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a b s t r a c t

Structural and chemical properties were correlated to explain catalytic behavior of Pt–Pd/TiO2 in a
cyclo-olefin reaction. Bimetallic nanoparticles supported on TiO2 were prepared by wetness impreg-
nation techniques at different concentrations of Pt and Pd ≈1 metallic wt%. The physicochemical
properties of these metallic nanoparticles supported on TiO2 were characterized by N2 physisorption
(Brunauer–Emmett–Teller—BET), X-ray diffraction (XRD), and transmission electron microscopy (TEM).
The relationship between chemical composition, physicochemical properties and particle size on the
cyclo-olefin reaction was then studied.

XRD and TEM results show that these nanoparticles are composed of Pt–Pd with FFC structure
(a = 0.389–0.391 nm) supported on TiO2 (anatase-like structure), and the materials present tetragonal
XRD structure nanoparticles (a = 0.37842, b = 0.37842, c = 0.95146 nm). Samples with higher contents of plat-
inum and particle sizes of 4.2 nm show the highest catalytic conversion in cyclo-olefins reaction. Finally,
structural examinations of Ptx–Pd(1−x)/TiO2 based system was then conducted to study the effects of
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. Introduction

Several studies have attracted the importance of isomer-
zation reactions in naphtha reforming and olefins to increase
ctane number using heterogeneous catalysis using supported
etals as catalysts [1]. Therefore, during the last decade var-

ous methods for producing bimetallic materials have been
eveloped and they have proved to be very efficient in differ-
nt chemical reactions. This kind of material is used for the
eduction of gaseous pollutants from the environment incor-
orating noble metals in to different supports. Particularly,
latinum and palladium can be used in a wide range of reac-
ions.

In this context, titanium dioxide anatase-like structure is a

avorable support for Pt-based catalysts because of its good sur-
ace properties and resistance to poisoning. TiO2 is one of the most
seful materials for environmental cleaning, catalysis, gas sensing,
atteries, and solar cells [2,3]. In addition, platinum and palladium
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are used in several catalytic reactions as hydrogenation, dehydro-
genation and isomerization.

Specifically, Pt–Pd bimetallic systems have been used in unsat-
urated hydrocarbons hydrogenation reactions: hydrogenation of
unsaturated hydrocarbons and aromatics [4–7], hydrogenation of
o-chloroaniline to chloronitrobenzene, tetraline in the presence
of hydrogen sulfide [8–11], since these systems are highly resis-
tant to poisoning by sulfur and nitrogen. It is also important to
note the high activity on hydrogenation reactions. They have also
been used for oxidation reactions, such as SO2 to SO3 [1], formic
acid electro-oxidation [12,13], methanol oxidation and combus-
tion [14,15], hydrodesulfurization of 4,6-dimethyldibenzothiofene
and dibenzothiofene [16] and the synthesis of H2O2 [17]. A variety
of oxides have been used as supports of platinum and palladium
metallic particles: SiO2 [17,18], SiO2/Al2O3 [19], C [20], Al2O3 [21],
PS [22,23], �-Al2O3 [24,25], zeolites [18,26–28], Al2O3 [29,30],
SiO2–Al2O3 [31], and Al2O3–B2O3 [32]. Although, in many cases,
the composition of bimetallic nanoparticles is different from those

of macroscopic alloys, and the combination of different properties
in nanoparticles depends upon the combination and distribution
of atoms in the alloy [33,34]. Particularly, the interest in Pt–Pd
bimetallic supported catalysts in hydrocarbons reactions has been
initiated by both, practical and theoretical reasons due to their
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Table 1
Chemical Composition of nanoparticles Pdx–Pt(1−x) .

Bimetallic sample Composition (wt%)

Precursors EDS

Pt Pd Pt Pd

m
p
i
h
T
a
l
t
p
s

2

D
1
p
s
m
a
c
t

m
D
e
a
c
m

T
S

S1 Pt20–Pd80/TiO2 20 80 20.10 79.9
S2 Pt50–Pd50/TiO2 50 50 50.64 49.36
S3 Pt80–Pd20/TiO2 80 20 80.03 19.97

ass forms that offer superior activity, higher selectivity and higher
oison resistance than monometallic Pt or Pd catalyst in skeletal

somerization [35,36]. These bimetallic systems have reported a
igh tolerance to sulfide catalysts in hydrogenation of aromatics.
herefore these materials in the form of nanoparticles have a broad
pplication and they are very attractive in the design of better cata-
ysts and materials. In order to develop such systems, it is important
o understand the nanoparticles formation mechanisms and the
arameters that influence their growth on the method used in the
ynthesis to relate to catalytic activity.

. Experimental

Bimetallic nanoparticles were prepared by impregnation on TiO2 (Degussa P25).
ifferent atomic concentrations of Pd and Pt were used to obtain three samples,
wt% of total metal content was supported. The metal precursor and TiO2 were dis-
ersed and stirred in aqueous solution for 6 h at room temperature. Then, solids were
eparated by evaporation. The solids were then dried at 353 K overnight, before ther-
al treatment under hydrogen flow at 673 K for 4 h. Chloroplatinic acid (H2PtCl6)

nd palladium chloride (PdCl4) were used as metal precursors. Table 1 presents the
hemical composition of different bimetallic Ptx–Pd(1−x) alloys, where x represents
he ratio between Pt and Pd content.

The materials were characterized by X-ray diffraction (XRD), N2 sorption, trans-

ission electron microscopy (TEM). XRD patterns were recorded on a Siemens
5000 instrument using Cu K� radiation (� = 1.54 Å) at 35 kV and 25 mA. N2 sorption
xperiments at 77 K were carried out with a Micromeritics ASAP 2000 instrument,
nd specific surface areas were calculated using the BET method. The metal parti-
les were examined by transmission electron microscopy (TEM) using a JEOL 4000
icroscope (� = 0.17 nm at 400 keV).

able 2
pecific surface area, structure, lattice parameter, diameter and conversion to methyl-cyc

Bimetallic
nanoparticle
Ptx–Pd1−x

Structure
Ptx–Pd1−x/TiO2 by XRD

Lattice parameter
Ptx–Pd1−x (nm)

Bimetal

S1 Pt20–Pd80/TiO2 FCC/tetragonal a = 0.389 6.1
S2 Pt50–Pd50/TiO2 FCC/tetragonal a = 0.390 5.2
S3 Pt80–Pd20/TiO2 FCC/tetragonal a = 0.391 4.2

Fig. 2. TEM of Ptx–Pd1−x bimetallic nanoparticles supported on TiO2. Morphology, pha
Fig. 1. X-ray diffraction patterns of Ptx–Pd(1−x) bimetallic nanoparticles supported
on anatase TiO2.

The catalytic tests in the cyclo-hexene reaction were performed under atmo-
spheric pressure in a microflow fixed-bed reactor (6 mm i.d.) using 100 mg of catalyst
(grain size: 63–125 �m) at 523 K. Prior to any measurements, the catalysts were
submitted to in situ heated in N2 at 473 K for 2 h (ramp: 6 K/min). Cyclo-hexene
was fed by bubbling N2 through a saturator at 298 K. The reactant was then passed
through the catalyst at 523 K and the effluent sampled at regular time intervals of
20 min for analyzing with a gas chromatograph FID-GC with a capillary column of
OV-101-(PIONA) at 523 K. Product stream at the reactor exit was collected in an ice
cooled trap every 5 min. The following parameters were determined to evaluate the
catalytic properties:

cyclo-hexene conversion = cyclo-hexenein − cyclo-hexeneout

cyclo-hexenein
× 100

3. Results and discussion
X-ray diffraction peaks, corresponding to a face centered cubic
(FCC) structure, can be observed in Fig. 1. Lattice parameters (a),
calculated by XRD, were 0.389, 0.390 and 0.391 nm for S1, S2
and S3 samples, respectively (see Table 2 and Fig. 1). While TiO2

lopentene of the bimetallic nanoparticles.

lic nanoparticles Ptx–Pd1−x diameter (nm) BET (m2 g−1) Conversion (%)

19.66 86
21.39 95
29.40 98

se and crystallographic orientation, selected area electron diffraction (SAED) S1.
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Fig. 3. TEM of Ptx–Pd1−x bimetallic nanoparticles supported on TiO2. Morphology, phase and crystallographic orientation, selected area electron diffraction (SAED) S2.

Fig. 4. TEM of Ptx–Pd1−x bimetallic nanoparticles supported on TiO2. Morphology, phase and crystallographic orientation, selected area electron diffraction (SAED) S3.

Fig. 5. (a) HREM image of platinum–palladium bimetallic nanoparticle supported on TiO2, and patter electron diffraction (b) platinum–palladium interaction with TiO2,
strong metal support interaction (SMSI).
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content increased from 0.2 to 0.8 wt%, the average size of PtPd
Fig. 6. Conversion vs time of cyclo-hexene isomerization reaction.

upport (anatase-like structure), presents a tetragonal structure
a = 0.37842 nm, b = 0.37842 nm and c = 0.95146 nm).

Bimetallic Ptx–Pd(1−x) nanoparticles studied by HRTEM are
hown in Figs. 2–4. Nanoparticles were directly observed using
he bright field technique. In Fig. 2, nanoparticles, with sizes lower
han 10 nm, were observed on TiO2 support, support diameter was
igher than 50 nm. In Fig. 2b, a selected area diffraction pattern with
ings of sample S1 was observed and related to a polycrystalline FCC
tructure. In this case, structure corresponds to a Pt–Pd solid solu-
ion with lattice parameter a = 0.3891 nm in good agreement with
RD results.

In order to study small areas of samples, in Figs. 3 and 4, dig-
tal diffractograms of samples S2 and S3 were formed by Fast
ourier Transform (FTT) with CRISP program. Using this program,
t was also measured interplanar distances in order to establish
ocal structure and lattice parameters. In all cases, PtPd bimetal-
ic nanoparticles presented a FCC structure while TiO2 presented
etragonal structure and lattice parameters are comparables with
hose obtained by XRD. It was also observed a relation between
iameter sizes and composition: lattice parameter increases when
t content is higher (see Table 2). The average size of PtPd
ynthesized nanoparticles ranged from 4 to 6 nm. The electron
nteractions, with heavy atoms, are stronger than light atoms. If
he thickness samples are homogeneous, areas in which heavy
toms are concentrated appear with darker contrast than such with
ight atoms (mass contrast), Pt (molecular weight = 195.08 uma) is
eavier than Pd (molecular weight = 106.42 uma). Thus, it could be
ossible that brighter points could be associated to Pd and points
ith low intensity are those of Pt. In this way, it is proposing a
eighting factor. Bimetallic nanoparticles were observed by HREM

see Fig. 5). Different zones were studied by FFT in order to establish
heir structure. In all cases, bimetallic systems present FCC struc-
ure, they have (1 1 1) plane, where the function of intensity pattern
oints presented have different distributions of the metal nanopar-
icles. FFT images show the intensities of points, associated with the
nverse of density [37].

In Table 1, chemical compositions of nanoparticles were evalu-
ted by EDS in the HRTEM. The observed compositions of samples
y this technique are in good agreement with those expected by
hemical composition in bimetallic nanoparticles production.

Fig. 6 shows cyclo-olefin conversion as a function of time. It
hould be remarked that in the course of the reaction, it could
bserve that main product was methyl-cyclo-pentene taking into
ccount the peak areas of chromatograms. On the other hand, Fig. 7
hows cyclo-hexene conversion as a function of chemical compo-
ition of the solids. It is clear that all catalysts show high activity

from 86 to 98%), however, S3 sample shows the highest conversion
ate to methyl-cyclo-pentene in the isomerization of cyclo-hexene
Fig. 7). These results could be associated to the Pt/Pd atomic ratio,
s well as physicochemical properties of TiO2 support [2].
Fig. 7. Conversion vs Pt–Pd composition of cyclo-hexene isomerization reaction.

In according to the platinum composition in the samples, that
increase from 20 to 80%, corresponding to samples S1 to S3, respec-
tively, bimetallic nanoparticles improve the catalytic conversion of
cyclo-hexene, and they are attributed to the surface properties of
these bimetallic particles. However, the arrangement and concen-
tration of platinum and palladium are important because of the
conversion rate. Moreover, the effect of the metal ratios deter-
mines the activity towards methyl-cyclo-pentene. Even though,
total metal concentration was constant (1 wt%), the variation of
Pt/Pd atomic ratio provides an important effect on catalytic activ-
ity. Is should be noted that growth of particles on the surface of
support, exposed to the reagent, has a major effect on the conver-
sion, due to olefins isomerization is a unimolecular reaction and it
should occur on all sites, including isolated sites. The higher iso-
merization conversion rate of the catalyst with the lowest unit cell
size may be attributed to planes PtPd (1 1 1) and (1 0 0).

In Table 2, BET surface area results are shown for samples S1,
S2 and S3, as well as bimetallic nanoparticle composition, crys-
talline structure, diameter sizes, measures by TEM techniques, and
conversion percent. According to results, while platinum content
in particles is higher, surface area increase, however it is well
known that a variation from 20 to 29 m2/g it is not significant due
to error % of the measures. On the other hand, particle diameter
size is lower and lattice parameter (a) increase when Pt content
increases. Analyzing atomic ratio and lattice parameters of Pt and
Pd, it is possible to establish that sample a big amount of palladium
atoms are mainly distributed outside of the particle for S1 sam-
ple, because alloy lattice parameter is near to Pd lattice parameter,
a = 0.38903 nm, while platinum atoms are mainly in particle surface
for S3 sample (Pt lattice parameter a = 0.39236 nm).

4. Conclusions

Cyclo-hexene isomerization reaction was carried out to improve
the catalytic activity of a series of bimetallic PtPd supported mate-
rials. PtPd bimetallic nanoparticles presented a FCC structure while
TiO2 presented tetragonal structure. Highs conversion rates were
obtained for all solids and main product was methyl-cyclo-pentene
and the sample containing 0.8 wt% of platinum and 0.2 wt% of
palladium shows the highest catalytic conversion in cyclo-olefin
reaction.

Based on catalytic and characterization results, it could
be attributed that isomers production is performed on PtPd
(1 1 1)/TiO2 and PtPd (1 0 0)/TiO2. Notwithstanding low surface area
of TiO2 (20–29 m2/g), this support demonstrated to be active to the
cyclo-hexene isomerization reaction. Finally, when the platinum
nanoparticles decreased, while cell parameter in the alloy Pt–Pd
increase. Growth of particles on the surface of support, exposed
to the reagent, has a major effect on the conversion because of
cyclo-olefin reaction is a structure-sensitive reaction.
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