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FeS2 nanoparticles were prepared by microwave method using tri-sodium citrate and 

sodium tartrate as complexing agents to study their effect on the optical properties and 

stability for 21 days without special storage conditions. FeS2 nanoparticles showed 

absorption in the visible range with a single-phase of cubic pyrite and crystallite size 

around 17.5 ± 2.92 nm. Moreover, nanoparticles showed a low photoluminescence 

intensity. The FT-IR spectra indicate the presence of chemical bonds around the 

nanoparticles. FE-SEM images showed spherical shape and size distribution in the range 

of 15-30 nm depending on the complexing agent. The use of complexing agents modifies 

the size and shape of FeS2 nanoparticles influencing the tuning of absorption and emission 

spectra through a period of time. 
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1. Introduction 
 

The use of surface ligands such as complexing agents in the chalcogenides synthesis are 

useful to modify shape and size for specific applications. Besides, complexing agents may have an 

effect on agglomeration, degradation and oxidation of chalcogenides [1], which may affect the 

optical, morphological and electrical properties. Numerous complexing agents have been reported 

in the synthesis of semiconductors although are being replaced by non-toxic and low-cost 

complexing agents such as tri-sodium citrate and sodium citrate. 

Tri-sodium citrate and sodium tartrate have been extensively used to produce chalcogenide 

nanoparticles such as CdS [2], PbS [3], CuS [4] and ZnS [5]. Besides, ternary chalcogenides (e.g. 

AgInS2 and Zn-Ag-In-S) have been prepared in aqueous medium using complex agents [6]. Tri-

sodium citrate and sodium tartrate are complex agents that have pairs of free electrons in the 

carbonyl group, which stabilizes the semiconductor nanoparticles by electrostatic forces, and also 

act as a ligand with metallic atoms with free pair of electrons [7-8]. Strong complexing agents play 

an important role in the synthesis of earth-abundant and stable chalcogenide semiconductors.  

FeS2 has attracted attention as photoactive material due to its abundance, non-toxicity and 

also, a high annual electricity production potential [9-11]. Moreover, its optical properties such as 

high absorption coefficient ( > 10
5
 cm

-1
), a Shockley-Queisser limit around 31%, , a band gap of 

0.95 eV and charge mobility of 360 cm
2
 V

-1
 s

-1 
[12-14] make pyrite a promising candidate for 

high-efficient and low-cost solar cells that can be expanded in the current market. 

Despite the advantages, pyrite has showed some limitations within solar cells since the 

highest conversion efficiency reported is about 3% [15]. A number of reasons keep pyrite out of 

high efficiency solar cells from sulfur deficiencies to second phases during the synthesis process 

such as hexagonal troilite (FeS) and orthorrhombic marcasite (FeS2) with band gaps of 0.04 eV 

and 0.34 eV, respectively [16-17], and also the iron oxides formation after synthesis. Iron oxides 

may affect the optical and electrical properties of FeS2 causing a low performance efficiency.  
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In this work, it is investigated the effect of tri-sodium citrate and sodium tartrate on the 

morphological, optical properties, and influence on the stability of FeS2 (pyrite) nanoparticles 

during 21 days. The formation of long-term stable FeS2 nanoparticles may provide a path in the 

generation of high efficient, low-cost and stable solar cells based on earth-abundant 

semiconductors.  

 
 
2. Experimental 
 

2.1. Material and reagents  

All the chemicals used for the synthesis were analytical grade reagents and used as 

received. Anhydrous iron (II) chloride (98%) and mercaptopropionic acid (>99 %) were purchased 

from Sigma Aldrich. Ethylene glycol, acetone (99.7%), ethanol (≥99.8%) and hydrochloric acid 

(37.4 %)were purchased from DEQ and sodium thiosulfate (99.8%) was obtained from J.T. Baker. 

Tri-sodium citrate dihydrate (99.3%) and sodium tartrate dihydrate (99.7%) were purchased from 

Fermont. 

 

2.2. Synthesis of pyrite FeS2 using green stabilizers  

The reaction was carried out as follows. In a vessel, 1 mmol of anhydrous iron chloride 

(II), 4 mmol of complexing agent (tri-sodium citrate or sodium tartrate) and 4.5 mmol of sodium 

thiosulfate were mixed with 50 mL of ethylene glycol and kept under magnetic stirring for 15 

minutes. Then, 4 mmol mercaptopropionic acid (MPA) were added to the solution under 

continuous stirring. Finally, 7 mL of deionized water was added. Microwave heating was 

performed on the reaction mixture in cycles of 10 s ON and 30 s OFF at 100% microwave power 

(1000 W, 2.45 GHz). Solutions reacted with a total heating time of 360 s. Reaction finalized when 

grayish-black powder appears. The end product was centrifuged and washed several times with 

deionized water, ethanol and acetone. In order to purify the black powder was washed with 

hydrochloric acid 2 N. Finally, the product was dried under N2 flux at room temperature for 15 

minutes. Samples were storage for 21 days without special conditions. Samples were kept at room 

temperature with 8% humidity.  

 

2.3. Characterization techniques  

Crystalline phase and crystallite size of FeS2 (pyrite) were recorded by X-ray diffraction 

(XRD) on a Brucker D2 Phaser with a CuK radiation (K= 1.54056 Å). Data were collected by 

scanning from 5° to 90°. Fourier-Transform Infrared (FT-IR) spectra were acquired using a Perkin 

Elmer Spectrum Two at room temperature in reflectance mode with a resolution of 4 cm
-1

. The 

absorption spectrum and band gap calculation was characterized by ultraviolet-visible 

spectrophotometer on a Shimadzu UV-1800. The photoluminescence spectra were collected at 

room temperature on a Perkin Elmer LS55 with an excitation wavelength of 340 nm. The 

morphology and distribution size of FeS2 nanoparticles were given by a field emission scanning 

electron microscope (FE-SEM), JEOL JSM6701F at an accelerating voltage of 3 kV.  

 
 
3. Results and discussions   
 

3.1. Structural properties 

X-ray Diffraction revealed the crystal lattice of the dried FeS2 powders. Figure 1 shows 

diffraction pattern for the as-prepared FeS2 for 150 s of total heating and without the presence of 

complexing agents. Main characteristic reflection peaks of pyrite are observed at 28.5º, 32.9º, 

37.1º, 40.8º, 47.3º and 56.3º for (111), (200), (210), (211), (220) and (311) planes, respectively. 

All the peaks correspond to a pure cubic system of FeS2 (PDF card 01-071-3840) with a lattice 

parameter of a= 5.416 Å. Additional peaks for impurities as FeS (troilite) or FeS2 (marcasite) were 

not detected. The average crystallite size was estimated using Debye-Scherrer formula, calculated 

with the strongest (200) diffraction peak, is 17.5 ± 2.92 nm.  
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Fig. 1. XRD pattern of FeS2 nanoparticles. 

 

 

3.2. FT-IR analysis  

Fig. 2 shows the FT-IR spectra of FeS2, citrate and tartrate capped FeS2 powders. The 

broad peak centered around 3495 cm
-1

 is attributed to the -OH stretching mode of water. The peaks 

at around 1650-1700 cm
-1

 are assigned to C=O stretching vibrations of the complexing agents. The  

peaks around 684-700 cm
-1

 are related to disulfide bond (S-S) [18-19]. 

 

 
 

Fig. 2. FT-IR spectra of FeS2 and citrate and tartrate-capped FeS2 nanoparticles. 
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3.3. Optical properties 

FeS2 nanoparticles were dispersed in ethanol previous analysis. Fig. 3 displays the room-

temperature absorption spectra of FeS2 prepared without complexing agents, with tri-sodium 

citrate, and sodium tartrate. A broad absorbance is observed from 450 to 1100 nm consistent with 

previous reports in FeS2 samples. Samples in presence of complexing agents showed the rise of the 

absorption band around at 900 nm, which corresponds to the direct bandgap of FeS2 [20]. FeS2 

nanoparticles shows a higher absorption, which affects directly the energy band gap of the 

nanoparticles. Optical band-gap was estimated with Planck’s constant and wavelength (900 nm), 

for all of samples Eg value is 1.3 eV. 

Room temperature photoluminescence of FeS2 dispersed in ethanol using a 340 nm 

excitation in the wavelength from 550 nm to 800 nm is shown in Figure 4. PL spectra illustrated 

two broad emission peaks at 630 and 720 nm, which are assigned to the excited electron-hole 

recombination from Fe and S atoms while the second band is relative to S-deficient formation, 

respectively. The S-deficient can be attributed to FeS2 since it is not a perfect stoichiometric 

compound, where point defects, surface states, and bulk defects are common in the crystal 

structure, which can induce unusual PL emissions [21]. As a photovoltaic material, it is important 

to notice that a high PL intensity indicates a higher recombination rate of the electro-hole pairs and 

short lifetime of the photoluminescence state. Fig. 4 shows the PL spectra collected from the two 

complexing agents. It is observed a significant change in position and narrowness of the emission 

bands in PL spectra attributed to the nanostructure sizes are affected by the citrate and tartrate ions. 

In addition, it is observed that for tartrate samples the emission intensity is lower than citrate 

samples, which is attributed to the better crystalline quality.  

 

 
 

Fig. 3. Optical absorption of FeS2 and citrate and tartrate-capped FeS2 nanoparticles. 

 

 

 
 

Fig. 4. PL spectra of Optical absorption of FeS2 and citrate and tartrate-capped  

FeS2 nanoparticles. 
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3.4. FeS2 morphology 

Fig. 5 (a-c) shows FE-SEM images to reveal morphology and size distribution of FeS2, 

Fig. 5 (a) shows flower sheet-like FeS2 morphology with a diameter of 35 nm to 65 nm. While in 

the presence of sodium citrate and tartrate, it is observed the change of morphology from irregular 

shape into spherical particles. In Fig. 5 (b) particles shows good uniformity with a size distribution 

of 15 nm to 22 nm. On the other hand, Fig. 5 (c) reveals a size distribution of 25 nm to 30 nm. The 

different morphology and size between samples can be attributed to the influence of tri-sodium 

citrate and sodium tartrate on the shape and size of particles [22].  

 

 
a)                                       b)    c) 

 

Fig. 5. SEM  of (a) FeS2 nanoparticles and FeS2 in presence of (b) sodium citrate and (c) sodium tartrate. 

 

 
3.5. FeS2 stability in presence of citrate and tartrate ions 

Additionally, it was studied the influence of citrate and tartrate ions on the optical 

properties stability against time without special storage conditions. The presence of citrate and 

tartrate ions in the synthesis of FeS2 nanostructures required longer reaction time of 300 and 360 s. 

The samples were kept without a special atmosphere and at room temperature during the 21 days. 

XRD was used to verify the crystal structure and the presence of iron oxides of the powders 

through 21 days. Typical XRD patterns of cubic FeS2 are shown in Fig. 6. In samples with 300 s of 

total heating is observed the formation of a second phase of Fe2O3. through the time while samples 

with 360 s of reaction time did not exhibit impurities during 21 days. Therefore, longer reaction 

time increases the crystallinity of the samples, which could contribute to better stability on the 

surface of FeS2 and to avoid the iron oxides formation.  

 

    
a)                                                   b) 

 
Fig. 6. XRD patterns of FeS2 at (a) 300 s and (b) 360 s of total heating. 
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a) b) 

 

  
c) d) 

 

  
Fig. 7. UV-vis spectra of FeS2 in presence of (a) sodium citrate and (b) sodium tartrate for 21 days. PL 

spectra of FeS2 in presence of (c) sodium citrate and (d) sodium tartrate for 21 days. 

 

 

Fig. 7 (a-d) shows the variation of absorption and emission properties through 21 days. 

Fig. 7 (a-b) corresponds to the absorption decreased of the samples prepared using green 

stabilizers. Absorption peak positions are consistent through time without evident change in 21 

days for FeS2-citrate samples. In contrast, FeS2-tartrate showed higher intensity but the absorption 

intensity diminished was more significant through the time, which is attributed to the presence of 

iron oxides. Fig. 7 (c-d) shows the PL spectra collected from the two different complex agents. 21 

days spectra showed evident changes in the intensity, which can be attributed to the presence of 

iron oxides in the samples. Emission bands at 420 nm and 500 nm corresponds with the typical 

emission of Fe2O3 (around 400 nm to 500 nm) [23]. In addition, it is observed that for tartrate 

samples the emission intensity is lower than citrate samples, which is attributed to the better 

crystalline quality. Moreover, tartrate samples showed higher stability on the emission intensity. 

Different mechanisms in the reaction of pyrite and oxygen have been investigated. Most of 

the works agree the oxidation on the pyrite surface is due to the incorporation of oxygen on sulfur 

sites [24], those defects can affect negatively the optoelectronic properties of FeS2 devices. 

Previous studies indicate that citrate and tartrate ions are popular complex agents used in the 

synthesis of semiconductor nanoparticles due to their low toxicity. It is well known, the free 

electron pairs in the carbonyl groups of the molecules stabilize the nanoparticles by electrostatic 

forces.  

On the basis of the mentioned results it can be inferred that FeS2 nanoparticles are 

stabilized by MPA between the interaction of thiol groups [25] while citrate or tartrate ions 

surround the molecules due to the interaction with carboxyl groups. Although during the days the 

protection of citrate or tartrate ions is lost due to the presence of oxygen in the atmosphere that 

leads to a strong interaction between Fe-O atoms that produces Fe2O3 [26]. 
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4. Conclusions 
 

A rapid strategy has been used to obtain cubic FeS2 (pyrite) using complexing agents 

through microwave-assisted method. The air-stable FeS2 nanoparticles exhibited a band gap 

around 1.3 eV showing a broad absorption peak in visible range. Emission spectra indicate the 

presence of two broad peaks related to a non-stoichiometric compound.  

The stability study suggests the longer reaction time prevents the oxidation through time, 

while the presence of sodium citrate allows the formation of smaller particles of FeS2. Moreover, 

FeS2-tartrate samples exhibit better stability behavior compared with FeS2-citrate samples due to 

the size influencing the absorption and emission properties. This method offers an opportunity to 

synthesis other air-stable metal chalcogenides of pyrite chemical family without the need of 

special storage conditions.  
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