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Bimetallic PtPd clusters (2.1-2.9 nm) dispersed on SiO, and uniform in composition and size were pre-
pared using colloidal methods with reagents containing only C, O, H, and N atoms. These synthetic pro-
tocols extend galvanic displacement-reduction (GDR) processes previously used to prepare AuPd and
AuPt clusters. Such processes exploit the different redox potentials of two elements to encourage their
deposition within the same cluster. The size, composition, and formation mechanism of PtPd clusters
were probed using transmission electron microscopy, UV-visible spectroscopy, energy-dispersive
X-ray spectroscopy, and high-angle annular dark-field imaging. Taken together with previous data for
AuPd and AuPt systems, these findings highlight key general features, properties, and protocols required
to form uniform bimetallic clusters. Exothermic alloys, such as PtPd and AuPd, form predominantly via
selective GDR routes; in contrast, alternate routes become significant for endothermic alloys, such as
AuPt. Bimetallic clusters grow via GDR processes (PtPd, AuPd) at rates proportional to the surface area
of each cluster; therefore, compositional uniformity is dictated by the size distribution of the seed clus-
ters. The rate of GDR processes reflects the difference in reduction potentials of the two components, as
shown by more facile formation of AuPd than PtPd clusters. These considerations and experimental evi-
dence provide useful guidance for conditions and protocols likely to succeed for other bimetallic pairs.
Low-temperature (<423 K) reductive treatments (in H, or EtOH) successfully removed all synthetic detri-
tus from Pd and PtPd clusters dispersed on SiO,, without significant coalescence. Such removal strategies
are more challenging for Pd than for Pt clusters because of stronger Pd-polymer bonds and the greater
sintering tendency of Pd clusters.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

methods can exclusively form bimetallic particles. The selective
placement of the second metal, however, is impeded upon obstruc-

Bimetallic catalysts have been shown to increase catalytic turn-
over rates, improve selectivity, and enhance stability [1,2]. The
reported interpretations of the effects of alloying on the reactivity
of small bimetallic clusters are often equivocal or inaccurate, how-
ever, because of the complexity introduced by the size and compo-
sitional heterogeneity of bimetallic materials prepared by typical
synthesis techniques, such as incipient wetness impregnation
[3-6]. Alternatively, electroless deposition (ED) [7-10] and gal-
vanic displacement (GD) [11,12] techniques selectively reduce sol-
vated metal cations onto the surfaces of supported metal clusters
by activating the metal surface with a reducing agent or using
the metal surface itself as the reducing agent, respectively; such
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tion of the seed cluster surface with the deposited metal, thus lim-
iting the bimetallic compositions that can be prepared. Metal
cation-support interactions must also be carefully avoided in order
to prevent the formation of monometallic particles on the support,
and the broad particle size distributions of the initial supported
metal clusters prepared by incipient wetness impregnation lead
to broad bimetallic particle size distributions. Colloidal methods,
however, avoid all metal-support interactions during cluster for-
mation, while also providing better control over particle composi-
tion and size [2,13]; in spite of this, they frequently require the use
of reagents that poison the catalyst surface (e.g., protecting agents
with thiol groups) and thus influence turnover rates. Here, we
describe the colloidal synthesis of PtPd nanoparticles (2.1-
2.9nm) uniform in composition and size via galvanic
displacement-reduction (GDR) methods using reagents comprised
of only C, O, H, and N atoms; we show that such materials can be
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removed from SiO,-supported Pd and PtPd cluster surfaces without
significant particle agglomeration using low-temperature reduc-
tive treatments, thus yielding chemically accessible metal catalyst
surfaces. We discuss our results within the broader context of
developing bimetallic procedures for other metal combinations
based on comparisons of PtPd with AuPt [14] and AuPd [15]
bimetallic systems prepared using similar methods.

PtPd clusters were synthesized in this study using GDR proto-
cols previously shown to form AuPt [14] and AuPd [15] bimetallic
nanoparticles. The synthesis of AuPt and AuPd clusters begins with
a colloidal suspension of nanoparticles composed of the less noble
metal (M, = Pt or Pd), which is subsequently combined with metal
cations of the more noble species (Mg = Au). The reduction of sol-
vated Mg cations by surface M, atoms is thermodynamically favor-
able, as indicated by their relative standard reduction potentials
(E°, AE°.edox =Eg — E3 > 0; Table 1), thus leading to the reduction
and deposition of Mg atoms onto cluster surfaces and to the oxida-
tion and dissolution of M, atoms into the solvent (Scheme 1(1a)).
The solvent, also acting as the reductant (ethanol or ethylene glycol
for AuPd or AuPt clusters, respectively), is at a much higher con-
centration than the counterions of the metal precursors (e.g. NO3
or CI7); hence the solvent coordinates to the M, cations, subse-
quently reducing and depositing them back onto particle surfaces
(Scheme 1(1b)) at greater rates than the reduction of the My metal
precursors (e.g. HAuCly) [16]. Consequently, the kinetically rele-
vant step of the GDR sequence is the galvanic displacement step
(Scheme 1(1a)) [14,15]. Re-reduction of M, atoms by the solvent
ensures that M, atoms are continuously accessible at the particle
surface to reduce Mg cations; the presence of M, atoms (Pt or Pd)
at the AuPd or AuPt bimetallic particle surface was confirmed by
UV-visible spectroscopy.

These mechanistic details led us to conclude that the GDR
approach would also lead to successful syntheses of other metal
combinations, provided that cations of the nobler metal are added
to suspensions of clusters composed of the less noble metal in the
presence of a reducing agent. We show here that this is indeed the
case for PtPd clusters, which were synthesized by adding a Pt pre-
cursor solution to a pre-formed suspension of Pd seed clusters in
an ethanol-water mixture, a sequence prescribed by guidance from
their respective reduction potentials (AE°edox =E°pt — E°pqa > 0;
Table 1). In contrast to Au-containing systems, however, the
absence of unique UV-visible spectral features to distinguish
between Pt and Pd surfaces indicates that the ED mechanism
may also occur in parallel with GDR during bimetallic cluster
formation.

PtPd particles were characterized using transmission electron
microscopy, UV-visible spectroscopy, energy dispersive X-ray
spectroscopy (EDS), and high-angle annular dark field (HAADF)
imaging. Particle-by-particle EDS in tandem with HAADF imaging
demonstrated the exclusive formation of bimetallic clusters; these
data were also used to confirm the mechanistic features of GDR

Table 1
[17] Standard reduction potentials of elements of
catalytic interest.

Metal Standard reduction
potential (E°, V)

Au®t 1.52

pe? 1.18

pd?* 0.99

Ir3* 0.92

Ag'* 0.80

Rh?* 0.60

Ru** 0.38

Ni%* -0.26

Co?* -0.28

that are relevant to the compositional uniformity of these bimetal-
lic catalysts. M, seed clusters that grow via GDR processes increase
in size at rates proportional to their surface areas, thus increasing
in diameter by a thickness (Ad) that is independent of the initial
seed particle size [15]. Consequently, a distribution of M, seed
cluster sizes all growing by the same thickness (Ad) of Mp leads
to a distribution of bimetallic compositions such that the atomic
fraction of Au decreases with increasing parent seed cluster size
[14]. The compositional uniformity of a bimetallic sample prepared
by GDR methods is therefore dictated by the breadth of the size
distribution of the parent seeds.

Results presented here for PtPd, in addition to those shown pre-
viously for AuPd [15] and AuPt [14] systems, indicate that the rel-
ative reduction potentials of the two alloyed metals, as well as
their mixing enthalpies, play consequential roles in the formation
of bimetallic clusters via GDR. The favorable mixing thermody-
namics of miscible alloys such as AuPd and PtPd (AHaupq=
—6.7 k] mol~! [18], AHppq = —4.3 k] mol~! [19]) ensure that metal
atoms remain mixed within clusters and therefore retain at cluster
surfaces the M, atoms required for GDR. In the case of PtPd synthe-
sis, however, a lower thermodynamic driving force for the galvanic
displacement (Scheme 1(1a)) of Pd® seed surface atoms by Pt
cations relative to Au cations (AE’redox Aurd > AEredox.ptpa; Table 1)
leads to lower rates of bimetallic PtPd cluster formation compared
with those of AuPd formation. The endothermic nature of AuPt
mixing (AHaupe = +2.3 k] mol~! [20]) results in intraparticle segre-
gation and to Au enrichment at cluster surfaces, thus inhibiting
GDR by Pt? sites and introducing additional growth pathways that
lead to non-uniform distributions of Au atoms among the Pt seeds
[14]. Solvents with high reduction potentials (e.g. butanediol),
which compete with M, surface atoms as reductants of Mg cations,
have also been shown to lead to bimodal distributions of bimetallic
clusters by promoting the homogeneous or heterogeneous nucle-
ation of Mp-rich clusters. Employing GDR protocols to prepare
bimetallic clusters of immiscible metals or to prepare clusters
within solvents of high reduction potentials therefore requires
more rigid synthesis protocols to promote the formation of uni-
form bimetallic clusters [14].

These systematic studies of PtPd, AuPd, and AuPt systems have
demonstrated the general applicability of synthetic protocols that
exploit GDR processes in preparing bimetallic clusters of diverse
metal combinations using innocuous reagents that can be removed
by low-temperature treatments; these studies have also shown
how differences in AE°.q0x, metal miscibility, and solvent reduc-
tion potential require, in turn, that such synthesis protocols be
adapted to prevent the formation of bimodal particle distributions
[14,15]. In addition to the three bimetallic systems discussed
herein, we propose that other catalyst compositions—such as PdRh
starting from Rh seed clusters or PtAg starting from Ag seed clus-
ters (Table 1)—can also be synthesized using the GDR approach.

2. Materials and methods
2.1. Catalyst synthesis

2.1.1. Preparation of polyvinylpyrrolidone (PVP) protected Pd clusters
(1.8 nm)

A mixture of 1:1 by volume ethanol (EtOH, Sigma Aldrich,
>99.5%) and deionized water (H,0; conductivity ~0.06 uScm™!)
with solvated PVP (0.02 M, monomeric unit basis; Sigma Aldrich,
40,000 amu) and Pd(NOs),-2(H,0) (5-107*M Pd atoms; Sigma
Aldrich, ~40 wt.% Pd basis) was heated to 368 K while stirring with
a magnetic stir bar (310 rpm) in ambient air (one-neck flask, 0.1 L,
reflux condenser) for 0.4 h. Spectral features of the Pd precursors
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Scheme 1. Protocols for the colloidal synthesis of bimetallic catalysts via galvanic displacement-reduction. (1a) Metal surface atoms of polymer-protected seed particles (Q,
My,; black lines surrounding cluster represent the polymer) reduce solvated metal cations (@, M) of the more noble metal, driven by a positive AE’.eqox (E°mp > E°ma)- (1b) The
solvated My cations formed from the redox reaction in step 1a are subsequently reduced by the solvent, a reductant (S;eq.), back onto the bimetallic particle surface. (1c)
Clusters are deposited onto the support and (1d) the protecting polymer is removed. The preparation of uniform bimetallic particles requires preventing the nucleation of My

(path 2). Scheme modified from previously reported work [14].

were not detected via UV-visible spectroscopy of the colloidal sus-
pension, thus indicating their complete reduction.

2.1.2. Preparation of PVP protected Pd clusters (2.3 nm)

A solution of Pd(NOs),-2(H,0) (5 - 10~* M Pd atoms; Sigma
Aldrich, ~40 wt.% Pd basis) in 1:1 by volume EtOH (Sigma Aldrich,
>99.5%) and deionized H,0 (conductivity ~0.06 uScm™') was
added to an equivalent volume of a monometallic 1.8 nm Pd clus-
ter suspension (5 - 10~* M Pd atoms, prepared as described in Sec-
tion 2.1.1). The resulting mixture was stirred (310 rpm) in ambient
air (one-neck flask, 0.1 L, reflux condenser) at 368 K for 0.33 h.
Spectral features of the Pd precursors were not detected via UV-
visible spectroscopy of the colloidal suspension, thus indicating
their complete reduction.

2.1.3. Preparation of PVP protected PtPd clusters

H,PtClg (5 - 10~* M Pt atoms, Sigma Aldrich, 8 wt.% in H,0) in a
mixture of 1:1 by volume EtOH (Sigma Aldrich, >99.5%) and deion-
ized H,0 (conductivity ~0.06 uS cm~') was added to an equivalent
volume of the monometallic 1.8 nm Pd cluster suspension
(5-107*M Pd atoms, prepared as described in Section 2.1.1) and
stirred (310 rpm) in ambient air (one-neck flask, 0.1 L, reflux con-
denser) at 363 K for 0.33 h to form PtsgPdsy clusters. Bimetallic
PtPd clusters of different atomic compositions were synthesized
by modifying the volumetric ratio of the Pd seed particle suspen-
sion and the Pt precursor solution. Spectral features of the Pt pre-
cursors were not detected via UV-visible spectroscopy of the
colloidal suspension, thus indicating their complete reduction.

2.1.4. Preparation of PVP protected Pt and AuPt clusters

Pt and AuPt clusters were prepared by previously reported
methods [14]. Briefly, Pt clusters were synthesized by heating a
stirred solution of H,PtClg (5-10~* M Pt atoms) and PVP (0.02 M,
monomeric unit basis) in ethylene glycol (EG) to 423 K in ambient
air (one-neck flask, 0.1 L, reflux condenser) for 0.33 h. AuPt clusters
were prepared by adding a solution of HAuCl,-3(H,0) (5-10"4 M
Au atoms, in EG) at a rate of 16.7 nmol Aus~! to a suspension of
Pt clusters (5-10"4M Pt atoms) maintained at 423 K (two-neck
flask, 0.1 L, reflux condenser). The resulting mixture was main-
tained at 423 K while stirring for 0.5 h.

2.1.5. Preparation of polyvinylalcohol (PVA) protected Pd and AuPd
clusters

Pd and AuPd clusters were prepared by previously reported
methods [15]. Briefly, Pd clusters were synthesized by heating a
stirred solution of Pd(NO;),-2(H>0) (5-10"4M Pd atoms) and
PVA (0.02 M, monomeric unit basis) in 1:1 by volume EtOH and
deionized H,0 to 368 K in ambient air (one-neck flask, 0.1 L, reflux
condenser) for 0.5 h. AuPd clusters were prepared by adding a
solution of HAuCl;3(H,0) (5-10"*M Au atoms, in 1:1 EtOH:

H.0) to a suspension of Pd clusters (5 - 10~* M Pd atoms) and stir-
ring the resulting mixture for 2 h in air at ambient temperature
(one-neck flask, 0.1 L). PVA was used as the protecting polymer
in our initial bimetallic nanoparticle synthesis studies of AuPd
clusters; however, our more recent studies (i.e. AuPt and PtPd)
use PVP because it typically offers greater colloidal stability over
time and was more soluble in the solvents used.

2.1.6. Dispersion of PVP protected clusters onto SiO,

A Pd cluster suspension (52 cm®, prepared as described in Sec-
tion 2.1.1) was added dropwise (~0.2 cm®s~1) to a suspension of
fumed SiO, (0.55 g, Sigma Aldrich, 7 nm particle size, 395 m? g~!
surface area) in deionized H,O (52cm? conductivity
~0.06 uS cm™'; Scheme 1(1c)). The solids were collected by cen-
trifugation (133 Hz, 0.6 ks) after stirring the mixture for 1h at
ambient temperature. Complete deposition of clusters onto SiO,
was confirmed by the absence of absorbance in the UV-visible
spectra of the supernatant solutions. Supported clusters were
washed two times in deionized H,0 (52cm?® conductivity
~0.06 puS cm~!, 1 h) and subsequently treated overnight in ambi-
ent air at 356 K. These procedures resulted in catalysts with
0.50 wt.% metal loadings. Similar procedures were used to disperse
bimetallic PtPd clusters onto SiO,, resulting in metal loadings of
0.50 wt.%, 0.58 wt.%, and 0.70 wt.% for Pt;oPdgg, PtsPd;s, and
PtsoPdso samples, respectively.

2.2. Nanoparticle characterization

2.2.1. Transmission electron microscopy (TEM)

A JEOL 1200 EX microscope operated at 80 kV was used to
obtain bright-field transmission electron micrographs. TEM sam-
ples of colloidal Pd, AuPd, and PtPd clusters—synthesized in
EtOH/H,0 mixtures—were prepared by depositing a drop of the
cluster suspension in its synthesis medium onto holey-carbon Cu
grids (Ted Pella Inc.) and allowing the solvent to evaporate in air
at ambient temperature. TEM samples of colloidal Pt and AuPt
samples synthesized in ethylene glycol, a less volatile solvent, were
first re-dispersed in EtOH (methods reported previously [14]) in
order to prepare grids without thermal treatments that could affect
cluster composition and size. Clusters supported on SiO, were first
suspended in acetone before placing on Cu grids. A minimum of
200 clusters were analyzed per sample, and surface-averaged
mean diameters were calculated from transmission electron
micrographs using the following equation:

>nid;
> mid;

where n; is the number of particles with diameter d;. The dispersity
index (D4) was used to quantify particle size uniformity [21]:

(d) = (1)
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2.2.2. Ultraviolet-visible spectroscopy

UV-visible spectra (200-800 nm) of cluster suspensions (3 cm?)
in quartz cuvettes (10 cm?, Agilent) were collected using a two-
beam spectrophotometer (Varian Cary 400 Bio) with a 5nms™!
scan rate. Spectra collected during synthesis were obtained by
withdrawing 3 cm?® samples at specified time points using a dis-
posable glass pipette.

2.2.3. Elemental analysis of bimetallic clusters

Energy dispersive X-ray spectroscopy (EDS) of particles from
colloidal suspensions (EDS samples prepared as described in Sec-
tion 2.2.1) was performed using an FEI Titan microscope fitted with
an FEI Super X-Quad windowless detector with silicon drift tech-
nology and operated at 200 kV. Atomic compositions were quanti-
fied using Cliff-Lorimer k-factors and Bruker Esprit software
calibrated using mineral standards. High-angle annular dark field
(HAADF) micrographs, collected concurrently to EDS X-rays, were
acquired using a Fischione detector with an inner semi-angle (B)
of 50 milliradians and a convergence semi-angle (o) of 10
milliradians.

The diameters of bimetallic particles (dw,y,) were measured
using Image] software and HAADF images. The volume-averaged
mean atomic fraction of metal M ((Xp)a; M =Au, Pt, or Pd) in a
sample of bimetallic clusters (N > 100 particles) was calculated by

Zxde3 sMp i
(), = gL (3)
Z dMBMA.i

which accounts for larger particles containing a greater number of
atoms than smaller particles.

2.3. Cleaning metal cluster surfaces and assessing the number of
accessible surface atoms using O, chemisorption

2.3.1. Low-temperature treatment in H, to remove the protective
polymer

SiO,-supported Pd particles (0.50 wt.%; prepared as described in
Sections 2.1.1 and 2.1.6) and SiO,-supported bimetallic Pt;oPdgo,
PtysPd;s, and PtsgPdsg clusters (0.50 wt.%, 0.58 wt.%, and 0.70 wt.
%, respectively; prepared as described in Sections 2.1.3 and 2.1.6)
were treated at 348K (0.033Ks™!) in flowing H, (Praxair
99.999%, 0.25cm>s 'g~!) for 1h and subsequently treated at
423 K (0.033 Ks™!) in flowing H, for 1 h to remove the protective
polymer (Scheme 1(1d)). Chemisorbed O, uptake was determined
as described in Section 2.3.3 immediately after treatment.

2.3.2. Low-temperature treatment in EtOH/H,0 and H, to remove the
protective polymer

SiO,-supported Pd clusters (0.50 wt.%; prepared as described in
Sections 2.1.1 and 2.1.6) were stirred in 50 cm® g~! of 1:1 by vol-
ume EtOH (Sigma Aldrich, >99.5%) and deionized H,0 (conductiv-
ity ~0.06 uS cm™') for 20 h at 351 K (in ambient air, one-neck flask,
0.1 L, reflux condenser). Solids were collected by centrifugation
(133 Hz, 0.6 ks) and held in ambient air overnight at 353 K before
being treated in flowing H, (Praxair 99.999%, 0.25 cm®s~' g ') at
423K (0.033Ks™ ') for 1h to remove the protective polymer
(Scheme 1(1d)). Chemisorbed O, uptake was determined as
described in Section 2.3.3 immediately after treatment.

2.3.3. Chemisorbed O, uptakes

The number of accessible surface metal atoms was measured
from catalyst O, uptakes. A volumetric adsorption unit furnished
with a Baratron gauge and a turbomolecular pumping system
(Pfeiffer Vacuum; <1 Pa dynamic vacuum) was used to measure
the amount of chemisorbed O, for each sample. SiO,-supported
Pd clusters (0.50 wt.%) and SiO,-supported bimetallic Pt;oPdgo,
Pt,sPd;s, and PtsgPdsqg clusters (0.50 wt.%, 0.58 wt.%, and 0.70 wt.
%, respectively), treated as described in 2.3.1 or 2.3.2, were evacu-
ated at 423 K for 1 h and subsequently cooled to 298 K. Isotherms
were collected in a range from 0.013 to 101.3 kPa O, (Praxair,
99.999%), with 0.07 h allotted for equilibration with the gas phase
at each pressure. Extrapolating to zero O, pressure led to estimates
of O, uptakes. Cluster dispersions were calculated assuming one
oxygen atom per metal surface atom [22]. The particle diameter
was calculated from the chemisorption-derived dispersion (D)
using the following equation:

d- (4)
where C depends on the metal identity (determined by using the
bulk density of the metals and assuming spherical clusters;
1.13 nm for Pt, 1.12 nm for Pd, and a weighted average, based on
atomic composition, for bimetallic PtPd samples [23,24]) and d is
diameter in nm. TEM-derived surface-averaged particle diameters
similar to chemisorption-derived particle diameters indicate that
the surfaces visible by TEM are fully accessible to probe molecules
and free of synthetic detritus.

3. Results and discussion
3.1. Synthesis and characterization

Surface-averaged mean diameters (Eq. (1)) of Pd clusters and
bimetallic Pt33Pdg7, PtsoPdso, and Ptg;Pdss3 clusters were calculated
from particle diameter measurements obtained by TEM (Fig. 1;
Table 2). Mean PtPd cluster size increased monotonically with
increasing Pt content, consistent with the reduction and deposition
of solvated Pt cations onto the parent Pd seeds. Cluster uniformity
was determined by calculating the dispersity index (D,) of PtPd
samples using Eq. (2) [21]. These D, values (1.13-1.20) were less
than the value of 1.5 that [IUPAC recommends to define monodis-
persity [21,25]. Relative standard deviations (16-19%), a more
commonly reported but less rigorous measure of uniformity, are
also included in Table 2, and similarly indicate that bimetallic PtPd
clusters were narrowly distributed in size. Clusters with similar
size distributions are typically obtained by colloidal methods using
NaBH, as a reductant and/or protecting agents with thiol groups
[26,27], which are difficult to remove from catalyst surfaces. The
synthetic protocols reported here successfully avoid such heteroa-
toms without loss of size uniformity.

Mean bimetallic cluster diameters ({dm,,); Table 2) predicted
from Eq. (5) were calculated for each composition using the measured
surface-averaged mean diameter of the Pd seed clusters ({dya)):

(duym,) = (dwm,) (1 + (5)
where V' is the atomic volume of metal M, and Ny is the number
of atoms of metal M,. Eq. (5) assumes that solvated Pt (Mp) cations
are reduced and deposited homogeneously across all Pd (M,) seed
clusters, thus precluding bimodal distributions of particle size. Such
non-uniform size distributions would arise from the homogeneous
nucleation and growth of monometallic Pt particles in solution or
the nucleation of Pt on the surface of a fraction of seed clusters,
known as heterogeneous nucleation; the former results in no clus-
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Fig. 1. Cluster size distributions and transmission electron micrographs of (a) Pd, (b) Pt33Pde7, (¢) PtsoPdso, and (d) Pts;Pd33 clusters.
Table 2
Surface-averaged mean diameters, expected bimetallic diameters, dispersity index values, and relative standard deviations.
Pt content (% at.)
0 33 50 67
TEM-derived surface-averaged diameter, (d) + STD-N~%° (nm, Eq. (1)) 1.8 £0.02 2.1+0.03 2.5+0.03 2.9+0.03
Expected diameter, (dppg (nm, Eq. (5)) - 2.2 2.5 2.8
Dispersity index, D4 (Eq. (2)) 1.20 1.18 1.15 1.13
Relative standard deviation (%) 19.7 18.5 18.0 16.7

ter growth of the initial Pd seeds while the latter results in the
growth of a fraction of seed particles that become larger at the
expense of the remaining clusters. Fig. 2 shows that measured
(dpepa) values agreed well with those calculated from Eq. (5), consis-
tent with the absence of homogenous or heterogeneous nucleation
of Pt during synthesis. No monometallic particles were detected
from particle-by-particle elemental analysis using EDS (N> 100
clusters per sample), thus confirming such conclusions. The mean
atomic fractions of Pt and Pd (Eq. (3)) within each bimetallic PtPd
sample were in agreement with the composition of the synthesis
reagents used (Fig. 3a), consistent with the full recovery of all metal
precursors in the solids.

The disappearance of the Pt precursor band (266 nm [28]) dur-
ing synthesis (ambient temperature, 1:1 by volume EtOH/H,0 sol-
vent; Section 2.1.3) was monitored using UV-visible spectroscopy
in order to confirm the full reduction of solvated Pt cations by the
Pd seeds (Fig. 4a). The intensity of the Pt precursor band decreased
(Fig. 4a) and the particle size increased (determined by TEM;
Fig. 4b) with reaction time, consistent with the reduction and depo-
sition of Pt cations as Pt° onto the Pd seeds. Pt precursor features
were no longer detected in the synthesis mixture after 46.5 h, thus
confirming the reduction of all solvated Pt cations. The UV-visible
spectra of the clusters formed were similar to those of the initial
Pd seed clusters (Fig. 5), as expected from the similar spectral prop-
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erties of Pt and Pd clusters in the UV-visible range [29]. Higher syn-
thesis temperatures led to the faster reduction of solvated Pt
cations (~3 h at 323 K, ~0.33 h at 363 K); the UV-visible spectra
(Fig. 5) and the particle size distributions (Fig. 2) of the clusters
formed at ambient temperature, 323 K, and 363 K were similar.

In contrast to solvated Pt cations, Au cations in contact with Pd
seed clusters at ambient temperature reduced fully within 2 h (vs.
~46.5 h for Pt; EtOH/H,0 mixtures used as solvent for both AuPd
and PtPd synthesis [15]). Pd surface atoms reduce Pt cations more
slowly than Au cations and thus form bimetallic PtPd clusters at
lower rates than AuPd clusters. The relative kinetics of PtPd and
AuPd formation reflects their different thermodynamic driving
forces (AE°cdox) for the kinetically relevant step of the GDR
sequence, galvanic displacement (Scheme 1(1a)), with the
driving force for AuPd being greater than for PtPd systems
(AEoredox,AuPd =0.74V, AEaredox,Pth =0.24 V; Table 1).

Unlike the Au-containing bimetallic systems reported previ-
ously (AuPt and AuPd) [14,15], the alloyed metals discussed here
(Pt and Pd) have similar UV-visible spectra (Fig. 5). We were thus
unable to determine the predominant surface metal of the PtPd
alloys, and could not exclude the possibility that Pt cations deposit
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on activated Pd sites via electroless deposition (ED). Our previous
studies lead us to suggest, however, that the thermodynamic driv-
ing force for galvanic displacement of Pd by Pt cations and the
presence of a reducing agent to re-reduce oxidized Pd atoms would
enhance the contributions from GDR pathways.

In addition to the magnitude of their AE°.qox Values, the ther-
modynamic miscibility of the alloyed metals and the reduction
potential of the solvent influence the need for specific protocols
to prepare bimetallic clusters of uniform composition and size
[14]. Enthalpically favored mixtures, such as AuPd and PtPd
(AHpwpa = —6.7kfmol™!  [18,30] and AHpwpd=—4.3 kj mol™!
[18,30]), can be synthesized at ambient temperatures [15]. In con-
trast, the formation of AuPt alloys (AHaup = +2.3 k] mol~! [20]) is
enthalpically unfavorable and requires elevated synthesis temper-
atures (423 K) because the positive entropies of mixing become
more influential in determining Gibbs free energies at higher tem-
peratures [14]. Additionally, AuPt clusters were synthesized in a
different solvent (ethylene glycol, EG) than that used for AuPd
and PtPd synthesis (1:1 by volume EtOH:H,0) because the Pt seed
suspensions could not be stabilized in EtOH/H,0 mixtures. EG,
however, has a higher reduction potential than EtOH (E°%¢ = -0.8 V
vS. E%gon = —0.197 V [17]); stronger reductants compete with My
surface atoms as reductants of Mg cations, thus promoting the
homogeneous or heterogeneous nucleation of clusters enriched
in Mp (Scheme 1(2)) that compromise sample uniformity [14].
The synthesis of clusters in solvents with high reduction potentials,
such as EG in the case of AuPt, therefore requires the slow drop-
wise addition of the Mp precursor solution in order to maintain
low concentrations of solvated Mp cations in solution, thereby
inhibiting processes that lead to the nucleation of Mp-rich clusters.

3.2. Steps and processes involved in the formation of bimetallic clusters

Particle-by-particle elemental analysis using EDS is used next to
probe the mechanistic features of bimetallic cluster formation via
GDR processes. For parent clusters of element My in a solution of
solvated cations of element Mj, these processes require that
[14,15]:

(a) solvated Mg cations be reduced exclusively by M, surface
atoms (Scheme 1(1a)),

(b) M, atoms brought into solution by galvanic displacement
reactions in (a) be reduced by solvent molecules and depos-
ited back onto particle surfaces (Scheme 1(1b)), and

(c) Mj atoms remain accessible at the growing cluster surface to
(galvanically) reduce solvated Mjp cations, thus fulfilling
requirement (a).

GDR growth therefore depends on the availability of M, surface

atoms to reduce solvated Mg cations as they reach cluster surfaces.
When conditions (a)-(c) are met, the growth rate of a given parti-
cle, i, is proportional to the cluster surface area (A;):
% = Aik (6)
where k is the rate constant for galvanic displacement and N; is the
number of atoms within the particle. The amount by which each
cluster increases in diameter (Ad;) via addition of Mg atoms can
be derived from Eq. (6) by expressing A; and N; as functions of the
particle diameter (d;; derivation in Section S1, SI):

Ad; = 2Vikt (7)

Here, t is time and V; is the atomic volume of the elements in the
particle. According to Eq. (7), clusters that increase in diameter at a
rate proportional to A; (Eq. (6)) would increase in size by a value
Ad; that does not depend on the diameter of the parent M, cluster

[15,31,32]. Consequently, a suspension of M4 seed particles of vary-
ing particle sizes in which each particle grows by the same thick-
ness (Ad) via addition of a second metal (M;) leads to bimetallic
MM, clusters with a distribution of compositions for which the
atomic fraction of Mp decreases with increasing seed particle size
(Scheme 2). This inverse relationship between the atomic fraction
of Mp and the seed particle diameter (dy,) is evident from a
rearrangement of Eq. (5) for a given particle, i:

NM,,> < Ad )3 Vi

=1+ -1| 4 8
<NMA1- Ay i Vi, ®)
where dy,y, in Eq. (5) has been replaced using Eq. (9).

dMBMA,i = dMA.i +Ad 9)

The compositional uniformity of bimetallic clusters formed
from GDR processes is therefore determined by the breadth of
the parent seed cluster size distribution. Next, we derive a relation-
ship between the uniformity of the seed particle diameters and the
compositional uniformity of GDR-derived bimetallic clusters using
the coefficient of variation (CV),

cv=2 (10)
U

where ¢ is the sample standard deviation and y is the sample mean
(of either seed diameters or bimetallic clusters compositions), as a
measure of uniformity. Probability density functions (PDFs) of vary-
ing CV value (0-0.4) were generated to represent seed particle
diameters with log-normal size distributions [31] of varying unifor-
mity, and were subsequently transformed into PDFs representing
the compositions of the bimetallic particles formed via GDR pro-
cesses; compositional uniformity was then quantified by calculat-
ing the CV values of the PDFs of the bimetallic compositions
(derivation in Section S2, SI). Fig. 6a shows how the CV of the
bimetallic composition distributions decreases with decreasing CV
of the seed particle diameters, thus demonstrating that sharper
seed particle size distributions lead to concomitantly sharper com-
positional distributions.

Any deviations from GDR pathways can be assessed from the
curve in Fig. 6a, which was derived for exclusive growth via GDR.
Data obtained from EDS elemental analysis of bimetallic PtPd,
AuPt, and AuPd clusters [14], together with transmission electron
micrographs of Pt and Pd seed particle size distributions, are plot-
ted in Fig. 6a to assess whether measured compositional unifor-
mity (CVgps) deviates from that expected from GDR growth
(CVgpRr)- Deviations from the curve in Fig. 6a () are defined as
follows:

~ CVgps — CVepr

XCV - CVGDR (1 1 )

(M % at.)1 > (Mg % at.)2

S
Lo o1

K ~Ad

et ;

—
dMA.Z

dmm <

Scheme 2. M, seed particles of varying size that grow via galvanic displacement-
reduction processes grow at a rate that is proportional to cluster surface area, and
therefore increase in size by a thickness (Ad) that is independent of the original
seed particle diameter. Thus, the My content (at.%) of the resulting bimetallic
particles is smaller for larger particles.
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AuPt clusters (an endothermic alloy) show the largest deviation
from GDR behavior, while AuPd and PtPd clusters (exothermic
alloys) show the smallest deviations (Fig. 6b), suggesting that
GDR reduction pathways are more prevalent during the synthesis
of the latter two bimetallic systems. Such conclusions are consis-
tent with PtPd and AuPd clusters that exhibit an inverse relation-
ship between % at. Mg and seed cluster size (Fig. 7), as expected
for GDR-derived clusters (Scheme 2); in contrast, the atomic frac-
tion of AuPt clusters increases with increasing particle size. These
data indicate that GDR requirements (a)-(c) prevail during AuPd
and PtPd cluster synthesis but not during AuPt cluster synthesis,
for which additional growth pathways must contribute signifi-
cantly to particle growth.

The formation mechanism can also be probed for these three
bimetallic systems using HAADF images collected in tandem with
particle-by-particle EDS analysis to measure both the diameters
(dwm,m,i) and M, atomic fractions (Xya ;) of bimetallic clusters. These
data are then used to calculate the size of the seed cluster from
which each bimetallic cluster, i, formed and, in turn, the amount
by which each seed particle increased in diameter (Ad;) using [14]

X, iV,
Ad; = dyy, i 1( Mat? My (12)

1/3
XMA.iV;\/,A + XMB.iV;VIB>

Here, V' is the atomic volume of metal M, (derivation in Sec-
tion S3, SI). Figs. 8a and b show that the seed clusters of AuPd and
PtPd particles grow by a value Ad that is independent of seed par-
ticle size, as predicted for GDR growth. The expected Ad value for
each sample can be calculated from the TEM-derived size distribu-
tion of the parent seeds, onto which Mp atoms are then distributed
based on the surface area of each cluster, as dictated by GDR
growth processes (derivation in Section S4, SI [14,15]). The
expected Ad values for AuPd and PtPd samples agree well with
experimental values calculated from EDS and HAADF data
(Figs. 8a and b; dashed lines indicate expected Ad values), consis-
tent with the predominant involvement of GDR processes in their
growth.

In contrast, the Pt seed clusters in the AuPt system grow by Ad
values that increase monotonically with the seed cluster diameter
(Fig. 8c), consistent with bimetallic growth pathways other than
GDR involved in their synthesis, discussed elsewhere [14]. Metal
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Fig. 7. Changes in mean M content (% at.; calculated from EDS data) with increasing bimetallic particle diameter (dy,u, measured from HAADF images) for (a) PtPd, (b) AuPd,
and (c) AuPt particles. Data obtained for individual clusters and binned by particle size (0.5 nm bin width). Bimetallic samples with nominal Mg contents of 33 % at. (#), 50 %
at. (M), and 67 % at. (a) presented. Over 100 clusters analyzed in each sample, with 74-98% of clusters located in 4 bins. Bins with fewer than three clusters excluded for
clarity. Figures (b) and (c) reproduced from previously reported work [14] in order to generalize the results by comparisons among the three bimetallic compositions.
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comparisons among the three bimetallic compositions.

atoms within clusters of endothermic alloys, such as Au and Pt
(mixing enthalpy, AHaup: = +2.3 k] mol~! [20]), segregate in order
to minimize the enthalpic penalties of mixing, driving the metal
with the lowest surface energy, Au [33], to the surface (Scheme 3).
The surface concentration of Au increases with cluster size because
Au atom depletion from the cluster bulk is mitigated in larger clus-
ters by their larger bulk reservoirs [34]. As the Au® surface content
of AuPt particles increases with particle size, they displace from
the surface the Pt° atoms required to reduce solvated Au cations
via GDR, and instead promote the autocatalytic reduction of Au
cations by solvent molecules on Au® sites, a fast reaction [35,36];
this leads, in turn, to the preferential consumption of Au atoms
by the surfaces of the larger clusters. Fast autocatalytic reduction
on the larger clusters renders the uniform distribution of Au
cations across all Pt seeds more challenging than for exothermic
alloys (e.g., AuPd and PtPd), as reflected in the more stringent syn-
thesis protocols required for the synthesis of AuPt clusters [14]
than those for exothermic alloys that maintain M, atoms at cluster
surfaces.

Our systematic study of the synthesis of AuPd, AuPt, and PtPd
bimetallic systems has identified several key variables that influ-
ence the extent of metal mixing and the uniformity of the bimetal-
lic clusters. Such features include the mixing enthalpy and relative
reduction potentials of the alloyed metals, the solvent reduction

Au*

Scheme 3. The enthalpic unfavorability of AuPt mixtures leads to the enrichment
of Au® at the surface of the larger AuPt particles during synthesis, thus impeding
GDR processes while promoting the fast, autocatalytic reduction of solvated Au
cations; larger Pt seed clusters therefore increase in diameter by a value Ad that
increases with seed cluster size. Scheme modified from previously reported work
[14].

potential, and the size uniformity of the parent seed clusters. Addi-
tionally, we have proposed several synthesis strategies to cope
with those features that present challenges for the formation of
bimetallic clusters uniform in composition and size. These synthe-
sis protocols avoid the use of heteroatoms that ultimately compro-
mise such uniformity because of the severe thermal and chemical
treatments that become essential to remove synthetic debris from
surfaces, a requirement of their ultimate use as catalysts.

3.3. Achieving clean metal cluster surfaces using reductive treatments
at mild conditions

3.3.1. PVP removal from monometallic Pd cluster surfaces using H,

Our previous studies of SiO,-supported monometallic Pt clus-
ters showed that PVP, the protective polymer used to prevent the
agglomeration of Pt colloids, can be removed from supported clus-
ter surfaces without causing particle growth by treating the cata-
lyst in a gaseous (H;) or liquid (1:1 by volume EtOH:H,O)
reductant at low temperatures (~423 K) [14]. PVP binds to metal
surfaces via the carbonyl oxygen of the pyrrolidone group [37].
The reductant detaches such species before reaching temperatures
that lead to PVP densification and the formation of amorphous car-
bon. Low temperature treatments in H, avoid the consequences of
0, treatments requiring higher temperatures that often lead to the
blockage of active surfaces by carbonaceous residues [37-40].
Here, we extend our protocols in H; first to SiO,-supported Pd clus-
ters protected by the presence of PVP in order to compare the
monometallic systems, and then to bimetallic SiO,-supported PtPd
clusters. The extent of polymer removal from treated cluster sur-
faces was probed by the titration of chemically accessible metal
surface atoms with O, to determine metal dispersions, which were
then used to calculate surface-averaged particle diameters (Eq. (4))
that can be compared with those measured from TEM micro-
graphs. Particle diameters derived from chemisorption experi-
ments that agree with those measured by TEM indicate that
surfaces are free of synthetic residues. We expect that polymeric
material remains on the support after these treatment techniques;
if necessary, the removal of such polymer residues can be achieved
by treatments at higher temperatures (>423 K) in oxidative envi-
ronments [41].
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The chemisorption-derived mean diameter of Pd clusters trea-
ted in flowing H, using a two-step protocol previously shown to
fully remove PVP from Pt cluster surfaces (348 K for 1 h, followed
by 423 K for 1 h; at a ramp rate of 0.033 Ks~'; Section 2.3.1) was
larger than the surface-averaged cluster diameter estimated from
transmission electron micrographs (Fig. 9), indicating that residual
polymeric material remained on metal surfaces after such treat-
ments. Treated Pd clusters were also larger in size than untreated
clusters (1.8 nm before treatment, 3.2 nm after treatment; deter-
mined by TEM). Since PVP binds to metal surfaces via carbonyl
oxygen atoms [37-40] and the heat of oxygen adsorption is higher
for Pd than Pt [42], the failure to fully remove PVP from Pd cluster
surfaces using protocols suitable for Pt clusters appears to reflect
the stronger binding energy of the polymer to Pd clusters. Incom-
plete polymer removal may also result from the smaller initial
cluster size of the Pd clusters used here relative to the Pt clusters
used previously (1.8 nm Pd clusters vs. 2.6 nm Pt clusters), which
leads to a higher fraction of corner and edge surface atoms that
bind adsorbates more strongly [43].

The metal-PVP bond on 1.8 nm Pd clusters may be weakened by
populating the surface with metal atoms that bind oxygen more
weakly, such as Pt (discussed later in Section 3.3.3), or by increas-
ing the cluster size so as to reduce the fraction of under-
coordinated surface atoms. Larger Pd clusters (2.3 nm; prepared
as described in Section 2.1.2) were treated using the protocols
described in the preceding paragraph. In contrast to 1.8 nm Pd
clusters, the surface-averaged particle diameter estimated from
TEM images of the treated 2.3 nm clusters was similar to the diam-
eter measured from chemisorption experiments (Fig. 9), consistent
with clean and accessible metal surfaces. Larger particles with
lower surface energies bind PVP more weakly, thus facilitating
polymer removal and leading to clean metal surfaces. Despite
these results, increasing the starting cluster diameter did not pre-
vent particle growth during H, treatment (from 2.3 nm to 3.1 nm;
determined by TEM). Pt clusters (2.6 nm) treated by identical pro-
tocols, however, did not increase in size [14], apparently because
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Fig. 9. Parity plot of TEM-derived and chemisorption-derived particle diameters of
0.50 wt.% Pd/SiO, after treatment in (triangle) flowing H, (348 K for 1 h and 423 K
for 1 h, 0.033 Ks1) or in (square) stirring 1:1 by volume EtOH:H,0 (351 K for 20 h)
followed by treatment in flowing H, (423 K for 1h). Pd clusters with initial
diameters of 1.8 nm (black) and 2.3 nm (gray) are shown. Points on the parity line
denote clean surfaces, with the initial untreated Pd particle size indicated by the
horizontal dashed lines.

Pd clusters are more susceptible to sintering in H, than Pt clusters
[44].

3.3.2. PVP removal from monometallic Pd cluster surfaces using EtOH/
H>0 and H>

The protocols developed to remove PVP from Pt cluster surfaces
using H, can be modified without compromising surface cleanli-
ness or metal dispersion provided that clusters are treated in a
reducing environment at mild temperatures for a sufficient period
of time. Pt clusters treated in H, at 423 K (1 h) have clean surfaces
but increase slightly in size; a preceding step at 348 K (1 hin H,) is
required to fully remove the polymer slowly at lower temperatures
and avoid local exotherms that lead to particle agglomeration
resulting from fast exothermic polymer removal at such higher
temperatures [14]. This additional treatment step in flowing H,
at 348 K can be substituted without compromising surface cleanli-
ness or metal dispersion by instead treating Pt clusters in a reduc-
tive solvent (1:1 by volume EtOH:H,O, 351K, 20h) before
treatment at 423 K in H,, thus demonstrating the versatility of
the reductive polymer removal approach [14].

The diameters measured from transmission electron micro-
graphs of Pd clusters (1.8 nm) treated using the combined EtOH/
H,0 and H, protocol agreed well with those calculated from
chemisorption experiments (Fig. 9), indicating that metal surfaces
were free of chemisorbed material; clusters still increased in size
(to 3.2 nm; determined by TEM) as a result of this treatment. In
contrast, the surfaces of 1.8 nm clusters treated using the protocols
using H, alone were not chemically accessible (Fig. 9). We there-
fore show here that protocols using EtOH/H,O are more effective
for removing PVP because of the greater contact time between
the reductant and the metal surface (20 h in EtOH/H,0 at 351 K
vs. 1 h in flowing H, at 348 K) and/or the ability of the solvent to
dissolve and disperse the polymer away from cluster surfaces.

3.3.3. PVP removal from bimetallic PtPd cluster surfaces using H,

Pt clusters bind more weakly to oxygen-containing species,
such as PVP, than Pd clusters [42], and are also more resistant to
sintering in H, [44]. Next, we investigate whether the presence
of Pt atoms in Pd clusters will allow polymer removal without
agglomeration. Pt;oPdgo, PtasPd7s, and PtsoPdsg clusters were trea-
ted in flowing H, (348 K for 1 h, followed by 423 K for 1 h; at a
ramp rate of 0.033 Ks™!; Section 2.3.1) and subsequently exam-
ined by TEM and titration with chemisorbed O,. The
chemisorption-derived mean particle diameter of treated Pt;oPdgg
clusters was larger than its TEM-derived surface-averaged mean
diameter (Table 3), indicating that, as with monometallic Pd parti-
cles, surface residues remained; treated clusters were larger in size
than untreated clusters (2-2.3 nm; determined by TEM). In con-
trast, PtsoPdsg clusters (2.5 nm diameter; determined by TEM)
treated using identical protocols did not increase in size (Table 3);
cluster diameters estimated from TEM images agreed well with
those obtained from chemisorption experiments, indicating that
clusters composed of 50 % at. Pt were free of surface residues and
resistant to coalescence during treatment. PtPd clusters with inter-
mediate composition (Pt,sPd;s) exhibited intermediate cluster

Table 3
Mean particle diameters of untreated and treated PtPd/SiO, clusters (measured by
TEM or chemisorption).

Pt content (% at.) drem drem dchemisorption
(untreated) (treated in Hy)

10 2 23 33

25 24 2.6 2.7

50 2.5 2.5 2.4
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growth and surface cleanliness: clusters were slighter larger in size
after H, treatment (2.4-2.6 nm; determined by TEM) and had a
chemisorption-derived diameter that was slightly larger than its
TEM-derived diameter (Table 3).

The presence of Pt in PtPd clusters facilitates the removal of
surface-bound PVP and renders clusters more resistant to sintering
during treatment in H,. These data, however, cannot conclude
whether the consequences of alloying reflect the increase in mean
particle diameter, the increase in the amount of metal atoms that
bind more weakly to PVP, or synergistic electronic effects of alloy-
ing Pt and Pd that decrease the binding energy of PVP to bimetallic
surfaces. We expect that weaker metal-PVP bonds result from both
the increase in particle size (as discussed in Section 3.3.1) and the
presence of Pt at cluster surfaces. PtPd alloys are more resistant to
poisoning by oxygen-binding surface species [45-47], however,
suggesting that perhaps all three factors may influence PVP
adsorption strength.

4. Conclusions

Using reagents composed of only C, O, H, and N, we have pre-
pared colloidal PtPd clusters that are uniform in composition and
size with chemically accessible metal surfaces. Clusters were
formed via GDR processes—as confirmed by particle-by-particle
elemental analysis using EDS and HAADF imaging—which lead to
cluster growth (Ad) that is independent of parent seed diameter.
PtPd cluster formation was slower than the formation of AuPd
clusters under identical conditions because of a lower thermody-
namic driving force (AE°.eqox) for the reduction of Pt cations—rela-
tive to Au cations—by Pd° surface atoms. PtPd and AuPd clusters
can be synthesized at ambient temperature because of the enthal-
pic favorability of such metal combinations. In contrast, the posi-
tive mixing enthalpies of AuPt clusters require elevated synthesis
temperatures (423 K) to promote the favorable entropic conse-
quences of mixing that contribute more significantly to Gibbs free
energies at higher temperatures.

Pd clusters were deposited onto SiO, and subjected to reducing
environments (EtOH/H,0 or H;) at low temperatures (up to 423 K)
to remove the protecting polymer (PVP). Removing PVP from metal
surfaces without compromising cluster dispersion was more chal-
lenging for Pd clusters relative to Pt clusters because of stronger
metal-PVP bonds and the greater susceptibility of Pd clusters to
sinter in H,. Increasing Pd cluster size and alloying with Pt were
shown to facilitate polymer removal by weakening the metal-
PVP bond.

Our work here, together with the conclusions drawn from the
study of AuPd [15] and AuPt [14] bimetallic systems, illustrates
the consequences of relative redox potentials, mixing enthalpies,
solvent reduction potential, and parent seed size uniformity on
the size and compositional uniformity of bimetallic clusters. We
further demonstrate the versatility of GDR synthesis methods in
adapting to unfavorable conditions that encourage bimodal parti-
cle distributions. The methods and predictive design principles
developed for AuPd, AuPt, and PtPd systems can be generalized
and applied to other bimetallic systems to synthesize the clean
and uniform bimetallic catalysts that are essential for catalytic
studies seeking to develop rigorous structure-function relation-
ships of bimetallic surfaces.
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