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ABSTRACT: Nanoparticles with nominal structures of Au@
Ag (core@shell) and Au@Ag@Au (core@shell@shell) were
prepared using the sequential citrate reduction technique and
characterized using routine characterization techniques,
including transmission electron microscopy. X-ray absorption
spectroscopy was then carried out on the samples, and
extended X-ray absorption fine structure (EXAFS) analysis was
used to determine the structure of the systems. The results of
the routine techniques and the X-ray absorption spectroscopy
were then compared. EXAFS analysis of the nanoparticles with

Ag

the Au@Ag structure revealed very limited bimetallic interactions, supporting the assignment of a core@shell structure. EXAFS
analysis of the nanoparticles with Au@Ag@Au structure showed an increased proportion of bimetallic interactions. Based on the
colloid composition, the other characterization techniques and the chemistry of the system, these nanoparticles were interpreted
as having an Au@Au/Ag-alloy structure. The EXAFS analyses corroborated the other characterization techniques and enabled

the determination of the average-structure of the entire sample.

B INTRODUCTION

The catalytic properties of both gold'™* and silver™® nano-
particles have been widely studied and reported in the
literature, along with the effect of combining gold with other
common catalytic metals.” A range of bimetallic catalysts,” "’
not only involving Au—Ag, but also a variety of other
combinations of metals have been investigated in the literature
for a wide variety of applications. More recently, research has
been carried out to investigate the catalytic activity of gold/
silver bimetallic nanoparticles (alloy and core@shell), whose
activity has been found to be structure dependent.® Typically,
capping agents are removed and the particles crashed from the
colloid before using the particles as catalysts;' "' however, this
is not always the case.'”'*

Multishell bimetallic nanostructures, such as Au@Ag@Au
(core@shell@shell), are desired for their optical properties.ls’16
Here, the Ag middle layer displays optimal localized surface
plasmon resonance (LSPR) properties with the outer Au shell
providing increased stability in biological environments.'” In
addition, the Au core stabilizes the Ag middle layer against the
galvanic replacement reaction; the galvanic replacement would
take place if pure Ag nanoparticles were used as cores and Au
were to be deposited directly onto them.'” In some
circumstances, gold—silver bimetallic particles have been
observed to self-segregate.'"”

An important step to experimentally understand the
properties of bimetallic systems is to have a good knowledge
of the structure of the nanoparticles that have been synthesized.
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For the gold/silver system, in particular, this presents
substantial challenges due to shortcomings in some of the
traditional characterization techniques. For example, both Au
and Ag have the cubic crystal structures and very similar lattice
parameters (Au 4.08 A vs Ag 4.09 A) ,*° and thus, it is difficult
to distinguish between them by employing X-ray diffraction
(XRD; Figure S1, Supporting Information). Consequently, it is
also difficult to use XRD to distinguish whether alloy or
segregated particles are present in a given sample. Similarly, it is
not possible to identify differences in the lattices through high
resolution electron microscopy. In transmission electron
microscopy, Z-contrast and elemental mapping techniques
provide some structural insight, but the presence of the shell
will obscure the core, rendering it difficult to conclusively
identify the composition of the core. X-ray photoelectron
spectroscopy provides information only about the surface of a
system, and not the bulk.”’

X-ray absorption spectroscopy (XAS), on the other hand, is a
bulk characterization technique that provides average informa-
tion about an entire sample, and, in particular, allows for
element-specific structure elucidation. This provides a comple-
mentary approach to microscopy-based techniques, which
typically entail looking at a small number of particles from a
given sample.
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Since X-ray absorption edge energies are element dependent,
XAS allows the coordination environment of the gold and silver
sites to be probed separately.”” In addition, since the
backscattering phase-shift depends on the scattering element,
the extended X-ray absorption fine structure (EXAFS) is
sensitive to different backscattering species, even when they
occupy the same lattice site. In such a system, the interference
between these phase shifts will manifest itself as a doublet,
known as a beat, in the relevant Fourier transform. Thus,
EXAFS is sensitive to the presence of alloying, even when the
interatomic distances of the alloy and the pure metal are very
similar (as in Au/Ag systems).””**

Therefore, XAS has been shown to be an effective tool for
understanding particle formation,* characterizing bimetallic
systems”>?’ and identifying the coordination environment of
metal species.”® XAS has also been used to give insight into the
electron transfer that is known to occur in the gold—silver
system, through analysis of the X-ray absorption near edge
structure (XANES) region.””*’Analysis of the EXAFS data
allows the quantitative determination of the number and type
of each coordinating species around each central (absorbing)
element. In the case of an alloy, a large extent of other-metal
neighbors will be readily observed; however, for a core—shell
system, EXAFS analysis will reveal the dominant interactions as
being with the same metal, potentially with some evidence of
bimetallic character arising from the interface.'”*" The
strongest manifestation of this effect will be at the edge of
the more dilute element as, in an alloy, this element would have
the highest level of bimetallic coordination. By comparing the
overall degree of under-coordination at each edge, it is possible
to determine which species is dominant at the surface; the
presence of species such as oxides is also indicative of this, in
certain samples.”” Through combining EXAFS results with
microscopy measurements, it is possible to fully interpret the
structure from the EXAFS data. In this work we aimed to
identify the extent of alloy formation using EXAFS. We
investigated Au@Ag and Au@Ag@Au as-prepared aqueous
colloids produced using the standard citrate reduction,”~ " one
of the most widely used synthetic routes to colloidal gold and
silver systems. We also used more traditional Au/Ag nano-
particle characterization techniques, namely UV—visible spec-
troscopy (UV—vis), transmission electron microscopy (TEM)
and energy dispersive X-ray spectroscopy (EDS), to understand
and corroborate the results of the EXAFS analysis. The
combined Au L3 and Ag K-edge EXAFS data analyses revealed
that the Au@Ag system is predominantly segregated, as
expected, but with a small degree of alloying that likely
corresponds to the interfacial region. The Au@Ag@Au system
showed a greater degree of alloying, producing an Au@Au/Ag-
alloy colloid.

Previously, XAS has been used to study supported,'”*
sterically stabilized”” and concentrated®® systems; herein, we
present a combined XAS-TEM analysis of dilute, as-prepared
gold—silver colloids.

B EXPERIMENTAL METHODS

HAuCl, (99.999%), AgNO; (ACS grade >99.0%), and
trisodium citrate (ACS grade >99.0%) were purchased from
Sigma-Aldrich and used as received. HAuCl,, and stock
solutions thereof, were stored in the refrigerator. AgNO;, and
stock solutions thereof, were stored in opaque containers.
Water was purified using either a Purelab Option DV3S (Elga,
15 MQ-cm) or a Nanopure (Barnstead, 18.2 MQ-cm).
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Gold, silver, and bimetallic colloids were synthesized
according to literature procedures. Briefly, gold colloids were
prepared by adding trisodium citrate (5.00 cm®, 13.5 mM) to a
boiling solution of HAuCl, (1.27 cm® 20 mM) and water
(43.73 cm®) and refluxing for 1 h.** Silver colloids were
prepared by adding AgNO; (0.5 cm®, 20 mM) to a boiling
solution of trisodium citrate (0.2 cm®, 40 mM) and water (19.3
cm?) and refluxing for 1 h.*

Core@shell Au@Ag colloids were produced as follows: to a
boiling solution of as prepared gold colloid (20 cm®), AgNO,
(3.20 cm®, 20 mM), trisodium citrate (3.38 cm®, 20 mM), and
water (1.63 cm®) were added and the reaction was stirred and
refluxed for 1 h. Au@Ag@Au colloids were prepared by adding
HAuCl, (0.625 cm?®, 20 mM), trisodium citrate (3.38 cm?, 20
mM), and water (1.63 cm?) to a boiling solution of as-prepared
Au@Ag colloid (28.21 cm?) and stirring and refluxing for 1 h'”
Hereafter, this sample is referred to as Au@AZ@AU pore Ay

Au@Ag@Au colloids with reduced Au content in the outer
shell were also prepared to investigate the galvanic replacement
reaction by measuring particle size. These were prepared in the
same fashion as the Au@AG@AU o o, particles but using a
reduced amount of HAuCl, (0.075 cm? 20 mM) in the final
addition step. Hereafter, this sample is referred to as Au@Ag@
Au Less Au*

UV—visible spectra of the as prepared colloids in quartz
cuvettes were recorded using a Lambda 35 spectrometer
(PerkinElmer), a UV-1800 spectrometer (Shimadzu), and a V-
670 spectrometer (JASCO), diluting as necessary. TEM images
were recorded using a JEM-2100 microscope (JEOL), operated
at 200 kV, and a H-7650 microscope (Hitachi), operated at 100
kV, by loading the as prepared colloid onto a holey carbon grid
and allowing the water to evaporate. EDS was carried out using
an X-MAX instrument (Oxford Instruments) connected to the
JEM-2100 in scanning TEM (STEM) mode and an X-MAX
7235-H instrument (Horiba) connected to the H-7650
microscope. EDS results were analyzed using the Cliff Lorimer
technique.

Mean particle sizes and particle size distributions were
calculated by measuring the diameter of a minimum of 150
particles (in most cases ca. 300 particles) in Image]J (v. 1.49g)41
and using the column statistics functions of Origin Pro 9.1 SR3
to generate particle size distribution histograms and statistical
data. For the silver colloid, which showed substantial
anisotropy, particles were measured along their longest
dimension.

XAS data were collected at the BM23 beamline™* at the
European Synchrotron Radiation Facility (ESRF) and the B18
beamline™ at the Diamond Light Source. All data was collected
in fluorescence mode due to the low sample concentrations. All
XAS data was collected on as prepared samples. All data was
collected in a bespoke XAS cell (described in ref 45). A
schematic of the typical experimental setup is shown in Figure
S2 (Supporting Information). Simultaneously with each data
collection run, metal foil reference data was recorded.

XAS data were analyzed using the Demeter*® and Viper"’
software packages (v 0.9.20 and v. 1109 respectively). First,
multiple scans were merged to improve data quality, using
Athena (Demeter), then background removal was carried out
using VIPER. Data was fitted to Au—Au and Au—Ag (Au edge)
or Ag—Ag and Ag—Au (Ag edge) first shell paths, using Artemis
(Demeter), and the coordination of each path compared to the
composition to identify the presence of alloying. For all
samples, the Au and Ag data sets were fitted simultaneously.
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For parameters that have the same physical meaning (e.g,
Debye—Waller factors and half path lengths for the same path),
a shared variable was refined for all applicable paths/edges in a
given sample. Further details about the fitting procedure are
given in the Supporting Information.

B RESULTS AND DISCUSSION

We will first discuss the UV—visible spectroscopy results,
followed by the TEM results. Finally, we will discuss the XAS
results, at both the Au L3 and Ag K edges. We will discuss the
EXAFS fitting models chosen at both edges, with respect to the
compositions determined by EDS. A fuller analysis of the EDS
and high-resolution TEM (HRTEM) data is given in the
Supporting Information (SI).

UV—vis spectra of the colloids are shown in Figure 1. These
are found to be similar to the previously reported literature

Au@Ag
- - —AU@AQ@AU, . A,
AU@Ag@AU,, . a,
“ —=— Ag seeds
- ® — Au seeds

Absorbance (normalised)

T T
500 600
Wavelength /nm

T
300 400 800

Figure 1. UV—visible spectra for the as-synthesized colloidal systems.

spectra.'”** The silver character is evidently dominant over the

gold character, and with the Au@AG@AU | 4, colloid, the

additional gold has virtually no impact on the LSPR compared
to the Au@Ag system, in agreement with previous reports.17
The absorption for the Au@Ag@AU_jjore o, colloid shows
redshift compared to the AU@AZ@ay ress au cOlloid. This is
attributable to an increase in gold character; while redshift of
the LSPR can also be caused by an increase in particle size,"
since the TEM data shows a ca. 5 nm decrease in the diameter
of the Au@AZ@AU e p, Sample compared to the Au@Ag@
AU [ o, Sample (see Figure 2), the observed redshift must be
a result of the difference in composition.">** The LSPR peak
for these systems does not lie between the LSPR peaks of
monometallic silver and gold on the above plot (as would be
expected with silver, gold, and bimetallic nanoparticles of
comparable size') as the large size of the silver nanoparticles
(diameter 77 nm) substantially redshifts the silver LSPR peak.
To confirm the stability of the colloids, UV—vis spectra were
recorded again, one month after synthesis; these spectra are
shown in Figure S5 (Supporting Information).

TEM images and particle size distributions of the colloids are
shown in Figure 2. The pure gold colloid has an average
diameter of 13.1 + 0.1 nm, with a standard deviation of 2.2 nm.
The pure silver colloid was substantially anisotropic and
polydisperse, consisting of both quasi-spherical particles and
rods. The Au@Ag colloid contains quasi-spherical particles with
an average diameter of 26.8 & 0.4 nm and a standard deviation
of 5.6 nm. Both Au@Ag@Au systems comprise quasi-spherical
particles; the Au@AZ@AU pppe o, particles are the slightly
smaller system, with a mean diameter of 31.4 + 0.4 nm
(standard deviation: 7.2 nm), compared to 37.2 + 0.5 nm
(standard deviation: 9.0 nm) for the Au@Ag@AU Lo au
particles. This counterintuitive result suggests the occurrence
of the galvanic replacement reaction during the deposition of
the gold outer shell. In this case the colloid that had been
exposed to the most gold precursor would shrink in size.*”
Given the thickness of the silver layer in these samples (ca. 6.9
nm), this observation corroborates previous reports that the
electron donation stabilizing effect is only effective over a short
distance.>
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Figure 2. TEM images and particle size distribution histograms and Gaussians for (a) gold, (b) silver, (c) Au@Ag, (d) Au@AG@AU oy 4,y 2nd (&)
Au@AG@AU | 4, colloids. The error quoted is the standard error of the mean.
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To further investigate the composition of the cores and
shells, the size distribution of the cores observed in the
micrographs of the Au@Ag@AU | 5, sample was measured
and compared to the size distribution of the gold seed particles;
the aim of this exercise was to determine whether the visible
core is a pure gold seed or whether it includes silver. A
comparison of the gold seed and core size distributions is
shown in Figure 3; given the overlap of the curves, it is

13.7+£0.1 nm
—— Au colloid
120
Au@Ag@Au_Less A, COTES

100
c \
ks
2 804
B
[a}
3 60
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[}
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= 40+

20

0 : : r . y
0 5 10 15 20 25

Diameter /nm

Figure 3. Overlay of particle size distribution curves (Gaussian) for
gold seed particles and gold cores in the Au@Ag@Au_| . 4, colloid, as
determined by TEM analysis. The quoted uncertainty is the standard
error of the mean.

reasonable to say that the sizes of the cores and the gold seed
particles can be considered the same. This suggests that the
core is pure gold.

There is no evidence in the TEM images for the formation of
porous/spongy silver or hollow nanostructures, as are some-
times observed during the preparation of bimetallic nano-
particles.”*

Au L3 edge XANES data are shown in Figure 4 (standards
inset). It is clear that the samples are in the metallic state,
without any chloride or oxidic components. Furthermore, there
are noticeable differences, in the XANES data, between the
Au—Ag colloids and the pure nanoparticles/Au foil, in
particular in the region between 11920 and 11940 eV. These
are very similar to those reported by Maenosono et al.”” These
differences were interpreted as a consequence of electron
transfer between Au and Ag orbitals. Therefore, we used this
difference in the XANES at the Au L3 edge to confirm the
existence of an Au/Ag interface, as opposed to simply separate
Au and Ag particles.”

Similarly, we also examined the Ag K-edge XANES (Figure
5); this confirms that Ag is present in metallic form and there is
no evidence for any oxide, chloride, or nitrate salts being
present in the colloids.

In order to determine the nature of this interaction (i.e.,
interfacial or alloying) and to extract the structure of the
particles, we analyzed the EXAFS data of the samples. We
analyzed both the Au L3- and Ag K-edges simultaneously, using
procedures described elsewhere.”**

Fourier transforms for the Au@Ag and Au@Ag@Au colloids,
along with the best fits and selected TEM images, are shown in
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Figure 4. Au L3-edge XANES for bimetallic Au/Ag colloids (main
figure) and standards (inset). Smoothed by performing a boxcar
average (width 3 eV).
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Figure S. Ag K-edge XANES for bimetallic Au/Ag colloids (main
figure) and standards (inset). Smoothed by performing a boxcar
average (width 3 eV).

Figure 6, and the EXAFS are shown in Figure S6 (Supporting
Information). The structural parameters for these fits are given
in Table 1. The EXAFS fitting procedure was performed at
both edges simultaneously, to obtain a single model for the
system. Determination of whether the particles are segregated
or the degree of alloying present was then made by comparing
the fitted coordination number to the composition, similarly to
previously published work.'”*"

Analysis of the EXAFS fitting parameters for the Au@Ag
system shows a dominant contribution from monometallic
paths at both edges (Au—Au, Ag—Ag both have a coordination
number of ~12), indicating that the particles are segregated.
The gold L3 edge EXAFS data, here, is particularly compelling
since gold is the minority component in the system, and,
therefore, alloying would appear most prominently at the gold
L3 edge. However, when the Au—Ag and Ag—Au scattering
paths are excluded from the fit, the R-factor rises from 0.014 to
0.026 (Figure S7 and Table S2, Supporting Information), and
this indicates that the contribution from the Au—Ag/Ag-Au
paths, although very small, is real. Therefore, the presence of a
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Figure 6. Fourier transforms of EXAFS data (solid black curves) and fits (red dashed curves) for (a) Au@Ag colloid Au L3-edge, (b) Au@Ag colloid
TEM image, (c) Au@Ag colloid Ag K-edge, (d) Au@Ag@Au colloid Au L3-edge, (e) Au@Ag@Au colloid TEM image, and (f) Au@Ag@Au colloid

Ag K-edge. The blue box represents the R-space fitting window.

Table 1. Fitting Parameters Used to Model EXAFS Data for the Bimetallic Systems®

nominal structure x edge
Au@Ag 0.13 (SD = 0.06) Au
Ag

Au@Ag@Au 0.26 (SD = 0.01) Au
Ag

path CN o R (A) R factor
Au—Au 12(2) 0.010(2) 2.87(1) 0.014
Au—Ag 0.9(6) 0.003(3) 2.88(3)
Ag—Ag 12(2) 0.011(2) 2.87(1)
Ag—Au 0(1) 0.003(3) 2.88(3)
Au—Au 9(2) 0.008(2) 2.85(1) 0.029
Au—Ag 2.0 (7) 0.004(2) 2.84(2)
Ag—Ag 9(2) 0.011(2) 2.85(2)
Ag—Au 2(2) 0.004(2) 2.84(2)

“x is the mole fraction of Au, ¢ is the EXAFS Debye—Waller factor, R is the fitted half path length, and CN is the coordination number. Uncertainty
in the final digit is given in parentheses after the value. All values have been rounded as appropriate given their uncertainty. Compositional data is
taken from EDS measurements; EDS spectra and maps, and further discussion, are shown in Figures S8—S13 (Supporting Information). SD is the

standard deviation of the compositional data.

small contribution from the bimetallic paths can be assigned to
the interaction between the two metals at the interface between
the gold core and the silver shell. Previous reports have
suggested that it is possible that limited alloying has occurred in
the interfacial region;19 however, this would be expected to
increase the Au—Ag/Ag-Au scattering path contributions.

The structural parameters for the Au@Ag@Au system
(Table 1) show dominant single element paths at both Au
L3 and Ag K-edges; however, at both edges, there is a greater
contribution from the bimetallic paths than displayed by the
Au@Ag system. At the Ag K-edge, this can be explained by the
existence of the second gold—silver interface present in a gold—
silver—gold structure; however, the doubling of the mole
fraction of gold in the system would overcome this at the gold
edge, reducing the contribution from bimetallic paths, if there
were a pure gold outer shell. Instead, the contribution from
bimetallic paths is also increased at the gold edge. The most
reasonable explanation for this is that the silver shell (ca. 6.9
nm) extends beyond the short distance (ca. 1 nm) that the

1961

electron donation effect is known to protect it for,”” leading to
galvanic replacement and alloying in the shell. In summary, this
suggests that the Au@Ag@Au particles form a gold core
surrounded by an alloy shell-whether this alloy shell is
homogeneous or possesses a composition gradient is unclear.

Excluding the bimetallic paths from the Au@Ag@Au fit
resulted in increased uncertainty in the fitting parameters and
increased R-factor (from 0.029 to 0.082; Figure S7 and Table
$2, Supporting Information), demonstrating that inclusion of
the bimetallic paths improved the fit. Nevertheless, the ability
to achieve a rough fit without the bimetallic paths demonstrates
the presence of segregation (arising from the gold core) in this
system too.

These results are consistent with the TEM images shown in
Figure 6b,e (and also in Figures S14—S16 Supporting
Information), where core@shell structures are clearly visible
in both the Au@Ag and Au@AZ@AuU_ . o, particles. For
Au@Ag@AU_fo o despite the ideal double shell structure,
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only one shell is visible in the image, supporting the structural
assignment of Au@alloy made from the EXAFS analysis.

B CONCLUSIONS

The data presented here provide insight into the structures of
bimetallic gold and silver colloidal nanoparticles. The particles
with a nominal structure of Au@Ag were found to contain only
an almost indistinguishable amount of alloying, attributable to
the interface, while those with a nominal structure of Au@Ag@
Au were found to display partial alloying in the outer shell; this
was due to the thickness of the silver shell exceeding the
distance over which the electron donation effect can stabilize
the silver, giving an actual structure of Au@Au/Ag-alloy. From
the evidence for Au—Ag interactions in the Au L3 edge
XANES, it was possible to confirm that the presence of
bimetallic particles, rather than two species of monometallic
particles. For both these samples results obtained from Au L,
and Ag K edge EXAFS and transmission electron microscopy
were found to be consistent.

B ASSOCIATED CONTENT

© Supporting Information
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