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ABSTRACT

Peptide based methods create new revenues to fabricate stable, multifunctional noble
metal nanomaterials under mild and green synthesis conditions. Peptide sequence A4
stabilized AuAg alloyed nanomaterials were fabricated through a facile and straightfor-
ward approach. The as-prepared alloyed nanomaterials demonstrated effective catalytic
activity toward oxygen electroreduction in alkaline media. Both the metal-to-A4 ratio and
Au-to-Ag ratio were optimized to enrich the electrocatalytic performance, and the sample
of Au:Ag:A4 = 10:30:1 exhibited the highest activity among the series. The performance of
Au:Ag:A4 = 10:30:1 is comparable with that of commercial Pt/C, within the context of onset
potential, diffusion-limited current density as well as long-term stability. The as-prepared
samples were characterized by UV—visible absorbance, transmission electron microscopy
(TEM), as well as X-ray photoelectron microscopy (XPS). The improved activity is probably
attributed to the alloying induced ensemble effects and electronic effects. This discovery
may shed light on fabricating peptide based alloys as highly efficient catalysts with
enhanced stability for oxygen reduction reaction (ORR).
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Introduction

Proton exchange membrane fuel cells (PEMFCs) have been
attracting numerous research interests in the past decade,
mainly thanks to their high energy density, low operation
temperature and negligible detrimental environmental im-
pacts [1—4]. Developing high-efficiency electrocatalysts for
oxygen reduction reaction (ORR) occurring at the cathode is
crucial for large scale commercialization of PEMFCs [5—7].
Typically, platinum-based hybrid materials supported on
carbon (20 wt% Pt/C) have been widely regarded as state-of-art
catalyst for ORR [8—11]. However, the earth abundance of Pt is
quite limited hence the price is very high, and the long-term
stability of such Pt/C electrocatalyst is also a remaining chal-
lenge [12]. These factors have been the major obstacles that
hamper the commercialization of PEMFCs. Consequently,
great deals of research efforts have been devoted to devel-
oping highly efficient, cost-effective electrocatalysts with
enhanced stability for ORR [13—29].

Alloying is one of the most important approaches to fabri-
cate noble metal electrocatalysts for ORR [9]. Exceptional ac-
tivity and robust stability can be obtained from alloyed metal
nanoparticles due to the ensemble and ligand effects [30]. On
one hand, compared to Pt, the earth abundance of Au is much
higher, while Ag is a comparatively cheaper noble metal in the
periodic table. Au alloying with Ag would be a great choice to
fabricate noble metal catalysts to significantly lower the cost
while maintaining desirable electro-catalytic activity. On the
other hand, when exposed to air, Ag surface can be easily
oxidized hence a surface ligand is inevitable for improving
stability. Moreover, the ligand can act as a template, which
plays an important role in nanoparticle formation. Small
organic molecules [31], bio-molecules such as protein [32], and
dendrimer [33] have been utilized as template for fabricating
alloy nanoparticles with well-defined structures. Recently,
peptide has emerged as a promising ligand and template to
manipulate the synthesis of alloyed noble metal nanoparticles
for electrochemical reactions. Peptide-based metal nano-
materials are normally prepared in water at room temperature,
and more importantly, peptide sequence with specific binding
affinity for target substrate can direct the nuclei growth and
nanoparticle formation hence precisely control the size, shape,
composition as well as subtle local surface microstructures of
noble metal nanomaterials [34,35]. For instances, Bedford et al.
successfully showcased the nanoscale surface segregation of
AuPd bimetallic nanoparticles, and surface-dependent cata-
lytic activities were observed for methanol oxidation [36].
Recently, through peptide-based self-assembly, Kim group
documented the synthesis and catalytic response to oxygen
reduction of surface-composition-controlled AuPt bimetallic
nanoparticles on carbon nanotubes [37].

Peptide AG4 (Sequence: NPSSLFRYLPSD, abbreviated as A4)
was initially selected by incubating silver particles with the
combinatorial phage display library. Note that A4 bears strong
binding affinity for Ag substrates, and Rajesh et al. demon-
strated that it can interact with the nuclei or metal clusters
hence accelerated the growth of a particular phase or phases
[38]. Interestingly, Baneyx group discovered that, with A4
sequence attached to MBP2 protein, the binding affinity to

silver substrate can be amplified at least 1 order of magnitude,
and the as-formed Ag nanoparticles were excellent enhancers
for Raman spectroscopic surface scattering [39]. Herein, pep-
tide A4 was used as a template to guide and stabilize the AuAg
alloyed nanoparticle networks through a facile wet chemical
method and the as-prepared alloys demonstrated effective
activity toward ORR. By tuning the ratio of metal-to-A4 and
the Au/Ag ratio, different performances toward ORR were
observed. With the increasing of metal (Au + Ag)-to-peptide
ratio, the ORR activity gradually increased, however, further
increase of metal loading would decrease the activity. Mean-
while, different Au/Ag ratio also affects the ORR activity
significantly. The sample (Au:Ag:A4 = 10:30:1) exhibited the
best activity among the series. It also demonstrated markedly
higher diffusion-limited current density and long-term sta-
bility than the state-of-art commercial Pt/C catalysts.

Materials and methods
Chemicals

Hydrogen tetrachloroauric acid (III) trihydrate (HAuCl,-3H,0,
98%) was obtained from Energy Chemicals (Shanghai, China),
Peptide A4 (purity: >95%) was purchased from Top-Peptide
(Shanghai, China), with purity confirmed by high perfor-
mance liquid chromatographic (HPLC) and mass spectro-
metric (MS) analysis. Sodium borohydride (NaBH,, 98%) was
purchased from Aladdin industrial Corporation (Shanghai,
China). Silver nitrate (AgNOs, 99%) and Pt/C (20 wt %) were
obtained from Alfa Aesar. Water was supplied with a Barn-
stead nanopure water system (18.3 MQ cm). All chemicals
were used as received without further purification.

Synthesis of peptide based nanomaterials

The synthesis of Au:Ag:A4 = X:X:1 (X is the molar ratio of Au or
Ag to A4, X = 10, 15, 20, 25) was conducted by following a
modified procedure in previous reports in our group [40,41].
For the synthesis of Au:Ag:A4 = 10:10:1, a typical procedure
can be described as follows: 0.5 mL A4 solution (1 mM), 50 uL
AgNOj; solution (0.1 M) and 125 uL HAuCl, (40 mM) were first
mixed and added into 2.025 mL H,O. The mixture was stirred
until yellow particles appeared (~15 min), then 300 pL freshly
prepared NaBH, (0.1 M) aqueous solution was added rapidly
with a slight shaking. The solution turned from yellow to black
immediately and was kept stewing at last 1 h at room tem-
perature. After centrifugation, the black particles were
collected and then washed by water three times, and further
dried in air overnight. The solids were subjected to further
characterization and electrochemical tests. As the metal-to-
peptide molar ratio is 20:1, the sample was denoted as
Au:Ag:A4 = 10:10:1. The samples of Au:AgiA4 = 15:15:1,
Au:Ag:A4 = 20:20:1, and Au:Ag:A4 = 25:25:1 were prepared in a
similar manner, but the volume of A4 solution was changed
into 0.33 mL, 0.25 mL, and 0.2 mL respectively, while the total
volume of the reaction solution was kept 3 mL. For all the
above samples, the molar ratio of Au-to-Ag was kept as 1:1.
While to optimize the Au:Ag ratio, other samples with
different Au-to-Ag molar ratios were also synthesized. The
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samples of AwAgA4 = 040:1, AwAgA4 = 10:301,
Au:Ag:A4 =20:20:1, Au:Ag:A4 = 30:10:1, and Au:Ag:A4 = 40:0:1
were prepared in a similar protocol, while the total volume
was kept 3 mL and the A4 concentration was kept constant.
The AgNO; solution (0.1 M) and HAuCl, (40 mM) with different
volumes were added to control the molar ratios of Au-to-Ag
were 0:40, 10:30, 20:20, 30:10, and 40:0.

Characterizations

The surface chemical composition of the samples was probed
by X-ray photoelectron spectroscopy (XPS) by a VG Multi Lab
2000 instrument with a monochromatic Al Ko X-ray source
(Thermo VG Scientific). Absorbance spectra were acquired
with a Shimadzu 2600/2700 UV-visible scanning spectro-
photometer. The morphology and microstructures of the
samples were observed by a high-resolution transmission
electron microscope (JEOL TEM-2010) equipped with an energy
dispersive X-ray spectroscopy (EDS) system.

Electrochemical measurements

The electrochemical tests were conducted by a three-
electrode system, in which a glassy carbon-disk working
electrode (diameter 5.61 mm, Pine Instrument Inc., RRDE
collection efficiency is 37%) and a AgCl/Ag and a platinum wire
was employed as both reference electrode and counter elec-
trode. The working electrode was cleaned by polishing with
aqueous slurries of 0.3 pym alumina powders on a microcloth.
2 mg of a catalyst was dispersed in 1.0 mL ethanol solution
containing 10 pL Nafion (5 wt%, Aldrich), and the dispersion
was then sonicated for at last 30 min to prepare a catalyst ink.
Typically, 10 pL of the ink was dropcast onto the glassy carbon
disk and dried at room temperature. For all catalyst samples
and Pt/C, the loading was calculated as 80.8 pug cm 2 All the
cyclic voltammograms (CV) were acquired at a scan rate of
10 mV s~ %, and the linear sweep voltammograms (LSV) were
collected in oxygen-saturated 0.1 M KOH solution at a scan
rate of 10 mV s~ with different rotation rates from 100 to
2500 rpm, the disk potential ranged from —0.04 V to +1.16 V
while the ring potential was set as +0.5 V during the mea-
surement. The durability and stability of the catalysts were
examined by chronoamperometric measurements at +0.5 V
for 40,000 s in an oxygen-saturated 0.1 M KOH solution. The
rotation rate was 900 rpm. The Ag/AgCl reference electrode
was calibrated with a reversible hydrogen electrode (RHE),
which was performed in a high-purity H, (99.999%) saturated
electrolyte with a Pt wire as both the working electrode and
counter electrode. In 0.1 M KOH, Eryr = Eag/agct + 0.966 V.

Results and discussions

ORR activity comparison of the (Au + Ag):A4 = X:1 (X is
controlled as 20, 30, 40 and 50, while Au-to-Ag ratio fixed
as 1)

To start with, a series of peptide stabilized AuAg nano-
materials were first fabricated. As both the metal (Au + Ag)-to-
peptide ratio and the ratio of Au-to-Ag will affect the ORR

activity, initially, we synthesized a series of samples with Au-
to-Ag ratio fixed as 1 while the ratio of metal-to-peptide were
varied. Fig. 1 depicts the electrochemical performance of the
samples with the molar ratio of Au-to-Ag = 1:1, while the ratio
of metal (Au + Ag)-to-A4 was controlled as 20, 30, 40 and 50.
One can see that, the cathodic peak potential of
Au:Ag:A4 = 20:20:1 was more positive than the other samples
(Fig. 1a). Notably, the onset potential and diffusion-limited
current density increased with the increasing of metal ratio,
however, when the ratio of metal (Au + Ag)-to-A4 reached 50,
the catalytic activity upon ORR decreased significantly
(Fig. 1b). Compared with the other samples in the series, the
sample of Au:Ag:A4 = 20:20:1 also exhibited the largest
diffusion-limited current density (4.46 mA cm™2 at 1600 rpm),
as summarized in Table S1. These results suggest that a
metal-to-A4 ratio of 40 would result in better ORR activity than
other ratios.

ORR activity comparison of the samples with different Au-
to-Ag ratio and same metal-to-peptide ratio (40:1)

Since the sample of metal-to-A4 (40:1) demonstrated the most
prominent ORR activity, subsequently, a series of samples
with metal-to-peptide ratio fixed as 40:1 and different Au-to-
Ag ratios were fabricated and subjected for ORR test. From
Fig. 2a, it is observable that the samples with different Au-to-
Agratios exhibited rather distinctive ORR activity. The sample
of Au/Ag = 10:30 demonstrated the most positive cathodic
peak potential and largest cathodic peak current density.
Consistent results were also obtained from the LSV mea-
surements. As shown in Fig. 2b, the sample of Au/Ag = 10:30
exhibited an onset potential of 0.94 V and a diffusion-limited
current density of 4.87 mA cm 2, both of them were superior
than the other samples in the series. It is worth noting that the
onset potential of the sample Au/Ag = 10:30 (at 0.94 V) is
slightly lower than that of Pt/C (at 0.98 V), however, the
diffusion-limited current density at +0.40 V and 1600 rpm of
the sample (4.87 mA cm™?) exhibited a greater value than Pt/C
(4.67 mA cm™?) with the same catalyst loading. Combined
with all the above findings, the sample of Au/Ag = 10:30 and
metal-to-A4 = 40:1 exhibited the best activity upon ORR in the
series.

Based on the RRDE data (Fig. 2b), the number of electron
transfer (n) and the H,0, yield in ORR can be calculated
through the equations of

41

n=——— 1

Ir/N+Id ( )
2001, /N

H,0,% = —/— 2

2T LNF L @)

where I, is the disk current, I, is the ring current, and N is the
RRDE collection efficiency (0.37). The calculated results can be
found in Fig. 2¢, and the n values of the samples in the po-
tential range of 0 to +0.80 V were summarized in Table S2. As
listed in Table S2, for the sample of Au:Ag:A4 = 40:0:1 and
0:40:1, the electron transfer number is 3.18-3.70 and
3.34—-3.76, respectively. The n values of the alloyed samples
are much higher, approximately in the range of 3.80—3.98.
Correspondingly, the sample of Au:Ag:1 = 40:0:1 and 0:40:1
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Fig. 1 — The electrochemical performance of the glassy carbon electrode (GCE) modified with the samples (Au:Ag:A4 = X:X:1,
X =10, 15, 20 or 25) in O,-saturated 0.1 M KOH solution: (a) Cyclic and (b) Rotating disk electrode (RDE) voltammograms at a
rotation speed of 1600 rpm with a 10 mV/s potential sweep rate. The catalyst loading is 80.8 pg/cm?.
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Fig. 2 — The electrochemical performance of the glassy carbon electrode (GCE) modified with the samples of different Au-to-
Ag ratio and same metal-to-peptide ratio (40:1) and Pt/C in O,-saturated 0.1 M KOH solution: (a) Cyclic and (b) Rotating disk
electrode (RDE) voltammograms at a rotation speed of 1600 rpm with 10 mV/s potential sweep rate, (c) Plots of number of
electron transfer and H,0, (%) yield, (d) Voltammetric current of Au:Ag:A4 = 10:30:1 at the rotation rate of 400—2025 rpm
with 10 mV/s potential sweep rate, (e) Corresponding Koutecky—Levich plots of Au:Ag:A4 = 10:30:1 catalyst at different
potentials, (f) The corresponding Tafel plots of Au:Ag:A4 = 10:30:1 and commercial Pt/C. All measurements were conducted
with a catalyst loading of 80.8 ug cm~2 in an O,-saturated 0.1 M KOH aqueous solution at a potential scan rate of 10 mV s,

possessed relatively high yield of H,0,, both of them are larger
than 10% and can reach 40% even higher at certain potential.
For all the alloyed samples, the yield of H,0, is less than 10%.
Such high electron transfer number and quite low H,0, yield
indicate that the alloyed samples can catalyze oxygen reduc-
tion very efficiently. It is worth noting that, the sample of
Au:Ag:A4 = 10:30:1 possessed the highest electron transfer
number (3.94—3.98), which is close to Pt/C (n = 3.92—3.98)
within the wide potential range of +0.20 to +0.80 V, mean-
while, the H,0, yield for Au:Ag:A4 = 10:30:1 was 1.47—3.58 (%),
also comparable with Pt/C (1.42—4.73%) in the potential range
of 0—0.8 V. Taking together, these results indicated that, the

ORR activity of Au:Ag:A4 = 10:30:1 was close or comparable to
commercial Pt/C. Fig. 2d depicted that the voltammetric cur-
rents of Au:Ag:A4 = 10:30:1 increased with the increasing of
the electrode rotation rate.

The electrocatalytic activity of the Au:AgiA4 = 10:30:1
sample for ORR was further examined and compared with
commercial Pt/C by voltammetric measurements. As shown in
Fig. S1,in CV measurements, thereis noredox peak (black dash
curves) within the potential range of —0.04 V to +1.16 V when
the electrode modified by the sample or Pt/C were immersed in
N,-saturated 0.1 M KOH solution. Nevertheless, well-defined
voltammetric peak at 0.81 V (for Au:Ag:A4 = 10:30:1) or at
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0.8 V (for Pt/C) can be readily identified in oxygen-saturated
0.1 M KOH solution, indicating effective activity of both cata-
lysts for oxygen reduction. Furthermore, the corresponding
Koutecky—Levich (K—L) plots of Au:Ag:A4 = 10:30:1 (Fig. 2e)
exhibited a good linearity with a nearly identical slope in the
potential range from +0.50 V to 0.75 V. Fig. 2f displays the
corresponding Tafel plots of Au:Ag:A4 = 10:30:1 and Pt/C, and
the K—L plots and Tafel plots of the other alloyed samples can
be found in Fig. S2. The Tafel slopes are typically found at 60 or
120 mV dec* for the ORR, where the former value corresponds
to a pseudo-two-electronreaction as the rate-determining step
[22,42] and the latter suggests that the rate-determining step is
a first-electron reduction of oxygen, and the subsequent
reduction and OO bond-breaking steps are relatively facile [43].
The Tafel slopes in the present study were calculated as
111.5 mV dec ' for AwAg:A4 = 0:40:1, 65.3 mV dec ' for
Au:Ag:A4 = 10:30:1, 68.3 mV dec™? for Au:Ag:A4 = 20:20:1,
61.4 mV dec™' for AwAg:A4 = 30:10:1, 70 mV dec™! for
Au:Ag:A4 =40:0:1 and 73.4 mV dec™* for Pt/C, respectively, in a
low overpotential regime (E > +0.89 V). For most of the alloy
samples, the Tafel slope is in the range from 61.4 mV dec ' to
70 mV dec™?, close to that of Pt/C, indicating the reaction
mechanism of ORR on the surface of these catalysts were
similar with that of Pt/C, that is, the ORR reaction probably is a
pseudo-two-electron reduction step. Meanwhile, the Tafel
slope at the potential below +0.85 V, was calculated as
1754 mV dec! for Aw:Ag:A4 = 0:40:1, 131.7 mV dec™* for
Auw:Ag:A4 = 10:30:1, 118.1 mV dec™ ! for Au:Ag:A4 = 20:20:1,
138.4 mV dec™ " for Aw:Ag:A4 = 30:10:1, 138.5 mV dec " for
Au:Ag:A4 = 40:0:1 and 124.1 mV dec™* for Pt/C, indicating that
the reaction rate was probably limited by the first electron
transfer to oxygen molecules [3,5,6,22].

Absorbance of Au:Ag-X samples with different Au-to-Ag
ratios

Meanwhile, the optical property and surface structure of the
as-prepared alloyed nanomaterials were tested and observed.
The UV—visible absorbance spectra of the samples are shown
in Fig. 3. One can see that, with the increasing of the Au
content, the absorbance peak at ~300 nm becomes more
prominent, while the absorbance peak at ~400 nm weakened
with the decreasing of Ag content. Such absorbance feature is
probably attributed to the peptide-metal interaction [44].

Au:Ag:A4=0:40:1

—— Au:Ag:A4=30:10:1
Au:Ag:A4=40:0:1

Absorbance

300 400 500 600 700 800
Wavelength (nm)

Fig. 3 — UV—visible absorption spectra of Au:Ag-X samples
(Metal (Au + Ag):A4 = 40:1) with different Au-to-Ag ratios.

TEM analysis of the sample of Au:Ag:A4 = 10:30:1

The morphology and elemental distribution of
Au:Ag:A4=10:30:1are shownin Fig. 4. From Fig. 4a and b, inter-
crossed nanoparticle networks can be observed for the sample
of Au:Ag:A4 = 10:30:1. As a note, such well-defined intriguing
structure has been reported in a recent study [45]. Further EDX
analysis (Fig. 4c) revealed the atomic Au-to-Agratio of 64.2/35.8
in the sample. Note that, the initial loading molar ratio of Au-
to-Ag during the synthesis was 10:30. Such difference is prob-
ably caused by the technique details, as EDS spectroscopy can
only measure the elemental distribution in an extremely small
region but not the whole target [46,47]. The representative TEM
images of the other samples with different ratios of Au-to-Ag
are shown in Fig. S3. Interestingly, well-defined spherical
particles (Figs. S3a and d) were obtained when only Ag or Au
existed alone with A4. For the samples of Au:Ag:A4 = 20:20:1
and Au:Ag:A4 = 30:10:1, the nanoparticle networks were less
distinctive than Au:Ag:A4 = 10:30:1. With the increasing of gold
mass, more aggregates and bulky materials can be clearly
observed. As peptide A4 bears specific binding affinity to Ag,
the decreasing of Ag contents and increasing of Au contents
may strengthen the metal-metal interaction, hence facilitate
the formation of bulky structured materials or aggregates.

XPS analysis of Au:Ag:A4 samples with different Au-to-Ag
ratios

The electronic structures of these alloyed nanomaterials were
next examined by XPS measurements [48,49]. The XPS scan
spectra of the Au:Ag:A4 = 10:30:1 (Fig. 5) sample first confirm
the co-existence of both Au and Ag elements. From the XPS
survey scan spectra (Fig. 5a), the molar elemental ratio of Au-
to-Ag was estimated as 0.75:2.43, which is close with the initial
loading molar ratio of Au-to-Ag (1:3). The high-resolution XPS
focus scan spectra of Au4f and Ag3d electrons are shown in
Fig. 5b and c, respectively. The binding energy of Au4f7/2
electrons of all the alloyed samples is in the between of Au(l)
(~84.7 V) and bulk gold (~83.5 eV) [50,51] while similarly, the
binding energy of Ag3d5/2 electrons is in the range of Ag(l)
(~369.4 eV) and Ag(0) (~367.0 eV) [52]. One may notice that, the
binding energy of Au4f7/2 electrons decreased from 84.1 eV for
Au:Ag:A4 = 40:0:1 (No Ag) to 83.7 eV for Au:Ag:A4 = 10:30:1
with the decreasing of Auratio (increasing of Agratio) in alloys
(Fig. 5b). Correspondingly, the binding energy of Ag3d5/2
electrons increased from 367 eV for Au:Ag:A4 = 0:40:1 (No Au)
to 368.1 eV for Au:Ag:A4 = 30:10:1 with the decreasing of Ag
ratio (increasing of Au ratio) in alloys (Fig. 5c). The decreased
Au4{7/2 binding energies and increased Ag3d5/2 binding en-
ergies can be probably attributed to the electron donation
from the less electronegative Ag heteroatoms (y = 1.9) to the
more electronegative Au atoms (y = 2.4) [53].

Durability comparison of Au:Ag:A4 = 10:30:1 and
commercial Pt/C for ORR

Finally, the chronoamperometric measurements were carried
out to compare the long-term durability of Au:Ag:A4 = 10:30:1
with commercial Pt/C for ORR. As depicted in Fig. 6, after more
than 10 h's continuous operation, the cathodic current of the
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Fig. 4 — Morphology and structure characterization of Au:Ag:A4 = 10:30:1. Typical HR-TEM images at 20 nm (a) and 50 nm
magnification (b). (c) Representative TEM-EDX images. (d) HAADF-STEM elemental mapping images of Au (e), Ag (f) and
Au + Ag (g).
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Fig. 6 — (a) Chronoamperometric responses for ORR at Au:Ag:A4 = 10:30:1 and Pt/C electrodes in an O,-saturated 0.1 M KOH
solution at 0.5 V for 40, 000 s. The accelerated durability tests (ADT) of Au:Ag:A4 = 10:30:1 (b) and commercial Pt/C (c) were
carried out by before and after 2500 cycles between 0.6 and 1.0 V at a scan rate of 50 mV s~* with a rotation speed of

1600 rpm in an O,-saturated 0.1 M KOH solution.

Au:Ag:A4 = 10:30:1 retained about 85% of its initial current,
while commercial Pt/C catalyst exhibited a clear loss of 35% of
the initial value under the same experimental conditions. This
suggests that the stability of Au:Ag:A4 = 10:30:1 is remarkably
higher than Pt/C. To further assess the durability of the cata-
lysts, accelerated durability tests were carried out by cycling
the catalyst over the potential range from +0.6 to 1.0 V at
50 mV s~ 'in an O,-saturated 0.1 M KOH solution. As presented
in Fig. 6b, the half-wave potential of Au:Ag:A4 = 10:30:1 shifted
negatively by only 3.7 mV after 2500 cycles test, while com-
mercial Pt/C displayed a much bigger negative shift of 10.4 mV
(Fig. 6c), further attesting the higher durability of
Au:Ag:A4 = 10:30:1 than commercial Pt/C. The enhanced long-
term stability might be attributed to the following factors:1.
The strong electronic interaction between Au and Ag atoms
induced synergistic effects, which are favorable for the ki-
netics of ORR [46,54]; 2. Peptide A4 serves as the protecting
agent, which prevents the strong metal-metal interaction for
coalescence and/or aggregation [38].

Conclusions

Peptide A4 based AuAg alloyed nanoparticle networks were
developed and discovered as efficient electrocatalysts for

ORR in alkaline media. The sample of Au:Ag:A4 = 10:30:1
exhibited the top activity for ORR among a series of sample.
Its performance was comparable to that of commercial Pt/C,
evidenced by an onset potential at +0.94 V vs RHE, high
electron transfer number of 3.94—3.98 and very low H,0,
yield, as well as larger diffusion-limited current density
compared with Pt/C. Furthermore, its long-term durability
was remarkably higher than commercial Pt/C. This finding is
able to further power the rational design of peptide tem-
plated alloyed noble metal nanoparticle networks with
desirable electrocatalytic activities for fuel cell applications
and beyond.
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