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ABSTRACT 

There is little information on the spatial distribution, migration, and valence of Ce species doped 

as an efficient radical scavenger in a practical polymer electrolyte fuel cell (PEFC) for commercial 

fuel cell vehicles (FCVs) closely related to a serious reliability issue for long-term PEFC operation. 

An in-situ three-dimensional fluorescence CT-XAFS imaging technique and an in-situ same-view 

nano-XAFS‒SEM/EDS combination technique were applied for the first time to perform operando 

spatial visualization and depth-profiling analysis of Ce radical scavengers in a practical PEFC of 
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Toyota MIRAI FCV under PEFC operating conditions. Using these in-situ techniques, we 

successfully visualized and analyzed the domain, density, valence, and migration of Ce scavengers 

that were heterogeneously distributed in the components of PEFC, such as anode microporous 

layer, anode catalyst layer, polymer electrolyte membrane (PEM), cathode catalyst layer, and 

cathode microporous layer. The averaged Ce valence in the whole PEFC and PEM was 3.9+ and 

3.4+, respectively and the Ce3+/Ce4+ ratios in the PEM under H2 (anode)–N2 (cathode) at OCV, 

H2–air at 0.2 A cm-2, and H2–air at 0.0 A cm-2 were 70 ±5 %/30 ±5 %, as estimated by both in-situ 

fluorescence CT‒XANES and nano-XANES‒SEM/EDS techniques. The Ce3+ migration rates in 

the electrolyte membrane toward the anode and cathode electrodes ranged about 0.3 µm/h to 3.8 

µm/h, depending on the PEFC operating conditions. The faster Ce3+ migration was not observed 

with voltage transient response processes by highly time-resolved (100 ms) and spatially-resolved 

(200 nm) nano-XANES imaging. Ce3+ ions were suggested to be coordinated with both Nafion 

sulfonate (Nfsul) groups and water to form [Ce(Nfsul)x(H2O)y]3+. The Ce migration behavior may 

also be affected by the spatial density of Ce, interaction of Ce with Nafion, thickness and states of 

PEM, and H2O convection besides the PEFC operating conditions. The unprecedented operando 

imaging of Ce radical scavengers in the practical PEFCs by both in-situ 3D fluorescence CT-XAFS 

imaging and in-situ depth-profiling nano-XAFS–SEM/EDS techniques yields intriguing insights 

into the spatial distribution, chemical states, and behavior of Ce scavengers under the working 

conditions for the development of next-generation PEFC with highly long-term reliability and 

durability. 
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INTRODUCTION 

Polymer electrolyte fuel cell (PEFC) as an efficient energy conversion system has extensively been 

studied for development of fuel cell vehicles (FCVs). Recent market launching of FCVs, Toyota 

MIRAI and Honda CLARITY FUEL CELL, powered by hydrogen fuel cells have captured the 

world’s imagination with the hope of a clean energy source to mitigate environmental issues and 

to achieve sustainable and carbon neutral society. Despite the improvements in both performance 

and long-term durability of membrane electrode assembly (MEA) composed of anode, polymer 

electrolyte and cathode layers as the energy generation core of PEFC in the last 15 years, the 

current status is still short of the target of a wide-range of commercialization of FCVs.1-17 The 

strategy to address the key issues of remarkable improvements of both performance and long-term 

durability involves identifying and characterizing oxygen reduction reaction (ORR) processes, 

MEA degradation processes, and their regulation factors and mechanisms in the molecular levels 

(sub-nm–nm) and meso–macro scales (nm–m) by in situ and operando state, structure, and 

behavior analysis techniques,18-35 because their sub-nm–m events occur dynamically with 

structural and electronic changes of chemical species in MEA and heterogeneously in the two–

three dimensional spaces of MEA. Hence, it is mandatory to visualize kinetically and spatially 

their chemical processes in MEA (even involving microporous layers and gas diffusion layers) 

under PEFC operating conditions.18-36 It has been demonstrated that PEFC degradation is caused 

by electrochemical active surface area (ECSA) decrease, cathode catalyst (eg. Pt and Pt-Co) 

dissolution, carbon corrosion, proton exchange membrane (polymer electrolyte membrane: PEM) 

degradation, etc.1,16,17,28-39 Operando spectroscopic and microscopic imaging of the PEFC 

degradation can prove fundamental issues in development of next-generation PEFCs to mitigate 

their degradation events efficiently.18-36,39-41  

In addition to the dominant electrochemical production of water via four‐electron ORR under 

PEFC operating conditions, small amounts of undesired highly-oxidizing species such as H2O2, 

hydroxyl radical (HO•), hydroperoxyl radical (HOO•), and hydrogen radical (H•) are also 

generated. The hydroxyl radical is regarded to be the most powerful oxidant as evidenced by its 

high reduction potential and hydrogen abstraction capability. The chemical degradation of PEM 

(Nafion) in PEFC is caused primarily by the action of the aggressive HO•.42 Remarkable 
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suppression of the rate and impact of chemical degradation of PEM is one of the most serious 

challenges to be solved urgently for widespread use of FCVs. 

It has been reported that Ce3+ and Mn2+ or these oxide nanoparticles, whose cations can undergo 

fast reversible redox reactions and quench radicals by donating or accepting electrons in aqueous 

conditions, are very effective at protecting PEMs from chemical degradation,43-45 and hence PEM 

stabilization has been achieved by incorporation of radical scavenger species by a variety of 

methods.42-57 The existence of Ce3+ scavenger leads to a 20‐fold reduction in MEA degradation 

rate and a nearly 1000‐fold reduction in fluoride reduction. Compared with Ce3+ mitigation, 

equivalent levels of Mn2+ doping are 5–10 times less effective.42 Ce3+ ions undergo a facile one‐

electron redox reaction with HO• to produce H2O and Ce4+ cations.58 The Ce4+ reduction pathways 

to Ce3+ are crucial to the effectiveness of the Ce mitigation system because they enable the HO• 

radical quenching reactions to be accomplished with small amounts of Ce3+ ions.59 Ce4+ 

ions leached out from CeO2 doped in PEFC cause a significant decay of power performance along 

with a loss of the ECSA and an increase in the electric resistance.60 EDS analysis for Ce and Pt of 

cross sections of a Ce doped MEA after 200 h of OCV hold showed that around 10% of the initial 

cerium was eluted to exhaust water that was collected and analyzed by HPLC.61 The amount of 

Ce3+ doped in PEM was varied from 2 to 30 mol% of sulfonic acid sites of PEM, where the highest 

level of Ce3+ represents 10% of the total number of sulfonic acid sites in the PEM as each Ce3+ ion 

can make a complex with three sulfonic acid groups.16 The Ce doping mitigates PEM degradation 

efficiently, while increasing Ce loading shows a detrimental Ce effect on MEA Pt/C 

electrocatalysis to decrease cell performance. These results indicate the importance of the density, 

distribution, valence, and dynamic behavior of Ce scavengers in PEFC under the operating 

conditions to maximize both performance and long-term durability of PEFC. XRF images showed 

that accelerated stress test (AST) cycles caused depletion of Ce added as chemical stabilizer in 

MEA. Sever humidity cycling not only generated the highest membrane mechanical stress but also 

resulted in the strongest water flux, which may cause the Ce depletion.62 It is suggested that Ce 

cations are very mobile in Nafion and migrate into both anode and cathode catalyst layers.63-67 The 

assessment of a Toyota 2017 MIRAI fuel cell was reported by FC Consortium in DOE in 2017–

2018.17,37,47,68 They analyzed high concentration of CeOx particles in microporous layers (MPL) 

of PEFC to be ~ 120 g/cm2 on the anode and ~ 60 g/cm2 on the cathode. At first Ce is 
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equilibrated between PEM and catalyst layers, then during AST cycles Ce migrates to the cathode 

layer due to proton flux as suggested by XRF and SEM. Ce diffusivity and convective 

measurements revealed that Ce3+ movement via water convection is most dominant.17,68 Despite 

the pioneering study dealing with the mitigation properties of Ce3+ and Mn2+, there is poor 

understanding of the uptake/release, movement, oxidation/reduction, and spatial distribution of the 

chemical scavengers, and any quantitative proofs for these issues in practical PEFCs and 

particularly under PEFC operating conditions have not been provided thus far. 

It is hard to directly visualize and identify spatial and temporal information on the density, valence, 

and migration of Ce scavengers inside PEFC under the operating conditions. However, in situ time-

resolved and spatially-resolved (imaging) XAFS (X-ray absorption fine structure) techniques have 

been proved to be powerful for operando and element-selective investigation of electrocatalyst 

layers and PEM in MEA under PEFC operating conditions.18-36,39,41 To ascertain the heterogeneous 

degradation process of MEA cathode catalysts, an operando three-dimensional (3D) projection-

transmission CT (computed tomography)‒XAFS imaging technique has been developed at SPring-

8 BL36XU beamline that we designed and constructed for fuel cell research, and applied to 3D 

visualization of the degradation phenomenon and mechanism of MEA Pt/C and Pt3Co/C cathodes.28-

30,39,41 A same-view combination technique of nano-XAFS and STEM-EDS under humid N2 

atmosphere at SPring-8 BL36XU irrespective of ex situ observation prompted the discovery of 

unprecedented aspects of the spectroscopic and chemical visualization of the leached Pt2+-O4 and 

Co2+-O6 species and detached metallic Pt nanoparticles in the degradation process of MEA Pt/C and 

Pt3Co/C catalysts.32-35,39 

In this study, an in situ 3D fluorescence CT–XAFS imaging technique and an in situ depth-

profiling same-view nano-XAFS–SEM/EDS technique were applied for the first time to operando 

imaging of the spatial density distribution, valence state distribution, and migration of Ce radical 

scavenger species in a practical PEFC of Toyota 2017 MIRAI FCV. Results from the 

unprecedented analysis of the Ce scavenger in the PEFC by means of the operando 3D 

fluorescence CT–XAFS imaging and depth-profiling nano-XAFS–SEM/EDS techniques yielded 

intriguing insights into the spatial distribution, chemical states, and behavior of Ce3+/Ce4+ species 

under the PEFC operating conditions. 
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RESULTS AND DISCUSSION 

Setup of In Situ Three-Dimensional (3D) Fluorescence CT–XAFS Imaging Cell and System. 

An in situ 3D scanning fluorescence CT–XAFS system was set up to achieve operando 3D 

visualization of Ce species doped as a radical scavenger in a practical PEFC of Toyota MIRAI at 

the BL36XU undulator beamline in SPring-8 as shown in Figure 1 (a), similar to in situ 

synchrotron radiation (SR) X-ray projection-transmission CT–XAFS system for measurements of 

PEFC Pt/C and Pt3Co/C cathode layers in our previous report.28,30 In the current study a new in 

situ PEFC cell with tapered windows for the scanning fluorescence CT–XAFS imaging was 

fabricated and two sets of four-element silicon drift detectors were used for fluorescence detection, 

placing at the backside of the in situ PEFC cell inclining at 60° and 90° to the X-ray optical path 

(Figure 1 (a)).   

To confirm good electrochemical operation ability of the in situ PEFC cell designed for 

fluorescence CT–XAFS measurements, at first we acquired cyclic voltammogram (CV) curves for 

comparison with our previous CV data in the projection-transmission CT–XAFS system.28,29 An 

MEA (ccm: 3 cm x 3 cm) composed of Pt/C electrocatalysts (0.5 mg-Pt cm-2) and Nafion-212 was 

purchased from EIWA FC Development Co. Ltd., and 215-m-thick gas diffusion layers (GDLs) 

(SGL 22BB, SGL Carbon Japan Co. Ltd.) were inserted at both sides of the MEA, and the MEA 

was sealed with gaskets for gas flows, and then the obtained PEFC was enclosed in the CT–XAFS 

cell, thereby ECSA of the PEFC was measured. The ECSA measured in the CT–XAFS cell was 

72 m2 g-Pt
-1, which is similar to the value in the literature.28,29  

Almost no significant damage of PEFC by SR X-ray irradiation under the present setup and 

measurement conditions were observed. Sample damage by SR X-ray irradiation depends on 

operando measurement conditions, and the PEFC operation with humidified air at the cathode 

(humidified H2 at the anode) often generates critical damages against the electrocatalysts and 

polymer membrane possibly due to radical formation from O2 under the SR X-ray irradiation. In 

contrast, sample damage can be remarkably suppressed under humidified N2 atmosphere at the 

cathode. In this study, we measured operando CT‒XAFS in a flow of humidified N2 at the cathode 

and recorded a series of the CT‒XAFS data successfully without serious sample damage.  Indeed,  



 7 

 

Figure 1. The outline block diagrams of operando fluorescence CT–XAFS and same-view nano-XAFS–

SEM/EDS techniques. (a) Setup of in situ 3D fluorescence CT–XAFS system at BL36XU beamline and a 

schematic of in situ PEFC cell with tapered windows for fluorescence CT–XAFS. (b) A new stacking 

membrane cell for operando same-view nano-XAFS–SEM/EDS observation, each fabricated component, a 

small PEFC piece (eg. 200 m W x 300 m L x 300 nm D), and nano-PEFC cell pictures  at BL36XU beamline. 

A–H and (i)–(v) are described in Supporting Information (pages S-6 & S-7) in detail. I: Perspective view of in 

situ nano-XAFS fuel cell (X-ray irradiation side); J: Perspective view of in situ nano-XAFS fuel cell (backside 

of I); K and L: photographs of the nano-XAFS measurement setup. 
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the CV and Pt L3-edge XANES remained almost unchanged after a series of CT‒XAFS 

measurements as shown in Figure S1 (Supporting Information), which indicates no significant 

damage of PEFC during the operando CT‒XAFS by SR X-ray irradiation. 

PEFC Samples Employed for CT–XAFS Imaging. Geometric and chemical ingredient 

information on a PEFC sample of Toyota MIRAI analyzed by DOE and ourselves are summarized 

in Supporting Information (page S-3).17 Two PEFC samples, sample 1 and sample 2 (5.2 cm x 5.0 

cm) were cut out from a MIRAI PEFC unit after long-distance (200,000 km) driving (provided 

from Toyota Motor Corp.) as shown in Figure S2. The samples were also used for projection-

transmission CT–XAFS imaging for 3D spatial distribution of the Ce density and valence in a wide 

visual area of 665 µm x 665 µm. A three-layered MEA used for Toyota MIRAI PEFC, which was 

doped with 11 µg cm-2 of Ce by a cation exchange method using Ce(NO3)3, was also provided 

from Toyota Motor Corp. Because the collected MEA size was larger than the in situ CT–XAFS 

cell, the Ce-doped MEA was cut into 5 cm × 5 cm size, and the effective CCM (catalyst coated 

membrane) size with GDLs (215 µm, SGL 22BB) was 3 cm × 3 cm.  

Operando 3D CT–XAFS Imaging.  The operando 3D fluorescence CT–XAFS system in Figure 

1 (a) was used to visualize the spatial distribution of dilute contaminant elements like Ce radical 

scavengers in PEFC for the first time. Transmission and fluorescence CT–XAFS techniques for 

PEFC with a thin membrane stacking structure provide X-ray transmission and fluorescence maps, 

respectively, with the sample projection angle scan of ±80° at every 2° step. The transmission and 

fluorescence CT–XAFS imaging can bring about almost the same information as full-field CT–

XAFS, such as the morphology, density, and valence distributions of the target element though 

there is a shadow area of the X-ray windows of a PEFC. The latter fluorescence mode is sensitive 

to the low-density part of the target element.41 XANES spectra in a transmission mode are analyzed 

to estimate the density of Ce3+ and Ce4+ species by the linear combination of CeO2 (Ce4+) and 

Ce2(CO3)2 or Ce(NO3)3 (Ce3+), t(E)sample = a0 + a1 t(E)CeO2 + a2 t(E)Ce2(CO3)2. However, in the 

case of 3D CT–XAFS measurements the X-ray transmission and fluorescence signals at the 

representative four energy points of background, Ce3+ white line peak, Ce4+ white line peak, and 

isosbestic point were recorded instead of full energy scanning spectra to avoid long measurement 

time and sample damage by long time X-ray irradiation. The Ce density and valence were 

calculated conveniently by using Ce3+ white line peak intensity at 5724.8 eV (1) (2p → 4f15d1 
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transition for Ce3+), Ce4+ white line peak intensity at 5736.2 eV (2) (2p → 4f05d1 transition for 

Ce4+), an isosbestic point t at 5761.7 eV (3), and background t at 5680.0 eV (4) as shown in 

Figure S3. The Ce density, Ce3+ fraction, and Ce4+ fraction were calculated by (3) – (4), [(1) – 

(4)]/[(3) – (4)], and [(2) – (4)]/[(3) – (4)], respectively. The white line peak intensities of Ce3+ and 

Ce4+ in normalized XANES spectra respond to the Ce valence state.  

We reconstructed 3D images of three parameters from the CT–XANES analysis: i) morphology 

image, ii) Ce density image, and iii) Ce valence state image in the PEFC. The measured X-ray 

fluorescence signals were converted to X-ray absorption coefficients (µt) by using I0 signal 

recorded on an ion chamber. The measured fluorescence signals were corrected by considering the 

self-absorption effect of the thin membrane in the PEFC cell. To obtain CT images complement 

with the shadow area of the PEFC X-ray window, converted sinogram images were complemented 

by the average of four SDD channels. Reconstruction was performed in a similar way to that 

reported previously.28-30  

At first, we used in-situ 3D projection-transmission CT–XAFS technique for the imaging of the 

Ce density and Ce valence in the practical PEFC of Toyota MIRAI after long-distance (200,000 

km) driving. The spatial distribution of the Ce density and valence in the PEFC sample 1 was 

successfully visualized in a wide-range area of 665 m x 665 m at a spatial resolution of 0.325 

µm/pixel in Figure 2, which shows cross-sectional images of the Ce density (a, b and c) and valence 

(d and e) at three different planes in the PEFC under N2(anode)–N2(cathode) at OCV; at 52 µm 

from the PEM center toward the cathode MPL, at the PEM center, and at 52 µm from the PEM 

center toward the anode MPL. The Ce species were heterogeneously distributed in the whole part 

of PEFC and several Ce dense domains (probably CeO2 particles) in anode and cathode MPLs 

were observed. The Ce valence imaging also showed a heterogeneous feature with an averaged 

valence of Ce3.9+ in both anode and cathode MPL (Figure 2 (d) and (e)) of the PEFC after the long- 

distance driving. Figure 2 (f) shows a line profile of the Ce density in the PEFC thick direction. 

The Ce density in the MEA was much less than those in the anode and cathode MPL/GDL so that 

the transmission CT–XAFS method did not enable to visualize the 3D Ce valence distribution in 

the Nafion electrolyte membrane precisely. 
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The information on the projection-transmission CT–XAFS based on the measurements of the 

transmission images of PEFC is restricted to relatively dense element parts having sufficient X-

ray absorption for analysis. The loaded Ce amount in the MEA of the practical PEFC was small, 

and it was hard to obtain X-ray absorption signals good enough for imaging the spatial density, 

valence and behavior of Ce species in the MEA. Hence, we tried the 3D visualization of Ce radical 

scavengers in MEA by high-sensitive measurement, using X-ray fluorescence-yield Ce L3-edge 

CT–XAFS technique and a 2 µm beam focused with Kirkpatrick-Baez (KB) mirrors (JTEC Co.) 

(Figure 1 (a)).  

Figure 2. Cross-sectional images (665 m x 665 m) of the Ce density (a, b and c) and valence (d and e) at 

three different planes in the PEFC sample 1 cut out from Toyota MIRAI visualized by operando three-

dimensional projection-transmission CT–XAFS under N2(anode)–N2(cathode) at OCV, and a line profile (f) 

of the Ce density in the PEFC thick direction. MEA: 24 m (ACL:3.5, PEM:10, CCL:10.5), anode MPL: 60 

m, cathode MPL: 68 m, and anode/cathode GDLs). Spatial resolution: 0.325 µm/pixel. 
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The cross-sectional SEM image of the MEA doped with 11 µg cm-2 of Ce in Figure 3 (a) showed 

a clear contrast of the three-layered structure consisting of cathode catalyst coated membrane 

(CCM), polymer electrolyte membrane (PEM), and anode CCM. The energy dispersive X-ray 

spectroscopy (EDS) maps revealed that the major part of Ce was loaded in CCMs and the minor 

part of Ce was located in the PEM (Figure 3 (b)). We obtained the operando 3D imaging of MEA 

morphology (Figure 3 (d)), Ce density (Figure 3 (e)), and Ce valence (Figure 3 (f)) at 0.4 V (vs. 

RHE) by the scanning fluorescence Ce L3-edge CT–XAFS method for the first time (see 

EXPERIMETANL SECTION). The loaded Ce was distributed on the inside of a crack pattern and 

in a line shape in the CCM body, during PEFC operation (Figure 3 (d), (e), (g), and (h)). Ce ions 

were assumed to be dissolved and migrated through water convection in a heterogeneous manner 

in the DOE report.17,68 The depth profile of the Ce density during the voltage operation indicates 

that Ce species are located in a wide range of both cathode CCM and PEM (Figure 3 (j)), thereby 

Ce ions can function as a radical scavenger in both PEM and CCM. Figure 3 (k) showed the 

positive correlation between the Ce density and valence state. The high valent Ce4+ ions, which 

may lose the activity of radical quenching, tended to be more present in the higher Ce density area 

though the difference was not so much. The averaged Ce valence in the total area of Z= 0~13 µm 

of the cathode CCM was estimated to be Ce3.4+ and there was negligible variation to the membrane 
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Figure 3. Operando three-dimensional (3D) scanning fluorescence CT–XAFS imaging at Ce L3-edge at 0.4 V 

(vs RHE) and two-dimensional (2D) cross-sectional CT-XAFS images at different depth layers in the cathode 

and PEM (part) region around the MEA center for a Ce-doped MEA (24 m (ACL:3.5, PEM:10, CCL:10.5)). 

(a) Cross-sectional SEM image (15 keV, x2,000) of MEA; (b) & (c) EDS maps for Ce Lα and Pt M, 

respectively; (d)–(f) 3D CT-XAFS visualized area: (X) 386 m in parallel to the cathode layer, (Y) 20 m in 

perpendicular to the cathode layer and (Z) 13 m in the depth direction; (d) 3D morphology imaging 

(fluorescence CT at 5,680.0 eV: Ce L3-edge background); (e) 3D Ce density imaging; (f) 3D Ce valence 

imaging; (g)–(i) 2D cross-sectional visualization of the morphology (g), Ce density (h) and Ce valence (i) at 

Z= 0 m, 7 m, and 13 m in the MEA, where Z = 0 µm is referred to the cathode layer interface. Spatial 

resolution: 2 m.  (j) Depth profiles of Pt density (black) and Ce density (red) (dotted lines: at the cross-

sectional levels 0, 7, and 13 m in (a); (k) Scattering plot of the data correlation between Ce valence state and 

Ce density in the 0–13 m depth region (e, f, h, & I). 
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depth. The operando 3D imaging results were in good agreement with the operando 2D depth-

profiling nano-XAFS results with the higher spatial resolution as discussed hereinafter.  

Design and Fabrication of In-Situ Depth-Profiling Nano-XAFS–SEM/EDS Same-View 

Combination Technique. We have designed and fabricated a new stacking membrane cell for 

operando same-view nano-XAFS–SEM/EDS observation using a sliced PEFC piece as shown in 

Figure 1 (b). The detailed information about the new stacking membrane cell, each fabricated 

component of PEFC, and nano-XAFS setup pictures is described in Supporting Information (pages 

S-6 and S-7). Preparation and arrangement of a sliced PEFC piece on a SiN membrane and stacking 

of the two membranes to make a cell for the nano-XAFS–SEM/EDS are described in 

EXPERIMENTAL SECTION. SR X-ray beam was focused to 210 nm x 226 nm size or 308 nm 

x 307 nm size via a pair of elliptically bent KB mirrors. 

A reference MEA piece (see EXPERIMENTAL SECTION) was used to examine whether a sliced 

PEFC piece (L 300 m x W 200 m x D 200 nm) in the nano-XAFS–SEM/EDS membrane cell 

in Figure 1 (b) can show an electrochemical power generation capability similar to those of normal-

sized PEFCs. The electrochemical performances (CV, I–V, and power density) of the PEFC piece 

(200 nm thick) are shown in Figure S4. The ECSA and maximum power density were estimated 

to be 43.0 m2 g-1 and 0.49 W cm-2, respectively. Further, the performances did not change 

significantly after the XAFS–SEM/EDS measurement as shown in Figure S5, indicating no 

damage of the sample due to X-ray irradiation and electron beam during the scanning nano-XAFS–

SEM imaging. On the basis of these electrochemical results, a PEFC piece of L 300 m x W 200 

m x D 300 nm (thickness) was fabricated by cutting out from a PEFC unit of Toyota 2017 MIRAI 

after long-distance (200,000 km) driving (Figure S6) and mounted into the homemade stacking 

membrane cell as described in EXPERIMENTAL SECTION. The ECSA, maximum power 

density, mass activity (Imass), and surface specific activity (Ispecific) were estimated to be 48.4 m2 g-

1, 0.76 W cm-2, 0.080 A mgPt
-1 at 0.90 V (vs RHE), and 0.170 mA cmPt

-2 at 0.90 V (vs RHE), 
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respectively (Figure 4). The electrochemical performance of the PEFC piece from the Toyota 

MIRAI was better than that of the PEFC piece prepared from a commercial MEA. 

Operando depth-profiling same-view nano-XAFS–SEM/EDS Imaging. Figure 5 shows the 

operando scanning nano-XANES–SEM (backscattering electron) depth-profiling visualization in 

the identical region of a 300 nm-thick Sample 1. The two-dimensional Ce map was recorded at 60 

ms/pixel by using a focused X-ray beam of 308 nm x 307 nm and it took 7.0 h for measurement 

of the whole PEFC region. The representative nano-quick XANES (QXANES) spectra at Ce L3-

edge (whole QXAFS acquisition time: 500 s) in the anode MPL and MEA electrolyte regions and 

at Pt L3-edge (whole QXAFS acquisition time: 50 s) for the cathode catalyst layer and anode 

catalyst layer are also shown in Figure 5. Most of Ce species in the MPL were CeO2 (Ce4+), while 

the majority of Ce species in the MEA electrolyte is situated in the Ce3+ state, as indicated by the 

Ce L3-edge nano-QXANES spectra similar to the QXANES spectra for CeO2 and Ce(NO3)3 aq. 

Nano-XANES maps of the Pt, Ce and Co densities and valences in the MEA region (Figure 5) 

revealed the heterogeneous distribution of Pt, Ce, and Co species, but there were neither cracks 

nor holes at both metallic Pt electrodes. Pt atoms at the anode and cathode catalyst layers remained 

metallic without any significant oxidation. No Pt-O bond was observed by QXAFS, and the Pt-Pt 

bond distance and coordination number CNPt-Pt of Pt nanoparticles at the cathode were determined 

to be 0.273 (±0.001) nm and 9.4 (±0.5) by a curve fitting analysis of the QEXAFS Fourier 

transform (Figure S7 (A)). In contrast, a great portion of Co atoms was oxidized to Co2+ ions and 

Figure 4.  Electrochemical performances of a piece of Sample 1 (300 nm thick) in the operando same-view 

nano-XAFS–SEM/EDS membrane cell. Anode: H2= 1.7 sccm, Cathode: air= 12.0 sccm. 
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dissolved to the electrolyte layer, similar to the Co species in MEA Pt3Co/C degraded by 

accelerated durability test 5,000–10,000 cycles between 0.6 and 1.0 V.35    

Figure 6 is line profiles of the Ce density, Ce3+ fraction, and Ce4+ fraction along with the yellow 

dotted arrow in the SEM image of  Figure 5 under H2 (anode)–N2 (cathode) at OCV, H2 (anode)–

air (cathode) at 0.2 A cm-2, H2 (anode)–air (cathode) at 0.0 A cm-2, and H2 (anode)–-air (cathode) 

at 0.2 A cm-2, which were successively measured by the operando same-view nano-XAFS–

SEM/EDS technique. Both anode and cathode MPLs involve mainly Ce4+ (CeO2) and a very small 

amount of Ce3+ species. The Ce3+ and Ce4+ fractions in the PEM under the above four different 

conditions were estimated to be 70 ±5 % and 30 ±5 %, respecrtively, which were in good 

agreement with the average valence of Ce3.4+ estimated by the operando 3D fluorescence CT‒

Figure 5. The same-view nano-XANES–SEM visualization in the identical region of a 300 nm-thick Sample 

1 and the nano-XANES spectra at Ce L3-edge in the anode MPL and MEA electrolyte regions and at Pt L3-

edge for the cathode catalyst layer and anode catalyst layer. The nano-XANES Pt, Ce and Co maps in the MEA 

region are also shown. Yellow dotted arrow in the SEM image: see the line profiles in Figure 6. 
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XANES technique. The [Ce3+]/[Ce4+] ratio in PEM has been estimated to be ≫104 by a reaction 

scheme model obtained by mathematical simplification procedures.16 The Ce3+ and Ce4+ fractions 

are different from our results that were directly, experimentally visualized with the practical PEFC 

by both the operando 3D CT–XAFS and 2D nano-XAFS–SEM/EDS imaging techniques. The 

[Ce3+]/[Ce4+] ratio may depend on the coordination structure, reactivity, and local density of Ce 

ions, the density of HO• and H2O2, and chemical state of PEM.  

Same-view nano-XANES–SEM/EDS visualization in the identical region of a 300 nm-thick 

Sample 2 is shown in Figure S8. The Ce density in the Sample 2 was estimated to be ~30 times 

less than that in the Sample 1, showing non-uniform Ce3+/Ce4+ fractions in the anode and cathode 

MPLs. No Ce species in the MEA region were observed due to the low density below the detection 

limit. The results demonstrate a remarkably non-uniform (at 500 nm scale) reduction of the Ce 

density at different places of the PEFC during the practical long-term operation.  

Figure 6.  Line profiles (along the yellow dotted arrow in the SEM image of Figure 5 for a 300 nm-thick Sample 

1 ) of the Ce density,Ce4+ molar fraction and Ce3+ molar fraction under H2 (anode)–N2 (cathode) at OCV (black), 

H2 (anode)–-air (cathode) at 0.2 A cm-2 (blue), H2 (anode)–air (cathode) at 0.0 A cm-2 (red), and H2 (anode)–-air 

(cathode) at 0.2 A cm-2 (green) successively measured by the operando same-view nano-XAFS–SEM/EDS 

technique. ACL: anode catalyst layer; CCL: cathode catalyst layer; PEM: proton exchange membrane. 
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Figure 7 shows the visualization of the distribution and behavior of Ce and Pt in the MEA doped 

with 11 µg cm-2 of Ce3+ ions in a PEFC piece sample (300 nm thick) during the operation of 0, 15, 

30, and 60 min under the conditions of H2 (anode, 1.5 sccm)–air (cathode, 9.0 sccm) at OCV 0.98 

V and 80 oC by the operando same-view nano-XAFS–SEM/EDS technique. After setup in the 

operando stacking membrane cell, the PEFC piece before visualization was conditioned (aging) 

at 80 oC under N2 (anode, 1.0 sccm)–N2 (cathode, 10 sccm) for 60 min and H2 (anode,1.5 sccm)–

air (cathode, 9.0 sccm) at 0.5 V for 5 h. Further, the sample was treated at 80 oC under N2 (anode, 

10 sccm)–N2 (cathode, 10 sccm) for 45 min and H2 (anode,1.5 sccm)–N2 (cathode, 10 sccm) at 

OCV 0.13 V for 20 min. The SEM image and F-element EDS and the nano-XANES density of Pt 

and Ce of the PEFC piece sample thus pretreated are shown in Figure 7 (a). After the above 

treatments the Ce density appeared more in the PEM regions near the anode and cathode layers. 

Most of Ce ions were situated in the Ce3+ state. Then, the 2D depth-profiles of Ce3+ migration 

Figure 7. Visualization of the distribution and behavior of Ce and Pt in the MEA doped with 11 g cm-2 of Ce3+ 

ions in a PEFC piece sample (300 nm thick) during the operation of 0, 15, 30, and 60 min under the conditions 

of H2 (anode, 1.5 sccm)–air (cathode, 9.0 sccm) at OCV 0.98 V, 80 oC by the operando same-view nano-XAFS–

SEM/EDS technique. The difference in the Ce density (b–e) is the difference with the Ce density under H2 

(anode)–N2 (cathode) at OCV 0.13 V (a). 
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under the H2–air operation conditions at OCV 0.98 V and 80 oC at a spatial resolution of 200 nm 

were visualized at 0, 15, 30, and 60 min (Figure 7 (b)–(e)). The difference in the Ce density in 

Figure 7 (b)–(e) is the difference with the Ce density at (a). The blue and red bands observed in 

parallel to the MEA plane depict the regions in which the Ce density decreased and increased, 

respectively. It was found that Ce3+ ions near the anode boundary migrated toward the center of 

the electrolyte membrane. The Ce density near the cathode boundary varied a little, but the Ce 

migration was much fewer, and the Ce density in the other places of the PEM did not change 

significantly.  

Figure 8.  Ce3+ migrations in the anode to cathode direction in the electrolyte layer of MEA doped with 11 g 

cm-2 of Ce3+ ions in a PEFC piece sample (300 nm thick) at 80 oC visualized by the operando same-view nano-

XAFS–SEM/EDS technique. (A) Ce3+ migration in the MEA during the operation of 0, 15, 30, and 60 min under 

the conditions of H2 (anode)–air (cathode) at OCV 0.98 V, 80 oC in Figure 7. (B) After the operation of Figure 7 

(e) (black curve in (B)), the MEA at 80 oC was operated under the conditions of N2 (anode, 1.0 sccm)–N2 

(cathode, 10.0 sccm) for 0 min (red) and 60 min (orange) for the backward migration, and H2 (anode, 1.5 sccm)–

air (cathode, 9.0 sccm) at 0.5 V load for 0 min (yellow), 60 min (light green), and 200 min (green) for the forward 

migration again. Spatial resolution: 200 nm. 
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The Ce density in the anode to cathode direction in the PEM (10 µm) of MEA (anode: 3.5 µm and 

cathode: 10.5 µm) in a PEFC piece sample (300 nm thick) at 80 oC in Figure 7 was plotted against 

the MEA thickness distance in the anode to cathode direction in Figure 8. The Ce3+ migration in 

the PEM during the operation of 0, 15, 30, and 60 min under the conditions of H2 (anode)–air 

(cathode) at OCV 0.98 V, 80 oC in Figure 8 (A). It is to be noted that the Ce3+ migration rate was 

estimated experimentally to be ~2 µm per 1 h under the operation conditions for the first time. 

Further, after the operation of Figure 7 (e), the MEA was operated under the conditions of N2 

(anode, 1.0 sccm)–N2 (cathode, 10.0 sccm) for 0 min (red) and 60 min (orange) at 80 oC to bring 

about the backward Ce3+ migration in the cathode to anode direction as shown in Figure S9. The 

backward Ce3+ migration rate was estimated to be ~3.8 µm per 1 h. Then, the PEFC piece sample 

was treated under H2 (anode, 1.5 sccm)–air (cathode, 9.0 sccm) at 0.5 V load for 0 min (yellow), 

60 min (light green), and 200 min (green) for the forward migration in the anode to cathode 

direction again at the spatial resolution of 200 nm. The Ce3+ migration rate was estimated to be 

~0.3 µm per 1 h under the voltage operation conditions. These results reveal that the Ce3+ migration 

rates in the electrolyte membrane toward the anode and cathode electrodes range about 0.3 µm/ h 

to 3.8 µm/ h, depending on the PEFC operating conditions. 

We have further examined if there may be any faster Ce3+ migration processes than the acquisition 

time for the whole MEA imaging in Figure 7 and Figure S9 by using the voltage transient response 

method.20-26 We have succeeded in time-resolved (100 ms) visualization of the Ce3+ behavior along 

the red arrow (at top-left in Figure 9) in the MEA of the PEFC piece sample (300 nm thick) in the 

transient response process against the voltage jump operations between 0.5 V (1.47 A cm-2) and 

1.0 V (0 A cm-2) after the operation in Figure S9 (c) by the operando nano-XAFS imaging 

technique. Note that the Ce density (a) and difference in the Ce density (b) did not change during 

each operation time for 30 s (totally 120 s) as shown in Figure 9. It is also notable that the vertical 

shifts of the Ce density (Ce3+ migration) near both the anode and cathode catalyst layers were not 

observed with the time profiles in Figure 9 (c) and (d) though the nano-XAFS signals at the high 

time resolution of 100 ms and at the spatial resolution of 200 nm were somewhat scattered. 
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Ce cations have been reported to be very mobile in Nafion.65-67 Diffusion coefficient was reported 

to be 0.686 x 10-10 m2 s-1,47 which is much larger than the present results. It has been suggested by 

FTIR and Raman that Ce3+ ions interact with sulfonate (SO3
-) groups of Nafion in PEM and the 

diffusion coefficient decreases two orders of magnitude.61 Our visualization results demonstrated 

that Ce cations in PEM migrated in the time scale of ~0.3–3.8 µm/ h. Nano-XANES spectra and 

nano-EXAFS oscillations for the Ce3+ part in the sample of Figure 7 (e) (red), Ce(NO3)3  aq. (50 

mM) (blue), and CeO2 (green) are shown in Figure S7 (B-1) and (B-2), respectively. The nano-

EXAFS data for the Ce3+ species (B-2) are noisy and tentative at the moment, but the nano-EXAFS 

oscillation was different from the EXAFS oscillation of free Ce3+ ions in water solvent like 

[Ce(H2O)9]3+. The results suggest that Ce3+ ions in PEM under the H2–air operating conditions 

Figure 9. Time-resolved (100 ms) and spatially-resolved (200 nm) visualization of the Ce behavior along the red 

arrow (at top-left in Figure 9) in the MEA of the PEFC piece sample (300 nm thick) in the transient response 

process against the voltage jump operations between 0.5 V (1.47 A cm-2) and 1.0 V (0 A cm-2) after the operation 

in Figure S9 (c) by the operando nano-XAFS imaging technique. The difference in the Ce density is taken as the 

difference with the Ce density in Figure S9 (c). 
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coordinate to Nafion sulfonate (Nfsul) groups to form [Ce(Nfsul)x(H2O)y]3+. The Ce migration 

behavior may be affected by several issues such as the voltage operating conditions, spatial density 

of Ce, interaction of Ce with Nafion, thickness and states of PEM, H2O convection, etc.  

 

CONCLUSION 

The in-situ three-dimensional fluorescence CT-XAFS imaging technique and the in-situ same-

view nano-XAFS‒SEM/EDS combination technique were applied for the first time to observe the 

distribution and behavior of Ce radical scavengers in practical PEFCs under working conditions. 

The XAFS imaging techniques enabled the operando three-dimensional visualization and depth-

profiling analysis of Ce scavengers as well as Pt and Co catalyst species in practical PEFCs of 

Toyota 2017 MIRAI under voltage operating conditions. Using these operando imaging 

techniques, we successfully visualized and analyzed the spatially heterogeneous distribution of the 

domain, density, and valence of Ce scavengers in the MEA. The averaged Ce valence in the whole 

PEFC after the long-distance (200,000 km) driving was 3.9+. The averaged Ce3+/Ce4+ ratios in the 

PEM were estimated to be 70 ±5 %/30 ±5 % under H2 (anode)–N2 (cathode) at OCV, H2–air at 0.2 

A cm-2, H2–air at 0.0 A cm-2, and H2–air at 0.2 A cm-2. The Ce3+ migration in PEM of a PEFC 

piece (300 nm thick) under H2–air at OCV, 0.98 V was also successfully visualized by the in-situ 

time-resolved nano-XAFS‒SEM/EDS technique. The Ce3+ migration rates in the PEM toward the 

anode and cathode electrodes ranged ~0.3 µm per 1 h to ~3.8 µm per 1 h, depending on the PEFC 

operation conditions. The faster Ce3+ migration was not observed with the voltage transient 

response method by highly time-resolved (100 ms) and spatially-resolved (200 nm) nano-XANES 

imaging. Ce3+ ions in PEM were suggested to be coordinated with both Nafion sulfonate (Nfsul) 

groups and water to form [Ce(Nfsul)x(H2O)y]3+. The Ce migration behavior may be affected by the 

PEFC operating conditions, spatial density of Ce, interaction of Ce with Nafion, thickness and 

states of MEA and H2O convection. The operando imaging and finding in this study may provide 

new insight into the development of PEFC with molecularly-geometric and chemical ability to 

regulate the dynamic Ce behavior for long-term durability of PEFC. 
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EXPERIMENTAL SECTION 

PEFC Samples. For 3D CT–XAFS observations two PEFC samples (sample 1 and sample 2; 5.2 

cm × 5 cm size) were cut out from two different places of a single PEFC unit in a Toyota 2017 

MIRAI fuel cell system as shown in Figure S2. A PEFC unit of 2017 MIRAI FCV after long-

distance (200,000 km) driving was provided from Toyota Motor Corp. The sample 1 or sample 2 

was mounted into a homemade CT–XAFS cell (Figure 1 (a)). The sample in the cell was sealed 

with gaskets for gas flows and the effective CCM (catalyst coated membrane) size with gas 

diffusion layers (215 µm, SGL 22BB, SGL Carbon Japan Co. Ltd.) was 3 cm × 3 cm. A Ce-doped 

MEA with 11 g cm-2 of Ce was also provided from Toyota Motor Corp. Ce3+ ions were doped 

into an MEA used for MIRAI PEFC by a cation exchange method using Ce(NO3)3. MEA (0.3 mg-

Pt cm−2; Pt: 46.1 wt%; TKK, TEC10E50E) purchased from EIWA FC Development Co. Ltd. was 

used as a reference MEA.  

Also, for operando same-view nano-XAFS–SEM/EDS measurements under voltage load 

conditions in an in-situ stacking membrane cell, sliced sample pieces of L 300 m x W 200 m x 

D 300 nm or 200 nm (thickness) were cut out from the sample 1 and sample 2 by an ultramicrotome 

as shown in Figure S6 and mounted into the homemade membrane cell (Figure 1 (b)). In cases of 

the MIRAI MEA sample and the Eiwa MEA sample the MEA samples were treated to fabricate 

the corresponding PEFC samples as follows. A small piece with L 300 m x W 200 m x D 300 

nm or 200 nm (thickness) was cut out of the MIRAI MEA and Eiwa MEA by ultramicrotome and 

embedded in epoxy resin and surrounded by a PEEK sealing film with 25 m thick. The obtained 

sample was placed on a base Al plate, and covered by glassy carbon electrode plates (anode and 

cathode) and another base Al plate, and then they were placed and fixed in an in-situ membrane 

stacking cell as shown in Figure 1 (b). An MPL (acetylene black + PTFE) was crimped to a GDL 

(treated with PTFE, Eiwa Co. or SGL 22BB, SGL Carbon Japan Co. Ltd.) at 320 ℃ and 2 MPa to 

produce an MPL/GDL combined set. An MEA was sandwiched between two MPL/GDL sets at 

120 oC and 8 N pressure. The homemade PEFC sample was sliced to a small piece with L 300 m 

x W 200 m x D 300 nm or 200 nm (thickness). The sliced PEFC sample was fixed in the in-situ 

stacking membrane cell (Figure 1 (b)).  
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Electrochemical Measurements. Temperatures of PEFC cell, humidifiers, and gas lines were 

maintained at 80 °C, 78 °C (for 93% cell relative humidity), and 95 °C, respectively. MEAs were 

conditioned (aging process) by applying 150 polarization cycles (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 conditioning, 3 cycles of cyclic voltammograms (CV) 

were measured between 0.05 V and 0.9 V (vs RHE) at 50 mV s-1 potential scan speed under a H2 

flow of 165 sccm at anode and a N2 flow of 300 sccm at cathode, and the final CV cycle was 

measured at 20 mV s-1, which was used to determine the electrochemical active surface area 

(ECSA). I–V polarization curve measurements were performed under a H2 flow of 165 sccm at 

anode and an air flow of 1,320 sccm at cathode (the data are not shown here). ECSA was calculated 

from the hydrogen desorption current in the CV at 0.05–0.35 V. 

Operando Measurement of 3D Fluorescence CT–XAFS.  The spatial distribution of the Ce 

density and valence in a practical PEFC of Toyota MIRAI after long-distance (200,000 km) driving 

was visualized at first by the 3D projection-transmission computed tomography (CT)–X-ray 

absorption fine structure (XAFS) technique.28-30 The wide-range area of 665 m x 665 m was 

imaged at a high spatial resolution of 0.325 µm/pixel. 

High-sensitive visualization of the Ce distribution and oxidation states in an MEA (used for Toyota 

MIRAI) doped with 11 µg cm-2 of Ce was performed by X-ray fluorescence (XRF)-yield Ce L3-

edge scanning CT–XAFS technique. The incident X-ray beam was monochromatized at 5.723 keV 

of Ce L3-edge and then focused to 2 µm × 2 µm on the MEA center level with Kirkpatrick-Baez 

(KB) mirrors (JTEC Co.). To obtain X-ray fluorescence signals from the sample, two sets of four-

element silicon drift detectors (Vortex-ME4, Hitachi High-Tech Science, Inc.) were set to the 

backside of in-situ PEFC cell inclining at 60° and 90° to the X-ray optical path (Figure 1 (a)). The 

fluorescence CT–XAFS imaging data were taken in the area of 400 µm (in horizontal: x’) x 20 µm 

(in vertical: z’) by shifting the sample position every 2 µm. The CT–XAFS data consists of XRF 

maps with sample projection angle rotation (θ) of ±80° at 2° step and at 4 X-ray energy points at 

5680.0 eV (background), 5724.8 eV (Ce3+ white line peak), 5736.2 eV (Ce4+ white line peak), and 

5761.7 eV (isosbestic point) (Figure S3). The total measurement time was 4.5 h. During the CT–

XAFS measurement, the in-situ PEFC cell was operated at 80°C with suppling humidified H2 (150 

ccm, 99.99995%) at anode and humidified N2 (600 ccm, 99.99995%) at cathode. The cell potential 
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was controlled at 0.4 V (vs. anode) by a P/G stat (VSP-300, BioLogic Science Instruments Co., 

Ltd.), where the Pt catalyst surface is operated as the reduced metallic state.  

Image Reconstruction Method to Obtain 3D Imaging.  Observed fluorescence signals on the 

available 4 SSD channels and I0 signals recorded on an ion chamber were converted to X-ray 

absorption coefficients (µt) by the Beer’s law and then transformed to the set of 2D arrays: µt (x’z’ 

along θ), considering the scanning area. For the measured fluorescence data, count loss occurs due 

to self-absorption from the sample. We estimated absorption coefficients of each stacking 

component inside the PEFC by referring the 3D projection CT-XAFS data at 12 keV. Because the 

density and chemical composition of each component are known, the corrections of their self-

absorption effects at different projection angles were calculated. The dead angle ±10° of the angle-

scan CT measurements was interiorized by averaging with other available SSD channels. The 

obtained 3D matrix was converted to (x’θ along z’) and the obtained sinogram images were used 

for the 3D reconstruction. The 3D image in real space (XYZ) was obtained by similarly processing 

with our previous study.28-30 

Operando Same-View Measurements of Nano-XAFS and SEM/EDS.  The SEM (BSE) image 

and EDS map were taken at 7 keV acceleration voltage and 10 mm focusing distance in the 288 

μm x 215 μm area or 112 μm x 84 μm area of a thin PEFC section sample fixed in a stacking 

membrane cell (Figure 1 (b)). SEM measurement temperature was controlled at 25 °C, at which 

there was no reduction in Nafion fluorine due to an electron beam damage.33 The SEM 

observations were performed for 2~3 views of 288 μm x 215 μm regions for each MEA piece 

sample. Then, operando nano-XAFS measurements of the thin section of PEFC fixed in the 

stacking membrane cell with the same view as the location of the SEM/EDS measurement were 

performed at BL36XU beamline using a Si(111) double-crystal monochromator. The positional 

correction in the nano-XAFS map and SEM image was carried out using the same method as that 

described previously.33 The Ce L3-edge, Pt L3-edge, and Co K-edge nano-XAFS measurements 

were conducted under PEFC operating conditions in H2 flow (anode) and N2 or air flow (cathode) 

as described in Electrochemical Measurement section. SR X-ray beam was focused to 147 nm x 

178 nm size, 210 nm x 226 nm size, or 308 nm x 307 nm size via a pair of elliptically bent 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 
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obtained by scanning nano-XAFS methods.32-35 Nano-XAFS spectra at Ce L3-edge, Pt L3-edge, 

and Co K-edge were measured at the energy range of 5.500 to 6.800 keV, 11.390 to 12.200 keV, 

and 7.520 to 7.810 keV, 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.32 Beam stay 

time at the same nanoposition for nano-XAFS maps was only 30, 5, and 30 ms for Ce L3-edge, Pt 

L3-edge, and Co K-edge, respectively. Nano-EXAFS spectra were also measured, but the difficult 

detail analysis was not taken up as a subject for discussion in this study due to the topic different 

from the 2D and 3D imaging for Ce scavengers.  

Nano-XANES Data Analysis. The amount of Ce, Pt, and Co was obtained from 5.762 keV, 11.600 

keV, and 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 (Ce: 5.673–5.792 

keV, Pt: 11.550–11.600 keV, Co: 7.700–7.800 keV) by IFEFFIT program. To avoid divergence in 

the XANES fitting analysis of the XANES mapping regions, we ignored regions with low Ce, Pt, 

and Co contents below 1/100 of μ5.762 keV, μ11.600 keV, and μ7.800 keV, respectively. Valence of Ce was 

obtained from a compositional ratio of a normalized XANES spectrum via a linear combination 

analysis of Ce(NO3)3 aq. (Ce3+) and CeO2 (Ce4+) references. Valence of Pt was obtained from an 

approximation equation obtained through linear fitting of the white line peak intensity (area of the 

Lorentzian function) for Pt0 foil, PtO, and PtO2 reference samples.20-22 Valence of Co was obtained 

from a compositional ratio of a normalized XANES spectrum by a linear combination analysis of 

Pt3Co alloy and [Co(H2O)6]2+ as reference samples.35  

 

ASSOCIATED CONTENT 

Supporting Information. The Supporting Information is available free of charge on the ACS 

Publications website.  The geometric and chemical ingredient information on the Toyota 2017 

MIRAI PEFC sample; PEFC samples cut out of a PEFC unit from Toyota MIRAI; Ce3+ and Ce4+ 

XANES spectra; a sliced PEFC piece sample involving each fabricated component; CV data; I–V 

polarization curves; a sliced PEFC piece sample cut out of a PEFC unit from Toyota MIRAI; nano-

XAFS data analysis at Pt L3-edge; nano-XANES and EXAFS data at Ce L3-edge; nano-XANES 



 26 

spectra at different places in PEFC; nano-XANES Ce maps in a PEFC piece; the density map of 

Pt and Ce and the Ce migration in MEA of a PEFC piece. 

 

AUTHOR INFORMATION 

Corresponding Authors  

*e-mail: mtada@chem.nagoya-u.ac.jp ; Phone: +81-52-788-6200                                                                

*e-mail: iwasawa@pc.uec.ac.jp ; Phone: +81-42-443-5921  

Author Contributions 

The manuscript was written through contributions of all authors. All authors have given approval 

to the final version of the manuscript. †These authors contributed equally. 

Funding Sources 

The New Energy and Industrial Technology Development Organization (NEDO) PEFC Program. 

Notes  

The authors declare no competing financial interest.  

 

ACKNOWLEDGEMENTS 

This work was supported by the New Energy and Industrial Technology Development Organization 

(NEDO). We thank Mr. K. Amemiya, Toyota Motor Corp. for providing a PEFC unit of Toyota 

MIRAI after on-road long-distance driving and a Ce-doped MEA and for his useful suggestion on 

Ce technological research. We also thank Mr. S. Tanaka, Honda R&D Co., Ltd. for his expert advice 

about electrochemical behavior of Ce scavenger in PEFC. XAFS measurements were performed 

with the approval of SPring-8 subject numbers 2018A7801, 2018A7804, 2018A7840, 2018B7801, 

2018B7804, 2018B7820, 2018B7840, 2019A7801, 2019A7804, 2019A7820, 2019A7840, 

2019B7801, 2019B7804, 2019B7820, and 2019B7840.  

 

REFERENCES  

mailto:mtada@chem.nagoya-u.ac.jp
mailto:iwasawa@pc.uec.ac.jp


 27 

(1) Debe, M. K. Electrocatalyst Approaches and Challenges for Automotive Fuel Cells. Nature 

2012, 486, 43-51. 

(2) Rabis, A.; Rodriguez, P.; Schmidt, T. J. Electrocatalysis for Polymer Electrolyte Fuel Cells: Recent 

Achievements and Future Challenges. ACS Catal. 2012, 2, 864-890. 

(3) Cui, C.; Gan, L.; Heggen, M.; Rudi, S.; Strasser, P. Compositional Segregation in Shaped Pt Alloy 

Nanoparticles and Their Structural Behaviour during Electrocatalysis. Nature Mater. 2013, 12, 765-

771. 

(4) Wang, D.; Xin, H. L.; Hovden, R.; Wang, H.; Yu, Y.; Muller, D. A.; DiSalvo, F. J.; Abruña, H. D. 

Structurally Ordered Intermetallic Platinum–Cobalt Core–Shell Nanoparticles with Enhanced Activity 

and Stability as Oxygen Reduction Electrocatalysts. Nature Mater. 2013, 12, 81-87. 

(5) Wu, J.; Yang, H. Platinum-Based Oxygen Reduction Electrocatalysts. Acc. Chem. Res. 2013, 46, 

1848-1857. 

(6) Chen, C.; Kang, Y.; Huo, Z.; Zhu, Z.; Huang, W.; Xin, H. L.; Snyder, J. D.; Li, D.; Herron, J. A.; 

Mavrikakis, M.; Chi, M.; More, K. L.; Li, Y.; Markovic, N. M.; Somorjai, G. A.; Yang, P.; 

Stamenkovic, V. R. Highly Crystalline Multimetallic Nanoframes with Three-Dimensional 

Electrocatalytic Surfaces. Science 2014, 343, 1339-1343. 

(7) Huang, X.; Zhao, Z.; Cao, L.; Chen, Y.; Zhu, E.; Lin, Z.; Li, M.; Yan, A.; Zettl, A.; Wang, Y. 

M.; Duan, X.; Mueller, T.; Huang, Y. High-Performance Transition Metal–Doped Pt3Ni Octahedra 

for Oxygen Reduction Reaction. Science 2015, 348, 1230. 

(8) Zhang, L.; Roling, L. T.; Wang, X.; Vara, M.; Chi, M.; Liu, J.; Choi, S.-I.; Park, J.; Herron, J. 

A.; Xie, Z.; Mavrikakis, M.; Xia, Y. Platinum-Based Nanocages with Subnanometer-Thick Walls 

and Well-Defined, Controllable Facets. Science 2015, 349, 412-416. 

(9) Nagasawa, K.; Takao, S.; Nagamatsu, S.-i.; Samjeské, G.; Sekizawa, O.; Kaneko, T.; Higashi, K.; 

Yamamoto, T.; Uruga, T.; Iwasawa, Y. Surface-Regulated Nano-SnO2/Pt3Co/C Cathode Catalysts for 

Polymer Electrolyte Fuel Cells Fabricated by a Selective Electrochemical Sn Deposition Method. J. 

Am. Chem. Soc. 2015, 137, 12856-12864. 

(10) Zhao, X.; Takao, S.; Higashi, K.; Kaneko, T.; Samjeskè, G.; Sekizawa, O.; Sakata, T.; 

Yoshida, Y.; Uruga, T.; Iwasawa, Y. Simultaneous Improvements in Performance and Durability 

of an Octahedral PtNix/C Electrocatalyst for Next-Generation Fuel Cells by Continuous, 

Compressive, and Concave Pt Skin Layers. ACS Catal. 2017, 7, 4642-4654. 



 28 

(11) Shao, M.; Chang, Q.; Dodelet, J.-P; Chenitz, R. Recent Advances in Electrocatalysts for Oxygen 

Reduction Reaction. Chem. Rev. 2016, 116, 3594-3657. 

(12) Bu, L.; Zhang, N.; Guo, S.; Zhang.X.; Li, J.; Yao, J.; Wu, T.; Lu, G.; Ma, J.-Y.; Su, D.; Huang, 

X. Biaxially Strained PtPb/Pt Core/Shell Nanoplate Boosts Oxygen Reduction Catalysis. Science 

2016, 354, 1410-1414. 

(13) Li, M. F.; Zhao, Z. P.; Cheng, T.; Fortunelli, A.; Chen, C. Y.; Yu, R.; Zhang, Q. H.; Gu, L.; 

Merinov, B. V.; Li, Z. Y.; Zhu, E. B.; Yu, T.; Jia, Q. Y.; Guo, J. H.; Zhang, L.; Goddard, W. A.; 

Huang, Y.; Duan, X. F. Ultrafine Jagged Platinum Nanowires Enable Ultrahigh Mass Activity for 

the Oxygen Reduction Reaction. Science 2016, 354, 1414-1419. 

(14) Escudero-Escribano, M.; Malacrida, P.; Hansen, M. H.; Vej-Hansen, U. G.; Velázquez-

Palenzuela, A.; Tripkovic, V.; Schiøtz, J.; Rossmeisl, J.; Stephens, I. E. L.; Chorkendorff, I. Tuning 

the Activity of Pt Alloy Electrocatalysts by Means of the Lanthanide Contraction. Science 2016, 

352, 73-76. 

(15) Seh, Z. W.; Kibsgaard, J.; Dickens, C. F.; Chorkendorff, I.; Nørskov, J. K.; Jaramillo, T. F. 

Combining Theory and Experiment in Electrocatalysis: Insights into Materials Design. Science 2017, 

355, 6321.  

(16) Schlick, S. (Ed.) The Chemistry of Membranes Used in Fuel Cells: Degradation and Stabilization, 

First Edition, Chapter 4, Stabilization of Perfluorinated Membranes Using Ce3+ and Mn2+ Redox 

Scavengers: Mechanisms and Applications (F. D. Coms, S. Schlick, and M. Danilczuk), John Wiley & 

Sons, 2018. 

(17) Borup, R.; K. More, K.; Weber, A. 2018 DOE Fuel Cell Technologies Office Annual Merit 

Review, June 14th 2018. 

(18) Tada, M.; Murata, S.; Asakoka, T.; Hiroshima, K.; Okumura, K.; Tanida, H.; Uruga, T.; 

Nakanishi, H.; Matsumoto, S.; Inada, Y.; Nomura, M.; Iwasawa, Y. In Situ Time-Resolved 

Dynamic Surface Events on the Pt/C Cathode in a Fuel Cell under Operando Conditions. Angew. 

Chem. Int. Ed. 2007, 46, 4310 –4315. 

(19)  Ishiguro, N.; Saida, T.; Uruga, T.; Nagamatsu, S.; Sekizawa, O.; Nitta, K.; Yamamoto, T.; 

Ohkoshi, S.; Iwasawa, Y.; Yokoyama, T.; Tada, M. Operando Time-Resolved X-ray Absorption 

Fine Structure Study for Surface Events on a Pt3Co/C Cathode Catalyst in a Polymer Electrolyte 

Fuel Cell during Voltage-Operating Processes. ACS Catal. 2012, 2, 1319−1330. 



 29 

(20) Nagamatsu, S.; Arai, T.; Yamamoto, M.; Ohkura, T.; Oyanagi, H.; Ishizaka, T.; Kawanami, 

H.; Uruga, T.; Tada, M.; Iwasawa, Y. Potential-Dependent Restructuring and Hysteresis in the 

Structural and Electronic Transformations of Pt/C, Au@Pt/C and Pd@Pt/C Cathode Catalysts in 

Polymer Electrolyte Fuel Cells Characterized by In Situ XAFS. J. Phys. Chem. C 2013, 117, 

13094−13107. 

(21) Ishiguro, N.; Kityakarn, S.; Sekizawa, O.; Uruga, T.; Sasabe, T.; Nagasawa, K.; Yokoyama, 

T.; Tada, M. Rate Enhancements in Structural Transformations of Pt–Co and Pt–Ni Bimetallic 

Cathode Catalysts in Polymer Electrolyte Fuel Cells Studied by in Situ Time-Resolved X-ray 

Absorption Fine Structure. J. Phys. Chem. C 2014, 118, 15874-15883. 

(22) Nagamatsu, S.; Takao, S.; Samjeské, G.; Nagasawa, K.; Sekizawa, O.; Kaneko, T.; Higashi, 

K.; Uruga, T.; Gayen, S.; Velaga, S.; M. Saniyal, M.; Iwasawa, Y. Structural and Electronic 

Transformations of Pt/C, Pd@Pt(1 ML)/C and Pd@Pt(2 ML)/C Cathode Catalysts in Polymer 

Electrolyte Fuel Cells during Potential-step Operating Processes Characterized by In-situ Time-

resolved XAFS. Surf. Sci.(special issue) 2016, 648, 100-113. 

(23) Ishiguro, N.; Kityakarn, S.; Sekizawa, O.; Uruga, T.; Matsui, H.; Taguchi, M.; Nagasawa, K.; 

Yokoyama, T.; Tada, M. Kinetics and Mechanism of Redox Processes of Pt/C and Pt3Co/C 

Cathode Electrocatalysts in a Polymer Electrolyte Fuel Cell during an Accelerated Durability Test. 

J. Phys. Chem. C 2016, 120, 19642–19651. 

(24) Kaneko, T.; Samjeské, G.; Nagamatsu, S.; Higashi, K.; Sekizawa, O.; Takao, S.; Yamamoto, 

T.; Zhao, X.; Sakata, T.; Uruga, T.; Iwasawa, Y. Key Structural Kinetics for Carbon Effects on the 

Performance and Durability of Pt/Carbon Cathode Catalysts in Polymer Electrolyte Fuel Cells 

Characterized by In Situ Time-Resolved XAFS J. Phys. Chem. C 2016, 120, 24250–24264. 

(25) Sekizawa, O.; Uruga, T.; Higashi, K.; Kaneko, T.; Yoshida, Y.; Sakata, T.; Iwasawa, Y. 

Simultaneous Operando Time-Resolved XAFS/XRD Measurements of a Pt/C Cathode Catalyst in 

Polymer Electrolyte Fuel Cell under Transient Potential Operations. ACS Sus. Chem. Eng. 2017, 

5, 3631−3636. 

(26) Higashi, K.; Samjeské, G.; Takao, S.; Kaneko, T.; Sekizawa, O.; Uruga, T.; Iwasawa, Y. 

The Relationship between the Active Pt Fraction in a PEFC Pt/C Catalyst and the ECSA and Mass 

Activity during Start-Up/Shut-Down Degradation by in Situ Time-Resolved XAFS Technique. 

J. Phys. Chem. C 2017, 121, 22164–22177. 



 30 

(27) Saida, T.; Sekizawa, O.; Ishiguro, N.; Hoshino, M.; Uesugi, K.; Uruga, T.; Ohkoshi, S.; 

Yokoyama, T.; Tada, M. 4D Visualization of a Cathode Catalyst Layer in a Polymer Electrolyte 

Fuel Cell by 3D Laminography-XAFS. Angew. Chem. Int. Ed. 2012, 51, 10311-10314. 

(28) Matsui, H.; Ishiguro, N.; Uruga, T.; Sekizawa, O.; Higashi, K.; Maejima, N.; Tada, M. 

Operando 3D Visualization of Migration and Degradation of a Platinum Cathode Catalyst in a 

Polymer Electrolyte Fuel Cell. Angew. Chem. Int. Ed. 2017, 56, 9371 –9375. 

(29) Matsui, H.; Maejima, N.; Ishiguro, N.; Tan, Y.; Uruga, T.; Sekizawa, O.; Sakata, T.; Tada, M. 

Operando XAFS Imaging of Distribution of Pt Cathode Catalysts in PEFC MEA. Chem. Rec. 2019, 

19, 1380-1392. 

(30) Tan, Y.; Matsui, H.; Ishiguro, N.; Uruga, T.; Nguyen, D.-N.; Sekizawa, O.; Sakata, T.; 

Maejima, N.; Higashi, K.; Dam, H. C.; Tada, M. Pt−Co/C Cathode Catalyst Degradation in a 

Polymer Electrolyte Fuel Cell Investigated by an Infographic Approach Combining Three-

Dimensional Spectroimaging and Unsupervised Learning. J. Phys. Chem. C 2019, 123, 

18844−18853. 

(31) K. Higashi, S. Takao, G. Samjeské, H. Matsui, M. Tada, T. Uruga, and Y. Iwasawa, 

Visualization and Understanding of Degradation Behaviors of a PEFC Pt/C Cathode 

Electrocatalyst by a Multi-Analysis System Combining Time-Resolved Quick XAFS, Three-

Dimensional XAFS‒CT, and Same-View Nano-XAFS/STEM-EDS Techniques, Phys. Chem. 

Chem. Phys. 2020, 22, 18919-18931. 

(32) Takao, S.; Sekizawa, O.; Nagamatsu, S.; Kaneko, T.; Yamamoto, T.; Samjeské, G.; Higashi, 

K.; Nagasawa, K.; Tsuji, T.; Suzuki, M.; Kawamura, N.; Mizumaki, M.; Uruga, T.; Iwasawa, Y. 

Mapping Platinum Species in Polymer Electrolyte Fuel Cells by Spatially Resolved XAFS 

Techniques. Angew. Chem. Int. Ed. 2014, 53, 14110-14114. 

(33) Takao, S.; Sekizawa, O.; Samjeské, G.; Nagamatsu, S.; Kaneko, T.; Yamamoto, T.; Higashi, 

K.; Nagasawa, K.; Uruga, T.; Iwasawa, Y. Same-View Nano-XAFS/STEM-EDS Imagings of Pt 

Chemical Species in Pt/C Cathode Catalyst Layers of a Polymer Electrolyte Fuel Cell. J. Phys. 

Chem. Lett. 2015, 6, 2121–2126. 

(34) Takao, S.; Sekizawa, O.; Samjeské, G.; Kaneko, T.; Higashi, K.; Yoshida, Y.; Zhao, X.;  

Sakata, T.; Yamamoto, T.; Gunji, T.; Uruga, T.; Iwasawa, Y. Observation of Degradation of Pt 

and Carbon Support in Polymer Electrolyte Fuel Cell Using Combined Nano-XAFS and TEM 

Techniques. ACS Appl. Mater. Interfaces 2018, 10, 27734-27744. 

http://pubs.acs.org/action/doSearch?ContribStored=Takao%2C+S
http://pubs.acs.org/action/doSearch?ContribStored=Sekizawa%2C+O
http://pubs.acs.org/action/doSearch?ContribStored=Samjesk%C3%A9%2C+G
http://pubs.acs.org/action/doSearch?ContribStored=Nagamatsu%2C+S
http://pubs.acs.org/action/doSearch?ContribStored=Kaneko%2C+T
http://pubs.acs.org/action/doSearch?ContribStored=Yamamoto%2C+T
http://pubs.acs.org/action/doSearch?ContribStored=Higashi%2C+K
http://pubs.acs.org/action/doSearch?ContribStored=Nagasawa%2C+K
http://pubs.acs.org/action/doSearch?ContribStored=Uruga%2C+T
http://pubs.acs.org/action/doSearch?ContribStored=Iwasawa%2C+Y
https://pubs.acs.org/author/Takao%2C+Shinobu
https://pubs.acs.org/author/Sekizawa%2C+Oki
https://pubs.acs.org/author/Samjesk%C3%A9%2C+Gabor
https://pubs.acs.org/author/Kaneko%2C+Takuma
https://pubs.acs.org/author/Higashi%2C+Kotaro
https://pubs.acs.org/author/Yoshida%2C+Yusuke
https://pubs.acs.org/author/Zhao%2C+Xiao
https://pubs.acs.org/author/Sakata%2C+Tomohiro
https://pubs.acs.org/author/Sakata%2C+Tomohiro
https://pubs.acs.org/author/Yamamoto%2C+Takashi
https://pubs.acs.org/author/Gunji%2C+Takao
https://pubs.acs.org/author/Uruga%2C+Tomoya
https://pubs.acs.org/author/Iwasawa%2C+Yasuhiro


 31 

(35) Takao, S.; Sekizawa, O.; Higashi, K.; Samjeské, G.; Kaneko, T.; Sakata, T.; Yamamoto, T.; 

Uruga, T.; Iwasawa, Y. Visualization Analysis of Pt and Co Species in Degraded Pt3Co/C 

Electrocatalyst Layers of a Polymer Electrolyte Fuel Cell Using a Same-View Nano-

XAFS/STEM-EDS Combination Technique. ACS Appl. Mater. Interfaces 2020, 12, 2299-2312. 

(36) Tada, M.; Uruga, T.; Iwasawa, Y. Key Factors Affecting the Performance and Durability of 

Cathode Electrocatalysts in Polymer Electrolyte Fuel Cells Characterized by In Situ Real Time 

and Spatially Resolved XAFS Techniques, Catal. Lett.(Silver anniversary) 2015, 145, 58-70.  

(37) Lohse-Busch, H.; Duoba, M.; Stutenberg, K.; Iliev, S.; Kern, M.; Richards, B.; Christenson, 

M.; Loiselle-Lapointe, A. Argonne National Laboratory, FY 2018 Annual Progress Report, DOE 

Hydrogen and Fuel Cells Program (2018). 

(38) Borup, R.; Meyers, J.; Pivovar, B. Scientific Aspects of Polymer Electrolyte Fuel Cell 

Durability and Degradation. Chem. Rev. 2007, 107, 3904-3951. 

(39) Tada, M.; Iwasawa, Y. Fuel Cells by Advanced XAFS Techniques. In: XAFS Techniques for 

Catalysts, Nanomaterials, and Surfaces (Iwasawa, Y., Asakura, K., Tada, M., Eds.), Springer, 

Switzerland, pp. 335-349 (2017). 

(40) Casalongue, H. S.; Kaya, S.; Viswanathan, V.; Miller, D. J.; Friebel, D.; Hansen, H. A.; 

Nøskov, J. K.; Nilsson, A.; Ogasawara, H. Direct Observation of the Oxygenated Species during 

Oxygen Reduction on a Platinum Fuel Cell Cathode. Nat. Commun. 2013, 4, 2817-1-6.  

(41) Uruga, T.; Tada, M.; Sekizawa, O.; Takagi, Y.; Yokoyama, T.; Iwasawa, Y. SPring-8 

BL36XU: Synchrotron Radiation X-ray-Based Multi-Analytical Beamline for Polymer Electrolyte 

Fuel Cells under Operating Conditions. Chem. Rec. 2019, 19, 1444-1456.  

(42) Coms, F. D.; Liu, H.; Owejan, J. E. Mitigation of Perfluorosulfonic Acid Membrane Chemical  

Degradation Using Cerium and Manganese Ions. ECS Trans. 2008, 16, 1735-1747. 

(43) Kawazoe, H.; Endoh, E.; Nakagawa, H. Liquid Composition, Process for Its Production and 

Process for Producing Membrane‐Electrode Assembly for Polymer Electrolyte Fuel Cell. U.S. 

Patent 2006/0019140 A1, 2006. 

(44) Endoh, E. (Asahi Glass Company Ltd.), WO Patent WO2006006357, 2006. 

(45) Coms, F. D.; O’Hara, J. E. (GM Global Technology Operations LLC), US Patent 

US20080107945A1, 2006. 

(46) Endoh, E. Zr-Doped Ceria Additives for Enhanced PEM Fuel Cell Durability and Radical 

Scavenger Stability. ECS Trans. 2008, 16, 1573-1579. 

https://pubs.acs.org/author/Takao%2C+Shinobu
https://pubs.acs.org/author/Sekizawa%2C+Oki
https://pubs.acs.org/author/Higashi%2C+Kotaro
https://pubs.acs.org/author/Samjesk%C3%A9%2C+Gabor
https://pubs.acs.org/author/Kaneko%2C+Takuma
https://pubs.acs.org/author/Sakata%2C+Tomohiro
https://pubs.acs.org/author/Yamamoto%2C+Takashi
https://pubs.acs.org/author/Uruga%2C+Tomoya
https://pubs.acs.org/author/Iwasawa%2C+Yasuhiro


 32 

(47) Borup, R. Fuel Cell Performance and Durability Consortium 2017, DOE Hydrogen and Fuel 

Cells Program, June 6th, 2017. 

(48) Trogadas, P.; Parrondo, J.; Ramani, V. Platinum Supported on CeO2 Effectively Scavenges Free 

Radicals within the Electrolyte of an Operating Fuel Cell. Chem. Commun. 2011, 47, 11549-11551. 

(49) Cheng T. T. H.; Wessel, S.; Knights, S. Interactive Effects of Membrane Additives on PEMFC 

Catalyst Layer Degradation. J. Electrochem. Soc. 2013, 160, F27. 

(50) Pearman, B. P.; Mohajeri, N. M.; Brooker, R. P.; Rodgers, M. P.; Slattery, D. K.; Hampton, 

M. D.; Cullen, D. A.; Seal, S. The Degradation Mitigation Effect of Cerium Oxide in Polymer 

Electrolyte Membranes in Extended Fuel Cell Durability Tests. J. Power Sources 2013, 225, 75-

83. 

(51) Kregar, A.; Frühwirt, P.; Ritzberger, D.; Jakubek, S.; Katrašnik, T.; Gescheidt. G. Sensitivity 

Based Order Reduction of a Chemical Membrane Degradation Model for Low-Temperature 

Proton Exchange Membrane Fuel Cells. Energies 2020, 13, 5611-1-15. 

(52) Breitwieser, M.; Klose, C.; Hartmann, A.; Büchler, A.; Klingele, M.; Vierrath, S.; Zengerle, 

R.; Thiele, S. Cerium Oxide Decorated Polymer Nanofibers as Effective Membrane 

Reinforcement for Durable, High-Performance Fuel Cells. Adv. Energy Mater. 2017, 7, 1602100 

(1-9). 

(53) Wang, Z.; Tang, H.; Zhang, H.; Lei, M.; Chen, R.; Xiao, P.; Pan, M. Synthesis of Nafion/CeO2 

Hybrid for Chemically Durable Proton Exchange Membrane of Fuel Cell. J. Membr. Sci. 2012, 

421, 201-210. 

(54) Baker, A. M.; Wang, L.; Johnson, W. B.; Prasad, A. K.; Advani, S. G.  Nafion Membranes 

Reinforced with Ceria-Coated Multiwall Carbon Nanotubes for Improved Mechanical and 

Chemical Durability in Polymer Electrolyte Membrane Fuel Cells. J. Phys. Chem. C 2014, 118, 

26796-26802. 

(55) Xiao, S.; Zhang, H.; Bi, C.; Zhang, Y.; Zhang, Y.; Dai, H.; Mai, Z.; Li, X. Degradation 

Location Study of Proton Exchange Membrane at Open Circuit Operation. J. Power Sources 2010, 

195, 5305-5311. 

(56) Vinothkannan, M.; Ramakrishnan, S.; Kim, A. R.; Lee, H.-K.; Yoo, D. J. Ceria Stabilized by 

Titanium Carbide as a Sustainable Filler in the Nafion Matrix Improves the Mechanical Integrity, 

Electrochemical Durability, and Hydrogen Impermeability of Proton-Exchange Membrane Fuel 

Cells: Effects of the Filler Content. ACS Appl. Mater. Interfaces 2020, 12, 5704−5716. 

javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)


 33 

(57) Trogadas, P.; Parrondo, J.; Ramani, V. Degradation Mitigation in Polymer Electrolyte 

Membranes Using Cerium Oxide as a Regenerative Free-Radical Scavenger. Electrochem. Solid-

State Lett. 2008, 11, B113-B116. 

(58) Buxton, G. V.; Greenstock, C. L.; Helman, A. B.; Ross, A. B. Critical Review of Rate 

Constants for Reactions of Hydrated Electrons, Hydrogen Atoms and Hydroxyl Radicals 

(⋅OH/⋅O−) in Aqueous Solution. J. Phys. Chem. Ref. Data 1988, 17, 513 -886. 

(59) Gubler, L.; Koppenol, W. H. Kinetic Simulation of the Chemical Stabilization Mechanism in 

Fuel Cell Membranes Using Cerium and Manganese Redox Couples. J. Electrochem. Soc. 2012, 

159, B211-B218. 

(60) Yuk, S.; Lee, D. W.; Song, K.-Y.; Choi, S.; Lee, D.-H.; Doo, G.; Hyun, J.;  Kwen, J.; Kim, J. 

Y.; Kim, H.-T. Detrimental Effect of Ce4+ Ion on the Pt/C Catalyst in Polymer Electrolyte 

Membrane Fuel Cells. J. Power Sources 2020, 448, 227447-227449. 

(61) Zaton, M.: Prelot, B.; Donzel, N.; Rozière, J.; Jones. D. J. Migration of Ce and Mn Ions in 

PEMFC and Its Impact on PFSA Membrane Degradation. J. Electrochem. Soc. 2018, 165, F3281-

F3289. 

(62) Lai, Y.-H.; Rahmoeller, K. M.; Hurst, J. H.; Kukreja, R. S.; Atwan, M.; Maslyn, A. J.; 

Gittleman, C. S. Accelerated Stress Testing of Fuel Cell Membranes Subjected to Combined 

Mechanical/Chemical Stressors and Cerium Migration. J. Electrochem. Soc. 2018, 165, F3217-

F3229. 

(63) Prabhakaran, V.; Arges, C. G.; Ramani, V. Investigation of Polymer Electrolyte Membrane 

Chemical Degradation and Degradation Mitigation Using In Situ Fluorescence Spectroscopy. 

PNAS 2012, 109, 1029-1034. 

(64) Shi, W.; Baker, L. A. Imaging Heterogeneity and Transport of Degraded Nafion Membranes. 

RSC Adv. 2015, 5, 99284-99290. 

(65) Stewart, S. M.; Spernjak, D.; Borup, R.; Datye, A.; Garzon, F. Cerium Migration through 

Hydrogen Fuel Cells during Accelerated Stress Testing. ECS Electrochem. Lett. 2014, 3, F19-F22.  

(66) Baker, A.; Mukundan, R.; Spernjak, D.; Judge, E. J.; Advani, S. G.; Prasad, A. K.; Borup, R. 

L. Cerium Migration during PEM Fuel Cell Accelerated Stress Testing. J. Electrochem. Soc. 2016, 

163, F1023-F1031.  

(67) Redmond, E. L.; Wriston, S.; Szarka, J. L. Full Factorial Experiment to Determine and Predict 

Impact of Cerium Amount on Fuel Cell Performance. ECS Trans. 2017, 80, 633-641. 

https://www.sciencedirect.com/science/article/abs/pii/S0378775319314405#!
https://www.sciencedirect.com/science/article/abs/pii/S0378775319314405#!
https://www.sciencedirect.com/science/article/abs/pii/S0378775319314405#!
https://www.sciencedirect.com/author/34870035100/donghyun-lee
https://www.sciencedirect.com/science/article/abs/pii/S0378775319314405#!
https://www.sciencedirect.com/science/article/abs/pii/S0378775319314405#!
https://www.sciencedirect.com/science/article/abs/pii/S0378775319314405#!
https://www.sciencedirect.com/science/article/abs/pii/S0378775319314405#!
https://www.sciencedirect.com/science/article/abs/pii/S0378775319314405#!
https://www.sciencedirect.com/science/journal/03787753


 34 

(68) Kumaraguru, S. General Motors, 2018 DOE Fuel Cell Technologies Office Annual Merit 

Review, June 14th, 2018. 

 

 

 

 

 

 

 

Graphical table of contents  

Operando Ce imaging and migration in MEA  


