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ABSTRACT

This paper describes the internal structure of Au ~ —Pd nanoparticles exhibiting newly discovered three-layer core/shell morphology, which is
composed of an evenly alloyed inner core, an Au-rich intermediate layer, and a Pd-rich outer shell. By exploitation of spatially resolved
imaging and spectroscopic and diffraction modes of transmission electron microscopy (TEM), insights were gained on the composition of
each one of the observed three layers, indicating a significant extent of intimate alloy among the monometallic elements.

Bimetallic nanoclusters attract great interest due to their higher activity than pure palladium dispersions, which make
unigue catalytic, electronic, and optical properties different of them effective agents for the remediation of various
from those of the corresponding monometallic componkefts.  inorganic and organic groundwater contamindhtSue to

It is well-known that adding a second metallic component the wide applications of these AuPd catalysts, it is of great
enhances the activity, selectivity, and stability of pure metal interest to study the structure of these bimetallic colloids.

catalysts” This behavior may originate from an ensemble  The preparation methods of getgalladium bimetallic can
or aligand effect. The properties of bimetallic nanoparticles  be divided into two categories: successive and simultaneous
can vary dramatically not only with size, as happens in reduction3* The latter one involves the presence of metallic
monometallic nanoclusters, but also with chemical composi- precursors in the same reaction system. The successive
tion. Controlling their structure and chemical ordering can reduction includes the consecutive addition of metallic
be the starting point to prepare the building blocks for precursors in the batch reactor. Under some conditions, the
specifically tailored cluster-assembled materfditn many  simultaneous methods produce dsue—Pdshell structured
cases bimetallic systems display a core/shell structure, whereparticles!'s On the other hand, the successive reduction of
a thin shell of metal B surrounds a core of metal A. The B the precursors yields cluster-in-cluster structé®er mix-
overlayer is usually strained and, thus, can present prominentyres of monometallic components, although eeskell
catalytic propertie§ Core/shell colloids with a strained metal  stryctures have also been obsery®d. This uncertain
shell attain widespread use in various applications that situation arises from the complex steps of metal ion reduc-
include plasmonics, biological sensing, and catalysis, which tion, clustering, dynamical dissolution, and displacement
places them on the frontier of advanced materials chem-inyolved in the actual formation process of nanopartile%.
istry.9~12 Detailed internal structural characterization is a prerequisite

One of the most interesting systems in catalysis researchfor understanding nanoparticles formation process and its
is Au—Pd bimetallic catalysts, which is miscible at any ratio relation to potential practical applications.
as can be seen from their phase diagtasu—Pd bimetallic The chemical and physical properties of bimetallic nano-
nanoclusters are employed for the direct synthesis of harticles exhibiting core/shell structure strongly depend on
hydrogen peroxide from #and Q, for hydrodesulfurization  \yhether the two monometallic elements are chemically
of thiophene, and the oxidation of alcohols to aldehydés. segregated or intimately alloyédThese materials can be
They are excellent catalysts of trichloroethene, achieving a grown by different microscopic mechanisms, either involving
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However, optical measurements provide average information (a) :
that may not reflect the heterogeneous nature of core/shell
systems. The poorly understood growth mechanism of core/
shell systems remains as a puzzling issue to be solved. A
very interesting case was reported by Rodrigt@€pnzalez

et al*who found that in the case of Ag/Au when synthesized
by successive reduction a multishell structure is produced.

This work aims at clarifying the formation process of the
core—shell structure in bimetallic nanoparticles. Our ap- o o .
proach consists in synthesizing polymer-protected-Rd Figure 1. Low magnification transmission electron microscopy

ticles b f1h Vol thod. A /shell images of Au-Pd nanoparticles obtained by successive reduction
nanoparticies by means of the polyol method. A COre/shell o¢ monometallic ions. Three alternate layers can be uniformly

structure was confirmed in gotcpalladium colloids, obtained  gpserved by high-resolution- (a) and scanning- (b) TEM images.
by successive reduction of their corresponding metallic salts.

By taking advantage of high-resolution transmission electron k three-layer nanoparticle
microscopy (HRTEM), scanning TEM (STEM), energy-
filtering TEM (EFTEM), and convergent-beam electron : e b
diffraction (CBED), we determined the influence of nano- DAL R 4 0
particles size on the chemical segregation of monometallic T G
elements that form separate domains of gold and palladium.
An alternative method of nanostructure determination is also
described here, based on STEM and X-ray energy dispersive
spectroscopy (XEDS). The STEMKEDS technique allows
detecting variations in chemical composition down to atomic Figure 2. Detailed structure of AuPd nanoparticles at high
level, so it is ideally suited for composition analysis of the Magnification. The high-resolution- (a) and scanning- (b) TEM

. . . images confirm the presence of three different layers in the domains
internal structures of nanosized particles. We demonstrateqs the core/shell structure for typical single nanoparticles.

that above a critical size AtPd nanoparticles exhibit a

complex core/shell structure, in which alternate layers of Au
atoms and Pd atoms, form three-layer morphology. These

findings lead to eIucid_ating the mechan.isms govemning the transmission electron microscope (200 kV) was employed.
growth of core/shell bimetallic nanoparticles. This instrument has a Schottky type field emission source
The colloidal dispersions of the AtPd bimetallic clusters,  5nd it was operated at 200 kV as well. The point and line
stabilized by polymers, were fabricated by successive yesolution are 0.24 and 0.10 nm, respectively. The equipped
alcoholic reduction of their constituent metal ions. Solutions STEM—EDS system enables elemental analysis in the
of 0.1 M tetrachloroauric acid (HAuQI and 0.05 M nanometer order. HRTEM images were obtained at the
palladium chloride (PdG) were prepared by dissolving the  gptimum Scherzer defocus for both instruments. In the case
corresponding crystalline material in deionized water. The of STEM images, the HAADF detector integrated the signal
protective agent poly{-vinyl-2-pyrrolidone) (PVP, 0.4 9,3.6  over a large solid angle ranging from 60 to 150 mrad.
mmol of monomeric units) and the PdGR mL, 1 x 10~° The synthesized samples were cleaned with acetone and
mol) were then mixed in ethylene glycol. The mixed ethanol to eliminate the residues of the protective and
solutions were stirred and heated to refluxing at 3@Qnder reducing agents. A 20L aliquot was then placed in a TEM
air. After a sudden change was noticed in the color of the grid of copper 01822-F PELCO, corresponding to ultrathin
solution from yellow to brown (indicating the reduction of  carbon, 400 mesh, with a grid hole size of 4, backed
Pd), the agueous solution of HAUGL mL, 1 x 10°moles)  on Formvar film. The backing film was removed before the
was added and subsequently reduced. This mixture wasaddition of the nanoparticles aliquot. Conventional bright
flna”y refluxed again at 140C for 3 h under air. The total field and h|gh ang|e annular dark field (HAADF) images
amount of both metals was always kept ag 20~ mol in for nanoparticles with composition AuPd are shown in Figure
50 mL of the mixed solution. NanOpartiCleS with different la and Figure 1b, respective|y_ Individual partides are
compositions of gold and palladium, namely, AuPd, displayed in Figure 2a and Figure 2b. It is possible to
Al 75Pth 25 and Al 257th 75 and monometallic nanoparticles  distinguish the presence of core/shell structure in Figure 2a,
of Au and Pd were fabricated by the described method.  in which the core shows a dark spot in the center. However,
High-resolution and scanning TEM images and CBED the HAADF image in Figure 2b contains more information.
were acquired using a JEOL 2010F (200 kV) transmission We can clearly see three distinct regions on the image: the
electron microscope equipped with a field emission gun and inner core at the center as a dark region marked sjithen
an ultra-high-resolution observation system. This instrument a second intermediate region surrounding this core marked
includes a scanning image device to operate as STEM fromb, and an outer shell designatedThe shape of this particle
TEM in a serial manner. It also possesses several atom leveldetermined by conventional dark field methods corresponds
probes connected to Oxford INCA X-ray energy dispersive to truncated octahedron, which has (111) and (100) facets.
spectrometer (EDS) and Gatan 2D digital-parallel acquisition The variations on the HAADF contrast cannot be explained

software. For EFTEM mappings and STEMDS line
scanning, a FEI Tecnai F-20 field emission high-resolution
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Figure 4. Quantitative elemental composition of layersb and
C.

nanoparticles Pd tends to situate on the periphery, whereas
the Au locates in the center. A more quantitative analysis
was performed in order to analyze the three layers observed
in nanoparticles with diameter larger than 5 nm (Figure 4).
This spectroscopic analysis showed that lagehas a
uniformly alloyed composition of gold and palladium. The
intermediate layeb is rich in gold, and this is consistent
with the fact that shows the brightest region of the nano-
Figure 3. (a) Characterization of Au and Pd elemental distribution particle. The most external layerhas a large content of

across the nanoparticle by STEM-XDS line-scanning technique. Pd, and this might explain the lower level of contrast
Inset shows analyzed area and the direction of analysis. (b) STEM-observed. It is very interesting to note that neither the core

image revealing the influence of nanoparticles diameter on elementalnor the shell is composed of a single element, revealing
segregation and alloying. elemental alloying events in the three detected layers. This

is in contrast with the most accepted viétw?8
on the basis of thickness changes. Therefore, most important Additional information might be obtained by energy-

contributions should originate from compositional variations, filtering TEM (Figure 5a). This analytical tool allows
revealed by the difference in atomic numbgy that exists  chemical-sensitive imaging using ionization-loss electron
among gold and palladium. The HAADF intensity is energy, filtering the corresponding peak of the spectrum to
considered to be proportional &-7.25 produce an image. It can be appreciated that Au signal
The distribution of the elements in the nanoparticles was situates homogenously in the nanoparticles, from the inner
assessed by using the line scanning analysis in the STEM core to the periphery, whereas the Pd preferentially locates
EDS mode (Figure 3a). This result revealed that Pd concen-in the inner core and periphery only. The reason of this
tration peaks in the inner core and near the edges of thedistribution might be attributed to the differences in ionization
nanoparticles. On the other hand, the intermediate layerspotential that gold (9.2 eV) and palladium (8.3 eV) have.
signaled Au and Pd peaks. It can be appreciated that theThe gold has a larger affinity to gain electrons to reach the
elemental signals are not symmetrical in the nanoparticles.zero-valent state. Meanwhile the Pd has a smaller potential
However, these peaks corroborate the presence of layers withof reduction, and this could be the reason behind the faster
different compositions in the nanopatrticles. It was also found formation of Au intermediate layers. However, considerable
that the three-layer core/shell structure in-ARd nanopar-  amounts of Pd situate in the inner center, which seems to be
ticles possess a diameter dependency (Figure 3b). The threealloyed with gold. A note of caution should be made before
layer contrast does not appear for particles smaller than  straightforward analysis of the images. The gold peak is not
nm, in which only two clear layers are observed. This was easy to observe, and noise on the image can affect the profile.
clarified by obtaining a STEMEDS spectrum of nanopar-  The image in Figure 4a only indicates that Pd mainly locates
ticles below and above the critical diameter of 5 nm. Small in the center and edges of the nanoparticle.
nanoparticles show an alloyed structure among the inner core  We also performed ultravioletvisible (UV—vis) absorp-
and the intermediate layer and a weak outer shell. In largetion studies of the nanoparticles for different compositions
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Figure 5. (a) Energy filtering images of AtPd nanoparticles. <& =
The map of gold clearly shows that the intermediate regions of the l'
nanopatrticle are rich in gold. On the other hand the external shell (100}
and inner-core contain signals of palladium. (b) The -tiNs A ) _
absorption spectrum of the studied bimetallic nanoparticles shows time-of-reaction
the influence of the composition on the position of surface plasmon =
resonance peak. &

as shown in the spectrum of Figure 5b. It can be observed Figure 6. High-resolution TEM image displaying the lattice fringes

that a very pronOU_nCEd 9_0|d characteristic peak is ObtaiUEd-of the Au—Pd nanoparticle (a). Model proposed for the formation
Nevertheless, by increasing the concentration of palladium of three-layer core/shell structure (b).

the intensity of the surface plasmon resonance peak of gold

fades away. This is the spectroscopic evidence of the [111] [112] [113]
presence of Pd in the periphery of the nanoparticles. Another 0 @ i o
useful technique to assess the internal structure of nanopar- | 20 * e ¢ = ¢ om
ticles is HRTEM. An image of an AuPd nanoparticle is ‘‘ o S I I

shown in Figure 6. One immediate finding is that the crystal B om s e
structure of the nanoparticle is face-centered cubic, and the 0w . e ot o 42
morphology delineates a nicely shaped truncated octahedron. . .

As can be seen in Figure 6, the edges of the particle are not

smooth, forming instead a “zigzag” structure at the periphery Figure 7. Diffraction patterns of AuPd nanoparticle for different
due to atomic steps. The measurements of the lattice fringesdirections.

showed different magnitudes in the three layers observed in

the nanopatrticles. The inner core (designafeaind external of the ions in the solution grow in an epitaxial fashion that
(designated) layers have values of lattice spacing of 0.225 enables the formation of external layer of palladium envelop-
and 0.227 nm, respectively. On the other hand the intermedi-ing the intermediate gold and the first reduced Pd clusters.
ate region (designatdi) presented a lattice spacing of 0.239 Electron diffraction patterns collected from single nanopar-
nm. A very interesting fact is that no Mdirfeinges were ticles are shown in Figure 7. We obtained nanodiffraction
observed in this HRTEM image. This suggests that there patterns of individual particles by concentrating the beam
are no misorientations among the layers identified in the while still keeping it parallel, which enabled us to identify
nanostructure. A model is proposed for the formation of the the crystalline system, precisely measure the lattice param-
three-layer structure in Figure 7b. Our synthesis is based oneters and visualize true 3D symmetry of the atomic arrange-
the successive reduction of Pd and Au colloids. The ment. The patterns were indexed, corresponding tolthé)
formation of the three-layer structure includes the early [112Jand[113directions, evidencing the presence of single
reduction of Pd in the presence of PVP. Once the palladium crystalline nanopatrticles.

reaches the zerovalent state, Au is introduced to the medium, As previously stated, we determined that the nanoparticles
to envelope the first coagulating clusters. However, the restwith diameters below 5 nm present alloying events (Figure
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