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We synthesized chalcopyrite (CuFeS2) nanoparticles by methods involving laser ablation and electrical dis-
charge in water. The nanoparticles obtained were exposed to an oxygen/argon plasma of a microwave dis-
charge. The synthesized material was studied by photometry, x-ray diffraction (XRD), and energy dispersive
x-ray elemental analysis (EDX), IR spectroscopy, and atomic force electron microscopy (AFM). We have es-
tablished that the nanoparticles are morphologically stable relative to exposure to plasma fluxes of power
≤1 kW, and can be used as a model system to study processes of interaction between a plasma and minerals.
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Introduction. Plasma methods are quite effective in many modern technologies, including surface treatment of
various minerals. A major problem in this technology is our insufficient basic knowledge about the mechanisms of in-
teraction between the plasma and the surface of the minerals. In particular, detailed study of the interaction between
the plasma and chalcopyrite (CuFeS2) and pyrite (FeS2) particles is needed for optimization of the technology for
separating them, based on the froth flotation method (different wettabilities of the particles). The conventional ap-
proach uses an increase in the difference between the wettabilities, with the help of selective surfactants [1–6]. The
surface of some particles in the mixture is hydrophobic (water-repellant). The hydrophobic particles, attaching to air
bubbles introduced into the aqueous suspension of the mixture of minerals, are transported upward by the bubbles to-
ward the froth layer on the surface of the suspension, thus separating them from the hydrophilic (wettable) particles.
The new approach is based on treatment of the surface of the minerals with a non-thermal plasma under conditions
leading to a change in wettability without a change in chemical composition. For optimization of the plasma treatment
conditions, we need a detailed clarification of the basic mechanisms for interaction between the plasma fluxes and the
indicated minerals. Due to the high surface/volume ratio and the reactivity of nanosized particles, they may be ideal
model systems for studying processes leading to a change in surface wettability. In this case, laser ablation processes
and electrical discharges in liquid media may be effectively used to obtain model CuFeS2 nanoparticles.

In this work, we have obtained nanosized chalcopyrite particles by laser and electrical-discharge spraying of
a sample of the original mineral in water. The phase and elemental composition of the particles obtained were studied
using x-ray diffraction (XRD) and energy dispersive x-ray elemental analysis (EDX). In order to determine the
changes in the morphology of the particles due to plasma treatment, we used Fourier transform IR spectroscopy and
atomic force electron microscopy (AFM).

Experimental Section. Pure crystalline chalcopyrite (Alfa Easer, Germany) was used to obtain the nano-
particles.

Synthesis of nanoparticles with pulsed laser ablation in a liquid. The nanoparticles of CuFeS2 were obtained
by laser ablation of a chalcopyrite target placed in a cuvet with distilled water. Emission from an Nd:YAG laser was
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used (λ = 1064 nm, pulse energy 60 mJ, pulse repetition frequency 10 Hz, pulse duration 12 nsec). The schematic for
the experimental setup is shown in Fig. 1a. With laser ablation of the target, a small plasma plume was formed above
the target surface. During particle production, visible coloring of the liquid occurred. The synthesized particles formed
a colloidal solution.

Synthesis of nanoparticles with an electrical discharge in water. The CuFeS2 nanoparticles were synthesized
in a reactor consisting of a glass discharge chamber filled with water, inside which were placed two chalcopyrite elec-
trodes (Fig. 1b). The experimental setup is described in detail in [7–9]. The main discharge was ignited by a high-fre-
quency discharge with voltage ~3.5 kV. The discharge was powered by an ac source with frequency 100 Hz and pulse
duration 50 μsec (spark regime). After initiation of the discharge, in the interelectrode region a gas bubble was formed
which first expanded and then collapsed over the course of each discharge cycle, i.e., 100 times per second. The so-
lution took on a dark color even within a few seconds after the beginning of the experiment.

Plasma treatment of the particles. Plasma treatment of the synthesized particles was carried out in a micro-
wave plasma reactor, the schematic of which is shown in Fig. 2. The synthesized particles were deposited on a mica
plate and placed on substrate 4. At the beginning of the experiment, the reactor was pumped out to a pressure of
10–3 Pa and purged with a mixture of argon and oxygen for 5 min. The gas flow rate was 50 cm3/min. The power
of the plasma generator was 1 kW, the treatment time was 5 min, the pressure inside the reactor was 20 Pa, the gas
flow rate Ar:O2 = 25:25 cm3/min.

Methods for studying the nanoparticles. Atomic force microscopy (AFM) was used to study the topography of
the surface for the untreated and plasma-treated nanoparticles. For this purpose, we used a CP-II VEECO apparatus
with pyramidal silicon tip having a radius of curvature of 10 nm and doped with n-type phosphorus (RTESPA-CP).
The images obtained were processed using software supplied with the instrument. The AFM measurements were made
under ambient atmospheric conditions at normal temperature and pressure. For the measurements, a drop of the colloi-
dal solution was deposited on the mica plate. The samples were scanned in contactless mode.

The extinction spectra of the colloidal solutions were recorded on a CARY 500 spectrophotometer. The phase
composition, crystal structure, and lattice parameters of the powder obtained after vaporization of the colloidal solution
were analyzed on a D8-Advance diffractometer (Bruker, Germany), based on the angular dependences of the intensi-
ties of the diffraction peaks for scattered radiation on the CuKα line (λ = 0.15418 nm). The elemental composition of

Fig. 1. Schematic drawing of an experimental apparatus for synthesis of
nanoparticles by: a) laser ablation [1) nanoparticles, 2) magnetic stirrer, 3) tar-
get, 4) laser emission, λ = 1064 nm]; b) electrical discharge in a liquid
[1) power supply, 2) shunt resistor; 3) glass cup; 4) clamp screws; 5) elec-
trodes; 6) liquid; 7) electrode holders; 8) insulator; 9) measurement circuit; 10)
oscilloscope).
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the powders deposited on a substrate were determined using an x-ray spectrometer included in the SUPRA 55WDS
scanning electron microscope (Carl Zeiss, Germany). The Fourier IR spectra of the original chalcopyrite and the syn-
thesized powders were recorded on a Spectrum One FTIR spectrometer (Perkin Elmer).

Results and Discussion. Absorption spectroscopy. The optical absorption spectra for freshly prepared colloidal
solutions of chalcopyrite are shown in Fig. 3. They have the shape of smoothly decreasing curves with a tendency to-
ward a gradual decrease in total absorption as the wavelength increases.

Determination of the particle parameters. Table 1 gives the elemental composition of the nanosized particles
(as determined by EDX) synthesized by pulsed laser ablation in a liquid. We observe that the relative content of the
atomic components Fe:Cu:S in the particles obtained, determined from the EDX spectrum, is close to the stoichiomet-
ric ratio for the CuFeS2 phase. Despite the fact that the EDX analysis did allow for the presence of oxides, the XRD
did not show the presence of oxide phases in the sample. From this we may hypothesize that the samples contained
impurity inclusions absorbing the oxygen. They might be carbon atoms, which are invariably present on the surface of
the sample.

As follows from the x-ray diffraction patterns (Fig. 4), both of the synthesized powders consist of tetragonal
chalcopyrite CuFeS2 (diffraction peaks with 2θ ≈ 29.5, 48.7, 49.1, 57.9, and 58.7o) and CuS (peaks at about 32, 33,
and 59.2o). Note that near the diffraction peaks belonging to CuFeS2, we also detect several small peaks (29.3, 48.6,
and 52.7o) assigned to talnachite Cu18.32Fe15.9S32. Thus the formation of metastable copper- and iron-containing com-
pounds is not ruled out. However, no oxide phases were detected either in samples obtained by laser ablation or in
samples synthesized in an electrical discharge.

The results of studies of the synthesized particles by Fourier transform IR spectroscopy are shown in Fig. 5.
The bands in the interval 1094–1200 cm–1 can be assigned to the characteristic bands of chalcopyrite [10, 11]. For the
synthesized powders, the positions of the peaks are somewhat different from the positions of the peaks for the bulk
material. This may be a consequence of the formation of metastable phases. The characteristic peak at 1021 cm–1 ap-
peared at a wavelength of 1065 cm–1 for powders synthesized by both laser ablation and electrical discharge. This
may indicate the presence of FeSO4 in the studied samples [12]. Since XRD did not reveal the presence of FeSO4,

Fig. 2. Schematic drawing of the microwave plasma reactor: 1) generator,
2) E-H tuner; 3) cylindrical resonant cavity with annular slits; 4) sample;
5) water cooling loop; 6) quartz glass tube; 7) vertical movable holder; 8) ro-
tary pump.
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Fig. 3. Absorption spectra of colloidal solutions prepared by laser ablation (1)
and electrical discharge (2) in distilled water.

Fig. 4. X-ray diffraction patterns of samples prepared by laser ablation (1) and
electrical discharge (2) in water.

Fig. 5. Fourier transform IR spectra of samples obtained by laser ablation (1)
and electrical discharge (2); 3) spectrum of bulk chalcopyrite.
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we may hypothesize that if iron sulfate is present in the sample, it is present only in an insignificant amount. The
characteristic peak for CuSO4 at 1144 cm–1 was not observed [13]. It is not possible to confirm formation of CuS
using IR spectroscopy, since this compound is not IR-active [13, 14].

Atomic force micrographs of the chalcopyrite nanoparticles deposited on mica substrates are shown in Fig. 6.
We see that for both laser ablation and in an electrical discharge, agglomerates of nanoparticles are formed, although
for the sample obtained with an electrical discharge, we also observed unagglomerated particles. The original particles
had practically identical dimensions: from 50 nm to 100 nm (in depth). As we observed, treatment of the synthesized
nanoparticles in a microwave discharge plasma does not lead to an appreciable change in their morphology (Fig. 6c),
which indicates stability of the chalcopyrite particles relative to exposure to plasma fluxes of power up to 1 kW.

Conclusion. Our experiments showed that pulsed laser ablation and electrical discharge in a liquid are meth-
ods resulting in formation of nanoparticles of chalcopyrite CuFeS2. We have established that the chalcopyrite nanopar-
ticles are morphologically stable relative to exposure to plasma fluxes of power up to 1 kW, and can be used as
convenient model systems for detailed studies of the interaction between a plasma and the surface of nanosized parti-

TABLE 1. Elemental Analysis Results for Chalcopyrite Nanoparticles Obtained by Laser Ablation

Element
Content

wt.% at.%

O 0.64 33.34
S 0.60 21.97

Cu 1.09 16.17
C 0.81 13.34
Fe 1.99 13.09
Si 0.21 2.08

Total 100.00

Fig. 6. AFM image (a–c) and selected scanning profiles (d–f) of the original
(a, b) and plasma-treated (c) nanoparticles, synthesized by laser ablation (a, d)
and electrical discharge (b, c, e, f).
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cles. Information obtained in the experiments will make it possible to optimize the technology for separation of the
minerals chalcopyrite (CuFeS2) and pyrite (FeS2) based on the froth flotation method.

This work was conducted with the support of DFG grants (BR 3796/1-1, GO 383/26-1).
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