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Abstract

We report the synthesis, structural characterization, and atomistic simulations of AgPd/Pt
trimetallic (TM) nanoparticles. Two types of structure were synthesized using a relatively facile
chemical method: multiply twinned core-shell, and hollow particles. The nanoparticles were small
in size, with an average diameter of 11 nm and a narrow distribution, and their characterization by
aberration corrected scanning transmission electron microscopy allowed us to probe the structure
of the particles at atomistic level. In some nanoparticles, the formation of a hollow structure was
also observed, that facilitates the alloying of Ag and Pt in the shell region and the segregation of
Ag atoms in the surface, affecting the catalytic activity and stability. We also investigated the
growth mechanism of the nanoparticles using grand canonical Monte Carlo simulations, and we
have found that Pt regions grow at overpotentials on the AgPd nanoalloys, forming 3D islands at
the early stages of the deposition process. We found very good agreement between the simulated
structures and those observed experimentally.
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1. Introduction

It is well established that the synergistic combination of different metals in bimetallic (BM)
and Trimetallic (TM) nanoparticles (NPs) significantly change the catalytic properties of the
metal. 1-° The study of multi-metallic NPs has become an important topic in catalysis; in
particular, Pt- and Pd-based NPs are extremely significant due to their higher activity in
various catalytic reactions related to fuel cells 611 and others. 12-15 However, the limited
natural abundance and high cost of the precious metals (Pt, Pd) is one of the big challenges
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that emerge for their use in practical applications. Therefore, an important objective is to
synthesize NPs in such a way that most of the catalytically active atoms will be on the
surface, maximizing the efficiency in their use, which is predominantly favorable for the
amount of the precious metal. For practical purposes, the mass specific activity (MSA) of
precious metal NPs must be maximized. One way to increase MSA is through the synthesis
of NPs with relatively smaller sizes. However, in the case of larger particles, a possible way
to increase MSA is through the synthesis of nanoparticles with high index facet (HIF)
surfaces 16 and the subsequent decoration of the particles with precious metals (Pt) on their
surfaces. Several groups have been exploring different ways to reduce the usage of Pt and
other precious metals as catalysts increasing the MSA. 17-19

Among the several possibilities of Ag, Pt and Pd-based core-shell and alloys, the
bifunctional effect in PdPt, has shown promising performance in several industrial
reactions. % 14. 20-24 Simjlarly, Ag-based Pt and Pd nanostructures had generated significant
attention, since inter-metallic precious metal electro-catalysts with a cheap transition metal
such as Ag at the core of the particles exhibit enhanced electrocatalytic performance for
various fuel cell applications. 23: 25 Peng et al. 26 reported the formation of various
morphologies of Pt-Ag hollow nanoparticles, each nanoparticle consisting on a large void
space and porous walls that give the structure a high surface area. The shape effect enhances
the catalytic activity for methanol oxidation reactions (MOR) and for oxygen reduction
reactions (ORR). Furthermore, in recent years various studies have been directed toward the
formation of TM NPs, which exhibit a considerable improvement on the tuning of the
catalytic performance, compared against bimetallic and monometallic particles of similar
size. 2729 |t has been already reported that the sequential electronic effect of different atoms
present in the TM system enhances the overall electronic charge shift and increases the
catalytic activity. 22 However, while there have been a few reports on noble TM NPs in the
literature so far, including Au@Pd@Pt, AuPtRh, AuAgPd, Au/Pt/Ag,L 3932 and a detailed
structural analysis has been rarely reported. Yang et al.24 reported the synthesis of
monodispersed 15 nm-sized, multiply twinned AgPd@Pt NPs, that exhibit a superior
catalytic activity towards ORR. However, the size of the particles is relatively large, and the
study does not include any theoretical work aimed at understanding neither the structural
features nor the growth sequence of the Pt-shell on the surface. Thus, a study that combines
the synthesis of smaller structures (improving MSA) and a detailed experimental
characterization combined with theoretical results that explain adequately the Pt-shell
growth sequence on the surface at atomistic resolution will be an important progression in
the understanding of AgPd/Pt TM NPs.

The energetic, structures and segregation (chemical ordering) of AgPd binary alloys have
been explored previously by means of computer simulations. For instance, global
optimizations performed over small clusters (up to 38 atoms) for AgPd, reveals a tendency
to surface segregation of Ag, Rossi et al. 33 Using an improved empirical potential Negreiros
et al. 3% 35 have reported that for AgPd clusters with N=100, the lowest-energy homotops
are always characterized by a palladium core covered by a silver rich surface with isolated
Pd atoms in high-coordination sites on (111) surfaces. For the case of small AgPt and PdPt
nanoalloys (with N =38 atoms), global optimizations using the Gupta potential in
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combination with DFT reveals in all cases that Pt atoms occupy the inner core due to a
combined effect between surface energy and the differences in electronegativities. 36-38
However, it should be noted that in all cases the lowest energy structures were obtained
from gas-phase (isolated atoms) and ligands or any environment was not considered.

In this study, we report the synthesis of narrowly sized AgPd/Pt trimetallic nanoparticles of
approximately 11 nm in diameter, and their characterization using aberration-corrected
STEM techniques. The high-resolution HAADF-STEM images, intensity profiles, and
energy dispersive X-ray spectroscopy (EDS) line scans, allowed us to study the atomic
positions of Ag, Pd, and Pt, finding that the Pt atoms are partially distributed on the surface.
Additionally, we observed a tendency of Ag atoms to migrate towards the surface, which
frequently results in the formation of hollow, cage like structures. We used computer
simulations to study the main mechanisms of Pt deposition on AgPd nanoalloys; in
particular, we studied the growth sequence of AgPd/Pt trimetallic nanoparticles using Grand
Canonical Monte Carlo (GCMC) simulations, where the chemical potential of the Pt atoms
can be controlled during nucleation. Both the empirical investigation and the theoretical
analysis give strong evidence that these nanoparticles are composed by an AgPd alloy core
and Pt atoms on the surface.

2. Experimental

2.2 Chemicals and Materials

Silver nitrate (AgNO3, 99.9%), potassium tetrachloropalladate (11) (KoPdCly, 98%),
chloroplatinic acid hydrate (HoPtClg .xH»0, 99.9%), oleylamine (technical grade, 70%),
sodium oleate, oleic acid, ethylene glycol (EG), methanol (98%), Hexane, and toluene
(99%), all chemicals from Aldrich and Sigma-Aldrich, were used in the experimental
processes. All the chemicals were of analytical grade, and were used without further
purification.

2.2 Synthesis of AgPd Alloyed Nanoparticles

In a first stage, AgPd alloyed nanoparticles were synthesized at high temperature (250 °C) in
oleylamine solution.24 39 40 Oleylamine herein acts as solvent, reducing agent and stabilizer
for the formation of nanocrystals. A solution of 10 mL of 0.026 M AgNO3 was heated at
160 °C under an Argon atmosphere and the mixture was stirred for an hour. From this
process, Ag nanoparticles were formed. The Ag nanoparticles were used as seeds for the
formation of the Alloy/Core-Shell nanoparticles. Subsequently, the solution of 1 mL of
0.092 M K,PdCl, was immediately added to the Ag seed solution, and the mixture was kept
at 250 °C for 1 h under an Ar atmosphere under magnetic stirring, forming a dark brown
color solution. The resulting solution was let to cool down to room temperature.

2.3 AgPd/Pt Core-Shell Trimetallic Nanoparticles

In a second stage, a mixture containing deionized water (6 mL), ethylene glycol (4 mL),
oleic acid (0.4 mL) and sodium oleate (0.03 g) was vigorously stirred for 10 min at room
temperature. 50 pL of the AgPd colloidal solution prepared in the previous stage were added
to the mixture and the stirring continued for 30 minutes. 0.008 M of 500 pL HyPtClg .xH,0
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was added drop by drop by using a syringe pump and the mixture was vigorously stirred.
Subsequently, 1 mL of 0.1 M ascorbic acid (AA) was added dropwise and the mixture was
left undisturbed at room temperature with magnetic stirring for 24 hrs. The solution
containing trimetallic nanoparticles already was precipitated by using ethanol and hexane at
a 70/30 proportion, and centrifuged three times at 3000 rpm for 10 min. each time, which
removes the free ligands. The precipitate was then re-dispersed in toluene. The schematic
representation of the synthesis procedure is shown in Scheme. 1. The resulting particles
were drop-casted onto 3 mm copper grids for their subsequent characterization.

Microscopy Characterization

The morphology of the nanoparticles was characterized by high angle annular dark field
(HAADF) scanning transmission electron microscopy (STEM) The HAADF-STEM images
were recorded in with a Cs-corrected JEOL JEM-ARM 200F microscope operated at 200
kV, using a convergence angle of 26 mrad and collection semi-angles from 50 to 180 mrad.
These variations in semi-angles satisfy the conditions set forth for the detectors to eliminate
contributions from unscattered and low-angle scattered electron beams. The probe size used
was about 0.09 nm with the probe current of 22 pA. In addition, bright field (BF) STEM
images were recorded by using a collection semi-angle of 11 mrad. Electron dispersive x-ray
spectroscopy (EDS) spectra were obtained using a probe size of 0.13 nm with the probe
current 86 pA.

3. Computer Simulations

To simulate nanoparticle growth, the ideal ensemble is the grand canonical, where the
volume (V), temperature (T), and the chemical potential (1) of the atoms being deposited are
held fixed. This is achieved by means of trial insertion and deletion of atoms. Thus, we have
performed extensive grand canonical (GC) simulations using the Metropolis Monte Carlo
procedure to sample the configurational space, using in all cases 10° MC steps to reach
equilibrium configurations. The importance sampling scheme in our GC-MC procedure has
been described in detail in ref.41: 42 We used the Foiles-Daw-Baskes version of the
embedded atom method to model the interatomic interactions between the various atom
types.#3 In order to improve the sampling of the insertion/deletion trial moves, the whole
volume of the simulation box was replaced by a very large number of small spheres, with an

accessible volume (V) defined as V,..=4n, /373 where ng represent the total number of
spheres of radius rg where atoms can be added/deleted in order to satisfy detailed balance.
We have explored the deposition of platinum atoms on AgPd alloyed seeds with both,
icosahedral and decahedral shapes in order to compare directly with the experimental
evidence. Although we have not considered the activation barriers during adatom deposition
and diffusion, due to the impossibility to simulate “real” time in MC calculations, a general
picture, in particular from thermodynamics view point emerges. Even more, due that our
implementation of the MC method works in an off-lattice fashion, most of the vibration and
diffusion mechanisms are captured.
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4. Results and Discussion

Fig. 1(a) shows a typical TEM (and HRTEM in the inset) micrograph of as prepared AgPd
bimetallic nanoparticles, synthesized by using a simple one-pot method. These multiple
twinned structure nanoparticles were uniform in size, with an average diameter of 9 + 1.0
nm, as shown in the histogram of Fig. 1(b). The AgPd alloy was formed by the rapid
interdiffusion of the metal atoms and the replacement reaction between Ag atoms and Pd(I1)
species, which is similar to the formation of AgAu or AgPd alloy nanoparticles by the
replacement reactions between Ag atoms and Au or Pd metal ions in an aqueous
solution.?* 45> These AgPd nanoparticles were used as seeds for the formation of the
AgPd/Pt ternary nanocrystals with core-shell and alloyed structure.

We performed a set of numerical calculations using density functional theory (DFT), in
order to understand the effect of the surfactant (RNH, — R=C;gH35) on the structure and
composition of AgPd nanoalloys. The calculated adsorption energy of alkylamines (NH3R,
R=CHps) at a coverage degree of 0.11 ML on Pd(111) surfaces was found to be —0.66 eV,
whereas the adsorption energy of methylamine on Ag(111) surface is —0.43 eV (see
Supplementary Information (SI) for more details Fig. S5). These results reveal that the
interactions between the surfactant molecules with Pd and Ag are similar in energy, slightly
favorable for Pd-NH,R. Therefore, considering that Ag seeds were formed previous to the
addition of the palladium salt, it can be presumed that Pd atoms will be deposited on the
surface of the Ag seeds. However, it must be noted that Ag has smaller surface energy than

Pd ( Eifﬁm) =0.55 eV /atom, against Ei‘ifll) =0.68 ¢V /atom),*® and thus it is expected to
segregate to the surface so that total energy of the whole system is minimized. Therefore,
considering both contributions mentioned above, one can expect a certain degree of mixing

between Ag and Pd leading to AgPd alloys.

Fig. 2(a) show low magnification of HAADF-STEM images of representative AgPd/Pt
icosahedral core-shell nanoparticles obtained using this simple synthesis method. The
nanoparticles were uniform, with a typical edge length of 10 £ 1.0 nm, as can be noted from
the size distribution histogram (inset Fig. 2(a)). Fig. 2(b) corresponds to an amplified
HAADF image of AgPd/Pt core-shell multiply twinned particles with icosahedral
morphology. The icosahedra, each formed by 20 tetrahedra, were found to be distributed on
the sample with no preferential orientations (see SI Fig. S1). Fig. 2(c) shows a high
magnification HAADF image of an icosahedral structure oriented on its 5-fold symmetry
axis, and the inset represents an atomistic model with the same orientation.4” Using Z-
contrast imaging, we can trace the distribution of the atomic sites for Ag, Pd and Pt, and we
found that Pt atoms were mainly concentrated in the outer surface. Interestingly, we also
observed that some of the icosahedral nanoparticles were hollow, cage-like structures, as can
be noted on the magnified HAADF-STEM images shown in Fig. 2(d); these structures are
described also in Fig. 5.

Fig. 3(a) correspond to a HAADF-STEM image of AgPd/Pt trimetallic multiple twinned
nanostructures. The distributions of the Ag, Pd and Pt in the nanoparticles were studied by
the energy dispersive X-ray spectroscopy (EDX) techniques implemented in the STEM
mode. The EDX techniques were applied to investigate both elemental mapping and cross-
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sectional compositional line profiles on the nanostructures, which are two usual
characterization techniques in the analysis of core-shell structures and elemental
distributions on nanoparticles.*8: 49 Here we can observe that the AgPd/Pt trimetallic MTPs
are indeed core-shell. The signal due to Pt was readily observed, and it was found to be
concentrated on the surface of the AgPd alloyed nanostructures (Fig. 3(b) and Sl Fig. S2);
however, the Ag and Pd signals were concentrated in the cores forming an AgPd alloy, as
shown in Fig. 3(c—€). These converging color maps showed that the Pt atoms are overgrown
on the surface of AgPd nano-alloys forming an overlay on the nanoparticles (Fig. 3(f)).
However, it must be noted that the Pt deposit does not cover the whole AgPd surface, but
instead it tends to conglomerate into separated regions (see Fig. 3(b)). The EDX spectrum of
Fig. 3(g) confirmed the presence of Ag, Pd and Pt, and the compositional distribution of
each element in the trimetallic nanoparticles was revealed by EDX line-scanning analysis.
Fig. 3(h) and SI Fig. S3 shows characteristic line-scan EDX spectrua of Ag, Pd and Pt,
measured from center of an individual nanoparticle (marked by a red line inset Fig. 3(h))
and towards the surface. The Pt signal was clearly traced across the entire particle (~ 11 nm),
whereas the Ag and Pd signals were obtained only across the core region (~ 8 nm). Thus, the
maximum intensity of the signals depends on the tendency of the elements to concentrate in
a particular region of the particle.

The Cs-corrected HAADF-STEM image of AgPd/Pt MTPs in Fig. 4(a) shows two regions
of exceptionally different intensities, which demonstrates the tendency of the Pt atoms to be
concentrated in the surface. The orientation of this icosahedral nanoparticle is along its 2-
fold symmetry axis. The d-spacing of {111} plane in the Pt outer shell region was 0241 +
0.026 nm, and the distances between {200} planes was found to be 0.199 £ 0.026 nm. The
inset in the Figure corresponds to an atomistic model with the same orientation of the real
particle. The spatial frequencies, obtained from the image’s Fast Fourier Transform (FFT)
(Fig. 4(b)), indicates that the particle is oriented along its [011] zone axis, with (111) and
(200) facets. The area marked in Fig. 4(a) represents an intensity measurement made of the
nanoparticles as shown in the inset of Fig. 4(b). The intensities vary due both to the
difference in the atomic number (Z) and to the thickness of the columns. These intensity
profiles were consistently measured in other nanostructures in the AgPd/Pt samples (SI Fig.
S4). The different colored images in Fig. 4(c) and (d) remark the contrast in the composition
in different regions of the particles, with the low intensity corresponding to regions made of
AgPd alloy, and higher intensities due to high concentrations of Pt.

While the formation of AgPd/Pt trimetallic nanoparticles with icosahedral morphology is
likely due to the nucleation and growth of Pt atoms on the top of AgPd nanoalloy seeds, the
HAADF-STEM images of some of the icosahedral nanoparticles show that Ag atoms have
migrated to the surface region after being segregated from the trimetallic nanostructure,
which results in the formation of hollow structure. These hollow structures can be obtained
by carrying out nanocrystal growth using a metal ion with a higher reduction potential than
the seed metal.26 In addition, the hollow structure can be obtained by the synthesis of a core-
shell morphology followed by the subsequent removal of the core by either dissolution or
decomposition,®? in a process that is governed both by thermodynamics and kinetics. These
hollow nanoparticles are more active catalysts for various catalytic reactions, likely due to
the increased surface area and lowered density.?1: 52 Thus, the formation of these hollow
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structures promotes an efficient consumption of materials, with a corresponding
improvement in the manufacturing cost of the catalyst. Fig. 5 shows representative images
of these trimetallic hollow nanoparticles. The Bright Field and HAADF-STEM images of
AgPd/Pt hollow structures show that Ag atoms move towards the shell region and also
segregated from the structure, as shown in Fig. 5(a) and (b) respectively. The decrease in the
number of neighboring Pt atoms favors the segregation of Ag atoms, which promotes the
creation of a PtAg alloyed surface.3”- 33 This alloy helps to reduce the number of adsorption
sites for poisoning species that would slow down the electrocatalytic reaction in polymer
electrolyte membrane fuel cells (PEMFCs).5* 55 The panel ¢ of Fig. 5 presents
representative data for the AgPd/Pt nanoparticles with an Ag rich zone (left) and Pt rich
shell hollow structure (right). The intensity profile shown in Fig. 5(d), corresponding to the
region marked in Fig. 5(c), shows an Ag-rich zone (low intensity), in contrast to the right
side, higher intensity zone.

The nucleation and growth of Pt atoms on Agg 5Pdg 5 nanoalloy seeds have been studied
using grand canonical Monte Carlo (GCMC) simulations in order support the observed
experimental findings. We have found that Pt regions tend to grow on AgPd seeds at
overpotentials, i.e., at negative potentials relative to the Nernst potential of Pt. In Fig. 5
some selected snapshots of the atomic configurations extracted from the GC-MC
simulations at different coverage degree (0) are shown. It can be noted in Fig. 5 (a) and (e)
that the initial Pt ad-atoms start to nucleate at non preferential surface sites, a different
situation to that reported for systems presenting the underpotential (UPD) phenomena,*1: 56
where selective decoration of facets can be controlled. The growth of Pt layers on AgPd
alloys precedes in a way which resembles the well-known Volmer-Weber mode, where 3D
phase formation takes place, due to the strong Pt-Pt interaction compared to Pt-Ag and Pt-Pd
interactions, see Fig. 5 (b) and (f) which correspond to a coverage degree of 0.5 ML in both
cases.

The final configurations of the GC-MC simulations (Fig. 5 (c) and (g), which correspond to
0 = 1ML) were used as input coordinates for the simulation of HAADF-STEM microscopy.
For these simulations we used the multislice method as implemented in the XHREM
package, by Ishizuka,®’ that uses an algorithm based on Fast Fourier Transforms. In Fig. 5
(d) and (h) the STEM simulation images corresponding to configurations (c) and (g)
respectively are shown. It can be noted how the regions of the nanoparticle enriched in Pt
appears brighter due to the Z-contrast feature of STEM. These images are in very good
agreement (see also Sl Fig. S6) with the experimental images (showed above), taken with
the JEOL JEM-ARM 200F microscope, where some platinum regions on the surface of the
AgPd nanoalloys are observed.

By means of Monte Carlo simulations in the grand canonical ensemble, we have been able
to reproduce a number of morphologies obtained experimentally for trimetallic AgPd/Pt
nanoparticles. For instance, using atomic inspection and radial distribution functions, we can
determine the special distribution of Ag, Pd and Pt, and we found that Pt atoms were mainly
concentrated in the outer surface (as observed experimentally in STEM-EDX images). Even
more, the simulated STEM images shows the same z-contrast behaviour than those obtained
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experimentally. It is clear that agglomeration of Pt is required to growth Pt over AgPd
nanoalloys, otherwise Pt is expected to be inside the NPs.

5. Conclusions

In summary, AgPd/Pt trimetallic multiple twinned core-shell nanoparticles have been
synthesized through a facile synthesis method, where the AgPd core gets partially
encapsulated in a Pt rich shell. The TEM results show that the final morphologies of the
AgPd alloy seeds have icosahedral structure, which in the end promotes the appearance of
icosahedral shapes. Cs-corrected STEM, in combination with high resolution spectral and
chemical analysis, has allowed us to study the atomic structure of AgPd/Pt trimetallic
nanoparticles, and the chemical compositions of the different region of the particles were
measured by STEM-EDX analysis. Additionally, we found that some of the Ag atoms
moved towards the surface region and also segregated from the nanostructure, which results
in the formation of hollow cage-like structures. The use of high resolution HAADF-STEM
imaging allowed us to study the atomic positions of Ag, Pd, and Pt, and the distribution of Pt
in the surface can be explained by energetic arguments using theoretical DFT calculations
and grand canonical Monte Carlo (GCMC) simulations.

By using GCMC simulations, we have been able to study the nucleation and growth of Pt
deposits on AgPd nanoalloys. The morphologies obtained with the simulations are in good
agreement with the experimental findings. From the simulations results it can be concluded
that Pt grows at overpotentials, following a Volmer-Weber mode, i.e. with the formation of
3D islands and the subsequent coalescence. This is an important finding in view of previous
works in underpotential (UPD) systems, where selective decoration of facets can be
achieved by means of chemical potential control.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
(a) Low magnification TEM and inset shows the HRTEM images of the AgPd icosahedral

alloyed nanoparticles. (b) Histogram shows the average size of the nanoparticles were 10
nm.
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Fig. 2.
(@) Low magnification and (b) Amplified HAADF-STEM images of AgPd/Pt core-shell

multiply twinned particles with icosahedral morphologies. High magnification of HAADF
images (c) Icosahedral structure along 5-fold symmetry axis inset shows the atomistic model
of the 5-fold symmetry axis and (d) Hollow structure nanoparticle, where we observed the
Ag atoms are segregated from the structure.
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Fig. 3.

(a) HAADF-STEM image of AgPd/Pt multiple twinned nanoparticles, (b—f) EDX elemental
maps of nanoparticles — Pt (L, M), Ag (L), Pd (L), AgPd alloy and Overlay respectively, (g)
EDX spectrum of corresponding AgPd/Pt multiply twinned nanoparticles, (h) Ag, Pd and Pt
elemental profiles along the red line across the icosahedral structure (inset of h).
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Fig. 4.
Cs-corrected HAADF-STEM image of (a) AgPd/Pt nanoparticles with a Pt rich shell and

AgPd rich core 2-fold symmetry axis orientated along [011] zone axis, the atomistic model
is inset, (b) Fast Fourier Transform (FFT) of corresponding nanoparticles. The inset
intensity profile (in arbitrary units) of the area marked in (a) showing the difference in the
intensity due to the facts that Zpy < Zag < Zp, (€) and (d) Indicate that the different color
contrast, showing the Pt shells partially covered the AgPd core surface.
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Fig. 5.
(a, b) Bright field and HAADF-STEM images of AgPd/Pt hollow structure nanoparticles

showing the Ag atoms are moved to the surface region and also segregated from the
structure, (c) AgPd/Pt nanoparticles with an Ag rich zone (left) and Pt rich shell hollow
structure (right), and (d) Intensity profile (in arbitrary units) of a typical HAADF-STEM
image shows a lower magnitude on the central portion on the particle (indicated as T — T*)
due to the difference in the atomic number.
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Fig. 6.

Atgt')mic configurations obtained from the GC-MC simulations of Agg sPdg 5 icosahedra
(upper panel) and decahedra (lower panel). Initial stage of Pt nucleation on Agg sPdp 5 (2)
and (e). Formation of a Pt deposit on AgPd at 6 = 0.5 ML (b and f) and 6 =1 ML (c and g).
STEM simulations of configurations at 6 = 1 ML (d) and (h), see the text for details and Sl
for additional STEM simulations.
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Scheme 1.
Schematic representation of synthesis of AgPd@Pt trimetallic nanoparticles.
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