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Structural incoherency and structure reversal in bimetallic Au-Pd nanoclusters
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Colloidal bimetallic nanoclusters of Au-Pd were synthesized by simultaneous reduction of the metal ions
from their corresponding chloride salts with polym@\VP) stabilizer. Structural characterization of the
samples with different Au/Pd ratios was made using high-resolution electron microscopy. Classical molecular
dynamics simulation is used for structural thermodynamics and dynamic analysis of the bimetallic clusters.
Structural incoherency and structure reversal mechanism in such bimetallic clusters were studied systemati-
cally for different atomic configurations, which explain the anomalies on the reported experimental results on
such nanoclusters mainly by electron microscopy. Our simulation and experimental results revealed that stable
ordered structures of the bimetallic cluster are Pd core/Au shell, random solid solutions and eutecticlike
configurations. Though the Au-core/Pd-shell structure is stable at low temperature, the structure changes to Pd
core/Au shell on heating at about 500 K.
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[. INTRODUCTION samples prepared by a single technique. Conditions for the
Au-Pd bimetallic nanoclusters are the most attractiveCoeXistence and structural transformation of such nanoclus-

catalyst for the direct synthesis of hydrogen peroxide froni€rs are determined.
H, and Q,! hydrodesulfurization of thiopherfeand other

catalytic applicationg* Recently, the technique for their Il. RESEARCH METHODS
nanocontact applicationdias been developed. The catalytic .
performance of Au-Pd bimetallic nanoclusters is benefited to A. Experiment

a great extent from their structural diversities, such as alloy The synthesis of bimetallic Au-Pd colloidal particles was
cluster’~**wire,' lithographic pattern&; and core-shel™*  harformed by simultaneous reduction of corresponding metal
clusters. According to the phase diagram, Au-Pd is likely tochjoride slats in the presence of PVP, as reported in detail
form solid solutions of arbitrary compositions at low e|sewheré! Structural characterization of the samples was
temperature$?® Dilute-limit heat of solution in the cases of made using a Schottky field emission JEOL JEM2010-F mi-
Au in Pd host is about —0.33 eV and Pd in Au host is aboufcroscope with analytical equipments attached. The samples
-0.29 eV;% which are the right values for the bimetals to for microscopic observations were prepared by spreading a
form a variety of structures. In fact, it has been found that theyrop of colloidal solution onto a carbon film supported by a
Au-Pd bimetallic nanoclusters often have so-called corecy grid and subsequent drying in vacuum. The samples were
shell structures if they are prepared by alcohol reduction ofnalyzed by high-resolution electron microscofyREM).

Au and Pd ions in the presence of a water-soluble polymerthe HREM images were processed digitally in the real and
like poly(N-vinyl-2-pyrrolidong (PVP), and that the core- Fourier spaces.

shell structured bimetallic nanoclusters have much higher
catalytic activity than the corresponding monometallic nano-
clusters. Though the Pd-core/Au-shell structure is usually ex-
pected, the synthesis of the Au-core/Pd-shell structure is also For the molecular dynamid$1D) simulation, interatomic
reportedt® Composition and atom distribution in the alloy interactions between Au and Pd were described by a simple
clusters strongly depend on the synthesis methtdand  analytical embedded-atom methEAM) developed by Cai
probably also on process variables. Probably these are ttand Ye?? The model includes a long-range force. In this
reasons why we encounter several contradictory reports omodel, the electron-density function is taken as a decreasing
the structure of bimetallic nanoclusters prepared by similaexponential function; the two-body potential is defined as a
techniques and of similar composition.To make a clarificafunction given by Roset al.?® and the embedding energy is
tion of the above mentioned confusions, we performed the@ssumed to be a universal form suggested by Banerjee and
structural analysis of several Au-Pd nanoclusters with differ-Smith?3 The alloy model of Johnséf is applied and an

ent compositions both experimentally and theoretically to reextra parameter is introduced in order to fit dilute-limit heats
veal the thermodynamics and dynamic structural behavior obf solution. For the three possible compositions treated in
Au-Pd nanoclusters. Our analysis predicts and demonstratéisis work (Au;Pd;, Au,Pd;, and AuPd,), the predicted heats
that depending on the composition and process parameterd, formation are in reasonable agreement with first-principles
the nanoclusters of several structures can coexist even for tloalculations and experimental data, and consistent lattice

B. Simulation
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TABLE |. The formation energy of Au-Pd bimetal decahedral clusters with 262 atoms at 298 K.

. Stoichiometry energy, Total formation
Morphology s"tl;)llx‘;eu:)rfe component T(;;a:rcohees\l/ve eV energy of bimetal,
Bl (cauEautepaEpg) eV
Pure Au 262 Ra -099.16425 -999.1632 0
0 Pd
0 Au
Pure Pd 262 Pd -973.76964 -973.77016 0
Eutectic- 84 Au
like 178 Pd -977.40358 -981.91144 4.50786
Eutectic- 178 Au
like 34 Pd -082.38289 -991.02192 8.63903
Eutectic- 229 Au
like 33 Pd -095.18159 -995.96484 0.78325
Eutectic- 33 Au
like 229 Pd -977.12586 -976.96852 -0.15734
Au-
Core/Pd- ey -964.21869 -983.36524 19.14655
163 Pd
shell
- 163 Au
Core/Au -1004.47368 -989.56812 -14.90556
99 Pd
-Shell
Solid 131 Au
saliitisi 131 Pd -990.66811 -086.46668 -4.20143
Solid 163 Au
solirtion 99 Pd -990.32411 -989.56812 -0.75599

constants are predicted. The Au-Pd alloying potential can b®ur results revealed that the Pd-core/Au-shell bimetallic
used for a wide range of components with great accuracytructures have the lowest heat of formation. Random solid
The MD simulations were performed using the progeemd  solutions have a negative heat of alloy formation with
developed by Riffkir’® The program employs a predictor- smaller absolute values. However, they have much higher
corrector algorithm to integrate the equation of motion. Aentropy in comparison with core-shell and eutectic struc-
time step of 5<107*° s (5 fs) was used. Each configuration tyres. Therefore, the Gibbs free energy in random solid so-
was fully relaxed by a long process of<4L(° time steps, |utions may be a bit more negative. Eutecticlike structures
about 2<10°® s each. are favorable when the alloy is rich in either of its constitu-
ents. As there exists a lot of isomers for the one-component
enriched structures, it is difficult to predict the most favor-
able structure among them. Our results demonstrate at least

In order to determine the morphology and the mode ofthat the structures enriched with either of the components is
formation of Au-Pd bimetallic clusters, 262-atom decahedralso favorable energetically. In general, the differences in
and 861-atom cuboctahedron with different compositionsenergies among the configurations are relatively low and the
and distributions were built from the classic molecular dy-coexistence of these structures must be the common feature
namics simulatior(see the images in Tablg. [These struc- in the samples synthesized by any technique. As the critical
tures include eutectic-like and core-shell-like configurationshnumber of atoms are needed to produce each type of nano-
along with random solid solutions. To determine the possiclusters, the formation of both decahedrons and octahedrons
bility of formation of each of the structures, the total cohe-are probable in the synthesized sample and the synthesis con-
sive energy, stoichiometric energy, and the correspondinditions determine the kind of configuration of the clusters
formation energies are evaluated and presented in Table based on their surface energy reduction capacity.

IIl. RESULTS AND DISCUSSION
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o 38 FIG. 2. HREM images of different representative structures re-

% A —— Au-core/Pd-shell vealed in the AyPd; sample along with their corresponding FFT's.

£ —— Pd-core/Au-shell

8 B and cannot exist beyond a certain temperature. In practice,
A DR SN T I S DA Au-core/Pd-shell structures, which have a good selectivity in

0 200 400 600 800 1000 catalytic reactiong! can be synthesized and should be used
Temperature (K) at low temperatures. Moreover, during the reversal of core/
shell structure, the decahedron loses its morphology and
FIG. 1. Variation of cohesive energy per atom with changes to a rounded disordered structure. The change in
temperature. slope of the cohesive energy versus temperature curve be-
yond 500 K is due to melting. It is found that the core-shell
For the embedding-atom model, the alloying pair poten-configurations persist even at 1000 K.
tial determines the magnitude of chemical order. In the A similar observation has been made for 861-atom cub-
Cai-Ye modef? the Au-Pd alloying pair potential is very octahedron; therefore, the details of the results are not in-
close to the mathematical average of Au-Au and Pd-Pd paicluded here.
potentials, which indicates that the bimetal formation poten- Experimental studies were performed on the Au-Pd nano-
tial is very small and it must not affect the bimetal formation clusters with different nominal compositiofiéu/Pd molar
energy significantly. The other factor affecting bimetal for-ratios 1/1, 5/1, and 1/5through low magnification trans-
mation is the incoherency of the structure, which may domi-mission electron microscopdEM) and HREM images to
nate the process of bimetallic aggregation and configuratiorevaluate the size distribution and internal structure of the
There exists structural incoherency for all the structureproduced nanoparticles, respectively. Our experimental re-
treated here, while the core-shell structures of Au coveringults indicate that the composition of nanoparticles plays an
Pd has the minimum incoherency. This effect is attributed tamportant role on their structure. In the case of monometallic
the contraction of the Au surface, leading to a good accomAu and Pd particles, the observed structures for smallest
modation with the Pd core, which has a smaller nearestelusters around 1-5 nm are quite similar, based on the fcc
neighboring distance, hence producing a small structuradymmetry for bulk crystals but with multiple twinsntp).
mismatch for the Pd core. For the core shell with Pd cover- In Fig. 2 we present a representative collection of the
ing Au, the Au core has a maximum structure incoherenbbserved configurations for the fRd; clusters. In our pre-
energy. In general, structural incoherency dominates the fowvious work we reported a simple way to determine the struc-
mation process of Au-Pd bimetal clusters, and the core-shetlire of small nanoparticles using HREM imag@syhere we
structure with Au covering Pd is energetically favorable.  established the structure and orientation for each observed
In order to determine the stability condition of the un- HREM. The image shown in the Fig(& corresponds to a
stable Au-core/Pd-shell bimetallic nanoclusters, we carrie®.4-nm-size fcc-like cluster, where the contrast is based on
out heating processes from 0 K to 1000 K. The temperaturequidistance parallel lines, even when a small deformation
was increased linearly by heating at the rate of 5can be observed at the center of the particle. The correspond-
X 10'° K /s for a total duration of X 1078 s. As a result, the ing fast Fourier transforniFFT) shows just one reflection
cohesive energies at different temperatures were determinduit with a clear deformation of the dot, increasing its length
for the decahedral Au-core/Pd-shell and Pd-core/Au-sheland width representing small deformations in the lattice both
structureqFig. 1). It can be seen that the cohesive energy ofin orientation and distance. From the HREM image and its
the unstable Au-core/Pd-shell bimetallic nanocluster droppe&FT we could determine an orientation close{t@5 with
suddenly at about 500 K, and then approached the values eéspect to the electron beam. In the case of the particle with
its reverse structure(Pd-core/Au-shell at temperatures diameter of 5.7 nm shown in Fig(l®, an interesting con-
higher than 620 K. trast is recognized where three main domains could be iden-
Through the observation on the trajectories of the aboveified: one kind of fringe in two orientation&t the left and at
processes, it can be found that the sudden drop in cohesithe centey, and well-defined hexagons at the right boundary.
energy for Au-core/Pd-shell structure is induced by the posiits corresponding FFT shows the effect of the arrays with an
tion reversal of the shell and core atoms, i.e., the Pd atoms dfexagon associated to a fcc-like cluster in {f&1} orienta-
the shell enter into the core and finally are covered by Aution including extra points of different intensities, a common
atoms. This result supports the dynamical point of view offeature of twin structures. A small elongation to the internal
our conclusion that Au-core/Pd-shell structures are not stableegion (in the FFT demonstrates the formation of bimetallic
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FIG. 3. HREM analysis of small nanoparticles observed for FIG. 4. HREM images of different representative structures re-
AugPd;,. The HREM are shown with their corresponding FFT’s.  vealed in the AyPd; sample with corresponding FFT’s.

structure. In Fig. &), an icosahedral particle of 2.4 nm size core inside the Au shell. We have also seen a few Au-core/
is identified with characteristic onionlike contrast and mul-Pd-shell structures in this sample and the Rdy sample.
tiple points in the FFT with near fivefold orientation. A Finally the case of particles produced with an extra Pd
single twin particle of 5.2 nm at th®11} is identified in Fig.  concentration(Au;Pd;) is presented in Fig. 4. In this case,
2(d), even though the contrast is not simple to be recognizedhe clusters are smaller and have more twins and defects than
In the corresponding FFT, the clear presence of an extrin the previous cases. However, it is clear that they are also
elongated dot denotes the twin in the particle. Finally, severalelated to the fcc-like structurd&ig. 4(@] having rounded
well-defined decahedral particles could be found in theshapes and parallel line contrasts wjfl25} orientation. In
sample. In Fig. &) a decahedral particle of 5.4 nm size with the Fig. 4b), we can identify a small deformation in a par-
fivefold orientation is shown with its classical FFT. ticle of 2.3 nm size, producing a square contrast FFT which
In the case of high concentration of AlusPdy), the  corresponds to a perpendicular defect seen clearly at the cen-
shape and structure of the particles tend to be more defingdr of the particle. A decahedron with fivefold orientation can
by the bulk lattice and a high concentration of fcc-like clus-be identified from the image of Fig(d. A 2.6-nm mtp with
ters could be found. In Fig.(8), a pyramid shaped particle truncated icosaherdon contrast{&P2} orientation is shown
of 5 nm size with hexagonal dot array is shown. Its FFTin Fig. 4d). Finally, in Fig. 4e), a really small particle of
denotes the perfect hexagonal array of the atoms with fccabout 1.6 nm diameter, having a truncated octahedron con-
like structure in thg111} orientation. Two particles of 5 and trast with{001} orientation, is shown. While the small struc-
7 nm sizes with rounded profiles and parallel internal fringetural deformations are usual for such the small clusters, the
contrasts are shown in Figs(d3 and 3c), respectively. observed elongated symmetry in the FFT is due to a small
These contrasts are common in fcc-like particles and theirotation of the particle.
FFT reveal an orientation close {425}. Beside these nice To observe the formation of core-shell structures in these
fcc-like ordered clusters, a few disordered clusters could béimetallic clusters more clearly, we took high-angle annular
identified[Fig. 3(d)] with multiple defects, producing highly dark field (HAADF) images of the sample ARd; [Fig.
distorted images and multiple dots in their FFT, while in Fig.5(a)]. The difference in the atomic number of Au and Pd
3(e), a cluster with core-shell contrast could be observed. Irproduces a strong contrast difference in HAADF images.
its FFT, it is possible to distinguish extra dots away from theFrom Fig. a), we can observe that some particles with
hexagonal array of a fcc-like structure §811} orientation.  bright cores correspond to gold and darker shells correspond
The external dots are produced by closely spaced lines in th® Pd. We can also see that the core size is not homogeneous
core of the cluster, indicating probably the presence of the Pdnd changes from particle to particle. Low-magnification
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FIG. 5. (a) A typical HAADF image of the AyPd; colloidal sample{b) variation of average particle size and standard deviation in the
bimetallic Au-Pd colloids with the variation of Pd content.
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TEM images revealed that the average size and size distrstructures. Though the Pd-core/Au-shell structure is more fa-
bution of the bimetallic particles varied with their nominal vorable, other structures may coexist in the synthesized bi-
composition. In Fig. &), the plots of average size and stan- metallic colloids due to the small difference between the
dard deviatior(from the Gaussian fits of the size distribution configuration energies of different structures. The experi-
histogramg of the size distributions for the samples preparedmental observations support our theoretical prediction of the
with different nominal compositions are presented. We cartoexistence of fcc-like and multiple twinned Au-Pd nano-
see that both the average size and standard deviation delusters similar to the case of reported monometallic nano-
crease with the increase of Pd content in the bimetallic parelusters. We could identify the existence of octahedral and
ticles. X-ray analysis in TEM confirmed the existence of twodecahedral Au-Pd clusters experimentally. By using energy
metals in the particles. Though the exact proportion of theiltered images, we could identify the existence of Au-core/
metals varied from particle to particle, the analysis made orPd-shell and Pd-core/Au-shell structures along with other
a large number of particles agreed well with the nominalconfigurations in the synthesized colloidal samples. The Au-
composition. core/Pd-shell structure is not stable at high temperatures and
From the experimental results, we can identify the coex-can transform into its inverse core/shell structure at about
istence of several structures such as fcc-like and mtp in thB00 K. These behaviors match with our previously reported
samples prepared with different elemental compositions. Imesults for Au-Cu?®
all the cases the internal defects exist, which induce twins With the help of simulation and experimental methods,
even in several fcc-like particles. These internal defects inwe report here on the detailed analysis of atomistic distribu-
the clusters are related to the inhomogeneous elemental digen in Au-Pd nanoclusters, including their stability and dy-
tribution in them as expected for monometallic or core-shellnamical behavior. These parameters affect both the structure
nanoparticles, where the strain is distributed in the wholeand the macroscopic properties, particularly the catalytic and
structure. Our experimental observations reveal that the corelectronic ones.
shell nanoparticles coexist with solid-solution and eutectic We believe that the different structures, including solid-
configurations, which is supported by our thermodynamicabkolution, eutectic-like, Pd-core/Au-shell, and Au-core/Pd-
calculations as the differences in their configuration energieshell ones reported in the literature for Au-Pd samples pre-
are small. pared by similar techniques, is the result of structural
incoherency of this bimetallic clusters and common to other

bimetallic clusters.
IV. CONCLUSIONS
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