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Introduction

Bimetallic nanoparticles (NPs) have the potential to advance

catalysis and electrocatalysis but their biggest challenge arises
from the difficulty to manipulate their composition and surface

structure precisely.[1–3] It is well known that the catalytic activity
of these bimetallic NPs is highly dependent on their size,

shape, composition, and surface atomic arrangements.[4, 5] Com-

pared with their monometallic NP counterparts, bimetallic NPs
often possess an enhanced catalytic activity, thanks to the syn-

ergetic effects that arise from the electronic and geometric

effects of these bimetallic NPs. For instance, the introduction

of Au to a Pd surface can significantly enhance the turnover
frequency, as the more negative Au pulls electrons from Pd.[2, 6]

A similar phenomenon occurs if Pd or Pt is added to an Au
nanostructure.[7, 8] However, for geometric effects, the combina-

tion of two metals can lead to the generation of new catalyti-

cally active sites.[1, 2, 9]

As bimetallic NPs have an immense potential in the fabrica-

tion of sustainable catalysts with a high efficiency, the develop-
ment of new synthetic techniques is of critical importance. A

variety of methods have been developed to prepare bimetallic
alloyed NPs. An important strategy is to tune the surface
ligand or stabilizer, and recently, biological molecules such as

bacteria,[10] enzymes,[11] DNA,[12] proteins,[13] and especially pep-
tides[14, 15] have gained increasing attention. Notably, compared
to conventional approaches, the synthesis of peptide-based bi-
metallic NPs is an environmentally friendly process as it is nor-

mally conducted in water at room temperature.[16, 17] Important-
ly, peptides can manipulate the physiochemical properties of

these bimetallic NPs with exquisite atomic structural control.
For example, Merrill et al. employed peptide R5 to demon-
strate the fabrication of AuPd alloys, and an enhanced reactivi-

ty toward olefin hydrogenation was obtained.[18] Kim and co-
workers documented the fabrication and catalytic response to

oxygen reduction of surface-composition-controlled AuPt bi-
metallic NPs on carbon nanotubes.[19] Recently, Bedford and

co-workers reported the fabrication of peptide-directed AuPd

nanoscale surface segregation, and a surface-dependent cata-
lytic activity toward methanol oxidation was observed.[20]

Despite this progress achieved on peptide-templated AuPd
NPs, their electrocatalytic ability still remains largely unex-

plored. Besides the above examples, to date, few examples can
be found. Recently, we reported the fabrication of

Given the synergetic properties of different metal species, bi-

metallic nanoparticles are of immense scientific interest and

technological importance in the field of catalysis. A peptide-
based method represents a new avenue to fabricate bimetallic

nanocatalysts with a controllable size, shape, composition, and
subtle surface microstructure. However, the electrocatalytic

abilities of these peptide-based bimetallic nanoparticles remain
largely unexplored. Herein, we employed the peptide se-

quence FlgA3 to fabricate a series of AuPd alloys that were

used as catalysts for the oxygen reduction reaction (ORR).

Among the samples tested, Au33Pd67 exhibited the best activity,

evidenced by the most positive onset potential and the largest
diffusion-limited current. Notably, the ORR activity of Au33Pd67

was comparable with that of commercial Pt/C, and the long-
term durability was significantly superior to that of Pt/C. A

peptide-enabled approach might pave the way for the fabrica-
tion of bimetallic nanomaterials with enhanced electrocatalytic
properties under mild conditions.
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peptide-R5-templated Au and Pt nanomaterials with different
morphologies as highly efficient catalysts for the oxygen re-

duction reaction (ORR).[21] In addition, a series of peptide-
capped Pd NPs was fabricated to examine their ORR activity,

and strong surface effects were established between the pep-
tide sequence and the electrocatalytic activity.[22] Notably, the

ORR is the pivotal step that determines the efficiency of a fuel
cell,[23–27] which is considered widely as a promising green
energy device thanks to its high energy conversion efficiency,

ultrahigh power density, easy operation at low temperature,
and almost no detrimental environmental impacts. The most
widely employed catalysts for the ORR are Pt- and/or Pt-based
nanomaterials,[28–31] however, the high price and limited earth

abundance of Pt as well as the low stability of such catalysts
hinders the widespread commercialization of fuel cells signifi-

cantly. Au and Pd would be an excellent binary alloy as Pd in-

teracts strongly with oxygen and Au does not.[32] Compared to
compounds that include only Au[33, 34] or Pd,[35, 36] AuPd alloys

have shown an enhanced electrocatalytic activity toward
ORR.[1] The ORR activity of AuPd bimetallic alloys is determined

largely by their structural features, which include size, mor-
phology, composition, and surface atomic distribution, hence

efforts have been devoted to the manipulation of these fea-

tures. Wang and co-workers prepared AuPd-chain networks by
a one-pot approach, and the as-prepared networks exhibited

a superior ORR activity to commercial Pd black.[37] Deming
et al. documented alkyne-protected AuPd NPs for the ORR,

and the best performance was identified with a sample com-
posed of 91.2 % Pd.[32] Recently, our group demonstrated the

fabrication of supported ultra-small AuPd clusters for the ORR,

and a comparable activity with a markedly higher stability than
commercial Pt/C was obtained.[38] These results indicate clearly

that AuPd alloys have a great potential as alternative non-Pt
catalysts for the ORR, however, to the best of our knowledge,

a peptide-enabled approach to fabricate such alloys for the
ORR is still lacking. This is the primary motivation of our pres-

ent investigation.

FlgA3, which has a sequence of DYKDDDDKPAYSS-
GAPPMPPF, was first synthesized by Slocik and Naik.[39] It con-

tains two domains of A3 and Flg. The A3 domain (AYSS-
GAPPMPPF) is able to stabilize the Au surface and form stable

NPs,[40] whereas the Flg domain holds potential binding sites
for metal substrates that include Pd. Slocik and Naik used the

FlgA3 sequence to demonstrate the fabrication of a Au@Pd
core–shell structure with a high catalytic activity in the hydro-
genation of 3-buten-1-ol.[39]

In this study, FlgA3 was employed as the template and sta-
bilizer to fabricate bimetallic AuPd NPs with enhanced electro-

catalytic activity toward the ORR. Among a series of samples,
Au33Pd67 exhibited the best activity, evidenced by the most

positive onset potential and largest diffusion-limited current.

Notably, the ORR activity of Au33Pd67 was comparable to that
of commercial Pt/C, and its long-term durability was remarka-

bly higher than that of Pt/C.

Results and Discussion

Peptide-FlgA3-based AuPd bimetallic NPs were fabricated
through a modification of a procedure reported previously.[39, 41]

The UV/Vis absorbance spectra of the AuPd alloys are shown
in Figure S1. Interestingly, no characteristic absorbance peak at

approximately l= 520 nm is observed for the alloy samples,
and the absence of the surface plasmon peak indicates that
relatively small particles or clusters were formed.[42, 43] The sam-

ples were examined by using TEM and high-resolution trans-
mission electron microscopy (HRTEM). A representative TEM
image and corresponding size distribution histogram of the al-
loyed samples is shown in Figure S2. The alloyed NPs were
rather well dispersed without clear aggregation, which indi-
cates effective passivation by FlgA3. The average NP size fluc-

tuated in the narrow range of 3–5 nm (Table 1). The slight

sample-to-sample size variation is probably a consequence of
the NP growth dynamics, in which ligand passivation com-

petes with metal core nucleation.[44]

Representative TEM and HRTEM images of Au33Pd67 are
shown in Figure 1 a and b. The HRTEM images illustrate the
fine, crystalline, and continuous well-defined lattice fringes.

The d-spacing of the adjacent fringes is 0.232 nm, which is
quite close to that of AuPd alloy (0.230 nm). Interestingly, the
lattice spacing is located between that of pure Au (0.2355 nm,
JCPDS-04–0784) and pure Pd (0.2285 nm, JCPDS-01–087–0641),

which suggests the formation of AuPd alloy.[45 46] The line-scan
profile can be extrapolated from the high-angle annular dark-

field (HAADF) scanning transmission electron microscopy
(STEM) image (Figure 1 c, inset). From the start to the end, Au
and Pd possess an almost identical distribution trend. The
overlapped feature in the line-scan profile indicates the forma-
tion of a AuPd alloyed structure. Moreover, the distribution of

the elements was probed by using bright-field transmission
electron microscopy (BFTEM; Figure 1 d–g). From the energy-

dispersive X-ray spectroscopy (EDS) mapping, we can see that
both Au and Pd elements were well intermixed, which shows
that a peptide-based AuPd alloyed structure was obtained.

The structures of Au100, Pd100, and Au33Pd67 were then investi-
gated using XRD. The representative diffraction peaks of

Au33Pd67 particles are located at 2 q= 39.1, 45.1, 66.3, and 79.6,
which are assigned to the (111), (2 0 0), (2 2 0), and (3 11)

Table 1. Summary of the AuPd alloys, which include size, onset potential,
diffusion-limited current, and electron transfer number (n) for the ORR.

Sample FlgA3/ Size Eonset Diffusion-limited n
Au/Pd [nm] [nm] current [mA cm@2]

Pd100 1:0:60 3.55: 0.97 0.89 @4.83 3.88–3.95
Au20Pd80 1:12:48 2.65: 0.34 0.90 @4.91 3.83–3.94
Au33Pd67 1:20:40 2.98: 0.90 0.94 @5.08 3.86–3.95
Au50Pd50 1:30:30 2.92: 0.63 0.91 @4.45 3.77–3.92
Au67Pd33 1:40:20 3.07: 1.22 0.89 @3.52 3.71–3.89
Au80Pd20 1:48:12 2.69: 0.80 0.88 @3.16 3.73–3.89
Au100 1:60:0 2.66: 0.44 0.86 @2.35 3.40–3.76
Pt/C – – 0.95 @4.72 3.83–3.94
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