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ABSTRACT: Copper sulfide nanoparticles represent a class of dual-functional
materials whose optical properties are dominated by interband electronic transitions
and intraband plasmon resonances, both of which can be systematically tuned by
tailoring the geometric parameters and chemical compositions of the nanoparticles.
Here, we report a temperature-programmed synthetic approach to monolithic covellite
(CuS) nanodisks with thicknesses of around 11 nm and lateral diameters widely
tunable in the range of ∼100−300 nm. Our synthetic approach expands the aspect
ratio-tuning range of covellite nanodisks typically achievable through previously
developed colloidal syntheses, thereby enabling us to extend the plasmonic tunability
of covellite nanodisks across near-infrared deep into mid-infrared. Covellite nanodisks
with even larger lateral diameters beyond 300 nm, each of which is composed of
stacked monolithic layers, can be synthesized either by increasing precursor
concentrations or through seed-mediated nanodisk overgrowth. The superimposition
of horizontally twisted covellite lattices in stacked monolithic layers gives rise to the
emergence of Moire ́ patterns on individual nanodisks in transmission electron microscopy images. Upon thermal treatment,
monolithic covellite nanodisks dispersed in tetraethylene glycol transform into multicrystalline digenite (Cu1.8S) nanorings through a
postsynthesis phase-transitioning process, which not only further modifies plasmonic properties but also leads to energy shifts of the
band gap and Fermi level of the nanoparticles. As revealed by the results of correlated atomic force microscopy and Kelvin probe
force microscopy measurements, the local surface work functions of the covellite nanodisks and digenite nanorings in the size regime
investigated in this work are essentially independent of the local surface topographic features and the way in which the quasi-two-
dimensional nanostructures are stacked.

■ INTRODUCTION
Nanoparticles of noble metals, especially Au and Ag, represent
so far the most intensively studied prototypical plasmonic
materials widely utilized for applications ranging from optical
imaging and spectroscopies to photocatalysis and biomedi-
cine.1−8 The past decade, however, has witnessed a
continuously growing interest in searching for alternative
plasmonic materials composed of earth-abundant non-noble
metal elements, aiming at further enhancing plasmonic
performance while mitigating cost issues for real-world
applications.9−11 A variety of semiconductor materials, such
as metal oxides,12−18 chalcogenides,19−30 phosphides,31,32 and
nitrides,33,34 become metal-like with emerging plasmonic
features when cation/anion vacancies or ionized dopants are
incorporated into their crystal lattices. In contrast to their
metallic analogs whose plasmonic behaviors are dictated by the
delocalized conduction electrons, nanoparticles of doped
semiconductors support localized plasmon resonances arising
from the collective oscillation of free holes in their valence
bands.11,35−37 Copper sulfide nanocrystals, which may
versatilely adopt a variety of polymorphic crystalline phases
accommodating a wide range of Cu/S stoichiometries,38 have
emerged as a class of highly tunable, dual-functional materials

integrating excitonic properties of semiconductors with metal-
like plasmonic behaviors.28,39 Covellite (CuS), the most Cu-
deficient, fully stoichiometric member in the copper sulfide
family, exhibits intrinsic plasmonic characteristics due to its
high free hole concentration (∼1022 cm−3),40−42 whereas the
most Cu-rich stoichiometric phase, chalcocite (Cu2S), is
plasmonically inactive due to the lack of free holes in its
valence band.19,20,41 Chalcocite is thermodynamically unstable,
spontaneously evolving into Cu-deficient Cu2‑xS phases (0 < x
< 1) that are plasmonically active, such as djurleite (Cu1.96S),
digenite (Cu1.8S), and anilite (Cu1.75S), upon introduction of
Cu vacancies into the crystal lattices.19,20 These nonstoichio-
metric Cu2‑xS materials are self-doped p-type semiconductors
whose plasmon resonance frequencies can be fine-tuned by
adjusting the free hole concentration in Cu2‑xS, which is tied to
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the Cu/S stoichiometric ratios.19,20,28,39 The variation of the
Cu/S stoichiometries not only changes plasmonic properties
but also shifts the Fermi level and alters conduction/valence
band energies,19,39 thereby remarkably modifying the excitonic
properties of the materials as well.
In quasi-two-dimensional (Q2D) nanostructures such as

nanodisks, nanosheets, and polygonal nanoplates, distinct
optical properties may emerge upon selective excitations of
the in-plane and out-of-plane excitonic and plasmonic modes.
In a Q2D semiconductor nanoparticle, the valence-to-
conduction band gap for the out-of-plane excitations may
differ significantly from that for the in-plane excitations due to
quantum confinement effects.43−45 The electronic band
structures may be further modified, and new excitonic
properties may emerge due to interlayer interactions when
2D nanostructured units are stacked together to form
multilayered supra-nanostructures.46−52 Besides the excitonic
properties, the plasmonic properties of the Q2D nanostruc-
tures are also sensitively dependent on particle dimensions. For
example, increasing the aspect ratios (lateral dimensions/
vertical thickness) of Au or Ag nanoplates leads to the
frequency downshift of the in-plane plasmon modes all the way
across the visible into near-infrared, while the out-of-plane
plasmon resonances, which are remarkably less tunable, remain
in the visible.53−55 Switching from Au and Ag to covellite may
further expand the plasmonic tunability of Q2D nanoparticles
into mid-infrared because the free carrier concentration in
covellite is about one order of magnitude lower than those in
Au and Ag.19,20,40 In addition, covellite has been considered as
a better-performing plasmonic material in near-infrared and
mid-infrared with significantly lower ohmic loss and, thus, less
plasmon damping than Au and Ag.42 Furthermore, unlike their
noble metal counterparts whose free electron concentrations
are essentially fixed, the free hole concentrations can be tuned
when Q2D covellite nanocrystals undergo controlled phase
transitions to form nonstoichiometric Cu2‑xS phases,

24,30 which
further expands its plasmon tunability over even broader
spectral ranges. Therefore, Q2D covellite nanoparticles and
their nonstoichiometric Cu2‑xS derivatives constitute a unique
materials system in which both the intraband plasmons and
interband electronic transitions can be fine-engineered within a
single nanoscale entity.
The most prevalent synthetic approach to colloidal Q2D

copper sulfide nanocrystals involves the reactions of Cu(I) or
Cu(II) salts with sulfur sources, most commonly elemental S-
activated by oleylamine and/or octadecene, in organic solvents
at elevated temperatures through either one-pot heat-up or
hot-injection processes.24,28,40−42,56−61 An alternative synthetic
route involves the thermal decomposition of single-source
molecular precursors, such as Cu(II)-alkanethiolate,62,63 Cu-
(I)-thiobenzoate,64 Cu(II)-O,O′-dialkyldithiophosphate,65 and
Cu(II)-diethyldithiocarbamate complexes.66 The Q2D copper
sulfide nanocrystals resulting from these colloidal syntheses
typically exhibit monocrystalline disk-like or polygonal plate-
like morphologies with vertical thicknesses below 20 nm and
lateral dimensions in the sub-100 nm regime.24,28,30,40,49−61

The colloidal synthesis of Q2D copper sulfide nanocrystals
with larger lateral sizes beyond 100 nm and higher aspect
ratios, however, has been sparsely reported in the liter-
ature.41,60 Here, we have developed a temperature-pro-
grammed heat-up method that enables us to systematically
tune the lateral diameters of the monolithic covellite nanodisks
ranging from ∼100 to ∼300 nm while keeping the nanodisk

thicknesses around 11 nm. Thicker covellite nanodisks
composed of stacked monolithic layers with even larger lateral
diameters beyond 300 nm can be synthesized by either
increasing the precursor concentrations or using the
monolithic nanodisks as the seeds to mediate the nanodisk
overgrowth. The covellite nanodisks undergo phase transitions
under thermal conditions to evolve into digenite nanorings.
The broad tunability in the nanodisk aspect ratios leads to the
expansion of the plasmon tuning range across the entire near-
infrared deep into mid-infrared, while the covellite-to-digenite
phase transition further modifies the plasmonic features and
shifts the Fermi level and the band gap energies of the
nanoparticles. We have further investigated the relationship
between the local surface topography and surface work
functions on individual Q2D nanostructures, including
monolithic covellite nanodisks, stacked covellite nanodisks,
and digenite nanorings, through correlated atomic force
microscopy (AFM) and Kelvin probe force microscopy
(KPFM) measurements.

■ EXPERIMENTAL SECTION
Chemicals and Materials. Copper (II) nitrate trihydrate

(Cu(NO3)2·3H2O), ethylene glycol (EG), thiourea, polyvinylpyrro-
lidone (PVP, average molecular weight of 58,000), tetraethylene
glycol (TEG), and ethanol (200 proof) were purchased from Alfa
Aesar. All reagents were used as received without further purification.

Synthesis of Monolithic Covellite Nanodisks. Monolithic CuS
nanodisks with an average thickness of ∼11 nm and tunable average
lateral diameters in the range of ∼100−300 nm were synthesized
through a temperature-programmed, one-pot heat-up process. In a
typical procedure, 0.1 g of PVP was first dissolved in 8 mL of EG in a
50 mL round-bottom flask to form a clear solution, followed by the
addition of 0.4 mL of 0.1 M Cu(NO3)2 and 1.6 mL of 0.1 M thiourea
solutions (both Cu(NO3)2 and thiourea were dissolved in EG). A
temperature-controlled heating mantle was used to quickly heat up
the reactant mixtures from room temperature to 90 °C at a heating
rate of ∼6.5 °C min−1. After the reaction temperature was maintained
at 90 °C for 4 h, the reactant mixtures were heated up to 110 °C at a
slow heating rate of 1 °C min−1 and then maintained at 110 °C for 40
min to initiate the nucleation of CuS. The temperature was further
raised to 130 °C at an even slower heating rate of 0.33 °C min−1 to
promote the anisotropic growth of CuS nanodisks. Finally, the
temperature was maintained at 130 °C for another 50 min to allow
the reactions to proceed to completion. The temporal evolution of the
reaction temperature during the heat-up process was monitored in
real time using a digital thermocouple (G1720 Precise Universal
Thermometer, Priggen Special Electronic) directly immersed in the
solvent. The entire reaction process was conducted in open air
without any magnetic or mechanical stir. To obtain monolithic CuS
nanodisks with various lateral diameters, 1 mL aliquots were
withdrawn from the reactant mixtures at various times during the
growth of the nanodisks, and the reaction was quenched by quickly
cooling the samples in an ice bath. The kinetically trapped CuS
nanodisks were collected through three cycles of centrifugation and
redispersion in ethanol and finally stored in 1 mL of ethanol as
colloidal suspensions. To investigate the effects of solution agitation,
PVP, and heating profiles, control experiments were carried out under
magnetic stirring, in a PVP-free environment, and following different
temperature-programmed heating profiles, respectively.

Synthesis of Covellite Nanodisks Composed of Stacked
Monolithic Layers. Larger CuS nanodisks composed of monolithic
layers were synthesized by simply increasing the precursor
concentrations without changing any other synthetic parameters.
For example, CuS nanodisks with an average lateral diameter of ∼380
nm and thickness of ∼18 nm were synthesized by increasing the
concentrations of Cu(NO3)2 and thiourea to 50 mM and 200 mM,
respectively, in 10 mL of reactant mixtures while keeping the PVP
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concentration and the temperature-programmed heating profile the
same as those used for the synthesis of monolithic CuS nanodisks.
Multilayered CuS nanodisks with an even larger average lateral
diameter of ∼600 nm and average thickness of ∼45 nm were
synthesized via a seed-mediated overgrowth process. Briefly, 200 μL
of the as-synthesized colloidal monolithic CuS nanodisks (average
thickness of 11 nm and lateral diameter of 296 nm) were redispersed
in 8 mL of EG containing 0.1 g of PVP. Then, 0.2 mL of 0.1 M
Cu(NO3)2 and 0.8 mL of 0.1 M thiourea were added. The reactant
mixtures were thermally treated following a temperature-programmed
heating profile that was the same as that for the synthesis of the
monolithic CuS nanodisks. The resulting nanocrystals were collected

through centrifugation−redispersion cycles and finally dispersed in 1
mL of ethanol for storage.

Transformation of Covellite Nanodisks into Digenite
Nanorings. The covellite-to-digenite phase transition occurred in
TEG at 180 °C. In a typical procedure, 0.1 g of PVP was dissolved in
10 mL of TEG at room temperature. Then, the solution was heated
up to 180 °C. Two hundred microliters of the as-synthesized
monolithic nanodisks (average diameter of 296 nm and thickness of
11 nm) were quickly added, and the mixtures were maintained at 180
°C. The intermediate structures at various stages of phase transitions
were kinetically trapped by taking out 1 mL aliquots at various
reaction times and rapidly quenching the reactions in an ice bath. The

Figure 1. (A) Ball-and-stick model illustrating the unit cell structure of covellite (CuS). Reprinted with permission from ref 67. Copyright 2014
American Chemical Society. (B) Temporal evolution of the solution temperature during the temperature-programmed heat-up process for the
synthesis of CuS nanodisks. Photographs of the colloidal nanoparticles formed at various stages are shown in the insets. The nanoparticle samples
obtained at the reaction times of 330, 340, 360, and 410 min were labeled as CuS-i, CuS-ii, CuS-iii, and CuS-iv, respectively, as marked in the
heating profile in the upper-left inset. (C) PXRD patterns of CuS-i, CuS-ii, CuS-iii, and CuS-iv. The PXRD patterns were offset for clarity. The
standard pattern of covellite (JCPDS 6-464) were shown at the bottom as the reference. TEM images of (D) CuS-i, (E) CuS-ii, (F) CuS-iii, and
(G) CuS-iv nanodisks. (H) The distributions of the lateral diameters of CuS-i, CuS-ii, CuS-iii, and CuS-iv nanodisks. The size distributions were
obtained through analysis of 100 particles in TEM images of each sample. (I) 3D and (J) 2D representations of AFM topographic image and (K)
topographic height profile along the lines (1) and (2) in (J) for an individual CuS-iv nanodisk. (L) Correlation between average diameter and
thickness of individual CuS-ii and CuS-iv nanodisks revealed by AFM. (M) Distributions of the aspect ratios of CuS-ii and CuS-iv nanodisks
revealed by AFM. (N) Optical extinction spectra of CuS-i, CuS-ii, CuS-iii, and CuS-iv nanodisks. The extinction spectra are shown after
normalizing the extinction at 300 nm to 1. The Tauc plots are shown in the inset.
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nanoparticles were washed with ethanol, collected through
centrifugation, and finally stored in 1 mL of ethanol.
Characterizations. Transmission electron microscopy (TEM)

images were taken using a Hitachi H-7800 transmission electron
microscope operated at an accelerating voltage of 120 kV. High-
resolution TEM (HRTEM) images were obtained using a JEOL JEM-
2100 transmission electron microscope operated at an accelerating
voltage of 200 kV. Scanning electron microscopy (SEM) images and
energy dispersive spectroscopy (EDS) measurements were conducted
using a Zeiss Ultraplus thermal field emission scanning electron
microscope. Powder X-ray diffraction (PXRD) patterns were collected
using a SAXSLab Ganesha at the South Carolina Collaborative (Cu
Kα = 1.5405 Å). The optical extinction spectra were collected from
nanoparticles dried on glass coverslips using a Cary 5000 UV/vis/NIR
spectrophotometer. The Raman spectra were collected from nano-
particle samples supported on Si substrates in a back-scattering
configuration under 785 nm laser excitations using a Bayspec
Nomadic Raman microscope. The masses of Cu elements in various
CuS nanodisk samples were quantified by mass spectrometry using a
Finnigan ELEMENT XR double-focusing magnetic sector field
inductively coupled plasma mass spectrometer (SF-ICP-MS) for the
analysis of Cu (65 MR), with Rh (103 MR) serving as the internal
standard. The nanoparticle samples were digested in 1 mL of nitric
acid and 3 mL of hydrochloric acid in Teflon digestion vessels at 180
°C for 4 h. The digestates were brought to 100 mL with ultrapure
H2O (18.2 MΩ resistivity, Barnstead EasyPure II 7138) for the ICP-
MS measurements.
AFM topographies were constructed using semicontact mode on a

NTEGRA Prima AFM (NT-MDT Spectrum Instruments). Contact
potential difference (CPD) images were obtained using KPFM with
dual-pass AM-SKM mode on the aforementioned instrument. For
both AFM and KPFM, a MikroMasch HQ:NCS18/Pt tip (average
resonance frequency: 55−65 kHz) was used. Substrates were cleaned
by heating them in a 1:1:1 (v/v/v) solution of chlorobenzene/
acetonitrile/toluene for 15 min followed by 15 min of sonication.
After cleaning, the solution was drained and replaced with filtered
toluene (PTFE 1 μm) for storing. Before spin-coating, substrates were
removed from the filtered toluene solution as needed and treated with
UV/Ozone for 3 min using an Ossila UV Ozone Cleaner. Samples for
AFM and KPFM were prepared by spin-coating (2000 rpm, 1 min)
20 μL of the respective CuS solution onto a cleaned substrate
followed by a 10 s rinse with ethanol. Initial topography measure-
ments were conducted using 5 × 7 mm silica wafers purchased from
Ted Pella, Inc. Dual-pass (surface potential and topography)
measurements were conducted on a grounded 1 × 1 cm ITO
substrate (surface resistivity 70−100 Ω sq−1) cut from a larger sheet
purchased from Sigma-Aldrich. The constructed images were
processed and analyzed using the open-source software Gwyddion.

■ RESULTS AND DISCUSSION

Covellite has a unique crystalline structure with built-in
structural anisotropy,38,67 which is distinct from the symmetric,
face-centered cubic (fcc) structures that noble metals typically
adopt. The growth of anisotropic nanostructures of fcc noble
metals is typically guided by preformed seed particles, which
are either multitwinned nanocrystals with intrinsic structural
anisotropy68,69 or single-crystalline particles that undergo a
critical symmetry-breaking process at the initiation stage of the
seed-mediated nanocrystal growth.70,71 Unlike their noble
metal counterparts, the driving force for the growth of
monolithic covellite nanodisks essentially originates from the
intrinsic structural asymmetry of covellite itself. As illustrated
in Figure 1A, covellite exhibits a layered structure perpendic-
ular to the c axis of its unit cell. Each layer consists of
alternating tetrahedral CuS4 and trigonal planar CuS3 units.
The S atoms in the basal planes of the CuS4 units form
covalent S−S bonds to hold two adjacent layers together.38,67

Here, we developed a one-pot temperature-programmed
heat-up method for the size-controlled synthesis of monolithic
CuS nanodisks, in which Cu(I)−thiourea complexes, PVP, and
EG served as the thermally decomposable precursor, surface-
capping ligands, and solvent, respectively. The reactions
between Cu(NO3)2 and thiourea in EG lead to the formation
of Cu(I)−thiourea complexes with a general chemical formula
of [Cu4(CS(NH2)2)x](NO3)4.

72 It has been previously
reported that the Cu(I)−thiourea complexes undergo thermal
decomposition under solvothermal conditions at 150 °C to
evolve into multicrystalline CuS microstructures composed of
plate-shaped CuS units.72,73 Success in synthesizing monolithic
CuS nanodisks with high aspect ratios, however, requires the
creation of a reaction environment that selectively promotes
the in-plane growth of the nanocrystals while the thickening of
the nanodisks, the formation of twinning sites, and the
secondary nucleation on the growing nanodisk surfaces are all
effectively suppressed. We found that through a deliberately
designed and temperature-programmed heat-up process, the
thermal decomposition of the Cu(I)−thiourea precursors,
nucleation of CuS, and anisotropic in-plane growth of CuS
nanodisks could all be kinetically maneuvered, enabling us to
tune the lateral diameters of monolithic CuS nanodisks in the
range of ∼100−300 nm while keeping the nanodisk
thicknesses around 11 nm. Figure 1B shows the temperature-
programmed heating profile we adopted when developing a
standard protocol for the synthesis of monolithic CuS
nanodisks. The reactant mixtures were first maintained at 90
°C for 4 h to let Cu(NO3)2 fully react with thiourea until
equilibrium was reached. The Cu(I)−thiourea complexes were
colorless when dissolved in EG, consistent with previously
reported observations.72,73 The reaction temperature was then
elevated to 110 °C at a heating rate of 1 °C min−1 and
maintained at 110 °C for another 40 min until the solution
turned chartreuse in color, indicative of the formation of CuS
nuclei. The CuS nanocrystals produced at the nucleation stage
(kinetically trapped at the reaction time of 300 min during the
temperature-programmed heat-up process) had a broad
distribution of particle sizes and morphologies, and some of
them had already started to develop embryotic disk-like shapes
(Figure S1 in the Supporting Information). The reaction
temperature was further raised to 130 °C at a slow heating rate
of 0.33 °C min−1 and maintained at 130 °C to promote the in-
plane growth of monolithic CuS nanodisks. During the growth
of nanodisks, the color of the colloidal suspensions became
increasingly deeper, gradually evolving from chartreuse to olive
green (inset photographs in Figure 1B). The intermediate
structures at various stages of the nanocrystal growth could be
kinetically trapped by quenching the reaction in an ice bath
and then isolated from the reactant mixtures through
centrifugation and redispersion in ethanol. As illustrated in
the upper left inset of Figure 1B, we captured the nanodisks at
reaction times of 330, 340, 360, and 410 min during the
temperature-programmed heat-up process, which were labeled
as CuS-i, CuS-ii, CuS-iii, and CuS-iv, respectively. The PXRD
patterns of the nanodisk samples were in excellent agreement
with the standard pattern of hexagonal-phase covellite (JCPDS
6-464) without any detectable lattice distortion or other
copper sulfide phases (Figure 1C). In comparison to the CuS
nanocrystals produced at the nucleation stage, these CuS
nanodisks exhibited more uniform disk-like shapes (Figures
1D−G) with much narrower size distributions (Figure 1H)
primarily due to the Ostwald ripening of the nanocrystals
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during the nanodisk growth. The lateral diameters kept
increasing while the disk shape was well preserved during the
nanocrystal growth until the precursors were fully consumed
after the reaction temperature was maintained at 130 °C for
approximately 50 min (Figure S2 in the Supporting
Information). Further increase in reaction time did not lead
to any increase in the lateral diameters of the nanodisks
(Figure S3 in the Supporting Information), suggesting the
termination of nanodisk growth. Because of their relatively
large aspect ratios, almost all CuS nanodisks lay down on the
TEM grids, typically exhibiting a circular 2D profile in the
TEM images (Figures 1D−G). The disk shape of the
nanoparticles was further verified by TEM and SEM when
the sample substrates were tilted with respect to the normal
projection (Figures S4 and S5 in the Supporting Information).
We used EDS to quantify Cu/S stoichiometric ratios of the
covellite nanodisks according to the relative intensities of the
Cu L and S K lines. The Cu/S atomic ratios were very close to
1:1 (Figure S6 in the Supporting Information), fully consistent
with the expected value for covellite. Correlated SEM imaging/
EDS elemental mapping results revealed that the Cu and S
elements were well mixed in each nanodisk rather than forming
phase-segregated elemental domains (Figure S7 in the
Supporting Information). In the HRTEM image (Figure S8
in the Supporting Information), the (110) lattice fringes of
covellite were clearly resolved on a nanodisk projected along
the [001] zone axis, and the fast Fourier transform (FFT)
pattern of the HRTEM image (insets of Figure S8 in the
Supporting Information) reflected the monocrystalline nature
of the nanodisk.
Although the lateral diameter of each nanodisk could be

accurately determined through TEM imaging, we were unable
to directly measure the nanodisk thickness based on the TEM
images due to the absence of “standing-up” nanodisks that are
oriented perpendicularly to the TEM grids. Therefore, we used
AFM to measure the surface topography and the thicknesses of

individual CuS nanodisks. Figures 1I−K show the AFM images
and the topographic height profiles of an individual CuS-iv
nanodisk that was ∼11 nm thick, which exhibited a typical disk
shape with a circular cross section and a relatively smooth
surface. We collected the AFM images of multiple CuS-ii and
CuS-iv nanodisks, and the average diameters and thicknesses of
individual nanodisks were plotted in Figure 1L. The nanodisk
diameters measured by AFM were in good agreement with
those determined by TEM. Although the CuS-iv nanodisks
were about twice as large as the CuS-ii nanodisks in terms of
lateral diameters, the nanodisk thicknesses always remained
around 11 nm, corresponding to the thickness of six to seven
unit cells (lattice constant of covellite is 1.634 nm along the c
axis). The AFM results revealed that under the current
synthetic conditions, the nanodisks grew predominantly along
the lateral in-plane direction, while growth along the c axis of
the unit cell was effectively inhibited. Therefore, the growth of
nanodisks led to an increase of their aspect ratios (Figure 1M),
while the changes in their thicknesses remained minimal.
As shown in Figure 1N, the spectral features of various CuS

nanodisk samples in the optical extinction spectra were
dominated by a broad peak in near-infrared or mid-infrared
associated with the optical excitations of the in-plane plasmon
resonance modes. The broad bandwidths of the in-plane
plasmon peaks were tied to the Q2D disk-like shape of the
nanoparticles and the large imaginary part of the dielectric
function of CuS in near- and mid-infrared.42 As the aspect ratio
of the nanodisks increased, the in-plane plasmon resonance
progressively shifted toward longer wavelengths, which
consolidated the aspect ratio dependency of the near-infrared
plasmonic features previously observed on smaller CuS
nanodisks.42,74 Our synthetic approach offered the capability
to tune the average aspect ratios of monolithic CuS nanodisks
over a broader range up to ∼27, enabling us to further extend
the plasmonic tunability of CuS nanodisks across the entire
near-infrared into mid-infrared. Because the free charge carrier

Figure 2. (A) Temporal evolutions of solution temperatures for the programmed heating profiles 1, 2, 3, 4, 5, and 6. TEM images of the
nanoparticles synthesized through heating profiles (B) 2, (C) 3, (D) 4, (E) 5, and (F) 6. The left panels show the lower-magnification TEM images
of multiple nanoparticles, and the right panels show the higher-magnification TEM images of individual nanoparticles. The stacking sites for
multiple nanoplates with different orientations are labeled with yellow arrows. A photograph of a starfruit is also shown as an inset in (D).
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concentration in CuS is approximately one order of magnitude
lower than those in noble metals,19 the in-plane plasmons of
CuS nanodisks are resonant at significantly longer wavelengths
than those of their Au and Ag counterparts with comparable
aspect ratios. In addition to the spectral features associated
with the plasmon resonances, strong light absorption was also
observed in visible light, which was a spectral feature of the
valence-to-conduction interband transitions. The spectral
features associated with the excitonic excitations, however,
appeared independent of the aspect ratios of the CuS
nanodisks. According to the Tauc plots (inset of Figure 1N),
the direct band gap values of various CuS nanodisk samples
were all in the range of 2.1−2.2 eV, consistent with the
previously reported values of CuS materials.19,75−77 We did not
observe any band gap widening due to quantum confinement
effect because both the lateral sizes and the thicknesses of the
CuS nanodisks were larger than the Bohr radius of CuS.19

Both the surface-capping ligand (PVP) and agitation of the
reactant solution were found to be crucial factors influencing
the morphological evolution of the CuS nanostructures. When
the reaction occurred in the absence of PVP under otherwise
identical conditions, irregularly shaped CuS nanostructures
were formed instead of monolithic CuS nanodisks (Figure S9
in the Supporting Information), which indicated that PVP
could selectively passivate the (100) facets of CuS and
suppress crystal twinning and branching, thereby effectively
promoting the lateral 2D growth of monolithic CuS nanodisks.
Under our experimental conditions, monolithic CuS nanodisks
were synthesized only when no agitation was applied to the
reactant mixtures. When the reactions took place under
magnetic stirring, the resulting CuS particles started to evolve
into a branched morphology composed of CuS nanoplates
(Figure S10 in the Supporting Information), which was most
likely a consequence of twinning-induced, branched crystal
growth triggered by solution agitation. The synergistic actions
of surface capping by PVP and crystal twinning caused by
agitation were best manifested by a control experiment carried
out in the presence of a high concentration of PVP (six times
of the PVP concentration in the standard synthetic protocol)
with high-speed magnetic stirring (300 rpm), which led to the
formation of flower-like, highly branched nanostructures
consisting of thin CuS nanosheets (Figure S11 in the
Supporting Information).
The temperature programming of the heating profiles played

a crucial role in guiding the growth of monolithic CuS
nanodisks. Figure 2A shows the temporal evolutions of
reaction temperatures associated with six different heating
profiles. The heating profile involved in the standard synthetic
protocol (shown in Figure 1B) was labeled as heating profile 1.
After the CuS nuclei were produced at 110 °C, the reaction
temperature was slowly raised from 110 to 130 °C at a heating
rate of 0.33 °C min−1, which facilitated the 2D in-plane growth
of monolithic CuS nanodisks. When further decreasing the
heating rate to ∼0.165 °C min−1 (heating profile 2), the
resulting CuS nanodisks appeared very similar to those
synthesized through heating profile 1 in terms of both
nanodisk morphology and lateral dimensions (Figure 2B). In
contrast, a rapid elevation of temperature from 110 to 130 °C
at a heating rate of ∼2 °C min−1 (heating profile 3) led to
significant decrease in the average lateral diameter of the
resulting CuS nanodisks (Figure 2C and Figure S12 in the
Supporting Information). Interestingly, groups of parallel strips
and/or 2D superlattice patterns were clearly observed on every

single nanodisk in the TEM images (Figure 2C), which were
the Moire ́ patterns signifying the superimposition of two
oblique CuS lattices sharing the common base vector along the
c axis.56,72 The fringe spacing and detailed patterns of the
Moire ́ patterns varied significantly from site to site within the
same nanodisks, suggesting different twist angles between two
stacked layers in different regions. The uneven distributions of
Moire ́ patterns on individual nanodisks further suggested a
rugged surface topography of the nanodisks, which was
confirmed by the AFM results (Figure S13 in the Supporting
Information). These CuS nanodisks with Moire ́ patterns were
about twice as thick as their monolithic counterparts
synthesized through heating profile 1 (Figure 1I−K and
Figure S13 in the Supporting Information) due to the stacking
of two monolithic layers. Despite the difference in their lateral
diameters and thicknesses, the CuS nanodisks synthesized
through heating profiles 1 and 3 had similar volumes per
particle when all the precursors were fully consumed. Our
observations suggested that fast temperature elevation
triggered the secondary nucleation on the growing nanodisks,
which eventually led to the Moire ́ stacking of monolithic
layers, whereas slow heat-up processes favored the 2D growth
of monolithic nanodisks and suppressed the secondary
nucleation.
If the reaction temperature was maintained at 110 °C after

CuS nucleation (heating profile 4), the nuclei could still grow
into larger nanocrystals at a slower growth rate than at 130 °C.
In this case, each of the resulting nanoparticles were
multicrystalline in nature with multiple nanoplates orientated
differently to form branched structures that resembled
starfruits (Figure 2D). The stacking sites where multiple
nanoplates merged could be clearly visualized in the TEM
images as labeled with yellow arrows in Figure 2D. The
primary driving force for the formation of such branched
nanostructures was most likely associated with the crystal
twinning that occurred during the slow crystal growth at 110
°C. Following the standard heating profile 1, the kinetics of
nucleation and nanocrystal growth were controlled separately,
which favored the growth of monolithic nanodisks. However, if
the reaction temperature was quickly increased from 90 to 130
°C at a heating rate of 4 °C min−1 after incubating the reactant
at 90 °C for 4 h (heating profile 5), both the nucleation and
growth occurred rapidly and became kinetically entangled. As a
result, the CuS nanoparticles evolved into two subpopulations:
nanodisks with Moire ́ fringes and multibranched, starfruit-like
nanocrystals (Figure 2E), indicating that both crystal twinning
and secondary nucleation occurred during this fast heat-up
process. In another control experiment, we directly heated up
the reactant mixtures from room temperature to 130 °C at a
heating rate of ∼11 °C min−1, during which both nucleation
and nanocrystal growth occurred before the Cu(NO3)2 and
thiourea were fully reacted to reach equilibrium. In this case,
the resulting CuS nanoparticles exhibited a broad size
distribution, and the particle shapes became nonuniform
(Figure 2F) primarily due to lack of kinetic control over the
precursor decomposition, nucleation, and crystal growth. The
products were made up of smaller monolithic nanodisks, larger
nanodisks with Moire ́ fringes, and multibranched nanoparticles
analogous to the morphologies of the CuS samples previously
synthesized through decomposition of Cu(I)−thiourea com-
plexes under solvothermal conditions.72,73

CuS nanodisks with even larger lateral diameters beyond
300 nm could be synthesized through the standard temper-
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ature-programmed heat-up process (heating profile 1) with
higher concentrations of the precursors. When the Cu(NO3)2
concentration was varied from 1.6 mM for the standard
protocol to 2.0 mM with the Cu/thiourea molar ratio still kept
at 1:4, the average lateral diameters of the resulting CuS
nanodisks, which were labeled as CuS-v, increased to 381 nm
(Figure 3A). In the TEM images of the CuS-v sample, about
65% of the nanodisks exhibited Moire ́ patterns (Figure 3Ai−
iii), while the other ∼35% of the nanodisks did not (Figure
3Ai,iv). The detailed features of the Moire ́ patterns varied from
particle to particle, displaying either well-defined 2D super-
lattice patterns (Figure 3Aii) or parallel strips with varying
fringe spacing (Figure 3Aiii). Moire ́ fringes were also observed
where two nanodisks were partially stacked (Figure 3Av). The
emergence of Moire ́ patterns on the CuS-v nanodisks could be
interpreted as the consequence of the Moire ́ stacking of two
CuS monolithic layers, suggesting that excessive precursors
might be decomposed to form secondary nuclei on the surfaces
of some growing nanodisks. About 1% of nanodisks in the
CuS-v sample showed a unique structure with a seminanodisk
sitting on top of a fully developed nanodisk (Figure S14 in the
Supporting Information), which was an immature, intermedi-
ate structure kinetically trapped during the growth of CuS-v
nanodisks.
Even larger CuS nanodisks were synthesized using the

monolithic CuS-iv nanodisks as seeds to mediate the

overgrowth of the nanodisks through the temperature-
programmed heat-up process (heating profile 1). As shown
in Figure 3B, the overgrown nanodisks, which were labeled as
CuS-vi, had an average lateral diameter as large as ∼600 nm,
and Moire ́ patterns were clearly observed on every single
overgrown nanodisk (Figure 3B). The Moire ́ stacking of
monolithic layers in the overgrown nanodisks was a direct
consequence of secondary nucleation on the monolithic
nanodisk seeds. AFM images clearly revealed that the
overgrown nanodisks had rugged surfaces and were signifi-
cantly thicker than the monolithic seeds (Figures 3C−E). The
lateral diameters of CuS-iv, CuS-v, and CuS-vi nanodisks
determined by the TEM were compared in Figure S15 in the
Supporting Information. PXRD results further confirmed that
both CuS-v and CuS-vi nanodisks were in the hexagonal
covellite phase (Figure S16 in the Supporting Information).
The characteristic Raman bands of the S−S stretching mode78

were centered at 472 cm−1 for both the monolithic CuS-iv and
Cu-vi nanodisks with Moire ́ patterns (Figure S17 in
Supporting Information), indicating that the Moire ́ stacking
of monolithic layers did not cause any distortion to the S−S
bonds in the covellite lattices. Therefore, as inferred by the
Raman results, the primary interlayer forces responsible for the
Moire ́ stacking of monolithic CuS layers in CuS-vi nanodisks
were most likely the van der Waals interactions rather than the
covalent S−S bonds. According to the results of AFM

Figure 3. TEM images of (A) CuS-v and (B) CuS-vi nanodisks. (i) Lower-magnification TEM images of multiple nanodisks and (ii−v) higher-
magnification TEM images highlighting individual nanodisks or partially stacked nanodisks. (C) 3D and (D) 2D representations of AFM
topographic image and (E) topographic height profiles along lines (1) and (2) in (D) for an individual CuS-vi nanodisk. (F) Correlation between
average diameter and thickness of individual CuS-iv, CuS-v, and CuS-vi nanodisks revealed by AFM. (G) Distributions of the aspect ratios of CuS-
iv, CuS-v, and CuS-vi nanodisks revealed by AFM. (H) Optical extinction spectra of CuS-iv, CuS-v, and CuS-vi nanodisks. The extinction spectra
are shown after normalizing the extinction at 300 nm to 1. The Tauc plots are shown in the inset.
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topographic measurements performed on multiple nanodisks
in each sample, both lateral diameters and vertical thicknesses
of the nanodisks increased in the order of CuS-iv < CuS-v <
CuS-vi (Figure 3F). However, the aspect ratios of the
nanodisks decreased in the order CuS-iv > CuS-v > CuS-vi
(Figure 3G). As shown in Figure 3H, the resonance
wavelengths of the in-plane plasmons supported by the
nanodisks progressively blue-shifted as the aspect ratios
decreased, whereas the band gap values appeared independent
of the aspect ratios and the Moire ́ stacking of monolithic CuS
layers.
Besides the size control of the CuS nanodisks, the optical

properties could also be tuned by varying the Cu/S
stoichiometric ratios through postsynthesis phase transitions.
Manna and coworkers24 observed that covellite nanodisks,
upon exposure to a Cu(I) complex, [Cu(CH3CN)4]PF6,
evolved into nonstoichiometric Cu2‑xS phases as a conse-
quence of intercalation of Cu(I) ions into the covellite lattices.
Alternatively, as demonstrated by Swihart and coworkers,30 the
interlayer disulfur bonds in covellite nanodisks could be
reduced by a mild reducing agent, 1-dodecanethiol (DDT),
which led to the transformation of the covellite lattices into the

chalcocite phase. In both cases, the nanodisk morphology was
well preserved during the phase transitions, although the lateral
sizes and thicknesses of the nanodisks both changed within a
certain range.24,30 Here, we observed that colloidal monolithic
covellite nanodisks evolved into digenite nanorings through
phase transitions when dispersed in TEG at 180 °C, a unique
structure-transforming process that has never been observed
on copper sulfide nanocrystals before. Under our experimental
condition, neither Cu(I) species nor additional reducing agents
were needed to trigger the covellite-to-digenite phase
transition because TEG served as a solvent with a built-in
temperature-dependent reducing capability.79,80 As shown in
Figure 4A, the structural transformation was initiated upon the
formation of a cavity in the center of each CuS nanodisk. As
the phase transition proceeded, the central cavities gradually
expanded in size accompanied by the emergence of an
increasing number of smaller cavities in the nanorings. The
smaller cavities became larger over time until they coalesced
into larger cavities, while the central cavities kept expanding.
Upon completion of the phase transition, the cavities in the
intermediate structures merged into one central hole in each
fully developed digenite nanoring. Therefore, the structural

Figure 4. (A) TEM images of the nanorings formed at reaction times of 8, 15, 30, and 50 min during the covellite-to-digenite phase transitions.
TEM images of individual nanoparticles are shown in the insets. The starting nanodisk sample for the phase transition is CuS-iv. (B) Temporal
evolutions of the outer (D1) and inner diameters (D2) of the nanorings during the covellite-to-digenite phase transitions. (C) Temporal evolution
of Cu/S atomic ratios during the covellite-to-digenite phase transitions. (D) PXRD patterns of the nanorings formed at reaction times of 8, 15, 30,
and 50 min. Standard PXRD patterns of CuS (covellite, JCPDS 6-464) and Cu1.8S (digenite, JCPDS 04-0784) are shown at the bottom for
comparison. (E) 3D and (F) 2D representations of AFM topographic image and (G) topographic height profiles along the lines (1) and (2) in (F)
for an individual Cu1.8S nanoring (sample obtained after 50 min). (H) Distributions of the average thicknesses of CuS-iv nanodisks and Cu1.8S
nanorings revealed by AFM at the single-particle level. (I) Distributions of the thicknesses of CuS-iv nanodisks and Cu1.8S nanorings revealed by
AFM at the single-pixel level. (J) Optical extinction spectra of the nanorings formed at reaction times of 8, 15, 30, and 50 min during the covellite-
to-digenite phase transitions. The extinction spectra are shown after normalizing the extinction at 300 nm to 1. The Tauc plots of CuS-iv nanodisks
and Cu1.8S nanorings are shown in the inset.
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evolution of the covellite nanodisks during the phase transition
was intimately tied to the Ostwald ripening of the cavities.
Under our experimental conditions, the covellite-to-digenite
phase transition went to completion after ∼50 min. Further
increasing the reaction time to 120 min did not lead to any
significant morphological or dimensional changes of the
digenite nanorings (Figure S18 in the Supporting Informa-
tion). During the nanodisk-to-nanoring transformations, the
outer diameters of the nanorings (D1) kept decreasing, while
the diameters of the central cavities (D2) increased
continuously (Figure 4B and Figure S19 in the Supporting
Information). The Cu/S stoichiometric ratios (quantified by
EDS) kept increasing during the phase transitions, evolving
from 0.99 ± 0.10 for the starting covellite nanodisks (CuS-iv)
to 1.78 ± 0.12 for the fully converted digenite nanorings
(Figure 4C and Figure S20 in the Supporting Information).
Covellite and digenite were the only two crystalline phases
identified by PXRD during the phase transitions (Figure 4D).
It was possible that other crystalline phases, such as yarrowite
(Cu1.12S) and anilite (Cu1.75S), served as the intermediate
structures during the covellite-to-digenite transitions. However,
it was highly likely that these intermediate phases were short-
lived and were, thus, not captured by ex situ PXRD
measurements. In the Raman spectrum of Cu1.8S nanorings,
the characteristic peak of the S−S stretching mode completely
disappeared (Figure S21 in the Supporting Information),
indicating that the interlayer S−S bonds were cleaved when the

hexagonal covellite lattices were rearranged into cubic-phase
digenite lattices. The substantial structural rearrangements of
the lattices led to the conversion of monolithic nanodisks into
multicrystalline nanorings, as revealed by the HRTEM image
and its FFT pattern of an individual Cu1.8S nanoring (Figure
S22 in the Supporting Information).
AFM images (Figures 4E−G) showed that the nanodisk-to-

nanoring transformation led to a significant increase in not
only the thickness but also the surface roughness of the
nanoparticles. On average, the Cu1.8S nanorings derived from
the CuS-iv nanodisks were twice as thick as their parental
nanodisks (Figure 4H). The dip in the center of each Cu1.8S
nanoring was coincident with the location of the central hole.
In Figure 4I, we compared the distribution of the thicknesses
of the CuS-iv nanodisks and the Cu1.8S nanorings extracted
from large ensembles of AFM topographic heights at the
single-pixel level. Due to the increased surface roughness, the
distribution of Cu1.8S nanoring thicknesses (excluding the
areas where the central hole was located) was significantly
broader than that of the CuS-iv nanodisks. Another direct
consequence of the covellite-to-digenite phase transition was
the decrease of free hole concentrations in the valence band of
the materials, which led to weakening and broadening of the
plasmon resonance peak in the extinction spectra and
downshift of the plasmon resonance frequency deeper into
mid-infrared (Figure 4J). Meanwhile, the band gap between
HOMO and LUMO also became narrower when covellite

Figure 5. (A) AFM (upper left) and KPFM (lower left) images of CuS-ii nanodisks and topographic and CPD profiles along the lines 1 (upper
right) and 2 (lower right). (B) AFM (upper left) and KPFM (upper right) images of two partially stacked CuS-iv nanodisks and topographic and
CPD profiles along line 3 (bottom). (C) AFM image (top), KPFM image (middle), and topographic and CPD profiles along the line 4 (bottom) of
CuS nanodisks synthesized through programmed heating profile 3. (D) AFM (upper left) and KPFM images (upper right) of an individual Cu1.8S
nanoring and topographic and CPD profiles along line 5 (bottom). (E) Correlation between CPD values and the sample heights (thicknesses) of
CuS nanodisks and Cu1.8S nanorings at the single-pixel level. (F) Histograms showing the distribution of CPD values of CuS nanodisks and Cu1.8S
nanorings.
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nanodisks were transformed into digenite nanorings. Accord-
ing to the Tauc plots (inset of Figure 4J), the direct band gap
value decreased from 2.10 eV for CuS-iv nanodisks to 1.56 eV
for the Cu1.8S nanorings.
To gain further insight into the effects of nanodisk thickness,

surface topography, and nanodisk stacking on the Fermi-level
energy of the Q2D nanoparticles, we correlated the local
surface topography to the surface work functions on individual
monolithic covellite nanodisks, stacked covellite nanodisks,
and digenite nanorings through combined AFM and KPKM
measurements. In the KPFM measurements, the nanoparticles
were deposited on an ITO substrate, and the contact potential
difference (CPD) between the AFM tip and the nanoparticle
surface was measured using the ITO substrate as reference. In
Figure 5A, we directly compared the topographic heights and
the CPDs of an individual CuS-ii nanodisk and a double-
layered nanodisk with two CuS-ii nanodisks stacked on top of
each other. Although the stacking of two nanodisks doubled
the thickness of the particle, the CPD values remained very
similar to those of the single-layer nanodisk. As shown in
Figure 5B, the local CPDs also remained unchanged in the
regions where two monolithic nanodisks overlapped. Figure
5C shows the correlated AFM and KPFM images of a CuS
nanodisk with Moire ́ patterns (nanodisks synthesized following
heating profile 3; see the TEM image in Figure 2C). The
Moire ́ stacking of two monolithic nanodisks did not introduce
any significant modifications of the CPDs. Also shown in
Figure 5C is a suprastructured particle with three nanodisks
stacked together. Although this triple-stacked nanodisk was as
thick as ∼60 nm, the CPD value was very close to that of the
single nanodisk. The CPD values of all CuS nanodisks we
measured were always in the range of ∼8−12 mV, independent
of lateral dimensions, nanodisk thicknesses, and how the
nanodisks were stacked. As exemplified by multiple materials
systems, the stacking of multiple layers of 2D nanomaterials
may modify the electronic band structures of the materials,
giving rise to the energy shift of the Fermi level, alteration of
the band gap values, and even the emergence of peculiar
excitonic properties that are unattainable in single-layer 2D
materials.46−52 However, for the CuS nanodisks in the size
regime we investigated in this work, the Fermi level was
essentially unshifted when multiple monolithic layers were
stacked together to form supra-nanostructures.
When the CuS nanodisks transformed into Cu1.8S nanorings,

the CPD values increased significantly to ∼22 mV (Figure 5D)
due to the energy shift of the Fermi level caused by the
covellite-to-digenite phase transition. We also prepared a
sample for AFM/KPFM measurements by depositing a
mixture of CuS-v nanodisks and Cu1.8S nanorings on an ITO
substrate. We imaged a sample region containing a CuS-v
nanodisk with a Cu1.8S nanoring located nearby (Figure S23 in
the Supporting Information). Apparently, the different CPD
values of the nanodisk and the nanoring originated from the
difference in chemical compositions rather than the thicknesses
of the Q2D nanoparticles. Although the multicrystalline Cu1.8S
nanoring exhibited roughened surface textures and were rich of
grain boundaries, the local CPD values appeared almost
uncorrelated to the surface roughness. Figure 5E highlighted
the relationship between local CPD and surface topography at
the single-pixel level for all CuS-iv nanodisks and Cu1.8S
nanorings we measured, and the distributions of CPD values
were shown as histograms in Figure 5F. While particle
thickness varied significantly from pixel to pixel, the CPD

values were determined primarily by the crystalline phases and
compositions of the materials, independent of the local
topographic heights of the Q2D nanoparticles.

■ CONCLUSIONS
Choosing the Cu(II)−thiourea complex as a thermally
decomposable single-source precursor, we have developed a
temperature-programmed heat-up method that enables us to
systematically tune the lateral diameters of the monolithic
covellite nanodisks ranging from ∼100 to ∼300 nm while
keeping the nanodisk thicknesses around 11 nm. The
expansion of the size-tuning range allows us to tune the
plasmon resonances of the covellite nanodisks not only across
the entire near-infrared but also deep into mid-infrared.
Thicker covellite nanodisks with even larger lateral diameters
beyond 300 nm can be synthesized by either increasing the
precursor concentrations or using the monolithic nanodisks as
seeds to mediate nanodisk overgrowth. These thicker covellite
nanodisks are essentially Q2D supra-nanostructures composed
of monolithic nanodisks stacked on top of each other, and the
overlapping nanodisks are held together by van der Waals
interactions. Moire ́ patterns are clearly observed on individual
nanodisks composed of stacked monolithic layers in the TEM
images, which are characteristic of superimposed covellite
lattices that are horizontally twisted. The monolithic covellite
nanodisks further undergo phase transitions under thermal
conditions to evolve into multicrystalline digenite nanorings,
which not only modifies the plasmonic features but also shifts
the Fermi-level and band gap energies of the nanoparticles.
Through correlated AFM and KPFM measurements, we have
found that for the Q2D copper sulfide nanostructures
investigated in this work, their local surface work functions
are essentially determined by the crystalline phases and
chemical compositions of the materials, almost independent
of their local surface topographic features and the layer-by-
layer stacking of monolithic units.
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Figure S1. TEM image of CuS nuclei formed at a reaction time of 300 min during the temperature-
programmed heat-up process. The heating profile was shown in Figure 1B. 
 
 
 
 
 
 

 

Figure S2. Temporal evolution of the lateral diameters of the nanodisks (black open circles) and 
percentage of Cu reacted (solid red diamonds) during the nanodisk growth at various reaction times in the 
temperature-programmed heat-up process. The lateral diameters of various nanodisk samples were 
determined by TEM and the percentages of reacted Cu were calculated by normalizing the Cu mass in the 
nanodisks (quantified by ICP-MS) against the total Cu mass in the precursors.   
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Figure S3. (A) TEM image and (B) size distribution histograms of CuS nanodisks produced after 
maintaining the reaction temperature at 130 oC for 200 min. 
 

 

 

 

 

 
 

Figure S4. Tilted TEM images of CuS-iv nanodisks. The tilt angles with respect to the normal projection 
are labeled at the top of each image. 
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Figure S5. SEM images of CuS-iv nanodisks viewed at the normal projection and at a tilt angle of 40⸰ 
with respect to the normal projection. 
 
 

 

 
 

Figure S6. EDS spectrum of CuS-iv nanodisks. The weight and atomic percentages of Cu and S were 
quantified based on the intensities of the Cu L and S K lines, respectively. The peak centered at 1.75 keV 
was the signals from the Si substrate. 

 

 

 

 
 

Figure S7. SEM image and EDS elemental maps of CuS-iv nanodisks.  
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Figure S8. HRTEM image of a selected region within a CuS-iv nanodisk. The TEM image of the entire 
nanodisk and the fast Fourier transform (FFT) pattern of the HRTEM image were shown in the upper-left 
and upper-right insets, respectively.   
 

 

 

 
 

Figure S9. TEM images of CuS nanoparticles synthesized in the absence of PVP. The image in panel A 
was taken with a lower magnification than the one in panel B. The detailed protocol for the synthesis of 
this sample is described as follows: 0.4 mL of 0.1 M Cu(NO3)2 and 1.6 mL of 0.1 M thiourea were added 
to 8 mL EG at room temperature. The solution was kept in a temperature-controlled heating mantle 
following the programmed Heating Profile 1 (shown in Figure 2A). The produced colloidal particles were 
rapidly cooled down in an ice bath and separated from the reactant mixtures through centrifugation-
redispersion cycles with ethanol and were finally stored in ethanol. 
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Figure S10. TEM images of CuS nanoparticles synthesized under magnetic stir at different speeds. The 
detailed protocol for the synthesis of these samples is described as follows: 0.1 g of PVP was first 
dissolved in 8 mL of EG. Then 0.4 mL of 0.1 M Cu(NO3)2 and 1.6 mL of 0.1 M thiourea were added to 
the EG solution of PVP at room temperature. The reactant mixtures were kept under magnetic stir at fixed 
speeds (100 rpm for the sample in panel A and 300 rpm for the sample in panel B, respectively) in a 
temperature-controlled heating mantle following the programmed Heating Profile 1 (shown in Figure 2A). 
The produced colloidal particles were rapidly cooled down in an ice bath and separated from the reactant 
mixtures through centrifugation-redispersion cycles and were finally stored in ethanol. 

Figure S11. TEM image of CuS nanoparticles synthesized under magnetic stir at 300 rpm in the presence 
of 0.06 g mL-1 PVP. The detailed protocol for the synthesis of this sample is described as follows: 0.4 
mL of 0.1 M Cu(NO3)2, 1.6 mL of 0.1 M thiourea, and 0.6 g of PVP were added to 8 mL EG at room 
temperature. The reactant mixtures were kept under magnetic stir at 300 rpm in a temperature-
controlled heating mantle following the programmed Heating Profile 1 (shown in Figure 2A). The 
produced colloidal particles were rapidly cooled down in an ice bath and separated from the reactant 
mixtures through centrifugation-redispersion cycles and were finally stored in ethanol. 
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Figure S12. Distributions of the lateral diameters of CuS nanodisks synthesized through programmed (top 
panel) Heating Profile 1, (middle panel) Heating Profile 2, and (bottom panel) Heating Profile 3. The size 
distributions were obtained through analysis of more than 100 nanodisks in the TEM images of each 
sample. The precursor mixture solutions for these three samples were prepared in exactly the same way 
by adding 0.1 g PVP, 0.4 mL of 0.1 M Cu(NO3)2, and 1.6 mL of 0.1 M thiourea to 8 mL EG.   

Figure S13. (A) 3D and (B) 2D representations of an AFM topographic image of an individual CuS 
nanodisk synthesized following the temperature-programmed Heating Profile 3. (C) Topographic height 
profiles along the line (1) and line (2) in panel B.  
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Figure S14. (A, B) TEM images of individual double-stacked nanodisks in the CuS-v sample. (C) 2D 
representation of AFM topographic image, (D) topographic height profiles along the dash line in panel C, 
and (E) 3D representation of AFM topographic image of an individual nanodisk consisting of a semicircle-
shaped half nanodisk staked on top of a nanodisk. 

Figure S15. Distributions of the lateral diameters of (top panel) CuS-iv, (middle panel) CuS-v, and 
(bottom panel) CuS-vi nanodisks. The size distributions were obtained through analysis of more than 100 
nanodisks in the TEM images of each sample. 
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Figure S16. PXRD patterns of CuS-v and CuS-vi nanodisks. Standard pattern of CuS (covellite, JCPDS 
6-464) was shown as the reference for comparison.

Figure S17. Raman spectra of sulfur powders, CuS-vi nanodisks, and CuS-iv nanodisks. The excitation 
wavelength was 785 nm and the power of the excitation laser focused on the samples was 5.0 mW. The 
spectral integration time was 30 s. The nanodisks were dispersed on Si substrates. The characteristic peaks 
of the S-S bond and Si-Si bond stretching modes were centered at 472 and 520 cm-1, respectively.  
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Figure S18. TEM image of digenite nanorings obtained after maintaining the temperature of colloidal 
suspensions of CuS-iv nanodisks (in TEG) at 180 oC for 120 min.   

Figure S19. Distribution of D1 and D2 of the nanorings formed at various time spots during the covellite-
to-digenite phase transitions. D1 and D2 were defined as outer and inner diameters of the nanorings, 
respectively. 
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Figure S20. EDX spectrum of Cu1.8S nanorings. The weight and atomic percentages of Cu and S were 
quantified based on the intensities of the Cu L and S K lines, respectively. The peak centered at 1.75 keV 
was the signals from the Si substrate. 

Figure S21. Raman spectra of Cu1.8S nanorings and CuS-iv nanodisks. The excitation wavelength was 
785 nm and the power of the excitation laser focused on the samples was 5.0 mW. The spectral integration 
time was 30 s. The nanodisks and nanorings were both dispersed on Si substrates. The characteristic peaks 
of the S-S bond and Si-Si bond stretching modes were centered at 472 and 520 cm-1, respectively. A ball-
and-stick model illustrating the unit cell structure of digenite (Cu1.8S) was shown in the inset (Reprinted 
with permission from Xu, Q.; Huang, B.; Zhao, Y. F.; Yan, Y. F.; Noufi, R.; Wei, S. H. Crystal and 
Electronic Structures of CuxS Solar Cell Absorbers. Appl. Phys. Lett. 2012, 100 (6), 061906. Copyright 
2012 American Institute of Physics). 
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Figure S22. HRTEM image of a selected region within a Cu1.8S nanoring. The TEM image of the entire 
nanoring and the FFT pattern of the HRTEM image were shown in the lower-left and upper-right insets, 
respectively.   

Figure S23. (A) AFM and (B) KPFM images of a Cu1.8S nanoring (line 1) and a CuS-v nanodisk (line 2) 
on the same substrate. Topographic and CPD profiles of (C) along the line 1 across the Cu1.8S nanoring 
and (D) along the line 2 across the CuS-v nanodisk.  




