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Synthesis and characterization of micron-size pyrite crystals
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Mixed solvent of ethanol and water using FeSO4·7H2O and �NH2�2CS as precursors with
polyvinylpyrrolidone as surfactant was used to synthesize cubic FeS2 �pyrite� crystals. Crystalline
phase and surface morphologies of the crystals were characterized by X-ray diffraction and scanning
electron microscopy, respectively. Volume ratio of solvent, reaction temperature, reaction time, and
sulfur source were found to be the key parameters for the formation of pure pyrite crystals. Optimal
micron-size pyrite crystals were successfully grown from a mixed solvent of ethanol and
water with a volume ratio of 3:2, heated to a reaction temperature of 180 °C, and maintained
for 36 h with thiourea as the sulfur source. © 2010 International Centre for Diffraction
Data. �DOI: 10.1154/1.3478339�
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I. INTRODUCTION

Transition metal chalcogenides have been extensively
studied for their applications in photovoltaic devices. The
pyrite of iron disulfide �FeS2� is of particular interest and
shows promise for solar energy conversion devices in both
photoelectrochemical and solid-state solar cells due to its
favorable solid-state properties �Schröder et al., 1999; Chen
and Fan, 2001; Nath et al., 2003; Velásquez et al., 2005;
Feng et al., 2007�. Large variety of techniques has been used
in its preparation, such as thermal sulfuration of iron or ox-
ides �de las Heras et al., 1993; Heras et al., 1996�, flash
evaporation �Ferrer and Scancez,1991�, electrodeposition
�Nakamura and Yamamoto, 2001�, and metal organic chemi-
cal vapor transport �Tomas and Cibik,1998�.

During the past decades, the solvothermal technique is
becoming one of the most important tools for advanced ma-
terial processing, particularly owing to its advantages in the
production of nanostructural materials. Actually hydrother-
mal and solvothermal methods have been widely used to
prepare chalcogenides. Chen et al. �2005a� reported the suc-
cessful synthesis of cubic FeS2 crystallites via a single-
source approach using iron diethyldithiocarbamate as precur-
sor under hydrothermal conditions. Gao et al. �2006�
employed a novel hyposulfite self-decomposition route to
produce semiconductor FeS2 nanowebs. Recently Ni-, Co-,
and As-doped pyrites have attracted much interest for the
half-metallic properties due to fundamental physics in spin-
tronics and potential application in spin-electronic devices
�Abd El Halim et al., 2002; Lehner et al., 2006; Díaz-Chao
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et al., 2008�. Considerable progress has also been made by
our group, which includes a single-stage low-temperature
hydrothermal synthesis pyrite by using FeSO4, Na2S2O3, and
S powder �Wu et al., 2004b�, solvothermal synthesis of
nanocrystalline FeS2 �Chen et al., 2005b�, and pyrite films
prepared via sol-gel hydrothermal method combined with
electrophoretic deposition �Duan et al., 2004b��. At the same
time, the so-called pyrites MX2 �M =Ni, Fe, Co, Ni; X=S,
Se� have been prepared in different acid and alkaline envi-
ronment by hydrothermal and solvothermal methods �Wu et
al., 2004a; Duan et al., 2004a�. We have investigated the
influence of reaction parameters such as different solvents,
temperature, time, environment, and various systems. How-
ever, some questions remain. For example, though the hydro-
thermal and solvothermal methods can also control the prod-
ucts properties, the effects of the proportion of mixed solvent
on the products are still unknown. Based on above progress,
in this study we investigated solvothermal method for the
preparation of pyrite using various mixed solvents of water
and ethanol as well as S sources.

II. EXPERIMENTAL

All reagents were of analytical grade and were used as
received without further purification. In a typical synthesis, 2
mmol of thiourea ��NH2�2CS� and 1 g of polyvinylpyrroli-
done �PVP� were dissolved in the mixed solvent of ethanol
and water with a certain volume ratio �total volume=30 ml�.
The mixture was magnetically stirred for 15 min, then 1
mmol of iron sulphate �FeSO4·7H2O� was added into the
solution and stirred for 10 min before being transferred into
a Teflon-lined autoclave with 40 ml capacity. After being

sealed, the autoclave maintained a fixed reaction temperature
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in the range between 120 and 180 °C and a fixed reaction
time between 12 and 48 h and then cooled to room tempera-
ture naturally. After reaction, the precipitates were collected,
washed with carbon disulfide �CS2�, anhydrous ethanol, and
distilled water several times to remove by-product, and then
dried at 60 °C for 6 h in vacuum. Several sets of experiment
were carried out to investigate the effects of reaction tem-
perature, reaction time, volume ratio of the mixed solvent,
and sulfur source.

The crystal phases of the products were examined by
X-ray diffraction �XRD� using a Japan Mac science X-ray
diffractionmeter with Cu K� radiation ��=0.154 06 nm�.
Experimental conditions were 40 kV, 200 mA, 2� /� scan
with 0.02°2� step, and a diffracted-beam graphite mono-
chromator. Scanning electron microscopy �SEM� images
were obtained by a field emission scanning electron micros-
copy �German leo1430vp�, and an energy dispersive X-ray
�EDX� analysis was also performed.

III. RESULTS AND DISCUSSION
A. Effect of volume ratio of solvents

Solvothermal synthesis in a mixed solvent usually in-
volves two or more solvent components for a better control
of crystal growth. Pure water and mixed solvents of ethanol
and water with ratios of 2:3, 3:2, and 4:1 were used in this
study. XRD patterns of four products obtained at 180 °C for
36 h with mixed solvents of different volume ratios are
shown in Figure 1. Figure 1�a� is the XRD pattern obtained
from the product synthesized from distilled water. The ob-
served broad and weak pyrite �200�, �210�, �211�, �220�, and
�311� peaks indicate that the pyrite phase is poorly crystal-

Figure 1. XRD patterns of the products obtained at 180 °C for 36 h with �a�
distilled water and mixed solvents of ethanol and water with ratios of �b�
2:3, �c� 3:2, and �d� 4:1.
line. The presence of several other very broad and weak
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impurity peaks including a possible peak at 22.5°2� marked
by an arrow in Figure 1�a� suggests that the product may also
contain other impurity phase�s�. The XRD pattern of the syn-
thesized product obtained from solvent with the volume ratio
of 2:3 is shown in Figure 1�b�, and it indicates that the prod-
uct is pure cubic FeS2 with pyrite diffraction peaks of �200�,
�210�, �211�, �220�, and �311�. No impurity peaks are de-
tected. Further increasing the volume ratio of ethanol and
water to 3:2, sharp pyrite diffraction peaks of �111�, �200�,
�210�, �211�, �220�, �311�, �321�, and �230� can clearly be
observed �see Figure 1�c��, indicating that the pyrite crystals
are well crystallized. The lattice parameter of cubic FeS2
determined from the observed diffraction peaks shown in
Figure 1�c� is a=5.4180 Å, which is in good agreement with
that reported in PDF 42-1340. Figure 1�d� shows XRD pat-
tern for the case with the solvent ratio of 4:1. The pyrite
diffraction peaks are slightly broader and an impurity peak
appears at about 45°2� �see the arrow in Figure 1�d��.

The above results suggest that ethanol restrains the for-
mation of impurity phase�s�, and the optimum volume ratio
of ethanol to water for synthesizing a pure pyrite phase is
3:2.

B. Effect of reaction temperature

The effect of three reaction temperatures at 120, 150,
and 180 °C with a reaction time of 36 h and a volume ratio
between ethanol and water of 3:2 on crystal growth of pyrite
was studied, and their XRD patterns are shown in Figure 2.
For the case of the reaction at 120 °C, very weak XRD
pattern was obtained �see Figure 2�a��. The first diffraction
peak located at about 26°2� is the diffraction of the ortho-
rhombic FeS2 marcasite �PDF 37-475, and see the arrow in
Figure 2�a��, and the second and the third peaks �see the star
in Figure 2�a�� can be identified to be the pyrite �111� and
�211� peaks. The results indicate that the FeS2 powder syn-

Figure 2. XRD patterns of the products obtained at �a� 120 °C, �b� 150 °C,
and �c� 180 °C and maintained 36 h in a mixed solvent of ethanol and water
with a volume ratio of 3:2.
thesized at 120 °C consists of both the cubic pyrite phase
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and the orthorhombic marcasite phase of FeS2. The XRD
pattern for the product synthesized at 150 °C is plotted in
Figure 2�b�, showing eight pyrite peaks: �111�, �200�, �210�,
�211�, �220�, �311�, �321�, and �230�. The pyrite �222� peak is
hardly visible and the marcasite peak at about 26°2� can no
longer be detectable. Figure 2�c� depicts the strong XRD
pattern for the product obtained at 180 °C, showing all nine
pyrite peaks including the �222� peak.

The above results show that the processing temperature
plays an important role in the formation of pure pyrite phase
of FeS2, and the optimum reaction temperature for synthe-
sizing of a pure pyrite phase with good crystallinity is
180 °C.

C. Effect of reaction time

The effect of four reaction times of 12, 24, 36, and 48 h
with a reaction temperature at 180 °C and a volume ratio
between ethanol and water of 3:2 on crystal growth of pyrite
was also studied, and their XRD patterns are depicted in
Figure 3. It shows that the main pyrite phase for the 12 h
product has broad and weak peaks, and a very broad and
small weak impurity peak can be observed at 43°2� �see the
arrow in Figure 3�a��. This impurity peak can no longer be
detectable in the XRD patterns of the 24, 36, and 48 h prod-
ucts. The intensities of the pyrite diffraction peaks increase
with increasing reaction time from 12 to 24 h �see Figure
3�b��, and the most intensive set of pyrite peaks was obtained
for the case of 36 h reaction time �see Figure 3�c��. The
intensities of the pyrite diffraction peaks do not increase fur-
ther but decrease when the reaction temperature was in-
creased from 36 to 48 h �see Figure 4�d��.

Figure 3. XRD patterns of the products maintained �a� 12 h, �b�24 h, �c� 36
h, and �d� 48 h and heated to 180 °C in a mixed solvent of ethanol and
water with a volume ratio of 3:2.
Comparing Figures 2 and 3, the effect of reaction tem-
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perature on crystallinity is more obvious than that of reaction
time. Crystal growth can also be controlled by the pressure in
the sealed solvothermal system. In such a system, tempera-
ture, liquid volume, and vapor pressure are usually increased
so as to increase the velocity of crystal growth. The commu-
tative transition of liquid and vapor reaches a dynamic equi-
librium when the temperature is sufficiently high, and the
liquid-vapor interface is vanished so that pressure does not
have an obvious effect on crystal growth �Chen et al.,
2005c�. On the other hand, when the temperature reach a
constant, crystal growth will be determined by the pressure
brought by the reaction time. Finally, a new liquid-vapor
dynamic equilibrium approaches and growth speed rate is
constant or decreased.

D. Effect of sulfur source

The effect on as-prepared products synthesized using
three different sulfur sources �namely, sulfur powder, sodium
thiosulfate, and thiourea� with optimal synthesis conditions
�i.e., solvent ratio of 3:2, reaction temperature of 180 °C,
and reaction time of 36 h� is shown in Figure 4. For the case
of using pure S powder as the sulfur source, the XRD pattern
has weak pyrite peaks and a broad impurity peak at about

Figure 5. SEM images of the products obtained with �a� S powder, �b�
sodium thiosulfate, and �c� thiourea as sulfur source at optimal reaction

Figure 4. XRD patterns of the products obtained with �a� S powder, �b�
sodium thiosulfate, and �c� thiourea as sulfur source at optimal reaction
conditions.
conditions.
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22.5°2� �see Figure 4�a��. The broad impurity peak at about
22.5°2� is no longer detectable for the case of using sodium
thiosulfate �Na2S2O3� as the sulfur source �see Figure 4�b��.
Pure pyrite powder with narrow pyrite peaks was obtained
when thiourea was used as the sulfur source �see Figure
4�c��.

The XRD results show that thiourea can promote crystal
growth of pyrite and inhibit other impurities, and the opti-
mum sulfur source for synthesizing a pure pyrite phase with
good crystallinity is thiourea.

Figure 5 shows the SEM images of pyrite crystals syn-
thesized by the three sulfur sources, and differences in sur-
face morphology of the three products can clearly be seen.
As shown in Figure 5�a�, the product made from the sulfur
source of S powder consists of spherical grains and the sizes
of the grains are about 1 to 2 �m. No obvious crystal facet
can be observed. The observed surface morphology suggests
that there were no sufficient island-coalescence processes
during grain growth. The product used sodium thiosulfate as
the sulfur source is composed of anomalous polyhedral crys-
tals, and the crystals are characterized by distinct micron-size
crystal facets �see Figure 5�b��. As shown in Figure 5�c�, the
product used thiourea as the source consists of crystals with
relatively clearly polyhedral shapes with sizes of about
1 �m or less. The product was also analyzed by EDX, and
the elemental results confirm the presence of Fe and S in the
product �see Figure 6�.

All morphological features observed from the SEM im-
ages are consistent with the XRD results, and both show that
the product with thiourea as the source has optimal crystal-
linity. Compared with XRD and SEM of three products, the
conglobation effect of the S powder accelerates product
glomeration during growth and aggregation process, while
thiourea ��NH2�2CS� dissolves in the mixed solvents and re-
leases S ions step by step so that the pyrite crystals can be
adhered to the nuclei of the crystals and develop polyhedron
grains. It should be noted that PVP was added as surfactant
to disperse the particle in liquid when pyrite grains went
through nucleation, growth, coalescence, and cluster
progress.

IV. CONCLUSION

The results obtained in this study show that optimal

Figure 6. EDX spectrum of the optimal pyrite product.
micron-size pure pyrite crystals can be grown from a mixed

S43 Powder Diffr. Suppl., Vol. 25, No. S1, September 2010

0.1154/1.3478339 Published online by Cambridge University Press
solvent of ethanol and water with a volume ratio of 3:2,
heated to a reaction temperature of 180 °C, and maintained
for 36 h with PVP as surfactant. The SEM images are con-
sistent with the XRD results, and both show that the product
with thiourea as the source has optimal crystallinity.
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