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Bimetallic MgO-supported catalysts were prepared by adsorption of Pt3Ru6(CO)21(l3-H)(l-H)3 on porous MgO.

Characterization of the supported clusters by infrared (IR) spectroscopy showed that the adsorbed species were still in the

form of metal carbonyls. The supported clusters were decarbonylated by treatment in flowing helium at 300 �C, as shown by IR

and extended X-ray absorption fine structure (EXAFS) data, and the resulting supported PtRu clusters were shown by EXAFS

spectroscopy to have metal frames that retained Pt–Ru bonds but were slightly restructured relative to those of the precursor;

the average cluster size was almost unchanged as a result of the decarbonylation. These are among the smallest reported

bimetallic clusters of group-8 metals. The decarbonylated sample catalyzed ethylene hydrogenation with an activity similar to

that reported previously for c-Al2O3-supported clusters prepared in nearly the same way and having nearly the same structure.

Both samples were also active for n-butane hydrogenolysis, with the MgO-supported catalyst being more active than the

c-Al2O3-supported catalyst.

KEY WORDS: bimetallic catalyst; PtRu clusters; magnesia; MgO; ethylene hydrogenation; n-butane hydrogenolysis; EXAFS

spectroscopy.

1. Introduction

Supported bimetallic particles containing platinumare
important industrial catalysts. Examples include Pt–Ir on
alumina and Pt–Re on alumina, which have been applied
in naphtha reforming [1]. Supported bimetallic catalysts
with high metal dispersions offer structures and catalytic
properties different from those of bimetallic catalysts with
low dispersions and bulk-like properties [1], and there are
excellent opportunities for preparing highly dispersed
bimetallic catalysts with new properties.

An effective method for preparation of bimetallic
cluster catalysts in which the two metals are bonded to
each other involves adsorption of a molecular bimetallic
carbonyl cluster precursor on a support. Typically, such
preparations lead to supported catalysts with structures
that are markedly different from those of the metal
frames of the precursors, because fragmentation and/or
aggregation of the metal take place during treatments
that remove the carbonyl ligands. In some cases, how-
ever, the carbonyl ligands have been removed from the
metal frames of supported clusters without substantial
changes in the frame [2], but there are few such examples
for bimetallic catalysts consisting of group-8 metals,

because these readily undergo aggregation under the
conditions required for decarbonylation [2,3].

For example, a catalyst was prepared from
Pt3Ru6(CO)21(l3-H)(l-H)3 on c-Al2O3, which was
decarbonylated in flowing helium 300 �C [4]; EXAFS
data indicate that the metal carbonyl remained intact
upon adsorption on the support, undergoing only
slight changes in the structure of the metal frame. After
decarbonylation, the bonds between the metals and
support oxygen atoms became stronger, and the num-
ber of Pt–Ru bonds per cluster decreased to approxi-
mately half that of the precursor, but the resultant
supported clusters were still similar in size to the metal
frame of the precursor.

The success of such a preparation depends on the
relative strengths of the metal–metal and metal–support
bonds, and thus the choice of the support is important.
Our goal in this work was to investigate the role of a
support that is more basic than c-Al2O3, namely, MgO,
in the preparation of supported catalysts from
Pt3Ru6(CO)21(l3-H)(l-H)3.

Although there are only a few reports of MgO-sup-
ported bimetallic catalysts incorporating just group-8
metals, there are a number of examples of MgO-sup-
ported catalysts incorporating platinum with an oxo-
philic metal, including, Pt–Sn/MgO prepared from
Pt(acac)2 and Sn(n-C4H9)4 by a two-step impregnation
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[5], and PtW/MgO [6] and PtMo/MgO [7], prepared by
slurrying MgO powder with pentane solutions of
{Pt[W(CO)3(C5H5)]2(PhCN)2} and {Pt[Mo(CO)3(C5H5)]2
(PhCN)2}, respectively. The characterizations of these
samples show that the oxophilic metal helps to maintain
and stabilize high dispersions of the platinum [8].

We now report data representing a catalyst prepared
from Pt3Ru6(CO)21(l3-H)(l-H)3 on MgO, before and
after decarbonylation, to characterize the metal–metal
and metal–support bonding. The catalyst was tested for
a simple structure-insensitive reaction, ethylene hydro-
genation, and the structure-sensitive n-butane hydrog-
enolysis.

2. Experimental

2.1. Materials

MgO powder (EM Science, 97%, surface area
approximately 70 m2/g) was calcined in flowing O2 at
400 �C for 2 h and evacuated (pressure � 1.33 �
10)3 mbar) for 14 h before use. Reagents used in the
synthesis and purification of the cluster precursor and
the reagents for catalytic testing and pretreatments are
the same as those already described [4].

2.2. Sample preparation and handling

The synthesis, purification, and characterization of
Pt3Ru6(CO)21(l3-H)(l-H)3 are reported elsewhere [4].
PtRu/MgO catalysts containing 1.0 wt% Pt and
1.0 wt% Ru were prepared by slurrying MgO with
Pt3Ru6(CO)21(l3-H)(l-H)3 in CH2Cl2 for 1 day. After
removal of the solvent by evacuation for an additional
day, the sample was characterized by IR spectroscopy;
the sample was then heated in flowing helium at
300 �C and atmospheric pressure for 2 h to remove
ligands and characterized again by IR and EXAFS
spectroscopies.

2.3. Attempted Extraction of adsorbed species

In a separate experiment, the dried supported sam-
ple was brought in contact with liquid CH2Cl2 at room
temperature for 30 min with stirring in an attempt to
extract weakly bonded species. Both the supernatant
solution and the solid were characterized by IR spec-
troscopy.

2.4. Characterization of samples before and after
decarbonylation

The MgO-supported samples prepared from
Pt3Ru6(CO)21(l3-H)(l-H)3 were characterized by IR
and EXAFS spectroscopies. Because the procedures are
essentially the same as those used for c-Al2O3-supported
samples prepared with the same precursor [4], details are
omitted here.

EXAFS experiments were performed at X-ray
beamline X-18B at the National Synchrotron Light
Source (NSLS), Brookhaven National Laboratory
(BNL), New York, USA. The storage ring energy was
2.5 GeV, and the ring current was in the range 110–
250 mA. The samples were scanned at the Pt LIII edge
(11,564 eV) and the Ru K edge (22,117 eV) in trans-
mission mode with integration for 1 s at each energy in
the range from 200 eV below the absorption edge to
975 eV beyond the edge.

2.5. Catalytic activity of supported clusters for ethylene
hydrogenation

The PtRu/MgO sample was tested as an ethylene
hydrogenation catalyst in a stainless-steel U-tube once-
through flow reactor at atmospheric pressure. The pre-
treatment of the catalyst and the testing procedure were
as reported elsewhere [4]. The mixture of H2 and C2H4

in He flowed into reactor at a rate of 200 mL (NTP)/
min. The effluent gas mixture was analyzed with an
online gas chromatograph, as before [4]. The feed partial
pressures of the reactants were PH2

¼ 107mbar and
PC2H4

¼ 53mbar; the temperature varied from )75 to
)20 �C.

2.6. Catalytic activity of PtRu/MgO for n-butane
hydrogenolysis

The PtRu/MgO was tested in a quartz once-through
tubular flow reactor at atmospheric pressure. The cata-
lyst pretreatment and testing procedures were as repor-
ted [4]. The feed to the reactor was a gas mixture
containing H2 and n-C4H10 in He with a flow rate of
100 mL (NTP)/min. The effluent gas mixture was ana-
lyzed with an online gas chromatograph, as before [4].
The feed partial pressures of the reactants were
PH2
¼ 720mbar, Pn�C4H10

¼ 80mbar; the temperature
was held constant in the range of 200–260 �C.

3. EXAFS data analysis

EXAFS data were analyzed with theoretical reference
files calculated with the software code FEFF7.0 [9]. The
EXAFS data processing was carried out with the soft-
ware XDAP [10]. The final normalized EXAFS function
for each edge of each sample was obtained from the
average of four scans. Analysis of the EXAFS data was
carried out with a difference file technique [11] and the
software XDAP [10]. Because the phase shift and
backscattering amplitude are to a good approximation
transferable between next-near neighbors in the periodic
table, the Ir–Osupport, Ir–C, and Ir–O* (O* is carbonyl
oxygen) phase shifts and backscattering amplitudes
extracted from EXAFS data characterizing crystalline
IrO2 and Ir6(CO)16 were used to analyze the Pt–Osupport

and Pt–CO (Pt–C and Pt–O*) interactions [12]. The
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Pt–Pt, Pt–Ru, and Ru–Pt interactions were calculated
from crystallographic data reported for metallic plati-
num [13] and [PtRu2(CO)8(dppe)] (dppe is 1,2-bis
(diphenylphosphino)ethane) [14]. As there are hydride
ligands on the ruthenium in the precursor Pt3Ru6
(CO)21(l3-H)(l-H)3, the Ru–Ru interaction for the ref-
erence was calculated from crystallographic data char-
acterizing a compound with such ligands, Pt3Ru6
(CO)21(l3-H)(l-H)3 [15]. The reference Pt–Mg interac-
tion was generated from crystallographic data charac-
terizing MgPt3 [16].

The fitting ranges in both momentum and real space
were determined by the data quality, which was very
good; thus, values of k (the photoelectron wave vector)
up to 15 Å)1 were used at each metal edge. Iterative
fitting was carried out until optimal agreement was
attained between the calculated k1-, k2-, and k3-weighted
data and the postulated model (combination of
absorber–backscatterer pairs). For each model, the data
at each metal edge were fitted independently. For
internal consistency of the fits, the bond distances and
Debye–Waller factors representing the Pt–Ru interac-
tions must be the same in the fits determined at each
metal edge, and this constraint was applied in the
analysis; a further constraint applied in the fitting is that
NPt-Ru/NRu-Pt = nRu/nPt, where N is the coordination
number and nRu and nPt are the total numbers of Ru and
Pt atoms in the sample, respectively [1,17].

The Pt LIII-edge and Ru K edge EXAFS data char-
acterizing the supported clusters were Fourier-trans-
formed over the ranges 2.85 < k < 15.05 Å)1, 1.0 <
r < 4.0 Å; and 2.60 < k < 15.52 Å)1, 1.0 < r <
4.0 Å, respectively (where r is the absorber–backscat-
terer distance). The statistically justified number of free
parameters estimated from the Nyquist theorem at the
Pt LIII and Ru K edges were 31, and 34, respectively,
and the maximum number of free parameters used in
any of the fits was 16, indicating that each model is
justified statistically by the criterion of the Nyquist
theorem [18].

4. Results

4.1. IR spectrum of metal carbonyls formed initially
from Pt3Ru6(CO)21(l3-H)(l-H)3 on MgO

The IR spectrum of the sample formed by adsorption
of Pt3Ru6(CO)21(l3-H)(l-H)3 on MgO (figure 1, spec-
trum C) includes broad peaks in the mCO range indicating
that carbonyl ligands were present. A comparison with
the spectrum of Pt3Ru6(CO)21(l3-H)(l-H)3 in CH2Cl2
solution shows amarked broadening of the mCOpeaks and
a shift of each to lower wavenumbers. The peak broad-
ening is consistent with the presence of clusters in various
configurations on the nonuniform surface of the support.
The absorption centered at about 2023 cm)1 is typical of
terminal CO ligands bonded to transition metals [19] (as

in Pt3Ru6(CO)21(l3-H)(l-H)3). The spectrum of the sup-
ported species is not sufficient to determine the structure,
but it is consistent with the presence of Pt3Ru6(CO)21
(l3-H)(l-H)3 on the support, with the peaks merged
because of the surface nonuniformity.

The band at 1600(m) cm)1 (figure 1, spectrum C) is
assigned to carbonates or carboxylates on the MgO
surface, as these occur in the range 1700–1200 cm)1 [20].
These peaks are inferred not to have arisen from
adventitious CO2, because the samples were handled in
the absence of air. Thus, the presence of this band
suggests some partial decarbonylation of the precursor.

Numerous investigations of the reactivity of hydrido
carbonyl clusters of metals with oxide supports [21]
indicate the occurrence of acid-base reactions, and the
interactions may be so strong that hydrido ligands are
abstracted from the metal by strongly basic surface sites,
as on MgO. The resultant carbonylate anions have been
inferred to interact with Mg2+ sites through oxygen
atoms of carbonyl ligands (namely, M–CO� � �{Mg2+},
where the braces denote an atom that is part of the
support lattice). Such an interaction causes the carbonyl
band to shift to lower frequency.

The shift of the mCO bands to lower wavenumbers in
the supported bimetallic clusters is consistent with the
inference that the C–O bonds in the ligands bonded to
the metal were weakened as a result of the adsorption. A
similar, but smaller, shift was also observed for a simi-
larly prepared sample supported on c-Al2O3 (figure 1B)
[4]. The greater shift in the spectrum of the MgO-sup-
ported sample relative to that of the c-Al2O3-supported
sample is consistent with the stronger basicity of the
MgO [21] and suggests stronger bonding to the MgO.

Attempts were made to extract the MgO-supported
clusters with CH2Cl2. However, the color of the solid
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Figure 1. IR spectra in mCO region of (A) the precursor Pt3Ru6
(CO)21(l3-H)(l-H)3 in CH2Cl2; (B) dry supported sample prepared

from adsorption of the precursor onto c-Al2O3 [4]; (C) dry supported

sample prepared from adsorption of the precursor onto MgO; (D)

sample referred to in (C) after decarbonylation at 300 �C in flowing

helium for 2 h. The spectra are normalized and do not allow

quantitative comparisons with each other.
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remained essentially unchanged (brown), and the extract
solution remained colorless. Furthermore, the IR spec-
trum of the solid remained essentially unchanged from
that of the initially prepared sample. These results
indicate that metal carbonyl was strongly adsorbed on
the MgO. In the comparable experiment with the c-
Al2O3-supported sample, some extraction was observed
[4], a result that confirms the suggestion that the clusters
were more strongly adsorbed on MgO than on c-Al2O3.

Treatment of the MgO-supported metal carbonyl in
flowing helium at 300 �C for 2 h led to essentially
complete removal of the carbonyl bands in the IR
spectrum (figure 1, spectrum D). Thus, we infer that the
decarbonylation was essentially complete, a result that
was confirmed by the EXAFS data, as summarized
below. The band at 1600 cm)1 that is suggestive of
carbonates or carboxylates also disappeared as a result
of this treatment.

4.2. XANES data characterizing supported sample after
decarbonylation

The XANES data characterizing the supported
sample after decarbonylation are presented in figure 2;
data characterizing the c-Al2O3-supported sample [4] are
nearly the same. The edge energies characterizing the
supported sample are also similar to those of the
respective metal foils, consistent with the suggestion that
the metals in the sample before and after decarbonyla-

tion were present in oxidation states near zero; the
XANES data do not warrant a stronger statement.

4.3. EXAFS data characterizing MgO-supported PtRu
clusters after decarbonylation

The normalized and Fourier-transformed EXAFS
data characterizing the supported clusters are shown in
figures 3 and 4. The data at the Pt LIII and Ru K edges
show oscillations at k values in the range of 2.85–
15.05 Å)1 and 2.60–15.52 Å)1, respectively. The data at
high-k values indicate the presence of near-neighbor
high-Z backscatterers around the Pt and Ru atoms.
Furthermore, the relatively weak oscillations in the
high-k region indicate the absence of large (aggregated)
metal clusters in the sample.

A number of structural models were considered in the
data fitting. The following absorber–backscatterer
combinations were investigated:

At the Ru edge, Ru–Ru, Ru–Pt, Ru–Os (where the
subscript refers to short), Ru–Ol (where the subscript
refers to long), and Ru–Mg contributions were consid-
ered in the fitting. The fitting converged to onemodel that
was clearly superior to the others, and it includes Ru–Ru,
Ru–Pt, Ru–Os, and Ru–Ol contributions. The fit agrees
very well with the data (dotted lines, figure 3). The
goodness of fit was 160 and the value of (D v)2 was 209.

At the Pt edge, Pt–Pt, Pt–Ru, Pt–Os, Pt–Ol, and Pt–
Mg contributions were considered. Pt–X (where X is a
light backscatterer, either O or C) contributions were
also considered. Again the fitting converged to one
model that was clearly superior to the others, including
Pt–Pt, Pt–Ru, Pt–Os, and Pt–Ol contributions. The
goodness of fit was 180 and the value of (D v)2 was 300.

In summary, the recommended model includes four
shells at each metal edge, bimetallic contributions at
each metal edge, and two contributions characterizing
the metal-support interface at each edge.

Difference file plots indicating the isolated metal–
metal contributions (found by a difference file method)
are shown in figure 3C and D for platinum and in
figure 4C and D for ruthenium. These show that the fits
are in good agreement with the data characterizing each
of the metal–metal contributions.

The parameters determined in the fitting with the rec-
ommended model are summarized in table 1. The error
bounds in these parameters are not accuracies; rather,
they are precisions determined from statistical analysis of
the data from the multiple scans [10]. The estimated
accuracies of the EXAFS parameters (and those reported
below) characterizing the metal–metal contributions are
approximately as follows: coordination number N,
±20%; distance R, ±1%; Debye–Waller factor D r2,
±30%; and inner potential correction DE0, ±10%;
the accuracies of the metal–oxygen contributions are
somewhat less.
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According to this model, the data indicate Pt–Ru and
Ru–Pt contributions with coordination numbers of 1.8
and 1.2, respectively. The sum of the metal–metal coor-
dination numbers determined by the Pt edge data is 2.4,
compared with a value of 6 determined by crystallo-
graphic data for the precursor Pt3Ru6(CO)21(l3-H)(l-H)3
(table 1). Correspondingly, the Ru edge data indicate a
value of the sum of the metal–metal coordination num-
bers of 4.7, compared with a value of 4 for the precursor.
These data demonstrate that the supported clusters, after
decarbonylation, are different in structure from the frame
of the precursor and at least approximately the same size,
on average.

In the fitting, two M–O contributions were identified
(M = Pt, Ru); the shorter one, M–Os, is characterized
by a distance that is typical of M–O bonds and also
typical of bonding of group-8 metals to oxide supports
[13]. The longer M–O contribution, M–Ol, is charac-
terized by a distance longer than a bonding distance
(2.1–2.2 Å) [13]. These longer metal–oxygen distances
have been observed frequently for supported group-8
metal clusters [13].

4.4. Ethylene hydrogenation catalysis

In the ethylene hydrogenation catalysis experiments,
the only observed product was ethane. The conversions

of ethane and H2 fluctuated around 0.30% in the first
50 min time on stream (TOS) at a temperature of
)75 �C and then became nearly constant at 0.20% for
the duration of the test (up to 280 min TOS). The cat-
alytic activities in terms of turnover frequency (TOF)
and the temperature dependence of TOF (indicating the
apparent activation energy, Eapp) are shown in table 2
for our PtRu catalyst and a similarly prepared PtRu
catalyst supported on c-Al2O3 [4]. TOF was calculated
on the basis of the inference from the EXAFS data that
essentially all the metal atoms in the clusters were
accessible to reactants. (The calculation ignores any lack
of accessibility of Pt or Ru atoms resulting from their
nearness to the support.) The rate data are summarized
in the Arrhenius plots of figure 5; the rate data deter-
mine an apparent activation energy of 32±3 kJ/mol.

4.5. n-Butane hydrogenolysis

The products of the reaction of n-butane and H2 were
methane, ethane, and propane, indicative of hydrogen-
olysis of the n-butane; furthermore, traces of iso-butane
were also detected, indicating some isomerization.
Conversions of n-butane were determined by adding the
conversions to each of the products. At 200 �C, the
conversion after about 1 min TOS was 9%; the con-
version declined to 6% within 20 min TOS, becoming
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almost constant; the corresponding TOF was calculated
to be (8.2 ± 0.1) � 10)4 s)1 (figure 6). Conversions
increased when the temperature was raised, and the
selectivities to ethane and propane decreased and that to
methane increased (figure 7).

5. Discussion

5.1. Structures of the bimetallic clusters

The EXAFS results show clearly that bimetallic
structures were retained after adsorption of Pt3Ru6
(CO)21(l3-H)(l-H)3 and decarbonylation at 300 �C. The
metal–metal coordination numbers (table 1) demon-
strate that the cluster frames on the support were highly
resistant to aggregation. These are among the smallest
supported clusters of group-8 metals with a substantial
fraction of the metal–metal interactions being bimetallic
[8].

A catalyst was made similarly from the same pre-
cursor on a c-Al2O3 support [4]. Like the supported
clusters reported here, those dispersed on c-Al2O3 were
characterized by significant bimetallic interactions and a
structure on average that was different from that of the

metal frame of the precursor and not much different in
size.

A comparison of the metal–metal coordination
numbers characterizing the MgO- and c-Al2O3-sup-
ported samples and the precursor is shown in table 3.

The comparison shows the following: (a) for both
supports, the following metal–metal contributions
became smaller relative to the precursor: Pt–Pt, Pt–Ru,
and Ru–Pt; on the other hand, the Ru–Ru contributions
became larger (although perhaps not significantly larger
for the c-Al2O3-supported sample; (b) the coordination
numbers characterizing the Pt–Ru contributions in the
two supported catalysts are about the same; the same is
true for the Ru–Pt contributions; (c) the monometallic
contributions in the two supported catalysts appear to
be significantly different from each other, and the
changes with respect the precursor are greater for the
MgO-supported sample than for the c-Al2O3-supported
sample.

These data at best provide a preliminary basis for
suggesting structural models of the average supported
bimetallic clusters [4]. We infer that in each sample the
metal clusters were bonded rather strongly to the
support, as indicated by the significant metal-oxygen
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coordination numbers characterized by bonding dis-
tances near 2.0 Å.

On MgO, the clusters appear to be enriched in plat-
inum at the edges, as indicated by the results showing
Pt–Os was greater than Ru–Os.

5.2. Catalysis by supported bimetallic clusters

The catalyst described here and a similar catalyst
prepared from the same precursor on c-Al2O3 were both
found to be active for ethylene hydrogenation. The

activities of these catalysts are compared in table 2. The
MgO-supported catalyst is about five times more active
than the c-Al2O3-supported catalyst, and the apparent
activation energies are approximately the same. This
modest effect of the support could indicate differences
between MgO and c-Al2O3 as ligands to the clusters [23]
or differences in the morphologies of the bimetallic
clusters on the two supports.

The conversion in n-butane hydrogenolysis on the
MgO-supported catalyst was higher than that observed
with the c-Al2O3-supported catalyst [4] at each reaction
temperature. Furthermore, the selectivity for ethylene of
the MgO-supported catalyst, which decreased with
temperature, was lower than that of the c-Al2O3-sup-
ported catalyst.
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Figure 5. Arrhenius plot characterizing ethylene hydrogenation cat-

alyzed by PtRu/MgO.
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Table 2

Catalyst performance data for ethylene hydrogenation at atmospheric pressure with the feed partial pressures of PH2
¼ 80Torr and

PC2H4
¼ 40Torr

Catalyst TOF � 104 (s)1) at )40 �C Eapp (kJ/mol) Temperature range for measurement of Eapp (�C) Reference

PtRu/c-Al2O3 12 35 )75 to )20 [4]

PtRu/MgO 57 32 )75 to )30 This work

TOF is turnover frequency; Eapp is apparent activation energy.

Table 3

Metal–metal coordination numbers characterizing the MgO- and c-
Al2O3-supported samples and the precursor Pt3Ru6(CO)21(l3-H)(l-H)3

Sample NPt-Pt NRu-Ru NPt-Ru NRu-Pt Reference

Pt3Ru6(CO)21(l3-H)(l-H)3
a 2.0 2.0 4.0 2.0 [15]

Pt–Ru clusters on MgOb 0.6 3.5 1.8 1.2 This work

Pt–Ru clusters on c-Al2O3
b 1.7 2.1 2.2 1.0 [4]

aFrom single-crystal X-ray diffraction.
bFrom EXAFS spectroscopy.

N is coordination number.
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6. Conclusions

PtRu/MgO catalysts with Pt–Ru bonds were prepared
by adsorption of Pt3Ru6(CO)21(l3-H)(l-H)3 on MgO
followed by decarbonylation in flowing helium at 300 �C.
As a result of the adsorption and decarbonylation, the
PtRu cluster frames underwent changes in structure
without substantial changes in the average cluster size.
The PtRu/MgO catalyst was found to be active for eth-
ylene hydrogenation, with properties similar to those of
the previously reported PtRu/c-Al2O3 prepared from the
same precursor, with a turnover frequency of 6� 10)3 s)1

at )40 �C with an apparent activation energy of 32 kJ/
mol. The activity of PtRu/MgO for n-butane hydrogen-
olysis at 200 �C was found to be approximately five-fold
greater than that of PtRu/c-Al2O3 that had been prepared
similarly.
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