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Abstract: A novel preparation method to control a microstructure and
the resulting structure and activity relationship are presented to aim a
rational design of the well defined bimetallic nanoparticles. Nanoparticles are
engineered inside the supercage of faujasite type zeolite. The reduction
mechanism for the bimetallic nanoparticles is proposed based on the results of
X-ray absorption fine structure, 129Xe NMR spectrum and transmission electron
micrograph. The chemical properties have been modified and also the catalytic
performance has been altered through the generation of well defined bimetallic
nanoparticles. The principle of the design of bimetallic nanoparticles has also
been extended for other open substrates. The state of the art technology for
the fabrication method presented here provides advanced firm basis for the
development of the bimetallic nanoparticles with novel function.
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1

Introduction

Nanoparticles of novel metals have attracted much attention due to unique catalytic
performance in various reactions [1]. The nanoparticle can be classified as a zero
dimensional entity. The electrochemical, magnetic and optical properties of these
nanoparticles are totally different from those of bulk metals. Preparation of such a
nanoparticle has been investigated since 1970 [2]. There are many different methods for
the preparation of nanoparticles, ion exchange, impregnation, chemical vapour
deposition, etc. Traditional methods such as ion exchange and impregnation are still
routines for the preparation of industrial catalysts. Microstructure of the obtained
nanoparticles has been studied with gas adsorption, X-ray diffraction and transmission
electron microscopy [3–5]. However, there was little information available about the
number of atoms per nanoparticles and the surface structure.
Extended X-ray absorption fine structure (XAFS) has been used to characterise the
local atomic structure in nanomaterials. Sinfelt and coworker applied it to find out the
structure of bimetallic nanoparticle catalyst used in catalytic conversion of hydrocarbon
[6]. The bimetallic nanoparticles were prepared with the incipient impregnation method
of both metal salts on alumina. In 1990, Ichikuni and Iwasawa investigated the
polymer supported nanoparticles with XAFS [7]. They showed that uniform sized
nanoparticles can be prepared by reduction in solution phase. The microstructure of the
nanoparticle was simulated based on the XAFS results. Still, there was a lack of
information on the surface structure of nanoparticles.
The microstructure of the nanoparticles depended on the sequence of the loading of
metal salts and the choice of pretreatment methods. The control of the surface structure
of bimetallic nanoparticles is essential in the current preparation technology [8].
A surface technique such as XPS is possible characterisation method for the surface
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structure of the nanoparticles. However, the supported nanoparticles are dispersed on
high surface area substrate, resulting in much difficulty in measurement and analysis.
Thus, other effective method such as 129Xe NMR spectroscopy is necessary for the
characterisation of the surface structure. 129Xe NMR spectroscopy was pioneered by
Fraissard and coworkers in the 1980s [9–11]. The technique was used extensively to
probe the micropore and surface structure of zeolite related materials. The presence of the
nanoparticles inside the cage of microporous materials gives a rise in 129Xe NMR
chemical shift due to the strong interaction between Xe atoms and metal surface. The
degree of the interaction depended much on the concentration and type of metal
presented at the surface.
This review describes the design of bimetallic nanoparticles based on the
investigation of monometallic nanoparticles. Through the rational design of the bimetallic
nanoparticles, the electronic property and the catalytic activity can be controlled as
expected. The examples included the PtSn and PtNi bimetallic nanoparticles supported on
KL zeolite and PtPd bimetallic nanoparticles on thermally stable alumina. The knowledge
on the design of the bimetallic nanoparticles has been built based on the investigation on
the preparation and characterisation of monometallic nanoparticles such as, Pt [12],
Ir [13], Rh [14], Ru [15] and Pd [16].

2

Theory and experimental

2.1 Preparation of monometallic nanoparticles and bimetallic nanoparticles
Monometallic nanoparticles can be prepared with three different methods after the
impregnation and ion exchange into suitable supports. The calcinations-reduction
treatment is suitable for the generation of Pt [12], Pd [16] and Rh [14] nanoparticles.
The evacuation or thermal decomposition-reduction is suitable for the Ir [13] and Ru [15]
nanoparticles. The direct reduction is preferred to prepare the sponge like metal
aggregates such as Pt and Pd. Depending on the pretreatments, the location of metal
particle can be altered and also the resulting adsorption and catalytic properties can be
modified. If the Ir and Ru are subject to the oxidation or calcination, the significant
particle growth or sintering was resulted due to the volatile metal oxide complex such as
RuO4(g) or RuO3(g) [17,18]. Thereby, the gas adsorption and catalytic properties were
deteriorated.
For the preparation of bimetallic nanoparticles, the pretreatment should be selected
carefully since one metal can sinter and the other does not. Also, the order of the loading
of metal salt is critical for the preparation of bimetallic nanoparticles. Figure 1 shows the
imaginative bimetallic nanoparticle structures. The first one can considered just mixture
of two independent monometallic nanoparticles. The second one is single phase alloy
particles that can be obtained through simultaneous loading of the two types of metals.
The last one is the bimetallic nanoparticle structure of cherry model. In this case, the
other metal component can be supported subsequently on the substrate containing
one metal component. The proper treatment can be selected to obtain such unique
structure.
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Figure 1

197

Schematics for the possible structure of the bimetallic nanoparticles

Figure 2 shows the transmission electron micrographs of the Pt nanoparticle supported on
NaY zeolite. The Pt nanoparticles can be found in Figure 2(a). It was prepared with
the calcination and the subsequent reduction by flowing hydrogen after the ion
exchange of Pt(NH3)42+ into NaY zeolite. The estimated size was 1 nm, referred from the
result of TEM, hydrogen chemisorption, Xe adsorption, and XAFS. The loading was
controlled to 2 wt%. The Figure 2(b) showed the Pt nanoparticles after the ion exchange
of additional Pt(NH3)42+ into NaY zeolite, 8 wt% and subsequent calcination-reductions.
The particle size in Figure 2(b) was the same as that in Figure 2(a). It seems that the
calcinations-reduction resulted in the formation of separate Pt nanoparticles after the
additional loading of Pt complex. Table 1 shows the results of the xenon adsorption
measurement and atomic structural parameters from XAFS. The results on the sample in
Figure 2(a) and 2(b) indicated the same Pt nanoparticle size. Comparison with the results
on 10 wt% Pt nanoparticle samples suggested that the calcination-reduction method led to
the formation of separate nanoparticles after the second ion exchange [12].
Direct reduction of the second loaded Pt complex resulted in the formation large
Pt metal particles. The xenon adsorption decreased to 0.018 and the atomic structural
parameter indicated the bulk Pt. However, the particle size was limited to 3–4 nm.
The formation mechanism can be modelled as in Figure 3. Initially, 2 wt% Pt sample
contained 1 nm size Pt nanoparticles entrapped in NaY zeolite supercage. The additional
loading of the Pt complex can result in either 1 nm Pt nanoparticle through the
calcinations-reduction or 3–4 nm Pt nanoparticle through the direct reduction. It can be
assumed that the preloaded Pt nanoparticle can be reduced readily through the contact
with hydrogen even at room temperature. Thus, the highly reducing agent, atomic
hydrogen was present on the surface of the preloaded nanoparticle. The secondly loaded
Pt complex can be reduced near or at the surface of the preloaded nanoparticle by the
adsorbed atomic hydrogen [8]. This reduction mechanism is proposed in Figure 4.
Figure 2

Transmission electron micrograph of Pt cluster supported on Y zeolite: (a) Pt/NaY
obtained through the calcination and the subsequent reduction; (b) Pt(NH3)42+ was
exchanged into Pt/NaY, treated in flowing oxygen at 593 K and subsequently reduced
at 573 K and (c) Pt(NH3)42+ was exchanged into Pt/NaY and subsequently reduced with
hydrogen at 573 K
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Results of the characterisation with xenon adsorption measurement and XAFS
Xe/Pt

na

CNb

R (nm)c

0.069

58

5.0

0.275

2 + 8 wt% Pt/NaY(CR)

0.083

55

5.4

0.276

10 wt% Pt/NaYe

0.066

61

5.1

0.276

0.018

–

12.0

0.277

Sample
2 wt% Pt/NaYe
f

g

2 + 8 wt% Pt/NaY(DR)
a

Average number of atoms per Pt particle calculated following the method presented in
the reference [12].

b

Pt-Pt coordination number (±0.5)

c

Pt-Pt distance (±0.001)
e
The samples were prepared through the calcinations-reduction.
f
The sample was prepared through the calcinations-reduction after the second ion
exchange of additional Pt complex.
g
The sample was prepared through the direct reduction after the second ion exchange
of additional Pt complex.
Figure 3

Schematics for the structural model for the formation of nanoparticles through
the different preparation method

Figure 4

Schematics for the reduction mechanism. The Pt nanoparticle was preloaded
and subsequently Mn+ is loaded secondly
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The reduction mechanism for the bimetallic nanoparticles was tested for the PtPd
nanoparticles supported on NaY zeolite [8,19]. In Table 2, Pt nanoparticle was prepared
first and Pd was loaded secondly. Depending on the preparation methods, it was found
that the same trend in the results of the xenon adsorption measurement and oxygen
chemisorption as that of Pt nanoparticle above-mentioned. The Xe/M of the Pd/Pt/NaY
(DR) was 0.076 when only the Pt content was considered. It meant that the preloaded
Pt play a role as a seed for the reduction and formation of Pd nanoparticle over the Pt
nanoparticle. This result suggested that the reduction mechanism outlined in Figure 4 can
be applied to the preparation of well-defined nanoparticles.
Table 2

Results of the characterisation with xenon adsorption measurement and oxygen
chemisorption*

Sample

Xe/Ma

Pt/NaY (CR)

0.081

O/Mb
0.73

Pd/Pt/NaY(DR)

0.015 (0.076)

0.13 (0.74)c

Pd/Pt/NaY(CR)

0.094

0.62

–

–

Pd/NaY(DR)

c

a

From xenon adsorption method and M includes Pt and Pd.
Total oxygen chemisorption and M includes Pt and Pd.
c
Only the Pt content is considered.
*CR and DR indicated the calcinations-reduction and the direct reduction, respectively.
b

In this review, the preloaded Pt nanoparticle and Pd nanoparticle were representative as
seed for the loading of other metals such Sn and Ni. The pretreatment condition adopted
in this work was direct reduction since it aimed to cover the preloaded Pt nanoparticle
with the secondly loaded metal, resulting in the cherry model structure as illustrated in
Figure 1.
Experimental procedures for the preparation of Pt nanoparticle on KL zeolite (Pt/KL)
are described earlier [20]. Briefly, a large batch of 2 wt% Pt/KL, ~5 g, was obtained
from the activation in O2 at 593 K for 2 h and the subsequent reduction with H2 at 573 K
for 2 h after the ion exchange of Pt(NH3)42+ into KL zeolite (ELZ-L, Union Carbide,
K9[(AlO2)9(SiO2)27]).
Sn2+ was exchanged at room temperature onto the 2.0 wt% Pt/KL sample at a low pH
and under dilute condition to avoid the formation of SnO or SnO2 precipitates. The ion
exchanged zeolite was filtered, washed with doubly distilled water, dried in a vacuum
oven at room temperature, and subsequently placed on a fritted disk inside a Pyrex
U-tube flow reactor. The zeolite was reduced with heating in H2 flow (99.999%, passed
through a MnO/SiO2 trap). The H2 flow rate for the reduction was 200 mL min–1 g–1, and
the reduction temperature was linearly increased from room temperature to 573 K over
4 h and maintained at 573 K for 2 h. The incorporation of nickel and palladium onto the
Pt cluster was performed in the same way as above. The average number of metal atoms
per Pt cluster was controlled to 1 and 2. The resulting samples are designated as the
SnPt/KL and the NiPt/KL.
For the preparation of PtPd nanoparticles on alumina, Pd(NO3)2 (Engelhard, 19.9%
Pd) was impregnated into La-doped Al2O3 (2 mol% La-Al2O3) supplied from Condea Inc.
Its surface area was 90 m2 g–1. The activation procedure was the calcination in oxygen at
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823 K for 6 hr followed by the reduction with hydrogen at 823 K for 4 h. The Pd loading
of the catalyst was 2 wt% on dry basis. The obtained Pd catalyst was denoted as
Pd/La-Al2O3.
The bimetallisation by platinum was performed as follows: the reduced Pd
nanoparticle was impregnated with the aqueous solution containing the desired amount of
H2PtCl6. The platinum complex impregnated Pd catalyst was dried in oven at 373 K for
overnight. The obtained sample was reduced up to 823 K by flowing hydrogen without
the activation in oxygen flow. The platinum loading, the Pt/Pd ratio was controlled
to 0, 0.5, 1.0 and 2.0, respectively. The bimetallic nanoparticle catalyst was also denoted
as Pt/Pd/La-Al2O3.

2.2 Characterisation and catalysis
Natural xenon gas (Matheson, 99.995%) was used for adsorption measurement as well as
129
Xe NMR experiment. Xenon and hydrogen adsorption measurements were performed
at 296 K with a conventional volumetric gas adsorption apparatus. The adsorption
temperature was controlled to within 296 ± 0.1 K by a constant-temperature circulation
bath.
Hydrogen chemisorption at 296 K was measured volumetrically after the
pre-adsorbed hydrogen atoms were desorbed at 673 K in vacuum (1 × 10–3 Pa) for
2 h and the sample cooled to 296 K. Extrapolation of this adsorption isotherm from
13–53 kPa to zero pressure was referred to as total hydrogen chemisorption value,
Htotal/Pttotal. The sample was then evacuated at 296 K for 2 h and a second isotherm was
measured, which corresponded reversible hydrogen chemisorption value, Hrev/Ptrev.
For 129Xe NMR experiment, a special 129Xe NMR tube equipped with high vacuum
stopcocks was joined to the above U-tube reactor by glass blowing before powder sample
was placed into the reactor. After the sample was reduced and evacuated, a 0.5 g portion
was transferred from the reactor to the NMR tube by tilting the reactor and then sealed
with flame. Xenon gas was equilibrated with the sample to a desired pressure at 296 K
through the vacuum stopcocks. 129Xe NMR spectra were obtained from the adsorbed gas
at 296 K with a Bruker AM 300 instrument operating at 83.0 MHz for 129Xe with a 0.5-s
relaxation delay. The chemical shift is referenced to xenon gas extrapolated to zero
pressure.
X-ray absorption fine structure (XAFS) for the samples were obtained with
self-supporting wafers of 10 mm in diameter pressed with 0.20 g powder sample.
Since the sample wafers were exposed to air during the wafer pressing, each wafer was
reduced again with H2 flow at 573 K inside a Pyrex U-tube flow reactor and evacuated at
673 K to remove the chemisorbed hydrogen. The sample wafer was then moved to a
joining XAFS cell, similar to 129Xe NMR experiment. The XAFS cell was fabricated with
Pyrex glass and Kapton windows (Du Pont, 125 µm thick). The Kapton windows were
joined using Torr Seal (Varian). The XAFS cell containing sample wafer under He gas
was sealed with flame and stored in a vacuum desiccator until XAFS measurement.
The XAFS in He gas was measured at the Pt LIII edge at room temperature using
Beam Line 10B at the Photon Factory in Tsukuba and also at the Beam Line 3C1 at the
Pohang Accelerator Laboratory, Korea. The ring current was maintained at 300–350 mA
during the measurements. A Si(311) channel cut monochromator was used. The X-ray
energies for X-ray absorption near edge structure (XANES) and EXAFS at the Pt LIII
edge were increased by 0.5 eV and 1.9 eV, respectively. The X-ray intensity was
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measured by using a gas ionisation chamber. The detector gases for I0 and I were 100%
Ar and 100% Kr, respectively.
XAFS for the SnPt/KL and the NiPt/KL were obtained above the Pt LIII edge.
The XAFS data in the wave vector (k) range between 30 and 140 nm–1 were analysed
using UWXAFS2 program package [21]. The EXAFS oscillation (χ(k)) was multiplied
by the wave vector cube (k3) after background removal and normalisation. Background
was removed with a r-space technique in which low-r background components in
the Fourier transform (FT) are optimised through the comparison with a standard
XAFS generated using FEFF5 code [22]. Fourier transformation were performed from
30 ≤ k ≤ 140 nm–1 to 0.18 ≤ r ≤ 0.30 nm using Hanning window function. The curve
fitting for the EXAFS was performed without Fourier filtering. The number of
parameters used in the curve fitting was less than the allowed maximum number of
parameters, Nfree = 2/π ⋅ δr ⋅ δk + 2, where δk is the FT range in k-space, and δr is the
fitting range in r-space.
The rate of catalytic conversion of n-hexane to benzene was measured with typically
20 mg catalyst using a Pyrex batch recirculation rig similar to the one described by
Schlatter and Boudart [23]. The reactant gas consisted of n-hexane, H2 and He with
partial pressures of 6, 36 and 59 kPa, respectively. n-Hexane (Merck, HPLC grade) was
used after purification through three freeze-evacuation-thaw cycles. The total volume of
the rig was 620 mL. The gas recirculation rate was 4.0 L min–1. The reaction temperature
was controlled to 671 ± 1 K. Products were analysed with a gas chromatograph (GC, HP
5890 Series II) equipped with a Carbowax 20M column using a flame ionisation detector.
The catalytic activity of benzene hydrogenation was measured in a similar way
for n-hexane aromatisation. The reactant gas consisted of benzene, H2 and He with
partial pressures of 4, 41 and 63 kPa, respectively. Benzene (J.T. Baker, Baker analysed)
was used after purification through three freeze-evacuation-thaw cycles. The reaction
temperature was controlled to 423 – 523 ± 0.1 K. The total number of benzene converted
per metal was defined as the turnover number (Nt), based on the total number of metal
atoms. The catalytic activity of different samples was reported as an average turnover
frequency (υt) taken in the same Nt range of 10–50.
The catalytic activity of methane combustion over the sample was measured using
the microreactor system equipped with gas chromatograph (HP5890, Hewlett Packard).
The methane concentration was controlled to 1 vol% and 99% air. The space velocity,
GHSV was 30,000 h–1.

3

Result and discussion

3.1 MPt/KL catalyst
PtSn bimetallic nanoparticles have drawn much attention due to a high resistance to coke
deposition during naphtha reforming [24,25]. Incorporation of tin into Pt nanoparticles
and bulk Pt surface is known to lead to a formation of PtSn nanoparticles and Sn/Pt
surface alloy, respectively. Meriaudeau et al. [26] prepared the PtSn nanoparticles on
NaY zeolite by contacting Pt surface covered with hydrogen with tetramethyltin
compound, thereby reacting the alkyltin compound with Pt surface. For Sn/Pt(111)
surface alloy, Xu et al. [27] found the substantial electronic effect by tin incorporation on
adsorption-desorption kinetics of cyclohexane and benzene. Cortright and Dumesic [28]
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obtained PtSn nanoparticles inside KL zeolite channel by reduction with H2 at 773 K
after the impregnation of tributyltin acetate onto the zeolite followed by a second
impregnation of Pt(NH3)4(NO3)2. The catalysts showed a high activity and selectivity of
isobutane dehydrogenation, which was attributed to the reduced Pt ensemble size by tin
and potassium, and zeolite pore structure.
The previous studies on Pt/KL catalyst showed that Pt nanoparticles containing
5–7 atoms on the average can be prepared independent of Pt content up to 5.2 wt%
without a pore blockage for xenon adsorption [20]. Figure 5 shows xenon adsorption
isotherms on the PtSn/KL catalysts at 296 K. Amount of xenon adsorption per unit cell
for the PtSn/KL catalysts was the same as that of KL zeolite, indicating no pore blockage
for xenon adsorption upon the incorporation of tin. The incorporation of tin into the
Pt/KL catalyst seems not to cause the growth of particle size in the PtSn/KL catalyst.
Figure 5

Xenon adsorption isotherms of the SnPt/KL catalysts with an atomic ratio of 0.0 (O),
0.1 ( ), 0.2 (∆) and 0.4 (∇) obtained at 296 K

Results of hydrogen adsorption on the PtSn/KL catalysts are presented in Table 3.
The amount of total hydrogen adsorption on the PtSn/KL catalysts decreased too much,
compared to that of the Pt/KL catalyst. Further, all the adsorption became reversible.
Therefore, tin seems to cover the hydrogen adsorption site of Pt nanoparticle blocking a
strong adsorption of hydrogen. The complete removal of adsorbed hydrogen at room
temperature made it difficult to measure the amount of xenon adsorption only on Pt
nanoparticles that can be obtained from the difference between two xenon adsorption
isotherms before and after hydrogen chemisorption. It was believed that unique gas
adsorption characteristics come from the interaction Sn and Pt nanoparticles.
129
Xe NMR spectra of xenon adsorbed on the PtSn/KL catalysts are shown in
Figure 6. The chemical shift of xenon adsorbed on the PtSn nanoparticles decreased from
137 ppm to 123 ppm upon tin incorporation. The chemical shift of the PtSn/KL catalyst
with an atomic ratio of 0.4 was similar to that of the Pt/KL catalyst with chemisorbed
hydrogen. According to the previous reports, the interaction of xenon with the
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Pt nanoparticles can be inhibited due to the increase of surface coverage by metals such
as Ag [29] and Cu [30], since these metals have no interaction with xenon. Thus, the
decrease of the chemical shift for the PtSn/KL catalyst was consistent with the coverage
of Sn on Pt nanoparticles if Sn plays a same role as Ag and Cu.
Table 3

Hydrogen chemisorption and xenon adsorption on the SnPt/KL catalysts
Htotal/Pttotala

Sn/Pt

Hrev/Ptrevb

Xe/Pttotalc

0.0

1.6

0.5

0.1

1.0

1.0

~0

0.20

0.2

0.6

0.6

~0

0.4

0.6

0.6

~0

a

Total hydrogen chemisorption at 296 K, based on the total amount of Pt.
Reversible hydrogen chemisorption at 296 K, based on the total amount of Pt.
c
Xenon adsorption on the PtSn nanoparticles at the saturation obtained from the
difference between two xenon adsorption isotherms with and without chemisorbed
hydrogen based on the total amount of Pt.
b

Figure 6

129

Xe NMR spectra of xenon adsorbed on the SnPt/KL catalysts at 296 K
and under 53.3 kPa: (a), KL zeolite; (b), 2 wt% Pt/KL; the SnPt/KL with
an atomic ratio of (c) 0.1, (d) 0.2 and (e) 0.4

Figure 7 showed the 129Xe chemical shift change as a function of the pressure with the
increase of Ni content in the Ni/Pt/KL catalysts. The chemical shift of the xenon
adsorbed on the Ni/Pt/KL catalyst decreased initially with the decrease of the pressure
and increased at low pressure below 20 kPa due to the contribution of the interaction
between xenon and nickel metals. The interaction between xenon and platinum metal
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resulted in the chemical shift about 1300 ppm when extrapolated to zero pressure [12].
Similarly, the interaction between xenon and palladium metal give a chemical shift
change about 3000 ppm [16]. This trend suggests the interaction between xenon and
nickel may result in the more than 3000 ppm chemical shift change. Thus, the chemical
shift change was increased too much with the increase of nickel content. And also, the
fact that the chemical shift is mostly due to the direct surface interaction indicated that
the secondly loaded nickel located at the surface of Pt nanoparticles as illustrated in
Figure 8.
129

Figure 7

Xe NMR chemical shift of xenon adsorbed on the NiPt/KL catalysts as function of
xenon pressure at 296 K: ({) 2 wt% Pt/KL, () NiPt/KL (Ni/Pt = 0.1), (U) NiPt/KL
(Ni/Pt = 0.2) and () NiPt/KL (Ni/Pt = 0.4)

Figure 8

Schematics for the interaction between xenon and NiPt bimetallic nanoparticles

XAFS spectra for the SnPt/KL and NiPt/KL catalysts were obtained above the Pt LIII
edge and analysed with the UWXAFS2 and FEFF5 [21,22]. The structural parameters
obtained through the curve fitting are listed in Table 4. The Pt-Pt coordination number
(CN) in the SnPt/KL and NiPt/KL catalysts did not change significantly upon the
incorporation of tin and nickel. This result of CN meant that there was no increase
of the particle size. The Pt-Pt distance increased to 0.268 nm from 0.258 nm for the
SnPt/KL catalysts like a structural relaxation by hydrogen adsorption on Pt nanoparticles
[20]. The results of XAFS experiment suggested that the incorporation of Sn or Ni
into Pt nanoparticles could not cause an increase of particle size, in agreement with the
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results of xenon adsorption. The chemical state of Sn or Ni in the SnPt/KL catalyst found
to be Sn2+ referred from the obtained Pt-Sn distance while the Ni was reduced, referred
from the distance of Ni-Pt, 0.251 nm.
Table 4

Structural parameters obtained from the XAFS curve fitting of Pt LIII XAFS of the
SnPt/KL and NiPt/KL catalyst
Pair

CNa

R (nm)b

σ2 (pm2)c

3.3

0.258

79

3.5

0.256

584

Pt/KL
Pt-Pt
Pt-O

SnPt/KL
Snd

Pt-Pt

4.7

0.268

70

Pt-Sn

0.5

0.280

28

NiPt/KL
Nid

Pt-Pt

3.2

0.263

73

Pt-Ni

0.8

0.251

104

a

Coordination number.
Bond distance.
c
The Debye-Waller factor.
d
Sample in He with M/Pt = 0.2.
b

n-Hexane aromatisation over the SnPt/KL catalysts was performed at 671 K with
H2/C6H14 = 6. Turnover frequency (υt) based on the amount of total Pt decreased
progressively with the increase of Sn content near 10% conversion level of n-hexane
aromatisation as shown in Figure 9. The decrease of catalytic activity for n-hexane
aromatisation seems probably due to the surface coverage of Sn over Pt nanoparticles in
the SnPt/KL catalyst. The product distribution of n-hexane aromatisation is also
illustrated in Figure 10. The reaction data were consistent with that the incorporation of
Sn onto the Pt nanoparticles suppress an isomerisation to hexanes and 1,5-ring formation
to methylcyclopentane, resulting in an increased selectivity to benzene from 50% to 80%
with the Sn content. The content of potassium in the SnPt/KL catalyst was controlled
to 8.49 ~ 8.29 K+ ion depending on the content of tin. The effect of such a small
change of alkali loading in the KL zeolite seems to be negligible under the reaction
condition. The reaction data under the similar alkali loading, combined with the result
of characterisation data suggested that the decrease of Pt ensemble size by tin can
suppress the formation of highly dehydrogenated species required for hydrogenolysis,
isomerisation and coke deposition, resulting in the high selectivity to benzene.
Benzene hydrogenation has usually been classified as structure insensitive [31] but it
seems to be very risky because some catalysts show the dependence of the catalytic
activity on the metal particle size. The catalytic activity of benzene hydrogenation over
Pt/SiO2 is reported ten times higher than Ni/SiO2 under the similar condition as shown
in Table 5 [32]. It can thus be expected that the incorporation of nickel onto the
Pt nanoparticles leads to the significant decrease of the catalytic activity in benzene
hydrogenation. However, an increase of the amount of nickel in the NiPt/KL decreased
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the activity decently and accelerated the reaction to the formation of cyclohexane,
indicating an alloy effect.
Figure 9

The catalytic activity of n-hexane aromatisation over the SnPt/KL catalysts plotted
against the atomic ratio of Sn/Pt. The reaction was performed at 671 ± 1 K with
H2/C6H14 = 6. υt was based on the total amount of Pt

Figure 10 The product selectivity of n-hexane aromatisation over the SnPt/KL catalysts
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Catalytic activity of the NiPt/KL catalysts over benzene hydrogenation
and their apparent activation energy

na

υt (sec–1)b

Ea (kJ mol–1)c

0

0.067

41

1

0.022

60

2

0.076

62

a

Average number of the incorporating nickel atoms per Pt nanoparticle.
Turnover frequency based on total number of atoms.
c
Apparent activation energy was obtained from the Arrhenius plot in the temperature
range in which the catalytic activity increased.
b

Concerning the deactivation behaviour, the catalytic activity did not decrease at all during
the second reaction when one nickel atom per Pt nanoparticle incorporated. However, the
deactivation in other samples occurred during the repeated reactions. Primary source of
deactivation is known to be a coke formation such as cyclohexylbenzene and
dicyclohexylbenzene [33]. The resistance to the deactivation in the NiPt/KL seems due to
the formation of NiPt bimetallic particle. The change of apparent activation energy and
the temperature of maximum benzene hydrogenation over the NiPt/KL catalyst may
suggest the presence of different electronic structure, which is responsible for the
adsorption-desorption kinetics of benzene.

3.2 Pt/Pd/La-Al2O3 catalyst
In the previous work, we suggested the reversible structural model of the Pd catalyst
during the thermal cycling as shown in Figure 11 [8,34]. The PdO seems to convert to
the surface attached PdO state at 950 K after the desorption of oxygen upon increasing
the temperature. Rodriguez et al. [35] proposed the PdAlOx as the surface attached PdO
species. The surface attached PdO species was further reduced to Pd metallic state at
1023–1073 K that is susceptible for the particle growth upon the excessive heating,
thereby losing the catalytic activity.
Figure 11 The reversible structural transformation in Pd catalyst

The thermal stabilisation of the Pd catalyst was also investigated using the surface
coating of titanium oxide that is known to have the strong metal support interaction [36].
The near edge spectra of PdO and Pd foil is presented in Figure 12 to illustrate the
difference of the near edge structure above the Pd K edge. The X-ray absorption at the Pd
K edge in Pd foil was suppressed due to the dipole forbidden transition. The intensity of
the 4s → dp transition and the presence of 4s → dsp, dp can be traced in order to clarify
the atomic and electronic change upon the heating. In the XANES experiment, the

208

S.J. Cho and R. Ryoo

transformation temperature from PdO to Pd was increased by the surface coating while
the reverse transformation occurred at the similar temperature. This characteristic change
of the metal oxide surface coated Pd catalyst is also shown in Figure 13. The sudden
change of near edge spectra occurred at above 1123 K, which corresponded to the
transformation of PdO to Pd. While, the reverse transformation from Pd to PdO occurred
at 973 K. Such a transformation behaviour is the same as that of Pd catalyst, except the
high transformation temperature from PdO to Pd by 100 K. Thus, the thermal stability
can be improved by the coating of metal oxides onto the Pd catalyst.
Figure 12 Neat edge spectra of the (a) Pd foil and (b) PdO. The absorption inflection corresponds
to 4s → d and the second and third peaks correspond to dp and dsp transitions,
respectively

Figure 13 Near edge spectra of the metal oxide surface coated Pd catalyst measured as a function
of heating temperature. (The inserted bars are the guides for the change of the edge
features)
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Further, the drastic change in the near edge spectra occurred in the bimetallised Pd
nanoparticle by Pt as shown in Figure 14. Upon the increase of the Pt content, the
near edge structure changed progressively to resemble to that of Pd foil. At the high
loading of Pt, the XANES spectrum was almost the same as that of Pd foil. The model
for the formation mechanism of bimetallic nanoparticles was proposed using the Pt
nanoparticle in zeolite cage [12]. The preloaded Pd catalyst is easy to reduce upon
heating in hydrogen flow at low temperature, ~373 K. During the reduction of the
secondly loaded platinum complex without the activation in oxygen, the reduced
preloaded palladium metal nanoparticles adsorb atomic hydrogen and the platinum
complex ion moves the site of palladium nanoparticles to be reduced readily. Such a
mechanism also resulted in the formation of the M surface-enriched Pd particle as
illustrated in Figure 15. Thus, the palladium metal covered with platinum has no contact
with oxygen or oxygen coordination when increasing Pt content [8]. The results of the
data analysis of the XAFS spectrum of the bimetallised Pd catalyst are shown in Tables 6
and 7. At the Pd K edge, the oxygen coordination around the palladium atom disappeared
as the increase of platinum content. The overall coordination number was 9 ± 1 with
0.270 nm of metal distances, indicating the reduced metallic state in the bimetallic
nanoparticles. The particle size estimated from the coordination number was 1–2 nm.
The oxygen coordination, however, was detected at the Pt LIII edge in the series of the
bimetallised catalysts. The coordination number of bimetallic pair decreased
progressively with the increase of the platinum content. The total metallic coordination
number was 6 ± 1 with 0.271 nm of metal distances, consistent with the formation of the
nanosized particles.
Figure 14 Near edge spectra of the bimetallic PtPd nanoparticle supported on alumina measured
as a function of Pt/Pd ratio
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Figure 15 Schematic of the reduction mechanism: (a) the reduction of the preloaded Pd
nanoparticle, (b) the formation of adsorbed atomic hydrogen and the subsequent
reduction of the secondly loaded metal ion, and (c) the formation of M surface-enriched
Pd particle

Table 6

Structural parameters obtained from the curve fitting of EXAFS data analysis
of the EXAFS spectrum above the Pd K edge

Sample
Pd/La-Al2O3

Pair

N

R (nm)

σ2 (pm2)a

Pd-O

3.5

0.201

17

Pd-Pd

4.8

0.305

58

Pd-Pd

4.2

0.343

42

Pt/Pd/La-Al2O3

Pd-O

2.0

0.201

54

(Pt/Pd = 0.5)

Pd-Pd

2.7

0.271

56

Pd-Pt

4.2

0.267

49

Pt/Pd/La-Al2O3

Pd-O

–

–

–

(Pt/Pd = 1.0)

Pd-Pd

5.2

0.273

57

Pd-Pt

4.2

0.270

73

Pt/Pd/La-Al2O3

Pd-O

–

–

–

(Pt/Pd = 2.0)

Pd-Pd

2.3

0.273

63

Pd-Pt

7.4

0.270

96

a

The Debye-Waller factor.

Table 7

a

Structural parameters obtained from the curve fitting of XAFS spectrum above the
Pt LIII edge

Sample

Pair

N

R (nm)

σ2 (pm2)a

Pt/Pd/La-Al2O3

Pt-O

3.4

0.193

142

(Pt/Pd = 0.5)

Pt-Pd

4.3

0.258

56

Pt-Pt

4.7

0.259

49

Pt/Pd/La-Al2O3

Pt-O

1.3

0.201

82

(Pt/Pd = 1.0)

Pt-Pd

1.7

0.272

38

Pt-Pt

3.4

0.271

70

Pt/Pd/La-Al2O3

Pt-O

1.3

0.199

58

(Pt/Pd = 2.0)

Pt-Pd

1.2

0.272

35

Pt-Pt

5.1

0.271

70

The Debye-Waller factor.
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The bimetallic PtPd nanoparticle of Pt/Pd = 1.0 showed a little different change of
XANES spectrum as a function of heating temperature in Figure 16. The metallic
XANES features were retained over the temperature range upon heating and cooling
except the slight change at around 973 K. The structure of the bimetallised Pd
nanoparticle seems to remain the same. Thus, the inhibition of the reversible structural
transformation of the bimetallic PtPd nanoparticles can be suggested based on the
results of the measurement of XANES as a function of temperature. The summary of
the reversible transformation is presented in Table 8.
Figure 16 Near edge spectra of the PtPd bimetallic nanoparticles measured as a function
of heating temperatures at (a) the Pd K edge and (b) the Pt LIII edge

Table 8

Summary of the reversible transformation temperature obtained from the
measurement of the XANES as a function of temperature
TPdO→Pd (K)

TPd→PdO (K)

Pd/La-Al2O3

1123

950

TiO2-Pd/La-Al2O3

1273

<973

ZrO2-Pd/La-Al2O3

1273

<970

Pt/Pd/La-Al2O3

~973

<873

Sample

Figure 17 shows the catalytic activity of the methane combustion as a function of reaction
temperature. The catalytic activity of Pd only catalyst had a strong catalytic hysteresis
with 100 K temperature gap. The platinum catalyst also showed the weak hysteresis,
which the catalytic performance was inferior to that of the Pd catalyst. However,
the bimetallised Pd catalyst with Pt showed no hysteresis in the methane combustion.
It seems to be due to the formation of platinum-enriched palladium nanoparticles as
suggested from the results of XANES.
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Figure 17 Catalytic activity of (circle) 2 wt% Pd/La-Al2O3, (rectangular) 2 wt% Pt/La-Al2O3,
and (triangle) Pt/Pd/La-Al2O3 (Pt/Pd = 0.5). The open and closed symbols indicate
the increase and the decrease of the reaction temperature, respectively

The bimetallisation of the Pd catalyst with Pt changed completely the reversible
structural transformation by forming the platinum enriched palladium nanoparticles.
The effect of the bimetallisation is the removal of catalytic hysteresis in methane
combustion and the same catalytic entity over the temperature range, consistent with the
results of XAFS/XANES.

4

Conclusion

The rational design of the bimetallic nanoparticles comprising of cherry type model in
which the one specific metal was deposited preferentially on the other metal was
achieved with the proper pretreatments after the formation of the nanoparticle and
subsequently loading of the second component metal. Such microstructural control can be
possible based on the information on the formation and growth of monometallic
nanoparticles obtained through the combined studies of XAFS, xenon adsorption and
129
Xe NMR spectroscopy. The generated bimetallic nanoparticles showed the improved
catalytic performance compared to that of monometallic nanoparticles. The reduction
mechanism proposed in the review provides basic understanding about how the specific
microstructure can be made using the conventional pretreatment method. Thereby the
economical preparation technology for the bimetallic nanoparticles can be built
employing the simple reduction mechanism as above-mentioned.
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