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ABSTRACT: Significant elemental segregation is shown to exist
within individual hollow silver—gold (Ag—Au) bimetallic nanoparticles
obtained from the galvanic reaction between Ag particles and AuCl,".
Three-dimensional compositional mapping using energy dispersive X-
ray (EDX) tomography within the scanning transmission electron
microscope (STEM) reveals that nanoparticle surface segregation
inverts from Au-rich to Ag-rich as Au content increases. Maximum Au
surface coverage was observed for nanoparticles with approximately 25
atom % Au, which correlates to the optimal catalytic performance in a
three-component coupling reaction among cyclohexane carboxyalde-

hyde, piperidine, and phenylacetylene.

KEYWORDS: Galvanic replacement reaction, hollow bimetallic nanoparticles, heterogeneous catalysis,
scanning transmission electron microscopy, energy dispersive X-ray spectroscopy, electron tomography

he exceptional catalytic properties of Au nanoparticles as induce morphological reconstruction, as well as the formation,

compared to the inert nature of the bulk element are well- and enlargement, of pinholes in the walls. However, the
known." The emergence of catalytic activity as particles’ critical alloying in individual particles, as well as the effect of elemental
dimensions approach nanometer scale is in part due to the segregation on catalytic properties, was previously unknown.
increase in the particle’s surface-to-volume ratio." Synthetic Details of elemental distribution have now been made clear by
routes that maximize this property, especially in distinct analytical EDX analysis within the STEM that has only become
geometries such as hollow shells or cages,> have been possible due to recent advances in EDX detector design.
extensively investigated. Bimetallic noble metal nanoparticles Ag—Au nanoparticles with controlled compositions and
are known to have excellent catalytic performance in a wide structures (solid vs hollow interiors) were synthesized by the
range of reactions.* The extent of alloying in these systems is galvanic replacement reaction between Ag nanoparticles and
known to influence catalytic activity and selectivity, but an different amounts of AuCl,”. The average compositions as
understanding of the origin of this effect is lacking.> Hollow determined by flame atomic absorbance spectrometry were
bimetallic nanoparticles of accurately tunable size, shape, and AgoAu;, AggAugg, AgrAu,,, and AggeAu,,. The catalytic
composition can be readily prepared by a galvanic replacement activity of the Ag—Au nanoparticles as a function of
reaction.’”® The Ag—Au bimetallic system offers the composition and structure was investigated for the three-
opportunity to both reduce the cost of the Au catalysts and component (A?) coupling reaction among cyclohexanecarbox-
enhance catalytic performance.9’10 Hollow Ag—Au nanostruc- yaldehyde, piperidine, and phenylacetylene to form propargyl-
tures of various compositions and shapes have been synthesized amines (Figure la). Pr opargylamines are useful intermediates in
by galvanic reactions between Au metal salts, such as AuCl,”, the synthesis of heterocyclic compounds and represent
and Ag nanoparticle sacrificial templates.'®"" Previous low- structural elements of several natural products and drugs,
resolution transmission electron microscope (TEM) imaging which has led to th%rlzlse as intermediates in the total synthesis
and optical spectroscopy observations suggest that this process of such molecules. ™™ Recently, it has been shown that this
initiates with the creation of Ag ions at the surface and the transformation can be catalyzed by nanostructured Au via a C—
formation of a gold surface layer which immediately transforms
into an Au—Ag alloy because of the fast interdiffusion between Received: December 20, 2013
gold and silver at 100 °C.”'* As the replacement reaction Revised:  February 24, 2014
proceeds, dealloying and processes such as Ostwald ripening Published: February 28, 2014
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Figure 1. Ag—Au bimetallic nanoparticles improve propargylamine yield. (a) Three-component coupling reaction to form propargylamines. (b)
Propargylamine yield as a function of the composition of the nanoparticle catalysts demonstrating a spike in yield for an average composition of 18
atom % Au (numerical percentage yields are noted on the graph). (c) TEM images of the synthesized Ag—Au nanoparticles with labels
corresponding to the average bimetallic compositions plotted in b, (i) AgysAu,, (i) AggpAuyg, (iii) AgssAu,,, and (iv) AggAus,.
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Figure 2. STEM EDX mapping showing the inversion of surface segregation behavior for Ag—Au nanoparticles as the Au content is increased. EDX
maps for representative nanoparticles from populations with average stoichiometry (a) Agy;Au,, (b) Agg,Auyg, (c) AgrsAu,,, and (d) AgeAus,. The
actual composition of each nanoparticle shown inset was measured using the summed EDX spectrum for the whole field of view of each spectrum
image. The chemistry of 20 nanoparticles with a range of compositions was mapped and the structure classified as to whether the particle appeared
to show a gold-rich surface, a silver-rich surface, or no surface segregation (alloyed composition). The average nanoparticle composition was then
measured from the summed spectral image, and the results are shown in e. The change from gold to silver surface segregation is found to correlate

with the gold content of the nanoparticle.

H activation mechanism.'>'® The yield of propargylamines as a
function of the Au atomic percentage in the Ag—Au
nanoparticles is given in Figure 1b. All of the bimetallic and
hollow Ag—Au nanoparticles produce higher yields of
propargylamine than their solid and monometallic counterparts
(Ag or Au nanoparticles). This observation could be related to
a change in electronic structure on account of the bimetallic
composition or to the increased surface area due to the
formation of hollow interiors as shown in the TEM images
(Figure 1c).

More surprising is an exceptionally high peak in yield of 60%
at a catalyst composition of 18 at. % Au (Figure 1b). TEM
imaging shows that the sizes and morphologies of the
nanoparticles are broadly similar for all bimetallic compositions
(Figure 1c), suggesting that the observed peak in the catalytic
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results is not explained by size, shape, or surface area differences
alone.

Nanoscale compositional variations have been observed to
strongly affect the catalytic activity of platinum (Pt) alloy
nanoparticles.'”'® Au and Ag form a miscible solid solution
over the full range of compositions; the lattice parameter of Au
is just 0.2% larger than that of Ag. Therefore, structurally
sensitive techniques, such as X-ray diffraction, electron
diffraction, and high resolution TEM imaging, are unable to
distinguish among monometallic, alloyed, or composite nano-
particles in the Ag—Au system. UV—visible spectroscopy' >’
and X-ray photoelectron spectroscopy (XPS)* have been used
to elucidate surface composition for bimetallic nanoparticles
but cannot provide information on the local distribution of
elements or on the variation of alloying inside the volume of a
nanoparticle. XPS data for our system suggests an enhancement
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Figure 3. 3D chemical mapping of an Ag—Au nanoparticle with a high Au content showing Ag surface segregation. Two-dimensional EDX maps
acquired at zero degrees of tilt showing the distribution of (a) Au and (b) Ag. (c) Compositional variation extracted right to left from the 2D maps at
the position of the line shown in a and b. 2D EDX maps extracted from the 3D tomograms showing the distribution of (d) Au and (e) Ag. (f)
Compositional variation extracted right to left from the 2D slices shown in d and e. The line profile extracted from the tomographic data slice more
clearly reveals the silver surface segregation due to the improved resolution in the z direction. (g) Surface visualization of the Au (red) and Ag
(green) tomograms revealing the silver surface segregation (see Supporting Movie S1). The average composition measured for the whole
nanoparticle is given inset. The scale bars in a, b, d, and e are 10 nm.

in Au composition at the surface which decreases as the total
Au content increases up to 34 at. % (see Supporting
Information), but the polydispersity of the population makes
deeper interpretation difficult. High-angle annular dark-field
(HAADF) scanning transmission electron microscope (STEM)
imaging is able to reveal local compositional variation if there
are sufficiently large differences in the average atomic number
of constituent elements. However, the nonuniform cross
section of our particles meant that HAADF STEM imaging
of the nanoparticles in this study was inconclusive (Supporting
Information Figure Sla).

Through the combination of STEM imaging with electron
energy loss (EEL) or EDX spectroscopy, it is possible to obtain
chemical information with a spatial resolution that approaches
0.1 nm for bulk oxides.”* Using high efficiency EDX
spectroscopy, coupled with aberration corrected STEM
imaging, high-resolution chemical spectrum images for >20 of
the Ag—Au bimetallic nanoparticles of different compositions
were obtained (Figure 2). These images are the first
observation of a reversal in the surface segregation within
individual nanoparticles with increased Au content. Nano-
particles with a low Au content (average composition Agy;Au;)
have an approximately 1 nm Au-rich surface layer, whereas
many particles from the sample with the highest Au
concentration (average composition AggAus,) exhibited Ag
surface segregation. Nanoparticles of intermediate average
composition Agg,Aug displayed mixed segregation; most
appeared homogeneous in composition but a small fraction
(~20%) showed an Au-rich surface layer. Nanoparticles with
intermediate average composition Ag,sAu,, were also mostly
homogeneously alloyed except for a small fraction that
displayed Ag surface segregation. The apparent surface
segregation behavior for an individual nanoparticle correlates
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well with its actual Au composition measured by processing the
EDX sum spectra obtained over the entire field-of-view for each
spectrum image (Figure 2e). To gain a better understanding of
the surface segregation behavior, line profiles have been
extracted perpendicular to the surface of the elemental maps
(Figure 2a—d). Such two-dimensional elemental images can be
difficult to interpret because different compositions overlap
when projected along the electron beam direction. For
example, Figure 3c shows a line compositional profile extracted
from the 2D elemental maps in Figure 3a,b in which Ag appears
to be clearly segregated to the surfaces for the left-hand side of
the nanoparticle ring but not for the right-hand side.

STEM imaging can be extended to provide three-dimen-
sional information through electron tomography, in which two-
dimensional images are acquired at a range of sample tilts in a
method similar to X-ray tomography. Electron tomography
using HAADF STEM imaging has proven a useful tool in the
analysis of nanoparticle size, shape, and distribution.”® Energy
filtered transmission electron microscopy (EFTEM)** and
STEM imaging with EDX spectroscopy”¥*® can provide
chemical sensitivity to electron tomographic reconstructions,
but both approaches are challenging. New EDX detector
designs (see Supporting Information) combined with the
increased currents and small probe size obtainable in aberration
corrected STEM instruments mean that EDX tomography is
now an increasingly viable tool for nanoparticle character-
ization.

To better understand the surface segregation behavior of the
nanoparticles, EDX tomograms were compared for a nano-
particle exhibiting Ag-surface segregation with another showing
evidence of Au-rich surface segregation. The Ag surface-
segregated nanoparticle reveals a fairly uniform surface layer
approximately 2 nm thick (Figure 3d,e). The compositional line
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Figure 4. EDX tomogram of nanoparticle with average composition Agy;Au, with linescan. (a) Au and (b) Ag slices through the respective
tomograms. Surface segregation of Au can be seen in the slice through the Au tomogram. (c) Linescan through slices a and b showing the
distribution of Ag and Au. Surface segregation of Au is observed although there appears to be a thin surface of Ag outside of the Au. (d) Surface
visualization of the Au (red) and Ag (green) tomograms displaying the surface segregation of Au. The scale bars in a and b are 10 nm.

profile from the tomogram (Figure 3f) reveals the benefit of the
three-dimensional data set for nanoparticle surface analysis,
more clearly demonstrating the segregated surface compared to
the profiles obtained from the two-dimensional data (Figure
3c). This is due to the improved resolution in the z-direction of
the three-dimensional data, removing the contribution of the
top and bottom surfaces from the line profile data. Processing
of the EDX sum spectrum revealed an average composition of
AgyoAuy, for the particle shown in Figure 3, close to the average
composition of the whole sample (AggsAus,). Figure 3f shows a
surface visualization of the Au and Ag tomograms together,
which clearly demonstrate the surface segregation of Ag (see
Supporting Video S1 for a rotating 3D render). In contrast, the
tomogram of a nanoparticle taken from the low Au sample
AggsAu, shows clear evidence of a thinner (~1 nm)
nonuniform Au surface segregation present on both the inner
and outer surfaces of the hollow particle (Figure 4) (see
Supporting Video S2 for a rotating 3D render).

The 2D compositional mapping and 3D tomographic data
show a clear inversion in the surface composition for these
particles as the Au content is increased and is in broad
agreement with XPS data for large ensembles of nanoparticles
(see the Supporting Information). Previous theoretical and
lower spatial resolution experimental studies have suggested
that particles are either homogeneously alloyed (due to the
lower A§—Au bond energy compared to either Au—Au or Ag—
Ag®”?%*") or have Ag segregated to the surface as a result of
this element’s lower surface energy.”®

Our results demonstrate that the Ag and Au distribution in
the nanoparticles strongly depends upon the composition of
the particle. At low Au content (<18 at. %) galvanic
replacement initially proceeds to give Au substitution for Ag
at the surface, forming a noncontinuous Au coating. As more
Ag is replaced by Au, there is an increased driving force to
minimize the particle’s intermetallic bond energy and surface
energy which produces alloying and finally, at higher
concentrations of Au, Ag surface segregation. The maximum
catalytic yield is observed at 18 at. % Au, close to the point at
which the particles change from Au surface segregation to a
homogeneously alloyed composition (Figure 2e). This is
consistent with the observation that Au provides a greater
yield than Ag for A® coupling reactions.” It is feasible that the
greater electronegativity of Au compared to Ag allows electrons
to be transferred from Ag to Au, increasing the electron density
of the surface relative to that which would be found in either Ag
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or Au monometallic systems and improving C—H bond
activation of alkynes. Indeed, an XPS analysis of the
nanoparticles (Supporting Information, figure and table)
revealed that the surfaces of the nanoparticles are enriched in
Au relative to their bulk. Moreover, the Au 4f core level binding
energy of the materials with the lowest Au content (7 and 18 at.
% Au) was found to be somewhat reduced relative to that at
higher Au contents (Supporting Information, table), supporting
the view that Au is present in ultrasmall metallic aggregates
with electronic structure different from metallic bulk Au.”*"**
The Au 4f binding energy of the catalytically most active
sample (18 at. % Au) is intermediate (83.44 eV) between those
of the most dilute (83.21 eV) and the more Au-rich alloys
(83.66 and 83.69 eV), suggesting that high activity is associated
with achieving the right balance between the influence of small
particle and bulk electronic structure effects. The Ag 3d binding
energies detected by XPS vary only slightly and are in the range
expected for metallic Ag and its alloys with Au.**~*

Our results provide direct 3D observation of an inversion in
the segregation of silver and gold for the first time. This
approach is not confined to galvanic replacement reactions but
could be applied to nanomaterials synthesized via many other
chemical and physical processing routes. There are other
examples of bimetallic systems which have shown a peak in
catalytic performance for a specific composition. In the absence
of suitable local compositional information a peak in mass
specific activity has been attributed solely to a change in the
bulk composition of the nanoparticle.® Our results demon-
strate that segregation in bimetallic particles is influenced by the
synthetic route and is not simple to predict. Furthermore, the
experimental results from this study provide direct experimental
evidence that nanoscale surface segregation can influence
nanoparticle properties. The approach could be extended to
analyze the significance of different shape geometries and the
facet dependence of enrichment, providing insights for the
improved design and understanding of nanoparticle synthesis
and catalytic activities.
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Details of synthesis, the catalysis of the three-component
coupling-reaction, STEM imaging, tomography and XPS
analysis; figures demonstrating the single/polycrystalline nature
of nanoparticles, EDX spectra, and XPS spectra; and videos of
aligned tilt series and rotating views of isosurface renders. This
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