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ABSTRACT: The purpose of this study is to test the concept of protecting
vulnerable sites on cathode catalysts in polymer electrolyte fuel cells. Pt single-
crystal surfaces were modified by depositing Au atoms selectively on (100)
step sites and their electrocatalytic activities for oxygen reduction reaction
(ORR) and stabilities against potential cycles were examined. The ORR
activities were raised by 70% by the Au modifications, and this rise in the
activity was ascribed to enhanced local ORR activities on Pt(111) terraces by
the surface Au atoms. The Au modifications also stabilized the Pt surfaces
against potential cycles by protecting the low-coordinated (100) step sites
from surface reorganizations. Thus, the surface modification by selective Au
depositions on vulnerable sites is a promising method to enhance both the
ORR activity and durability of the catalysts.

■ INTRODUCTION

The energy conversion efficiency of polymer electrolyte fuel cells
(PEFCs) is most strongly influenced by the catalytic activities for
oxygen reduction reaction (ORR) in the cathode. Platinum is the
best single-metal catalyst, giving a high specific activity for ORR
(activity per surface area of the catalyst surface),1,2 and in its
practical applications, Pt nanoparticles with a diameter of 2−3
nm supported on high-surface-area carbons are used to utilize a
high mass activity (activity per Pt mass) derived from the high
specific surface area of the catalysts (surface area per Pt mass).3−8

Because of its limited reserves and high cost, the Pt loading needs
to be decreased from the present level for wider commercializa-
tion of PEFCs, and for that purpose, the mass activity of the
catalysts needs to be improved.
To enhance the mass activity, substituting unused Pt atoms

inside the nanoparticles with less-expensive metals is a promising
method, and Pt alloys9−16 and core−shell17−20 catalysts have
been developed. Although these catalysts were demonstrated to
have specific activities higher than those of pure Pt through so-
called ligand21−23 and/or strain24−27 effects, they were also
shown to be thermodynamically unstable and easy to dissolve
into acidic electrolytes under operating conditions for the
cathode catalysts.28−30 The durability of the Pt-based nano-
particles can be improved by increasing the particle size,31−36 and
some state-of-the-art Pt alloy nanoparticles give high mass
activities at particle sizes larger than those of conventional
ones.15,37 Although they can potentially enhance both the activity
and durability, their small specific surface area will cause another
problem in the O2 transport resistivity in catalyst layers in
PEFCs, which was recently shown to increase when the catalyst
surface area decreases.38−45 Hence, it is a big challenge to

improve both activity and durability without sacrificing the
power density.
One strategy to resolve this trade-off problem is to utilize

recently obtained atomic-scale information on the active and
dissolving sites on Pt nanoparticles: (1) Edges and corners of the
nanoparticles are inactive for ORR whereas facets are active,
because the low-coordinated edge and corner sites are blocked
strongly by adsorbed hydroxyl groups and oxygen atoms formed
from water and oxygen molecules during the operations of the
PEFC.6,8,46,47 (2) Pt atoms at edges and corners are easier to
dissolve into electrolytes than those at facets because those low-
coordinated Pt atoms have lower dissolution potentials.48 Thus,
edges and corners of Pt nanoparticles can be regarded as useless
or even harmful for the cathode catalysts of PEFCs. These
observations suggest that masking or replacing Pt atoms at the
edges and corners of Pt nanoparticles by inactive but stable
materials can improve the durability without degrading the ORR
activity similarly to the edge protections of MnO2 oxygen
evolution catalysts by TiO2, which was recently demonstrated by
Frydendal et al.49 The concept of the edge protection for the
ORR catalyst of Pt nanoparticles was proposed in theoretical
studies by Wei and Liu50 and Jinnouchi et al.,51 where it was
predicted that Au atoms preferentially segregate at edges and
corners of Pt nanoparticles and that those Au atoms improve
both the activity and durability.
The theoretical predictions reasonably explain experimental

results reported by Zhang et al.,52 where degradations of pure Pt
nanoparticles were suppressed without significantly reducing the
ORR activity by depositing Au clusters on the catalyst surfaces. In
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subsequent studies by other groups,53,54 the durability improve-
ments of Pt nanoparticles by partially masking the surfaces with
Au atoms using various methods were reported, and the results
were explained with the edge-protection mechanism.54

Although the experimental results of the high durability seem
to confirm the theoretical predictions, there is no direct evidence
supporting the edge-protection concept. Difficulties to obtain the
direct evidence mainly stem from the difficulty to identify
locations of the deposited Au atoms on Pt nanoparticles that have
uncontrolled and complex surface morphologies. In addition,
remarkable enhancements in the ORR activity predicted by the
theoretical calculations were not observed in those experiments.
In the present study, the theoretically predicted effects by the

surface modifications with Au atoms were experimentally verified
by using well-defined stepped-Pt single-crystal surfaces.

■ EXPERIMENTAL SECTION
The main surface tested in this study was a Pt(755) surface, which
consists of (111) terraces with the width of 6 atoms separated by
monoatomic (100) steps (Figure 1a),55 also noted as Pt[6(111) ×
(100)]. The surface was chosen as a model of nanoparticles because its
local structures at the terrace and step are the same as those at (111)
facets and (111)/(100) edges on a Pt nanoparticle, and the ORR activity
at this edge was predicted to be particularly low.6 Supplemental
experiments were also carried out using Pt(322) ([5(111) × (100)]),
Pt(211) ([3(111) × (100)]), and Pt(332) ([5(111) × (110)]). Their
ORR activities were also measured by several groups,56−59 and our
results can be cross-checked.
The electrode surface of Pt(hkl) was prepared by annealing a Pt

single-crystal disk surfaced with a plane of (hkl) (99.99%, 0.196 cm2,
purchased from MaTecK) in reductive atmosphere. The prepared

Pt(hkl) surface was modified with Au by immersing it into 10 μM
HAuBr4 and then moving it to 0.1 MHClO4 saturated with Ar while the
electrode potential was preset at 0.07 V versus the reversible hydrogen
electrode (vs RHE) (Figure 2). Au atoms are expected to deposit
electrochemically at the moment that the electrode surface makes a
contact with the HClO4 solution:

+ → +− − −AuBr 3e Au 4Br4
0

(1)

for which the standard equilibrium potential is 0.91 V (vs RHE).60 The
Au complex may be also chemically reduced by metallic platinum to
form platinum oxides before moving to the HClO4 solution:

+ + → + + +− + −3Pt 3H O AuBr 3Pt(OH) 3H Au 4Br0
2 4

0

(2)

This reaction is, however, not likely to be a major process in the Au
depositions because the Au modification treatments were done in air
atmosphere, and the Pt surfaces are expected to have been already
oxidized.

The electrochemical properties were examined by taking the cyclic
voltammograms (CVs) and ORR polarization curves in 0.1 M HClO4

saturated with Ar and O2, respectively, in the configuration of hanging
meniscus rotating disk electrode (HM-RDE).61 All electrode potentials
are referred to RHE and corrected for ohmic drops in this article. The
current densities shown below are the values obtained by normalizing
the measured currents by the geometric areas of the electrodes (0.196
cm2). The temperature was 300 K. The amount of Au on the Au-
modified Pt(755) surface was estimated by X-ray photoelectron
spectroscopy (XPS) after the electrochemical measurements. The
details of the experimental procedure are described in the Supporting
Information.

Figure 1. Side and top views of (a) a bare Pt(755) (drawn using VESTA (ver. 3))55 and (b) the possible structure of the Au-modified Pt(755) suggested
by the CV and XPS results. The positions of the (100) steps are indicated by the up-pointing arrows.

Figure 2. Schematic of the Au modification procedure.
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■ RESULTS AND DISCUSSION
Masking Sites of Au Atoms. Figure 3 shows the CVs for

Pt(111), Pt(755), and the Au-modified Pt(755) (denoted Au/

Pt(755) below). The reversible plateaus (0.05−0.4 V) and
butterfly peaks (0.6−0.9 V) observed for Pt(111) are ascribed to
the desorption/adsorption of underpotentially deposited hydro-
gen (Hupd) and formation/reduction of Pt hydroxide (OH-
(ads)), respectively.62,63 For Pt(755), sharp peaks due to (100)
steps are observed at 0.29 V as well as the plateaus for (111)
terraces in the Hupd region.

64−66 The charge of the anodic (100)
step peak (shaded area in Figure 3) is 34.7 μCcm−2, which
corresponds to the number density for Hupd atoms of 2.2 × 1014

cm−2. This value is slightly lower than the geometrically
calculated number density for the (100) step Pt atoms, 2.6 ×
1014 cm−2, probably because of the presence of defects in the
(100) steps as implicated by the broad peak below 0.2 V due to
(110) step sites.67

By the Au modification, the Pt(100) step peaks have
disappeared, whereas the Pt(111)-terrace contribution has
remained. These results suggest that Au atoms were deposited
selectively at the Pt(100) step sites. Detailed comparisons
indicate that the broad peaks due to (110) step defects
superposed on the (111) plateaus have also disappeared, and
the (111) plateaus have been flattened by the Au modification as
shown in Figure 3. The changes can be ascribed to masking of the
(110) step defects by the Au atoms. The selective Au-depositions
at the step sites are also implicated by the behaviors in the higher
potential region shown in Figure 4; the Au-deposited electrode

has lost the peak at 0.92 V, which is seemingly ascribed to the
oxidation of the step Pt atoms. The effects of the Au modification
on the CVs of other stepped surfaces are shown in Figure S1. The
results show that the Au-depositions are also step-selective on
Pt(322) and Pt(211), which contain (100) steps. On Pt(332),
which contains (110) steps, as shown in Figure S2, the Au
depositions are less step-selective than the surfaces with (100)
steps, but a detailed peak analysis indicated that the Au
depositions are still preferential on the (110) step sites compared
to the (111) terraces. (The Au coverage is 46% at (110) step,
while it is 25% at (111) terrace.)
The selective depositions of Au atoms on the step sites are also

supported by the XPS analyses. Figure 5 shows the obtained

spectra for the Au-modified Pt(755). In a wide-range spectrum
(Figure 5a), small paired peaks due to Au 4f are observed
between 82−90 eV in addition to large ones due to Pt 4f between
69−80 eV. The number density of Au atoms on the Pt surface,
nAu, can be roughly estimated from the peak areas of Au 4f5/2 and
Pt 4f narrow-range spectra (Figure 5b and 5c) by taking account
of the relative sensitivity factors of the peaks68 and contribution
from the bulk Pt to the XPS signal with the exponential decay
characterized by the inelastic mean free path (IMFP) of the
photoelectron in Pt metal69,70 as described in the Supporting
Information. The estimated nAu is 1.7× 1014 (±0.7× 1014) cm−2,
which is roughly equal to the number density for (100) step Pt
atoms, 2.2 × 1014 cm−2 (from the Hupd peak). The result is
reasonably explained by assuming that each Pt(100) step site has
been covered by one Au atom as expected from the CV analysis.
The CV and XPS analyses confirm the selective depositions of

Au at the (100) step sites. Figure 1b shows a possible structure of
the Au-modified Pt(755), where the Au atoms occupy 4-fold
hollow sites on the (100) step.
It is an interesting question how the selective Au depositions

can be accomplished by such a simple experimental procedure,
where the Pt surface was merely immersed in the solution of the
Au complex and then potential-cycled in an electrolyte without
Au. Supplementary experiments indicate that Au atoms can be
deposited even when the electrode is rinsed with pure water after

Figure 3. CVs for Pt(111), Pt(755), and the Au-modified Pt(755). The
charge of the anodic (100) step peak (shaded area) is 34.7 μC cm−2.

Figure 4.CVs in the potential region where Pt (hydr)oxides are formed.

Figure 5. XPS results for the Au-modified Pt(755) (a) in a wide range,
(b) in the narrow range for Au 4f5/2, and (c) in the narrow range for Pt
4f. The black dashed lines are the baselines for calculating the peak areas.
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the immersion into the Au complex solution as shown in Figure
S3. The results indicate that Au complexes are adsorbed on the
electrode surfaces during the immersion, and those Au
complexes are reduced to Au0 through reaction 1 after the
transfer to the HClO4 solution (Figure 2). The Au adsorption
itself can be preferential to the step sites, but the aligned structure
can be also formed after random adsorption and reduction
through fast random movements of reduced Au atoms followed
by settling down of those Au atoms to the step sites, as suggested
by Herrero et al.71 in the study on bismuth deposition on
stepped-Pt surfaces. In either case, Au is segregated at step edges
and stabilizes the Pt surface by covering or replacing unstable
low-coordinated Pt atoms with Au atoms, which have a surface
energy smaller than Pt atoms as indicated by first-principles
calculations.51,72,73 Additional first-principles calculations on the
cohesive energies of Au atoms on Pt(322) surface and in Au bulk
summarized in Table S1 also indicate that the deposited Au
atoms energetically prefer the step sites to the terrace sites or
bulk agglomeration. Although preferential Au depositions on
(100) step sites on Pt single-crystal surfaces were already
reported by Hazzazi et al.,74 it should be noted that the Au
depositions in our study are considerably more selective to the
step sites. Because their experiments employed chemical
reduction of gold chloride by hydrogen for their gold deposition
process, it may be important to use appropriate types of
reduction methods (and gold precursors) for achieving the self-
organizing Au alignment.
ORR Activity. Figure 6 shows the ORR polarization curves

for Pt(111), Pt(755), and Au/Pt(755). The diffusion-limiting

plateaus are clearly seen in the potential range of 0.3−0.8 V for all
the electrodes, and those currents are close to the theoretical
value of 6.2 mA cm−2.75 By using the well-defined diffusion-
limiting current, the ORR kinetic current was obtained by the
usual mass-transport correction75 described as

=
−

i E
i i E

i i E
( )

( )
( )k

d

d (3)

where ik(E) is the kinetic current, id is the diffusion limiting
current, i(E) is the measured current, and E is the electrode
potential.
Figure 7 shows the Tafel plots for the ORR kinetic currents.

The ORR activities are in the order of Au/Pt(755) > Pt(755) >
Pt(111). The ORR-improving factors at 0.9 V are 2.3 from
Pt(111) to Pt(755) and 1.7 from Pt(755) to Au/Pt(755), and

this result indicates that the Au modification enhances the ORR
activity as the theories predicted.50,51

The effects of the Au modifications on the ORR activities on
other stepped surfaces are shown in Figure S1. The ORR-
improving effect is also observed on Pt(322) ([5(111)× (100)])
and Pt(332) ([5(111) × (110)]), whereas it is not clearly
observed on Pt(211) ([3(111) × (100)]). The ORR activities at
0.9 V (vs RHE) on the bare and Au-modified Pt surfaces
containing (100) steps, to which Au atoms are more selectively
deposited than to (110) steps, are plotted against the number
density of the steps per unit length in Figure 8. The results show
volcano trends for both the series as well as the prominent
improvements in the ORR activity on Pt(755) and Pt(322) by
the Au modifications. The origin of the Au effects as well as the
step-induced ORR-activity improvements is discussed in the
following paragraphs.

Figure 6. ORR polarization curves for Pt(111), Pt(755), and Au/
Pt(755).

Figure 7. Tafel plots for the ORR kinetic currents on Pt(111), Pt(755),
and Au/Pt(755). The current densities were obtained by normalizing
the measured currents by the geometric area of the electrode (0.196
cm2).

Figure 8.ORR activities at 0.9 V (vs RHE) on the bare and Au-modified
Pt surfaces containing (100) steps (filled circle) and the increments in
the ORR activity by the Au modifications (open square) plotted against
the number density of steps per unit length. Multiple independent
experiments were conducted for the surfaces where ORR improvements
by the Au modifications were observed (three times each for Pt(755),
Au/Pt(755), and Au/Pt(322) and twice for Pt(322)). The plot and
error bars for the respective surfaces represent the averaged and
maximum/minimum values of the obtained ORR activities, respectively.
The number n indicates the atomic width of the (111) terrace on the
electrode surface.
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Bandarenka et al.76 summarized the trend in ORR activities on
stepped Pt surfaces in a volcano plot versus the OH(ads)
formation potential. In the volcano plot, Pt(111) has a slightly
lower OH(ads) formation potential than the optimal.
Introductions of an adequate number of steps to the (111)
surface can make the OH(ads) formation potential closer to the
optimal; therefore, the ORR activity should increase on some
stepped Pt surfaces. Too many steps, however, make the
OH(ads) formation potential higher than the optimal, and on
those stepped Pt surfaces, the ORR activity goes down again. The
volcano trend of the ORR activity on the stepped Pt surfaces
surprisingly agrees well with the volcano trend observed on
(111) surfaces of Pt alloys and core−shells,10,17,77,78 which was
well-explained by the Sabatier principle proposed by Nørskov et
al.,1 where the ORR rate is limited by OH(ads) and/or O(ads)
removal steps when the OH(ads) and/or O(ads) formation
potentials are lower than the optimal, whereas the ORR rate is
limited by theOH(ads) and/orO(ads) formation steps when the
formation potentials are higher. On the basis of the agreement in
the volcano plot between the stepped surfaces and (111)
surfaces, Bandarenka et al.76 suggested that the active sites of the
ORR on the stepped Pt surfaces are still located on (111) terraces
whereas the local ORR activity of the (111) terrace is changed by
the introduction of the steps. The suggestion was recently
supported by our density functional theory calculations,79,80

which showed that both OH(ads) and O(ads) at (111) terraces
are destabilized on the stepped Pt surfaces by deformations in H-
bond networks surrounding them and that the destabilizations
cause enhancements in the ORR activity.
In the same manner, the Au-induced ORR activity improve-

ments can be likely ascribed to the changes in the stability of
OH(ads) on Pt(111) terrace by the Au atoms at the steps.
Indeed, the experimental results, in which the increase in ORR

activity by the Au modification (ΔiK) was not proportional to the
step density (the open squares in Figure 8), implicate that the
ORR-active sites contributing to ΔiK are located not on the 1D
Au atomic row at the steps but on Pt(111) terrace. The same
effect is also observed on Pt(332) with (110) steps and (111)
terraces, where the Au modification also improved the ORR
activity as shown in Figure S1c. The result indicates that the ORR
improvement is intrinsic to the (111)-terrace geometry and not
due to the local step geometry ((100) step or (110) step). On
either stepped surfaces, the Au atoms at the steps can affect the
stability of OH(ads) at the terraces by modifying the H-bond
networks surrounding OH(ads) or by making the (111)-terrace
sites near the step sites available for ORR by suppressing the
oxide formation near the steps as the theories indicated.50,51 The
detailed mechanisms are, however, not yet clear, and further
studies are necessary for the clarification.

Stability of Surface Structure. Figure 9 summarizes the
changes in the CVs on a bare Pt(755) after 10 cycles between
0.07−1.0 V and the Au-modified Pt(755) after 10 cycles between
0.07 V and 1.0, 1.1, or 1.2 V in deaerated 0.1 M HClO4 at room
temperature.
On bare Pt(755) (Figure 9a), the sharp peaks at 0.29 V due to

Hupd on Pt(100) steps were attenuated, and the broad peaks
below 0.2 V due toHupd on Pt(110) steps were slightly developed
after the potential cycles. The results are consistent with the
experimental results reported by Björling et al.,67 indicating that
the unstable (100) steps disappeared and that more stable (110)
steps were formed. The changes in the shape of voltammogram
also appeared in the potential region of the formation of
OH(ads) between 0.6−0.85 V, where the cycled electrode shows
irreversible small bumps in the CV (the arrows in Figure 9a), and
this change is also seemingly ascribed to the change in the surface
morphology. The bare Pt(100) steps are, therefore, unstable

Figure 9.CVs before and after 10 potential-cycles on (a) bare Pt(755) with the upper limit (Eupper) of 1.0 V, (b) Au-modified Pt(755) with Eupper = 1.0 V,
(c) Au-modified Pt(755) with Eupper = 1.1 V, and (d) the Au-modified Pt(755) with Eupper = 1.2 V. Black, before the cycles; green, after the cycles.
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under the potential cycles between 0.07 and 1.0 V, which is in the
normal operating potential range of cathode catalysts in PEFCs.
In contrast, the CV for the Au-modified Pt surface was almost

completely unchanged under the potential cycles between 0.07
and 1.0 V (Figure 9b). The result indicates that the vulnerable
Pt(100) step sites were protected by nobler Au atoms as the
theories predicted.50,51

When the upper potential was raised up to 1.1 V, however,
small changes were observed in the Hupd region of the CV on the
Au-modified Pt(755) surface. As shown in Figure 9c, the (110)
and (100) step peaks became slightly visible after the potential
cycles. When the upper-limit potential was raised further up to
1.2 V, these changes became clearer as shown in Figure 9d. Those
results suggest that Au atoms were partially detached from the
steps when the upper potential was raised.
In addition to the test in the deaerated electrolyte, potential

cycles were conducted in O2-saturated electrolyte using the Au-
modified Pt(322), which also contains (100) steps and showed
the selective Au-depositions on the steps and higher ORR activity
than the bare surface (Figure S1). The result indicates that the
ORR-improving effect by the Au modification was lost once the
electrode was subjected to potential cycles between 0.07 and 1.2
V as shown in Figure S5 and can be explained by assuming that
the Au detaches from the Au-modified Pt(322) when the upper-
limit potential is raised up to 1.2 V, similar to the case of the Au-
modified Pt(755) surface in the deaerated electrolyte (Figure
9d).
In summary, Au atoms deposited selectively on the steps were

shown to stabilize the (100) steps as the theories indicated.50,51

Although the stabilization effects are limited to the potentials up
to 1.0 V, the selective depositions of Au atoms on the step edges
can be regarded as one of a few promising methods to suppress
the catalyst degradations without decreasing the ORR activity.

■ CONCLUSIONS

Selective depositions of Au atoms at step sites on stepped-Pt
surfaces were successfully achieved by a simple electrochemical
process, and their effects on the ORR activity and stability were
examined. Both the ORR activity and stability were shown to be
improved by the surface Au atoms, and the theoretically
predicted edge-protection concept was confirmed to work on
well-defined single-crystal surfaces. Thus, the surface modifica-
tion by selective Au-depositions on vulnerable sites is a
promising method to enhance both the ORR activity and
durability of cathode catalysts for PEFCs. The same concept and
strategy can be also applied to a wide range of gas-phase and
electrochemical inhomogeneous catalysts that suffer from a
trade-off dilemma between the catalytic activity and durability.
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