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I
ron pyrite (FeS2, hereafter termed pyrite
for simplicity) is a technologically impor-
tant indirect band gap semiconductor

(Eg ≈ 0.95 eV). It has been commercialized
as a high-capacity electrode material in
lithium-ion primary batteries,1 and recent
developments indicate its viability in re-
chargeable batteries as well.2 Understanding
the surface chemistry of pyrite is an especially
important issue for multiple applications. Re-
cent work has identified the surface of pyrite
as interesting for dilute magnetic semicon-
ductor research with spintronic application.3

Oxidative decomposition at pyrite's surface
has become vital in understanding the pro-
cesses leading to the acidification of runoff
coming from coal mining, a phenomenon
known as acid mine drainage.4 However,
the most active pyrite research effort is direc-
ted toward its potential application as the
photoactive material in thin-film solar cells,
an additional application that, as described
below, necessitates a better understanding of
its surface properties.
Concerning photovoltaics, pyrite's unique

properties include an exceptionally large
optical absorption coefficient in the visible
region (R > 105 cm�1 at pω > 1.5 eV)5

coupled with large elemental abundances,
nontoxicity, and low material refinement
costs.6 Its single junction thermodynamic
limit (Shockley�Queisser limit) is ∼31%,
slightly less than the 33.7% limit for an ideal
band gap of 1.34 eV.6 Therefore pyrite as the
activematerial in photovoltaic junctions iswell
positioned to directly address the predomi-
nant challenge in solar harvesting, the eco-
nomic difficulty of widespread deployment.
Furthermore, such high optical absorp-

tion in pyrite allows for absorption of 90% of
incident light in only ∼40 nm thick layers
(neglecting light scattering).7 If such ultra-
thin films can be formed, it could potentially
enable more efficient carrier extraction
and the creation of novel heterojunction

device architectures such as extremely thin
absorber cells, which can be considered
“semiconductor-sensitized” in analogy to
dye-sensitized cells.8

In the 1980s, work was undertaken to
develop the technology, predominately by
the Tributsch group in Germany, who suc-
ceeded in creating electrochemical cells with
mostly favorable characteristics. However,
the photovoltage remained around 200 mV
in these cells, far below theoretical estimates
and thereby limiting efficiencies to below
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ABSTRACT

Multiple lines of recent research indicate that iron pyrite (FeS2) requires a {100}-terminated

crystal morphology in order to maintain semiconducting properties. Additionally, the large

absorption coefficient of pyrite allows for the near complete absorption of above band gap

radiation in <50 nm layers. However, to our knowledge <50 nm pyrite nanocubes have yet to

be isolated. Herein, we demonstrate the synthesis of∼37 nm phase pure pyrite nanocubes by

manipulating the sulfur chemical potential and ligand environment of the system. Ultra-

violet�visible (UV�vis) absorption spectroscopy gives a signal of resonant light scattering

indicating strong electronic coupling between nanocubes, which may allow for nanocube films

with superior electron mobility. The absorption spectroscopies of cubic and irregular

nanocrystals are contrasted and compared with recent theoretical work in order to investigate

the effect of shape on electronic properties. Specifically, nanocubes have been found to have

absorption characteristics closer to theory as compared to irregular nanocrystals, especially for

UV radiation: 250�350 nm. Pyrite nanocubes display an indirect band gap at ∼1.1 eV in

addition to two direct transitions at∼1.9 and∼3.0 eV, correlating well to theoretical values.

KEYWORDS: nanocrystal . pyrite . photovoltaic . shape control . resonant light
scattering
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3%.7 This anomalously low open-circuit voltage has
remained a persistent problem. With renewed interest,
prompted mostly by the materials availability study of
Wadia et al.,6 theoretical studies have begun to bring
the source of the problem into clearer focus.
Historically, the most common explanation for the

anomalously low open-circuit voltage has been sulfur
deficiencies in the bulk material.9 However, recent
theoretical work10�12 and a survey of experimental
studies13 now suggest that pyrite is essentially a
stoichiometric compound (O(106)/cm3) with a sizable
(∼2.4 eV) sulfur defect formation energy. These same
considerations have been used to argue against the
presence of Fermi level pinning in the material.10

Another possible explanation for the low open-
circuit voltage is that trace impurities of the orthor-
hombic polymorph (marcasite) or iron monosulfide
(FeS) phases may exist and limit voltage. Concerning
marcasite, recentmodeling has shown that it may itself
be a semiconductor and that while one or two layers
may grow on pyrite surfaces, no midgap states are
created.14

Considering surface structure, pyrite is commonly
cleaved on either the {100}, {111}, or {210} face.15

Work by Alfonso argues that both of the low-energy
{111} and {210} faces create conductive surfaces.16

The stoichiometric {100}-S faces (hereafter termed the
{100} faces for simplicity), however, leave the surface
basically unreconstructed and do not break bonds in
the persulfide unit.17 Therefore, surface iron atoms no
longer have a distorted octahedral crystal field but are
reduced to square-pyramidal symmetry. The band gap
of pyrite at the (100) surface has been evaluated
theoretically, with most studies showing only a slight
decrease (0�0.3 eV) from the bulk value.10,14,18,19

As argued above, bulk considerations and the
electronic state of the perfect {100} face have not
been able to explain the observed low photovoltage.
However photoelectron spectroscopy,17 scanning tun-
neling microscopy,20 and modeling19 have firmly es-
tablished that there is a low-energy route to defect
states on the (100) surface. At the level of single sulfur
defects Yu et al.10 and Zhang et al.18 both find that
sulfur vacancies have low formation energies (∼0.4 eV)
on these faces, but differ regarding the relative impact
on electronic properties. As the concentration of defect
sites increases, there can be a large percentage of
iron monosulfide defects with a surface charge rear-
rangement that oxidizes iron to Fe3þ and reduces
sulfur to S2�.21 Effectively, an iron monosulfide shell
may be created, and such defects could cause the
observed conductive behavior indicated by low open-
circuit voltage measurements.
With such a high optical absorption coefficient in

pyrite (penetration depth: δ = ∼15 nm in the visible)5

most excitons are created in the near surface of
the material, magnifying the importance of surface

considerations. Therefore, it is probably unsurprising
that the best device results with pyrite have come
from surface treatments prior to the creation of elec-
trochemical interfaces. Specifically the Tributsch group
found that HF/CH3COOH/HNO3

22 and KCl23 treatments
markedly improved the electrochemical performance
of their photoelectrodes. In addition many high-
vacuum studies have found it necessary to wash their
samples in acid prior to analysis to obtain a high-
quality surface.24

Given the size constraint, recent studies have
created pyrite by nanocrystal synthetic routes.25�28

However, these studies either have not isolated {100}
faces or have done so at sizes 150 nm or larger.28

Photovoltaic devices with this particle size (>150 nm)
will have a mismatch between penetration depth and
device thickness, necessitating longer diffusion lengths
and negating the inherent strengths of pyrite as an
absorbing material.
Additionally, UV�vis absorption spectroscopy in

these studies, while generally indicating an indirect
transition around 1 eV, has been significantly different
so as to obscure a consistent determination of the
electronic properties of the material. Such ambiguity
in characterization of the optical band gap seems to
preclude the possibility that the electronic band gap,
including interfaces, will be appropriate for optoelec-
tronic applications.
In the work described here, we have attempted to

address pyrite's synthetic challenges by nanocrystal
synthesis in order to grow <50 nm particles with {100}
faces. We use alkylamines of different lengths to con-
strain size and leverage theoretical data indicating that
{100} faces are favoredwhen the chemical potential of
sulfur is low tomanipulate shape.16 The resulting cubic
product reported here is amenable to various surface
treatments that may help elucidate the surface pro-
cesses active on the {100} facets; suchworkwill be vital
for photovoltaic application as well as surface magnet-
ism and oxidative decomposition studies, as described
above.
It should be noted that this type of study is some-

what unique in the field of semiconductor nanocrystals
in that no attempt at quantum confinement is made.
This has distinctly altered the common requirements
for a successful synthesis. Monodispersity and size
requirements (normally for emission purity) are con-
siderably relaxed, whereas, as described above, shape
and surface constraints are of primary importance.

RESULTS AND DISCUSSION

Synthetic Scheme. The general synthetic scheme de-
scribed in this work uses the chemical potential of
sulfur along with alkylamines of different lengths and
temperature to control the size and shape of the
product. Specifically, Figure 1 shows the transition
from irregular particles after the nucleation step to
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euhedral nanocubes after one growth step and further
toward shape perfection after the second growth step.
This figure also gives the solvent environments, molar
sulfur/iron ratios, and temperatures employed to in-
duce the indicated results. Here, and throughout this
study, we use the term nucleation to mean the initial
product of our synthesis rather than molecular seed
crystals.

Figure 2A,B give additional TEM and HRTEM images
of the final product of this synthesis, indicating the
cubic morphology of the particles and the size distri-
bution. Five-hundred nanocubes were measured from
TEM images to give the size distribution histogram
displayed in Figure 2C. The final product ismeasured to
have an average edge length of 37 nmwith a standard
deviation of 11 nm. The measured lattice parameters
estimated from HRTEM correspond well to accepted
values.29

Structural and Elemental Characterization. Structural
characterization of the resulting pyrite nanocubes is
given in Figure 3. X-ray powder diffraction peaks in
Figure 3A correlate well to pyrite with accepted lattice
parameters (a = 5.418 Å, u = 0.385 Å).29 No peaks cor-
responding to marcasite (FeS2) or pyrrhotite (FeS) are
detected, indicating phase purity for each growth step
in the synthesis.

A Scherrer analysis of the final XRD pattern gives a
crystallite size of 48 nmwith a standard error of 5.2 nm;
this being a volume-average size distribution is not
directly comparable to the number-average size dis-
tribution given above from TEM measurements. Con-
verting the TEM size data to a volume-averaged basis
gives a value of 46 nm. Therefore, the XRD size and the
TEM size agree to within the errors of the measure-
ments, indicating that the resulting nanocubes are
single-crystal domains. However, stacking faults are
quite prevalently observed as indicated in Figure 1.
Details of the Scherrer analysis are given in the meth-
odology section.

Raman spectroscopy has also been utilized for
structural analysis, with the results reported in
Figure 3B. All five Raman active modes for pyrite result
from vibrations of the sulfur atomswith stationary iron,

so this characterization method gives high-resolution
information about the chemical environment of the S2

Figure 1. TEM images and chemical conditions indicating the synthetic scheme employed.

Figure 2. (A) TEM image of the synthesized FeS2 nanocubes
showing the sample morphology and size distribution, and
(B) HRTEM image showing lattice fringes with a measured
d-spacing corresponding to the FeS2 {100} lattice planes. In
(C) the particle size distribution (number distribution) is
determined from TEM measurements.
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units.30 In this analysis we have used λ = 532 nm for
excitation; at this wavelength pyrite is highly absorbing,
with an absorption coefficient of ∼4 � 105 cm�1.5,31

This excitation wavelength gives a penetration depth
typical for metals, not semiconductors, and as a con-
sequence, much of the Raman scattering reaching the
detector results from the near surface of the material.

This Raman analysis gives three peaks, which have
previously been indexed to different stretching and
librational modes of the persulfide units and show
close correspondence.32 Also, the Tg(3) mode is a mix-
ture of stretching and librational motion of four adja-
cent S2 units, and the relative strength of this mode
has been argued as indicating good long-range order
in the crystal.33 Additionally, there is a small shoulder
on the Eg mode at∼350 cm�1. This shoulder has been
ascribed to the Tg(1) mode, which to our knowledge

has been observed only by using polarized light
(to block out the overlapping Eg mode)34 or a liquid-
nitrogen-cooled CCD.30 Peaks sharp enough for the
observation of this mode are taken to indicate the
chemically homogeneous nature of the product.

Energy-dispersive X-ray spectroscopy was utilized
to analyze the elemental composition of the product
through each of the growth cycles. The ratio of sulfur
to iron remained stoichiometric within the experi-
mental accuracy of the method for all three synthetic
stages.

Optical and Electronic Properties. The use of UV�vis
absorption spectroscopy to analyze the electronic stru-
cture of the pyrite nanocubes gave unexpected results.
The as-prepared nanocubes agglomerated quickly;
we were unable to keep them rigorously dispersed
during the cleaning process. Therefore, to obtain a
stable dispersion for analysis, we sonicated the solu-
tion with excess oleylamine (following the procedure
described by Li et al.).28 During this procedure, it was
observed that the agglomerated black solution would
turn purple/red in color and the optical density would
increase as the nanocubes becamemore dispersed. As
is normally observed for agglomerated nanoparticles,
nanocubes that were less dispersed (i.e., not sonicated
as long or with less oleylamine) had a significant
UV�vis scattering tail, that is, higher absorption at
longer wavelengths compared with more dispersed
samples, as shown in Figure 4A. Unexpectedly how-
ever, Figure 4A also shows that these solutions of small
agglomerates of nanocubes have more distinct exci-
tonic features at∼300 and∼500 nm, in addition to the
scattering tail. This phenomenon can be understood as
a signal resulting from resonant light scattering (RLS).
RLS is greatly enhanced light scattering that occurs
when agglomerated chromophores are irradiated by
light with a wavelength in close proximity to an elec-
tronic transition of the chromophore.35 Despite the
seldom-used terminology in this discipline, pyrite could
certainly be termed a chromophore given its high
absorption coefficient. Further, TEM images have often
shown the propensity for these nanocubes to agglom-
erate in a face-sharing orientation. To investigate
this further, the common test for RLS was conducted,
which uses a fluorimeter in a 90� configuration with
synchronously scanningexcitation andemissionmono-
chromators.36 Figure 4B shows distinctly increased light
scattering at the two electronic transitions in question,
persuasively implicating RLS as the cause of the distinct
excitonic peaks in the less dispersed UV�vis spectrum
shown in Figure 4A. Although RLS has been observed
for metal nanoparticles37 (often involving surface plas-
mon resonance as well) and semiconductor structures
grown by molecular beam epitaxy,38 no previous work
has been identified by us where a significant RLS signal
has been shown to result between semiconductor
nanocrystals.

Figure 3. (A) Powder XRD of FeS2 product through the
nucleation and growth stages with JCPDS card no. 06-
0710 for reference. (B) Raman spectra of the final FeS2
nanocubes withmodes indexed. (C) Elemental analysis with
energy-dispersive X-ray spectroscopy through the nuclea-
tion and growth stages.
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Given that RLS is an unusual explanation for the
observed optical properties, it is important to constrain
the chemical processes at work as best as possible. To
this end, we are cautioned by the fact that previous
studies have demonstrated that storage of some types of
nanoparticles (CuInSe2, for example) in excess alkylamines
results in etching of the particles over time.39 To under-
stand if this is happening in this case, we have imaged
nanocubes by TEM on the day of synthesis and after 17
days in chloroform with excess oleylamine (Figure S1,
Supporting Information,). No change in size or morpho-
logy is evident. We therefore believe that sonication
with excess alkylamine results in dispersions without
bulk chemical changes to the particles. However, detailed
analysis of amine surface bonding dynamics, and the
resulting affect on RLS, remains to be evaluated.

While RLS in solution does not give new information
about the electronic structure of pyrite, it does indicate
that electronic coupling between nanocubes is readily
achieved, to the point of being nearly unavoidable.
Given that so much effort has been undertaken re-
cently to make conductive nanocrystal films, this phe-
nomenonmay point to the amenability of this material
to produce films with high electron mobilities. Of note,
theoretical work indicates that the coupling energy
between nanocubes is a factor of 3 higher than for
spheres, given increased wave function overlap.40

Studies have proposed ways to deconvolute the
extinction spectrum of an RLS-affected sample into
scattering and absorption signals.37 However, in order
to obtain a signal from only absorption, we have
dispersed these nanocubes in octadecylamine, which
we have shown can sterically hinder RLS to an insig-
nificant level (Figure S2, Supporting Information). In
Figure 5A UV�vis absorption spectra are given for the
nucleation and both growth steps and are now labeled
as absorbance rather than extinction as in Figure 4.
These data indicate similar electronic behavior of the
as-nucleated nanocrystals and rationally grown nano-
cubes. However, they also indicate that growing the

nanocubes causes decreased absorption at high-energy
wavelengths (∼255�350 nm) and, to a lesser extent,
increased absorption in the visible and near-infrared
(∼550�1000 nm).

In order to further understand the differences in the
three spectra given in Figure 5A, we have compared
the experimental results obtained here (after the final
growth step) with the theoretical data of Vadkhiya
and Ahuja.31 Specifically, we have converted the ab-
sorbance data to absorption coefficient (R) and, not
knowing the exact path length for the incident radia-
tion in our experiment, normalized it to their data in
Figure 5B. These two data sets show remarkably close
correspondence. Compared to the data shown in
Figure 5B, absorption for the as-nucleated and first
growth steps is anomalously large at 255�350 nm (i.e.,
above ∼3.5 eV). Conversely, the final nanocube pro-
duct shows higher absorption in the 550�1000 nm
range compared with the nucleation and first growth
products. While a much smaller affect, this absorption
character of the final nanocubes is again closer to the
theoretical data than that of the nucleation or first
growth products. Lastly, as the synthesis proceeds, the
absorption peaks at∼440 and∼310 nm becomemore
pronounced. These absorption differences may there-
fore be important in indicating the relative shape
and/or surface perfection of the product.

Figure 5C gives (Apω)n for the final nanocube
product as a function of the energy of incident radia-
tion, with n = 1/2 for indirect transitions and n = 2 for
direct ones. Linear behavior is observed, indicating an
indirect transition at ∼1.1 eV. The two excitonic fea-
tures can also be approximated as transitions occurring
at ∼1.9 and ∼3.0 eV.

This 1.1 eV band gap is slightly higher than the
accepted experimental value of 0.95 eV. Of note, recent
theoretical calculations also give a slightly higher band
gap (1.02 eV).12,14 However, the analysis given here
assumes the existence of parabolic bands, which may
be a poor assumption for modeling pyrite's quite flat

Figure 4. (A) Absorption spectroscopy of identical nanocube solutions that differ only in how long they were sonicated prior
to analysis. (B) The resulting RLS spectrum (green) produced by synchronously scanning excitation and emission
monochromators on a fluorimeter, plotted alongwith the previouslymeasured absorption spectrum (blue) of that nanocube
sample.
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bands.5 Therefore, the data approximated in this way
agree with both previous experimental and theoretical
data within the errors of the approximation. The two
direct transitions can be tentatively indexed to inter-
band transitions as given by the imaginary part of the
dielectric constant in the theoretical works of Vadkhiya
and Ahuja31 and Antonov et al.41 The 1.9 eV transition
reported here is quite close to their calculations of
2 and 2.1 eV, respectively. However, the 3.0 eV second
direct transition is∼15% less than their assignments of
3.6 and 3.5 eV, respectively. This difference may arise
from the ambiguity of the proper level of absorption in
this energy region, as described above.

Reaction Mechanism and Kinetics. As compared to other
binary transition metal chalcogenides, the synthesis of
dichalcogenides with the pyrite structure has proven
problematic. This difficulty stems from the notion that
no common precursor molecule decomposes to give
the S2

2� unit (or singly charged sulfide radicals). This
may be because the S�S bond at∼265 kJ/mol is weak
in comparison with common organosulfur bonds.42

Fortunately, a large body of information on pyrite
nucleation and growth comes from the earth science
community. Given the lack of S2

2� precursor ions, pyrite
does not form directly from monomer in solution but
goes through an FeS intermediate,43 a feature common
to synthetic reactions as well.25 Rapid nucleation of iron
monosulfides seems to prevent a sufficiently high
supersaturation for an adequate FeS2 nucleation,
often causing large sizes as a result.44 Conversely, the
slow dissolution of iron monosulfides creates reaction-
controlled growth conditions, which can cause the
euhedral facets of pyrite often observed.25,28,45

In addition to involving a precipitated reaction
intermediate, we believe that pyrite precipitation can
be considered an irreversible reaction. This has been
shown by others who have indicated that hot-injection
produces many nuclei that grow by agglomeration27

and that higher concentrations lead to smaller particles,28

indicatingakinetically controlled reaction (seeShevchenko
et al.,46 for example, for the attendant theory). To add to
this body of evidence, even though we have grown
these nanocubes over a period of many hours, Ostwald
ripening has not been observed.

In this study alkylamines have been used, which are
thought to be relatively weak ligands to semiconductor
particles.47 It is our conjecture that a relatively weak
ligand is necessary in order that the FeS reaction inter-
mediate is not isolated. Further, even if a ligand is not
strong enough to isolate FeS, the slow dissolution of
well-ligatedFeSwill create>100nmsizesof FeS2,

25 larger
than is the goal of this synthesis. Therefore, concerning
the size of the nucleation product, we are constrained by
wanting small particles but lacking the ability to vary the
bond strength of the ligand to the final precipitated
phase. However, monomer kinetics can still be altered
significantly by varying the concentration and/or chain
length of the ligands.48 Lowering the reactivity of the
monomer by ligand concentration and chain length is
caused by steric factors, which will favor nucleation over
growth, given that growth involves longer range trans-
port of monomer through the synthesis. Thus size con-
trol can bemediated by interligand interactions, which is
the theoretical basis for the following analysis.

Given the foregoing constraints and themotivation
for small (<50 nm) particles described above, we have

Figure 5. (A) UV�vis absorption spectroscopy of pyrite plotted for the nucleation and both growth steps. (B) Absorption
spectroscopic data for the final product normalized to density functional theory results fromVadkhiya and Ahuja.31 (C) Band-
edge absorption of the final product assuming indirect (n = 1/2) and direct (n = 2) absorption character.
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chosen to nucleate in pure hexadecylamine (C16),
which has strong interligand interactions given the
long length of the alkane tail, to force the creation
of small particles despite the slow dissolution of FeS.
This has resulted in a mixture of cubic and completely
irregular particles, as shown in the left side of Figure 1.
Such a kinetically constrained nucleation necessarily
prevents an optimal shape and surface, causing us to
add oleylamine (C18), which has been shown to act
like octylamine (C8) given its cis configuration,49 for the
rational growth steps of the synthetic process. If no
additional oleylamine is added and the existing hex-
adecylamine is used as the solvent for the growth
steps, the product will be more irregular in shape
(Figure S3, Supporting Information). We believe this
indicates conditions in which the limiting step to
particle growth is monomer reaching the surface of
the particle. Given that this reaction is considered
irreversible, this leads to conditions in which particle
shape does not evolve rationally. Conversely, the well-
faceted nanocubes shown in Figures 1 and 2 indicate
that the limiting step to nanocube growth with oley-
lamine added is the reaction of monomer with the
crystal surface, giving the reaction-controlled condi-
tions necessary to form euhedral facets.

Hexadecylamine has been used for nucleation in-
stead of octadecylamine (C18) because, in the latter
case, a more polydisperse product was observed
with a large quantity of particles with irregular shape
(Figure S4, Supporting Information). It is possible that
the ligand�ligand interaction of octadecylamine is so
strong at 200 �C (the growth temperature) that it
becomes difficult for it to be in the “off” position often
enough to allow for rational growth.47

Controlling Shape by Sulfur Chemical Potential. As de-
scribed above, ligand conditions were changed be-
tween the nucleation and growth stages to allow
for reaction-controlled growth. However, reaction-
controlled conditions are necessary, but not sufficient,
to grow particles of a particular terminal face. For
sufficiency it is also necessary to control the chemical
potentials of the reacting constituents so as to affect
their individual rates of adsorption onto specific crystal
facets.

Theoretical work has elucidated the energetic dif-
ferences between various common surface termina-
tions as a function of sulfur chemical potential within
the reaction conditions.16,50 These studies have found
that {100} faces attain the lowest energy at sulfur-
poor/iron-rich conditions, with the {210} and {111}
faces becoming preferred as conditions become in-
creasingly sulfur rich, successively. These results have
been used as the “handle” with which to control
the shape of the particles, using a lower concentration,
and therefore chemical potential, of sulfur (relative to
Fe chemical potential) during the growth of the pre-
formed irregular nuclei. Specifically, [S]/[Fe] = 6 for the

nucleation stage was decreased to [S]/[Fe] = 2.05 for
the growth stages. In this way, the altered chemical
potential of sulfur was used as a driving force to grow
all other faces besides {100} to extinction.

When grown at [S]/[Fe] = 2, it was found that some
pyrrhotite FeS was isolated (Figure S5, Supporting
Information). This can be explained by reference to
the iron�sulfur binary phase diagram,51 where, if any
H2S evaporated (which is known to form in this
reaction),52 resulting in a loss of sulfur from the system,
then thermodynamic considerations will predict a
mixture of pyrite and pyrrhotite. Therefore, slightly
excess sulfur has been used beyond what would
seem to be ideal for promoting cubic faces. If the sulfur
concentration is increased further ([S]/[Fe] = 2.1,
Figure S6, Supporting Information), it is observed that
the edges of the resulting particles become slightly
more rounded than for [S]/[Fe] = 2.05, indicating the
sensitivity of this method to shape control.

It is interesting to note that despite pyrite being
a cubic crystal system, and our attempts to create
“nanocubes” as described in the preceding paragraph,
many of the crystals actually have rectangular dimen-
sions, as shown in Figure 1. This may be due, in part, to
agglomeration during the nucleation stage. However,
it seems to be a seldom-commented fact that the Æ100æ
crystallographic directions of pyrite are not inter-
changeable and display only 2-fold symmetry.43 There-
fore, it might also be due to different reaction rates
on distinct {100} faces. Which {100} faces may be
forming the larger and smaller area facets of these
“nanocuboids” has not been evaluated in this study.
Studies exploiting the chiral nature of thismaterial may
be interesting in the future.

Additional Reaction Considerations. The focusing of the
size distribution in this synthesis is unusual in the
large size of the growth stages, specifically [Fe]grow/
[Fe]nuc = 2. More concentrated growth conditions have
been shown to result in some smaller particles, indicat-
ing a secondary nucleation (Figure S7, Supporting
Information). However, as can be seen in Figure 1, after
the first growth step there are still some truncated
cubes with either {210} or {111} faces. Therefore, a
second growth phase has been employed, again at
[Fe]grow/[Fe]nuc = 2, to create more perfectly termi-
nated nanocubes. Theoretically, the growth rate of a
particle decreases linearly as the size of the particle
increases if the experiment is reaction controlled,
allowing the size-focusing shown in Figure 1.53 Addi-
tionally, there has been significant interest lately in
using continuous monomer production to focus size
distributions by keeping the amount of monomer
above a level that allows Ostwald ripening.54 Although
we think that the irreversible nature of this reaction
prevents Ostwald ripening, this study can be consid-
ered an extreme example of monomer production
from the slow dissolution of FeS.
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Despite the focus of this work in maintaining the
semiconducting properties of pyrite, the procedure,
being a noninjection synthesis, also makes it more
amenable to scale-up and more reproducible than
the hot-injection syntheses previously reported. Addi-
tionally, herein the metal chloride has not been dis-
solved in the alkylamine prior to the introduction of the
sulfur, as is standard with this type of synthesis, further
streamlining the synthetic process. Also, because of
the large amounts of monomer added to the reaction,
we have chosen to cool the reaction and allow it to
freeze rather than injecting additional chemical spe-
cies at the growth temperature. We believe that this
approach makes the synthetic protocol significantly
easier to undertake, less time sensitive, and more
reproducible.

In addition to shape considerations, as described
above, the control of the relative perfection of surfaces
is important to the study of pyrite. Obviously the
conditions for the best shape control might be quite
different from those of optimal surface termination.
There is a well-developed body of work in perfecting
the surfaces of spherical nanocrystals so that their
photoluminescent efficiency is maximized. The “bright
point” of an ensemble of particles in a synthesis
has been shown to occur when the surfaces of the
particles are in diffusive equilibriumwith the surround-
ing monomer, allowing time for optimal surface
reconstruction.55�57 As described above, we believe
this reaction can be considered irreversible. Therefore,
it is not possible to use the foregoing logic of diffusive
equilibrium. Instead, the use of relatively low tempera-
tures (200 �C) over long reaction times may allow for
rational surface growth in addition to its effect on

crystal shape. This conjecture is being actively tested
in ongoing work in our laboratory.

CONCLUSION

We present a synthesis of iron pyrite (FeS2) nano-
cubes in an attempt to address the fundamental pro-
blems inherent to the material. Specifically, by creating
strong interligand interactions we have succeeded in
decreasing growth kinetics and thereby nucleating
small nanoparticles despite a necessarily small super-
saturation (given the precipitation and slow dissolution
of FeS). We have then decreased the interligand inter-
actions to allow for more rational growth, now limited
by the interaction of sulfur with the growing pyrite
surface. Specifically, we have isolated {100} faces by
lowering the sulfur chemical potential of the reaction;
this validates theoretical considerations that argue that
{100} faces become lowest in energy in sulfur-poor/
iron-rich conditions. The resulting product has an aver-
age edge length of ∼37 nm, making it smaller than
previous syntheses of nanoscale cubic pyrite. This may
allow the design of pyrite thin films with thicknesses
more closely corresponding to the absorption coeffi-
cient of the material. The product has been shown to
have unusual electronic properties including a strong
resonant light scattering signal, indicating the easewith
which electronic coupling occurs between particles.
Shape-engineered nanocubes are shown to have
different electromagnetic absorption properties than
irregular nanocrystals, with the nanocube product de-
monstrating behavior closer to that produced by the-
oretical calculations. The resulting nanocube product
may therefore be amenable to maintaining semicon-
ducting behavior for applications.

METHODS
The synthetic scheme employed heats anhydrous FeCl2 and

elemental sulfur in alkylamines. This chemical route has recently
become somewhat standard in pyrite syntheses25,27,28 and is
an adaptation of the original method pioneered by Joo et al.58

A 0.5 mmol (63.4 mg) amount of anhydrous FeCl2 beads, 10 g of
hexadecylamine, and 3mmol (96.2mg) of S flakeswere brought
to 250 �C for 3 h in a 50 mL three-neck flask under argon
atmosphere with magnetic stirring at 240 rpm. Uncommonly,
this is a so-called “heating up” synthesis, and the Fe�Cl�amine
complex that is usually formed previous to reaction with sulfur
was not formed here.25,58

After the nucleation reaction was completed, the flask was
allowed to cool naturally and the raw solution allowed to freeze
with the hexadecylamine. Once room temperature was ob-
tained, 1 mmol (126.8 mg) of FeCl2, 2.05 mmol (65.7 mg) of S,
and 15 mL of oleylamine were added through one of the necks
of the flask with argon flowing over the frozen solution
(warning: oleylamine can cause chemical burns). The flask was
then resealed and brought to 200 �C for 9 h, stirring at 750 rpm.
This growth process was performed a second time except
without the addition of more oleylamine (i.e., only FeCl2 and
sulfur). Upon completion of the second growth step,∼10 mL of
chloroform was added and the solution was lightly centrifuged

(2000 rpm for 1 min) followed by decanting of the supernatant.
The precipitatewas cleaned twice in chloroform by redispersion
and centrifugation and was subsequently stored in chloroform
for analysis.
TEM imageswere acquiredwith a Philips CM100with a 100 kV

accelerating voltage and a bottom-mounted digital camera.
Sampleswere prepared by immersing a carbon-coated TEMgrid
into a nanocube solution in chloroform for about a second and
then drying in air; this was done immediately prior to analysis to
avoid oxidation ambiguity. HRTEM images were acquired under
the same procedure with a Philips CM200 operated at 200 kV.
XRD analysis was conducted on a Scintag PAD5 XRD using

a Cu K-alpha X-ray source (λ = 0.154056 nm) accelerated by a
40 kV voltage. For analysis a nanocube sample in solution was
pipetted onto a glass slide, and the chloroform was allowed to
evaporate. The slide was rotated at 0.12�/min relative to the
detector in a reflection (i.e., Bragg�Brentano) geometry.
The Scherrer equation to measure pXRD peak broadening is

D ¼ Kλ

B cosϑ

It is well known that deciding on an appropriate Scherrer
constant (K) is a difficult task. Stokes and Wilson computed K
values for various reflections for cubic-shaped crystals with a
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cubic crystal system.59 They used the integral breadth definition
as the measure of the width of the diffraction peaks (i.e., the
value of B). Thismeasure is defined as the area under the peak in
question divided by its peak intensity. To use their Scherrer
constants, we have followed this definition (instead of full width
at half-maximum (fwhm)). To use their K values we have also
definedD as the cube root of the nanocube volume, rather than
themore standard definitionwhereD is the crystallite size in the
direction perpendicular to the lattice planes.
With these definitions, the size of the crystallite domains of

the particles have been evaluated for the (111), (200), (210),
(211), (220), and (311) reflections, with the reported result being
an average of the six. Standard error is given as the standard
deviation of these six measurements. These data are given in
Table S1 (Supporting Information). Instrumental peak broad-
ening was estimated by analyzing a sample of microcrystalline
quartz.
Raman spectra were collected on a Jasco NRS-3100 using

a 532 nm laser for excitation. An OD2 filter was used, allowing
the sample to be irradiated by 0.7 mW. Raman scattering was
dispersed by a 2400 lines/mm grating. The CCDwas cooled by a
Peltier element, which kept it at�58 �C. For analysis a nanocube
sample in solution was pipetted onto a glass slide, and the
chloroformwas allowed to evaporate. The sample was analyzed
under 100� magnification.
Fluorimeter measurements were conducted on a Horiba

Fluorolog-3 fluorimeter. The analysis was performed in chloro-
form or trichloroethylene in a 1 cm quartz cuvette. As described
above, the analysis involved simultaneously scanning the ex-
citation and emission monochromators. The emission mono-
chromator is at a 90� orientation to the excitation. It was found
that 3 nm slits for both excitation and emission monochroma-
tors gave the best signal. The signal was obtained as the ratio of
emission per lamp intensity (S/R). The signal was background
corrected by running an identical experiment with just the
solvent and cuvette system.
Ultraviolet�visible (UV�vis) measurements were conducted

on a Varian Cary 500 spectrophotometer. Samples were ana-
lyzed in chloroform with a double-beam configuration and
1 nm data collection interval.
Energy-dispersive X-ray spectroscopy (EDX) was performed

on a JEOL JSM-6480LV scanning electron microscope equipped
with an INCA PentaFET x3 EDX spectrometer. Samples were
mounted on an aluminum stub with carbon tape and irradiated
with an electron source set at 15 kV. For each data point three
to six large-area (>2 um2) spectra were taken, and the results
averaged.
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