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ABSTRACT Copper chalcogenide nanoparticles (NPs) represent a promising material for solar energy
conversion, electrical charge storage, and plasmonic devices. However, it is difficult to achieve high-
quality NP dispersions in experimentally convenient and technologically preferred aqueous media. Also
problematic is the transition from NP dispersion to continuously crystalline nanoscale materials, for
instance, nanowires, nanoribbons, or similar high aspect ratio nano/microstructures capable of charge
transport necessary for such applications. All previous examples of copper sulfide assemblies contained
insulating gaps between NPs. Here we show that aqueous synthesis of high-quality monodispersed
high-chalcocite 3-Cu,S NPs, with sizes from 2 to 10 nm, is possible. When reaction time increased, the

NP shape evolved from nearly spherical particles into disks with predominantly hexagonal shape.
Moreover, the monodispersed 3-Cu,S NPs were found to spontaneously self-assemble into nanochains and, subsequently, to nanoribbons. The width and
length of the nanoribbons were 4—20 nm and 50—950 nm, respectively, depending on the assembly conditions. We observed the formation of the

nanoribbons with continuous crystal lattice and charge transport pathways, making possible the utilization of self-assembly processes in the

manufacturing of photovoltaic, plasmonic, and charge storage devices.

KEYWORDS: nanoparticles - copper sulfide - chalcocite - copper chalcogenide - aqueous dispersions - nanoribbons -
self-organization - nanodisks - solar energy - charge storage - plasmonic particles

espite the decades of research effort

put into the syntheses of semicon-

ductor nanoparticles (NPs), the need
for novel methods of their preparation
conducive to their use in solar cells, medical
applications, and biosensors is still urgent.
Such methods of synthesis need to combine
simplicity and high quality of the disper-
sions. To be practical, these new synthetic
methods must be driven by factors such
as environmental friendliness and low cost
while enabling solution processability of
electronic devices. Among current NP synthe-
ses, copper sulfide (Cu,S, or chalcocite) is of
particular interest, because of its affordability
and low toxicity, while showing promising
photovoltaic capabilities as a p-type semi-
conductor and plasmonic material." =3 It
has a bulk band gap of 1.2 eV and has
been investigated for use in solar cells,*~’
field emission cold cathodes®° nanoscale
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switches,'"'? and sensors.”*'* In the past

few years, various methods have been re-
ported for the preparation of Cu,S NPs via
solution chemistry, such as high-temperature

organic-phase solution methods,”'>~'® water-
in-oil interface confined methods,'®* ionic
4,21-23

(cation and anion) exchange methods,
and hydrothermal methods.>*? For instance,
S. Li et al."” synthesized monodispersed sphe-
rical Cu,S NPs (sizes ranged from 2 to 20 nm)
by the reaction of copper stearate and dode-
canethiol in 1-octadecene. Z. Zhuang et al."®
reported a method for the synthesis of mono-
dispersed Cu,S NPs in an autoclave at 200 °C
at the water-in-oil interface. P. K. Jain et al*’
used ion exchange in anhydrous toluene to
convert CdSe/CdS nanorods (NRs) to Cu,Se/
Cu,S NRs with reported diameters of 4 nm and
lengths of 40 nm. C. Kuo et al.*? used cubic and
octahedral Cu,0, with side lengths of 500 nm,
as sacrificial templates for the growth of Cu,S
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nanocages with wall thicknesses of 10—20 nm in
ethanol using a controlled sulfidation and acid-etching
process.

Syntheses of various Cu,S nanostructures such as
nanospheres (sizes from 3 to 50 nm),>’ nanodisks
(14—20 nm in diameter and 5—7 nm thick), 2%
NRs,3%3!' and nanowires (NWs) with diameters of
2—6 nm and lengths ranging from 100 to several
thousands nm have also been reported.3*** A com-
mon thread among each of these syntheses is that the
NPs have all been prepared in organic solutions and/or
employed organometallic compounds. While yielding
high-quality NPs, these methods are problematic,
in that they involve undesirable high costs and highly
toxic reagents. Furthermore, the presence of long-
chain hydrophobic capping agents, such as ammo-
nium diethyldithiocarbamate,” tetraoctylammonium
bromide, trioctylamine,?® dodecanethiol,’>' and octa-
decene,"” creates a high barrier for electron tunneling
between the NPs, restricting their use in solar cells and
other applications and complicating solution processa-
bility of the electronic devices.>*~3° Synthesis in aqueous
media is desirable because it eliminates some of the
problematic issues just discussed; it is environmentally
friendly, less toxic, and does not require long-chain,
lipophilic capping agents.

Aqueous synthesis of Il—VI semiconductor NPs, such
as CdS,***" CdSe,*? CdTe,**** ZnSe,* and HgTe,*® by
employing various short-chain stabilizing agents pro-
vides a useful alternative to common synthetic routes
involving organic solvents with high boiling points.
To date, however, these processes have yielded only
poor-quality copper sulfide NPs. The aqueous disper-
sions typically consist of large particles (50—500 nm)
with high polydispersity.*’ Furthermore, the reported
copper sulfide particles are often formed from mixed
crystalline phases and show low crystallinity.*® In addi-
tion to broadening optical features, the interfaces
between different phases create low-energy traps,
which are detrimental for charge carrier mobility. The
slowly occurring hydrolysis/oxidation of the poorly
protected nanoscale colloids may also present a pro-
blem for devices that would not survive oxidation/
hydrolysis conditions.*>>° Therefore, the efficient syn-
thesis of Cu,S NPs with small and uniform size distribu-
tion in aqueous media remains a significant challenge
and an opportunity for broad scientific advances.

An additional incentive to investigate the synthesis
of Cu,S in aqueous media is the possibility of creating
technological processes based on self-assembly.>' This
process mimics the self-assembly of nanoscale biomo-
lecules, such as proteins, DNAs, peptides, lipids, sugars,
etc. Water is probably the most advantageous among
all solvents to use in different self-organization pro-
cesses because of the large variety of forces that
manifest in water. Rather than contending with van
der Waals forces, electrostatic repulsions, and steric
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interactions dominant in organic solvents, water allows
other, intermolecular forces to make much greater
contributions to self-assembly, resulting in more
dynamic®® and complex structures as seen in nature.
Such forces include hydrogen bonding, hydrophobic
interactions, dipole—dipole interactions,”> > excluded
volume interactions, and correlated ionic attraction.
Variation of ionic strength and pH affords an excep-
tionally wide range of control over many of these
forces. Another factor that could be important for
the assemblies is the variability of the interactions
with respect to different NP facets, i.e., anisotropy of
the interactions. Some contributions, exemplified by
dipolar interactions, can even change signs and switch
from positive to negative depending on the directions
in 3D space.>** Even the strength of seemingly long-
range and isotropic electrostatic interactions can vary
considerably, depending on the particle orientation
especially for highly anisotropic colloids.>®*” In water
such directional variability is exacerbated due to a
larger number of forces involved and greater differ-
ences in the structure of absorbed layers, ionic atmo-
spheres, etc. Inorganic solvent pair potentials between
NPs are often broadened, and anisotropy is reduced due
to thicker stabilizer coatings.>®>° While isotropic inter-
actions of nearly spherical NPs could also lead to a very
large variety of extended structures and superlattices
the anisotropic interactions can produce complex term-
inal assemblies, wires, chains, and networks comparable
in complexity to biological nanoassemblies.®

The chalcocite Cu,S has three different phases that
occur at different temperatures.®' One is a monoclinic
phase (low-chalcocite, a-Cu,S) formed below 104 °Cin
bulk. It changes to a hexagonal phase (high-chalcocite,
B-Cu,S) at 104 °C in bulk and further transforms to a
cubic phase (cubic-chalcocite, y-Cu,S) at 436 °C.> The
hexagonal phase lattice is intrinsically anisotropic and
has a unique (001) axis, which allows one to tailor the
NP shape and engineer the packing symmetry of the
NPs into superlattices. For instance, Z. Zhuang et al."®
reported that anisotropic Cu,S NPs with a dipole
moment along the [001] direction self-assemble into
a multilayer superlattice at the water-in-oil interface
driven by hydrophobic interactions originating from
the use of dodecanethiol as a capping agent. S. Li
et al."” observed the assembly of Cu,S NPs into two-
dimensional (2D) and three-dimensional (3D) super-
lattices. Researchers in Li's laboratory,®® as well as those
in B. Korgel's group,?®?° observed the self-assembly of
Cu,S hexagonal nanoplates into columns. These results
show the possibility of constructing superstructures
applicable to solar cell conversion and other applica-
tions by self-assembly of NPs. However, to be useful
these methods require extraordinarily uniform NPs.
Note that these assemblies took place in organic media
and carried thick stabilizer shells that gave rise to the
issues discussed above and impeded the potential
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applications for which they were intended. To date,
there has been no published account of an aqueous
synthesis and assembly of Cu,S NPs into nano/
microscale structures with high aspect ratio and
lattice-to-lattice connectivity between constitutive
NPs. Previous examples of CdTe®* and PbS®®> NPs
synthesized in aqueous media indicated that the self-
assembly with continuity in the semiconductor lattice
is realistic. Recent observation®® of the lowering of
the phase transition temperature from monoclinic
phase (low-chalcocite, a-Cu,S) to hexagonal phase
(high-chalcocite, 8-Cu,S), from 104 °C to 65 °C, yielded
NRs with dimensions of 5 x 28 nm. These results
indicated that recrystallization of NP assemblies
in the production of monocrystalline nanoribbons
or other nanoscale materials without gaps between
original “building blocks” is also possible.

In this paper, we report a new, simple, and aqueous
synthesis of 3-Cu,S NPs in a high-chalcocite hexagonal
phase, producing dispersions of high size and shape
uniformity. Both small, nearly spherical, and discoid
NPs with predominantly hexagonal shapes ranging
from 2 to 10 nm in size were obtained. Following
the previous technique®® of partial destabilization
of NP dispersions, these f3-Cu,S NPs self-assembled
into nanochains or nanoribbons with lattice-to-lattice
connectivity between NPs 4—20 nm in width and
50—950 nm in lengths at low temperature (30 °C).

RESULTS AND DISCUSSION

Aqueous dispersions of thioglycolic acid (TGA)-
stabilized nearly spherical NPs were obtained using
the Rogach—Weller method previously developed
for CdTe,®* modified to use a 1:2:1 molar ratio of
[Cu*I/[TGAI/[TAA (thioacetamide)], and a reaction time
of 1 h at 85 °C (Figure 1a and b). The process yielded
NPs with a diameter of 3.3 £+ 0.4 nm and a narrow
size distribution (Figure 1b inset). The selected-area
electron diffraction (SAED) pattern clearly shows
the polycrystalline nature of the NPs (Figure 1c) with
diffraction rings corresponding to (002), (101), (102),
(110), (103), and (112) reflections, characteristic for the
hexagonal phase of 3-Cu,S. For the crystal structure of
hexagonal phase 3-Cu,S (Figure 1a inset), sulfur atoms
occupy the hexagonal sulfur lattice frame, and Cu
atoms insert into tetrahedral, trigonal, and linear
voids.’ The phase and purity of the prepared Cu,S
NPs were confirmed by the X-ray diffraction (XRD)
pattern (Figure 1d). All of the diffraction peaks (upper
curve) were indexed to the hexagonal -Cu,S standard
(bottom curve: the XRD pattern from the standard
B-Cu,S powder on JCPDS card no. 26-1116, a = 3.961 nm,
¢ = 6722 nm); no peaks from other phases could be
detected.

Energy-dispersive X-ray spectroscopy (EDS) was used
to determine the Cu:S ratio as 2.0:1.32 (Figure S1),
indicating that there was some excess of S in the

MA ET AL.

(]
<
3
o
&

QHOLILDDS

Akt ol 2
Diameter (nm)

y (a.u.)

ik

2030 40 50 60 70 80
20 (deg.)

Intensit

Figure 1. (a, b) Scanning transmission electron microscopy
annular dark-field (STEM-ADF) images. (c) SAED pattern, and
(d) XRD patterns of the 3-Cu,S NPs synthesized after 1 h
reaction time. Inset in (a): schematic diagram of crystal
structure. Inset in (b): size distribution. In (d) the curve
represents XRD pattern of the NPs, while the bars represent
the standard [3-Cu,S powder from JCPDS card no. 26-1116.

products compared to theoretical stoichiometry of
B-Cu,S. This excess likely originates from the TGA
capping ligands that passivate the NP surface. The
composition and valence states of 5-Cu,S NPs were
studied by X-ray photoelectron spectroscopy (XPS)
and Auger electron spectroscopy (AES) (Figure S2). To
calibrate the spectra, the binding energy for C (1s) was
used as an internal reference to eliminate the charging
effect. A survey spectrum of the synthesized -Cu,S NPs
identified the presence of Cu and S (Figure $2a).°%%7
High-resolution XPS spectra of Cu 2p and S 2p were
collected to determine the oxidation states of the
constituent elements. The binding energies of copper
2ps/> and 2pq, for Cu,S were 9324 and 952.2 eV,
respectively; the peak separation of 19.8 eV was indi-
cative of Cu(l). No “shakeup” peaks were found in the
higher binding energy direction, which was consistent
with the standard reference XPS spectrum of Cu 2p in
B-CusS (Figure S2b).%8 Considering the proximity of the
binding energies for Cu(0) and Cu(l), Cu LMM Auger
spectroscopy was used to prove the valence state of
Cu in the prepared samples (Figure S2d). The binding
energy of Cu LMM was centered at 570.4 eV and was
consistent with the literature values.'® This result ruled
out the possibility of Cu(0) in the samples, as the
binding energy of monatomic Cu LMM is centered at
569.2 eV. The sulfur 2ps/, and 2p;/, peaks in the spectra
(Figure S2c) were located at 162.0 and 163.2 eV, respec-
tively, with a doublet separation of 1.2 eV. These positions
match well with our expectation for S in sulfide phases
based on previous studies.?>?%%3

When the reaction time reached 30 min, small,
spherical 3-Cu,S NPs formed with an average diameter
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Figure 2. TEM bright-field images and size distributions of
as-synthesized 3-Cu,S NPs with reaction times of (a) 30 min,
(b) 1.5 h, (c) 2.5 h, and (d) 4 h.

of 2.6 + 0.3 nm (Figure 2a). After 1.5 h of reaction at
85 °C, the NPs grew to a diameter of 3.8 & 0.3 nm, still
retaining high uniformity, narrow size distribution, and
spherical shape (Figure 2b). The process exhibited a
time-dependent evolution of both the size and shape
of NPs. TEM images of the $-Cu,S NPs revealed that
small, nearly spherical particles (2.6 + 0.3 nm) seen
after 30 min reaction time transformed into nanodisks
(10.2 £ 0.9 nm) at 4 h reaction time at 85 °C (Figures 2,
Figure S3). At reaction t = 2 h, 5-Cu,S NPs transformed
into nearly monodispersed nanodisks (Figure 3a).
All synthesized particles and structures assembled
from them revealed little in the UV—vis spectra in the
200—900 nm range (Figure S5). A high-magnification
TEM image of the product demonstrated that the
nanodisks tend to acquire hexagonal shapes ap-
proaching the geometry of hexagonal prisms. Since
we still need to perfect the control of their geometry
and to acquire the uniformity of their hexagonal
form, as well as increase the resolution of electron
microscopy images, we shall refer to them in this paper
still as nanodisks. Note, however, that in relevant
processes of self-organization (see Figures 4, 5) we
do see the indications of their behavior as hexagonal
prisms.
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Figure 3. (a) TEM bright-field images, (b) size distributions,
and (c, d, e, f) HRTEM images of the 3-Cu,S NPs synthesized
after 2 h reaction time. Although the perfection of shapes
was not achieved in this synthesis, many of them have a
tendency to acquire a hexagonal shape. The insetsin (a, ¢, e)
show atomic models of the disks viewed from different
directions; Cu atoms and V¢, (vacancies of Cu atoms) are
orange, and S atoms are yellow.

In 2D projection, typical for TEM, the nanodisks may
appear to be rods and disks only because some NPs
were facing down and some were standing perpendi-
cularly aligned to the substrate. The diameter of the
nanodisks was 5.5 £ 0.9 nm, while their height was
2.2 + 0.4 nm (Figure 3b). The lattice fringes of face-down
B-Cu,S nanodisks showed a spacing of d = 0.201 nm
(Figure 3c,d), which corresponds to the (110) lattice
plane of the hexagonal phase of 5-Cu,S (the inset is
an atom's view model along the [001] direction). The
lattice fringes of a stand-up nanodisks (Figure 3e,f)
showed a spacing of d = 0.334 nm (the inset is an atom's
view model from the [110] orientation). This interatomic
distance corresponds to the (002) lattice plane of the
hexagonal phase of 3-Cu,S. When the reaction time was
increased to 2.5 h, the particles grew to diameters of
6.7 £ 0.5 nm and widths of 2.6 4 0.4 nm (Figure 2c). The
nanodisks then grew to 10.2 £ 0.9 nm and 2.9 4+ 0.3 nm
in diameter and width, respectively, for 4 h reaction
times. At this point the disks tended to stack together
into chains (Figure 2d).

3-Cu,S NPs were found to spontaneously assemble
into high aspect ratio nano/microstructures after par-
tial removal of the stabilizer in a previously reported
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Figure 4. (a) TEM bright-field and (b) STEM-ADF images of the chains; (c, d) DF-STEM images of the nanoribbons; (e—i) HRTEM
images of an individual nanoribbons; (j) EDS spectrum of the 3-Cu,S nanoribbons (the carbon and the nickel signals come from the
nickel grid coated by carbon film) of as-synthesized 5-Cu,S NPs after partial stabilizer removal for different times; (k, l) atomic models
of the nanoribbons viewed from different directions; Cu atoms and V¢, (vacancies of Cu atoms) are orange, and S atoms are yellow.

Figure 5. (a) TEM bright-field images of nanodisks assembled into chains; (b, ¢) TEM bright-field images of nanoribbons
assembled from $3-Cu,S nanodisks; (d, ) STEM-ADF images of the nanoribbons with clearly visible individual nanodisks; (f)
HRTEM images of an individual nanoribbon; areas of crystallinity corresponding to individual 3-Cu,S nanodisks are indicated
with yellow lines; (g) schematic diagram of the nanoribbon assembled from 3-Cu,S nanodisks represented by the hexagons.

precipitation—redispersion process.®* As-synthesized
spherical 3-Cu,S NPs with a diameter of 3.3 + 0.4 nm
assembled into nanochains (24 h), and then the chains
assembled into a network (Figure 4a,b). When we
prolonged the assembly time to one week, the chains
fused gradually into nanoribbons with lattice-to-lattice
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connectivity including the formation of epitaxial single-
crystalline wires (Figure 4e—i). To understand better
the crystallography of the nanoribbons, we measured
lattice fringe spacing in them. Three different lattice
fringe spacings were found in nanoribbons: 0.339 nm
(Figure 4e[f), 0.243 nm (Figure 4g), and 0.301 nm
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(Figure 4h,i), which corresponded to the (002), (102),
and (101) lattice planes of hexagonal 5-Cu,S, respec-
tively. Therefore, nanoribbons form with the c-axis of
B-Cu,S oriented both along, with, and perpendicular to
the long axis of the nanoribbons, which would be quite
characteristic of flat hexagonal prisms tiling the surface.
The width of the nanoribbons ranged from 3 to 5 nm
(Figure 4d), and their length ranged from 42 to 97 nm
(Figure S4b). EDS spectroscopy indicated that the Cu:S
ratio was 2.0:1.08 (Figure S1). Note that the ratio of S
significantly decreased in the assembled nanoribbons
compared to the ratio for the original NPs, which should
be expected due to removal of the TGA stabilizer. The fact
that NP self-assembly resulted in nanoribbons forming a
continuous crystal lattice clearly indicates the possibility
of incorporating self-organization into technological
processes for the manufacturing of electronic devices.
The direct transition from NPs to continuous nanoribbons
has not been realized in any reported processes taking
place in organic media, with thick stabilizing coats made
from insulating aliphatic surfactants.

We also investigated the assembly behavior of the
B-Cu,S nanodisks with a diameter of 55 + 0.9 nm
(Figure 5). The difference compared with the smaller
nearly spherical Cu,S NPs was that the nanodisks needed
a longer time to assemble. Most NPs assembled into
nanochains if the assembly continued for one week
(Figure 5a). When we prolonged the assembly time to
three weeks, polycrystalline nanoribbons with diameters
of ca. 10 nm formed (Figure 5b—g), and the length of the
wires ranged from 223 to 953 nm (Figure S4a).

As discussed in our previous article,®* partial removal
of the TGA stabilizer reduces the repulsive forces
between the NPs, and thus the attractive dipole
forces cause the NPs to form linear aggregates. If
the 2-propanol—water precipitation—redispersion
steps are excluded and the original excess thiol stabi-
lizer was allowed to remain in solution, neither nano-
chains nor nanoribbons could form. After some time,
the Cu,S NPs with a small size (3.3 £+ 0.4 nm) finally
assembled into single-crystal nanoribbons. Ostwald
ripening could drive the recrystallization process, but
we also think there could be other mechanisms that
could take place only in the confinement of the narrow
gaps between NPs. For hexagonal phase 5-Cu,S (inset
of Figure 1a), sulfur atoms occupy the hexagonal sulfur
lattice frame, and Cu atoms insert into tetrahedral,
trigonal, and linear voids.®’ The ions then diffuse to
the NP chains, attaching to the inside of the agglom-
erates, filling in the voids between the NPs. The
presence of a hexagonal motif in the shapes of the

METHODS

Chemicals. Copper(l) chloride (CuCl, 299.99%), thioglycolic
acid solution (C,H40,S, TGA, 70% (w/w) in H,0), thioacetamide
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NPs with larger sizes of 5.5 £ 0.9 nm visible in Figure 3¢
is the likely the cause for the nanochains configuring
into nanoribbons with lattice-to-lattice connectivity.
Note here the relevance of the previous studies on
oriented attachment, investigated predominantly for
oxide systems that tend to occur with faceted NPs in
polar solvents.%*~”" While monocrystallinity of nanorib-
bons (as in Figure 4) obtained in the process of oriented
attachment with epitaxial match at the interfaces would
be preferred for a variety of applications due to sub-
stantially faster charge transport,”? the polycrystalline
systems may actually be preferred for flexible devices
because of their desirable mechanical properties and
reduced dependence of electrical properties on strain.

CONCLUSIONS

In summary, a simple aqueous synthetic approach
for size- and shape-controllable growth of NPs from the
hexagonal high-chalcocite form of 5-Cu,S was reported.
They tend to crystallize in the shape of nanodisks and
imperfect hexagonal pyramids when reaching a size of
ca. 5 nm. By partial removal of the stabilizer directly in
aqueous solvents at low temperature, nanochains and
nanoribbons were assembled from both small and large
B-Cu,S nanodisks. The formation of high aspect ratio
nanoribbons is consistent with hexagonal tiling of the
surfaces with NPs and leads to nano/microstructures
with lattice-to-lattice connectivity. Evidence of self-
assembly into monocrystalline form presumably via
epitaxial match of particle surfaces was also found.
One should expect a substantial increase of charge
carrier mobility across the assembled structures com-
pared to all the previous cases of assembled Cu,S
and other NP superstructures separated by insulating
surfactants. The described assembly process should
simplify the preparation of solution-processed electronic
devices from NPs reported before3*~3° Potentially, im-
provement of hole mobility®”* might be expected com-
pared to other solution processes for copper sulfide
devices’ and organic electronic materials'>?* but should
be investigated experimentally in detail.

The constituent elements of these structures are non-
toxic and abundant, allowing for a wide range of applica-
tions. Moreover, they could be used as templates for
the preparation of multielement metal chalcogenides
in aqueous solution, such as CulnS,, Cu,ZnSnS,, and
CulnGaSe,, which are long-standing candidates for solar
energy conversion. Their assembly into 2D structures
could strengthen their potential for use as practical solar
absorber layers, where directional orientation and length
control will likely allow for enhanced efficiencies.

(CoHsNS, =99.0%), sodium hydroxide (NaOH, >98%), and 2-propanol
(99.5%) were all purchased from Aldrich. E-pure deionized water
(18.2 MQ- cm) was obtained from a Millipore Milli-Q system. All of
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the chemicals were used as received without any further
purification.

Synthesis of $-Cu,S NPs. In a typical synthesis, 100 mL of
deionized water was heated to 85 °C in a three-neck flask
(150 mL) fitted with a valve and deaerated by bubbling 99.99%
nitrogen under magnetic stirring for 30 min to remove residual
oxygen. Thioglycolic acid (2 mmol, 0.14 mL) was injected while
stirring and continuously purging the reaction media with nitro-
gen for 30 min. Copper(l) chloride (1 mmol, 0.099 g) powder was
quickly added to the flask by opening a bottle stopper while
keeping positive nitrogen pressure, then closing the bottle stop-
per. The entire process was done within several seconds to prevent
air entry into the flask. After refluxing for 1 h at 85 °C, a white, thick
emulsion formed. The pH of the media was adjusted to 9.0 by
adding a 0.5 M solution of sodium hydroxide. The solution became
clear and transparent after about 1 min. After 5 min, a solution
of thioacetamide (TAA), obtained by dissolution of 0.0375 g
(0.5 mmol) of TAA in 2 mL of deionized water, was injected into
the reaction media all at once. The color of the solution turned
light brown after 0.5 h, indicating the formation of the 5-Cu,S
nanocolloids; the color continued to deepen, gradually changing
to a dark brown after 4 h. As explained, the time of reflux
determined the diameter of the resulting NPs. Then the solution
was cooled to room temperature by purging with nitrogen gas.

Self-Assembly of 3-Cu,S NPs. A 10 mL amount of the resulting
NPs taken from the reaction media was added into the cen-
trifuge tube; then 20 mL of 2-propanol was slowly added to
the same tube. The tube was shaken until the mixture became
homogeneous (5 min). A dark brown and black powder was
obtained after centrifugation at 8000 rpm for 10 min. The final
precipitate was redispersed in pH 9.0 DI water (50 mL) at room
temperature. The dispersion was incubated for three weeks
in an evacuated container at 30 °C. All glassware was cleaned by
immersing in aqua regia (HCI/HNOs3, 3:1) for 30 min, then keptin
an ultrasonic washer at 60 °C for no less than 30 min, washed
several times with alkali detergent, and finally rinsed with DI
water. All glassware was then thoroughly dried in the oven at
80 °C before each use.
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