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Eco-friendly synthesis of bimetallic
AuAg nanoparticles
Amanda G. Garcia,*a Pietro P. Lopes,a Janaina F. Gomes,a Cleiton Pires,a
Eduardo B. Ferreira,a Rubens G. M. Lucena,b Luiz H. S. Gasparotto†a and
Germano Tremiliosi-Filhoa
In this study we report a friendly route to produce colloidal AuAg bimetallic nanoparticles (NPs) using
glycerol as a reducing chemical in alkaline medium. Ultraviolet spectroscopy (UV-Vis) and transmission
electron microscopy (TEM) confirmed the formation of colloidal NPs. The nanoparticles were also
directly produced on carbon to yield Au/C, Ag/C and AuAg/C. Extended X-ray absorption fine-structure
(EXAFS) spectroscopy at the Au L3 edge evidenced surface segregation of silver in the AuAg/C material.
Also the X-ray absorption near edge structure (XANES) region indicated a slight reduction in the Au 5d
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band occupancy due to the presence of silver. Since a fuel cell is a potent source of energy for the
future, the catalytic properties of the NPs were investigated for anodic glycerol electro-oxidation
reaction and results for AuAg NPs are compared with those for monometallic Au and Ag NPs. When
compared with Au/C, the AuAg/C material displayed lower potential for glycerol electro-oxidation,
reducing by 120 mV the onset potential for glycerol electro-oxidation. This means that the electro-
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oxidation of glycerol on the bimetallic catalyst is mainly aﬀected by the ligand eﬀect.

1. Introduction
The physical and chemical properties of nanostructured metallic
materials are very diﬀerent from their corresponding bulk counterpart. For example, the availability of a large number of reactive
sites on a curved surface of a nanoparticle favors the adsorption of
chemicals, which improves the chemical reactivity of the material.
This has catapulted the development, characterization and application of metallic nanoparticles in heterogeneous catalysis, ultrafast data communication and optical data storage.1–3 Silver and
gold have been thoroughly studied because of their broad absorption band in the visible region of the electromagnetic spectrum.
Colloidal solutions of these metals are very intensely colored,
which is absent in the bulk materials. This characteristic is
interesting for surface-enhanced Raman spectroscopy,4 for
example, that makes use of the local-enhanced electric field
for detection of molecules at very low concentrations.
A variety of methods of synthesis, such as polyol5 and microwave assisted,6 may be employed in the production of Au and Ag
NPs, for example. The polyol method typically consists of refluxing
a

Instituto de Quı́mica de São Carlos, Universidade de São Paulo, Caixa Postal 780,
13560-970 São Carlos, SP, Brazil. E-mail: amandagarcia@iqsc.usp.br;
Fax: +55 16 3373 9903; Tel: +55 16 3373 9934
b
Instituto de Quı́mica, Universidade Federal do Rio Grande do Norte, Lagoa Nova,
59072-970, Natal, RN, Brazil
† Current address: Group of Biological Chemistry and Chemometrics, Institute of
Chemistry, Federal University of Rio Grande do Norte, Natal 59072-970, RN, Brazil.

a mixture of a precursor salt (e.g., AuCl3 or AgNO3), a stabilizing
agent [e.g., poly(vinyl pyrrolidone) (PVP)] and a polyalcohol (e.g.,
ethylene glycol) at B160–240 1C for 2–12 h, which requires a long
time and high energy expenditure. The microwave-assisted
approach also requires high temperature and has the further
inconvenience of demanding a microwave generator.
In this study a facile green route based on co-reduction of
Au3+ and Ag+ by glycerol in alkaline medium at room temperature was used to synthesize bimetallic colloidal nanoparticles
as well as AuAg-NPs anchored onto a carbon support. Carbonsupported AuAg nanoparticles were then tested for glycerol
electrooxidation. The AuAg colloidal nanoparticles were analyzed
by ultraviolet-visible spectroscopy (UV-Vis) and transmission electron
microscopy (TEM). Energy-dispersive X-ray (EDX) spectroscopy,
X-ray diﬀraction (XRD) and TEM were employed to characterize
the AuAg anchored on carbon. Changes in the electronic and
structural properties of Au, induced by the presence of Ag, were
probed by in situ X-ray absorption near edge structure (XANES)
and extended X-ray absorption fine-structure (EXAFS) spectroscopies at the Au L3 edge. EXAFS results indicated a more
vacant gold 5d state in the AuAg material than in the pure Au,
an eﬀect more pronounced with increasing electrode potential.
This electronic eﬀect was correlated with the decrease of 120 mV in
the onset potential for glycerol electro-oxidation. Although the
electrooxidation of glycerol started at a lower potential compared
to that of pure gold, the current magnitude also decreased, a consequence of lower availability of gold sites. Catalysis enhancement
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is generally explained in terms of the bifunctional mechanism7
and ligand eﬀect,8 with both eﬀects being normally inseparable. Herein we present tangible evidence that the ligand eﬀect
plays a definitive role in the reaction, whereas the bifunctional
mechanism is unimportant.

The NPs/C was also evaluated using a TEM FEI Tecnai. For NPs/C
the copper-coated grids were dipped in a suspension containing
1.0 mg of catalytic powder and 5 mL of isopropanol alcohol.
EDX was employed to determine the molar ratio of metal/
carbon (wt%) of the nanoparticles dispersed onto carbon. XRD
was also used to observe the diﬀraction pattern and to estimate
the average crystallite size from the Scherrer equation:11

2. Experimental section
Published on 02 April 2014. Downloaded by Drexel University on 10/10/2014 09:44:42.

2.1

D = kl/B cos y

Synthesis of colloidal and carbon-supported Au50Ag50-NPs

For the production of bimetallic colloidal nanoparticles, 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. In a beaker, 50 mL of the AuCl3 solution, 50 mL of the
AgNO3 solution and 2.5 mL of the PVP solutions were mixed and
water was further added 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.
Gold9 and silver10 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
concentration of Au3+ and Ag+ was 0.10 mmol L 1 for both,
whereas the concentrations of glycerol, NaOH and PVP remained
the same.
For the electrocatalytic experiments, all nanoparticles were
synthesized using the same procedure applied for the synthesis
of colloidal nanoparticles. However, the nanoparticles were
produced directly on 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 of 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. Afterwards, another aqueous solution
containing glycerol and NaOH was added to give the following
concentrations: 0.20 mmol L 1 Au3+, 0.20 mmol L 1 Ag+,
1.0 mol L 1 glycerol and 0.010 mol L 1 NaOH. The black suspensions were kept during 24 h under stirring at room temperature
and then washed, filtered and dried at 80 1C 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 mol L 1 Ag+.
2.2

Characterization of the nanomaterials

In order to analyze the eﬃciency of the synthesis method
employed, the colloidal suspensions were characterized using
UV-Vis and TEM. UV-Vis spectra of the colloidal NPs suspensions were acquired using a Varian/Cary 5G spectrophotometer.
For TEM analyses, carbon-coated copper grids were immersed
into AuNP, AgNP and AuAgNP colloidal suspensions and allowed
to dry in a desiccator overnight. The grids were then analyzed
using a TEM FEI Tecnai at an accelerating potential of 200 kV.
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(1)

where D is the average crystallite size in angstrom, k is a
coeﬃcient taken here as 0.9, l is the wavelength of the X-rays
used (1.5406 Å), B is the full width at half maximum of the
diﬀraction peak, given in radians, and y is the angle at the
position of the peak maximum, given in degrees.
To investigate the structure of the bimetallic nanoparticles
and to understand the eﬀect caused by the presence of silver,
the electronic properties of the material were investigated using
in situ X-ray absorption spectroscopy (XAS) in the XANES and
EXAFS regions at the Au L3 absorption edge (11 919 keV). The
working electrodes employed for the measurements consisted of
appropriate amounts of catalysts (Au metal load of 6 mg cm 2)
bound with Nafion (5 wt%) suspended in isopropyl alcohol and
were subjected to ultrasonic homogenization, after the solvent was
evaporated at room temperature. The catalyst powder was then
deposited on a disc of carbon cloth (geometric area = 0.95 cm2)
and pressed at room temperature.
These measurements were conducted at 0.50 V and 0.95 V vs.
RHE in 0.1 mol L 1 NaOH. All XAS experiments were carried out
at the D04B-XAFS1 beam line in the National Synchrotron Light
Source Laboratory (LNLS), situated in Campinas, Brazil. X-ray
absorption spectra were collected in transmission mode with
three ionization chambers (incidence I0, transmitted It, and
reference Ir). The reference channel was used mainly to calibrate
the edge position using a pure Au foil sample. The IFEFFIT
software package was used to analyze the XAS data. Further
details can be found in the literature.12
2.3

Electrochemical measurements

The electrochemical experiments were conducted in a conventional three-electrode cell. A catalytic layer of NPs/C on a glassy
carbon disc, a gold foil and a reversible hydrogen electrode in
0.1 mol L 1 NaOH were employed as working, counter and
reference electrodes, respectively. A glassy carbon disc (fOD =
5 mm, geometric area = 0.196 cm2) was used as a substrate to
support active layers of NPs/C. For the preparation of the catalytic
layer, 2.0 mg of the catalytic powder (Au/C, Ag/C or AuAg/C) were
suspended in a mixture containing 1 mL of isopropyl alcohol and
20 mL of a Nafion solution (5 wt% in low aliphatic alcohol, from
DuPont). After ultrasonic homogenization, 20 mL of this ink were
deposited onto the glassy carbon disc and the solvent was then
evaporated at room temperature. Electrochemical measurements
were performed in 0.1 mol L 1 NaOH + 0.1 mol L 1 glycerol
solutions prepared using ultrapure water.
The electrochemical experiments were conducted using a
computer-controlled potentiostat (AutoLab PGSTAT 30). Cyclic
voltammetry (CV) was carried out in the range of 0.01 to
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1.6 V vs. RHE after deoxygenating the solution with argon. All
experiments were performed at v = 50 mV s 1.

3. Results and discussion
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3.1.

Physical and chemical properties of the nanomaterials

A first way to confirm the eﬀectiveness of the synthesis method
to produce nanometric sized materials was the production of
unsupported Au, Ag and AuAg-NPs. UV-Vis spectra of the
colloidal Au, Ag and AuAg-NPs prepared at room temperature
(B25 1C) using glycerol in alkaline medium as a reducing agent
are displayed in Fig. 1A. The spectrum of colloidal AuNPs presented a maximum absorbance at around 520 nm, a wavelength
corresponding to quasispherical gold nanoparticles.13,14 After
reduction of the Au3+ to Au0 the solution turned to a deep-red
color, reflecting the surface plasmon band (SPB) characteristic of
gold in the nanometric regime. The colloidal AgNPs presented a
maximum absorbance at around 410 nm, a value that is attributed
to the silver SPB. Fig. 1A also presents UV-Vis spectra of bimetallic
AuAgNPs with a molar ratio of 1 : 1. Alloy formation of bimetallic
nanoparticles is evidenced by the appearance of a single band
whose lmax is located between those of pure Au and Ag nanoparticles according to literature data.15,16 This is the first evidence
of the capability of glycerol employed as a reducing agent in
generating gold, silver and gold–silver nanoparticles.

Corresponding TEM images of colloidal NPs are also shown
in Fig. 1B. For Au-NPs most of the nanoparticles were spherical
in shape, thus corroborating the UV-Vis spectra, whereas Ag
and AuAgNPs are larger than AuNPs and tended to agglomerate.
According to TEM images, the average sizes of the Au, Ag and
Au50Ag50-NPs were 10.0, 20.0 and 15 nm, respectively.
A point worth mentioning is the absence of hollow Au50Ag50NPs particles, which implies that galvanic replacement of silver
ions by gold ions did not take place. It is well known that if
silver nanoparticles are firstly produced with posterior addition
of HAuCl4, hollow structures with walls made of Au–Ag alloys
are formed.17–19 The nanoparticles also undergo reconstruction
with the formation of porous walls via dealloying, which impacts
their shape causing a gradual redshift and peak broadening in the
spectra as the Au3+ concentration increases. Fig. 2A shows the
effect of adding HAuCl4 to previously formed AgNPs. One can see
that the increase of the Au3+ concentration led to a gradual
absorbance decrease, redshift, and peak broadening, a behavior
consistent with etched and porous-walled nanoparticles.17–19 However, by reducing simultaneously Au3+ and Ag+ we preserved the
spherical shape of the nanoparticles in this work, thus eliminating
a possible effect of the nanoparticle shape on the electrocatalysis.
Another question is the deposition of silver on previously formed
gold nanoparticles. Fig. 2B shows the UV-vis spectra of AgAu
nanoparticles produced by adding AgNO3 into a solution containing gold nanoparticles. Unlike silver nanoparticles gold does not

Fig. 1 (A) UV-Vis spectra of the colloidal Au, Ag and AuAg NPs. Condition of synthesis of the monometallic NPs: 0.1 mmol L 1 Au3+ or 0.1 mmol L 1 Ag+1,
0.5 mol L 1 glycerol, 0.01 mol L 1 NaOH and 10 g L 1 PVP. Condition of synthesis of the AuAg bimetallic NPs: 0.05 mmol L 1 Au3+, 0.05 mmol L 1 Ag+,
0.5 mol L 1 glycerol, 0.01 mol L 1 NaOH and 10 g L 1 PVP and (B) TEM images of the colloidal Au, Ag and AuAg NPs.
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Fig. 2 (A) UV-Vis spectra of the colloidal silver nanoparticles with subsequent addition of HAuCl4. (B) UV-Vis spectra of the colloidal gold
nanoparticles with subsequent addition of AgNO3. Final concentrations
of the added salts are shown in the figures. Condition of synthesis of the
monometallic NPs: 0.20 mmol L 1 Au3+ or 0.20 mmol L 1 Ag+1, 0.1 mol L 1
glycerol, 0.01 mol L 1 NaOH and 10 g L 1 PVP.

suffer etching and the gradual blueshift in the UV-vis suggests
that silver layers were deposited onto gold nanoparticles.20
Furthermore, in contrast to the UV-vis features of the silver
nanoparticles, the peak broadening decreased with Ag+ concentration, thus suggesting preservation of the original spherical
structure.
As the synthesis method is shown to be eﬀective in producing nanometric sized Au, Ag and AuAg nanomaterials, we also
employed the reduction route to obtain the same set of materials
directly supported onto carbon, however without PVP. Although
one can anchor PVP-stabilized colloidal NPs onto carbon
(NPs/C), the presence of PVP might alter the electrochemical
activity. As the route of PVP removal is not straightforward, we
synthesized the same set of materials directly on carbon using
the same reduction procedure but without the addition of PVP.
One can observe that although a surfactant such as PVP is
absent in the synthesis of the supported nanoparticles, the
nanoparticles were kept in the nanoregime, which suggests that
the carbon support played a role in preventing the excessive
growth of the nanoparticles.
Fig. 3A shows the XRD pattern corresponding to the Au,
Ag and AuAg nanoparticles anchored onto Vulcan carbon. The
XRD pattern revealed the typical face-centered cubic (fcc)
structure of silver and gold21 and was further analyzed using
the Scherrer equation22 in order to estimate the average crystallite
size. For the AuAg/C all reflections are similar to monometallic
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Au and Ag since both metals have very similar lattice constants
(Table 1). Therefore, no shift of reflections for the AuAg NPs
was observed, as would be expected for alloyed materials.
Considering the 220 crystallographic planes, the estimated mean
crystallite size of the Au/C, Ag/C, and AuAg/C nanoparticles was
17, 19 and 14 nm, respectively.
TEM images were acquired to investigate the structure,
shape, size, composition and dispersion of metal Au, Ag and
AuAg nanoparticles dispersed on Vulcan carbon, and are displayed in Fig. 3B. For AuNPs/C, the TEM image shows that
nanoparticles are spherically shaped distributed over the carbon
substrate. This result shows that, although the synthesis was
performed in the absence of PVP (Section 2.1), gold can still be
formed in a homogeneous spherical shape. The same was
observed for Ag/C regarding its spherical-like shape, but in a
rather nonhomogenous dispersion over the carbon substrate.
Finally, in the AuAg/C TEM image it is possible to observe that
the particles are in the form of nanocrystalline agglomerates
distributed on the carbon substrate. One can identify gold, silver
and gold–silver alloy nanoparticles of 9 nm, 16 nm and 17 nm in
size, respectively. The TEM pictures reveal a clear bimodal size
distribution, which might be due to ripening and, hence,
formation of extra small particles. Dissolution of small particles
and redeposition on the surface of larger ones are possible due
to the lack of PVP protection. EDX analysis showed that the
amounts of metal are close to the nominal values (10 wt%),
which were around 6.0 wt% of metal dispersed on the carbon,
for all synthesized materials. For bimetallic nanoparticles, EDX
also showed a 1 : 1 Au : Ag bulk atomic ratio.
3.2.

XAS results

3.2.1 EXAFS results. In order to analyze the local structure
of the catalysts obtained from a simple green route, we used
in situ XAS measurements in the EXAFS region employing a
simple first-shell analysis that considers only Au–Au and Au–Ag
coordination spheres, as the inclusion of any Au–O shell did
not result in a better fitting of the EXAFS signal. We used a gold
foil as reference to determine the theoretical-to-experimental
correlation value S02 used in the NPs data fitting. Fig. 4 shows
typical experimental data and their respective fitting for both
AuNPs and AuAg-NPs, as well as for the gold foil. The fitting
results (shown in Table 2) reveal that the Au/C has similar
structural parameters to those for gold foil, in agreement with
the XRD analysis (Table 1). On the other hand, by examining
the results for the AuAg/C material, one can identify a significant difference in the coordination numbers for both Au–Au
and Au–Ag shells. As one can see from Table 2, the coordination
number of Au–Ag pairs indicates a severe depletion of this type
of bond pair in this nanoparticle, while Au–Au pairs are nearly
similar to the Au/C material as well as the gold foil. Considering
that the EDX analysis shows an atomic composition close to
1 : 1 (Au : Ag), the reduced coordination number for the Au–Ag
shell indicates the segregation of silver, although based solely
on these results it is not possible to determine the type of
segregation. Moreover, regardless of the electrode potential or
the presence of glycerol, the average Au–Au distance for the
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Fig. 3 (A) X-ray diﬀraction (XRD) pattern of the Au/C, Ag/C and AuAg/C and (B) TEM images of the Au, Ag and AuAg catalysts dispersed onto
Vulcan carbon.

Table 1 Mean crystallite size calculated from the Scherrer equation,
particle size from TEM analysis and lattice parameter

Catalyst

Crystallite size/nm Particle size/nm Lattice parameter/Å

Au/C
17
Ag/C
19
Au50Ag50/C 14

9
16
17

4.072
4.084
4.082

AuAg-NPs/C is very close to that of gold metal, indicating that
the presence of Ag in the material does not incur a significant
change in the Au–Au coordination shell. This is consistent with

the occurrence of silver in a segregated form, indistinctively if
in ad-islands or shell-like structures. Segregation of silver on
AuAg catalysts has been recently observed by Déronzier et al.22
in the catalytic oxidation of carbon monoxide.
It is possible, however, to infer that silver is at the surface of
the AuAg/C once the increase in the electrode potential increases
the Au–Au coordination number, with or without glycerol in the
solution. As oxygenated species are formed at the material
surfaces at higher electrode potentials, these oxy–hydroxy species
may be triggering the surface segregation of silver in a similar
way to what was observed for PtRu materials.23 Our findings are

Fig. 4 (A) EXAFS signal at the Au L3 edge. (B) Fourier transform of the oscillations.
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Table 2 Summary of the structural parameters obtained from the EXAFS
data fitting for both Au and AuAg-NPs/C. For comparison the parameters
obtained for gold foil are also shown. The numbers in the parentheses
stand for the standard deviation in the parameter determination, where
0.001(1) is equal to 0.001  0.001

Au-foil (ex situ)
Au–Au shell

N
R/Å
s2/Å2

12.0(6)
2.863(3)
0.0085(5)

Published on 02 April 2014. Downloaded by Drexel University on 10/10/2014 09:44:42.

OH-sol
Au/C
Au–Au shell

N
R/Å
s2/Å2

OH-sol + glycerol

0.5 V

0.95 V

0.5 V

0.95 V

12.2(8)
2.853(5)
0.009(1)

12(1)
2.860(7)
0.009(1)

11(1)
2.863(8)
0.008(1)

12(1)
2.866(7)
0.009(1)

OH-sol
AuAg/C

OH-sol + glycerol

0.5 V

0.95 V

0.5 V

0.90 V

Au–Au shell

N
R/Å
s2/Å2

9(4)
2.85(2)
0.008(5)

12(5)
2.87(3)
0.011(6)

9(2)
2.83(2)
0.005(3)

15(2)
2.87(1)
0.016(2)

Au–Ag shell

N
R/Å
s2/Å2

1(1)
2.79(5)
0.001(8)

0.3(8)
2.84(5)
0.01(1)

0.7(5)
2.74(3)
0.004(4)

0.8(5)
2.92(1)
0.002(4)

also in agreement with what was proposed by Christoffersen
et al.24 Although their calculations suggest that gold–silver
systems do not have a tendency to phase segregate, the presence of a third species, such as water or surface hydroxide, may
pull the material with higher adsorption energy to the surface. As
silver has more favorable interaction energy to form oxygenated
species than gold, this would explain why we observe a tendency
of silver surface segregation at higher electrode potentials. Also
the Au–Ag bond distance is somewhat shorter than that observed
for the Au–Au bond at lower potentials, whereas the increase in
the electrode potential expands this bond, consistent with the
segregation effect discussed. When examining the Au–Au coordination shell disorder parameter, one can observe that the values
obtained for Au/C and AuAg/C are very close to the one shown for
the gold foil. Nonetheless, the change in electrode potential
increases its value for the AuAg/C material, in agreement with a
more disturbed Au–Au bond pair due to the silver segregation
process.
We should mention other two aspects that could contribute
to a richer silver surface. The first one is the formation of the
AgCl precipitate. The AgCl would, in turn, release Ag+ slowly
contributing to a surface richer in silver. Although we did not
observe (by the naked eye) turbidity upon mixing the AgNO3 and
AuCl3 solutions, the formation of some AgCl is possible due to its
low Kp (1.8  10 10). The question is whether glycerol is able to
generate AgNPs from AgCl. Fig. 5A shows a UV-vis spectrum of
AgNPs produced from AgCl. For this we produced the AgCl
precipitate by mixing 0.1 mol L 1 KCl with 0.1 mol L 1 AgNO3,
centrifuged it, removed the supernatant, re-dispersed the AgCl, and
finally added alkalinized glycerol. The solution slowly turned yellow
with an absorbance maximum at around 410 nm, thus confirming
that glycerol in alkaline medium is capable of generating AgNPs by
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Fig. 5 (A) UV-Vis spectra of the colloidal AgNPs from AgCl. Condition of
synthesis: 0.1 mol L 1 KCl with 0.1 mol L 1 AgNO3 and (B) kinetics
of formation of AuNPs and AgNPs. In both cases the concentration of
metallic ions was 0.1 mmol L 1.

the slow dissociation of AgCl in Ag+ and Cl . The second aspect is
the completely diﬀerent kinetics of Au3+ and Ag+ reduction by
glycerol. Fig. 5B presents the evolution of absorbance for monometallic AuNPs and AgNPs at their respective lmax. In both cases
the concentration of metallic ions was 0.1 mmol L 1. One notices
that AuNPs are steadily formed from the beginning of the experiment, while the formation of AgNPs passes through an induction
period followed by an exponential increase in the reaction velocity.
Therefore, according to Fig. 5B, it is possible to note that the
formation mechanism of bimetallic nanoparticles occurs by two
parallel pathways. In the beginning of the reaction, gold is quickly
reduced while there is an induction time for the formation of
metallic silver. This behavior suggests that in the case of AuAg-NPs
formation, gold nuclei would be firstly formed with subsequent
silver incorporation, thus explaining the richer silver surface.
A similar mechanism was observed for Fe–Rh (Chem. Mater.,
2007, 19, 4624) and Ru–Cu (P. Arquilliere et al., Top. Catal.,
2013, 56, 1192–1198) nanoparticles.
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XANES spectra of Au/C and AuAg/C electrocatalysts at 0.5 and 0.95 V.

3.2.2 XANES results. To verify the electronic eﬀect of silver
addition on the gold electronic properties, in situ XANES
spectra were recorded at the Au L3 edge from samples at
0.5 V and 0.95 V, with results presented in Fig. 6. Gold has
almost zero ‘‘white-line’’ due to filled 5d3/2 Au states. The first
peak intensity points out an almost zero eﬀect of the electrode
potential on pure AuNPs, with only a slight tendency for
increased vacancy at 0.95 V. This agrees with previous results
on Pt electrodes,25 where the formation of the oxide layer would
increase the L3 ‘‘white-line’’ intensity indicating reduced electron
occupancy in those states. On the other hand, the AuAg-NPs
presented a more pronounced shift in the ‘‘white-line’’ intensity,
showing more vacant gold 5d states than the respective gold foil.
The change in potential aﬀects in a similar way the reduced
electron occupancy, whereas the presence of glycerol does not
seem to change the 5d band states as much as the potential or
the presence of silver.
In summary, the EXAFS results evidence surface segregation
of silver in the AuAg/C NPs, also present in the raw material and
enhanced by the presence of surface oxygenated species at
higher electrode potentials. In addition, the XANES region
indicates a slight tendency of reduction in the Au 5d band
occupancy due to (1) the presence of silver and (2) the increase
of the electrode potential, the former being much less pronounced than the latter.
3.3.

Application of NPs/C – glycerol electro-oxidation

In this section, the results of glycerol electro-oxidation over
AuAg/C are presented in Fig. 7. For comparison results for Au/C
and Ag/C are also shown. For all materials one of the main
activity features can be drawn from the onset potential, determined for all CV profiles as the potential where the oxidation
current was slightly higher than the corresponding double-layer
charging current. Therefore, in the positive-going potential
scan, the onset potential of the glycerol electro-oxidation in
alkaline medium for the AuAg/C electrocatalyst is around 0.72 V
vs. RHE and the peak current occurs at 1.32 V vs. RHE (Fig. 7a).
The current then falls at higher potentials as a consequence of
oxide formation, deactivating the gold surface. In the negativegoing potential scan, the reactivation of the electrode appears

Fig. 7 Cyclic voltammograms of Au/C, Ag/C and AuAg/C electrocatalysts
obtained at 50 mV s 1 in NaOH 0.1 M and NaOH 0.1 M + glycerol 0.1 M. All
experiments were conducted at room temperature (geometric area of the
electrode = 0.196 cm2).

at 1.4 V due to reduction of the gold oxides formed in the
positive-going scan, which releases gold sites for reacting with
glycerol molecules close to the surface.
The CV for the Ag/C electrocatalyst is shown in Fig. 7b. In the
potential range between 0.05 V and 1.6 V vs. RHE, the CV
presents well-defined peaks characteristic of Ag both in the
presence and absence of glycerol.26 In alkaline medium, the
small peak at 1.2 V is attributed to the formation of a few
monolayers of AgOH and Ag+ species.23 Peaks at around 1.3 and
1.6 V were assigned to the formation of the inner hydrous oxide
layer and a more compact outer oxide layer, respectively. In the
back scan, the reduction current peak at 1.3 and 1.0 V was
ascribed to the electro-reduction of the silver oxides formed
during the positive-going potential scan.23 A similar profile was
obtained for the Ag/C electrocatalyst in the presence of glycerol.
Cyclic voltammogram shows that no glycerol electro-oxidation
occurred at lower potential than Au/C. Noticeably, in the
presence of 0.1 M glycerol the redox peaks of silver oxides were
significantly shifted to higher potential, whilst no reactivation
current of glycerol electro-oxidation was clearly evidenced for
this electrocatalyst. This result implies that Ag/C is a very poor
electrocatalyst to promote the glycerol electro-oxidation.
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The catalytic activity of the Au50Ag50/C electrocatalyst is
diﬀerent from those observed for the monometallic catalysts,
as seen in Fig. 7c. A synergistic eﬀect improved the catalytic
performance of the Au50Ag50/C electrocatalyst. Particularly, the
onset potential for glycerol electro-oxidation is at around 0.6 V,
representing a reduction of 120 mV compared to the pure Au/C
electrocatalyst. If one examines the first oxidation peak, the
maximum current for Au50Ag50/C was about 0.56 mA, nearly ten
times lower than that observed for Au/C, and the oxidation peak
occurs at 1.2 V. With increasing electrode potential, the current
then falls and at 1.4 V the current increases again, yielding a
second peak that occurs at 1.45 V. This second peak is probably
a contribution from the silver oxide peak, as observed for
the pure Ag/C electrocatalyst (Fig. 7b). In the negative-going
potential scan, the reactivation of the electrode appears at
1.15 V, which can also be ascribed to the reduction of the gold
oxides formed in the positive-going potential scan.
According to these results, electro-oxidation of glycerol on
the bimetallic Au50Ag50/C electrocatalyst is mostly aﬀected by
the ligand eﬀect. This means that the presence of silver would
alter the electronic properties of gold causing glycerol to adsorb
less strongly on gold. The XANES region indicated a slight
tendency of reduction in the Au 5d band occupancy due to the
presence of silver. As the rate of reaction is then dictated by the
amount of available gold, it is natural that the current magnitude
observed for the bimetallic catalyst is lower that that for pure
gold. EXAFS results showed that silver is segregated to the surface
of the nanoparticles, thus composing the majority of the surface
area. Nevertheless, the gold on the surface of the AuAg electrocatalyst is more eﬃcient in oxidizing glycerol, since glycerol
oxidizes at about 120 mV earlier than Au/C. As already discussed,
the AuAg/C electrocatalyst presents more vacant gold 5d states
than the Au/C electrocatalyst, which is more pronounced with
increasing electrode potential. This electronic eﬀect promoted by
the Ag atoms reduces the Au density of states close to the Fermi
level, which might tune the adsorption strength of adsorbates on
the Au surface. Therefore, the presence of Ag in the Au structure
provided an overall more eﬃcient catalyst for glycerol oxidation
in terms of the energy eﬃciency.

4. Conclusion
Colloidal and carbon-supported bimetallic Au50Ag50-NPs were
easily synthesized using glycerol as reducing chemical under
alkaline conditions. The maximum in the UV-Vis spectrum
suggested the nanosized nature of the AuAg bimetallic NPs as
well as Au and Ag monometallic nanoparticles, which was
confirmed by TEM images. EXAFS results evidenced surface
segregation of silver in the AuAg/C NPs, which is further
promoted due to the presence of surface oxygenated species
at higher electrode potentials. Also the XANES region indicates
a slight tendency of reduction in the Au 5d band occupancy due
to the presence of silver. Electrochemical testing showed that
nanoparticles synthesized using glycerol as a reducing chemical
present interesting catalytic activity. The ligand eﬀect has been

2872 | New J. Chem., 2014, 38, 2865--2873

found to play a major role in the glycerol electro-oxidation. This
may be ascribed to the electron withdrawal of the Ag atoms
present on the gold surface that reduces the Au density of states
close to the Fermi level and may induce changes in the
adsorption strength of adsorbates on the Au surface.
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