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ABSTRACT  

 High-temperature proton exchange membrane fuel cells (HT-PEMFCs) could replace 

fossil fuel-based technologies for applications which cannot involve bulky/heavy cooling systems, 

such as aeronautics. However, severe materials degradations upon operation prevent performance 

retention for acceptable lifetimes. While works already reported degradations in HT-PEMFC, post 

mortem characterizations of used HT-PEMFC MEAs remain scarce. Herein, HT-PEMFC 

performance degradation is studied by applying a startup/shutdown protocol to a short-stack 

operated at 160°C; one of the MEA is characterized using complementary 

physicochemical/electrochemical techniques to identify/understand the degradation mechanisms 

and their origin. This start/stop operation mode (co-flow gas reactants) leads to substantial 

degradation inhomogeneity. For the anode, migration, coalescence and detachment of Pt 

nanoparticles are witnessed induced by high-surface-area carbon support functionalization and 

corrosion. The anode electrochemical surface area (ECSA) remains constant at the inlet and 

increases significantly at the outlet, following inhomogeneous degradation of the cathode catalyst: 

the Ptz+ ions formed at high potential/oxidizing conditions concentrate towards the outlet, where 

they redeposit locally or at the anode, after diffusion/migration across the PBI membrane. Hence, 

the cathode ECSA decreases significantly at the inlet. Furthermore, intense Ni-leaching from the 

initial PtNi alloy catalyst is reported as a result of O2 mass-transport and phosphoric acid dilution 

inhomogeneity. 
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INTRODUCTION 

In a context of decarbonation, hydrogen fuel cell systems are an interesting alternative to 

fossil fuel-based technologies, owing to their low CO2 emissions (if H2 is of renewable origin). 

Various types of polymer electrolyte membrane fuel cell are currently developed for a wide range 

of applications, based on low (<100°C) and high temperature (>100°C) proton exchange 

membranes (LT-PEMFC and HT-PEMFC). The main difference between the low and high 

temperature technologies is the nature of the electrolyte used for protons conduction. For LT-

PEMFCs, the ionomer is usually a perfluorinated polymer, hydrated by liquid water. This polymer 

has a high proton conductivity below 100°C1. However, at higher temperature, water vapor cannot 

correctly hydrate the ionomer and ensure a significant proton conductivity. Besides, per- and 

polyfluoroalkyl substances (PFAS) are under intense focus in the USA, the European Union and 

France2, and might be banned in a near-future, putting threat on the present technologies of LT-

PEMFCs. On the contrary, HT-PEMFCs are not bothered by these biases: the most common 

polymer used as electrode separator and electrolyte for HT-PEMFC is acid-doped 

polybenzimidazole (PBI), a non-fluorinated compound; PBI exhibits high mechanical resistance 

properties and the phosphoric acid doping allows efficient proton conductivity above 100°C 1,3. 

Hence, HT-PEMFC is a technology that offers various general advantages: the water management 

is easier, as it is not necessary to feed humidified gases, or even to maintain the membrane 

hydrated. In addition, the absence of humidification system combined to the operation at 160°C 

(allowing to downsize the cooling system) overall improves the system specific power/energy and 

provides higher resistance to CO poisoning 3. 

However, the technology suffers from a real lack of maturity in terms of performances and 

durability. While high temperature should increase the anode and cathode reactions kinetic (a 
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positive effect), the poisoning effect of strongly adsorbed phosphate anions largely decreases the 

reactants (H2 and O2) interaction with the catalyst and negatively impacts the global performances 

of the two electrodes of the HT-PEMFC3–5. In addition to the low level of performances 

achievable, the durability of HT-PEMFC is a major challenge, as most materials degradation 

processes are thermally activated. The main degradation mechanisms currently identified are the 

following ones: carbon corrosion6,7, phosphoric acid leaching6,8,9, membrane pinholes or creep and 

micro-fracture formation10, degradation of carbon-supported Pt or PtM alloy (M being a 3d 

transition metal) nanoparticles (NPs) via agglomeration6,9,11, metal alloy leaching12, growth9 and 

dissolution10,13. These degradations are largely reported in the literature (mainly for LT-PEMFCs, 

except for the phosphoric acid leaching), but there is still room to understand these degradations 

in HT-PEMFC devices and in particular the links that exist between performance degradations and 

nature of the catalysts and mode of solicitation of the cell.  

To try to provide more insights into these aspects, the present study evaluates the 

degradations of Pt/C anode and PtNi/C cathode MEAs aged in al HT-PEMFC stack in start/stop 

operating conditions at 160°C. It specifically integrates startup and shutdown procedures designed 

for specific applications and details the physico-chemical characterizations of the catalyst layers 

before/after these procedures, which is not extensively studied for HT-PEMFC in the literature. 

One (representative) cell of the assembly was selected to perform post mortem characterizations 

and was fragmented in a way to distinguish the inlet and the outlet of gases – the reactants being 

fed in co-flow mode, in comparison to a new/pristine cell of the same batch. As the cells did operate 

in start/stop conditions, during the steps of start-up and shut-down, the inhomogeneity of 

distribution of the gases in the flow field may favor local fuel starvation phenomena and may 

accelerate the (local) degradations of the MEA, as widely investigated in LT-PEMFCs 14–16. In this 
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study, performances degradations, catalyst carbon support and NPs material degradations are 

particularly under focus. Further, degradation mechanisms are proposed and linked to the 

damaging transition phases of the startup and shutdown procedures experienced by the cells. 

 

EXPERIMENTAL SECTION 

1. Membrane electrode assembly (MEA). 

The MEAs studied here are commercial HT-PEMFC MEAs. They are composed on both 

sides of a gas diffusion layer (GDL) plus microporous layer (MPL) assembly, onto each of which 

is deposited a catalyst layer (CL); the separator and proton conductor is a phosphoric acid-doped 

polybenzimidazole (PBI) membrane. Sub gaskets are also present at the edge of the GDLs. The 

anode and cathode CLs are composite materials, made of Pt/C and PtNi/C, respectively, mixed 

with a polymer binder (presumably PTFE – the exact recipe of the MEAs is proprietary). 

2. Operating conditions. 

The MEAs analyzed in this study were tested in a short-stack operated at 160°C (aged MEA) 

or an equivalent new (pristine) MEA from the same batch. The cell design (notably the gas flow 

pattern and electrode area) is proprietary, but one notes that H2 and air (O2), introduced with 

stoichiometry values of 1.2 and 2.0, respectively, are essentially fed in co-flow configuration (the 

H2 and air inlets face each other, idem for the outlets). The stack was aged with multiple steps of 

start-up and shutdown and constant current phases; the precise procedure is proprietary to Safran 

Power Units, but the gas configurations of the cell in transition phase are illustrated in Figure 1. 

The startup ON_C_Air consists of the introduction of air at the cathode side after the total 

introduction of H2 in the anode compartment; ON_A_H2 is the opposite, with the introduction of 

H2 after the cathode have been totally flushed by air. For shutdown processes, oxygen on cathode 
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side is first eliminated, in OFF_N2 by a N2 flushing and in OFF_Air by the electrochemical 

reduction, the anode side being continuously supplied with H2. In the last procedure (OFF_Air), 

after the consumption of the remaining oxygen, there was principally N2 and H2O in the cathode 

compartment. 
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Figure 1. Schematic configuration of cells transient steps in the start/stop procedure. The 

configurations will be named (a) ON_C_Air, (b) OFF_N2, (c) ON_A_H2 and (d) OFF_Air in the 

following discussion.  

The total duration of the test was around 900 h, with 800 cycles of the previously-described 

start/stop cycles and 28 h in constant current (14 h at 0.2 A/cm2 and 14 h at 0.4 A/cm2). The cycle 

of startup and shut down is illustrated in figure 2. For some cycles, a measure of CO2 at the cathode 

inlet and outlet of the cell was performed. In the end, the whole aged MEA has experienced the 

successive start-stop and shut-down procedures, and has been analyzed post mortem, in 

comparison to similar analyses for an equivalent new MEA. 

  

Figure 2. Schematic representation of one startup and shut down cycle. 

3. Pre and Post mortem electrochemical characterizations. 

The electrochemical characterizations of the CL materials were performed at pre and post 

mortem stage in a classic Rotating Disk Electrode (RDE) set-up with a Biologic SP-150 

potensiostat. The RDE set-up is made of a thermostatic bath maintaining the electrochemical cell 

at 25°C (Julabo 200F), purged with Ar, O2 or CO using appropriate gas manometers and pipes. 
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The 3-electrode cell is composed of gas inlet to the bottom of the cell to purge the entire electrolyte 

and a gas outlet linked to a bubbler to control the gas flux. A homemade hydrogen reference 

electrode (RHE) connected to a lugging capillary enables to polarize the working electrode (WE), 

the counter electrode (CE) being a Pt grid. The WE is a RDE equipped with a glassy carbon tip 

onto which the catalyst is deposited, in thin-film configuration. The “active layer” is prepared with 

scrapped catalyst from new/aged MEAs, formulated into an appropriate ink.  

For the ink preparation (similar procedure for anode and cathode characterizations), the GDL 

and MPL were firstly removed thanks to liquid nitrogen, which enables to recover the CL and 

membrane without degradation. Then, the CL and membrane assembly was immersed in a beaker 

containing water maintained at 80°C to remove the majority of the phosphoric acid (PA) contained 

in these components: the PA removal was controlled by analyzing the pH of the solution, water 

being changed until stable pH. Then 5 mg of scrapped CL was mixed with 1.8 mL of ultrapure 

water Milli-Q, 523 μL of isopropanol (IPA) and 27 μL of Nafion™ 5wt% solution, and then 

ultrasonicated for at least 1 h in an ultrasonic bath. Finally, 10 μL of the ink was drop-casted on 

the glassy carbon tip of the RDE and the solvents evaporated, using the procedure described in 17. 

It must be noted that it was initially tried to elaborate inks without any added Nafion™, but it was 

very difficult to disperse the catalyst material to form a homogeneous ink and no good deposit on 

the glassy carbon tip could be achieved, hence the present procedure. 

Electrochemical measurements were carried out in 0.1 M perchloric acid (ultra-pure HClO4) 

electrolyte; this acid was chosen to limit as much as possible poisoning by anionic species of the 

electrolyte and access to the intrinsic characteristics of the new/aged catalysts.  

 

Cyclic Voltammetry (CV) 
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CV was performed in Ar-purged electrolyte. After a conditioning (ca. 80 cycles at 500 

mV/s), 3 CV cycles were performed at 20 mV/s between 0.05 and 1.23 VvsRHE. The 

electrochemical active surface area (ECSA) was determined by integration of the charge under the 

protons desorption area corrected from the carbon double layer (Hupd CV) 6. The shape of this 

region also gives information about the catalyst nature (Pt or Pt-alloy). 

 

CO-Stripping 

 CO-Stripping is a well-known characterization method to determine the ECSA and to 

qualitatively assess the morphology of a catalyst. CO gas was purged into the electrolyte for 5 min 

(CO adsorption) and then Ar was introduced for 30 min to remove the excess CO from the 

electrolyte under potential control (0.1 VvsRHE). Then, 3 CV cycles were performed at 20 mV/s as 

for CV Hupd. It is generally considered as a better characterization for ECSA than CV of Hupd, 

especially for alloys18,19, because of the strong adsorption of CO onto the catalyst sites and its 

sensitivity to the catalyst nature and morphology20–22 (main peak potential, presence of a pre-peak), 

all these information being not available with Hupd CV. 

 

Oxygen Reduction Reaction (ORR) 

The performance of the cathode catalyst for the O2 reduction reaction (ORR) was 

determined by appropriate CVs characterization. This reaction being the limiting one in a HT-

PEMFC23 , its degradation is the main factor of the loss of performances of the cells. It was 

performed by a slow-scan CV between 0.2 and 1.23 VvsRHE at a scan rate of 5 mV/s in a O2-

saturated electrolyte at 1600 rpm. The diffusion-limiting current was corrected to extract the 

kinetic current, thanks to the Koutecky-Levich law (equation 1): 
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 [1] 

    Where jtot is the total measured faradaic current density, jk is the kinetic contribution and jdiff is 

the diffusion-convection (mass-transport) contribution. The kinetic current was compared between 

each sample at 0.9 VvsRHE to analyze performances degradations. 

4. Pre and Post mortem physicochemical characterizations. 

Scanning Electron Microscopy (SEM) 

 Cross-section of MEAs were prepared by cryo-fracture thanks to liquid nitrogen and 

observed using a FESEM instrument (Zeiss Ultra 55) equipped with Energy-dispersive X-ray 

spectroscopy (X-EDS – Bruker, with a silicon drift detector, Bruker – SDD). The obtained 

micrographs enabled to determine the adhesion of the CLs onto the PBI membrane and the 

thickness of these components. As the (proprietary) commercial MEA materials used present non-

negligible inhomogeneity of catalyst layers thickness, thickness measurements were derived from 

statistical analyses of the micrographs, with average thickness values and error bars. The X-EDS 

quantitative mapping allows to show chemical (F, P, Ni and Pt) heterogeneities and compare their 

repartition pre and post mortem. The X-EDS maps were acquired at an acceleration voltage of 15 

kV with a current of 3 nA. Maps were recorded for 30 min in average with drift correction. A 

quantitative analysis post-processing was performed on these maps with the model P/B Zaf 

proposed by Bruker in order to limit the interference between P (K shell at 2.010 keV) and Pt (M 

shell at 2.050 keV).  
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Transmission Electron Microscopy (TEM) 

 TEM catalyst observation is popular for PEMFC materials (carbon-supported catalyst NPs) 

and especially for comparison of the materials pre and post mortem morphologies 15,24–27. Here, 

the NPs characteristics (size, density on the carbon support, extent of agglomeration) and carbon 

support morphology were investigated by TEM, using a JEOL 2010 apparatus operated at 200 kV; 

the chemical elements of the observed area were determined thanks to X-ray energy dispersive 

spectroscopy (X-EDS - INCA detector), used to identify the chemistry and potential metal leaching 

of the PtNi alloyed cathode catalyst 27. In any case, the observed sample was prepared by 

depositing a drop of the scrapped catalyst ink used for electrochemical measurements onto a Cu 

grid with a Lacey-carbon membrane.  

 

Inductive Coupled Plasma Mass Spectrometry (ICP-MS) 

 ICP-MS is commonly used to quantify metal composition and especially for PEMFC to 

quantify Pt and its alloy metal as Ni 14. A protocol of mineralization of inks was applied to dissolve 

Pt and Ni: 30 μL of the ink prepared for electrochemical measurements were introduced in a clean 

PTFE tube and the solvent were evaporated in an oven for 5 min at 90°C. Then, 10 mL of aqua 

regia were added, the mineralization being performed in a microwave oven (CEM MARS), using 

a 30 min ramp to reach 200°C, a stabilization step of 5 min at 200°C, a 5 min ramp from 200°C to 

220°C and a stabilization of 30 min at 220°C. Once the temperature has returned to the ambient, 

the mineralized solution was pipetted and 40 mL of water was added to rinse the mineralization 

PTFE tube. The solution obtained was then analyzed thanks to a PerkinElmer NexION 2000 ICP-

MS set-up. The Pt weight resulting from this analysis gives access to the Pt loading deposited on 
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the glassy carbon tip electrode for electrochemical characterizations and then to the catalyst ECSA 

(expressed in m²Pt/gPt). The knowledge of the Pt and Ni weights allows to quantify of Pt/Ni ratio 

pre and post mortem for the cathode catalyst and to detect potential Ni leaching from the cathode 

catalyst. 

X-ray Diffraction (XRD) 

XRD is generally used to characterize the crystallographic structure of materials. 

Performing XRD on the cathode CL enables to identify possible change of alloying degree of the 

PtNi cathode catalyst caused by Ni leaching 27–29 post mortem. Assuming the variation of lattice 

parameter versus Ni content follows Vegard’s law27, the degree of dealloying was calculated via 

equation 2. 

𝑥𝑥(𝑁𝑁𝑁𝑁) =
𝑎𝑎𝑜𝑜 − 𝑎𝑎𝑒𝑒𝑒𝑒𝑒𝑒
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑎𝑎𝑜𝑜

 [2] 

in which ao and aalloy are the lattice parameter of Pt and PtNi (3.916 Å for Pt and 3.816 Å for PtNi), 

respectively and aexp is the lattice parameter from catalyst analyzed. For the sample preparation, 

GDL and MPL were removed in liquid nitrogen and PA was in majority removed as described 

above. Then, the CL was scrapped and placed in a silicon support and analyzed thanks to a X’Pert 

Pro MPD diffractometer from Malvern, with a Cu (Kα) radiation source (1.5418 Å) in the 

conventional Bragg-Brentano geometry. 

 

Raman Spectroscopy (RS) 
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Raman spectroscopy is a technique that analyzes the vibrational modes of molecules or 

crystal lattices with a monochromatic light source (LASER). In this study, RS was used to study 

the carbon support structure of the CL30–32. According to 33–35, RS allows to identify carbon 

structure variation by the analysis of at least 2 bands: D1 at 1350 cm-1 and G at 1585 cm-1 14,36. 

The sample used was a MEA cryo-fractured in liquid nitrogen without GDL and MPL, keeping 

PA to preserve the sample’s structure for the analysis. Spectra have been obtained on the cross-

section sample for cathode CL and anode CL. Measurements were performed with a Renishaw 

InVia spectrometer in micro-configuration (objective x50) operating at the wavelength of 785 nm 

(selected for optimal spectra resolution) and the power received by the sample was adjusted to 1.4 

mW to prevent heat-induced degradations. 

 

X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy, enabling to analyze the surface chemistry of materials, 

was carried out on cross-section of electrodes thanks to a K-Alpha apparatus from Thermo-Fisher 

Scientific. The sample surfaces were irradiated with Al Kα radiation (1486.6eV) in a UHV 

chamber (10-9 mbar), the ejected electrons being collected by a hemispherical analyser at 30 eV 

constant pass energy. The energy scale was calibrated with the C 1s line from the contamination 

carbon at 285.0 eV. Analyses were carried out at constant angle, 90°, between the sample surface 

and the analyser. Pt, F, P, O and C were precisely analyzed in their respective energy window.  
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RESULTS  

1.  Performance degradation. 

Along the test life of the stack, various couple of startup (labelled D) and shutdown (labelled 

A) procedure, represented in Figure 1, were performed one after the other, interspersed with N2 

storage periods, as explained in M. Durand thesis37 from which the aging data originate. Sessions 

of 50 or 150 startup and shut down cycle were successively carried out without interruption on the 

same short stack. Polarization curves were performed before and after each session to quantify the 

performance loss due to the repeated A/D sequences. It should be noticed that a technical issue on 

the test bench rendered impossible the N2 flushing in the procedure ON_A_H2/OFF_Air for 

approximatively 20 cycles during the last session of the ageing test. 

Hereafter, a comparison of the degradation rate corresponding to each D/A couple is 

analyzed; the relative percentage of cell voltage loss per start/stop cycle is given in Figure 3. 
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Figure 3. Relative percentage of cell voltage loss after a set of 50 or 150 cycles for each 

procedure combination. The percentage are indicated for 3 operating point: j = 0.2 (green), 0.4 

(blue) and 0.6 (red) A/cm2. 

ON_C_Air/OFF_N2 vs ON_A_H2/OFF_N2 (for 50 cycles): at low current density (0.2 

A/cm2) the startup ON_A_H2 seems a little more degrading than ON_C_Air, while at higher 

current density (0.6 A/cm2), ON_C_Air/ OFF_N2 led to higher performances loss than ON_A_H2/ 

OFF_N2. No obvious differences are noted at intermediate current density (0.4 A/cm2). 

ON_C_Air/OFF_Air vs ON_A_H2/OFF_Air (for 150 cycles): the degradation rate is 

clearly larger for the couple ON_A_H2/OFF_Air than ON_C_Air/OFF_Air. However, this 

statement should be mitigated, owing to the problems in the N2 flushing during the 

ON_A_H2/OFF_Air procedure mentioned above. One notices that the ON_C_Air startup 

procedure coupled with OFF_Air leads to minimal loss of performance, regardless of the 

investigated current density, which is at variance compared to the previous comparison with 
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OFF_N2 shutdown couples. In addition, the couple ON_A_H2/OFF_Air seems to imply very 

different level of performances degradation in function of the current density, which was also not 

the case with the shutdown OFF_N2. 

ON_C_Air/ OFF_N2 vs ON_C_Air/OFF_Air (for 150 cycles): ON_C_Air/ OFF_N2 and 

ON_C_Air/OFF_Air leads to the same degradation rate at low current density (0.2 A/cm2). 

However, the couple ON_C_Air/OFF_N2 seems to induce more severe degradations at 

intermediate current density and even more at high current density than ON_C_Air/OFF_Air. It 

agrees with the previous observations for ON_C_Air/ OFF_N2 couple (for 50 cycles).  

To summarize, the main observations given by the comparison of startup and shutdown 

couples are as follows: ON_A_H2 is more degrading at low current density than ON_C_Air; the 

couple ON_C_Air/ OFF_N2 induces higher degradations at higher current densities and it could 

not be attributed to ON_C_Air or OFF_N2 only; the ON_A_H2/OFF_Air couple is the more severe 

procedure regarding performance degradations and especially at high current density. 

 

CO2 emissions measurements were also performed during these tests: significant peaks in 

CO2 concentration were detected only for the ON_A_H2 and OFF_Air procedures, indicating that 

these are the most degrading for the carbon support of the catalysts. On the contrary, procedures 

ON_C_Air and OFF_N2 do preserve the carbon support (they do not generate major carbon 

corrosion), so the larger performances loss at high current density observed in the couple 

ON_C_Air/ OFF_N2 previously should not be caused by a major carbon corrosion and subsequent 

collapse of the porous structure of the active layer (that would have a non-negligible impact on the 

mass-transport of gases), as that noted by Durst et al.38. During ON_A_H2 and OFF_Air, the non-

negligible CO2 emissions are attributed to the carbon support corrosion of the cathode CL and 
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should be responsible in part to the higher rate of performances degradation observed operating 

with the combination of procedures ON_A_H2/OFF_Air. The large carbon corrosion should 

stimulate secondary catalyst degradations phenomena, such as agglomeration of NPs and their 

disconnection from the carbon support39,40. This was further analyzed thanks to pre and post 

mortem characterizations (TEM, SEM). 

2. Carbon support corrosion. 

Post mortem characterization of the carbon support functionalization and corrosion were 

performed, specifically at the interface with the metal NPs. The first steps of the carbon corrosion 

correspond to formation of carbon-oxygen surface groups35 (surface functionalization), which 

can ultimately lead to carbon oxidation into CO2; it is thermodynamically possible above 0.207 

VvsRHE and only kinetically proceeds above 0.6 VvsRHE at the interface with Pt NPs (above 1.0 

VvsRHE in absence of catalyst nanoparticles)15. Carbon corrosion is likely to induce a modification 

of the carbon support morphology and porosity. At a larger scale, the modification of the porosity 

could have an impact on the thickness of the electrode, because of local collapses in the porous 

structure 38,40,41. The thicknesses of each layer of the MEA were measured on SEM cross-section 

images as an average of at least 4 areas in the layer (Figure 4). The significant irregularity of the 

electrodes, damaged mainly by carbon fibers of GDL, led to large errors bars for these thickness 

measurements and conclusions have to be moderate. This being admitted, one could conclude 

that, whether for the anode or the membrane, no significant variation could be noticed before 

and after the ageing test. For the anode, no significant thickness variation was expected, because 

the potential reached by this electrode in operation is not critical for carbon corrosion. However, 

regarding the cathode, even if error bars stay very large, there is a significant decrease of the CL 
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thickness, and this is especially evident at the cell outlet. This variation could be a sign of a 

significant carbon corrosion and should be related to the emissions of CO2 detected in the startup 

ON_A_H2 and shutdown OFF_Air phases. 

 

Figure 4. MEA anode (square), cathode (circle) and membrane (triangle) mean thicknesses 

calculated from at least 4 areas measured on SEM cross-section images for the pristine (New) 

state and after the aging procedure (in that case in the air inlet and outlet regions). 

 Semi-quantitative SEM X-EDS mapping of Pt is an indirect way to highlight potential 

carbon corrosion. In Figure 5, the Pt concentration in aged MEAs versus the new one seems in 

average slightly higher at the anode, but largely higher for the cathode. One could posit that the 

non-negligible roughness of the cryo-fractured sample could disturb the signal received by the X-

EDS detector (for example red points at the anode in Figure 5b). However, having taking into 

account these artifacts, there is still much higher concentration of Pt in aged samples for the 

cathode CL. Because obviously no Pt was created during the test, this means that the concentration 
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of other elements did decrease: either the carbon support or the polymer binder (or both) must have 

“disappeared” to some extent. X-EDS cannot reliably quantify light element as C and F, so no 

quantified mapping was performed on these elements. However, the previous conclusion derived 

from the change of electrode thickness enables to state that the large difference of Pt concentration 

found in the cathode mapping should come from a large elimination of carbon support by carbon 

corrosion (and this agrees with the CO2 detection during some of the periods of the aging test). 

Furthermore, no obvious difference between inlet and outlet could be noticed here whether it is for 

the cathode or the anode (red areas are measure artefacts). 

 

Figure 5. Pt cross-section quantified mapping of (a) fresh, (b) aged air inlet and (c) aged air 

outlet MEA. The wt% scale was kept at the same level (from 0wt% in dark/blue to 50 Pt wt% in 

red area) for each sample. Anode and cathode are respectively at the bottom and at the top of 

cross-section images. The value of Pt concentration should not have to be taken in absolute value 

of the Pt concentration in CL, only by a way of comparison. 

Before irreversible oxidation of carbon into CO2, carbon degradation starts with creation 

of defects in its structure (functionalization), which facilitates the migration of Pt nanoparticles 

and their agglomeration39. To identify carbon structure variation, Raman spectroscopy was 

performed on cross-sectioned MEAs prepared by cryo-fracture (Figure 6). 
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Figure 6. Raman spectra of (a) anode and (b) cathode new and aged gases inlet and outlet CL 

from cryo-fractured samples. The spectra have been treated by subtracting a linear baseline in the 

900-2000 cm-1 range and then adjusted so that the G band amplitude remained constant. 

The amount of defects in graphene can be derived from D1 band shape and intensity. More 

precisely, the intensity of D1 band (1350 cm-1) corresponds to the crystallites size in graphene 

plane, while variation of its width is linked to the creation of point defects in the structure30. The 

G band (1595 cm-1) corresponds to the crystalline structure without defects. Both bands are present 

for any type of carbon investigated here (new/aged, at inlet or outlet regions). Thanks to the 

normalization on the G band, the Raman spectra enable to identify a modification of the carbon 

structure, highlighted by the change of the D1 band. At initial state, the anode and cathode carbon 

structures are closer to a graphitized one than a largely amorphous one, because of the well-defined 

bands30. While no structure variation is detected by Raman spectroscopy for the aged cathode 

catalyst (Figure 6b), the aged anode catalyst has a significantly different signature (Figure 6a), 

which must be explained. The absence of modification of the Raman signature of the cathode 

carbon could be surprising at first sight, following the previous observations (CO2 emissions and 

cathode CL thickness decrease); however, as the carbon that suffered corrosion was eliminated 
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(into CO2), it is likely that the remaining carbon kept the initial structure (in other words, the 

topmost layer was corroded into CO2, then exposing the next (pristine) layer). On the opposite, the 

larger variation of the anode carbon support structure is not frequently observed in the literature 

(usually made for tests involving continuous operation). One exception is the work of Touhami et 

al.42, in which anode aging was observed, related to wet/dry cycles38. To better understand this 

variation, XPS experiments were carried out on CL in cross-section samples (Figure 7). 

 

Figure 7. C1s spectra of XPS, for the anode CL carbon support, made on cross-section samples 

for a new and aged MEA (at the outlet region). 

 The main differences in carbon C1s XP spectra are the disappearance of the component at 

the binding energy 284.4 eV in the aged outlet anode sample and the relative different intensity of 

the peak at 287.8 eV. According to the literature43, the component at 284.4 eV is the contribution 

of the C-C or C-H chemical binding and especially graphitized carbon according to Puziy et al.44. 
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The presence of this component at the initial state agrees with Raman observations, with an initial 

more graphitized structure. Then, the loss of this contribution in the aged sample indicates a 

modification of the chemical binding and surface structure of carbon. It agrees with the structure 

modification monitored for aged samples in Raman spectroscopy. The component at 287.8 eV has 

a higher intensity for the aged sample and is slightly moved to lower binding energy. According 

to 43,44, this component is linked to C-O and C=O chemicals bonding. One hypothesis to explain 

these modifications of the carbon structure and binding is a large functionalization of the carbon 

support in operation at low potential, likely by interaction with chemical species such as 

phosphoric acid (this will be discussed hereafter). According to Parry et al., the component at 291.6 

eV is the contribution of C-F2 chemical bonding; this contribution comes from the presence of the 

polymer binder in contact with the carbon support and does not seem to change significantly in 

operation31. 

3. Catalyst nanoparticles (NPs) degradation. 

According to Castanheira et al.36, carbon corrosion and functionalization at the interface with 

Pt NPs accelerates the degradation of the catalyst NPs, leading to their agglomeration and 

stabilization between carbon grains, decreasing their density over the carbon surface and/or 

possibly inducing their detachment. These degradations were investigated thanks to TEM imaging 

and statistic measurement of the isolated NPs sizes. Figure 8 presents the (a) anode and (b) cathode 

isolated NPs size distribution measured on several representative TEM images; representative (c) 

TEM images of NPs supported on carbon, and (d) some huge agglomerates observed in some areas 

of the anode CL, post mortem, are also provided. Table 1 summarizes the mean diameter/size of 

NPs, calculated thanks equation 3 45:  



 23 

𝑑𝑑𝑛𝑛��� =
∑ 𝑛𝑛𝑖𝑖𝑑𝑑𝑖𝑖𝑛𝑛
𝑖𝑖=1

𝑛𝑛
[3] 

where 𝑑𝑑𝑛𝑛��� is the mean isolated NPs size (diameter), 𝑛𝑛𝑖𝑖 is the number of NPs of diameter 𝑑𝑑𝑖𝑖, and 𝑛𝑛 

is the total number of NPs measured (> 100 NPs counted for each sample).  

 

Figure 8. Anode and cathode CL morphological changes from TEM images, (a) and (b) are 

respectively the isolated NPs size distribution for the anode and cathode; (c) images of catalyst 

of new, aged gas inlet and outlet for both anode and cathode and (d) images of huge NPs 

agglomerates observed post mortem in the anode CL.  
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Table 1. Mean isolated NPs size measured on TEM images thanks to ImageJ software for new, 

aged in start/stop mode gases inlet (Aged SS IN) and gases outlet (Aged SS OUT). 

Sample 
Mean isolated particle size (nm) 

Anode Cathode 

New 2.8 ± 0.6 3.9 ± 0.8 

Aged SS IN 3.6 ± 0.7 4.9 ± 1.1 

Aged SS OUT 3.5 ± 0.6 4.4 ± 0.9 

 At the initial state, the anode NPs are smaller than the cathode ones and less dispersed in 

size. After operation, both anode and cathode mean isolated NPs size increased (Figure 8a, 8b and 

table 1). The cathode NPs average increased significantly, especially at the gas inlet region, which, 

cumulated to the presence of small NPs even after operation, signs major Pt dissolution and Ptz+ 

redeposition, well known as Ostwald ripening and already reported as one the main process of 

degradation in the cathode potential range26. For the anode, the increase of isolated NPs size, the 

appearance of NPs agglomerates and the relative absence of very small NPs suggests particles 

aggregation (and possibly coalescence) as the main degradation mechanism.  

The loss of isolated NPs density, according to TEM images is noticeable for both the anode 

and cathode catalysts. For the cathode, while there was a difference between the gases’ inlet and 

outlet for isolated NPs size, there is no difference for the NPs density over the carbon support. 

Ostwald ripening stays consistent to explain the loss of isolated NPs density for the cathode, with 

few large agglomerates and instead greater amount of small (typically 2-5 particles) agglomerates. 
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These can likely originate from the carbon corrosion mentioned above, after which some Pt NPs 

detach, migrate on the carbon substrate and are collected/stabilized on nearby NPs. At the opposite, 

for the anode, the presence of light and huge (around 300 nm of diameter) agglomerates in Figure 

8c and 8d, preferentially corresponds to a mechanism of intense NPs migration over the carbon 

surface (which is very functionalized) and coalescence in the reducing conditions experienced. 

The presence of such huge agglomerates was not often reported in the literature for anode CLs; in 

any case, these should likely non-negligibly decrease the anode active surface area.  

The presence of agglomerates was also identified by CO-Stripping voltammetry (Figure 

9). The peak close to 0.7 VvsRHE (pre-peak) corresponds to less favorable adsorption sites, as grain 

boundaries present in aggregated particles, while the peak at higher potential (main peak) 

corresponds to isolated particles, which bind CO more strongly20,21. The non-negligible degree of 

agglomeration of the anode and cathode catalysts at the initial state observed in TEM images 

(Figure 8c) is confirmed by the presence of a pre-peak for the fresh catalyst at both the anode and 

cathode. This observation is rather unusual for initial catalysts (which normally bare more isolated 

nanoparticles40,46); it lets one think that some degradation of the catalysts occurred on the MEAs 

already during storage (after preparation and prior utilization); this corresponds to open circuit 

under oxygen, owing to the presence of phosphoric acid and ambient air, hence very oxidizing 

conditions compatible with the rather agglomerated “new” catalyst materials. For the aged anode 

catalyst, the double peak shape does not show significant variation compared to the initial state 

(Figure 9a and 9c), suggesting that most of the nanoparticles’ agglomeration appeared before 

operation. For the cathode catalyst, there is a non-negligible variation of proportion area between 

pre-peak and principal peak in Figure 9b. Figure 9d, presenting raw data in current, allows 

identifying that this variation of proportion may mainly be ascribed to a large decrease of the 
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principal peak associated to isolated NPs. This observation agrees with the TEM observations: less 

isolated nanoparticles for the aged cathode catalyst and presence of small agglomerates. It 

confirms that Ostwald ripening (isolated NPs preferentially dissolved and redeposition of Ptz+ on 

larger ones) and local NPs migration into agglomerates of NPs are dominant for the cathode. 

 

Figure 9. CO-Stripping features in current density for the (a) anode and (b) cathode and in 

current for (c) anode and (d) cathode. New and aged catalysts air inlet and outlet are represented 

using the RDE cell at 25°C in 0.1 M HClO4 electrolyte at 20 mV/s. 

Small or large agglomerates affect the isolated NPs density and decrease the catalyst 

surface area available for electrochemical reactions: the electrochemical active surface area 

(ECSA). Thanks to Hupd and CO-Stripping CVs, the ECSA was calculated for the catalysts pre 

and post mortem (Figure 10). In the gases’ inlet region, while the ECSA decrease of the aged anode 
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catalyst is not significant and stays in the error bars versus the initial ECSA, the cathode ECSA 

significantly decreased during operation, by a factor ca. 4. This large decrease is likely the 

consequence of major dissolution of Pt nanoparticles into Ptz+ ions, followed by leaching of these 

Ptz+ ions downstream the cathode gas (additional Ni leaching is also possible), associated to minor 

nanoparticles growth following Ostwald ripening in this region. The carbon corrosion of cathode 

carbon support identified in the previous section should also participate to the decrease of the 

ECSA by Pt NPs detachment (and minor agglomeration into the small agglomerates detected in 

TEM and CO-stripping). All these processes are favored by the high cathode potentials reached in 

operation (especially at the cathode inlet), as already reported in the literature of LT-PEMFCs 14. 

At the gases’ outlet, no significant ECSA variation is observed for the cathode, while for the anode, 

the ECSA increased by a factor ca. 2 after operation. The large difference observed between the 

cathode gas inlet and outlet regions, could be explained by a variation of local potentials seen by 

the electrode during the alternating steps of startup and shutdown. As explained in the literature of 

LT-PEMFCs 15, alternating startup and shutdown steps may transiently create active and passive 

regions in the plane of the MEA, and local reversed currents (these scenarii will be further exposed 

in the discussion section). 
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Figure 10. Electrochemical Surface Area (ECSA) of (a) anode and (b) cathode catalyst measured 

thanks to Hupd and CO-Stripping CVs for fresh and aged gases inlet and outlet catalysts in 0.1 

M HClO4 electrolyte at 25°C. 

4. Ni leaching from PtNi alloy cathode catalyst nanoparticles. 

The global catalyst degradations presented in the previous sections did show a difference in 

behavior between the anode (Pt/C) and cathode (PtNi/C) catalyst; Ni leaching from the cathode 

catalyst is possible, as shown in the literature both for LT and HT-PEMFCs 3. The leaching is even 

larger in HT-PEMFC, because of the high operation temperature and phosphoric acid environment. 

Herein, the Pt/Ni ratio was tracked pre and post mortem by combining XRD, TEM X-EDS, ICP-

MS, Hupd CV and ORR CV in RDE.  

X-Ray diffractograms of the cathode catalyst (Figure 11b), show a clear variation of the alloy 

crystallite nature with a non-negligible dealloying of PtNi into an alloy richer in Pt: the lattice 

parameter is significantly larger for the aged catalyst and closer to pure Pt. In order to get 

quantitative data about the Ni leaching rate upon HT-PEMFC operation, the Pt/Ni atomic ratio was 

calculated thanks to the following quantitative characterizations techniques: TEM X-EDS, ICP-
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MS and XRD Vegard’s law (Figure 11a). While at the initial state, all techniques point to the same 

level of alloying ratio (close to Pt3Ni alloy), for the aged catalyst, each technique suggests non-

negligible deviation in the dealloying rate. Considering errors bars, there is especially a deviation 

between the group X-EDS and ICP-MS versus XRD, the former pointing to the larger presence of 

Pt compared to Ni (ca. 7:1 and 5:1 at the inlet and outlet regions, respectively). Such difference 

was already reported in the literature27,28, and was attributed to the nature of the material analyzed: 

XRD scans only the crystalline lattice of the catalyst and not the whole material composition. 

Hence, the smaller remaining Ni content measured by X-EDS and ICP-MS versus XRD overall 

suggests that some Ni (and maybe Pt) might not be present in the crystalline lattice post mortem, 

likely dissolved as ions (Ni2+, Ptz+) in PA, this dissolution originating from the surface (and not 

from the crystalized bulk) of the NPs. As Ni2+ is not capable to be reduced to Ni metal in the 

environment of a PEMFC47, it is no surprise that Pt “concentrates” post mortem versus Ni overall, 

even though the crystalline core of the PtNi NPs seem richer in Ni than the overall CL (where Ni2+ 

ions are likely diluted in the PA). This observation is especially true at the gas inlet. 

The variation of morphology of the proton desorption area of the cathode catalyst Hupd CV 

supports previous observations on Ni leaching (Figure 11c). Aged catalysts (whether at gases inlet 

or outlet) show proton desorption peaks closer to the features of pure Pt catalyst (sharper Hupd 

peaks) compared to the initial state, in which the Hupd features are less defined, a behavior also 

observed in 48 for PtCo/C catalysts operated in LT-PEMFCs.  
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Figure 11. (a) Pt/Ni atomic ratio calculated from X-EDS analysis with TEM, ICP-MS analysis 

and XRD thanks to Vegard’s law from cathode new and aged gases inlet and outlet catalyst ; (b) 

diffractogram of cathode catalyst with the diffraction peak position of Pt and alloy PtNi ; (c) 

Cathode catalyst Hupd region from CV measurement at a scan rate of 20 mV/s, at 25°C, in 0.1 M 

HClO4 electrolyte ; (d) Cathode catalysts kinetic current density for ORR measured with a scan 

rate of 5 mV/s at 25°C, in 0.1 M HClO4 electrolyte. 

The leaching of Ni from the cathode catalyst, in addition to the loss of ECSA at the gas 

inlet (Figure 10b), are in part responsible for the global cell performance degradation. More 

precisely, it explains the ORR performances decrease (Figure 11d). While for fresh catalyst at 0.95 

VvsRHE, the ORR kinetic current density reaches 0.090 ± 0.005 mA/cm2Pt, it is only 0.050 ± 0.010 
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mA/cm2Pt and 0.075 ± 0.005 mA/cm2Pt for the aged catalyst at the air inlet and air outlet, 

respectively. The aged gas inlet catalyst is significantly less efficient than the gas outlet one, owing 

to (i) the more important Ni leaching rate presented in Figure 11a in the cathode inlet region and 

(ii) the presence of larger Pt nanoparticles (following PtZ+ redeposition and/or Ostwald ripening) 

at the outlet – larger Pt nanoparticles being more active for the ORR than smaller ones49–52 .  

The more severe catalyst degradations at the cathode inlet (larger Ni leaching and ECSA 

loss), is explained by the more oxidizing environment of the cathode inlet region, which originates 

from the higher concentration of O2 (and lower concentration of water) at the gas inlet as reported 

in the work of Dubau et al.14 for LT-PEMFC.12 It should be also more acidic, because of the dilution 

of phosphoric acid at the cell outlet: the water produced in operation is driven by the gas flux to 

the outlet, PA loss being largely reported in literature6,8,9. 

 

DISCUSSION 

 Multiple stresses and various operating conditions were applied to the cell during the aging 

test, and then various type of catalyst degradations were monitored. Hereafter, the degradations 

observed will tentatively be linked to the operating conditions experienced.  

One of the main obvious degradations observed is the modification of the cathode catalyst, 

especially at the inlet of the cell: ECSA decrease (Figure 10b), dissolution of isolated NPs (CO-

Striping, Figure 9d) or catalyst de-alloying by a Ni leaching (Figure 11) all imply a large reduction 

of the ORR performances of the inlet catalyst in RDE configuration (Figure 11d). These 

degradations typically come from the dissolution of Pt and Ni of the mother alloyed PtNi NPs into 

Ptz+ and Ni2+ cations. Ptz+ can redeposit on larger/more stable NPs (Ostwald ripening mechanism) 

and participate to the growth of NPs (Table 1) and the increase of their extent of aggregation. This 
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mechanism is more pronounced at the inlet of the cell, owing to the more oxidizing and acidic 

media, locally. One associates this mechanism principally to operating phase at constant current 

between the steps of startup and shutdown (the time spent at constant current for each step is 

approximatively 20 min). One hypothesis is that the cathode inlet is more prone to Pt and Ni 

dissolution in operation and the produced metallic cations at the inlet could be redeposited at the 

outlet of the cell and provoke a local “recovery” of ECSA (whether for anode and cathode). The 

mechanism is illustrated in Figure 13: the major generation of Ptz+ ions in the cathode inlet region 

induces, by gas flow, concentration gradient or migration, Ptz+ transport downstream (to the 

cathode outlet region). At the outlet – owing to the less oxidizing conditions in the O2-depleted 

gas and more water-rich phosphoric acid – these species can be redeposited on the larger Pt 

particle/agglomerates. This means that Ptz+ transport also proceeds from the Ptz+-rich cathode 

across the PBI membrane, via diffusion in open-circuit or migration under load; these species are 

then easily reduced on the existing Pt/C anode catalyst, owing to appropriate (reducing) 

thermodynamic potential conditions14,46. The mechanism could explain the relative stability of the 

ECSA at the cathode outlet and the increase of ECSA at the anode outlet. 

The catalyst dissolution should also be accelerated by the startup and the shutdown phases 

experienced by the cell, during which it is maintained in open-circuit (no external current 

generation). In these transients, a H2/N2 front exists at the negative electrode (normally the anode) 

or O2 (air)/N2 front at the positive electrode (normally the cathode), that leads to partition of the 

cell in an active region (operating like a fuel cell, the one regularly fed by H2 and O2 (air) at the 

negative/positive electrodes, respectively) and a passive (operating like an electrolyser) region (the 

one with N2 either at the positive or negative electrode). The electrodes being isopotential (owing 

to the high electronic conductivity of the bipolar plates and GDLs) and the electrolyte being not 
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(owing to its much smaller ionic conductivity), the active region imposes a potential difference 

between the 2 electrodes that can result to local reversed current in the passive region, as described 

for LT-PEMFC in the past 53,54. 

Such internal currents are likely to exist in the ON_C_Air and OFF_N2 sequence, although 

in first approximation, it seems rather not critical. Indeed, even if protective flush of N2 was 

introduced at the cathode inlet in the transition phase (OFF_N2), the voltage of the entire cell stays 

close to 1 V owing to the presence of H2 at the negative electrode and O2 at the positive one.  In 

the passive region, the negative electrode (anode) compartment maintains at a potential close to 0-

0.3 VvsRHE in presence of H2 and phosphoric acid (the latter can reduce into H3PO3 quite easily 55), 

hence, the positive electrode (cathode) must stay at 1-1.3 VvsRHE, which can induce minor oxidation 

or dissolution of Pt and/or of carbon (Figure 12a). Prokop et al 56 reported that the dissolution of 

Pt is accelerated in H3PO4 HT-PEMFC by the harsh acidic medium and high temperature, Pt 

dissolution being emphasized in the vicinity of the H3PO4 molecules. Although ON_C_Air startup 

is by itself not degrading, succession of ON_C_Air and OFF_N2 induces repeated sequences of 

Pt-oxidation/reduction at the positive electrode, where the mechanism of Pt-O place exchange 

promotes temperature-enhanced dissolution of Pt into Pt2+ and Ni into Ni2+ 57. The observed 

performances degradation during the ON_C_Air/OFF_N2 procedure, that corresponds to 

significant decrease at high current densities, is compatible with a severe reduction of mass-

transport properties of either H+ or O2, that is likely promoted by the metal cation production 

during the transients; in that process, the interaction of the produced cations with H3PO4 molecules, 

which can form complex molecules, likely limits the O2/H+ transport to the catalyst NPs surface 

and reduce mass-transport rate; this deleterious effect of dissolved metal cations had also been 

observed in LT-PEMFC 58. 
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Figure 12. (a) Illustrative scheme of degradation reactions, which could occur in the startup 

procedure ON_A_H2. (b) Illustrative scheme of degradation reactions, which could occur in the 

shutdown procedure OFF_N2. The reverse current in the passive area leads to Pt oxides 

formation and Pt dissolution in the passive area of the positive electrode (normally, the cathode), 

especially upon alternation of the OFF_N2 sequence with the ON_C_Air sequence. (c) 

Illustrative scheme of H2O2 formation mechanism at the cathode in the shutdown procedure 

OFF_Air. 

 

The OFF_Air procedure consists of simply closing the cathode inlet and outlet, leaving the 

cell in H2/air open-circuit conditions. In that case, it is likely that H2 crossover from the anode 

compartment induces formation of hydrogen peroxide H2O2 in the cathode, which should be 

detrimental to the PtNi/C cathode catalyst stability (in particular its carbon support) and its ORR 

efficiency 15. Figure 12b illustrates that H2O2 (and then radicals) formation is expected at the 

cathode membrane/CL interface. Even if, the transition phase should be short, because of the 

natural consumption of the remaining O2, Li et al.59 reported that the permeability of H2 through a 

PBI membrane doped with phosphoric is higher than in LT-PEMFC and is also increased by 

temperature. This stop mode also induces potential alternation of the whole cathode between the 

O2 rich phase (ca. 113 VvsRHE), to the H2-rich phase (likely ca. 0-0.1 VvsRHE), that could trigger Pt-

O place exchange and PtNi dissolution, which is also detrimental to the PtNi/C catalyst stability.  

The performances losses for the couple ON_C_Air/OFF_Air do not reveal large damages; 

it can be considered that both ON_C_Air and OFF_Air procedures are neither very degrading 

individually, nor combined, which suggests that the possible formation of hydrogen peroxide 
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during OFF_Air was not the main factor of degradations of the combined degradation tests ran in 

this study.  

On the contrary, the couple ON_A_H2/OFF_Air is by far the most degrading of the tested 

sequences (Figure 3). Although one cannot exclude that the problem of N2 flushing that occurred 

during the ageing had an influence on the observed degradation, one can also easily understand 

that the startup procedure ON_A_H2 is very degrading. The potential negative impact of 

ON_A_H2 is obvious for the voltage losses observed at low current density, and the couple 

ON_A_H2/OFF_N2 induces also more damages than ON_C_Air/OFF_N2. According to the 

literature15, the ON_A_H2 startup transition situation should lead to the presence of an active and 

a passive area of the cell upstream and downstream of the H2 front, respectively. Parasite reactions, 

which can lead to accelerated degradation of the catalyst in the cathode (positive electrode) of the 

passive region, likely occur in the passive area of the cell. At variance with the processes 

commonly observed in the literature53,60 when an H2/air front exists at the negative electrode, here 

an H2/N2 is transiently present. Figure 12c presents the suggested reactions that possibly take place 

in the passive part considered as an “inverted cell”. At the passive side of the cell negative electrode 

(normally the anode), the possible reduction reactions are the reduction of PtO, the reduction of 

phosphoric acid and of course capacitive reduction currents60. According to Prokop et al55, the 

reduction of H3PO4 occurs following the equations described in figure 12c. Then as the potential 

difference between electrodes is imposed by the active part of the cell to a voltage close to 1 V, 

the positive electrode (normally the cathode) of the cell in the passive part should undergo 

oxidation reactions. The species available to be oxidized are the carbon support, Pt and phosphoric 

acid (reverse equations of the one described at the anode). The potential at which reduced 

phosphoric acid species can oxidize at the anode, according to literature55 is around ca. 0.4VvsRHE 
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(or below), which means that such oxidation reaction should be more favored than the oxidation 

of Pt, the latter happening at higher potential. Carbon corrosion is also an obvious possibility, 

together with phosphoric acid species oxidation; these two reactions should be the main 

degradation reactions observed during ON_A_H2 in the passive region of the positive electrode. 

The context of the work does not allow to identify phosphoric acid doping level or species present 

in the electrode, then no conclusions could be given on the contribution of phosphoric acid 

reduction and oxidation in the degradation reaction in the passive area. Whatever this uncertainty, 

the large cathode carbon corrosion observed in the result section (CO2 emission, cathode CL 

thickness decrease) is likely to be caused in a non-negligible way by the ON_A_H2 procedure. 

Besides the degradations observed at the cathode (positive electrode), the result section did 

also put forth that an important functionalization of the carbon support occurred at the anode, even 

though this electrode mostly operates at low potential throughout the test. In the literature61–66, 

some authors report the impact of formation at low potential of phosphoric acid reduced species 

as H3PO3 or H3P2O6 on the anode performances55,67. In particular, they explain that phosphoric 

acid, and its reduced form, are chemically linked by oxygen on Pt particles. One hypothesis that 

can be posited is therefore that the reduced phosphoric species produced at low potential (perhaps 

catalyzed by Pt) do interact with Pt, but also with the carbon support; the carbon functionalization 

and the related structure variation observed in XPS and Raman spectroscopy should therefore be 

explained by the formation of chemical C-O bonding between the carbon support and phosphoric 

acid reduced species. The impact of the reduced PA species described here agrees with the use of 

phosphoric acid to produce activated carbons68,69: below 400°C, the reaction of PA with carbon 

yields the formation of reduced species of phosphoric acid, that do activate the carbon at higher 

temperatures. 
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Figure 13. Illustrative scheme of Pt dissolution (mostly from the cathode inlet) and redeposition 

(mostly at the cathode and anode outlet), Ni leaching and carbon corrosion resulting from the 

combination of stationary and start-stop operation of the HT-PEMFC. 

 

CONCLUSIONS 

The present study reports catalyst degradation mechanisms identified in HT-PEMFC 

MEAs aged in al HT-PEMFC stack operated at 160°C for around 900 h, with deliberately applied 

startup/shutdown steps. After careful characterization of the MEA materials by complementary 

physicochemical and electrochemical techniques, well-known degradation mechanisms could be 

detected. PtNi nanoparticles growth, dissolution, migration, coalescence, and their detachment, 
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following the corrosion of the carbon support were observed at the cathode. All these degradations 

were induced firstly by the constant load operation between each start-up and shutdown, and also 

by the various procedures of start/stop tested here. The following degradation mechanism were 

identified: 

• Cathode ECSA loss by Pt (and Ni) dissolution (Ostwald ripening mechanism) occurred 

during the constant operation and the ON_C_Air/ OFF_N2 phases, leading to greatly 

decreased ORR (and thus cell) performances at the cell inlet. The metallic cations 

generated likely had important chemical interaction with PA and led to increased mass-

transport losses (preventing dynamic reactant gases (O2) and protons access to the 

catalytic sites). 

• Cathode catalyst Ni leaching from the initial PtNi alloy in operation was found higher 

at the inlet of the cell, a region being more oxidant and acidic. The depreciated Ni 

content lowered the PtNi/C alloys performance for the ORR. 

• Cathode carbon corrosion at the outlet of the cell was favored by the ON_A_H2 startup 

procedure and (minorly) by formation of H2O2 in the OFF_Air procedure. It led to the 

formation of small agglomerates of NPs between carbon grains at the cathode. 

• Anode outlet ECSA increase was explained by redeposition of Ptz+ species originating 

from the cathode degradation, after diffusion at OCV or migration in operation.  

• Anode carbon functionalization was also observed, and explained by the chemical action 

of phosphoric acid and its reduced species at low potential, which was identified by 

Raman and XP Spectroscopy of the anode carbon support. 

In this study, PA leaching could not be characterized by in situ or post mortem 

characterizations; however, it should participate in a non-negligible way to the degradations cited 
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before. Finally, the procedures identified as the more degrading are the ON_A_H2 startup for 

carbon corrosion at the cathode (passive region), and the couple ON_C_Air/ OFF_N2 for the 

formation of Ptz+ and their interaction with phosphoric acid. One could say that N2 flush during 

these procedures is crucial to avoid larger degradations as observed for the ON_A_H2/OFF_Air 

couple, although it does not at all prevent degradations.  
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