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Electrocatalytic activity of alkyne-functionalized
AgAu alloy nanoparticles for oxygen reduction in
alkaline media†

Peiguang Hu, Yang Song, Limei Chen and Shaowei Chen*

1-Dodecyne-functionalized AgAu alloy nanoparticles were synthesized by chemical reduction of metal

salt precursors at varied initial feed ratios. Transmission electron microscopic measurements showed that

the nanoparticles were all rather well dispersed with the average core diameter in the narrow range of

3 to 5 nm. X-ray photoelectron spectroscopic studies confirmed the formation of AgAu alloy nanoparticles

with the gold concentration ranging from approximately 25 at% to 55 at%. Consistent results were

obtained in UV-vis spectroscopic measurements where the nanoparticle surface plasmon resonance red-

shifted almost linearly with increasing gold concentrations. The self-assembly of 1-dodecyne ligands on

the nanoparticle surface was manifested in infrared spectroscopic measurements. Importantly, the result-

ing nanoparticles exhibited apparent electrocatalytic activity for oxygen reduction in alkaline media, and

the performance was found to show a volcano variation in the Au content in the alloy nanoparticles, with

the best performance observed for the samples with ca. 35.5 at% Au. The enhanced catalytic activity, as

compared to pure Ag nanoparticles or even commercial Pt/C catalysts, was accounted for by the unique

metal–ligand interfacial bonding interactions as well as alloying effects that increased metal–oxygen affinity.

Introduction

Low-temperature fuel cell technology has been attracting con-
siderable interest as a means of directly converting chemical
energy into electrical energy because of the attractive efficiency
and environmental benefits.1,2 The types of fuel cells under
active development include alkaline fuel cells (AFC), polymer
electrolyte membrane fuel cells (PEMFC), and alkaline
polymer electrolyte fuel cells (APEFC).1,3 In these systems,
because of the sluggish kinetics of the oxygen reduction reac-
tion (ORR) at the cathode, O2 + 2H2O + 4e− → 4OH−, a large
amount of platinum is typically required to catalyze the reac-
tion so that a sufficiently high current density can be gene-
rated for practical applications.4 Such dependence on Pt
catalysts has significantly hindered the widespread application
of fuel cells due to the high costs and limited reserves of Pt.4

Therefore, numerous efforts have been devoted to the improve-
ment of Pt efficiency and/or to the development of Pt-free
effective alternative catalysts.5–8 In recent years, non-Pt

catalysts, such as carbon nanomaterials,9,10 metal oxides,11,12

and non-Pt-group metals,13–15 have been reported to exhibit
considerable mass-specific activities. However, carbon nano-
materials and metal oxides in general suffer from low volume-
specific activity and insufficient electronic conductivity,
respectively. Non-Pt metals or metal alloys might be a promis-
ing alternative because of their high electronic conductivity
and abundant catalytic sites to fulfil the requirements for fuel
cell catalysis,13,16,17 especially with the significant progress in
the study of alkaline polymer electrolytes used in APEFC,18,19

which provide a low-corrosion environment to mitigate the
instability of non-Pt metal catalysts in acidic electrolytes com-
monly used in PEMFC.

Among these, silver has been gaining increasing attention
as a viable candidate for non-Pt catalyst materials for ORR in
alkaline media since the early stage of AFC.20–22 Compared
with other non-Pt catalysts, such as Pd,23,24 Au,25,26 Ni,27,28

and Co,27,28 silver is relatively inexpensive and displays high
catalytic activity where ORR proceeds via the 4-electron
reduction route.21,22 However, the overall catalytic activity of Ag
for ORR remains inferior to that of Pt, as manifested by a
more negative onset potential, lower kinetic current density,
and smaller electron-transfer number. Apparently, further
improvement of the ORR activity is necessary in order for
silver to be competitive and viable in ORR electrocatalysis.
This is the primary motivation of the present study.

†Electronic supplementary information (ESI) available: Effective electrochemical
surface areas by oxygen adsorption and Koutecky-Levich plots. See DOI: 10.1039/
c5nr01376c
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Note that a number of strategies have been proposed and
explored to improve the electrocatalytic performance of metal
catalysts for ORR, including manipulation of elemental
composition,29–31 size,31–33 morphology,31,34–36 and surface
atomic arrangement.31,37,38 Whereas the enhancement mecha-
nism has not been fully understood, modification of the d-
band centers and formation of lattice geometrical strains have
been suggested as two leading factors that may impact the
binding of oxygen and reaction intermediates on the metal
surfaces and hence the eventual ORR performance. Of these,
alloying with a second metal is an effective route to the
enhancement of the ORR performance by combining the
effects of elemental composition and surface structures of the
metal catalysts.29,39,40 Remarkably, whereas the ORR catalytic
performance of gold alone is even lower, AgAu alloyed catalysts
have been found to display a significantly improved perform-
ance as a result of increasing metal–oxygen affinity.3,41 For
instance, by coating Ag onto Au electrode surfaces, the ORR
activity in 0.1 M KOH was found to increase by half an order of
magnitude.3 In another study, by incorporating only ca. 5% of
gold onto Ag nanoparticles by galvanic exchange reactions, the
resulting nanoparticles were over seven times more active than
the original silver nanoparticles in ORR.41

It should be noted that in these prior studies, the compo-
sition of the AgAu bimetallic alloy catalysts has remained
unoptimized for ORR. Herein, 1-dodecyne functionalized AgAu
alloy nanoparticles were prepared by chemical reduction of
metal salt precursors at different initial feed ratios and used as
a model system to examine the ORR electrocatalytic activity,
using pure Ag nanoparticles as the comparative example.41,42

This is partly motivated by some of our previous studies where
alkynes served as effective capping ligands for nanoparticle
stabilization and functionalization and the resulting nano-
particles exhibited apparent electrocatalytic activity, as com-
pared to those capped with alkanethiolates, thanks to the
unique metal–ligand interfacial bonding interactions.43,44 The
results indicated that the sample with ca. 35.5 at% Au exhibi-
ted the best ORR catalytic activity among the series, most prob-
ably as a result of the optimized metal–oxygen affinity.

Experimental section
Chemicals

Silver nitrate (AgNO3, Fisher Scientific), hydrogen tetra-
chloroauric acid (HAuCl4, Acros), sodium borohydride (NaBH4,
≥98%, Acros), tetra-n-octylammonium bromide (TOABr, 98%,
Acros), 1-oleylamine (>40%, TCI), and 1-dodecyne (98%, Acros)
were all used as received without any further purification. Sol-
vents were purchased at the highest purity available from typical
commercial sources and also used as received. Water was deio-
nized with a Barnstead Nanopure water system (18.3 MΩ cm).

Synthesis of AgAu alloy nanoparticles

Experimentally, AgNO3 and HAuCl4 (2 mmol in total at six
different feed ratios, denoted as #1 to #6 with decreasing

Au contents) were dissolved in 5 mL of water. The solution was
mixed with 5 mL of a toluene solution of TOABr (0.6 mmol)
under vigorous stirring for 1 h. The organic phase was then
collected, into which was added 400 μL of 1-oleyamine. After
magnetic stirring for 1 h, 1 mL of a freshly prepared NaBH4

solution (80 mg mL−1) in water was added into the solution
where the color was found to turn dark red immediately, sig-
nifying the formation of nanoparticles. The reaction mixture
was stirred for 4 h before the organic phase was collected and
washed five times with methanol to remove the phase transfer
catalysts, excessive reagents, and reaction byproducts. The col-
lected nanoparticles were then dissolved in CH2Cl2 along with
0.6 mmol of 1-dodecyne. The mixed solutions were stirred
overnight and washed with methanol five times to remove
free ligands.

Characterization

The morphology and size of the nanoparticles were character-
ized by transmission electron microscopic studies (TEM,
Philips CM300 at 300 kV). Experimentally, a dilute solution of
the nanoparticles (<1 mg mL−1 in CH2Cl2) was prepared and
dropcasted onto a TEM grid. At least 200 nanoparticles were
measured to obtain a size histogram. UV-vis spectra were col-
lected with a Unicam ATI UV4 spectrometer using a 1 cm
quartz cuvette. FTIR measurements were carried out with a
Perkin-Elmer FTIR spectrometer (Spectrum One, spectral
resolution 4 cm−1), where the samples were prepared by
casting the particle solutions onto a NaCl disk. X-ray photo-
electron spectra (XPS) were recorded with a PHI 5400/XPS
instrument equipped with an Al Kα source operated at 350 W
and 10−9 Torr. Silicon wafers were sputtered by using argon
ions to remove carbon from the background and used as sub-
strates with the binding energy of Si 2p electrons as the
reference.

Electrochemistry

The electrochemical setup consisted of a CHI710 electrochemi-
cal workstation with a Pt counter electrode and a Ag/AgCl refer-
ence electrode at room temperature. The working electrode
was a rotating ring-disk electrode (RRDE, AFE7R9GCAU from
Pine Instrument Co.) with a glassy carbon disk (GC, diameter
5.61 mm) and a gold ring. The collection efficiency (N) was
determined to be 40% by RRDE measurements in 5 mM
K4Fe(CN)6 + 0.1 M KNO3.

45 The RRDE electrode was prepared
according to a procedure proposed by Gloaguen et al.,46 which
has been used extensively in ORR studies.47–52 In a typical
experiment, 250 μg of the AgAu nanoparticles was mixed with
1 mg of XC-72 carbon black (metal : carbon mass ratio = 1 : 4)
in 250 mL of toluene with 2.5 μL of a Nafion® 117 solution
(5 wt%) and dispersed under sonication. A measured volume
(ca. 6 μL) of this catalyst ink was then transferred via a Hamil-
ton microliter syringe onto the freshly polished glassy carbon
disk. The solvent was evaporated at room temperature yielding
a catalytic loading of 30 μg with ca. 6 μg of nanoparticles
(20 wt%).
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Results and discussion

The size and morphology of the AgAu alloy nanoparticles were
first characterized by TEM measurements, as shown in Fig. 1.
It can be seen that the nanoparticles were all dispersed very
well without significant aggregation, indicating effective pro-
tection of the nanoparticles by using the 1-dodecyne ligands.
Statistical analysis based on over 200 nanoparticles showed
that the average core diameter of the AgAu alloy nanoparticles
was rather consistent at around 4.0 nm, except for sample #6
which is somewhat larger: (A, #1) 3.85 ± 0.64 nm, (B, #2) 3.97 ±
0.94 nm, (C, #3) 3.78 ± 0.95 nm, (D, #4) 3.68 ± 0.67 nm, (E, #5)
3.79 ± 0.84 nm, and (F, #6) 5.17 ± 1.14 nm, as depicted in the
respective upper inset (and summarized in Table 1). Further-
more, the nanoparticles all exhibited well-defined crystalline
lattice fringes, as highlighted in the lower insets, with an inter-
layer spacing of 0.235 nm that is consistent with the (111)
planes of both fcc silver (PDF Card #4-783) and gold (PDF Card
#4-784).

The elemental compositions of the AgAu alloy nano-
particles were then quantified by XPS measurements. Fig. 2
depicts the survey profiles for the (left panel) Ag 3d and (right
panel) Au 4f electrons of the six nanoparticle samples. It can
be seen that the binding energies of the Ag 3d electrons for all
samples were rather consistent with a doublet centered at
367.9 and 373.9 eV, suggesting metallic silver in the nano-
particles.53,54 Similar behaviors can be observed with the Au 4f
electrons where the doublets were centered at 83.8 and 87.4 eV
for all samples, in good agreement with Au(0).55 In addition,
based on the ratio of the integrated peak areas of the Ag 3d
and Au 4f electrons, the atomic fractions of gold in the alloy
nanoparticles were estimated to be (A, #1) 56.5%, (B, #2)
51.5%, (C, #3) 39.2%, (D, #4) 35.5%, (E, #5) 31.2%, and (F, #6)
26.7%, which is consistent with the results from UV-vis spec-
troscopic measurements (vide infra). The results are also sum-
marized in Table 1.

Fig. 3 shows the UV-vis absorption spectra of the six AgAu
alloy nanoparticles. It can be seen that all samples exhibited
an exponential decay profile, arising from the so-called Mie
scattering of nanosized metal nanoparticles, onto which is
superimposed an apparent absorption peak that is the surface
plasmon resonance (SPR) characteristic of the corresponding
nanoparticles. It is known that pure gold and silver nano-
particles exhibit well-defined SPR in the visible region at
around 520 nm and 400 nm, respectively.56 For gold and silver
alloy nanoparticles, the SPR peak is typically found between
these two wavelength positions, varying with the elemental
compositions of the nanoparticles.57 In fact, from the inset of
Fig. 3, it can be seen that the SPR peak positions exhibited an
almost linear red-shift with increasing gold contents in the
alloy nanoparticles: 482 nm (sample #1, black curve), 480 nm
(sample #2, red curve), 464 nm (sample #3, green curve),
436 nm (sample #4, yellow curve), 434 nm (sample #5, blue
curve), and 421 nm (sample #6, pink curve). Furthermore, the
appearance of a single absorption peak suggests that the AgAu
alloy nanoparticles rather than a simple mixture of gold and

silver monometallic nanoparticles were formed. Note that Link
and coworkers have reported similar observations, in which
the surface plasmon band position of gold-silver alloy nano-
particles was found to shift linearly with the atomic contents.58

The successful incorporation of 1-dodecyne ligands onto
the surface of AgAu alloy nanoparticles was manifested in
FTIR measurements. Fig. 4 shows the FTIR spectra of the six
AgAu alloy nanoparticle samples (solid curves). The most sig-
nificant observation is the disappearance of the uC–H
vibrational stretch at 3314 cm−1 which is well-defined with
monomeric alkynes (dashed curve), suggesting the ready clea-
vage of the uC–H bonds upon the self-assembly of the ligands
onto the AgAu alloy nanoparticle surface. In addition, the van-
ished uC–H vibrational stretch also indicates that the nano-
particles were free of excessive monomeric ligands.
Furthermore, the CuC stretch, which appeared at 2119 cm−1

for the monomeric ligands (dashed curve), was found to red-
shift and split into two bands at around 1990 cm−1 and
2060 cm−1. This may be ascribed to intraparticle charge delo-
calization as a result of the formation of conjugated M(Ag/Au)–
Cu interfacial bonds such that the particle-bound acetylene
moieties behaved analogously to diacetylene derivatives
(CuC–CuC) (additional contributions may arise from the for-
mation of M(Ag/Au)–H bonds on the nanoparticle surface59,60).
Similar behaviors have also been observed previously
with nanoparticles functionalized with other acetylene
derivatives.44,61,62

The electrocatalytic activity in oxygen reduction of the six
samples prepared above was then examined and compared by
electrochemical measurements. Note that before oxygen
reduction reaction measurements, the catalysts-modified elec-
trodes were subjected to an electrochemical activation treat-
ment by rapid potential cycling (at 500 mV s−1) between 0 and
+1.2 V (vs. RHE) in a nitrogen-saturated 0.1 M NaOH solution
until a steady voltammogram was obtained. The adsorption of
oxygen was used for the quantitative assessments of the
effective electrochemical surface area (ECSA, Fig. S1†) and the
results are summarized in Table 1. It can be seen that ECSA
exhibited a roughly monotonic decrease with decreasing gold
(increasing silver) contents in the AgAu nanoparticles, prob-
ably because of the somewhat stronger bonding interactions of
alkynes with Ag than with Au,41,42 which led to fewer ligands
being removed during the electrochemical activation process
at higher Ag concentrations. In fact, in comparison with the
geometrical surface area of the nanoparticles (assuming a
spherical shape), the fraction of the nanoparticle surface that
was electrochemically accessible can be estimated to be (#1)
41.5%, (#2) 41.2%, (#3) 25.9%, (#4) 33.4%, (#5) 21.6%, and
(#6) 23.1%. This also implied only partial removal of the
alkyne capping ligands from the nanoparticle surface. Similar
behaviors have been observed previously.45

Fig. 5 depicts the RRDE voltammograms of a glassy-carbon
disk electrode modified with a calculated amount of each
sample in an oxygen-saturated 0.1 M NaOH solution at varied
rotation rates (from 100 to 2500 rpm). It can be seen that for
all samples, apparent cathodic currents at the disk electrode
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Fig. 1 Representative TEM micrographs of AgAu nanoparticles at varied atomic compositions: (A) #1, (B) #2, (C) #3, (D) #4, and (E) #5, and (F) #6.
Lower insets are the corresponding high-resolution images and upper insets the core size histograms.
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started to emerge at around +0.9 V (vs. RHE) and the currents
reached a plateau at sufficiently negative potentials (around
+0.6 V vs. RHE), which suggests effective electrochemical
activity in oxygen reduction, despite (partial) capping of the

metal cores by the organic ligands; and the voltammetric
currents increased with increasing electrode rotation rates.
Yet, the performance can be seen to vary somewhat with the
elemental compositions of the nanoparticle catalysts. For

Table 1 Summary of the average core diameter (d, nm), gold atomic concentration (at%), electrochemical surface area (ECSA, m2 g−1), onset poten-
tial (Eonset, V vs. RHE), specific activity (Js, A m−2), mass activity (Jm, A g−1) and Tafel slopes in ORR of AgAu nanoparticles

AgAu #1 #2 #3 #4 #5 #6

d (nm) 3.85 ± 0.64 3.97 ± 0.94 3.78 ± 0.95 3.68 ± 0.67 3.79 ± 0.84 5.17 ± 1.14
Au at% 56.5 51.5 39.2 35.5 31.5 26.7
ECSA (m2 g−1) 41.8 41.4 29.5 40.0 25.8 20.9
Eonset (V) +0.90 +0.90 +0.90 +0.92 +0.91 +0.89
Js (A m−2, at +0.85 V) 1.80 0.81 1.47 2.39 1.75 1.83
Jm (A g−1, at +0.85 V) 75.2 33.5 43.4 95.6 45.2 38.2
Tafel slope (mV dec−1)
Js < 2.5 A m−2 58.4 66.6 63.1 62.4 84.8 89.2
Js > 2.5 A m−2 108.6 113.1 115.9 109.4 109.5 131.6

Fig. 2 XPS spectra of the (left panel) Ag3d and (right panel) Au 4f electrons of the six AgAu alloy nanoparticles.

Fig. 3 UV-vis absorption spectra of the six AgAu alloy nanoparticles in
CH2Cl2. The inset shows the variation in the corresponding SPR posi-
tions with gold contents in the nanoparticles. Symbols are experimental
data and line is the linear regression.

Fig. 4 FTIR spectra of AgAu nanoparticles at varied atomic compo-
sitions (solid curves). The spectrum for the 1-dodecyne monomers is
also included as the dashed curve.
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instance, at any given rotation rate, the limiting currents
appear to be maximal with sample (D). In fact, at the same
catalyst loadings, the limiting currents at +0.50 V at 1600 rpm
are (A, #1) 912 μA, (B, #2) 880 μA, (C, #3) 823 μA, (D, #4)
1040 μA, (E, #5) 928 μA, and (F, #6) 634 μA. A similar trend can
be seen with the onset potentials (Table 1): (A, #1) +0.90 V, (B,
#2) 0.90 V, (C, #3) +0.90 V, (D, #4) +0.92 V, (E, #5) +0.91 V, and
(F, #6) +0.89 V. Note that in a previous study with alkanethiolate-
passivated silver nanoparticles of similar size, the onset potential
was found to be markedly more negative at around +0.80 V.41

These observations suggest that sample (D) (with 35.5 at% of
Au) stood out as the best catalyst in the series, which is rather
comparable to leading commercial Pt/C catalysts.63

In addition, the amounts of hydrogen peroxide generated
during the oxygen reduction reaction were monitored by col-
lection experiments at the ring electrode which was set to a
potential of +1.5 V (vs. RHE). It is clear from Fig. 5 that the
ring currents were about two orders of magnitude smaller
than those on disk electrodes at all rotation rates for all
samples. In fact, the number of electrons transferred (n)
during the oxygen reduction reaction can be estimated by n =
4ID/(ID + IR/N), where ID and IR are the disk and ring currents,
respectively.45 By using disk and ring currents generated at
1600 rpm as an example, n values were calculated for all AgAu
nanoparticles, as shown in Fig. 6. Notably, all the six samples
exhibited a remarkable ORR performance, with the n values in

Fig. 5 RRDE voltammograms of a glassy carbon electron modified with the six AgAu nanoparticles in oxygen-saturated 0.1 M NaOH at varied
rotation rates (specified in figure legends). Red vertical bars indicate the onset potentials. The loading of AgAu nanoparticle catalysts was all 6 μg.
Disk potential ramp was 10 mV s−1 and the ring potential was set to +1.5 V.
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the narrow range of 3.8 to 4.0 within the wide potential range
of +0.85 to +0.10 V, suggesting that oxygen primarily under-
went four-electron reduction to hydroxide (OH−) with minimal
amounts of peroxide byproducts. In contrast, in the previous
study with hexanethiolate-passivated silver nanoparticles, the
n value at similar electrode potentials was much lower at only
ca. 2.5, which was improved to a little over 3.0 when ∼5 at% Au
was incorporated onto the nanoparticles by interfacial engine-
ering.41 Taken together, these results suggest that alloying of
silver nanoparticles with gold is effective in improving the
ORR activity which may be optimized at a controlled gold
concentration.

In order to quantitatively compare the intrinsic catalytic
activity, the electron-transfer kinetics was further analyzed by
the Koutecky–Levich method, as shown in Fig. S2.† As the disk
voltammetric current (ID) may include both kinetic (Ik) and
diffusion-controlled (Id) contributions, the Koutecky–Levich
equation is expressed as follows:

1
ID

¼ 1
Ik

þ 1
Id

¼ 1
Ik

þ 1
Bω1=2

ð1aÞ

B ¼ 0:62nFACODO
2=3ν�1=6 ð1bÞ

Ik ¼ nAFkCO ð1cÞ

where ω is the electrode rotation rate, n is the electron-transfer
number, F is the Faraday constant (96 485 C mol−1), A is the
geometric surface area of the electrode, CO is the oxygen con-
centration in O2-saturated solutions (1.26 × 10−6 mol cm−3),64

DO is the diffusion coefficient of O2 in 0.1 M NaOH aqueous
solution (1.93 × 10−5 cm2 s−1),65 ν is the kinematic viscosity of
the solution (1.09 × 10−2 cm2 s−1),66 k is the electron-transfer
rate constant. In fact, all six sample catalysts show good
linearity of the Koutecky–Levich plots (ID

−1 vs. ω−1/2) within
the potential range of +0.75 V to +0.85 V, where contributions
from the kinetic component were significant, and the slopes
were rather consistent for each nanoparticle suggesting con-
sistent electron transfer kinetics within the electrode potential

range. This observation is usually taken as a strong indication
of a first-order reaction with respect to dissolved oxygen.

In addition, the kinetic currents might be quantitatively
estimated from the y-axis intercepts of the linear regression of
the Koutecky–Levich plots, as depicted in the Tafel plot of
Fig. 7. It can be seen that for all nanoparticle catalysts, the
area-specific kinetic current density ( Js, Ik normalized by the
respective ECSA in Table 1 and Fig. S1†) increased as the
potential became more negative. Yet, the specific activity
varied rather sensitively with the nanoparticle compositions.
For instance, at +0.85 V, Jk increases in the order of (#2) 0.81 A
m−2 < (#3) 1.47 A m−2 < (#5) 1.75 A m−2 < (#1) 1.80 A m−2 <
(#6) 1.83 A m−2 < (#4) 2.39 A m−2. A similar trend can be seen
with the mass-specific activity ( Jm, Ik normalized by the nano-
particle mass loading): (#2) 33.5 A g−1 < (#6) 38.2 A g−1 < (#3)
43.4 A g−1 < (#5) 45.2 A g−1 < (#1) 75.2 A g−1 < (#4) 95.6 A g−1.
These data are also listed in Table 1. The comparison can be
better manifested in the inset of Fig. 7 where the specific
activity exhibited a volcano-shaped variation in the gold con-
tents in the alloy nanoparticles and reached the maximum
with sample #4, suggesting that the optimal concentration of
Au was about 35.5 at% for ORR. Note that no apparent kinetic
current and hence ORR catalytic activity was observed for poly-
crystalline silver electrodes, monometallic Ag nanoparticles or
AgAu bimetallic Janus nanoparticles (ca. 5 at% of Au) at the
same electrode potential.41,67

Furthermore, the Tafel plots of the six nanoparticle catalysts
display two linear segments of different slopes (Table 1). One
should note that for the oxygen reduction reaction, the Tafel
slopes are typically found at 60 mV dec−1 or 120 mV dec−1,
where the former corresponds to a pseudo two-electron reac-
tion as the rate determining step, and the latter one suggests
that the rate determining step is presumed to be a first-elec-
tron reduction of oxygen, implying that the subsequent

Fig. 6 Variation in the number of electrons transferred (n) in ORR at
AgAu nanoparticles with electrode potentials. Data were calculated from
the RRDE voltammograms at 1600 RPM in Fig. 5.

Fig. 7 Tafel plot of the AgAu nanoparticles in oxygen reduction.
Symbols are experimental data extracted from the y-axis intercepts of
the corresponding Koutecky–Levich plots and lines are for eye-guiding
only. The inset shows the comparison of the kinetic current density at
+0.85 V among the six AgAu nanoparticle samples.
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reduction and O–O bond breaking steps are facile.68 In the
present study, at the kinetic current densities lower than 2.5 A
m−2 (low overpotential region), linear regressions show that
the slopes are all close to 60 mV dec−1 except for samples #5
and #6 where the slopes are close to 90 mV dec−1; whereas at
kinetic current densities above 2.5 A m−2 (high overpotential
region), the corresponding slopes were all around 120 mV
dec−1. These observations suggest a similar oxygen reduction
mechanism for the six AgAu alloy nanoparticles. That is, in the
low overpotential region, the reaction rate was mainly con-
trolled by the pseudo two-electron reduction reaction (possibly
involving the breaking of the O–O bonds), whereas at high
overpotentials the rate determining step was likely the first-
electron reduction of oxygen. Such Tafel behaviors have been
also observed and reported previously for Pt or Pd catalysts,69

suggesting that the catalytic mechanism of ORR on AgAu
resembles that on Pt or Pd, which involves O–O bond breaking
and adsorption of oxygenate intermediates, but is distinctly
different from that on pure Ag or Au catalysts, where it could
be kinetically favorable for outer-sphere electron transfers.70

It is most likely that the improved performance (with onset
potentials up to +0.92 V and a remarkable kinetic current
density) of AgAu alloy nanoparticles over Ag or Au nano-
particles alone is due to the enhanced surface oxygen absorp-
tion. It has been shown by both theoretical calculations and
experimental studies that the adsorption energies (AE) of
oxygen could be manipulated by metal alloying, where the
effect on the AE of oxygen is not linearly dependent on the
original AE.3,71 In fact, it has been reported by Wang et al. that
more O2

− species were found on the AgAu alloy surface than
on pure Ag or Au surfaces, and the amount of O2

− species
varied with different Ag/Au ratios.72 Therefore, in the present
study, it is most likely that the marked enhancement of the
ORR performance was due to improved surface oxygen affinity
by alloying Ag and Au, leading to a positive shift of the equili-
brium potential for the first electron transfer reaction and
hence a reduced overpotential and positive shift of the onset
potential.70 Moreover, enhanced absorption of oxygen also
facilitates the breaking of the O–O bond, resulting in an
increase of kinetic current densities. Nevertheless, the
increased surface affinity toward oxygen is at the expense of

forming strongly bound O and OH species as a result of water
oxidation.73 If the O and OH species produced during ORR are
strongly adsorbed onto the catalyst surface, further reduction
of O2 may be inhibited, since the activation energies for O and
OH reduction have been found to be relatively high in the low
overpotential region in which fuel cell cathodes would ideally
be operated.2 Thus, an optimal oxygen affinity is required to
be strong enough to facilitate the first electron transfer to
oxygen, but not too strong to inhibit the release of absorbed
OH species. Results presented above show that AgAu alloy
nanoparticles with approximately 35.5 at% gold display the
optimal oxygen affinity, leading to the highest kinetic current
density among the series.

As shown in Table 2, the electrocatalytic performance of the
AgAu nanoparticles prepared above for ORR remained subpar
as compared to that of state-of-the art commercial Pt/C cata-
lysts that typically exhibit an onset potential more positive
than +0.96 V, a specific activity ( Js) of ∼2 A m−2 and a mass
activity ( Jm) of 160 A g−1 even at +0.90 V.45 However, the ORR
activity of the AgAu nanoparticles in the present study,
especially sample #4 (n = 3.8 to 4.0 within the potential range
of +0.10 V to +0.85 V, onset potential +0.92 V, Js = 2.39 A m−2,
and Jm = 95.6 A g−1 at +0.85 V), was markedly better than, or at
least comparable to, that of leading Ag-based electrocatalysts
reported in the literature. For instance, Slanac et al. prepared
AgPd alloy particles (dia. ∼5 nm) by simultaneous reduction of
Ag and Pd precursors and found that Ag4Pd exhibited the best
electrocatalytic activity (n = 3.7, onset potential +0.91 V, Jm =
598 A g−1 at the potential of +0.72 V) for ORR.80 In another
study, Ag4Pd alloy particles were prepared by co-reduction of
Ag and Pd salts and deposited on multiwalled carbon nano-
tube (MWCNT) surfaces, which exhibited an onset potential of
+0.91 V for ORR, but with a low n number of only 2.25 and a
low specific activity of only 0.22 A m−2.78 In contrast, Jiang
et al. reported a rather high ORR activity with Pd@Ag/C
hybrids (onset potential +0.93 V, Js = 32 A m−2, and Jm = 1000 A
g−1 at +0.85 V). However, the Pd@Ag/C hybrids were syn-
thesized by growing Pd onto the surface of carbon supported
Ag nanoparticles, where the catalytic activity was most likely
due to Pd on the surface whereas the Ag component was not
even involved in the catalytic reaction.79 In another study,

Table 2 Summary of ORR activity of leading Ag-based and Pt/C electrocatalysts for ORR in the literature

Js (A/m
2, at

+0.85 V vs. RHE)
Jm (A/g, at
+0.85 V vs. RHE) n

Eonset
(V vs. RHE)

AgAu Janus nanoparticles41 3.36 +0.80
Ag nanoparticles–MWCNTs74 ∼1 (+0.80 V) +0.81
Ag nanoparticles (15 wt.%)-ECNF75 3.9 +0.88
Core–shell–shell Ag–Pt–Ag nanocubes76 ∼1.78 3.95 +0.90
Ag–MnOx/VC

77 <125 (+0.82 V) 3.5 +0.92
Ag4Pd1/MWCNTs78 ∼0.22 2.25 +0.91
Pd@Ag/C79 ∼32 1000 +0.93
Au@Ag3 ∼1.6 +0.92
Ag4Pd

80 3.7 +0.91
Ag nanosheets on Ti/TiO2 electrode

81 ∼0.063 +0.92
Pt/C45 2 (+0.90 V) ∼160 (+0.90 V) ∼4 +0.96
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Tsai et al. prepared core–shell–shell Ag–Pt–Ag nanocubes by
epitaxial growth. Despite the incorporation of Pt into the alloy
structures, the ORR activity was rather modest with n = 3.95,
onset potential +0.90 V, and Jm = 1.78 A g−1 at +0.85 V.76

Conclusions

In summary, 1-dodecyne-capped AgAu alloy nanoparticle
samples were successfully prepared by chemical reduction of
the metal salt precursors at varied initial feed ratios. TEM
measurements showed that the resulting nanoparticles exhibi-
ted an average core size within the narrow range of 3 to 5 nm
in diameter, and XPS measurements showed that the corres-
ponding gold contents varied from about 25 at% to 55 at%.
Consistent results were obtained in UV-vis absorption
measurements, where an almost linear red-shift of the
plasmon absorption peak positions was observed with increas-
ing Au content. More importantly, electrochemical measure-
ments showed that the alloy nanoparticles all exhibited
apparent electrocatalytic activity for ORR, and the sample with
35.5 at% Au was found to display the best catalytic activity
among the series, within the context of onset potential,
number of electrons transferred and kinetic current density.
Such a performance is likely due to the unique metal–ligand
interfacial bonding interactions as well as enhanced metal–
oxygen affinity from the alloying effects.
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