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Abstract

To study the role of strain effects on catalytic properties in the case of supported particles, core–shell PdNi bimetallic nanoparticles were
prepared by chemical synthesis and studied in hydrogenation of buta-1,3-diene. Multitechnique characterisation (EDS, TEM, EXAFS) results
indicate good homogeneity of the bimetallic particles in terms of size and composition. The core–shell structure of NiPd bimetallic particles and
the compressive stress induced on Pd atoms in the top layer due to its larger atomic radius compared with Ni, have been evidenced by EXAFS
analyses. According to the literature, Pd activity for buta-1,3-diene hydrogenation is amplified when Pd is strained at the surface of Ni single
crystal faces, mainly in the case of (110) planes. This compressive stress is supposed to produce surface reconstructions with undulated Pd row
structures. In our case, no amplification of the Pd activity for buta-1,3-diene hydrogenation performed in liquid-phase conditions was observed
for a monolayer of Pd strained on 5 nm Ni particles. Consequently, the compressive strain on the Pd atoms at the surface of the nanoparticles
seems not to play a major role in the amplification of the activity for buta-1,3-diene hydrogenation. Surface reconstructions observed on extended
surfaces to relax the surface stress seems to be the key point for Pd activity amplification. For supported particles, we propose that this relaxation
phenomenon does not occur for such small three-dimensional particles.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

In the field of heterogeneous catalysis, group VIII metals
like Pd-, Pt-, or Ni-based catalysts are among the most active
transition metals for selective hydrogenation of dienes. In this
group of metals, Pd is more active and selective than Pt or
Ni [1]. Over the last decades, many improvements were realised
in the synthesis of heterogeneous catalysts with well designed
structures. Indeed, new kinds of bimetallic catalysts exhibit
improved catalytic properties for transition metals. Bimetallic
catalysts can be split into two types: monometallic particles
constituting each component on the same support and supported
bimetallic particles. In the first case, co-operative phenomena
will govern catalytic performance through an additive effect of
the catalytic properties of both metals. New catalytic properties
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appear when two transition metals are in contact, which may
be called synergetic properties. Depending on this association,
these particular catalytic behaviours of bimetallic catalysts are
usually described in terms of either an “ensemble effect” [2,3],
associated with the number of surface atoms needed for the
catalytic process to occur, or the so-called “ligand effect,” asso-
ciated with the electronic modifications induced by the system
constituents. An additional “bi-site effect” [4] in which both
components play a specific role with respect to the reactants of
the catalytic reaction has also been suggested to explain syner-
getic effects on catalysis by alloys.

For alloys, the surface structure depends on the thermody-
namics of the miscibility and segregation process of the two
metals. Various types of structures can be obtained: a mixed
solution of both metals, which we call “alloy,” and a metal
on metal deposit, called “overlayer system” [5]. In the case of
PdNi extended surfaces considered as model catalysts, the sur-
face develops a nearly Pd overlayer system when stabilised by
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heating (segregation phenomenon), the Pd nominal bulk content
being very low [6,7]. In that case, polycrystalline or oriented
PdNi bulk alloys annealed at 600 ◦C have shown an increase of
Pd catalytic activity for gas-phase buta-1,3-diene selective hy-
drogenation [8,9]. For instance, the activity of a Pd8Ni92(110)
alloy is 20 times higher than that measured for the Pd(110)
monometallic model catalyst [9]. For such an alloy, the Pd
surface composition of the PdNi alloy equilibrated at 600 ◦C
is >80% (related to 8% Pd nominal concentration) [6,9]. Pd,
which has a lower surface free energy than Ni, segregates to the
surface to a great extent. Nevertheless, the second layer in the
alloy is composed mainly by Ni (up to 80%) [6]. A first expla-
nation for the increased activity of the surface Pd atoms could
be an electronic effect induced by the Ni atoms located under-
neath the Pd surface atoms [10]. However, PdNi model catalysts
prepared by Pd atom deposition on a Ni(110) crystal (evapora-
tion under UHV) have shown increased catalytic activity for
buta-1,3-diene selective hydrogenation as well, even when the
Pd coverage is greater than one layer [1,5,11–13]. Thus, the
catalytic activity of four layers of Pd deposited on Ni(110) is
amplified by 40 with respect to pure Pd(110). This shows that
Ni influences the properties of Pd surface atoms without be-
ing in contact with it. Keeping in mind that the Pd bulk lattice
parameter is ∼10% larger than the Ni one, the Pd deposit on
Ni suffers a compressive strain to adapt to the Ni bulk lattice.
This Pd stress could be an alternative explanation for Pd activ-
ity amplification [1,14]. However, experimental and theoretical
studies have shown that the Pd strain is partially relaxed by gen-
erating new surface structures in which some Pd surface atoms
are slightly shifted out of their normal position in a fcc crystal
arrangement, creating new kinds of active sites [14,15]. This
has been demonstrated both for Pd/Ni(110) deposits and for
Pd8Ni92(110) alloy [1,9,16,17]. Therefore, the amplification of
the catalytic activity measured for Pd surface atoms on pure Ni
or for Ni-rich PdNi alloys could be the consequence of some
compressive strain and/or unusual surface structures after par-
tial relaxation [14].

Many studies have focused on the preparation and charac-
terisation of supported core–shell NiPd particles [18–23]. NiPd
nanoparticles were prepared in many different ways, including
co-impregnation of aqueous solutions, colloidal synthesis, and
decomposition of a Pd precursor on Ni particle surfaces. These
studies revealed no clear evidence for either strains of Pd sur-
face atoms or core-shell structure. Moreover, only a few papers
mention Pd activities for buta-1,3-diene hydrogenation [18,23,
24]. Faudon et al. [18] prepared alloyed PdNi nanoparticles by
co-impregnating two metallic solutions. The bimetallic parti-
cle size was about 2–3 nm; Pd21Ni79 and Pd71Ni29 particles
exposed 53 and 91% of Pd atoms in the outer surface, respec-
tively [18,24]. TOF of Pd21Ni79 particles for gas-phase buta-
1,3-diene hydrogenation was 5 times lower than for Pd atoms
in monometallic particles, whereas the Pd activity for Pd71Ni29
particles was close to that for pure Pd. PdNi nanoparticles were
also prepared by decomposing Pd precursor on Ni particle sur-
faces [18,24]; larger particles were obtained (∼7 nm). Pd ac-
tivity was still lower than that of monometallic Pd particles for
buta-1,3-diene hydrogenation. Other studies focused on other
reactions such as CO oxidation [20,21,25–27] or nitrobenzene
hydrogenation [22,28–30]; only a few clearly showed core–
shell structure of NiPd particles [19,20,22]. For nitrobenzene
hydrogenation, core–shell NiPd particles are more active than
Pd monometallic ones. This is due not to strain effects, but
rather to co-existence at the surface of Pd and Ni atoms [30].

To conclude, strained Pd on Ni(110) single crystals is highly
active for gas-phase buta-1,3-diene hydrogenation. This activ-
ity amplification of Pd atoms is understood as a consequence
of strained Pd surface atoms and/or Pd surface reconstruc-
tion. Nevertheless, neither Pd activity amplification for buta-
1,3-diene hydrogenation nor strains on Pd surface atoms were
observed for PdNi three-dimensional supported nanoparticles.

In this paper, we focus on the preparation of core–shell NiPd
particles supported on alumina. Such preparation methods as
decomposition of a Pd organic precursor on supported Ni par-
ticles or preparation of colloidal core–shell bimetallic particles
were used to promote core–shell structure formation. Catalysts
were then characterized and buta-1,3-diene hydrogenation un-
der liquid-phase conditions was studied.

2. Experimental

2.1. Synthesis of monometallic and bimetallic catalysts

Two different preparation methods for core–shell NiPd
bimetallic nanoparticles were investigated. Method 1 was
a two-step process involving first preparing supported Ni
particles and then decomposing Pd precursor through sur-
face organometallic chemistry [18,20,31,32]. Nickel hydrox-
ide nanoparticles were first synthesized by neutralizing nickel
nitrate solution (Ni(NO3)2·(H2O)6, 90 mL, [Ni] = 4.5 ×
10−2 mol L−1, Fluka, purity 98%) with sodium hydroxide so-
lution (NaOH, 10 mL, 5 mol L−1, VWR Prolabo). The mixture
was stirred and immediately impregnated onto 20 g of alumina
support (γ -alumina, 127 m2 g−1, 1.05 cm3 g−1), and then dried
for 12 h at 120 ◦C under atmospheric conditions. Supported
nickel hydroxide nanoparticles were reduced under hydrogen
flow for 2 h at 450 ◦C. Reduced Ni catalyst was then immersed
in toluene (100 mL, VWR Prolabo, purity 99.99%) under ar-
gon bubbling. Acetylacetone used as an competitor to avoid
Pd deposition on alumina (310 mg, AcacH, VWR Prolabo, pu-
rity 99.9%), was added to the mixture under hydrogen bubbling
(90 mL min−1) for 1 h. Then hydrogen bubbling was stopped,
and a 50-mL palladium(II) acetylacetonate solution was added
([Pd(acac)2] = 8.2×10−3 mol L−1, STREM Chemicals, purity
99%). Pd(acac)2 consumption during reaction was followed by
UV–visible analyses. The reaction time was about 20 min. Fi-
nally, catalyst was washed three times with 150 mL of toluene
and dried at 120 ◦C under atmospheric conditions for 12 h to
achieve the bimetallic catalyst.

Method 2 involved the preparation of core–shell bimetal-
lic particles in solution and then supporting them by incip-
ient wetness impregnation on γ -alumina. First, Ni particles
were obtained by reducing nickel(II) acetylacetonate anhydrous
[536 mg, Ni(acac)2, STREM Chemicals, purity 95%] in ethanol
(50 mL, SDS, purity 99%, synthesis grade) by sodium boro-
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Table 1
Physico-chemical characteristics of supported catalyst

Catalysts Ni Method 1 Method 2 Pd

A B C D F G

Ni (wt%) 1.18 1.21 1.26 1.26 0.33 0
Pd (wt%) 0 0.08 0.13 0.05 0.1 0.25
Ni dispersion (%) 9 / 9 / / /
Pd dispersion (200 ◦C) (%) / 100 72 73 70 70
Pd dispersion (500 ◦C) (%) / 97 87 97 / 47

hydride (414 mg, NaBH4, VWR Prolabo). The stirred green
solution of Ni(acac)2 turns to black with the addition of NaBH4
solution. Then a 150-mL palladium acetylacetonate solution
was added to the mixture ([Pd(acac)2] = 2.3 × 10−3 mol L−1).
Finally, the solution was impregnated on the alumina support
by successive wetness impregnations and dried at 120 ◦C under
atmospheric conditions.

Monometallic reference Pd and Ni catalysts were also pre-
pared. Nickel nitrate solution was reacted with sodium hy-
droxide similar to step 1 of method 1. Then nickel hydrox-
ide nanoparticles were impregnated on the γ -alumina, dried at
120 ◦C under atmospheric conditions, and reduced at 450 ◦C
under hydrogen flow for 2 h. Pd catalyst was prepared by
decomposing Pd(acac)2 on the γ -alumina. First, γ -alumina
was treated at 450 ◦C under hydrogen flow (2 h) to have the
same surface state as alumina from bimetallic catalysts. Then
it was immersed in toluene (100 mL) under hydrogen bubbling
(90 mL min−1). While hydrogen flow was stopped, a Pd(acac)2
solution (4.5 × 10−3 mol L−1) was added. Finally, the catalyst
was washed three times with toluene and dried at 120 ◦C for
12 h.

Catalysts A and G (Table 1) are Ni and Pd reference cata-
lysts. Catalysts B, C, and D are the bimetallic catalysts prepared
following method 1. Catalysts E (unsupported catalyst) and F
(supported catalyst) are prepared following method 2.

2.2. Characterisation

The chemical composition of catalysts was measured by
X-ray fluorescence (Ni) and atomic adsorption (Pd). UV–visible
spectroscopy was performed on an ELMER LAMBDA 11
UV/vis spectrometer. Solutions were analysed in 1-mm-thick
quartz cells. UV–vis measurements were made to evaluate
Pd(acac)2 consumption with time following step 2 of method 1.

Metal accessibility was measured by performing O2 chemi-
sorption on a X-Sorb@ apparatus. Metallic dispersion of each
metal (Pd, Ni) or both in combination (Pd+Ni) was determined
by measuring oxygen consumption during the oxidization of the
metallic particle surfaces previously reduced at different tem-
peratures. In that sense, a first reduction step at 200 or 500 ◦C
was applied to ensure that Pd is fully reduced and to release
acacH ligands from synthesis still adsorbed on catalyst parti-
cles. A return to room temperature was effected under helium
flow. After 1 h at 30 ◦C under helium, O2 pulses were oper-
ated and O2 consumption was measured. After these pretreat-
ments, two different reduction steps were performed: reduction
at 30 ◦C to reduce only Pd and reduction at 500 ◦C to reduce
Pd and Ni. After each reduction, return to temperature was also
performed under helium flow and O2 consumption was deter-
mined. Pd and Ni dispersion was thus calculated based on the
ratio between adsorbed oxygen atoms and metallic atoms

Ni + (1/2)O2 → NiO, Pd + (1/2)O2 → PdO,

(1)D = Va × MM

%M × Vm × χ
,

where Va is adsorbed oxygen volume (mL g−1), MM—molar
weight of metal (g mol−1), Vm—molar volume (24666 cm3

at 25 ◦C), χ—stoichiometric coefficient O2/M = 1/2, %M—
metallic weight.

Temperature-programmed reduction (TPR) was performed
using an Autochem II device (Micromiretics). Catalysts were
first calcined at 200 ◦C under oxygen flow, then reduced dur-
ing TPR under hydrogen flow from 30 to 1000 ◦C (heating rate
5 ◦C/min).

TEM observations were obtained using a Philips Tecnai
microscope, working at 200 kV, with a spatial resolution of
0.19 nm and a detection limit of 0.7 nm. Samples were put onto
a copper microgrid. The average size of metallic particles was
estimated by counting 200 particles on TEM micrographs and
making an arithmetic average,

(2)dmoy =
∑

n ndn

n
,

where dmoy is average particle size (nm), dn—particles size
measured by TEM (nm), n—particles number. The chemical
composition of particles was determined by EDX analyses.
Accuracy of EDX measurements on the number of detected
bimetallic particles was 95%. Experimental results were com-
pared with expected values using a layer-by-layer model assum-
ing a core–shell structure for bimetallic particles. Following
Van Hardeveld and Hartog’s model [34], bimetallic particles
were modeled as cubo-octahedra. Starting from a given parti-
cle size, we first assumed a Pd surface/Ni surface stoichiometry
of 1. The Pd/Ni molar ratios as a function of the particle size,
for various Pd coverages (expressed in layers), are reported
and compared with Pd/Ni ratios determined experimentally in
Fig. 1.

To determine the in-depth location of the metallic particles
in the support grains, electron probe microanalyses were done
using a CAMECA SX100 electron microprobe microanalyser
(acceleration tension, 200 kV; current, 200 nA; TAP crystals,
LLIF for Ni analyses [Kα] and LPET for Pd analyses [Lα]).
Counting time was nearly 40 s, and a variable step was applied,
every 5 µm in the grain edge (300 µm deep) and every 100 µm
in the grain core.

XPS measurements were performed on a KRATOS Axis Ul-
tra spectrometer using a monochromatic AlKα radiation (hν =
1486.6 eV). Catalysts were reduced in situ under hydrogen flow
before XPS measurements at 200 ◦C for bimetallic catalysts
and at 500 ◦C for catalyst G. A higher reduction temperature
was used for the monometallic Pd catalyst to decrease Pd dis-
persion in order to obtain a particle size close to that of the
bimetallic catalysts. Experiments were made under secondary
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Fig. 1. PdNi bimetallic nanoparticles composition characterized by EDX: catalysts B (a), C (b), E (c) and F (d).
vacuum (<10−9 mbar); the resolution was about 0.7 eV. Spectra
were calibrated using the C1s core level associated with carbon
pollution on the alumina support at 284.6 eV as a reference.
Photo peak decompositions were made using asymmetric and
Gaussian–Lorentzian-type curves.

EXAFS experiments were carried out at the X1 beam line
of the HASYLAB facility (Hamburg, Germany) using the syn-
chrotron radiation from the DORIS III ring running at 4.45 GeV
(with positrons) with an average current of 120 mA. The Pd
K-edge at 24.350 eV was monitored in the transmission mode,
using a double Si(311) crystal monochromator (detuned to 70%
of the primary intensity to eliminate higher orders of diffraction
in the transmitted beam) and three ion chambers as detectors
(measuring intensity before and after the sample and a refer-
ence sample). EXAFS measurements were performed only at
the Pd K-edge. In the case of Ni (core)–Pd (shell) particles, in-
formations obtained at the Ni K-edge would not be useful to
characterize a Pd shell because EXAFS is a global analysis.
The signal-to-noise ratio was optimised by acquiring multiple
scans for each spectrum. The total acquisition time was varied
depending on the Pd concentration in the catalyst. To character-
ize the Pd environment evolution during reduction treatments,
a cell for in situ measurements was used. The cell was heated in
an oven and crossed by the X-ray beam, while nitrogen or hy-
drogen flows were maintained to keep the catalyst in the same
state as during the reduction procedure used to activate the cat-
alysts before catalytic reactions. EXAFS measurements were
obtained during the reduction treatment.

EXAFS analysis was performed using the Athena-Artemis
software package [35] as described previously [36]. Cubic
splines were used to obtain a smooth atomic background and
to extract the EXAFS function. The radial distribution function
was calculated by Fourier transform of the k-weighted experi-
mental EXAFS function, multiplied by a Hanning window into
the R space. EXAFS data analysis was performed using the-
oretical backscattering phases and amplitudes calculated with
code FEFF6 [37].

2.3. Catalytic reaction

Before catalytic reactions, catalysts were reduced at different
temperatures under hydrogen gas flow. Buta-1,3-diene selective
hydrogenation reactions were performed in liquid phase using
a laboratory-scale stainless-steel and perfectly stirred batch re-
actor (525 mL) working under static conditions, that is, with
variation of the concentration of the reactants and products over
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Fig. 2. Concentration of Pd(acac)2 as function of time along Pd deposits for
catalysts B and G.

time. Approximately 0.5 g of prereduced catalyst was put in
contact with buta-1,3-diene (nearly 7 g) diluted in 240 mL of
n-heptane, at 5 ◦C and under 5 bars of H2, with a high stirring
velocity (1600 turns/min). Experimental conditions were pre-
viously selected to avoid mass transfer limitations. The reacting
mixture is sampled over time and analysed by a gas chromato-
graph equipped with a plot alumina column (PONA L = 50 m,
split injector) and a flame ionization detector (at 350 ◦C).

3. Results

3.1. Pd deposition followed by UV–visible spectroscopy

Pd precursor consumption during the Pd deposit step in
method 1 was followed by UV–vis spectroscopy. The evolu-
tion of concentrations of Pd(acac)2 with time in the solution are
plotted in Fig. 2. Consumption of Pd(acac)2 for catalyst B (i.e.,
on alumina-supported Ni particles) was faster than deposition
of Pd on alumina (catalyst G). The decomposition of Pd(acac)2
follows a first order reaction with respect to reactant. For cata-
lysts B and G, the reaction rate constants were 4.6 × 10−4 s−1

and 0.7 × 10−4 s−1, respectively.

3.2. Macroscopic characterisation of catalysts

Chemical compositions and metallic dispersions of catalysts
A, B, C, D, F, and G are listed in Table 1. Pd dispersions of
bimetallic catalysts were >70%. For all bimetallic catalysts,
even if Ni was present all along the support grain, Pd and Ni
were present together for the most part in the same area at the
edge of the support grain, as shown by electron probe micro-
analysis; see, for example, the metallic repartitions of catalyst B
plotted in Fig. 3.

TPR profiles of catalysts A, C, and G were measured af-
ter calcination at 200 ◦C. A reduction peak centred near 420 ◦C
can be seen in the TPR profile for the Ni catalyst A (Fig. 4). The
TPR profile of Pd catalyst G shows a broad and weak reduction
peak at 420 ◦C, which may be consistent with the decomposi-
tion and release of acacH still present on the catalyst [33]. The
Fig. 3. Metallic repartition profile and molar Pd/Ni ratios for catalyst B as a
function of support depth (measured by electron probe microanalysis).

Fig. 4. TPR profiles of catalysts A, C and G.

TPR profile of the bimetallic PdNi catalyst C shows a reduc-
tion peak at a lower temperature (390 ◦C) than that observed
for catalysts A and G. Thus, according to literature, the addi-
tion of Pd atoms at the surface of Ni particles should decrease
the Ni reduction temperature [18].

XPS peaks corresponding to metallic Pd3d5/2 core electrons
energy (around 335.0 eV) can be divided into three subpeaks:
334.4 eV (surface Pd atoms), 335.0 eV (bulk Pd atoms), and
335.5 eV (surface Pd atoms linked to oxygen or hydrogen
atoms) as described previously [38,39]. The main contribution
of Pd core electron energy has a lower value (334.4 eV) for both
bimetallic catalysts C and F than for the monometallic catalyst
G (335.5 eV) used as a reference (Table 2). This low Pd3d5/2

electron energy value of 334.4 eV for core–shell NiPd particles
contradicts previous values measured on PdNi model catalysts
that revealed an increase of the Pd core electron energy of up
to 0.5 eV. Nevertheless, this value of 334.4 eV is consistent
with the presence of a Ni (core)–Pd (shell) structured particle
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Fig. 5. TEM micrograph of nanoparticles of catalyst C.

with a single layer of uncoordinated Pd present on Ni parti-
cle surface [40]. It also could be induced by electronic effects
between Ni (Pauling electronegativity = 1.8) and Pd (Pauling
electronegativity = 2.2) in contact.

3.3. Nanoscale characterization of catalysts

3.3.1. Particle sizes of PdNi bimetallic nanoparticles
TEM micrographs of catalysts C and E are shown in Figs. 5

and 6, respectively. Particle size distributions were determined
from TEM analysis of the bimetallic catalysts B, C, and F
(Fig. 7). The particle size of catalysts B and C ranged between
3 and 20 nm (Fig. 7), with average sizes of 6.2 mm for cata-
Fig. 6. TEM micrograph of nanoparticles of catalyst E.

lyst B and 7.2 mm for catalyst C. Moreover, large aggregates
(>100 nm) were also observed on both catalysts. The average
particle diameter of catalyst F was 4.5 nm with a quite nar-
row particle size range of 2–8 nm (Fig. 7). Following synthesis
method 2, many particles are agglomerated on the support, but
each particle seems to keep its primary morphology. These ag-
gregates are quite large (200 nm).

3.3.2. Bimetallicity of PdNi particles
The first metallic repartition profile shows that for each

bimetallic catalysts, Pd and Ni were mainly located in the same
area of the support (Fig. 3). Information on particle bimetal-
Fig. 7. Size repartition of nanoparticles of catalysts B (a), C (b) and F (c).
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Table 2
Pd core electrons energy measurements: subpeaks contributions (%) for cata-
lysts C, F and G

Pd core
electrons
energy (eV)

Subpeaks contributions (%)

Catalyst

C F G

334.4 ± 0.2 70 63 10
335.5 ± 0.2 17 18 68
336.8 ± 0.2 13 19 22

Table 3
Percentages of bimetallic particles observed on catalysts B, C, E and F (from
EDX measurements) and percentages of bimetallic particles assuming a core–
shell structure with less than 1 or 2 Pd surface layers

EDX measurement
on nanoparticles

Catalyst

B C E F

% of bimetallic particles 33 87 96 78

% of particles with Pd coverage
<1 Pd layer 100 47 45 75
<2 Pd layers 0 60 86 100

licity can be obtained from EDX measurements. Experimental
Pd/Ni molar ratios are plotted in Fig. 1 as function of particles
size for catalysts B, C, E, and F. Theoretical Pd/Ni molar ratios
for 1, 2, 3, 4 and 6 Pd layers on Ni particles are also reported.
For catalysts B and C prepared following method 1, only Ni
monometallic and PdNi bimetallic particles were observed; no
Pd monometallic particles were detected. In catalysts B and C,
33% and 87% of the analysed particles, were bimetallic, re-
spectively (Table 3). The Pd coverage for catalyst B should be
considered lower or equal to 1 layer for all particles. Catalyst C
had the highest Pd coverage, with 60% of bimetallic particles
coverage lower than 2 Pd layers deposited on Ni particles. Con-
sequently, for 40% of the bimetallic particles of catalyst C, Pd
coverage was greater than 2 Pd layers on Ni particles. Catalysts
E and F prepared following method 2 had Pd coverage less than
2 Pd layers deposited on Ni particles (Table 3).

3.3.3. Core–shell structure of NiPd particles and strained Pd
observed by EXAFS

Catalysts B, C, and F were analysed by EXAFS at the Pd
K-edge. According to Fourier-transformed EXAFS functions,
the evolution of the Pd–Pd and Pd–Ni bond lengths for various
reduction temperatures are shown in Fig. 8. The numbers of Pd
and Ni neighbours to Pd for catalysts B, C, and F are given in
Table 4.

Up to a reduction temperature of 200 ◦C, each Pd atom for
catalysts B and C had nearly 6 Pd atoms and 2 Ni atoms as near-
est neighbours (Table 4). This is in agreement with the presence
of bimetallic particles. Indeed, for large isolated monometal-
lic Pd particles, the Pd neighbourhood would be composed of
almost 12 Pd atoms and no Ni atoms, whereas the NiPd core–
shell structure would have 6 Pd atoms and 3 Ni atoms as nearest
neighbours for the Pd surface atoms [for the (111) face]. There-
fore, the average structure can be proposed to be a core–shell
one.
Fig. 8. Pd–Pd and Pd–Ni length evolutions during the reduction procedure for
catalysts B, C and F (measured by EXAFS).

A similar conclusion can be drawn by analysing the EXAFS
data of catalyst F. This catalyst is also composed of bimetal-
lic particles. The Pd neighbourhood was more than 6 Pd atoms
and less than 2 Ni atoms (Table 4). This is in agreement with
a core–shell structure corresponding to a Pd coverage close to
1 monolayer.

For both catalysts, the core–shell structure of the bimetal-
lic particles was quite stable until 300 ◦C. After reduction at
500 ◦C, the number of Pd nearest neighbours of Pd atoms de-
creased while the number of Ni neighbours increased. This
could be in agreement with Pd surface atoms diffusing slowly
into the bulk of the particles composed of Ni. Nevertheless, the
mean value of the number of nearest neighbours of Pd atoms
(Pd + Ni) was still much less than 12 (actually nearly 8) af-
ter reduction at 500 ◦C. Even if Pd and Ni atoms were mixed
at 500 ◦C, most of the Pd atoms still remained at the particle
surface also according to chemisorption measurements, which
showed Pd dispersions close to 100% after pretreatment reduc-
tion at 500 ◦C (Table 1).

Moreover, the Pd–Pd bond length decreased while the re-
duction temperature increased. Pd–Pd length ranged from
0.280 nm (±0.005 nm) at room temperature to nearly 0.265 nm
(±0.005 nm) for reduction temperatures above 200–300 ◦C
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Table 4
Number of Pd and Ni neighbours to Pd atoms for catalysts B, C and F determined from EXAFS data

Temperature
(◦C)

Catalyst

B C F

Ni neighbours
number to Pd

Pd neighbours
number to Pd

Ni neighbours
number to Pd

Pd neighbours
number to Pd

Ni neighbours
number to Pd

Pd neighbours
number to Pd

30 2.6 (±1.3) 4.2 (±1.0) 2.3 (±0.9) 4.8 (±1.1) 5.6 (±0.8)

50 2.4 (±1.3) 4.5 (±1.0)

100 2.9 (±1.5) 4.5 (±1.5) 1.7 (±0.4) 7.8 (±0.8) 1.5 (±0.3) 7.4 (±0.8)

150 2.8 (±1.6) 3.1 (±2.0) 2.0 (±0.6) 5.6 (±0.6)

200 2.0 (±0.5) 5.9 (±0.8) 2.5 (±0.4) 5.9 (±0.8)

250 2.5 (±1.6) 2.3 (±2.0)

300 2.4 (±0.4) 5.5 (±0.7)

350 2.2 (±1.6) 4.1 (±2.0)

500 4.1 (±0.3) 3.9 (±0.7) 4.6 (±0.4) 3.5 (±0.5)
(Fig. 8). Simultaneously, the Pd–Ni bond length varied from
0.263 nm (±0.005 nm) at room temperature to 0.255 nm
(±0.005 nm) for reduction temperatures above 200 ◦C. Such
a value was greater than that from pure Ni bulk (Ni–Ni length,
0.249 nm) and corresponds to the expected value for a Pd–Ni
bulk alloy with 23 at% of Pd content considering Veggard’s
law. Those results highlight a compressive strain on Pd surface
atoms of bimetallic particles of catalysts B, C, and F, which is
consistent with compression observed on bimetallic PdNi ex-
tended surfaces [14].

3.4. Catalytic properties for buta-1,3-diene hydrogenation in
liquid-phase conditions

Before reactions, specific reduction treatments under hydro-
gen flow were realised on catalysts at 30, 200, and 500 ◦C.
Those temperatures correspond to particular states of Pd sur-
face atoms. At 30 ◦C, Pd surface atoms on bimetallic catalysts
suffer a tensile strain and interact with residual acacH ligands
as shown by EXAFS and TPR. At 200 ◦C, Pd surface atoms
suffer a compressive strain with acacH probably still present on
the catalyst as shown by TPR and chemisorption measurements.
Nevertheless, metal accessibilities used to calculate TOF were
also determined after pretreament under hydrogen at 200 ◦C.
At 500 ◦C, in addition to compressive strains, Pd surface atoms
started alloying with Ni atoms.

Hydrogenation reaction rates and TOF (moles of buta-1,3-
diene converted per accessible Pd surface atom determined by
chemisorption measurements) are reported in Table 5. The re-
action rate was lower for the Ni reference catalyst (A) than
for any Pd monometallic or bimetallic catalysts; consequently,
the activity of the Ni particles was in our conditions negligi-
ble compared to surface atom of Pd or NiPd particles. For the
Pd reference catalyst (G), the reaction rate increased until a re-
duction temperature of 200 ◦C. The reaction rate of catalyst G
then decreased, but TOF increased, with increasing reduction
temperature. This may be related to variations in Pd dispersion.
Indeed, the Pd dispersion of catalyst G was 70% after reduc-
tion at 200 ◦C and decreased to 47% after reduction at 500 ◦C,
due to sintering phenomena (Table 1). Even if reaction rates and
TOF of bimetallic catalysts were variable, they were nearly 10
times lower than those of catalyst G.
Table 5
Reaction rates and TOFs of catalysts A, C, D, F and G for buta-1,3-diene hy-
drogenation

Reduction treatment
temperature (◦C)

Catalyst

A C D F G

Reaction rates (mol mm−1 g−1
Pd ) (±5%)

30 0.3 1.8 2.6 0.3
200 2.6 3.2 2.0 28.4
500 0.01a 0.5 6.4 0.2 24.9

TOFs (s−1) (±5%)
30 0.8 4.4 6.7 0.6

200 6.6 7.8 3.1 68.4
500 0.07a 1.2 15.8 93.8

a Reaction rate and TOF for catalyst A were calculated respectively per nickel
weigh and nickel surface atom instead of palladium ones.

4. Discussion

4.1. Bimetallicity of PdNi particles

Following method 1, the average size of the PdNi particles
was 6–7 nm (Fig. 7). As shown by UV–vis measurements, Pd
precursor consumption showed that the reaction was more rapid
in the presence of supported Ni particles compared with Pd de-
position on alumina, highlighting the interaction between Ni
nanoparticles and Pd precursor. We also found evidence that Pd
and Ni were macroscopically located together for the most part
at the edge of the support grain.

According to EDX analyses for both B and C catalysts, all
Pd atoms were apparently in contact only with Ni particles; no
monometallic Pd particles were detected on the support. More-
over, Pd coverage of bimetallic particles was close to 1 Pd layer
(Table 3).

TEM analyses showed that PdNi bimetallic particles size
prepared following method 2 were centred around 4.5 nm. Pd
and Ni atoms of the supported catalyst F were located at the
edge of the support grain. For catalysts E and F, the Pd/Ni mo-
lar ratios were for the most part close to that expected for 1 Pd
layer on Ni particles.

The bimetallic catalysts prepared by both methods showed
bimetallic particles and no monometallic Pd particles. More-
over, the Pd–Ni molar ratios measured on those bimetallic cat-
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alysts were in accordance with those calculated for core–shell
NiPd particles with 1 or 2 Pd layers even if the core–shell struc-
ture was not yet apparent.

4.2. Core–shell structure of particles

For both preparation methods, Pd dispersion of catalysts
measured after pretreatment at 200 ◦C was >70%, implying
that Pd was accessible mainly at the surface of bimetallic par-
ticles (Table 1). TPR analysis (Fig. 4) showed decomposition
of residual acacH ligand for temperatures close to 400 ◦C. Dis-
persions of 70% measured after pretreatment at 200 ◦C were
consistent with the presence of residual acacH on the catalyst.
Moreover, dispersions measured after pretreatment at 500 ◦C,
and thus with elimination of acacH, were close to 100%. XPS
analyses of C and F catalysts (Table 2) showed a significant
contribution of the subpeak at 334.4 eV relevant for surface un-
coordinated Pd atoms [40]. Contributions at 335.5 eV (bulk Pd
atoms) and 336.8 eV (oxidized Pd atoms) for catalysts C and
F were negligible. All of these observations were relevant for a
bimetallic core–shell structure.

Moreover, according to EXAFS measurements (Table 4), at
reduction temperatures up to 300 ◦C, the Pd neighbourhoods
of catalysts B, C, and F were close to those expected for 1
Pd layer on Ni particles. According to the number of nearest
neighbours deduced from EXAFS data and the Pd dispersion
measured by chemisorption, Pd atoms were located at the sur-
face of bimetallic particles. At temperatures above 300 ◦C, the
number of Pd and Ni neighbours of Pd atoms decreased and
increased, respectively, which may be ascribed to alloy forma-
tion. Nevertheless, the global number of neighbours remained
quite constant (nearly 8). So Pd and Ni atoms mixed, but Pd
atoms remained mainly on the top surface.

In conclusion, prepared bimetallic particles showed a core–
shell structure with Pd atoms located on the particles surface.

4.3. Strains on Pd surface atoms of bimetallic particles

EXAFS analyses showed evidence of strained Pd. For cata-
lysts B, C, and F, the Pd–Pd lengths decreased from 0.280 nm
to nearly 0.265 nm while the reduction temperature was varied
from 30 to 200 ◦C (Fig. 8).

At 200 ◦C, the Pd–Pd length was greater than expected
for a topotactic growth of the Pd layer on pure Ni (Ni–Ni
length, 0.249 nm). This length was less than that for Pd bulk
(0.275 nm), indicating compressive strain on surface Pd atoms.
This measurement is in accordance with previous ones on sin-
gle crystals [14]. Moreover, the Pd–Pd length was equal to the
average Pd–Pd and Ni–Ni lengths for pure metals. This phe-
nomena has been observed for other bimetallic systems as well
[40,41]. Note that the Pd–Ni length (0.255 nm) was less than
the sum of the atomic radii of Pd0 and Ni0 atoms (0.262 nm)
associated with contraction of Pd surface atoms (Fig. 8).

Surprisingly, at 30 ◦C under hydrogen flow, the Pd–Pd length
was greater than that for bulk Pd. Keeping in mind that EXAFS
results showed that Pd was fully reduced even at 30 ◦C, we can
suggest that Pd was on oxidized Ni. The Ni–Ni length in NiO
Table 6
Pd, PdNi, NiO and Ni crystal structure parameters

Structure Lattice parameter
(Å)

M–M length
(Å)

Pd FCC 3.89 2.75
PdNi Solid solution 3.69 2.61
NiO FCC (NaCl structure type) 4.16 2.94
Ni FCC 3.52 2.48

was 0.294 nm, and the Pd–Pd length (0.280 nm) was between
the Pd–Pd and Ni–Ni lengths of pure Pd and NiO crystals (Ta-
ble 6). Thus, at 30 ◦C Pd surface atoms sustained some tensile
strain.

XPS core electron energies of C and F catalysts reduced at
200 ◦C were lower than those expected for bulk Pd. In contrast,
an increase in the Pd core electron energy of about 0.5 eV (to
335.5 eV) was measured for Pd on Ni crystals for which Pd
retained compressive strains [5]. However, reconstructions oc-
curred on extended surfaces, which may not have been the case
for small particles. Nevertheless, it is known that compressive
strains induced an increase of the d-band width, which would
be expected to lead to a downshift in the gravity centre of the
d-band, that is, toward higher binding energy [10]. XPS results
on Pd deposit on Ni crystals were in agreement with the com-
pressive strain effect. In contrast, for one Pd layer on 5 nm
NiPd core–shell particles, XPS results showed an up-shift to-
ward lower binding energy of the gravity centre of the d-band
of Pd atoms. This lower binding energy of surface Pd atoms
can be ascribed to direct electronic effects between Ni and Pd
in contact, because Pd is more electronegative than Ni (Paul-
ings electronegativity, 2.2 for Pd and 1.8 for Ni). This also may
be in accordance with Pd decoordination effects [42]. These two
phenomena should appear as a first-order electronic effect com-
pared with the compressive strain induced on Pd–Pd bonds for
PdNi-supported particles.

4.4. Catalytic performance

After reduction at 200 ◦C, all catalytic activities of the PdNi
bimetallic catalysts were lower than that of the monometallic
Pd catalyst, even when a compressive strain was evidenced on
Pd atoms (Fig. 9). The TOF of Pd surface atoms measured for
bimetallic particles was 10 times lower than for Pd monometal-
lic catalyst. These results are in accordance with previous find-
ings obtained on bimetallic particles [18,23,24]. Because core–
shell structure and compressive strains on Pd atoms were seen
on our bimetallic catalysts, we can assume that the Pd activ-
ity amplification observed on PdNi bimetallic extended surfaces
[1,14] was not observed on 5 nm supported PdNi particles. This
may be due to a particle size effect or to an electronic effect.
Indeed, it has been shown that reconstructions occur on the Pd
surface of PdNi single crystals; periodically, one Pd atom seems
to leave the row and create new original active sites with low-
coordinated Pd atoms [14,17]. The geometric periodicity was
rather long (every 5–11 atomic distances); therefore, the ex-
posed nanofacets present on 5 nm particles may be too small
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Fig. 9. Bimetallic and monometallic catalysts TOFs versus reduction process
temperature.

to allow this to happen. Concerning the possibility of an elec-
tronic effect, we found that the compressive strain of Pd–Pd
bonds induced an increase in Pd binding energy in the case
of extended-surface catalysts. For PdNi-supported particles, the
lower binding energy of Pd should correspond to electronic or
uncoordinated Pd effects.

5. Conclusion

Core–shell supported NiPd bimetallic nanoparticles were
synthesized following two chemical methods. The average par-
ticle size obtained for PdNi nanoparticles was about 5–6 nm.
For all catalysts, Pd coverage was nearly 1 or 2 layers. Previ-
ously, PdNi model catalysts have shown Pd reaction rate ampli-
fication for buta-1,3-diene selective hydrogenation in a similar
Pd coverage range (from 1 to 4 layers). This effect can be
explained by compressive strains on Pd surface atoms and/or
geometric partial relaxation without clear evidence of their re-
spective impact.

According to EXAFS analyses, compressive strain on Pd
was evidenced on 5 nm PdNi bimetallic particles. However, no
reaction rate amplification of Pd was obtained with those cata-
lysts, and the strained Pd TOF was 10 times lower than that for
pure Pd catalysts. These results indicate that Pd activity ampli-
fication observed on model catalyst may be preferentially due
to surface reconstruction as row Pd structures evidenced by sur-
face X-ray diffraction [17] rather than a compressive strain on
Pd surface atoms. This surface reconstruction cannot occur on
5 nm supported PdNi particles because of the presence of a high
proportion of unsatured atoms. In addition, electronic effects
were also detected. The critical size that allows surface recon-
structions should be determined. Because 1 Pd atom is out of
the crystal every 5–10 Pd atoms in a row, the particle size must
be large enough to expose surfaces that are long enough to de-
velop surface reconstructions. Work is in progress to determine
this particle size and to study its influence on strain and elec-
tronic effects on supported bimetallic particles.
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