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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

� Cu0.7S particles of 4–6 nm formed for 
S2� to Cu2þ ions ratio of 2 and higher. 
� Covellite-type CuxS NPs released S at the 

expense of polysulfide upon aging. 
� Cu2-xS-type NPs formed and evolved to 

14 nm covellitic ones for “excess” of 
Cu2þ ions. 
� NIR absorption maxima at 

1100–1200 nm arose and increased 
upon aging. 
� Polysulfide species stabilized Cu- 

depleted covellite and reduced the den-
sity of holes.  
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A B S T R A C T   

Colloidal copper sulfides produced in reactions of aqueous copper and sulfide ions are important for many 
materials applications, environment and mineral processing. Here, CuxS nanoparticles formed and aged at 
varying copper sulfate to sodium sulfide ratios were studied using in situ UV–vis–NIR spectroscopy, dynamic 
light scattering, X-ray absorption spectroscopy, ex situ TEM, X-ray photoelectron spectroscopy and Raman 
scattering, and DFT þ U calculations. It was established that the ratio of aqueous Cu2þ to S2� ions of 1:2 is critical 
for the reaction, which yields disordered covellite-like 4–6 nm Cu0.7S nanoparticles comprised polysulfide species 
at this and higher sulfide concentrations; upon aging, the particles release sulfur and transform to chalcocite-like 
structure (Cu2-xS, x < 1). Conversely, at the “excess” of copper ions, Cu2-xS-type particles grew into 12–14 nm 
“covellitic” nanoparticles. The optical absorbance at 1100–1200 nm commonly attributed to localized surface 
plasmon resonance increased with time and was lowest for Cu2þ/S2� ¼ 1:2. DFT þ U calculations found that 
polysulfide stabilizes copper-deficit covellite, while Cu vacancies in chalcocite are more favorable and 
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destabilized by S–S bonding; the Fermi level energy increases and the hole density decreases with polysulfide 
formation. We believe that CuS2 clusters form initially, and following conversion of disulfide to polysulfide and 
then monosulfide ions rather than release of Cu determines the character of CuxS nanoparticles.   

1. Introduction 

Copper sulfide nanoparticles (NPs) attract increasing attention due 
to unique electronic, optical and chemical properties promising for op-
toelectronic devices, solar cells, lithium ion batteries, nanoscale 
switches, sensors, photocatalysis, biomedicine and other applications 
[1–8]. Copper sulfides CuxS, 1 � x � 2, have five stable phases at room 
temperature, which are typically p-type semiconductors with the band 
gap increasing from 1.1 eV in chalcocite (Cu2S) to 2.0 eV in covellite 
(CuS), while hole densities and conductivity grow as the content of 
copper decreases [9–12]. In recent years, optical absorption in the 
near-infrared region (NIR), i.e., in the second transparency window of 
water and biological tissue, assigned to localized surface plasmon 
resonance (LSPR) have been received a great deal of attention [1–3, 
13–18]. The LSPR is believed to be due to hole carriers in the valence 
band; it is stronger in covellite with the highest concentration of Cu 
vacancies and can be dynamically controlled using redox, ligand or 
cation-exchange reactions [19–25]. These features make copper chal-
cogenides prospective materials for photovoltaic and biomedical appli-
cations, and, in turn, can be used for in situ monitoring the composition 
and structure of copper sulfide nanoparticles and surfaces. Synthesis of 
copper chalcogenide nanocrystals in organic solutions allowing to con-
trol the composition, crystallinity and shape is often followed by 
post-synthetic treatment and transfer to aqueous solutions [1–3,16–24]. 
Moreover, colloidal copper sulfides of environmental concern arise in 
soils, waste, surface and ground waters [25–31] largely via reactions 
between copper cations and sulfide anions, and enter the environment 
from mineral processing [32–37] and nanoengineered materials [38, 
39]. Nevertheless, reaction mechanisms and their relation with prop-
erties of CuxS NPs remain a challenge. 

In the current work, we study the formation and aging of CuS colloids 
in the aqueous solutions containing sulfide anions and cupric cations. 
We examined the nanoparticle composition and structure utilizing a set 
of in situ and ex situ experimental techniques together with density 
functional theory (DFT) simulation of covellite- and chalcocite-based 
structures with Cu vacancies. Particularly, application of X-ray photo-
electron spectroscopy (XPS) revealed changes of the nanoparticle 
composition and significance of polysulfide species. This allowed us to 
shed new light onto the mechanisms of formation, chemical behavior, 
and characteristics of nanoscale CuxS, including LSPR, and to establish 
that the state and reactions of sulfur rather than copper species play the 
major role. 

2. Materials and methods 

2.1. Materials and preparation 

Copper sulfate (CuSO4⋅5H2O) and sodium sulfide (Na2S⋅9H2O) were 
purchased from “Volzhsky Orgsynthese” (Russia); the chemicals were of 
analytical grade and were utilized without additional purification. The 
reagent solutions were prepared using deionized water (Millipore) at 
room temperature. In a typical procedure, copper sulfide colloids were 
obtained by mixing 5 mL of CuSO4 solution (2 mM) and 5 mL of sodium 
sulfide solution whose concentration varied from 2 to 8 mM. The reac-
tion media became brown in a few seconds; it was agitated for 5 min and 
then left unstirred with or without access of air. All the hydrosols were 
stable for 5–6 h, and coagualated in the next few hours or days 
depending on the composion and aging conditions. The redox potentials 
of the media measured using Pt wire were found to be � 0.20 V, � 0.29 V 
and � 0.37 V vs. saturated Ag/AgCl reference electrode and somewhat 

increased with time, while pHs were of 4.8, 8.9 and 11.0 at the ratios 
Cu2þ/S2� ¼ 1:1, 1:2 and 1:3, respectively. After a predetermined time, a 
portion of the solution was loaded into a cell for UV–vis–NIR absorption 
spectroscopy, X-ray absorption spectroscopy, dynamic light scattering 
(DLS) or zeta potential measurements. A drop of the copper sulfide 
colloidal solution was placed on highly oriented pyrolytic graphite 
(HOPG) for XPS and Raman spectroscopy or on amorphous carbon 
coated Cu grid for transmission electron microscopy (TEM), and allowed 
to dry at ambient temperature. The dried samples were usually exam-
ined before and after cautious water rinsing to remove the solution 
remnants; it was established that the procedure insignificantly affected 
the composition of copper sulfide nanoparticles (see, for example, XPS 
data in paragraph 3.5). 

2.2. Characterization 

The optical absorption spectra were acquired in a thermostatic 
quartz cell (1 cm) in the wavelength range of 200–1500 nm using an 
UV-3600 Plus spectrophotometer (Shimadzu, Japan). Dynamic light 
scattering (DLS) and electrophoretic zeta potential studies were con-
ducted with a Zetasizer Nano ZS spectrometer (Malvern Instruments Ltd, 
UK) at the scattering angle of 173� in a folded polystyrene cell or pol-
ycarbonate cell with Pd electrodes. The volume distributions of hydro-
dynamic diameter D obtained using the multiple exponential fit of 
correlation function are presented in the paper. 

TEM imaging and selected area electron diffraction (SAED) charac-
terization were carried out using a JEM 2100 microscope (JEOL, Japan) 
operated at accelerating voltage of 200 kV. X-ray powder diffraction 
patterns were recorded using a PANalytical X’Pert Pro diffractometer 
with Cu Kα radiation. 

XAFS data were collected at the BM23 beamline of the European 
Synchrotron Radiation Facility (ESRF, Grenoble, France) operated in 
multibunch mode with the ring current of ~90 mA using a Si(111) 
double crystal monochromator and a Rh mirror with an angle of 5 mrad 
to reject the harmonics [40]. Cu K-edge spectra were acquired in situ 
from the CuxS hydrosols loaded into a cell with Kapton window in 
fluorescence mode at room temperature using a Vortex detector (Hita-
chi); the energy was calibrated with a Cu foil measured in transmission 
mode. EXAFS analysis was performed employing IFEFFIT code imple-
mented in the Demeter package (version 0.9.25) [41]. The k2-weighted 
EXAFS oscillations were treated in the photoelectron wavevector k range 
from 2.5 Å� 1 to 10.5 Å� 1, the forward Fourier transformed R-space data 
were windowed in the range of 1.0–2.236 Å. The photoelectron 
threshold energy Eo was first fitted from the data and then kept constant. 
The EXAFS signals were modelled utilizing a single path scattering 
approach, combining Cu–O and Cu–S paths. 

X-ray photoelectron spectra were measured using a SPECS instru-
ment equipped with a PHOIBOS 150 MCD 9 hemispherical analyzer at 
electron take-off angle 90� utilizing monochromatic Al Kα radiation 
(1486.6 eV) at room temperature. The analyzer pass energy was 10 eV 
for high-resolution scans and 20 eV for survey spectra. The high- 
resolution spectra were fitted after subtraction of Shirley-type back-
ground with Gaussian-Lorentzian peak profiles with the S 2p3/2,1/2 spin- 
orbit splitting of 1.19 eV and the branching ratio of 0.5, respectively, 
using a CasaXPS software package. 

Raman spectra were collected in the backscattering geometry with a 
Horiba Jobin-Yvon T64000 spectrometer (Horiba, Kyoto, Japan) 
equipped with a liquid nitrogen cooled charge-coupled device detection 
system in subtractive dispersion mode. Arþ ion laser (Spectra-Physics 
Stabilite 2017) with λ ¼ 514.5 nm and power of 1 mW on a sample was 
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used as an excitation light source. 

2.3. DFT þ U simulation 

DFT calculations were performed using the GGA þ U scheme [42] 
with PW91 parametrization of an exchange-correlation functional [43, 
44] and a Hubbard-type on-site U parameter as implemented in the 
Vienna ab initio simulation package (VASP) [45,46]. The U term was set 
to 5 eV for Cu 3d states in accordance with [47–49]. Spin unrestricted 
eigenfunctions of the projector augmented wave method [50,51] with 
explicit treatment of eleven electrons (4s13d10) for each Cu atom and six 
electrons (3s23p4) for S atoms were generated using plane waves 
restricted by an energy cut off of 400 eV. Numerical integration in the 
reciprocal space was carried out using 5 � 5 � 3 and 6 � 6 � 6 
Monkhorst-Pack k-points grids for CuS and Cu2S, respectively [52]. 

Covellite is a hexagonal crystal (space group P63/mmc) at room 
temperature, whose unit cell contains six formula units with the lattice 
constants of a ¼ b ¼ 3.782 Å and c ¼ 16.29 Å [53] composed of alter-
nating “disulfide” and “monosulfide” layers (Fig. 1), with two of three S 
atoms belonging to disulfide anions. Correspondingly, two out of three 
Cu atoms are in tetrahedral coordination and one in triangular coordi-
nation. The equilibrium lattice cell lengths calculated with U ¼ 5 eV 
were found to be a ¼ b ¼ 3.804 Å and c ¼ 16.500 Å. A Cu24S24 trans-
lation cell (|Cu24S24|) containing 24 CuS formula units with 
A ¼ B ¼ 7.608 Å and C ¼ 16.500 Å was utilized for simulation of defect 
structures formed upon deletion of up to four adjacent Cu atoms. 
Defective configurations of Cu2S (low chalcocite) having a cubic (anti-) 
fluorite structure (a ¼ 5.725 Å for the cell with four formula units [10]) 
were calculated using U ¼ 5 eV, a Cu32S16 translation cell with c axis 
perpendicular to (110) plane, C ¼ aU5 ¼ 5.5644 Å, A ¼ 7.869220 Å and 
B ¼ 15.7384 Å (consistent with the equilibrium regular lattice struc-
ture). The formation energies of defects normalized per one removed Cu 
atom (Ef) were calculated for arbitrary reactions of covellite and 
chalcocite  

|Cu24S24| þ n/2O2 þ nH2Osol → |Cu24-nS24| þ nCu(OH)2 sol,                  (1)  

|Cu32S16| þ n/2O2 þ nH2Osol → |Cu32-nS16| þ nCu(OH)2 sol,                (1a) 

where index ‘sol’ indicates solvent effect corrected total energies [54]. 

3. Results 

3.1. Optical spectroscopy 

Fig. 2 shows UV–vis–NIR absorption spectra (higher panels) of cop-
per sulfide colloids prepared with initial molar ratios of copper sulfate to 
sodium sulfide (further denoted as “Cu2þ/S2� ” to differentiate from the 
nanoparticle composition marked as CuxS or Cu/S) of 1:1, 1:2, 1:3, 1:4, 
and then aged in sealed glassware without ingress of air. The absorbance 

decreased with increasing the wavelength (λ) with a minimum at 
650–800 nm and then rose at higher λ showing a wide maximum at 
1100–1200 nm that is commonly attributed to LSPR [13–25]. The NIR 
maxima increased with time, more rapidly for the solutions with higher 
concentrations of sulfide ions and very slowly for the system with the 
ratio Cu2þ/S2� of 1:2 (Fig. 2, a, lower panel). It is noteworthy that the 
maximum did not shift despite the increase in height, in contradiction 
with the theory of plasmon resonance in semiconductor nanoparticles 
[13–17]. The band gap of CuxS particles can be determined from the 
high-frequency region of the spectra using the Tauc equation 
(αhυ)1/m ¼ k (hυ � Eg) [55], where Eg is the optical band gap, k is con-
stant, α is absorbance, hυ is photon energy, and m ¼ 1/2 for a direct 
energy gap and m ¼ 2 for the indirect gap. Here, (αhν)1/2 was plotted 
versus hν to find the indirect gap Eg (see an example in Fig. 2, b), which is 
shown in Fig. 2, c as a function of aging time for the media with different 
Cu2þ/S2� ratios. The gaps of 1.8–1.9 eV were almost independent of the 
solution composition soon after the preparation but varied differently 
during the aging, with the Eg slowly decreased for Cu2þ/S2� ¼ 1:2, first 
increased and then decreased in case of excess of sulfide (Cu2þ/S2� of 
1:3 and 1:4), and passed a minimum at 1.5 eV for the ratio of 1:1. The 
higher Eg value is close to that for covellite CuS, and narrowing the band 
gap suggests an increasing content of Cu in CuxS [1–3,11–16]. 

The NIR maxima also grew and the band gap width decreased at all 
the compositions upon aging the hydrosols in air (Figs. S1 and S2, 
Supplementary material), with both parameters remained generally 
lower than those in the less oxidative conditions. Simultaneously, a 
considerable dissolution of copper was observed. Further, we consider 
the aging processes with the restricted ingress of air depicted in Fig. 2. 

3.2. DLS and zeta potential 

The results of dynamic light scattering and zeta-potential measure-
ments are presented in Fig. 3. The hydrodynamic diameters of CuxS 
particles increased from ~7 to 13 nm with time for the Cu2þ/S2� ratio of 
1:1, insignificantly, from 7 to 8 nm, altered for the ratio of 1:2, and 
stayed about 7 nm at higher concentration of sulfide, in agreement with 
TEM data (see below). The respective magnitudes of negative zeta po-
tentials very slowly changed with time near � 30 mV and � 45 mV, 
indicating rather high aggregative stability of these colloids. Nonethe-
less, the growth of particles at Cu2þ/S2� ¼ 1 may be related with their 
coalescence because the static scattering was proportional to the square 
of the particle size rather than the cube (not shown in Figures), sug-
gesting that the number of nanoparticles decreased. 

3.3. TEM, SAED, XRD 

Representative transmission electron micrographs and particle size 
distributions are shown in Fig. 4 together with electron diffraction data. 
The nanoparticles prepared with the initial Cu2þ/S2� ratio of 1:1 had the 

Fig. 1. Fragments of covellite (CuS) and chalcocite (Cu2S) structures. Cu atoms are blue, and S atoms are dark yellow. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 
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diameter of ~4 nm and evolved to elongated particles of about 14 nm in 
the average size for the aged hydrosol. The dimensions of CuxS NPs 
produced using higher relative concentrations of sulfide ions kept the 
same size of about 6 nm, in good agreement with DLS data (Fig. 2). TEM 
images, including high-resolution TEM (Fig. S3, Supplementary 

material), show that smaller nanoparticles are essentially disordered 
while the larger ones formed and aged at the Cu2þ/S2� ratio of 1:1 have 
a layered structure with the interlayer spacing of ~3 Å characteristic of 
covellite. Selected area electron diffraction patterns are also indicative 
of poor crystalline structures of the nanoparticles and suggest that 

Fig. 2. UV–vis–NIR absorption spectra of the colloidal solutions of CuxS NPs obtained for different reaction time without ingress of air (upper panels). Lower panels: 
(a) optical absorbance at 1100 nm as a function of aging time; (b) an example of Tauc plot for the indirect band gap of hydrosol with Cu2þ/S2� ratio of 1:4; (c) the 
band gap widths for various hydrosols as a function of aging time. The initial ratios of ions Cu2þ/S2� were (1) 1:1, (2) 1:2, (3) 1:3, and (4) 1:4. 

Fig. 3. Time variation of the volume distributions of hydrodynamic diameter D (upper panels) and zeta potentials (lower panels) measured for the colloids prepared 
using various initial Cu2þ/S2� ratios. 
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hexagonal covellite CuS (PDF 04-004-8687) is the main product with the 
strongest interplane distances d of 3.05, 2.74 and 1.91 Å for the reaction 
proportion Cu2þ/S2� � 1:2 and for the aged particles with the ratio of 
1:1. For the particles deposited from a “fresh” sol with the proportion 
Cu2þ/S2� of 1:1, the diffraction pattern with the reflections at 3.20, 
2.77, 1.95 Å, etc. seems to be closer to digenite Cu1.8S (PDF 00-056- 
1256). This also agrees with X-ray diffraction data (Fig. S4), although 
exact speciation of essentially disordered Cu2-xS phases is vague. A 
presence of CuS2 phase with d of 2.896, 2.047, 1.746 Å (PDF 04-004- 
6505) can be ruled out for all the colloids. 

3.4. Cu K-edge XAFS 

Cu K-edge XANES spectra collected from hydrosols with various 
proportions of copper and sulfide ions are presented in Fig. 5; the spectra 
of solid covellite CuS, chalcocite Cu2S, and cuprite CuO are given for 
comparison. The Cu K-XANES of colloidal solutions with the initial 
Cu2þ/S2� ratios �1:2 exhibit similar broad features at ~8990 and 
9003 eV corresponding to electron transition from 1s to 4p-character 
states and indicative of Cuþ-S bonding. The spectra, however, differ 
from those of bulk copper sulfides CuS and Cu2S [31,56–61], probably 
due to disordered structure of the copper sulfide nanoparticles. The 

Fig. 4. TEM micrographs, electron diffraction patterns and particle size distribution diagrams of CuxS hydrosols prepared using various initial molar ratios of CuSO4 
and Na2S. Left panels show “fresh” colloids (about 1 h after mixing the reagents), right panels show colloids aged for 24 h without air ingress. 

Y. Mikhlin et al.                                                                                                                                                                                                                                 



Materials Chemistry and Physics 255 (2020) 123600

6

spectra collected from colloids with the Cu2þ/S2� ratios of 1:1 and 1:1.5 
showed a peak at ~8996 eV that is about 2 eV lower than the energy 
typical for Cu2þ species [58–61], for example CuO, and can be assigned 
to Cuþ ions bonded to oxygen in aqueous medium or on the particle 
surface. Other features are similar to those for CuxS phase, whose share 
was estimated to be ~45% before and about 55% after 7 h aging of the 
hydrosol with the ratio Cu2þ/S2� ¼ 1:1, and ~25% for the ratio of 1:1.5. 
These findings agree with negligible maxima at 8873 eV originating 
from transitions 1s → 3d and suggest a very low density of empty Cu 3d 
states. 

The EXAFS results are summarized in Table 1 and also are presented 
in Fig. 5 for sols with the Cu2þ/S2� of 1:1 and 1:2 as examples. Despite 
rather poor quality of the data collected from diluted colloidal solutions, 
it was possible to derive reasonable results for nearest neighbors of 
copper atoms (Table 1). The fitting confirmed the occurrence of Cu–O 
bonds of 1.9 Å for low initial sulfide concentrations (Cu2þ/S2� > 1:2). 
There are several types of Cu and S coordination in crystalline copper 
sulfides [10], and the general trend is an increase of the average number 
of S atoms in the first coordination shell of Cu (NS) from 3 in Cu2S to 3.67 
in CuS, while the mean Cu–S distances shorten from 2.31 Å to 2.27 Å, 
respectively [31]. The NS values derived from EXAFS changed in this 
manner with decreasing the reaction proportion Cu2þ/S2� but usually 
remained near 3 because of partial Cu–O bonding and possible effects of 
disordering and small particle size. The nearest-neighbor Cu–S distances 
ranged from 2.24 to 2.29 Å are shorter than for Cu2S and closer to those 
for CuS. EXAFS analysis cannot directly resolve two Cuþ atoms in co-
ordination with S2� at 2.19 Å, and CuS4 tetrahedrons with four Cuþ

bonded disulfide anions at the Cu–S distance of 2.31 Å [10,11,31] (see 
Section 2.3 and Fig. 1), but variations of the coordination numbers and 
distances may be indicative of changes in proportions of these species 
[31]. In the terms used by Pattrick et al. [31], the particles examined 
here have “evolved” structures. 

The XAFS results show, therefore, that almost all copper (I) atoms are 
bonded to sulfur if the Cu2þ to S2� ratio was lower than 1:2, and some 
unreacted Cuþ ions remain in the solution at higher initial concentra-
tions of copper. 

3.5. XPS 

X-ray photoelectron spectra were acquired from CuxS NPs after a 
hydrosol drop was dried on HOPG, both with and without washing to 
remove residual electrolyte. Before the washing, XPS found the total 
compositions and Cu/S ratios roughly correlated with those of aqueous 
media, including Na and sulfate. However, the concentration of Cu 
determined employing surface sensitive Cu 2p band instead of Cu 3p was 
about two times underestimated; minor contributions from Cu2þ-O 
species, i.e., a Cu 2p3/2 peak at the binding energy (BE) of 935 eV and 
shake-up satellites at 940–944 eV, were detected in the Cu 2p spectra 
only for the initial Cu2þ/S2� ratio of 1:1 (Fig. 6). The contents of sulfate 
anions (mainly added as copper sulfate) and, in a lesser extent, disulfide 
anions (BE of S 2p3/2 peak of 162.7 eV) were overestimated, and their 
signals disappeared or notably decreased for washed samples. The facts 
mean that these S species were dissolved in the aqueous phase and 
covered the immobilized nanoparticles upon drying the hydrosols, and 
they were removed by water rinsing (Fig. 7). Interestingly, the intensity 
of sulfide components (BE of about 161.7 eV) was small even for the 
media with high concentrations of sodium sulfide. 

We focus therefore on the photoelectron spectra from washed spec-
imens which describe mostly CuxS nanoparticles (Figs. 7 and 8). The Cu 
2p spectra exhibit the main Cu 2p3/2 peaks at 932.5 � 0.1 eV while the 
shake-up satellites, which would originate from electron transitions to 
empty Cu 3d states indicating d9 configuration in Cu2þ species [62–64], 
are absent. This is consistent with the presence of Cuþ ions in copper 
sulfides, including covellite [62]. At the same time, Cu 2p3/2 bands are 

Fig. 5. Cu–K edge absorption spectra collected from hydrosols prepared with different initial Cu2þ/S2� ratios and measured for 1 h and 7 h (sample “aged 1:1”) after 
mixing the reagents, and the specta of solid reference compounds. Cu K-edge EXAFS results: k2-weighted data and corresponding fits, and Fourier transforms of the 
k2-weighted data and the fits of first coordination shell for “fresh” hydrosols prepared with the molar ratios Cu2þ/S2� of 1:1 and 1:2 (right panel). 

Table 1 
Cu K-edge EXAFS fitting results: numbers of S and O neighbors of Cu (Ns and No), interatomic distances Cu–S and Cu–O (RCu-S, RCu-O), and corresponding Debye-Waller 
factors σ2.  

Ratios Cu2þ/S2- NS RCu-S, Å σ2
Cu–S, Å� 2 NO RCu-O, Å σ2

Cu–O, Å� 2 R-factor 

1:1 1.5 � 0.80 2.25 � 0.02 0.003 1.30 � 0.62 1.9 � 0.02 0.002 0.017 
1:1.5 2.41 � 0.22 2.26 � 0.03 0.008 0.82 � 0.18 1.91 � 0.03 0.003 0.0081 
1:2 2.91 � 0.33 2.24 � 0.02 0.0085 0.12 � 0.38 1.89 � 0.02 0.005 0.0069 
1:3 2.9 � 0.35 2.29 � 0.03 0.008 –  – 0.015 
1:4 3.38 � 0.61 2.27 � 0.02 0.0108 – – – 0.034  
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better fitted using an additional maximum at ~933.5 eV with the rela-
tive intensity of 12–15% and a minor one at ~934.5 eV of less than 3–5% 
for “fresh” samples. The last component may be assigned to Cu atoms 
bonded to oxygen on the surface of CuxS nanoparticles and/or to copper 
hydroxides precipitated from the solutions, as its intensity normally 
correlates with the intensity of hydroxide in O 1s spectra at ~531.3 eV 
(not in Figures). The line at 933.5 eV can be attributed to “shake-off” 
satellites, which are due to electron transitions to unoccupied states 
above the Fermi level in the upper valence band composed of Cu 3d - S 

sp states (see below Figs. 10 and 11 and refs. [49,65,66]). The intensities 
of these features (Fig. S5, Supplementary material) somewhat increased 
for the aged media with the ratio Cu2þ/S2� > 1:2; however, we refrain 
from making conclusions since the lines are not well resolved and their 
fitting is not unambiguous. 

The S 2p spectra can be fitted using three doublets with the S 2p3/2 
peaks at about 161.5 eV, 162.4, and 163.5 eV attributable to mono-, di-, 
and polysulfide anions, respectively, and a broad satellite at ~165 eV 
[62,67–69]. The higher binding energy components from S–O com-
pounds (sulfate, thiosulfate, sulfite) were insignificant and only slightly 
increased for the aged hydrosols. 

It is most important that the monosulfide components increased and 
polysulfide ones decreased upon aging the hydrosols with initial pro-
portion Cu2þ/S2� � 1:2, and changed in the opposite direction for the 
Cu2þ/S2� ¼ 1:1. Fig. 8 shows that the total composition of nanoparticles 
immobilized from “fresh” sols was close to CuS only for the lowest initial 
concentration of sulfide, and the atomic Cu/S ratio approached ~0.7 
(Cu0.7S) for the higher contents of aqueous sulfide in the reaction media. 
The relative concentrations of disulfide (about 40%) and monosulfide 
(15–20%) somewhat differ from that in covellite having the proportion 
of the relevant S 2p lines of 2:1. The high concentration of polysulfide 
species may be due to post-synthetic surface oxidation of CuxS NPs but it 
seems more likely that Sn groups are constituents of the nanoparticles. 
This concurs with the fact that the compositions determined using Cu 2p 
line and Cu 3p line (with a larger probing depth) differ insignificantly for 
the washed “fresh” samples. 

The copper content in the nanoparticles drastically increases after 
the aging, passing the maximum of Cu1.4S at the reaction ratio Cu2þ/S2�

of 1:2. The difference arising between the compositions calculated using 
Cu 2p and Cu 3p bands suggests that the particle surface is now enriched 
in copper relative to the core. The concentrations of sulfur decreased 
mainly at the expense of polysulfide species while the share of mono-
sulfide enhanced, again with an extremal point at the initial proportion 
Cu2þ/S2� of 1:2. The relative concentrations of disulfide insignificantly 
reduced, and minor S–O components arose. On contrary, the total con-
tent of sulfur and the share of polysulfide increased upon aging the 
colloids with the initial ratio Cu2þ/S2� of 1:1. Therefore, “covellitic” 
nanoparticles lost up to a half of sulfur, mainly from polysulfide, and 
partially transformed to chalcocite- or digenite-like Cu2-xS structures 
with x < 1. The opposite occurred in the solution with “excessive” cop-
per ions, accompanied by the particle growth (Figs. 3 and 4). 

3.6. Raman spectroscopy 

The Raman spectra (Fig. 9) display the features at 473 cm� 1 due to 
A1g LO mode vibrations (S–S stretching) and 264 cm� 1 (lattice mode 
A1g TO), both of which are characteristic of hexagonal covellite and 
inactive in copper-enriched sulfides [70,71]. Their intensities agree with 
the quantities of covellite-like structure derived from other methods, 
being the lowest for the medium with the reaction composition 
Cu2þ/S2� of 1:1. After aging, the largest amount of covellite was 
observed for the ratio Cu2þ/S2� of 1:1, and the smallest was for the 
“stoichiometric” ratio of 1:2, in accord with the XPS data. The spectra of 
the aged particles also revealed a feature at 408-415 cm� 1 that has been 
found, in particular, for “as deposited” CuS thin film, disappeared after 
annealing, and was tentatively attributed to an amorphous 
non-stoichiometric sulfur-enriched “covellitic” phase [70]. The current 
results suggest that such a phase is rather copper-enriched. 

3.7. DFT þ U 

The DFT þ U study was focused on highly-defective structures hav-
ing a composition that can be considered as Cu-depleted covellite CuxS, 
x < 1, or chalcocite Cu2-xS, x > 1. Fig. 10 shows low-energy configura-
tions found for the translation cell Cu24S24 containing copper vacancies 
and additional S–S bonds; their energies per one removed Cu atom were 

Fig. 6. Cu 2p and S 2p X-ray photoelectron spectra acquired from fresh copper 
sulfide hydrosols prepared with various ratios Cu2þ/S2� and dried on HOPG 
(no washing). 

Fig. 7. X-ray photoelectron Cu 2p (upper panels) and S 2p spectra acquired 
from (a) fresh and (b) 24 h aged copper sulfide NPs prepared with various molar 
ratio Cu2þ/S2� , dried on HOPG and washed with water. 
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calculated relative to the arbitrary reaction (1). The S–S bond in S2 
group in regular crystal is calculated to be 2.09 Å. The Cu–S bonds in the 
first coordination sphere of the S2 anions are of 2.32 Å, and the ones in 
the plane containing three-fold coordinated Cu and five-fold coordi-
nated S anions (Cu3c-S5c bonds) are of 2.20 Å, whereas the Cu4c-S5c 

bonds are the longest (2.35 Å). More details on coordination in the 
defect centers are given in Table S1 (Supplementary material). The 
lowest formation energy per Cu vacancy Ef of 1.00 eV was found for the 
center 1-4VS4 incorporating four Cu vacancies and one S4 group in the 
monosulfide layer. The defect configurations with 2 and 3 vacancies of 
Cu and di- and trisulfide groups in this layer are by about 0.2 eV per Cu 
vacancy less favorable. Cu vacancies in disulfide layer of covellite are 
less stable, although the structure 4 with four deleted Cu atoms and 
disulfide anions transformed to two S4 groups has about the same Ef. 
Interestingly, the formation of Cu vacancies without additional S–S 
bonding in both layers (structures 5–7 and 9), as well as S3 þ S5 groups 
and other configurations require higher energies. Furthermore, 
breakage of S–S bonds in disulfide anions is very unfavorable. 

The density of states (DOS) of intrinsic and Cu-depleted covellites 
(Fig. 10, right panel) show that the upper part of the valence band (VB) 
is mainly composed of Cu 3d and S 3sp states with the Fermi level (EF) 
laying below the VB top, in agreement with the results reported previ-
ously [1–3,57]. As a first approximation, DOS insignificantly varied for 
different defective structures, and the energy EF, which was lowest for 
stoichiometric covellite, slightly shifted towards the valence band edge 
as Cu vacancies emerged. At the same time, the formation of polysulfide 
groups increased the Fermi level energies by 0.2–0.5 eV, and so sub-
stantially reduced the density of holes. These tendencies are more 

expressed for Cu vacancies and S–S bonding in monosulfide layer than in 
disulfide layer of covellite. 

The DFT þ U simulation of Cu-depleted chalcocite (Fig. 11, see also 
Table S2) revealed that configurations with Cu vacancies are about 
1.2 eV more favorable than the most stable Cu-deficient structures of 
covellite. The defects without S–S bonding arose easier than those with 
disulfide anions, and additional S–S bonding to polysulfide was highly 
unfavorable. The Fermi level situated in the band gap for intrinsic 
chalcocite shifted by 0.5–0.6 eV below the valence band top as Cu va-
cancies emerged, and insignificantly changed for different defect con-
figurations. However, the energy EF increased if disulfide anions formed, 
e.g. in configuration 9. 

4. Discussion 

4.1. Reactions of CuxS nanoparticle formation and evolution 

The data of various techniques suggest that the initial ratio Cu2þ/S2�

of 1:2 corresponds to a special point in the reaction stoichiometry, 
producing mainly covellite-like phase despite of the covellite formula 
Cuþ3(S2)2–S2- with the ratio Cu/S of 1:1. This can be interpreted in terms 
of initial oxidation of sulfide to disulfide anions by cupric ions (and 
possibly oxygen)  

nCu2þ þ 2 nS2� → n[CuþS2
2� ]- þ ne� ,                                               (2) 

followed by nucleation of Cu(I) disulfide clusters, probably resembling 
“disulfide” layers in covellite but incorporating also copper vacancies 
(see structure 7 in Fig. 10 as an example). In fact, the particles examined 
soon after the synthesis had the composition close to Cu0.7S, and con-
tained monosulfide and polysulfide species in addition to disulfide. We 
suggest that the initial product further transforms to Cu-depleted 
covellite-like phase via disproportionation of disulfide anions to poly-
sulfide and monosulfide species:  

S2
2� þ 2/n e� → S2� þ 1/n Sn

2� , or                                                            

n[CuþS2
2� ]- þ ne� → n/3[Cu3

þS2
2� ⋅S2� ]⋅Sn

2� .                                        (3) 

The above results imply that polysulfide is associated with quasi-bulk 
structures similar to those depicted in Fig. 10 (e.g., configurations 1–4). 
Both the experimental and theoretical findings indicate that a direct split 
of disulfide anions yielding monosulfide anions is unlikely, so the re-
action seems to proceed via the formation of intermediary polysulfide, 
which then detaches monosulfide anions. 

Subsequent slower aging of covellite-like nanoparticles in slightly 
oxidizing environment causes further decrease of the sulfur content at 
the expense of polysulfide and, in a lesser extent, disulfide anions via an 
arbitrary reaction  

Sn
2� þ 0.5x O2 → (n-1)S2� þ SOx

2� , n � 2.                                          (4) 

The dimensions of the nanoparticles altered insignificantly, so the 

Fig. 8. Atomic Cu/S ratios (left panel) and the proportions of mono-, di- and polysulfide components determined using XPS for copper sulfide NPs prepared with 
various initial ratios S2� /Cu2þ, dried and washed on HOPG. “Fresh” nanoparticles and “aged” ones were immobilized and studied in about 1 h and 24 h after mixing 
the reagents, respectively. Contents of copper were determined using Cu 2p3/2 (circles) or Cu 3p (squares) bands having lower and higher probing depths. 

Fig. 9. Raman spectra of copper sulfide nanoparticles prepared using different 
ratios Cu2þ/S2� , dried and washed on HOPG. “Fresh” hydrosols were studied in 
about 1 h and “aged” ones in 24 h after mixing the reagents. 
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transformation between CuxS and Cu2-xS structures mainly occurred in 
the solid state. It is interesting that polysulfide was mostly removed and 
the content of covellite became minimal for the aged nanoparticles in 
the medium with the initial “stoichiometric” ratio Cu2þ/S2� ¼ 1:2. So, 
excessive aqueous sulfide and disulfide ions seemed to stabilize both the 
polysulfide and covellite, maybe, simply reducing the electrochemical 
potential of the dispersion. 

The behavior of colloids formed at the initial ratios Cu2þ/S2� of 1:1 
and 1:1.5 is different. The particles of the composition close to CuS 
appear to form via the reactions (2) and (3), but some “excessive” 

cuprous ions remain in the solution. The nanoparticles contain more 
monosulfide anions but still >30% of S as polysulfide; the share of 
covellitic structure is smaller. Upon aging, the quantity of aqueous Cu–O 
species as well as the total content of S in the nanoparticles increased, 
and the particles grew. This means that the production of covellite-like 
phase involves a release of cuprous ions, as it is accepted for oxidation of 
Cu2-xS nanoparticles [1–3,16–25], and particle growth, probably 
through the coalescence mediated by copper cations. 

Previously, Pattrick et al. [31] have suggested two mechanisms for 
ordering the amorphous CuS precipitate started either from 

Fig. 10. Selected defect centers in covellite 
containing Cu vacancies, their formation 
energies per one removed Cu atom and total 
DOS distributions (partial DOS are also 
shown for initial CuS). Copper atoms are 
blue, Cu vacancies are marked with a cross, 
sulfur atoms are dark yellow or red (in 
arising S–S species). The centers, for 
example 1-4VS4, are denoted with an index 
number (1), amount of deleted Cu atoms and 
vacancies formed (4 V), a sort and number of 
polysulfide group formed (S4), and forma-
tion energy per Cu vacancy (1.00 eV). The 
Fermi level energies (EF) are indicated at 
DOS plots. (For interpretation of the refer-
ences to colour in this figure legend, the 
reader is referred to the Web version of this 
article.)   

Fig. 11. Selected defect centers, formation 
energies per one removed Cu atom and total 
DOS in Cu-depleted chalcocite. Copper 
atoms are blue, Cu vacancies are marked 
with a cross, sulfur atoms are dark yellow, or 
red in S–S species. The centers, for example 
9-4V2S2, are denoted with an index (9), 
amount of deleted Cu atoms and vacancies 
arisen (4 V), quantity (2) and a sort of S–S 
group formed (S2), and formation energy per 
Cu vacancy (2.59 eV). The Fermi level en-
ergies (EF) are indicated at DOS plots. (For 
interpretation of the references to colour in 
this figure legend, the reader is referred to 
the Web version of this article.)   
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wurtzite-type CuS clusters transformed then into covellitic structures 
containing disulfide anions, or from trigonal layers Cu3S–CuS3 with di-
sulfide anions, with perhaps the incorporation of H. The latter resembles 
the reaction pathway proposed in this research for the formation of 
nanoscale CuxS, which, however, takes into consideration the substan-
tial excess of S and polysulfide species. Also, minor or no attention has 
been paid to the Cu2þ to S2� proportion in the reaction media [31]. The 
current results demonstrated that the ratio of copper ions to sulfide ions 
largely controls the formation, characteristics and aging behavior of 
CuxS nanoparticles. 

4.2. Electronic structure and NIR absorption 

There exists some controversy in the literature about oxidation state 
of Cu in covellite, since the formula (Cuþ)3S2

2–S2-⋅means an excessive 
electron, which should be neutralized [1–3,49,65,66,71–73]. It has been 
proposed that a hole is localized at sulfide anions [53], disulfide group 
[73], or Cu has actually the oxidation state higher than þ1 [58,72]. For 
instance, Kumar et al. [58] have proposed the ionic model 
(CuTd)þ(CuT)þ(CuTd)2þ(S2)2-(S)2-, where CuTd and CuT are tetrahedral 
and trigonal copper sites, respectively. 

The negligible intensities of shake-up satellites in the photoelectron 
Cu 2p spectra at 940–944 eV (Figs. 7 and 8), which are a signature of 3d9 

configuration, imply an absence of holes localized in the Cu 3d band and 
Cu2þ cations. At the same time, broadening the band Cu 2p3/2 at higher 
binding energies attributable to shake-off satellites, and the satellite at 
~164.5–165 eV in S 2p spectra indicate that free holes can be delo-
calized just above the Fermi level at the vacant Cu 3d states hybridized 
with S s,p states (see also [49,65,66,72]), thus providing the positive 
charge necessary for charge balance. 

Free holes are widely believed to determine the surface plasmon 
resonance peak, whose position in the near-infrared spectral region 
corresponds to the hole concentration of approximately 4 � 1021 cm� 3 

[12–23,74]. Both frequency and intensity of LSPR are expected to in-
crease as a square root of the carrier density, which is due to copper 
vacancies and increases with oxidation of Cu2-xS nanoparticle due to 
release of copper and the transformation toward CuS. We observed here 
the growth of optical absorbance with sol aging and a rough correlation 
of the NIR peak with the content of covellite-like structure. At the same 
time, the DFT þ U calculations revealed the Fermi level shifts in various 
defective structures, particularly due to the formation of polysulfide 
(Figs. 10 and 11) reducing the hole density. The lowest absorbance was, 
however, observed for the “stoichiometric” reaction ratio Cu2þ/S2� of 
1:2, when the amounts both of covellitic structure and polysulfide spe-
cies in the aged nanoparticles were minimal. Also, the changes of NIR 
intensity had almost no effect on the maximum position, in contradic-
tion with the theory [13–17]. These facts suggest a complicated mech-
anism of the NIR absorbance that may even be different than the 
localized surface plasmon resonance and requires further exploration. 

5. Conclusions 

In situ UV–vis–NIR spectroscopy, DLS, zeta-potential measurement, 
XAS and ex situ TEM, electron and X-ray diffraction, XPS, Raman scat-
tering revealed that the reaction ratio of aqueous copper ions and sulfide 
ions of 1:2 is a critical, “stoichiometric” composition for spontaneously 
formed copper sulfide hydrosols. The nanoparticles produced with that 
and higher relative concentrations of sulfide ions had stable size of 
4–6 nm and zeta potentials of � 40 mV to � 50 mV. The CuxS, x~0.7, 
nanoparticles were composed of disordered phase close to covellite and 
contained excessive sulfur as polysulfide species. During aging, the 
“covellitic” nanoparticles released sulfur, mainly at the expense of pol-
ysulfide, and transformed to the ones with composition Cu2-xS, x < 1, 
and partial chalcocite- or digenite-like structures. In opposite, about 
6 nm particles of largely Cu2-xS type evolved to 12–14 nm covellite-like 
nanoparticles in the sols with “excessive” copper ions which remained in 

the solution. The NIR absorption maxima at 1100–1200 nm consider-
ably increased over aging of all the colloids, with the intensity roughly 
correlated with the content of covellite that was lowest for the “stoi-
chiometric” reaction ratio Cu2þ/S2� ¼ 1:2. DFT þ U simulation found 
that the copper-depleted structures of covellite were stabilized by pol-
ysulfide species; direct splitting of disulfide groups to monosulfide an-
ions was unfavorable. The Fermi level located within the valence band 
and shifted towards the band edge so the density of free holes decreased 
with the formation of polysulfide. In Cu-depleted chalcocite Cu2-xS, Cu 
vacancy configurations without S–S bonding formed easier than those 
with disulfide and especially polysulfide anions. We hypothesize that 
clusters CuS2 similar to the disulfide layers in covellite but depleted in 
copper arise due to the initial reduction of Cu2þ to Cuþ and oxidation of 
sulfide to disulfide anions. The clusters convert to the CuxS nanoparticles 
and then Cu2-xS phases via transformation of disulfide groups to mon-
osulfide with polysulfide species as intermediates. The NIR absorbance 
depends on the composition and defectness of copper sulfide nano-
particles, particularly on the content of polysulfide, in a complicated 
manner differing from that expected for LSPR. The novel mechanisms of 
formation and conversion of copper sulfide nanoparticles underline the 
role of sulfur species; this is important for understanding the structure 
and properties of copper sulfide nanoparticles in materials science and 
applications, and behavior in the natural environment. 
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