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Abstract: Nanocubic pyrite (FeS2) crystals with exposed (100) crystal faces and sizes of 100–200 nm
were successfully synthesized via a facile hydrothermal method using greigite (Fe3S4) as the iron
precursor and thiourea (NH2CSNH2) as the sulfur source. When the concentration of thiourea was
40 mmol/L, both pyrite and hematite were observed in the as-prepared sample, indicating incomplete
conversion of greigite into pyrite. With an increased thiourea concentration to 80 mmol/L, pyrite was
found to be the only crystalline phase in the synthesized samples. All greigite could be transformed to
pyrite within 24 h via the hydrothermal method, while further prolonging the hydrothermal time had
insignificant effect on the crystal phase composition, crystallinity, and morphologies of the prepared
nanocubic pyrite crystals. In contrast, when a mixture of Na2S and S powder was used to replace the
thiourea as the sulfur source, tetragonal, orthorhombic, cubic, and irregular pyrite crystal particles
with sizes of 100 nm–1 µm were found to co-exist in the prepared samples. These results demonstrate
the critical influence of sulfur source on pyrite morphology. Furthermore, our hydrothermal process,
using a combination of greigite and thiourea, is proved to be effective in preparing nanocubic pyrite
crystals. Our findings can also provide new insight into the formation environments and pathways
of nanocubic pyrite under hydrothermal conditions.
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1. Introduction

Iron sulfides, particularly pyrite (FeS2), are ubiquitous in various hydrothermal ore deposits
as well as Earth surface environments, and their scientific merits have been demonstrated in many
fundamental studies. For example, pyrite may provide essential information for better understanding
the origin and evolution of early life on the Earth’s surface environment and the global biogeochemical
cycling of sulfur and iron [1,2]. Because pyrite is preferentially formed in anoxic conditions, and its
morphology and chemical composition highly depends on the formation conditions, pyrite can also
be used as a key geochemical indicator of contemporary environmental conditions in hydrothermal
systems or Earth’s surface system [1,3]. In addition, previous studies have documented that pyrite
plays a crucial role in the transport, fate, reactivity, and the associated ecological toxicity of various

Minerals 2019, 9, 273; doi:10.3390/min9050273 www.mdpi.com/journal/minerals

http://www.mdpi.com/journal/minerals
http://www.mdpi.com
https://orcid.org/0000-0002-4022-0863
http://dx.doi.org/10.3390/min9050273
http://www.mdpi.com/journal/minerals
https://www.mdpi.com/2075-163X/9/5/273?type=check_update&version=2


Minerals 2019, 9, 273 2 of 13

trace elements of economic or environmental importance, including the noble metal Au and toxic
heavy metals [1,4–6].

On the application aspect, owing to its abundance, low cost, low toxicity, and high chemical
reactivity, pyrite has been recognized as a promising material for effectively eliminating environmental
contaminants in Earth’s near-surface environment under anoxic and oxic conditions, including toxic
heavy metals and metalloids, radionuclides, and organic pollutants (e.g., chlorinated organic pollutants,
polycyclic aromatic hydrocarbons, organic dyes, and others) [7–15]. Moreover, thanks to its high
optical absorption coefficient, unique electrical and semiconducting properties, and suitable band
gap (0.95 eV), pyrite (especially micro-nanopyrite) has received extensive attention for its potential
applications in electrocatalytic hydrogen evolution reactions (HERs), catalytic hydrogenation, high
capacity lithium ion batteries, photovoltaics, photocatalysts, photoelectrochemical solar cells, and
so on [16–19]. It should be noted the chemical composition (or purity), size, morphology, exposed
surface facet, and microstructure can significantly affect the surface physiochemical properties of pyrite,
and consequently impact its application performance [3]. Since naturally occurring pyrite inevitably
contains significant quantities of impurities and crystal defects, undesirable variations in the physical
and chemical properties are often presented in the application of natural pyrite. Therefore, synthesis of
pure-phase pyrite with controllable morphology and specific facets is of great significance for their
application and, thus, has attracted considerable research interest in recent years.

Over the past few decades, micro-nanopyrite crystals with various geometrical morphologies,
microstructures (e.g., nanoparticles, nanowires, nanocubes, nano-octahedrons, and micro-spheres),
and different sizes have been successfully synthesized using different synthetic methods, including
hydrothermal methods [20–25], solvothermal synthesis [26–30], heating-up [31,32], the low-temperature
aqueous method [33], sulphidation [34,35], chemical vapor deposition [36], hot-injection [31,37–39],
electrochemical deposition [40], and sonosynthesis [41]. Among these fabrication methods,
hydrothermal synthesis, usually conducted in an autoclave containing all precursors and a certain
amount of water under high temperature and pressure, can provide excellent control over the size
and morphology of pyrite and is relatively easy to implement [42]. Various Fe salts (including Fe(II)
and Fe(III)), iron oxide (e.g., Fe2O3, Fe3O4), FeS, FeSm, (Fe(S2CNEt2)3), [(C2H5O)2P(S)S]3Fe, Na2S
or H2S, Na2S2O3, S, and thiourea can be used as precursors to fabricate micro-nanopyrite [42]. The
type of precursor, hydrothermal temperature, pH, and surfactant may significantly affect the size
and morphology of prepared pyrite. In a polysulfide pathway to synthesize pyrite, the initially
formed amorphous FeS can be converted to a metastable intermediate greigite (Fe3S4), which is then
transformed to pyrite via further sulfidation [19]. However, most previous studies focused on the
transformation of greigite to pyrite at low temperatures (<100 ◦C); little research has been conducted at
hydrothermal temperatures. Thus, there is direct experimental evidence to support the hypothesis that
greigite transforms to pyrite under hydrothermal conditions [1,43]. Therefore, we thought that greigite
should be a critical intermediate or precursor to synthesize micro-nanopyrite, and it may help to provide
a direct evidence to reveal the formation mechanism of pyrite under hydrothermal conditions. Although
a lot of hydrothermal progresses has been developed in controllable synthesis of micro-nanopyrite
crystals, simultaneously use of greigite as the iron precursor and thiourea (NH2CSNH2) as the sulfur
source has not been previously attempted, and the relevant reaction mechanisms also need to be
further investigated.

In order to enhance our understanding of the formation mechanism of pyrite under hydrothermal
conditions and provide new insight into synthesis of pyrite crystals, nanocubic pyrite crystals with
exposed (100) crystal faces were successfully synthesized in this work via a facile hydrothermal method
with greigite as the iron precursor and thiourea as the sulfur source. Crystal phase compositions and
morphologies were characterized by X-ray diffraction (XRD) and field emission scanning electron
microscopy (FESEM), respectively. The influences of reaction conditions, such as hydrothermal time,
precursor concentration, as well as type of sulfur source on composition and morphology of nanocubic
pyrite crystals, were also systematically investigated.
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2. Materials and Methods

2.1. Chemicals and Materials

Sodium sulfide (Na2S·9H2O), ferrous sulfate (FeSO4·7H2O), thiourea (NH2CSNH2), sulfur (S)
powder, hydrochloric acid (HCl) (36~38 wt%), and anhydrous ethanol (C2H5OH) were purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All chemicals were of analytical
or guaranteed reagent grade and were used without further purification. Deionized water with a
resistivity of 18.2 MΩ·cm was obtained from a Millipore synergy UV system (Millipore Corporation,
Molsheim, Alsace, France), and deoxygenated deionized water was used in all experiments.

2.2. Synthesis of the Greigite Precursor

Greigite precursor was prepared by a refluxing method. In a typical process, 100 mL of 0.1 mol/L
FeSO4·7H2O solution was added to 100 mL of 0.1 mol/L Na2S·9H2O boiling solution in a three-neck
flask under vigorous stirring and degassing with Ar. A black precipitate appeared immediately.
Subsequently, the solution was refluxed at 100 ◦C for 3 h and then naturally cooled to room temperature.
The resulting black precipitation was centrifuged for 5 min (4000 rpm) and then washed with
deoxygenated deionized water three times and anhydrous ethanol three times. Finally, the product
was dried at 40 ◦C for 24 h in a vacuum oven (DZF-6050, Shanghai Shenxian Thermostatic Equipment,
Shanghai, China).

2.3. Synthesis of Pyrite Nanocubic Crystals

Pyrite samples were prepared using a hydrothermal approach. In a typical process, 0.88 g Fe3S4

precursor was added to 60 mL of thiourea solution with different concentrations under vigorous
stirring at room temperature. The mixture was then transferred to a 100 mL Teflon-line autoclave, and
then hydrothermally treated at 200 ◦C in an oven for different times. After the hydrothermal reaction,
the resulting black product was collected by centrifugation. Then it was thoroughly washed with
30 mL of 1 mol/L HCl, 1 mol/L of Na2S boiling solution, and deoxygenated deionized water three
times, respectively, and anhydrous ethanol ten times. Finally, the obtained black product was dried at
40 ◦C for 6 h in a vacuum oven and then stored in a glove box with an anaerobic environment. The
crystal phase composition and crystallinity were determined by X-ray diffraction (XRD, Empyrean,
PANalytical B.V, Almelo, The Netherlands) operating with Cu-Kα radiation. The surface morphologies
of the resulting samples were characterized using scanning electron microscopy (SEM, Scios, FEI
Company, Hillsboro, OR, USA) with an acceleration voltage of 30.0 kV. To investigate the effect of
sulfur source on the structure and morphology of pyrite, thiourea was replaced by a boiling mixture of
Na2S and S powder.

3. Results and Discussion

3.1. Characterization of the Greigite Fe3S4 Precursor

The crystal phase composition and crystallinity of the as-prepared greigite product were
characterized by X-ray diffraction (XRD), and the corresponding XRD pattern is shown in Figure 1.
All diffraction peaks were consistent with cubic greigite (Fe3S4, JCPDS no. 16-0713) with Fd3m space
group. The dominant characteristic diffraction peaks of the XRD pattern at 2θ = 15.48◦, 25.43◦, 29.96◦,
36.34◦, 47.81◦, and 52.36◦ were attributed to the (111), (220), (311), (400), (511), and (440) planes of
greigite (Fe3S4), respectively. Greigite was found to be the only crystalline phase in the sample, and
the intermediate (e.g., FeS) was undetectable by XRD. The characteristic diffraction peaks appeared
weak and broad, implying low purity and crystallinity of greigite precursor. Similar with its oxide
analogue magnetite Fe3O4, greigite is an inverse spinel with a general formula AB2X4, where A is
nominally a, Fe2+, B is a, Fe3+ and X is a S2−. Greigite shows typical ferromagnetic behavior because of
the presence of unpaired electrons (data not shown here) [1]. The unit cell of greigite is face-centered
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cubic. It consists of 32 close packed atoms of sulfur and 24 atoms of iron with a Fe2+/Fe3+ ratio of 1:2,
where Fe2+ atoms occur in tetrahedral sites, and mixed Fe2+ and Fe3+ occur in the octahedral sites
coordinated with S2− [44]. Greigite could be formed directly through the rapid autoxidation reaction
of pre-existing mackinawite (FeSm, formed after mixing Fe(II) and S(-II) solutions) in anoxic H2O at
temperatures somewhat above 70 ◦C [1].
Minerals 2019, 9, x FOR PEER REVIEW 4 of 13 

 

 

Figure 1. X-ray diffraction (XRD) pattern of the obtained greigite precursor. 

3.2. Characterization of Pyrite Nanocubes Prepared with Thiourea as the Sulfur Source 

3.2.1 Effect of Hydrothermal Time 

Figure 2a shows the XRD patterns for the samples prepared at different hydrothermal times in 
80 mmol/L thiourea solution. It can be seen that the XRD patterns of all samples exhibited similar 
characteristics. The diffraction peaks at 2θ = 28.51°, 33.08°, 37.11°, 40.78°, 47.41°, 56.28°, 59.02°, 61.69°, 
64.28°, 76.60°, and 78.96 ° were well attributed to the (111), (200), (210), (211), (220), (311), (222), (023), 
(321), (331), and (420) planes of cubic pyrite (FeS2) (JCPDS card no. 42-1340) with a space group of 
Pa3, respectively [45–48]. Pyrite was found to be the only crystalline phase in all prepared samples at 
different hydrothermal times. No other impure phases (e.g., greigite (Fe3S4), pyrrhotite (Fe(1-x)S), 
marcasite (FeS2), or other impurities) appeared, implying high phase-purity of pyrite in these 
samples. The characteristic diffraction peaks were sharp and narrow, confirming good crystallization 
of these samples. Additionally, the diffraction peak intensities and the peak widths of pyrite were 
found to be almost identical, with increases of hydrothermal times from 24 to 168 h, indicating that 
all the greigite could be thoroughly transformed to pyrite within 24 h via hydrothermal method with 
thiourea as the precursor. Further prolonging the hydrothermal time had no significant effect on the 
crystal phase composition and crystallization of the product.  

 

Figure 1. X-ray diffraction (XRD) pattern of the obtained greigite precursor.

3.2. Characterization of Pyrite Nanocubes Prepared with Thiourea as the Sulfur Source

3.2.1. Effect of Hydrothermal Time

Figure 2a shows the XRD patterns for the samples prepared at different hydrothermal times in
80 mmol/L thiourea solution. It can be seen that the XRD patterns of all samples exhibited similar
characteristics. The diffraction peaks at 2θ = 28.51◦, 33.08◦, 37.11◦, 40.78◦, 47.41◦, 56.28◦, 59.02◦, 61.69◦,
64.28◦, 76.60◦, and 78.96◦ were well attributed to the (111), (200), (210), (211), (220), (311), (222), (023),
(321), (331), and (420) planes of cubic pyrite (FeS2) (JCPDS card no. 42-1340) with a space group of
Pa3, respectively [45–48]. Pyrite was found to be the only crystalline phase in all prepared samples
at different hydrothermal times. No other impure phases (e.g., greigite (Fe3S4), pyrrhotite (Fe(1-x)S),
marcasite (FeS2), or other impurities) appeared, implying high phase-purity of pyrite in these samples.
The characteristic diffraction peaks were sharp and narrow, confirming good crystallization of these
samples. Additionally, the diffraction peak intensities and the peak widths of pyrite were found to be
almost identical, with increases of hydrothermal times from 24 to 168 h, indicating that all the greigite
could be thoroughly transformed to pyrite within 24 h via hydrothermal method with thiourea as the
precursor. Further prolonging the hydrothermal time had no significant effect on the crystal phase
composition and crystallization of the product.
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Figure 2. (a) XRD patterns of pyrite samples prepared at different hydrothermal times in 80 mmol/L
thiourea solution; (b) XRD patterns of samples prepared at 24 h with different concentrations of
thiourea,

Minerals 2019, 9, x FOR PEER REVIEW 5 of 13 

 

 
Figure 2. (a) XRD patterns of pyrite samples prepared at different hydrothermal times in 80 mmol/L 
thiourea solution; (b) XRD patterns of samples prepared at 24 h with different concentrations of 
thiourea, : pyrite, : hematite; and (c) XRD patterns of the as-synthesized pyrite at 24 h with 
different concentrations of Na2S and S powder as the sulfur source. 

To investigate the effect of hydrothermal time on the morphologies and microstructures of the 
samples, the as-synthesized samples were characterized by SEM. As shown in Figure 3, pyrite in all 
samples obtained with a hydrothermal time from 24 to 168 h exhibited individual nanocubic shapes 
with smooth surfaces, implying that screw-dislocation or two-dimensional nucleation growth might 
be the dominant growth mechanisms of pyrite crystal [43]. The edge length of the nanocubes was 
approximately 100–200 nm. With hydrothermal time increased from 24 to 168 h, the morphologies 
and microstructures of nanocubic pyrite in all samples showed no noticeable changes. The average 
edge length of the nanocubes was statistically analyzed to be about 115, 112, and 120 nm for the 
samples prepared at 24, 72, and 168 h, respectively, indicating that the crystal growth process could 
be completed within 24 h. The EDX result (Figure 4) further confirmed that the pyrite was composed 
of Fe and S elements, with a molar ratio of S/Fe of approximately two, supporting that the prepared 
product was pure pyrite (FeS2). Moreover, the dominant facet on nanocubic crystals pyrite was the 
(100) facet, indicating that the cubic structure was the most stable structure than others under our 
experimental conditions. In fact, the major surface crystallographic planes of pyrite included (100), 
(111), (210), and (110), and their surface energies were 1.06, 1.40, 1.50, and 1.68 J/m2, respectively, 
suggesting that the surface energy of the (100) was the lowest. Thus, the (100) crystal face was 
considered to be the most stable [2,42]. Accordingly, crystal growth along the (110), (210), and (111) 
directions was expected to be more favorable than the (100) direction, leading to the formation of a 
cubic structure with exposed (100) crystal face, which was consistent with observations of the most 
common naturally occurring and synthetic pyrites [49]. 

 

: pyrite,

Minerals 2019, 9, x FOR PEER REVIEW 5 of 13 

 

 
Figure 2. (a) XRD patterns of pyrite samples prepared at different hydrothermal times in 80 mmol/L 
thiourea solution; (b) XRD patterns of samples prepared at 24 h with different concentrations of 
thiourea, : pyrite, : hematite; and (c) XRD patterns of the as-synthesized pyrite at 24 h with 
different concentrations of Na2S and S powder as the sulfur source. 

To investigate the effect of hydrothermal time on the morphologies and microstructures of the 
samples, the as-synthesized samples were characterized by SEM. As shown in Figure 3, pyrite in all 
samples obtained with a hydrothermal time from 24 to 168 h exhibited individual nanocubic shapes 
with smooth surfaces, implying that screw-dislocation or two-dimensional nucleation growth might 
be the dominant growth mechanisms of pyrite crystal [43]. The edge length of the nanocubes was 
approximately 100–200 nm. With hydrothermal time increased from 24 to 168 h, the morphologies 
and microstructures of nanocubic pyrite in all samples showed no noticeable changes. The average 
edge length of the nanocubes was statistically analyzed to be about 115, 112, and 120 nm for the 
samples prepared at 24, 72, and 168 h, respectively, indicating that the crystal growth process could 
be completed within 24 h. The EDX result (Figure 4) further confirmed that the pyrite was composed 
of Fe and S elements, with a molar ratio of S/Fe of approximately two, supporting that the prepared 
product was pure pyrite (FeS2). Moreover, the dominant facet on nanocubic crystals pyrite was the 
(100) facet, indicating that the cubic structure was the most stable structure than others under our 
experimental conditions. In fact, the major surface crystallographic planes of pyrite included (100), 
(111), (210), and (110), and their surface energies were 1.06, 1.40, 1.50, and 1.68 J/m2, respectively, 
suggesting that the surface energy of the (100) was the lowest. Thus, the (100) crystal face was 
considered to be the most stable [2,42]. Accordingly, crystal growth along the (110), (210), and (111) 
directions was expected to be more favorable than the (100) direction, leading to the formation of a 
cubic structure with exposed (100) crystal face, which was consistent with observations of the most 
common naturally occurring and synthetic pyrites [49]. 

 

: hematite; and (c) XRD patterns of the as-synthesized pyrite at 24 h with different
concentrations of Na2S and S powder as the sulfur source.

To investigate the effect of hydrothermal time on the morphologies and microstructures of the
samples, the as-synthesized samples were characterized by SEM. As shown in Figure 3, pyrite in all
samples obtained with a hydrothermal time from 24 to 168 h exhibited individual nanocubic shapes
with smooth surfaces, implying that screw-dislocation or two-dimensional nucleation growth might
be the dominant growth mechanisms of pyrite crystal [43]. The edge length of the nanocubes was
approximately 100–200 nm. With hydrothermal time increased from 24 to 168 h, the morphologies
and microstructures of nanocubic pyrite in all samples showed no noticeable changes. The average
edge length of the nanocubes was statistically analyzed to be about 115, 112, and 120 nm for the
samples prepared at 24, 72, and 168 h, respectively, indicating that the crystal growth process could be
completed within 24 h. The EDX result (Figure 4) further confirmed that the pyrite was composed of Fe
and S elements, with a molar ratio of S/Fe of approximately two, supporting that the prepared product
was pure pyrite (FeS2). Moreover, the dominant facet on nanocubic crystals pyrite was the (100) facet,
indicating that the cubic structure was the most stable structure than others under our experimental
conditions. In fact, the major surface crystallographic planes of pyrite included (100), (111), (210), and
(110), and their surface energies were 1.06, 1.40, 1.50, and 1.68 J/m2, respectively, suggesting that the
surface energy of the (100) was the lowest. Thus, the (100) crystal face was considered to be the most
stable [2,42]. Accordingly, crystal growth along the (110), (210), and (111) directions was expected to be
more favorable than the (100) direction, leading to the formation of a cubic structure with exposed
(100) crystal face, which was consistent with observations of the most common naturally occurring
and synthetic pyrites [49].
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3.2.2. Effect of the Thiourea Concentration

To further investigate the effect of thiourea on the pyrite prepared from greigite, hydrothermal
experiments were conducted with different concentrations of thiourea at 24 h. Figure 2b shows the
XRD patterns of the samples prepared with different thiourea concentrations. It was clearly seen
that the phase compositional characteristics of the prepared product seemed to depend essentially
on the thiourea concentration. When the thiourea concentration was 40 mmol/L, besides the clearly
observed characteristic diffraction peaks of pyrite, several other diffraction peaks could be seen, which
were attributed to a small amount of hematite (Fe2O3) formed under this condition. Specifically,
the diffraction peaks agreed well with hexagonal scalenohedral hematite (JCPDS no. 33-0664). The
peaks at 2θ = 33.15◦, 35.61◦, 40.85◦, 49.48◦, 54.09◦, 62.45◦, and 63.99◦ can be indexed to the (104),
(110), (113), (024), (116), (214), and (300) planes of hematite, respectively. This phenomenon suggests
that a low concentration of thiourea was not sufficient to completely convert the greigite into pyrite.
Increasing the concentration of thiourea resulted in an increase of pyrite content, simultaneously
accompanied by a decrease in the amount of hematite in the as-synthesized samples. When the
concentration of thiourea increased to 80 mmol/L, the XRD diffraction peaks of hematite vanished
completely, and pyrite was found to be the only crystalline phase in the samples, suggesting that all
greigite could be transformed into pyrite with the addition of 80 mmol/L thiourea. The XRD peak
intensities of pyrite became remarkably stronger, and the peak widths became narrower, indicating an
increase in the crystal size and crystallinity of pyrite. However, with a further increase in thiourea
concentration to 160 mmol/L, the XRD peak intensities of pyrite decreased significantly, suggesting
that high concentration of thiourea might inhibit the growth of pyrite crystals.

Figure 5 shows the effect of the thiourea concentration on the morphologies of the as-prepared
product at 24 h. The morphologies and sizes of the obtained samples were also strongly dependent on
the thiourea concentration used in the reaction. When the concentration of thiourea was 40 mmol/L
(Figure 5a,b), the SEM images revealed that the resulting product consisted of nanocubic pyrite particles
(with an average particle size of ~100 nm) with exposed (100) crystal faces and a fraction of hematite
nanocrystals with polyhedral bipyramid (marked with yellow dotted circle) with the particle size of
100–200 nm. This indicated that a low concentration of thiourea resulted in conversion of a fraction of
greigite into hematite Fe2O3 because of the shortage of the sulfur source. The EDX result (Figure 6a)
also validated that a significantly higher content of O existed in this sample, owing to the presence of
hematite Fe2O3. When the concentration of thiourea was increased to 80 mmol/L (Figure 5c,d), it was
clearly seen that only nanocubic pyrite could be observed in the SEM images, and the content of O in
the sample remarkably decreased (Figure 6b). The average particle size of nanocubic pyrite was found
to increase significantly to ~115 nm, indicating an increase of thiourea content was conducive to the
growth of nanocubic pyrite crystal, which was consistent with the XRD results. However, with the
further increase of the thiourea concentration to 160 mmol/L (Figure 5e,f), no obvious morphological
changes could be observed, except for a slight decrease of the particle size of nanocubic pyrite (with
the average particle size of ~110 nm), and the individual nanocubic pyrite appeared more uniform.
This may be attributed an overly high concentration of thiourea in the solution that could inhibit the
growth of pyrite crystals, implying that the morphologies and microstructures of the as-synthesized
product could be controlled by the concentration of thiourea used as the sulfur source.
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3.3. Characterization of Pyrite Prepared with a Mixture of Na2S and S Powder as the Sulfur Source

To further investigate the influence of the type of sulfur source on the synthesis of pyrite, a mixture
of Na2S and S powder was used as the sulfur source to react with greigite precursor. Figure 2c displays
the XRD patterns of the as-synthesized pyrite at 24 h with different concentrations of Na2S and S
powder as the sulfur source. As shown, the diffraction peaks of all obtained samples were very
similar and could be well-indexed as pyrite. No other characteristic diffraction peaks could be found,
indicating that the mixture of 5 mmol/L Na2S and 5 mmol/L S powder was enough to transform greigite
into pure pyrite, and the concentrations of Na2S and S powder has no remarkable influence on the
crystal phase of these products. Furthermore, with increasing concentration of Na2S and S powder, the
diffraction peak intensities of pyrite significantly increased in pace with the narrowing of the peak
width, meaning an increase in the crystallinity of pyrite, which implied that a high concentration of
mixture of Na2S and S powder may be conducive to the growth of pyrite crystal particles.

The effect of the concentration of Na2S and S powder on the morphologies and microstructures of
the resulting pyrite with Na2S and S powder as sulfur source was also investigated by SEM (shown
in Figure 7). Compared with pyrite nanocrystals synthesized with thiourea as the sulfur source, the
SEM images revealed that the as-synthesized iron pyrite crystals with Na2S and S powder as the
sulfur source had completely different morphologies, in which tetragonal, orthorhombic, cubic, and
irregular pyrite crystal particles with sizes of 0.1–1 µm could be observed in all prepared samples. The
co-existence of various morphologies and microstructures of pyrite indicated that the sulfur source had
a significant influence on pyrite morphologies. When the concentrations of both Na2S and S powder
were increased from 5 to 15 mmol/L, no obvious morphological changes in pyrite were observed. The
discrepancy of morphologies may be attributed to the different nucleation-growth process originating
from the sulfur source.
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Figure 7. SEM images of the as-synthesized pyrite crystals at 24 h with Na2S and S powder as the
sulfur source: (a) 5 mmol/L Na2S + 5 mmol/L S powder, (b) 10 mmol/L Na2S + 10 mmol/L S powder,
and (c) 15 mmol/L Na2S + 15 mmol/L S powder.

3.4. Mechanism of Pyrite Formation

Based on the above results, it can be speculated that pyritization of greigite is a dissolution-
precipitation process. The dissolution of greigite in water can produce ferrous (Fe2+), S2−, and
zero-valence sulfur S [1]. Thiourea (NH2CSNH2) can react with H2O to form small molecules of H2S,
CO2, and NH3 at high temperature. Dissolved H2S in aqueous solution can be deprotonated to obtain
HS− and S2−. S2− can react with S to form aqueous polysulfide species Sx+1

2− at high temperature. A
high concentration of S2− is beneficial to the formation of pyrite. The Fe2+ species originating from
dissolved greigite can further react with Sx+1

2− or H2S to produce FeS2 nuclei when the solution
is supersaturated (with respect to pyrite). The consumption of Fe2+ in the solution would further
facilitate the dissolution of greigite in water, leading to the growth of FeS2 nuclei to form pyrite crystals.
The reaction process and relative mechanism between greigite and thiourea as well as the mixture of
Na2S and S powder can be described as below [49]:

Fe3S4(s)↔ 3Fe2+ + 3S2− + S; (1)

NH2CSNH2 + 2H2O→ H2S + CO2 + 2NH3; (2)
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H2S↔ H+ + HS−; (3)

2HS−↔ 2H+ + 2S2−; (4)

xS + S2−
→ Sx+1

2−; (5)

Fe2+ + Sx+1
2−
→ FeS2 + (x − 1)S; (6)

Fe2+ + H2O + H2S(aq)
−
↔ FeSH+ + H3O+; (7)

FeSH+ + H3O+ + S2−
↔ FeS2 + H2O + H2. (8)

The growth of nanocubic pyrite via a hydrothermal method with greigite as the iron precursor
and thiourea as the sulfur source has not been reported to date. Furthermore, as deduced from our
results, it can be concluded that the sulfur precursor plays a crucial role in controlling the crystal
phase composition, morphology, and size of the as-prepared pyrite with greigite as the iron precursor.
Using thiourea as the sulfur source, the obtained product had a narrower size distribution as well
as smaller crystal sizes compared with that of mixture of Na2S and S powder as the sulfur source.
Additionally, the morphology and particle size of pyrite crystals greatly depended on the rates of
dissolution of greigite, the formation pathway of pyrite, and the initial supersaturation with respect to
pyrite. When the mixture of Na2S and S powder was used as the sulfur source, pyrite was formed
through the reaction between Fe2+ and polysulfide via Equation (6) [1]. If thiourea was used as the
sulfur source, the formation of pyrite was achieved mainly through Equations (7) and (8) [49]. When
initial supersaturation (with respect to pyrite) is low, large-sized pyrite crystals will form, owing to that
only a few pyrite nuclei can be formed. In contrast, fine-grained pyrite crystals would be the dominant
product at high initial supersaturation (with respect to pyrite) because of a significant increase in the
number of pyrite nuclei [43]. Therefore, in our experimental system, a much smaller particle size and a
narrower size distribution of pyrite crystals were obtained with thiourea as the sulfur source, compared
with that of the mixture of Na2S and S powder as the sulfur source, because of the significantly higher
concentration of the sulfur source for thiourea, which enhanced supersaturation (with respect to pyrite)
and consequently facilitated the formation of numerous nuclei of pyrite crystals [49].

4. Conclusions

In summary, nanocubic pyrite crystals with exposed (100) crystal faces and edge lengths of
approximately 100–200 nm were fabricated via a facile hydrothermal method with greigite as the
iron precursor and thiourea as the sulfur source. The Fe3S4 precursor was prepared by a refluxing
method via mixing FeSO4·7H2O and Na2S·9H2O at 100 ◦C for 3 h. All the greigite could be thoroughly
transformed to pyrite within 24 h via the hydrothermal method with thiourea as a precursor, and
further prolonging the hydrothermal times had no significant effect on the crystal phase composition
and crystallization of product. By varying the hydrothermal time from 24 to 168 h, the morphologies
and microstructures of nanocubic pyrite showed no noticeable changes. When the concentration of
thiourea was 40 mmol/L, pyrite as well as hematite could be observed, which was ascribed to the low
concentration of thiourea insufficient to completely convert the greigite into pyrite. Moreover, when
the mixture of Na2S and S powder was used as the sulfur source, tetragonal, orthorhombic, cubic, and
irregular pyrite crystal particles with sizes of 100 nm–1 µm could be observed in prepared samples,
indicating that the sulfur source had significant influence on the morphologies and microstructures
of pyrite. The results obtained in this study may provide new insights for synthesizing nanocubic
pyrite crystal with controllable morphology and help to better understand the formation mechanism
of pyrite. Our findings can also provide new insights into the formation environments and pathways
of nanocubic pyrite under hydrothermal conditions.
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