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31The rapid mechanochemical synthesis of nanocrystalline CuFeS2 particles prepared by high-energy
32milling for 60 min in a planetary mill from copper, iron and sulphur precursors is reported. The CuFeS2
33nanoparticles crystallize in tetragonal structure with mean crystallite size of about 38 ± 1 nm determined
34by XRD analysis. HRTEM study also revealed the presence of nanocrystals with the size of 5–30 nm with
35the tendency to form agglomerates. The Raman spectrum confirms the chalcopyrite structure. Low tem-
36perature magnetic data for CuFeS2 support the coexistence of antiferromagnetic and paramagnetic spin
37structure. Moreover, the hysteresis loops taken at temperatures from 5 K to 300 K revealed a presence
38of very small amount of ferromagnetic phase, which seems to be associated with the non-consumed ele-
39mental Fe in as-prepared nanoparticles. The optical band gap of CuFeS2 nanoparticles has been detected
40to be 1.05 eV, larger than band gap of the bulk material. The wider gap possibly resulted from the nano-
41size effect. Photoresponses of CuFeS2 nanoparticles were confirmed by I-V measurements under dark and
42light illumination. It was demonstrated that mechanochemical synthesis can be successfully employed in
43the one step preparation of nanocrystalline CuFeS2 with good structural, magnetic, optical and electroop-
44tical properties.
45� 2018 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder
46Technology Japan. All rights reserved.
47
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50 1. Introduction

51 Ternary chalcogenides containing elements, such as sulphur,
52 and selenium exhibit semiconducting properties after bonding
53 with transition metal elements [1]. Recently, these compounds
54 are being extensively studied due to their important physical and
55 chemical properties and promissing applications in solar cells,
56 spintronic and thermoelectric devices, etc. [2–5].
57 Bulk chalcopyrite CuFeS2 is a typical magnetic semiconductor of
58 the ternary chalcogenide family with unusual optical, electrical
59 and magnetic properties. It has a very small optical energy band
60 gap (0.5–0.6 eV), while nanoparticles of CuFeS2 have a larger band
61 gap depending on their size. It is antiferromagnet with a relatively
62 high Néel temperature of 823 K. The structure can be regarded as
63 double sphalerite cell with an ordered arrangement of Cu and Fe

64ions in the lattice that are in tetrahedral coordination with sulphur
65[6].
66Nanoparticles and nanocrystals of chalcopyrite CuFeS2 have
67been recently synthesized by various methods, such as mechanical
68alloying combining with spark plasma sintering [7], thermal pyrol-
69ysis [8], conventional synthesis using single-source precursors [9],
70facile solution-based method [6,10], cyclic microwave-assisted
71synthesis [11], thermolysis based wet chemical method [12], etc.
72The mechanochemical synthesis has been recognized as an
73alternative non-conventional method which provides at room tem-
74perature an efficient one-step and facile access for preparation of
75nanomaterials [13]. Using high-energy milling it is also possible
76to perform reactions which otherwise need supply a large quan-
77tum of energy for their proceeding [14].
78The nanocrystalline non-stoichiometric CuFeS2 synthesized
79using high-energy milling for 180–300 min from the nanocrys-
80talline mixture of CuS and FeS2 has been already performed [15].
81CuFeS2 as the final product contained a small amount of FeS2
82phase. In this work, we have reported exhaustive description of
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83 the preparation of this material by high-energy milling only for 60
84 min from the metals as precursors. The structural, magnetic, opti-
85 cal and electrooptical properties were investigated studied in
86 detail.

87 2. Experimental

88 Nanocrystalline CuFeS2 particles were synthesized in a plane-
89 tary ball mill Pulverisette 6 (Fritsch, Germany) from 1.73 g of cop-
90 per (99.7%, Merck, Germany), 1.52 g of iron (extra pure, Merck,
91 Germany) and 1.75 g of sulphur (99%, Ites, Slovakia) in an argon
92 atmosphere, according to the reaction (Eq. (1))
93

Cu + Fe + 2S ! CuFeS 2 ð1Þ9595

96 The milling was carried out at 550 rpm using a tungsten carbide
97 milling chamber (250 ml in volume) and 50 balls (10 mm in diam-
98 eter), composed of the same material, during 5–120 min.
99 The XRD data were collected using a D8 Advance diffractometer

100 (Bruker, Germany) with a h/h goniometer, working with a CuKa
101 radiation. The data were collected over the angular range 20� < 2
102 theta < 85� with scanning steps of 0.03� and the measurement step
103 time interval of 6 s. For the data processing, the commercial Bruker
104 tools have been used. For the phase identification, the Diffracplus

105 Eva and the ICDD PDF2 database and for Rietveld analysis, the
106 Diffracplus Topas software have been applied.
107 The zeta-potential (ZP) was measured using a Zetasizer Nano ZS
108 (Malvern, Great Britain). The Zetasizer Nano measures the elec-
109 trophoretic mobility of the particles, which is converted to the zeta
110 potential by using the Helmholtz-Smoluchowski equation built in
111 the Malvern zetasizer software. The zeta potential was measured
112 in the original dispersion medium and the measurements were
113 repeated three times for each sample.
114 Elemental sulphur determination was done according below
115 given the procedure. Two grams of sample were placed inside a
116 thick filter paper thimble, which was loaded into the main cham-
117 ber of the Soxhlet extractor. The Soxhlet extractor was placed onto
118 a flask containing 50 ml of extraction solvent (CS2, Acros Organics,
119 Belgium). The Soxhlet was then equipped with a condenser. The
120 solvent was heated to reflux. When the Soxhlet chamber was
121 almost full, the chamber was emptied, with the solvent running
122 back down to the distillation flask. This cycle was repeated three
123 times. After extraction the solvent was removed by rotary evapora-
124 tor, yielding the extracted compound. After weighting the
125 extracted sulphur, the percentage of elemental sulphur in the sam-
126 ple was calculated according the equation (Eq. (2)):
127

S0 ð%Þ ¼ m2 �m1

ms

� �
� 100 ð2Þ

129129

130 where m2 is a mass of distillation flask after extraction, m1 is a mass
131 of distillation flask before extraction and ms is a mass of the sample.
132 The Micro-Raman measurements were conducted at room tem-
133 perature in air, with the focus of the beam of an Ar laser (514 nm)
134 using a confocal Raman Microscope (Spectroscopy & Imaging,
135 Germany).
136 The magnetic measurements were performed by Magnetic
137 Property Measuring System, model MPMS-XL-5 (Quantum Design,
138 USA) equipped with 5 T superconducting magnet.
139 The granulometric analysis was realized by photon cross-
140 correlation spectroscopy (PCCS) using a Nanophox particle size
141 analyzer (Sympatec, Germany).
142 The specific surface area was measured by the low-temperature
143 nitrogen adsorption method in a Gemini 2360 sorption apparatus
144 (Micromeritics, USA).
145 Transmission electron microscopy (TEM) images and semi
146 quantitative analysis were taken on a 300 kV TECNAI G2 F30

147S-twin high-resolution transmission electron microscope (HRTEM)
148working at 300 kV.
149The ultraviolet–visible (UV–Vis) spectrum was taken by a UV–
150Vis spectrophotometer Helios Gamma (Thermo Electron Corpora-
151tion, Great Britain).
152The micro PL spectra were measured by a UV–Vis-NIR confocal
153Raman Microscope (Spectroscopy & Imaging, Germany). The exci-
154tation at 514 nm was provided using an Ar laser.
155The Current-Voltage (I-V) characteristics were measured using
156semiconductor parameter analyzer Agilent 4155C under dark and
157white light illumination. The measured sample was separated from
158crushing pellets to small pieces (thin stripe with dimensions
159�200–500 µm) and transferred onto insulating pad. The sample
160contacts were made by small droplet of silver paste and then
161annealed together with wiring to the socket. For photocurrent
162measurements the standard halogen lamp, monochromator and
163lock-in measurement system between 350 and 1000 nm were
164utilized.

1653. Results and discussion

166The progress of the mechanochemical synthesis of CuFeS2 is
167illustrated by XRD patterns of samples taken after 5–120 min of
168milling (a-f) (Fig. 1). In the starting material (pattern a) the peaks
169of Cu (JCPDS 01-089-2838), Fe (JCPDS 03-065-4899) and S (JCPDS
17001-083-2283) are seen, while patterns (b-d) represent intermedi-
171ate states with different ratios of the initial and product phases.
172After 5 min (b) of milling copper sulphide CuS (JCPDS 03-065-
1733556) is first formed as intermediate product, while a considerable
174amount of iron and sulphur remains unreacted. After 15 min (c) of
175milling there is still a small amount of CuS as well as unreacted Fe
176present. After 30 min (d) of milling the intermediate CuS phase has
177almost disappeared. The product phase of CuFeS2 is dominant and
178only traces of iron are observed. The mechanochemical reaction is
179completed after 60 min of milling (e). The product was identified
180as chalcopyrite (JCPDS 037-0471). All the diffraction lines (1 1 2),
181(2 2 0) and (3 1 2) match well to the JCPDS card of chalcopyrite
182CuFeS2. The crystal structure has a tetragonal body-centered sym-
183metry belonging to the I42d space group with lattice parameters a
184= b = 5.293 Å and c = 10.437 Å. The shape of the peaks indicates
185that the particles are in nano range and well crystallized. The crys-
186tallite size calculated by Rietveld analysis was 38 ± 1 nm. The esti-
187mated microstrain is (e0 0.35), what points to the presence of
188defects and distortions in the forming phase. It is noted that no sig-
189nificant change, was observed either in the lattice parameters or in
190the microstrain after 120 min (f) of milling.
191The results from the zeta potential (ZP) measurements of
192CuFeS2 samples are shown in Fig. 2. The ZP values were recorded
193in a pH range from 3 to 12. In the case of CuFeS2 milled for 5
194min in the pH range 3–5, the ZP values were around 0 mV, which
195indicate, that the particles with positive and negative ions on their
196surface are in balance and the Cu, Fe and S elements exist in a sam-
197ple in unreacted state. In a pH = 6, the sharp increase of ZP to pos-
198itive value (+30 mV) was registered, which is related with the
199presence of Fe2+ ions originated from iron particles and their trans-
200fer into the solution as a consequence of dissolution. With further
201increasing pH, the particles tend to acquire negative values (up to
202�43 mV), which is a sign of sulphate and iron hydroxides forma-
203tion. Two isoelectric points (IEP) were reached, at pH 5.02 and
2047.0. In the case of CuFeS2 milled for 15 min, the ZP values are more
205positive in almost entire pH range in comparison to CuFeS2 milled
206for 5 min. According to XRD measurements, this shift could be con-
207nected with the partial formation of CuS and thus with prevailing
208Fe2+ ions in solution originated from unreacted iron particles pre-
209sented in a sample. The IEP was established at pH 7.18. Above this
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