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Our interest in determining the mechanism of FePt nanoparticle formation has led to this study of
the evolution of particle size and composition during synthesis. FePt nanoparticles were prepared by
the simultaneous reduction of platinum acetylacetonate and thermal decomposition of iron
pentacarbonyl. During the course of the reaction, samples were removed and the particle structure,
size, and composition were determined using x-ray diffraction, transmission electron microscopy
�TEM�, and scanning electron microscopy–energy dispersive x-ray spectrometry. Early in the
reaction the particles were Pt rich �greater than 95 at. % Pt� and as the reaction proceeded the Fe
content increased to the target of 50%. The particle diameter increased from 3.1 to 4.6 nm during
the reaction. Energy dispersive x-ray spectrometry measurements of individual particle
compositions using a high resolution TEM showed a broad distribution of particle compositions
with a standard deviation greater than 15% of the average composition. © 2007 American Institute
of Physics. �DOI: 10.1063/1.2724330�

I. INTRODUCTION

Recently magnetic nanoparticles �MNPs� have drawn
much attention because of their potential applications in ul-
trahigh density hard drives, biomedical applications, bio-
separations, and sensors.1–5 The organometallic synthesis of
MNPs in the presence of surfactants to produce monodis-
perse nanoparticles is particularly popular because of its sim-
plicity. Both single metal and binary alloyed particle prepa-
rations have been reported.4–6 Our research group has been
interested in studying FePt nanoparticles for ultrahigh den-
sity storage7–9 and biological applications.10–13

Since the report by Sun et al.5 on the synthesis of FePt
nanoparticles, considerable work has been done to develop
different methods of synthesizing FePt nanoparticles. Some
methods aim at substituting iron pentacarbonyl with less
toxic chemicals,14 while others aim at achieving good control
of the particle composition15,16 and size.17 To realize the po-
tential applications of FePt nanoparticles, uniformity in size
and composition are essential, with the latter being more
critical. The synthesis procedure of Sun et al.5 makes mono-
disperse 4 nm FePt nanoparticles, however, Yu et al.18 re-
cently reported a wide compositional distribution in these
particles. For the case of larger FePt nanoparticles �e.g.,

9 nm� even making monodisperse particles has been
difficult17 and compositional variability among them is un-
known. To understand the origin of both size and composi-
tional distribution, an insight into the mechanism of the for-
mation of FePt nanoparticles is essential.

It is widely believed that during the synthesis of FePt
nanoparticles, Pt nuclei form initially followed by growth of
Fe on the Pt nuclei.5,17 However, there are no reports that
conclusively prove this belief. In the present work, we pro-
vide experimental data which shows the size and composi-
tional evolution of these particles during the synthesis. We
use a process that is similar to the procedure of Sun et al.,5

but with phenyl ether as the solvent instead of octyl ether.
Our results convincingly show that initially Pt-rich �greater
than 95 at. % Pt� particles are formed and as the reaction
proceeded the Fe content increased to the target of 50%. We
also provide a hypothesis to explain the wide compositional
distribution between individual FePt nanoparticles.

II. MATERIALS AND METHODS

A. Materials

The synthesis was carried out using commercially avail-
able reagents. Iron pentacarbonyl, platinum acetylacetonate,a�Electronic mail: djohnson@eng.ua.edu
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1,2-hexadecanediol, and oleyl amine were purchased from
Sigma-Aldrich. Phenyl ether and oleic acid were purchased
from Fisher and Acros, respectively.

The synthesis was carried out in a three neck 50 ml
round bottom flask �Kontes� fitted with a 150 mm condenser,
a thermocouple, and a rubber septum. The top of the con-
denser was fitted with a system to provide nitrogen flow into
and out of the condenser. A 10 ml glass syringe fitted with a
4 in. stainless steel needle was used to withdraw samples of
the reaction mixture.

B. Synthesis and sample preparation

The synthesis of FePt was conducted by the modified
method of Sun et al.5 The procedure to study the evolution of
FePt involved heating 0.5 mmole of platinum acetylaceto-
nate �0.197 g� and 1.5 mmoles of 1,2-hexadecanediol
�0.39 g� in 20 ml of phenyl ether in an inert N2 atmosphere
to 100 °C, followed by the injection of 0.5 mmole of oleic
acid �0.16 ml�, 0.5 mmole of oleyl amine �0.17 ml�, and
1.0 mmole of iron pentacarbonyl �0.13 ml� in that order. The
solution was continued to be heated until it reached the re-
flux temperature of 256 °C and was further refluxed for
30 min. During this process, �1 ml of the reaction mixture
was withdrawn at 160, 175, 200, 225, and 256 °C �beginning
of the reflux� and 15 min after the beginning of reflux. The
withdrawn samples were immediately quenched �within
1–2 s� in 5 ml of ethanol to precipitate the particles. The
approximate time interval between successive sample with-
drawals from 160 to 256 °C was 2–4 min. At the comple-
tion of the reflux, the reaction mixture was cooled to room
temperature, followed by the precipitation of particles in
�80 ml of ethanol.

The samples collected at different stages of the particle
formation were centrifuged at 1500�g for 10 min and the
supernatant discarded. After draining the remaining superna-
tant, the particles were redispersed in 1 ml of hexane �con-
taining 0.5% each of oleic acid and oleyl amine on a volume
basis� followed by precipitation with �9 ml of ethanol. Par-
ticles were separated by centrifugation and the supernatant
discarded. This process was carried out twice. Finally, all the
particles were stored in hexane without surfactants for fur-
ther analysis.

C. Characterization

The bulk compositions of the FePt nanoparticles were
determined using a Phillips XL 30 scanning electron micro-
scope �SEM� equipped with an energy dispersive x-ray spec-
trometer �EDS�. The samples for SEM-EDS were prepared
by drop drying the particles in the hexane solution on Si 100
substrates. The x-ray acquisition time was 50 s. Composi-
tions measured using SEM-EDX correspond to a large sam-
pling area of the particles.

The structure of the particles was determined using a
Rigaku thin film x-ray diffractometer �XRD� that used a Cu
x-ray tube ��=1.5406 Å�. The samples that were prepared
for SEM-EDS were also used for XRD. Data were collected

for a 2� scan range of 20°–80° and the peak positions were
calibrated to the Si 400 peak �69.128°�. The scan speed was
0.3° /min with a step size of 0.05.

The particle size was determined using a Hitachi 8000
LaB6 200 keV transmission electron microscope �TEM� and
a 200 keV FEI Tecnai F20 field emission scanning transmis-
sion electron microscope �STEM�. The particles were drop
dried from a diluted particle solution onto either a carbon-
coated copper grid or a 50 nm SiN film for TEM analysis.
The individual particle composition measurements by TEM-
EDS were performed on the FEI Tecnai STEM with a spot
size of �1.5 nm. Each particle’s EDS acquisition was con-
ducted for 100 s with drift correction every 10 s. Appropriate
background subtraction was performed before fitting the
EDS peaks for quantification.

III. RESULTS AND DISCUSSION

The SEM-EDS composition data of nanoparticles from
different stages of the synthesis for three batches, labeled as
batch 1, batch 2, and batch 3, are shown in Fig. 1. The
SEM-EDS data for the sample withdrawn at 160 °C is not
present in this figure as the amount of this sample was not
sufficient to give reliable EDS analysis, nevertheless TEM-
EDS analysis could be performed. In the initial stage of the
synthesis, at 175 °C the average composition of the particles
is �Fe15Pt85. As the synthesis progressed, the amount of iron
in the particles increased and eventually reached �Fe50Pt50.
Based on this trend, the particles at 160 °C are expected to
be almost completely Pt, which was confirmed by TEM-
EDS, as discussed later.

However, at the early stage of the synthesis there was a
significant amount of unreduced platinum acetylacetonate
�Pt�acac�2�. If this unreduced Pt�acac�2 was precipitated
along with the particles, the particles may appear to be Pt
rich. To verify this possibility, the solubility of Pt�acac�2 in a
1:5 mixture of phenyl ether and ethanol was tested. This
solvent mixture simulates the initial step of cleaning the par-
ticles, that is, when the hot product in phenyl ether is with-
drawn and quenched into ethanol. The mixture was found to
dissolve Pt�acac�2. Therefore, most of the Pt�acac�2 would be
removed in the initial cleaning step. In further cleaning steps,
hexane and ethanol are the only solvents used. It was found

FIG. 1. �Color online� SEM-EDS composition measurements of FePt nano-
particles at different stages of the synthesis from four experiments.
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that neither ethanol nor a mixture of hexane and ethanol
dissolved Pt�acac�2. Therefore, if traces of Pt�acac�2 were
carried along with the particles beyond the initial cleaning
step, it would not be removed. In search of a suitable solvent
for further cleaning steps, the solubility of Pt�acac�2 in a
mixture of hexane, phenyl ether, and ethanol �1:1:8� was
assessed and was found to dissolve Pt�acac�2. Then, a mix-
ture of ethanol and phenyl ether �8:1� was used to clean and
precipitate the particles already present in hexane. The SEM-
EDS composition of particles thus cleaned are shown in Fig.
1 as batch 4. The figure shows that the composition of
batch-4 particles at various stages of synthesis is similar to
other batches. Therefore, the composition results shown in
Fig. 1 for the early stages of the synthesis are not an artifact
because of the presence of undissolved Pt�acac�2. These re-
sults suggest that Pt-rich particles are formed initially and in
due course the amount of iron in them increases.

If the particles have different compositions, as indicated
by the SEM-EDS results, then a shift in the XRD peaks with
changing composition should be expected. To study the pres-
ence of such a shift, XRD analysis of the particles was con-
ducted. The XRD patterns of batch-2 samples with Gaussian
fits are shown in Fig. 2. All particles show a disordered fcc
structure.5 For the sample at 175 °C, the �111� and �200�
peaks were found to be at 39.76° �±0.013� and 46.063°
�±0.03�, respectively, while the corresponding values for the
final sample were at 40.166° �±0.005� and 46.584° �±0.012�.
A higher angle shift in the peak position indicates a decrease
in the lattice constant, suggesting an increase in the iron
content of the FePt alloy. The XRD data of all other batches
displayed a similar trend.

The d spacing of �111� and �200� planes as calculated
from the x-ray diffraction of Fig. 2 were used to determine
the average lattice constant of the particles. A plot of the
average lattice constants against the corresponding composi-
tions �measured using SEM-EDS� is shown in Fig. 3. The
figure shows that the lattice constant decreased from 3.931 Å
�±0.003� for the samples withdrawn at 175 °C �Fe12Pt88±1.0�
to 3.891 Å �±0.001� for the final sample �Fe51Pt49±0.7�. As
lattice constants of disordered fcc FexPt100−x nanoparticles
have not been reported, the calculated lattice constants are
compared to values reported for bulk disordered fcc FePt
alloy.19 Untill �30 at. % iron, lattice constants of nanopar-

ticles were slightly larger compared to the bulk for similar
compositions. Similar expanded lattices have been observed
in thin films as the thickness of the film is reduced.20 Beyond
�30 at. % iron, the lattice constant of the nanoparticles de-
viates considerably compared to the reported bulk values.
This deviation may be explained based on some recent
reports21,22 that suggest the presence of heterogeneous distri-
bution of atoms in binary alloy nanoparticles. For instance, it
has been suggested that FePt nanoparticles may have more Pt
atoms closer to the surface than the core,21 which could shift
the lattice parameter.

The TEM pictures of batch-2 particles are shown in Figs.
4�a�–4�g�. To demonstrate the progress of particle size with
the synthesis time, the particle size was determined for at

FIG. 2. �Color online� XRD data of FePt nanoparticles at different stages of
the synthesis from the batch-2 experiment along with the Gaussian fits of
�111� and �200� peaks.

FIG. 3. �Color online� Comparison of the lattice constant of FePt nanopar-
ticles from different stages of the batch-2 experiment with the lattice con-
stant of bulk FePt reported by Hayn and Drchal �Ref. 19�.

FIG. 4. TEM images of batch-2 FePt nanoparticles withdrawn at �a�
160 °C, �b� 175 °C, �c� 200 °C, �d� 225 °C, �e� beginning of reflux, �f�
15 min reflux, �g� 30 min reflux, and �h� the progress of particle size with
time based on at least 250 particles from TEM images, where the 0 min
corresponds to sample withdrawn at 160 °C.
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least 250 particles and fitted to a log-normal distribution
function. A plot of the average particle size with respect to
time is shown in Fig. 4�h�, where the error bars represent the
standard deviation. In Fig. 4�h�, the 0, 2, 5, 8, 11, 26, and
41 min points represent the samples withdrawn at 160, 175,
200, 225, beginning of reflux, 15 min after reflux, and
30 min after reflux, respectively. A clear progression of the
average particle size from an initial value of 3.1 nm to a final
value of 4.6 nm is observed. This is consistent with the idea
that initially Pt nuclei are formed and then more Fe and Pt
heterogeneously nucleate on these Pt nuclei.

Furthermore, our experimental results are supported by
the earlier work of Didenkulova et al.23 on the thermal de-
composition of Fe�CO�5 and the recent report by Hyeon et
al.6 on the formation of iron/iron oxide nanoparticles using
Fe�CO�5. Didenkulova et al.23 showed that the thermal de-
composition of Fe�CO�5 in the vapor phase is a heteroge-
neously catalyzed reaction. During the FePt synthesis, a sig-
nificant amount of Fe�CO�5 is present as a vapor because of
the low boiling point of Fe�CO�5 of 108 °C. A fraction of
this Fe�CO�5 vapor is lost to the N2 flow and the remainder is
available for decomposition.24,25 Based on the results of
Didenkulova et al.23 it can be expected that the decomposi-
tion of Fe�CO�5 vapor in FePt synthesis is heterogeneously
catalyzed. We believe that the Pt nuclei that forms initially at
�160 °C catalyzes the thermal decomposition of the
Fe�CO�5 vapor. This belief is further strengthened by the

report of Hyeon et al.6 on the synthesis of iron oxide nano-
particles by a process that is very similar to the synthesis of
FePt nanoparticles. Hyeon et al.6 show that Fe�CO�5 decom-
poses to form iron oxide nanoparticles �in the absence of Pt
nuclei� only after refluxing the reaction mixture at 298 °C.
However, in the case of FePt synthesis,Fe�CO�5 starts de-
composing even at relatively low temperatures ��175 °C�
due to the presence of Pt nuclei.

After determining the mechanism of formation of FePt
nanoparticles, we performed TEM-EDS composition mea-
surements on �i� particles withdrawn at 160 °C, �ii� particles
withdrawn at 200 °C, and �iii� 30 min refluxed particles to
determine if the bulk composition measurements from SEM-
EDS are reflected at the level of individual particles. To en-
sure that the acquired TEM-EDS spectrum is from an indi-
vidual particle, particles separated by at least 25 nm were
chosen, as shown in Fig. 5. The average individual particle
compositions from TEM-EDS, along with the corresponding
bulk composition measurements from SEM-EDS, are tabu-
lated in Table I. As mentioned earlier, there is no SEM-EDS
data for the particles withdrawn at 160 °C. The TEM-EDS
showed that these particles have a composition of Fe4Pt96±2,
which is almost completely Pt and consistent with the pro-
posed idea that Pt-rich nuclei form initially. For the other two
samples, TEM-EDS measurements of about 13 particles
showed wide variation of composition from particle to par-
ticle. The individual particle composition of the sample with-
drawn at 200 °C varied from Fe14Pt86 to Fe54Pt46 and that for
the 30 min refluxed sample varied from Fe38Pt62 to Fe66Pt34.
However, the average compositions from TEM-EDS and
SEM-EDS measurements are in good agreement with each
other. These results suggest that the compositional variation
between individual particles begins early in the synthesis.
Therefore, the reason for this composition variation could be
attributed to some feature of the Pt nuclei that form in the
initial stage of the synthesis.

One obvious feature of the Pt nuclei is their different
sizes. It can be observed from Fig. 4�h� that the Pt nuclei that
are withdrawn at 160 °C �0 min� have a significant size dis-
tribution. Therefore, based on the mechanism of formation of
FePt shown in this work, iron is diffusing onto different sized
Pt nuclei. It is our belief that the difference in the size be-
tween the Pt nuclei causes the compositional distribution be-
tween FePt particles that form from these nuclei. One of our
hypotheses is that smaller Pt nuclei may become richer in
iron compared to the larger Pt nuclei because the smaller
nuclei have a greater surface area per Pt atom compared to
the larger nuclei �Fig. 6�. Future studies on measuring the

TABLE I. Comparison of the bulk atomic Pt composition measured by
SEM-EDS and the average individual particle atomic Pt composition mea-
sured by TEM-EDS for three samples.

Batch-1 sample

Average
composition SEM-

EDS �at. %�

TEM-EDS

Average Pt
composition �at. %�

No. of
particles

160 °C ¯ 96±2 12
200 °C 64±2 63±12 13

Reflux 30 min 51±1 52±8 14

FIG. 5. �Color online� STEM-high angle annular dark field �HAADF� image
of a nanoparticle of the “30 min reflux” sample for TEM-EDS measure-
ments along with the reference frame �group of particles� for drift
correction.

FIG. 6. �Color online� A hypothesis of the particle growth mechanism to
explain the wide compositional distribution from particle to particle.
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composition of FePt particles as a function of their size will
help us understand the role of particle size in compositional
distribution.

IV. CONCLUSIONS

A procedure to study the evolution of FePt nanoparticle
size and composition has been described that can also be
used to study other nanoparticle systems. Bulk and indi-
vidual particle compositions, XRD and TEM analyses of
FePt nanoparticles from different stages of the synthesis,
suggest that initially Pt nuclei are formed. The amount of
iron in the particles increased with the growth of the par-
ticles. Drop of lattice constants of nanoparticles with increas-
ing iron content was found to be less steep above �30% iron
compared to its bulk counterpart, probably due to heteroge-
neous distribution of atoms in alloyed nanoparticles. Compo-
sition measurements of individual nanoparticles show a wide
compositional distribution between nanoparticles. A simple
mechanism is hypothesized that may explain the wide com-
positional variation from particle to particle.
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