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ABSTRACT

Nanomaterial encompass a variety of materials with Nano scale structural features, including nanoparticles,
nanofibres and nanocomposites. FeS;nanostructures have emerged as a fascinating candidate for their used in
various devices such as sensors, superconductors, thermoelectric and drug delivery carriers due to their attractive
physical and chemical properties. Generally synthesize in the form of spherical nanoparticles, nanorods, nanowires
and nanosheets they have different applications respectively. Depending on their applications they can be
synthesized in various shapes, sizes and morphological physical states. During the last few years, there have been a
lot of works reported for the phase specific synthesis of FeS, nanostructures. To date, despite of the intensive
progress in the nanomaterials research and synthesis, only a few attempts to synthesis the single phase or phase
specific synthesis of FeS, nanostructures have been made. Interestingly, during the last few years a lot of attempts
have been made for the synthesis of phase and shape specific synthesis of these nanostructures. Hot injection
method, wet chemical method, solvothermal process and chemical vapour deposition method are the latest method
being used in this direction. Solvent have a key role to determine the composition as well as the structure of the
material formed during its synthesis.
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l. INTRODUCTION

The synthesis of Nano scaled inorganic materials has been a very fascinating field among researchers because of their
attractive chemical and physical properties and for their numerous applications in devices, imaging, drug delivery, bio
1,

3
sensing and many more fields. Especiallythe transition metal chalcogenides shows their potential as
4 5 6 7 8-10
thermoelectric, magnetic semiconductors, superconductors, sensors, and photovoltaic.  Moreover, Iron chalcogenides

have attracted a lot of researchers because of their interesting magnetic, semiconducting, and structural
properties.11713Therefore, they have been targeted for potential use in biomedical applications,
immobilization and separation,14 magnetic targeting and drug deIivery,lSincancer hyperthermia,lgmagnetic resonance
imaging (I\/IRI),IHletc. a lot of available literature about the synthesis of FeS and FeS,nanomaterials and their combined

use with some other nanomaterials to be target for drug delivery , protein immobilizations and magnetic targeting etc. Fe
nanomaterial have shown their usage as single molecular magnets which can provide a new area to the researcher.

including protein

The bulk form of pyrite FeS has a band gap energy of 0.95 eV and high optical absorption coefficient of 5 x 10° cm L. Due

to these two parameters and their combination with the possibility to vary the band gap using different geometries of
22

nanoscale forms of FeS, makes possibility to use them as almost ideal semiconductor for harvesting broad spectrum of

23 24
light with wavelengths as long as 750 nm. Pyrite can also be a promising material for lithium batteries and is currently

used in Energizer batteries. Due to the unique properties along with potentially low costs, environmental friendliness, and
ease to form give pyrite a great advantage and scope to attract a number of researcher to study the nanoscale chemistry of

FeSZ.
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1. PHYSICAL STATES

FeS, exhibits a variety of nanostructures among them spherical nanoparticles (NPs), Nano rods (NRs), Nanowires(NWs)
and Nano sheets(NSs) are major. Depending upon the significance they can be used in different forms.

Spherical FeS, nanoparticles have shown their numerous applicationsto be used as a promising candidate for drug delivery
with very nominal value of cytotoxicity.

Similarly, nanorods can be used as a potential carrier for protein immobilization and targeted delivery and nanowires and
nanosheets shows their promising applications among photovoltaic properties and use in the solar cell. 2D FeS disc

nanostructures are an efficient and stable hydrogen evolution electrocatalyst. The 2D FeSzdisc structure has the highest
electro catalytic activity for the hydrogen evolution reaction, comparable to platinum in neutral pH conditions®.

The spherical NPs have a lot of applications as zero-dimensional nanoscale semiconductor, one- dimensional nanoscale
varieties of FeS_such as NRs and NWs. Two-dimensional nanoscale structures, such as NSs, gain even greater importance

after many trials and tribulations related to integration of graphene and related materials in electronic and energy storage

devices®.
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Schematic 1: Sphericalnanoparticles (a);1D nanorods and nanowires (b) and 2D nanosheets(c)

. METHODS OF SYNTHESIS

Bai et al.,2013 have reported the universal synthesis of single phase pyrite FeS, nanoparticles, Nanowires and Nanosheets.
According to that report, 0.259 g (1.30 mmol) of FeCI2-4HZO was dissolved in 90 mL of dimethyl sulfoxide (DMSO) with

desired amount of thioglycolic acid (TGA). The solution of the stabilizer was then placed in a three-necked flask fitted with
a valve under the N, gas atmosphere bubbling of 99.99% nitrogen for 30 min. A solution of Na28203-5H20 obtained by the

dissolution of 1.45 g (5.85 mmol) of Nazszos-SHZO (Aldrich) in 10 mL of 18 MQ deionized water under No atmosphere

was drop wise added into the solution while stirring and continuously purging the reaction media with nitrogen for more 30
min. Firstly, nanocollids formed then they were brought to boiling temperature, where a observation of change of colour
from brown to dark black was perceived. The nanoscolloids were allowed to grow and crystallize under conditions of
continuous reflux at 139 °C for 2—12 h. The diameter of the resulting NPs is majorly determined by the time of reflux.

The synthesis ofnanoparticles, nanowires and nanorods isbasically controlled by the relative concentration of the different
2+ 2-
species taking part in the reaction. The FeS NPs were synthesized when the molar ratio of [Fe ]/[S,0, J/[TGA] was

2+

1:4.5:4, NRs and NWs could be obtained when the molar ratios of [Fe ]/[TGA] were 1:3 and 1:2, respectively.
Ethylenediamine (EDA)is used as cosolvent and costabilizer and partial replacement of DMSO with ethylenediamine
(EDA) determines the single directional growth to give Nanowires and Nanorods. The molar ratio of [EDA]/[TGA] was
2:1. EDA was added immediately after all the reactants were dissolved in DMSO but before raising the reaction
temperature. Upon completion, the NPs and other nanocolloids were separated from the reaction media by centrifugation.
The precipitate was washed several times with ethanol and deionized water. The final products were dried in vacuum at 60
°C for 6 h.
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Jasion et al. 2015, have reported a different approach for the synthesis of hyper thin iron sulfide nanostrztéctures for which

they utilize a solution hot-injection method, analogous to a previously reported iron sulfide synthesis, to create unique
hyper thin iron sulfide nanostructures with atomic layer thickness. In the first step of the synthesis, an octadecylamine

2+
(ODA) ligand was added to a Fe solution to start the seeded growth of~3—5 nm iron nanoparticles. The ODA ligand acts
as both a reducing agent for the Fe2+ (eq 1) and as a capping Iayezr on the subsequent Nano crystal formation. Next, upon
+ 2-

injection of sulfur, the iron seed particles oxidize to form Fe and S, moieties (eq 2) and these species form the
FeSZnanostructures via eqn 3 and 4.

Fe?* + 2e- EEe" (1)
Fe’+S, Fe*" +S° T (2)
Fe’'+ SFeS =53 @)

FeS +SFeS—+3..> (4)

The formation of low dimensional nanostructures can be controlled by adjustments of the initial concentration of the sulfur.
They determined that a 1:6 Fe:S ratio yields wires uniformly separated by a tightly packed layer of ligand with a spacing of
approximately 2.7 nm. Increasing the Fe:S ratio to 1:24 results in the formation of discs which appear in a stack of thin
sheets also separated by a ligand layer.

Yu et al., 2015; reported the synthesis through facile one-step solvothermal process of air-stable and phase-pure pyrite
FeS,nanostructures through oriented attachment (OA). The major highlights of their work was that the OA kinetics studies

and arrangement of FeSZprimary clusters are closely related to the solvent used in the reaction. Nanocubes of ~150 nm,

spheroidal NCs of ~50 nm, and microspheres assembled from nanoparticles can be selectively prepared by OA in different
solvents. FeS nanostructures were typically synthesized by using FeZOSas iron source, sulfur powder as sulfur source, and

1-octylamine or 1-octanol as solvent in a stainless steel autoclave under solvothermal conditions. The product synthesized

with a 1:1 mixture of 1-octylamine and 1-octanol as mixed solvent. The size, shape and morphology of nanostrucutres has
been controlled by the ratio of the solvents used.

Jiang etal., 2015; have reported the use of wet chemistry to synthesize colloidal metal NCs by thermolytic reduction and
27,28

demonstrated improved the phase purity of metalchalcogenides. ' Injecting iron pentacarbonyl into elemental S dissolved
in oleylamine produced pyrite nanoplates of dimensions 150—500 nm and a thickness of about 30 nm, after 4 h at reaction
29

temperatures above 180 °C.  Nanocrystals of pyrite ranging in size from a few to hundred nanometers can be synthesized

by dissolving a metal salt and elemental sulfur in an alkylamine combined with another ligand or solvent30'32. Oleylamine
(OAm) is typically used with ligands that bind more strongly in the synthesis of pyrite NCs. Trioctylphosphine oxide
(TOPO) combined with oleylamine enabled control of the size of pyrite cubes in the range from 60 to 200
nm*.Hexadecanesulfonate yielded cubic NCs with dimensions of 80 nm in OAm. A mixture of oblate and spheroidal pyrite

NCs with diameters of 5-20 nm in which the reaction of FeCl, and sulfur by using octadecylamine (ODA,
33
CH3(CH17)NH2) as a capping ligand.

E’jazi et al., 2011 ; synthesis FeS, nanoparticles by solvothermal process the major drawback in the previously used
methods is the high temperature requirement and additional sulfur usage to convert other phases such as FeS or FeS, into
pyrite ** They have used the stainless steel stirred reactor; while in previous studies a stainless-steel cylindrical chamber
was used to produce pyrite has been already reported ****".They have used impeller to increase the mass transfer and
reported the reduction of the reaction time from 12 to 5 h. They have carried out the experiment in 2000 ml stain- less-steel
stirred reactor equipped with a temperature controller, a barometer and an axial impeller with four blades, at stirring speed
1000 rpm. In the process reported, an appropriate amount of iron source and sulfur source were mixed with 600 ml of
solvent and the mixture was taken into the reactor maintained at desired temperature. The reactor was cooled down to the
room temperature (24°C) after 5 h and resulted black precipitates were filtered off and washed sequentially with distilled
water and to remove impurities (sulfur) they have carried out washing with CS, and finally products were dried at 60 °C for
4 h to get black powder. They reported a range of solvents and a different ratio of the solvents with different raw material as
a Fe source, according to that they reported the formation of the different forms of final product whether it is hematite,
pyrite or any other form.
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Method Fe precursors | S precursors Solvent / stabilizer | Instrument | Reference
Or process

Universal synthesis | Fecl,.4H,0 Na,S,03.5H,0 DMSO/TGA Reflux Bai et al,,

(NPs, NRs, NWs) 2013

Hot injection method | Fecl,.4H,0 Sulfur Powder octadecylamine Reflux and | Jasion et.

(hyper thin NSs) stirring al.,2015

Solvothermal process | Fe,0O3 Sulfur powder 1-octylamine &1- | Oriented Yu et al,

(NCs) octanol attachement | 2015

Wet chemistry | Fe(CO)s Elemental sulfur oleylamine & | Thermolytic | Jiang et. al,

synthesis(NPs,NCs) Trioctylphosphine reduction 2015
oxide

Solvothermal FeS0,.7H,0 NH,CSNH, Ehtylenediamine, Stainless E’jazi et

process(NPs) Na,S,05.5H,0 ethanol, 1-butanol steel reactor | al., 2011

Chemical vapor | Fecl3 Ditertbutyldisulfide Inert  atmosphere | CVD system | Samad et.

deposition (thin (TBDs) (argon) al,2015

films)

Samad et al., 2015; have reported thedirect chemical vapor deposition synthesis of phase-pure Iron Pyrite (FeSZ) thin films.
Using Ditert butyl disulfide (TBDS) and FeClg3 as the sulfur and iron precursors, respectively. The TBDS precursor was

loaded into a glass bubbler and connected to a custom-built CVD system using stainless steel tubing, a silica reaction tube
in a Lindberg Blue tube furnace, which was connected to a vacuum pump, and gas flow controllers followed by the addition
of the FeCI3powder in an alumina boat in an inert atmosphere glovebox and transferred in a sealed vial to prevent water

uptake. The FeCI3was placed in the 300 °C temperature zone of the furnace, and the TBDS bubbler was submerged in an
oil bath at 85 °C, resulting in a vapor pressure of ~280 Torr for the sulfur and FeCIs. The Costubstrates were placed in the

400425 °C temperature range of the furnace. They have reported the time span of the reaction is 1—4 h under a pressure of
760 Torr with a total argon flow rate of 250 sccm split through the TBDS bubbler and over the FeCI3precursor.

CONCLUSION AND FUTURE PROSPECTS

It was concluded that synthesis of nanomaterial is basically physical as well as chemical conditions dependent. Effect of
temperature, time span of the reaction, nature of the solvent used and the interaction of the solvent with the starting material
plays an important role and that’s why these all collectively determine the shape, size and morphology of the material.
Differentkind of methods hasdiverseuse different precursors and different approach to synthesize different nanostructures.
Size, shape dependent synthesis is the major deciding parameter. Presence of inert atmosphere is also the necessary
requirement for obtaining the desired nanomaterial. The major problem among us is the aerial oxidation of the synthesized
product. We need to demonstrate some method in which we can produce the FeS, nanostructures without oxidizing them.
Washing is the most crucial step, because here are the maximum chances of oxidation. So synthesis parameters should be
maintain in such a way aerial oxidation can be minimized. FeS, nanostructures have wide applications. There use as drug
delivery carriers is also the field of very high interest. They have a major scope in the field of drug delivery. Photovoltaics,
superconductor devices, bio sensing and bio imaging all fields require improved methods for the synthesis of these
nanostructures with improved qualities. just like other transition metal chalcongenides FeS2 nanostructures have a wide
scope in the today material synthesis. They can show wide applications with the Graphene Oxide(wonder material) based
nanocomposites, that need more to be explore.
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