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Copper sulfides occur in a variety of compositions and
rphologies [1] and are of interest for their applications
olar cells, electroconducting electrodes, optical filters,
erionic materials and chemical sensors [2–7]. Various
oparticles (plates, tubes, wires, spheres and architec-

es) of these binary compounds have been prepared by
eral techniques, e.g. room-temperature gas-solid reac-

 between H2S/O2 and Cu foils [8–10], high-temperature
-solid reactions between Cu nanoparticles or CuCl
orods and H2S [11,12] or between gaseous sulfur and
l/Si [13] or Cu films [14], solid-liquid reactions in
tion of nano-Cu2O and thiourea [15] or thioacetamide

], Cu nanowires and thiourea [17] and between CuCl2/
S and liquid surfactant [18] and many inorganic

ctions in solution as solvothermal [1,19–24]), hydro-
rmal [25–29], microwave-induced solvothermal
,31], ionic liquid-assisted [32], electrochemical [33],
ochemical [34,35] and g-radiation-assisted [36] route.

The reactions of CuCl nanorods or Cu nanoparticles with
gaseous H2S [11,12], reaction of Cu2O nanoparticles
[15,16], Cu(OH)2 nanoribbons [35] or Cu nanowires [18]
with thiourea or thioacetamide, or reaction of spherical
(colloidal) Cu nanoparticles with elemental sulfur [37]
taking place in the liquid phase are interesting examples of
synthesis of nano-copper sulfides from other nano-objects
and belong among the sacrificial reactions of the whole
nanobodies. These reactions have been studied much less
than those occurring on the nanobodies surface (nano-
catalysis).

As for the reaction between Cu nanoparticles and sulfur
[37], this direct synthesis of CuS has been reported at
200 8C. It is also known that the reaction between bulk Cu
and S is feasible at high temperatures [38,39]; it is
hampered below 150 8C by the passivation effect of the
CuSx layer on copper surface, and is extremely slow at
room-temperature when resulting in thin Cu2S over-
growth on Cu with sulfur vapor exposures of the order of
10�7 Torr h [40].

It was in our interest to examine whether the reaction
between Cu nanoparticles and sulfur can be induced at
room-temperature. Here we report on a fast room-
temperature reaction of Cu nanoparticles with environ-
mentally friendly sulfur powder in chloroform leading to
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A B S T R A C T

Room-temperature sulfidation of 100 nm-sized copper nanoparticles with powderous

elemental sulfur in chloroform results in fast formation of irregular nanostructured CuS

(covellite) particles containing nanoplates. These were characterized by Raman and UV-

Vis spectroscopy, X-ray diffraction and scanning and transmission electron microscopy.

The reaction is judged to occur via breakdown of the Cu nanoparticles by reactively

interacting sulfur solutes and via growth of the CuS nanobodies involving interdiffusion

and redox reaction of S and Cu atoms.
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platelets containing CuS nanoparticles and propose
mechanism of this reaction based on the observed
morphology of the product.

2. Experimental

A single-pot reaction between sublimed sulfur powder
(Lachema) and copper nanopowder (100 nm, 99.8% purity,
Aldrich) in chloroform (2 ml, Riedel-deHaën for HPLC,
better than 99.8%) under Ar blanket was carried out by
homogenizing the suspension through magnetic stirring or
immersion in ultrasonic bath for 30 min. The used amounts
of Cu nanopowder (0.30 g) and sulfur powder (0.15 g)
corresponded to 1:1 atomic mass ratio, and the 30-min
reaction time was sufficient for an almost complete
reaction. (In fact, no residual Cu and only few percent of
residual S were detected by electron diffraction analyses of
the solid product.) Thereafter, chloroform was evaporated
and the obtained solid dark ultrafine powder was dried
under low pressure and analyzed on a Nicolet Almega XR
Raman spectrometer (resolution 2 cm�1, excitation wave-
length 473 nm and power 10 mW), a Philips XL30 CP
scanning electron microscope equipped with an energy-
dispersive analyzer EDAX DX-4 of X-ray radiation and, for
samples dispersed in isopropanol and applied on a carbon-
coated foil mounted on Cu grid, on a Philips EM 201
transmission electron microscope. Process diffraction [41]
was used to evaluate and compare measured electron
diffraction patterns with an XRD diffraction database [42].

X-ray diffraction patterns were collected using a
PANalytical X́Pert PRO diffractometer equipped with a
conventional X-ray tube (CuKa 40 kV, 30 mA, a line focus)
in transmission mode. An elliptic focusing mirror, a
divergence slit of 0.58, an anti-scatter slit of 0.58, a mask
of 20 mm and a Soller slit of 0.02 rad were used in the
primary beam. A fast linear position sensitive detector
PIXcel with an antiscatter shield and a Soller slit of 0.02 rad
were used in the diffracted beam. All patterns were
collected in the range of 58 to 888 2u with a step of 0.0138
and 500 sec/step.

Qualitative analysis was performed with HighScorePlus
software package (PANalytical, the Netherlands, version
3.0d), Diffrac-Plus software package (Bruker AXS,
Germany, version 8.0) and JCPDS PDF-2 database [43].
For quantitative analysis of XRD patterns we used Diffrac-
Plus Topas (Bruker AXS, Germany, version 4.2) with
structural models based on ICSD database [44]. This
program permits to estimate the weight fractions of
crystalline phases by means of the Rietveld refinement
procedure. For estimating the amorphous content the
addition of an internal standard was used. We used a
known amount of zinc oxide (Sigma-Aldrich, 99.99%, fired
at 700 8C for 5 hours) mixed with the sample in an agate
mortar under cyclohexane.

The UV-Vis absorption spectra of the product (6.24 mg,
corresponding to 0.065 mmol for CuS) and stoichiometric
amounts of sulfur powder (0.39 mg, corresponding to
0.0015 mmol of S8) and Cu nanoparticles (0.012 mmol)
suspended in spectrometric grade 1-propanol (10 ml,

(1 cm pathlength) on a UV-1601 UV-Vis Shimadzu
spectrophotometer.

Copper(II) oxide nanopowder (< 50 nm, Aldrich) was
used as a standard for Raman spectroscopy measurements.

3. Results and discussion

The simple reaction between 100 nm-sized copper
particles and elemental sulfur (cyclooctasulfur, suspended
and partly soluble in chloroform) was homogenized by 30-
min stirring or sonication and yielded a dark ultrafine
powder. This short time of contact of the Cu and S powder
used in 1:1 atomic mass ratio was sufficient for completing
the reaction, as virtually no residual Cu and only few
percent of residual S were detected by electron diffraction
analysis of the solid product. The resulting powder was
determined as a mostly crystalline material composed of
covellite (a far main product) containing virtually no
copper and very low amounts of sulfur, antlerite
(Cu3(SO4)(OH)4) and chalcantite (CuSO4.5H2O). Identifica-
tion and characterization of the produced powder are
given below.

Scanning electron microscopy (SEM) images of the
powder (Fig. 1) reveal irregularly shaped particles along
with variously positioned platelets with the plate size of
less than 1 up to 2 mm and thickness of ca. 100 nm.

Raman spectra of the powder and reactants are
compared in Fig. 2. The spectrum of the powder (Fig. 2a)

Fig. 1. Scanning electron microscopy (SEM) images showing morphology

of two representative regions of the solid product with irregularly shaped
particles and differently positioned nanoplates.
Sigma-Aldrich) were recorded in a suprasil precision cell



sho
pea
[45
ric 

cov
ove
nei
of e
213
625
nan
kno
How
obs
tha
par

Fig. 

nan

Fig. 

‘‘hu
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ws a sharp and intense peak at 474 cm�1 and minor
ks at 265 and 920 cm�1; the two former correspond
–47] to S-S stretch and a lattice mode in a stoichiomet-
copper sulfide CuS (covellite) and the latter (found in
ellite mineral [44]) was tentatively assigned [47] to the
rtone of the S-S stretch mode. This spectrum includes
ther peaks at 480, 225 and 134 cm�1 characteristic [48]
lemental cyclooctasulfur (Fig. 2b), nor those at 625 and

 cm�1 assignable [49] to copper oxides. The peaks at
 and 213 cm�1 observed for the 100 nm-sized Cu
oparticles exposed for 1 h to air (Fig. 2c) illustrate the
wn feasible oxidation of Cu nanoparticles [37,50].
ever, no Raman signature of copper oxides was

erved in the spectrum of the product (Fig. 2a). Given
t a minor (superficial) oxidation of the 100 nm Cu
ticles could take place within a short (few second)

transfer to the reaction (sulfur in chloroform) phase, the
absence of the CuO signals is due to a low detection limit or
high reactivity of Cu oxides towards sulfur solutes.

The structure of CuS covellite was also proven by the
pattern of electron diffraction (Fig. 3). Scrutiny of a number
of samples showed a best fit to covellite Pdf 78-2198 but
not to copper oxides and sulfur polymorphs. (Some
similarity is only observed for sulfur unknown sample
Pdf 24-1251).

The more detailed XRD analysis of the powder (Fig. 4)
reveals covellite CuS (a major product) along with low
quantities of unreacted sulfur, and low amounts of copper
sulphates (Cu3(SO4)(OH)4 (antlerite) and CuSO4.5H2O
(chalcantite). The estimation of amorphous content by
means of an internal standard using the Rietveld method
revealed an approximate value of only 10 wt. % and
confirmed that the crystalline phase is in large excess.

Transmission electron microscopy (TEM) images of the
powder product and of the initial Cu nanopowder are
compared in Fig. 5, where ultrasonically dispersed Cu
nanoparticles are shown to be agglomerated into ca. 200

2. Raman spectrum of the product (a), sulfur powder (b) and copper

opowder exposed to air for 1 h (c).

Fig. 3. Electron diffraction pattern of the product.

4. XRD pattern of the product and assignment. C: Covellite (CuS), S: Sulfur (S8); A: Antlerite (Cu3(SO4)(OH)4); Ch: Chalcanthite (CuSO4.5H2O), a broad
mp’’ at about 188 2u corresponds to an amorphous content.
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nm-sized bodies (Fig. 5a) and the powder product is shown
to consist of several mm-large objects (Fig. 5b) which take
upon sonication apart to smaller, ca. 200 nm up to 1 mm-
sized fragments which have irregular and plate-like
structure (Figs. 5c,d).

A closer inspection of TEM images revealed single
crystalline plates exhibiting narrow black bands assignable
to perpendicularly and at different angles standing smaller
platelets whose thickness reaches 20–50 nm (Figs. 6a,b).
We suggest that these variously thick platelets grow from
the initial plate and coalesce in between as in the black
region (Fig. 6c). The two types of the observed CuS
nanoparticles – structured nanoplates and irregular
nanoparticles – can then, respectively, relate to an early
and later stage of the particle growth and agglomerization.

UV-Vis absorption spectra of the powder and both
reactants (sulfur powder and Cu nanoparticles) dispersed
in 1-propanol are compared in Fig. 7. It is shown that the
spectrum of the product exhibits characteristic absorption
in the range of 400–1100 nm, which corresponds [3,51] to
covellite phase and resembles spectra of variously shaped

nanostructures and nanoplates of CuS [21,28,32,52–54].
The observed absorption edge at ca. 690 nm is red-shifted
as compared to values observed with smaller (several nm-
sized) CuS nanofeatures.

The above properties indicate that the room-tempera-
ture reaction between the agglomerated 100 nm-sized Cu
nanoparticles and elemental sulfur results mostly in a
growth of crystalline irregularly shaped and plate-like CuS
particles. The magnitude of both features exceeds 100 nm,
but the plates thickness does not exceed that of the parent
Cu nanoparticles. The formation of the plates indicates
two-dimensional growth and can be accounted for by two
possible mechanisms, either by a reaction of in-plane
associated Cu nanoparticles with sulfur, or by a reactive Cu
nanoparticles fragmentation and CuS growth from frag-
ments. The second route is more probable and we presume
that the Cu + S reaction is initiated after disruption of
solvation shell around soluble [55] S8 molecules, proceeds
through a direct contact between S8 and Cu nanoparticles,
and leads to stoichiometric CuS via interdiffusion and
redox reactions of Cu and S [56]. We assume that that the

Fig. 5. Transmission electron microscopy (TEM) images of agglomerated Cu (initial) nanoparticles (a) and as obtained (b) and ultrasonically dispersed (c,d)

product.
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tual diffusion of S and Cu counterparts and formation of
S phase initially results in amorphous and later in
stalline state after the proper Cu/S ratio has been
ined.

The formation of both (Cu3(SO4)(OH)4) and
SO4.5H2O) sulphates is worthy of comment. Our
asures taken to avoid contact of the Cu nanoparticles
h the atmosphere were not as efficient as those used in

 synthesis of CuS nanoparticles from in situ formed Cu
oid [37] and it was mainly through the unique
roach in this work (and also in [50]) that oxidation
u nanoparticles was recognized as a very fast and size
endent reaction. It is therefore possible that the 100
-sized Cu nanoparticles used in our work were partly
erficially oxidized and that the partial CuOx (x = 1,2)
er over of the agglomerated 100 nm-sized Cu particles
ticipated in reaction with sulfur solutes. We therefore

assume that the observed (nano) sulphates were produced
via a sequence of three reactions:

� a reaction between sulfur and CuOx leading to Cu and
sulfur oxides;
� a reaction between sulfur oxides and CuO to yield Cu

sulphates;
� hydration of Cu suphates upon the contact to air.

The former reaction is obviously enhanced by large
surface of and/or crystal defects in the nanosized and
CuOx reactants, since it normally occur [57,58], only at
elevated temperatures. Such explanation involving
intermediary occurrence of nanoscopic copper oxide is
in accordance with no detection of copper oxides by the
Raman spectra and diffraction analyses of the product.

More study on the reactivity of Cu and other metal
nanoparticles towards elemental chalcogenes in ambient
atmosphere is in progress.

4. Conclusion

The reaction between agglomerated 100 nm-sized
copper nanoparticles and powderous elemental sulfur in
chloroform results in fast formation of irregular and plate-
like nanoparticles of CuS (covellite), which are judged to
grow from fragmentation of Cu nanoparticles reactively
interacting with sulfur solutes.

This room-temperature formation of nanosized CuS
from environmentally friendly elements may find more
interest in syntheses of inorganic compounds that have yet
been produced only from hazardous chemicals.
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