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ABSTRACT: Bimetallic Pd—Au clusters with (Pd/Au),,
compositions of 0.5, 1.0, and 2.0 narrowly distributed in size
were prepared using colloidal methods with reagents
containing only C, H, and O atoms, specifically polyvinyl
alcohol (PVA) as protecting species and ethanol as the organic
reductant. Synthesis protocols involved contacting a solution
of Au precursors with nearly monodisperse Pd clusters. The
formation of Pd—Au clusters was inferred from the monotonic
growth of clusters with increasing Au content and confirmed
by the in situ detection of Au plasmon bands in their UV—visible spectra during synthesis. Specifically, transmission electron
microscopy (TEM) showed that growth rates were proportional to the surface area of the clusters, and rigorous deconvolution
and background subtraction allowed for determination of the intensity and energy of Au-derived plasmon bands. This feature
emerged during initial contact between Au precursors and Pd clusters apparently because Au’* species deposit as Au’ using Pd°
as the reductant in a fast galvanic displacement process consistent with their respective redox potentials. The plasmon band
ultimately disappeared as a result of the subsequent slower reduction of the displaced Pd** species by ethanol and of their
deposition onto the bimetallic clusters. Such displacement—reduction pathways are consistent with the thermodynamic redox
tendencies of Au, Pd, and ethanol and lead to the conclusion that such triads (two metals and an organic reductant) can be
chosen from thermodynamic data and applied generally to the synthesis of bimetallic clusters with other compositions. These
bimetallic clusters were dispersed on mesoporous y-Al,O; supports, and PVA was removed by treatment in ozone at near-
ambient temperature without any detectable changes in cluster size. The absence of strongly bound heteroatoms, ubiquitous in
many other colloidal synthesis protocols, led to Al,O;-dispersed clusters with chemisorption uptakes consistent with their TEM-
derived cluster size, thus demonstrating that cluster surfaces are accessible and free of synthetic debris. The infrared spectra of
chemisorbed CO indicated that both Pd and Au were present at such clean surfaces but that any core—shell intracluster structure
conferred by synthesis was rapidly destroyed by adsorption of catalytically relevant species, even at ambient temperature; this
merely reflects the thermodynamic tendency and kinetic ability of an element to segregate and to decrease surface energies when
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it binds an adsorbate more strongly than another element in bimetallic particles.

1. INTRODUCTION

Bimetallic nanoparticles have been ubiquitous in the industrial
practice of heterogeneous catalysis since early studies of their
unprecedented selectivity and stability in catalytic reforming
processes that improve the octane of motor fuels through
changes in their molecular composition instead of the use of
toxic additives.' Bimetallic clusters are also the catalysts of
choice in NO, reduction and CO oxidation processes required
for emissions control”® and as electrodes in methanol and H,
fuel cells.* The effects of alloying are typically discussed in
terms of electronic (ligand) or geometric (ensemble) effects,
albeit somewhat imprecisely.’ Ligand effects capture the
manner by which the local electronic properties of an atom
sense the presence of vicinal atoms of another element.
Ensemble effects result when a less active metal is assumed to
dilute contiguous atoms of the more active element, thus
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decreasing the size of domains with homogeneous composition.
Such catalytic consequences of alloying have also been
described in terms of lattice mismatch and concomitant
changes in the location and breadth of the d-bands in response
to atomic displacements that perturb orbital overlap;6 these
latter proposals tend to erase the often arbitrary distinctions
between geometry and electronics in bimetallic systems.
Clearly, all these effects, irrespective of nomenclature or
attribution, occur in concert; they are connected by the
inseparable nature of atomic positions and electron config-
urations for any given element within a bimetallic cluster.
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The interpretation of the catalytic consequences of atomic
mixing requires bimetallic clusters of uniform size and chemical
composition and exhibiting surfaces free of synthetic debris.
Well-defined bimetallic structures can be prepared as extended
surfaces of single crystals via vapor deposition,” but synthesis
methods leading to well-defined catalytically relevant clusters
have remained elusive. Impregnation and precipitation
protocols can achieve bimetallic mixing only via subsequent
thermal treatments, which often results in cluster growth
through coalescence or Ostwald ripening that disrupts size and
compositional uniformity.*” Electroless deposition (ED) avoids
such thermal treatments by depositing a second metal from an
electroless bath onto the surface of pre-existing clusters,'® but
such methods are restricted to elements with precursor
complexes stable against concurrent homogeneous nucleation
of their monometallic clusters.""

Colloidal methods provide alternate routes to bimetallic
clusters via either sequential or simultaneous reduction of
mixed precursors in the presence of protecting surfactants,
ligands, or polymers that inhibit coalescence’®™"* and can lead
to bimetallic clusters with uniform composition.'® These
colloidal methods require protecting and reducing agents that
tend to bind strongly to cluster surfaces (e.g, with S or B
heteroatoms),'”'® thus impairing the ultimate use of these
materials as well-defined catalysts; such contaminated surfaces
cannot be fully cleansed by subsequent treatments, which, even
when effective, compromise the intended uniformity in size and
composition.lg’20

Here, we report protocols for the synthesis of bimetallic
clusters using reagents containing only C, H, and O atoms with
Pd—Au as a specific example of the general strategy proposed.
Mechanistic inferences from in situ UV—visible spectra during
synthesis and from transmission electron microscopy of the
clusters formed confirmed that the formation of bimetallics
involves displacement of the less noble element by the nobler
one and the subsequent reduction of the displaced metals by
the solvent. Such displacement—reduction sequences can occur
in general for any pair of elements with different redox
potentials.

These protocols are combined here with O treatments after
dispersing colloidal Pd and Pd—Au clusters on y-Al,O3; such
treatments remove protecting polymers at near-ambient
temperatures without causing cluster coalescence or
growth.21’22 Even at ambient temperatures, the surface
composition of Pd—Au clusters varied in response to the
binding of adsorbates, a requirement for catalytic turnover.
Segregation merely reflects the tendency of clusters to decrease
their surface energy by placing the element that binds the
adsorbates most strongly at their surfaces.”>** These findings
confirm the ephemeral nature of core—shell structures and of
any specific intracluster positional distribution of the two
elements.”® Spatial intracluster arrangements of the two
elements are, in fact, determined by the contacting reactive
media; any structures imposed by synthesis or thermal
treatments are fully destroyed within a few catalytic turnovers,
even at near-ambient temperatures.

2. EXPERIMENTAL METHODS

2.1. Preparation of Polyvinyl-alcohol (PVA)-Protected
Pd, Au, and Bimetallic Pd—Au Clusters. 2.1.1. Preparation
of Polyvinyl-alcohol (PVA)-Protected Pd Clusters. Polyvinyl-
alcohol (1.25 g PVA, Sigma Aldrich, 31 000—51 000 amu) was
dissolved in a refluxing volumetric 1:1 ethanol (250 mL, EtOH,
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Sigma, >99.5%) and deionized water (resistivity ~0.06 S cm™"

in electrical conductivity) mixture at 373 K. The solution was
cooled to ambient temperature, and 0.0333 g of Pd(NO;),:
2H,0 (Sigma Aldrich, ~ 40% Pd) was added to obtain a Pd
concentration of § X 107* mol L™". Cl-containing Pd precursors
were avoided because they dissociate easily after dissolution in
EtOH/H,0 mixtures in contrast to Pd(NO,),. Such fast
dissociation causes the immediate formation of solvated highly
reducible Pd** species and the instantaneous formation of
colloidal Pd clusters at ambient temperatures.”® Monometallic
Pd clusters cannot, as a result, be prepared in a controlled
manner using Cl—containing Pd precursors in EtOH/H,0
media.

Pd(NO;), solutions (prepared as described above) changed
from yellow to black when refluxed at 373 K (after ~1.2 ks) in
air, indicative of Pd cluster formation. Samples of 5 cm® were
extracted every 1 h, cooled to ambient temperature, and
examined by UV—visible spectroscopy, which detected no
further changes in the spectra after 7 h, indicating that all
reactions were complete.

2.1.2. Preparation of Polyvinyl-alcohol (PVA)-Protected Au
Clusters. A solution of PVA was prepared by adding PVA (1.25
g) to a refluxing mixture of EtOH and deionized water (1:1
molar, 250 mL) and then cooled to ambient temperature.
Chloroauric acid trihydrate (HAuCl,-3H,0, Sigma Aldrich,
0.0491 g) was then added to give a metal concentration of § X
107* molL™!, and the mixture was stirred at ambient
temperature for 12 h. Its color changed from yellow to clear
during the first 6 h and thereafter to red, indicating the
formation of colloidal Au particles.

2.1.3. Preparation of Polyvinyl-alcohol (PVA)-Protected
Bimetallic Pd—Au Clusters. A HAuCl,-3H,0 solution (0.0491
g 5 X 107 mol AuL™) in a 1:1 mixture of EtOH/H,0 was
added to a suspension of PVA-protected colloidal Pd (5 x 107*
mol Pd L™, prepared as described in Section 2.1.1) at ambient
temperature to give a final mixture with equimolar Pd and Au
content ((Pd/Au),, = 1). Different ratios of solutions and
suspensions were used to obtain mixtures with 0.5 and 2 (Pd/
Au),, ratios.

2.2. Elemental Composition of Bimetallic Clusters.
Chemical compositions were measured by atomic absorption
spectroscopy (AAS, Zeiss SFL Flame). Clusters were
precipitated by adding acetone (VWR, technical grade, 6
cm®) to the suspension (4 mL). The solid residue was then
isolated by centrifugation (Juergens Hettich EBA 3S, 100 s/,
0.6 ks), washed with acetone (VWR, technical grade, 10 mL) to
remove any unreduced metal precursors (Pd(NO,), and
HAuCl,-3H,0 are both soluble in acetone), and kept in a
vacuum desiccator for 1 h at <10 Pa (Vacuum Brand RS rotary
pump) to remove the solvent. The solids were dissolved in
freshly prepared boiling aqua regia (2 mL), prepared from one
aliquot HNO; (Sigma-Aldrich, > 65%) and three aliquots HCl
(VWR, 37%), for 600 s. Then aqua regia was added again and
the solution boiled for a second time for 600 s. The clear
solutions were cooled to ambient temperature, diluted with
deionized water (to 25 mL volume), and analyzed by atomic
absorption.

2.3. Ultraviolet—Visible Spectroscopy. UV—visible spec-
tra of cluster suspensions were measured using quartz cuvettes
and a two-beam spectrophotometer (Varian Cary 400 Bio).
Spectra were collected with 5 nm s~ scan rates in the 350—800
nm spectral range. Intensities below 350 nm were very high and
frequently led to detector saturation. Time-dependent measure-
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ments used Pd cluster suspensions (3 mL) (Section 2.1.1)
within quartz cuvettes. Spectra were continuously acquired at
125 s intervals before and after adding freshly prepared
solutions of Au precursors in 1:1 EtOH:H,O mixtures (0.5 mL,
10~ mol AuL™") to give a bulk (Pd/Au),, ratio of 1. After
about 1.0 ks, no further spectral changes were detected,
suggesting that the reaction was completed.

2.4, Cluster Deposition onto Porous Supports and
Removal of Protecting Ligands. 2.4.1. Deposition of
Clusters onto Porous Supports. PVA-protected Pd and
bimetallic ((Pd/Au), = 0.5) clusters were adsorbed onto y-
AL O, (Sasol SBa-200, 150 m*g™") by adding 13.25 g (or 2.65
g) of y-AL,O; to 1:1 EtOH:H,O suspensions of Pd clusters
(250 mL) or Pd—Au clusters (150 mL, (Pd/Au),, = 0.5) to give
metal contents of 0.1% wt (or 0.47% wt). These suspensions
were stirred for 24 h at ambient temperature. Cluster
deposition onto Al,O; was evident from changes in color for
the solids (white to brown) and the liquid (black to clear).
Solids were recovered by filtration, washed twice with deionized
water (S mL g™'), and treated in ambient air at 323 K for 12 h.
UV—visible spectra of the filtrate and the supernatant solution
before filtration were measured, confirming the absence of
residual clusters in the suspension.

2.4.2. Removal of Protecting Polymer from Mono- and
Bimetallic Clusters. The reaction of the protecting polymer
with O; or O, was monitored by the rate of CO, evolution
from clusters dispersed onto Al,O; during temperature ramping
(temperature-programmed reaction, TPR). Samples were
pelleted, crushed, and sieved to retain aggregates 106—140
pum in diameter, which were then diluted with pure AlL,O; to
prevent local temperature excursions during exothermic
oxidation reactions. Samples were placed within a quartz tube
equipped with a K-type thermocouple (Omega), and temper-
ature was varied by resistive heating at a rate of 0.0833 Ks™'
using a controlling device (Watlow Series 96 controller). These
experiments used a mixture of pure O, (Praxair 99.999%, 30.9
cm®s™' g7!) in Ar (Praxair 99.999%, 1.2 cm®s™' g™') with CO,
(44 amu) and H,O (18 amu) monitoring by mass spectrometry
(Leybold Inficon Inc. Transpector Quadrupole). CO, and H,0
evolution profiles were identical for catalyst—support dilution
ratios of 1:15 and 1:30 (catalyst:AL,O, mass), consistent with
the absence of any local temperature excursions. In some
experiments, O,/Ar mixtures were routed through a cold
discharge O generator (OzoneLab OL80) before contacting
the samples to give an O; molar flow rate of 8.8 X 107> mols™"
g™ (as per manufacturer calibration).

2.5. Transmission Electron Microscopy. Transmission
electron micrographs were obtained on samples placed on
holey carbon Cu grids (Ted Pella Inc.) from suspensions of
clusters in their synthesis medium or from acetone suspensions
of such clusters on porous supports. A minimum of 500 clusters
were measured for all samples using a JEOL 1200 EX
microscope at an acceleration voltage of 80 kV.

2.6. Infrared Spectra of CO Chemisorbed on Al,O;-
Supported Clusters. Infrared spectra were measured using a
Thermo Nicolet 8700 spectrometer, an in situ flow cell,>” and
wafers (30 mg cm™) of AlL,O5-supported samples. Wafers were
treated with a flowing mixture of H, (11.1 H, cm’s™' g7/,
Praxair 99.999%) and He (66.6 cm’s™'g™' He, Praxair
99.999%) by heating to 523 at 0.083 Ks™} holding for 1 h,
and cooling to 273 K using cold N,. Samples were then
exposed to a CO/He mixture (Praxair certified mixture; 7500
ppm CO, 5.5 cm’® s_lg_l, 58 Pa CO; He, Praxair 99.999%,

7470

66.6 cm®s™! g_l) at 273 K, heated to 323 at 0.033 Ks™, and
subsequently cooled again to 273 K. Infrared spectra were
acquired at 273 K before and after intervening heating to 323
K

2.7. Chemisorptive Titrations of Metal Atoms at
Cluster Surfaces. 2.7.1. Titration of Strongly Bound
Hydrogen by O, Chemisorption uptakes were measured
using a volumetric adsorption apparatus equipped with a
Baratron gauge (1.33 kPa MKS) and a turbomolecular pumping
system (Pfeiffer Vacaum, < 1 Pa dynamic vacuum). ALO,-
supported clusters were treated by heating at 0.083 Ks™' to 523
K, holding for 1 h in H, flow (Praxair 99.999%, 0.25 cm®s™"
g™") and evacuation at 523 K for 300 s before being cooled to
373 K. H, (Praxair 99.999%) was dosed at 1.2 kPa and 373 K
for 60 s at 373 K to form a chemisorbed hydrogen monolayer,
and the contacting gas phase was removed by evacuation for 0.6
ks at 373 K. The chemisorbed hydrogen monolayer was titrated
with O, (Praxair 99.999%) at ambient temperature by
measuring five-point O, isotherms in a pressure range of 0.1
to 1.2 kPa. An equilibration time of 0.42 ks was chosen for the
first point and 0.18 ks for the following four points to achieve
constant pressure for every measured point. O, uptakes
(resulting from reaction with chemisorbed hydrogen and
chemisorption onto sites vacated by hydrogen removal and
water desorption) were determined by extrapolation of the five-
point isotherms to zero pressure.”® The reaction—adsorption
stoichiometry is given by

1.33-Pd ., . H + O, — Pd

surface surface

O + 0.66- (Hzo)Ads. onAl, Oy

(21)
with H,O scavenged by Al,O; support to give a stoichiometry
of 1 O, molecule per 1.33 Pd surface atoms.”

2.7.2. CO Chemisorption. CO chemisorption uptakes were
measured volumetrically on Al,Oz-supported samples using the
apparatus described above. Five-point isotherms were measured
in a range between 0.1 to 1.2 kPa CO (Praxair 99.999%) at
ambient temperatures, and CO uptakes were estimated by
extrapolation to zero pressure. Samples were heated at 0.083 K
s™! to 523 K and held for 1 h in H, (Praxair 99.999%, 0.25 cm®
st g_l), evacuated to <1 Pa for 300 s, and cooled to ambient
temperature. An equilibration time of 0.9 ks was chosen for the
first point and 0.18 ks for the following four points to achieve
constant pressure for every measured point. The adsorption
stoichiometry was determined from the relative number of CO
molecules adsorbed in bridge and linear configurations by
integration of the corresponding IR absorption bands. The
absorption coefficient for bridged CO was taken to be twice
that of linear CO*’, and the two species were assumed to
occupy two and one surface Pd atoms, respectively.”® Using
these approximations, a stoichiometry coefficient of 0.6 CO/Pd
was determined for the monometallic Pd sample.

3. RESULTS AND DISCUSSION

3.1. Characterization and Formation Mechanism of
Pd—Au Clusters. PVA-protected monometallic Pd clusters
were prepared as described in Section 2.1.1 and used as the
starting suspension to prepare bimetallic clusters with nominal
(Pd/Au),, ratios of 0.5, 1.0, and 2.0 (see Section 2.1.3). Pd/Au
ratios determined by atomic absorption spectroscopy (AAS,
Table 1) agree well with the nominal compositions in the
reagent solutions used, confirming the complete incorporation
of metal precursors into the recovered solids. Representative
transmission electron micrographs for Pd and Pd/Au clusters
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Table 1. Chemical Bulk Composition Determined by Atomic
Absorption Spectroscopy (AAS)“

composition

(Pd/Au),,  (Pd/Au),  (Pd/Au),
=2 =1 =0.5

Pd
experimental surface- 2.6 +0.7 27 +07 31x07 39+08
averaged diameter
(d) (nm)
surface-averaged LS 1.4 1.2 12
dispersity D,
AAS composition - 1.9 0.9 0.5
Ad; (nm) - 04 0.8 12
theoretical surface- - 3.0 32 3.7
averaged diameter
(e (o)
o (%) - 22 6 17
surface-averaged 31+£08 - - 4.1+ 08

diameter (do,) after
O, treatment (nm)

“Surface-averaged diameters (d) and dispersities D, determined from
the particle size distributions. Ad; and (dy.,) are the diameter
increases and the surface-averaged diameters determined by a surface-
average-dependent growth model (eq 3.9) and the Pd cluster size
distribution (Figure la). o (eq 3.10) quantifies the deviation of
experimental and simulated histograms of bimetallic clusters modeled
from the size distribution of the monometallic Pd clusters. (d,) are

the surface-averaged diameters of Oj-treated, supported clusters (89.6
kPa O,, 6.7 kPa O, 3.7 kPa Ar, ambient temperature, 1 h).

with 0.5, 1, and 2 (Pd/Au),, ratios are shown in Figure 1,
together with their cluster size distributions that exhibit a single
sharp maximum.

Surface-averaged cluster diameters (d) are given by the
equation

(dy =Y nd’/ Y nd G.1)

where n; is the number of clusters with a diameter of d,. The (d)
values for these clusters are shown in Table 1; diameters are 2.6
nm for monometallic Pd clusters and 2.7, 3.1, and 3.9 nm for
bimetallics with (Pd/Au), ratios of 2, 1, and 0.5, respectively.
The size uniformity of these clusters can be described by a
dispersity parameter DA:31

D, = Z "iz (ﬂdiz)zni/(z ﬂdizni)z (32)
The values of D, are 1.2—1.5 for all Pd and Pd—Au samples
(Table 1). These values are near unity, the value expected for
clusters of unimodal size. D, values have not been widely
reported for colloidal nanoparticles, in spite of IUPAC
recommendations;>> therefore, we also report standard
deviations for mean diameters in Table 1. These standard
deviations (15—30%) are typical of clusters prepared by using
NaBH, reductants®>** but which tend to retain B and Na
heteroatoms at cluster surfaces.

Size histograms (insets in Figure la—d for monometallic Pd
and bimetallic clusters with nominal (Pd/Au),, compositions of
2, 1, and 0.5, respectively) show that the mean cluster size
increased monotonically with increasing amounts of Au
precursor added from 2.7 nm for clusters with a nominal
(Pd/Au), ratio of 2 (Figure 1b) to 3.9 nm for (Pd/Au),, ratios
of 0.5 (Figure 1d). The monometallic Au clusters that formed
by ethanol reduction in the absence of Pd clusters (Section
2.1.2) were much larger (10—20 nm, Figure S1 of Supporting
Information) than these bimetallic Pd—Au clusters (Figure 1b—
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d). The micrographs of bimetallic clusters do not show any
evidence for large clusters, which would have been expected
from the independent reduction and nucleation of Au species.
We conclude that Au precursors preferentially reacted with
preexisting Pd clusters instead of forming separate Au nuclei.
Such preferential deposition is consistent with the monotonic
cluster growth observed with increasing Au content and with
the absence of large monometallic Au clusters.

The mixing of Au and Pd within clusters can be probed usin
the unique UV—visible spectral features of Au-based systems,’
for which electronic transitions within the valence band allow
collective oscillations giving rise to a (plasmon) resonance in
the visible range.36 Classical scattering theory predicts that this
band would shift to lower wavelengths with decreasing Au
cluster size,*”*® but plasmon band shifts can also be caused by
the binding of molecules and by changes in the dielectric
constant of the surrounding media.*

Typical UV—visible spectra for pure Au clusters prepared
using our synthesis protocols (Section 2.1.2) (10—20 nm; TEM
image in Figure S1 of Supporting Information) are shown in
Figure 2 (eee). The maximum of the plasmon band appears at
545 nm, as expected for large (10—100 nm) Au clusters.>>*
Clusters of d-metal, such as Pd (Figure 2, —e—), do not exhibit
plasmon bands in the visible range because resonances are
damped by electron relaxation and interband transitions.*® Such
metals show instead an exponential decrease in absorption
intensity with increasing wavelength.>* These spectral differ-
ences between Pd and Au allow the detection of Au deposition
and of intermetallic mixing during the process of colloidal
synthesis. Separate Au clusters formed in the presence of Pd
clusters by homogeneous nucleation of the Au precursors
would be detectable by spectra consisting of the superimg)osed
spectra for separate monometallic Pd and Au clusters.”> Au
plasmon resonances were indeed evident in samples prepared
by physically mixing equimolar amounts of Pd and Au as
separate monometallic colloidal particles (Figure 2, ———, (Pd/
Au), =1); for such mixtures, Pd clusters merely shift the
plasmon band to slightly lower wavelengths, a result of a visual
artifact brought forth by the superimposed Pd background.

The addition of Au precursors to preexisting Pd clusters
(Section 2.1.3) did not lead to the appearance of a plasmon
band (Figure 2, solid line), indicating that monometallic Au
clusters did not form even though atomic absorption
spectroscopy (AAS) of the recovered solids showed that Au
precursors formed solids at these conditions (Table 1). In
contrast, Pd clusters after addition of Au precursors gave
spectra (Figure 2, solid line) characteristic of monometallic Pd
clusters (Figure 2, —e—), consistent with previous findings for
colloidal bimetallic Pd—Au clusters protected by dendrimers or
other polymers (e.g,, PVP).>**> We conclude from these UV—
visible spectra that Au precursors react with preexisting Pd
clusters to form bimetallic clusters without concurrent
formation of monometallic Au clusters.

The monotonic increase in cluster size with increasing Au
content indicates that reduction of Au** by ethanol and
heterogeneous nucleation of Au” onto Pd clusters causes the
formation of bimetallic clusters in a process previously denoted
as a sequential reduction mechanism."> Another plausible route
is the galvanic displacement of Pd by Au cations, induced by
their different standard electrochemical potentials (Pd** + 2e~
— Pd, 0.951 V; Au* + 3e” — Au, 1.498 V), with subsequent
rereduction of displaced Pd** cations by ethanol and deposition
onto the Au—Pd clusters.
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Figure 1. Transmission electron micrographs of monometallic Pd clusters (a) and three Pd—Au bimetallic compositions: (Pd/Au),, = 2 (b), (Pd/

Au),, = 1 (c), and (Pd/Au),, = 0.5 (d).
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Figure 2. UV—visible absorption spectra of monometallic Pd clusters
(—e—), monometallic Au (eee), a physical mixture of monometallic
Pd and monometallic Au clusters (———), and bimetallic (Pd/Au),, =
1 clusters (solid line).
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The sequential reduction mechanism postulates the for-
mation of an Au shell around a Pd core leading to a Pd ., Aug,y
structure with Au-like absorption properties that exhibits a
pronounced plasmon resonance in the visible range.*' This
formation mechanism is inconsistent with our results because
no plasmon band was found in the absorption spectra of our
bimetallic clusters when the reaction was complete (Figure 2,
—e—). Our synthesis protocols use excess ethanol as a
reductant and polyvinyl-alcohol to prevent cluster coalescence;
these alcohols, in contrast with strongly binding amines and
thiols, do not induce fast reconstruction of core—shell
bimetallic Pd..Aug, clusters, a process that would disrupt
any Au shells and eliminate plasmon bands.*' The reduction of
Au’* precursors by ethanol at ambient temperatures, required
for heterogeneous nucleation of Au’ species, occurred much
more slowly (>25 ks, Section 2.1.2) in the absence than in the
presence of Pd clusters. In contrast, preexisting Pd clusters led
to complete reduction of the Au precursors in ~1 ks (Section
2.3), suggesting that Pd clusters act as more effective reductants
than ethanol for converting the Au precursor to Au’, even when
the latter is present in large excess within synthesis mixtures.

dx.doi.org/10.1021/jp500537v | J. Phys. Chem. C 2014, 118, 7468—7479
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Thus, we conclude that Pd clusters are, in fact, the preferred
reductant and that galvanic displacement of Pd’ by Au®*
accounts for the bimetallic mixing achieved by these synthetic
protocols. In this case, Pd metal atoms at the cluster surface are
displaced by Au (Figure 3, step 1).** The concentration of H,O

2-EtOH

3-Pd#

=

CH,CHO + 2.H*

2-Au 2-Au°  Pd2*

Figure 3. Sequential two-step reduction mechanism for bimetallic Pd—
Au cluster formation from Pd clusters. In the first step, PVA-protected
Pd clusters undergo galvanic displacement by Au®* precursors, with
concurrent reduction and deposition of Au and oxidation and
dissolution of Pd**. In the second step, the Pd** formed is reduced
by ethanol and deposits as Pd° onto the cluster.

is 10*—10° times higher than that of the anions of the precursor
salts (CI” and NO;", both in the range of 107 to 107* M),
making it likely that displaced atoms exist predominantly as
solvated Pd** ions. The rate of reduction of solvated Pd** ions
by ethanol at ambient temperature is about 100-fold higher
than that of the Au precursor used (HAuCl,), as reported by
Yonezawa et al.*® Thus, solvated Pd** ions are reduced rapidly
by ethanol and are redeposited onto the Au shell of the
bimetallic clusters (Figure 3, step 2), leading to the monotonic
growth with increasing Au content and the absence of a
plasmon resonance observed for these clusters.

In situ UV—visible spectra are shown in Figure 4 for (i) the
initial colloidal suspension of Pd clusters (eee), (ii) this sample
0.18 ks after adding the Au** precursor solution (———), and

2.5 .
£0.06f
>
2004
2.0 s ]
& 0.02}
£
20.00
815} g
5 L
3 4oow 5o|o ;D(O )
lavelen: nm
S1.0t R
e
<
0.5
At =
0.0+ 0.18 ks

400 500 600 700 800
Wavelength (nm)

Figure 4. UV—visible absorption spectra for monometallic Pd clusters
(eee), monometallic Pd clusters 0.18 ks after adding Au precursors
(=—=-), and bimetallic (Pd/Au),, = 1 clusters (1.02 ks after injection
of the precursor) after which no further changes were observed (solid
line). The inset in the top right corner shows the plasmon resonance
extracted for the spectrum recorded during the reaction (———).
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(iii) this sample after 1.02 ks (no changes were detected
thereafter) (solid line). The initial colloidal suspension showed
the exponential decay with increasing wavelength characteristic
of Pd metal clusters (the gray line in Figure 4 is a regressed
exponential fit for the Pd cluster spectrum).>® A small shoulder
at 450—600 nm appears after adding the Au precursors (Figure
4, ——— spectrum); this feature is absent in Pd and Au
precursors and corresponds to a plasmon band that is
characteristic of clusters exposing Au’ surfaces. These data
indicate that such surfaces incipiently form during the initial
contact of Pd clusters with Au precursors. The spectrum can be
fitted with an exponential function (Figure 4, solid gray line on
——— spectrum) for the range of wavelengths that excludes the
plasmon resonance (450—600 nm); this background was then
subtracted from the spectra of bimetallic clusters as a function
of synthesis time to obtain the specific features associated with
the Au species deposited (inset in Figure 4).

This procedure enabled measurements of the intensity
(Figure Sa) and wavelength of the plasmon bands (Figure

0.06 570 b
a —
] = b
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= E 555
c
G 0.04¢ £
5 3
© £ 540
o o
c
£ 0.02} 3
8" 5 525
[e]
£
[%]
< 3
o 510
0.00k
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5
Time (ks) Time (ks)

Figure S. Evolution of the UV—visible spectra after introduction of
Au** precursors into a suspension of monometallic Pd clusters at
ambient temperature. (a) Plasmon resonance intensity ; (b) plasmon
band absorption wavelength (curves represent trend lines).

Sb) as displacement and reduction occurred during synthesis.
The plasmon band appeared immediately after introduction of
the Au’* solution; it became most intense after 0.48 ks (Figure
Sa) and then weakened and reached a constant intensity after
~1.0 ks, indicating that the reaction was complete. The initial
increase in the plasmon band intensity suggests that Pd cluster
surfaces become covered, at least in part by Au®,*® a process
that we interpret as evidence of Au’ deposition via galvanic
displacement at Pd surfaces in the early stages of contact
between Pd clusters and the Au®" solution (Figure 3). These
surfaces are subsequently enriched in Pd by the rereduction of
the displaced Pd** cations by ethanol, which causes the
observed decrease in the intensity of the plasmon resonance
with time and results in an absorption spectrum that almost
reflects the absorption properties of monometallic Pd clusters
with only a small residual plasmon band remaining (Figure 4;
solid, black line). The plasmon band maximum was initially at
560 nm but shifted to shorter wavelengths with reaction time
during bimetallic cluster formation (Figure Sb) and then
remained at 510 nm after 1.0 ks; no further changes were
detected at longer times. For monometallic Au clusters, this
shift would correspond to a decrease in cluster size from 10 to
100 nm,* but clusters in this size range were not detected in
TEM images. The observed shift resembles that reported for
bimetallic Pd—Au clusters prepared via reduction with polyols,
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Figure 6. Particle size distributions of bimetallic Pd—Au clusters with (Pd/Au),, compositions of 2 (a),1 (b), and 0.5 (c) (gray, from TEM images;
black, predicted from growth model and size distribution of initial Pd clusters; Section 3.1, eq 3.9).

which was attributed to Pd deposition onto Au surfaces through
correlation with model calculations.** These in situ UV—visible
spectra provide compelling evidence for the rapid (galvanic)
displacement of surface Pd by Au, with subsequent rereduction
of the displaced Pd** to Pd° and its deposition onto bimetallic
Pd—Au clusters.

Next, we explore how this growth model leads to Pd—Au
clusters of a given size after the deposition of a given amount of
Au. The growth of a quasi-spherical particle i of a diameter d,
and containing n; moles of atoms occurs at a rate proportional
to its surface area A;

dn,

— = Ak = nd’k
dt (3:3)
where k is the areal rate constant. The particle volume V; is
given by
V= nVy = —ud]
= n. = —7
i i'%i,M 6 i (3 4)

where V) is the molar volume. Substituting for n; in eq 3.3
gives

2V vk
dt i,M

(3.5)

For particles of an initial diameter d;,, the solution to eq 3.5 is

d(t) — d, o = Ad; = 2V, \,kt (3.6)
indicating that all particles, irrespective of their initial size,
increase in diameter (Ad;) by the same amount in any given
deposition time.***> This treatment gives the expected size
distribution of bimetallic clusters with a given Au content for
any initial size distribution of preexisting Pd clusters.

The volume Vo of Ni(dyy) clusters of a given size is
determined by the summation of the product of the particle
volumes (v,,) and the number of clusters N(d;,) with such a
volume v;:

1
Vclusters(Nir di,O) = z Ni(di,o)vi,o = Z Ni(di,o)g”di?o

(3.7)

Equation 3.7 was used to calculate the volume
Vpd dusters(Npdio) of Ni(d;y) preexisting Pd clusters with the
size distribution in Figure 1a. The volume Vpg_, dusters (Ny dig
+ Ad;) of N(d;p + Ad,) bimetallic clusters formed by reaction
of a given amount of Au precursors with N,(d,,) preexisting Pd
clusters is then given by
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Voa (N, d; o + Ad))

—Au clusters

VM,Au

J&)

(3.8)

= Vpq cIusters(l\Tif di,O) + ‘]Pd clusters(lvif di,O)
VMpd

where (Vypa/Vaa) is used to account for the different molar
volumes of Pd and Au (Vypg = 8.54 X 107 m*® mol™, Vi, =
1021 X 107° m® mol™!)*® and (Au/Pd),, for the nominal metal
ratio of the bimetallic clusters. The obtained Vpy_ay qusters (N
diy + Ad;) values give the expected increase in diameter Ad,
which is the same for all clusters irrespective of size (eq 3.6), via
an iterative process

1
Vi’d—Au clusters(zvi’ di,O + Adt) = Z Z\Ii(di,o)gﬂ(di,o + Adi)3
(3.9)

where N; is the number of preexisting Pd clusters with initial
diameter d;, and Ad, is the change in diameter for such clusters.
The predicted size distribution for a given metal ratio (Pd/
Au),, is then obtained by adding this change in diameter Ad; to
each d,; in the initial Pd cluster size distribution, resulting in a
Ad; shift along the abscissa of the histogram.

The initial Pd cluster size distribution (Figure la) was used
to determine the predicted Ad; values for bimetallic clusters
with (Pd/Au),, ratios of 0.5, 1, and 2, and the measured size
distributions (Figure 1b—d) were normalized for comparison to
the number of clusters of the initial Pd cluster ensemble. The
predicted and measured distributions shown in Figure 6 agree
well and accurately describe the observed shift to larger clusters
with increasing Au content (bimetallic clusters with (Pd/Au),,
ratios of 2, 1, and 0.5 are shown in Figure 6 a—c, respectively).
Deviations between experiment and model, estimated using

VL (N eo(d) = Ny (d))?
- Zi l\ri,exp(di)

were between 6 and 22% (Table 1). The predicted surface-
averaged diameters were 3.0, 3.3, and 3.7 nm for (Pd/Au),
ratios of 2, 1, and 0.5, respectively, in good agreement with
measured values (2.7, 3.1, and 3.9 nm, respectively; Table 1).
Thus, the assumption that galvanic deposition and rereduction
rates proportional to cluster area seems consistent with the
measured growth rates of bimetallic clusters formed by our
synthesis protocol.

(3.10)
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The chemical composition of a cluster grown at rates
proportional to its surface area can be expressed using eq 3.4 to
get eq 3.11

1 3 3
g”(di —d; )VM,Au _ di3

3
di,O

Maw VM,Au

1 3
"pa 570"V pa Ywrd  (3.11)
with d,, the initial cluster diameter, d; the diameter at a time ¢,
and Vypg and Vi, the molar volumes of Pd and Au,
respectively. Substituting for d; in eq 3.11 with eq 3.6 gives eq

3.12
(ZktVM,Au + di,0)3

Paw _ _
3
di,o

1 VM,Au

fpg Vam,pd (3.12)

The initial diameter d;, does not cancel out, showing that the
chemical composition of a cluster at a time t depends on its
initial diameter d,,. As a result, clusters of different size show
different Au/Pd ratios and bimetallic clusters become composi-
tionally uniform only when initial Pd clusters are uniform in
size, a condition met, to a reasonable extent, by the Pd cluster
suspensions in this study (Figure la).

The elementary steps involved in bimetallic cluster formation
(Figure 3) are depicted in Scheme 1. The dissociation of the Au

Scheme 1. Elementary Steps of the Proposed Sequential
Displacement—Reduction Mechanism for the Formation of
Bimetallic Pd—Au Clusters

HAuCl, L/ H* + AuCl,~ (1)

2AuCl,” + 3CH,CH,0H R 2Au + 6H* + 8CI- + 3CH,CHO  (2)

2AuCl," + 3Pdgy e LN 2AUg e + 8CE + 3(Pd?)aea (3)

(Pd2*)pvared + CH;CH,OH R Pd°, s + 2H* + CH,CHO 4)
k5

0 0
Pd jvarea + Cluster Pd deposited on Cluster Surface ®)

precursors (step 1) is assumed to be fast and complete. Au**
reduction to Au’ by ethanol (step 2) was much slower when
Pd° clusters were absent, indicating that the reduction of Au®
by Pd° (step 3) is much faster than that by ethanol (step 2).
The dependence of growth rates on cluster area suggests that
step 3 or S limits rates of bimetallic cluster growth because they
are the only steps that involve a cluster as a reactant. A
kinetically relevant step S would lead to high Pd’ concen-
trations, which would favor homogeneous nucleation and the
formation of monometallic Pd clusters. In such instances, Pd—
Au clusters would retain their plasmon band (instead of being
covered by Pd).*' In contrast, the spectra of the synthesis
media after completing the reaction did not show a plasmon
band (Figure 2), suggesting that step 3 is the sole kinetically
relevant step. As a result, the dynamics and thermodynamics of
cluster growth determine the viability and time scales of
bimetallic formation. When Au clusters were used as preexisting
clusters and the Pd precursor (Pd(NO,;)) was added, no
reaction occurred at ambient temperature, as Au is more noble
than Pd. Instead, the suspension had to be refluxed to achieve
reduction of the Pd precursor via the solvent, which was
accompanied by coalescence of the Au clusters to form a red
solid precipitate that inhibited the formation of bimetallic Pd—
Au clusters. Thermodynamics hence dictates that bimetallic
particles will form only when clusters of the less noble metal are
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exposed to solvated precursors of the nobler metal, with
deposition rates likely to be driven by their difference in
electrochemical reduction potentials. Such conclusions provide
general guidance for designing synthesis protocols for
bimetallics other than the Pd—Au system chosen here as a
specific example.

3.2. Removal of the Protective Polymer by Ozone
Treatments. Monometallic and bimetallic clusters protected
by polyvinyl-alcohol were adsorbed onto a mesoporous y-Al,O;
support from colloidal suspensions by stirring for 24 h at
ambient temperature. Adsorption was detected by changes in
the colors of the solid support (white to brown) and the
supernatant liquid (black to clear). The solids were recovered
by filtration, and UV—visible spectra of the filtrate (Figure S3 of
Supporting Information) did not detect the presence of any
residual clusters that would lead to absorption spectra like the
ones shown in Figure 2, only with lower absorbance.

The protecting polymers block access to metal surfaces and
must be removed before catalytic use of these bimetallic
clusters; the protocols required must not disrupt the size and
compositional uniformity achieved during synthesis. Thermal
treatments in H, or O, require high temperatures and cause
cluster growth.33 UV radiation leads to the formation of O; in
oxygen atmospheres; O; then decomposes to form O radicals
that can initiate the combustion of organic residues at near-
ambient temperatures.”"** Here, we used a spark discharge O
generator to remove the protecting polymer at ambient
temperature.

CO, formation rates are shown in Figure 7a for two
supported monometallic PVA-protected Pd cluster samples
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Figure 7. Temperature-dependent CO, evolution rates of untreated
(solid line) and Oy-pretreated Pd (eee) cluster samples (89.6 kPa O,,
6.7 kPa Oj, 3.7 kPa Ar, ambient temperature, 1 h) in flowing O, (96.3
kPa O,, 3.7 kPa Ar) (a). CO, evolution rates of a Pd cluster sample in
a mixture of O,/0;/Ar (89.6 kPa O,, 6.7 kPa O, 3.7 kPa Ar), which
was previously treated in a flow of O, (96.3 kPa, 3.7 kPa Ar) at 400 K
for 1 h to remove adsorbed CO, prior to the experiment (b). The CO,
evolution below 400 K in (b) is hence related to PVA reacting with O,
The integrated CO, evolution rates for (a) and (b) are shown in
Figure SS of Supporting Information.

(diluted to prevent local exotherms; 1:15 = catalyst:Al,0;) as a
function of temperature in O, flow (96.3 kPa; Ar, 3.7 kPa as
internal standard). One sample (solid curve) was not previously
treated, while the other one (eee) was treated at ambient
temperature in an O;-containing stream (96.3 kPa O,; 2.0 kPa
O; as per calibration) for 1 h. An experiment performed with
pure AL,O; in O, (963 kPa O,, 3.7 kPa Ar) showed CO,
evolution at 370 K (Figure S4a of Supporting Information)
without additional features at higher temperatures. The same
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experiment performed with PVA adsorbed on Al,O; demon-
strates that in the presence of PVA, CO, evolution occurs at
temperatures above 450 K (Figure S4a of Supporting
Information). Hence, we attribute the CO, peak at 370 K to
desorption from Al,O; and the features at higher temperatures
to PVA decomposition. Three PVA decomposition features
(510, 570, and 710 K) were found for the PVA-protected Pd
clusters, irrespective of their pretreatment (Figure 7a), but the
Oj-treated sample showed much smaller amounts of CO,.
Subtraction of the CO, desorption contribution of AL,O; (solid
line in Figure S4b of Supporting Information) from the
integrated CO, evolution rates (Figure SSa of Supporting
Information) shows that the CO, formed on Oj-treated
samples was 0.42 of that from the untreated sample, consistent
with significant removal of PVA by Oj; at ambient temperature
and with the chemisorption data shown below.

The effect of O; treatment temperatures on PVA removal
was probed by first treating supported Pd clusters in O, (96.3
kPa) and Ar (3.7 kPa) at 400 K until no CO, was detected in
the effluent by mass spectrometry (~1 h). Then the sample was
cooled to ambient temperature and the CO, evolution was
measured by increasing the temperature while exposing this
sample to flowing O, (89.6 kPa) and O; (6.7 kPa), with Ar as
internal standard (3.7 kPa) (Figure 7b). CO, evolution first
occurred at 335 K, which is lower than the temperature of its
previous treatment in O, (400 K), indicating that this feature
correspond to Oj reaction with PVA (instead of CO,
desorption from ALO; or O, reaction with PVA), thus
confirming the reactivity of O; with the PVA polymer at
near-ambient temperatures. PVA removal is not complete after
O; treatment even though CO, removal rates decrease to
undetectable levels above 400 K in the presence of O;. Such
incomplete removal may reflect (i) the removal of PVA vicinal
to clusters, (ii) O; decomposition to O, as clusters become
clean at higher temperatures, or (iii) concurrent pyrolysis
reactions of PVA, which render these species less reactive in
Oj-mediated reactions. Irrespective of the specific interpreta-
tion, matters of surface cleanliness remain the ultimate arbiter
of treatment success in the use of these colloidal Pd and Pd—Au
clusters as catalysts. Their catalytic properties in CO oxidation
will be examined in a later study. Here, we examine next
whether such treatments led to clean cluster surfaces or to
cluster growth.

First, monometallic Pd and bimetallic clusters with a (Pd/
Au), ratio of 0.5 were adsorbed on Al,O; and imaged by TEM.
Surface-averaged diameters of 2.9 and 3.9 nm for adsorbed
mono- and bimetallic clusters (Figure 8a,b), respectively, were
essentially the same as the suspensions from which the particles
were adsorbed onto Al,O; (2.6 and 3.9 nm, respectively, Table
1), indicating that deposition did not cause detectable
coalescence. Subsequent treatment of these supported clusters
in O3/0, mixtures at ambient temperatures led to very slight
cluster growth (compare Figure 8a with Figure 8c and Figure
8b with Figure 8d; 2.9 to 3.1 nm for Pd; 3.9 to 4.1 nm for 0.5
(Pd/Au), ratio) but not to any significant cluster coalescing.

Surface cleanliness after treating supported clusters in O;/O,
at ambient temperature and then in H, at 523 K was probed by
titration of chemisorbed hydrogen with O, (eq 2.1) and by CO
chemisorption uptakes. These measurements were carried out
on monometallic Pd clusters (0.1% wt) because adsorption
stoichiometries have been accurately established only on pure
metal surfaces.”® Evidence for the deprotection of bimetallic
Pd—Au clusters is presented by IR-spectroscopy in the next

7476

a)  <d>=29nm by <d>=39nm

200 200
® ®

2150 2150
= =
o o
ks ks

5100 5100
Q Q
€ €
= =

Z 50 Z 50

0 0

0123456789
Diameter (nm)

0123456789
Diameter (nm)

c) <d>=3.1nm d) <d>=4.1 nm

200 200
» ®

£150 £150
= =
o o
k) kS

5100 5100
Q Q
€ €
p=} p=}

Z 50 Z 50

0 0

0123456789
Diameter (nm)

0123456789
Diameter (nm)

Figure 8. Histograms of supported monometallic Pd clusters (a) and
bimetallic (Pd/Au),, = 0.5 (b) after deposition; same monometallic Pd
(c) and bimetallic sample (d) after an Oj treatment (89.6 kPa O,, 6.7
kPa Os, 3.7 kPa Ar, ambient temperature, 1 h).

section. Metal dispersions (D) were converted to surface-
averaged diameters (d) by assuming hemispherical particles
({(dy = 0.9/D; Table 2).*’ The dispersion values and diameters

Table 2. Dispersion D and Surface-Averaged Diameters (d)
for O;-Treated Monometallic Pd Clusters (89.6 kPa O,, 6.7
kPa O;, 3.7 kPa Ar, ambient temperature, 1 h) Determined
by TEM, Titration of Strongly Bound Hydrogen, and CO
Adsorption

experimental method

TEM titration of hydrogen =~ CO adsorption
dispersion D (%) 31 32 29
diameter (d) (nm) 2.9 2.8 3.1

obtained by chemisorption agree well with those estimated
from TEM images, consistent with clean surfaces after removal
of PVA ligands by O;/O, treatment at ambient temperature.
3.3. Infrared Evidence for Intraparticle Atomic
Mobility of Pd and Au upon CO Binding at Ambient
Temperature. The displacement—reduction processes de-
scribed herein would initially lead to outer and inner Pd regions
with an intervening Au shell, a structure previously reported for
Pd—Au clusters without mechanistic interpretation or spectro-
scopic evidence for its formation mechanism.*® Such structures,
however, undergo facile restructuring in response to contact
with environments that lead to adsorption of species that bind
with different strengths on the two bimetallic components.*”>
The infrared spectra of chemisorbed CO is used here to probe
changes in the surface composition of Pd—Au clusters. Clusters
were first treated in H, (14.3 kPa) at 523 K for 3.6 ks, cooled to
273 K (Section 2.6), and exposed to CO (0.058 kPa CO,
99.942 kPa He). After several infrared spectra were acquired,
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the temperature was increased to 323 K for 60 s and the sample
was then cooled to 273 K to again acquire infrared spectra of
chemisorbed CO. Spectra of monometallic and bimetallic
((Pd/Au),, = 1) samples measured by the above-described
procedure are shown in Figure 9a and 9b, respectively.
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Figure 9. Infrared spectra of CO adsorbed on monometallic Pd at 273
K (0.058 kPa CO, 99.942 kPa He) after reductive pretreatment (523
K, 14.3 kPa H,, 85.7 kPa Ar) (gray spectrum) and after heating in CO
(0.058 kPa CO, 99.942 kPa He) up to 323 K (black spectrum) (a);
corresponding spectra (b) on a bimetallic (Pd/Au),, = 1 sample
(reductive pretreatment, gray; heating in CO, black). The correspond-
ing CO adsorption modes on Pd (black) or Au (gray) are illustrated
above each absorption band.

Monometallic Pd showed two absorption bands assigned to
bridge-bound (1955 cm™) and on-top bound (2084 cm™") CO
(Figure 9a).>" The spectra before and after heating to 323 K
were identical (Figure 9a, gray (before), black (after)). Pd—Au
clusters ((Pd/Au),, = 1) (Figure 9b, gray) showed three
absorption bands (1966, 2070, and 2105 cm™) after initial
exposure to CO at 273 K. These bands have been assigned to
bridge-bound and on-top bound CO on Pd*" and to linear CO
on Au.>* The ratio of bridge to on-top bound species (Ibridge/
Ion_mp) on Pd—Au (Ibridge/lmmp = 0.99) is smaller than that on
Pd (Ibﬂdge/ Tontop = 3.55) despite their larger size, which leads to
the opposite trend on monometallic Pd clusters.”® These data
show instead that Au is present at Pd cluster surfaces, thus
decreasing the fraction of the surface that contains vicinal Pd
atoms required to form bridge-bound CO species.”” After the
samples are heated to 323 K and cooled to 273 K, the spectra
for Pd—Au (Figure 9b, black) lacks the sharp Au—CO band at
2105 cm™" and the ratio of bridge to on-top CO band is larger
(I‘mdge/Ion_tOP = 1.89) than that upon initial exposure to CO at
273 K (Ib,idge/ Iyntop = 0.99). These data are consistent with the
segregation of Pd to the surface of Pd—Au clusters as
intraparticle atomic mobility increases with increasing temper-
ature, even at near-ambient conditions.

Bulk Pd—Au systems are exothermic alloys that form single-
phase random mixtures for all compositions at temperatures
below 900 K.>* Equimolar compositions have been claimed to
form ordered intermetallic compounds below 373 K, but
without independent support or confirmed thermodynamic
origins.***> However, such bulk properties are not suitable to
describe the surface properties of bimetallic systems at the nano
scale because the influence of the surface energy becomes
dominant. For Pd—Au bulk alloys it has been shown that
annealing leads to an enrichment of Au at the surface due the
lower surface energy of Au in comparison to that of Pd.*® The
surface composition, however, changes in the presence of
adsorbates that bind to Pd more strongly than to Au (e.g., CO),
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leading to Pd surface enrichment in order to minimize the total
free energy of the system.”” We assume that the heating
procedure in H, (14.3 kPa, 523 K, 1 h) applied to our
bimetallic clusters leads to Au surface enrichment as with the
annealing of bulk Pd—Au alloys.*® Reduction of intraparticle
atomic mobility by lowering the temperature to 273 K allows us
to demonstrate this Au-enriched surface structure with CO
(Figure 9b, gray). Reconstruction upon heating to 323 K,
however, forms a Pd-enriched surface (Figure 9b, black)
because the binding energy of CO on Pd is stronger than that
on Au.

In conclusion, an approach for the preparation of colloidal
bimetallic Pd—Au clusters has been presented together with all
further preparation steps (deposition, deprotection) required to
prepare bimetallic model catalysts. The proposed formation
mechanism of the bimetallic clusters may be generally
applicable following the thermodynamic guidance that clusters
of the less noble metal are exposed to precursors of the nobler
metal. The use of preexisting Pd clusters may hence enable the
preparation of Pd—Pt, as Pt is more noble than Pd. Similarly,
Pt—Au could be obtained by using preexisting Pt clusters. As
these three elements are the most noble metals, other metal
combinations require the preparation of less noble metal
clusters for the use as preexisting clusters in order to apply the
proposed mechanism.

4. CONCLUSION

Preparation protocols for colloidal monometallic Pd and
bimetallic Pd—Au clusters have been presented using reagents
containing only C, H, and O atoms, thus avoiding common
surface contaminants that may irreversibly alter the catalytic
properties of such bimetallic clusters. It was shown that these
clusters can be deposited onto AlL,O; and deprotected at
ambient temperatures using Oz without causing any significant
cluster coalescence, allowing the application of the presented
approach to the preparation of bimetallic model catalysts.

The formation of bimetallic Pd—Au clusters was achieved by
addition of the precursor of the second, more noble metal (Au)
to preexisting clusters of the first metal (Pd), leading to a
sequential displacement—reduction mechanism. This mecha-
nism was proposed to follow the thermodynamic restriction
that the preexisting cluster is formed by the less noble metal so
that reduction of the more noble metal occurs via galvanic
displacement driven by the differences between the electro-
chemical potentials of the two metals. Furthermore, if
monodisperse preexisting clusters are used, bimetallic clusters
uniform in chemical composition can be obtained. Fulfilling
this thermodynamic restriction may enable the application of
the presented formation mechanism in a rational manner to
other metal combinations in order to prepare a diverse set of
model bimetallic catalysts.
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