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Recent, new synthetic approaches have been intensively explored
to prepare new types of nanostructures using a chemical replacement
reaction in a solution phase.1,2 The crystal compositions, structures,
and shapes of starting nanocrystals might have been varied after
they were chemically transformed into new types of nanostructures.
For example, the studies on silver nanocrystals in the presence of
gold ions have shown that the replacement reaction resulted in the
product of gold nanocrystals with a significant shape transforma-
tion.1a,2c The driving force of this specific reaction of the nano-
crystals was attributed to the differences of the reduction potentials
between silver and gold. Several other examples have also
demonstrated that the new types of metal nanostructures, such as
hollow,1 core/shell nanocrystals,3 or nanocrystal dimers,4 were
formed under different reaction conditions. Besides the chemical
replacement reaction between two pure metals, the binary semi-
conductor CdSe nanocrystals were transformed reversibly into Ag2-
Se nanocrystals by a cation-exchange reaction.5 These examples
have suggested that the chemical replacement or galvanic reduc-
tion-oxidation (redox) reaction of nanocrystals might be a quite
useful method to apply for the preparation of other new types of
nanostructures.

The PtRu nanocrystals have been intensively investigated recently
because of their unique catalytic properties for fuel cell applica-
tions.6,7 One always looks for new types of metal nanocrystals with
improved catalytic performance to replace expensive Pt and Ru
metals for commercial purposes.8 In this report, we selected FePt
nanocrystals and the metal ions, Mn+ ) Ru3+, Sn2+, or Ni2+, as
reactants to produce new ternary metal nanocrystals of Fe1-xPtMx

using a cation-redox reaction in a solution (Figure 1). The structure
and composition of resulting nanocrystals were characterized by
transmission electron microscopy (TEM), X-ray diffraction (XRD),
and X-ray photoemission spectroscopy (XPS). Moreover, X-ray
absorption near-edge spectroscopy (XANES) was employed to
confirm the chemical transformation from FePt to Fe1-xPtRux

nanocrystals. The analyses of extended X-ray absorption find
structure (EXAFS) revealed the detailed binding structures and
coordination numbers of both FePt and Fe1-xPtRux nanocrystals.
The results suggested that iron atoms of FePt lattices were oxidized
to be Fe2+ and Fe3+ ions and were replaced by ruthenium atoms
from the reduction of Ru3+ ions in solution to form Fe1-xPtRux

lattices. Our method has opened a new route to easily and rapidly
prepare a solid-solution type of ternary metal nanocrystals for
catalytic applications.

The starting materials, FePt nanocrystals, were synthesized by
following the previous report with some modifications.9 High-
resolution TEM images of resulting FePt nanocrystals in Figure
2a have shown that the nanocrystals were crystalline with clear
lattice structures. The nanocrystals were uniform and well-dispersed
on the TEM grid with an average diameter of∼4 nm. Energy
dispersive X-ray spectroscopy (EDS) of FePt nanocrystals indicated
that the ratio of Fe and Pt was approximately 1/1. The XPS results
were used to further confirm the compositions and oxidation states
of both Fe and Pt of FePt nanocrystals. The solution of FePt
nanocrystals was then reacted with the metal ions (Mn+ ) Ru3+,
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Figure 1. Schematic illustration of chemical transformation from FePt to
Fe1-xPtRux nanocrystals in solution. (1) Ru3+ ions and FePt nanocrystals
were mixed in the solution. (2) Then, the cation redox reaction occurs
between Ru3+ ions and the Fe species including Fe atoms of FePt
nanocrystals and a small amount of FeO on the nanocrystal surface. The
ions of Fe2+ and Fe3+ were gradually formed in the solution, and Ru3+

ions were reduced to Ru atoms in the FePt lattices. (3) Finally, the ternary
Fe1-xPtRux nanocrystals were produced

Figure 2. High-resolution TEM images of (a) FePt and (b) Fe1-xPtRux

nanocrystals. The averaged sizes of the nanocrystals are calculated to be
∼4 nm for both samples. The lattice fringes of the samples were observed
clearly (insets of upper corner) in the images, showing that the crystal
structures were well maintained after the cation redox reaction.
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Sn2+, or Ni2+) at 85 °C. The redox reaction between FePt
nanocrystals and the metal ions was monitored qualitatively by
detecting the release of Fe2+ and Fe3+ ions using 1,10-phenanthro-
line or thiocyanate anions as an indicator in the solution. A clear
color change of the solutions with the indicator was readily
observed, suggesting that Fe elements of FePt nanocrystals were
oxidized to be Fe2+ and Fe3+ ions. No color change was found in
the control experiment when Ru3+, Sn2+, or Ni2+ was not added
into FePt nanocrystal solution. The typical TEM image (Figure 2b)
of the resulting Fe1-xPtMx nanocrystals revealed that there was no
significant change on the average size and shape of Fe1-xPtMx

nanocrystals in comparison to those of original FePt nanocrystals
(Figure 2a). The nanocrystals kept similar crystal structures and
average sizes (calculated by Scherrer’s equation) before and after
the chemical transformation based on the X-ray and electron
diffraction measurements. The compositions of Fe1-xPtMx nano-
crystals were further confirmed by EDS, XPS, XANES, and
EXAFS. Typically under the reaction time of 1 h, the Fe/Ru ratio
of resulting Fe1-xPtRux nanocrystals is calculated from X-ray
absorption spectroscopy (XAS) by measuring the edge jump
(∆µø),10 and it showed that the ratio of Fe/Ru is 0.27/0.73.11 The
overall results suggested that metal ions, Mn+, were indeed reduced
to be metal atoms of Fe1-xPtMx nanocrystals, and iron atoms of
FePt nanocrystals were oxidized and released as Fe2+ and Fe3+ in
the solution.

To further understand the details of the redox reaction of the
FePt nanocrystals and the metal ions, X-ray absorption spectroscopy
using a synchrotron radiation source was performed on the samples
of FePt and Fe1-xPtRux nanocrystals. The Fe K-edge XANES
spectra of the bimetallic FePt powder and reference compounds

(Fe foil, FeC2O4, and FePO4) are shown in Figure 3a. The edge
energy position of the FePt sample is found to be between that of
the reference compounds of Fe foil and FeC2O4, indicating that
the iron element in FePt nanocrystals is a mixture of Fe0 and Fe2+.
Figure 3b shows that the white line feature of FePt and Fe1-xPtRux

samples is the same as that of Pt foil, implying that the oxidation
state of Pt in the FePt and Fe1-xPtRux nanocrystals remained Pt0.
The composition of iron in the sample Fe1-xPtRux is too low to get
EXAFS spectra of good resolution at Fe K-edge, indicating that a
large number of the Fe atoms have been replaced by the Ru atoms.
However, Ru elements can be observed at Ru K-edge for the
Fe1-xPtRux sample. The XANES feature of Ru K-edge for the
Fe1-xPtRux nanocrystals is close to that for Ru powders as shown
in Figure 3c, indicating that most of the Ru species have been
reduced to the Ru0 state. It is suggested that the Fe atoms in the
bimetallic nanocrystals can react with Ru3+ via chemical transfor-
mation. The electrons required for the reduction of Ru3+ ions are
contributed from the oxidation of Fe0 to Fe3+ or Fe2+ to Fe3+.

Figure 4 shows the Fourier transformedk3-weighted EXAFS
spectra of the FePt and Fe1-xPtRux nanocrystals. The structural
parameters extracted from the EXAFS spectra for the samples of
FePt and Fe1-xPtRux powders in nanocrystals are listed in Table 1,
in which the fittings were based on the fcc structure and the FeO
crystal structure, respectively, using the FEFF7 software pack-
age.12,13 The spectrum of the Fe K-edge of the FePt nanocrystals
(Figure 4a) demonstrates a peak between 1.3 and 2.0 Å corre-
sponding to the Fe-O bond as confirmed by FEFF7 fitting based
on the FeO structure. If the iron atoms are occupied in the core
region, the iron would not be oxidized to form the FeO species
because the oxygen from air would not quickly diffuse into the

Figure 3. Normalized XANES spectra near the (a) Fe K-edge of FePt nanocrystals and references and in the preedge spectra (inset); (b) Pt LIII -edge of FePt,
Fe1-xPtRux nanocrystals, and Pt foil; and (c) Ru K-edge of Fe1-xPtRux nanocrystals, RuCl3, and Ru powder.

Figure 4. FT-EXAFS spectra at the (a) Fe K-edge of FePt nanocrystals and Fe foil, and the bond distances of (1), (2), (3), (4), (5) are Fe-Cl bonding,
Fe-O bonding in Fe-O, Fe-Fe bonding in Fe metal, Fe-Fe bonding in Fe-O, and Fe-Pt bonding, repectively; (b) Pt LIII -edge of FePt, Fe1-xPtRux

nanocrystals, and Pt foil; and (c) Ru K-edge of Fe1-xPtRux nanocrystals, RuCl3, and Ru powder.
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core of the nanocrystals. It is believed that the FeO species would
be dispersed on the surface of the FePt nanocrystals. The spectrum
also shows a broad peak between 2.0 and 3.3 Å corresponding to
the co-oscillation feature of the Fe-Pt bond and Fe-Fe bond. The
EXAFS spectra at the Pt LIII -edge of the FePt and Fe1-xPtRux

nanocrystals are shown in Figure 4b. A peak between 1.9 and 3.1
Å corresponding to the Pt-Pt bond of both FePt and Fe1-xPtRux

samples is shorter than that of Pt foil, indicating that the hetero-
atomic bonding exists in the Pt core atoms of both the FePt and
Fe1-xPtRux samples. As shown in Table 1, the coordination number
of NPt-Fe and NPt-Pt is found to be 1.7 and 6.8 for the FePt
nanocrystals and 0.4 and 6.8 for the Fe1-xPtRux nanocrystals,
respectively. The coordination number of NPt-Fe is decreased from
1.7 in the FePt sample to 0.4 in the Fe1-xPtRux sample, implying
that the most of iron atoms are dissolved after the addition of RuCl3

reactants. It is consistent with the observation of the XANES
spectra. The total coordination number of metallic Fe atoms (5.6)
is much smaller than that of metallic Pt atoms (8.5) in the case of
FePt, indicating that the Pt atoms and Fe atoms are rich in the core
region and in shell region, respectively, in the nanocrystals.7 For
the structural model of the FePt nanocrystals, the overall results
suggest that most of the Pt atoms are preferentially located in the
core region, the Fe atoms are preferentially located in the shell
region, and small amounts of the FeO species are dispersed on the
surface on the FePt nanocrystals. For Pcore-Rshell nanocrystal model,
if all the P atoms are occupied in the core region, the total
coordination number of P core atoms should be 12 based on the
fcc structure. However, the total coordination number of Pt atoms
is 8.5 and 7.2 for the FePt and Fe1-xPtRux nanocrystals, respectively,
indicating that some of surface sites are occupied by Pt atoms in
the shell regions for both samples. Figure 4c shows the Fourier
transformed k3-weighted EXAFS spectra at the Ru K-edge of the
Fe1-xPtRux nanocrystals. The feature of Fourier transform of
Fe1-xPtRux nanocrystals at the Ru K-edge shows two peaks between
1.3 and 3.1 Å corresponding to Ru-Cl and Ru-Ru bonds as
compared with the reference compounds RuCl3 and Ru powder.
The peak position of the Ru-Ru bond is slightly shorter than that
of Ru powder, indicating that heteroatomic bonding exists around
Ru. The fitting result shows that the coordination numbers of Cl,
Fe, and Ru around Ru are found to be 2.7, 1.2, and 3.3, respectively.

In our understanding, the Cl coordination would be attributed to
the residue of RuCl3 after the galvanic redox reaction. Both the
coordination number of Pt around the Ru atoms and the coordination
number of Ru around the Pt atoms cannot be extracted and only
show the Pt-Fe and Ru-Fe bonds, indicating a three-stacking
region in the Fe1-xPtRux nanocrystals (Ru-Fe/Fe/Fe-Pt). For the
structural model of Fe1-xPtRux nanocrystals, these observations
indicate that most of the Pt atoms are preferentially located in the
core region and the Ru atoms are located in the shell region with
a intermediate iron layer between the Pt and Ru atoms.

The new ternary Fe1-xPtMx nanocrystals were tested for their
catalytic properties in the anodic electrode of a fuel cell. Their
catalytic capability will be discussed elsewhere. Furthermore, the
in situ studies of detailed chemical transformation from binary to
ternary metal nanocrystals using X-ray absorption spectroscopy are
in progress. Overall, our results have demonstrated a simple and
rapid route for the syntheses of new catalysts based on metal alloy
nanocrystals.
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Table 1. Structural Parametersa Derived from the Fe K-edge, Pt
LIII-edge, and Ru

edge shell N
Rj

(Å)
σ2(×10-3)

(Å2)
∆E0

(eV)

FePt
Fe Fe-O 3.2 1.899 5.0 -18.0
K-edge Fe-Pt 5.6 2.683 7.9 2.7

Fe-Fe 3.8 3.190 0.0 13.7
Pt Pt-Fe 1.7 2.683 7.2 3.9
LIII -edge Pt-Pt 6.8 2.736 6.0 4.1

Fe1-xPtRux

Pt Pt-Fe 0.4 2.724 0.0 3.9
LIII -edge Pt-Pt 6.8 2.736 6.2 3.8
Ru Ru-Cl 2.7 2.347 0.0 17.3
K-edge Ru-Fe 1.2 2.573 8.0 12.2

Ru-Ru 3.3 2.717 0.0 -13.6

a N: coordination number,Rj: bonding distance,σ2: Debye-Waller
factor, ∆E0: inner potential shift.

C O M M U N I C A T I O N S

1540 J. AM. CHEM. SOC. 9 VOL. 129, NO. 6, 2007




