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Abstract 

In this work, we report a facile synthesis route, structural characterization, and full 

atomistic simulations of gold-palladium nanoalloys. Through aberration corrected-STEM, 

UV-vis and EDS chemical analysis, we were able to determine that Au(core)-Pd(shell) 

bimetallic nanoparticles were formed. Using different computational approaches, we were 

capable to establish how the size of the core and the thickness of the shell will affect the 

thermodynamic stability of several core-shell nanoalloys. Finally, grand canonical 

simulations using different sampling procedures were used to study the growth mechanism 

of Pd atoms on Au seeds of different shape. 

Keywords: Au-Pd nanoparticles, core-shell, nanoalloys, grand canonical Langevin 

dynamics, STEM, EDS. 
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1. Introduction 

It is very well known nowadays that metal clusters and nanoparticles (NPs) present 

exceptional optical, electrical and catalytic properties
1,2

.The case of nanoalloys is of 

topmost interest and constitutes an innovative type of catalysts, mainly due to the fact that 

their physicochemical properties can be tuned by varying the composition and atomic 

arrangement as well as their sizes and shapes
3
. Among various nanoalloys, the system Pd-

Au is one of the most attractive systems in catalysis
4
; since alloyed and core@shell Au-Pd 

structures have been used as catalysts in the oxidation reaction of CO at low temperatures
5
, 

acetylene to ethylene conversion
6
, oxidation of alcohols to aldehydes and production of 

vinyl acetate monomers, selective hydrogenation of butadiene
7
, the Ullmann reaction of 

aryl chlorides in water
8
, among others

9,10,11
. Due to the widespread diversity of applications 

of Au−Pd nanocatalysts, it is crucial to comprehend the structure, surface composition and 

growth mechanism of AuPd nanoalloys. 

In the past decade, several groups were able to determine that the synthesis 

conditions are crucial to obtain nanoalloys of various sizes, chemical composition and 

morphological structure. Interestingly, if the reduction reactions are conducted sequentially, 

then quite different results are obtained, which depend on the order in which the 

compounds are added. For instance, segregated structures have been reported, i.e. 

Pd(core)@Au(shell)
12

, Au(core)@Pd(shell)
13,14,15

, random solid solutions
16

, and multi-layer 

structures
17

. Li et al.
18

 produced Au@Pd nanoparticles by thermal decomposition of PdCl2 

on previously synthesized Au seeds, and Nutt et al.
19

 deposited Pd onto Au NPs. In both 

cases, it was found that the plasmon resonance of the Au rapidly disappeared. The 

observation of such a widespread variety of structures makes the study of this system even 

more attractive from a basic perspective. 

From a theoretical perspective, the energetics, structures and segregation (chemical 

ordering) of Pd–Au nanoalloys have been reported, using genetic algorithms
20,21 

to find 

lowest-energy structures. In those works, the binding energy and the second difference in 

energy were used as stability criteria. Using different parameterizations of the Gupta 

potential, the authors found Pd(core)@Au(shell) segregation and Pd-Au mixing generally 

lead to mixed Pd-Au nanoalloys. Recently, Neyman et. al.
22

 reported results from density 
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functional theory (DFT) calculations showing that segregation of Au atoms to the NP 

surface is thermodynamically favorable, where the most stable sites for Au substitution are 

located at the edges of the Pd-NPs. Moreover, the formation of structures with Au atoms 

located in the core of the nanoalloys was found to be energetically unfavorable with respect 

to monometallic Pd and Au NPs of the same shape and size. Oviedo et al.
23

show, by means 

of statistic thermodynamics framework, that while Au deposits on Pd cores may be 

thermodynamically more stable than the bulk Au material for certain NPs sizes, this is not 

the case for Pd deposits with respect to its bulk material. 

In the present work, a combination of experimental and theoretical techniques is 

used to study the main growth sequences of the paradigmatic AuPd nanocatalysts. In 

particular, we report an experimental synthesis route to obtain Au@Pd core-shell 

nanoparticles of size less than 10nm. Imaging and chemical characterization were made 

using a multi-technique approach, i.e. with UV-spectroscopy, aberration corrected scanning 

transmission electron microscopy (Cs-STEM), and Energy Dispersive X-Ray spectroscopy 

(EDS). Subsequently, theoretical calculations, using embedded atom potentials were used 

to analyze the energetic stability of core-shell structures with different shell thickness, core 

sizes and shapes. Thereafter, full atomistic simulations under the grand canonical ensemble 

(µ,V,T) were employed to understand the growth mechanism of Pd atoms on Au seeds, in 

particular how the Pd atoms attach to the Au NP seed. Finally, the atomic configurations 

obtained by the grand canonical Monte Carlo (gcMC) and grand canonical Langevin 

Dynamics (gcLD) simulations were used as input to simulate HAADF–STEM images in 

order to compare experimental and simulation results.  

 

2. Experimental Section  

2.1 Chemicals and Materials 

As precursor for the NPs, 0.25 mM tetrachloroauric(III) acid (HAuCl4,puriss p.a.) 

and 2.5 mM sodium tetrachloropalladate(II) (Na2PdCl4, Sigma Aldrich≥99.99%) stock 

solutions were prepared and protected from sunlight. Sodium borohydride (NaBH4, 

Tetrahedron) and hydroquinone (C6H4-1,4-(OH)2, Anedra) were used as reducing agents. 

Sulfuric acid (H2SO4, Cicarelli 95-98%) and potassium bromide (KBr, Anedra) solutions 
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were prepared by dissolving the appropriate amount of the reagent in deionized water. All 

reagents were used as received. 

2.2 Preparation of Au seeds and Au@Pd Bimetallic NPs 

Gold nanoparticles were prepared by adding a freshly prepared solution of NaBH4 

(12 mM, 2 mL) to an ice cold (0 ºC) aqueous solution of HAuCl4 (3.9 mL, 0.254 mM), 

H2SO4 (1 mL, 1 mM) and water to reach a final volume of 10 mL, followed by vigorous 

mixing for 5 minutes. Before characterization by UV−vis spectroscopy, the stirring was 

stopped and the solution was left to warm for another 5 min until it reached room 

temperature. The nanoparticles were stored before being used to ensure that the maturation 

was completed. 

Pd deposition onto the Au seeds was performed by using metastable Pd(II) solutions 

(baths), where the homogeneous nucleation of Pd NPs is inhibited. These baths generally 

contain 0.1 mMNa2PdCl4, 0.1 mM HQ and 10 mM KBr. When gold seeds are added into 

these solutions, Pd(II) reduction is catalyzed and leads to palladium deposition at the 

surface of gold NPs, yielding Au@Pd NPs.1 mL of Au seeds solution was diluted in 8 mL 

of water and 1 mL of Pd(II) bath was injected later. After 5 minutes of stirring, 100 µL of 

HQ 10 mM were added and the solution was left for 30 minutes with no agitation. Finally, 

two aliquots of 5 µL of Pd 10 mM were added 30 minutes apart. The samples for STEM 

analysis were taken at different stages of the reaction. This procedure is not usually 

employed, as in general the seeds are injected in the growth bath. 

 

2.3 Characterization  

UV-Visible spectra were recorded with a Shimadzu UV-1200 spectrometer, using a 

1 cm quartz cell at room temperature to analyze the optical behavior of the samples. 

Samples for characterization with Scanning Transmission Electron Microscopy 

(STEM, JEOL JEM-200ARMF, operating at 200 kV) were prepared without any 

purification treatment by seeding some drops of the colloidal solutions onto a  grid covered 

with a holey carbon film. The grids were then washed in ethanol to remove any remaining 

molecules. 
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3. Model and Simulation Techniques 

The standard ensemble to mimic crystal growth/dissolution is the grand canonical 

one, where the parameters fixed during the simulation are the volume of the simulation box 

(V), the temperature (T), and the chemical potential µ of the atoms being deposited (in this 

case, Pd). Thus, we have performed extensive grand canonical simulations using two 

different sampling algorithms (Metropolis Monte Carlo and Langevin Dynamics) to study 

the growth processes of AuPd nanoalloys. 

The grand canonical - Langevin dynamics (gcLD) technique was original developed 

by M. M. Mariscal and co-workers
24,25 

to study metallic deposition phenomena on 

crystalline planar surfaces (electrodes). Now, the method has been extended to non-planar 

systems, like clusters, nanowires and bimetallic nanoparticles (NPs). Langevin Dynamics is 

a method that extends molecular dynamics to represent the effect of perturbations caused 

by friction and eventual collisions occurring due to the presence of a solvent (the molecules 

in real systems hardly are under vacuum). For doing so, it makes use of stochastic 

differential equations, adding two terms to the Newton’s second law to approximate the 

effects of neglected degrees of freedom. On the other hand, temperature can be controlled, 

approximating the canonical ensemble. Although it does not fully represent an implicit 

solvent (electrostatic screening and hydrophobicity), it mimics the viscosity of the medium. 

The simulation cell contains two distinct regions: the NPs region, and a much larger 

solution region. Solvent is not modeled explicitly, but it is provided as a stochastic bath. 

Thus, the solution part contains only metal particles that can either be of the same element 

as the metal atoms of the nanoparticle or different from them. As stated above, all solution 

particles move according to Langevin's equation: 

 

where  is the friction constant,  represents the random force acting on each 

particle and  represents the force due to the potential interaction (EAM) between the 

p r

dv dr
F F

dt dt
γ= − + +

r r
r r

γ rF
r

pF
r
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particles and the NP, as they do not interact with each other. The friction constant  and 

the random force are related by the fluctuation–dissipation theorem. The Langevin 

dynamics was implemented according to the Ermak's algorithm
26

. All atoms interact 

through potentials calculated from the embedded atom method (EAM)
27

 and move 

according to Langevin's equation but with a friction coefficient that decreases as the bond 

order of the metal atoms increases to mimic the interaction between the NP atoms and the 

implicit solvent (see figure S1 in supplementary information). The EAM is a local 

environment-dependent interatomic potential, which is particularly effective in describing 

metallic systems. For a pure element a, the EAM potential is composed of three functions: 

the pair energy Φ, the electron density ρ, and the embedding energy F. For an alloy, the 

EAM potential contains not only the three functions for each of the constituent elements, 

but also the pair energy Φab between different elements a and b. In our code, the potentials 

are normalized and unified cutoff functions are used, so this energy can be constructed 

from elemental EAM potentials, as: 

( )
( )

( )
( )

1

2

b a

ab aa bb

a b

f r f r

f r f r

 
Φ = Φ + Φ  

   

where fj(r) is the electron density at the site of atom arising from atom j at a distance 

r and Φij represents a two body interaction between atoms i and j separated by r. More 

details can be found in Appendix A of reference 27). The most common way of devising 

the embedding function and pair potentials is to fit some physically reasonable functional 

forms to materials properties such as lattice constant and cohesive energies. The potentials 

used in this work are well fitted to basic material properties such as lattice constants, elastic 

constants, bulk moduli, vacancy formation energies, and sublimation energies, and they 

predict reasonably well the heats of solution. 

Grand canonical MC simulations were performed in order to compare if some 

concerted process can affect the growth sequence. The Metropolis Monte Carlo (MMC) 

algorithm
11

 was used to sample the configuration space. The importance sample scheme in 

our gcMC procedure, involves the following trial moves: 

γ

rF
r
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Atomic vibration: this is attempted within a small region, around the coordinate of 

the i atom, and the new configuration is accepted with the probability:  

( )1,expmin i jj i EW β→
 − ∆ =  

 Where 
ijE∆  is the potential energy change associated with the motion of an 

atom calculated with the embedded atom potential. This trial moves, mimic the lattice 

vibration as well self-diffusion processes. 

Addition of an atom: an attempt is made to insert a Pd atom at a random position on 

the surface of the NP. The new configuration is accepted with a probability: 

{ }( )1,1 1, expmin
M MM M N NN N EW β µ +→ +

 Γ − ∆ =
 

where ( )3/ 1acc MV NΓ = Λ +  and accV  is an accessible volume where the particles are 

created, Λ  is the De Broglie wavelength and 1,M MN NE +∆ the potential energy change due to 

the creation of an atom on the system. 

Removal of an atom: a Pd atom is chosen at random and a removal attempt is 

accepted with probability: 

{ }( )1,1 1, expmin
M MM M N NN N EW β µ −→ −

 Γ − + ∆
 

=
 

where 3 /M accN VΓ = Λ , 1,M MN NE −∆  is the potential energy change due to the 

elimination of an atom on the system. This trial moves mimic the dissolution process or 

even more, the equilibrium between species.  

 

4. Results and Discussions 

Figure 1 shows the UV-vis spectra of the Au NPs (seeds) before and after the 

addition of Pd(II) bath. The seeds spectrum (black line) exhibits the characteristic surface 

plasmon resonance band (SPR) around 510-520 nm, as it is expected for ca. 5 nm diameter 

Au NPs
28

. Upon the addition of Pd(II) bath, the resulting spectrum only exhibits a gradual 

increase in absorption toward the blue and a decreasing profile with a noticeably increased 
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extinction, where the former seeds SPR is barely noticeable near 520 nm. From this 

evidence, it may be inferred that a Pd shell has been formed and dominates the optical 

properties of the nanoparticles
29

.Such a result also suggests the nucleation of Pd NPs is 

negligible; otherwise the resulting spectrum would retain the Au NPs SPR peak among its 

main features. This constitutes an indirect corroboration that experimental conditions do 

contribute to the inhibition of Pd NPs nucleation. However, this observation cannot help in 

distinguishing whether the attenuation of the Au resonance comes from either the formation 

of a Pd shell or an Au-Pd surface alloy, since as both scenarios would have similar 

effects
30

. 

 

Figure 1: UV-vis spectra of Au seed before (black line) and after (red line) the 

addition of Pd(II) bath. 

The changes in the optical properties as a function of shell thickness have already 

been predicted. Hofmeister et al.
31

 obtained the theoretical extinction spectra of Au@Pd 

core-shell nanoparticles with different sizes, based on the Mie-like model. Also, Park and 

co-workers modeled the extinction spectra of Au@Pd core-shell nanoparticles by using the 

discrete dipole approximation (DDA) method
32

. A qualitative agreement between 

experiment and theoretical trends has been observed for Au@Pd core–shell NPs. 
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The Au NPs seeds were analyzed using high resolution electron microcopy prior 

addition of the Pd metastable bath. In figure 2, several TEM and STEM images are shown 

at different levels of magnification. At low magnification, it can be observed the uniform 

size distribution of the Au seeds (6±1 nm), whereas at high magnification, a detailed 

inspection of single seeds does reveal high-index planes on the surface of the NPs (see 

figure 2c). 

 

Figure 2:a) Low magnification TEM image of Au NPs seeds (inset: size 

distribution histogram), b) high-magnification TEM image c) high resolution STEM image 

taken at 80 kV. 

Figure 3(a) displays a representative HAADF-STEM image of the sample, five 

minutes after the last addition of Pd(II) bath, confirming the presence of Au@Pd core-shell 

nanoparticles. The STEM image shows a clear contrast difference between the core's gold 

atoms and palladium atoms at the shell due to their different atomic density values. Since 

the intensity signal depends strongly on the atomic number (Z), the Pd shell appears less 

intense than the Au core. The calculated diameter of the core of the Au@Pd particles is 6.7 
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± 0.1 nm, giving an average shell thickness of 1.3 ± 0.8 nm. This value is consistent with 

the calculated shell thickness (1.39 nm) using the following equation
33

: 

[ ]
[ ]

1/3

Pd

Au

Pd
1

Au
core shell core

V
D D

V
−

 
= +  

 
 

Where coreD is the diameter of the experimentally measured Au core (6 nm), and PdV

and AuV and [Pd] and [Au] are the molar volumes and concentrations of Pd and Au, 

respectively. 

 

Figure 3: a) HAADF-STEM image of Au(core)-Pd(shell) nanoalloys. b) EDS 

profile line of a selected nanoparticle. 

The distribution of Au and Pd was studied by energy dispersive X-ray spectroscopy 

(EDS). Figure 3(b) shows the EDS line profile of Au and Pd, measured through the center 

of an individual nanoparticle (marked by a green line in Figure 3(b)). Both the Au and the 

Pd signals were clearly traced across the entire particle, but the EDS spectrum indicates that 

the surface region is enriched with Pd atoms while the core is mainly constituted by Au. It 

can be noted also how the spheroidal shape of the core seeds is captured by the EDS line 

profile, in which a higher intensity signal is obtained at the center of the NPs.   

It can be stated at this point that the present synthesis route allows to obtain 

multilayer Au(core)Pd(shell) nanoalloys in all cases. However, as described above, most of 
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the theoretical calculations predicts Pd(core)Au(shell) structures when consider only 1 ML. 

Nevertheless, there is a very recent report
34

 where the effect of multilayers was analyzed. In 

that work the authors suggest that for large size and multiple ML, the Au(core)Pd(shell) 

structures could be energetically more stable than Pd(core)Au(shell) ones.  

In order to consider different scenarios, the energetic stability of several core-shell 

structures has been computed using embedded atom potentials and was analyzed by means 

of the excess energy ( )∆ parameter defined as: 

( )

bulk bulk

NP Pd Pd Au Au

2/ 3

Pd Au

E n E n E

n n

− −
∆ =

+
 

where NPE  is the total energy of the core-shell NP, bulk

PdE , bulk

AuE are the cohesive 

energy of Pd and Au, respectively and Pdn , Aun  de number of Pd and Au atoms in the NP. 

The more stable a morphological configuration becomes the lower value of ∆ parameter
35

. 

Several calculations were performed using different NPs shapes: i.e. single crystal 

fcc-cuboctahedra (CO), and multiple-twinning icosahedra (Ih) and Marks decahedra (Dh). 

Also the core size and shell thickness were varied in order to analyze variation of stability. 

In figure 4, excess energy ( )∆ as a function of NP diameter is shown for NPs protected by 

different numbers of shells or monolayers (ML). In the case of NPs covered by only one 

ML the Au@Pd system is more stable for NPs with size smaller than 2 nm in diameter, 

whereas for larger sizes, Pd@Au core-shell structures are thermodynamically preferred. 

Interestingly, as the number of shells protecting the core increase, the crossover occurs at 

larger sizes. For instance, for two ML it appears at sizes near 4.5 nm in diameter and for 

three ML it is expected at c.a. 6.5 nm by interpolation.  
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Figure 4: Excess energy as a function of NP size for core-shell with different shell-

thickness (1 ML, 2 ML and 3 ML) for the case of CO geometry. 

This curious behavior has been observed for all nanoparticle shapes and is shown in 

figure S3 and S4 in supplementary information. 

Full atomistic simulations using two different sampling algorithms were performed 

with the aim of understanding the growth mechanism of Au@Pd core-shell NPs with 

different core shapes. In this sense, we have chosen (Dh) and truncated octahedral (fcc-TO) 

geometries due that both NPs morphologies are commonly observed in experimental STEM 

micrographs. 

In figure 5, selected snapshots taken during different simulation stages are shown 

for (Dh) gold cores. In frames (a-c) the results of gcMC are presented, whereas in frames 

(d-f) the gcLD ones are shown. As observed by inspection of the atomic configurations, at 

early stages of the deposition process, Pd atoms starts to nucleate on the (111) faces, close 

to the edges, a phenomenon observed using both sampling algorithms. 

 

Page 12 of 20Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 

Figure 5: Snapshots taken during evolution of Pd (blue) deposition on the Au 

(yellow) decahedron at T = 300 K, µ= 1 eV: gcMC (upper panel) and gcLD (lower panel). 

Solution atoms are not shown for simplicity. a and d: Au95Pd5. b and e: Au65Pd35. c: 

Au15Pd85. f: Au45Pd55. 

As the number of Pd atoms increases, the second Pd layer starts to grow before the 

first ML is completed, i.e. a layer-by-layer growth mechanism is never observed. However 

it should be noted that the gcLD sampling algorithm shows some degree of surface alloys, 

even at intermediate stage, i.e. before the gold seed is complete covered by palladium. The 

nature of the intrinsic dynamics, which is capable of reproducing concerted diffusion 

mechanisms, may possibly be the responsible of the observed discrepancy between 

Metropolis Monte Carlo and Langevin dynamics results. 
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Figure 6: Snapshots taken during evolution of Pd (blue) deposition on the Au 

(yellow) truncated octahedron at T = 300 K T = 300 K, µ= 1 eV: gcMC (upper panel) and 

gcLD (lower panel). Solution atoms are not shown for simplicity. a and d: Au95Pd5. b and e: 

Au85Pd15. c: Au30Pd70. f: Au60Pd40. 

As mentioned above, the same kinds of simulations were performed for other core 

shapes. For instance, in figure 6 the gcMC and gcLD results for Pd growth on gold cores 

with truncated octahedral shape are shown. In this case the results are somewhat different. 

At early stages of Pd atoms deposition, the (100) facets seem to be preferred in both 

simulation techniques. However, in the case of gcLD, some degree of mixing between Au 

and Pd is evident, in agreement with the results presented before for Dh structures. Again, 

the second Pd layer starts to grow before the first Pd ML is completed. The final structures 

obtained with both methods are different in this case, whereas in the case of gcMC a core-

shell structure is observed, the gcLD shows a core-shell structure with mixing of elements 

at the surface (see a cross-section of this structure in figure S5 – supplementary 

information). The later structure, has been observed experimentally by many other 

authors
13,36

. It can be summarized at this point, that the atomistic simulations are an 

important tool to predict structures, which can be directly correlated with those observed in 

Page 14 of 20Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



the experiments (see an EDS profile comparison between simulation and experiment in 

figure S10 – supplementary information). But, it cannot be forgotten that in conventional 

experiments, NPs are not likely to be restricted to vacuum. Conversely, NPs are generally 

exposed to solvents, and this causes friction. In such cases sporadic high velocity collisions 

will perturb the system, and can generate different structures and evolutionary phenomena. 

In this sense the gcLD results should be more realistic than molecular dynamics or Monte 

Carlo simulations. 

 

Figure 7: Relative Pd occupation of each site of the decahedron. 

With the purpose of quantify in more detail how the deposition of Pd atoms proceed 

through different atomic sites, we computed the occupation number as a function of time.  

The different sites are determined by the coordination number of each atom. The internal 

atoms are bonded to 10 or more atoms. Coordination between 9 and 6 correspond to facets, 

while coordination of 5 and 4 are matched to edge sites. Lower coordination numbers are 

consistent with vertex atoms. In figure 7, the relative occupation of each site (i.e. vertex, 

edges, facets and internal-core) are plotted against simulation time for the case of Dh gold 

seeds. As observed, the vertex atoms are initially occupied, followed by edges and facets. 

In the case of TO gold seeds (figure 8), vertex and edges sites are occupied firstly and 

facets and internal core sites subsequently. This information gives a clear picture on how 
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the growth mechanism evolves towards the final core-shell structures observed 

experimentally. 

 

Figure 8: Relative Pd occupation of each site of the truncated octahedron. 

The atomic configurations showed in Figures 5c, 6c, 5f and 6f (obtained with gcMC 

and gcLD respectively) were used as input to simulate HAADF-STEM images. For these 

simulations we used the multislice method as implemented in the xHREM package
37

, by 

Ishizuka
38

 that uses an algorithm based on Fast Fourier Transforms. In the simulated 

HAADF-STEM, the particle acting as a sample was dissected into 20 slices (in the 

direction of the electron beam), each slice treated independently through an averaged 

projected potential. In accordance with the experimental STEM images used in this study, 

the simulated microscope was set at an electron beam voltage of 200 kV, with a resolution 

close to 0.1 nm. The simulated micrographs and the experimental STEM images are 

presented in Figure 9. Remarkably, all the simulated micrographs resemble those obtained 

experimentally and a direct comparison between experimental images with atomistic 

simulation results can be done. In both cases, the regions enriched in Au appear brighter 

than the regions rich in Pd, since the intensity signal depends strongly on the atomic 

number (Z). The core-shell structure is clearly visible in the structures of the upper panel, 
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while in the bottom one the mixing of the two species in the surface is more noticeable. It is 

important to highlight how the simulations qualitatively reproduce the experimental results, 

providing, at the same time, valuable insight into the growth mechanism. In addition, the 

supporting information Figure S6, S7, S8 and S9 shows the structure were rotated 0°, 45° 

and 90° on y- and x-axes. 

 

Figure 9: Simulated HAADF-STEM images of Au(core)-Pd(shell) bimetallic 

nanoparticles. a) and b) Dh structure taken from gcMC and gcLD simulations respectively; 

d) and e) fcc-TO structure taken from gcMC and gcLD simulations respectively. c) and f) 

are experimental STEM images of the sample. 

 

Conclusions 

In summary, gold-palladium core-shell nanoalloys have been produced through a 

facile synthesis method, where pre-synthesized gold seed were covered by few Pd 

monolayers. It should be stressed that the synthesis route does not use any surfactant or 

protective organic molecule to prevent coalescence. Aberration corrected HAADF-STEM, 
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in combination with high resolution spectral and chemical analysis, has allowed us to study 

the atomic structure of Au@Pd nanoalloys in atomic detail. 

Using embedded atom calculations, we were able to establish how the chemical 

order of core-shell structure of Au@Pd and Pd@Au could be leading to stable 

configurations, and how the number of Pd or Au ML could affect that stability. In general 

terms, a crossover between these kinds of core-shell structures depends on the nanoparticle 

size. 

By using gcMC and gcLD, we have been capable to study the nucleation and 

growth mechanism of Pd atoms on Au seeds with different shapes. The morphologies 

obtained with these simulations resemble very well with those obtained experimentally. 
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