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Bimetallic Pd-Au catalysts were synthesized using two differently shaped ZnO supports, ZnO-t (tetrapods)
and ZnO-n (needles). These catalysts were tested in the partial hydrogenation of 1,3-butadiene and the
results were compared to those for the corresponding monometallic catalysts of Pd. The structural and
electronic properties of the catalysts were analysed by transmission electron microscopy and scanning
transmission electron microscopy (TEM-STEM), Fourier transform infrared spectroscopy analysis of
adsorbed CO (CO-FTIR), X-ray photoelectron spectroscopy (XPS) and in situ X-ray absorption spectroscopy
(XAS) measurements combined with in situ diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS). On both catalysts, gold diffusion on the Pd(111) faces and formation of small Pd-rich particles and
big Au-rich core/Pd-rich shell like structures were confirmed. Besides, both Pd-Au bimetallic samples gave
similar conversion and selectivity values in the hydrogenation reaction. The product distribution resembled
that for monometalic Pd on ZnO-t, except for the selectivity to 1-butene among the butenes which was
slightly higher. The best catalyst in terms of selectivity to the butenes is Pd-ZnO-n. The differences found
in the catalytic performance were analysed based on electronic and ensemble effects. In contrast to that
found for the monometallic catalysts, the support morphology does not seem to be a determinant for the
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Introduction

Bimetallic ~ gold-palladium  catalysts have  attracted
considerable interest due to their superior performance in
terms of activity, selectivity and stability compared to pure Au
and Pd catalysts in a wide variety of reactions such as
selective oxidation of alcohols or polyols, oxidation of
hydrocarbons, low temperature oxidation of CO, and direct
synthesis of hydrogen peroxide from H,-O, mixtures.!
However, there have been relatively few studies on the effects
of Pd/Au nanoparticles in hydrogenation reactions. Some of
those studies have focused on the selective hydrogenation of
p-chloronitrobenzene,” 1,3-butadiene® or cyclohexene.* The
overall enhancement of the catalytic activity of these systems
is attributable to a synergistic effect between both noble
metals that can be explained by ligand and ensemble effects.
These effects modify the local electronic and geometric
structures of nanoparticles and are often intertwined;
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properties in the case of the Pd-Au bimetallic samples.

therefore, it is complicated to separate and understand the
contribution of each factor to the alloy performance.

The supports generally used for PdAu bimetallic catalysts
are non-reducible supports, such as silica, alumina and
carbon, and reducible supports like titania or iron oxide."”™®
Apart from stabilizing highly dispersed nanoparticles, the
choice of an appropriate support can affect the catalyst
properties by promoting metal-support interaction. In this
sense, ZnO is an interesting support due to its unique
properties, such as excellent thermal and chemical stability
and easily modified electrical conductivity. These properties
are strongly dependent on its nanostructures, including
morphology, polar/nonpolar exposed facet ratio, and size,
orientation, and density of crystal.”'® Accordingly, apart from
its efficient role in various fields (semiconductors, gas
sensors, photocatalysts, etc.),"" ™ ZnO has also been
employed as a carrier of different metal nanoparticles, Pd
and Au among them. Pd-ZnO catalysts have exhibited high
performance in terms of selectivity and stability in different
reactions including steam reforming of methanol, water-gas
shift and hydrogenation of alkenes.'”™® On the other hand,
Au/ZnO catalysts have also been reported as efficient catalysts
for: methanol steam reforming for hydrogen and CO,
production;'®  carbon monoxide hydrogenation into
methanol; CO oxidation and CO oxidation in an excess of H,
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(PROX reaction);>" photodegradation of dyes in the liquid
phase and benzene in the gas phase acting as a photocatalyst
under UV and/or visible irradiation.*

Depending on the thermal treatments and gas
atmospheres, the formation of o- and/or B-PdZn and AuZn
alloys and intermetallic structures, as well as the presence of
strong-metal support interaction (SMSI) states, have been
reported.'®®**72® 7n incorporation seems to change the
number of ensemble active atoms as well as the Pd or Au
electronic properties due to charge transfer between Zn and
the metal, consequently affecting the catalytic behaviour. In
addition, the catalytic performance of PdZn and AuZn phases
seem to be influenced by the exposed ZnO facets. In this
sense, differences in catalytic performance have been
described between Pd/ZnO (0001) and Pd/ZnO (1010)*" or
between Pd supported on ZnO with predominant non-polar
facets and that on commercial ZnO without any dominant
facets.”® We have also previously observed that the exposed
planar surface of the ZnO support affected the Zn content,
morphology and chemical properties of the formed PdZn
nanostructures towards the hydrogenation of 1,3-butadiene.
Similarly, Au catalysts prepared on ZnO materials with
hierarchical architectures®® or with distinct morphologies®'**
have shown different CO sensing responses or photocatalytic
activities in several applications. Besides, in some cases,
epitaxial growth of metal particles has been claimed to
explain their particular behaviour in catalytic reactions.>"**3*

However, very few studies of bimetallic PdAu catalysts on
ZnO can be found.*

Thus, motivated by our own
studies*”**?** and the above-mentioned results showing the
sometimes unusual behavior of both Pd and Au

monometallic catalysts supported on different ZnO supports,
herein, we present a comparative study on the performance
of bimetallic Pd-Au catalysts supported on two shaped ZnO
supports with different polar/nonpolar exposed facet ratios:
needles (ZnO-n) and tetrapods (ZnO-t), preferentially
exposing polar (0001) and nonpolar (1010) facets,
respectively. The aim is to understand how the morphology
and exposed facets of the ZnO support influence the
formation of bimetallic PdAu nanoparticles, also bearing in
mind the initial Pd- and Au-support interactions that, as can
be foreseen by the exposition above, will be conditioned by
the ZnO support structure. In order to unveil the structural
and electronic properties, a combination of characterization
techniques were applied (TEM-STEM, XPS, XAS, CO-FTIR),
and the selective hydrogenation of 1,3-butadiene was selected
to evaluate the catalytic properties.

Experimental
Preparation of catalysts

Two ZnO supports with different shapes and different
exposed faces were used: needles (ZnO-n) and tetrapods
(ZnO-t). Briefly, material ZnO-n was prepared using a
microemulsion method,"* and high purity tetrapods of ZnO
(zZnO-t) were prepared by gas phase oxidation of zinc in the
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presence of air at 1073 K.** More details about material
preparation can be consulted in the corresponding
references.

Pd supported on ZnO, with a 2 wt% Pd loading, was
prepared by incipient wetness impregnation using water
solutions of Pd(NO;),. The bimetallic PdAu catalysts were
prepared by wet impregnation using a water/methanol (15/1)
solution of Pd(NO;), and HAuCl,;-3H,0 precursors. The
mixture was treated with a water solution of Na,CO; (0.1 M)
until pH = 10. Then, the support was added to the flask with
this solution and kept at room temperature and under
stirring with a magnetic stirrer until evaporation. The
corresponding catalysts, with a palladium and gold nominal
loading of 1 wt%, which corresponds to an Au/Pd atomic
ratio of 0.53 (35 at% Au), were labelled PdAu-ZnO-t and
AuPd-ZnO-n. Monometallic Au catalysts (2 wt%) were
prepared for comparison by the deposition-precipitation
method with sodium carbonate as a precipitating agent.** All
samples were dried overnight in air at 373 K.

Instrumentation and catalyst characterization

Transmission electron microscopy (TEM) and annular dark-
field scanning transmission electron microscopy (ADF-STEM)
images of the catalysts were measured using a JEOL JEM-
2100 field-emission gun electron microscope operated at 200
kv. The samples were dispersed in ethanol and sonicated for
5 min. Then, a small amount of the solution was dropped
onto a holey carbon film supported by a copper grid and
allowed to dry at room temperature. The average particle
diameter (d) was calculated on the basis of a minimum of
100 measured particles, using the following expression,
where #; is the number of particles with diameter d;:

> mid;
4= >l

Scanning transmission electron microscopy (STEM) mode
imaging was done using a spot size of 1 nm. X-ray energy
dispersive spectroscopic (EDS) mapping analysis was carried
out using the Oxford Instruments Inca software package.
Quantification of the experimental EDS spectra was
performed by the Cliff-Lorimer method based on relative
intensities of the Pd-La (2.839 keV) and Au-Ma (2.123 keV)
peaks using k-factors provided by the EDS system
manufacturer.

The infrared spectra of adsorbed CO were recorded on a
Varian 670 Fourier transform IR spectrophotometer at a
resolution of 4 em™" using a liquid N, cooled MCT detector.
Self-supporting wafers of the samples were placed in a glass
cell that can be coupled to a conventional vacuum gas
handling line, reduced in a H, flow of 30 ml min™ at 523 K
for 1 h and then outgassed at the same temperature for 1 h.
After cooling to room temperature, CO (80 Torr) was
introduced and the IR spectra were recorded after removing
the gas phase. The infrared spectra were background

This journal is © The Royal Society of Chemistry 2020
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corrected and subtracted from the reference spectrum of the
clean sample obtained prior to the addition of CO.

X-ray photoelectron spectroscopy (XPS) analyses were
performed on an ESCA-PROBE P (Omicron) spectrometer and
spectra were recorded using non-monochromatized Mg-Kao
(1253.6 eV) or Al-Ko radiation (1486.7 eV). Powder samples
were pressed into pellets, placed in the sample holder and
then transferred to the sample treatment chamber where they
were reduced at 523 K under a flow of a mixture of 10% H,
in Ar (50 ml min™"). Then, after cooling down to room
temperature, the sample was transferred without air contact
to the preparation chamber, degassed for 6-8 h and finally
transferred to the ultra-high vacuum analysis chamber. XPS
data analysis was performed using CASA XPS software. The C
1s peak at 284.6 eV was used as the energy reference. For the
fitting, the relative intensity ratio and the energy separation
between the spin-orbit components Pd 3ds, and Pd 3dj,
were fixed, whereas the other parameters such as intensity,
FWHM and peak position were allowed to vary within a
reasonable range. A tail exponent factor has been introduced
in the fitting of the metallic palladium to match the
asymmetry of the metallic state. The FWHM values found
were in the range 1.8-2.0 eV for the oxidized species and in
the range 1.5-1.7 eV for the reduced species. The relative
concentrations and atomic ratios were estimated from the
integrated intensities of photoelectron lines corrected with
the corresponding atomic sensitivity factor.

Synchrotron in situ XANES-DRIFTS combined experiments

Pd K edge (24.350 eV) Xray absorption measurements
combined simultaneously with diffuse reflectance infrared
spectroscopy (DRIFTS) and mass spectrometry (MS) were
carried out at beamline BM23 of the European Synchrotron
Radiation Facility (ESRF, Grenoble, France).”” The samples,
ca. 30-40 mg, were loaded into a cell specifically designed to
work in combined DRIFTS and XAS measurements.’® XAS
data were collected using a Si(111) crystal monochromator
and ionization chambers in transmission mode. Pd foil
XANES spectra were simultaneously acquired to ensure
appropriate energy calibration. DRIFTS measurements were
made employing a Varian 670 (mid-range) IR spectrometer
coupled with a MCT detector and specially designed DRIFTS
optics for this application. Evolved gas analysis was carried
out using a quadrupole mass spectrometer (Pfeiffer
Omnistar). The flow of reaction gas feed to the reactor was
constant at 60 mL min*, with compositions of 15% H, in
helium during temperature programmed reduction
experiments and 15% H, + 3% 1,3-butadiene (Bd) in helium
under hydrogenation reaction conditions. The temperature
was raised by 3 K min™" up to 523 K during the TPR. XANES
spectra were collected in continuous acquisition mode (q-
EXAFS) every 1.5 min during the heating and cooling ramps.
After cooling to the reaction temperature, EXAFS spectra were
acquired (up to 11 A™*, with an integration time of 2 s for all
spectra with Ak = 0.03 A™ constant step in the EXAFS region)
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and then XANES-DRIFTS time resolved experiments (0.5 s)
with H,/H, + Bd/H, alternating exposures at constant
temperature were performed with an exposure time of 30
min for each atmosphere. The exhaust products from the
reactor cell were analysed using MS.

Catalytic measurements: hydrogenation of 1,3-butadiene

1,3-Butadiene (Bd) hydrogenation reaction was carried out in
a continuous flow fixed-bed reactor at atmospheric pressure.
Prior to the reaction test, the catalyst was reduced in flowing
H, at 523 K for 1 h. Then, a H, (10% vol), Bd (2% vol) and N,
(balance) gas mixture flowing at 60 mL min~' was passed
through the catalyst bed. The reaction temperature was
varied between 298 and 313 K. The effluents of the reactor
were online analysed using a gas chromatograph (Varian
3400) with a flame ionization detector (FID) and thermal
conductivity detector (TDC), and with a 20% BMEA
Chromosorb P80/100 column. The conversion of Bd and
selectivities to 1-butene, cis-2-butene, trans-2-butene and
butane were calculated.

Results and discussion
Catalyst characterization

Representative TEM images and particle size distributions of
the nanoparticles for the mono- and bimetallic catalysts
prepared on the ZnO materials are shown in Fig. 1 and S1 to
S4 (see the ESIf). As previously reported, the different
structures of the two ZnO supports studied are clearly
reflected in the TEM images.>> While ZnO-t presents rods
that are elongated along the ¢ crystallographic orientation
and a larger contribution of nonpolar (1010) planes, ZnO-n
shows sharp needle-like structures that grow in the a
direction perpendicular to the c-axis and, therefore, has a
larger proportion of polar faces. As far as the metal phase is

Fig. 1 TEM images of the (A) Pd-ZnO-t, (B) Pd-ZnO-n, (C) PdAu-ZnO-
t and (D) PdAu-ZnO-n catalysts.
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concerned, the addition of Au to Pd catalysts leads to a
significant increase in the mean particle size when supported
on ZnO-t, 6 vs. 3 nm for PdAu-ZnO-t and Pd-ZnO-t,
respectively, as well as leading to a wider particle size
distribution, (Fig. S1 and S2t). An apparent fraction of NPs
with a larger diameter (>15 nm) can be also observed in
different regions of the sample. The opposite situation was
observed for the samples supported on ZnO-n, (Fig. S3 and
S47), i.e. smaller NPs with a diameter of ca. 3 nm were found
to be mainly present on the surface of PdAu-ZnO-n resulting
in a narrower distribution than that for its monometallic
counterpart. A small proportion but definitely a minor phase
of bigger particles with diameters of around 20 nm was also
observed.

EDS elemental maps for both bimetallic catalysts (Fig. 2
and 3) showed that the population of alloyed particles in
areas of higher dispersion can be described as Pd-rich
nanoparticles and that the larger particles (>15 nm in size)
are also bimetallic particles but with higher Au concentration
(between 50 and 70 at% compared to the theoretical bulk Au
composition of 35 at%). Differences in the atomic ratios as a
function of particle size and the existence of Au-rich PdAu
alloyed particles have also been reported in the literature on
PdAu bimetallic catalysts prepared by impregnation
methods.®® Our results also agree with calculations according
to Maeland and Flanagan's theory’® that showed that the
solubility limit of Au in Pd was about 12 at% and that Pd was
more soluble in Au with a maximum of 31 at%. On the other
hand, the Pd-Lo signal seems to originate from a bigger
spatial area compared to the Au-Ma signal, which could
indicate Pd surface enrichment or a core-shell like structure.
In general, the Pd/Au composition of the bulk and of the
catalytically active surface can differ markedly due to the
differences in the surface free energies of Pd and Au, 2.043 J
m~? and 1.626 ] m~>, respectively. The PdeoreAUghen
arrangement is theoretically favored due to the lowest surface
energy of Au and the minimization of the lattice mismatch,
about 4%, between Au and Pd (Au, 4.079 A; Pd 3.8898 A).*!
Notably, our big PdAu nanoparticles would have the opposite
configuration (AucorePdshen like structure), as it has been also
reported for other PdAu catalysts."®

Fig. 2 ADF-STEM image and corresponding EDS elemental maps of
the highlighted area showing the chemical distribution of Au (yellow)
and Pd (blue) for the PdAu-ZnO-t catalyst.
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Fig. 3 ADF-STEM image and corresponding EDS elemental maps of
the highlighted area showing the chemical distribution of Au (yellow)
and Pd (blue) of the PdAu-ZnO-n catalyst.

A

Alloy formation and characterization

In situ XAS. X-ray absorption near-edge spectra were
recorded during in situ H,-TPR for all the studied samples.
The similar initial Pd K-edge spectra (Fig. S7t) proved the
Pd(u) initial state for all the catalysts after precursor
impregnation. As previously reported for Pd monometallic
catalysts,”® the XANES spectra evolve gradually with
temperature, and, particularly above 323-373 K, the
absorption edge shifts toward lower energies and the wide
and prominent first resonance (white line at 24370 eV)
becomes decreased (as shown in Fig. S8t for sample PdAu-
ZnO-n as an example), leading to a spectrum similar to that
of Pd(0). The reduction of the Pd initial species during the
H,-TPR experiment was performed following the shifting of
the adsorption edge towards lower energies of the set of
XANES spectra obtained. The results are presented in Fig. 4.
The onset temperature of reduction varies and follows the
trend Pd-ZnO-n < PdAu-ZnO-t < PdAu-ZnO-n < Pd-ZnO-t.
Notably, while the addition of Au retards the reduction of Pd
when supported on ZnO-n, it promotes the reduction when
supported on ZnO-t. In addition, while the reduction seems
more gradual for PdAu-ZnO-n, for the bimetallic PdAu-ZnO-
t, it is as quick as that for both monometallic catalysts.
During the reduction process, surface diffusion of the two
deposited metal precursors is needed to yield the bimetallic
Pd-Au aggregates. But, apart from the Pd-Au bond strength,

I o o =
i o © o
1 I | L

Fraction of initial species

o
N
)

0.0

T T
273 323 373 423 473
Temperature (K)

Fig. 4 Fraction of initial species during TPR in Hy: () Pd-ZnO-t; (—)
Pd-AuZnO-t; (--) PdZnO-n; (—) PdAu-ZnO-n.
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the relative strengths of the Pd-Zn and Au-Zn bonds can
influence the degree of segregation/mixing.*> Then, the
trends and shifts observed at the temperature of reduction of
the Pd-Au alloy during the TPR would be a consequence of
these primary Pd-support interactions. We have observed for
the Pd monometallic samples that the Pd reduction led to
the formation of a PdZn alloy, and its temperature of
formation depended on the type of support where the
stronger the interaction, the higher the temperatures and the
lower the alloying degree.*® Previous in situ XRD results also
showed the formation of a PdZn intermetallic phase by
diffusion of Zn into the Pd bulk, which agree with results
reported for studies on model surfaces under vacuum*® and
is in contrast with the formation of an intermediate PdH
phase.** On the other hand, different metal-support
interactions depending on the two shaped ZnO can also be
assumed for Au. In this sense, gold nanoparticle epitaxial
growth on a ZnO-t support has been previously reported.*"**
Additionally, the TEM of the reference monometallic gold
catalysts (Fig. S5 and S61) would confirm this fact since both
particle size and morphology are different, i.e. bigger and
spherical on ZnO-n. Therefore, the addition of Au seems to
inhibit the formation of PdZn by possibly limiting the
interaction between the metal and the support. A similar
suppression of the SMSI effect has been proposed for the
addition of Cu to Pd/Nb,Os catalysts.”> On PdAu-ZnO-t, we
observed that Pd is even partially reduced under vacuum (see
XPS results below), and therefore, the addition of gold
facilitates the reduction of Pd forming the PdAu alloy. For the
PdAu-ZnO-n catalyst, the lack of intensity reduction for the
CO-FTIR signals in the spectra (see below) also revealed the
limited formation of PdZn alloy that was mainly present on
the monometallic Pd-ZnO-n catalyst. So, although the TEM
and STEM-EDS maps have reflected the limited (partial)
solubility between Au and Pd metals in the alloy crystals with
the presence of small Pd-rich and big Au-rich particles the
absence (or minor presence) of PdZn alloy on any of the
bimetallic catalysts can be assessed. Besides, the different
particle size distributions observed by TEM for the bimetallic
samples are also a consequence of the different reducibility.
Reduction of Pd is easier for PdAAu-ZnO-t, which would imply
that it is less resistant to sintering than PdAu-ZnO-n with the
increase in the temperature of reduction, and the higher
average particle size and wider distribution after reduction at
523 K seem to corroborate this.

Despite some differences in terms of the energy position
of the edge and the CR characteristics with respect to the
typical spectrum for pure Pd metal, the final XANES spectra
can be assignable in all cases to Pd(0) species as shown in
Fig. 5. For the monometallic catalysts, we already explained
that the lower values of the Pd K-edge energy position
compared to that for the Pd-foil reference were due to the
higher electronic density of Pd entities.>® Besides, the
differences found between the two monometallic samples,
i.e. the slight shift observed between the spectra, suggested

different Pd environments depending on the ZnO

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Pd K-edge XANES spectra of the final species after TPR in H,
for Pd-ZnO-t, PdAu-ZnO-t, Pd-ZnO-n, PdAu-ZnO-n, and the Pd foil
reference.

morphology. For both bimetallic catalysts, the addition of Au
seems to lead to similar final spectra, and the Pd K-edge
values are higher than that obtained for Pd-ZnO-n and closer
to the edge of the Pd foil, suggesting a null or small
electronic perturbation of Pd atoms due to Au.

The local structure around the Pd atoms after the
reduction treatment was analysed by acquiring the EXAFS
spectra at the Pd K edge for all the samples. The EXAFS
spectra of the Pd monometallic systems were fitted with Pd-
Pd and Pd-Zn scattering paths while, for the PdAu bimetallic
catalysts, Pd-Pd and Pd-Au scattering paths were used for
the curve fitting. The obtained fitting parameters and the
Fourier transforms of the Pd k;-weighted spectra are shown
in Table 1 and Fig. S9,f respectively (complementary
information in Table S1 in the ESIf). A thorough analysis to
elucidate the extent of alloying or intra-particle composition
of the PdAu structures could not be performed since, due to
time constraints, the Au LIII edge data were not collected.
Furthermore, the TEM results show that the clusters
possessed different compositional distributions, which could
lead to an inaccurate analysis. However, some inferences can
be obtained. As previously reported for the monometallic
catalyst, the presence of the Pd-Zn coordination shell and
the atom distance modification confirmed the formation of a
PdZn alloy. Furthermore, comparison of the coordination
numbers for the Pd-Zn and Pd-Pd shells indicated higher Zn
content in the alloy phase for the Pd-ZnO-n sample. The fits
obtained for the PdAu bimetallic catalysts also confirmed the
change in the Pd coordination environment, with a Pd-Pd

Table 1 Structural parameters derived from analysis of the EXAFS data
for the Pd catalysts at RT after reduction treatment up to 523 K. Other
parameters and fitting details are reported in Table S1}

1st shell Pd-Zn 2nd shell Pd-Pd

Catalyst R N, R N,
Pd-ZnO-t 2.54 0.6 2.90 2.1
Pd-ZnO-n 2.51 1.4 2.88 1.4
1st shell Pd-Pd 2nd shell Pd-Au
PdAu-ZnO-t 2.61 6.7 2.77 4.7
PdAu-ZnO-n 2.57 3.3 2.73 4.2

Catal Sci. Technol., 2020, 10, 2503-2512 | 2507
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atomic distance in the first coordination shell of 2.58-2.59 A
and a new Pd-Au coordination shell with an atomic distance
of 2.73-2.77 A. The reduced Pd-Pd distance compared to that
in the bulk Pd metal will be consistent with a reduction in
particle size or the presence of pseudomorphic overlayers,
suggesting some level of segregation within the PdAu NPs.
The sum of the coordination numbers of Pd-Pd and Pd-Au
bonds (CN = Npgpq + Npg_au) Obtained from the EXAFS
analysis provide an indication of the Pd phase particle size.
We can note that these values, 11.4 and 7.5, are smaller than
that of the Pd foil (CN = 12), which indicates that the
nanoparticles are well dispersed on the support (as an
average measurement). The higher value for PdAu-ZnO-t
would be in agreement with the higher particle size
measured by TEM. Both Npg_au/Npg-pg ratios are higher than
the theoretical bulk Au/Pd atomic ratio introduced in these
catalysts pointing again to some segregation of phases, as
surface atoms have a lower number of neighbours. The
higher Npq_au/Npq-pa ratio for the PdAAu-ZnO-n sample, 1.3 vs.
0.7 for PdAu-ZnO-t, could be due in part to the different
levels of phase segregation, and also to the different particle
sizes, lower in the case of PAAu-ZnO-n.

XPS study. Pd 3ds/, and 3d;/, XPS spectra of the fresh and
the in situ reduced catalysts were analyzed (Fig. 6). The PdAu
bimetallic samples exhibited some differences with respect to
the monometallic samples. The lower intensity of the Pd
signal was consistent with the lower Pd content of the

Pd-ZnO-t

PdAu-ZnO-t

CPS

Pd-ZnO-n /'\
IVl \\%Wgwf

PdAuU-ZnO-n

/

T T
346 344 342 340 338 336 334 332
BE (eV)

Fig. 6 XPS spectra of the Pd 3d core level for Pd-ZnO-n, PdAu-ZnO-
n, Pd-ZnO-t, and PdAu-ZnO-t. Black lines: fresh samples; red lines:
after H, treatment at 523 K.
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catalysts (ca. 1%). For the fresh Pd-ZnO-t, Pd-ZnO-n and
PdAu-ZnO-n catalysts, the spectra can be deconvoluted into
the two species already reported for the monometallic
samples,* the contribution at 336.8 eV due to the Pd(m)
initial state and the contribution at 339.4 eV. On the other
hand, fresh PdAu-ZnO-t showed two components but at
different BEs, at 336.8 and 335.3 eV. The first contribution is
again assigned to Pd(u) species*® and the second to Pd(0).*’
The presence of the latter contribution around 335 eV reflects
the partial reduction of Pd even under vacuum conditions.
After H, treatment, the spectra of all the catalysts, mono- and
bimetallic, can be fitted with only one contribution. The BE
of this component at 335.3 eV for Pd 3ds, indicates the
complete reduction of Pd species. Besides, no significant
differences in the BE values were observed between the
samples, which seems to suggest a similar electronic state of
Pd. In general, for Pd and Zn, charge redistribution from the
4d to the 5s Pd orbitals has been described, but contradictory
results concerning electronic modifications can also be found
in the literature for Pd alloyed with a second metal.*®

Analysis of the Au 4f spectra is complicated by the severe
overlap of the Zn 3ps,, and Zn 3p,,, peaks (at 88.3 and 91.3
eV, respectively) and the low Au content (1 wt%). Only for the
reduced bimetallic catalysts, a small peak at around 84.4 eV,
the Au 4f,, component, could be seen more clearly (Fig.
S10t). This can be assigned to reduced phase of gold or to
large Au-rich nanoparticles since the observed binding energy
values are close to that of pure Au foil, 84 eV.”*° These values
are similar to those obtained for the monometallic Au-ZnO-t
and Au-ZnO-n catalysts prepared for comparison (included
in Fig. S107).

The atomic Au/Pd ratios calculated for the reduced
bimetallic catalysts are between 0.3 and 0.4. Although they
have to be taken with care due to the difficulties in the area
determination, if compared with the bulk Au/Pd ratio of 0.53,
a slight surface enrichment of Pd is implied. This would
agree with the microscopy results that showed the presence
of both small Pd-rich particles and big core-shell like
particles with a higher proportion of Pd on the surface and
Au-rich inside. Similar conclusions regarding Pd surface
enrichment based on XPS measurements were reached in
previous studies of Au-Pd catalysts.®*® The bimetallic
character of the formed nanoparticles, ie. formation of
intermetallic PdZn and/or PdAu phases, cannot be definitely
concluded by XPS due to the low amounts of gold and the
overlapping of Zn signals.

FTIR after CO adsorption. In order to gain further insight
into the effect of the ZnO support on the formation and
properties of the PdAu bimetallic phases, CO adsorption on
the H,-activated samples was followed by FTIR spectroscopy.
Fig. 7 shows the corresponding spectra, and important
differences were observed depending on the ZnO support,
ZnO-t vs. ZnO-n. Firstly, a marked reduction in the intensity
for Pd-ZnO-n was observed and we previously ascribed this
to the formation of a PdZn alloy.>® Secondly, the number and
type of species vary between the catalysts. Five species can be

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 FTIR spectra of CO adsorption for Pd-ZnO-t, PdAu-ZnO-t, Pd-
ZnO-n and PdAu-ZnO-n after H, treatment at 523 K.

proposed after CO adsorption on Pd-ZnO-t: two top CO
species on the corner and edge Pd(0) sites (ca. 2089 and 2070
em™),*® two bridge-bonded CO adspecies on open (100)-type
and closed packed (111)-type planes (ca. 1972 and 1925 cm ™",
respectively) and three-fold (111)-type carbonyls (ca. 1870
em ™).’ In the case of the Pd-ZnO-n sample, only top
species and bridged and three-fold carbonyls adsorbed on
(111)-type surface sites were detected. Furthermore, for the
latter catalyst, the linear CO vibration frequency showed a
red shift that suggested, on the one hand, the CO adsorption
on zinc isolated Pd sites in the PdZn alloy, and on the other
hand, electronic transfer from zinc to Pd sites as the XANES
results have also indicated. For the monometallic catalysts, it
was concluded that Zn atoms diffuse preferentially into the
PdZn(111) planes for Pd-ZnO-t and into the PdZn(100) planes
for Pd-ZnO-n.

The spectra of both bimetallic samples were very similar
and highlighted an important point: the band for CO
adsorbed linearly on low coordinated Au atoms, which
should lie at ca. 2100 ecm™, was not detected. Another
remarkable point is that the overall spectrum intensity that
was greatly reduced for the monometallic Pd-ZnO-n
(compared to the pure Pd phase) is now recovered for the
bimetallic samples. The spectra showed the peaks at 2084,
2066, 1970 and 1890 cm™'. The higher linear-to-bridging
intensity ratios compared to those for the monometallic
catalysts and the near absence of the peak around 1925 cm™
(bridge-bonded sites associated to closed (111)-type surfaces)
could be ascribed to ensemble effects due to incorporation of
Au into the Pd particles. More specifically, preferential Au
diffusion onto the closed Pd(111)-type planes forming a PdAu
alloy can be suggested.”?

This journal is © The Royal Society of Chemistry 2020
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Therefore, while a different morphology of PdZn was
suggested for the monometallic samples depending on the
support shape, exposing PdZn(111) or (100) planes for ZnO-t
and ZnO-n, respectively, the same type of PdAu alloy in terms
of morphology seems to be formed in both bimetallic
samples, exposing PdAu(111) independently of the ZnO
support or exposed faces (polar for ZnO-n and non-polar for
ZnO-t) and, consequently, of the initial Pd-support or Au-
support interaction. A density functional study of low Pd
concentrations on Au clusters has shown that Pd atoms tend
to occupy the (111) facets leaving the Au(001) facets free.”* In
addition, the fact that CO can still adsorb on 3-fold Pd sites
in the bimetallic catalysts confirmed that the surface
presented vicinal (contiguous) Pd atoms. These results agree
with those obtained by TEM-STEM-mapping where both
samples presented small Pd-rich particles and big particles
where Pd was concentrated along the perimeter, i.e. Au-rich
core/Pd-rich shell like structures or Pd segregated domains.

Catalytic results. The conversion and the selectivity values
in the hydrogenation of 1,3-butadiene (Bd) at two reaction
temperatures, RT and 313 K, are shown in Table 2 for all the
Pd and PdAu catalysts. Monometallic Pd-ZnO-t and Pd-ZnO-
n gave conversions higher than 85% at RT, increasing up to
100% at 313 K. On the other hand, the bimetallic catalysts
gave lower conversions than the monometallic catalysts at
both temperatures, around 60 and 95% for RT and 313 K,
respectively, as a consequence of the lower Pd loading of the
bimetallic catalysts. None of the monometallic gold catalysts
were active under these conditions. Conversions of only 10%
were achieved by Au-ZnO-t at temperatures as high as 473 K.
These results, i.e. inhibition of hydrogenation, are consistent
with the decrease in the number of low coordinated gold
sites due to the formation of AulZnl nanoalloy after
reduction, as has been reported previously.>® The slightly
better performance of the sample supported on ZnO-t may
suggest a particular metal-support interaction. It has been
suggested that this interaction favoured the presence of
epitaxially-grown Au nanoparticles on tetrapod supports
compared to other ZnO supports, which explains, for
example, the higher activities of those catalysts in CO
oxidation.”!

The surface analysis has revealed the relative difficulty of
Au to dissolve in Pd that resulted in Pd-rich small particles
and bigger Au core-Pd-rich shell type particles for both
bimetallic catalysts. Moreover, as we have shown, the Au
monometallic catalysts became active only at high
temperatures and none of the low coordinated Au sites,
which are generally accepted as the active species on gold
catalysts, were detected in the CO-FTIR spectra of our
bimetallic samples. Therefore, the activity must be related to
the Pd sites.

As far as the selectivities are concerned, the selectivities to
butenes are in the range 42-55% for all the catalysts at RT.
Besides, while the selectivity to butenes slightly increased to
60% at a higher reaction temperature for the monometallic
Pd-ZnO-n, it decreased to values of 23-32% for the rest of
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Table 2 1,3-Butadiene conversion and butene selectivity (in parentheses)
at different reaction temperatures (298 and 313 K) after H, reduction
treatment at 523 and 623 K

Redn. temp. Redn. temp.
d 523 K 623 K
Catalyst (nm) 298 K 313 K 313 K
Pd-ZnO-t 3 98[42] 100(25) 100(48)
PdAu-ZnO-t 6 60(54) 99(32) 98(42)
Pd-ZnO-n 4 86[55] 97(60) 97(80)
PdAu-ZnO-n 3 59[48] 92(23) 100(48)

the catalysts. Notably, this trend, although with higher values
(80% and between 40 and 50% for Pd-ZnO-n and the rest of
the catalysts, respectively), is also followed after reduction at
623 K. Moreover, some differences in the proportion of
butenes could be also observed (Fig. 8). Monometallic Pd-
ZnO-n and both PdAu bimetallic catalysts showed higher
selectivity to 1-butene that slightly decreased at higher
reaction temperature. Therefore, alloying Pd with Au does
not appear to affect greatly the activity but does have some
effect on the selectivity.”®

Both ensemble and electronic effects are generally invoked
to interpret the catalytic behaviour of alloys. Then, the
observed variations of the selectivity values could be
associated to electronic modifications that would affect the
relative concentrations of surface adsorbed species and,
consequently, the relative rates of competitive surface
reactions. So, the interaction of 1,3-butadiene and products
was  investigated by  simultaneous  XANES-DRIFTS
experiments performed during H,/Bd + H,/H, alternating
exposures. The high stability of the PdZn and PdAu entities
formed on the mono- and bimetallic catalysts, respectively,
under reaction conditions was confirmed using the XANES
spectra (not shown) that were unaltered during the whole
cycle. Although all samples showed similar DRIFTS spectra,
the general lower intensity observed for the bimetallic
samples (Fig. S117) reflects a lower concentration of adsorbed
species as a result of the different Pd loading. As previously
indicated, the unambiguous identification of the relative
coverages of unsaturated and saturated species could not be

PdZnO-t PdAuznO-t  PdZnO-n PdAuZnO-n

100
80
60

404

Selectivity among butenes (%)

20

298 313

298 313

208 313 298 313

Fig. 8 Selectivity among butenes: 1-butene (black), trans-2-butene
(dark green) and cis-2-butene (light green).
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accomplished due to overlapping of bands in the spectral
region at 2900-3025 cm "> However, a rough approximation
can be obtained from the subtle changes in the 1400 and
1450 cm™" peaks (assigned to butane), in the appearance of
additional peaks between 3080 and 3015 cm ', and the
shifting in the position of the maximum of the wide band
that is determined by the relative intensity ratio for peaks at
2976 (shoulder) and 2966 cm™', characteristic of 1-butene
and 2-butenes, and butane respectively. In this case, the
effect is small since, as the catalyst characterization has
shown, both bimetallic samples were very similar. Also,
examination of the time evolution of the absolute intensity of
the wide band at around 2966 cm™" (related to the formation
of hydrogenation products combining butenes and butane)
under Bd + H,/H, cycling conditions (Fig. S12) is helpful.
For the PdAu bimetallic catalysts, surface saturation was
faster than that for the monometallic catalysts and, reached a
lower value, approximately half of that for the monometallic
catalysts. The saturation values are consistent if we consider
the different Pd loadings and assume that the particle sizes
are roughly the same for all the samples. In that case, the
number of surface active sites would be also the same, which
added to the faster saturation, implying that the activity per
Pd active site would be higher on the PdAu samples.
Comparing with previously reported data for a Pd-TiO,
catalyst,> the initial catalytic activities of the PdAu catalysts
would be similar, suggesting again that no electronic effect
between Pd and Au takes place on these catalysts. In short,
the results clearly unveil that the obtained PdAu and PdZn
bimetallic phases present different adsorption capacities of
the reactant and products leading to different reactivity.

The catalyst with the best yield to butenes at both
temperatures of reaction and at the two temperatures of
reduction was the monometallic Pd-ZnO-n sample that
presented the B-PdZn alloy and exposed PdZn(100) facets.
The XAS results showed a slight increase of the electron
density of palladium and greater elongation of the lattice
bonds for PAZnO-n compared to Pd-ZnO-t.>° This electronic
modification improves the selectivity by decreasing the
stability of adsorbed butenes that leads to a decrease in
the butane production.’® For the PdAu bimetallic catalysts,
this electronic effect was negligible and both -catalysts
behaved in a similar way, which agrees with the
characterization results that confirm the little or no effect
of the ZnO support on the properties of these PdAu formed
phases. All this could explain the similar activity profile to
that of the pure Pd catalysts. Furthermore, FTIR-CO has
shown that both PdAu bimetallic samples exposed similar
active sites on a Pd-rich surface and preferential Au
diffusion on the Pd(111) planes. This evidence contrasts
with the theoretical and experimental studies suggesting a
ligand effect of the gold atoms surrounding the Pd
monomers that lowers the adsorption energies of different
molecules.’” In addition, this electronic effect is claimed to
depend on the surface, being more pronounced for dense
PdAu(111) surfaces.

This journal is © The Royal Society of Chemistry 2020
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On the other hand, for Pd catalysts, it is well known that
dissolved hydrogen and formation of PdH hydrides, a- and
B-phases, influence the product distribution obtained in
reactions of hydrogenation.’® We can rule out the formation
of these hydride phases under the reaction conditions based
on the XAS measurements, which agrees with the XRD results
previously obtained over the monometallic catalysts.*
Therefore, it is likely that the formation of the PdZn alloy on
the monometallic catalysts and addition of Au on the
bimetallic catalysts suppressed the formation of the
palladium hydride phases due to dilution of Pd and
reduction of the ensemble size. Suppression of the formation
of the palladium hydride phases has also been reported for
other Pd-based bimetallic systems.*® Despite the absence of
the hydride phase in all the catalysts, differences in the
concentration of surface hydrogen species or in the diffusion
rate from the nanoparticle surface into the subsurface cannot
be ruled out to explain the different selectivity results of the
catalysts.””®® Then, a higher surface hydrogen coverage or
rate of diffusion favouring total hydrogenation to butane
could be inferred for the Pd-ZnO-t and the PdAu bimetallic
samples. Notably, the isomerization of 1-butene to cis- and
trans-2 butene for both PdAu bimetallic catalysts is similar to
that for Pd-ZnO-n and lower than that for Pd-ZnO-t, which
reflects that the presence of gold does affect in some way the
mechanism of reaction. Slight differences in the butene
desorption in preference to its isomerization or in the H
diffusion to the sub-surface, limiting the hydrogen available
and avoiding reaching a critical value needed to lead to
1-butene isomerization, are again likely.

Conclusions

In summary, we have prepared Pd and PdAu bimetallic
catalysts on two morphologically different ZnO supports
(ZnO-t and ZnO-n). Independent of the exposed faces of the
ZnO support and of the different initial metal-support
interactions, both PdAu bimetallic systems showed small Pd-
rich particles and big Au-rich core/Pd-rich shell like structures
and similar physicochemical properties, as demonstrated by
TEM, XPS, XANES and FTIR-CO. These catalysts also behaved
similarly in the hydrogenation of 1,3-butadiene. Although the
scenario is complicated, the catalytic results observed for Pd-
ZnO-t and both PdAu bimetallic catalysts seem to be mainly
attributable to a geometric effect due to dilution of Pd atoms
at the surface of the particles without great changes in their
intrinsic properties, while for Pd-ZnO-n, where a PdZn alloy
was formed, apart from the geometric effect, the Pd electronic
properties seem to be modified resulting in a better
performance in terms of selectivity.

It remains to be seen whether exploring different methods
of preparation, metal loadings and Pd: Au ratios could bring
further insights into how the morphology/facet of the ZnO
support affects the formation mechanism as well as the
structural and electronic properties of the resultant
nanostructures in bimetallic PdAu/ZnO systems.
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