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ABSTRACT 

In order to obtain a suitable design policy for the development of a next-generation polymer 

electrolyte fuel cell, we performed a visualization analysis of Pt and Co species following aging 

and degradation processes in MEA, using a same-view nano-XAFS‒STEM/EDS technique that 

we developed to elucidate durability factors and degradation mechanisms of a MEA Pt3Co/C 

cathode electrocatalyst with higher activity and durability than a MEA Pt/C. In the MEA Pt3Co/C, 

after 5,000 ADT-rec (rectangle accelerated durability test) cycles, unlike the MEA Pt/C, there was 

no oxidation of Pt. In contrast, Co oxidized and dissolved over a wide range of the cathode layer 
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(~70% of the initial Co amount). The larger the size of the cracks and pores in the MEA Pt/C, and 

the smaller the ratio of Pt/ionomer of cracks and pores, the faster is the rate of catalyst degradation. 

In contrast, there was no correlation between the size or Co/ionomer ratio of the cracks and pores 

and the Co dissolution of the MEA Pt3Co/C. It was shown that Co dissolved in the electrolyte 

region had an octahedral Co2+-O6 structure, based on a 150 nm × 150 nm nano-XAFS analysis. It 

was also shown that its existence suppressed the oxidation and dissolution of Pt. The MEA Pt3Co/C 

after 10,000 ADT-rec cycles had many cracks and pores in the cathode electrocatalyst layer, and 

about 90% of Co had been dissolved and removed from the cathode layer. We discovered a 

metallic Pt-Co alloy band in the electrolyte region of 300–400 nm from the cathode edge, and 

square planar Pt2+-O4 species and octahedral Co2+-O6 species in the area between the cathode edge 

and the Pt-Co band. Pt and Co chemical species in the Pt3Co/C cathode electrocatalyst in the MEA 

during the deterioration process, and a fuel cell deterioration suppression process by Co, were 

visualized for the first time at the nano scale using the same-view nano-XAFS‒STEM/EDS 

combination technique that can measure the MEA under humid N2 atmosphere, while maintaining 

the working environment for a fuel cell. 

 

Keywords: Visualization analysis, Same-view nano-XAFS−STEM/EDS combination technique, 

Pt and Co chemical species maps, Dissolved Pt2+ and Co2+ maps, PEFC Pt3Co/C degradation 

process.  

 

INTRODUCTION 

Polymer electrolyte fuel cells (PEFCs) have attracted much attention as one of the most efficient 

clean energy generation systems to achieve an environmentally friendly, sustainable, and fossil-

fuel-free society, realizing low or even zero emissions; they are considered to be suitable for 

automotive applications due to the high power density at low temperatures. For widespread 

commercialization of PEFC vehicles, remarkable improvements in both oxygen reduction reaction 

(ORR) activity and durability of cathode electrocatalysts are indispensable for reducing the cost 

of PEFC stacking and increasing the long-term durability of PEFC.1-22 To understand and elucidate 

the key issues and mechanisms of the performance and degradation of PEFCs, in situ/operando 
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and ex situ characterization techniques, which can validate catalyst fabrications and prove 

fundamental issues in the development of next-generation PEFCs, are mandatory, and in particular, 

it is necessary to observe directly and spectroscopically the degradation process of cathodes in 

PEFCs.23-26 

In situ time-resolved X-ray absorption fine structure (XAFS) techniques are very powerful for in 

situ/operando and element-selective investigation of electronic states and local coordination 

structures and the fluctuations (structural kinetics and dynamics) of cathode electrocatalysts in the 

membrane-electrode assembly (MEA) under PEFC operating conditions, which are regarded to be 

relevant to ORR performance and durability of MEA electrocatalysts.27-39 Such issues cannot be 

obtained by alternative analysis techniques. Nevertheless, the information is averaged in an area, 

larger than ten-micrometers of the cathode irradiated with non-focusing X-rays. The key 

elementary reaction and degradation processes of the cathode in MEA, which regulates ORR 

performance and durability of PEFC, have been visualized to occur heterogeneously in the space 

of the cathode layer using a three-dimensional (3D) Laminography.40 Recently, the cathode 

degradation mechanism has become a more serious issue, and hence, the nanoscopic spatial place 

and mechanism of the dissolution and deterioration of cathode electrocatalysts in MEAs should be 

investigated to develop next-generation PEFCs with high performance and durability. To ascertain 

the degradation process of MEA cathode catalysts under PEFC working conditions, an operando 

3D tomography (CT) ‒hard X-ray absorption fine structure (XAFS) imaging technique has been 

developed and applied to 3D visualization of MEA Pt/C and Pt3Co/C cathodes.41-46 The technique 

has provided new insight into the spatially heterogeneous issue and mechanism for the ORR 

property and degradation of Pt/C and Pt-M alloy/C cathode electrocatalyst layers in PEFCs. 

Imaging techniques using X-rays as a probe, such as X-ray absorption spectro-microscopy,47-49 

scanning transmission X-ray microscopy,50,51 X-ray diffraction imaging,52,53 X-ray spectro-

ptychography,54,55 and atom probe tomography56 have also recently been applied to functional 

materials.  

We have succeeded in mapping Pt chemical species in Pt/C cathode catalyst layers by using a 

scanning nano-XAFS mapping method and have obtained new insight into nano-spatial 

information concerning the site-preferential oxidation and leaching of Pt cathode nanoparticles in 

degraded PEFCs.57 More recently, we have developed a new same-view combination technique of 
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nano XAFS and STEM-EDS under humid N2 atmosphere using a new same-view stacking 

membrane cell and have also succeeded in performing same-view nano-XAFS and STEM-EDS 

imaging for MEA Pt/C cathode electrocatalyst layers.58-60 The complementary nano-XAFS and 

STEM-EDS imaging methods prompted the discovery of  unprecedented aspects of the 

spectroscopic, chemical and morphological visualization of the leached Pt2+ oxidation species and 

detached metallic Pt nanoparticles in the degradation process of MEA Pt/C cathode 

electrocatalysts58,59 and elucidated the site-selective area, sequence and relationship of the 

degradations of Pt nanoparticles and carbon support in the MEA Pt/C cathode layer.60 

In this study, the same-view nano XAFS-STEM/EDS combination technique was further extended 

to include a nano-scale visualization analysis of Pt and Co species in degraded MEA Pt3Co/C 

cathode electrocatalysts. We have visualized the high durability of metallic Pt species in the MEA 

Pt3Co/C by sacrificial oxidation and dissolution of Co species for 10,000 ADT-rec (rectangle wave 

accelerated durability test) cycles, and we have also determined the formation of  the Pt-Co alloy 

band in the electrolyte region, and the dissolution of square planar Pt2+-O4 species and octahedral 

Co2+-O6 species in the area between the Pt-Co band and the cathode layer edge in the degraded 

MEA Pt3Co/C after 90% Co dissolution from the cathode layer for 10,000 ADT-rec cycles. 

 

RESULTS AND DISCUSSION 

Same-View Nano-XAFS/STEM-EDS Maps of MEA Pt3Co/C After Aging (Conditioning).  

The Pt3Co/C cathode electrocatalyst is known to have higher activity and durability, which is 

especially important for a practical fuel cell, than the Pt/C. We performed electrochemical, 

TEM/STEM-EDS and XRD measurements during the degradation process, and, from the 

comparison with the Pt/C, examined characteristics of Pt3Co/C degradation. Figure 1 shows the 

results of the electrochemical analysis and TEM/STEM-EDS analysis and XRD analysis 

performed during the degradation process. The catalyst particle diameter estimated by TEM 

(Figure 1A) increased as the number of ADT-rec cycles increased for both Pt3Co/C and Pt/C. In 

response to the growth of catalyst particles, the rate of reduction in the particle surface area, 

geometrically estimated from particle size increase, was higher in the Pt/C than the Pt3Co/C 

(Figure 1B). Reduction of electrochemically active surface area (ECSA, Figure S1 and Table S1 
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in Supporting Information) in the Pt/C catalyst, obtained from a hydrogen desorption peak of CV, 

was almost the same as the reduction in the particle surface area obtained from catalyst particle 

diameter (Figure 1C). However, in the Pt3Co/C, compared to the rate of reduction in particle 

surface area obtained from the increase in catalyst particle diameter, the rate of reduction of ECSA 

was notably lower, and these two were not consistent. As shown in Figure 1C, the rate of reduction 

in the catalyst surface area, obtained from the particle diameter, was 24% after 5,000 ADT-rec 

cycles and 47% after 10,000 ADT-rec cycles. In contrast, the rate of reduction in ECSA was only 

8% after 5,000 ADT-rec cycles and remained at 23% after 10,000 ADT-rec cycles (Figure S1 and 

Table S1). The rate of reduction in the maximum power density due to the deterioration of ADT-

rec (Figure 1D and Figure S1) was smaller in the Pt3Co/C in comparison to the Pt/C, e.g. 0.3 

(reduction rate of Pt3Co relative to that of Pt/C) after 5,000 ADT-rec cycles and 0.4 (reduction rate 

of Pt3Co/C relative to that of Pt/C) after 10,000 ADT-rec cycles, and the Pt3Co/C had higher 

durability than the Pt/C. This suggests that the nanoparticle surface in the Pt3Co/C is different from 

the Pt/C. Figure 1E indicates that as the number of ADT-rec cycles increases more Co is dissolved 

from the Pt3Co/C, e.g. 70% after 5,000 ADT-rec cycles and 90% after 10,000 ADT-rec cycles. 

Figure S2 shows the changes in XRD pattern due to the ADT-rec process. Catalytic metal particle 

diameters calculated from XRD were consistent with particle diameters calculated from TEM for 

the Pt/C (Figure 1A). In contrast, such consistency only occurred with the Pt3Co/C after aging 

Figure 1. Degradation behavior of MEA Pt3Co/C (red) and MEA Pt/C (blue) by ADT-rec cycles (0, 5,000, 

and 10,000 cycles). (A) Mean catalyst particle sizes estimated by TEM (bars) and XRD (lines with circles & 

squares)), (B) morphological surface areas calculated from TEM results in (A), (C) electrochemical active 

surface areas (ECSA), (D) maximum power densities, and (E) Co quantity at the cathode in MEA Pt3Co/C.  
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(before ADT-rec cycles) and not in deteriorated samples after the ADT-rec cycles (Figure 1A). 

Particle diameter calculated from XRD was smaller than catalyst particle diameter calculated with 

TEM. In other words, it indicates that the surface Pt layer of the Pt3Co/C was disordered during 

the deterioration process. In addition, Table S2 shows the result of examining the crystal surface 

orientation of the Pt3Co/C and Pt/C. Both Pt3Co/C and Pt/C had (111) orientation, and there was 

no notable change during the deterioration process. Thus, difference in activity and durability of 

the Pt3Co/C and Pt/C was not due to variations in the crystal surface.  

Activity and durability of the MEA Pt3Co/C electrode catalyst are not necessarily the same for all 

Pt3Co nanoparticles in the cathode layer. Specifically, degradation in the MEA has been reported 

to be spatially heterogeneous.40-42,45,46 We have developed a same-view nano-XAFS/STEM-EDS 

combination technique that performs an analysis of chemical state via nano-XAFS and have 

performed an analysis of the shape and elements using STEM/EDS on the same location of the 

same MEA sample, and have visualized the degradation process of the MEA Pt/C cathode 

electrocatalyst.58-60 Figure 2 shows the results of the measurement and analysis of the bonding 

structure and electronic state of the MEA Pt3Co/C cathode before and after aging (before ADT-

rec cycle), and the related spatial information, after applying the same-view nano-XAFS/STEM-

EDS combined technique. As for the amount of Pt and Co, we performed linear combination fitting 

of the Lorentzian function and the arctangent function in XANES spectra (Pt: 11.550–11.600 keV, 

Co: 7.700–7.800 keV), and obtained the values for 11.600 keV or 7.760 keV of the calculated 

arctangent function. Valence of Pt was acquired from an approximation equation obtained from a 

linear fitting of the area of the white line for the reference samples, Pt0, PtO, and PtO2, using the 

area of the Lorentzian function determined in the aforementioned analysis as the white line peak 

area. Since Co K-edge XANES and EXAFS of Co ions in the polymer electrolyte membrane after 

5,000 ADT-rec cycles were consistent with those of [Co(H2O)6]2+(Figure S3), valence of Co was 

obtained by performing a linear combination analysis of the Pt3Co alloy (Pt3Co alloy plate, TKK) 

and [Co(H2O)6]2+ in the XANES spectra and using its compositional ratio. A STEM image of a 

wide area (50 μm × 20 μm) (Figure 2A), the map of Pt content (Figure 2B), and the map of Co 

content (Figure 2C) showed that in the cathode catalyst layer of the aging MEA Pt3Co/C prior to 

the ADT-rec process, C support, Pt, and Co were uniformly distributed. In addition, the map for 

Pt valence (Figure 2D) and Co valence (Figure 2E) showed that valence of Pt and Co were 0 and 

+0.2 (±0.1), respectively for the whole cathode electrocatalyst layer. The map of Co2+ content  
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(Figure 2F), calculated from the product of mole fractions of Co2+species obtained from the maps 

of Co content and valence, shows that there was an extremely small amount of Co2+ in the whole 

cathode catalyst layer. Co2+, which exists even if extremely small in quantity, was likely dissolved 

Figure 2. Same-view nano-XAFS and STEM/EDS results for the MEA Pt3Co/C cathode catalyst layer after aging 

(before ADT-rec). Nano-XAFS data: B-F, E1-1 & -2, ve, Ve, M1-1 & -2, vm, Vm, G1-G3, and H1-H3. STEM/EDS data: 

A, B(line profile), C(line profile), e1, e2, e, m1, m2, m, e3-1-3, and m3-1-3.   A: STEM image, B: Pt content map 

and EDS line profile, C: Co content map and Co line profile（the maximum amount of Co is normalized to the 

maximum amount of Pt, for easy viewing), D: Pt valence map, E: Co valence map, F: Co2+ content map. E1, E1, 

ve and Ve: boundary region between the cathode catalyst layer and electrolyte (3 m x 3 m). m1, M1, vm and 

Vm: middle region of the cathode catalyst layer (3 m x 3 m). e3-1 – e3-3: Pt EDS map, Co EDS map and Pt & 

Co line profiles for a single catalyst particle in the region e, respectively. m3-1 – m3-3 : Pt EDS map, Co EDS map 

and Pt & Co line profiles for a single catalyst particle in the region m, respectively. G1 – G3: Pt L3-edge XANES, 

EXAFS oscillations (black: observed; red: curve fitted) and their associated Fourier transforms (black solid lines: 

observed; black dotted lines: imaginary part; red solid and dotted lines: curve fitted, respectively) in the regions 

e (150 nm x 150 nm) and m (150 nm x 150 nm). H1 – H3: Co K-edge XANES, EXAFS oscillations (black: 

observed; red: curve fitted) and their associated Fourier transforms (black solid lines: observed; black dotted lines: 

imaginary part; red solid and dotted lines: curve fitted, respectively) in the regions e (150 nm x 150 nm) and m 

(150 nm x 150 nm), respectively.  
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from the Pt3Co/C cathode during the aging process. In our previous studies of MEA Pt/C, the 

boundary cathode layer with the electrolytes was heavily deteriorated while the center of the 

cathode layer was relatively light. Hence, we visualized the central area of the cathode and the 

boundary between the cathode and electrolytes in the MEA Pt3Co/C sample. E1-1, E1-2, ve, and Ve 

in Figure 2 show the results of the same-view nano-XAFS‒STEM/EDS for the microscopic areas 

e1, E1, ve and Ve in a 3 μm × 3 μm area (Figure 2A-E) at the electrolyte boundary in the cathode 

electrocatalyst layer. In addition, m1, M1-1, M1-2, vm, and Vm, seen in Figure 2, show the results 

of the same-view nano-XAFS‒STEM/EDS for the 3 μm × 3 μm area near the center of the cathode 

catalyst layer (Figure 2A-E). The Pt content, Co content, Pt valence, and Co valence all had 

relatively uniform distribution.  

Furthermore, we present nano-XANES (G1 (Pt L3-edge) and H1 (Co K-edge) in Figure 2) and 

nano-EXAFS oscillations (G2 (Pt L3-edge) and H2 (Co K-edge) in Figure 2), and their Fourier 

transform (FT) (G3 (Pt L3-edge) and H3 (Co K-edge) in Figure 2) of a 150 nm × 150 nm area (e 

and m) in the 3 μm × 3 μm. Table 1 shows structural parameters obtained from the  EXAFS curve 

fitting analysis in R space. Since the Pt valence map (Figure 2D) shows the Pt valence was zero at 

the boundary with the electrolytes and at the center, we obtained structural parameters by 

performing curve-fitting of two waves (Pt-Pt and Pt-Co) in the Pt L3-edge nano-EXAFS analysis 

(Table 1). In fact, with three waves including Pt-O, the Pt-O coordination number (CNPt-O) and 

Debye Waller factor (2
Pt-O) both became negative, thus failing to provide reasonable fitting results 

(Table S3). In contrast to the Pt-Pt bond distance 0.273 nm (±0.001 nm) and Pt-Co bond distance 

0.267 nm (±0.001 nm), Pt and Co did not form uniform alloy nanoparticles. Co K-edge nano-

EXAFS analysis also showed that the bond lengths of Co-Pt and Co-Co were different (0.268 nm 

(±0.001 nm) and 0.265 nm (±0.002 nm), respectively), indicating that intermetallic compounds 

were formed, instead of random alloy, around the Co atoms. In the aging (conditioning) of MEA 

Pt3Co/C, prior to deterioration, not only bond length but CNPt-Pt, CNPt-Co, CNCo-Pt, CNCo-Co, and 

CNCo-O all had nearly identical values in the edge and center areas of the cathode layer, showing 

that the aging MEA Pt3Co/C cathode layer was uniform. From the EDS line profiles e3-3 and m3-

3 in Figure 2, we can see that the aging process leads to the dissolution of Co from the Pt3Co 

nanoparticle surface, forming a Pt surface layer (shell) and creating core-shell-type nano particles. 

This result is consistent with previous studies.61-63 Based on the ratio of CNPt-Co and CNPt-Pt from 
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Pt L3-edge EXAFS (Table 1), the mean Co/Pt composition for the entire catalyst particles was 

about 1/3.6. Based on the ratio of CNCo-Co and CNCo-Pt from Co K-edge EXAFS, the mean 

composition of Co/Pt in the core of the catalyst particles was about 1/2. Therefore, the calculation 

suggests that the Pt shell consisted of two layers. STEM-EDS analysis (Figure S4) indicates that 

the shell layer structure consisted of roughly two Pt layers. We put this aging MEA Pt3Co/C 

through a 5,000 cycle and a 10,000 cycle of 0.6-1.0 V ADT-rec and performed a visualization 

analysis of the degradation phenomenon using the same-view nano-XAFS‒STEM/EDS (reported 

in detail in the following sections). 

 

Same-View Nano-XAFS/STEM-EDS Maps After 5000 ADT-rec Cycles. Figure 3 shows the 

results of the same-view nano-XAFS/STEM-EDS visualization analysis for the MEA Pt3Co/C 

cathode after 5,000 cycles of 0.6–1.0 V rectangle ADT. Various sizes of cracks and pores existed 

that were hardly observed in the Pt3Co/C cathode layer in the aging sample, shown in Figure 3A. 

Cracks and pores in the cathode layer may be produced by carbon corrosion due to undesired 

Table 1. Curve fitting results of the EXAFS data for the MEA Pt3Co/C cathode electrocatalysts in the regions 

e and m (150 nm x 150 nm) and in the electrolyte region (150 nm x 150 nm) after aging (before ADT-rec) 

(Figure 2), 5,000 ADT-rec cycles (Figure 3) and 10,000 ADT-rec cycles (Figure 7). 
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heterogeneous potential ramping and/or gasification during ADT cycles. There were also many 

cracks and pores in the area of the cathode located at a slight medial from the boundary edge with 

the electrolyte (Figure 3 A). In the area with the cracks and pores, the Pt content decreased slightly 

(Figure 2 B and Figure 3 B), and the Co content decreased by approximately 70% (Figure 1E, 

Figure 2C and Figure 3C). The map of Pt valence (Figure 3D) shows that there was no oxidization 

of Pt in the whole cathode electrocatalyst layer. This result is notably different from the oxidation 

behavior of Pt recorded in our previous study on ADT-rec processed MEA Pt/C and the MEA Pt/C 

cathode electrocatalyst after 5,000 ADT-rec cycles from the present study (Figure 4C). In other 

words, in the MEA Pt/C after 5,000 ADT-rec cycles, Pt was oxidized in the area of large cracks 

and pores of 0.5 µm or larger and dissolved Pt2+ ions into the large cracks and pores were observed. 

There was a formation of a Pt band in electrolytes near the cathode edge (Figures 4A and 4B), and 

Pt2+ ions were found in the area between the cathode edge and the Pt band (Figure 4C). In the 

EXAFS analysis (Figures 4E and 4F) of the 150 nm × 150 nm nano area (edge area e), Pt-O bond 

(0.205 nm) was observed and CNPt-O was 3.2 ± 0.5, indicating a Pt2+ species similar to a four-

coordinated Pt2+-O4 (probably square planar) structure in the area of large cracks and holes 

previously reported.58,59 Other than in the area of cathode edge, many Pt2+ species were also 

observed (vm in Figure 4) in the pores of the cathode layer (m1–m2 in Figure 4). In contrast, in the 

MEA Pt3Co/C after 5,000 ADT-rec cycles, there was no formation of a Pt band and the Pt atoms 

of the cathode were not at all oxidized (Figures 3A and 3B, and ve and vm in Figure 3D). Meanwhile, 

Co was oxidized in a wide area of the cathode (Ve and Vm in Figure 3E), and Co2+ ions were 

identified in the large cracks and pores in the area of the cathode near the edge (Ve in Figure 3E). 

It was also discovered that Co2+ ions were dissolved and distributed for 4 µm or more in the 

polymer electrolyte membrane (Figures 3C and 3E). In the Figure 2E depicting the aging sample 

(before the ADT-rec process), the whole cathode layer was uniform. In contrast, Figure 3E shows 

the map of heterogeneous valence of Co. Co2+ ions were found across the whole cathode 

electrocatalyst layer though the content varied (Figures 3E and 3F). Specifically, there were a large 

number of Co2+ ions from the boundary with electrolytes ~4 μm into the cathode (Figure 3F). In 

contrast, the area toward GDL from the center of the cathode had many domains, in which metallic 

Co atoms with a mean valence close to zero existed.  
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We performed same-view nano-XAFS/STEM-EDS measurements for an area of 3 μm × 3 μm in 

two typical locations with different degrees of degradation; for example, the edge against 

electrolytes (e1 in Figure 3A) and the central area of the cathode electrocatalyst layer (m1 in Figure 

Figure 3. Results of the same-view nano-XAFS and STEM/EDS measurements of the MEA Pt3Co/C cathode 

electrocatalyst layer after 5,000 ADT-rec cycles. nano-XAFS data: B-F, E1-1 & -2, ve, Ve, M1-1 & -2, vm, Vm, G1-G3, 

and H1-H3. STEM/EDS data: A, B(line profile), C(line profile), e1, e2, e, m1, m2, m, e3-1-3, and m3-1-3.  A: STEM 

image, B: Pt content map and EDS line profile（decrease from Figure 2B), C: Co content map and EDS line 

profile (decrease from Figure 2C), D: Pt valence map, E: Co valence map, F: Co2+ content map (the same color 

bar in 3C).  e1, E1, ve and Ve: boundary region between the cathode electrocatalyst layer and electrolyte (3 m 

x 3 m)。m1, M1, vm and Vm: middle region of the cathode electrocatalyst layer (3 m x 3 m). e3-1– e3-3: Pt 

EDS map, Co EDS map and Pt & Co line profiles for a single catalyst particle in the region e, respectively. m3-

1– m3-3 : Pt EDS map, Co EDS map and Pt & Co line profiles for a single catalyst particle in the region m, 

respectively. G1 – G3: Pt L3-edge XANES, EXAFS oscillations (black: observed; red: curve fitted) and their 

associated Fourier transforms (black solid lines: observed; black dotted lines: imaginary part; red solid and dotted 

lines: curve fitted, respectively) in the regions e (150 nm x 150 nm) and m (150 nm x 150 nm). H1 – H3: Co K-

edge XANES, EXAFS oscillations (black: observed; red: curve fitted) and their associated Fourier transforms 

(black solid lines: observed; black dotted lines: imaginary part; red solid and dotted lines: curve fitted, 

respectively) in the regions e (150 nm x 150 nm) and m (150 nm x 150 nm), respectively. 
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3A). Results are shown in e1, E1-1, E1-2, ve and Ve, and m1, M1-1, M1-2, vm and Vm of  Figure 3, 

respectively. In the area of cathode about ~400 nm from the electrolyte edge, the Co content 

decreased (E1-2), where Co was dissolved into electrolytes as Co2+ ions (Ve). Meanwhile, although 

there was some heterogeneity in Pt distribution, there was little change in the Pt content (E1-1), 

and the valence of Pt remained at zero (ve). We presented XANES spectra at Pt L3-edge (G1) and 

Co K-edge (H1) and EXAFS oscillations at Pt L3-edge (G2) and Co K-edge (H2), and their Fourier 

transforms and curve fittings (G3 (Pt L3-edge) and H3 (Co K-edge) for the 150 nm × 150 nm nano 

area in the e and m areas in Figure 3 e2 and m2, respectively. Table1 shows the structural 

parameters obtained from the EXAFS curve-fitting analysis. In addition, we performed particle 

analysis with STEM-EDS for the areas inside the nano areas (e and m) measured using nano-

XAFS. Dissolution of Co from the Pt3Co electrocatalyst particles was notable in the boundary 

containing electrolytes, but also occurred in the central area of the cathode electrocatalyst, where 

the number of Pt shell layers increased with dissolution of Co (Figure S5). In the central area of 

the cathode layer, the Co/Pt ratio for the overall nanoparticles was estimated as 1/15.8 via CNPt-Pt 

and CNPt-Co obtained from the Pt L3-edge EXAFS analysis, and the Co/Pt ratio near the electrolyte 

edge of the cathode layer was estimated as 1/50. On the other hand, the Co/Pt ratio was 1/5.8 at 

the core of nanoparticles in electrocatalyst nanoparticles in the center of the cathode based on 

CNCo-Co and CNCo-Pt obtained from Co K-edge EXAFS analysis, and 1/1.9 in nanoparticles near 

the edge (Table 1). Therefore, the Pt shell layer of the core-shell nanoparticles near the cathode 

edge and near the center of the cathode was estimated to be seven layers and four layers, 

respectively. The Co/Pt ratio of the core, calculated from the aforementioned EXAFS analytical 

result, was larger than the composition calculated from EDS (0.15). This was because, in the EDS 

estimation, the mean Co/Pt includes the shell layer on the surface of particles, while in the Co K-

edge EXAFS it analyzes the Co/Pt ratio of the core alone. 

As shown in Table 1, even after 5,000 ADT-rec cycles, there were only Pt-Pt bonds (0.273±0.001 

nm) and Pt-Co bonds (0.265±0.001 nm) in the nanoparticles at the boundary with the electrolytes 

and at the center of the cathode, and there were no Pt-O bonds observed. Similar to the aging MEA 

Pt3Co/C, Pt was not oxidized, instead it maintained a metallic state. It exhibited a notable contrast 

to the MEA Pt/C that did not contain Co, where after 5,000 ADT-rec cycles, Pt was oxidized to 

Pt2+ ions and dissolved (Figure 4). As for Co, 5,000 ADT-rec cycles led to an 85% reduction in the 

amount of Co at the boundary with the electrolytes and a 60% reduction at the center of the cathode 
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layer. Remaining Co species showed Co-Pt bond (0.268±0.002 nm) and Co-Co bond (0.265±0.002 

nm) in the center of the cathode layer, similar to the aging sample prior to ADT-rec. However, the 

coordination numbers of Co-Pt and Co-Co (CNCo-Pt and CNCo-Co) increased from 4.7 in the aging 

sample to 8.2, or decreased from 2.5 to 1.4, respectively. Furthermore, the coordination number of 

Co-O (CNCo-O) was not identified in the range of error (Table 1). The results mean that, since Co 

was dissolved from the core of the nanoparticles and moved to the boundary with the electrolytes, 

the amount of Co in the core decreased, which in turn led to an increase in CNCo-Pt and decrease in 

CNCo-Co Co. In other words, dissolved Co2+ ions did not remain in the area around the original 

nanoparticles or pores but instead, rapidly moved away. In the samples following the 5,000 ADT-

rec cycles the Co2+ ions were present in relatively large amounts in the area from the boundary 

Figure 4. Results of nano-XAFS ans STEM/EDS of the referential MEA Pt/C after 5,000 ADT-rec. Nano-

XAFS data: B, C,  E2, ve, M2, vm, and D-F. STEM/EDS data: A, e1-e4, e, m1-m5.  A: STEM image, B: 

Pt content map, C: Pt valence map, e1-e5: STEM images for the boundary region between the cathode 

electrocatalyst layer and electrolyte, E2: Pt content map for e2, ve: Pt valence map for e2, m1-m5: STEM 

image of the middle region of the cathode electrocatalyst layer. M2: Pt content map for m2, vm : Pt valence 

map for m2, D: XANES of the boundary region (e5, 150 nm x 150 nm) and the middle region of the 

cathode electrocatalyst layer (m5, 150 nm x 150 nm), E: EXAFS oscillations of the boundary region (e5) 

and the middle region of the cathode electrocatalyst layer (m5) (black: observed; red: curve fitted), F: 

EXAFS Fourier transforms (black solid lines: observed; black dotted lines: imaginary part; red solid and 

dotted lines: curve fitted, respectively). For EXAFS curve fitting analysis, k: 3-12 Å-1, R: 1.4 – 3.2 Å. 
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with the electrolytes to approximately ~4 μm inside the cathode (Figure 3F). In the nanoparticles 

near the cathode edge, CNCo-Pt and CNCo-Co remarkably decreased from 4.5 of the aging sample to 

1.5 and from 2.2 to 0.8, respectively, and CNCo-O (Co-O: 0.210 nm) notably increased from 0.5 of 

the aging sample to 4.3. Near the edge, most Co atoms were oxidized to Co2+ (Ve in Figure 3). 

Furthermore, in the electrolyte region, up to 6 μm from the edge, CNCo-Pt or CNCo-Co was scarcely 

observed, indicating that Co2+ had dissolved to single ions and, since CNCo-O was 5.7 ±1.3, 

dissolved Co2+ ions had an octahedral structure (Table 1).  

The Nano-XANES spectrum of the electrolyte region (150 nm × 150 nm) was consistent with the 

XANES spectrum of [Co(H2O)6]2+ (Figure 5). In Figure 5, we present the XANES spectra of 

Co(acac)3, Pt3Co alloy, Co3O4, CoO and Co foil as reference materials for comparison. In the MEA, 

in addition to H2O, there are Nafion ionomers; thus, its sulfonic group (Nfsul) may also be 

coordinated to Co2+; [Co(Nfsul)x(H2O)y]2+. Alternatively, sulfonate ions (Nfsulf
‒) may be stabilizing 

[Co(H2O)6]2+ as a counterion; [Co(H2O)6]2+(Nfsulf
‒)2. There results indicate that during the 5,000 

ADT-rec cycles, Co was preferentially oxidized and dissolved from the Pt3Co/C cathode and the 

Figure 5. A: XANES spectrum of the 150 nm x 150 nm electrolyte region 6 m away from the 

boundary with the cathode electrocatalyst layer of the Pt3Co/C MEA after 5,000 ADT-rect cycles 

(black) and XANES spectrum of [Co(H2O)6]2+ (red), B: XANES spectra of the reference 

materials, C and D: EXAFS oscillations (black: observed; red: curve fitted) and Fourier 

transforms (black solid lines: observed; black dotted lines: imaginary part; red solid and dotted 

lines: curve fitted, respectively) of the 150 nm x 150 nm electrolyte region in A (black: observed; 

red: curve fitted). For EXAFS curve fitting analysis, k: 3-12 Å-1, R: 1.4 – 3.2 Å. 
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dissolved Co2+ ions had octahedral structures, such as [Co(Nfsul)x(H2O)y]2+ and [Co(H2O)6]2+. 

Meanwhile, the oxidation and dissolution of Pt observed in the MEA Pt/C (Figure 4) were not 

observed in the MEA Pt3Co/C (ve and vm in Figure 3D), where the metallic Pt surface of the fuel 

cell activity was maintained. Although the Pt shell layer was slightly thicker than the three-atom 

layers with bulk Pt properties and the amount of Co reduced, the oxidation and dissolution of Pt 

was suppressed. This may indicate that [Co(Nfsul)x(H2O)y]2+ and [Co(H2O)6]2+ adsorbed on the Pt 

shell surface, suppressing the oxidation and dissolution of Pt.64 Alternatively, effective 

concentrations of Nfsul and Nfsulf
‒ of Nafion ionomers near the cathode edge and in the cracks and 

pores, which also stabilize Pt2+ and promote Pt dissolution from the carbon surface, were reduced 

by coordination to Co2+ ions, and as the result.57-60 

Comparison of the Oxidation and Deterioration Factors of Pt and Co in MEA Pt3Co/C and 

MEA Pt/C.  We found that, in regard to the oxidation of Pt and dissolution of Pt2+ associated with 

the deterioration of the MEA Pt/C, there is a threshold for the size of cracks and pores and for the 

Pt/ionomer ratio; Pt2+ ions dissolved when the size of cracks and pores was higher than 500 nm, 

Figure 6. Relation of Co and Pt valences with the crack/pore size or Co/ionomer ratio at the 

cathode layer for the MEA Pt3Co/C (A and C) after 5,000 ADT-rec cycles and relation of Pt 

valence with the crack/pore size or Pt/ionomer ratio at the cathode layer for the MEA Pt/C 

(B and D) after 5,000 ADT-rec cycles. A & C: Co valence (pink bar graph) and Pt valence 

(light blue bar graph). 
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while Pt in the size lower than 500 nm was metallic (detached as clusters/nanoparticles from 

carbon support), but Pt was not metallic and dissolved as Pt2+ ions when the Pt/ionomer ratio of 

cracks and pores was lower than 0.05.59 Therefore, we were able to plot the correlation between 

oxidation and dissolution of Pt or Co, associated with ADT-rec deterioration of the MEA Pt3Co/C, 

with the size of cracks and pores or Pt/ionomer in cracks and pores (Figure 6A and 6C). In the 

MEA Pt3Co/C, in contrast to the behavior of Pt in the MEA Pt/C (Figure 6B and 6D), there was 

no oxidation of Pt after 5,000 ADT-rec cycles, and only oxidation of Co progressed (Co2+ 

generation) (Figures 6A and 6C). In other words, oxidation and dissolution of Pt were suppressed 

by the sacrificial oxidation of Co. In addition, the relationship between the size of cracks/pores 

and metal oxidation observed in the Pt/C was not observed in the Pt3Co/C. Regardless of the size 

of cracks and pores, Co was non-selectively oxidized to Co2+ in any location containing the cathode. 

Oxidation and dissolution of Co were not influenced by the Co/ionomer ratio in cracks and pores. 

Compared to Pt, the oxidation potential of Co was low. Thus, other than potential, the impact of 

the electrode catalyst structure, composition, particle diameter, and carbon was minor. 

Same-View Nano-XAFS/STEM-EDS Maps After 10000 ADT-rec Cycles.  Figure 7 shows the 

result of the same-view nano-XAFS/STEM-EDS of the MEA Pt3Co/C cathode after 10,000 ADT-

rec cycles at 0.6–1.0 V. After 10,000 ADT-rec cycles, more cracks and pores formed in the cathode 

catalyst layer than the sample following the 5,000 ADT-rec cycles (Figure 7A), and the Pt and Co 

contents in the cracks and pores were less than in areas without dissolution (Figures 7B and 7C). 

Specifically, as shown in the EDS line profiles in Figure 1C and Figure 7C, ~90% of Co were 

dissolved and removed from the overall cathode layer, and ~1 % of Pt was dissolved as shown in 

Figure 1B and 7B.  Furthermore, in the boundary area with the electrolytes, a Pt band was not 

observed after 5,000 ADT-rec cycles, indicating no occurrences of oxidation, dissolution, and 

reduction of Pt (Figures 7B and 7D). If we look at the Pt band closely, there was zerovalent Co 

(Ve in Figure 7E). Zerovalent Co is supported by the XANES spectrum of the cathode edge, shown 

in Figure 7H (region e), and based on the XANES spectrum we can see that it was more 

comparable to the Pt3Co than Co foil (Figure 5B). Thus, there was overwhelmingly less Co than 

Pt, but this indicates that it formed a Pt100Co alloy band. In addition, positively-charged Pt and Co 

were observed in the area between the Pt100Co band and the cathode edge (ve and Ve areas in 

Figures 7D and 7E, respectively). This state was similar to the distribution of Pt2+ in the area 

between the Pt band and the cathode edge in the deteriorated MEA Pt/C after 5,000 ADT-rec 
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cycles (Figure 4C). In the MEA Pt3Co/C, after 10,000 ADT-rec cycles, there was oxidation of Pt 

in the cracks and pores of the cathode layer (Figure 7D). Co was largely dissolved from across the  

cathode electrocatalyst layer (~90%) and existed as Co2+ ions across the electrolytes (Figures 7C 

Figure 7.  Results of nano-XAFS and STEM/EDS measurement of MEA Pt3Co/C cathode electrocatalyst layer 

after 10,000 ADT-rec cycles. Nano-XAFS data: B-F, E1-1 & -2, ve, Ve, M1-1 & -2, vm, Vm, G1-G3, and H1-H3. 

STEM/EDS data: A, B(line profile), C(line profile), e1, e2, e, m1, m2, m, e3-1-3, and m3-1-3.  A: STEM image, 

B: Pt content map and EDS line profile (decrease from Figure 2B), C: Co content map and EDS line profile 

(decrease from Figure 2C), D: Pt valence map, E: Co valence map, F: Co2+content map（the same color bar in 

7C).  e1, E1, ve and Ve: boundary region between the cathode electrocatalyst layer and electrolyte (3 mm x 3 

mm). m1, M1, vm and Vm: the middle region of the cathode electrocatalyst layer (3 mm x 3 mm). e3-1– e3-3: Pt 

EDS map, Co EDS map and Pt & Co line profiles for a single catalyst particle in the region e, respectively. m3-

1– m3-3 : Pt EDS map, Co EDS map and Pt & Co line profiles for a single catalyst particle in the region m, 

respectively. G1- G3: Pt L3-edge XANES, EXAFS oscillations (black solid lines: observed; black dotted lines: 

imaginary part; red solid and dotted lines: curve fitted, respectively) and their associated Fourier transforms 

(black: observed; red: curve fitted) in the regions e (150 nm x 150 nm) and m (150 nm x 150 nm). H: Co K-

edge XANES spectra in the regions e (blue; 150 nm x 150 nm) and m (black; 150 nm x 150 nm), and in the 

electrolyte region (red; 150 nm x 150 nm), respectively. 
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and 7E). In the sample after 10,000 ADT-rec cycles, and not only in the cathode catalyst layer, Co 

was dispersed across the wide region of the electrolytes, which, in turn, reduced Co concentration 

in each location. This prevented us from performing a Co K-edge nano-EXAFS analysis. However, 

Co2+ distributed in electrolytes likely exists as [Co(Nfsul)x(H2O)y]2+ or [Co(H2O)6]2+ is similar to 

the result recorded after 5,000 ADT-rec cycles. 

The Co content in the cathode layer was extremely low, and it is clear that it dissolved in areas 

other than the metallic nanoparticle cores. Although the Co content in the cathode electrocatalyst 

layer was low, zerovalent Co existed in the Pt-Co alloy core (Vm in Figure 7) and Co2+ ions in the 

cracks and pores of the cathode layer (Figures 7E and 7F). Table 1 shows the structural parameters 

obtained from the Pt L3-edge EXAFS analysis of the area m in Figure 7e2 (150 nm × 150 nm). 

The CNPt-Co was extremely small (0.1), and the Co/Pt ratio estimated from the comparison with 

CNPt-Pt was 1/115. From the analysis of the Pt content (Figure 7E1-1) and the Co content (Figure 

7E1-2) in the cathode edge area (3 μm × 3 μm), we discovered the existence of the metallic Pt-Co 

band in the electrolyte region of up to 300–400 nm from the cathode edge (E1-1, E1-2, ve and Ve in 

Figure 7). In addition, in the area between the cathode edge and the Pt-Co band, though the amount 

was low, Pt (mean valence of 1.7+) and Co (2+) were observed (ve and Ve in Figure 7). When the 

four-coordinated Pt2+-O4 species (probably square planar structure) are formed similar to the 

previous reports,58-60 the mole fraction of Pt2+ species calculated from Pt valence estimated from 

the nano-XANES (Figure 7G1) and the mole fraction of the Pt2+-O4 species calculated from CNPt-

O determined by EXAFS were 0.9 and 0.8, respectively, indicating that most Pt species existing 

the area between the cathode edge and the Pt-Co band are the Pt2+-O4 species. Pt2+ species also 

existed in the cracks and pores of the cathode layer (Figure 7D). Reduction in the Pt content 

associated with deterioration was small even after 10,000 ADT-rec cycles, but the rate of Co 

dissolution was high as above discussed, and was especially high (95%) in the area 300–600 nm 

from the boundary between the cathode and electrolytes. 

Oxidation Number of Pt and Co, and the Distribution of Co2+ in the Depth Direction of the 

Cathode Catalyst.  Figure 8 shows the oxidation state (valence) of Pt and Co and the distribution 

of Co2+ in the depth direction of the cathode electrocatalyst layer, i.e. the cathode layer from the 

boundary with the electrolyte to the boundary with GDL, during the MEA Pt3Co/C degradation 

process. In the aging sample (before ADT-rec cycles), Pt valence was zero across the cathode 
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electrocatalyst layer, while the Co valence was +0.2 (Figure 8A). As discussed above, considering 

Co2+ exists across the cathode layer after being oxidized and dissolved from the Pt3Co 

nanoparticles in the aging process. 90% of Co atoms exist at zero-valence in the core of the core-

shell type nanoparticles (Pt shell) (Figure 2 and Figure S5). After 5,000 ADT-rec cycles, the 

thickness of the cathode layer was reduced by 16% from 13.27 μm to 11.14 μm. Across the cathode 

catalyst layer, Pt was zerovalent. In contrast, valence of Co was the highest in the area near the 

boundary with the polymer electrolyte (mean valence: +1.7). Oxidation of Co was observed in the 

cathode range 4 μm from the boundary with the polymer electrolyte, and in the area of 4–8 μm, 

the amount of Co2+ did not increase, but there was a slight increase in the amount of Co2+ at 8 μm 

from the cathode edge on the GDL side (Figure 8B). Following 10,000 ADT-rec cycles, compared 

to after aging, the thickness of the cathode catalyst layer was reduced by 21% from 11.14 μm to 

10.52 μm (Figure 8C). In addition, unlike after 5,000 ADT-rec cycles, there was an area of Pt 

Figure 8. Distribution of Pt valence (light blue), Co valence (red), and Co2+ content (mass%) 

in the depth profiles in the MEA Pt3Co/C cathode electrocatalyst layers after aging (before 

ADT-rec) (A), after 5,000 ADT-rec cycles (B), and after 10000 ADT-rec cycles (C). 
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oxidation of up to 3 μm from the cathode edge; particularly, the mean valence of Pt was highest in 

the area 400 nm from the cathode edge (+1.7). After 10,000 ADT-rec cycles, ~90% of Co was 

dissolved and removed from the cathode layer, and a large number of Co2+ ions were observed in 

the area 400 nm from the boundary with the polymer electrolyte (Figure 8C). Co atoms that 

remained in the other areas of the cathode layer (other than cracks and pores) were limited to 

zerovalent Co atoms in the core of nanoparticles. As such, the chemical states of Pt and Co changed 

notably as a result of the 0.6–1.0 V rectangle wave ADT process in the area 4 μm from the 

boundary with the electrolytes, especially within 400 nm. 

 

CONCLUSIONS 

(1) We have developed the same-view XAFS‒STEM/EDS combination technique that is able to 

measure an MEA sample under atmospheric pressure with saturated water vapor pressure, 

while maintaining a PEFC operation environment as much as possible. Using this technique, 

we visualized and analyzed a chemical state map of the degradation process and the locations 

and factors of deterioration of the cathode catalyst of the MEA Pt3Co/C with 2.5 to 3 times 

more durability than the MEA Pt/C. As a result, we were able to observe the degradation 

process based on the suppression of oxidation and dissolution of Pt caused by Co in and out of 

catalyst particles not observed for the Pt/C. 

(2) The difference in the geometrical particle surface area and ECSA and the difference in catalyst 

particle sizes calculated from XRD and the catalyst diameter estimated from STEM, indicate 

that the surface of the Pt layer of the core-shell type Pt3Co/C was in disarray during the 

deterioration process. 

(3) The same-view nano-XAFS‒STEM/EDS of the 150 nm × 150 nm area revealed that in the 

cathode electrocatalyst layer of the aging MEA Pt3Co/C, prior to the ADT-rec process, there 

were core-shell type nanoparticles forming from the core of intermetallic phase with Co/Pt=1/2 

and two-layer Pt shells, and that after 5,000 ADT-rec cycles, the Co content in the cathode 

layer decreased approximately 70%, and the Pt shell layer increased to seven layers in the core-

shell nanoparticles near the cathode edge and to four layers in the nanoparticles near the center 

of the cathode. In the MEA Pt3Co/C after 5,000 ADT-rec cycles, unlike the MEA Pt/C, no 

oxidation of Pt occurred anywhere in the cathode electrocatalyst layer, whereas Co with the 
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relatively lower oxidation potential was oxidized over a wide area of the cathode. Specifically, 

it was observed that there was a large quantity of Co2+ in the area from the boundary with the 

polymer electrolyte to about ~4 μm inside the cathode. 

(4) In the MEA Pt/C, the larger the size and the smaller the Pt/ionomer ratio of the cracks and 

pores, the faster was the rate of dissolution of Pt. In contrast, in the MEA Pt3Co/C, dissolution 

of Co was independent of the size of the cracks and pores or the Co/ionomer ratio. Co that was 

dissolved into the electrolytes had octahedral Co2+-O6 structures such as [Co(Nfsul)x(H2O)y]2+ 

or [Co(H2O)6]2+ as Co2+ ions based on the same-view nano-EXAFS‒STEM/EDS analysis of 

the 150 nm × 150 nm area.  

(5) It is possible that the MEA Pt3Co/C after 5,000 ADT-rec cycles had a four-to-seven-layer Pt 

shell structure and the same properties as the bulk Pt, leading to oxidation and dissolution 

observed with the MEA Pt/C. However, oxidation and dissolution of Pt was suppressed. The 

reason for this is that [Co(Nfsul)x(H2O)y]2+ or [Co(H2O)6]2+ adsorbed on the Pt shell surface, 

thereby suppressing the oxidation of Pt to Pt2+. Alternatively, effective concentrations of Nfsul 

and Nfsulf
‒ of Nafion ionomers near the cathode edge and in the cracks and pores were reduced 

by coordination to Co2+ ions, resulting in suppression of Pt2+ dissolution. 

(6) After 10,000 ADT-rec cycles, many cracks and pores formed in the cathode catalyst layer, and 

about 90% of Co was dissolved and removed from the cathode layer. The rate of Co dissolution 

at the cathode was especially high (95%) for the boundary area with the polymer electrolyte 

(300–600 nm).  

(7) In the MEA Pt3Co/C after 10,000 ADT-rec cycles, there was a metallic Pt-Co alloy band in the 

electrolyte region approximately 300–400 nm from the cathode edge. The same-view nano-

XAFS‒STEM/EDS combination technique in the 150 nm × 150 nm area identified 4-

coordinated Pt2+-O4 species and 6-coordinated Co2+-O6 species in the area between the cathode 

edge and the Pt-Co band. Oxidation of Pt was also observed in the cracks and pores of the 

cathode layer. 

 

EXPERIMENTAL SECTION 

MEA Samples. We used Pt3Co/C (TEC36E52; 46.5 wt% Pt, 4.5 wt% Co) and Pt/C(TEC10E50E; 

50 wt% Pt) from Tanaka Kikinzoku Kogyo as the cathode catalyst of MEA and as a reference 
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sample, respectively. We mixed ionomer (EW1100) with these materials so that the Pt/ionomer 

ratio was 1/1. The coating area of the catalyst was 3 cm × 3 cm, and the metal loading was 0.3 

mgPt/cm2. We used Nafion-212 as the proton-exchange membrane (8 cm × 8 cm). In the present 

study, we examined the MEA following the aging (conditioning) processes, and samples after 

5,000 and 10,000 rectangle accelerated durability test (ADT-rec) cycles at 0.6 V (3 s)‒1.0 V (3 s). 

Electrochemical Measurements. PEFC cell temperature, humidifier temperature, and gas line 

temperature were maintained at 80 °C, 78 °C (provides 92% cell relative humidity), and 95 °C, 

respectively. Before performing the electrochemical measurements, the MEAs were conditioned 

(aging process) by applying 150 polarization cycles consisting of the galvanostatic steps (6 s step 

duration) between 0.002 A cm-2 (near open circuit voltage) and 0.5 A cm-2 under a H2 flow of 165 

sccm at anode and an air flow of 900 sccm at cathode. After the MEA aging, 4 cycles of cyclic 

voltammograms (CV) were measured between 0.05 V and 0.9 V (vs RHE) by applying 50 and 20 

mV s-1 potential scan speeds, respectively, and the final cycle of the CV measured at 20 mV s-1 

was used to determine the electrochemical surface area (ECSA) under a H2 flow of 165 sccm at 

anode and a N2 flow of 200 sccm at cathode. I-V load measurements were performed under a H2 

flow of 165 sccm at the anode, and an air flow of 1,320 sccm at the cathode. The rectangle ADT 

process was performed with 0.6 V (3 s)‒1.0 V (3 s) cyclic treatments under a H2 flow of 165 sccm 

at the anode and a N2 flow of 200 sccm at the cathode. ECSA was obtained from the hydrogen 

desorption current in CV at 0.05–0.35 V. 

Same-View Measurement of Nano-XAFS/STEM-EDS. After completing all electrochemical 

measurements, we returned the atmosphere to N2 flow, confirmed that OCV had been sufficiently 

reduced, then removed the MEA from the cell, using a glove bag at N2 atmospheric pressure with 

saturation water vapor pressure. After removing the MEA, a small piece was cutted out of the 

MEA and embedded in epoxy resin, and a thin section with a thickness of 200 nm was prepared 

with ultramicrotome. We placed this sample on a SiN membrane so that the cross-section of the 

MEA (depth direction) faced upwards. After surrounding this sample with a 300-nm gasket tube 

spacer, another SiN membrane was assigned, then the sample was sealed with epoxy resin (Figure 

S6). All operations were performed under humid N2 atmosphere to prevent vaporization of water 

from the sample and oxidation of the MEA electrode catalyst. During these operations, the MEA 

Pt3Co/C scarcely changed, and the degradation process was slow; thus, the result of the ex situ 
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same-view measurement can be assumed to be equivalent to the projected measurement result of 

an in situ sample.24,65  

We measured the STEM-EDS of a 80 μm × 30 μm area of an MEA thin section sample fixed 

in a SiN membrane stacking cell (Figure S6). Measurement temperature was controlled at 25 °C, 

at which there was no evaporation of water or reduction in fluorine due to an electron beam in the 

SiN membrane stacking cell. The mean particle diameter of the cathode catalyst was obtained from 

more than 300 particles from the central area of the cathode layer, the boundary area between the 

cathode layer and the polymer electrolyte membrane, and the boundary area between the cathode 

layer and the gas diffusion layer (GDL). We obtained the ionomer distribution of the MEA from 

the EDS count of F element. An analysis of the core-shell structure of the catalyst nanoparticles 

was performed by averaging the number of atomic layers in the shell layers, comprised of 10 to 20 

particles, and the core structure. 

Nano-XAFS Measurement. We performed nano-XAFS measurements of a thin section of MEA 

fixed in the SiN membrane stacking cell with the same view as the location of the STEM/EDS 

measurement, using the same method as in the previous report,58-60 by means of a focused beam 

of 150 nm × 150 nm (Figure S6). For the nano-XANES map, we measured a wide area of 

approximately 80 μm × 30 μm and a narrow area of 8 μm × 8 μm, including the cathode 

electrocatalyst layer. The Pt L3-edge and Co K-edge nano-XAFS spectra were measured at 

BL36XU in SPring-8 by using a Si(111) double-crystal monochromator. X-ray beam was focused 

to 150 nm x 150 nm size via a pair of elliptically bent Kirkpatrick-Baez (KB) mirrors. The nano-

XAFS spectra were measured in a fluorescence mode with Vortex-ME IV detector, where the 

sample was inclined to the X-ray nanobeam by 30o. Nano-XANES maps were obtained by 

scanning nano-XAFS methods,57-60 where XAFS spectra were measured at 206 and 136 energy 

points for the energy range of 11.390 to 12.200 keV and 7.520 to 7.810 keV for Pt L3-edge and 

Co K-edge XANES, respectively. In order to avoid a sample damage from the X-ray beam 

irradiation, the beam stay time in a pixel point was shortened as much as possible. Nano-XAFS 

mapping was performed for 1−2 views of about 65 μm × 30 μm and 1 view of 3 μm × 14 μm using 

nano-X-ray beam with 150 nm × 150 nm size every 400 and 100 nm steps, respectively. Beam 

stay time at the same nanoposition for nano-XAFS maps in about both 65 μm × 30 μm and 3 μm 

× 4 μm regions was only 5 and 30 ms for Pt L3-edge and Co K-edge, respectively.  
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Nano-EXAFS measurements were also performed in 150 nm × 150 nm regions with 60 s × 

loops and 300 s × 10 loops measurements for Pt L3-edge and Co K-edge, respectively. The 

measurement ranges are 11.450 to 12.900 keV and 7.650 to 8.200 keV for Pt L3-edge and Co K-

edge, respectively. 

After the nano-XAFS measurements, we measured STEM-EDS of the same area as the one 

measured for nano-XAFS. Furthermore, we performed particle analysis of the characteristic area 

observed on the nano-XANES map, via STEM-EDS. 

Positional correction. Positional correction in the same-view measurement was performed using 

the same method as in the report.58 The amount of Pt and Co was obtained from 11.600 keV or 

7.760 keV of the arctangent function, calculated from the linear combination fitting of the 

Lorentzian function and the arctangent function in the XANES spectrum (Pt: 11.550–11.600 keV, 

Co: 7.700–7.800 keV). Valence of Pt was obtained from an approximation equation obtained 

through linear fitting of the white line peak area for Pt0 foil, PtO, and PtO2 reference samples by 

using the area of the Lorentzian function from the above analysis as the white line peak area.31,32,34 

Since Co K-edge XANES and EXAFS for Co species, which were dissolved into the polymer 

electrolyte membrane, were consistent with those of [Co(H2O)6]2+ (Figure S3), valence of Co was 

obtained from the compositional ratio of the XANES spectrum of the sample via linear 

combination analysis of Pt3Co alloy (Pt3Co alloy plate, TKK) and [Co(H2O)6]2+.  

XAFS Data Analysis. EXAFS Fourier-transform fittings were performed similar to the previous 

reports,65 using the data analysis program IFEFFIT (version 1.2.11c).66 Theoretical phase shift 

and backscattering amplitude functions were calculated by FEFF 8.20.67 Normalized white-line 

peak areas for the estimation of Pt valences were calculated by using Lorentzian and Arctangent 

functions by IFEFFIT. We used s0
2 values of 0.88, 0.90, 0.90, 0.90, and 0.88 in the determination 

of CN(Pt−Pt), CN(Pt−O), CN(Co−Pt), CN(Co-Co), and CN(Co−O), respectively. The Fourier 

transform range taken in the k2χ plots and the curve-fitting range in R space were 3−11 Å−1 and 

1.4−3.2 Å, respectively. To avoid divergence in the XANES fitting analysis of the XANES 

mapping regions, we ignored regions with low Pt and Co contents below 1/100 of μ11.600 keV and 

μ7.800 keV, respectively. 
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