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Abstract: Pyrite FeS2 microspheres with an average size of approximately 1.1 µm were 

successfully synthesised in high yield via a facile and efficient microwave-assisted method. X-ray 

diffraction patterns and high-resolution transmission electron micrographs showed that the 

microspheres had pure single crystalline phase. Scanning electron micrographs and transmission 

electron micrographs illustrated that the microspheres were uniform and well-distributed. The 

absorption spectra of the as-obtained microspheres showed that pyrite exhibited high absorbance 

in the visible region. The surfactants influenced the phase, morphology and absorption property of 

the products. Long reaction time allowed the formation of uniform pyrite FeS2 microspheres with 

smooth surfaces. The microwave-assisted method yielded products with better morphology and 

absorption property than the high-pressure solvothermal method. 

Key words: Iron pyrite, Microwave-assisted, X-ray diffraction, Sulfides, Semiconducting 
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1. Introduction 

Also known as “fool’s gold”, iron pyrite (FeS2) has attracted considerable interest as a 

promising photovoltaic application material because of its suitable band gap (Eg = 0.95 eV), high 

light absorption coefficient (α	> 10
5 

cm
−1

 for hµ	> 1.3 eV) [1], low cost, nontoxicity and vast 

abundance when compared with other candidates. The optical absorption coefficient of pyrite FeS2 

is considerably higher than that of crystalline silicone, making pyrite FeS2 applicable as an 

absorbent for thin-film solar cells and photovoltaic cells [2]. However, the coexistence of impurity 

phases (FeS, Fe3S4 and marcasite FeS2) in natural bulk pyrite FeS2, complicates the procurement 

of pure-phase pyrite FeS2, these impurities result in low-efficiency photovoltaic conversion [3, 4], 

and limit the development of relevant devices. Therefore, new methods to synthesise pure-phase, 

homogeneous pyrite FeS2 must be developed. 

To date, various routes for pyrite FeS2 synthesis have been reported. Xia et al. [5] utilised a 

one-step hydrothermal route and successfully obtained FeS2 nanocrystals with diameters ranging 

from 10 nm to 35 nm, Zhang et al. [6] synthesised bud-like FeS2 microspheres via a solvothermal 

method. Sulphurising Fe2O3 nanorods [7], chemical vapour deposition [8], solvent-induced 

oriented attachment [9] and hot injection route [10] have also been used to obtain pyrite FeS2. In 

addition, pyrite has been synthesised in different shapes, including micro-octahedral [11], 

nanowires [12], nanocubes [13] and nanotubes [14]. However, conventional methods are usually 

disadvantaged by long reaction times, uneven heating, low-yield, and complex processes. Thus, 

exploring a simple and efficient method to synthesise pure-phase FeS2 remains a challenge. 

Microwave-assisted methods have gradually developed in recent years, and they are now 

applied in many areas, such as organic and inorganic syntheses. The interaction between the 
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absorbing medium and microwaves in microwave-assisted methods generates heat and allows 

rapid and homogeneous heating. Different from conventional heating methods, 

microwave-assisted methods facilitate homogeneous, rapid, facile, clean and easy-to-control 

heating [15, 16]. Recent studies have used microwave-assisted methods to synthesise Ag2S [17], 

NiS2 [18], CuS2 [19] and Fe3O4 [20]. Kim EJ et al. [21] employed a microwave-assisted method to 

obtain pyrite FeS2, however, their use of a glove box containing nitrogen gas added inconvenience 

and complexity to the synthesis process. Similar experiments obtained products with 

inhomogeneous morphology and large size [22, 23]. Considering the aforementioned problems, 

this study utilized a simple and efficient microwave-assisted system to synthesise pure-phase, 

uniform and regularly shaped pyrite FeS2. The temperature detector of the synthesis system was 

placed in the interior of the solution to realize accurate temperature control. Stirring throughout 

the heating process ensured completion of the reaction. Pure-phase, uniform-morphology and 

highly crystalline pyrite FeS2 microspheres with an average size of approximately 1.1 µm were 

obtained. The influences of surfactants and reaction time on the phase and morphology of the 

products were investigated. 

2. Experimental section 

2.1 Materials and equipment 

Anhydrous FeCl3, polyvinyl pyrrolidone (PVP K-30, Mw= 40,000), Na2S, sulphur powder 

and ethylene glycol (EG) were of analytical purity and used without further purification. PVP was 

purchased from Sigma–Aldrich Co. LLC. All other reagents used in the experiments were 

procured from Aladdin Co. Ltd. Reactions were performed in a customized 100 mL Teflon-lined 

Page 3 of 29 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



4 

chamber, and heating was conducted in a microwave hydrothermal synthesis system (Beijing 

Xianghu, XH-8000).  

2.2 Synthesis of pyrite FeS2 

In a typical synthesis, 2 mmol anhydrous FeCl3 and 0.6 g PVP were dissolved in 30 mL EG 

under vigorous and continuous magnetic stirring. Then, 2 mmol Na2S was added to the solution, in 

which 4 mmol sulphur powder was dispersed via ultrasonication for approximately 30 min. The 

solution was transferred to a Teflon-lined chamber and equipped on the microwave reactor. The 

temperature was increased to 200 °C, and the reaction was conducted for 1.5 h via microwave 

irradiation. After the reaction, the black products were cooled to room temperature naturally and 

then collected via centrifugation at 8500 rpm. The products were sequentially washed with 

distilled water, carbon disulphide and absolute ethanol for several times. The final products were 

adequately dried in a vacuum oven at 60 °C for 5 h.  

2.3 Characterisation 

The crystal structures of the products were investigated using a Bruker AXS XRD-D8 Focus 

X-ray diffractometer equipped with graphite monochromatised CuKα radiation (λ= 0.15406 nm). 

An FEI Quanta 200F scanning electron microscope was used to characterize the morphology of 

the as-prepared products, and energy dispersive X-ray (EDX) spectroscopy was performed using 

scanning electron microscopy (SEM). High-resolution transmission electron micrographs were 

recorded on an FEI F20 field-emission transmission electron microscope at an acceleration voltage 

of 200 kV. The Raman spectra were obtained on a Horiba Jobin Yvon LabRAM HR800 Raman 

spectrometer operating with a 512 nm laser. Absorption properties were acquired by using a 
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HITACHI U-4100 UV-Vis-NIR spectrophotometer. X-ray photoelectron spectroscopy (XPS) was 

performed on a Thermo ESCALAB 250XI electron spectrometer using monochromatised AlKα 

radiation. 

3. Results and discussion 

3.1 Characterisation and optical property of pyrite FeS2 microspheres 

The XRD pattern of the pyrite FeS2 products is shown in Fig.1. All diffraction peaks of the 

as-obtained samples were readily and perfectly indexed to the Standard Card No.42-1340. No 

apparent impurity peaks (such as from marcasite FeS2 and FeS) appeared, revealing the formation 

of high-purity pyrite FeS2. The sharp and narrow peaks in the XRD pattern indicated the excellent 

crystallinity of the as-obtained pyrite FeS2 products. The SEM images of the as-obtained pyrite 

FeS2 microspheres are shown in Figs. 2a-b, these microspheres showed regular shapes, good 

uniformity and smooth surfaces. The corresponding pyrite size distribution of Fig. 2b is shown in 

Fig. 2c, where the sizes of the products ranged from 600 nm to 1.2 µm. The histogram shows that 

the samples were mostly approximately 1.1 µm in size. The chemical composition of the 

as-obtained pyrite FeS2 microspheres was characterized by EDX analysis. As shown in Fig. 2d, 

the products had an iron-to-sulphur ratio of approximately 1:2.2, which is consistent with FeS2. 

The Cu peaks in the image were derived from the conductive Cu substrate used to prepare the 

samples. Transmission electron microscopy (TEM) and high-resolution transmission electron 

microscopy (HRTEM) were performed to study further the morphology and structure of the 

samples. The typical TEM image in Fig. 2e shows that the samples were well dispersed. In 

addition, the fringe spacings in the HRTEM image in Fig. 2f were 0.24 and 0.36 nm, which 
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matched the lattice spacings of the (210) and (1�22) planes of bulk pyrite FeS2, respectively. 

Raman spectroscopy has lower impurity detection limit than XRD and can differentiate FeS2 

phases (FeS, Fe3S4 and FeS2) [24]. Thus, Raman spectroscopy was applied in the present study to 

further confirm the pure phase of pyrite FeS2 microspheres. As shown in Fig.3a, sharp peaks at 

342, 377 and 429 cm
−1 

were the characteristic active modes of pyrite FeS2 corresponding to S2 

liberation (Eg), S–S in-phase stretch (Ag) and coupled liberation (Tg) modes, respectively [25]. 

The high phase purity of the products was confirmed by the absence of the Raman peaks of other 

phases such as marcasite FeS2, FeS and Fe3S4. Figs. 3b-c show the XPS spectra of the pyrite FeS2 

microspheres. In Fig.3b, the peaks at 707.1 and 719.9 eV corresponded to Fe 2p3/2 and Fe 2p1/2 

binding energies, respectively, which were characteristics of pyrite FeS2 [26, 27]. The S 2p3/2 and 

S 2p1/2 peaks at 162.4 and 163.6 eV (Fig. 3c), respectively, were also consistent with the sulphur 

binding energy of previously reported pyrite FeS2 [26, 27]. These characterization results further 

confirmed the pure phase and high quality of the as-obtained pyrite FeS2 microspheres. Pyrite is a 

promising material for solar cells mainly because of its favourable optical properties. As shown in 

Fig. 4a, the absorption spectral intensity of the pyrite samples decreased with increasing 

wavelength. The samples exhibited a broad optical absorption from the ultraviolet to near-infrared 

(NIR) region, and the high absorbance in the visible region indicated the potential of the product 

for solar energy absorption. The band gap of the samples was obtained by using the extrapolated 

data from the absorption spectrum. Basing from Fig. 4b, we calculated the band gap of the 

samples to be approximately 1.02 eV. This value is close to the 0.95 eV in a previous study [28].  

Page 6 of 29RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



7 

3.2 Effect of surfactants on the phase, morphology and optical property of products 

In this study, PVP acted as a typical surfactant. The influence of other surfactants was 

investigated to improve the quality of pyrite FeS2 products. As common surfactants in synthetic 

reactions, hexadecyl trimethyl ammonium bromide (CTAB, 0.6 g) and trioctyl-phosphine oxide 

(TOPO, 0.6 g) were used as controls in this study. Fig. 5 shows the XRD patterns of the products 

obtained with different surfactants. Pure-phase pyrite FeS2 was obtained when no surfactant was 

added in the reaction system. Meanwhile, marcasite FeS2 appeared along with pyrite FeS2 when 

CTAB was used as the surfactant. The condition when TOPO served as the surfactant was similar 

to that when CTAB was used, and the phases of the products were both pyrite FeS2 and marcasite 

FeS2. However, the relative peak intensities of marcasite FeS2 were slightly stronger while the 

peak intensities of pyrite FeS2 became weaker when TOPO rather than CTAB was the surfactant. 

This result indicates that the two phases of the two product groups had different relative contents. 

The XRD patterns showed that CTAB and TOPO acted as phase-transfer catalysts in the 

experiment. The chemical reactions in FeS2 synthesis can be explained by the following reactions: 

2Fe
3+

 + S
2−

 → 2Fe
2+

 + S                                              (1) 

2CH2OH–CH2OH + S → CH3COCOCH3 + S
2−

 + 2H
+
 +2H2O                (2) 

(n−1)S + S
2−

 → Sn
2−

                                                  (3) 

Fe
2+

 + Sn
2−

 + S
2−

 → FeS2 + Sn−1
2−

                                        (4) 

Fe
3+ 

is reduced to Fe
2+ 

upon adding the reagents into the solution [Eq. (1)]. Then, sulphur 

powder is reduced to S
2− 

at high temperatures with EG as the reducing agent [Eq. (2)] [29, 30]. 

The unreduced elemental S reacts with S
2- 

to form polysulphides [Eq. (3)] [23]. Afterward, FeS2 is 

generated by the reaction between polysulphides and Fe
2+

, [Eq. (4)] [21]. The formation 
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mechanism by which FeS2 crystallises into a pyrite or marcasite structure at low temperatures (< 

300 °C) remains unclear to date. The generation of pyrite and marcasite may be caused by 

electrostatic interactions between polysulphide species and pyrite or marcasite growth surfaces 

[31]. The protonated ends of polysulphides favoured marcasite growth sites, whereas negative 

polysulphide ions were attracted to the positive pyrite growth sites. Marcasite formed when 

polysulphide ends were protonated. The ionisation of the cationic surfactant CTAB promoted the 

protonation of the polysulphide ends and thus resulted in the formation of marcasite. Recent 

research has revealed that a relatively high concentration of intermediate sulphur species results in 

marcasite formation [32]. Moreover, the addition of TOPO increases the solubility of materials 

and promotes the stability of FeS2 [33-35]. The consequent increase in the reduction rate of 

sulphur powder and the constant high concentration of the intermediate sulphur species led to the 

appearance of marcasite. 

The corresponding SEM images of the products using different surfactants are shown in Fig. 

6. Products with irregular shapes agglomerated when no surfactant was added in the reaction 

system. Some of the products displayed the morphology of two sheets inserting into each other, 

when CTAB was used as the surfactant (inset of Fig. 6b). Meanwhile, the products appeared as 

aggregates of many small sheets without apparent regular shape when TOPO served as the 

surfactant. Finally, uniform and regularly shaped microspheres with relatively smooth surfaces 

were obtained when PVP was the surfactant. Given its long molecular chains, PVP is a good 

capping agent and can be adsorbed and covered on particle surfaces [36-38]. The steric effect of 

PVP prevented particle agglomeration allowed the formation of well dispersed products. Previous 

studies reported that the preferential adsorption of surfactant molecules on different crystal facets 
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is vital to direct the growth of particles into different morphologies by controlling the growth rates 

along different crystal axes [39-42]. Different surfactants exhibiting varying structures, solubilities, 

charges and polarities greatly affect crystal growth by interacting with different facets [43]. Thus, 

the employment of CTAB and TOPO as surfactants in the present study can yield products with 

different shapes. In conclusion, PVP favoured the best morphology of the products among the 

tested surfactants. 

The absorption spectra of the products obtained with CTAB and TOPO as surfactants are 

shown in Fig. 7. The curves of the two products had similar profiles and their absorption 

intensities decreased with increasing wavelength. The absorbance values of the products obtained 

using CTAB and TOPO as surfactants were lower than that of the products obtained using PVP as 

the surfactant. Given its small energy band gap of 0.34 eV, marcasite is unsuitable for 

photoelectric translation, the existence of marcasite affects the absorption property of pyrite [44]. 

Morphology, size, shape and uniformity also greatly influence the absorption performance of 

products [10, 45-48]. The products obtained using PVP as the surfactant showed regular shapes, 

improved uniformity and small sizes. Besides, it’s reported that facets may affect the absorption 

behavior of products [49], results could be influenced since the spherical pyrite products were 

unfaceted, whereas the irregularly shaped products obtained using CTAB and TOPO as surfactants 

were terminated by different facets. The synthetic effects of the above mentioned factors finally 

led to the difference in absorbance of the products. The microspheres obtained with PVP as the 

surfactant exhibited the best absorption property among the products. In addition, the products 

obtained with CTAB as the surfactant showed slightly higher absorbance in the visible region than 

the products obtained with TOPO as the surfactant. This result may be attributed to the relatively 
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10 

higher proportion of pyrite when CTAB used as surfactant. Among all the products, those obtained 

with PVP as the surfactant showed the best absorption property. 

3.3 Formation of pyrite FeS2 microspheres  

Reaction–time dependence experiments were conducted to reveal the formation of pyrite 

microspheres and to explore the effect of reaction time on the phases and morphologies of the 

products. Fig. 8 displays the SEM images of the products obtained for different reaction periods of 

0.5, 1 and 1.5 h while maintaining other conditions constant. When the reaction time was 0.5 h, 

massive small microspheres were altered, but they were inhomogeneous and considerably differed 

in size. Meanwhile, many small particles appeared on the microsphere surfaces. After 30 min of 

microwave irradiation, the microspheres became uniform and regular, and their surfaces became 

smooth. When the reaction time was prolonged to 1.5 h, the microspheres dispersed 

homogeneously, and their surfaces became increasingly smooth. The microspheres slightly 

increased in size as the reaction time was further prolonged. The corresponding XRD patterns of 

the products prepared at different reaction times are shown in Fig. 9. Pyrite FeS2 was produced in 

all three reaction periods. The products had similar XRD patterns but relative peak intensity levels. 

In addition, the diffraction peaks became stronger as the reaction time was prolonged, this finding 

can be attributed to the improvement of product crystallinity. Thus, the formation of pyrite FeS2 

microspheres may be similar to that in previous reports [50-52]. In particular, the products 

nucleated rapidly under microwave irradiation. Different nucleation speeds and growth rates 

resulted in the formation of large microspheres and small particles. As the reaction time was 

prolonged, the particles aggregated and continued to grow, and the products consequently 
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11 

increased in size. As the dissolved quantity of PVP was increased, further aggregation and growth 

of microspheres were prevented by the steric effect of PVP. Ultimately, the dispersion of the 

products improved. 

3.4 Comparison between microwave-assisted heating and high-pressure solvothermal 

heating method 

Microwave-assisted method exhibits many advantages over conventional heating methods. A 

control experiment with the high-pressure solvothermal reaction was conducted to compare the 

method. The reagents of the solvothermal experiment were completely same to those of the 

microwave-assisted experiment, and the reaction was conducted at 200 °C for 1.5, 12 and 24 h, 

respectively. The XRD patterns of the products obtained at different reaction times are shown in 

Fig. 10. When the reaction time was 1.5 h, the products were mostly sulphur, and low intensity 

peaks of pyrite FeS2 were observed. This result indicates that an incomplete reaction occurred. As 

the reaction time was prolonged to 12 and 24 h, the products were both pure-phase pyrite FeS2. 

Fig. 11 shows the SEM images of the products obtained at different reaction times. Many 

irregularly shaped particles formed after 1.5 h of reaction, EDX shows that the elements in the 

particles were sulphur and iron, and the sulphur-to-iron ratio was 88.8:11.2 (inset of Fig. 11a). 

This result is consistent with the XRD pattern. When the reaction time was extended to 12 h, some 

small microspheres with rough surfaces formed, but the products were inhomogeneous dispersed 

and non-uniform. Even small irregular particles were found at this reaction period. The products 

after 24 h of reaction became uniform, but their surfaces remained rough with some 

agglomerations. In addition, the pyrite particles obtained using the solvothermal method were 
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considerably larger than those obtained using the microwave-assisted method. These size 

differences and agglomeration might be attributed to the uneven heating in the high-pressure 

solvothermal method. In this technique, heat is generated from the oven and is transferred from 

the outside of chamber to the solution, causing an uneven heating environment. This heating 

condition diversifies the nucleation and crystal growth, and thus triggers the formation of 

non-uniform products. In addition, the incomplete reaction in the high-pressure solvothermal 

method for 1.5 h indicated that the heating rate of the solvothermal method was considerably 

lower than that of the microwave-assisted method. This result indirectly indicates the superiority 

of the microwave-assisted method used in this work over the solvothermal method. 

The absorption spectra of the products obtained using the solvothermal method at different 

reaction times are shown in Fig. 12. When the reaction time was 1.5 h, the absorbance of the 

products was very low, especially at the Vis-NIR region. This finding resulted from the low 

amount of pyrite FeS2 because the majority of the products obtained in this condition were sulphur. 

When the reaction time was prolonged to 12 h, the absorbance of the products considerably 

increased, and the products exhibited broad absorption from the ultraviolet to NIR region. 

Meanwhile, a similar curve with higher absorbance was obtained when the reaction time was 24 h. 

All products were pyrite FeS2, the increased amount of pyrite increased the absorbance of the 

products. The products of the solvothermal method increased in absorbance with reaction time, 

but this absorbance remained lower than that of the products obtained using the 

microwave-assisted method. This result might be attributed to the effects of the size, shape, 

crystallization and uniformity of the products on their absorption performance [10, 45-49]. 

Moreover, the small spherical products obtained using the microwave-assisted method would 
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13 

increase the surface area of pyrite FeS2 and improve light harvesting [22, 53]. Therefore, the 

microwave-assisted heating method accelerated the synthesis of uniform pyrite FeS2 and the 

absorption property of the products better than the high-pressure solvothermal heating method. 

4. Conclusions 

Pure-phase pyrite FeS2 microspheres with uniform morphology and an average size of 

approximately 1.1 µm were successfully synthesised via a facile and efficient microwave-assisted 

method. The pure phase and highly crystalline structure of the FeS2 microspheres were well 

confirmed via XRD, HRTEM, Raman spectroscopy and XPS. Optical absorption spectra indicate 

that the as-obtained pyrite FeS2 is a promising candidate material for solar absorption application. 

Surfactants can influence the phase, morphology and absorption property of the products. A 

relatively long reaction time was ideal to the formation of uniform microspheres with smooth 

surfaces. The microwave-assisted method can rapidly synthesise uniform pyrite FeS2 with better 

absorption property than the high-pressure solvothermal heating method. 
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Figure Captions 

Fig. 1. XRD pattern of the pyrite FeS2 microspheres and JCPDS Card No. 42-1340. 

Fig. 2. (a)-(b) SEM images of the pyrite FeS2 microspheres. (c) Particle size distribution corresponding to the 

image b. (d) EDX spectra of the samples. (e)-(f) TEM and HRTEM images of the pyrite FeS2 microspheres. 

Fig. 3. (a) Raman spectra of the pyrite FeS2 microspheres. (b)–(c) XPS analysis of the pyrite microspheres: (b) Fe 

region and (c) S region. 

Fig. 4. UV–Vis–NIR absorption spectra and band gap plot of pyrite FeS2 microspheres. 

Fig. 5. XRD patterns of the products obtained with different surfactants. 

Fig. 6. SEM images of the products obtained (a) without and with different surfactants (b: CTAB, c: TOPO, d: 

PVP). 

Fig. 7. Absorption spectra of the products obtained with different surfactants. 

Fig. 8. SEM images of the as synthesized pyrite FeS2 with different reaction times (a: 0.5, b: 1, c: 1.5 h). 

Fig. 9. XRD patterns of as synthesized pyrite FeS2 at different reaction times. 

Fig. 10. XRD patterns of products obtained using the high-pressure solvothermal method at different reaction 

times. 

Fig. 11. SEM images of products obtained using the high-pressure solvothermal method at different reaction times. 

Fig. 12. Absorption spectra of products obtained using the high-pressure solvothermal method at different reaction 

times. 
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Figures 

Fig. 1 
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Fig. 2 
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Fig. 3 

 

  

Page 20 of 29RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



4 

Fig. 4 
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Fig. 5 

 

 

  

Page 22 of 29RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



6 

Fig. 6 
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Fig. 7 
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Fig. 8 
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Fig. 9 
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Fig. 10 
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Fig. 11 
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Fig. 12 
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