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Abstract  

Fe-N-C catalysts are an attractive low-cost alternative to Pt for the oxygen reduction reaction 

(ORR) in high-temperature proton exchange membrane fuel cells (HT-PEMFCs) as they are 

less sensitive to phosphate poisoning, but they suffer from poor stability and unclear 

degradation mechanisms. In this study, the activation and degradation mechanisms of HT-

PEMFCs with several classes of Fe-N-Cs operating for 90 h are identified using a combination 

of operando electrochemical and post-mortem physical analysis. While simultaneous 

activation in terms of accelerated ORR processes takes place by acid redistribution, the 

degradation of the catalyst leads to drastic performance loss (-27 %) within the first 24 h. 

Carbon corrosion has a lower impact and the strongest degradation is attributed to active site 

deactivation e.g. by transformation to inactive nanoparticles or by site loss. This study helps to 

understand the degradation of Fe-N-Cs in HT-PEMFC and points to the necessary and 

inevitable modification of single-atom catalysts. 
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Highlights  

• Voltage decay within first 24 h of HT-PEMFC operation independent of Fe-N-C type 

• Stability of Fe-N-C in HT-PEMFC independent of electrochemical characterization in 

single-cell 

• Voltage loss attributed to reactive oxygen species formation and Fe-Nx deactivation 

• No positive effect from acid distribution due to degradation of catalyst in beginning of 

operation 
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1 Introduction 

Proton exchange membrane fuel cell operated at high-temperature around 160 °C 

(HT-PEMFC) allows for operations with hydrogen or reformate e.g. from green methanol which 

is beneficial for volume-critical applications.[1] Moreover, their easier heat management 

compared to the low temperature (LT)-PEMFC technology is attractive for heavy-duty 

applications.[2] However, Pt-based catalyst applied in HT-PEMFCs suffer from phosphate-

induced deactivation at the anode and cathode and requires high electrode loadings of 0.7-

1 mgPt cm-2.[3] Therefore, the investigation of Pt-free catalysts is crucial to increase the viability 

of HT-PEMFC. 

Iron-nitrogen-carbon (Fe-N-C) catalysts, consisting of single metal sites coordinated to 

nitrogen sites (Fe-Nx) embedded into a partly-graphitized carbon network are the most active 

Pt-free catalysts for the oxygen reduction reaction (ORR) in acidic electrolytes. Most 

importantly, these catalysts are not negatively affected by phosphates and are therefore strong 

candidates for HT-PEMFC cathodes.[4] However, Fe-N-C catalysts have a lower volumetric 

activity than Pt and suffer from acute performance loss (up to 47 % during the first 100 hours 

of PEMFC operation).[4-5] Therefore, optimization towards higher electrochemical active site 

density and higher turnover frequency as well as increased stability is mandatory. Meyer et al. 

suggested novel concepts for improved M-N-C catalysts with a high density of active sites and 

steered configurations and coordination environments.[6] One approach to achieve a higher 

active site density is the implementation of carbon nanotubes (CNTs) as carbon support for 

Fe-N-sites.[7] Recently it was reported by Wu et al. that the concept of dual layers of Fe-N4-C 

actives sites doubles the turnover frequency of the ORR through an enhancing effect of the 

sublayer.[8] The degradation of Fe-N-Cs in LT-PEMFC is attributed to active site deactivation 

in the form of demetallation (agglomeration and dissolution), deactivation and site loss through 

carbon corrosion.[3-4, 9-10] Li et al. reported that pyrrolic coordinated Fe is irreversibly converted 

to Fe2O3 during LT-PEMFC operation (80 °C, 0.2-0.8 V, H2/O2) while pyridinic coordinated Fe 

is stable.[11] Recently, Liu et al. revealed a deconvoluted degradation pathway of Fe-N-C from 

a 60 h operation at high load of 1 A cm-2. They were able to show that initially iron demetallation 

deactivates the catalysts followed by a carbon corrosion induced deceleration of the ORR.[12] 

Moreover, the formation of reactive oxygen species (ROS) by a Fenton-like reaction of 

hydrogen peroxide, formed through the 2-electron ORR pathway, leads to oxidation of the 

carbon surface and thus corrosion and loss of embedded active sites.[10, 13] Furthermore, it was 

reported the a oxidized carbon surface leads to weakening of the oxygen binding on active 

Fe-Nx sites and therefore to a lower ORR turnover frequency.[14] Gu et al. proposed the addition 

of Ti3C2-TiO2 radical scavengers to a Fe-N-C catalyst to receive a more durable ORR catalyst 

for acidic and alkaline environment.[15] Choi and coworkers used operando spectroscopy to 
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analyze the potential-dependent degradation of a Fe-N-C catalyst. They proposed stable 

potential ranges below 0.7 V to avoid degradation in acidic medium.[16] 

Fe-N-Cs consist of up to 95 wt% of carbon hosting the active Fe-Nx sites.[9] Therefore, the high 

stability of the carbon material against corrosion can boost the overall catalyst stability. Most 

stability studies are based on half-cell level or LT-PEMFC. However, one study shows high 

stability of a bimetallic FeCu/N-CNT catalyst by so-called phosphate promoted ORR activity.[17] 

With respect to the used carbon support for Fe-N-C catalysts the higher operating 

temperatures of HT-PEMFC may accelerate carbon corrosion-induced degradations.[18] 

Furthermore, the phosphoric acid electrolyte of HT-PEMFC can impact the stability because 

interactions of the acid with the N-functionalities of the Fe-N-C may occur.[19] Thus, the effect 

of carbon support in Fe-N-C could play a crucial role in their stability in HT-PEMFCs. 

In this study, the stability of four different classes of Fe-N-C catalysts with Fe-Nx sites but with 

carbon supports with different properties were investigated in HT-PEMFC. Gas diffusion 

electrodes (GDEs) were fabricated, including a commercial Fe-N-C catalyst (PMF), a catalyst 

based on Black Pearls® and two Fe-N-Cs based on phosphoric acid activated biomasses. In 

our previous study, a higher resistance against carbon corrosion for the biomass-based 

catalysts compared to the Black Pearl-based Fe-N-C were identified from rotating-disc 

electrode measurements.[20] This was attributed to the presence of P species in these catalyst 

inhibiting the electron withdrawal from the carbon occurring during carbon oxidation.[20-21] A first 

performance test of the four GDEs as cathodes in HT-PEMFC showed significant differences 

in performance mainly attributed to the electrode structure and catalyst layer hydrophilicity.[22] 

In the presented study, we focused on the analysis of the cell stability over time. This includes 

voltage monitoring over 90 h at constant load HT-PEMFC operation, investigating the impact 

of characterization procedures on the cell voltage, and the identification of degradation 

processes via operando electrochemical methods such as cyclic voltammetry (CV) and 

electrochemical impedance spectroscopy (EIS) with distribution of relaxation (DRT) analysis 

as well as post-mortem analysis. 

2 Materials and methods 

2.1. Fe-N-C catalysts 

The catalysts were synthesized via carbon support impregnation with iron(II) acetate and 

cyanamide, pyrolysis at 900 °C (1 h), acid leaching in sulfuric acid (2 mol L-1) and second 

pyrolysis at 900 °C. The carbon supports used are oxidized Black Pearls® 2000 (ox-BP, 

Cabot), phosphoric acid-activated rye straw (aRSH3PO4) and coconut shells (aCocoH3PO4). 

Further details of the catalyst synthesis strategies can be found in our previous studies.[20, 23] 

A commercial Fe-N-C catalyst PMF-011904 (Pajarito Powder) was also considered as a 
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benchmark for comparison purposes.[24] The four catalysts used in this study are referred to as 

Fe-N-CPMF, Fe-N-ox-BP, Fe-N-aCocoH3PO4 and Fe-N-aRSH3PO4. 

2.2. Fabrication of gas diffusion electrodes and membrane electrode assemblies 

GDEs were fabricated by ultrasonic spray-coating (ExactaCoat, Sonotek) on a woven gas 

diffusion layer (De Nora). The catalyst ink consisted of 1.7 wt% Fe-N-C, 18.7 wt% water, 

77.7 wt% 2-propanol and 1.9 wt% of a 60 wt% PTFE dispersion in water (Sigma Aldrich). The 

catalyst/water/2-propanol suspension was sonicated in an ice bath for 15 min. Next, horn 

sonication for 15 min with a pulse (30 s on, 10 s off, amplitude of 15 %) was applied, followed 

by storage of the suspension overnight. PTFE was added and 15 min pulsed horn sonication 

was applied. The coating was carried out with a 48 kHz nozzle and a flow rate of 0.2 mL min-1 

and 0.3 mL min-1 in the case of the biomass-based Fe-N-C due to sedimentation. 25 cm² of 

GDL was stored on a heating plate at 40 °C for coating. 270 layers were needed to reach 

loadings in the range of 26-34 µgFe cm-2 which were determined by inductively coupled plasma 

mass spectrometry (ICP-MS). 

For membrane electrode assembly (MEA) preparation, a commercial Celtec® membrane 

based on phosphoric acid doped polybenzimidazole was stored in 50 wt% H3PO4 overnight to 

ensure similar acid content for all MEAs. The membrane was sandwiched between 5 cm² of 

the fabricated Fe-N-C containing cathode and a commercial Pt/C anode (~1 mgPt cm-2, 

De Nora) and two Kapton® frames using hot press for 30 s at 140 °C with 1 kN. Finally, thermal 

annealing at 120 °C for 30 min was carried out. The final active area was 4.05 cm².[22] 

2.3. HT-PEMFC 

HT-PEMFC performances were evaluated using an Evaluator-C 70316 test station with 

FuelWork software (FuelCon) equipped with a quickCONNECTfixture (qCF 5/100 HT, 

balticFuelCells). A cell fixture cF5/100 HT Gr V1.4 with serpentine graphitic flow fields 

(balticFuelCells) was used. Cell compression of 0.75 MPa was applied during the whole test. 

After passing the leak test, the cell temperature was increased to 120 °C under nitrogen flow. 

Then the gases were switched to dry H2/O2 with stoichiometry of 1.5/9.5 and the temperature 

was increased to 160 °C. A constant load of 0.1 A cm-2 was applied. After reaching the final 

operation temperature of 160 °C, the beginning of test (BoT) characterization, constant load 

test and end of test (EoT) characterization were carried out as described in Table 1. For EIS, 

CV and linear sweep voltammetry (LSV) measurements, an external potentiostat 

Modulab2100A (Ametek) equipped with an external booster (12 V/20 A) was used. During the 

stability test, impedance spectra were recorded every day at the fixed current density of 

0.1 A cm-2 and after 50 h a CV measurement was performed. After 90 h of operation, an EoT 

characterization analogue to BoT was carried out followed by a controlled cool down. 
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Table 1: Overview of HT-PEMFC test parameters. 

 Method and gas supply Parameters 

BoT and 
EoT 

Galvanostatic U-I polarization 
curve 
H2/O2, ʎ (1.5/9.5) 

Start: 0.1 A cm-2 

Max. current density: 2 A cm-2 

Minimal voltage: 0.25 V 
Step size: 0.05 A 
Holding time per step: 30 s 
Number of scans: 3 

EIS 
H2/O2, ʎ (1.5/9.5) 
 

Current densities: 0.03, 0.1, 0.2 A cm-2  

Amplitude: 0.01 V 
Frequency: 100 kHz -100 mHz 
Time between each measurement: 8 min 

CV 
N2/H2 0.1 L min-1 

Range: 0.05-1.00 V 
Scan rate: 100 mV s-1 

Number of scans: 7 

LSV 
N2/H2 0.3 L min-1 

Range: 0.1-0.5 V 
Scan rate: 2 mV s-1 

Stability 
test 

Constant load  
H2/O2, ʎ (1.5/9.5) 

Current density: 0.1 A cm-2 

Duration min. 90 h  

Distribution of relaxation times (DRT) analysis was performed using the data from EIS. 

Equation (1) displays the relation between the impedance Z, the ohmic resistance 𝑅∞, the 

polarization resistance 𝑅𝑝𝑜𝑙, the DRT function 𝑔, the relaxation time 𝜏 and the frequency 𝑓.[25-

26]  

 
𝑍(𝑓) = 𝑅∞ + 𝑅𝑝𝑜𝑙 ∫

𝑔(𝜏)

1 + 𝑖2𝜋𝑓𝜏
𝑑𝜏

∞

0

 (1) 

For discrete DRT calculation from the measured impedance data, several logarithmically 

equally spaced time constants are used using equation (2): 

 
𝑍(𝑓) = 𝑅∞ + 𝑅pol ∑

𝑔𝑘

1 + 2𝑖𝜋𝑓𝜏𝑘

𝑁

𝑘=1

 (2) 

The DRT function of the measured spectra is determined using an approach based on the 

Tikhonov regularization.[27] The regularization level which weights the residual noise against 

the solution norm is determined by the regularization parameter λ.[28-29] A well-chosen 

regularization parameter λ is, therefore, necessary to accurately determine the pseudo-

continuous DRT function from the discrete impedance dataset. A regularization parameter λ 

of 10−3 was used following Heinzmann's study, as it represents an excellent trade-off between 

low-residuals, selectivity, and minimal oscillations for hydrogen fuel cells.[27] The Matlab® 

software DRTtools developed by the Ciucci group was used to calculate the DRT function [25-

26]. Peaks in the DRT plot were separated and analyzed by applying Voigt deconvolution using 

Matlab® software DCscript to identify the peak maximum frequency (rate of the process) and 

calculate the area of each peak under the logarithmic scale (resistance).[30-31]  
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2.4. Post-mortem analysis of HT-PEMFCs 

The iron content of the membrane electrode assemblies at EoT was analyzed by punching out 

1 cm² of the MEA and analysis by ICP-MS (XSeries2, Thermo Fisher Scientific). Details of 

sample digestion and ICP-MS calibration are reported in our previous studies.[20, 22-23] Titration 

for determination of acid content was done for three positions (diameter of 6 mm each). Before 

titration separation into anode, membrane and cathode and stirring for 30 min in a mixture of 

30 mL acetone and 70 mL water was carried out. The solution was analyzed with the 

autotitrator TitroLine alphaplus (Schott) with an IoLine SI Analytics pH electrode (Schott) and 

a 0.1 mol L-1 sodium hydroxide solution. As the primary standard potassium hydrogen 

phthalate was used. Transmission electron microscopy (TEM, Zeiss EM 900N) and scanning 

TEM (Jeol JEM2100 F) with energy dispersive spectroscopy (EDS, Oxford INCA Energy 

TEM250) was carried out for the cathode catalysts after EoT. For this, the catalyst was 

dispersed in ethanol and deposited on a 300-mesh copper grid (Plano). Micro-computed 

tomography (µ-CT) for MEA samples with a diameter of 6 mm was performed on a SkyScan 

1172 device (Bruker MicroCT) with an acceleration voltage of 80 kV and a current of 100 µA. 

Rotation steps of 0.2 °, frame averaging of 4 and random movement of 10 were chosen. The 

exposure time was 1450 s and the resolution was 1.8-2.1 µm pixel-1. The reconstruction was 

processed using the software NRecon (Bruker) with a greyscale range of 0.0-0.1. 

3 Results and discussion 

The performances and stability of the commercial Fe-N-C catalyst (Fe-N-CPMF), a carbon 

black-based Fe-N-C (Fe-N-ox-BP) and two activated biomass-based Fe-N-Cs 

(Fe-N-aCocoH3PO4, Fe-N-aRSH3PO4) were evaluated in HT-PEMFC. A detailed physical analysis 

of the catalysts and GDEs can be found in our previous study.[22] The Fe-N-C total loadings in 

GDEs were determined by gravimetric measurements after coating and ranged between 1.7 

and 2.8 mg cm-2. The iron loadings from ICP-MS were 32 (Fe-N-CPMF), 34 (Fe-N-ox-BP), 26 

and 33 µgFe cm-2 for Fe-N-aCocoH3PO4 and Fe-N-aRSH3PO4, respectively.[22]  

3.1. Single-cell stability test 

The MEAs comprised of the self-fabricated cathode, a commercial Celtec® membrane and a 

commercial Pt/C anode. For durability evaluation, electrochemical measurements before and 

after 90 h of operations at 0.1 A cm-2 were performed (Figure 1 a)), with polarization curves, 

EIS, CV and LSV. Moreover, daily EIS measurements were performed, alongside with a CV 

after 50 h of operation.  
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Figure 1: a) Voltage-time plot of HT-PEMFCs operation at 160 °C with dry H2/O2 using 
stoichiometries of 1.5/9.5 and b) voltages at 0 h, 24 h and 90 h of operation at 0.1 A cm-2 with 
indicated loss rates. 

Voltages (Figure 1 a) and b)) display differences in the initial values depending on the type of 

cathode catalyst. While the commercial Fe-N-CPMF-based HT-PEMFC exhibits the highest 

voltage at 0.1 A cm-2 (0.595 V) and therefore highest performance, the biomass-based one 

has the lowest initial voltages (0.357, 0.300 V). This is attributed to the electrode structure, as 

similar ORR mass activities of biomass-based and BP-based Fe-N-Cs were determined in 

previous thin-film analyses.[20, 22] However, independent of starting voltage drastic voltage 

losses occur within the first 24 h of operation of the Fe-N-CPMF, Fe-N-ox-BP and 

Fe-N-aCocoH3PO4 MEAs in HT-PEMFCs (3.9-6.8 mV h-1, or 26-27 %). (Figure 1 b)). While a 

voltage loss also occurs for the lowest performing catalyst Fe-N-aRSH3PO4 in the first 24 h, this 

is significantly less severe (1.5 mV h-1 or 12 %). In the following 66 h, the voltage losses are 

significantly dampened (0.2-0.6 mV h-1 or 3-8 %) for all MEAs. Thus, the main degradation 

occurred within the first 24 h of operation regardless of the Fe-N-C catalyst type. This is in 

agreement with observations by Hu et al. for a Black Pearl-based Fe-N-C operated in 

HT-PEMFC who reported a 28.6 % voltage loss within the first 50 h and merely 5.4 % within a 

following 350 h, making a longer duration of stability test not mandatory at this point.[32] Several 

causes have been proposed for voltage decay in the literature. Firstly, the micropores and 

mesopores may eventually flood with phosphoric acid.[32] Although acid redistribution can 

enhance the performance in HT-PEMFC, the presence of N-functionalities in Fe-N-C catalysts 

can cause excessive acid attraction and pore filling inducing strong mass transport 

limitations.[19] Alternatively, the degradation of the catalyst itself might occur, with deactivation 

of actives sites by the transformation of unstable Fe-Nx sites into iron oxide clusters between 

0.2 and 0.8 V.[11] Moreover, a deactivation can also be induced through the production of 
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reactive oxygen species attacking both the Fe-Nx sites and the carbon support.[10, 33] The 

following analysis provides further insights. 

To identify the degradation processes within a few hours of operations, it is firstly necessary 

to determine the impact of the electrochemical analysis on performances. Indeed, for Pt-based 

catalysts, electrochemical characterizations at BoT can induce MEA degradation through the 

rapid voltage changes during the recording of polarization curves and CVs.[34] To investigate 

whether this occurs for Fe-N-C catalysts in HT-PEMFCs, the performances of MEAs from the 

same batch operated at 0.1 A cm-2 with and without BoT characterization were compared (SI 

Figure S1). For this comparison, the best and the worst-performing MEAs were chosen. The 

cell voltages are almost identical with and without BoT characterization for both the Fe-N-CPMF 

and Fe-N-aRSH3PO4, which indicates that the voltage cycling has a negligible influence on the 

Fe-N-Cs degradation mechanism.  

3.2.  Electrochemical characterization 

The performances at BoT and EoT are firstly analyzed via polarization curves and resulting 

performance curves from BoT[22] and EoT (Figure 2, zoom SI Figure S2). The initial 

performance differences are attributed to the higher catalytic activity of Fe-N-CPMF and higher 

heterogeneities in the electrode structure of MEAs containing biomass-based Fe-N-C.[22] First 

of all, the changes in open-circuit voltages (OCV) are analyzed. OCV is influenced by hydrogen 

crossover, mixed potentials as well as catalyst activity.[35] The OCVs decrease in a similar 

manner for Fe-N-CPMF (-65 mV), Fe-N-ox-BP (-68 mV) and Fe-N-aRSH3PO4 (-67 mV), with and 

a slightly higher decrease of -84 mV for Fe-N-aCocoH3PO4. Hydrogen crossover is unlikely to 

be responsible as a commercial standard membrane was used; besides, the short length of 

operations (90 h) excluded operations-induced degradations. Therefore, the decrease is 

attributed to the degradation of the Fe-N-C catalysts with in particular the activity loss of Fe-Nx 

sites and the oxidation of carbon support resulting in parasitic reactions. The degradation 

mechanism can involve different processes. Firstly, the most active Fe-Nx sites can become 

inactive by irreversible transformation to oxides. Secondly, the overall electrochemical active 

site density reduces via demetallation or aggregation through attack by ROS.  

The decrease in power density at 0.1 A cm-2 was also analyzed (Figure 2 b)). Analogous to the 

voltage losses highly comparable performance losses of 23-25 % at 0.1 A cm-2 are observed 

for Fe-N-CPMF, Fe-N-ox-BP and Fe-N-aCocoH3PO4 and 15 % in the case of Fe-N-aRSH3PO4. The 

lower degradation of this catalyst might be attributed to the lowest initial performance. 

According to our previous studies, the physical properties, ORR activity, site density and higher 

stability against carbon corrosion of Fe-N-aRSH3PO4 are highly comparable to the 

Fe-N-aCocoH3PO4 sample.[20, 22-23] However, voltage and performance show comparable 

declines for Fe-N-aCocoH3PO4 and non-biomass-based Fe-N-Cs. From half-cell measurements 
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[20], a higher stability of the biomass mass-based Fe-N-Cs against carbon corrosion was 

observed. Therefore, the carbon supports have a minimal impact on the performance losses 

within the first hours of operation. 

 

Figure 2: a) U-I polarization curve at BoT[22] and EoT and b) corresponding performance 
curves recorded at 160 °C, with dry H2/O2 using stoichiometries of 1.5/9.5. 

To achieve an in-depth analysis of the voltage decay, EIS measurements at 0.1 A cm-2 at BoT 

and EoT were carried out (Figure 3). The differences in Nyquist plots between the four MEAs 

at BoT are attributed to their different performances and voltages at 0.1 A cm-2. However, in 

all cases, the overall polarization resistance decreases significantly between BoT and EoT 

(Figure 3 a)). Bevilacqua et al. reported a similar behavior over 120 h of Fe-N-C-based 

operation with H2/O2 at 0.1 A cm-2. However, they observed a simultaneous increase in 

performance after 120 h and attributed this to decreased ORR and mass transport resistances 

due to better acid distribution.[36] Comparing the BoT[22] with the EoT, the DRT plots (Figure 

3 b)) are dominated by ORR kinetics with minor contributions of proton transport on the anode 

and cathode and without indication of mass transport limitations in terms of oxygen diffusion 

which is in accordance to literature.[31] Changes in ORR rate (peak position) and ORR 

resistance (peak area) between BoT and EoT state can be found in Figure 3 b) and c) (for 

other rates and resistance of peaks see SI Tables S1-S3). For all MEAs the ORR resistance 

(RORR) decreases by 16-28 %. As both the OCV values and performances decreased, an 

increase in the ORR activity can be excluded. Two possible explanations are proposed (I) 

Active sites with slow ORR kinetics which contributed to initial performance became inactive 

leading to decreased ORR resistance. (II) The enhanced oxygen diffusion and adsorption 

through acid distribution and interaction with N-functionalities but simultaneous deactivation of 

active sites could reduce the ORR resistance. The ORR rates (Figure 3 c)) also show an 

increase in rates for Fe-N-ox-BP (56 %), Fe-N-aRSH3PO4 (29 %) and Fe-N-aCocoH3PO4 (51 %) 

which would be consistent with the above-mentioned assumption. The ORR rate reduces by 

17 % for Fe-N-CPMF, indicating a slightly slower ORR process at EoT.  



10 
 

 

Figure 3: a) Nyquist plots from EIS at 0.1 A cm-2 recorded with dry H2/O2 with a stoichiometry 
of 1.5/9.5 at BoT[22] and EoT b) corresponding DRT plots with indicated peaks and c) ORR 
resistances and ORR rates from DRT analysis. 

To further investigate the voltage decay mechanisms for the Fe-N-CPMF and Fe-N-ox-BP, fresh 

MEAs per each catalyst (denoted as MEA2) from similar GDE batches were used to record 

EIS hourly for the first 3 hours of operations, followed by daily EIS measurements for the 

remainder of the 90 h test at 0.1 A cm-2. Nyquist plots and DRT analysis (Figure 4 a, b)) 

evidence that the most drastic changes take place on the first day of operations with only minor 

changes from day 2 to day 5, which is consistent with the overall voltage loss (Figure 1). The 

ORR resistances in Figure 4 c) strongly decrease from 0 h to day 2 for Fe-N-CPMF (17 %) and 

Fe-N-ox-BP (28 %) with only minor changes from day 2 to day 5 (2 - 8 %). The proton transport 

rates and resistances of the anode and cathode can be found in SI Tables S4-S6. Our previous 

work demonstrated that the combination of Pt-catalyst and Fe-N-CPMF prevents the voltage 

loss within the first hours of operation through synergetic effects e.g. by minimizing ROS 

formation. Moreover, the activation through acid distribution takes a longer time (up to 120 h) 

for Fe-N-C/Pt/C hybrid MEAs compared to Pt-based catalysts which were also visible in a 

decrease in ORR resistance.[37] Thus, the above-mentioned assumption (II), enhanced acid 

distribution and interaction with N-functionalities but simultaneous deactivation of active sites, 

might have occurred here. The active sites of the Fe-N-C-based electrodes might be 

deactivated by the formation of nanoparticles or losses due to the attack by ROS while 
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simultaneous acid redistribution takes place exposing more accessible active sites. The ORR 

rates of Fe-N-CPMF and Fe-N-ox-BP are further investigated (Figure 4 c)). While the 

Fe-N-ox-BP and the biomass-based Fe-N-C MEAs (Figure 3 c) undergo an increase of ORR 

rates over the whole five days of operation, the Fe-N-CPMF one has an increase in performance 

in the first hours of operation followed by a decrease from day 2 to day 5. Although the increase 

of ORR rate for both catalysts might indicate the increase in phosphoric acid diffusion during 

activation and is consistent with Bevilaquca et al.[36] findings, catalyst deactivation is observed. 

For the Fe-N-CPMF catalysts, the ORR rate evolutions may indicate possible deactivation or 

transition of active sites into inactive species. This might be attributed to the different catalyst 

structure of Fe-N-CPMF in terms of porosity and carbon morphology which could lead to different 

active Fe-Nx site incorporation in micro- or mesopores compared to the other three catalysts 

(details of physical properties in Ref. [22]). While the Fe-N-CPMF was synthesized via a 

template-based VariPoreTM process[38-39], the other three catalysts were fabricated using a 

support-based approach[20]
, so that for the biomass-based Fe-N-C MEAs similar behavior 

compared to Fe-N-ox-BP MEA is observed. This might furthermore be attributed to the 

differences in hydrophobicity of the catalysts; while the commercial catalyst has a more 

hydrophobic character, the Fe-N-C catalysts from the support-based approach are more 

hydrophilic. 
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Figure 4: Nyquist plots recorded during operation (insets) and corresponding DRT plots of a) 
Fe-N-ox-BP, b) Fe-N-CPMF and c) ORR resistance (RORR) and ORR rates. 

Lastly, the CVs from BoT[22], after 50 h of operation, and at EoT are analyzed (Figure 5). The 

CVs of all MEAs have redox peaks in the range of 0.4 - 0.7 V, which become more pronounced 

after 50 h of operation and without further significant change at EoT. These peaks could be 

attributed to Fe2+/Fe3+ redox transition (0.76 V[40]) and hydroquinone/quinone redox couple at 

slightly lower potential indicating oxidized carbon surface.[40-42] The drastic increase of the 

redox peaks within the first 50 h of operation is consistent with the significant voltage loss 

(Figure 1). As an increase of Fe2+/Fe3+ redox peaks is unlikely to occur, the increased faradaic 

currents are attributed to the carbon surface oxidation related to hydroquinone/quinone redox 

peaks. This indicates carbon corrosion and is following the suspected formation of ROS which 

attack the carbon matrix. Referring to the voltage loss rates in Figure 1 b), the Fe-N-CPMF, with 

its highest loss rate, also has the largest increase (61 %) of anodic current density at 0.65 V 

after 50 h (Figure 5 a), b)), while the biomass-based catalysts have the lowest loss rates and 

the lowest increase of current (18 and 19 %). This is in agreement with the half-cell results 

from our previous studies which revealed a higher resistance to carbon corrosion for the 

biomass-based Fe-N-Cs.[20] Here, the increased stability was attributed to different electronic 
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structure of this catalyst class. In more detail, it was proposed that higher ratios of nitrogen 

functionalities and especially the presence of phosphor species stabilize the carbon network 

against corrosion by inhibiting electron withdrawal from carbon.  

While carbon corrosion impacts each catalyst differently, this is unlikely to be the main drive of 

the voltage loss, as similar voltage decays occur for all MEAs. Instead, the deactivation of 

active sites (e.g. transformation or attack of carbon by close to the active site) could be the 

main driving force. While the ROS formation can indirectly be verified through the increase of 

hydroquinone/quinone redox peaks, the deactivation of active sites cannot directly be 

concluded from the CV as the hydroquinone/quinone species narrowly overlap with the 

Fe2+/Fe3+ redox peak. Similar redox peaks and increases of faradaic current were observed in 

the LT-PEMFC study by Snitkoff et al. for Fe-N-CPMF catalyst. There, the advanced Fourier 

transform alternating current voltammetry (FTacV) in combination with CV and EIS was applied 

and with that an overall loss in electrochemical active site density was identified.[40] This agrees 

well with the observations and assumption in the present HT-PEMFC study, that the 

deactivation of active sites e.g. by the formation of inactive nanoparticles or by complete loss 

through attack by ROS is responsible for the voltage decay. 

 

Figure 5: a) CVs of cathodes recorded at BoT, after 50 h of operation and EoT with a scan 
rate of 0.1 V s-1 and H2/N2 flow rate of 0.1 L min-1 and b) corresponding anodic current densities 
determined at 0.65 V. 

3.3. Post-mortem analysis 

For physical identification of degradation processes a post-mortem analysis was carried out. 

Morphological investigation of the EoT MEA and catalyst layer by µ-CT displayed no drastically 

changes and differences between the EoT MEAs (SI Figure S2). Titration of the MEAs after 

the test (Table 2) unveils highly comparable acid contents in range with a commercial Pt-based 

Celtec®-P1200 MEA (22 mg cm-2). As no significant differences between the MEAs is 
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observed, this seems not to impact the degradation within the first 90 h of operation. Further 

on, the iron content of the EoT MEAs was determined by ICP-MS and compared with the 

values of the pristine GDEs (Table 2). For the Fe-N-CPMF and Fe-N-ox-BP ones, the Fe content 

at EoT is lower than for the pristine GDEs. This could indicate Fe dissolution and discharge of 

the cell through the water-acid mixture. For the biomass-based HT-PEMFC, higher Fe contents 

were found at EoT compared to pristine GDEs, which can be assigned to inherent 

heterogeneities previously reported for these materials.[22] However, only one measurement 

was possible due to limited sample availability for ICP-MS. Therefore, no mean value and 

standard deviation was determined and the increase and decrease of Fe content could be in 

the error range.  

Table 2: Acid contents of MEAs determined by titration and Fe contents of pristine GDE and 
MEA at EoT from ICP-MS. 

 
Acid content at EoT / 

mg cm-2 

Fe content / 
µg cm-2 

Pristine GDE MEA at EoT 

Fe-N-CPMF 25.5 ± 0.8 32 28 
Fe-N-ox-BP 26.5 ± 0.6 34 27 

Fe-N-aRSH3PO4 24.7 ± 0.2 33 34 
Fe-N-aCocoH3PO4 24.1 ± 1.2 26 30 

Further investigations of the catalyst morphology were achieved by detaching the Fe-N-C-

containing cathodic catalyst layer from the EoT MEA and characterizing its catalysts with TEM 

and STEM/EDS (Figure 6). For the Fe-N-CPMF, the TEM images reveal the formation of Fe 

particle (Figure 6 a)) indicating iron dissolution and redeposition or agglomeration of small 

nanoclusters (STEM/EDS of fresh particle free Fe-N-CPMF in SI Fig. S3). For the other three 

catalysts (Figure 6 b-d)) no Fe nanoparticles could be identified. It has to be mentioned that 

TEM only reflects a small part of the sample so that particle formation in case of the other 

catalysts cannot be excluded completely. For the biomass-based catalysts, large PTFE binder 

agglomerates are observed (Figure 6 d)) which might be caused by catalyst layer 

heterogeneities due to inferior interaction between the hydrophobic binder and the hydrophilic 

Fe-N-C catalysts. The post-mortem analyses also indicate direct degradation of active sites 

through Fe loss and the formation of nanoparticles.  
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Figure 6: TEM images and Fe, N elemental mapping from STEM/EDS of cathode catalysts at 

EoT for a) Fe-N-CPMF, b) Fe-N-aRSH3PO4, c) Fe-N-ox-BP and d) Fe-N-aCocoH3PO4. 

4 Conclusion 

Four different classes of Fe-N-C cathode catalysts were used to investigate the stability of 

Fe-N-C-based cathodes in HT-PEMFCs. Regardless of the Fe-N-C catalyst carbon support, a 

drastic voltage loss (up to 27 %) occurs after 24 h of operation. This was attributed to the 

deactivation and loss of active Fe-Nx sites. Moreover, carbon corrosion was identified. Although 

it had a lower impact on the voltage loss, it indicated the formation of reactive oxygen species 

during cell operation with different level of severities based on the type of carbon support used. 

These ROS induced loss of active sites and transformation of active sites into metal clusters 

or metal oxides might be the main drive for the active site loss in this study. In contrast to LT-

PEMFC, besides the deactivation, a slight activation behavior through better phosphoric acid 

electrolyte distribution was evidenced using DRT analysis after a day of operation. 

Nevertheless, this improvement was overshadowed by the subsequent deactivation of active 

sites. In the future, the active sites will have to be modified towards better selectivity to prevent 

ROS formation, e.g. via the implementation of other metals like Sn or dual atom sites. 

Moreover, the fabrication of Fe-N-C-based gas diffusion electrode for HT-PEMFC must be 

optimized. Overall, this study paves the way for further high-performance Fe-N-C catalysts in 

HT-PEMFCs while proposing an electrochemically-driven characterization framework. 
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