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ABSTRACT

Single-source molecular precursors were found to produce iron phosphide materials. In a surfactant system of trioctylamine and oleic acid,
H2Fe3(CO)9PtBu reacted to form Fe 4(CO)12(PtBu)2, which decomposed to give Fe 2P nanorods and “bundles.” Control of the morphology obtained
was possible by varying the surfactant system; addition of increasing amounts of oleic acid resulted in crystal splitting, while the addition of
microliter amounts of an alkane enhanced the crystal splitting to give sheaflike structures. The different morphologies seen were attributed
to imperfect crystal growth mechanisms.

The synthesis of one-dimensional nanostructures is a rapidly
expanding area of interest.1 There is a great deal still to be
learned regarding the growth mechanisms involved in these
systems that can provide control over the size and shape of
the materials. The morphology of nanomaterials is known
to influence the physical properties observed (i.e., magnetic,
optical, electronic, etc.). An ideal method for synthesizing
nanomaterials would also allow for the formation of a pure,
single-phase material.

Transition metal phosphides are an interesting class of
materials exhibiting magnetic, catalytic, magnetoresistant,
and magnetocaloric properties.2-5 Iron phosphides exist in
a variety of phases, including FeP, Fe2P, and Fe3P. Both Fe3P
and Fe2P are ferromagnetic, with Curie temperatures (Tc) of
716 and 217 K, respectively.6,7 While there has been an
interest in the magnetic properties of metal phosphides for
decades, there has not been much exploration of these
materials on the nanoscale. Traditionally, bulk iron phosphide
materials have been synthesized by combining iron and
phosphorus and heating to high temperatures.8,9 The problem
with such synthetic methods is the parallel formation of a
variety of phases that are often difficult to separate. The
relatively high temperatures at which these reactions are

carried out also prohibit the formation of thin films and
nanostructures.

A variety of methods for producing nanoscale iron
phosphides have been reported. The reduction of iron
phosphate nanoparticles in a H2/Ar atmosphere resulted in
the formation of a mixture of FeP and Fe2P nanoparticles.2,10

The phase produced was dependent upon the temperature to
which the particles were heated; the FeP phase was evident
at 700°C and Fe2P was present at 1100°C. Another more
common approach is the use of separate sources of iron and
phosphorus. Iron phosphide (FeP) nanowires and nanorods
synthesized by the injection of a solution of iron pentacar-
bonyl in trioctylphosphane (TOP) into a mixture of trio-
ctylphosphine oxide (TOPO) and TOP, where TOP served
as the phosphorus source.11 Similar methods have been
reported in which some variant of an iron carbonyl was used
as the iron source.11-13 Although these methods have
produced pure phases of iron phosphide nanomaterials, there
was no control over which phase was obtained.

In contrast, the use of single-source molecular precursors
will presumably offer a method in which the desired phase
can be targeted. Single-source molecular precursors may
allow for the control of as well as isolation of pure products.14

Only one previous attempt to synthesize iron phosphide
nanomaterials via a single source molecular precursor has
been reported; the decomposition of Fe(CO)4[PPh2CH2CH2-
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Si(OMe)3] in a silica xerogel matrix resulted in the formation
of Fe2P nanoclusters.15

We have investigated the use of iron-phosphorus carbonyl
clusters as single-source precursors to iron phosphide materi-
als. There are a variety of such clusters that have been
synthesized with different stoichiometric ratios of iron to
phosphorus (Figure 1). We hypothesized that cluster com-
plexes would function better than the simpler complexes as
single-source precursors because of the greater number of
phosphorus-metal interactions which more closely mimic
that found in the solid-state materials. Indeed, metal clusters
can be viewed as fragments of metal and metallic alloy
lattices. Furthermore, in the clusters, the Fe-P bonds are
usually covalent, whereas in the substituted complexes, dative
bonds are more common; therefore, the loss of the phos-
phorus fragment is more likely to occur during the decom-
position of the simpler complexes, resulting in the synthesis
of phosphorus-poor products. The synthetic strategy involves
the reaction of iron carbonyls and alkyl phosphines (RPH2)
or alkyl phosphine halides (RPX2).16-18 The decomposition
of such clusters should provide an efficient means of
synthesizing transition metal phosphides having the same
stoichiometry as the parent cluster.

The cluster H2Fe3(CO)9PtBu was examined as a single-
source precursor targeted to the Fe3P phase. The formation
of iron phosphide nanoparticles was accomplished by the
decomposition of the cluster in the presence of a surfactant
system of trioctylamine (TOA) and oleic acid (OA). Surpris-
ingly X-ray powder diffraction (XRPD) analysis of the
product indicated formation of the Fe2P phase (Supporting
Information Figure S1), as did elemental analysis. Observed
(calculated) for Fe2P: Fe 71.7 (78.3), P 20.1 (21.7); Galbraith
Analytical Laboratories. Upon investigation of the decom-

position mechanism, however, it was discovered that the
precursor transformed in the solvent system before decom-
position to the iron phosphide material took place. The
precursor is highly acidic,19 and in the presence of TOA, it
was first deprotonated as evidenced by Fourier transform
infrared (FT-IR) spectroscopy. Further thermal rearrangement
of the cluster after deprotonation resulted in the formation
of Fe4(CO)12(PtBu)2 (Supporting Information Table S1 and
Figure S2). The observed transformations are displayed in
eq 1.

By varyiation of the concentrations of TOA and OA,
different nanoparticle shapes were observed (Figure 2). Using
a ratio of TOA:OA 7:1 (v:v), individual iron phosphide rods
having an aspect ratio of∼11 were obtained (Figure 2A).
When the concentration of OA was increased (TOA:OA)
6:2 or 4:4), a more complex system of split nanocrystals was
obtained (Figure 2B depicts those synthesized from 6:2 ratio).
Both the 6:2 and 4:4 TOA:OA surfactant systems produced
similar bundles, but the 4:4 system resulted in a more
monodisperse product. The bundles had an average size of
415 ( 28 nm× 70 ( 9 nm and an average aspect ratio of
6, whereas the bundles synthesized in the 6:2 solvent system
had an average size of 403( 65 nm× 90 ( 17 nm and an
average aspect ratio of 5.

The polycrystalline selected area electron diffraction
(SAED) pattern (Figure 2C) recorded from the bundles

Figure 1. Iron phosphorus clusters.

Figure 2. Transmission electron microscopy (TEM) images of iron phosphide nanorods synthesized from 0.5 mmol precursor in different
solvent ratios: (A) 7:1 TOA:OA, aspect ratio 11; (B) 6:2 TOA:OA, aspect ratio 5; (C) SAED pattern of iron phosphide nanorods. All scale
bars represent 100 nm.
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confirmed that the material is single-phase Fe2P (hexagonal,
P6h2m, a ) 5.877 Å,c ) 3.437 Å, Figure S3). Single-crystal
SAED patterns and high-resolution transmission electron
microscopy (HR-TEM) images indicated growth of the rods
along thec-axis. Electron diffraction spectroscopy confirmed
that all bundles are composed of iron and phosphorus; no
other elements were observed. Scanning electron microscopy
(SEM) analysis provided a three-dimensional view of the
bundles (Figure 3).

Upon increase of the oleic acid concentration, the rods
acquire a bundle-like morphology. Initially from the TEM
images, the rods appeared to be closely packed assemblies;
however, upon further examination, it was found that splitting
was occurring along thec-axis (Figure 4). Similar growth
initiated by crystal splitting has been recently observed by
our group for lead sulfide (PbS) nanorods as well as by Tang
and Alivisatos in the Bi2S3 system.20,21 Unlike the Bi2S3

system, the crystal structure of Fe2P (Figure S8) possesses
neither one-dimensional chain structures nor two-dimensional
layers in the direction of growth that would provide obvious
splitting vectors for the growing crystal. The asymmetry of
this space group, however, promotes fast growth of theC
face, and a high density of crystal defects was observed in
proximity to the splitting. It is possible that these defects
arise from metal atom misplacement during fast growth as

the Fe atoms in this structure can form either tetrahedral or
square pyramidal configurations, but this hypothesis will
require further study to confirm. Unfortunately the nature
of the splitting makes it difficult to obtain high-quality HR-
TEM micrographs at the splitting junctions. Overlapping of
individual rods also complicates obtaining high-quality HR-
TEM images. Rotational moire´ fringes are observed in the
TEM images as a result of small angular deviation and
overlapping of individual rods after splitting.

While the simple bundles dominated in all of the variations
studied, cross-shaped and T-shaped bundles were also
observed (Figure S4). From the initial TEM and SEM images
showing cross-shaped nanoparticles, it was unclear whether
they arose from random overlap of the rod-shaped crystals
or from an interrupted growth process. In order to shed light
on the growth mechanism, we investigated their microstruc-
ture using TEM diffraction coupled with bright field (BF)
and dark field (DF) imaging. It is clear from the BF image
of one of the cross-shaped bundles (Figure 5A) that the
structure had grown from the same seed crystal and formed

Figure 3. SEM image of bundles of Fe2P nanorods synthesized
from a 4:4 TOA:OA surfactant system.

Figure 4. A split rod. Black arrows indicate moire´ fringes, while
white arrows indicate the location of splitting.

Figure 5. (A) BF TEM image of bundle showing a cross-shaped
morphology: black arrows indicate moire´ fringes while white
arrows indicate the twin boundaries; M, matrix bundle; T, twin
bundle; inset, schematic figure of a penetration twin. (B, C)
Experimental and simulated SAED patterns of cross-shaped bundle.
Black reflections in (C) arise from the matrix bundle of rods, and
white reflections arise from the twin bundle of rods.
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as the result of a twinning mechanism leading to so-called
penetration twins.

The X-shaped junction seen using TEM studies is indeed
similar to features observed in penetration twins typical for
various minerals, including staurolite (for schematic repre-
sentation, see Figure 5A inset).22 The formation of growth
twins results from an interruption in the crystal lattice during
growth. When crystals join to form a twin during nucleation,
they should develop to become equal in size, which is
observed in this system. In support of this intergrowth
mechanism is the observation that the crosses are only
observed with arms at∼90° angles, which supports the
contention that the arm orientation is controlled by crystal-
lographic twinning.

Further support of this mechanism is provided by the
SAED pattern, which is consistent with twinning of the
crystal. The matrix bundle has a [100] zone axis orientation
whereas the twin bundle has a [1h00] zone axis orientation.
The twinning plane is (032) and the twinning law is a 4-fold
rotation (tetrad) around [100]. Splitting and azimuthal
deviations of reflections in Figure 5B are caused by small-
angle deviations of individual rods inside a bundle. The
rotational moire´ fringes that we observed in BF TEM images
originate from such deviations as well as from overlapping
of individual rods inside a bundle. The thickness fringes
observed result from overlapping of the split crystals. The
DF TEM images (Figure 6) further confirm the twinning
mechanism of the growth of the cross-shaped bundles; the
X-shaped junction is also observed in these images. HR TEM
images reveal the presence of other planar defects (stacking
faults) in the microstructure of bundles, which contribute to
splitting of the rods (Figure 7). The presence of stacking
faults explains the observation of streaks in the SAED pattern
(Figure 5B).

Additional changes in the morphologies obtained were
seen upon addition of controlled amounts of alkanes to the
decomposition. When alkanes, such as hexane, nonane, and
tridecane were added, an even more complex crystal splitting
was observed, having a haystack (Figure 8A), dumbbell
(Figure 8B), or spherulitic morphology (Figure 8C). The
identity of the alkane was not found to be important. Both
TEM and SEM images were obtained (Figure 8 and Figure
S5). As was seen for the bundles discussed previously, cross-
shaped and T-shaped bundles (Figures S6 and S7) were also
seen in these experiments.

All decompositions produced Fe2P nanorods. It has been
well documented that the surfactants employed in the
synthesis of nanoparticles influence the shape and size of
the resulting nanomaterials.23 Others have also reported the
synthesis of metal phosphide nanorods.11-13,24In one of those
systems, tri-n-octylphosphine and oleylamine were used as
surfactants. The formation of nanorods was explained by the
cooperative effect of the surfactants along with the intrinsi-
cally anisotropic crystal structure of the phosphides.24 As
mentioned previously, Fe2P has a hexagonal crystal structure
(P6h2m space group, Figure S8), which is known for
anisotropic growth. The structure has a unique [001] axis,
and growth occurs along this direction. Crystal splitting in
the Fe2P system appears to occur from the high concentration
of defects produced due to the high rate of growth in thec
direction. While similar structures have been shown to arise
from crystal splitting in Bi2S3,21 for Fe2P one-dimensional
or layer-like arrangements of the atoms that would give rise
to cleavage planes are not obvious in Fe2P in any crystal-
lographic direction.

As far as the effect of surfactants on the growth and
splitting, we found that increasing the concentration of oleic
acid appears to cause the rods to split. From the system in
which trioctylamine and oleic acid are in a 7:1 ratio, single
iron phosphide nanorods are synthesized. However, upon
increase of the concentration of oleic acid, splitting of the
rods occurs. Additionally, when alkanes were added in
microliter amounts to the reaction, a more complex dumbbell-
shaped splitting was observed.

For the Tang and Alivisatos21 synthesis of Bi2S3, the
various nanostructures were synthesized by the reaction of
elemental sulfur and a bismuth carboxylate in 1-octadecene.
The control of shape in that system was achieved via
variations in the injection temperature of sulfur. In contrast,

Figure 6. Central DF TEM images of a cross-shaped bundle using
reflections from matrix (A) and twin (B).

Figure 7. HR TEM image recorded from the area close to the
center of the bundle showing planar defects (stacking faults) as
marked by white arrows.
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for Fe2P, the temperature was not varied; instead, addition
of small amounts of alkanes caused the formation of the
dumbbell-shaped bundles. A new surface area forms every
time the crystal splits, and the introduction of molecules that
would stabilize the growing surfaces would favor crystal
splitting. Increasing the amount of oleic acid, a good
stabilizing surfactant, also appeared to promote crystal
splitting. Sunagawa reported that split growth is seen often
in systems having high growth rates.22 Nucleation and growth
occur rapidly in the iron phosphide system, as can be seen
in a TEM image taken from a 1-min reaction (reaction time
after the solution turned black, Figure S9).

Many of the shapes seen in our synthesis as well as in the
recently reported work with bismuth sulfide resemble those
seen in spherulites and other forms of minerals, which are
also believed to form via a crystal splitting growth mecha-
nism.22 While the precise formation mechanism of spherulites
via crystal splitting is not well understood, there has been
speculation regarding the possible causes.25-27 There are two
classes of spherulites formed by two distinctly different
overall growth processes. In the first, growth occurs radially
from a common nucleation site. The second growth process
begins with a single fiber that branches as growth continues,
forming a sheaf and eventually evolving into the spherulite.
On the basis of these classifications, it appears as though
the iron phosphide system follows a similar growth process
as that leading to the second class of spherulites. The
evolution from rod-shaped and split crystals to dumbbell-
shaped bundles and spherulites occurred with the incremental
addition of microliter amounts of alkanes to the system before
decomposition of the precursor. Keith and Padden25 reported
the presence of low molecular weight components, which
may be considered impurities, to be common in spherulite-
forming solutions. The presence of the alkanes in small
concentrations seems to have a significant impact on the
growth kinetics. We may speculate that the alkanes inter-
rupted the crystallization process, leading to a bifurcation
of the growth process and consequently enhancing the
splitting of the rods.

Information regarding the temperature-dependent magnetic
behavior of the nanorods as the temperature was varied is
seen in the zero-field-cooling (ZFC) and field-cooling (FC)
graphs. Figure 9 presents the ZFC/FC of three of the different
iron phosphide morphologies synthesized. Interestingly, the
blocking temperature (TB) was seen to increase from aTB

centered around 124 K for well dispersed nanorods (Figure
9A) to a TB of 180 K for rods that had a bundle-like

morphology (simple splitting, Figure 9B), although there was
a broader distribution of blocking temperatures, probably due
to the distribution of the magnetic size as a result of the
dipolar coupling within the rods. A further increase inTB

was observed in the more complex dumbbell-shaped system
(Figure 9C) where the blocking temperature reaches 205 K.
This increase in blocking temperature with increased inter-
particle interaction was not unexpected, as it has been
reported that with increasing strength of dipolar interactions,
the meanTB value increases.28-30

The hysteresis loops indicate the presence of a coercive
field at 5 K (Supporting Information, Figure S10). A very
small hysteresis remains at 250 K, above the Curie temper-
ature. This suggests that a small amount of impurity is most
likely present in the product. In the decomposition mecha-
nism proposed in eq 1, Fe(CO)5 is produced as a byproduct.
The thermal decomposition of Fe(CO)5 has been reported
to produce both iron and iron oxide nanoparticles.31-35 The
presence of these nanoparticles would explain the observed
magnetic properties. The magnetic moment calculated from
the saturation magnetization (Ms) at 5 K was 2.28µB, which
is similar in magnitude to the most recently reported magnetic
moment of single-crystalline Fe2P (2.81µB; determined by
neutron diffraction).8 It is important to note that the magnetic
measurements on Fe2P have been found to be very sensitive
to impurities and deviations from an ideal stoichiometry.
Values reported for the magnetic moment, using a variety
of methods for determination as well as a variety of
temperatures, have ranged from 2 to 3µB.6,36-38 Another
reason proposed for the wide range of reported magnetic
moments has to do with the large magnetic anisotropy of
Fe2P, resulting in a slow approach to saturation in measure-
ments made using polycrystalline samples.39

Figure 8. Effect of addition of alkanes. All scale bars represent 200 nm.

Figure 9. ZFC/FC graph of iron phosphide nanorods at 1000 Oe.
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In conclusion, we have successfully used a soluble single-
source molecular precursor to synthesize iron phosphide
nanomaterials. A variety of different morphologies, due to
crystal splitting, were seen as a result of changing synthetic
parameters (i.e., ratio of oleic acid to trioctylamine and
addition of small amounts of alkanes). Additional cross-
shaped structures were also observed and attributed to the
twinning of two individual bundles during growth as the
result of an interrupted growth process. Current work aims
at synthesizing other FexPy phases, especially the ferromag-
netic Fe3P that has a higherTc, and establishing more
definitively the relationship between precursor stoichiometry
and final product.
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