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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
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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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planes of the face-centered cubic alloyed structure (Figure 2 a).

Furthermore, the diffraction peaks are located between those

of pure Au (JCPDS-04–0784) and pure Pd (JCPDS-01-087-0641),

which confirms the formation of alloyed AuPd structures.[47, 48]

Figure 1. a) Representative TEM image of Au33Pd67 NPs, b) HRTEM image and c) HAADF-STEM image and cross-sectional compositional line profiles of a single
Au33Pd67 NP, d) BFTEM image of the Au33Pd67 NPs, and EDS elemental mapping of e) Au, f) Pd, and g) Au++Pd in the NPs. d)–g) Scale bar = 9 nm.

Figure 2. The XRD patterns a) of Au33Pd67, Au100, and Pd100 and high-resolution XPS spectra of Au33Pd67 of b) Pd 3d and c) Au 4f electrons and Pd100 or Au100

samples.

ChemCatChem 2017, 9, 2980 – 2987 www.chemcatchem.org T 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim2982

Full Papers

http://www.chemcatchem.org


The chemical composition of the series was analyzed by
using X-ray photoelectron spectroscopy (XPS).[49] The survey

spectra of Pd100, Au33Pd67, and Au100 are shown in Figure S3.
For Au33Pd67, sharp peaks from both the Pd 3d and Au 4f elec-

trons can be identified easily. The high-resolution spectra of
the Pd 3d and Au 4f electrons of Au33Pd67, Au100, and Pd100 are

shown in Figure 2 b and c. The Pd 3d spectra of Au33Pd67 and
Pd100 can be deconvoluted into two doublets. The pairs at
lower binding energies (BE&335.2 and 340.7 eV) agree well

with metallic Pd,[32, 50] whereas the pairs at higher energies (BE
&337.5 and 342.6 eV) could be ascribed as PdII species (Fig-
ure 2 b). This indicates the formation of a substantial amount
of palladium oxide. Interestingly, compared with that of Pd100,

the Pd 3d5/2 BE for Au33Pd67 shifted positively by approximately
0.2 eV. This can be attributed to electron transfer from Pd to

Au as Au is more electronegative than Pd. Strong signals at BE

&83.5 and 87.3 eV can be ascribed to the Au 4f7/2 and Au 4f5/2

electrons (Figure 2 c).[51, 52] Conversely, compared with Au100, the

BE of the Au 4f7/2 electrons for Au33Pd67 decreased by approxi-
mately 0.3 eV, which further confirmed the electron transfer

from Pd to Au.[32] In addition, the Au/Pd atomic ratios detected
by using XPS are given in Table S1, and the values agree well

with the initial loading ratios.

The series of samples was next subjected to an electrocata-
lytic test for the ORR. The ORR activities of our samples and Pt/

C are summarized in Table 1. The electrocatalytic activities
were first compared by using cyclic voltammetry (CV) and ro-

tating-ring disk electrode (RRDE) voltammetric measurements
in oxygen-saturated 0.1 m KOH solution in the potential range

of @0.04 to ++1.16 V. A sharp cathodic current peak at approxi-

mately ++0.85 V attributed to oxygen reduction was observed
in the CV curves (Figure S4), which indicated all the samples

possessed an effective ORR activity. The cathodic peak poten-
tials were estimated as ++0.81, ++0.80, ++0.83, ++0.86, ++0.86,

++0.83, and ++0.81 V for Au100, Au80Pd20, Au67Pd33, Au50Pd50,
Au33Pd67, Au20Pd80, and Pd100, respectively. Au50Pd50 and
Au33Pd67 outperformed the other samples in the series.

The ORR activity of these alloyed AuPd NPs was further
probed by using a RRDE test. The RRDE voltammograms of the
samples at a rotation rate of 1600 rpm are shown in Figure 3.

Notably, the onset potential and diffusion-limited current den-
sity of the samples varied drastically between samples with dif-
ferent Au/Pd ratios. The onset potential is ++0.86, ++0.88, ++0.89,
++0.91, ++0.94, ++0.90, and ++0.89 V for Au100, Au80Pd20, Au67Pd33,

Au50Pd50, Au33Pd67, Au20Pd80, and Pd100, respectively. Moreover,
the diffusion-limited current density can be estimated as

@2.35, @3.16, @3.52, @4.45, @5.08, @4.91, and @4.83 mA cm@2

for Au100, Au80Pd20, Au67Pd33, Au50Pd50, Au33Pd67, Au20Pd80, and
Pd100, respectively. Au33Pd67 possesses the most positive onset

potential and the largest diffusion-limited current density. The
result corresponds well with the above findings and attests
that Au33Pd67 exhibited the best ORR activity among the series.

As Au33Pd67 exhibited the best activity, its ORR performance

was further investigated and compared with that of commer-
cial Pt/C. The voltammetric currents increased with the in-

crease of the electrode rotation rate. In N2-saturated 0.1 m KOH

solution, featureless voltammetric currents can be observed for
both Au33Pd67 and commercial Pt/C. If the solution was

switched to O2-saturated 0.1 m KOH solution, a cathodic peak
emerged at approximately 0.88 V for both Au33Pd67 and com-

mercial Pt/C, which implies effective catalytic activity (Fig-
ure 4 b). From the polarization curve presented in Figure 4 c,

the onset potential was determined as ++0.94 V, which ap-

proaches that of commercial Pt/C (++0.95 V). However, at
1600 rpm, the diffusion-limited current density of Au33Pd67

(5.08 mA cm@2) was much larger than that of commercial Pt/C
(4.72 mA cm@2). Overall, the ORR activity of Au33Pd67 is at least

comparable with, if not better than, commercial Pt/C. The
linear sweep voltammetry (LSV) curves of the other samples

and Pt/C at different rotation rates are shown in Figures S5

and S6.
Furthermore, from the RRDE voltammetric measurements,

the electron transfer number (n) and yield of H2O2 can be cal-
culated from Equations (1) and (2), respectively:

n ¼ 4Id

Id þ Ir=N
ð1Þ

H2O2 ¼
200Ir=N
Ir=Nþ Id

ð2Þ

in which Id is the disk current, Ir is the ring current, and N is
the RRDE collection efficiency (0.37). The n values and H2O2

yields of the AuPd alloys and commercial Pt/C are presented in

Figure 4 d. Within the wide potential range of ++0.2 to ++0.8 V,
the n value of the Au33Pd67 sample was 3.86–3.95 (Figure 4 d
and Table 1), which is slightly larger than that of Pt/C (3.83–

3.94). Correspondingly, the H2O2 yield for the Au33Pd67 sample
was approximately 6 %, which is a little lower than that of Pt/C

(&8 %). Again, these results indicate that Au33Pd67 behaves
similarly to Pt/C in the complete reduction of oxygen to H2O.

Furthermore, the corresponding Koutecky–Levich (K-L) plots

within the potential range of ++0.39 to ++0.6 V for Au33Pd67 and
Pt/C are shown in Figure 4 e and f. For both Au33Pd67 and Pt/C,

good linearity was exhibited with a rather consistent slope,
which indicates first-order reaction kinetics with respect to the

O2 concentration in the solution. In addition, the K-L plots of
the other samples in the series are shown in Figure S7, and

Figure 3. RRDE voltammograms of a glassy carbon electrode of AuPd alloy
NPs in O2-saturated 0.1 m KOH solution. Potential scan rate = 10 mV s@1 and
the rotation rate = 1600 rpm.
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almost all the plots demonstrated a good linearity with consis-

tent slopes at different potential values.
The Tafel plots of Au33Pd67 and Pt/C are presented in

Figure 5, and similar features were observed for Au33Pd67 and
Pt/C. Two linear regions at low and high overpotentials are

present, which has been well documented.[28, 53] In the low-

overpotential range, the Tafel slope was 50.8 mV dec@1 for
Au33Pd67 and 58.5 mV dec@1 for commercial Pt/C. Both of the

values are approximately 60 mV dec@1, which implies that the
rate-determining step in the ORR process is probably

a pseudo-two-electron-transfer reaction.[54–56] However, in the
high-overpotential range (above ++0.85 V), the slope was

102.3 mV dec@1 for Au33Pd67 and 115.5 mV dec@1 for commercial

Pt/C, which indicates that the rate of the reaction was deter-
mined by an initial electron transfer to O2.[57]

Notably, the ORR activity of Au33Pd67 is superior to that of
the monometallic counterparts, Au100 and Pd100. Importantly,

with the peptide sequence FlgA3 as the ligand or template,

the as-prepared Au33Pd67 sample also outperformed AuPd
alloys and similar bimetallic structures reported recently. For

example, Erikson et al. prepared an electrocatalyst by deposit-
ing a Pd coating on Au, and an onset potential of ++0.81 V was

obtained.[58] The PdAu alloys prepared through the electrode-
position approach by Erikson et al. also showed an onset

Figure 4. a) LSV curves for Au33Pd67 at a rotation rate of 400–2500 rpm. b) CVs, c) RRDE voltammograms, and d) plots of H2O2 yield and n of a glassy carbon
electrode modified with Au33Pd67 and Pt/C at a rotation rate of 1600 rpm. The corresponding K-L plots of e) Au33Pd67 and f) Pt/C at different electrode poten-
tials. All measurements were performed at a catalyst loading of approximately 81 mg cm@2 in an O2-saturated 0.1 m KOH aqueous solution at a potential scan
rate of 10 mV s@1.
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potential close to ++0.81 V. Both of these are much lower than

the value of Au33Pd67 (++0.94 V).[59] Recently, Feng et al. devel-
oped a general strategy for the fabrication of alloyed AuPd

flowerlike-assembly nanochains, and the onset potential
(++0.94 V) was comparable with that of Au33Pd67. However, the

half-wave potential (++0.81 V) was much lower than that of

Au33Pd67 (++0.84 V).[60] This comparison further shows that the
peptide-based approach has great potential in the fabrication

of bimetallic NPs with enhanced electrocatalytic performances
toward the ORR.

Such an excellent ORR performance for Au33Pd67 can be ac-
counted for by the Au-alloying Pd-induced electronic effects.

Notably, Pd interacts with oxygen strongly (even more strongly
than Pt), and Au has very little interaction with oxygen. Com-

pared with Pd alone, the alloying of Au and Pd can diminish
the bonding interaction with oxygenated species.[32] Extended
X-ray absorption fine structure (EXAFS) studies reported previ-

ously revealed that, if the Au content is increased, Pd@O bond-
ing can be suppressed to result in enhanced stability and fur-
ther formation of a palladium oxide layer.[61] This is caused by
the different electronegativity of Au and Pd, as evidenced by

the charge transfer behaviors observed by using XPS
(Figure 2).

Long-term stability is highly desirable for these bimetallic

NPs for catalysis. The durability of Au33Pd67 and commercial Pt/
C for the ORR were investigated and compared by using chro-

noamperometry.[38] After continuous operation for approxi-
mately 8 h, the cathodic current of Au33Pd67 displayed a loss of

approximately 7 % of the initial value, whereas for commercial
Pt/C, the loss was approximately 12 % (Figure 6 a). This indi-

cates that the long-term stability of Au33Pd67 is greater than

that of Pt/C under the same conditions. Secondly, the
tolerance against methanol crossover is another important

Figure 5. Tafel plots of Au33Pd67 and Pt/C obtained from the K-L plot analysis
of the RRDE voltammograms (Figures 4 e and f).

Figure 6. a) Chronoamperometric curves of Au33Pd67 and Pt/C at ++0.5 V for 30 000 s. b) Chronoamperometric curves of Au33Pd67 and Pt/C at ++0.5 V before
and after the addition of methanol (1 m), and c) Au33Pd67 and d) Pt/C before and after 2500 cycles of stability testing. All measurements were conducted in an
O2-saturated 0.1 m KOH aqueous solution.
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concern to evaluate the durability.[62] For the commercial Pt/C
electrode (red curve), the addition of 1 m methanol into the

electrolyte solution caused a sudden decrease of the voltam-
metric current, which can be attributed to methanol oxidation

on the surface of the electrode (Figure 6 b). Notably, it took ap-
proximately 400 s to recover the value to that before the addi-

tion of methanol, however, for Au33Pd67, little decrease of the
current is observed, which suggests a much better methanol
tolerance. To assess the stability of the catalyst, accelerated du-

rability tests were conducted by cycling the catalyst over the
potential range of ++0.6 to ++1.0 V at 50 mV s@1 in O2-saturated

0.1 m KOH solution for both Au33Pd67 and Pt/C.[31] The half-
wave potential of commercial Pt/C shifted negatively by 15 mV

after 2500 continuous cycles (Figure 6 d), whereas Au33Pd67 dis-
played a much smaller negative shift of only 4 mV (Figure 6 c).

All these results imply strongly that Au33Pd67 possesses a signifi-

cantly higher long-term stability than Pt/C.

Conclusions

We demonstrate the fabrication of peptide-FlgA3-based AuPd
bimetallic nanoparticles (NPs). The as-prepared NPs demon-

strated an effective activity for the electroreduction of O2.
Among a series of samples, Au33Pd67 exhibited the best activity,
evidenced by its positive onset potential and large diffusion-

limited current density. Its activity was comparable to that of
a state-of-the-art Pt/C catalyst, and its long-term stability was
significantly superior to that of Pt/C. Such a remarkable activity
and durability was attributed to the alloying of Au and Pd that
induced ensemble and electronic effects as charge transfer be-
havior was observed from Pd to Au by using X-ray photoelec-

tron spectroscopy. Our findings not only highlight the merits
of the peptide-enabled approach but also pave the way for
the further rational design of peptide-based bimetallic NPs
with optimized electrocatalytic properties and enhanced
stability.

Experimental Section

Chemicals

The FlgA3 (DYKDDDDKPAYSSGAPPMPPF, >98 %) peptide was pur-
chased from Top-Peptide (Shanghai, China). HAuCl4·3 H2O (99 %),
K2PdCl4 (98 %), and NaBH4 (98 %) were acquired from Aladdin In-
dustrial Corporation (Shanghai, China). All chemicals were used as
received without any purification. The water was supplied by using
a Barnstead Nanopure water system and had a resistivity of
18.3 MW cm@1.

Synthesis of peptide-based AuPd NPs (AuxPdy)

The synthesis of AuxPdy (in which x/y is the Au/Pd molar ratio:
0:100, 20:80, 33:67, 50:50, 67:33, 80:20, and 100:0) alloyed NPs
was conducted by following a modification of a procedure report-
ed previously.[21, 41] For the synthesis of Au33Pd67, HAuCl4 (33 mL,
0.02 m), K2PdCl4 (67 mL, 0.02 m), FlgA3 solution (77 mL, 1 mg mL@1),
and H2O (1723 mL) were first mixed and stirred for 15 min, then
freshly prepared NaBH4 (100 mL, 0.1 m) aqueous solution was
added dropwise under shaking. The solution turned from pale

yellow into a charcoal color immediately and it was left undistur-
bed for 1 h. The peptide-based AuPd alloyed NPs were obtained.
Pd100, Au20Pd80, Au50Pd50, Au67Pd33, Au80Pd20, and Au100 were synthe-
sized in a similar manner in which the FlgA3 concentration was
kept constant and the metal concentration was changed
correspondingly.

Characterization and electrochemical measurements

UV/Vis absorbance spectra were acquired by using a Shimadzu
2600/2700 UV/Vis scanning spectrophotometer with a 1 cm quartz
cuvette. The microscopic images were obtained by using a JEM-
2100F coupled with HAADF-STEM imaging at an acceleration volt-
age of 200 kV. Further surface structure was observed by using FEI
Titan Themis 200 HRTEM, and BF-TEM images and elemental map-
ping were recorded by using a Bruker super-X energy dispersive
spectrometer. XPS was performed by using an Escalab 250 photo-
electron spectrometer (Thermo fisher scientific, USA). Electrochemi-
cal measurements were conducted by using a CHI 750E electro-
chemical workstation (CH Instruments Inc.) in a 0.1 m KOH aqueous
solution at RT. A Pt wire and a Ag/AgCl electrode (EAg/AgCl =
ERHE++0.966 V, RHE = reversible hydrogen electrode) were used as
the counter electrode and reference electrode, respectively. The
working electrode was a ring disk electrode (diameter 5.61 mm)
with a geometrical area of 0.2475 cm2, which was cleaned by me-
chanical polishing with aqueous slurries of 0.3 mm alumina pow-
ders on a polishing microcloth. The catalyst loading was approxi-
mately 81 mg cm@2 for all the samples. For Pd100, 36.1 mL of the cat-
alyst ink was cast dropwise onto the glassy carbon disk and dried
at RT, and the corresponding addition volumes of Au20Pd80,
Au33Pd67, Au50Pd50, Au67Pd33, Au80Pd20, and Au100 were 35.9, 35.8,
35.7, 35.5, 35.4, and 35.3 mL respectively. For Pt/C (20 wt %), Pt/C
(2 mg) was added to ethanol (1 mL), and 10 mL of the dispersion
was cast dropwise onto the glassy carbon disk electrode and dried
at RT. The Ag/AgCl reference electrode was calibrated with respect
to a RHE. The calibration was conducted in a high-purity H2

(99.999 %) saturated electrolyte with a Pt wire as both the working
electrode and counter electrode. Cyclic voltammograms were ac-
quired at a scan rate of 10 mV s@1 in 0.1 m KOH solution, and the
average of the two potentials at which the current crossed zero
was taken as the thermodynamic potential of the RHE. A gold ring
electrode was employed in the LSV measurements, and the meas-
urements were conducted in an O2-saturated 0.1 m KOH solution at
different rotation rates (100–2500 rpm) in the potential range of
@0.04 to 1.16 V. For detection of peroxide, the ring electrode po-
tential was set at ++0.5 V (vs. Ag/AgCl) at which H2O2 can be oxi-
dized completely into water. The RRDE voltammetric measure-
ments were conducted in the potential range of @0.04 V to
++1.16 V at a rotation rate of 1600 rpm, and the ring potential was
set at ++0.5 V. Chronoamperometric responses and methanol cross-
over measurements were conducted in an O2-saturated 0.1 m KOH
solution at ++0.5 V for 30 000 s, and accelerated durability tests
(ADT) were performed by cycling the catalyst over the potential
range of ++0.6 V to ++1.0 V at 50 mV s@1 in O2-saturated 0.1 m KOH
solution.
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