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ABSTRACT Despite a promising activity of Fe-N-C catalysts at beginning-of-life in proton-

exchange membrane fuel cells (PEMFCs), their poor durability in operating PEMFCs remains 

a great challenge for the successful replacement of commercial Pt-based catalysts. One of the 

key reasons for this poor operando durability is the surface oxidation of carbonaceous supports 

via Fenton(-like) reactions between the Fe centers and the intermediate product of the oxygen 

reduction reaction (ORR) in acidic medium, H2O2. In the present study, we have investigated 

the pH effect on the chemical deactivation of Fe-N-C catalysts by contacting with controlled 

amount of H2O2. Covering the entire pH range 0–14, we reveal a strong pH dependence of the 

H2O2-induced deactivation. Especially, acidic H2O2 treatment leads to a severe decrease in ORR 

activity while almost negligible deactivation is found after the treatment in sufficiently strong 

alkaline electrolyte. Electron paramagnetic resonance (EPR) study reveals a positive 

correlation between the magnitude of Fe-N-C activity decrease and the signal intensity of 

hydroxyl radical spin adduct after H2O2 treatment at a given pH. Reactive oxygen species (ROS) 

such as the hydroxyl radical is identified as a key deactivating agent of Fe-N-C catalysts 

operating from acidic to neutral pH environments. This result suggests that controlling the 

formation and lifetime of ROS at such pH is crucial to secure durable fuel cell operation with 

Fe-N-C cathodes. Alternatively, fuel cell operation under highly alkaline environment could 

also be considered to improve the catalytic durability, by virtue of different Fenton(-like) 

reaction pathway at such pH. 

KEYWORDS: Fe-N-C catalysts, durability, degradation, hydrogen peroxide, Fenton reaction 
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INTRODUCTION 

Fe-N-C catalysts comprising atomically dispersed Fe cations ligated with N-functionalities on 

carbon supports (FeNxCy active moieties) are the most promising materials to replace the rare 

platinum in PEMFC cathodes.1-7 Tremendous efforts have been devoted to improve the 

beginning-of-life activity and power performance of Fe-N-C catalysts and cathodes, 

consequently accomplishing a promising initial performance (~1 W cm−2) in PEMFCs.1, 8-9 

Despite significant recent improvements in their initial activity, the successful market 

introduction of Fe-N-C catalysts now faces a serious challenge, namely their poor durability in 

operating conditions.10-11 In acidic PEMFC conditions, Fe-N-C catalysts have shown severe 

activity decay within tens of hours of operation at a voltage range of 0.4‒0.6 VRHE.12-14 Fe-

demetalation, protonation of N-functional groups, carbon corrosion, and H2O2-induced surface 

oxidation have been suggested as possible degradation routes for Fe-N-C catalysts.10, 15-18 In 

particular, subtle modifications of the carbon surface chemistry induced by reaction of Fe-N-

C with the H2O2 (byproduct of the ORR) have been recently pointed out as one of the major 

deactivation mechanisms of Fe-N-C catalysts in acidic environments.18-22 

The in operando formed H2O2 molecules can chemically react with Fe species (including 

FeNxCy active moieties) through the well-known Fenton(-like) reactions, producing ROS such 

as the hydroxyl, hydroperoxyl, and superoxide radicals. In turn, the ROS can oxidize the carbon 

top-surface, populating it with oxygen functional groups, both at long distance from FeNx 

centers but also on carbon sites adjacent to the FeNx centers. Goellner et al. reported decreased 

ORR activity of Fe-N-C catalysts after ex situ H2O2 treatments (a useful method to investigate 

the effect of ROS on catalytic activity precisely, decoupled from more complex intertwined 

effects that might occur in operando such as potential-driven demetalation or carbon 

corrosion), correlated with formation of oxygen functional groups on the carbonaceous 
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surface.18 This modification could obviously render the surface more hydrophilic and 

consequently further increase the risk of flooding in the micropores hosting the active FeNxCy 

moieties. Less intuitive, it was also demonstrated that the long-range oxidation of the carbon 

surface decreases the intrinsic turnover frequency (TOF) of the FeNxCy sites via weakened 

oxygen binding on the Fe center.21 In the latter work, the chemically-induced deactivation of 

Fe-N-C by H2O2 was studied at two different pH conditions, i.e., in strongly acidic and alkaline 

conditions (pH values of 1 and 13). A decrease in the ORR activity of Fe-N-C was observed 

after the H2O2 treatment in acidic environment, but not in alkaline environment. Note that the 

actual pH at which the ORR activity was measured before/after the treatment did not change 

the trends, e.g., similar trends in activity decrease was observed in pH 1 and 13 electrolytes 

after H2O2 treatment at pH 1. This indicates that the same sites are ORR-active in high and low 

pH conditions, in the Fe-N-C catalyst that was studied (comprising only FeNxCy moieties). 

These control experiments suggested a strong pH dependence of the H2O2-induced deactivation 

process and provided further insights into how the durability issue of Fe-N-C in operating fuel 

cells might be resolved. However, the pH dependence of the deactivation of Fe-N-C has not 

yet been thoroughly investigated, with only extreme pH conditions investigated (1 and 13) and 

without detailed explanation as to why no deactivation occurred in high pH conditions. It is 

therefore unclear if high pH conditions result in the absence of ROS when Fe-N-C is contacted 

by H2O2, or if ROS still form but the carbon oxidation is slowed down in alkaline pH 

conditions.23 Therefore, in this study we investigated the H2O2-induced deactivation of a model 

Fe-N-C catalyst (comprising only FeNxCy moieties) as a function of the pH at which the catalyst 

was treated with H2O2. We covered the pH range from 0 to 14, in order to determine the origin 

of the pH-dependent deactivation. From the results and analyses, we eventually suggested 

synthetic or system-level strategies for minimizing catalytic degradation of Fe-N-C catalysts 

during fuel cell operation. 
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RESULTS and DISCUSSION 

 

Figure 1. ORR polarization curves of the H2O2-treated FeNC-dry-0.5 catalytic layers. The 
polarization curves were measured in a 0.1 M HClO4 electrolyte after the H2O2 treatment in (a) 
acidic (pH = 0–4), (b) neutral (pH = 5–9), and (c) alkaline (pH = 10–14) conditions. HClO4, 
H3PO4 buffer, KHCO3 buffer, and KOH solutions were used to adjust the pH in the 0‒2, 3‒8, 
9‒12, and 13‒14 ranges, respectively. Ten measurements were recorded for each pH of H2O2 
treatment, but this figure shows the most representative polarization curves. (d) Tafel plots for 
the FeNC-dry-0.5 catalytic layers measured after the H2O2 treatment in acidic conditions. 

Following our previous studies,21, 24 the Fe-N-C catalyst was synthesized by pyrolysis of a 

precursor mixture, which contained FeⅡ acetate, 1,10-phenanthroline, and a ZnⅡ zeolitic 

imidazolate framework (ZIF-8). This catalyst was labelled FeNC-dry-0.5, with the label 

referring to the dry homogenization of the precursor powders and to the Fe content before 

pyrolysis (see the Experimental section for details). After the pyrolysis, the Fe content in the 

catalyst was expected to be ca. 1.5 wt.%, as confirmed by inductively coupled plasma mass 
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spectrometry (ICP-MS). As discussed in detail in our previous reports,21, 25 the catalyst is solely 

composed of atomically dispersed FeNxCy moieties, which are the main active sites in Fe-N-C 

catalysts for ORR, without appreciable amounts of bulk Fe species (Figure S1). Due to its 

unique structural characteristics, FeNC-dry-0.5 could be applied as a representative model of 

Fe-N-C catalysts, suitable for fundamental studies without interference from the less active (or 

inactive) bulk Fe species. 

To investigate the pH effect on the H2O2-induced deactivation, FeNC-dry-0.5 was first 

deposited on a rotating disk electrode (RDE). The deposited catalyst was then treated for 2 h 

at 50 ℃, with a pH-adjusted solution containing 1 wt.% H2O2. The solution pH was varied from 

0 to 14, each pH value defining one H2O2-treated Fe-N-C layer. In such conditions, the H2O2 

treatment of the catalytic layer could be continuously progressed, with significant amount of 

H2O2 remaining even after 2 h, at all pH values (Figure S2). Moreover, the decrease in H2O2 

concentration with time is only little affected by the presence of the Fe-N-C electrode in 

solution. The effect of H2O2 treatment on the ORR activity was investigated by measuring ORR 

polarization curves in RDE setup of all the H2O2-treated Fe-N-C layers, in identical electrolyte 

conditions (Figure 1). To measure the ORR activity, we chose a 0.1 M HClO4 (pH 1) electrolyte 

due to a larger magnitude of ORR activity decay seen after H2O2 treatment in acidic conditions 

compared to alkaline conditions.26 In the latter case, the ORR activity from the N-C support is 

not fully negligible, dampening the activity decay after H2O2 treatment. The ORR polarization 

curves identify a strong decay of ORR activity after the H2O2 treatment in acidic conditions (pH 

range 0–4, Figure 1a), a moderate decay after treatment in near-neutral pH conditions (pH 

range 5–9, Figure 1b), and almost no decay after treatment in alkaline conditions (pH range 

10–14, Figure 1c). Interestingly, the most severe deactivation was observed after H2O2 treatment 

at pH 2, while further decreasing the pH to 1 or 0 during the H2O2 treatment resulted in lower 
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deactivation (Figure 1a). Also, after treatment in the acidic conditions, changes in the diffusion-

limited current density and in the Tafel slope can be seen (Figures 1a and d). The lower apparent 

diffusion-limited current density was explained by reduced selectivity towards the four-

electron ORR (increasing H2O2 production),21 and further supported by increased ring current in 

a rotating ring disk electrode (RRDE) measurements (Figure S3). Regarding the change in 

Tafel slope, it was ascribed in our previous work to a change in the rate determining step of the 

ORR, supported by density functional theory (DFT) calculations of ORR on FeNx sites 

integrated on a strongly oxygenated N-C surface.21 

In order to report in a concise way trends in the ORR activity seen in the polarization curves 

(Figure 1), we used the half-wave potential (E1/2). Since the catalyst loading is identical for all 

Fe-N-C catalytic layers in this study, the use of E1/2 as an activity descriptor is valid. It is noted 

however that, all other experimental parameters being fixed (rotation speed, scan rate, etc.), the 

E1/2 value theoretically depends on both the exchange current density (j0) and the Tafel slope.27 

Here, the change in E1/2 value measured in 0.1 M HClO4 electrolyte before and after the H2O2 

treatment at a given pH is reported: ΔE1/2 (pH) = E1/2 (after H2O2 treatment at given pH) − E1/2 

(pristine Fe-N-C layer). 
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Figure 2. Correlation between the ORR activity decay for H2O2-treated FeNC-dry-0.5 and the 
pH condition used during the treatment. The H2O2 treatment was carried out at various pH 
conditions (x-axis scale), while the ORR activity was always measured in a 0.1 M HClO4 
electrolyte. The activity change at any given pH was analyzed in terms of (a) the difference in 
E1/2 before and after the H2O2 treatment and (b) the jk measured at 0.8 VRHE. The error bar and 
average is the result of ten measurements. 

The plot of ΔE1/2 as a function of the solution pH used during the H2O2 treatment is shown in 

Figure 2a, summarizing the trends seen in Figure 1. Acidic H2O2 treatments resulted in 

significant ORR activity drops, with E1/2 decreasing by at least 40 mV at any pH ≤ 4 during the 

H2O2 treatment, corresponding to an activity loss of ca. 74 to 89% at 0.8 VRHE. The most severe 

loss in ORR activity was measured after treatment at pH 2, with a corresponding E1/2 decrease 

by ca. 100 mV. The large error bar seen for the deactivation extent after H2O2 treatment at pH 

1 may be intrinsic to a change in the stability and/or type of ROS formed at pH < 1 and at pH 

> 1, leading to higher variability of the H2O2 treatment at pH 1 compared to other pH values. 

However, the activity decrease was progressively reduced when the pH used during the H2O2 

treatment was increased to neutral and then alkaline conditions (Figure 2a). The ΔE1/2 values at 

near-neutral conditions (i.e., pH 5–9) ranged from ‒19 to ‒38 mV (an activity loss of ca. 36 to 

52% at 0.8 VRHE). After H2O2 treatment at pH > 9, the Fe-N-C catalyst exhibited even lower 

activity decrease, with ΔE1/2 values ranged from ‒7 to ‒14 mV (an activity loss of ca. 1 to 36% 

at 0.8 VRHE). In order to represent more definite correlation between activity loss and solution 

pH used during the H2O2 treatment, we also plotted the ORR activity changes using the kinetic 

current density (jk) measured at 0.8 VRHE (Figure 2b), resulting similar trends with that derived 

from ΔE1/2. 

Overall, these results reveal that the deactivation of FeNC-dry-0.5 is strongly pH-

dependent, displaying a reverse volcano-like curve, with the highest activity drop observed 

after H2O2 treatment at ca. pH 2. This result is in excellent agreement with the existing 

knowledge of Fenton(-like) reactions’ efficiency as a function of pH, when Fe is in the form of 
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solvated metal cations in solution.28-29 This strongly suggests that the mechanism, kinetics, and 

type of ROS formed during Fenton(-like) reactions follow the same trends as a function of pH 

for Fe cations solvated in solution and for FeNx sites covalently attached to a N-doped carbon 

matrix. Although the corresponding pH of the PEM environment (e.g., Nafion) is close to zero,30 

the high-current operation of PEMFCs can increase the local pH at the catalyst surface to 

moderately acidic values,31-32 which, according to Figure 2, is the worst pH condition for Fe-N-

C catalysts when they are contacted by H2O2. 

FeNC-dry-0.5 catalysts treated with H2O2 solutions of pH 1, 7, or 13 were then selected to 

investigate possible physicochemical changes induced by H2O2 treatment. X-ray diffraction 

(XRD), Raman spectroscopy, and Brunauer-Emmett-Teller (BET) analyses confirmed that no 

significant changes in the carbon structure and porosimetry occurred after the H2O2 treatment, 

regardless of the solution pH (Figure S4). This might at first sight appear in contradiction with 

the decreased electrocatalytic performance seen after H2O2 treatments at pH 1 (Figure 2). 

Therefore, other possible changes, such as surface composition and Fe content, were further 

studied by X-ray photoelectron spectroscopy (XPS) and ICP-MS, respectively. The XPS-N1s 

signals and Fe contents (ca. 1.5 wt.%) were almost unchanged after the H2O2 treatments (Figures 

3a and S5), indicating unaltered N functionalities and Fe amount. As reported previously by 

our group, and after using similar H2O2 treatment protocols,21 the lack of changes in the first-

coordination sphere of FeNxCy moieties before and after H2O2 treatment at pH 1 was 

demonstrated by extended X-ray absorption fine structure (EXAFS) and 57Fe Mössbauer 

spectroscopy results. 

The only apparent change in the sample composition concerns the oxygen content, with 

higher oxygen content and magnified XPS-O1s signal measured after H2O2 treatment, compared 

to the pristine catalyst (Figure 3). The pristine catalyst showed an oxygen content of ca. 5 at.%, 
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while the H2O2-treated samples revealed oxygen content in the range of 6–9 at.% (Figure 3a). 

There is furthermore a clear trend of increasing oxygen content with decreasing pH of the H2O2 

treatment solution from 13 to 7 and further to 1 (Figure 3a). This indicated that the H2O2 

treatment introduced new oxygen functionalities on the Fe-N-C catalyst, and this surface 

oxidation was more significant under acidic than neutral or alkaline conditions. The XPS-O1s 

spectrum exhibited a broad peak at ca. 532 eV, which could be assigned to C-O (epoxy, 

hydroxyl) and C=O (carbonyl, carboxyl) components, as indicated in Figure 3b. Similar trends 

of nitrogen and oxygen contents as identified by XPS were also measured by elemental analysis 

(Table S1). The oxygen content was ca. 3.6 at.% in the pristine catalyst, and showed increasing 

trend with decreasing pH of the H2O2 solution used to treat the catalyst. The oxygen content 

increased from 6.2 at.% after H2O2 treatment at pH 13 to ca. 15.3 at.% after the treatment at pH 

1. In contrast, the nitrogen content stayed almost constant at ca. 4.9 at.%, regardless of the H2O2 

treatment condition. Interestingly, considerable activity recovery, enabled by unmodified core-

structure of the catalytic sites (FeNxCy), was shown after the removal of oxygen groups formed 

during similar H2O2 treatment protocols,21 verifying that the newly generated oxygen groups 

deteriorate the TOF of FeNxCy sites. 
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Figure 3. (a) Composition of FeNC-dry-0.5 before and after H2O2 treatment in different 
solutions. (b) XPS-O1s spectra of pristine and H2O2-treated FeNC-dry-0.5 samples. The H2O2 
treatment was performed at a solution pH of 1, 7, or 13. 

Based on DFT calculations, our previous study predicted that the introduction of electron-

withdrawing groups (e.g., hydroxyl, epoxy) on the carbon surface of Fe-N-C catalysts induces 

an increase in the work function (WF) of the carbon support, a downshift of the Fe d-orbitals, 

and a consequent decrease in Fe oxophilicity.21 The ORR kinetics on surface-oxidized Fe-N-C 

catalysts thus becomes less favourable due to decreased oxygen binding. More recently, similar 

conclusion was also made with a CoN4 moiety,33 predicting a depletion of electron density at 

the Co site and consequent a poor ORR kinetics as the oxygen groups are introduced. Following 

these computational predictions, the potential of zero charge (EPZC), which has a linear 

relationship with the WF,34 was thus measured for the pristine and H2O2-treated catalysts (Figure 

4a). As the pH condition of the H2O2 treatment became more acidic, the EPZC value increased, 

leading to a negative correlation between ΔE1/2 and EPZC (Figure 4b). Meanwhile, due to known 

acidic properties of the oxygen functional groups identified by XPS, marked changes in surface 

acido-basicity (ΔpHf) were also observed after acidic H2O2 treatment (Figure 4c). The negative 

values of ΔpHf for all H2O2-treated samples indicate a more acidic character of the surface 

compared to the pristine catalyst. A positive correlation between ΔE1/2 and ΔpHf is identified 

(Figure 4d), revealing that increased surface acidity (decreased ΔpHf) results in decreased ORR 

activity. These two linear correlations (Figures 4b and d) indicate a negative correlation 

between the extent of surface oxidation of FeNC-dry-0.5 occurring during the H2O2 treatment 

and its ORR activity measured in pH 1 solution after the H2O2 treatment. Moreover, the 

correlations show that the extent of surface oxygen is modulated by the pH at which the H2O2 

treatment is performed. 
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The observed pH dependence of the H2O2-induced deactivation is in qualitative agreement 

with numerous previous studies on the Fenton oxidation process, employed to degrade organic 

compounds with H2O2 and Fe cations solvated in solution. It was shown that the Fenton process 

is highly efficient in acidic environments (pH 2–3 in particular), but becomes gradually less 

efficient with increasing pH.28-29, 35-36 This trend has often been explained by the occurrence of 

different Fe phases depending on the pH conditions. For instance, the stable form of Fe salts 

(e.g., Fe sulfate and chloride) in acidic conditions is ferric or ferrous ion, while in neutral or 

alkaline conditions the Fe cations precipitate as Fe hydroxide/oxides.37 Considering the higher 

metal dispersion (or sometimes the better TOF) of homogeneous catalysts than those of 

heterogeneous catalysts,38 this explanation based on the Fe phases appears plausible. On the 

other hand, the pH-dependent Fenton reactivity has also been interpreted in terms of 

mechanistic changes in the Fenton(-like) reactions. For example, the preferential formation of 

hydroxyl radical in acidic conditions but of ferryl radical in alkaline conditions has been 

proposed, with different reactivity of the radicals.39 Alternatively, different kinetics of ROS 

generation with pH conditions has been also proposed.40-42 Since the Fe species in FeNC-dry-0.5 

is ionic Fe ligated onto N-doped carbon support, highly stable in acidic media (as long as ORR 

does not take place)12, 43 and also highly stable in alkaline media44 even during ORR, one can 

assume that the nature of the sites immersed in the different pH electrolytes is retained in the 

present deactivation conditions. Based on similar Fe content before and after H2O2 treatment 

(Figure 3a), we can also rule out the Fe dissolution and precipitation degradation mechanism 

for the pH-dependent catalytic deactivation observed in the present conditions, i.e., no ORR 

taking place and Fe-N-C only contacted by H2O2 under OCP conditions. Hence, it can be 

surmised that the pH dependence of the H2O2 treatment seen in our case is more likely due to a 

mechanistic change of the Fenton process as a function of the pH, rather than due to a change 

of Fe speciation as function of pH. 
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Figure 4. Changes in surface properties of FeNC-dry-0.5 induced by H2O2 treatment and 
correlations between surface properties and ORR activity measured after the H2O2 treatment. 
(a) Curves of electrochemical capacitance vs. electrochemical potential, used to determine EPZC 
as a function of the pH of the H2O2 solution (pH 1, 7, or 13). (b) Correlation between ΔE1/2 
measured in 0.1 M HClO4 electrolyte and EPZC. (c) ΔpHf after H2O2 treatment at pH 1, 7, or 13. 
(d) Correlation between ΔE1/2 measured in 0.1 M HClO4 electrolyte and ΔpHf. The correlations 
between jk and EPZC or ΔpHf can also be found in Figure S6. 

To identify whether the pH condition applied during the H2O2 treatment of FeNC-dry-0.5 

influences the nature of the formed ROS, EPR analyses were conducted with a nitrone spin 

trap (5,5-dimethyl-1-pyrroline N-oxide, DMPO). The EPR spectra were measured immediately 

after filtering solutions of FeNC-dry-0.5 immersed in H2O2-containing solution of a given pH. 

The EPR spectrum showed an intense quartet signal with a 1:2:2:1 intensity ratio only at pH 2 

(Figure 5a), the pH at which the most severe ORR deactivation occurred. The quartet signal 

was unambiguously assigned to the •DMPO-OH spin adduct, identifying the ROS formation 
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(hydroxyl radical in particular) during the H2O2 treatment at pH 2. Although the quartet of the 

•DMPO-OH adduct was the only EPR signal observed at pH 2, the formation of other ROS 

cannot be ruled out because other •DMPO-ROS adducts have a shorter lifetime than •DMPO-

OH and quickly break down to •DMPO-OH adduct.45 

In contrast, the •DMPO-OH signal was very weak and hardly distinguishable from the 

background noise at any other pH conditions (Figure 5a). We wondered if it might be related 

to the preferential location of FeNx sites in micropores (pore size < 2 nm). This location could 

imply that most ROS formed on FeNx sites react with the carbon surface inside the micropores, 

before they diffuse out of the micropores and may be trapped by DMPO. In the opposite 

direction, the large molecular size of DMPO or its interaction with the Fe-N-C surface might 

have prevented its efficient diffusion into micropores. In the search for a material with similar 

FeNx sites than in FeNC-dry-0.5 but with increased accessibility of Fe by DMPO, we selected 

FeⅡ phthalocyanine (FePc), a planar-shaped molecular complex. It is of note that FePc does not 

leach out Fe cations in acidic medium as long as it is at open circuit potential (OCP),46 which is 

the condition employed during our H2O2 treatment. Recently, it was clearly shown that 

demetalation of FePc in acidic medium requires electrochemical polarization to low potential.46 

With such a model compound for FeN4 sites with high accessibility, the ROS formed by 

reaction between FeN4 and H2O2 should easily be trapped by DMPO. The EPR spectrum 

obtained from FePc showed an approximately six-fold stronger signal of •DMPO-OH spin 

adduct at pH 2, compared with that obtained from FeNC-dry-0.5 (Figure 5a). The quartet signal 

was also detected at pH 4 and 6 (Figure 5b), but with much lower intensity. 
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Figure 5. (a) Comparison of EPR spectra measured for FeNC-dry-0.5 and FePc in H2O2-
containing solution pH range of 0–6 and 0–14, respectively. With FeNC-dry-0.5, the •DMPO-
OH adduct signal was distinguishable only at pH 2, while a nearly six-fold stronger signal was 
obtained for FePc at the same pH. (b) Magnified EPR spectra obtained at pH 2, 4, and 6 with 
FePc. The main quartet signal characteristic for the •DMPO-OH adduct is indicated by the 
gray-colored columns. (c) Outline of deactivation mechanism of Fe-N-C catalysts induced by 
H2O2 and suggested synthetic/system-level strategies to bypass the deactivation pathway. The 
deactivation mechanism consisted of consecutive ORR, Fenton(-like) reaction, and surface 
oxidation steps. The kn (n = 1–3) parameters are the rate constants of the respective deactivation 
steps, while kn’ and kn” denote those of the bypassing reactions. 

From the similar trends seen between the extent of deactivation of FeNC-dry-0.5 after H2O2 

treatment at pH 0, 2, 4, or 6 and the quartet intensity identified in the EPR spectra (Figures 2 

and 5, respectively), one can conclude that the ROS formed by Fenton(-like) reactions is likely 

to be a key deactivating agent of Fe-N-C catalysts. It is however not possible to conclude which 

ROS is formed, due to fast decomposition of all •DMPO-ROS adducts into the •DMPO-OH 

adduct.21 Nevertheless, considering the much stronger oxidizing ability of the hydroxyl radical 
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(E0 = 2.33 VSHE at pH 7) compared to that of other ROS (E0 = 1.06 and 0.94 VSHE for hydroperoxyl 

and superoxide radicals, respectively),47 the hydroxyl radical can be assigned as the most 

detrimental ROS for Fe-N-C catalysts. This conclusion is consistent with the literature,48-50 

although previous works mainly focused on the PEM/ionomer degradation at the Pt/C cathode 

during PEMFC operation. 

Based on the drawn conclusion, new directions could be proposed for the synthesis of next-

generation Fe-N-C catalysts with improved durability in PEMFCs (Figure 5c). It is of note that 

a mitigation of the H2O2-induced deactivation path should be accomplished to achieve the 

durable operation of PEMFCs even for highly selective (low H2O2 formation at initial stage) Fe-

N-C catalysts. The reason is that this deactivation process is an evil circle, with trace amount 

of H2O2 at beginning-of-life oxidizing the Fe-N-C surface, leading to progressively increased 

H2O2 formation during ORR as a function of time, leading in turn to accelerated deactivation 

via Fenton process. The synthesis of Fe-N-C catalysts with very low H2O2 production at 

beginning-of-life is therefore insufficient to solve this deactivation issue, and lower H2O2 

production should be maintained during operation. The chemical deactivation mechanism can 

be divided into three consecutive steps: ORR, Fenton(-like) reaction, and surface oxidation. 

Therefore, prolonged PEMFC operation would be possible by controlling the reaction 

selectivity or by minimizing the formation of ROS. Namely, achieving enhanced selectivity at 

the atomic scale (i.e., on the active sites, not as a result of 2+2 or 2×2 pathways) for the direct 

four-electron ORR pathway can be considered as a primary goal to minimize the downstream 

production of ROS from H2O2 (k1 ≪	k1’, case 1 in Figure 5c).51-52 On the other hand, ROS 

formation could be minimized by the introduction of secondary catalytic sites at which H2O2 is 

electrochemically reduced or decomposed to H2O at a much faster rate compared to the 

Fenton(-like) reaction on Fe moieties (k2	≪ k2’, case 2-1 in Figure 5c).53-55 Replacing Fe-based 
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active sites by active sites comprising other transition metals (e.g., Co and Mn) could also be 

a good strategy to mitigate the deactivation of metal-N-C (Me-N-C) catalysts during operation, 

due to the generally accepted view (although not clearly demonstrated yet) that other 3d metal 

cations may have milder Fenton reactivity compared to Fe cations.56-58  

Besides the synthetic strategies proposed above for preparing or modifying Fe-N-C and 

Me-N-C catalysts with improved durability in operation, this study provides further insight into 

how the systematic replacement of acidic PEM electrolytes by anion-exchange membrane 

(AEM) electrolytes not only leads to a broader set of platinum-group metal (PGM)-free ORR 

catalysts and enhanced ORR activity of Fe-N-C catalysts, but should also lead to a much 

enhanced durability of Fe-N-C catalysts, and maybe other classes of ORR catalysts as well. It 

is of note that a Fe-N-C catalyst very similar to the one studied in the present work achieved a 

peak power density of 1.44 W cm−2 in H2/O2 AEMFC, exceeding the best power performance 

compared to any other AEMFCs with PGM-free cathodes.59 In addition, it is expected that 

enhanced durability is based on the absence or benign effect of Fenton(-like) reactions at high 

pH, observed in this work on Fe-N-C. This dramatic pH change from PEM to AEM 

environment can effectively alter the selectivity of the Fenton(-like) reactions, limiting the 

formation of very harmful ROS such as the hydroxyl radical (k2 ≪	k2”, case 2-2 in Figure 5c). 

This expected improved durability of PGM-free ORR catalysts in AEMFC is in line with recent 

results showing promising durability of different types of catalysts based on 3d transition 

metals in operating AEMFCs.60-63 Their operational durability is comparable with (or even better 

than) that of commercial Pt/C catalysts.59 However, at present, some technical issues associated 

with other components (e.g., instability of the AEMs in low relative humidity conditions, rather 

than of the catalysts) remain as critical hurdles for the implementation of AEMFCs, as well as 

carbonation problems when ambient air is used.64-66 
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Figure 6. Experimental demonstration of homogeneous radical scavenging strategy with 
methanol. (a) ORR polarization curves measured before and after the H2O2 treatment in an 
acidic condition (pH 1) and (b) corresponding Tafel plots. During the H2O2 treatment, 0.1 or 0.2 
M methanol was introduced to the treatment solution. (c) Normalized current density of the 
FeNC-dry-0.5 catalytic layer as a function of time. The catalytic layer was polarized at a 
constant potential of 0.8 VRHE for 60 h in the presence or absence of 0.2 M methanol in an O2-
saturated 0.1 M HClO4 electrolyte. 

Otherwise, durable Fe-N-C electrocatalysts in PEMFCs could also be attained by avoiding 

the surface oxidation step (i.e., the third step in the deactivation mechanism). This could be 

achieved by introducing suitable radical scavengers near the Fe-based sites that rapidly react 

with the ROS (hydroxyl radical in particular) (k3 ≪	k3’, case 3 in Figure 5c). As a synthetic 

approach, this strategy has been well exemplified with the addition of CeO2 in Pt-based 

PEMFCs in order to extend the durability of PEMs.67-68 However, for Fe-N-C catalysts, this 
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strategy has not resulted in highly improved durability yet, probably due to a lack of efficient 

radical scavengers working in micropores, where the most active FeNx sites are located. Hence, 

to evaluate the feasibility of the radical scavenging strategy to stabilize Fe-N-C, we considered 

a “homogeneous” radical scavenger, namely methanol, with greater accessibility to FeNx sites 

than ceria or zirconia nanoparticles and its comparable ROS scavenging activity.69 ORR 

polarization curves measured before and after the H2O2 treatment (at pH 1) showed that the 

activity loss of FeNC-dry-0.5 was mitigated by the presence of methanol, and decreased with 

increasing methanol concentration (Figures 6a and b). Durability test at a constant potential of 

0.8 VRHE, almost identical protocol used for aforementioned Co-N-C and Mn-N-C catalysts,57-58 

showed that ORR activity decay was ca. −70% in the methanol-free electrolyte (blank) but it 

was reduced to ca. −60% with 0.2 M methanol after 60 h operation (Figure 6c). The ΔE1/2 value, 

measured before and after the durability test, was also reduced in the presence of methanol 

(i.e., ΔE1/2 = −73 and −43 mV in the absence and presence of 0.2 M methanol, respectively; 

Figure S7). While this strategy could not be optimized at the moment, the result gives a first 

sign that an optimized radical scavenging strategy might be effective in the near future to 

improve the durability of Fe-N-C catalysts in PEMFC systems. 

CONCLUSION 

In summary, the ORR deactivation of Fe-N-C catalyst induced by H2O2 was investigated at 

various pH conditions. Acidic H2O2 treatments resulted in a severe activity drop, correlated with 

partial oxidation of the catalyst surface. The maximum deactivation was observed at pH 2. For 

pH values > 2, the deactivation extent was continuously reduced with increasing pH of the H2O2 

treatment solution. EPR results indicated that the concentration of •DMPO-OH spin adduct 

produced by the Fenton(-like) reactions correlated well with the deactivation trends, allowing 

us to conclude that the ROS play a key role in the deactivation of Fe-N-C. This finding opens 
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up new avenues for the development of durable Fe-N-C catalysts in fuel cells via rational 

mitigation strategies countering the deactivation mechanism, either at the catalyst or system 

level. In particular, two main lines of research are identified for replacing PGM-based cathodes 

in low-temperature fuel cells, one leaning on modified Me-N-C cathodes in the acidic medium 

of PEMFCs and another one leaning on a drastically increased pH environment by switching 

from PEM to AEM electrolyte. In the latter case however, other challenges must be overcome 

before industrial application of AEMFC, such as operando AEM stability and carbonation 

issue.70 On the other hand, minimization of Fenton’s reagents (i.e., H2O2) and fast scavenging of 

ROS formed near the FeNx sites can be considered as rational strategies to improve the 

durability of Fe-N-C and other Me-N-C catalysts in acidic PEMFC. 

EXPERIMENTAL SECTION 

Catalysts Synthesis and H2O2 Treatment. The FeNC-dry-0.5 catalyst was synthesized via the 

same method used in our previous studies.21, 25 FeⅡ acetate, 1,10-phenanthroline, and ZIF-8 

(ZnN4C8H12, Basolite Z1200 from Aldrich) precursors were directly mixed by a dry ball-milling 

(FRITSCH Pulverisette 7 Premium) for four cycles of 30 min at 400 rpm. A ZrO2 crucible with 

100 zirconium oxide balls of 5 mm diameter was used in this procedure. The precursor powder 

contained 0.5 wt.% Fe and the mass ratio of 1,10-phenanthroline to ZIF-8 was 20:80. The 

resulting powder was then pyrolyzed at 1050 °C under Ar flow for 1 h. 

The H2O2 treatment was performed in a pH-adjusted solution containing 1 wt.% H2O2, 

referred to as ‘oxidizing solution’ in the following. For electrochemical characterization 

purposes, the catalytic layer (loading 800 μg cm−2) comprising FeNC-dry-0.5 deposited on a 

glassy carbon tip (3 mm diameter) was immersed in the oxidizing solution for 2 h. The 

electrode was rotated at 2,500 rpm to remove O2 bubbles formed from H2O2 disproportionation, 
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and kept at OCP. Temperature was maintained at 50 °C by a bath circulator (RW3-0525, Lab 

Companion). H2O2 concentration during the treatment was measured by an iodometry titration 

method with KI (99%, Aldrich), (NH4)6Mo7O24·4H2O (81–83%, Aldrich), H2SO4 (95–98%, 

Aldrich), Na2S2O3 (98%, Aldrich), and starch indicator (2%, Aldrich).71 The pH-adjusted 

oxidizing solutions were prepared using concentrated HClO4 (70%, Aldrich) for pH 0‒2, H3PO4 

(85%, Aldrich) for pH 3‒8, KHCO3 (99.7%, Aldrich) for pH 9‒12, and KOH pellet (90%, 

Aldrich) for pH 13‒14, respectively. The pH of the solutions was experimentally measured 

with a pH meter (HM-30P, TOADKK) under N2 bubbling. For physical characterization 

purposes, the H2O2 treatment was performed with 0.12 g of FeNC-dry-0.5 dispersed into 600 

mL of the oxidizing solutions at 50 °C, whose pH was adjusted as 1, 7, or 13. After 2 h, the 

catalyst powder was collected by filtration, washed with 1 L ultrapure water, and dried at 80 

°C overnight. 

Electrochemical Characterizations. Electrochemical properties were investigated with a 

VMP-300 potentiostat (Bio-Logic) in a three-electrode cell equipped with a graphite rod as a 

counter electrode and a saturated Ag/AgCl as a reference electrode (EC-Frontier). A 0.1 M 

HClO4 electrolyte was prepared with ultrapure water (> 18 MΩ, Sartorious) and concentrated 

HClO4. All potentials noted in this study are referenced to the reversible hydrogen electrode 

(RHE), after calibration of the reference electrode in the H2-saturated electrolyte with a Pt 

electrode. A FeNC-dry-0.5 ink was prepared by dispersing 10 mg catalyst in 884 µL ink 

solution [804 µL water, 80 µL Nafion solution (5 wt.%)]. The working electrode was fabricated 

by dropping the catalyst ink (5 µL) onto the glassy carbon (0.07 cm2) of the RDE (01169, ALS 

Co.), and then left for drying at room temperature. The catalyst loading was set to 800 µg cm−2. 

The ORR polarization curves were recorded with a scan rate of 10 mV s−1 and a rotation speed 

of 900 rpm in the O2-saturated electrolyte. ORR Faradaic currents were obtained by 
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substracting the polarization curves measured in N2-saturated electrolyte. RRDE analysis was 

carried out using a RRDE electrode (012613, ALS) equipped with a Pt ring. The Pt ring 

electrode was polarized at a constant potential of 1.2 VRHE during the ORR polarization on the 

disk electrode. The collection efficiency of 0.385 was used after Fe2+/3+ redox calibration. 

Durability test was conducted by holding at a constant potential of 0.8 VRHE for 60 h with a 200 

rpm rotation speed, in the presence and absence of 0.2 M methanol in the electrolte. During the 

durability test, the electrode was treated by 30 potential cyclings between 0 to 1.0 VRHE every 12 

h. 

Physico-chemical Characterizations. The Fourier transforms of the EXAFS signal was 

obtained from Fe K-edge X-ray absorption spectrum at the SAMBA beamline (Synchrotron 

SOLEIL). The catalyst was pelletized with a Teflon powder binder. The 57Fe Mössbauer 

spectrum was acquired with a source of 57Co in Rh. The measurement was performed keeping 

both the source and the absorber at room temperature. The spectrometer was operated with a 

triangular velocity waveform, and a NaI scintillation detector was used for detecting the γ-rays. 

XRD patterns were obtained with a high resolution powder X-ray diffractometer (Dmax2500, 

Rikaku) equipped with a Cu Kα X-ray source. The XRD patterns were measured at an 

accelerating voltage of 45 kV and a current of 200 mA, with a scan rate of 5° min−1 and a step 

size of 0.01°. Raman spectra were obtained by a LabRAM HR (HORIBA) spectrometer with 

514 nm laser excitation. N2 adsorption-desorption isotherms were measured using a BEL-

SOPR-max (BEL Japan) volumetric analyzer at −196 °C. Before each measurement, the 

sample was degassed at 200 °C for 4 h. XPS measurements were carried out using a Sigma 

Probe (Thermo VG Scientific) instrument equipped with a microfocused monochromator X-

ray source. ICP-MS was performed using a Polyscan 61E (Hewlett-Packard), for determining 
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the Fe content of the samples. Elemental analysis was carried out using a Flash 2000 series 

(Thermo Scientific) instrument. 

EPZC was measured by staircase potentiostatic electrochemical impedance spectroscopy in a 

VMP3 potentiostat (Biologic). Scans were carried out in the potential range of −1.5 to 0.5 VAg/AgCl 

at a 100 mHz frequency, with 10 mV amplitude in a 2 mM NaF solution. EPZC was defined as 

the potential at the minimum capacitance of the electrochemical double layer. ΔpHf was 

determined by measuring the pH change of the corresponding solutions after the catalysts were 

dispersed. Under N2 bubbling, 40 mg of catalyst was dispersed in 30 mL of pH 6 solution, 

prepared from a mixture of 0.1 M H2SO4 and 0.1 M KOH solutions. The pH was recorded as a 

function of time before and after introduction of the catalyst powder in solution, and the 

stationary pH value after the addition of catalyst (pHf) was recorded. To compare pristine 

FeNC-dry-0.5 and H2O2-treated catalysts, the change in acido-basicity was expressed as ΔpHf 

= pHf (after H2O2 treatment at a given pH) − pHf (pristine catalyst). A negative ΔpHf value 

indicates an acidification of the surface relative to the pristine catalyst. 

EPR measurements were conducted on a Bruker EMX/plus spectrometer equipped with a 

dual mode cavity (ER 4116DM). The experimental conditions were set as follows: 9.64 GHz 

microwave frequency, 10 G modulation amplitude, 100 kHz modulation frequency, 0.94 mW 

microwave power, and 25 °C temperature. Ten scans were accumulated for each spectrum. 

EPR aliquot samples were prepared as follows: first, 1.80 mg of FeNC-dry-0.5 (or 0.25 mg of 

FePc; their Fe amount was identical to 0.027 mg) was dispersed in pH-adjusted solution. After 

30 min of sonication, the desired amounts of DMPO (> 98%, Aldrich) and H2O2 were 

sequentially added to reach the concentrations of 0.4 M and 0.5 wt.%, respectively. The 

resulting total volume of the solution was 0.5 mL. After 5 min reaction, the solution was filtered 
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(syringe polypropylene filter, 0.2 μm, Whatman) to separate the catalyst powder from the liquid 

aliquot, which was subsequently examined by EPR. 
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