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Abstract: There is limited information on the mechanism for
platinum oxidation and dissolution in Pt/C cathode catalyst
layers of polymer electrolyte fuel cells (PEFCs) under the
operating conditions though these issues should be uncovered
for the development of next-generation PEFCs. Pt species in
Pt/C cathode catalyst layers are mapped by a XAFS (X-ray
absorption fine structure) method and by a quick-XAFS-
(OXAFS) method. Information on the site-preferential oxida-
tion and leaching of Pt cathode nanoparticles around the
cathode boundary and the micro-crack in degraded PEFCs is
provided, which is relevant to the origin and mechanism of
PEFC degradation.

The polymer electrolyte fuel cell (PEFC) is one of the clean
energy-converting devices with high power density and
efficiency, which brings low or even zero emissions into
reality.!! For wide-spread commercialization of PEFC vehi-
cles, improvement of reliability and durability are indispen-
sable. To meet these requirements, test and diagnosis methods
are used to validate the membrane electrode assembly
(MEA) catalyst designs and provide fundamental spatial
information which is mandatory for the development of next-
generation PEFCs. Particularly, it is necessary to clarify the
key factors and mechanisms which promote or degrade
catalytic activities of Pt/C cathode catalysts and improve their
durability for oxygen reduction reactions (ORRs).[*2
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Catalyst characterization by, for example, NMR spectros-
copy, Raman spectroscopy, FTIR/ATR-IR spectroscopy,
TEM/SEM, XRD, neutron scattering, soft X-ray XPS, have
been studied extensively,”) but it is difficult to observe the
dynamic and spatial behavior and transformation of Pt
nanoparticles under the operating conditions of a PEFC.
The insitu time-resolved X-ray absorption fine structure
(XAFS) for PEFCs has recently been determined, the
dynamic transformations of structures and electronic states
of Pt/C and Pt;Co/C cathode catalysts was elucidated, and
elementary steps and their rate constants for the chemical
events at the catalyst surfaces were determined, involving Pt
valence change and Pt-O/Pt-Pt bond transformations.
These key reaction processes, which regulate the durability
of PEFCs as well as the ORR activity, may occur in the space
of the cathode layer because of the spatially heterogeneous
properties and distribution of the Pt nanoparticles and carbon
supports and the microscopically non-uniform potentials
loaded in the cathode layer under PEFC potential opera-
tions.’) The cathode degradation mechanism has also been
studied to improve the MEA durability, which becomes
a more serious issue.’! Therefore, the nanoscopic spatial
position and the mechanism of the dissolution and deterio-
ration of the Pt/C cathode catalysts in MEAs should be
uncovered to develop next-generation PEFCs with high
durability. Recently, functional samples such as catalysts and
batteries have been investigated by X-ray spectroscopy in two
and three dimensions.P>*H ™47 Nevertheless, there is limited
information on the spatial arrangement and the mechanism
for the Pt oxidation and dissolution in the Pt/C cathode
catalyst layers.

In this study we designed and constructed the new high-
performance XAFS beamline BL36XU at SPring-8 for
spatially resolved XAFS measurements of PEFCs besides
time-resolved XAFS measurements (Figure S1 in the Sup-
porting Information)."*® We succeeded in mapping Pt species
in Pt/C cathode catalyst layers by a XAFS method and by
a QXAFS method, and obtained spatial information on the
site-preferential oxidation and leaching of Pt cathode nano-
particles in degraded PEFCs.

To measure the scanning XAFS and QXAFS spectra, we
prepared two types of MEAs as typical examples: a) a MEA
with a flat interface and few micro-cracks (denoted as MEA-
A) and b) a MEA with micro-cracks (denoted as MEA-B).
The detailed preparation is described in the Experimental
Section of the Supporting Information. These MEAs were
electrochemically aged by /-V load cycles and treated with
accelerated durability tests (ADTs) by rectangle cycles
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between 0.60-1.0 V vs. the reversible hydrogen electrode
(RHE). We applied the ADT cycles to both MEA-A and
MEA-B until the maximum power density decreased by 25 %
from those of the aging MEAs (FiguresS2 and S3 and
Tables S1 and S2). The Pt nanoparticles (2.5 nm) at the
cathode grew to 8.5 nm on average by the ADT cycles (TEM
images in Figure S4).

Sliced MEA samples for the XAFS measurements were
prepared as follows. After the electrochemical procedures
and ADT cycles, both anode and cathode gases were replaced
by N, and the fuel cell was left until it reached an open circuit
voltage (OCV) to prevent the sample from being exposed to
high potentials. All procedures involving picking up the MEA
from the PEFC stack, slicing the MEA to a 1 pm thick piece
by an ultra-microtome, putting the sliced piece on a SiN
membrane, arranging the sliced sample-membrane in
a designed XAFS cell, and measuring XAFS spectra as
shown in Figure 1 were performed in humid N, (see the
Experimental Section in the Supporting Information). The
resultant XAFS spectra are regarded to be equivalent to the
XAFS spectra measured in situ after the aging and ADT
cycles.

For the XAFS measurements, we used beams of 570 x
540 nm? and 228 x 225 nm?, which are small enough compared
to the in-between region of cathode-layer-edge/Pt-band and
the micro-cracks in the cathode layer. We performed the
scanning XAFS mapping experiments every 1 um step in the
45x 45 um?* or 125x95 um? regions. We also carried out

All procedures in humid N,
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XAFS measurements by the QXAFS method. The acquisition
time for the scanning XAFS and QXAFS measurements was
1.6 s or 15 minutes for each spectrum, respectively. We used
the scanning XAFS for XANES analysis and the QXAFS for
EXAFS analysis. The values at 11.600 keV were used as Pt
L-edge jump values because the background in all XAFS
spectra was very low. The Pt oxidation states in the cathode
layer were estimated from a linear relationship between the
Pt valence and the white line peak area (WLPA) of the
normalized XANES spectra,” which we obtained using Pt
foil, PtO, and PtO, as references.**!”’ The qualities of the
scanning XAFS and QXAFS spectra were high enough to
allow mapping the Pt species in both MEAs (Figure 1 and
Figure S5).

Figure 2 shows the (A,a,B,b: 570 x 540 nm? and D,E: 228 x
225 nm?) Pt Ly;-edge XANES mapping and (570 x 540 nm?)
QEXAFS analysis for MEA-A before (A-F) and after (a—c)
the durability test; A and a: Pt quantity mapping, B and b: Pt
valence mapping. Figure 2 corresponds to 2D depth mapping
of the MEAs. During the aging of MEA-A the Pt valence
mapping (B,E) in the whole observed cathode area did not
show any significant change. The line profiles of the Pt
quantity (blue) and Pt valence (red) along the red arrow of
Figure 2B are shown in Figure 2 C. The Pt valence is metallic
in the whole region. In contrast, the distribution of the Pt
quantity in MEA-A after the ADT cycles was heterogeneous
as shown in Figure 2 a. Interestingly, the Pt valence mapping
(b) characterized the unique region between the cathode

layer edge and the Pt band. The location of the Pt band
with the high edge-jump intensity in the polymer
electrolyte region coincides with the back scattering
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edge and showed a maximum (0.33 +) at positions d of ¢
in the electrolyte membrane toward the Pt band (Fig-
ure 2c and also Figure S7). Thus, the Pt valence mapping
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shown in Figure 2b visualizes the existing area of
oxidized Pt species in the degraded MEA-A. At the

parts different from the boundary areas in the cathode
layer no oxidized Pt species were observed. The
resultant oxidized Pt species is produced first in the
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Figure 1. Preparation and arrangement of a sliced MEA piece on a SiN

membrane and its mount in a XAFS cell for the XAFS measurements. |:

a typical PEFC, II: its stacking structure (a: anode end plate; b: current

collector; c: graphite plate; d: gasket; e: MEA; f: gasket; g: graphite plate; h:
current collector; i: cathode end plate), I11: place of the sample extracted, IV
and V: dimension of the sample slicing, VI: mounting on a SiN membrane,

VII: front view of the designed cell, VIII: side view of cell stacking, IX:

directions of the X-ray irradiation and XAFS detector. A-C: typical XAFS data
taken by the XAFS cell. A) Normalized XANES spectra for a cathode catalyst
area in a degraded MEA-A by the XAFS mapping method (blue) and by the
QXAFS method (black), B) the QEXAFS oscillation and its curve-fitting for the
570x 540 nm? cathode area, C) the corresponding QEXAFS Fourier transform

and its curve-fitting in R-space.
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. boundary of the cathode catalyst layer during the
operating process involving repeated potential loads,
while the Pt nanoparticles at the other parts of the
cathode catalyst layer are metallic.

To characterize the structural parameters for the Pt
species in the MEA-A sample, we performed the
QEXAFS analysis for every 570 x 540 nm® area. The
analyzed positions are indicated as a-c and a—-d in
Figure 2 C and 2 c, respectively, where d is a cathode/Pt
band in-between the positions. The results of the
analysis are shown in Figure 2F and summarized in the
Figure 2 G, where the Pt valences at each position are
also shown. The overall QEXAFS Fourier transforms
and curve-fittings for the MEA-A samples after the
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Figure 2. A,a) Pt L,-edge jump mapping (Pt quantity mapping); B,b) Pt valence
mapping, for MEA-A after the aging (A,B) and ADT cycles (a,b), respectively by the
(570x 540 nm) XAFS mapping method. C,c) Line profiles of the absorbance (u) at
11.600 keV (blue) and Pt valence (red) in the scanning XANES spectra along the red
arrows in (B) and (b), respectively. D,E) Pt L,-edge jump mapping (Pt quantity
mapping) and Pt valence mapping, respectively, for another MEA-A piece after the
aging by the (228 x225 nm?) XAFS method. The quantity scale in (D) is not equivalent
to that in (A). F) (570x 540 nm?) QEXAFS Fourier transforms (black) and curve-fittings
(red) at positions a—c in (C). G) QEXAFS analysis by the curve-fittings (CN (Pt-Pt): blue,
CN(Pt-O): red) and Pt valence (green) at the positions a—d in (C) and c for MEA-A

before (circle) and after (triangle) the ADT cycles, respectively.

aging and ADT cycles are shown in Figures S8 and S9,
respectively, and the determined structural parameters are
listed in Tables S3 and S4. For the aging of MEA-A, the
QEXAFS data at positions a—c in Figure 2 C reveal only Pt-Pt
bonds at 0.276 nm with coordination numbers (CNs) of 10.8
and no Pt—O bonds were observed, indicating the absence of
oxidized Pt species in agreement with the Pt valence profile.
On the other hand, the degraded MEA-A exhibited a CN of
0.6 for the Pt—O bond (0.206 nm) at positions d of c¢. The
TEM observations revealed that many large metallic Pt
particles (>15nm) existed in these regions. Hence, the
scanning XAFS areas inevitably involved both Pt nano-
particles (visible with TEM) and Pt ions/clusters (invisible
with TEM; x 1500000). To estimate the concentration of the
oxidized Pt species, we assumed: 1) a CN of 12 for the Pt’
nanoparticles, 2) a 2 + valence for the oxidized Pt species as
demonstrated by in situ XAFS*!! and 3) a CN(Pt-Pt)=0
for the Pt*" species in the electrolyte region between the
cathode layer edge and Pt band. On this assumption, the Pt/
Pt** ratio at positions d of ¢ was calculated to be 7, which
corresponds to 0.23 + of the Pt valence on average, and this
valence fairly coincides with the Pt valence 0.33 + calculated
from XANES mapping (Figure 2b). Further, we can estimate
the CN of Pt-O for the Pt*" species to be 4, which suggests
that the high Pt oxidation species in the in-between region
possesses a Pt*"-O, coordination structure.

Figure 3 shows the Pt Lj;-edge jump mapping (A),
normalized WLPA mapping (B), and Pt valence mapping

www.angewandte.de
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positions with distances of roughly 1.2 and
2.4 um (on both cathode sides of the micro-
crack) far from the boundary edge to show the
maximum Pt valence (Pt*") in the micro-crack
area. No Pt nanoparticles/nanoclusters in the
micro-crack region were observed by TEM (x
1500000), whereas the presence of a small
amount of Pt was indicated by energy dispersive
spectroscopy (EDS). This means that there are
only sub-nanosized species with less than five Pt
atoms and/or Pt ions in the micro-crack region.
Figure 3E shows the normalized QXANES
spectra for the micro-crack areas 1, 5, and 6 of (B) and Pt
and PtO as references. There existed an isosbestic point at
11569.7eV in the QXANES spectra, which suggests the
direct transformation of Pt’ to Pt*" species during the
durability test. Figure 3F shows the QEXAFS Fourier trans-
forms (black), curve-fittings (red), and determined structural
parameters for areas 1-6 in the micro-crack region. The
overall analysis of the structural parameters are shown in
Figure S11 and Table S5. The micro-crack areas 1, 5, and 6
accommodated Pt*" species (1.9-2.1 + valences) and the CN
of Pt-0 at 0.200 nm was 4.0 (£ 0.4) but no Pt-Pt bonding was
observed. This means that the Pt*" species does not have any
Pt-Pt bonds but a Pt*-O, structure, such as the [Pt(H,0),]*"
ion. The water distribution inside the cathode may affect the
oxidation event.Pstm7mard The presence of the Pt**-O,
coordination species was also suggested with the degraded
MEA-A in the region between the cathode layer edge and the
Pt band. The Pt monomeric species [Pt(H,0),J*" in aqueous
solution is unstable, which is readily oxidized to Pt** and/or
polymerized to PtO. There are Nafion ionomers with
a sulfonic group in the micro-crack region as proved by
EDS (F and S analysis) and the Pt*" species may be stabilized
by coordination with a sulfonic group (Nf-SO;) to form
[Pt(Nf-SO;),(H,0),]*". During the ADT cycles, Pt nano-
particles at the boundary of the Pt/C cathode layer toward the
micro-crack are regarded to be first oxidized and then
dissolved into the ionomers with moisture in the micro-
crack region. As for the micro-crack areas 2—4 in Figure 3B,
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Figure 3. A) Pt L, -edge jump mapping (Pt quantity mapping), B) normalized WLPA
mapping, and C) Pt valence mapping for MEA-B after the ADT cycles by the XAFS
mapping method. D) Line profiles of the absorbance () at 11.600 keV (blue) and Pt
valence (red) in the scanning XANES spectra along the red arrow in (B). E) Typical
QXANES spectra of each micro-crack area in (B); crack 1: green, crack 5: blue, crack 6:
red) and references (PtO and Pt). F) QEXAFS Fourier transforms (black) and curve-
fittings (red) for micro-crack areas (1-6) in (B). G) QEXAFS analysis (CN(Pt-Pt): blue,
CN(Pt-O): red), and Pt valence (green) for the micro-crack areas 1-6 in (B).

the CNs of Pt-Pt and Pt-O were 1.0 —1.8 and 2.7 -3.1,
respectively, where the Pt valences are estimated as 1.8-1.9 +.
These results indicate that mainly Pt*" species are located in
the micro-crack areas2-4 and they may aggregate to
[(H,0),Pt*"(u-OH)], dimeric/cyclic species (the CNs of Pt—
Pt for the dimer and cyclic hexamer are expected to be 1.0 and
1.7, respectively), but the Pt-Pt bonds were observed at
a distance of 0.276 nm for metallic Pt species. Thus, it is more
probable that both small Pt” clusters and Pt*"-O, species
coexist in the micro-crack areas 2—4.

The oxidized Pt species might have formed elsewhere in
the cathode catalyst layer in the MEA-B and migrated toward
the micro-crack during the ADT cycles, but this possibility
may be excluded. The oxidized Pt species were located within
the 1.2/2.4 um range near the cathode layer edge with the
maximum Pt valence (Pt*") in the micro-crack area. The Pt
concentration in the micro-crack region was estimated by the
edge-jump profile to be much lower than that in the flat part
of the cathode catalyst layer, and the further degradation and
dissolution should have been in progress during the ADT
cycles. However, there were no Pt oxidized species in any
areas inside the cathode layer far from the micro-crack, which
indicates that the metallic Pt nanoparticles in parts of the
cathode layer different from the 1.2/2.4 pm areas around the
micro-crack were not oxidized to dissolve significantly by the
ADT cycles. In separate experiments we have also analyzed
the cathode catalyst layers of MEA pieces by the XAFS
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approaches to the Pt/C cathode catalysts in
PEFCs by the XAFS mapping method and the
QXAFS method gained new insights into the
two-dimensional depth distribution of metal-
lic and oxidized Pt species and the site-
preferential mechanism for Pt oxidation and
dissolution to form the Pt*" monomeric spe-
cies with a Pt-O, coordination structure in the
degradation process. Insitu XAFS experi-
ments may provide further understanding of
the MEA degradation mechanism by time-dependent map-
ping of a chemical change of Pt nanoparticles in the PEFC
MEA under various conditions.

Experimental Section

In the XAFS method we scanned a MEA sample on a holder along
a line against focused X-rays at a given X-ray energy, and then
scanned the sample on the same line at the next given X-ray energy
and repeated the line scan in the energy range every 0.4 and 2.0 eV,
respectively, to obtain XANES and EXAFS spectra, and these
procedures were repeated in the whole microscale area of the MEA
Pt/C cathode layer. In the QXAFS method the MEA sample was
fixed at a position during the measurement of a QXAFS spectrum,
and then the focused beam was moved to the next point to measure
the next QXAFS spectrum again. This procedure was repeated to
obtain a QXAFS map in the target area. No beam damages in both
XAFS methods were observed (Figures S12 and S13). The Pt Ly;-
edge XAFS spectra were measured in fluorescence mode at BL36XU
and BL39XU. The X-ray beam (11.390-12.170 keV) was focused to
570 x 540 nm* or 228 x 225 nm* using a pair of elliptically bent KB
mirrors (see the Experimental Section in the Supporting Informa-
tion).
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