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Abstract

It 1s hard to directly visualize spectroscopic and atomic—nanoscopic information on the
degraded Pt/C cathode layer inside polymer electrolyte fuel cell (PEFC). However, it is
mandatory to understand the preferential area, sequence and relationship of the
degradations of Pt nanoparticles and carbon support in the Pt/C cathode layer by directly
observing the Pt/C cathode catalyst for development of next-generation PEFC cathode
catalysts. Here, the spectroscopic, chemical and morphological visualization of the
degradation of Pt/C cathode electrocatalysts in PEFC was performed successfully by a
same-view combination technique of nano-XAFS and TEM/STEM-EDS under a humid N2
atmosphere. The same-view nano-XAFS and TEM/STEM-EDS imaging of the Pt/C
cathode of PEFC after triangular-wave 1.0-1.5 Vrue (startup/shutdown) accelerated
durability test (tri-ADT) cycles elucidated the site-selective area, sequence and relationship
of the degradations of Pt nanoparticles and carbon support in the Pt/C cathode layer. The
20 tri-ADT cycles caused a carbon corrosion to reduce the carbon size preferentially in the
boundary regions of the cathode layer with both electrolyte and holes/cracks, accompanied
with detachment of Pt nanoparticles from the degraded carbon. After the decrease in the
carbon size to less than 8§ nm by the 50 tri-ADT cycles, Pt nanoparticles around the
extremely corroded carbon areas were found to transform and dissolve into oxidized Pt**-

Os species.

Keywords: Same-view imaging, Nano-XAFS/STEM-EDS, PEFC Pt/C cathode, Pt and

carbon degradations, Degradation sequence



Introduction

Hydrogen fuel cell is one of clean and efficient power generation systems for future
hydrogen vehicles, sustainable low-carbon society, diverse energy security, efc. For the
widespread commercialization of polymer electrolyte fuel cell (PEFC) vehicles, however,
both performance and long-term durability of the current Pt/C cathode electrocatalysts are

insufficient for the sluggish oxygen reduction reaction (ORR), and hence, remarkable
improvements of both ORR activity and long-term durability are indispensable. !> For

example, the DOE 2020 mass activity (MA) and durability targets are presented to be 0.44
A mg'p@0.9 Vrak after electrochemical conditioning (activation) and 0.26 A mg 'p@0.9
VreE after rectangular-wave 0.6-1.0 Vrue 30,000 cycles, respectively.® Particularly, the
degradation of cathode electrocatalysts due to carbon corrosion and Pt dissolution and
detachment during startup/shutdown cycles should be significantly suppressed.’”!° Any Pt-
based electrocatalysts with high ORR performance and durability, particularly long-term
durability against startup/shutdown load cycles (simulated by triangular-wave 1.0-1.5
VrHE cycles), have not been reported thus far. For development of next-generation PEFC
cathode electrocatalysts, it is mandatory to understand the preferential area, sequence and
relationship of the degradations of Pt nanoparticles and carbon support in the Pt/C cathode
layer of membrane electrode assembly (MEA) in PEFC by directly observing the MEA
Pt/C cathode electrocatalyst.

An assumed schematic diagram of the degradation of MEA Pt/C cathode under 1.0-1.5
VRrHE voltage operation (startup/shutdown cycles) is shown in Scheme 1. It has been
suggested from electrochemical points of view that at first carbon corrosion and Pt-
catalyzed carbon oxidation occur, and subsequently Pt nanoparticles degrade due to particle

growth, aggregation, detachment and dissolution.!"!* However, there is no direct evidence
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Scheme 1. An assumed schematic diagram of the degradation of the Pt/C cathode electrocatalyst in
membrane electrode assembly (MEA) of polymer electrolyte fuel cell (PEFC) under 1.0-1.5 Vrye

voltage operations (startup/shutdown cycles).

of the easy sites, sequence and mechanism of the cathode degradation because there are
few suitable in situ and ex situ analysis methods to elucidate the corrosion, structures and
chemical states of Pt/C cathode electrocatalysts with nanometer dimensions inside MEA of
PEFC. It is hard to directly visualize spectroscopic and atomic—nanoscopic information on
the degraded Pt/C cathode layer inside MEA.

In situ and time-resolved X-ray absorption fine structure (XAFS) techniques are
recognized to enable element-selective investigation on the local structures and oxidation
states of Pt/C, Pt3Co/C and Pt3Ni/C cathode electrocatalysts in PEFC.!>'® The time-
resolved quick XAFS can also decide ORR elementary steps and their rate constants under

voltage transient response processes.'>2° The in situ and time resolved QXAFS can provide



structural and electronic information on cathode electrocatalysts in MEA, which cannot be
obtained by other analysis techniques, but the information is averaged in a larger than ten-
micrometers area of the cathode irradiated with non-focusing X-rays. The key elementary
processes and degradation of the Pt/C cathode, which regulate the ORR activity and
durability of PEFC, have been visualized to occur heterogeneously in the space of the
cathode layer by a 3D Laminography-XAFS method with 1 um spatial resolution.?” The
degradation of carbon supports under startup/shutdown processes for PEFCs has also been
reported.?®

Recently, we have developed a same-view membrane cell, which allows the
simultaneous view of both Pt valence/bonding states by nano-XAFS and elemental
distribution/carbon corrosion by TEM/STEM-EDS under a humid N> atmosphere by
combining the nano-focusing XAFS and TEM/STEM-EDS.?3! The combination
technique in the same-view cell provided spatial imaging information on the distribution
of Pt nanoparticles and their oxidation states and coordination structures with chemical
bonding in the Pt/C cathode electrocatalyst.?*=*! In the previous work, we investigated the
heterogeneous degradation of Pt nanoparticles in the cathode layer after the rectangular-
wave (0.6-1.0 Vrae) accelerated durability test (rect-ADT) treatment.?-*! While the results
clearly showed the easy boundary areas to degrade, it was hard to separate and elucidate
the nanoscopic degradation sequence at different sorts of boundary regions because the
carbon corrosion and Pt deterioration occurred simultaneously. There is little information
on the spatially heterogeneous issue, sequence and mechanism for the nanoscopic Pt
detachment and dissolution closely related to the carbon corrosion in the Pt/C cathode
catalyst layers.

Herein, we report direct visualization of the preferential areas, sequence and



relationship of the nanoscopic degradations of Pt nanoparticles and carbon support in MEA
Pt/C cathode electrocatalysts, which was performed successfully by the same-view nano-
XAFS and TEM/STEM-EDS imaging technique. The scanning nano-XANES and nano-
EXAFS methods were used to spatially image Pt valences and bonding states, respectively.
Nano X-ray beams with 210 x 226 nm? and 142 x 159 nm? sizes at SPring-8 BL36XU
beamline that we designed and constructed for fuel cell research were used in this

Stley. 15,23,32

Results and discussion

The MEA Pt/C samples with different degrees of degradation were produced by the
accelerated degradation test (ADT) procedure with triangular-wave 10, 20 and 50 cycles
between 1.0 and 1.5 Vrue. The activated (aging) Pt/C and the 10 tri-ADT degraded Pt/C in
same-view membrane cells were imaged by STEM in Figure 1, which shows spatially
heterogeneous degradation. Figure 1 displays a schematic same-view membrane cell (A)
that we developed (Figure S1 in more detail) and STEM images (B-F) of wet sliced MEA
Pt/C samples after aging (B) and 10 tri-ADT cycles at different places of the Pt/C cathode
layer (C—F). The same-view stacking membrane cell has allowed us to achieve non-
destructive TEM/STEM-EDS measurements under a humid N2 atmosphere to avoid MEA
transformations and destructions, which are easily caused by shrinking of ionomers and
electrolytes by drying and water loss under high vacuum conditions taken for usual
TEM/STEM-EDS observations.?>** After the electrochemical procedures, the PEFC was
left under N2 flows at both anode and cathode until it reached an open circuit voltage to
prevent the sample from being exposed to high potentials. The MEA was sliced to a small

piece with 200 nm thickness (4—6 layers of carbon particles) by an ultra-microtome under



a humid N2 atmosphere, and the sliced MEA piece was putted on a 100 nm thick SiN
membrane under a humid N2 atmosphere. The resultant nano-XAFS spectra and
TEM/STEM-EDS images for the sliced MEA in the SiN membrane stacking cell are

regarded to be equivalent to those measured in situ after the aging and the ADT cycles

Activated Pt/C cathode B%l#?gra% \tA;:tRDGTDL

A B: .

electron beam s
nano-focusing X-ray EDS e e e

\1 ’ nano-XAFS 16;'3:?!'.34
:. TTAe
“»
SiN membrane Si ﬂam91 100 un 3
4 " -3'

100 nm-thick — spacer ‘A. -
‘ ’ / 300 nm-thick 'l e
| i

We liced SaIH e STEM
t
e{ SIIC P ) TEM/

20 nm
No degradation Little degradation
Boundary with electrolyte  Boundary with crack/hole  Cathode middle region
after 10 tri-ADT after 10 tri-ADT after 10 tri-ADT
D e E F .
< 120 z e K
- P
Ly
.l‘..{"
po
i N
o
. M
20 nm :&'
Decrease in carbon size Decrease in carbon size Little degradation

Figure 1. Schematic same-view membrane cell and STEM images of the cathode layer of wet sliced
MEA Pt/C samples after aging (B) and 10 tri-ADT degradation (C-F). (A) Same-view membrane cell
with a sliced MEA piece mounted on a 100 nm-thick SiN membrane for nano-XAFS/STEM-EDS. (B-F)
B: STEM image of an activated MEA Pt/C cathode layer in the boundary region with the electrolyte after
aging (0 tri-ADT cycle), C: STEM image of an MEA Pt/C cathode layer in the boundary region with the
GDL after 10 tri-ADT cycles, D: STEM image of an MEA Pt/C cathode layer in the boundary region
with the electrolyte after 10 tri-ADT cycles, E: STEM image of an MEA Pt/C cathode layer in the
boundary region with the crack/hole after 10 tri-ADT cycles, and F: STEM image of the middle region
of an MEA Pt/C cathode layer after 10 tri-ADT cycles. The initial size of carbon support is about 40 nm.

because all the procedures were conducted under the humid N2 atmosphere without

exposing air and the degradation of MEAs is irreversible in the present time scale.?!

STEM image observations were performed in the boundary regions of the Pt/C cathode

7



layer with the gas diffusion layer (GDL) (Figure 1 C), the polymer electrolyte (Figure 1 D)
and cracks/holes (Figure 1 E), and in the middle of the Pt/C cathode layer (Figure 1 F). The
initial size of carbon nanoparticles after activation (aging) before the tri-ADT cycle is about
40 nm. After 10 tri-ADT cycles, the size of carbon supports reduced to 15-20 nm, and it
was also observed that Pt nanoparticles detached from carbon surfaces in the 100 nm-wide
boundary regions of the cathode layer with the polymer electrolyte (Figure 1 D) and
cracks/holes (Figure 1 E). In the boundary region with the GDL and in the middle region
of the cathode layer, however, there was only few change in the size of carbon nanoparticles
and there was few detachment of the Pt nanoparticles (Figure 1 C and F). Thus, these results
indicate that the carbon deterioration and Pt detachment occur site-selectively in the
boundary regions with the electrolyte and cracks/holes.

Figure 2 shows the statistics data for the site-selective degradations of carbon support

(Figure 2 A) and Pt catalyst nanoparticles (Figure 2 B). As the number of tri-ADT cycles
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Figure 2. Degradations of carbon support and Pt nanoparticles in the Pt/C cathode catalyst layer; A:

Variation of the mean size of carbon support with tri-ADT cycles, and B: Variation of the mean size

of Pt nanoparticle with tri-ADT cycles. 1 (0): Middle of the cathode layer, 2(<): 100 nm-wdie

boundary region with the electrolyte, 3(A): 100 nm-wide boundary region with the GDL side, 4(0):

100 nm-wide boundary region with the cracks/holes. After 50 tri-ADT cycles, the carbon support

morphology became unusual and it was difficult to measure the size, while a few nanometers of

graphite structure were observed.



increased, the mean particle size of the carbon support in the MEA Pt/C cathode layer
decreased from 40 nm to 10—14 nm preferentially in the 100 nm-wide boundary regions

faced to the electrolyte and cracks/holes. Also in the boundary region of the cathode with
the electrolyte and cracks/holes, the mean size of Pt nanoparticles increased from 2.8 nm

to 4.5 nm and from 2.7 nm to 3.6 nm, respectively. Such site-selective degradation of both
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Figure 3. The same-view nano-XAFS/STEM-EDS imaging of the activated (aging) MEA cathode
electrocatalyst for the 32 x 18 um? (A - E) and 3 x 3 um? regions (F - 1). A and F: STEM images; B
and G: XAFS absorbance pis00kevy; C and H: the superpositions of A and B and F and G,
respectively; D: map of Pt/lonomer ratios; E and |: XAFS Pt valence maps; J and K: STEM images
for the indicated red square areas; I: XAFS Pt valence map for G. L: nano XANES for the nano-
square areas e (black), m (red), and g(green) shown in A. M and N: nano-EXAFS oscillations (M) and
Fourier transforms (N) and their fittings (red); CN(Pt-Pt) and R(Pt-Pt) are shown in N (see Figure S2
and Table S1). The beam sizes are 210 x 226 nm and 142 x 159 nm for B - E and G — I, respectively
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Pt nanoparticles and carbon support may be caused by spatially non-uniform potential
loading and hydrogen fluoride formed by Nafion electrolyte deterioration.>34

The STEM images and nano-XAFS maps around the cathode electrocatalyst layer after
0, 10, 20, 50 tri-ADT cycles are shown in Figures 3, 4, 5, and 7, respectively, where the
STEM-EDS and nano-XAFS imagings in the same areas of the MEA Pt/C were measured
in the same-view membrane cell under a humid N2 atmosphere. The aging (activated) MEA
Pt/C sample (0 tri-ADT cycle) showed nearly homogeneous Pt distribution in the cathode
layer (Figure 3 B), where there was few crack/hole (Figure 3 A and B). The valence of all
Pt nanoparticles in the whole (B) and microscopic (G) areas was proved to be metallic by
Pt valence maps in Figure 3 E and I and by nano-XANES spectra in Figure 3 L. However,
the spatial distribution of ionomers was non-uniform as imaged in Figure 3 D. The Pt
metallic state and its spatial uniformity were confirmed by nano-EXAFS analysis in the
boundary areas with the polymer electrolyte (e in A) and GDL (g in A) and in the middle
cathode area (m in A) as shown in Figure 3 M (nano-EXAFS oscillations) and N (nano-
EXAFS Transforms), where only Pt-Pt bonds at 0.275 nm were observed and no Pt-O
bonds were detected. The more detailed fitting results and structural parameters are shown
in Figure S2 and Table S1 (supporting information). These results demonstrate the uniform
distribution of metallic Pt” nanoparticles in the whole cathode region of the activated MEA
Pt/C (0 tri-ADT cycle).

After 10 tri-ADT cycles (Figure 4), the cathode catalyst layer became thin compared to
the images of Figure 3 as a result of carbon corrosion. However, the Pt valence kept in zero
(Figure 4 E and I). In the boundary region of the cathode with the electrolyte, the size of
carbon (Figure 2A) reduced and lots of Pt nanoparticles detached from the cathode carbon

as imaged in Figure 4 F and J. We performed nano-XAFS measurements in the nano regions
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including the detached Pt nanoparticles (d1 and d2 marked with red squares in Figure 4 F
and J) and the edge areas of the cathode layer (el and e2 marked with red squares in Figure
4 F and J). The nano-XANES spectra for d1, d2, el and e2 areas are shown in Figure 4 M,
which are all similar to the XANES for Pt metal foil. Nano-EXAFS data for the nano areas

(d1, d2, el and e2) are shown in Figure 4 N and O, where the EXAFS oscillations and
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Figure 4. The same-view nano-XAFS/STEM-EDS imaging of the degraded MEA cathode
electrocatalyst after 10 tri-ADT cycles for the 30 x 24 um? (A - E) and 3 x 3 um? regions (F - 1). A
and F: STEM images; B and G: XAFS absorbance 11600 kevy map; C and H: the superpositions of A
and B and F and G, respectively; D: map of Pt/lonomer ratios; E and I: XAFS Pt valence maps; J - L:
STEM images for the indicated red square areas; M: nano XANES for the nano-square regions
d1(red), d2 (green), el(black) and e2(blue) shown in F, G, I and J. N and O: nano-EXAFS
oscillations (N) and Fourier transforms (O) and their fittings (red); CN(Pt-Pt) and R(Pt-Pt) are shown
in O (see Figure S3 and Table S2). The beam sizes are 210 x 226 nm and 142 x 159 nm for B - E and
G — I, respectively.
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Fourier transforms are presented with fitting curves (red). The detailed fitting data and
determined structural parameters are shown in Figure S3 and Table S2 (SI). In every nano
region of the MEA Pt/C sample after the 10 tri-ADT cycles only Pt-Pt bonds around 0.275
nm were observed and no Pt-O bonds were observed. The results on the Pt valence maps
for the cathode layer and the detailed EXAFS analysis for the nano areas evidence that both
detached Pt nanoparticles and edge area-located Pt nanoparticles at the initial stage of MEA
degradation are still metallic. Thus, it is concluded that the Pt detachment occurred without
any change/oxidation of Pt chemical species in the early degradation stage of MEA Pt/C.
After 20 tri-ADT cycles, the cathode catalyst layer became thinner and definite cracks
and holes were formed as a result of carbon corrosion as shown in the STEM image of
Figure 5 A under a humid N2 atmosphere. The Pt distribution became heterogeneous clearly
after the 20 tri-ADT cycles as depicted by the XAFS map in Figure 5 B. The ionomer
concentration was also heterogeneous (Figure 5 D). Figure 5 E and I revealed the Pt valence
map, where the location of Pt oxidized species was visualized only in the boundary region
with the electrolyte and also in the cracks and holes. In the 20 tri-ADT sample we found
remarkably degraded areas in the boundary region, where the size of carbon nanoparticles
reduced to ~8 nm (Figure 5 F, J and K). On such carbons most of Pt nanoparticles detached
and aggregated as shown in Figure 5 F, J and K. Then, we performed same-view nano-
XAFS measurements to estimate Pt chemical species in the corroded carbon areas cl and
c2 in Figure 5. Also, as a reference, a nano area nl (Figure 5 F and L) with a normal size
of carbon was measured. The Pt distribution map and Pt valence map are shown in Figure
5 G and I, where the beam size (nano-XAFS measurement area) was as small as 142 x 159
nm?”. The normalized XANES spectra for the nano areas c1, ¢2, and n1 are shown in Figure

5 M. The white line peak intensity for the cl and c2 areas was larger than that for the nl
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area. The Pt valences in the cl and c2 areas were estimated as 0.4 £0.05, while the Pt
valence in the nl area was zero. The nano-EXAFS analysis results for the c1, c¢2 and nl
areas in Figure 5 G are shown in Figure 5 N (oscillations) and O (Fourier transforms). The
detailed fitting data and determined structural parameters are shown in Figure S4 and Table

S3 (SI). In these corroded carbon areas (c1 and c¢2) the coordination numbers of Pt-Pt bonds
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Figure 5. The same-view nano-XAFS/STEM-EDS imaging of the degraded MEA cathode
electrocatalyst after 20 tri-ADT cycles for the 40 x 24 um (A - E) and 3 x 3 um regions (F - I). A and
F: STEM images; B and G: XAFS absorbance 11600 kevy map; C and H: the superpositions of A and
B and F and G, respectively; D: map of Pt/lonomer ratios; E and 1: XAFS Pt valence maps; J- L:
STEM images for the indicated red square areas; M: nano-XANES for the regions c1(red), c2 (blue)
and nl (black) shown in F, I and J. N and O: nano-EXAFS oscillations (N) and Fourier transforms
(O) and their fittings (red); CN(Pt-Pt), R(Pt-Pt) and CN(Pt-O) are shown in O (see Figure S4 and
Table S3). The beam sizes are 210 x 226 nm and 142 x 159 nm for B - E and G — I, respectively.
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(CNpept) were 8.7 and 8.5, respectively, which are smaller than the CNpt.pt (10.1) for the nl
area that is similar to the value (10.8) estimated from the averaged Pt nanoparticle size
(~2.8 nm) for the aging Pt/C sample (Figure 2).***! The coordination numbers of Pt-O
bonds (CNpt.0) in the c1 and c2 areas were determined to be 1.0 and 1.2, respectively (Table
S3). These XANES and EXAFS results for the 20 tri-ADT sample reveal that oxidized Pt
species were formed and remained in the areas around small corroded carbon supports (~8
nm) in the boundary region with the electrolyte layer. On the other hand, no Pt-O bonds
(CNpt.0 =0) were observed in the nl area, which agrees with the Pt valence analysis (Figure
5M).

t2*-04 with a four coordination structure in

Previously, we reported the formation of P
the large um-crack region by rectangular-wave 0.6-1.0 Vrue ADT (rec-ADT) cycles on the
basis of the Pt valence estimated by the nano-XANES and the CNpto estimated by the
nano-EXAFS.?-3! The white line intensities of the normalized XANES spectra for Pt foil,
Pt(acac)2, PtO and PtO: are regarded to be proportional to their Pt valences.'® The XANES
spectra for the degraded MEA Pt/C electrocatalysts were well fitted by a linear combination
of Pt foil XANES and PtO XANES.!%2-3! There existed an isosbestic point at 11,569.7 eV
in the nano-XANES spectra during the course of rec-ADT cycles, which suggested a direct
transformation of Pt° to Pt>* species without any stable intermediate states in the rec-ADT
durability test operation. Figure 6 shows a series of nano-XANES spectra for the MEA
Pt/C samples after the aging (0 tri-ADT), 10, 20 and 50 tri-ADT (1.0-1.5 Vrug) cycles in
the present study, which also revealed the existence of an isosbestic point at 11,569 eV.
Previously, the Pt oxidation states of +2.0 (+0.1) valences were also observed in micro

cracks/holes of Pt/C cathodes in degraded MEAs, where the CNs of Pt-O were about 4.0

(£0.4) and no Pt-Pt bonding was observed and neither nano size nor sub-nano size particles
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Figure 6. The existence of an isosbestic point in a series of nano-XANES spectra for
the MEA Pt/C samples after the aging (0 tri-ADT), 10, 20 and 50 tri-ADT cycles.

Table 1. The molar fractions of Pt° and Pt?*-O, species estimated from Pt valence, CNpt.pt and CNpy.
o under the assumption that Pt species consists of only metallic Pt° nanoparticles and Pt?*-O, species
with a four coordination structure in the regions of c1, c2 and n1 in Figure 5 for the MEA Pt/C after
20 tri-ADT cycles and b1, b2 and N1 and I, Il and 111 in Figure 7 for the MEA Pt/C after 50 tri-ADT
cycles.

from Pt valence from CNpept from CNpto
Pto(%) Pt¥*-0,(%) Pto(%) Pt2*-0,(%) Pto(%) Pt**-0,(%)

Nano areas

20 tri-ADT sample

cl 80 20 80 20 70 30
c2 80 20 80 20 70 30
nl 100 0 100 0 100 0
50 tri-ADT sample
bl 30 70 40 60 40 60
b2 40 60 40 60 40 60
N1 100 0 100 0 100 0
| 30 70 20 80 40 60
I 40 60 20 80 40 60
Il 100 0 100 0 100 0

were observed by the highest magnification 1,500,000 of TEM.?*** These results suggest
Pt**-O4 monomeric species.?’ In other degraded MEA Pt/C cathodes treated by anode gas
exchange cycles we also observed monomeric Pt** species (Pt valence: +1.9 (£0.15)) with
only Pt-O bonds and the CNp.o 0f 2.3 (£0.8) at 0.211 nm (£0.007 nm).*>* The bond distance

and coordination number of Pt-O indicate monomeric Pt(OH)2 species. Assuming four
15



coordination, the Pt(OH)2 may be loosely coordinated with water and the Nafion ionomer
(Nf-SO3 groups) in equilibrium; e.g. [Pt(OH)2(Nf-SO3)x(H20)y].2%-!
Thus, following the previous findings and discussion and assuming that Pt species

consist of metallic Pt” nanoparticles and Pt**

-O4 species in the nano areas cl, ¢2 and nl in
the boundary region (Figure 5 G), we estimated the molar fractions of Pt’ nanoparticles
and Pt?*-O4 species in c1, ¢2 and n1 areas from the white line intensity (Pt valence) and the
CNptpt and CNpto as listed in Table 1. A part of Pt nanoparticles was oxidized in the c1 and
c2 areas around the degraded carbon with smaller sizes than ~8 nm, whereas in the nl area
nearly all Pt nanoparticles remained metallic. The estimated molar fractions of Pt**-Oq4
species for the cl and c2 areas were 20-30% from the parameters, Pt valence, CNpt.pt and
CNprt.o (Table 1). The fractions estimated from the XANES Pt valence and the EXAFS CNs
were similar to each other, which suggests that the majority of the oxidized Pt species is
assigned to the Pt**-O4 species with a four coordination structure and the Pt**-O4 species
coexist with metallic Pt® nanoparticles (70-80% fraction) in the nano areas c1 and c2.
After 50 tri-ADT cycles, the thickness of the cathode catalyst layer reduced by 40%
(Figure 7 A—C). The Pt distribution became more heterogeneous after 50 tri-ADT cycles
(Figure 7 B). Figure 7 E and I show the Pt valence map and location of the Pt oxidized
species in the boundary region with the electrolyte and also in the cracks and holes. In the
50 tri-ADT sample, interestingly, we observed an appearance of unusual carbon region with
carbon sizes below 8 nm in dimension across over a wide range of the boundary of the
cathode catalyst layer with the electrolyte (bl and b2 in Figure 7 F). In this region, the
initial morphology of the carbon support was lost and became flat. Moreover, only non-

oriented graphite structures were observed by TEM (Figure 7 F, J and K) though the non-

degraded carbon support (Ketjenblack) possessed an oriented longer stacking graphite
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structure. The above carbon region with the non-orientated graphite structure might have
been formed by an aggregation of very small corroded carbons (below a few nm). The
normalized XANES spectra for the nano areas b1 and b2 marked with red squares in Figure

7 F, I and J showed the larger white line peak intensity than that for the N1 area with
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Figure 7. The same-view nano-XAFS/STEM-EDS imaging of the degraded MEA cathode electrocatalyst
after 50 tri-ADT cycles for the 34 x 24 um (A - E) and 3 x 3 um regions (F - I). A and F: STEM images;
B and G: XAFS absorbance 11600 kevy) map; C and H: the superpositions of A and B and F and G,
respectively; D: map of Pt/lonomer ratios; E and 1: XAFS Pt valence maps; J and K: STEM images for
the indicated red square areas; L: nano XANES for the regions b1(red), b2 (blue), N1 (black) shown in F,
G and I. M and N: nano-EXAFS oscillations (M) and Fourier transforms (N) and their fittings (red);
CN(Pt-Pt), R(Pt-Pt) and CN(Pt-O) are shown in N (see Figure S5 and Table S4). O: Nano-XAFS spectra;
P: nano-XANES spectra, in the nano regions I, Il and Il for the 50 tri-ADT sample in Figure 7 E. The
beam sizes are 210 x 226 nm and 142 x 159 nm for B - E and G — I, respectively
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metallic Pt® nanoparticles (Figure 7 L). Figure 7 L and Figure 6 for the series of nano-
XANES spectra reveal an isosbestic point at 11,569 eV, indicating the direct transformation
of Pt to Pt*" during the 50 tri-ADT degradation. The estimated molar fractions of Pt
nanoparticles and Pt**-Os4 species in b1, b2 and N1 are also listed in Table 1. The fractions
of the Pt*-O4 species in bl and b2 were 60-70%, while the fractions of metallic Pt°
nanoparticles were 30-40%. In the N1 area metallic Pt’ nanoparticles remained unchanged
(100% fraction), where no Pt** ions were observed. The nano-EXAFS analysis results for
the bl, b2 and N1 areas marked with red squares in Figure 7 F and G are shown in Figure
7 M (oscillations) and N (Fourier transforms). The size of the measured nano-regions was
142 nm x 159 nm (same as the beam size). The detailed fitting data and determined
structural parameters are shown in Figure S5 and Table S4 (SI). In these corroded carbon
areas (bl and b2) the CNptpt values were 4.9 and 5.0, respectively, which are much smaller
than the CNpept (10.2) for the N1 area. The CNpr.o values in the bl and b2 areas were
determined to be 2.2-2.3, which are 1.8-2.3 times larger than those for the c1 and c2 areas
in the 20 tri-ADT sample. No Pt-O bonds were observed in the N1 area. The same-view
nano-XAFS/STEM-EDS technique for the 50 tri-ADT sample evidences that the Pt
oxidation is more pronounced in the extremely corroded region of carbon support.

Figure 7 O and P show the nano-XANES spectra for the hole and crack regions (I and
I1, respectively in Figure 7 E) and non-degraded region (III in Figure 7 E), and the nano-
EXAFS data for the regions I-III and structural parameters determined by the curve fitting
analysis are shown in Figure S6 and Table S5 (SI). It was found that the averaged Pt valence
for Pt species in the hole/crack regions (I and II) reached to 1.4+ and 1.2+, respectively
(Table 1). In the non-degraded carbon region (III) the Pt valence was zero. The molar

fractions of Pt” and Pt**-O4 species in these regions were also calculated by the Pt valence,
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CN(Pt-Pt) and CN(Pt-O) as listed in Table 1. The fractions of the Pt**-O4 species in both
hole and crack regions were 60—-80% (Table 1). Hence, the Pt**-O4 fractions in the I and 11
areas correspond to an averaged Pt valence around 1.4+, which agrees with the above
estimated Pt valence around 1.3+ within experimental error bars. Thus, it is suggested that
the majority of Pt species in the crack/hole region after the 50 tri-ADT cycles is Pt**-Ox4
species. The Pt nanoparticles were oxidized in the crack/hole regions (I and II) similar to
the boundary regions (bl and b2) with the electrolyte layer, even more oxidized in the
crack/hole nano areas (I and II) than in the nano areas (bl and b2) of the boundary region.
The CN(Pt-Pt) values were 2.5-2.7 (Table S5), which are smaller than the values 4.9 and
5.0 for the bl and b2 areas in the boundary region with the electrolyte. This result also
indicates more deterioration of Pt nanoparticles to Pt*" ions accompanied with Pt-Pt
dissociation in the crack/hole regions. We estimated the amount (density) of the Pt species,
which are detached as Pt® nanoparticles and dissolved as Pt**-O4 species, in the nano areas
I and II from the nano-XAFS spectra in Figure 7 O and Figure S6 O. The amounts of the
total Pt species in the nano areas I (hole) and II (crack) were 7% and 8% of that in the III
(no deterioration) area.

Figure 8 shows the effects of crack/hole size and Pt/ionomer ratio on Pt valence in the
0-50 tri-ADT samples. The relationships between Pt valence (red) and crack/hole size and
between crack/hole number (blue) and crack/hole size are illustrated in Figure 8 A, and the
relationships between Pt valence (red) and Pt/ionomer ratio and between crack/hole
number (blue) and Pt/ionomer ratio are illustrated in Figure 8 B. The number of cracks and
holes in the MEA Pt/C cathode layer increased with increasing tri-ADT cycles along with
corrosion of the carbon support becoming thinner, where the Pt/ionomer ratio increased in

the cracks/holes, particularly less than ~700 nm. The Pt valence was more positively
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A: The relationships between Pt valence (red) and crack/hole size and between crack/hole number
(blue) and crack/hole size. B: The relationships between Pt valence (red) and Pt/ionomer ratio and

between crack/hole number (blue) and Pt/ionomer ratio.

charged in the larger crack/hole sizes than ~800 nm and in the crack/hole areas with the
Pt/ionomer ratios below ~0.06. In such crack/hole regions the detached Pt’ nanoparticles
(30-40% fraction) and dissolved Pt**-O4 species (60-70% fraction) coexist. Recently, we
observed the similar tendency with the MEA Pt/C sample after 5,000 rect-ADT (0.6-1.0
VraE) cycles.®! The degradation tendency in the crack/holes areas under the rect-ADT and
tri-ADT protocols is suggested to be similar though the intense carbon corrosion under the
50 tri-ADT treatment above mentioned was not observed under the 5,000 rect-ADT
treatment.

The same-view nano-XAFS and TEM/STEM-EDS measurement technique enabled us,
for the first time, to directly visualize and analyze the degradation process of both carbon
and Pt species involving supported Pt’ metallic nanoparticles, detached Pt’ metallic
nanoparticles and dissolved Pt** oxidized species in the MEA Pt/C cathode electrocatalyst
layer during the 0—50 tri-ADT operations, which is illustrated in Scheme 2. The application
ofthe tri-ADT cycles caused at first the carbon corrosion and deterioration to reduce carbon

size and to make carbon layer thin, particularly in the boundary region with the electrolyte
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Scheme 2. Visualized schematic diagram for the degradations of carbon support and Pt nanoparticles in
MEA Pt/C cathode electrocatalyst layer under the triangular-wave ADT (startup/shutdown) cycles. (Stage
i) the initial Pt/C cathode electrocatalyst in MEA after aging (activating) treatment, (Stage ii) the
degradation of the MEA Pt/C cathode in the boundary region with the electrolyte, where carbon corrosion
caused decreases in the carbon size and cathode layer, accompanied with the detachment of Pt
nanoparticles, and (Stage iii) the degradations in the cathode areas around extremely corroded carbon and
in the cracks/holes in the boundary region with the electrolyte, where carbon size decreased to below ~8

nm and Pt° nanoparticles were oxidized and dissolved into Pt**-O,4species in addition to the detachment.

(stage i), which was accompanied with the detachment of metallic Pt® nanoparticles (stage

ii). Then, after the cathode carbon size decreased to less than ~ 8 nm, Pt’ nanoparticles
in the extremely corroded carbon region were oxidized and dissolved into Pt*"-O4 species
in the interface areas and cracks/holes depending on the crack/hole size and Pt/ionomer

ratio (stage iii).

Conclusions

We achieved the first success in the direct observation of the degradation process in the
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MEA Pt/C cathode layer caused by the 1.0-1.5 Vrue triangular-wave accelerated
degradation test (tri-ADT) treatments (startup/shutdown operations) by the same-view
nano-XAFS/STEM-EDS technique using the SiN membrane stacking cell under a humid
N2 atmosphere. The site-preferential areas, sequence and relationship of the degradations
of carbon support and Pt nanoparticles in the boundary regions of the cathode
electrocatalyst layer with the electrolyte and cracks/holes and also in the cracks/holes were
visualized and analyzed by the same-view nano-XAFS/STEM-EDS method. By increasing
tri-ADT cycles and after 20 tri-ADT cycles, carbon corrosion occurred more and the size
of carbon nanoparticles decreased in the boundary regions. In the same regions, the
detachment of supported Pt® nanoparticles without any chemical changes of Pt species was
also observed. After 50 tri-ADT cycles the carbon size decreased to smaller sizes than ~8
nm to form the unusual boundary region. The fractions 60-70% and 60-80% of Pt°
nanoparticles in the interface region around the extremely corroded carbons and in the
produced cracks/holes, respectively were oxidized and dissolved into Pt>"-O4 species with
a four coordination structure. The Pt degradation tendency in the cracks/holes was similar
in the rect-ADT and tri-ADT protocols, where the Pt oxidation depended on the crack/hole

size and Pt/ionomer ratio.

Experimental section.

MEA Pt/C samples. We purchased special MEAs with flat cathode/anode surface layer with

few cracks/holes from EIWA FC Development Co, Ltd. Anode and cathode electrocatalysts
were 50 wt% Pt/C (TKK, TECIOES0E). The Pt loadings for the anode and cathode
electrocatalysts were 0.3 mg-Pt/cm?. Pt/ionomer ratio was 1/1.

Electrochemical procedures. We applied 150 aging cycles for activation, and then
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measured cyclic voltammetry (CV, 20 mV s™!, and 50 mV s') under anode/cathode=H2/N>.
The degradation of MEA Pt/C samples was conducted by triangular-wave accelerated
degradation test (tri-ADT) cycles between 1.0 and 1.5 Vrue. In this study the MEA Pt/C
sample after aging (0 tri-ADT cycle) was treated by 10, 20 and 50 tri-ADT cycles. Between
each tri-ADT cycle, CVs under anode/cathode = H2/N2 and IV polarization curves under
anode/cathode = Hz/Air were measured to check the degradation level of the MEA Pt/C
samples. After all electrochemical procedures the anode/cathode gas was changed to N2/N2
and left until the cell potential reached circuit voltage (OCV) to avoid undesired oxidation
of the MEA Pt/C. Then the MEA was taken from the electrochemical cell under a humid
N2 atmosphere.

Preparations of sliced MEA pieces for the same-view nano-XAFS and TEM/STEM-EDS

observations. Sliced MEA samples for the same-view nano XAFS and TEM/STEM-EDS
were prepared after 0, 10, 20 and 50 tri-ADT cycles treatments of the purchased MEA Pt/C
using the similar method to that in our previous report.?’ The MEAs were sliced to 200 nm-
thick and placed on a SiN membrane in 100 nm-thick under humid N2 atmosphere as
illustrated in Figure 1 A. The SiN membrane was sandwiched with another SiN membrane
at a distance of 300 nm. All procedures during the preparation were performed under humid
N2 atmosphere. The same-view nano-XAFS and TEM/STEM-EDS measurements were
conducted in a SiN stacking membrane cell in Figure 1 A. Thus, the same-view
measurements are regarded to be equivalent to in situ observations due to slow irreversible
phenomenon of the MEA degradation.

Same-view nano-XAFS and TEM/STEM-EDS measurements. Same-view nano-XAFS and

TEM/STEM-EDS measurements were performed in a similar way to that described in our

previous report.’ By using the SiN membrane stacking cell containing the sliced MEA
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piece sample, at first TEM/STEM-EDS of an MEA Pt/C sample in the membrane cell under
humid N2 atmosphere was measured on a JEM-2100F equipped with an energy dispersive
spectrometer (EDS) at 200 kV. STEM-EDS images were observed by electron beams with
0.7 nm of spot size. Pt nanoparticles move on the support carbon in TEM/STEM-EDS
observations under the humid N2 atmosphere without any temperature control though Pt
migrations are never observed with dried MEA samples under high vacuum.*’ To avoid the
formation of bubbles by water boiling in the specimen and the moving and aggregation of
Pt nanoparticles during the TEM/STEM observations under the humid N2 atmosphere, the
sample temperature was regulated at 300.5 K by a Cryo-holder, at which temperature Pt
nanoparticles neither moved nor aggregated. The TEM/STEM observations were
performed for 2~3 views of 80 x 20 um? regions for each MEA piece sample. Then, nano-
XAFS spectra for the same MEA piece sample in the SIN membrande cell under humid N2
atmosphere were measured. For the position calibration of nano-XAFS map and STEM
image we used the orthogonal distance regression for the estimation of fitting parameters
po, p1 and p2 to give a minimum residual; A(x,y) - po * B(x-p1,y-p2) (A(x,y): absorbance of
nano-XAFS map and B(X,y): contrast of the STEM image for coordinate point (x,y)). Thus,
the positions were calibrated by using the calculated p1 and p2.%

The Pt Li-edge nano-XAFS spectra were measured at BL36XU by using a Si(111)
double crystal monochromator. X-ray beam (11.390-12.160 keV) was focused to 210 nm
x 226 nm size or 142 nm x 159 nm size via a pair of elliptically bent Kirkpatrick-Baez (KB)
mirrors. The nano-XAFS spectra were measured in a fluorescence mode using a 25-element
Ge detector (CANBERRA), where the sample was inclined to the X-ray nanobeam by 30°.
In the scanning nano-XAFS method, a XAFS spectrum was obtained from 206 energy

points (a total of 206 maps). During the repeated nano-XAFS measurements (20 min
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acquisition), there were no significant changes in the nano-XANES, but after totally 25
min acquisition the nano XRF map changed and the edge jump dropped. Thus, it is
indicated that nano-X-ray beam irradiation damage for the nano-XAFS measurement can
be neglected till 20 min acquisition. To avoid a sample damage, a beam stay time in a pixel
point was shortened as much as possible. Nano-XAFS mapping was performed for 1-2
views of about 30 x 25 um? and 1 view of 3 x 3 um? using nano X-ray beam with 210 x
226 nm? and 142 x 159 nm? size every 400 nm and 200 nm-step, respectively. Beam stay
time at the same nano position for nano-XAFS maps in about 30 x 25 um? and 3 x 3 um?
regions was only 100 ms and 200 ms, respectively. For nano-XAFS measurements, we also
performed 60 s x 10 loops and 300 s x 10 loops measurements for nano spots, 210 x 226
nm? and 142 x 159 nm, respectively.

Analysis of XAFS data. Data analyses, XANES fitting, and EXAFS Fourier transform

fitting were performed similar to the previous reports.'>*° The spectra were treated by using
the data analysis program IFEFFIT (version 1.2.11c).* Theoretical phase shift and
backscattering amplitude functions were calculated from the program FEFF 8.20.%°
Normalized white line peak areas for estimation of Pt valences were calculated by using
Lorentzian and Arctangent functions by IFEFFIT. We used so® values of 0.88 and 0.90 in
the determination of CNpt.pt and CNpt.o, respectively. The FT window taken in the k*y plots
and the fitting range in R space were 3-11 A ! and 1.4-3.2 A, respectively. To avoid
divergence in the XANES fitting analysis of the XANES mapping regions, we ignored low
Pt contents below 1/100 of pi1.600 keV.

Analysis on the distribution of particle sizes of Pt nano particle and carbon support. The

sizes of Pt nanoparticle and carbon support in 80 um regions were averaged. The boundary

regions with the electrolyte, crack/holes and gas diffusion layer (GDL) were defined as 100
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nm-wide regions of the cathode catalyst layer from the boundary end.

Supporting Information. Same-view membrane cell; nano-XANES spectra; nano-EXAFS data and
analysis; structural parameters of Pt species. This material is available free of charge via the Internet

http://pubs.acs.org.
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