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ABSTRACT: The structure of the perfluorosulfonated ionomer (PFSI)/Pt(111) interface
in a membrane electrode assembly (MEA)-like configuration of a polymer electrolyte
membrane (PEM) fuel cell, that is, a vacuum evaporated Pt layer/PEM(Nafion
membrane)/PFSI(adhesion Nafion layer)/Pt(111) single crystal, and its bias-induced
change were investigated by surface X-ray scattering measurement at an atomic level.
Crystal truncation rod measurement shows that PFSI adsorbed on the Pt(111)-(1 × 1)
surface without bias. When the Pt(111) electrode was positively biased to form Pt oxide,
the PFSI layer was detached from the Pt surface and oxygen atoms penetrated into the Pt
lattice.

■ INTRODUCTION

The polymer electrolyte membrane (PEM) fuel cell is one of
the most promising candidates for a new-generation energy
conversion device because of its high theoretical efficiency for
the conversion of chemical energy to electrical energy.1−6 The
PEM fuel cell is composed of a stack of a membrane electrode
assembly (MEA), which is constructed of binding carbon-
supported platinum catalyst layers with perfluorosulfonated
ionomer (PFSI) on both sides of the PEM. Platinum is an
excellent electrocatalyst for fuel cell reactions, such as hydrogen
oxidation7,8 and oxygen reduction.9,10 However, since Pt is a
very expensive element of limited resource, reduction of usage
and degradation control of Pt are the major issues of PEM fuel
cells toward their widespread use. The degradation process of
Pt catalysts within fuel cells has been extensively studied, and
dissolution/agglomeration of Pt catalysts at the ionomer/Pt
interface is currently considered to be one of the primary
origins for the degradation.3 It was proposed that dissolution of
Pt was affected not only by the potential and size of particles
but also by formation of Pt oxide because the oxide layer can
protect the platinum from dissolution (see ref 3 and references
therein). The understanding of the oxide formation process at
an atomic level is, however, not clear, and utilizing a well-

defined Pt single crystalline electrode is essential to clarify the
origin of the degradation and to design a long-lived catalyst.
Although scanning probe microscopy is very powerful to

probe the surface structure and its change with an atomic
resolution in electrochemical conditions,11−16 it cannot observe
the surface structure covered by an overlayer, such as an
ionomer membrane. In this respect, surface X-ray scattering
(SXS) is the best method to investigate the structure of such a
buried interface in an atomic resolution because X-rays can
penetrate the PEM and/or ionomer overlayer without
significant scattering and absorption.17−23 Here, we utilized
the SXS technique to determine the structure of the PFSI/
Pt(111) interface in a Pt/PEM/PFSI/Pt(111) sandwich
configuration and its positive bias-induced change at an atomic
resolution.

■ EXPERIMENTAL SECTION

In this study, Nafion, which has a polytetrafluoroethylene
backbone with perfluorinated ether side chains terminated by
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sulfonic acid groups, as shown in Figure 1, was used both as a
PEM and ionomer. One side of a Nafion membrane (NRE-

211CS; thickness: 25.4 μm; DuPont Fuel Cells) was coated
with a sputter-deposited 20 nm thick Pt thin film. A Pt(111)
single-crystal disk (Surface Preparation Laboratory; diameter:
10 mm; thickness: 5 mm) was annealed at 1600 °C for 12 h
under an argon/hydrogen flow by using an induction heater
(HOTSHOT-2 kW, Ameritherm).24 Additional annealing of
the Pt(111) disk electrode was carried out at 1600 °C for 2 h
under an argon/hydrogen flow. After cooling under the argon/
hydrogen flow for 5 min, the surface was quenched by pure
water saturated with argon/hydrogen, and then dipped into a
Nafion aqueous dispersion (DE1020 CS; polymer content: 10−
12 wt %; DuPont) to form an adhesion PFSI layer. The surface
coated with a droplet of Nafion dispersion was then attached to
the other side of the Pt thin film-coated Nafion membrane, so
that a Pt thin film/PEM(Nafion membrane)/PFSI(adhesion
Nafion layer)/Pt(111) structure, which is an approximation of
the MEA configuration, was formed, as shown in the inset of
Figure 2.

A homemade spectroelectrochemical cell was used for in situ
SXS measurement. The spectroelectrochemical cell was set on a
four-circle diffractometer (Kohzu) installed in an undulator-
magnet beamline BL13XU at SPring-8. X-ray radiation was
monochromated by a Si(111) double-crystal system and higher
harmonics was rejected with two mirrors. An energy of 25 keV
was selected to avoid significant scattering at the Nafion
membrane surface. All the measurements were performed at
room temperature. Both the Pt thin film and the Pt(111)
electrodes were exposed to the flow of air saturated with water
vapor during the experiments. More detailed information is
available in the Supporting Information.

■ RESULTS AND DISCUSSION
Figure 2 shows an I−V relation of the Pt thin film/PEM/PFSI/
Pt(111) electrode. Potential was applied to the Pt(111)
electrode with respect to the Pt thin film. Anodic current
started to increase from about 0.6 V. Because the I−V curve
was measured in a two-electrode system, the electrode potential
of each electrode, Pt thin film, and Pt(111) cannot be precisely
determined. However, oxygen reduction and water oxidation
should take place at the Pt thin film and Pt(111) electrodes,
respectively, when anodic current flowed at the Pt(111)
electrode because both electrodes are exposed to water vapor
saturated air.
The (00) rod measurements were performed at the Pt(111)

electrode, which is in contact with PFSI, without bias and at 1
V. Figure 3 shows the (00) rod profiles of the PFSI membrane/
Pt(111) electrode interface measured (a) without bias and at
(b) 1 V with respect to the Pt thin film. The interfacial
structure normal to the surface was quantitatively determined
from the least-squares fitting of the (00) rod data to a three-
layer structure model on the Pt(111) surface with a kinematical
calculation. Each layer was assumed to be consisting of Pt, C,
O, CF4, C2F4, or SO3

−.
The best fit data for the (00) rod profile of the Pt(111)

surface measured without bias (Figure 3a) was obtained by
assuming the Pt(111)-(1 × 1) substrate/Pt(1)/Pt(2)/C2F4
structure, as shown in Figure 4a. The coverage of the first Pt
layer, Pt(1), and the second Pt layer, Pt(2), and the adsorbed
C2F4 layer are 1.00, 0.94, and 1.07 ML, respectively. The layer
distances of the Pt(111)-(1 × 1) substrate−Pt(1), Pt(1)−

Figure 1. Chemical formula of Nafion.

Figure 2. I−V curve of the Pt thin film/PEM/PFSI/Pt(111) electrode
measured in air saturated with water vapor.

Figure 3. (00) rod profiles of the Pt(111) electrode measured (a) without bias and at (b) 1 V. Circles and solid lines are experimental data and
calculated curves, respectively. Red solid lines represent fitted curves based on (a) Pt(111)-(1 × 1)/Pt/Pt/C2F4 and (b) Pt(111)-(1 × 1)/Pt/Pt/O
models. Blue solid line in (a) represents calculated curve based on the coadsorption model, Pt(111)-(1 × 1)/Pt/SO3

−&C2F4.
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Pt(2), and Pt(2)−C2F4 layers are 2.28, 2.26, and 2.29 Å,
respectively. The layer distances between the Pt layers are in
reasonable agreement with that calculated for the Pt layers with
Pt atoms situated at the 3-fold hollow site on the Pt(111)-(1 ×
1) surface, 2.27 Å. These results confirm that the ideal Pt(111)-
(1 × 1) structure was formed by induction heating at 1600 °C
under an argon/hydrogen stream, and the structure was
maintained even after coating with PFSI film. The relatively
small root-mean-square (RMS) factors support the formation
of an atomically flat Pt(111)-(1 × 1) structure.
A few groups found a substantial interaction between

sulfonate groups and the Pt electrode surface by a voltammetric
approach25−28 and infrared reflection absorption spectroscopy
(IRRAS).27,29,30 However, while the fitting for the Pt(111)-(1
× 1)/Pt/Pt/C2F4 structure gave reasonable structural param-
eters, that for the Pt(111)-(1 × 1)/Pt/Pt/SO3

− structure
resulted in unreasonable parameters, suggesting that fluoro-
carbon chains of PFSI were present on the Pt(111)-(1 × 1)
surface. One plausible model is the coadsorption of sulfonate
groups and fluorocarbon groups, as shown in Figure 4a, where
the adsorption of sulfonate groups can be hardly detected by
SXS (have only a subtle effect on the (00) rod profile) because
of the low coverage and high RMS. In fact, the simulated result
based on the coadsorption of sulfonate groups and
fluorocarbon groups, that is, the Pt(111)-(1 × 1)/Pt/
SO3

−&C2F4 model, where 0.09 ML SO3
− and 1.10 ML C2F4

layers are adsorbed on the Pt(111)-(1 × 1) surface,31 was not
much different from the experimental result and the fitted curve
based on the Pt(111)-(1 × 1)/Pt/Pt/C2F4. Thus, it was
considered that sulfonate groups coadsorbed on the Pt(111)
surface, although fluorocarbon groups were the major species.
The (00) rod profile obtained by keeping the bias at 1 V

(Figure 3b) is totally different from that obtained without the
bias application (Figure 3a), especially between L = 0.2 and 2.9.
The kinematic simulations show that this shape is typically
observed when the apparent coverage of a few top layers was
decreased.22 The best fit data for the (00) rod profile of
Pt(111) surface measured at 1.0 V (Figure 3b) was obtained by
assuming the Pt(111)-(1 × 1) substrate/Pt(1)/Pt(2)/O
structure, as shown in Figure 4b, among the simulations for
various models with O, CF4, C2F4, or SO3

− as an adsorbed layer
on Pt or Pt oxide, although χ2, probability distribution in fitting,
was somewhat higher than that of Figure 3a. The simulation
shows that the coverage of the first Pt layer, Pt(1), the second
Pt layer, Pt(2), and the O layer are 0.63, 0.21, and 0.87 ML,
respectively. The interlayer distances of the Pt(111)-(1 × 1)
substrate−Pt(1), Pt(1)−Pt(2), and Pt(2)−O layers are 3.09,

2.37, and 0.67 Å, respectively. The coverages of Pt(1) and
Pt(2) layers are much less than 1, showing the penetration of O
atoms into the Pt lattice because the presence of O atoms in the
Pt lattice results in the lower apparent Pt coverage due to the
fact that the electron density of the O atom is less than 10% of
that of Pt. This result and the presence of the outermost O
layer show the oxide formation, place exchange of oxygen, and
the detachment of the adsorbed PFSI layer from the surface, as
shown in Figure 4b. Relatively large interlayer distances and
RMS factors for the Pt layers support the penetration of O
atoms into the deeper layers by turnover between Pt and O
atoms.
Detachment of the PFSI layer from Pt and Au electrode

surfaces upon oxide formation was demonstrated by an
electrochemical quartz crystal microbalance (EQCM) and
electrochemical atomic force microscope (EC-AFM) in our
separate experiments.24,32,33 It is reasonable to consider that
hydrophobic fluorocarbon chains desorbed from the surface
upon the formation of Pt oxide, which is much more
hydrophilic than Pt. In addition, the sulfate anion, which is
analogous to the sulfonate group of PFSI, is known to desorb
from the Pt surface when oxide was formed.34 A recent neutron
reflectrometry study suggested the formation of a hydrophilic
domain at the Nafion/Pt interface when Nafion was in contact
with the Pt oxide surface.35 Water molecules may penetrate
between this hydrophilic domain and the Pt oxide surface.

■ CONCLUSIONS
In conclusion, the structure of the PFSI/Pt(111) interface at
the Pt thin film/PEM/PFSI/Pt(111) electrode junction, which
is an approximation of the MEA configuration, and its bias-
induced structural change were determined by utilizing the SXS
technique. SXS measurement shows that fluorocarbon groups
of PFSI adsorbed on the Pt(111)-(1 × 1) surface without bias.
When a positive potential was applied to the Pt(111) electrode,
Pt oxide was formed, the PFSI layer was detached from the Pt
surface, and O atoms penetrated into the Pt lattice by turnover
between Pt and O atoms. This work clarified the oxide
formation process of the Pt electrode at an atomic level by
using a well-defined Pt(111) surface incorporated in the MEA-
like configuration.

■ ASSOCIATED CONTENT
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Experimental details and schematic illustrations of the
spectroelectrochemical cell and Pt thin film/Nafion mem-
brane/Pt(111) junction for in situ SXS measurement. This

Figure 4. Schematic models based on structural parameters obtained from best fit data of Figure 3a,b.
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