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directed toward a range of applications, most notably for photovoltaics. The most common forms of materials for these
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applications are either nanoparticles or thin films. This perspective seeks to summarise the key synthetic routes to these

materials by highlighting the key aspects that lead to control over phase and morphology.

1. Introduction

Iron chalcogenides are earth abundant, cheap and
environmentally benign materials that have seen extensive
research across a range of applications. These include
hydrogen evolution, photovoltaics, Li-ion batteries, high
temperature superconductors, supercapacitors and memory
devices.'™7 For these applications nanoparticles and thin films
offer a large degree of flexibility as the size/thickness and
morphology can be tuned during their formation. Unlike iron
oxide nanoparticles and thin films, which have long been
studied, the chalcogenide counterparts have historically
received less attention, though this has changed in recent
years.

The most studied applications for iron chalcogenides are as
photovoltaics or supercapacitors, with considerable research
directed towards the magnetic properties of these materials.
Iron chalcogenides have the potential to act as a
photoabsorber layer within a photovoltaic device; this requires
a very precisely defined morphology in order to maximise
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current flow whilst minimising hole-electron recombination at
defect sites. Only pyrite (FeS,) demonstrates photoactivity,
and contamination with secondary phases is prone to reduce
the efficiency of devices.

Magnetic nanocrystals have a broad remit of applications,
ranging from use as contrast agents in magnetic resonance
imaging (MRI)8° to magnetic data storagel® and even
paleomagnetism.1! Thus the variation of magnetic behaviour
with particle morphology and size is an important area of
study.

Iron sulfide has seven phases, whilst iron selenide and iron
telluride both have three, which makes these systems quite
complex. Most applications require a high degree of phase
purity - secondary phases can hinder or reduce the efficiency
of a device. Thus it is important that synthetic routes
demonstrate the ability to control the phase of the obtained
material, as well as the morphology.

The purpose of this perspective is not to summarise every
single reaction in the literature, but to highlight the important
aspects of those that lead to phase and/or shape/size control.
It is through careful control of these variables that iron
chalcogenides will be able to fulfil their exciting potential for
applications.
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2. Iron Sulfide

There are seven major phases of iron sulfide, which indicates
the complexity of the system. The phases are: iron sulfide
(FeS), greigite (FesSs), pyrrhotite (Fei1S), troilite (FeS)
mackinawite (Fe1.xS), marcasite (orthorhombic FeS;) and pyrite
(cubic FeS;) and these are shown in Figure 1.
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Figure 1. The different phases of iron sulfide. (a) FeS, (b) greigite, (c) pyrrhotite, (d)
troilite, (e) mackinawite, (f) marcasite and (g) pyrite. Brown = Fe, yellow = S.

Pyrite is the key phase for photovoltaic applications, with an
appropriate band gap (0.95 eV), high absorption coefficient
(> 10> cm™) a good carrier diffusion length (100-1000 nm) and
an extremely high natural abundance.12-14 On the other hand,
FeS and pyrrhotite (Fe;xS) have been proposed as the
preferred phases for Li-ion batteries,!> and troilite and greigite
are the premier candidates for use in supercapacitors.1® It is
apparent that the performance of each device here is phase
dependent, and so it is clear that phase control is a clear
requirement during the synthesis of iron sulfides

2.1 Synthesis of Nanoparticles
Iron
synthesised via a number of different routes, the two most

sulfide nanoparticles, like most others have been

common of which are the hot-injection method or a
solvothermal route.

2.1.1 Hot Injection

The hot injection method involves the injection of the
precursors in a high boiling point solvent at temperatures
greater than the breakdown temperature of the precursor.
There are two major types of syntheses: those that use
elemental sulfur or those that make use of a single source
precursor featuring Fe-S bonds.

The former use a variety of iron sources in differing oxidation
states, including FeCl;,17 [Fe(CO)s],*® [Fe(acac)2]® or
[Fe(acac)3]?° (acac = acectylacetonate). It appears that a
degree of shape control, as the phase of the
nanoparticles can be achieved by the choice of iron source.
FeCl, favours the formation of pyrite (FeS;), with the iron
oxidation state increasing from Fe(ll) to Fe(lV), owing to the
oxidizing environment created by the sulfur. It should be noted
that Kirkeminde et al. successfully made FeS nanowires using
FeCl,,2! though the majority of syntheses resulted in pyrite. Li
et al., found that they could control both the size and shape of
their products by varying the concentration of FeCl, in their
reaction. Low concentrations of FeCl, in oleylamine (OA)
resulted in the formation of ~250 nm nanocubes, whilst higher
concentrations resulted in the formation of ~10 nm
nanodendrites.??

FeCl, has also been utilized by Steinhagn'” and Shukla?? in OA
to generate cube-shaped nanoparticles, whilst Puthussery et
al. found that they were able to make more stable colloidal
suspensions by exchanging the OA ligands for
octadexylxanthate.2* Macpherson et al. have produced a
highly interesting study in which they were able to exert a high
degree of shape control with FeCl, (at the expense of
monodispersity) through tuning the chemical potential of
sulfur.2 They made use of a three step process: initial
nucleation in a sulfur rich environment followed by 2 growth
periods in near stoichiometric conditions for FeS, (Figure 2).
This level of control was driven by theoretical predictions that
the {100} face is the lowest energy face in S poor conditions,
whilst the {210} and {111} faces are favoured with increasing S
concentration.2526
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Figure 2. TEM images and conditions employed by Macpherson et al.? during their
synthesis of pyrite nanocubes. Reprinted with permission from ref. [2], ©2012
American Chemical Society.

[Fe(CO)s] has been used in conjunction with elemental sulfur in
OA to generate hexagonally shaped nanoplates of pyrite,18
though its high toxicity makes it an undesirable reagent for
large scale use.

Beal et al. used [Fe(acac),] to synthesize both greigite (FesSs)
and pyrrhotite (Fei«S) nanoparticles, though these were
polydisperse and offered limited shape control.1%27 Other
groups have used [Fe(acac)s] which resulted in carbon coated
nanosheets of troilite (FeS). They found that the use of 1-
dodecanethiol (1-DDT) gave more regular shapes than the
usual OA/S mixture.20

The second major hot-injection technique is to use a single-
source precursor that features preformed Fe-S bonds. The first

examples of this in the iron sulfide field featured the
decomposition in  OA of [N"Bug]2[FesS4(SPh)4]28  and
[{Fe(N-Melm)s}Ss] (N-Melm = N-methylimidazole).2® The

former resulted in the formation of pyrrhotite at 180 °C and
greigite at 200 °C, demonstrating a good degree of phase
control.?28 The latter gave a multi-faceted morphology with
greigite formed in a burst-nucleation when [Fe(N-Melm)g]Ss
was injected at 300 °C, followed by rapid cooling. The greigite
was converted to pyrrhotite if the reaction was not
immediately cooled to room temperature.2®

Giovanni et al. investigated the use of [Fe,S,(CO)e] as a single
source precursor (SSP), the thermolysis of which in OA led to
the formation of pyrrhotite nanohexagons.3°

A major class of SSPs that have been investigated are iron
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dialkyldithiocarbamates [Fe(S2CNRy)x] (x = 2 or 3, Figure 3a)
and iron O-alkyxanthates [Fe(S2COR)4] (x = 2 or 3, Figure 3b).
Hexagonal two-dimensional pyrrhotite (Fei1«S) and greigite
(FesSs) nanosheets were synthesized by thermolysing
[Fe(S2.CNEtz)2(phen)] (phen = 1,10-phenanthroline) and
[Fe(S2CNEt,)s] respectively, both in OA.31 The influence of the
OA as a capping ligand was investigated by the introduction of
non-coordinating octadecene (ODE). For [Fe(S2CNEt;)2(phen)]
this resulted in less defined, quasi-hexagonal shapes of Fe1.S,
which indicates that the oleylamine ligand controls the growth
of the nanosheets along the {100} and {110} faces. Therefore,
it is important to note that the choice of solvent system plays a
key role in the shape of the obtained nanoparticles.
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Figure 3. Two of the major classes of single source precursors that have been explored
for the synthesis of iron sulfide nanoparticles and thin films. (an) Iron(lll)
diethyldithiocarbamate [Fe(S2.CNEt2)s] and (b) iron(lll) O-ethylxanthate [Fe(S:COEt)s].
In both cases the ethyl group might be exchanged for other alkyl groups. Brown = Fe,
yellow =S, grey = C, blue = N and red = O. Hydrogens omitted for clarity.

A range of symmetrical and asymmetrical Fe(lll)
dithiocarbamates ([Fe(S,CNRR’)3] where R = Et, R’ = iPr; R,R’ =
Hex; R = Me, R’ = Et; and R,R’ = Et) were used by Akhtar et al.3?2
They found that the precursors with symmetrical long chain
alkyl groups gave pure greigite phase at lower thermolysis
temperature but a mixture of greigite and pyrrhotite at higher
temperatures. Symmetrical short chain alkyl groups give the
pure greigite (FesS;) phase at both 230 and 300 °C. The
unsymmetrical alkyl groups gave mixed phase (greigite and
pyrrhotite) iron sulfide nanocrystals at all temperatures.
In a similar manner, O’Brien and co-workers made use of a
series of tris(O-alkylxanthato)iron(lll) complexes [(Fe(S2COR)s),
R= Me, Et, and Bu, Figure 3b] in oleylamine.33 These systems
proved to be complex, with the O-methylxanthate giving a
mixture of greigite and pyrrhotite. The O-ethylxanthate
complexes gave pure greigite at low temperature, but a
mixture of greigite, pyrrhotite and pyrite at high
temperatures. This behaviour is also exhibited by the O-iso-
butylxanthates. These nanocrystals showed random shapes
with a wide polydispersity. The size range could be controlled
somewhat by choice of solvent: 14-139 nm in length and
12-65 nm in width nanocrystals were synthesized in
oleylamine whereas smaller nanocrystals 12-31 nm length 7-
26 nm width were obtained from hexadecylamine.
The same group used an Fe(lll) complex of 1,1,5,5-tetra-iso-
propyl-2-thiobiuret [Fe(SON(CNPr;);)s] as a single source
precursor for the synthesis of iron sulfide nanoparticles, by
thermolysis in hot oleylamine (OA), octadecene (ODE), or 1-
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dodecanethiol (1-DDT).34 Several combinations of different
injection solvents and capping agents were used in the
reaction mixture to control the shape and the phase of the
material. The thermolysis of the iron complex in OA or
OA/1-DDT produced crystalline Fe;Ss nanoparticles with
different morphologies (spherical, hexagonal plates and
nanowires) depending on the growth temperature and
precursor concentration. This system is more susceptible to
solvent change than others, with the introduction of ODE
resulting in an amorphous material.34

2.1.2 Solvothermal

A second major technique that has been used to generate
nanoparticles is solvothermal synthesis. In this technique a
Teflon-lined autoclave is loaded with the precursor(s) and
chosen solvent and then the sealed vessel is placed in an oven
at temperatures greater than the boiling point of the solvent.
This combination of pressure and temperature leads to the
supersaturation of the solvent by a product which will then
crystallize out upon slow cooling. In the generation of iron
sulfide nanoparticles this is a technique which has received
substantial attention.

Kar,35:36 Nath37 and Xuefeng3® all reported the synthesis of
nanowires from various iron salts and sulfur sources, with the
constant being ethylenediamine as the solvent. Kar et al.
found that the solvothermal reaction of [Fe(NOs)s.9H,0],
[FeS04.7H,0] or FeCls with thiourea or Na,S resulted in the
formation of pyrite nanowires, though the Na,S reactions gave
substoichiometric FeS,..3%3% Xuefeng et al. carried out a similar
process with [FeS0O4.7H,0] and Na,Ss; as the precursors. They
found a solvent-based morphology dependency that resulted
in pyrite nanowires in ethylenediamine but pyrite
nanoparticles in benzene (Figure 4).38 This indicates that the
solvent can be chosen to target the desired the morphology.
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Figure 4. The solvothermal reaction of FeSO4.7H,O and Na,Ss gives nanorods in
ethylenediamine and nanoparticles in benzene, demonstrating the solvent dependency
of the morphology. Reprinted with permission from ref. [38], © 2001 Elsevier.

Nath et al. reacted [FeCl,.4H,0] with thioacetamide in
ethylenediamine to generate a slurry that was annealed in an
argon atmosphere to give Fe;Ss nanowires at 200 °C and Fe;«S

at 300 °C.
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Cao3® and Zhang*® both successfully synthesized Fes3S,
nanoparticles, the former using FeSO, and L-cysteine in
water,39 whilst the latter used [FeCl3.6H,0] with thiourea in an
ethyleneglycol-water mixture,*0.

Finally, Chen4! and Wadia*? both used a SSP in the form of iron
tris-diethyldithiocarbamate [Fe(S.CNEt;)s] in water for Chen,
resulting in pyrite nanocubes.#! Wadia on the other hand used
iron tris-diethyldithiophosphate [Fe(S2P(OEt)s] in
hexadecyltrimethylammonium bromide to generate pyrite
nanocubes.*2

2.1.3 Other

Other routes to iron sulfide nanowires involve the sulfurization
of either steel foil or hematite nanowires. Caban-Acevedo et
al. formed pyrite nanowires by heating steel foil at 350 °Cin a
sulfur atmosphere.*3 In a similar manner, Cummins
synthesized the pure phase iron sulfide nanowires by
sulfurization of hematite nanowire arrays. The hematite was
reacted in a 15 Torr H,S atmosphere at 300 °C for 2 hours and
was completely converted to FeS nanostructures. A hollow
iron sulfide nanotube was observed under TEM analysis with
diameters in the range of 100-300 nm, wall thicknesses ~60
nm, and an average length of 3 um.44

Morrish and co-workers also made use of Fe,Os nanorods
which they converted to FeS, through plasma assisted
sulfurization. For this preparation, nanorods of Fe;03 (~150 nm
sized) were prepared by chemical bath deposition method
using FeClz and NaNOs on FTO glass plates. The Fe;03
nanorods were converted to FeS, by sulfurization using a
mixture of 10 % H,S: 90 % Ar gas. Iron sulfide prepared by this
method contained both marcasite and pyrite phases, which
was confirmed by Raman spectroscopy measurement. The
prolonged sulfurization of Fe,O0s nanorods increased the
percentage of pyrite without completely eradicating the
marcasite phase.*>

Bauer et al. produce greigite nanorods through the vapour-
solid interaction of Fe vapour and ZnS solid in an ultra-high
vacuum environment.4®

2.2 Synthesis of Thin Films

Iron sulfide thin films have been deposited by a number of
methods, which includes the sintering of iron sulfide
nanoparticle inks,24 sulfurization of iron oxides to FeS,,4” ion
beam and reactive sputtering (FeS,),*8 sulfurization of iron
(FeS;),4950  flash evaporation (FeS;),°! vacuum thermal
evaporation (FeS,),>2 vapour transport (FeS;),53 chemical spray
pyrolysis (FeS;),* high-energy mechanical milling combined
with mechanochemical processing for FeS and FeS,,5* sulfur-
reducing bacteria for Fe;S and Fe3S4,55°¢ the decomposition
of single-source precursors for FeS,,5” and other atmospheric-
or low-pressure metal-organic chemical vapour deposition (AP-
or LP-MOCVD) methods.58-60

2.2.1 Inks
Mitzi®1 pioneered the processing of
chalcogenide inks for thin film production — a tactic that has

solution metal
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gone on to be applied to iron sulfides. Solutions of iron sulfide
nanoparticles are often prepared for the purpose of
generating inks, which can then be deposited onto a surface
and sintered to generate the desired thin film. Deposition
techniques include dip-coating,2452 spin-coating,®3.64 drop-
casting?! or the use of the doctor’s blade method.6> These
processing methods allow for a high degree of control over the
thickness of the produced film, which is desirable for the
optimization of devices.

2.2.2 Chemical Vapour Deposition

Chemical vapour deposition (CVD) is a broad term that
encompasses a number of different processing methods.
However, they all share some basic principles: namely that
precursor chemicals are vaporised and transported into the
hot-zone of a furnace, where they decompose/react and form
the desired product. The thickness and quality of the resulting
film can be tuned by controlling the vapour concentration/flow
rate and the reaction time/temperature.

The two most commonly used types of CVD in this area are
low-pressure (LP-) and aerosol assisted (AA-). Low pressure can
improve film uniformity, whilst AA-CVD involves the formation
of aerosols, allowing the use of less-volatile precursors. These
two methods can be further broken down into multi-
component precursor solutions and single-source precursors.
LP-CVD is more amenable to multi-component systems than
single-source precursors, with Schleich®® and Thomas®®
reporting the use of [Fe(CO)s] and tert-butyl disulfide to
generate pyrite thin films. Schleich et al. also noted that it as
possible to kinetically trap marcasite at lower temperatures
(200 °C) in their system.®® Chi and co-workers used a related
precursor [Fe;(CO)eS,] to make a mixture of Fe;S and Fe;Ssg at
300 °C and FeS at 600 °C.%6
In 2000 O’Brien et al.
dithiocarbamates

discovered that their iron(lll)
produce films under LP-
conditions. However, they generated pyrite thin films via
aerosol assisted- (AA-) CVD using [Fe(S2CNRR’)3] (R = Me, R’ =
iPr; R, R” = "Bu).>7 Takahashi used [FeCls] and thioacetamide in
an atmospheric pressure CVD apparatus to make pyrite at
500 °C,%7 though this route has not been widely adopted.

Ramasamy used the iron thioburets [Fe{SON(CNR>),}s] (R = Pr,
Et, Me) that were successful in the synthesis of nanoparticles34
in an AA-CVD reaction to give an interesting mixture of films.
The iPr complex gave hexagonal troilite FeS films with a small
amount of tetragonal pyrrhotites at 300 °C, whereas only
troilite was deposited above 350 °C. The ethyl compounds
deposited a mixture of hexagonal troilite and cubic pyrite films
at all temperatures (Figure 5), whereas the methyl complexes
produced very thin films of troilite at all temperatures.®8

would not

This journal is © The Royal Society of Chemistry 20xx

Figure 5. SEM images of troilite thin films produced from the aerosol assisted chemical
vapour deposition of [Fe{SON(CNEt2).}s] at (a) 300 °C, (b) 350 °C, (c) 400°C (inset 45° tilt
image of film) and (d) 450 °C. Reprinted with permission from ref. [68], ©2010
American Chemical Society.

The idea of using Fe(lll) dithiocarbamates has been further
expanded upon by Akhtar,5® Khalid70
encompass short- and long-chain, asymmetrical and cyclic

and Mlowe’! to

amine groups with mixed success. The asymmetrical groups
gave mixed phase pyrite/marcasite films, whilst the use of
dihexyldithiocarbamates led to a mixture of pyrite and
pyrrhotite. Shorter chain, diethyldithiocarbamates on the
other but at
temperatures above 400 °C this turned into pure pyrrhotite.®®

hand gave mixed pyrite/marcasite films,

Khalid et al. used the same diethyldithiocarbamate complex as
Akhtar, but exchanged the solvent for THF instead of toluene,
resulting in the formation of clean pyrite films and thus
indicating the importance of solvent choice during AA-CVD
reactions.”’® The use of heterocyclic amines in the form of tris-
(piperidinedithiocarbamato)iron(lll)
(tetrahydroquinolinedithiocarbamato)iron(lll) was trialled by

and tris-
Mlowe et al., but this appears to offer no significant advantage
over the simpler systems, only resulting in the formation of a
complex, mixed phase film.7!

3. Iron Selenide

Fewer phases of iron selenide are known than its sulfide
counterpart, with three different phases: a tetragonal phase
a—FeSe with PbO-structure (Figure 6a), a NiAs-type B-phase
(achavalite, hexagonal Fe;Seg and monoclinic FesSes, Figure
6b) and a FeSe, phase that has the orthorhombic marcasite
structure (ferroselite, Figure 6c). The hexagonal Fe;Seg and
monoclinic FesSe; phases have attracted the most interest
owing to their favourable magnetic properties.

Iron selenide has garnered a lot of attention, due to its
semiconductor, photoabsorption, and magnetic properties. It
is a prime candidate for photovoltaics with a band gap of ~1 eV
and an absorption coefficient > 105> cm™1.72-74 Iron selenide has
also been high temperature
superconductivity, which is a very exciting result.”>76

shown to demonstrate
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Figure 6. The three major phases of iron selenide: (a) a—FeSe, (b) achavalite and (c)
ferroselite (FeSez). Brown = Fe, green = Se.

3.1 Synthesis of Nanoparticles

Iron selenide nanoparticles have been synthesised by a
number of different routes. Amongst these, the ubiquitous
hot-injection method takes precedence. Chen et al. made PbO-
type nanoflakes from the simple reaction of FeCl, in a mixture
of oleylamine (OA), oleic acid and trioctylphosphine selenide
(TOPSe).”7 TOPSe (and the corresponding telluride, TOPTe) are
often described as a mixture of the elemental chalcogen in
TOP (or other phosphine), though there is no ‘free’ chalcogen
in the final solution. Instead, the phosphine is oxidised to the
corresponding chalcogenide, though for tellurium there is an
equilibrium between tellurium and the phosphine telluride.’8
Zhang et al. also made use of a mixed precursor system,
reacting [Fe(acac);] and Se powder in OA generating
‘nanocacti’. Interestingly, they found that they could change
the particles morphology to nanosheets by adding oleic acid
into the reaction mixture (Figure 7).7°

Akhtar et al. decomposed the Fe(lll) single source precursors
tris(N,N-diethyl-N’-naphthoylselenoureato)iron(lll)  [Fe(napC-
(O)NC(Se)NEt;)s] (nap = napthyl, Figure 8a) in oleylamine (OA)
at 190, 240 and 290 °C to make mixed phase iron selenide
nanoparticles.8? The same authors found that they could make
pure phase FeSe, by switching to the Fe(ll) complexes
bis(tetraalklyldiselenoimidodiphosphinato)iron(ll) where the
alkyl is either an iso-propyl or a phenyl ([Fe{(SePR3),N}.] R = iPr,
Ph, Figure 8b). Decomposition of these SSPs in OA resulted in
plate-like crystallites of ferroselite (FeSe;).8!

Figure 7. SEM images of FesSes (a) ‘nanocacti’, (b) nanosheets, and (c) nanoplatelets
synthesized by Zhang et al.,”® with the morphology dictated by the amount of oleic acid
present in the reaction. Reprinted with permission from ref. [79], ©2011 American
Chemical Society.
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Iron selenide nanoparticles have also been synthesised by a
variety of other routes. These include mechanochemical ball
milling of Fe and Se powders, and though this method might
be beautifully simple, it resulted in a mixture of FeSe,, FeSe,
Fe;Seg and Fe304.82

Liu et al. synthesised FeSe; nanorods by the hydrothermal co-
reduction method using hydrazine as the reductant. An
aqueous solution of [FeCl3.6H,0], [Na,SeOs], in distilled water
was heated in Teflon-lined stainless steel autoclave to 140 °C
for 12 hours. After cooling to room temperature the black
product was filtered off, dried and revealed to be the
orthorhombic phase of FeSe,. The reaction was found to be
dependent on the concentration of hydrazine, with the
reaction only producing pure phase FeSe; in 1.5 M aqueous
hydrazine.83

PbO-type nanocrystals of FeSe have also been synthesized by
the solid state reaction of Fe and Se. The elements were
ground, cold-pressed into discs and heated to 700 °C under
static vacuum. The samples were then reground at room
temperature before being sintered again at 700 °C and then
annealed at 400 °C.7® This method resulted in phase pure
material, but represents poor potential for scalability, hence
the interest in solution-based processing.

3.2 Synthesis of Thin Films

There are very few examples of iron selenide thin films, with
the majority of synthetic routes focussing on CVD748081,84,385
though more electrolytic bath
deposition8 and pulsed laser deposition®” have also been
explored.

Wu et al. generated clean FeSe films from the toxic low-
pressure- (LP-) CVD reaction of [Fe(CO)s] and H,Se.”84 This
process generated clean FeSe films that demonstrated good
electrical properties, but both precursors are not the safest to
use, and so interest in other routes to FeSe films remains.
Akhtar and co-workers used the Fe(lll) selenoureato and the
Fe(ll) selenoimidophosphines (Figure 8) that they used for iron
selenide nanoparticle synthesis to deposit thin films through
an AA-CVD process. The selenoimidophosphine precursors
decomposed to form a mixture of Fe;Seg and FeSe,,8! whilst
the selenoureato gave FeSe thin films, but only at the
relatively high temperature of 625 °C.80

novel routes such as
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Figure 8. The tris(N,N-diethyl-N’-
naphthoylselenoureato)iron(lll) [Fe(napC-(O)NC(Se)NEtz)s] (nap = napthyl) and (b)
bis(tetraphenyldiselenoimidodiphosphinato)iron(ll) [Fe{(SePPh2),N}.], which have been

crystal structures of (a)

used by Akhtar et al. to generate iron selenide nanoparticles and thin films.8%8

A more complex precursor was chosen by Hussain et al.: 1-
acetyl-3-(4-ferrocenylphenyl) selenourea, a substituted

This journal is © The Royal Society of Chemistry 20xx



ferrocene derivative. This compound was dissolved in toluene
and used in an AA-CVD process, but resulted in a very
complicated mixture of different phases, indicating that
simpler compounds with an easier decomposition route might
be more appropriate.8>

Chemical bath deposition is a process that has received
considerable attention for materials such as zinc oxide, zinc
but
iron

sulfide and cadmium sulfide, 8891 little research has
suitability for sulfide deposition.
Thanikaikarasan et al. have carried out aqueous electrolytic
bath depositions using FeSO4 and SeO,, which resulted in the
formation of FeSe films.86 One major advantage of this
technique is that the average thickness of the deposited layers
can be controlled through the applied plating current and the
deposition time.

focused on its

4. Iron Telluride

Iron telluride is the least studied of the iron chalcogenides.
There are three iron telluride structures: NiAs-type hexagonal
FeTe (Figure 9a), tetragonal Feii,sTe (Figure 9b) and
orthorhombic frohbergite (FeTe,, Figure 9c).

a) b) c

s

Figure 9. The three major phases of iron telluride. (a) NiAs-type hexagonal FeTe, (b)
tetragonal Fe1.12sTe and (c) orthorhombic frohbergite (FeTe:). Brown = Fe, beige = Te.

Research in iron telluride has focussed on its potential to be a
high temperature superconductor and its magnetic
properties.®? There are therefore comparatively few examples
of the synthesis of nanoparticles or thin films of this material.
Iron telluride has most often been prepared directly by mixing
the elements in sealed tubes at high temperatures and high
pressures.?3-95 More recently, new synthetic methods and
metalorganic chemical vapour deposition (MOCVD) and pulsed
laser deposition routes have been used for the synthesis of
iron telluride.®6.97

4.1 Synthesis of Nanoparticles

Zhang and co-workers reported an aqueous route to prepare
nanocrystalline orthorhombic FeTe; through a reaction
between an aqueous alkaline of Te powder and KOH, and
[Na2{Fe(EDTA)}]. An aqueous solution of tellurium was used to
avoid handling H>Te and K;Te;.%8

Liu et al. extended their hydrothermal reduction synthesis of
FeSe,; nanocrystals to include FeTe,, through the reaction of
[FeCl5.6H,0] and [Na,TeOs] using hydrazine as the reducing
agent.83

This journal is © The Royal Society of Chemistry 20xx

Another aqueous route by Roy et al. soaked Te nanorods,
synthesized from the reduction of TeO, by hydrazine,®® with
FeCls, to result in FeTe nanorods through a galvanic reaction.
They discovered an interesting application in the FeTe rod’s
ability to detect glucose.100

Oyler and others used the traditional hot-injection route to
make iron telluride nanoparticles from hexadecylamine (HDA),
trioctylphosphine oxide (TOPO), trioctylphosphine telluride
(TOPTe) and [Fe(CO)s]. The Fe and Te ratio should be 20:1 to
form pure FeTe and for FeTe, a larger amount of Te is
required. FeTe products are two-dimensional single crystals
nanosheets with thickness of 2-3 nm and edge length ranging
from 200 nm to several micrometres. FeTe, formed as a
mixture of nanosheets and one-dimensional sheet-derived
nanostructures.”? This method reveals a strong ability to
control the obtained phase of iron telluride, and so represents
a good step forward in this field.

4.2 Synthesis of Thin Films

There are not many examples of iron telluride thin film
synthesis, but Bochmann reported the synthesis of the iron-
tellurium complex [Fe{tBu,P(Te)NR}:] (R = Pr, cyclohexyl)
which they used for the gas-phase deposition of FeTe;
films.96,101 Additionally, Steigerwald has demonstrated a LP-
CVD route to iron telluride thin films via the decomposition of
[{Cp(EtsP)(CO)Fe},Te] and [{Cp(EtsP)(CO)FeTe}.]. The former
gave films of pure FeTe, whilst the latter gave pure films of
FeTe,, demonstrating another great degree of control.102
There are a couple of examples of iron telluride cages that, like
the iron sulfide cubane clusters,2® might make good options for
the formation of iron telluride nanocrystals/thin films. For
example, Steigerwald has reported the synthesis of
[(EtsP)4FesTes],%3 and Roof has also synthesised both
[(Ph4P)2{Fe5Te4(CO)14}] and [(Ph4p)2{F83T91O(CO)20}].104 All three
of these compounds have an Fe-Te core and so resembles an
interesting target for future research.

5. Conclusions

This short perspective has sought to summarise the key
synthetic routes to a relatively unexplored class of compounds.
Iron sulfide represents a good candidate for thin film
photovoltaics, and the synthetic routes to such a promising
material must be improved if it is to be commercialised. The
other iron chalcogenides, the selenides and particularly the
tellurides, have received very little attention and the door
remains wide open for interesting and novel research in this
area.
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