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Abstract

Infrared (FTIR) and extended X-ray absorption fine structure (EXAFS) spectroscopy measurements were used to characterize the species
formed after impregnation of Pt5Fe2(COD)2(CO)12 onto silica, before and after removal of the organic ligands. The results indicate that the
Pt5Fe2(COD)2(CO)12 cluster adsorbs weakly on the SiO2 surface. Nevertheless, partial disintegration of the cluster was observed during aging
even under He and at room temperature, related to the loss of CO ligands due to their interactions with silanol groups of the support. The organic
ligands can be removed from a freshly impregnated cluster by thermal treatment in either He or H2, but the surface species formed in each case
have different structures. Treatment in He at 350 ◦C leads to a complete disintegration of the Pt–Fe bimetallic core and results in the formation
of highly dispersed Pt clusters with a nuclearity of six, along with surface Fe oxide-like species. In contrast, bimetallic PtFe nanoparticles with
an average size of approximately 1 nm were formed when a similar H2 treatment was used. In this case, a greater degree of metal dispersion
and a larger fraction of Pt–Fe interactions were observed compared to the PtFe/SiO2 samples prepared by co-impregnation of monometallic salt
precursors. Electronic interactions between Pt and Fe atoms in such cluster-derived samples led to an increased electron density on platinum, as
indicated by a red shift of the frequencies of FTIR bands for adsorbed NO and CO. These electronic interactions affect the strength of the CO
adsorption on platinum. All bimetallic samples were found to be more active than Pt/SiO2 for the oxidation of CO in air; however, the activity
depends strongly on the structure of the surface species, the fraction of Pt–Fe bimetallic contributions, the degree of electronic interactions between
Pt and Fe, and the strength of the CO adsorption on platinum.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Research conducted with supported bimetallic catalysts for
several years has led to the recognition that their activity and/or
selectivity are often greater than the simple sums of the proper-
ties of the two constituent metals, an effect known as “synergy”
between the two metals [1–6]. The properties of bimetallic cat-
alysts can be dramatically affected by the size and composition
of their metal particles, the interactions of such particles with
the support, and the interactions between the metals. The re-
search interest in such materials continues to grow, because
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various bimetallic combinations have been found to be impor-
tant for large-scale industrial applications [1]. Several attempts
have been made to elucidate the nature of the catalytic action
and the origin of the synergistic effects for these complex mate-
rials. Based on density functional theory (DFT) calculations, it
has been suggested that strain effects and electronic interactions
between the constituent metals are crucial factors contributing
to modification of the catalytic properties in bimetallic systems
[7–9]. For example, the differences in the lattice constants be-
tween Pt and 3d transition metals (e.g., Cr, Fe, Co, and Ni)
can lead to the formation of strained PtM bimetallic structures.
DFT calculations showed that even on monometallic Ru(0001)
surfaces, the presence of strains has a significant influence on
their chemical properties due to a shift in the center of the metal
d bands, which depends on the type of the strain [7]. Further-
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more, DFT calculations also have shown that the presence of
subsurface 3d transition metal atoms can significantly modify
the electronic and chemical properties of a Pt(111) surface even
in the absence of lateral strain [8,9]. In this case, the surface Pt
d-band center was found to be of lower energy, with the magni-
tude of the effect increasing as the nature of the subsurface 3d

metal was changed from Ni to Ti [8]. The dissociative adsorp-
tion energies of H2, O2, and CO were found to be lower as a
result of this shift [8,9], thus affecting the surface coverage of
such species and the availability of active metal sites.

Despite these advances, much remains to be learned about
the nature and stability of bimetallic structures, especially dur-
ing the course of chemical reactions. Conventional preparation
techniques, frequently used for the preparation of such cata-
lysts, usually lead to nonuniform materials and provide limited
control over the composition of the bimetallic species formed.
This has motivated researchers to investigate various model cat-
alysts, such as those derived from bimetallic clusters supported
on high-surface area supports. Although a wide variety of clus-
ters with well-defined mixed-metal cores stabilized by various
organic ligands are known, only a limited number of them
have been used as precursors for the preparation of supported
catalysts [10]. Among these, examples incorporating Fe con-
stitute only a small fraction, limited to Fe–Ru, Fe–Pt, Fe–Rh,
Fe–Mo, Fe–Mn, Fe–Pd, Fe–Os, Fe–Co, and Fe–Ir combina-
tions [10]. The resulting catalysts in these cases can catalyze
reactions occurring in highly reducing environments, such as
CO hydrogenation, hydrodesulfurization, hydrocarbon skeletal
rearrangements, olefin hydroformylation, and the preferential
oxidation of CO [10–12].

The goal of the present work was to prepare and characterize
SiO2-supported Pt–Fe catalysts using a Pt5Fe2(COD)2(CO)12
precursor that contains well-defined Pt–Fe bonds. In this pa-
per, we examine the structural changes occurring during the
interaction of the Pt5Fe2(COD)2(CO)12 cluster with the sur-
face of SiO2 and the subsequent ligand removal steps. Fourier
transform infrared (FTIR) and extended X-ray absorption fine
structure (EXAFS) spectroscopy were used to characterize the
surface species. The evolution of CO ligands during decarbony-
lation was monitored to gain insight into the parameters of the
ligand removal process, and the catalytic properties of the de-
carbonylated samples were evaluated for the oxidation of CO in
air.

2. Experimental

2.1. Reagents and materials

H2PtCl6·6H2O (99% purity, Alfa Asar) and Fe(NO3)3·9H2O
(99% purity, Fisher Scientific) were used as supplied. The
Pt5Fe2(COD)2(CO)12 cluster was prepared under dry N2 using
standard Schlenk techniques as described previously [11,12].
The SiO2 support (100 m2/g; Engelhard) was calcined over-
night in air at 500 ◦C and then partially dehydroxylated by a
vacuum treatment at 500 ◦C for 24 h and stored in a dry box
(MBraun). A dry methylene chloride solvent (Fisher Scientific)
was used without additional purification. N2, H2, He, and the
CO/N2 mixture (all UHP grade, Airstar) were also purified be-
fore use by passing them through oxygen/moisture traps (Ag-
ilent) capable of removing traces of O2 and water to 15 and
25 ppb, respectively. In addition, the CO/N2 mixture was heated
to 350 ◦C in a trap filled with quartz particles (60–80 mesh), to
eliminate any metal carbonyls that may have formed in the stor-
age cylinder.

2.2. Sample preparation

Pt5Fe2/SiO2 was prepared by slurrying the Pt5Fe2(COD)2-
(CO)12 (COD: 1,5-cyclooctadiene) precursor in CH2Cl2 with
the powdered SiO2 support at room temperature for 24 h un-
der nitrogen flow, as reported elsewhere [12]. The solvent was
subsequently removed by evacuation at room temperature, and
the sample was stored in a dry box filled with N2. The resid-
ual water and O2 concentrations in the dry box were kept below
0.1 ppm, to prevent possible decomposition of the supported
species. The amount of the precursor was chosen to yield sam-
ples containing 1.0 wt% Pt and 0.11 wt% Fe after ligand re-
moval. A reference 1.0 wt% Pt/SiO2 sample was prepared by
conventional incipient wetness impregnation of SiO2 with an
aqueous solution of H2PtCl6·6H2O. In addition, a bimetallic
sample containing 1.0 wt% Pt and 0.11 wt% Fe (designated
PtFe/SiO2) was also prepared for comparison purposes by in-
cipient wetness impregnation of SiO2 with an aqueous solution
containing a mixture of H2PtCl6·6H2O and Fe(NO3)3·9H2O.
The Pt and Fe weight loadings in all samples were verified
by inductively coupled plasma–mass spectroscopy (ICP-MS)
analysis (Galbraith Laboratories).

2.3. FTIR spectroscopy

A Thermo Nicolet Nexus 470 spectrometer was used to
record spectra with a resolution of 2 cm−1, averaging 64 scans
per spectrum. Powder samples were pressed into self-supported
wafers of nearly the same density (20 mg/cm2) and thickness
under 5000 psi of pressure. The wafers were then mounted
in a homemade IR cell connected to a gas distribution man-
ifold [13]. The cell construction allowed for treatment of the
samples at different temperatures while various gases were
flowed through the cell. IR spectra for different samples were
compared assuming that the extinction coefficient for a given
adsorbed species remained unchanged from sample to sam-
ple.

2.4. Temperature-programmed desorption of CO ligands

For each set of temperature-programmed desorption (TPD)
measurements, approximately 100 mg of powdered fresh cata-
lyst was mixed with 7 g of inert quartz powder (60–80 mesh)
and loaded into a fixed-bed quartz reactor. The reactor was
heated to 400 ◦C at a rate of 3 ◦C/min with He or H2 flowing
through at a rate of 100 cc/min. The concentration of CO in the
effluent gas mixture was monitored with a Siemens Ultramat
23 online single-beam NDIR analyzer capable of detecting CO
in the 0–500 ppm and 0–5% ranges. The evolution of CO2 was
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monitored by an online gas chromatography system equipped
with a thermal conductivity detector.

2.5. H2 chemisorption

A Micromeritics ChemiSorb 2720 pulse analyzer was used
to measure the accessibility of surface sites by hydrogen
chemisorption at room temperature.

2.6. EXAFS spectroscopy

EXAFS spectra were collected at X-ray beamline 2–3 at the
Stanford Synchrotron Radiation Laboratory, Stanford Linear
Accelerator Center, Menlo Park, CA. The storage ring electron
energy was 3 GeV, and the ring current was in the range of 80–
100 mA.

All samples examined were pretreated in a glass reactor with
H2 or He at the desired temperature to remove the ligands. Af-
ter the completion of the treatment, the reactor was sealed and
transferred into a dry box, where samples were loaded into an
EXAFS cell in a powder form. The EXAFS cell design allows
handling of samples without air exposure. The EXAFS data
were recorded at room temperature in the fluorescence mode
with a 13th element Ge detector due to the low Fe loading. The
total count rate for the Ge detector was in the range of 30,000–
40,000 counts/s. It has been experimentally established that the
detector readings are linear within this range and that no correc-
tions for any dead-time are required. Samples were scanned at
both the Pt L3 edge (11564 eV) and the Fe K edge (7112 eV).
Data were collected with a Si(220) double-crystal monochro-
mator, which was detuned by 30% to minimize the effects of
higher harmonics in the X-ray beam.

2.7. CO oxidation measurements

Catalytic activity measurements for the oxidation of CO in
air were performed in a quartz single-pass, fixed-bed reactor at
atmospheric pressure and at 25–300 ◦C. The temperature inside
the reactor was monitored by a thermocouple extended into the
catalyst bed. Samples in powder form (0.077 g) were diluted 90
times by weight with quartz particles (60–80 mesh) to keep the
catalyst bed isothermal. The total volumetric flow rate of the re-
actant mixture (1% CO in air) was held at 154 ml/min (1 atm,
25 ◦C), yielding a corresponding gas hourly space velocity
(GHSV) of 120,000 ml/g h. The feed and reaction products
were analyzed with a Siemens Ultramat 23 online single-beam
NDIR CO analyzer capable of detecting CO in the 0–500 ppm
and 0–5% ranges and CO2 in the 0–5% range.

Before catalytic measurements, all samples were treated
with H2 or He while the temperature was ramped at 5 ◦C/min
to 350 ◦C and held at this temperature for 2 h. After the treat-
ment was completed, the reactor was purged with He at 350 ◦C
and cooled to room temperature. The reaction mixture was in-
troduced at that point and data were collected at different times,
with the temperature raised every 2 h in 10–20 ◦C increments.
In the absence of a catalyst, no measurable conversion of CO
was observed.
2.8. EXAFS data analysis

The EXAFS data were analyzed with a combination of ex-
perimental and theoretical reference files. The former were
obtained from EXAFS data collected for materials with known
structures. More specifically, the Pt–Pt, Pt–Osupport, Pt–CO,
and Fe–Osupport interactions were analyzed with phase shifts
and backscattering amplitudes obtained from EXAFS data for
Pt foil, Na2Pt(OH)6, Ir4(CO)12, and FeO, respectively. It has
been shown both theoretically and experimentally that Ir ref-
erences can be used to analyze Pt data [14,15]. EXAFS data
obtained for Fe foil cannot be used directly for the analysis
of metal–metal contributions at the Fe edge because the Fe
foil has a bcc structure in which the first and second Fe–Fe
shells are not resolved; therefore, the first shell Fe–Fe con-
tributions were isolated by modeling the spectrum of the Fe
bcc structure with the FEFF8 software and assuming the pres-
ence of only 8 Fe atoms in positions corresponding to the
first coordination shell. The Fe–CO, Pt–Fe, and Fe–Pt inter-
actions were analyzed with phase shifts and backscattering
amplitudes calculated with the FEFF8 software on the basis
of the crystallographic data reported for Fe(CO)5 [16] and
PtFe(CO)3(COD)[μ-PhCC(H)C(H)CPh] [11], respectively.
The crystallographic first-shell coordination parameters for all
the reference compounds, the weighting of the Fourier trans-
form, and the ranges in k and r space used to extract the refer-
ence functions from the experimental EXAFS data are given in
Table 1. The EXAFS parameters were extracted from the raw
data using the XDAP software developed by XAFS Services
International [17]. The methods used to extract the EXAFS
function from the raw data are essentially the same as those
reported elsewhere [18]. Data reported for each sample are the
averages of six scans.

The raw EXAFS data obtained for the Pt L3 and Fe K

edges were analyzed with a maximum number of free para-
meters not exceeding the statistically justified number of free
parameters, n, estimated based on the Nyquist theorem [19,20]:
n = (2�k�r/π)+1, where �k and �r are the k (where k is the
wave vector) and r (where r is the distance from the absorber
atom) ranges used to fit the data. The statistically justified num-
ber of free parameters and the ranges of k and r used for each
fit are reported as notations in the tables containing the EXAFS
data. The data analysis was performed with a difference file
technique with phase- and amplitude-corrected Fourier trans-
forms of the data [21,22].

The approach used to analyze the data for bimetallic sam-
ples at the Pt L3 edge was similar to that described previ-
ously [23]. The Pt–Pt contributions in each sample (the largest
in the EXAFS spectra) were estimated first and then subtracted
from the raw data. The difference file was expected to rep-
resent Pt–Osupport contributions. After optimizing the parame-
ters for the Pt–Osupport contributions, the first-guess Pt–Pt and
Pt–Osupport contributions were added and compared with the
raw data. The overall fit with the sum of the Pt–Pt and Pt–
Osupport contributions was not satisfactory. The difference file
obtained after subtraction of the Pt–Pt and Pt–Osupport contri-
butions from the raw data indicated the presence of additional
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Table 1
Structural parameters characterizing the reference compounds and Fourier transform ranges used in the EXAFS data analysisa

Shell N R (Å) n �k �r (Å) Reference compound

Pt–Pt 12 2.77 3 1.9–19.8 1.9–3.0 Pt foil
Fe–Fe 8 2.49 3 1.5–19.0 1.1–2.4 Fe foilb

Pt–O 6 2.05 3 1.4–17.7 0.5–2.0 Na2Pt(OH)6
Ir–C 3 1.87 3 2.8–16.5 1.1–2.0 Ir4(CO)12
Ir–O 3 3.01 3 2.8–16.5 2.0–3.3
Fe–O 6 2.15 2 1.4–16.5 0.5–2.0 FeO
Fe–C 5 1.81 3 2.0–16.5 0.5–2.6 Fe(CO)5

b

Fe–O 5 2.93 3 2.0–16.5 2.0–3.3
Pt–Fe 1 2.83 3 2.0–17.5 1.9–3.5 PtFe(CO)3(COD)[PhCC(H)C(H)CPh]b

Fe–Pt 1 2.83 3 2.0–17.5 1.9–3.5

a Notation: N , coordination number for absorber-backscatterer pair; R, distance; �k, limits used for forward Fourier transform (k is the wave vector); �r , limits
used for the shell isolation (r is the distance); n, power of k used in the Fourier transformations.

b A theoretical EXAFS function was calculated with FEFF8 software.

Fig. 1. Results of EXAFS analysis of a Pt5Fe2(COD)2(CO)12/SiO2 sample treated in H2 at 350 ◦C: imaginary part and magnitude of uncorrected Fourier transform
(k1 weighted) of experimental EXAFS (solid line) and sum of the calculated contributions as stated in Table 6 (dashed line) for the Pt L3 (A) and Fe K (B) edges.
high-Z backscatters, which in this case appeared to be Pt–Fe.
Therefore, a good fit at the Pt L3 edge was obtained when all
Pt–Pt, Pt–Fe, and Pt–Osupport contributions were accounted for.
The difference file in this case showed only the presence of
noise, indicating that no other contributions had to be included
in the fit.

A similar approach was used to analyze the EXAFS data at
the Fe K edge, with the best fit obtained when Fe–Pt and Fe–
Osupport contributions were used for the data analysis. Reliable
parameters for the high-Z (Pt, Fe) and low-Z (Osupport) con-
tributions were determined by multiple-shell fitting in r space
with application of k1 and k3 weightings in the Fourier transfor-
mations [18]. Because the EXAFS data were obtained at both
the Pt L3 edge and the Fe K edge, there were opportunities
to evaluate the internal consistency of the fitting results, as de-
scribed below. Comparisons of the data and fits in r-space for
two selected samples are shown in Figs. 1 and 2; the best-fitting
parameters determined by this fitting routine for all samples in-
vestigated are summarized in Tables 2, 5, 6, and 8. Standard
deviations reported in these tables for the various parameters
were calculated from the covariance matrix taking into account
the statistical noise of the EXAFS data and the correlations be-
tween the different coordination parameters, as described else-
where [24]. Systematic errors are not included in the calculation
of the standard deviations. The goodness-of-fit values (ε2

v) were
calculated as outlined in [25]. The variances in both the imag-
inary and absolute parts were used to determine the quality of
the fit [26].

2.9. XANES measurements and analysis

X-ray absorption near-edge (XANES) spectra of each sam-
ple were also obtained during the X-ray absorption measure-
ments described above. Normalized XANES spectra were ob-
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Fig. 2. Results of EXAFS analysis of a PtFe/SiO2 sample treated in H2 at 350 ◦C: imaginary part and magnitude of uncorrected Fourier transform (k1 weighted) of
experimental EXAFS (solid line) and sum of the calculated contributions as stated in Table 8 (dashed line) for the Pt L3 (A) and Fe K (B) edges.

Table 2
EXAFS parameters characterizing Pt5Fe2(COD)2(CO)12/SiO2 after aging in He at room temperature for 5 daysa

Edge Shell N R (Å) �σ 2 (Å2) �E0 (eV) ε2
v k1-variances (%)

Im. Abs.

Pt L3
b,d Pt–Pt 2.2 2.65 0.00593 9.7 2.5 0.55 0.23

Pt–Fe 0.9 2.57 0.00858 0.7
Pt–C 0.2 1.88 −0.00919 1.5
Pt–O∗ 0.4 3.00 −0.00129 −0.4

Fe Kc,d Fe–Pt 2.0 2.57 0.00884 6.7 2.5 0.40 0.20
Fe–C 3.1 1.79 0.00982 6.0
Fe–O∗ 3.0 2.97 0.00598 −14.5
Fe–Osupport 0.5 2.06 0.00199 −2.0

a Notation: N , coordination number; R, distance between absorber and backscatterer atoms; �σ 2, Debye–Waller factor relative to the Debye–Waller factor of the
reference compound; �E0, inner potential correction accounts for the difference in the inner potential between the sample and the reference compound; ε2

v , goodness
of fit; the superscript ∗ refers to oxygen from the carbonyl ligands; standard deviations in fits: N ± 20%, R ± 1%, �σ 2 ± 5%, �E0 ± 10%.

b R-space fit: �k = 3.5–13.5 Å−1, �r = 0.5–4.0 Å.
c R-space fit: �k = 3.5–15.0 Å−1, �r = 0.5–3.5 Å.
d The statistically justified number of free parameters for the Pt and Fe edge fits was found to be 23.
tained by subtracting the pre-edge background from the raw
data with a modified Victoreen equation and then dividing the
absorption intensity by the height of the absorption edge. The
band structure curves were numerically integrated using the
XDAP software [17].

2.10. Characterization of bimetallic contributions by EXAFS

The EXAFS such analysis must include data collected at the
absorption edge of each metal present, to establish the pres-
ence of bimetallic interactions [27]. Moreover, to be reliable
and internally consistent, a fit of the EXAFS data at both edges
must satisfy certain constraints if bimetallic interactions are
present. More specifically, the bimetallic contributions deter-
mined at each absorption edge must have the same bond dis-
tances and Debye–Waller factors, with corresponding coordi-
nation numbers (NM–M′ and NM′–M) related to the total number
of atoms of each metal (nM and nM′ ) by the following equation:
NM–M′/NM′–M = nM′/nM [27]. Therefore, if bimetallic interac-
tions are present in the PtFe samples used in this investigation,
then the values of NPt–Fe and NFe–Pt determined from the Pt L3
and Fe K edges must be related to each other by the following
equation:

NPt–Fe/NFe–Pt = nFe/nPt,

where nFe and nPt are the total numbers of Fe and Pt atoms
in the sample, respectively. Because the ratio of nFe/nPt calcu-
lated for these samples on the basis of the precursor stoichiom-
etry and the chemical composition (i.e., approximately 1.0 wt%
Pt and 0. 11 wt% Fe) is approximately 0.4, the values of NPt–Fe
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Fig. 3. FTIR spectra in the νCO region of a freshly prepared Pt5Fe2(COD)2-
(CO)12/SiO2 sample (1) and of the same sample aged under He flow at room
temperature for 24 h (2) and 5 days (3).

and NFe–Pt are not expected to be equal to each other, but rather
to satisfy the following equation:

NPt–Fe/NFe–Pt = 0.4.

3. Results and discussion

3.1. Interaction of Pt5Fe2(COD)2(CO)12 with SiO2

We recently reported on the deposition of Pt5Fe2(COD)2-
(CO)12 on SiO2 [12]. Extraction experiments performed with a
freshly prepared sample confirmed that this cluster can be com-
pletely extracted from the silica surface and that the extracted
species have an FTIR “fingerprint” matching that of the original
cluster. These results indicate that initial interactions between
this cluster and the support are relatively weak and do not in-
volve any reactions between the carbonyl ligands of the cluster
and the functional groups of the support [12]. These results
are also consistent with literature reports indicating the low re-
activity of the silanol groups toward Fe3(CO)12 and Fe(CO)5

carbonyl clusters [28]. The adsorption of such clusters on sil-
ica is also a reversible process regardless of the pretreatment
temperature of the support [28]. Therefore, the set of bands at
2065, 2026, 2003, 1951, and 1890 cm−1 observed in the νCO

region of the Pt5Fe2(COD)2(CO)12/SiO2 material represents a
unique signature of this cluster on the silica surface (Fig. 3,
spectrum 1).

When the Pt5Fe2(COD)2(CO)12/SiO2 sample was aged in
He flow at room temperature for 24 h, the intensities of the car-
bonyl bands remained largely unchanged (Fig. 3, spectrum 2).
But longer aging in He flow led to a substantial decrease in the
Fig. 4. Structure of crystalline Pt5Fe2(COD)2(CO)12 drawn based on the XRD
data [10]. The COD ligands were omitted for clarity.

Table 3
XRD data characterizing crystalline Pt5Fe2(COD)2(CO)12

a

Shell N R (Å)

Pt–Pt 3.2 2.64–2.95 (average), 2.77
Pt–Fe 0.8 2.55–2.60 (average), 2.58
Pt–C∗ 1.0 1.90
Pt–O∗ 1.0 3.05
Pt–C 1.6 2.29

Fe–Fe – –
Fe–Pt 2.0 2.58
Fe–C∗ 4.0 1.78
Fe–O∗ 4.0 2.93

a Notation: R, interatomic distance; N , coordination number; C∗ and O∗ rep-
resent carbon and oxygen atoms of carbonyl ligands, respectively.

intensities of these bands, indicating a slow loss of carbonyl lig-
ands from the supported species (Fig. 3, spectrum 3).

To determine whether the observed loss of carbonyl ligands
led to any structural changes, the aged Pt5Fe2(COD)2(CO)12/
SiO2 sample also was examined by EXAFS at both the Pt
L3 and Fe K edges; the data are given in Table 2. For com-
parison, the molecular structure as determined previously by
single-crystal X-ray diffraction for the Pt5Fe2(COD)2(CO)12
precursor is shown in Fig. 4, and its intramolecular bond dis-
tances are given in Table 3 [11].

The XRD data characterizing the crystalline Pt5Fe2(COD)2-
(CO)12 indicate that the cluster core comprises 5 Pt atoms
bonded to one another at an average distance of 2.77 Å, three of
which are also bonded to two Fe atoms at an average distance
of 2.58 Å (Fig. 4 and Table 3). The cluster core is stabilized
by 12 CO ligands, eight of which are bonded to Fe atoms with
average Fe–C and Fe–O∗ distances (where O∗ is the carbonyl
oxygen) of 1.78 and 2.93 Å, respectively. The remaining CO
ligands are bonded to Pt atoms with average Pt–C and Pt–O∗
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distances of 1.90 and 3.05 Å, respectively. In addition, two Pt
atoms from the cluster core are connected to two cyclooctadi-
ene ligands at an average Pt–C distance of 2.29 Å.

The Pt L3 edge EXAFS data (Table 2) characterizing the
surface species present in the Pt5Fe2(COD)2(CO)12/SiO2 sam-
ple after aging in He for 5 days, indicate that each Pt atom is
in close proximity to at least two Pt atoms and 0.9 Fe atom, at
average distances of 2.65 and 2.57 Å, respectively. Pt–C and
Pt–O∗ contributions, indicating the presence of carbonyl lig-
ands in the supported species, were also observed with average
coordination numbers of 0.2 and 0.4 at average distances of
1.88 and 3.00 Å, respectively. The EXAFS data obtained from
the Fe K edge complement those collected at the Pt L3 edge
and indicate the presence of approximately two Pt atoms in the
neighborhood of each Fe atom at an average distance of 2.57 Å
and approximately three carbonyl ligands, as evidenced by the
presence of Fe–C and Fe–O∗ contributions with average coor-
dination numbers of 3.0 at average distances of 1.79 and 3.0,
respectively.

The EXAFS data characterizing the species present in the
aged sample clearly show some differences with the XRD
data representing crystalline Pt5Fe2(COD)2(CO)12. Because
the sample was kept under an inert atmosphere, and thus the
possibility of oxidation can be excluded, the absence of Pt–C
contributions from COD ligands and the decreased number of
carbonyl ligands attached to both the Pt and Fe atoms in the
surface species suggest that the initially weak cluster–support
interactions observed during the impregnation step [12] grew
stronger with time. This result is not surprising, because it was
previously shown that different π - and σ -bonded organic lig-
ands in various organometallic compounds are capable of inter-
acting with surface hydroxyls of silica, with the degree of such
interactions depending largely on the nature of the ligand [29].
Moreover, it is also known that carbonyl ligands are capa-
ble not only of forming weak hydrogen-bonding interactions
with surface hydroxyls, but also of undergoing reactions with
the silanol groups according to the following general scheme
[28]:

M3(CO)12 + SiOH → M3H(CO)10{SiO} + 2CO. (1)

This type of surface reaction has been found to occur in
Ru3(CO)12 and Os3(CO)12 clusters [30–33]. Our results sug-
gest that a similar process occurs in the Pt5Fe2(COD)2(CO)12
cluster adsorbed on the surface of silica but at very low rates,
leading to the loss of COD and carbonyl ligands only after an
extended period.

The observed loss of ligands from the supported cluster
had no significant affect on the PtFe bimetallic contributions,
because the structural parameters determined from both the
Pt L3 and Fe K edges for Pt–Fe and Fe–Pt contributions
remained nearly the same as those characterizing crystalline
Pt5Fe2(COD)2(CO)12 (Tables 2 and 3). Nevertheless, the data
in Table 2 indicate that the structure of the cluster core was al-
tered. More specifically, the loss of carbonyl ligands during the
aging in He was accompanied by a decrease in the Pt–Pt bond
distance from 2.77 to 2.65 Å, which is consistent with litera-
ture data demonstrating that the removal of carbonyl ligands
from various supported carbonyl clusters typically leads to a
contraction of the metal–metal bonds [34]. Such changes in the
metal–metal bond distances usually are attributed to the role
of the support, because the loss of CO ligands from the clus-
ters is compensated for by metal-support interactions, with the
support becoming a part of the metal ligand shell in partially de-
carbonylated species [35]. Indeed, the EXAFS data obtained for
the aged Pt5Fe2(COD)2(CO)12/SiO2 sample at the Fe K edge
also indicated the presence of Fe–Osupport contributions with an
average coordination number of 0.5 at an average distance of
2.06 Å (Table 2). These results suggest that the surface species
attach to the silica surface during the loss of carbonyl ligands
through Fe atoms rather than Pt atoms, because no Pt–Osupport
contributions were observed. Finally, the average Pt–Pt coordi-
nation number observed for the supported species was found to
be approximately 2.2 (Table 2), in contrast to the value of 3.2
calculated for crystalline Pt5Fe2(COD)2(CO)12, suggesting that
partial disintegration of the cluster core occurred during the ag-
ing. The degree of such disintegration was relatively small, and
the PtFe bimetallic interactions were not significantly affected
by this process.

3.2. Ligand removal

In previous work, we showed that thermal treatment of
a freshly prepared Pt5Fe2(COD)2(CO)12/SiO2 sample in H2
led to complete decarbonylation of the surface species at ap-
proximately 350 ◦C [12]. Very similar results were obtained
when He was substituted for H2 in the decarbonylation step.
The FTIR spectra collected at various temperatures during
this process are shown in Fig. 5. The thermal treatment in
He flow at 25–50 ◦C had no significant affect on the inten-
sity of the characteristic bands in the νCO region at 2065(s),

Fig. 5. FTIR spectra in the νCO region collected during the decarbonyla-
tion of Pt5Fe2(COD)2(CO)12/SiO2 in He at (1) 25 ◦C, (2) 50 ◦C, (3) 100 ◦C,
(4) 150 ◦C, (5) 200 ◦C, (6) 250 ◦C, and (7) 350 ◦C.
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2026(s), 2003(sh), 1951(m), and 1890(w) cm−1 (Fig. 5, spec-
tra 1 and 2), previously assigned to the carbonyl ligands of the
SiO2-supported Pt5Fe2(COD)2(CO)12 species [12]. However,
substantial changes in the spectra were observed when the tem-
perature was further increased to 100 ◦C. When a steady state
was reached at this temperature after approximately 60 min, the
bands at 2065, 2003, and 1951 cm−1 were no longer present in
the spectrum, whereas the bands at 2026 and 1890 cm−1 ex-
hibited a significant decrease in intensity and shifted to 2020
and 1885 cm−1, respectively (Fig. 5, spectrum 3). The analysis
of the area under these remaining bands indicates that approxi-
mately 70% of the CO ligands were removed from the cluster at
this temperature. The bands at 2020 and 1885 cm−1 are nearly
the same as those observed during the treatment of this sam-
ple in H2 at 100 ◦C [12], indicating that similar species were
formed on the SiO2 surface at this decarbonylation temperature
regardless of the gas used for the treatment. But when the tem-
perature was further increased gradually to 350 ◦C, the bands
at 2020 and 1885 cm−1 decreased in intensity and disappeared
more rapidly in He than was observed previously in H2 [12],
suggesting that the decomposition of these species follows dif-
ferent pathways in He and H2.

Because the decarbonylation chemistry for supported car-
bonyls is largely unknown, we attempted to gain further in-
sight into this process by monitoring the evolution of CO as a
function of temperature from a freshly prepared Pt5Fe2(COD)2-
(CO)12/SiO2 sample. The CO profile obtained from such a
sample during temperature-controlled decarbonylation in H2
consists of a strong peak with a shoulder located at the low-
temperature side; this profile can be modeled with 2 peaks
centered at approximately 120 and 144 ◦C (Fig. 6A). Analy-
sis of the area under these peaks indicates that approximately
80% more CO was desorbed in the high-temperature region
than in the low-temperature region (Table 4). The presence of
two peaks in the TPD profiles is consistent with the evolu-
tion of two types of CO ligands with different M–CO bond
strengths and thus different thermal stability. Only 4 of the
12 CO ligands in the original Pt5Fe2(COD)2(CO)12 cluster are
coordinated to Pt; the other 8 CO ligands are coordinated to Fe,
yielding a 2:1 ratio for the number of CO molecules released
by Fe compared with the number released by Pt. Comparing
this value with the 1.8 ratio of the areas of the high-and low-
temperature peaks suggests that the low- and high-temperature
peaks observed in the TPD profile under H2 flow can be tenta-
tively assigned to the removal of CO from Pt and Fe, respec-
tively.
Literature data indicate that in various carbonyl clusters,
the M–CO bond dissociation energy varies with the CO/M ra-
tio, with carbonyl ligands binding more strongly to the metal
in clusters with multiple CO ligands [36]. In the case of the
Pt5Fe2(COD)2(CO)12 cluster, these results suggest that CO lig-
ands coordinated to Pt should be released first during the ther-
mal treatment. Moreover, a general assumption that shorter
bonds are stronger has been found to be true for various chem-
ical compounds with covalent bonds, as indicated by the avail-
able structural and thermochemical data [36]. Finally, literature
data indicate that experimentally and theoretically determined
dissociation energies for the Fe–CO bonds in various Fex(CO)y
carbonyl clusters range from 28 to 32 kcal mol−1, whereas cor-
responding values for Pt–CO bonds in Ptx(CO)y clusters are
approximately 10 kcal mol−1 [37,38].

In a similar TPD experiment performed in the presence of
He, the CO profile once again was found to comprise two peaks
centered at 110 and 140 ◦C (Fig. 6B). These two peaks also can
be assigned to the evolution of CO from the Pt and Fe atoms of
the cluster core, respectively. Directly comparing these peaks
with those detected during decarbonylation in H2 (Fig. 6C)

Fig. 6. CO TPD profiles for Pt5Fe2(COD)2(CO)12/SiO2 treated in H2 (A), or
He (B). A direct comparison of the CO desorption peaks during treatment in
H2 (dashed line) and He (dotted line) is shown in (C).
Table 4
TPD results obtained with the Pt5Fe2(COD)2(CO)12/SiO2 catalyst

Treatment conditions Removal of carbonyl ligands Results of peak deconvolution Amount of residual carbona

Total CO desorption
area (a.u.)

Relative
ratio

Peak maximum
temperature (◦C)

Peak area
(a.u.)

Relative
ratio

ppm Relative
ratio

H2 350 ◦C 8700 2.6 120 3080 1.0 370 1.0
144 5620 1.8

He 350 ◦C 3400 1.0 110 1540 1.0 870 2.4
140 1860 1.2

a Determined by elemental analysis (ICP).
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demonstrates some differences between decarbonylation in He
and H2; for example, the difference in the initial slopes ob-
served at 50–100 ◦C (see insert) indicates that H2 facilitated
the removal of CO from the cluster core at lower temperatures.
However, the decarbonylation process stopped more rapidly in
He (at 230 ◦C) than in H2 (at 350 ◦C), consistent with our FTIR
results discussed above and elsewhere [12].

During decarbonylation in He, the maxima of both desorp-
tion peaks appeared at lower temperatures than those observed
under the H2 flow. More specifically, the difference in peak po-
sition for the CO species desorbing from Pt was approximately
10 ◦C, whereas a shift of only 4 ◦C was observed for the CO
species desorbing from Fe (Figs. 6A and 6B). Because the de-
carbonylation process from both metals likely occurs through
stepwise removal of CO ligands, it would be expected that in
the presence of H2, the vacancies formed on metal sites would
be occupied by hydrogen. In contrast, the metal sites should re-
main clean in He. H2 adsorption on the metal sites would be
expected to increase the electron density on both metals, result-
ing in increased back π -bonding to the remaining CO ligands
and thus increased Pt–CO and Fe–CO bond strength. The pres-
ence of electronic interactions between Pt and Fe also would be
expected to affect this process; for example, the electron density
in supported Pt–Fe bimetallics would be shifted to some degree
from Fe to Pt, as has been shown for bulk PtFe alloys [39].
Such a shift would result in increased back π -bonding from Pt
compared with that from Fe, consistent with the differences in
the positions of the CO peaks desorbing from Pt and Fe in He
and H2.

The overall area under the CO peaks observed during ligand
removal in He was approximately 2.6 times smaller than that
observed during ligand removal in H2 (Fig. 6C and Table 4),
suggesting the release of smaller amounts of carbonyl ligands
in the form of CO during He treatment. Thus, along with CO
desorption, a side reaction between CO ligands also likely oc-
curred during these treatments. To verify this hypothesis, we
analyzed Pt5Fe2(COD)2(CO)12/SiO2 samples treated in He or
H2 for the presence of any carbon residues. In both cases, we
found residual carbon on the catalyst surface (Table 4). How-
ever, less carbon was detected in the H2-treated sample than
in the He-treated sample (370 vs 870 ppm, a difference factor
of 2.4). This result is consistent with the 2.6 difference factor
in the amount of CO released in the gas phase during these
processes. Therefore, it appears that COD ligand decomposi-
tion is not a major source of residual carbon.

Qualitative results obtained with gas chromatography analy-
sis of the reactor outlet stream during decarbonylation in He
indicated the appearance of CO2 starting at approximately
100 ◦C. In contrast, no CO2 was detected during decarbony-
lation in H2. No CH4 formation was detected in either case.
As a result, the formation of carbon deposits and the presence
of CO2 in the outlet stream can be rationalized in terms of the
Boudouard reaction between two CO molecules,

2CO → CO2 + C. (2)

This reaction is known to be catalyzed by various transition
metals, including Pt and Fe [40]. Although its mechanism re-
mains poorly understood, generally it is assumed that dissoci-
ation of one CO molecule is required to form atomic oxygen
species capable of interacting with CO to form CO2 [41]. The
presence of residual carbon even in the sample decarbonylated
in H2 indicates that the Boudouard reaction may also proceed
in this case, but at a lower rate and with CO2 formation ap-
parently below our detection limit. Quantitative analysis of the
TPD results indicates that CO ligands attached to both metals
in the cluster core participated in the Boudouard reaction, be-
cause the Pt and Fe peaks were equally reduced in magnitude in
the CO desorption profile of the He-treated sample (Fig. 6). But
the same results suggest that a larger fraction of the CO ligands
initially attached to Fe were involved in this reaction. Similar
TPD data, indicating that carbonyl groups in Al2O3- or ZrO2-
supported NaRuCo3(CO)12, Ru3(CO)12, and C3H7CCo3(CO)9
clusters can disproportionate during decarbonylation, have been
reported previously [42]. Our findings further demonstrate that
a cleaner catalyst surface can be obtained by using H2 in the
ligand removal step.

3.3. EXAFS characterization

3.3.1. Decarbonylation of Pt5Fe2(COD)2(CO)12 under He
Table 5 summarizes the structural parameters characterizing

the surface species formed after the treatment of Pt5Fe2(COD)2-
(CO)12/SiO2 in He at 350 ◦C. The Pt L3 edge data indicate the
presence of only first-shell Pt–Pt contributions with an average
coordination number of 3.6 at an average bonding distance of
2.74 Å. Two Pt–O contributions observed at short (Pt–Os) and
long (Pt–Ol) distances of 2.14 and 2.67 Å, respectively, are typ-
ical of noble metal interactions with metal oxide supports [34].
The absence of higher Pt–Pt shells and the low value of NPt–Pt

observed for this sample are consistent with the formation of
highly dispersed Pt clusters on the silica surface incorporating
on average no more than 6 Pt atoms. These clusters appear to be
largely isolated from the Fe atoms, because the spectra demon-
strate no evidence of Pt–Fe contributions.

Complementing the Pt L3 edge data, the structural parame-
ters obtained from the Fe K edge (Table 5) also demonstrate
the absence of any Fe–Pt contributions, confirming that Pt and
Fe atoms are not in direct contact on the silica surface after the
He treatment. The multiple Fe–O contributions detected in the
spectra of this sample point to the more complex interactions of
the Fe atoms with the support and the formation of oxide-like Fe
species. The first and second Fe–O shells have been observed
in bulk FeO at 2.15 and 3.73 Å, in Fe2O3 at 1.94 and 2.12 Å,
and in Fe3O4 at 1.89 and 3.49 Å, respectively [43–45]. Because
the bond distances for the Fe–O contributions reported in Ta-
ble 5 do not directly match any of those reported previously
for bulk oxides, we can infer that no bulk forms of iron oxide
species were formed on the surface of silica under these condi-
tions. This finding could be due in part to the low Fe content of
the sample.

In summary, the EXAFS results clearly show that the ther-
mal removal of the ligands from the SiO2-supported Pt5Fe2-
(COD)2(CO)12 clusters in He led to the disintegration of the
bimetallic cluster frame and the formation of highly dispersed
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Table 5
EXAFS parameters characterizing the surface species formed after treatment of Pt5Fe2(COD)2(CO)12/SiO2 in He at 350 ◦C. (Notation as in Table 2 with the
exceptions noted at the bottom)

Edge Shell N R (Å) �σ 2 (Å2) �E0 (eV) ε2
v k1-variances (%)

Im. Abs.

Pt L3
a,c Pt–Pt 3.6 2.74 0.00482 −5.0 2.7 0.53 0.21

Pt–Osupport
Pt–Os

d 1.7 2.14 0.00737 −7.1
Pt–Ol

d 0.7 2.67 −0.00294 −2.6

Fe Kb,c Fe–Osupport 3.8 0.67 0.33
Fe–O1 2.3 1.99 0.00822 0.5
Fe–O2 0.9 2.67 0.00252 −17.2
Fe–O3 2.0 3.29 −0.00065 7.6

a R-space fit: �k = 3.5–15.0 Å−1, �r = 1.0–3.5 Å.
b R-space fit: �k = 3.5–15.0 Å−1, �r = 0.5–3.5 Å.
c The statistically justified number of free parameters for the Pt and Fe edge fits was found to be 19 and 23, respectively.
d The subscripts s and l refer to short and long, respectively.

Table 6
EXAFS parameters characterizing the surface species formed after treatment of Pt5Fe2(COD)2(CO)12/SiO2 in H2 at 350 ◦C. (Notation as in Table 2 with the
exceptions noted at the bottom)

Edge Shell N R (Å) �σ 2 (Å2) �E0 (eV) ε2
v k1-variances (%)

Im. Abs.

Pt L3
a,c Pt–Pt 6.0 2.74 0.00296 0.9 2.3 1.65 0.48

Pt–Fe 0.9 2.67 0.00720 −2.0
Pt–Osupport
Pt–Os

d 0.9 2.13 0.01000 −5.0
Pt–Ol

d 1.4 2.69 −0.00226 −6.8

Fe Kb,c Fe–Pt 2.3 2.67 0.00745 4.6 3.0 1.12 0.46
Fe–Osupport
Fe–O1 0.7 1.96 0.01000 −3.2
Fe–O2 0.3 2.54 −0.00143 0.2

a R-space fit: �k = 3.5–15.0 Å−1, �r = 1.0–3.5 Å.
b R-space fit: �k = 3.5–15.0 Å−1, �r = 1.0–3.5 Å.
c The statistically justified number of free parameters for both the Pt and Fe edge fits was found to be 19.
d The subscripts s and l refer to short and long, respectively.
Pt clusters with a nuclearity of six and oxide-like Fe species.
However, we cannot exclude the possibility that some of these
Fe species may have been located in close proximity to the Pt
clusters.

3.3.2. Decarbonylation of Pt5Fe2(COD)2(CO)12 under H2

Table 6 summarizes the structural parameters characterizing
the surface species formed after the treatment of Pt5Fe2(COD)2-
(CO)12/SiO2 in H2 at 350 ◦C. The Pt L3 edge data indicate that
the first coordination shell of Pt consisted of approximately 6 Pt
atoms and 1 Fe atom at average bonding distances of 2.74 and
2.67 Å, respectively. The EXAFS data collected at the Fe K

edge for the same sample supplement the information obtained
at the Pt L3 edge and indicate the presence of approximately 2.3
Pt atoms in the first coordination shell of Fe at an average bond
distance of 2.67 Å. These results demonstrate that the Pt–Fe and
Fe–Pt contributions determined from the two different edges
yielded the same bond distances, and that the corresponding
Debye–Waller factors are indistinguishable within experimen-
tal uncertainty. Moreover, the calculated NPt–Fe/NFe–Pt ratio of
0.43 is nearly the same as the Fe atom/Pt atom ratio of 0.40 in
the sample. Thus, the data analysis appears to be internally con-
sistent and reliable [27]. Therefore, the EXAFS data collected
at both the Pt L3 and Fe K edges unambiguously indicate the
presence of Pt–Fe bimetallic interactions in this sample after
the treatment in H2. This conclusion is further reinforced by
earlier published XEDS data [12] for the same sample showing
no evidence of segregation of Pt and Fe into separate particles.
In fact, the XEDS data indicate that all metal particles formed
on the SiO2 surface are bimetallic and that most of them have a
Pt/Fe atomic ratio of approximately 2.5, consistent with the sto-
ichiometry of the original Pt5Fe2(COD)2(CO)12 cluster [11].

The observed Pt–Pt coordination number of 6 is substan-
tially larger than that found in the original cluster, indicating
that the metal particles formed on the silica surface after the
treatment in H2 did not consist of individual Pt5Fe2 units. An
increase in the Pt–Pt coordination number may indicate cluster
disintegration and subsequent aggregation of Pt atoms; how-
ever, if this were the case, then the coordination number for the
Pt–Fe contributions would also be expected to decrease signif-
icantly for both the Pt and Fe edges. Because this is not the
case, we can alternatively suggest that the metal particles likely
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Table 7
Suggested structural model of bimetallic particles formed on the SiO2 surface
from Pt5Fe2(COD)2(CO)12 after ligand removal in H2 at 350 ◦C (interactions
between the metals and the support are not included for simplicity)

Proposed structure Shell Na

Pt–Pt 5.8
Pt–Fe 1.1
Fe–Fe –
Fe–Pt 2.5

a Notation: N , calculated coordination number.

are formed as a result of the condensation of several Pt5Fe2
units occurring without disintegration of the bimetallic cluster
core. As described previously [46,47], average metal coordi-
nation numbers can be used to estimate average sizes of metal
nanoparticles based on different models that correlate these two
parameters [48–50]. The weighted-average metal–metal coor-
dination number, calculated as NM–M = (5NPt–M +2NFe–M)/7
based on the Pt/Fe atomic ratio, was found to be approxi-
mately 5.6 for the sample treated in H2, implying an average
size of 1 nm. This value suggests that the individual parti-
cles formed incorporate no more than 30 metal atoms, nearly
94% of which are exposed on the surface. These results corre-
late well with high-resolution transmission electron microscopy
(HRTEM) data reported previously for this sample [12]. Based
on these estimates, we can suggest that the removal of ligands
in H2 led to the condensation of approximately 3 cluster units,
and that the resulting supported particles consisted of an av-
erage of approximately 15 Pt atoms and 6 Fe atoms closely
packed together. A graphical illustration of a possible model to
describe these particles is shown in Table 7. The metal–metal
coordination numbers calculated from this model are in a good
agreement with our experimental data. We also note that both
the Pt and Fe atoms in such particles interacted with the sup-
port to a similar extent, as demonstrated by the presence of
both Pt–Osupport and Fe–Osupport contributions in the spectra
(Table 6).
In summary, we found that the choice of the thermal
treatment used to remove the ligands from SiO2-supported
Pt5Fe2(COD)2(CO)12 clusters had a significant effect on the
structure of the resulting metal particles. Treatment in He led to
complete disintegration of the PtFe bimetallic cluster core and
the subsequent formation of small Pt clusters and Fe oxide-like
species, whereas treatment in H2 resulted in the formation of
PtFe bimetallic particles with an average size of approximately
1 nm. The formation of such different surface structures allows
us to evaluate their catalytic performance and determine their
structure–reactivity relationships, as we discuss below.

3.3.3. Structural characterization of PtFe/SiO2 prepared by
coimpregnation

The data collected at the Pt L3 edge for the PtFe/SiO2
sample prepared by co-impregnation of individual Pt and Fe
precursors and treated in H2 at 350 ◦C reveal approximately
8 Pt atoms and 1 Fe atom in the first coordination shell of
Pt at average distances of 2.74 and 2.68 Å, respectively (Ta-
ble 8). Supplemental structural information obtained for the
same sample from the analysis of the Fe K edge data con-
firm the Fe–Pt bimetallic interactions, as indicated by the pres-
ence of the Fe–Pt contributions with an average coordination
number of 2.6 at a distance of 2.68 Å. The data collected at
the two edges are internally consistent according to the afore-
mentioned criteria. The presence of the Pt–Fe contributions
demonstrates that PtFe bimetallic species can also be formed
on the SiO2 surface by co-impregnation of individual Pt and
Fe precursors, followed by a reduction step in H2 at elevated
temperatures. However, in this case the calculated fraction of
bimetallic contributions for each investigated absorption edge
was approximately 30% lower than that in the sample prepared
from the Pt5Fe2(COD)2(CO)12 precursor (Table 9). These re-
sults are consistent with those of XEDS analysis performed
on individual particles, which demonstrated the presence of
both Pt and Fe in only some of these particles, with an av-
erage composition of 85% Pt and 15% Fe on an atomic ba-
sis [12]. Moreover, some of the metal particles were found to be
monometallic in nature, suggesting that some fraction of both
metals remained segregated [12]. The Fe–Fe contributions ob-
served in this sample, with an average coordination number of
Table 8
EXAFS parameters characterizing the surface species formed after treatment of PtFe/SiO2 in H2 at 350 ◦C. (Notation as in Table 2 with the exceptions noted at the
bottom)

Edge Shell N R (Å) �σ 2 (Å2) �E0 (eV) ε2
v k1-variances (%)

Im. Abs.

Pt L3
a,b Pt–Pt 7.7 2.74 0.00638 −6.1 3.7 0.95 0.47

Pt–Fe 1.0 2.68 0.00464 −8.8
Pt–Osupport
Pt–Os

c 0.7 2.04 0.01000 −2.2
Fe Ka,b Fe–Pt 2.6 2.68 0.00417 6.0 2.7 1.98 1.27

Fe–Fe 0.3 2.85 −0.00299 −2.4
Fe–Osupport
Fe–Os

c 1.4 2.07 0.01000 0.2

a R-space fit: �k = 3.5–15.0 Å−1, �r = 1.0–4.0 Å.
b The statistically justified number of free parameters for both the Pt and Fe edge fits was found to be 23.
c The subscript s refer to short.
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Table 9
White line area and estimated fraction of bimetallic contributions for various SiO2-supported samples

Sample Preparation technique Treatment
conditions

White line
areaa

Fraction of bimetallic interactions

NPt–Fe/(NPt–Fe + NPt–Pt) NFe–Pt/(NFe–Pt + NFe–Fe)

Pt5Fe2/SiO2 Impregnation of
Pt5Fe2(COD)2(CO)12

H2 350 ◦C 4.54 0.13 1.00

PtFe/SiO2 Co-impregnation of
H2PtCl6 and Fe(NO3)3

H2 350 ◦C 4.68 0.10 0.70

Pt/SiO2 Impregnation of
H2PtCl6

H2 350 ◦C 5.23 – –

a Determined from XANES data collected at the Pt L3 edge.
Fig. 7. Metal particle size distribution obtained from HRTEM images of PtFe/
SiO2 reduced in H2 at 350 ◦C [12].

0.3 at an average distance of 2.85 Å, likely represent Fe–O−Fe
bridges and not closely packed Fe–Fe units, because the dis-
tance was substantially longer than that typically observed for
Fe foil [51].

The overall weighted average metal–metal coordination
number calculated for this sample was found to be approxi-
mately 7.0, indicating that this sample was less dispersed than
the cluster-derived sample of similar composition. The particle
size distribution determined from HRTEM images of PtFe/SiO2
reduced in H2 at 350 ◦C is shown in Fig. 7 [12]. The metal par-
ticles ranged in size from 1.0 to 4.0 nm (average, ca. 2.6 nm),
indicating a metal dispersion of ca. 43%.

3.4. Chemisorptive properties

3.4.1. H2 chemisorption
Table 10 summarizes hydrogen chemisorption data for dif-

ferent Pt and PtFe samples reduced in H2 at 350 ◦C. The H/Pt
ratio determined for the monometallic Pt/SiO2 sample was
in good agreement with the dispersion of Pt estimated from
HRTEM data, indicating that both techniques can be used re-
Table 10
Hydrogen chemisorption and metal dispersion for various catalysts reduced in
H2 at 350 ◦C

Sample Treatment H/Pta Pts/Pttb ΘH
e

Pt/SiO2 H2 350 ◦C 0.50 0.45c 1.00
PtFe/SiO2 H2 350 ◦C 0.29 0.43c 0.67
Pt5Fe2/SiO2 H2 350 ◦C 0.41 0.94d 0.44

a Hydrogen chemisorption at 25 ◦C determined with respect to total number
of Pt atoms in the sample.

b Dispersion (i.e., fraction of Pt atoms exposed at the surface).
c Determined from HRTEM data.
d Estimated from EXAFS data using the model of Kip et al. [48].
e Fraction of surface Pt atoms covered by hydrogen.

liably for the dispersion estimates when the composition of
the sample is simple. As expected, a control experiment with
a Fe/SiO2 sample yielded no strong hydrogen chemisorption
on Fe under our experimental conditions. In agreement, previ-
ous theoretical calculations performed for a FePd system also
indicated that hydrogen is bonded mainly to Pd atoms [52].
Therefore, in the analysis of the chemisorption data for the PtFe
bimetallic samples, H/Pt atomic ratios were calculated consid-
ering only the total number of Pt atoms in the sample. The data
given in Table 10 reveal significantly lower H/Pt ratios for the
PtFe/SiO2 and Pt5Fe2/SiO2 samples than might be expected
based on the metal dispersions, thus suggesting alteration of the
chemisorptive properties of Pt in the presence of Fe. Consider-
ing both sets of data, it appears that the coverage of platinum
by hydrogen in PtFe/SiO2 and Pt5Fe2/SiO2 was approximately
67 and 44%, respectively.

This finding is consistent with previous literature reports
suggesting a reduction in the hydrogen chemisorptive capac-
ity of Pt in PtFe bimetallic species on various supports [53,54].
Moreover, these same literature reports suggested a dependence
of hydrogen chemisorption on iron content due to the tendency
of Fe to preferentially enrich the surface of bimetallic PtFe
particles, thus blocking hydrogen adsorption on Pt sites. But
our EXAFS data for both the PtFe/SiO2 and Pt5Fe2/SiO2 sam-
ples provide no clear evidence for the presence of Fe on the
Pt surface. Moreover, our structural data clearly indicate that
Pt and Fe interacted with the support to a fairly similar de-
gree, based on the number of oxygen neighbors present in the
coordination shell of each metal. Therefore, it appears that pos-
sible coverage of Pt by Fe atoms was not the primary reason
for the reduced hydrogen chemisorption capacity; instead, our
chemisorption and structural data suggest that the affect of Fe
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Fig. 8. FTIR spectra of CO (75 Torr) adsorbed at room temperature on (1) 1%
Pt/SiO2, (2) Pt5Fe2/SiO2, and (3) PtFe/SiO2 pretreated in H2 at 350 ◦C.

on the chemisorptive properties of platinum was maximized
in the cluster-derived Pt5Fe2/SiO2 sample, which exhibited a
larger fraction of bimetallic Pt–Fe interactions. Thus, we can
suggest that these Pt–Fe interactions were primarily responsi-
ble for altering the chemisorptive properties of platinum.

3.4.2. CO adsorption
Fig. 8 shows FTIR spectra of CO adsorbed on Pt/SiO2,

PtFe/SiO2, and Pt5Fe2/SiO2. When these samples were re-
duced in H2 at 350 ◦C and exposed to 75 Torr of CO at
room temperature, two bands were observed in the νCO region
of the spectra of all samples at 2087–2070(s) and approxi-
mately 1850(w) cm−1. These bands can be assigned to terminal
and bridging CO species, respectively, adsorbed on reduced Pt
sites [55]. CO adsorbed on reduced Fe sites would be expected
to appear at approximately 2040 cm−1 [56]; however, the bands
corresponding to the Fe–CO species likely were of very low
intensity under our experimental conditions, and thus, were
covered by the low wavenumber tailing of the strong bands of
the terminal CO species adsorbed on Pt sites. Compared with
the terminal Pt–CO band for the Pt/SiO2 sample, the bands
corresponding to the same species were shifted toward lower
frequencies by approximately 12 cm−1 for the PtFe/SiO2 sam-
ple and 17 cm−1 for the Pt5Fe2/SiO2 sample. The vibrational
frequency of CO adsorbed on noble metals can be influenced
by the electronic state of the metal sites and/or the degree of CO
dipole–dipole coupling. The extent of such coupling is affected
by CO coverage, and under saturation conditions, by the size of
the active metal ensemble. Whereas on monometallic catalysts,
the ensemble size is equivalent to the metal particle size [57,
58], in bimetallic systems, surface dilution by the second metal
may lead to different active metal ensemble sizes despite a sim-
ilar overall metal particle size, as we reported previously for
the Pt-Au system [59]. Thus, in this current work, even though
the Pt/SiO2 and PtFe/SiO2 samples have nearly the same metal
dispersion and metal particle size (Table 10), we cannot ex-
clude the possibility that the Pt ensemble sizes are different
and, therefore, coupling effects may also contribute to the ob-
served differences in the terminal Pt–CO stretching vibrational
frequency. Additional information obtained from XANES re-
sults suggests that electronic effects may be the primary cause
of these differences, however, as we discuss next.

According to the Blyholder model [57], a red shift indicates
the adsorption of CO on electron-rich Pt sites due to an in-
creased back-donation of electrons from the filled Pt d orbitals
to the 2π∗ orbitals of the CO molecule. Indeed, analysis of the
XANES regions of the XAFS spectra of the different samples
(Table 9) supports such an explanation. More specifically, in
the XANES spectra, the observed band structure for the Pt L3
edge, commonly called the “white line,” is indicative of the ab-
sorption threshold resonances associated with the likelihood of
excitations of 2p3/2 electrons to unoccupied d states [27]. It is
generally assumed that the white line correlates with the elec-
tron density of metal atoms, with a decrease in the white line
area indicating a decrease in the electron density of these atoms
[27,60]. The results given in Table 9 indicate that both bimetal-
lic samples had smaller white line areas than Pt/SiO2, with the
effect maximized for the Pt5Fe2/SiO2 sample. Such a reduced
white line area suggests the presence of strong electronic inter-
actions between Pt and Fe in the bimetallic samples. Therefore,
consistent with our XANES and structural data, the presence of
a shift in the vibrational frequency of terminally adsorbed CO in
the FTIR spectra of both the PtFe/SiO2 and Pt5Fe2/SiO2 sam-
ples can be attributed primarily to an electronic modification of
Pt sites by Fe due to the presence of Pt–Fe interactions on the
surface of both catalysts. The extent of this shift was greater for
the Pt5Fe2/SiO2 sample (i.e., 17 cm−1), as would be expected
considering the larger fraction of bimetallic interactions in this
sample (Table 9).

Once the adsorption of CO reached a steady state in each
sample, the stability of the adsorbed CO species at room tem-
perature was evaluated by flushing the gas-phase CO with He
and monitoring the intensities of the terminal CO bands ver-
sus time. These results are summarized in Fig. 9. The slopes
of the curves obtained are proportional to the desorption rates
and indicate higher rates of CO desorption from PtFe/SiO2
and Pt5Fe2/SiO2 as compared to Pt/SiO2, suggesting relatively
weaker bonding of CO to the surface of the bimetallic PtFe
samples. This conclusion contradicts what would be expected
based on the interaction of CO with metals according to the Bly-
holder model, which suggests that an increased electron density
on the CO 2π∗ molecular orbital results in a weakening of the
C≡O bond and thus a simultaneous strengthening of the Pt–C
bond [57]. But previous studies showed that an increase in the
electron density on a noble metal site due to the electronic influ-
ence of a promoter did not necessarily lead to an increase in the
strength of the M–C bonds [61,62]; in fact, the binding energy
of CO was found to be lower on bimetallic surfaces (i.e., PtSn,
PtFe) than on the corresponding monometallic surfaces [63,64].
These experimental results agree with theoretical calculations
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Fig. 9. CO desorption curves obtained from FTIR data at 25 ◦C for Pt/SiO2
(Q), Pt5Fe2/SiO2 ("), and PtFe/SiO2 (2) pretreated in H2 at 350 ◦C.

showing an increased electron density of the Pt atoms adsorb-
ing CO and an elongated Pt–C bond upon alloying [61,62].

Overall, our FTIR experimental data (Fig. 9) indicate that
the weakest CO adsorption was found on the Pt5Fe2/SiO2 sam-
ple, as manifested by the largest shift of the νCO band to lower
frequencies and the fastest rate of CO desorption. This sample
also exhibited the largest fraction of Pt–Fe bimetallic interac-
tions. Therefore, it appears that the strength of CO adsorption
on the PtFe bimetallic surfaces is directly related to the degree
of atomic mixing of the two metals, and thus, also to the extent
of the electronic modification of Pt caused by Fe.

3.4.3. NO adsorption
The similar distribution of electrons in CO and NO allows

the use of both molecules to probe metal surfaces. Because NO
has an extra electron occupying the π∗ antibonding molecu-
lar orbital, however it can be more sensitive to the electronic
state of the adsorbate; in this orbital, even slight changes in the
electron density noticeably change the frequency of the νNO
vibrations [65]. Therefore, the general behavior of NO during
the adsorption on metal surfaces and the formation of M–NO
bonds can be interpreted using the same arguments as proposed
for the adsorption of CO [65]. Furthermore, using NO to probe
the surface of PtFe bimetallic catalysts provides additional in-
formation regarding the oxidation state of Fe. However, NO
adsorption experiments can become rather complex, because
both metals are capable of interacting with NO, and IR bands
corresponding to the Pt–NO and Fe–NO species overlap. We
have established experimentally that CO and NO exhibit dif-
ferent adsorption strengths on these metals; for example, NO
binds weakly on Pt sites, and a large fraction of adsorbed NO
species can be displaced from the Pt sites during subsequent ex-
posure to CO, which exhibits significantly stronger adsorption
Fig. 10. FTIR spectra in the νNO region collected after exposure of (A) Pt/SiO2
and (B) Fe/SiO2 pretreated in H2 at 350 ◦C to: (1) 75 Torr NO for 5 min at
room temperature and subsequent purging with He to remove NO from the gas
phase, and (2) additional exposure of the NO-treated samples to 75 Torr of CO
for 5 min, and subsequent purging with He to remove CO from the gas phase.

(Fig. 10A). In contrast, CO adsorption on Fe is relatively weak;
therefore, any surface Fe–NO species formed during exposure
to NO are not significantly affected by subsequent exposure to
CO (Fig. 10B). Consequently, we used consecutive exposures
to NO and CO in our FTIR experiments in an attempt to differ-
entiate the Fe–NO bands from the Pt–NO bands; Fig. 11 shows
the results of these experiments.

The spectrum of the Pt/SiO2 sample collected after con-
secutive exposure to 75 Torr of NO at room temperature for
5 min, purging with He, and subsequent exposure to 75 Torr
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Fig. 11. FTIR spectra in the νNO region collected after exposure of (1) Pt/SiO2,
(2) PtFe/SiO2, and (3) Pt5Fe2/SiO2 pretreated in H2 at 350 ◦C to 75 Torr NO
for 5 min at room temperature, purging with He, exposure to 75 Torr of CO for
5 min, and subsequent purging with He to remove CO from the gas phase.

of CO for 5 min included two bands at 1810 and 1735 cm−1

after the removal of CO from the gas phase. These bands
can be assigned to nitrosyl species remaining on the Pt sur-
face in straight and bent configurations, respectively (Fig. 11,
spectrum 1) [55]. A more complex spectrum was observed in
the case of PtFe/SiO2, the deconvolution of which revealed
the presence of three bands at approximately 1804, 1755, and
1733 cm−1 (Fig. 11, spectrum 2). Three bands were also ob-
served in the spectrum of the Pt5Fe2/SiO2 sample at 1799,
1750, and 1720 cm−1 (Fig. 11, spectrum 3). Comparing the
spectra of the bimetallic samples with that of Pt/SiO2 sug-
gests that the band at 1735–1720 cm−1 can be assigned to NO
adsorbed on Pt sites in a bent configuration [55]. The posi-
tion of this band shifted to lower wavenumbers in the order
Pt/SiO2 > PtFe/SiO2 > Pt5Fe2/SiO2, similar to what was ob-
served during the adsorption of CO on the same samples. These
results once again suggest that the electronic properties of Pt
were significantly affected in the bimetallic samples, with the
effect maximized for Pt5Fe2/SiO2. Based on the literature data
[56,66], the band at 1799–1804 cm−1 can be assigned to nitro-
syl species adsorbed on Feδ+ sites. Terminal Pt nitrosyls also
may contribute to this band, as seen in Fig. 11, spectrum 1;
however, we can safely assume that the contribution from these
species is relatively small, because only a very low-intensity
band was detected in Pt/SiO2. Finally, the band observed in the
spectra of the bimetallic catalysts at 1750–1755 cm−1 can be
assigned to NO adsorbed on fully reduced Fe sites [56,66]. The
presence of some fraction of fully reduced Fe in these bimetal-
lic samples suggests that Pt promoted the reduction of Fe at
relatively low temperatures, consistent with earlier literature re-
ports [54]. The intensity of the band corresponding to the fully
reduced Fe sites was higher for the Pt5Fe2/SiO2 sample. Since
Fig. 12. CO conversions observed during the oxidation of CO in air over (F)
Pt5Fe2/SiO2 pretreated in H2 at 350 ◦C, (Q) Pt5Fe2/SiO2 pretreated in He at
350 ◦C, and (") Pt/SiO2 pretreated in H2 at 350 ◦C. (Conditions: 1% CO, bal-
ance air, GHSV of 120,000 ml/g h).

this sample exhibited the largest fraction of bimetallic interac-
tions, this finding suggests that the close proximity between Pt
atoms and Fe cations facilitated the Fe reduction in this case.

3.5. Catalytic oxidation of CO

We reported previously that SiO2-supported PtFe bimetal-
lic samples were more active than Pt/SiO2 not only for the
selective oxidation of CO in the presence of H2 (PROX), but
also for the oxidation of CO in air [12]. This finding indicates
that Fe improves the catalytic performance of Pt in both highly
reducing and oxidizing environments. The structural data that
we report in this paper provide more insight into the differ-
ing catalytic performance of various PtFe catalysts and into
the various structure–catalytic activity relationships. For exam-
ple, our structural data demonstrate that surface species with
completely different structures can be formed as a result of the
thermal treatment of the Pt5Fe2(COD)2(CO)12/SiO2 sample.
The treatment in He led to the formation of small Pt clusters
and Fe oxide-like species, whereas the treatment in H2 led to
the formation of PtFe bimetallic nanoparticles. These two dif-
ferent structures have substantially different catalytic properties
for the oxidation of CO in air. Catalytic activity measurements
shown in Fig. 12 clearly indicate that the H2-treated sample was
more active than the He-treated sample. These findings suggest
that the reaction proceeded at significantly higher rates over
PtFe bimetallic sites than over either monometallic Pt or even
highly dispersed Pt clusters, some of which may be located in
close proximity to Fe oxide-like species. This comparison leads
us to the conclusion that the presence of Pt–Fe bimetallic in-
teractions is a crucial factor triggering the high activity of Pt
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Fig. 13. CO conversions observed during the oxidation of CO in air over (F)
Pt5Fe2/SiO2 and (a) PtFe/SiO2 pretreated in H2 at 350 ◦C. (Conditions: 1%
CO, balance air, GHSV of 120,000 ml/g h.)

for this reaction. Comparing the activities of the cluster-derived
Pt5Fe2/SiO2 and the conventional PtFe/SiO2 samples (Fig. 13)
supports this conclusion, because the Pt5Fe2/SiO2 sample, with
the larger fraction of Pt–Fe contributions, was the more active
of the two samples.

Enhanced catalytic activity can be achieved either by de-
creasing the activation barrier in the rate-determining step or by
facilitating a new pathway for the reaction. Previous detailed
investigations of the CO oxidation mechanism have estab-
lished that this reaction over Pt-based catalysts involves three
major steps consistent with a Langmuir–Hinshelwood mecha-
nism [67]:

CO → COs, (3)

O2 → Os + Os, (4)

COs + Os → CO2. (5)

It has been suggested that the enhanced rate of this reaction over
various bimetallic catalysts, including the PtFe combination,
can be attributed to the initiation of a noncompetitive dual-site
mechanism. According to this scheme, close proximity between
Pt and Fe sites is required for the reaction to proceed through
the interaction of CO molecules adsorbed on Pt with oxygen
adsorbed on Fe0 or Feδ+ sites [40,68–70].

Based on the experimental data reported in the previous sec-
tions, we can correlate the CO oxidation activity not only with
the presence of bimetallic interactions in the samples, but also
with the electronic state of Pt and the strength of CO adsorp-
tion on the Pt sites. Our FTIR data indicate that in Pt5Fe2/SiO2
(the most active catalyst for this reaction), both the νCO and
νNO bands underwent a red shift indicative of the presence of
electron-rich Pt sites formed due to the interactions with Fe
species. The adsorption of CO on these Ptδ− sites leads to elon-
gation of the C=O bond, which in turn could contribute to
the enhanced catalytic activity during the CO oxidation reac-
tion [71]. Similar correlations between the νCO shift and cat-
alytic activity have been reported previously for other Pt-based
catalysts [72]. Furthermore, our data show that the activity for
the oxidation of CO is strongly correlated with the strength of
CO adsorption on the surface of platinum (Fig. 9); in fact, the
most active Pt5Fe2/SiO2 sample is characterized by the high-
est rate of CO desorption. Therefore, we conclude that the
more weakly adsorbed CO species are activated more easily
during CO oxidation. This suggestion is consistent with the-
oretical calculations demonstrating a correlation between the
chemisorption energies of CO and O2 molecules and the acti-
vation of these reactants. Strong bonding of these molecules to
the metal surface leads to higher energy barriers for the CO ox-
idation reaction [73,74].

4. Conclusions

In this work, FTIR and EXAFS spectroscopy measurements
were used to characterize the adsorption of a Pt5Fe2(COD)2-
(CO)12 cluster on SiO2 and the surface species formed after lig-
and removal in He and H2. The weak interactions between the
cluster and the SiO2 surface observed initially became stronger
with time, as indicated by the displacement of some CO ligands
from the supported cluster, most likely due to interactions with
the silanol groups. The PtFe bimetallic interactions remained
largely intact during this process, whereas the Pt5Fe2 cluster
core showed some signs of an initial breakup.

Removal of the CO ligands in He and H2 by TPD caused in-
creased CO desorption from the SiO2-supported Pt5Fe2(COD)2-
(CO)12 species when H2 was used, indicating that a cleaner
catalyst surface could be obtained in this case. The EXAFS data
characterizing the resulting metal species in decarbonylated
samples indicate that their structures depended largely on the
pretreatment atmosphere. When He was used for the treatment,
the formation of highly dispersed Pt clusters and oxide-like Fe
species was observed. In contrast, treatment in H2 led to the for-
mation of PtFe bimetallic nanoparticles with an average size of
approximately 1 nm, likely through the condensation of several
Pt5Fe2 cluster units. A PtFe/SiO2 reference sample prepared by
co-impregnation from monometallic Pt and Fe precursors and
treated in H2 at 350 ◦C also exhibited some bimetallic charac-
ter, but was less dispersed than the cluster-derived sample and
had greater segregation between the two metals.

Adsorption of probe molecules (i.e., CO and NO) on the
different bimetallic samples indicated the presence of electron-
rich Pt sites. The formation of these sites can be attributed to
electronic interactions between Pt and Fe atoms, which were
maximized when the Pt5Fe2(COD)2(CO)12 cluster was used as
a precursor. Moreover, IR data indicate that Fe in bimetallic
samples was present in both the Feδ+ and Fe0 forms, suggest-
ing that Pt facilitates the reduction of Fe. The fraction of fully
reduced Fe sites was greater in the Pt5Fe2/SiO2 sample char-
acterized by the largest fraction of Pt–Fe interactions, implying
that close proximity between the two metals is an important
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factor affecting the reduction process. Furthermore, hydrogen
chemisorption data indicated significantly reduced chemisorp-
tive properties in the samples with the greater number of Pt–Fe
interactions. The strength of CO adsorption on these bimetallic
samples also appeared to follow a similar pattern.

Both the Pt5Fe2/SiO2 and PtFe/SiO2 samples were more
active for the oxidation of CO in air when compared to
monometallic Pt/SiO2. The enhanced catalytic activity depends
strongly on the structure of the surface species formed, the frac-
tion of Pt–Fe interactions in the sample, the degree of electronic
interactions between the metals, and the strength of the CO ad-
sorption. All of these factors were enhanced when a cluster
precursor was used and treated in H2, thus leading to a more
active catalyst than that obtained through a conventional prepa-
ration method.
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