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Abstract

The utilization of organometallic complexes of palladium and platinum to form mono and bimetallic catalysts on basic
magnesium oxide support was studied and rationalized. Thermoanalytical data in hydrogen flow suggested the uselessness of
volatile, fluorinated organometallic precursors for platinum catalysts, because the strong chemical interaction on the surface,
occurring during CVD, prevents the subsequent conventional reductive elimination process to take place. Conventional solvent
impregnation of acetylacetonate complexes was instead successful. Chemical interaction of the organometallic complex with
basic surface sites of the MgO support was occurring already in the deposition step, resulting in an even surface distribution of
the metal precursor, and the formation of bimetallic Pt-Pd sites. Alloy formation between platinum and palladium in the bimetal-
lic catalyst was then proposed and studied using methylcyclopentane conversion between 350 and 500◦C as test reaction.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Magnesium oxide is a solid of high surface basic-
ity, which has gained high technical significance and
widespread use as refractory material. In catalytic ap-
plications, instead, it never reached, like the other basic
oxides, the popularity of acidic carriers, although the
pioneering work of Pines[1]. Nevertheless, results re-
vealed MgO-supported platinum[2,3] and palladium
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[4,5] catalysts to be highly selective toward aromatiza-
tion of alkanes. These peculiar properties seem to stem
from interactions between Pt or Pd metal phase with
surface Lewis basic sites, that alter the electron density
of the metal[6,7]. Moreover, magnesium oxide seems
to have beneficial effects on the chemical reactivity
of bimetallic particles, such as Pt-Sn catalysts for se-
lective hydrogenation reactions[8] and Fe-Ir catalysts
for methanol synthesis[9]. In this respect, it would
appear scientifically worthy to investigate the catalytic
properties of bimetallic Pt-Pd particles on magnesium
oxide; such bimetallic systems already showed good
catalytic activity for hydrogenation of aromatics when
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supported on different zeolites[10–14] and alumina
[6]. In both cases, alloying was demonstrated, evi-
dencing surface segregation of palladium. In the case
of magnesium oxide, the use of surface organometallic
chemistry might be regarded as a winning alternative
to conventional salt-based chemistry; metal–metal in-
teractions can be originating upon deposition of suit-
able organometallic precursors of the two elements,
and hydrogen�-elimination of ligands used to form
the supported metal phase. The choice of organometal-
lic precursors may also play a prominent role to
maintain the correct basicity as well as morphological
properties of magnesium oxide[5], which would be
severely modified under aqueous environments.

In this paper, we will present and discuss the sur-
face organometallic reactivity of the acetylacetonate
complexes of platinum and palladium to form MgO-
supported mono and bimetallic Pt and Pt-Pd catalysts
for methylcyclopentane ring opening as test reaction
[15] to investigate alloying between Pd and Pt.

2. Experimental

Catalyst preparation. [Pt(acac)2] (acac, acetylace-
tonate) and [Pt(CH3CN)2Cl2] were purchased from
Strem Chemicals and used without any purifica-
tion. [Pt(hfa)2] (hfa, hexafluoroacetylacetonate) was
purchased from Strem Chemicals and purified by
sublimation in inert atmosphere. [Pd(acac)2] was
prepared from K2PdCl4 as reported in the literature
[16]. Reagent grade MgO (Carlo Erba RPE) was
refluxed in doubly distilled water for 2 h and dried
in air at 100◦C. Highly dehydroxylated magnesium
oxide was obtained by heating in air from 25 to
500◦C and further evacuation (P = 10−5 mbar) at
this temperature overnight. Reagent grade tetrahy-
drofuran (THF) and dichloromethane (Fluka) were
dried over 5 Å molecular sieves. The catalysts were
prepared by impregnation of the MgO support with
dilute solutions of the appropriate metal precursor at
room temperature under nitrogen atmosphere. The
solution became colorless after few hours on stirring;
the yellow-colored impregnated material was then fil-
tered off, and dried overnight in vacuo (10−2 mbar).
Adsorption of the metal precursor on the surface
was quantitative; no metal was left in the impreg-
nation solvent. Namely, three monometallic cata-

lysts on MgO were prepared starting from Pt(acac)2
in dichloromethane (Pt(SI-Cl)/MgO); [Pt(acac)2]
in THF (Pt(SI-00)/MgO) and [Pt(CH3CN)2Cl2]
in dichloromethane (Pt(SI-RCN)/MgO). Bimetallic
Pt-Pd materials were co-impregnated by co-dissolving
the two acetylacetonates in dichloromethane (Pt-
Pd/MgO). Chemical vapor deposition of [Pt(hfa)2]
on MgO (leading to Pt(CVD)/MgO sample) was car-
ried out using the same equipment and experimental
condition already developed for KL zeolite[17].
Determinations of chloride ion contents and metal
loadings were done on catalysts at the end of the ac-
tivation process in hydrogen at 500◦C. Metals were
analyzed by Flame-AAS or GF-AAS after dissolu-
tion of the catalyst in HNO3/HCl (3/1) mixture[18].
Chloride ion was analyzed by argentometric titration
upon dissolution of the catalyst in diluted nitric acid
[19].

Thermoanalytical studies. Temperature program-
med reductive decomposition (TPRD) were done in
flowing H2 (8%)/He mixture in a flow-through glass
reactor[5]. Evolution products were monitored by an
on-line quadrupole mass spectrometer (VG Masstorr,
0–130 amu) interfaced by a differentially pumped
capillary inlet. Data acquisition was done in selected
ion monitoring mode, and data are presented as a
function of the increasing temperature. A detailed
description of the instrumental set-up was reported
elsewhere[20].

Pulse chemisorption studies. Metal dispersion was
obtained by pulse chemisorption of hydrogen at 55◦C
on a computerized Micromeritics Pulse Chemisorption
2700 instruments. Fresh catalysts were first heated in
hydrogen to 500◦C at 10◦C/min, and cooled in Argon
to 55◦C. H2 (50�l) was then pulsed every 5 min, until
saturation of the active phase was reached.

Catalytic studies. Methylcyclopentane (MCP) con-
version was performed between 350 and 500◦C on
a continuous flow, fixed-bed microreactor, working
at atmospheric pressure, with a H2/MCP ratio of
about 20. Methylcyclopentane (Reagent grade from
Fluka) was kept on 5 Å molecular sieves, and fed
via a thermostatted saturator. Quantitative analysis
of reactant and products was done on an on-line gas
chromatograph (Carlo Erba Instruments HRGC 5160)
fitted with a thermostatted sampling valve and FID,
using a 50-m, silica-fused capillary PONA column
(Hewlett-Packard).
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3. Results and discussion

The [Pt(hfa)2] complex was found an ideal precur-
sor for chemical vapor deposition of platinum inside
KL zeolite [17], where it was trapped and stabilized
via non-bonding interactions within zeolite cages. On
non-porous crystalline oxides, instead, chemical in-
teractions between the organometallic precursor and
the active sites are necessary for the CVD process.
The feasibility of CVD process on MgO indicates that
[Pt(hfa)2] chemically reacts with the surface active
sites of the support; this reactivity is probably related
to two different phenomena. On one hand, the acidity
of C–F bonds in hexafluoroacetylacetone ligands is fa-
cilitating the interaction with basic sites. Secondly, the
intervention of surface oxygen sites is leading to the
formation of [Pt(hfa)2(O-Mg)]− surface complex, in
the same reaction scheme occurring with Lewis bases
as PR3, Et2HN [21], where one hexafluoroacetylace-
tone ligand is O,O′-coordinated and the second one is
C-bonded.

Upon vapor deposition of the complex, the cata-
lyst is subjected to a thermal treatment in hydrogen,
for removing the organic ligands on the coordination
sphere of the metal, and reducing divalent platinum to
a zero-valent active metal phase. This process is per-

Fig. 1. TPRD profiles in H2 (8%)/He mixture of [Pt(hfa)2] supported on MgO via chemical vapor deposition.

formed under TPRD conditions and the resulting pro-
file is shown inFig. 1. Interestingly, no evolution of
free hfaH ligand, as monitored atm/z = 69, corre-
sponding to the most abundant CF3

+ ion, is observed
from room temperature up to 500◦C. Instead, methane
is primarily evolved in an intense and broad peak cen-
tered around 440◦C, with minor features between 150
and 250◦C. This behavior is significantly different
from that reported for KL zeolite, where evolution of
hfaH ligand was observed at 265◦C and interpreted
as an one-step mechanism of reductive elimination of
ligands[17]:

[Pt(hfa)2]/KL + H2 → 1/x Ptx/KL + 2hfaH

Onto magnesium oxide, the strong chemical inter-
action between the organometallic precursor and the
active O–Mg sites of its surface prevents a conven-
tional reductive elimination process to take place.
Instead, platinum-catalyzed hydrogenolytic rupture
of C–F bond is strongly favored by the scrubbing
effect of Mg2+ sites to form Mg–F ionic bonds.
The carbon skeleton of hfaH ligand is then left as
carbonaceous-like deposits on the surface and re-
moved as methane at high temperatures.

This CVD catalyst was then investigated in methyl-
cyclopentane conversion at 350 and 500◦C, and
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Table 1
MCP conversion after 1 h at 350◦C

Catalyst name Metal loading (%) H/Pt Cl/Pt TOFa (× 102)
[as total metal]

TOFa,b (× 102)
[as exposed metal]

Pt(CVD)/MgO 1.0 1.13 0.0 12.8 11.3
Pt(SI-RCN)/MgO 1.05 1.05 0.84 14.0 13.3
Pt(SI-00)/MgO 0.75 1.05 0.0 10.5 10.0
Pt(SI-Cl)/MgO 1.0 0.66 0.90 17.2 26.1

a TOF were calculated at MCP conversions between 4 and 20%, and expressed as: molMCP converted/(molmetals).
b Considering a surface stoichiometry H/Pt= 1.

compared with solvent-impregnated catalysts pre-
pared from [Pt(acac)2] and [Pt(CH3CN)2Cl2] [22].
The catalytic activity for ring opening of MCP at
350◦C is reported inTable 1and expressed as turn
over frequencies (TOF). All TOF values were calcu-
lated under differential reaction conditions at MCP
conversion levels below 20%. Selectivity for ring
opening products was always higher than 95%, with
a small residual activity for ring enlargement to cy-
clohexane and benzene. No cracking products were
instead found. TOF value for MCP conversion is
highest for the catalyst prepared from solvent im-
pregnation in CH2Cl2 of [Pt(acac)2], reaching a value
around 0.17 mol of converted MCP per mole of metal
per second. A “correct” chlorine-doping for Pt/MgO
catalysts is required. Starting from a Cl-containing
metal precursor, like Pt(CH3CN)2Cl2, results in an ad-
sorption of high amounts of Cl atoms on support that
poison basic sites lowering catalytic performances.
Instead, by using a Cl-free Pt precursor and a chlori-
nated solvent, chlorine is mainly adsorbed on metallic
particles and on basic support only near them and has
beneficial effects on catalytic properties; the use of
the non-chlorinated THF solvent yielded the poorest
catalyst. Similar results were already found in the
hydrodechlorination reaction where the best catalysts
was found to be Pt(SI-Cl)/MgO[22]. CVD catalyst
was significantly inferior to the solvent-impregnated
material from [Pt(acac)2], with a 33% reduction in the
catalytic activity. The difference is even worse if TOF
values are calculated for exposed metal, considering
metal dispersions obtained via pulse chemisorption
of hydrogen at 55◦C (Table 1). The reduced H/Pt
value for the CH2Cl2-impregnated Pt(SI-Cl)/MgO
catalyst might be rationalized on recent EXAFS data
on similar catalysts for hydrodechlorination reactions,
where the use of dichloromethane as solvent resulted

in higher Pt-Pt coordination numbers, probably for
the higher surface mobility of Pt-Clx fragments[22].
The beneficial effects of chlorine atoms cannot, how-
ever, be related to the creation of Lewis acidity on
the catalyst. In fact, the very low selectivity (<5%) to
acid-catalyzed ring enlargement can reject any sub-
stantial involvement of chlorine-induced acidity on
catalytic activity. Following Gault’s conclusions, ring
opening reaction is, in fact, the one catalyzed only
by the metal function[23]. Moreover, the same in-
crease in catalytic activity should be observed for the
fluorine-containing catalyst, since surface acidity of
Mg–F sites should be even higher than Mg–Cl sites.
Therefore, chlorine atoms are primarily modifying
the electronic structure of platinum phase, without
contributing significantly to acid-catalyzed pathways
to ring enlargement and/or cracking.

The Pt(CVD)/MgO and Pt(SI-Cl)/MgO catalysts
have been tested in MCP conversion to benzene
at 500◦C under integral conditions (Table 2). It is
interesting to notice that the solvent impregnated
Pt(SI-Cl)/MgO material is more active than the
CVD-based catalyst, confirming that chlorine seems
to be essential in hydrocarbon conversion reactions.
However, it was never possible to reach high conver-
sion levels, above 40%, and deactivation by carbon
deposition was also observed, particularly at high
contact times. Benzene selectivity remains low as
well, if compared with the excellent results shown
by non-acidic zeolites[17], and by MgO-based palla-
dium catalysts[2,3].

Activity and selectivity of these catalysts may be
improved by alloying Pt and Pd, as it is already known
for different zeolites[10–14] and for alumina[6]. It
was chosen a high Pd/Pt ratio, in a Pt-doping approach
to Pd/MgO catalysts, in order to maintain the good ar-
omatization activity and promote the catalyst stability
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Table 2
Catalytic conversion of MCP after 1 h at 500◦C with monometallic Pd and Pt catalysts

Catalyst Metal precursor Preparation method Total conversion (mol.%) Benzene yield (mol.%) Reference

Pt(SI-Cl)/MgO [Pt(acac)2] SI 38 15 This work
Pt(CVD)/MgO [Pt(hfa)2] CVD 20 7 This work
Pt/KL [Pt(hfa)2] CVD 90 76 [17]
Pd/MgO [Pd(allyl)(CP)] CVD 88 61 [4]
Pd/MgO [Pd(acac)2] SI 61 46 This work

at high temperatures. The availability of acetylaceto-
nate complexes for both palladium and platinum, and
their similarity in surface chemistry on magnesium ox-
ide is thus suggesting a viable route to the preparation
of bimetallic particles on MgO. The [M(acac)2] com-
plexes (M= Pt, Pd) are coimpregnated on highly de-
hydroxylated magnesium oxide from dichloromethane
solution; the yellow solution becomes rapidly color-
less, indicating a quantitative chemisorption process.
Hydrogen reduction of the impregnated material was
then investigated under TPRD conditions, as shown in
Fig. 2. It is immediately apparent that the mass profile
at m/z = 85 is totally flat up to 500◦C. This signal,
due to the [COCH2COCH3]+ ion, is a typical frag-
mentation ion in the electron impact (EI) mass spec-

Fig. 2. TPRD profiles in H2 (8%)/He mixture of [Pt(acac)2] + [Pd(acac)2] co-impregnated on MgO from CH2Cl2 solution.

trum of acetylacetone; the occurrence of metal reduc-
tion following a classical reductive elimination mech-
anism with evolution of free acetylacetone:

[M (acac)2]/MgO + H2

→ M0/MgO + 2acacH (M = Pt, Pd)

may thus be rejected. We may instead notice a broad
and complex evolution ofm/z = 58 between 100
and 330◦C, with broad features around 110–120 and
200–290◦C. The signal atm/z = 58 is attributed to
the [CH3COCH3]+ ion radical as the parent ion in the
electron impact mass spectrum of acetone. The evo-
lution profile of [CH3]+ ion at m/z = 15 is quite
complex, and roughly parallels that atm/z = 58 up
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to about 320◦C, since the [CH3]+ fragment is present
in the electron impact spectra of acetone and of all
other minor evolution products, such as isopropanol.
At higher temperatures, above 300◦C, new evolution
peaks are observed. This indicates that, in this tem-
perature range, the signal atm/z = 15 can be due
only to the evolution of methane[20]. It may be sug-
gested that this formation of methane derives from
the hydrogenolysis of the organic residues left on the
catalyst, as it is often observed in TPRD profiles of
reforming-type catalysts. The profile atm/z = 15 can
thus be considered as a convenient fingerprint of all re-
action pathways during H2 reduction of the supported
organometallic complexes. It has to be inferred that the
reductive decomposition of surface [M(acac)2] com-
plexes follows a complex surface chemistry, with the
active participation of the dichloromethane solvent,
since a Cl/M ratio around 0.9 is found on the final
catalyst. On the basis of the known organometallic
chemistry of [Pt(acac)2] in the presence of halide ions,
formation of intermediate species with chlorine–metal
bonds and different coordination geometries of acac
ligands is suggested. Moreover, the profile atm/z =
15 of the bimetallic catalysts cannot be simply con-
sidered as the sum of the individual profiles of the
two monometallic materials (Fig. 3), and may be in-

Fig. 3. Comparison of TPRD profiles atm/z = 15 of [Pt(hfa)2] of the two monometallic [Pd(acac)2]/MgO and [Pt(acac)2]/MgO with the
bimetallic [Pd(acac)2] + [Pt(acac)2]/MgO catalysts.

terpreted as the evidence for the formation of bimetal-
lic Pt-Pd entities on the surface of MgO, already at
an early step prior the formation of zero-valent metal
phase.

Bimetallic Pt-Pd/MgO catalysts are then tested, and
compared with monometallic Pd/MgO and Pt/MgO
materials, in MCP conversion, in order to gain more
information about the structure of bimetallic cata-
lysts (Table 3). However, no corrections on metal
dispersions are reported in TOF data for bimetallic
catalysts, since H2 pulse chemisorption technique is
unable to discriminate between Pt and Pd. The TOF
of Pt-Pd/MgO catalyst is intermediate between Pt and
Pd, reflecting the intrinsic low activity of Pd/MgO
for MCP ring opening at 350◦C. Instead, a sample
of the mechanical mixture of the two monometallic
catalysts taken as reference materials shows a sig-
nificantly higher activity than the bimetallic catalyst.
Moreover, if TOF values are then counted on plat-
inum atoms only, the mechanical mixture is almost
indistinguishable from Pt/MgO, since no alloying
between platinum and palladium can occur in the
mechanical mixture. Instead, the bimetallic catalyst
is almost 10 times less active. These data may thus
be interpreted on the basis of Pd enrichment on
the surface of the bimetallic particles, as proposed
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Table 3
Activity for ring opening of MCP after 1 h at 350◦C

Catalyst Cl/M (M = Pt, Pd) TOFa (× 102), total metal (Pd+ Pt) TOFa (× 102), total Pt

Pt/MgO 0.9 17.2 17.2
Pt+Pd/MgO mechanical mixtureb 0.61 2.8 16.8
Pt-Pd/MgO bimetallic catalystb 0.82–0.9 0.32 1.92
Pd/MgO 0.60 0.12 N/A

a TOF were calculated at MCP conversions between 4 and 20%, and expressed as: molMCP converted/(molmetals).
b Metal loading: Pt 0.23%; Pd 1.05%.

Table 4
Catalytic activity and benzene yield in MCP after 1 h at 500◦C

Catalyst Total conversion
(mol.%)

Benzene yield
(mol.%)

Pt/MgO 33 15
Pt+Pd/MgO mechanical

mixture
50 32

Pt-Pd/MgO bimetallic
catalyst

80 55

Pd/MgO 61 46

by different groups on zeolite-supported catalysts
[10–14].

When the reaction temperature is raised to 500◦C
under integral condition, dehydrocyclization to ben-
zene is taking place as main reaction, together with
some cracking to C1–C5 alkanes. MCP conversions,
and benzene yields are then reported inTable 4. The
bimetallic catalyst is significantly more active than
the mechanical mixture, and benzene yield (55%) is
also higher, even than the monometallic Pd/MgO.
These results are quite promising, although catalytic
performance is not still reaching values shown by
CVD-based catalyst. Preliminary results seem also to
indicate a good stability of bimetallic catalysts under
reaction conditions; the selectivity to aromatics is
maintained even after 30 hours on stream at 500◦C,
with a 25–30% reduction in the overall activity. This
behavior is to be related to the excellent interaction
between platinum and the MgO surface, as already
evidenced in Pt/MgO catalysts for CCl4 hydrodechlo-
rination reaction[22,24].

4. Conclusions

Surface organometallic chemistry of platinum and
palladium acetylacetonates was exploited to allow

bimetallic particles to be formed on MgO. The use of
a chlorinated solvent was a key step to favor chem-
ical interactions with the basic sites of the support,
and to introduce a controlled amount of chlorine
atoms at the metal–support interface. The use of the
[Pt(hfa)2] precursor for chemical vapor deposition
was less successful, since its reactivity with the basic
sites led to complete rupture of C–F bonds, and to a
final catalyst of lower activity. The beneficial effects
of alloying Pt with Pd during catalyst impregnation
and further hydrogen decomposition of acetylace-
tonate complexes are then demonstrated, either in
term of catalyst activity and stability of the metal
phase.
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