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Abstract A novel method for the electrochemical synthesis
of covellite (CuS) nanoparticles (NPs) in aqueous phase
was developed. In this experiment, thioglycerol (TG) is
used as the catalyst for the hydrolysis of sodium thiosulfate,
the sulfur source for the synthesis of CuS. Cu foil, which
acts as the sacrificing anode, is oxidized to Cu®" by
applying a potential of 0.5 V while OH™ was produced on
the cathode surface at the same time. The production of
OH" facilitates the reaction between Cu’’ and thiosulfate
under the catalysis of TG. The evolution of hydrogen
bubbles effectively prevents the deposition of copper
sulfide on the cathode. Copper sulfide sols of “golden-
brown”, and “dark-green” forms can be obtained by
varying the concentration of TG. The “golden-brown”
copper sulfide sols are also observed to convert to the
green form with time, and the rate of this conversion
process is faster at higher temperatures. X-ray diffraction
(XRD) and chemical analysis indicate that the “dark-green”
form of product is pure hexagonal phase CuS. The obtained
CuS NPs were covered by a layer of TG as suggested by
Fourier transform infrared (FTIR) data. The size and
morphology of the particles are studied by transmission
electron microscope (TEM).
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Introduction

Recently, electrochemical methods have been widely
employed in the synthesis of various nanoparticles (NPs),
especially noble metal NPs. Metal NPs such as silver and
palladium have been synthesized by electrochemical reduc-
tion inside or outside zeolite crystals [1], on 4-amino-
benzene monolayer-grafted multiwalled carbon nanotubes
[2] and highly oriented pyrolytic graphite electrodes [3]. A
sacrificial anode method was developed to prepare metal
particles in organic phase [4, 5] and aqueous solution [6, 7].
Metal NPs were also synthesized by the direct electro-
reduction of bulk metal ions in aqueous electrolytes with
[8-11] and without [12—14] ultrasonic irradiation. Besides
the metal NPs, ultrafine magnetite (FesO,4) particles were
prepared electrochemically from an iron-based electrode
immersed in an alkaline aqueous medium [15]. A novel
cyclic voltammetric method was employed to synthesize
irregular-shaped PbS NPs [16].

Copper sulfides in different stoichiometries are widely
used as p-type semiconductors in solar cells, as optical
filters, and as superionic materials [17—19]. Due to their
unique optical and electrical properties, they are also widely
applied in thin films and composite materials [20-25].
Copper sulfide nanocrystals such as nanoparticles, nano-
rods, and tubular crystals have been synthesized by solid-
state reactions, irradiation, sonochemical, hydrothermal,
solvothermal, and chemical vapor deposition (CVD) meth-
ods [26-33].

In this study, we report for the first time an electro-
chemical method to prepare CuS NPs at ambient condi-
tions. The synthesis of CusS is carried out in water, which is
commonly considered as a benign solvent in view of its
non-toxicity and abundant natural occurrence. No external
excitation system such as ultrasonic and ultraviolet irradi-
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ation is required, which significantly simplifies the synthe-
sis procedure. Compared to other synthetic method, this
electrochemical method is much easier and more conve-
nient. It will make possible large-scale preparation of the
copper sulfides NPs.

Experimental

The copper foil and sodium thiosulfate used in this
experiment was purchased from Sinopharm Chemical
Reagent. Thioglycerol was obtained from Tokyo Kasei
Kogyo. All chemical reagents were of analytical grade and
used as received. The electrochemical experiments were
performed in a one-compartment cell at room temperature,
and were controlled by a potentiostat (model PAR263A,
Princeton Advanced Research). A sheet of copper foil
(geometric area 0.5x0.5 cm?), a platinum wire, and SCE
(saturated KCl) were employed as the working, counter,
and reference electrodes, respectively. The copper foil was
treated with diluted nitric acid, cleaned ultrasonically in
water and ethanol and then dried with high-purity nitrogen
gas before it was used as the working electrode. The
distance between counter and working electrodes was kept
at 2 cm during the experiment. The aqueous electrolyte
solution consisted of Na,S,03 (0.05 M), KNO;5 (0.1 M) and
varying concentrations of thioglycerol (TG). A constant
potential of 0.5 V/ref was applied to the copper substrate
for 1 h in 50-ml as-prepared electrolyte solution under
stirring. CuS sol was obtained immediately upon the
application of the potential. By adjusting the concentration
of thioglycerol (TG) from 0.1 to 0.01 M, the “golden-
brown” and “dark-green” colors of CuS colloids were
produced. The color transition of copper sulfide was
monitored spectrophotometrically with the absorbance
recorded between 300 and 900 nm. The produced CuS
colloidal solution was centrifuged after mixing with the
same volume of ethanol. Then the precipitate was washed
with water and absolute ethanol for several times. Black
CuS powder was obtained after drying in a vacuum oven at
room temperature for 5 h.

Optical absorption spectrum was recorded by using a
TU1900 UV-vis spectrophotometer (Beijing Purkinje Gen-
eral Instrument) in the wavelength range of 200~900 nm at
room temperature. The X-ray diffraction (XRD) patterns
were obtained by Shimadzu XRD-6000 diffractometer with
a Ni filter and Cu K« radiation (A=1.54056 A). Transmis-
sion electron microscope (TEM) experiments were carried
out employing JOEL 100CX TEM and using an accelerat-
ing voltage of 100 kV. The samples used for TEM were
prepared by dispersing some products in ethanol followed
by ultrasonic vibration for 15 min.
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Results and discussion

Copper substrate was used as sacrificial anode in this
experiment. The typical cyclic voltammograms of copper
electrode in NaNOjs (0.1 M) + Na,S,03 (0.05 M) solution
and NaNO; (0.1 M) + Na,S,0; (0.05 M) + TG (0.01 M)
mixed solutions are shown in Fig. la. The oxidation peak is
at —0.1 Vin NaNOs (0.1 M) + Na,S,05 (0.05 M) (curve 1)
while it is at 0.1 V in NaNO; (0.1 M) + Na,S,03 (0.05 M) +
TG (0.01 M) mixed solutions (curve 2). The positive shift of
the oxidation peak of Cu is due to the formation of CuS on
the copper electrode surface. Without the addition of TG, no
CusS can be observed on the copper surface while cycling the
potential. Compared to curve 1, reduction peak negatively
shifted very significantly (curve 2), which further confirms
the formation of CuS on the electrode surface in the presence
of TG.

The current-time relationship during the experiment is
shown in Fig. Ib. The oxidation current remains almost
constant in the first 500 s and then decreased very slowly as
the electrolysis continued. The decrease of the oxidation
current is not due to the deposition of CuS on copper
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Fig. 1 a Cyclic voltammograms for the copper electrode in (curve 1)
0.1 M NaNO3 + 0.05 M Na,S,05, (curve 2) 0.1 M NaNO; + 0.05 M
Na,S,05 + 0.01 M TG mixed solutions without stirring. Scan range:
—0.3 to 0.9 V. Scan rate: 100 mV/s. b The current-time relationship

when applying 0.5 V on the copper electrode in 0.1 M NaNO3 + 0.05
M Na,S,0; + 0.01 M thioglycerol (TG) mixed solutions under stirring
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electrode surface, but the decrease of the surface area of
copper electrode. This explanation is supported by our
observation that no deposition of CuS was observed and the
surface area of copper decreased gradually during the
reaction. The dissolution of the copper electrode is not
uniform; the edges of the electrode dissolved more than
other places during the reaction. As the experiment
proceeded, the edges of the electrode were gradually etched
out, which led to the decrease of the surface area of the
electrode and subsequently the oxidation current.

The electrosynthesis of CuS NPs is based on the
oxidation of the copper substrate and the reduction of water
at a constant potential. The reactions can be written as
follows:

Cu —2e =% Cu?" (1)
2H,0 4 2e &% H, T +20H~ (2)
$,05 + H,0 — SO; + H,S 3)
Cu*™ + H,S — CuS | +2H" (4)
2H" +20H" — 2H,0 (5)

The produced Cu®" reacts with thiosulfate to form CuS
under the catalysis of TG while TG also protects the
produced CuS NPs from aggregation. The addition of TG is
crucial for the synthesis of CuS. This is supported by the
observation that without the addition of TG, no CuS can be
produced. With the catalysis of TG, it can be observed that
the electrolyte around the cathode changed in color from
colorless to yellow immediately upon the application of
potential. The appearance of the yellow color reveals the
formation of CuS NPs. With 0.01 M TG, highly stable
“dark-green” CuS colloid solution was produced. No CuS
precipitate can be observed at the bottom of the beaker.
However, when the concentration of TG was decreased to
107 M, a large amount of CuS precipitate was observed.
Thus, we conclude that TG is not only the catalyst for the
synthesis of CuS, but also acts as the capping agent of the
produced CuS NPs.

It is well-known that a szso§* ion can hydrolyze to
release a S°* anion [34, 35], which reacts with Cu®" to
produce copper sulfide (CuS or Cu,_S). However, in a
system containing only copper sulfate, sodium thiosulfate,
and water the hydrolysis of thiosulfate is a very slow
process at ambient conditions. It takes 1 week to produce
black-green Cu,.,S in the mixed solution of CuSO, and
Na,S,05 at room temperature and ambient pressure [34].

The catalytic effect of thioglycerol on the hydrolysis of
thiosulfate has been thoroughly studied in our previous
report [35]. It was found out that with the catalysis of
thioglycerol (TG), Cu®" can react easily with thiosulfate
under ambient conditions.

Our recent study indicated that, under the catalysis of
TG, the rate of the hydrolysis of thiosulfate increased as the
solution pH increased. In an aqueous solution containing
Na,S,03 (0. 005 M), CuSOy4 (0.001 M), and TG (0.005 M),
the pH of which is 7.2, it took 1 h for the solution to change
from transparent and colorless to black [35]. When the
solution pH was adjusted to 8.0 by adding concentrated
NaOH solution, the reaction rate was significantly in-
creased. At pH 8.0, the solution changed from colorless to
black in just 20 min. This discovery gave the above
proposed mechanism (Eqs. 3 and 4) a strong support. As
shown in Eq. 5, the presence of OH could consume the
produced H" and facilitate the production of CuS. Howev-
er, at high solution pH, the formation of Cu(OH),
precipitate is inevitable. At pH 10.0, a significant amount
of Cu(OH), precipitate was observed at the bottom of the
flask.

To obtain a high reaction rate between Cu”" and
thiosulfate, we should carry out the reaction in an alkaline
environment while avoiding the formation of Cu(OH),
precipitate at the same time. An electrochemical method
was proposed to achieve this purpose. Cu®* and OH™ were
produced on the anode and cathode surface, respectively,
after a constant potential (0.5 V) was applied. Cu*"
migrated from electrode surfaces under stirring and
reacted with thiosulfate under the catalysis of TG. The
farther from the cathode surface, the lower the solution pH
is. Keeping the distance between cathode and anode
constant at 2 cm, the solution pH in the vicinity of
cathode and anode was measured with a pH meter under
typical experimental condition.

In the vicinity of the cathode and anode surface, the
solution pH values were about 13.1 and 10.3, respectively.
Decreasing the stirring rate, it was found out that the pH
difference increased immediately. This phenomenon sup-
ported our supposition that significant solution pH differ-
ence between the cathode and anode was maintained even
under magnetic stirring. It was observed that the solution
around the cathode surface changed in color from colorless
to yellow immediately upon the application of potential.
This phenomenon further confirmed our supposition that
higher solution pH favors the reaction. The farther from the
anode, the lower the concentration of Cu®" is.

The concentration of Cu®" around the cathode surface is
pretty low due to the slow release of Cu®" from the copper
sacrificial anode and the quick reaction rate between Cu®"
and thiosulfate around the cathode. Therefore, no formation
of Cu(OH), precipitate was observed during the reaction,
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Fig. 2 UV—vis spectrum of as-prepared CuS produced by applying
the potential of 0.5 V in a 0.1 M NaNOs + 0.05 M Na,S,05+ 0.1 M
thioglycerol (TG); (b) 0.1 M NaNO; + 0.05 M Na,S,0;+ 0.01 M TG
mixed solutions for 1 h
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although the solution pH is very high around the cathode.
The final product is highly stable copper sulfide colloid
solution. Although the reaction rate between Cu®" and
thiosulfate is very quick around the cathode, there is no
deposition of copper sulfide on the cathode surface. This is
because a large amount of bubbles evolved at the cathode
surface when the potential was applied.

The formation of hydrogen on the cathode helps to
remove the copper sulfide from the electrode surface.
During this experiment, a competition between two
different cathode surface processes exists. One process is
the copper sulfide particles formation in the vicinity of
cathode surface, where solution pH is much higher than the
bulk solution, and the other is the copper sulfide deposition
on cathode. The evolution of hydrogen gas greatly
enhances the former and effectively reduces the latter.

The reaction rate between Cu®" and thiosulfate around
anode is very slow because the solution pH around the
anode is much lower than that around the cathode. Thus,
the deposition of CuS on the anode surface is not a serious
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Fig. 3 XRD patterns of hexagonal phase CuS obtained after the
“golden-brown” CuS sol produced in 0.1 M NaNO; + 0.05 M

Na,S,05+ 0.1 M thioglycerol (TG) mixed solutions converted into
“dark-green” form
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problem. The application of stirring could greatly enhance
the diffusion of the produced CuS NPs from the anoxic
vicinity to the bulk solution and effectively prevented the
deposition of CuS on the electrode surface. Experimental
results showed that no deposition of CuS can be observed
on the copper surface even under very mild magnetic
stirring.

By adjusting the concentration of TG, copper sulfide
colloid solutions with different colors were obtained. The
UV-vis spectra of the as-prepared samples were recorded in
the range of 300-900 nm. In Fig. 2 is shown the
representative UV-vis spectra of golden-brown copper
sulfide colloid solution prepared in NaNO; (0.1 M) +
Na,S,03 (0.05 M) + TG (0.1 M) (Fig. 2a) and dark-green
copper sulfide colloid solution prepared in NaNOs (0.1 M) +
Na,S,0;5 (0.05 M) + TG (0.1 M) (Fig. 2b). Both samples
absorbed in the spectral region between 250 and 650 nm.
However, only for the “dark-green” form of copper sulfide,
an increased absorption band extending into the near-IR
region can be observed, which is characteristic of covellite
(CuS) [36].

It was also found out that the “golden-brown” form of
copper sulfide colloid solution may convert to the dark-
green form of copper sulfide. The rate of the conversion
increased with the increase of the temperature. At room
temperature, it takes 72 h for the “golden-brown” form of
copper sulfide colloid solution to convert into the “dark-
green” form. Increasing the temperature to 80 °C, it only
takes about 45 min for the “golden-brown” form to convert
into the “dark-green” form. This is in good agreement with
the discovery of J. S. Wen et. al [36]. According to their
research, the “golden-brown” sol is a poorly crystalline
form of covellite, and this poorly crystalline covellite
recrystallizes to crystalline covellite (the “dark-green”
form) at a rate that depends on the temperature and oxygen
concentration of the sol. Investigation on the photolumi-
nescence of the “dark-green” form of CuS revealed no
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Fig. 4 Fourier transform infrared spectra of TG protected CuS
produced by applying the potential of 0.5 V in 0.1 M NaNO; +
0.05 M Na,S,05+ 0.01 M thioglycerol (TG) mixed solutions for 1 h
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Fig. 5 TEM images of CuS
NPs obtained after the “golden-
brown” CuS sol produced in
0.1 M NaNOs + 0.05 M
Na,S,05+ 0.1 M thioglycerol
(TG) mixed solutions converted
into “dark-green” form

emission in the range 400~800 nm, which is ascribed to the
formation of covellite [37-39].

X-ray diffraction is carried out to study the structure of
the CuS NPs. Figure 3 presents the XRD patterns of the
CuS precipitate (obtained from the “dark-green” form of
CuS). The broadness of the diffraction peaks indicated the
nanocrystalline nature of the product. All the reflections can
be indexed to the hexagonal crystal CuS according to the
literature pattern for CuS (JCPDS File No. 36-379). The
XRD analysis further confirmed that no Cu(OH), was
produced in the reaction.

The Fourier transform infrared (FTIR) spectrum of the
produced rod-shaped CuS crystals in Fig. 4 shows a strong
and broad O—H stretching band at 3,500 cm ™' and a strong
C-O stretching band at 1,100 cm '. The FTIR spectra
confirm that the CuS crystals are capped with TG, and the
TG molecule is not leached out during several washings of
the CuS crystals. Chen SW et. al. have observed that
differential pulse voltammetry (DPV) of purified monolayer
protected gold clusters exhibit quantized double-layer
(QDL) capacitance charging [40, 41]. However, in this
experiment, quantized double-layer (QDL) charging peaks
cannot be observed in the DPV of the purified TG-protected
CuS NPs obtained from the synthesis reaction mixture.

Fig. 6 TEM images of CuS
NPs produced by applying the
potential of 0.5 Vin 0.1 M
NaNO; + 0.05 M Na,S,05+
0.01 M thioglycerol (TG) mixed
solutions for 1 h

The size of the copper sulfide NPs of the “golden-
brown” form produced in NaNOjz (0.1 M) + Na,S,0;3
(0.05 M) + TG (0.1 M) is about 80-120 A. For the “golden-
brown” form, it is extremely difficult to precipitate the CuS
NPs by centrifuging for 30 min at 12,000 rpm. However,
after it converted into “dark-green” form at room temper-
ature, the CuS NPs can be easily precipitated. The TEM
images of the obtained CuS NPs are shown in Fig. 5, which
clearly show that the particles are the mixture of spherical
NPs and nanorods (Fig. 5a). Both the spherical NPs
(Fig. 5b) and nanorods are 30 nm in diameter, while the
length of the nanorods is about 100 nm.

The “dark-green” form of CusS sols was prepared directly
in NaNO; (0.1 M) + Na,S,0; (0.05 M) + TG (0.01 M)
mixed solutions. The TEM images verify further that the
products are spherical NPs with 50 nm in diameter (Fig. 6).

Conclusions

In summary, a novel potentiostatic method was successfully
developed for the synthesis of CuS NPs. With copper as
sacrificial anode, copper sulfide sols were synthesized by
applying a constant potential of 0.5 V in a sodium
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thiosulfate and thioglycerol aqueous solution. The results
showed that the production of OH™ at the cathode facilitates
the reaction between Cu®" and S, SO?Z~, while the evolution
of hydrogen effectively prevents the deposition of copper
sulfide on the cathode surface. In this experiment, TG not
only acts as the catalyst for the hydrolysis of thiosulfate but
also the stabilizer of the produced NPs. “Golden-brown”
CuS sol was produced at higher TG concentration, while
the “dark-green” form of CuS was produced at lower TG
concentration. The “golden-brown” CuS sol is a poorly
crystalline form of covellite, which converts to crystalline
covellite (the “dark-green” form) at a rate that depends on
the temperature of the sol.
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