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ABSTRACT: Bimetallic AuAg NPs (NPs) were synthesized via chemical
reduction of AuCl3 and AgNO3 and fully characterized by several
experimental techniques and theoretical calculations. The plasmon
absorptions of these NPs were correlated with the most stable particle
structure through diﬀerent simulations, revealing the most stable
structure to be consisted of a gold core and a silver shell. This structural
motif was then conﬁrmed by HR-TEM coupled with line-scan EDS and
molecular dynamics. Finally, the impact of the nanoparticle composition
on their catalytic performance for glycerol electrooxidation was evaluated.
The better catalytic performance in terms of the onset potential found for
the Au50Ag50 and Au75Ag25 catalysts suggests the existence of a synergistic
eﬀect between Au and Ag.

1. INTRODUCTION
Metallic nanoparticles (NPs) exhibit optical properties that
diﬀer signiﬁcantly from those of the respective bulk material. As
examples, bulk Ag and Au are metallic-colored, while their
respective solutions of spherical NPs are usually yellow and
deep red. The solution color is due to the surface plasmon
absorption originating from the coherent motion of the
outermost electrons of the nanoparticle when they interact
with an external electromagnetic ﬁeld.1 In addition to particular
optical properties, NPs also exhibit better catalytic performances than usual catalysts, such as transition-metal complexes or
salts.2 Mixing diﬀerent metals to produce bimetallic NPs gives
rise to a second generation of nanocatalysts, for which the
catalytic performance is even better than those of the pure
metallic NPs separately.3,4 The interesting optical and catalytic
properties of metallic NPs and nanoalloys are responsible for
the appearance of many new important applications in the
ﬁelds of optical data storage,5 tumor imaging,6 hydrogen
storage,7 or other applications.8
AuAg NPs are probably one of the most studied bimetallic
systems.9−12 This is partially because the surface plasmon
absorptions of Ag and Au NPs are distinctive and generally
restricted to around 400 and 520 nm, respectively, while that
resulting from mixing Ag and Au into a bimetallic nanoparticle
can be tuned between 400 and 520 nm, depending on the
particle composition, size, and morphology.13,14 In the bulk
phase, Ag and Au form alloys for all compositions with very
little surface segregation due to their similar lattice constants,
namely, 4.09 Å for Ag and 4.08 Å for Au.15 Diﬀerently, in the
nanometer-sized regime, either alloyed16,17 or core−shell18−20
structures can be synthesized through various methods.21−25 As
a consequence, the optical properties of these bimetallic NPs
© 2014 American Chemical Society

can be tuned not only by varying their composition, size, and
external morphology but also by changing the internal structure
from alloy to core−shell.13 Optical absorption spectroscopy has
been the most widely used technique for inferring the internal
structure of the AuAg NPs. However, it provides average
information that may not reﬂect the heterogeneity of bimetallic
NPs.26 Therefore, it is extremely important to develop
methodologies for accurate internal structure studies that
allow us to correlate nanostructure with optical properties. In
this scenery, NPs imaging may provide detailed inputs needed
for precise modeling to understand the underlying physical
mechanisms that favor either mixing or segregation in
bimetallic NPs formation.27 Among the theoretical methods
currently available, molecular dynamics (MD) is particularly
interesting to access general properties of transition-metal NPs.
Information about relative stabilities of nanoalloys,3 size eﬀect
on properties,28 or even trends of catalytic activity29 can be
gained using MD simulations.
In this work, we prepared bimetallic AuAg NPs with diﬀerent
compositions through a very simple chemical route, recently
reported by our group,30 and established a methodology based
on the use of experimental techniques and molecular dynamics
simulations to fully characterize the structures of the
synthesized NPs, which are correlated with their optical
properties. This represents an advance with respect to earlier
works on the characterization of AuAg NPs. The rather small
diﬀerence observed for the lattice parameters of both metals
(408.53 pm for Ag and 407.82 pm for Au) makes it very
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Kinetic experiments at room temperature were carried out
during the synthesis, through which the absorbances of the
suspension containing the just-mixed reactants were monitored
as a function of time. This procedure allows one to evaluate
how the NP composition kinetically inﬂuences its growth, as
well gives some clues about the ﬁnal atomic arrangement of the
synthesized NP. The measurements were performed in
triplicate. The synthesized NPs were then analyzed by
transmission electron microscopy (TEM) and line-scan X-ray
energy-dispersive spectroscopy (EDS).
2.3. Electrocatalytic Experiments. For the electrocatalytic experiments, all NPs were synthesized using the
same procedure applied for the synthesis of colloidal NPs.
However, the NPs were produced directly onto Vulcan carbon
(NPs/C) without stabilization by PVP, thus avoiding any
inﬂuence of PVP on the reactions under study. The synthesis of
the bimetallic catalyst consisted in sonicating 40 mg of XC-72
Vulcan carbon in 50 mL of ultrapure water and then adding a
ﬁxed amount of AuCl3 and AgNO3 under stirring to promote
homogenization. Afterward, another aqueous solution containing glycerol and NaOH was added to give the following
concentrations: 1.0 mol L−1 glycerol, 0.010 mol L−1 NaOH and
0.10 mmol L−1 Au3+ and 0.30 mmol L−1 Ag+ for Au25Ag75, 0.20
mmol L−1 Au3+ and 0.20 mmol L−1 Ag+ for Au50Ag50, and 0.30
mmol L−1 Au3+ and 0.10 mmol L−1 Ag+ for Au75Ag25. The black
suspensions were kept during 24 h under stirring at room
temperature and then washed, ﬁltered, and dried at 80 °C for
12 h. To produce Au/C and Ag/C monometallic catalysts, the
method employed was also similar, although, for these
materials, the concentrations were 0.40 mmol L−1 Au3+ and
0.40 mmol L−1 Ag+.
For the preparation of the catalytic layer, 2.0 mg of Ag/C,
Au25Ag75/C, Au50Ag50/C, Au75Ag25/C, or Au/C powder was
suspended in a mixture containing 1 mL of isopropyl alcohol
and 20 μL of a Naﬁon solution (5 wt % in low aliphatic alcohol,
from DuPont). After ultrasonic homogenization, 20 μL of this
ink was deposited onto a glassy carbon disc and the solvent was
then evaporated at room temperature. The catalysts were
applied for glycerol electrooxidation in O2-free 0.10 mol L−1
glycerol and 0.1 mol L−1 NaOH at 0.05 V s−1. These
electrochemical measurements were performed in quadruplicate. Given the arbitrary nature of some of the normalization
methods commonly adopted by the literature, as, for example,
mass of catalyst or electroactive area of the catalyst, we have
chosen not to use any normalization method for the Faradaic
currents. However, all measures have been made with the same
electrode geometric area and metal load on the support,
assuring their comparison. In the cyclic voltammograms of
glycerol electrooxidation, the onset potential, deﬁned as the
potential at which the oxidation reaction starts to occur, was
determined by tracing a baseline on the double layer current
and taking the potential corresponding to the initial rise of the
Faradaic current (in the positive-going potential scan) with
respect to the baseline.
2.4. Theoretical Calculations. The NPs were investigated
with Molecular Dynamics (MD) simulations using the
LAMMPS program.32 The MD was done in vacuum with
timesteps of 1 fs using the canonical ensemble NVT and the
Nosé−Hoover thermostat. The equations of motion were
integrated using the Verlet algorithm. The embedded-atom
model (EAM)33 was used to describe the many-body
interactions within the NP. According to the EAM, the total
energy of a given atom depends on a pairwise potential

diﬃcult to predict segregation patterns experimentally for AuAg
NPs,31 and for this reason, the use of MD simulations to discuss
the NP properties at diﬀerent compositions and atomic
arrangements is very important.
From a previous study,30 we know that adding silver to gold
in a 50:50 ratio causes a reduction of the gold 5d band
occupancy. A practical consequence of this was a decrease in
the overpotential for glycerol electrooxidation. Although, in
that work, we presented evidence that Ag was segregated at the
particle surface, the morphology of the particles was still
unknown. In the present paper, we elucidate the NPs’ structure
and show how the composition of AuAg NPs impacts their
catalytic properties.

2. EXPERIMENTAL SECTION
2.1. Reactants and Instrumentation. All chemicals
(Aldrich) used in this work were of analytical grade and were
used without further puriﬁcation. A Shimadzu UV-2600
spectrophotometer was used to acquire UV−vis spectra of
the nanoparticle suspensions. For the transmission electron
microscopy (TEM) experiments, copper grids coated with
carbon ﬁlm were immersed into the nanoparticle colloidal
suspensions and allowed to dry overnight in a desiccator. The
grids were then analyzed with a TEM FEI Tecnai (200 kV
accelerating voltage). Electrochemical experiments were carried
out with either a 1285 Solartron potentiostat/galvanostat
controlled by the CorrWare software or an Autolab 30
potentiostat/galvanostat controlled by the GPES software.
They were conducted in a conventional three-electrode cell.
The counter electrode was a Pt foil. The reference electrode
was Hg/HgO, and all potentials in this work are referred to it.
The working electrodes consisted of carbon-supported Ag,
Au25Ag75, Au50Ag50, Au75Ag25, and Au on a glassy carbon disc.
2.2. Synthesis and Characterization of Colloidal AuAg
NPs. For the production of bimetallic colloidal NPs, the
following stock solutions were produced: 40 g L−1 polyvinylpyrrolidone (PVP) (MW = 10 000), 10 mmol L−1 AuCl3
(30 wt % in HCl), 10 mmol L−1 AgNO3, and 1.0 mol L−1
glycerol + 0.10 mol L−1 NaOH. For instance, to produce
colloidal NPs with 50% of each metal (Au50Ag50), 50 μL of the
AuCl3 solution, 50 μL of the AgNO3 solution, and 2.5 mL of
the PVP solutions were mixed in a beaker with water to yield a
5.0 mL solution. In a separate vessel, 1.0 mL of the glycerol−
NaOH solution was dissolved in ultrapure water to yield a 5.0
mL solution. The glycerol−NaOH solution was then added to
the AuCl3−AgNO3−PVP solution to generate a 10 mL solution
with the following ﬁnal concentrations: 0.050 mmol L−1 Au3+,
0.050 mmol L−1 Ag+, 0.10 mol L−1 glycerol, 0.010 mol L−1
NaOH, and 10 g L −1 PVP. The other nanoparticle
compositions (Au25Ag75 and Au75Ag25) were obtained by
simply varying the volumes of AuCl3 and AgNO3 to achieve
the desired molar fraction. During the synthesis of the
bimetallic colloidal NPs, the formation of some AgCl cannot
be excluded due to its low Ksp (1.8 × 10−10). If formed,
however, AgCl does not hinder the formation of the AuAg NPs
since glycerol in an alkaline medium was found to be capable of
generating Ag NPs when added to pure AgCl solution.30
Gold and silver monometallic NPs were also synthesized to
compare the results with those of AuAg NPs. For the
preparation of monometallic NPs, the procedure was similar;
however, the concentrations of Au3+ and Ag+ were 0.10 mmol
L−1 for both, whereas the concentrations of glycerol, NaOH,
and PVP remained the same.
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Figure 1. Absorption spectra of Ag (I), Au25Ag75 (II), Au50Ag50 (III), Au75Ag25 (IV), and Au (V) NPs suspended in water at room temperature,
together with the respective photograph, transmission electron microscopy (TEM) images, and size distribution histograms.

involving this atom and each neighbor, as well as on the
electron density around it. The following cutoﬀ distances (in Å)
shown inside the potential tables containing the EAM
parameters34 were used here: 5.6 (Au) and 5.6 (Ag). The
EAM was already successfully used to simulate transition-metal
NPs.3,35 Simulations at 298 K were carried out for NPs of 1289
atoms of truncated octahedron geometry with diﬀerent
compositions and atomic arrangements. Simulated annealing
runs were also done for the same NPs, where the structures
were ﬁrst equilibrated at 1400 K for 1 ns and then slowly
cooled down to 10 K with a cooling rate of 7 × 10−5 K·step−1.
The absorption spectrum of the simulated NPs was predicted
using the Mie theory simulation software,36 which solves
Maxwell’s equations to predict the percentage of light scattered
and absorbed by particles.37 For the AuxAgy nanoalloys, where
the atoms are randomly distributed, the absorption intensity at
each wavelength λ was calculated using the mixed refraction
index, n, given by

n(λi) =

x[nAu(λi)] + y[nAg (λi)]
x+y

(1)

where nAu and nAg are the refraction indices of the pure metals,
which are wavelength-dependent. The mixing rule shown in eq
1 works better for larger wavelengths. In these calculations, the
NPs were assumed to be spherical and their size and
composition were obtained from TEM images and line-scan
EDS analysis.

3. RESULTS AND DISCUSSION
Figure 1 shows the UV−vis spectra and the respective TEM
images of AuAg NPs with diﬀerent Au contents. The spectrum
of colloidal Au NPs had an absorbance maximum at around 520
nm, a wavelength corresponding to quasi-spherical gold
NPs,38,39 which is corroborated by the respective TEM
image. The colloidal Ag NPs presented a maximum absorbance
at around 410 nm, a value attributed to the surface plasmon
resonance from silver NPs.40 Figure 1 also presents UV−vis
spectra of bimetallic AuAg NPs with molar ratios of 1:3, 1:1,
28870
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and 3:1 (namely, Au25Ag75, Au50Ag50, and Au75Ag25, respectively). The formation of bimetallic NPs is evidenced by the
appearance of a single band whose wavelength of maximum
absorbance (λmax) is located between those of pure Au and Ag
NPs. In the photograph of the colloidal solutions displayed in
Figure 1, one can see that the color gradually moves from pale
yellow to deep red passing through orange upon increasing the
Au content.
The existence of a single peak in the absorption spectra II−
IV (Figure 1) is consistent with the formation of bimetallic
AucoreAgshell NPs, in which the Au core is completely covered by
the Ag shell.41 On the other hand, the smooth red shift of those
peaks upon increasing the Au content has been reported to be
an evidence for the formation of alloyed NPs.42 Therefore, the
assignment of the conﬁguration based solely on UV−vis spectra
is not trivial and must be complemented with other
experimental and theoretical techniques, as discussed further
on.
According to the histograms shown above, the average size of
the NPs tends to grow with the increasing percentage of silver.
For the pure Ag NPs, the bimodal features observed in their
histogram are probably due to ripening of big particles, thus
generating extra small ones. As mentioned in the Experimental
Section, AgCl may be formed during the synthesis of the AuAg
particles. This might explain why the mean atomic percentage
of Ag in the Au25Ag75, Au50Ag50, and Au75Ag25 NPs are 59.1,
51.1, and 34.7%, respectively, i.e., less than 25% diﬀerent from
the nominal values. However, contamination of the AuAg
particles with AgCl can be excluded since X-ray energydispersive spectroscopy (EDS) analysis of those particles shows
only Au and Ag, without any presence of Cl.
In order to get insight on the relative stability of the NPs,
molecular dynamics simulations at 298 K were carried out to
predict average total energies of AucoreAgshell, AushellAgcore, and
alloyed AuAg (≡ AuAgalloy) NPs having 1289 atoms and
diﬀerent compositions (see Figure 2). In contrast to the
narrower experimental compositions found for the NPs, the Au
contents used in the MD simulations were 25, 50, and 75%,
which were chosen in order to provide a clear trend of the
nanoparticle stability over a broader range of compositions.
The vertical bars of Figure 2 reveal that the AushellAgcore
conﬁguration is the least stable one, while the AucoreAgshell and
AuAgalloy NPs have similar stabilities. The comparison of the
core−shell and alloy conﬁgurations shows that the former
becomes gradually more stable than the latter upon increasing
the Au content. This nicely agrees with another recent
experimental work on hollow AuAg NPs, which shows that
the AucoreAgshell conﬁguration is more stable at higher Au
contents.31
Ag has a lower surface energy43 and slightly larger lattice
parameter than Au, and for this reason, Ag would tend to be on
the surface. This may help us to understand why the
AushellAgcore conﬁguration (Figure 2, black bars) has exhibited
the highest energy or smallest stability. The other two
possibilities, AucoreAgshell and AuAgalloy, have very similar
energies, and their relative stabilities strongly depend on
composition. For the AuAgalloy conﬁguration, the energetic
penalty of having few Au atoms on the surface (at lower Au
contents) seems to be compensated by the formation of
thermodynamically preferred Au−Ag bonds. On the other
hand, at higher Au content, the large number of Au atoms on
the surface for the AuAgalloy conﬁguration (see Figure 2, white
bar at 75% Au) destabilizes more than the small number of

Figure 2. Average total energies of MD simulations at 298 K of NPs of
diﬀerent atomic arrangements and compositions (bars), whose
respective geometries are shown close to each bar, indicated by
dashed lines. Standard deviations were too small (∼1.70 eV) to be
plotted. The thermal treatment of these structures using simulated
annealing (SA, 298 K → 1400 K → 10 K) is indicated by an arrow
with the label “SA”, where the ﬁnal annealed structures are shown in
each case. The number over each ﬁnal structure is the corresponding
percentage of the NP surface covered by Ag atoms.

Au−Ag bonds formed, and therefore, the AushellAucore may
become more stable. The rather small diﬀerence observed in
the lattice parameters of both metals (408.53 pm for Ag and
407.82 pm for Au) makes it very diﬃcult to predict segregation
patterns experimentally for such NPs,31 and for this reason, the
use of MD simulations to discuss the NP properties at diﬀerent
compositions and atomic arrangements is fully justiﬁed.
The simulated annealing (SA, 298 K → 1400 K → 10 K) of
all nine structures bounded to the vertical bars by dashed lines
in Figure 2 gave rise to the annealed structures shown above
each initial structure, where the number over each structure is
the percentage of the annealed nanoparticle surface covered by
Ag atoms. Note that all NPs were melted and slowly cooled
down to give rise to thermodynamically more stable structures.
One can see that the number of Ag atoms found at the
nanoparticle surface of the annealed structures decreases with
increasing Au content, indicating that the bimetallic particles
with 25% Au content have the Ag-richest shell, while the shell
of the 50% and 75% Au content NPs might be alloyed AuAg, as
previously discussed from the results shown in Figure 1.
Figure 3 shows how λmax (expressed in energy units)
obtained from the simulated absorption spectrum (Figure S1,
Supporting Information) of each nanoparticle compares with
the corresponding experimental value. The theoretical calculations of the absorption spectra took into account the exact
experimental compositions obtained from the EDS measurements, since a direct comparison between theory and
experiment is done here. For the pure Au and Ag NPs, the
predicted maxima of absorption are in excellent agreement with
the experimental values. For 41% Au, it is evident that the
conﬁguration AucoreAgshell ﬁts better the experimental result
than the conﬁgurations AgcoreAushell and AuAgalloy.
At 65% Au content, the diﬀerences among the three
conﬁgurations are very small, although the predominance of
Au in the core still agrees better with the experimental value.
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shown in eq 1 and assuming spherical particles. At extreme
compositions (e.g., very high or very low Au contents), any
error induced by this mixing rule can be neglected, while, at
intermediate compositions, such errors become more pronounced, indicating that a diﬀerent mixing rule would be more
appropriate. However, the theoretical results shown in Figure 3
can be still qualitatively related to experimental data, and are
useful to discuss the trends found for diﬀerent atomic
arrangements and compositions. The AushellAgcore arrangement
(Figure 3, red circles) clearly represents the least stable
arrangement for Au contents in the range of 40−50%, which
nicely agrees with a completely diﬀerent theoretical analysis,
based on MD simulations, as shown in Figure 2 (black bars).
Figure 4a,b presents the kinetics of formation of Au25Ag75
NPs and the TEM images of Au, Au25Ag75, and Ag NPs,
respectively. The UV−vis experiments were carried out by
ﬁxing the wavelength at 412, 421, and 550 nm for Ag, Au25Ag75,
and Au, respectively, and starting measuring the absorbance
immediately after mixing the reactants directly in the cuvette.
One notices that the three curves evolve similarly at the
beginning of the experiment, with those for Ag and Au25Ag75
depicting a somewhat longer induction time than that of pure
gold, as revealed by the inset of Figure 4a.
This means that, during the formation of bimetallic NPs,
gold-rich nuclei are ﬁrst formed with subsequent incorporation
of silver, thus spawning NPs with a silver-richer shell. Line-scan

Figure 3. Comparison between the experimental and theoretical
transition energies evaluated at the λmax values obtained from the
corresponding absorption spectra of Ag, Au25Ag75, Au50Ag50, Au75Ag25,
and Au NPs. The theoretical spectra are shown in Figure S1.

For 49% Au, the conﬁguration AuAgalloy presents the best
agreement with the experiment. It is interesting to realize that
the conﬁguration AucoreAgshell is the only theoretical one for
which the λmax values increase monotonically upon increasing
the Au content, similarly to the experimental trend. The
predicted absorption spectrum of bimetallic NPs using the Mie
theory is based on the arithmetic mean of refraction indices

Figure 4. (a) Normalized absorbances taken at 412, 421, and 550 nm, corresponding to Ag, Au25Ag75, and Au, respectively, as a function of time for
the synthesis of Au25Ag75 NPs. The inset shows the beginning of the experiment. (b) High-resolution transmission electron microscopy (HR-TEM)
images of a single Ag, Au25Ag75, and Au NP. (c) High-angle annular dark-ﬁeld (HAADF) intensities of the line-scan energy-dispersive X-ray
spectroscopy (EDS) measurements of a single Au25Ag75 NP.
28872
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Au50Ag50 catalysts are more eﬃcient than the Au catalyst.
This 100 mV variation in the onset potential is due to the
ligand eﬀect.44 According to previous XANES results,30 the
presence of silver in the catalyst surface promoted a slight, but
signiﬁcant, reduction in the gold 5d band occupancy, which, in
turn, made glycerol adsorb less strongly on gold, culminating in
a lower onset potential. At high silver contents (over 75%),
there is a positive potential shift as a consequence of drastic
gold depletion on the surface (according to MD simulations
shown in Figure 2). The availability of gold on the surface of
NPs is pivotal for the electrooxidation of glycerol. Figure 5 also
reveals the existence of a clear synergistic eﬀect between Au and
Ag, since both pure NPs separately are less promising than the
combination of both. This synergy is the basis of the volcano
shape usually observed for trends of the catalytic performance
with composition for bimetallic NPs.3,4,29
In addition to the impact of the catalyst composition on the
onset potential, kinetics of the glycerol electrooxidation was
also inﬂuenced by the Ag addition to the AuAg catalyst (Figure
S2). The maximum current of the most pronounced oxidation
peak for the Au25Ag75, Au50Ag50, and Au75Ag25 catalysts is 0.11,
0.56, and 0.5 mA, respectively, much smaller than that observed
for the Au catalyst, which is 4.96 mA. The kinetics of a given
reaction on a catalyst reﬂects the catalyst activity. Therefore,
although AgAu catalysts present a gain in terms of the onset
potential (energy to start the oxidation reaction) with respect
to the Au catalyst, they are less active than pure Au at high
potentials. A possible explanation for the diﬀerence between
the reaction rate on the Au and bimetallic catalysts may be
related to the fact that, in the bimetallic catalysts, silver is
segregated on the nanoparticle surface, as revealed by MD
simulations shown in Figure 2. Since silver oxidizes only
marginally glycerol (Figure S2), the presence of silver on the
surface of the bimetallic materials might decrease the rate of
glycerol electrooxidation with respect to the pure Au catalyst.
To summarize, on one hand, the onset potential delivered by
the Au75Ag25 and Au50Ag50 is 100 mV lower than that provided
by the Au catalyst, which means that the reaction needs less
energy to start to occur. On the other hand, the Au catalyst
oxidizes glycerol with a higher reaction rate than the AuAg
catalysts at high potentials. The reaction on the Au catalyst
occurs, however, at a higher overpotential; i.e., the reaction
needs more energy to initiate. Therefore, the catalytic activity
gain is uncompensated by the energy costs necessary to start
the oxidation of the reaction intermediates. The optimization of
the bimetallic particle structure and size might lead to decrease
even more the overpotential and compensate for its low
reaction rate and to improve the catalytic activity, in addition to
the gain already obtained in the onset potential for the glycerol
electrooxidation. Furthermore, another advantage of using
AuAg catalysts in place of the Au catalyst is the reduction of
costs during the particles synthesis, since the precursor salt of
Ag ions is considerably less expensive than that of Au ions.
Therefore, for example, the costs involved in the synthesis of a
catalyst with 50% of Ag and 50% of Au are lower than those
related to the synthesis of a catalyst with 100% Au.

EDS conducted on a single Au25Ag75 NP (Figure 4c) conﬁrmed
the latter result by revealing the particle to have an edge richer
in silver. Note that, at the position 0.010 μm, the signal of silver
is roughly twice as much as that of gold. In the high-resolution
TEM image of the Au25Ag75 nanoparticle (Figure 4b), one can
actually see a circumference in a lighter shade, primarily
constituted of silver, which was not observed in the Ag and Au
images. This result agrees with the theoretical ones shown in
Figures 2 and 3 in which the AucoreAgshell conﬁguration is
slightly more stable than the alloyed one. Also, AucoreAgshell NPs
have been reported to exhibit one single peak in the absorption
spectrum, just as we report in Figure 1, when the gold core is
completely covered by the silver shell.41
All of these theoretical and experimental results suggest that
AucoreAgshell NPs are preferentially formed. On the other hand,
the fact that the peaks in the absorption spectra shown in
Figure 1 continuously red shift upon increasing the Au content
of the NPs indicates the formation of alloyed AuAg NPs.42 In
view of both evidences, the most plausible description of the
synthesized NPs may be of a gold core covered by a gold−silver
alloyed shell. This shell becomes more alloyed for higher Au
contents, as previously discussed.
The NPs produced in this work were then applied for
glycerol electrooxidation. In the cyclic voltammograms (Figure
S2, Supporting Information), the onset potential for glycerol
electrooxidation was found to be one of the parameters mostly
impacted by the amount of silver. Figure 5 shows the onset
potential for glycerol electrooxidation as a function of the
catalyst Au content.

Figure 5. Onset of glycerol electrooxidation over Au and AuAg NPs
with diﬀerent compositions. The cartoon shows the simpliﬁed glycerol
electrooxidation steps, where carbon (C) supported Au NPs were
taken as an example of catalyst.

NPs of pure silver failed in delivering currents other than the
background ones (Figure S2). In other words, pure silver NPs
oxidize glycerol only marginally; hence, there is no onset
potential to be included in Figure 5. While pure gold NPs
delivered an onset potential of about −0.23 V vs Hg/HgO, the
enrichment in silver shifted the potentials to about −0.33 V for
the Au75Ag25 and Au50Ag50 catalysts. The lower the onset
potential, the better is the catalyst in terms of the ability to
electrooxidize the adsorbed intermediates of the glycerol
electrooxidation. Therefore, in this respect, Au75Ag25 and

4. CONCLUSIONS
In the present work, we established a methodology based on
the use of experimental techniques and molecular dynamics
simulations to fully characterize the structure of AuAg NPs,
which are correlated with their optical properties. In particular,
nanoparticle structure was elucidated by transmission electron
28873
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microscopy (TEM) images combined with line-scan X-ray
energy-dispersive spectroscopy (EDS) analysis and theoretical
predictions considering three diﬀerent structures (AucoreAgshell,
AgcoreAushell, and AuAgalloy). Surface plasmon absorptions of the
investigated NPs were examined and correlated with the most
stable particle structure, which was found to be consistent with
a gold core and a silver shell. The molecular dynamics
simulations and predictions of absorption spectra were revealed
to be very important theoretical tools to characterize the NPs
investigated in this work. Both theoretical approaches indicate
that the AucoreAgshell is the most stable conﬁguration found for
NPs of higher Au contents.
In addition to correlating the particle structure with optical
properties for AuAg-based colloidal materials with diﬀerent
chemical compositions, we also explored here the catalytic
properties of the carbon-supported AuAg NPs for glycerol
electrooxidation in an alkaline medium. Our results indicate
that the oxidation of glycerol needs less energy to start to
occur; i.e., it has a lower overpotential, when catalyzed by
bimetallic NPs containing 25% and 50% of silver, as compared
with the same reaction catalyzed by pure Au NPs. This
evidences that synergistic eﬀects between Au and Ag are taking
place during the catalysis. Although the rate of the reaction
catalyzed by pure Au NPs was higher than that of the bimetallic
NPs, the lower energy required for the latter shows that it is still
possible to optimize the material to decrease even more the
overpotential and compensate for its low reaction rate, as well
as to increase the reaction rate, in addition to the onset
potential gain already obtained for the glycerol electrooxidation.
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