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Morphology controllable syntheses of micro- and
nano-iron pyrite mono- and poly-crystals: a review

Haiyang Xian,?*< Jianxi Zhu,*?® Xiaoliang Liang® and Hongping He®”

Synthesis of iron pyrite with defined morphology has long been actively pursued, due to the strong size and
shape dependence of their chemical and physical properties. This review provides comprehensive
information outlining current knowledge regarding the morphology controllable syntheses of micro- and
nano-iron pyrite mono- and poly-crystals. The wet-chemical methods are summarized as the

controllable syntheses, including the hydrothermal, solvothermal, hot-injection and heating-up methods,
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1. Introduction

Iron pyrite is a common type of sulphide mineral and is also
known as “fool's gold”; however, its various applications make it
a promising material in the energy storage and environmental
protection areas. It is a very attractive candidate for the next
generation photovoltaic material, due to its high absorption
coefficient and its energy band gap (E, =~ 0.95 eV), which is
appropriate for photovoltaic energy conversion."® Not only
could pyrite affect the environment in which it is present
through its surface reactivity,” but it has also been widely used
in environmental applications for heavy metal adsorption,
reduction or related processes.'*>°

The atomic structure of iron pyrite (Fig. 1) is well-known and
was first determined by Bragg®* with his new X-ray diffraction
system in 1914. The structure of iron pyrite is an analogy of the
NaCl-type structure. The disulphide dumbbells S,>~ groups are
situated at the Cl~ positions, ie. at the cube centre and the
midpoints of cube edges, and the ferrous ion atoms at the Na"
positions, ie. the corners and face centres. Regarding the
arrangement of the disulphide dumbbells, the symmetry of
pyrite structure, Pa3, is lower than that of NaCl-type structure,
Fm3m. The space group of pyrite determines its crystal habit,
leading to the most common shapes of its crystals are {100},
{111} and {210} facets in nature.*?

Chemical reactions always occur on the surfaces, and
different shapes of crystals present different surfaces, therefore,
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also proposed for improving the performance of iron pyrite based materials.

the synthesis of transition metal dichalcogenides MX, (M = Fe,
Co, Ni, Cu, Zn; X = S, Se) with the pyrite structure and defined
morphology has long been actively pursued.”® For iron pyrite,
the morphology is significant to its surface reactivity or poten-
tial applications, e.g. solar cells and lithium batteries, and
environmental protection. This is attributed to the fact that all
these applications are mainly based on the surface character-
istics of iron pyrite, which are determined by its morphology.
The consideration of morphology controllable syntheses of
iron pyrite has been brought into attention for nearly two
decades. Many synthetic routes to iron pyrite have been suggested
since the first synthesis of iron pyrite, which were designed to
investigate the formation of iron pyrite through the hydrothermal
method in 1912.>* So far, hydrothermal, solvothermal, hot
injection, heating-up, low temperature aqueous, sulphidation
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Fig.1 Representation of the iron pyrite atomic structure.
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and vapour growth syntheses are the main synthetic routes to
iron pyrite. Among these methods, the hydrothermal, sol-
vothermal, hot-injection, heating-up and low temperature
aqueous routes could be classified into one group, namely the
wet-chemical routes. Compared to others, the wet-chemical and
sulphidation routes are much more suitable to materialize the
morphological controlling of synthetic iron pyrite.

To the best of our knowledge, however, the experimental
syntheses of iron pyrite framboids have only been examined in
one review study,* the purpose of which was to determine the
formation mechanism of iron pyrite framboid texture. There
has been no comprehensive review which would particularly
discuss about the controllable syntheses of iron pyrite. In this
review study, it was attempted to link the reported literature
sources and draw the outline of current knowledge about
morphology controllable syntheses of micro-nano iron pyrite
mono- and poly-crystals. This review will not focus on the
syntheses of polycrystalline thin films, their properties or
applications, as these features are being rapidly developing and
would constitute a much larger review paper. This review
focuses on the progress made in the field of morphology
controllable syntheses of iron pyrite mono- and poly-crystals.

2. Wet-chemical syntheses of
shape-controlled iron pyrite
2.1 Hydrothermal synthesis

The hydrothermal method can be defined as a method for the
synthesis of crystals that depends on solubility of minerals in

Table 1 Iron pyrite from reported hydrothermal synthesis
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hot water, at a temperature always higher than 100 °C, under
high pressure.”® The synthesis is always performed in an
apparatus consisting of a steel vessel, which is always termed as
an autoclave. In the autoclave, some certain nutrient, which
always contains all the elements for a certain kind of desired
crystal, is supplied along with water. A temperature gradient is
maintained between the dissolution and growth zones of the
designed crystals. At the end with the higher temperature the
nutrient solute dissolves, while at the cooler end it nucleates
and grows to crystals.

During the past decade, many hydrothermal routes, based
on the polysulphide synthesis pathway, have been carried out to
synthesize iron pyrite crystals. Many types of chemicals, such as
FeSO4’27—3o FeC13,8‘31’32 FeC12,33'3“ Na25,31,32 Na,S,0; 28,30 and S’zs,29
were used as precursors. In general, the Fe and S based sources
came from different precursors, but some chemicals, such as
iron diethyldithiocarbamate (Fe(S,CNEt,);),*® contain both S
and Fe were considered as the single source of Fe and S for
synthesizing iron pyrite. All the published hydrothermal
experiments of the past decade are summarized in Table 1. It
can be observed that the Fe source usually comes from one
chemical, while the S source from more than one, in the
majority of the previous studies.

Different starting materials may lead to different shapes of
the synthetic iron pyrite crystals. From the published reports, it
can be observed that iron pyrite single crystals with certain
facets could not always be obtained, when Na,S,0; and
elemental sulphur were selected as the S precursors. However,
certain conditions, faceted iron pyrite crystals were able to be

Reactant Surfactant T&t Shape Ref
FeSO,-7H,0 + thiourea PVP? 200 °C for 40 h Particle 27
FeSO,-7H,0 + Na,S,0; + S 200 °C for 24 h Framboid 28
Fe(S,CNEL,); 180 °C for 12 h Cube 35
FeSO, + Na,S,0; + S 200 °C for 24 h Polyhedron 29
Fe foil + S 160 °C for 12 h Nanosheet 36
[(C,H50),P(S)S]sFe CTAB? 200 °C for 12 h Quasi-cube 37
FeCl;-6H,0 + Na,S-9H,0 + 5S PEG-400° 180 °C for 20 h Polyhedron 31
FeCl,-4H,O + S PVP* + PVAY 453 K for 12 h Cube 33
FeCl,-4H,0 + S PVP? + PVAY 453 K for 12 h Octahedron 33
FeSO,-7H,0 + Na,S,0; + S 200 °C for 24 h Particle 30
FeSO,-7H,0 + Na,S,0; + S CTAB” 200 °C for 24 h Sphere-like 30
FeCl,-4H,0 + 2S PVP* 200 °C for 24 h Cube 34
FeCl;-6H,0 + SDS + Na,S-9H,0 180 °C for 18 h Flower like 8
FeCl;-6H,O0 + S + Na,S + iron foil 160 °C for 6 h Cube 32
Fe(acac); + Na,$,03-5H,0 + S OTA® + EA 220 °C for 12 h Ellipsoid-like 38
Nano-Fe;0, + Na,S,05-5H,0 + S OTA® + EA” 220 °C for 12 h Ellipsoid-like 38
FeSO,-7H,0 + Na,S-9H,0 + S 160 °C for 3-24 h Cube 39 and 40
FeSO, + Na,S,0; 180 °C for4 h Spherical shape 41
FeCl; + Na,S + S PEG-400° 120 °C for 48 h Coagulation 42
Fe +S CTAB? 200 °C for 24 h Spheroid shape 43
Fe(NO3); + 1-cysteine ETA*: H,0=28:1 200 °C for 48 h Cube 44
Fe(NO3); + L-cysteine ETAS: H,0=1:1 200 °C for 48 h Flake-like 44
Fe(NO3); + 1-cysteine ETA®:H,0=1:8 200 °C for 48 h Tetrakaidecahedron 44
FeCl,-4H,0 + S Gelatin 200 °C for 48 h Particle 45

“ As polyvinylpyrrolidone. ? As hexadecyltrimethylammonium bromide. ¢ As polyethylene glycol. ¢ As polyvinyl alcohol. ¢ As 1-octylamine. / As

ethanol. ¢ As ethanolamine.
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synthesized when the precursors were without Na,S,03. Thus, it
can be concluded that both the precursor and the hydrothermal
conditions can control the shape of iron pyrite.

From Table 1, it can also be observed that two sulphur-
containing chemicals have always been preferred as the S
sources to synthesize iron pyrite. One is elemental sulphur and
the other is Na,S,0; or Na,S. Wu et al.,”® Feng et al.,” Zhang
et al* and Xia et al.*® used Na,S,0; and elemental sulphur as
the S precursors to synthesize iron pyrite at hydrothermal
conditions. The iron pyrite samples they obtained contained
irregular particles or aggregation of polyhedrons. Zou et al.,*
Middya et al.** and Yang et al.***° used Na,S and elemental
sulphur as the S precursors. Particularly at Yang et al.'s work,***°
they initially prepared Fe solution with FeSO,-7H,0 + Na,-
S-9H,0 and S solution with Na,S-9H,0 + S; the S solution was
heated to 100 °C until no residual sulphur was remaining, and
then mixed the prepared solutions into an autoclave to perform
the hydrothermal experiments. The iron pyrite they obtained
was of cubic shape, however, the surface of the cube was rela-
tively rough. Kush et al.® used FeCl;-6H,0, sodium dodecyl
sulfonate and Na,S-9H,0 as precursor and flower-like iron
pyrite particles were obtained. Qiu et al.** prepared a precursor
solution, mixed with FeCl;-6H,0, S powder and Na,S, and the
resulting suspension reacted with a piece of clean iron foil in
a hydrothermal system. The products they obtained were
uniformly distributed cubes with smooth surfaces (Fig. 2a).

When comparing the number of S sources to synthesize iron
pyrite, the one S source may be much easier to operate in the
hydrothermal experiments, versus two S sources. Hu et al.*® and
Wang et al.*® only used one S chemical, i.e. elemental sulphur,
during the hydrothermal process and their results appear more
interesting than those employed two S sources. For instance, Hu
et al®*® synthesized FeS, nanosheet films on iron substrates
through a one-step hydrothermal treatment of iron foil and
sulphur powder. Fig. 2b reveals that the thin iron pyrite nano-
sheets transformed into flower-like and the thicknesses of the
nanosheets were approximately 30 nm. Wang et al.** obtained
cube-shaped and octahedron-shaped iron pyrite crystals (Fig. 3)
by employing polyvinylpyrrolidone (PVP) and polyvinyl alcohol
(PVA) as surfactant and by simply adjusting the NaOH
concentration. And the size of the product can be adjusted by
varying the reaction parameters.

Fig.2 FESEM images of (a) cubic iron pyrite film obtained in ref. 32 and
(b) thin iron pyrite nanosheets transformed into flower-like in ref. 36.
(a) is reprinted from ref. 32. Copyright 2013 Royal Society of Chemistry;
(b) is reprinted with permission from ref. 36. Copyright 2008 American
Chemical Society.
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Fig.3 SEM (aandc)and TEM (b and d) images of the cube-shaped and
octahedron-shaped iron pyrite crystallites.®®* Reprinted with permis-
sion from ref. 33. Copyright 2010 Royal Society of Chemistry.

Cubic iron pyrite crystals could be synthesized via a single-
source approach. Chen et al.*® synthesized cubic FeS, crystals
by using iron diethyldithiocarbamate as precursor. Wadia
et al.*” approached their synthesis procedure by beginning with
the formation of the single source molecular precursor iron(m)
diethyl dithiophosphate ([(C,H50),P(S)S];Fe) in aqueous solu-
tion through the reaction between iron(i) chloride (FeCl;) and
diethyl dithiophosphate ammonium salt ((C,H50),P-(S)SNH,).
Following, the single source precursor, with the addition of
hexadecyltrimethylammonium bromide (CTAB) acting as
a surfactant, undergoes thermal decomposition by a hydro-
thermal reaction. The prepared pyrite had the morphology of
quasi-cubic nanocrystal agglomerations.

Surfactants always play an important role in shape control-
ling during crystal growth. It is well established that the shape
evolution of crystals during growth in a given environment is
largely driven by the inherent necessity of minimizing the total
surface energy.*® The computed relaxed surface energies of
pyrite (100), (111), (210) and (110) surfaces are 1.06, 1.40, 1.50
and 1.68 ] m~>, respectively.”’*® Since the surface energy of the
(100) is the lowest, the most common naturally and syntheti-
cally occurring pyrite surface is (100). The surface energy may
decrease with the selective adsorption of appropriate molecules
and/or ions on certain surfaces. It consequently leads to the
growth rate of different surfaces can be controlled by using
different adsorbates.

Although various types of surfactants have been supplied in
synthesis of pyrite,>”3031333437:38424345 gnly a few obtained the
{100} and/or {111} facets.**** No facets have been synthesized by
employing CTAB and all the pyrite crystals synthesized with
CTAB tend to form aggregations.***”** However, regarding PVP,
it can be used as a surface capping agent to bind the iron atoms
at the (111) surface and direct the formation of {100} facets.
Compared to the amount of previous studies in order to
synthesize other synthetic crystals with specific facets,* it is

This journal is © The Royal Society of Chemistry 2016
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relatively feebler to work for the synthesis of iron pyrite. Hence,
some appropriate capping agents should be carried out to
synthesize iron pyrite with specific facets and this should be
emphasized in the future research on iron pyrite synthesis.

The pH may be another important factor in controlling the
iron pyrite shape during the hydrothermal processes. However,
limited studies have been focused on pH.****%*%** From these
studies, it can be easily found that iron pyrite crystals could
easier form regular shapes in an acidic environment®® than in
alkaline.?**° Combined with the surfactant of PVP and PVA, the
iron pyrite shape can be controlled by only adjusting the NaOH
concentration, ie. the pH.** However, the mechanism that
describes the effect of pH on the synthesis of iron pyrite is still
unknown.

2.2 Solvothermal synthesis

Solvothermal synthesis is similar to hydrothermal synthesis,
where the synthesis is also conducted in a stainless steel auto-
clave. The only difference between both routes could be that the
precursor solution of the solvothermal method is usually an
organic solvent instead of aqueous, as in hydrothermal method.
Table 2 summarizes the synthesis of iron pyrite from reported
solvothermal syntheses. It can be observed that ethylenediamine,
benzene, ethanediol and ethanol are usually used as the precursor
organic solvent. To produce iron pyrite by the solvothermal
synthesis method, E'jazi and Aghaziarati*® used various solvents
including ethanol, 1-propanol, 2-propanol, 1-butanol and ethyl-
enediamine. Their results showed that ethanol and 1-butanol
were fairly appropriate to prepare iron pyrite.

Various types of solvents are chosen as the reaction media,
which is due to the fact that the precursor organic solvent could

Table 2 Iron pyrite from reported solvothermal syntheses
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be the shape controller during the solvothermal synthesis of
iron pyrite. Qian et al.** synthesized nano rod-like and spherical
iron pyrite crystals by using ethylenediamine (EDA) and
benzene, respectively, as the precursor solvent during sol-
vothermal processes. When EDA is employed as the reaction
media, regardless the precursor chemicals or the reaction
parameters used, iron pyrite tends to grow into one-
dimensional shape, nano wires and nano rods, which is
affirmed by Kar et al. (Fig. 4).>>** To perform selective synthesis
of air-stable, phase-pure iron pyrite nano cubes, spheroidal
nanocrystals and microspheres, Yu et al.>* utilized 1-octylamine
and 1-octanol as the precursor solvent. Nano cubes and nano-
and micro-spheres were obtained. Furthermore, when ethane-
diol®® and ethylene glycol®® were used, the shape of iron pyrite
had the morphology of polyhedrons and spheres, but the
surface index of the polyhedron was hard to identify.
However, the mechanism of the organic solvent effect on the
morphology of iron pyrite is still unknown, although many

(@)

\\

Fig. 4 Nanocrystalline FeS, with different morphologies, synthesized
by using Fe(NO3)3-9H,0 at 180 °C with different molar concentration
of the precursors: (a) less amount (half) of the precursor; (b) higher
molar concentration (double) of the precursors.®? Reprinted with
permission from ref. 52. Copyright 2004 Elsevier.

Reactant Solvent & surfactant T&t Shape Ref
FeSO,-7H,0 + Na,S; Ethylenediamine 130 °C, 8-12 h Nanorod 51
Benzene Nanoparticle
FeSO,-7H,0 + thiourea Ethylenediamine 180-230 °C, 12 h Nano rod 52
FeCl; + thiourea Ethylenediamine Micro rod
Fe(NO3)3-9H,0 + thiourea Ethylenediamine Nanowire
FeSO, + thiourea Alcohol-water + PVP? 200 °C, 36 h Nanoparticle 57
Fe(NO;)-9H,0 + Na,S Ethylenediamine 180°C, 12 h Nanowire 53
FeCl,-4H,0 + S Ethylene glycol + TX-100° 180 °C, 12 h Cube 58
Ethylene glycol + PVP? Octahedron
FeSO,:7H,0 + thiourea Ethanol-water + PVP? 180 °C, 36 h Polyhedron 59
Fe(NO3)3-9H,0 + thiourea Ethanediol 200 °C, 24 h Sphere 55
FeCl;-6H,O + S Ethylene glycol + DMF? 160 °C, 12 h Sphere 56
Various” Various® 160-200 °C, 5 h Irregular 50
Potassium ferrocyanide + S Alcohol + PVP? 200 °C, 20 h Particle 60
FeCl, + S OLA + 1,2-dodecanediol 180 °C, 18 h Cube 61
FeE; + S Various® 190 °C, 3-22 h Nano particle 62
Fe,O; + S 1-Octylamine + 1-octanol 260 °C Spheroidal 54
1-Octylamine Nanocube
1-Octanol Microsphere

“ As FeSO,-7H,0, Fe(NO,), - 9H,0, FeCl; - 6H,0, thiourea, Na,S and Na,SO0s. ° As polyvinylpyrrolidone. ¢ As Triton X-100. ¢ As dimethyl formamide.

¢ As ethanol, 1-propanol, 2-propanol, 1-butanol and ethylenediamine.

As oleylamine. ¢ As octadecylamine, toluene, dimethylformamide,

octadecylxanthate, dodecylamine, oleylamine and trioctylphosphine oxide.

This journal is © The Royal Society of Chemistry 2016
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experiments show that the organic solvent could control the
shape. It is only empirically evident that some kinds of solvent
are suitable for certain morphologies. Therefore, before per-
forming the substantial morphology controlling of iron pyrite
through the organic solvent route, additional research studies
should be carried out to ascertain the mechanism.

Not only could the precursor solvent affect the shape of
products from the solvothermal routes, but also other parame-
ters, such as surfactant, pH, Fe precursor, could control the
growth of iron pyrite crystals. Similar to the hydrothermal
processes, surfactant is also an important factor in the iron pyrite
growth processes. Octadecylamine (ODA), octadecylxanthate
(ODX), dodecylamine (DDA), oleylamine (OLA) and tri-
octylphosphine oxide (TOPO) were employed as surfactants,*
which have been confirmed to be suitable for obtaining iron
pyrite colloid. PVP,”"%* Triton X-100,”® dimethyl formamide
(DMF)* and 1,2-dodecanediol®* were also proposed to control the
shape of iron pyrite. Liu et al.* and Liu et al.** obtained iron pyrite
cubic and irregular particles by using 1,2-dodecanediol and PVP
as surfactant, respectively. Wang et al.>**® successfully synthe-
sized cubic, octahedron and spherical iron pyrite by using Triton
X-100, PVP and DMF as surfactant, respectively. However, regular
iron pyrite crystals were not only obtained due to the surfactant,
but also NaOH concentration played a significant role.*®

2.3 Hot-injection synthesis

The first hot-injection synthesis for cadmium chalcogenide
nanocrystals was reported by Murray et al.** in 1993. Later, this
hot-injection method was extended to the synthesis of nano-
crystals for various materials,* including some metal sulphides
(PbS, ZnS, CdS and MnS).°® However, regarding iron pyrite
synthesis, the first attempt to use this method was reported 18
years later, in 2011.>%%

The hot-injection process involves two stages, the nucleation
and the kinetically controlled growth. The quick injection of the
precursor leads to a large supersaturation degree in the growth
solution, which results in the formation of nuclei, releasing the
excess of free energy present in the system. The nuclei forma-
tion in the growth solution reduces the supersaturation degree
and thus the precursor concentration below a critical value, at
which the nucleation stage is completed and the crystal growth
stage begins. The rapidly injection process leads to the forma-
tion and crystals growth of all the nuclei almost at the same
conditions, therefore, the hot-injection synthesis could lead to
the monodisperse crystals.*®

In a typical synthesis of iron pyrite by hot-injection method,
the experiments are always carried out under inert atmosphere
(usually Ar or N,), which is performed by standard Schlenk line
techniques.>” The whole process mainly includes four steps.®”*
First, the sulphur and iron precursor solution is prepared in
separate vessel, at certain temperature. Second, one of the
prepared solutions of the precursor are rapidly injected into the
other at the designated temperature (always higher than 100
°C). Third, after the injection, the reaction system is heated up
to a constant temperature for different aging times, which
always ranges from several minutes to hours. Finally, following

31992 | RSC Adv., 2016, 6, 31988-31999
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cooling of the reaction system to ambient temperature, the
precipitate is washed and collected via centrifugation. Table 3
summarizes the reported hot-injection syntheses of iron pyrite.

From Table 3, it can be observed that the injection processes
could be divided into two classes, one involving injecting the
sulphur solution into the iron solution, while the other requires
injecting the iron solution into the sulphur solution. However,
the majority of the reported processes are classified into the first
class, while only one case” is classified to the second. It can also
be observed that elemental sulphur and FeCl, were employed as
the sulphur and iron precursors, in the majority of the reported
experiments. Only some cases used iron pentacarbonyl” and
FeBr, (ref. 71) as iron precursors. In most cases, OLA is often
chosen as the reaction media due to its higher boiling point,
commercial availability, and relatively low cost, compared to
other alkylamines. Except for OLA, some other types of organic
solvent, such as diphenyl ether (DE) or ODA, were also used in
the iron pyrite hot-injection synthesis.

Combined with organic solvent, surfactants could affect the
shape and size of iron pyrite. TOPO was firstly employed as
surfactant to control the shape of iron pyrite in hot-injection
syntheses. The prepared iron pyrite has cubic shape. The size
of iron pyrite nanocrystals can be set between 60 and 200 nm by
adjusting the amount of TOPO.? In addition to TOPO, 1,2-hex-
anediol” and 1-hexadecanesulfonate” could be employed as
surfactants to control the shape of iron pyrite. According to
Bhandari et al.'s work,”” compared to TOPO, when 1,2-hexa-
nediol is employed as capping ligands, the cubic iron pyrite
could also be obtained. Lucas et al” ascertained 1-hexa-
decanesulfonate as an efficient ligand to synthesize cubic iron
pyrite nanocrystals, by attempting phenyl diamines and high
molecular weight surfactants, such as PVP and Triton X-100.
However, neither shape nor size controlling were achieved.

With the hot-injection method, different shapes of iron
pyrite can be obtained, such as cubes, dendrites, sheets or
plates, all in the nanoscale. Following injection, the initial iron
pyrite monomer concentration is an important role in control-
ling the shape of iron pyrite. Li et al.® obtained iron pyrite
nanocubes and nanodendrites by adjusting the precursor
concentration, which results in different monomer concentra-
tion. Ge et al.”” also concluded that increasing the monomer
concentration changes the shape of the final particles from
nanocubes to nanoplates and finally to spheres.

The thermodynamic conditions are also a significant factor
for synthesizing iron pyrite by the hot-injection method. Kirke-
minde et al’® reported the thermodynamically controlled
synthesis of FeS, nanocrystals, depending on the reaction
temperature and chemical precursors. Similarly, Gong et al.” also
obtained iron pyrite cubes and nanosheets by changing the
injection temperature. Fig. 5a-h displays a sequence of TEM
images for the formation process of iron pyrite cubes and sheets.
Kirkeminde et al.”® proposed an energy model for the formation
of two different crystal faces for iron pyrite, the {100} and {111}.
This model explains the energy aspect of the formation of iron
pyrite at the {100} and {111}. However, it could not provide
further information on how the iron pyrite nanocubes or nano-
spheres form. Hence, Oriented Attachment (OA), which appears

This journal is © The Royal Society of Chemistry 2016
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Table 3 Iron pyrite syntheses from reported hot-injection synthesis
Reaction system” Atm T, t° Shape Ref
S(OLA?) — FeCl,(OLAS, 170 °C) + TOPO/ N, 220°C,2h Nanocube 2
S(OLA”) — FeCl,(OLAf, 100 °C) N, 220 °C, 20 min Nanodendrite; nanocube 67
S(DE ) — FeCl,(ODA’, 120 °C) Ar 220°C,3 h Nanoparticle 5
S(DE?) — FeCl,(ODA®, 100 °C) N, 200°C,1h Nanocube 69
Fe(CO); — S(OLAS, 120 °C) Ar 120-240 °C, 4 h Nanoplate 70
S(OLA?) — FeCl,(OLA® + HDDO' + ODE™, 100 °C) N, 240°C,1h Nanoparticle 74
S(DEY) — FeCl,(ODA®, 120 °C) Ar 220°C,2 h Nanocube 73
145°C,2 h Nanosheet 73
S(OLAC) — FeCl,(OLA, 150 °C) N, 250 °C, 30 min Nanoparticle 75
S(DEY) — FeCl,(ODA¢, 120 °C) Ar 220 °C, 90 min Cube 76
S(DEY) — FeCl,(ODA®, 170 °C) Ar 220 °C, 90 min Popcorn-shaped 76
S(DE?) — FeCl,(ODA®, 220 °C) Ar 220 °C, 90 min Nanosphere 76
S(DE?) — Fe(acac),(ODA?, 220 °C) Ar 220 °C, 90 min Hexagonal sheet 76
S(DE?) — Fe(CO);(ODA®, 120 °C) Ar 220 °C, 90 min Hexagonal sheet 76
S(OLA® + HSAS/) — FeCl;(OLA", 120 °C) N, 220 °C, 10 min Cube 72
S(OLA?) — FeCl,(OLA®, 115 °C) + TOPO/ N, 230°C,2h Nanoparticle 4
S(OLA®) — FeCl,(OLA, 110 °C) N, 180 °C,5minto 6 h Nanoparticle; nanoplate 77
S(DDA®) — FeCl,(DDA®, 95 °C) Ar 215°C,1h Nanoparticle 78
S(DE?) — FeCl,(ELA", 115 °C) N, 210°C,1h Particle husk 79
S(OLA®) — FeCl,(OLA, 115 °C) N, 230°C, 2 h Cube 3
S(DE?) — FeCl,(ODA® + PL!, 220 °C) N, 205 °C, Nanocube 80
S(OLA®) — FeCl,(OLA", 100 °C) N, 220°C,3 h Nanoparticle 81
S(DE*/OLA®) — FeCl,(ODA®/OLA’, 120 °C) N, 120 °C, 30 min Nanorod 82
220 °C,2 h Quasi-cube 82
S(OLA®) — FeBr,(OLA’, 120 °C) + TOPO//HDO* N, 220°C,2 h Cube 71
S(OLA®) — FeCl,(OLA®, 90 °C) N, 180-260 °C, 1-24 h Cube 83
S(DEd) — FeCl,(ODA?, 120 °C) Ar 200 °C for 3 h Rod 84
S(DEY) — FeCl,(ODAY/OLA", 120 °C) N, 220°C,2h Nanoparticle 85

“ Sign on the left of the arrow stands for the injection solution; sign on the rlght hand of the arrow, in the parenthesis, stands for the 1nJected
solution and the injection temperature and surfactant, out of the parenthesis. > T and ¢ are aging temperature and tlme after injection. ° As
oleylamine. ¢ As diphenyl ether. ¢ As octadecylamlne 7 As 1- hexadecanesulfonlc acid sodium salt. ¢ As dodecylamine. " As ethanolamine. ‘ As
paraffin liquid.” As trioctylphosphine oxide. © As 1,2-hexanediol. ’ As 1,2-hexadecanediol. ™ As octadecene.

Collision
(111) Coalescence

Recrystallization

Fig. 5 Sequences of TEM images, showing the detail of the attach-
ment process: (a) FeS, QD seeds; (b) seed collision; (c) seed coales-
cence; (d) recrystallization process from polycrystal to monocrystal.
(e—h) FeS; seeds evolved into single crystal nanosheet by coalescence
and recrystallization process and (i) schematic illustration of the cubic
(pathway A) and sheet (pathway B) formation of FeS, nanocrystals.”
Reprinted from ref. 73. Copyright 2013 Macmillan Publishers Limited.
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to be a suitable mechanism during the development of nanoscale
materials, was introduced in iron pyrite crystalline growth by
Gong et al.” and Zhu et al.® They utilized the OA mechanism
(Fig. 5i) to interpret the iron pyrite cubes and spheres” and the
anisotropic growth of iron pyrite,* respectively.

However, the driving force of the OA mechanism for iron
pyrite synthesis is still unknown. It would be interesting to
know how the different facets combined with each other and
does the driving force come from the surfactants. If so, the thing
more interesting is how the surfactants work on the surface.
Therefore, there is a long way to go into the mechanism of iron
pyrite synthesis by hot-injection routes.

2.4 Heat-up synthesis

The heat-up synthesis is also an important method for the
synthesis of iron pyrite nanocrystals. Compared to hot-injection
synthesis, the heat-up method appears much more practical.
The reaction system is heated up directly from room tempera-
ture to reaction temperature. In the reaction system, many types
of organic solvents, which are also used in the hot-injection
synthesis, are employed.

There are limited reports about the iron pyrite synthesis
from the heat-up method, which are summarized in Table 4. It
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Table 4 Iron pyrite from reported heat-up syntheses

Reactants Solvent T,t Shape Ref

FeCl,(100 °C) + S OLA“ 180°C,1h Nanoparticle 86

FeCl, + S HDA? + OLA® 250 °C, 3 h +200°C, 9 h Cube 7

Fe,O; + S OLA? + OA° + CTAB? 290°C,1h Cube 87

FeCl, + Na,S,0; DMSO° + TGA + EDA® 139 °C, 2-12 h Nanoparticle; nanowire; 88

nanosheet

FeSO, + S TEG" 200 °C,4 h Mesoporous microsphere 89

200 °C, 20 h Solid microsphere 89

“ As oleylamine. ? As hexadecylamine. ° As oleic acid. ¢ As hexadecyltrimethylammonium bromide. ¢ As dimethyl sulfoxide.” As thioglycolic acid.

& As ethylenediamine. " As triethyleneglycol.

AccV SpotMpi
200K/30 46000 St

Fig. 6 SEM images of the honeycomb-like (a and c) and solid (b and d)
FeS, microspheres.®® Reprinted with permission from ref. 89. Copy-
right 2014 John Wiley & Sons, Inc.

can be observed that a variety of chemicals are employed as the
precursor materials. Although the number of studies on the
heat-up synthesis of iron pyrite are fewer than that of hot-
injection synthesis, the selection range of the iron precursor,
from FeCl, (ref. 7, 86 and 88) to Fe,O; (ref. 87) and FeSO,,* in
the heat-up method is wider than that in the hot-injection
method. Iron pyrite with various shapes, such as nanocubes,
nanowires or nanosheets, can be obtained from the heat-up
synthesis. Macpherson et al.” obtained iron pyrite nanocubes
by employing the heat-up synthesis method with a second
growth method. Bai et al.®® managed to control the shape of iron
pyrite form nanoparticles to nanowires and nanosheets by
changing the molar ratio of the precursor Fe*" and stabilizer,
thioglycolic acid (TGA), from 1 : 4 to 1: 3 or 1 : 2. Furthermore,
Xu et al.® synthesized mesoporous (Fig. 6a and c) and solid
microspherical (Fig. 6b and d) iron pyrite, by adjusting the
reaction time from 4 h to 20 h.

3. Sulphidation synthesis of iron
pyrite with different morphologies

Sulphidation synthesis is widely used to convert precursor
materials, such as metal and oxides, to sulphides, which is

31994 | RSC Adv., 2016, 6, 31988-31999

significant to the formation of sulphide minerals.” It is also
called as thermal sulphuration, sulphurization or sulphurating
in some studies; sulphidation is the term that will be used
during this review study. In a typical process, the precursor
materials are initially prepared and, following that, thermal
sulphidation is usually carried out at a certain temperature
(between 200 and 600 °C), for a certain period of time (between
several minutes to hours), under a sulphur or hydrogen
sulphide (H,S) atmosphere, using a tube reactor equipped with
gas flow and pressure control options.

The synthesis of iron pyrite by thermal sulphidation has
been popular since the 1980s, which was used for preparing
iron pyrite for the manufacturing of solar devices. Many types of
precursor materials have been employed in the reported
studies, including iron films,”*° iron oxide films, iron
sulphide films'*'*” and other typical chemicals."'**""” The
terminal morphology of iron pyrite is determined by the
precursor materials. When the precursor materials are films,
nanotubes or nanowires, so are the terminal pyrite samples.
Therefore, the previous studies could be classified into two
classes, according to the morphology of pyrite. One would focus
on iron pyrite films, while the other on nano iron pyrite with
different morphology. However, only the latter is discussed
below since the purpose of this review.

100-105

Table 5 summarizes the different morphologies, of nano iron
pyrite, as reported in previous studies, synthesised by thermal
sulphidation. It can be observed that the morphology of iron
pyrite depends on the precursor. Some precursors were sulph-
ured directly without any treatment. Amorim et al'® and
Caban-Acevedo et al.*'”**® used Fe,O;, low-carbon steel and
FeCl,-4H,0/FeBr, powder as precursors, which were sulphured
directly, to prepare iron pyrite spheres, nanowires, nanobelts
and nanoplates. Some precursors were also prepared by various
methods, including template,"**"** solution synthesis'** and
anodization."*

When the precursors are prepared by a specific method, the
products usually have the same or similar morphology with
their precursors. For instance, Li et al'*® used FeF;-3H,0
nanowire, as precursor to prepare iron pyrite, prepared by
solution synthesis, and the morphology of the products after
sulphidation was also nanowires (Fig. 7a and b). In Wang et al.'s
report,' ZnO nanorod arrays were used as the initial template

This journal is © The Royal Society of Chemistry 2016
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Table 5 Nano iron pyrite with different morphology from that of the reported thermal sulphidation synthesis

Precursor Method Sulphidation conditions Morphology Ref
Iron films No Ar plasma-assisted in S nr? 124
Fe nw” EP“ + AAO template 300 to 450 °C for 8 hin S nw” arrays 119
Fe,0; No 400-500 °C in S Quasi sphere 116
Low-carbon steel No 350 °C for 20 h in S/H,S nw’ 118
FeCl,-4H,0/FeBr, powder No 425 °C for 45 min in S nr?, nb, npf 117
FeF,-3H,0 nw” Solution synthesis 500 °C for2 hin S nw” 122
Fe,0; nw’ AAO template 500 °C for 1 hin S nw?, nt’ 120
Fe(OH); nt° ZnO template 350°Cfor3hin$S nr arrays 121
Fe;0, nt° Anodization 400 °C for5hin S nt* 123

“ As electrodeposition. ? As nanowire. ¢ As nanotube. ¢ As nanorod. ¢ As nanobelt./ As nanoplate.

B NI A
NWs after Sulphidation
AT, e % =
— - -y (O

A

A
/

[ [ c-FeF 3H,0 Nws P&
R / 7 ]

FeS: arrays

0.8 um

Fig. 7 SEM images of the NWs before (a) and after sulphidation (b),'2
and FeS; nanorod arrays: (c) top view and (d) cross-sectional view;*?*
(e and f) NR, (g) NB and (h) nanoplate.*” Reprinted with permission
from ref. 117. Copyright 2013 American Chemical Society and ref. 121
and 122. Copyright 2014 Royal Society of Chemistry.

to produce Fe(OH); nanotube arrays and then the Fe(OH);
nanotube arrays were used as a template to produce the final
iron pyrite nanorod arrays (Fig. 7c and d).

When the precursors are sulphured without any further
treatment, the morphology of products is usually different to that
of their precursors. Caban-Acevedo et al**** used low-carbon
steel and FeCl,-4H,0 or FeBr, powder as precursors to prepare
iron pyrite. The morphology of the products was amazingly
different to that of the precursors: nanowire, nanorod, nanobelt
and nanoplate were able to be obtained (Fig. 7e-h).

The existing literature about this method can be considered
as the beginning to the new-fangled iron pyrite nanomaterials
world. The morphology of iron pyrite, prepared from sulphi-
dation synthesis, can be controlled by adjusting different
precursors or different preparation methods. This method
could be an important method for the preparation of novel iron
pyrite nanomaterials.

This journal is © The Royal Society of Chemistry 2016

(a) T T T
AN
53 JCPDS#06.0710 H
’I 1 1
20 30 40 50
20 (degrees)
Fig. 8 (a) Indexed X-ray diffraction of synthetic cubic-FeS,. (b) FESEM

image of synthetic cubic-FeS, that confirms cubic structure with 2-3
um cubes.®*? Reprinted with permission from ref. 132. Copyright 2012
John Wiley & Sons, Inc.

4. Synthesis of iron pyrite with other
methods of relatively high efficiency

Except for the above methods to synthesize iron pyrite with the
desired morphologies, the synthesis of iron pyrite with other, of
relatively higher efficiency methods, were also carried out. The
sputtering deposition,'***** microwave,***** plasma,”"**
magnetic field,"** electrochemical deposition,*** pulsed electron
ablation™ and mechanical milling”®® were employed to
synthesize iron pyrite. However, not all of these highly efficient
methods could be the appropriate ones to synthesize iron pyrite
crystals with the designed morphologies.

A special morphology could be obtained when the micro-
wave or magnetic field methods are employed. Kim and

134

Batchelor,"® successfully synthesized iron pyrite within a few
minutes, through the reaction of ferric iron and hydrogen
sulphide, under the influence of irradiation by a conventional
microwave oven. Aided by microwaves, monodisperse iron
pyrite microspheres™* and cubic iron pyrite crystals (Fig. 8)**
could be obtained. Aided by magnetic field, Wei et al. obtained
iron pyrite sponge-like nanochained networks.

5. Summary and outlook

As a conclusion, monodisperse iron pyrite crystals, spheres and
nano arrays could be obtained by employing the summarized
methods above. Merits could be found in these synthetic routes.
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To fabricate micro- or nano-iron pyrite mono-crystals with
monomorphous facets, the wet-chemical routes, i.e. the hydro-
thermal, solvothermal, hot-injection and heat-up methods, are
appropriate for controlling the size and shape. Most particu-
larly, the hot-injection method is efficient for monodisperse
narrow size distribution. If attempting to do so with any other
methods of higher efficiency, it may be more helpful to tune the
facets. Compared to the wet-chemical routes, the sulphidation
method would be easier to operate and synthesize poly-
crystalline iron pyrite with diverse morphologies. However, it is
hard to synthesize iron pyrite mono crystals from sulphidation.
Due to the lowest surface energy, the cubic iron pyrite planes of
{100} are much easier synthesized and more regular than other
synthetic facets, like the octahedral {111}. To obtain iron pyrite
polycrystals with different morphologies, such as iron pyrite
nanoarrays or nanowires, a designed precursor template should
be employed for the sulphidation method.

Compared to other semiconductor photocatalysts, such as
TiO,,*® the relative research studies on crystal facet engineering
of iron pyrite is at early stages. Nowadays, the crystal facet
engineering of semiconductors has become an important
strategy for defining the physicochemical properties and thus
optimizing the reactivity and selectivity of photocatalysts,* the
crystal facet engineering of iron pyrite could become a valid
strategy for fine-tuning of the photovoltaic and environmental
properties. Therefore, the new target area of iron pyrite
syntheses should be focused on the iron pyrite crystals with
tailored facets.

Although some facets, such as the cubic {100} and the
octahedral {111}, of iron pyrite have been synthesized in
previous studies, some challenges are still not overcome, for
well tuning the crystal facets of iron pyrite. Some challenges and
probable solutions are listed below: (i) the interactive mode and
force between the surfactants or solvents with iron pyrite crys-
talline facets are not clear. Computational simulations should
be performed to provide guidelines to the choice of suitable
surfactants or solvents. (ii) The suitability of inorganic ions for
capping agents, like F~ for anatase {100} facets,"*” to achieve
various shapes should be examined. Only when a significant
volume of experiments has been carried out, should this issue
be resolved roundly. (iii) The driving force and acting form of
the OA mechanism in iron pyrite crystal growth processes are
also other issues that remain to be clarified. (iv) The relation-
ship between the precursor materials and pH with the evolution
of iron pyrite shape is another issue which should be disclosed,
based on well-designed experiments. This may be a potential
approach to transform the synthetic iron pyrite from octahedral
{111} to a more regular.
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