks (220°C). The nanodisks formed at

www.chemeurj.org
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200°C are almost all lying flat on the substrate and have a
considerable size distribution (Figure 6d); the average diam-
eter is 252 nm (c=+16.7%). At 210°C (Figure 6e), some
nanodisks tend to stack together into extended chains, a fea-
ture that was not seen when the duration time was only 2 h
(Figure 6b), and the average diameter increases to 25.8 nm
(6=%15.3%). Faceted nanodisks were obtained at 220°C
(Figure 6f), most of which are
perpendicular to the substrate
and stacked together into chain
motifs with different lengths
and orientations. This stacking
motif may reduce the exposed
surface areas and, therefore,
reduce the surface energy of
the nanodisks. In addition, the
average diameter of the faceted
nanodisks increased to 27.5 nm
(0=x14.7%).

The TEM images of the
products of four parallel reac-
tions annealed at 220°C for
30 min, 1, 4, and 10 h are shown
in Figure 8. The monodispersed
nanoparticles are produced by
annealing for 30 min and have
an average diameter of 5.5 nm
(0=%7.7%, Figure 8a), and
have a quasi-close-packed as-
sembly similar to that in Figure 6b. The other three reac-
tions produce nanodisks, and as the reaction time was in-
creased from 1 (Figure 8b) to 4 h (Figure 8c), the number of
perpendicular faceted nanodisks is increased. After anneal-
ing for 10 h (Figure 8d), nearly all of the nanodisks are fac-
eted. Judging from the PXRD patterns and TEM images,
the monoclinic phase tends to show faceted disk morpholo-
gy, this is in agreement with the generally accepted fact that

Figure 8. The TEM images of Cu,S nanoproducts produced under N, at
220 C for a) 30 min, b) 1, c¢) 4, and d) 10 h.

Chem. Eur. J. 2008, 14, 11069-11075
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longer annealing times give better crystallinity. The metasta-
ble orthorhombic Cu,S shows worse crystallinity and gives
less clear HRTEM images that provide no detailed structur-
al information.

When the faceted nanodisk stands perpendicularly to the
substrate, it looks like a rod,
thus the thickness of the disks
is defined as the width of the % %
rod and was also measured. S

FULL PAPER

growth process of the structure-controlling solventless syn-
thesis.

The LPLP conversion mechanism of Cu,S is sketched in
Figure 9. First, small Cu,S nanoparticles are produced under
low temperature or short reaction times, such as 200°C for

—S—§—§—8—5—
This disk-rod relationship has LuglugCucCugCug
also been confirmed by the % % %
tilted TEM observations (see i

the Supporting Information, o % % % % %
Figure S2). Interestingly, all our e S S § e e
experiments (Table 1) indicate Luglu CuclucCug

that these nanodisks show a
visible increase in diameter
with increasing temperature or
prolonged annealing time, but a
negligible change in thickness.
For example, as the annealing
time is extended from 1 to 10 h,
an obvious increase in diameter
(~27%) was found, whereas
only a 7% increase in thickness
was found (Table 1). This indi-
cates that the growth of the la-
mellar nanoproducts is substan-
tially anisotropic. A more de-
tailed discussion of growth
mechanism is presented below.

faceted nanodisk

(bottom left).

The LPLP conversion mechanism: In the previous report on
Ag nanodisks,"® we mentioned that the formation of nano-
disks involves two processes, nucleation and growth, which
are controlled by the crystal structure of the precursor.
However, direct TEM observation is lacking because of the
difficulty of separating small Ag nanoparticles from the
AgSR precursor shortly after firing. The subsequent re-
search on Bi has provided a substantial intermediate, Bi-
nanofilm that is several atoms thick, to prove that the nucle-
ation and early growth of the nanoparticles are indeed con-
strained by the crystal structure of the precursor. The low
reaction temperature of the Bi system allows the capture of
the nanofilm intermediate, which is impossible in the Ag
system. On the other hand, the low melting point of Bi
makes the fusion and conglomeration of small particles re-
markably speedy, so an intermediate for such interparticle
growth is undetectable. Herein, small Cu,S nanoparticles
have been repeatedly obtained because interparticle growth
occurs well after the complete decomposition of the precur-
sor. We were thus able to capture an intermediate of this in-
terparticle growth; this is significant because intermediates
are usually metastable, and can rarely be observed in differ-
ent and suitable systems. Bi-nanofilm and these inter-
mediates in different systems, for example, Bi, Ag, Cu,S,
have been integrated to investigate the nucleation and

Chem. Eur. J. 2008, 14, 11069 -11075
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nanodisk

small-nanoparticle aggregation

Figure 9. The supposed mechanism of conversion from the layered precursor (top left) to small nanoparticles
(top right) to small-particle aggregation (bottom right) to nanodisks (bottom middle) to faceted nanodisks

2h or 220°C for 30 min. These small Cu,S nanoparticles
tend to arrange in a quasi-layered pattern that is thought to
be restrained by the layered structure of the [Cu(SC,,;H,;s),]
precursor. The in situ-generated C,,H,sSH can distribute on
both sides of this assembly by absorbance on the surface of
each Cu,S particle. During the subsequent heat treatment,
these small nanoparticles fuse into disk-like islands
(Figure 7) by an aggregation and coalescence process. The
quasi-layered distribution of small nanoparticles leads to iso-
tropic intralayer and anisotropic interlayer diffusions. The
hindrance of the long organic chains also results in a “long
path” for interlayer diffusion. During the subsequent crystal-
lization of the islands into nanodisks, the growth in diameter
is thus markedly faster (intralayer diffusion) than that of
thickness (interlayer diffusion). As shown in Figures 6 and
8, the thickness shows no significant increase, as described
above. Eventually, faceted nanodisks with hexagonal sym-
metry are crystallized (see the Supporting Information Fig-
ure S3).

Note that C,H,sSH has a crucial impact on the disk mor-
phology. A parallel experiment was designed as follows:
Faceted nanodisks formed at 220°C for 2 h (Table 1) were
thoroughly washed with dichloromethane until free of
C,H,sSH. The absence of C,,H,sSH was verified by check-
ing for the characteristic vibrations in the FTIR spectrum
(see the Supporting Information, Figure S4). Once free of
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C,,H,sSH, the pure Cu,S nanodisks were re-annealed at AE. ~ W (1)
220°C for 2 h. The results show agglomerative Cu,S chunks ¢ 8u,L>?

that are totally different from the nanodisks formed in the
presence of C,H,sSH (see Figure S5 in the Supporting In-
formation and Figure 8c).

Optical properties: The UV/Vis absorption spectra of sus-
pensions of Cu,S nanoproducts in CH,Cl, are shown in
Figure 10. Small Cu,S nanoparticles with diameters less than
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Figure 10. RT UV/Vis absorption spectra of suspensions of a) small Cu,S
nanoparticles (diameter ~3 nm), b) small Cu,S nanoparticles (diameter
5.5nm), c¢) Cu,S nanodisks (diameter 21.7 nm, thickness 11.9 nm), and
d) Cu,S nanodisks (diameter 26.0 nm, thickness 12.3nm) in dichloro-
methane.

6 nm (average diameter ~3 or 5.5 nm) display similar spec-
tra (curves a and b) that both lack a sharp maximum. The
general explanation is that the sizes of the nanoparticles are
smaller than the exciton bohr radius. Unfortunately, the ex-
citon bohr radius of Cu,S is not available. However, it is
likely to be larger than 5.5 nm, because both 3nm and
5.5 nm particle samples exhibit absorption edges at around
475 nm, which show clear blueshifts compared with that of
bulk Cu,S (1022 nm).”! The absence of sharp maxima in
these two absorption spectra indicates that the dispersed
size distribution is in agreement with the TEM observations
(Figure 6a, Figure 7a).

Two nanodisk samples with diameters of 21.7 and
26.0 nm, respectively, exhibit a sharp absorption peak at
274 nm. The overall absorption behavior is similar to that of
Cu,S nanowires.”! Distinctively, different diameters change
the position of the absorption peak of Cu,S nanowires,*"
but not in the case of our nanodisks. It is possible that the
smaller dimension (thickness vs. diameter) governs the
band-gap energy, as found in ZnS sheets.*!! The TEM obser-
vations suggest a nearly constant thickness for the as-synthe-
sized nanodisks, therefore two nanodisk samples with differ-
ent diameters have the same absorption maximum. The
average thickness of the nanodisks can be calculated accord-
ing to the band-gap-energy shift (AE,) in Equation (1):*”
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www.chemeurj.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

in which u, is the reduced effective mass of the exciton and
L, is the crystallite thickness. Therefore, AE, x Ly2 should be
a constant. The value of AngLy2 calculated from Cu,S
nanoribbons® is 40.96 eVnm?. As shown in Figure 10, the
absorption maximum at =274 nm and the absorption edge
at A=293 nm (curves c and d), give AE,=0.29 eV, and the
average thickness is then calculated to be ~12 nm, which is
in good agreement with the thickness obtained from TEM
observations.

The optical diffuse reflectance spectra of Cu,S nanodisks
have also been measured and are plotted in Figure 11.
Tauc’s plots by the extrapolation method give E, values of
2.03 and 1.99 eV for 21.7 and 26.0 nm nanodisks, respective-
ly. Both samples exhibit blue band-gap shifts compared with
bulk Cu,S, which indicates a strong quantum size effect.

(FR)*m) " /a.u.

b)

: . . .
1.5 2.0 2.5 3.0 33
Energy/eV

Figure 11. Tauc’s plots for the estimation of the band gaps of Cu,S nano-
disks with a)diameter 21.7 nm, thickness 11.9nm and b) diameter
26.0 nm, thickness 12.3 nm.

Conclusion

In summary, uniform Cu,S nanoproducts have been ob-
tained from a layered copper-thiolate precursor. The nearly
constant thickness of the faceted nanodisks with different di-
ameters suggests isotropic growth. This isotropic growth is
thought to be restrained by the physical arrangement of the
small particles (Figures 6b and 7a), which was highly influ-
enced by the layered crystal structure of the precursor
during the nucleation stage. The anisotropic interparticle
growth is also influenced by the in situ-generated RSH mol-
ecules. Interestingly, the ripening and crystallization of these
nanodisks reveal a continuous orthorhomic-to-monoclinic
phase transition process. These nanoproducts show an in-
crease in the band gap and a blueshift of the absorption
edge compared with that of bulk Cu,S.

Finally, the Cu,S small-particle aggregation intermediate
substantiates that both the nucleation process and the late
growth process (i.e., the interparticle growth stage) in this

Chem. Eur. J. 2008, 14, 11069 -11075
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structure-controlling solventless method are controlled by
the layered crystal structure of the precursor and the thiol
byproduct.

Experimental Section

Chemicals: 1-Dodecanethiol (C;,H,sSH, 98 %, Labcaster), copper nitrate
(Cu(NO;),:3H,0, A.R., Shanghai), ethanol (A.R., Shanghai), and di-
chloromethane (A.R., Shanghai) were used as purchased without further
purification. N, gas (99.99 %) was purchased from Fuzhou Xinhang Gas
Co.

Synthesis of the [Cu(SC,,;H,s),] precursor: 1-Dodecanethiol (19.3 mL,
80 mmol) was dissolved in ethanol (40 mL), then aqueous copper nitrate
(20 mL, 1.0 molL™") was slowly added to the mixture with vigorous stir-
ring to give a yellow-green suspension. After stirring for 30 min, the pre-
cipitation was collected by filtration, washed two or three times with dis-
tilled water and ethanol to ensure the removal of all soluble materials,
and then dried in an evacuated vacuum desiccator to remove the residual
solvent. Finally, the yellow-green powdery precursor (9.250 g) was ob-
tained (99.2% yield based on Cu, indicating complete precipitation of
the Cu’* ions). Elemental analysis calcd (%) for [Cu(SCj,H,s),]: C 61.8,
H 10.8, N 0, S 13.8; found: C 62.3, H 10.7, N <0.3, S 13.7.

Syntheses of Cu,S nanodisks: In a representative reaction, [Cu(SC,H,s),]
(0.694 g) was placed in a small Pyrex tube (1.5x15cm) and transferred
into a larger long jacket Pyrex tube (6 cmx1 m), which was capped on
both ends by stoppers with gas outlets, purged with N, gas for 5 min,
heated in a program-controlled tube furnace at 220°C for 10 h, and al-
lowed to cool to RT by radiation in the furnace. The yellow-green precur-
sor turned black after heating (see the Supporting Information, Fig-
ure S6). The raw product was dispersed in dichloromethane, centrifuged
at 4000 rpm for 5Smin to remove the byproducts, and then collected
(0.108 g, 91.3 % yield based on the amount of [Cu(SC,H,s),]). The exper-
imental conditions for Cu,S nanoproducts are summarized in Table 1.
The black product was characterized to be nano Cu,S (see the Results
and Discussion Section). The Cu:S stoichiometry was further confirmed
to be 1.99:1.00 by elemental analysis.

Sample characterization: Powder X-ray diffraction (PXRD), scanning
electron microscopy (SEM), transmission electron microscopy (TEM),
and high-resolution TEM (HRTEM) were used to characterize the crys-
tal structure, composition, size, and shape of the products, respectively.
The SEM images were obtained by using a JSM 6700F scanning electron
microscope equipped with a field emission gun operating at 10 kV. The
TEM and HRTEM images were obtained by using a JEM 2010 transmis-
sion electron microscope equipped with a field emission gun operating at
200 kV. The digital images were obtained by using the imaging software
system (DigitalMicrograph 3.11.2) designed for a Gatan multipole scan-
ning CCD camera. For TEM observation, each sample was prepared by
depositing a drop of a dilute suspension of the corresponding nanoprod-
uct in dichloromethane onto a 200 mesh carbon-film-coated Cu grid.
Elemental analyses were performed by using a Vario EL III instrument
(Elementar Co.) for C, H, N, and S and an Ultima-2 inductively coupled
plasma optical emission spectrometer (ICP-OES) for Cu. The PXRD
patterns were collected at room temperature with the aid of a Rigaku
DMAX 2500 powder diffractometer with ultra 18 kW Cug, radiation.
The DTA/TG/QMS measurements were performed by using a
NETZSCH STA449C instrument in connection with a QMS403C spec-
trometer. The UV/Vis absorption and diffuse-reflectance spectra were
measured by using a Perkin—Elmer Lambda-900 spectrophotometer. The
optical band gaps of the Cu,S nanodisks were estimated by using a
Tauc’s plot.*!
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