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The synthesis of stable pyrite nanocrystals (NCs) in a simple way is very difficult. A facile and single-stage
ultrasonic synthesis route has been successfully developed for the preparation of pyrite (FeS2) NCs in
10 min and 70 �C. In this study, the influences of reaction time, temperature, and acoustic power on
the formation of the target compound were considered. In addition, a comparison was made of the syn-
thesis of pyrite NCs by sonication with 20 kHz apparatus and by the classical method (without ultra-
sound). The as-prepared pyrite was characterized by X-ray diffraction (XRD), Fourier transform
infrared (FT-IR), scanning electron microscopy (SEM), Raman spectrophotometry and energy-dispersive
X-ray spectroscopy (EDS). The XRD of the sample prepared by classical method indicated a typical cubic
FeS2 with space group Pa3 and the average size of 16 nm. Sulfur as an impurity in the sample was verified
by XRD analysis. The sample prepared by ultrasound showed two phases of pyrite, cubic and marcasite
structures. The space groups were pa3 and pnnm, respectively and the average size was 28.8 nm.
According to the SEM images, the morphology of the synthesized pyrite using the two methods are clo-
sely the same. The FT-IR and Raman spectra presented the Fe@S, FeAS and SAS functional groups. In addi-
tion, the sono-synthesis of pyrite was done under milder conditions and in shorter time with better
features than classical method.
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1. Introduction

With the growing necessity of the high-quality mineral materi-
als, interest has been focused on the synthesis of nano scaled min-
eral compounds with controlled growth, structure and size [1].
There are several types of iron sulfides in nature i.e. FeS2 (pyrite
and marcasite), Fe3S4 (greigite) and Fe1�xS (pyrrhotite) [2]. Pyrite
is slightly oxidized relative to other metal sulfide minerals, because
it is so abundant on the earth [3]. Also, pyrite has extreme applica-
tions and can be used in different industries. FeS2 as a semiconduc-
tor has a narrow band gap, high light absorption coefficient, and
excellent properties in photoelectric conversion [3–6]. It is widely
used in solar photoelectric materials and in high energy density
batteries fields [7,8]. Pyrite particles were also used in catalytic
processes for degradation of some resistant pollutants [9]. Pyrite
can produce sufficient OH radical to footprint DNA in biological
processes [10]. Up to now there is one concern for fabricating pyr-
ite nanoparticles by a simple method. So far, FeS2 crystals and films
were made by various techniques. Several routes for the synthesis
of micro and nano iron sulfide material such as ball milling [11],
mechanochemical [12], magnetron sputtering [13], heating up
[14,15], microwave synthesis [1], solvothermal method with
surfactant-assisted-mediated [6,15–19] or without surfactant
[4,20–22], hydrothermal [18,23–25], electrochemical deposition
[26], chemical bath deposition [4,27] had been reported. However,
studies on the synthesis of FeS2 nanoparticles were rather sparse.
In all methods, it has been tried to form one uniform and appropri-
ate product at low temperature and short time. As yet many stud-
ies have been taken on the synthesis of pyrite nanoparticles,
unfortunately, the approaches applied used considerable time
and high temperatures [28–31]. In addition, the synthesis method
and the products obtained essentially depended on the precursor
and setup of the system because sometimes there are impurities
in the products (FeAS compounds) which greatly hinder their per-
formance [16]. Some of methods cannot produce pyrite in a single
stage process so that they require excess sulfur to convert other
phases such as FeS or FeS2�x into pyrite [32].

Synthesized pyrite nanoparticles were made in different shapes
and structures such as cubic [14,20], octahedral [16], nanoflake and
microsphere [33], flower [19], nanorod [34] and other shapes. The
cubic structure is more stable than other structures [35]. The unit
cell of pyrite contains four formula units (FeS2). The Fe2+ cations
are located in a face-centered cubic sub lattice, and the (S2)2�

dimers are placed at the centers of the cubic edges and the struc-
ture is almost the same as unit cell of NaCl [36,37].

In spite of abundant pyrite in nature, its synthesis is necessary,
because natural pyrite is not pure and the impurity affects its dif-
ferent applications. Previous methods in the synthesis of pyrite
used long times and high temperatures, consequently, there is a
need to design a fast and reliable synthesis route for the pyrite
nanoparticles. Ultrasonic irradiation is an efficient technique for
the synthesis of many materials. Chemical effects of ultrasound
are the result of indirect interaction between the sound waves
and molecules, because the sound wavelength is considerably
longer than the size of the molecule. Chemical effects of ultrasound
can be derived by acoustic cavitation which includes formation,
growth and implosive collapse. Transient collapse generates high
temperatures (�5000 K) and high pressures (about 1000 atmo-
sphere). For these reasons, it seems that ultrasound method can
be an efficient way for the synthesis of pyrite nanoparticles [38].
In this research, the synthesis of iron sulfide was carried out
through sonication of a system which was sealed completely.
Ultrasonic irradiation is one of this paper’s innovations that leads
to increase the mass transfer, high temperature and pressure dur-
ing the cavitation process. These conditions not only reduced the
time but also reduced considerably the temperature of reaction.
It should be mentioned that ultrasound has emerged as a versatile
technique for producing nanostructures with suitable size and
morphology. Besides, the product synthesized using classic
method (PC) was compared with the sample synthesized under
ultrasound (PU). In this comparison, the main advantages of the
ultrasonic method are due to short reaction time, low processing
temperature, high purity and uniform shapes. One of the most
challenging issues is to control pure products with defined mor-
phology and our approach can fulfill this aim. Finally, our method-
ology is single-stage and does not require expensive source
precursors or toxic solvents and the morphologies of the products
are well controlled. In addition, designated raw materials lead to
produce more appropriate and stable structure of the
nanoparticles.
2. Experimental procedures

Details of experiments, comparing of ultrasound and classical
methods in synthesis, and characterization techniques were uti-
lized for synthesized pyrite NCs in both ways.
2.1. Materials

Iron (II) sulfate heptahydrate (FeSO4�7H2O), Sodium thiosulfate
pentahydrate (Na2S2O3�5H2O), absolute ethanol that all were
obtained from Merck company. All reagents were of analytical
grade and were used without further purification. In addition, dis-
tilled water and ethanol were used for washing. Argon gas was
employed to eliminate air or oxygen from the reaction flask.
2.2. Methods

2.2.1. Classic method
In a typical conventional process, 2.68 g FeSO4�7H2O, 6.68 g

Na2S2O3�5H2O with 100 ml absolute ethanol were poured into in
a three-neck flask and then it was sparged under Argon atmo-
sphere to remove air. The molar ratio of sulfur to iron was about
6:1. The reflux system was sealed and the mixture was stirred by
magnetic stirrer, then the temperature of the suspension was
maintained about 200 �C for a period of 24 h. Afterward the precip-
itate produced was cooled to room temperature naturally. The dark
precipitates were washed and were centrifuged sequentially with
distilled water and ethanol to remove the residual impurities. Sub-
sequently the product was dried at 80 �C for 4 h in a vacuum oven.
Then the dark powder was collected and take placed within vial
into a desiccator for characterization.
2.2.2. Ultrasonic method
The ultrasound approach was carried out with same amount of

initial materials used in the classic method. After addition of initial
materials, the cell was sealed and put 15 min under Argon atmo-
sphere and then the reaction was carried out under ultrasound at
70 �C for 10 min. After that the reaction product was cooled to
room temperature gradually while it was still in a sealed cell.
The pH of suspension was inherent pH of the mixture and it
reached to 5.9 after reaction. The dark precipitates were washed
and were centrifuged consecutively with distilled water and etha-
nol to take away the remaining impurities. In spite of pyrite oxida-
tion is not very fast, the dark precipitates were placed into a closed
Erlenmeyer and were washed fast. Then the samples were dried at
80 �C for 4 h in a vacuum oven and finally the dark powders were
gathered in vial within desiccator for characterizing. Difference of



Fig. 1. Product comparison in condition of (a) less than 70 �C and (b) equal to 70 �C during the reaction conditions (10 min ultrasound irradiation, 70% electrical power).
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two methods was in the magnitude of time and temperature of
reaction.
2.3. Characterization and instrument

Ultrasonic waves were irradiated using XL2020 model instru-
ment with 550 W electrical power and 20 kHz frequency. XRD pat-
terns were collected with a Bruker-axs, D8 Advance model at a
scanning rate of 0.05�/s, using monochromatized Cu Ka radiation
(k = 1.5406 Å) and a wide range angle (2h� = 20–60). The patterns
were collected using a 0.04� step–scanning mode. The morphology
and particle size of the yields were investigated by SEM model Leo
1450VP from LEO Germany Company with magnification 20–
300,000 times and equipped with EDX detector, also TEM model
Philips CM120 120 kV. Raman spectroscopy was performed with
an Almega Thermo Nicolet Dispersive Raman spectrometer with
a 1064 nm laser wavelength, exposure time 13,000 ms and laser
power 490 mw. Samples were dispersed in water and then the
spectrum was taken. FT-IR spectra were documented on a Thermo
Nicolet 370 spectrometer, the spectrum was attained by mixing
the sample with KBr and water was removed. The FT-IR and Raman
spectra presented the Fe@S, FeAS and SAS functional groups. EDS
was taken on JEM-2100F transmission electron microscopy.
Fig. 2. Comparison of XRD pattern of products in different time by ultrasound
method (70 �C, 70% electrical power).

Fig. 3. Pyrite NCs XRD spectra; (a) ultrasound method (10 min ultrasound
irradiation, 70 �C, 70% electrical power), (b) classic (24 h heating, 200 �C, reflux).
3. Results and discussion

3.1. Pyrite formation

Following processes concisely demonstrate the total synthetic
procedures and probable reactions.

It has been assumed that pyrite formation occurs by a four step
progression [1,16,32].

2Na2S2O3 � 5H2O ! 2Na2SO3 þ 2Sþ 10H2O ðR- 1Þ
2CH3CH2OHþ 2S ! 2CH3CHOþ 2S2� þ 4Hþ ðR- 2Þ
FeSO4 � 7H2Oþ S2� ! FeSþ SO2�

4 þ 7H2O ðR- 3Þ
CH3CHOþ FeSþ S2� þ 2Hþ ! CH3CH2OHþ FeS2 ðR-4Þ

In the first step, sulfur element forms via decomposition of
sodium thiosulfate pentahydrate (Na2S2O3�5H2O) (R-1). In the sec-
ond step, the sulfur atom was reduced to S2� by means of ethanol
(R-2). In the third step, iron monosulfide (FeS) forms through the
reaction between sulfide and ferrous ions in ethanol (R-3). Finally,
FeS is transformed to pyrite based on (R-4). The intermediates such
as S and FeS were verified by XRD. In addition, magnetic precipi-
tates were formed during the reaction before the end of the reac-
tion (Fig. 1). The main species for the formation of pyrite based
on reactions are Fe2+ and S� (or S2�). For preventing Fe(II) oxidation
as the iron source, the suspension was sparged by Ar gas. In
addition, ethanol was considered as a reducing agent and as a
dispersant in order to avoid forming iron (II) hydroxide and mag-
netite precipitation, whereas, if water is used as solvent, iron (II)
is oxidized to iron (III), and finally iron (III) hydroxide is formed.

The presence of FeSO4�7H2O, Na2S2O3�5H2O in the heteroge-
neous system of ethanol can result in the formation of pyrite
according to the following overall reaction:

FeSO4 � 7H2Oþ 2Na2S2O3 � 5H2Oþ C2H5OH

! FeS2 þ 2Na2SO3 þH2SO4 þ CH3CHOþ 11H2O
3.2. Optimum conditions

To evaluate product efficiency, the optimization of reaction
under ultrasound has been carried out at different powers, times
of sonication, and temperatures. Based on XRD and FTIR analysis,
low temperatures and low powers do not lead to a favored product.
Besides, distinct irradiation time is necessary to have an antici-
pated powder. When the sonication was applied from ambient



Fig. 4. Comparison of FTIR spectra of PU at different times (70 �C, 70% electrical
power).

Fig. 5. Comparison of FTIR spectra for PU (10 min ultrasound irradiation, 70 �C, 70%
electrical power) and PC (24 h heating, 200 �C, reflux) of products.
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temperature with low electrical power, in spite of temperature ris-
ing during ultrasonic irradiation, no suitable precipitate was
achieved. Pyrite nanoparticle is a black precipitate and is diamag-
netic, whereas in preceding conditions a brown solid was formed.
However, sometimes a dark precipitate was made but it exhibited
magnetic properties as it is shown in Fig. 1 by a simple magnet. In
long times of sonication, based on the XRD analysis, the character-
istic peaks of pyrite were disappeared. This means that the pyrite is
Fig. 6. Comparison of Raman spectra for Pyrite NCs, (a) Ultrasound method (10 min ultra
200 �C, reflux).
amorphous or has a very small size that cannot be characterized by
XRD [39]. The best product was synthesized at 70 �C and sonication
at 70% electrical power for 10 min. The black and diamagnetic pre-
cipitate was collected and was characterized by different
techniques.

3.3. X-ray analysis

Fig. 2 shows the XRD pattern of products which were synthe-
sized in different times of sonication. According to Fig. 2, the crys-
tal phase related to the pyrite vanished with increasing the time of
sonication. In an hour of sonication, no peaks were observed in
XRD pattern and it seems the powder obtained is in an amorphous
state [40]. With decreasing of sonication time, the index peaks of
pyrite in XRD appeared and 10 min of sonication was the proper
time for crystalizing of pyrite. Fig. 3 shows the XRD patterns for
the two samples prepared in the presence and absence of ultra-
sound. The XRD patterns were perfectly consistent with pyrite
phase with exact peak positions and the same relative peak inten-
sities in both samples. It implied that the products synthesized by
ultrasound had cubic (pyrite) and orthorhombic (marcasite) phases
without distortion and randomly oriented. The lattice parameters
for cubic structure is (a = b = c = 5.418 Å) and for orthorhombic is
(a = 4.445 Å, b = 5.425 Å, c = 3.388 Å). In ultrasound, other parame-
ters such as d spacing and FWHM were about 2.0–3.9 Å and 0.28–
0.46�2Th based on 2h� = 33.961, respectively. Whereas in the clas-
sic method, the parameters mentioned for the cubic phase of pyrite
were 2.4–3.8 Å and 0.3–0.7�2Th based on 2h� = 33.104, respec-
tively. Besides, the lattice parameters of this sample were the same
(a = b = c = 5.418 Å). Additionally, from the XRD pattern of the clas-
sical sample, some other weak peaks (marked with blue circle on
the Fig. 3) were assigned to sulfur as the impurity. In both resulting
samples there was no trace of the other iron sulfide phases such as
Fe1�xS, or FeS. The presence of sharp peaks in the XRD patterns
confirmed the highly crystalline nature. The average size of unit
cell for the classical and sonochemical pyrite NCs using Debye-
Scherer equation were estimated to about 16 and 28.8 nm,
correspondingly.

3.4. FTIR analysis

Fig. 4 shows the FTIR spectrum of the FeS2 nanoparticles that
were synthesized by ultrasound in different times. According to
FTIR spectra, the characteristic peaks around 1120–1156 cm�1

are related to pyrite surface chemistry (Fe@S) [41] and around
607–622 cm�1 are related to stretching SAS and FeAS bonds
[11,42–44]. Based on Fig. 4, the functional groups are characterized
sound irradiation, 70 �C, 70% electrical power) and (b) Classic method (24 h heating,



Fig. 7. SEM image (a) PU synthesized in 70 �C and 10 min with 70% amplitude by ultrasound way and (b) PC synthesized in 200 �C and 24 h by reflux way.

Fig. 8. Size distribution of particles by SEM images, (a) PU particles and (b) PC particles.

Fig. 9. EDS analysis of the synthesized pyrite (a) ultrasound method in 70 �C and 10 min with 70% amplitude and (b) classic method in 200 �C and 24 h by reflux.
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for all sonication times. The comparison of FTIR spectra between
PC and PU is revealed in Fig. 5. As it is clear from this figure, the
functional groups of pyrite are verified in both methods.
3.5. Raman spectroscopy

The samples for Raman analysis were prepared by dispersing of
NCs in water to produce a dilute suspension. Fig. 6 shows the
Raman spectra for PU and PC. Ag, Eg, 3Tg, 2Au, 2Eu and 6Tu are
the theoretical vibration modes of the pyrite and only the symme-
try (gerade) vibrations (Ag, Eg, Tg(3)) are active in Raman [36,37].
Raman spectra demonstrated three bands for pyrite: dominant
bands at �327 cm�1, �385 cm�1 and a band at �451 cm�1, which
have been indexed for Eg (S2 dumbbell stretching), Ag (in-phase
stretching vibration SAS bands), and Tg(3) (it is combination of
stretching and vibrational signal of four adjacent S2 units) symmet-
ric vibrational modes, respectively. These spectra are in good
agreement with previous reports [4,14,36]. The chemically ordered
phase and the atomic ratio of S and Fe affect the Raman spectra.
The absence of Eg peak in the classical sample can be attributed
to the increase of the atomic ratio of S and Fe [45,46]. According
to Fig. 6, FeS phase was not observed in both samples (lack of peaks
at around 210 and 280 cm�1) [47].
3.6. SEM images

The morphologies and sizes of the as-synthesized FeS2 products
were characterized by SEM. The SEM images of the typical
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products obtained in the presence and absence of ultrasound are
shown in (Fig. 7(a) and (b)), respectively. According to these
images, the morphologies of FeS2 products are nearly the same.
The size distribution of particles that obtained from SEM images
is shown in Fig. 8(a) and (b). As expected, smaller particles can
be found in ultrasound sample than classical method.

3.7. EDS analysis

The chemical composition of the pyrite was more investigated
by using EDS analysis. The EDS results of ultrasound and classic
samples were displayed in Fig. 9. Based on the EDS analysis, only
the peaks related to Fe and S elements were observed in both sam-
ples and were confirmed the purity of the products. The atomic
ratios of S and Fe can be estimated to 1.46 and 1.92 for PU and
PC, respectively. EDS method mostly is a qualitative method that
confirmed the presence of Fe and S in both samples. EDS spectrum
can be affected by various factors, the estimated lower ratio for the
case of ultrasound can be attributed to the effect of ultrasound on
the product.

4. Conclusion

In conclusion, FeS2 NCs were successfully synthesized using a
novel approach by utilizing ultrasonic irradiation in 10 min, 70 �C
and 70% electrical power. The products were also compared with
the products synthesized by the classic method. Our approach is
a single-stage and does not require expensive precursors or toxic
solvents and the morphologies of the products are well controlled.
The high crystallinity of pyrite NCs was further confirmed by XRD.
The SEM images indicated that the morphology of nanoparticles
was nearly the same in the ultrasound method and the classical
ones. A typical XRD pattern shows the dominant peaks which
can be indexed as a pure cubic phase of FeS2 (space group Pa�3)
with a lattice constant of 5.418 Å in both methods, which consists
with the value given in the standard card. No other impurities such
as pyrrhotite, greigite are detected in both samples. XRD and EDS
confirm the high purity of the sample produced under ultrasound
but based on XRD pattern in classic method there was sulfur impu-
rity. FTIR and Raman spectra proved functional groups of Fe@S,
FeAS and SAS in the samples.
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