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BABSTRACTII To design ideal structures of the interface between Pt surface and ionomer in the
cathode catalyst layer of polymer electrolyte fuel cells (PEFCs), Pt single crystal electrodes were modified
with various materials and the effects of the foreign materials on the oxygen reduction reactions (ORR)
and stabilities of the surfaces were experimentally analyzed. Stepped Pt single crystal electrodes where
Au atoms have been selectively deposited on the step sites exhibited higher ORR activities and stabilities
against potential cycles than the bare electrodes. Thus, protecting or replacing vulnerable low-coordinated
Pt atoms with stable materials is a promising strategy to improve both the ORR activity and durability of Pt
catalysts. The effects of a Nafion thin film on the ORR activity on Pt surface were quantitatively analyzed
with a Pt(111) electrode, and it was found that the activity is suppressed by Nafion coating by up to over 80%
through the adsorptions of sulfonate moieties in the molecules. Changing anion structures as well as the
flexibility of side-chain was found effective for reducing the ionomer-induced catalyst poisonings. Thus,
the fundamental researches with Pt single crystals provided useful information for developing desirable
catalysts and ionomers for PEFCs.

BKEYWORDSII Pt Catalyst, lonomer, Pt Single Crystal, Oxygen Reduction Reaction, Activity,
Durability, Edge Protection, Side Chain, Anion, Modification

1. Introduction

In catalyst layers of polymer electrolyte fuel cells
(PEFCs), Pt nanoparticles used as electrocatalysts
are usually covered by ionomer as shown in Fig. 1.(
Recent studies®® have demonstrated that the cell
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Fig.1 Composition of a PEFC with enlarged views of
a catalyst layer.

performance is significantly affected by the property
of the interface between the Pt surface and ionomer
in the cathode catalyst layer, where oxygen reduction
reaction (ORR) takes place. For obtaining guidelines
for designing the Pt/ionomer interface, understanding
the ORR mechanisms (e.g. the locations of reaction
site and the role of spectator species) in atomic
and molecular scales is essential. In this respect,
experimental studies using Pt single crystal electrodes
are a powerful approach because their controlled
surface structures exhibit site-specific signals in
electrochemical measurements depending on the plane
orientations of (hkl) and quantitative information about
the effect of spectator species adsorbed on specific sites
on the faradaic reactions can be obtained.®® Here, our
recent works with such analytical methods”'? will be
reviewed.

The article is divided into two parts. In the first part,
the focus is on the Pt-catalyst side of the interface. We
will demonstrate an ideal surface structure of Pt catalyst
for achieving the compatibility between the activity
and durability of the catalyst. In many cases, those two
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properties have a trade-off relation.'? Modifying
the catalyst surface in an atomically-controlled way,
however, was found possible to improve both the
activity and durability. In the second part, the focus is
on the ionomer (electrolyte) side of the interface. From
the analyses with a well-defined Pt/ionomer interface
prepared using a Pt single crystal electrode, the effects
of ionomers on the catalytic activity for ORR were
quantitatively clarified. It was found that ionomers
significantly suppress ORR activities of Pt catalysts
through the adsorptions of the anionic moieties of
the polymer. For mitigating the catalyst poisonings,
key factors determining the anion adsorptivity of the
ionomer are discussed.

2. Activity and Durability Improvements
of Catalysts

As the catalysts in PEFCs, Pt nanoparticles supported
on high-surface-area carbons are most widely used."¥
The surfaces of Pt nanoparticles consist of various
sites including facets, edges and corners.' Those
sites have different catalytic properties and the key
differences are summarized as follows:

1) The low-coordinated edge and corner sites are
blocked strongly by oxygenated species during
ORR, and therefore, have negligible activities
compared to facet sites.>1

2) Ptatoms at edges and corners are easier to dissolve
into electrolytes than those at facets!'” and can
initiate the degradation of the Pt nanoparticle.

These observations suggest that masking or replacing
Pt atoms at edges and corners of Pt nanoparticles
with stable substances can improve the durability
without deteriorating the ORR activity. Actually,
theoretical studies by Wei and Liu"® and Jinnouchi
et al."” predicted that both the activity and durability
of Pt nanoparticles are improved by replacing Pt
atoms at edges and corners with Au atoms. This
“edge-protection” concept has also been proposed in
experiments, where the durabilities of Pt nanoparticles
were improved without significantly affecting the
ORR activities by partially masking the surfaces with
Au atoms.®*?? In those experiments, however, direct
evidences of the edge-protection mechanisms were not
presented because of the difficulty to identify locations
of the Au atoms on Pt nanoparticles, whose surface
morphologies are generally uncontrolled and complex.
This issue was effectively addressed by using Pt single

crystal electrodes as follows.

The analyses were carried out using stepped Pt
single-crystal surfaces modified with Au.® The
deposition sites can be identified by comparing the
cyclic voltammograms (CVs) with and without the
Au modification. Figure 2 shows the CVs for Pt(111),
Pt(755), and the Au-modified Pt(755) (denoted as
Au/Pt(755) below). For Pt(111), the reversible
plateaus (0.05-0.4 V) and butterfly peaks (0.6-0.9 V)
are observed, and they are ascribed to the desorption/
adsorption of underpotentially deposited hydrogen
(H,, and formation/reduction of Pt hydroxide
(OH(ads)), respectively.®  For Pt(755), which
consists of (111) terraces with the width of six atoms
separated by monoatomic (100) steps and is noted as
Pt [6(111) x (100)] as well, sharp peaks due to (100)
steps are observed at 0.29 V as well as the plateaus
due to (111) terraces in the H,,, region.***” By the Au
modification, the Pt(100) step peaks have disappeared,
whereas the Pt(111)-terrace contribution has remained
essentially intact. These results suggest that Au atoms
selectively mask the Pt(100) step sites as depicted in
the inset of Fig. 2. The selective depositions of Au
atoms on the step sites have also been confirmed using
X-ray photoelectron spectroscopy as discussed in
Ref. (9).

Figure 3 summarizes the effect of the Au
modification on the ORR activities measured by
the rotating disk electrode (RDE) technique for
Pt(755) ([6(111) x (100)]), Pt(322) ([5(111) x (100)])
and Pt(211) ([3(111) x (100)]). The ORR-improving

N
o
T

0.1 M HCIO, b
50 mvs™ i

————— P(111)
—— PY(755)
—— Au/PY(755)

0.2 0.4 0.6 0.8

-

N
o
T

Current density / 10 yA-cm™
o

o

Electrode potential (vs. RHE) /V .. _°Ft_©Au,

Fig.2 CVs for Pt(111), Pt(755), and the Au-modified
Pt(755). The insets are the side and top views of the
bare and Au-modified Pt(755).
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effect is clearly observed on Pt(755) and Pt(322),
whereas it is not observed on Pt(211). The
non-proportionality of the increase in ORR activity
by the Au modification (Ai,) against the step density
implicates that the ORR-active sites contributing to
Ai are located not on the one-dimensional Au atomic
rows at the steps but on the Pt(111) terraces,®® and
that the local ORR activities on the Pt(111) terraces are
enhanced by the Au modification. The Au atoms at the
steps can affect the stabilities of ORR intermediates
including OH(ads) at the terraces by modifying the
H-bond networks surrounding the intermediates or
by making the (111)-terrace sites near the step sites
available for ORR by suppressing the oxide formation
near the steps.!®!” Further studies are, however,
necessary for clarifying the mechanisms in more detail.

Figure 4 shows the changes in the CVs for the bare
and Au-modified Pt(755) after 10 cycles between
0.07-1.0 V. On bare Pt(755), the features of the CV
both in the regions for H,, (0.05-0.4 V) and OH(ads)
(0.6-0.9 V; see the arrows) are changed after the
potential cycles. This observation indicates a surface
reorganization on the electrode surface during the
potential cycles and thus the instability of bare
Pt(755).%” In contrast, the CV for the Au/Pt(755)
exhibits no changes over the entire potential region
(0.05-0.9 V) during the potential cycles, indicating
that the Au modification stabilizes the Pt surface by
protecting the low-coordinated (100) step sites.

In summary, Pt single crystal surfaces modified by
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Fig.3 ORR activities at 0.9 V (vs reversible hydrogen
electrode (RHE)) on the bare and Au-modified Pt
surfaces containing (100) steps. The locations of
the ORR active sites are (111) terraces as depicted
in the inset.

depositing Au atoms selectively on (100) step sites
showed improvements in both the ORR activity and
stability of the surfaces. This result proves the validity
of the edge-protection concept, which can be applied
to a wide range of inhomogeneous catalyst that suffers
from a trade-off dilemma between the catalytic activity
and durability.

3. Mitigating Catalyst-poisonings by Ionomers

For ionomers used as a binder and proton-conductor
for the catalyst layer as well as electrolyte membranes,
perfluorinated sulfonic acid polymers (e.g., Nafion)
have been almost exclusively used owing to their
high chemical stability and strong acidity. Although
effects of sulfonate anions of Nafion on the kinetics
of ORR have been discussed in various manners,
reported experimental results were inconsistent
(e.g., suppressions and accelerations of ORR).G%3%
Recently, by using Pt single-crystal electrodes coated
with Nafion thin films, Subbaraman et al.*>3% observed
voltammetric features signaling the adsorptions of
sulfonate moieties in the ionomer on the Pt surfaces
and suppressions of ORR kinetics by the ionomer
coatings. These Nafion effects were also examined for
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Fig.4 Changes in the CVs on the bare and Au-modified
Pt(755) after 10 cycles between 0.07-1.0 V.
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Pt nanoparticles under well-controlled experimental
conditions by Shinozaki et al.,*” and suppressed ORR
kinetics were confirmed. Thus, terminal sulfonate
moieties on the side chains in Nafion are widely
recognized to adsorb on Pt and to decrease the ORR
activities, limiting the efficiency of PEFCs.

The method developed by Subbaraman et al.(>3%
using Pt single crystals is a powerful tool for studying
the Nafion effects because the anion adsorptions
can be detected in the voltammetry. In their works,
however, the uniformities of Nafion films on the
Pt surfaces were not confirmed. For quantitatively
evaluating the Nafion effects and the differences in the
catalyst poisoning properties among various ionomers,
the uniformities of the ionomer films are essential and
therefore were examined in our laboratory. Figure 5
shows the scanning electron microscope (SEM)
images and energy-dispersive X-ray (EDX) spectra
of the Nafion-coated Pt(111) surface that had been

@ (b)

prepared in the method described in Refs. (8), (35) and
then subjected to electrochemical measurements. The
surface composes of a bright thin periphery and a dark
gray region in the inner part, which are assigned to
a bare and a Nafion-coated Pt surfaces, respectively,
from the EDX spectra. Thus, the entire Pt(111)
surface except for the thin periphery was confirmed
to be covered by the Nafion film. In the same way, the
uniformities of ionomer thin films were confirmed for
all ionomers discussed below.

Figure 6 shows the CV and ORR Tafel plot for the
Pt(111) surface covered by the uniform Nafion film in
comparison with those for a bare Pt(111) electrode.
By the Nafion coating, sharp redox peaks appear in
the double layer region (0.4-0.6 V) and OH formation
(> 0.6 V) is suppressed, whereas the H,, plateaus
(0.05-0.4 V) are not affected. These observations
indicate that sulfonate moieties in Nafion are adsorbed
on the Pt surface in the potential range higher than that
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Fig. 5(d)) on the SEM image of the Pt(111) surface. The
peak position for fluorine is denoted by the down-pointing
arrow. (d) Magnified SEM image for the square region in
Fig. 5(b). The marks are the places where the EDX spectra
were measured.
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Fig. 6 (a) CVs and (b) ORR Tafel plots for the
bare and Nafion-coated Pt(111) surfaces.
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for the sharp redox peaks (ca. 0.45-0.5 V).

The coverage of sulfonate is estimated to be 0.09 ML
from the peak charge by assuming that the adsorption
is a one-electron-transfer process (—SO,” + Pt —
—SO,—Pt + ¢"). This result indicates that only 27 % of
the electrode surface area is masked by the sulfonates,
even if one sulfonate anion masks three Pt atoms via
the three oxygen atoms of the functional group. The
suppression of ORR, in contrast, is more significant
(84% at 0.82 V and 60% at 0.9 V). For clarifying the
origin of the gap, further analyses were carried out to
obtain molecular scale information.'” Figure 7 shows
the infrared (IR) spectrum measured using the method
of surface enhanced IR spectroscopy (SEIRAS) for
a Pt polycrystalline electrode at the potential of 0.7 V in
an aqueous electrolyte of perfluoro-(2-ethoxyethane)
sulfonic acid (PESA, C,F,OC,F,SO.H) as well as
an IR spectrum of the bulk aqueous solution of PESA
(1 M) with the band assignments.®® The SEIRA
spectrum exhibits strong asymmetric SO, stretching
vibrations, which yield oscillating dipole moments
perpendicular to the C(F,)-S(O;) axis, indicating the
adsorption of PESA anion on Pt surface through one
or two O atom(s) on the basis of the surface selection
rule in SEIRAS: Vibrations that yield oscillating
dipoles perpendicular to the surface are selectively
observable,® and if the sulfonate groups are adsorbed
through three O atoms, the asymmetric SO; stretching
vibrations should not be observed. One more notable
feature is that the asymmetric C—O—C mode of the
ether group in the SEIRA spectrum is weaker than that
in the bulk-solution spectrum. Since this vibrational

mode yields oscillating dipole moment along C—O-C,
the weakening of this mode in the SEIRA spectrum
suggests the parallel orientation of the perfluoro-alkyl
chain to the Pt surface, as depicted in the upper right
schematic in Fig. 7. This orientation is presumably
caused by the interaction of the ether group with
the surface via the lone pair of the oxygen atom in
addition to van-der-Waals interactions between the
perfluorinated parts and Pt surface.® The adsorption
via both the terminal sulfonate moiety and ether group
can explain the significant suppression of ORR at
the Pt/Nafion interface despite the small coverage of
sulfonate shown above: not only sulfonate moiety but
also perfluoro-alkyl chain blocks the Pt sites for ORR.
However, complete quantitative analyses based on the
physical factor (the effect of the decrease in the ORR
active area by the blockages by the molecular parts)
are still underway, and it is an open question whether
there also exist chemical factors such as the decrease
in the local activity on adsorbate-free Pt sites due to
the ionomer adsorptions.

The preceding discussion revealed the significant
ORR suppression effect of Nafion through the
adsorption of sulfonate moiety. Since the experiments
were carried out with aqueous electrolytes, the
conclusion is, however, limited to the condition where
the ionomer is fully hydrated. Studies for dryer states
of ionomers are also important because PEFCs are
frequently operated in undersaturated conditions,
and therefore, we newly devised a solid-state cell
applicable to Pt single crystals.” Figs. 8(a) and (b)
show the configuration of the solid-state cell, where
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Fig. 7 SEIRA spectrum for a Pt polycrystalline electrode at the potential of 0.7 V in 0.1 M PESA as well as IR spectrum of the
bulk aqueous solution of PESA (1 M). From the feature of the SEIRA spectrum, the adsorbed PESA anion is suggested
to be oriented parallel to the Pt surface as depicted in the upper right schematic.

© Toyota Central R&D Labs., Inc. 2018

http://www.tytlabs.com/review/



7L R&D Review of Toyota CRDL, Vol.49 No.4 (2018) 1-11

(@)

(©

Current density / 10 yA-cm™

(d)

Current density / 10 yA-cm™

Fig. 8

(b)

10

0
————— Bare-Pt (liquid) H
— Nafion-Pt (liquid) '
-10 Nafion—lI:‘t (solid) ) ) . ]
0 0.2 0.4 0.6 0.8 1
Electrode potential (RHE) / V
5L
0
_5 -
. . . IDry 12hrI

0 0.2 0.4 0.6 0.8 1

Potential (vs. aqueous RE) / V

(a) Tllustration of the whole setup of the solid-state
cell. (b) Magnified photograph of the cell. The
fixture has a hole for the mounting of the Pt single
crystal. (c) CVs for the Nafion-coated Pt(111)
surfaces in the aqueous (liquid) electrolyte of 0.1 M
HCIO, (black solid line) and in the solid-state
cell (blue solid line). The CV for a bare Pt(111)
is also shown for comparison (black dashed line).
(d) Changes in the CV for the Nafion/Pt(111)
interface in the solid-state cell after the switching
to the dry-gas flow. This peak shift is reversible as
indicated by the shift back to higher potentials after
re-switching to the wet-gas flow.”

a Nafion-coated Pt(111)-surfaced single crystal as
the working electrode (WE) is pressed onto a cast
Nafion membrane having a thickness of 1 mm, and
the whole cell is placed in a gas atmosphere container.
A platinized Pt mesh in a hydrogen-reserved glass
tube immersed in 0.1 M HCIO, connected to the
Nafion membrane is used for the reference electrode
(RE), whereas a Pt plate is used for the counter
electrode (CE).

Figure 8(c) shows the CVs for a Nafion-coated Pt(111)
surface in an aqueous electrolyte (0.1 M HCIO,) and
in the solid-state cell at a room temperature under fully
humidified condition (the flow gas was humidified
with water at a room temperature). The well-defined
features of a Nafion-coated Pt(111) (reversible
H,, plateaus (0.05-0.4 V) and redox peaks due
to sulfonate adsorption/desorption (0.4-0.5 V)) are
observed in the solid-state cell. After the measurement
under the fully humidified condition, the fully
humidified gas flow was switched to a non-humidified
gas flow. Figure 8(d) shows the change in CVs after
the switching. The anion-adsorption/desorption peaks
are shifted to lower potentials as indicated by the red
arrow. (This peak shift is reversible as indicated by
the shift back to higher potentials after re-switching
to the fully humidified gas flow.””) The decrease in
the anion adsorption potential indicates the increase in
the anion adsorptivity with drying the ionomer. The
higher adsorptivity of the dehydrated ionomer can be
explained by higher chemical potential of the hydrated
(desorbed) sulfonate anion, which is probably caused
by two reasons: decrease in the hydration stabilization
energy of ionomer and increase in the anion
concentration in water channels in ionomer.

As a summary of Nafion-effects on ORR on Pt(111)
surface, significant ORR-activity suppressions by
sulfonate adsorptions at a small coverage, and the
increase in the anion adsorptivity with drying the
ionomer were confirmed. The gap between the ORR
suppression degrees and sulfonate coverage was
explained by the blockages of active sites not only
by the sulfonate moieties but also by perfluoro-alkyl
chains. In addition to the activity, such large
deactivation domains can suppress the oxygen transport
in the Pt/Nafion interface region,” and therefore,
reduce the power density of the cell. Therefore,
mitigating ionomer-induced catalyst poisonings is
being recognized as one of the most important issues
in the development of PEFCs. Promising methods for
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the mitigation are presented in the following sections.

We evaluated the catalyst poisoning properties of
three ionomers, which have different anion structures
and side-chain lengths (Fig. 9(a)).®!2 For the
sulfonimide acid ionomer (NBC4), which has bulky
acid groups terminated by an inactive perfluorinated
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Fig. 9 (a) Molecular structures of Nafion, Aquivion, and
NBCA4. (b) CVs and (c) ORR Tafel plots for Pt(111)
surfaces coated with and without the ionomers.

part, as shown in Figs. 9(b) and (c), the anion
adsorption/desorption peaks are broader and weaker,
and the ORR activity is higher than for the sulfonic
acid ionomers (Nafion and Aquivion). Thus, the
poisoning by the sulfonimide anions is judged to be
weaker than that by the sulfonate anions. This result is
consistent with a prediction from a density functional
theory combined with a continuum electrolyte theory,®
which showed that the adsorption is weaker for
a low-molecular-weight perfluorinated sulfonimide
anion than for a low-molecular-weight perfluorinated
sulfonate anion on Pt(111) surface. The steric effect
due to the inactive perfluorinated terminal in the
side chain of NBC4, which was not included in the
theoretical calculation, may also play a role for the
weaker anion adsorption.

Another factor affecting the anion adsorptivity is the
flexibility of side chains."? As shown in Figs. 9(b) and
(c), the short-side-chain ionomer (Aquivion) exhibits
smaller peaks for the anion adsorption/desorption
and a higher ORR activity than Nafion although
they have the same anion structure. In addition to
the shorter length, the side chain of Aquivion has
a smaller number of ether groups (one) than that of
Nafion (two). These two differences most likely make
the side chain of Aquivion less flexible than that of
Nafion, and the adsorption of the side chain, via either
the terminal sulfonate moiety or ether group, should
be suppressed because it requires larger deformation
of the perfluoro-alkyl backbone (Fig. 10).

In summary, catalyst poisonings by ionomers were
found to be mitigated by changing the flexibility of
side chain and anion structure of the molecule. This
information can provide guidelines for developing
desirable ionomers for PEFCs.
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Fig. 10 Adsorption state of ionomer (Aquivion) on Pt
surface suggested by the analyses in this work.
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4. Conclusions

Experimental analyses were carried out using
model catalytic surfaces of Pt single crystals for
obtaining guidelines in designing the structures of
Pt/ionomer interfaces in PEFCs. Stepped Pt single
crystal electrodes were modified by depositing Au
atoms selectively on vulnerable step sites and their
electrocatalytic activities for ORR were examined.
The result indicated that the ORR activities are
improved and the surfaces are stabilized against
potential cycles. Thus protecting vulnerable sites with
stable substances is a promising method to enhance
both the ORR activity and durability of the catalysts.
Analysis with Pt single crystals was also applied to the
study of catalyst poisonings by ionomers. Significant
ORR-activity suppressions for Pt(111) surface by the
coating with Nafion thin film were confirmed and
ascribed to side chain adsorptions via the interactions
between Pt and sulfonate and also between Pt and
ether groups in the ionomer side chains, leading to
the blockages of active sites. In addition, the anion
adsorptivity was found increasing with drying the
ionomer. The effect of molecular structure of ionomer
was examined, and changing the flexibility of side
chain and anion structure of the molecule was found
effective to mitigate the catalyst poisoning. In this
way, the well-defined model experiments successfully
provided useful strategies for developing highly
active and durable catalysts as well as less-poisoning
ionomers.

Acknowledgements

This work was partially supported financially by NEDO
(New Energy and Industrial Technology Development
Organization). We appreciate Dr. Kenta Motobayashi
and Prof. Masatoshi Osawa (Hokkaido university) for
teaching the method of SEIRAS and discussing the
results. We also appreciate Dr. Dusan S. Strmenik,
Dr. Vojislav R. Stamenkovic, and Dr. Nenad M. Markovic
for teaching electrochemical measurements with Pt
single crystals.

References

(1) Suzuki, T., Kudo, K. and Morimoto, Y., “Model for
Investigation of Oxygen Transport Limitation in
a Polymer Electrolyte Fuel Cell”, J. Power Sources,
Vol. 222 (2013), pp. 379-389.

(2) Kongkanand, A. and Mathias, M. F., “The Priority
and Challenge of High-power Performance of
Low-platinum Proton-exchange Membrane Fuel
Cells”, J. Phys. Chem. Lett., Vol. 7, No. 7 (2016),
pp. 1127-1137.

(3) Jinnouchi, R., Kudo, K., Kitano, N. and Morimoto, Y.,
“Molecular Dynamics Simulations on O, Permeation
through Nafion lonomer on Platinum Surface”,
Electrochim. Acta, Vol. 188 (2016), pp. 767-776.

(4) Suzuki, T., Yamada, H., Tsusaka, K. and Morimoto, Y.,
“Modeling of Oxygen Diffusion Resistance in
Polymer Electrolyte Fuel Cells in the Intermediate
Potential Region”, J. Electrochem. Soc., Vol. 165,
No. 3 (2018), pp. F166-F172.

(5) Markovi¢, N. M. and Ross Jr., P. N., “Surface Science
Studies of Model Fuel Cell Electrocatalysts”,

Surf. Sci. Rep., Vol. 45, No. 4-6 (2002), pp. 117-229.

(6) Strmcenik, D., Kodama, K., van der Vliet, D.,
Greeley, J., Stamenkovic, V. R. and Markovi¢, N. M.,
“The Role of Non-covalent Interactions in
Electrocatalytic Fuel-cell Reactions on Platinum”,
Nature Chem., Vol. 1, No. 6 (2009), pp. 466-472.

(7) Kodama, K., Jinnouchi, R., Suzuki, T., Murata, H.,
Hatanaka, T. and Morimoto, Y., “Increase in
Adsorptivity of Sulfonate Anions on Pt(111) Surface
with Drying of lonomer”, Electrochem. Commun.,
Vol. 36 (2013), pp. 26-28.

(8) Kodama, K., Shinohara, A., Hasegawa, N.,
Shinozaki, K., Jinnouchi, R., Suzuki, T., Hatanaka, T.
and Morimoto, Y., “Catalyst Poisoning Property of
Sulfonimide Acid Ionomer on Pt(111) Surface”,

J. Electrochem. Soc., Vol. 161, No. 5 (2014),
pp. F649-F652.

(9) Kodama, K., Jinnouchi, R., Takahashi, N., Murata, H.
and Morimoto, Y., “Activities and Stabilities of
Au-modified Stepped-Pt Single-crystal Electrodes as
Model Cathode Catalysts in Polymer Electrolyte Fuel
Cells”, J. Am. Chem. Soc., Vol. 138, No. 12 (2016),
pp. 4194-4200.

(10) Kodama, K., Motobayashi, K., Shinohara, A.,
Hasegawa, N., Kudo, K., Jinnouchi, R., Osawa, M.
and Morimoto, Y., “Effect of the Side-chain Structure
of Perfluoro-sulfonic Acid Ionomers on the Oxygen
Reduction Reaction on the Surface of Pt”, ACS Catal.,
Vol. 8, No. 1 (2018), pp. 694-700.

© Toyota Central R&D Labs., Inc. 2018

http://www.tytlabs.com/review/



7L R&D Review of Toyota CRDL, Vol.49 No.4 (2018) 1-11 9

(11) Todoroki, N., Kawamura, R., Asano, M.,

Sasakawa, R., Takahashi, S. and Wadayama, T.,
“Alloy-composition-dependent Oxygen Reduction
Reaction Activity and Electrochemical Stability of
Pt-based Bimetallic Systems: A Model Electrocatalyst
Study of Pt/Pt Ni,,,_(111)”, Phys. Chem. Chem. Phys.,
Vol. 20, No. 17 (2018), pp. 11994-12004.

(12) Beermann, V., Gocyla, M., Willinger, E., Rudi, S.,
Heggen, M., Dunin-Borkowski, R. E., Willinger, M. G.
and Strasser, P., “Rh-doped Pt-Ni Octahedral
Nanoparticles: Understanding the Correlation between
Elemental Distribution, Oxygen Reduction Reaction,
and Shape Stability”, Nano Lett., Vol. 16, No. 3
(2016), pp. 1719-1725.

(13) Gasteiger, H. A., Kocha, S. S., Sompalli, B.
and Wagner, F. T., “Activity Benchmarks and
Requirements for Pt, Pt-alloy, and Non-Pt Oxygen
Reduction Catalysts for PEMFCs”, Appl. Catal. B.,
Vol. 56, No. 1-2 (2005), pp. 9-35.

(14) Solla-Gullén, J., Rodriguez, P., Herrero, E., Aldaz, A.
and Feliu, J. M., “Surface Characterization of
Platinum Electrodes”, Phys. Chem. Chem. Phys.,

Vol. 10, No. 10 (2008), pp. 1359-1373.

(15) Shao, M., Peles, A. and Shoemaker, K.,
“Electrocatalysis on Platinum Nanoparticles: Particle
Size Effect on Oxygen Reduction Reaction Activity”,
Nano Lett., Vol. 11, No. 9 (2011), pp. 3714-3719.

(16) Perez-Alonso, F. J., McCarthy, D. N., Nierhoff, A.,
Hernandez-Fernandez, P., Strebel, C., Stephens, I. E. L.,
Nielsen, J. H. and Chorkendorff, 1., “The Effect of
Size on the Oxygen Electroreduction Activity of
Mass-selected Platinum Nanoparticles”,

Angew. Chem., Int. Ed., Vol. 51, No. 19 (2012),
pp. 4641-4643.

(17) Jinnouchi, R., Toyoda, E., Hatanaka, T. and
Morimoto, Y., “First Principles Calculations on
Site-dependent Dissolution Potentials of Supported
and Unsupported Pt Particles”, J. Phys. Chem. C,

Vol. 114, No. 41 (2010), pp. 17557-17568.

(18) Wei, G.-F. and Liu, Z.-P., “Optimum Nanoparticles for
Electrocatalytic Oxygen Reduction: The Size, Shape
and New Design”, Phys. Chem. Chem. Phys., Vol. 15,
No. 42 (2013), pp. 18555-18561.

(19) Jinnouchi, R., Kodama, K., Suzuki, T. and Morimoto, Y.,
“DFT Calculations on Electro-oxidations and
Dissolutions of Pt and Pt-Au Nanoparticles”,

Catal. Today, Vol. 262 (2016), pp. 100-109.

(20) Zhang, J., Sasaki, K., Sutter, E. and Adzic, R. R,
“Stabilization of Platinum Oxygen-reduction
Electrocatalysts Using Gold Clusters”, Science,

Vol. 315, No. 5809 (2007), pp. 220-222.

(21) Zhang, Y., Huang, Q., Zou, Z., Yang, J., Vogel, W.
and Yang, H., “Enhanced Durability of Au Cluster
Decorated Pt Nanoparticles for the Oxygen Reduction
Reaction”, J. Phys. Chem. C, Vol. 114, No. 14 (2010),
pp- 6860-6868.

(22) Takahashi, S., Chiba, H., Kato, T., Endo, S., Hayashi, T.,
Todoroki, N. and Wadayama, T., “Oxygen Reduction
Reaction Activity and Structural Stability of Pt-Au
Nanoparticles Prepared by Arc-plasma Deposition”,
Phys. Chem. Chem. Phys., Vol. 17, No. 28 (2015),
pp. 18638-18644.

(23) Wakisaka, M., Suzuki, H., Mitsui, S., Uchida, H. and
Watanabe, M., “Identification and Quantification of
Oxygen Species Adsorbed on Pt(111) Single-crystal
and Polycrystalline Pt Electrodes by Photoelectron
Spectroscopy”, Langmuir, Vol. 25, No. 4 (2009),
pp. 1897-1900.

(24) Bondarenko, A. S., Stephens, . E. L., Hansen, H. A.,
Pérez-Alonso, F. J., Tripkovic, V., Johansson, T. P.,
Rossmeisl, J., Norskov, J. K. and Chorkendorff, I.,
“The Pt(111)/Electrolyte Interface under Oxygen
Reduction Reaction Conditions: An Electrochemical
Impedance Spectroscopy Study”, Langmuir, Vol. 27,
No. 5 (2011), pp. 2058-2066.

(25) Love, B., Seto, K. and Lipkowski, J., “Adsorption of
Hydrogen on Stepped Pt Single Crystal Surfaces”,

J. Electroanal. Chem. Interfacial Electrochem.,
Vol. 199, No. 1 (1986), pp. 219-228.

(26) Markovi¢, N. M., Marinkovié¢, N. S. and Adzi¢, R. R.,
“Electrosorption of Hydrogen and Sulfuric Acid
Anions on Single-crystal Platinum Stepped Surfaces:
Part I. The [110] Zone”, J. Electroanal. Chem.
Interfacial Electrochem., Vol. 241, No. 1-2 (1988),
pp- 309-328.

(27) Gomez, R., Feliu, J. M. and Abruna, H. D., “The
Underpotential Deposition of Copper on Pt(311):
Site Selective Deposition and Anion Effects”,
Langmuir, Vol. 10, No. 11 (1994), pp. 4315-4323.

(28) Bandarenka, A. S., Hansen, H. A., Rossmeisl, J.
and Stephens, 1. E. L., “Elucidating the Activity of
Stepped Pt Single Crystals for Oxygen Reduction”,
Phys. Chem. Chem. Phys., Vol. 16, No. 27 (2014),
pp. 13625-13629.

(29) Bjorling, A., Ahlberg, E. and Feliu, J. M., “Kinetics
of Surface Modification Induced by Submonolayer
Electrochemical Oxygen Adsorption on Pt (111)”,
Electrochem. Commun., Vol. 12, No. 3 (2010),
pp- 359-361.

(30) Gottesfeld, S., Raistrick, I. D. and Srinivasan, S.,
“Oxygen Reduction Kinetics on a Platinum RDE
Coated with a Recast Nafion Film”, J. Electrochem.
Soc., Vol. 134, No. 6 (1987), pp. 1455-1462.

(31) Lawson, D. R., Whiteley, L. D., Martin, C. R.,
Szentirmay, M. N. and Song, J. 1., “Oxygen Reduction
at Nafion Film-coated Platinum Electrodes: Transport
and Kinetics”, J. Electrochem. Soc., Vol. 135, No. 9
(1988), pp. 2247-2253.

(32) Zecevic, S. K., Wainright, J. S., Litt, M. H.,
Gojkovic, S. L. and Savinell, R. F., “Kinetics of O,
Reduction on a Pt Electrode Covered with a Thin Film
of Solid Polymer Electrolyte”, J. Electrochem. Soc.,
Vol. 144, No. 9 (1997), pp. 2973-2982.

© Toyota Central R&D Labs., Inc. 2018

http://www.tytlabs.com/review/



10 7L R&D Review of Toyota CRDL, Vol.49 No.4 (2018) 1-11

(33) Yano, H., Higuchi, E., Uchida, H. and Watanabe, M.,
“Temperature Dependence of Oxygen Reduction
Activity at Nafion-coated Bulk Pt and Pt/Carbon
Black Catalysts”, J. Phys. Chem. B, Vol. 110, No. 33
(2006), pp. 16544-16549.

(34) Ohma, A., Fushinobu, K. and Okazaki, K., “Influence
of Nafion® Film on Oxygen Reduction Reaction and
Hydrogen Peroxide Formation on Pt Electrode for
Proton Exchange Membrane Fuel Cell”, Electrochim.
Acta, Vol. 55, No. 28 (2010), pp. 8829-8838.

(35) Subbaraman, R., Strmcnik, D., Stamenkovic, V.
and Markovic, N. M., “Three Phase Interfaces at
Electrified Metal-solid Electrolyte Systems 1. Study
of the Pt(hkl)-Nafion Interface”, J. Phys. Chem. C,
Vol. 114, No. 18 (2010), pp. 8414-8422.

(36) Subbaraman, R., Strmcnik, D., Paulikas, A. P.,
Stamenkovic, V. R. and Markovic, N. M., “Oxygen
Reduction Reaction at Three-phase Interfaces”,
ChemPhysChem, Vol. 11, No. 13 (2010),
pp. 2825-2833.

(37) Shinozaki, K., Morimoto, Y., Pivovar, B. S. and
Kocha, S. S., “Suppression of Oxygen Reduction
Reaction Activity on Pt-based Electrocatalysts from
Ionomer Incorporation”, J. Power Sources, Vol. 325
(2016), pp. 745-751.

(38) Warren, D. S. and McQuillan, A. J., “Infrared
Spectroscopic and DFT Vibrational Mode Study of
Perfluoro(2-ethoxyethane) Sulfonic Acid (PES),

a Model Nafion Side-chain Molecule”, J. Phys.
Chem. B, Vol. 112, No. 34 (2008), pp. 10535-10543.

(39) Osawa, M., “Dynamic Processes in Electrochemical
Reactions Studied by Surface-enhanced Infrared
Absorption Spectroscopy (SEIRAS)”, Bull. Chem.
Soc. Jpn., Vol. 70, No. 12 (1997), pp. 2861-2880.

Figs. 2-4

Reprinted from J. Am. Chem. Soc., Vol. 138, No. 12
(2016), pp. 4194-4200, Kodama, K., Jinnouchi, R.,
Takahashi, N., Murata, H. and Morimoto, Y., Activities
and Stabilities of Au-modified Stepped-Pt Single-crystal
Electrodes as Model Cathode Catalysts in Polymer
Electrolyte Fuel Cells, © 2016 ACS, with permission from
American Chemical Society.

Figs. 5(b)-(d)

Reprinted from J. Electrochem. Soc., Vol. 161, No. 5
(2014), pp. F649-F652, Kodama, K., Shinohara, A.,
Hasegawa, N., Shinozaki, K., Jinnouchi, R., Suzuki, T.,
Hatanaka, T. and Morimoto, Y., Catalyst Poisoning
Property of Sulfonimide Acid lonomer on Pt(111) Surface,
© 2014 ECS, with permission from The Electrochemical
Society.

Figs. 7 and 10

Reprinted from ACS Catal., Vol. 8, No. 1 (2018),

pp. 694-700, Kodama, K., Motobayashi, K., Shinohara, A.,
Hasegawa, N., Kudo, K., Jinnouchi, R., Osawa, M.

and Morimoto, Y., Effect of the Side-chain Structure

of Perfluoro-sulfonic Acid lonomers on the Oxygen
Reduction Reaction on the Surface of Pt, © 2018 ACS,
with permission from American Chemical Society.

Figs. 8(a)-(c)

Reprinted from Electrochem. Commun., Vol. 36 (2013),
pp. 26-28, Kodama, K., Jinnouchi, R., Suzuki, T.,

Murata, H., Hatanaka, T. and Morimoto, Y., Increase in
Adsorptivity of Sulfonate Anions on Pt(111) Surface with
Drying of Ionomer, © 2013 Elsevier, with permission from
Elsevier.

Kensaku Kodama
Research Field:
- Fuel Cell Catalysts
Academic Degree: Ph.D.

Ryosuke Jinnouchi
Research Fields:
- First Principles Calculations
- Molecular Simulations
- Catalysis
- Physical Chemistry
- Machine-learning
Academic Degree: Dr.Eng.
Award:
- Scientific Award, The Tokai Chemical Industry
Association, 2013

© Toyota Central R&D Labs., Inc. 2018

http://www.tytlabs.com/review/



7L R&D Review of Toyota CRDL, Vol.49 No.4 (2018) 1-11

11

Akihiro Shinohara

Research Fields:
- Fuel Cell
- Organic Chemistry

Academic Degree: Ph.D.

Academic Societies:
- The Chemical Society of Japan
- The Society of Polymer Science, Japan

Yu Morimoto

Research Fields:
- Electrochemical Devices
- Fuel Cells

Academic Degree: Ph.D

Academic Societies:
- The Electrochemical Society
- The Electrochemical Society of Japan

© Toyota Central R&D Labs., Inc. 2018

http://www.tytlabs.com/review/



