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ABSTRACT: Iron—nitrogen-carbon (FeNC) catalysts represent
promising alternatives to platinum-group metals for the oxygen
reduction reaction (ORR) in energy conversion technologies.
However, their operational stability remains a critical challenge. In
this study, we unravel the distinct degradation mechanisms and
active-site behaviors of FeNC catalysts under acidic and alkaline
ORR conditions. Intriguingly, catalysts subjected to electro-
chemical cycling in acidic media but tested in alkaline conditions
exhibit nearly preserved ORR activity, revealing that degradation
pathways differ fundamentally between the two environments. With
the help of density functional theory calculations, we identify Fe-
centered sites as the primary active centers in acidic media, whereas
under alkaline conditions—where hydroxyl adsorption passivates
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Fe sites—neighboring carbon atoms adjacent to nitrogen become the dominant active sites. The Mossbauer spectroscopy results
show that under acidic cycling, pyrrolic nitrogen-coordinated Fe (S1) sites suffer a significant loss while the pyridinic nitrogen-

coordinated Fe (S2) sites retain high stability. In contrast, during

alkaline cycling, Fe site losses are minimal, while the carbon

support undergoes more severe corrosion. By selectively engineering the Fe sites and carbon support, we experimentally validated
the conclusions on the active sites. This work provides critical insights into the site-dependent durability of FeNC catalysts and
underscores the necessity of tailored catalyst design for stable and efficient ORR across diverse operating conditions.

Bl INTRODUCTION

Fuel cells, which electrochemically convert hydrogen or other
fuels into electricity, hold great promise for a wide range of
clean energy applications due to their high efficiency and low
emissions. However, their widespread adoption depends on
the development of cathodic oxygen reduction reaction (ORR)
catalysts in terms of activity, stability and cost.” Recently,
single-atom catalysts have emerged as a breakthrough solution,
offering maximized active sites, nearly 100% atomic utilization,
and superior catalytic activity.” Especially, iron—nitrogen-
carbon (FeNC) catalysts, exhibit the highest theoretical ORR
activity, comparable to that of the benchmark Pt/C catalyst in
numerous studies.”® Despite that, FeNC electrocatalysts also
face significant challenges, particularly the performance
degradation during prolonged cycling.”’

The demetalation of Fe and carbon oxidation reactions
(COR) are recognized as the primary causes of degradation in
FeNC electrocatalysts under acidic conditions.® FeN, sites are
thermodynamically unstable at low pH, leading to the
demetalation of Fe from the carbon support.”~"" Additionally,
protons may compete for the N, sites, further promoting the
detachment of Fe.'”"’ The leached Fe cations can catalyze
harmful reactions, generating reactive oxygen species (ROS)
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that induce polarization and degrade performance.'* In high-
potential operational scenarios (>1.0 V), COR can lead to the
loss of active sites, causing shrinkage or collapse, reduction in
porosity, and loss of conductivity in the carbon support.'>"®
Even during cycling, ROS generated from incomplete ORR
and Fenton reactions can trigger COR." In such cases, COR
can reduce the turnover frequency of FeN, sites and alter the
wettability of the carbon surface, leading to micropore
flooding."*"”

In alkaline conditions, FeNC electrocatalysts usually
demonstrate enhanced stability due to the absence of
protons.”””" Similar degradation mechanisms to those
observed under acidic conditions are believed to occur, though
the influencing factors and extent may differ.”” However,
recent studies suggest that the alkaline ORR may involve
distinct active sites, such as carbon atoms adjacent to FeN,
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Figure 1. (a) Schematic illustration of the synthetic process for FeNC-AD. (b) Schematic representation of the RDE electrochemical protocols
employed in this study. (c,d) ORR polarization curves of FeNC-AD measured under three different states (Fresh, AST, and Ex-AST) in (c) 0.5 M
H,SO, and (d) 0.1 M KOH. (e) Comparison of the half-wave potentials of FeNC-AD under various conditions.

moieties.”” These active sites are supposed to exhibit different
degradation behaviors in alkaline media. Comparing the
deactivation pathways in acid and alkaline media can be of
great importance for designing highly stable electrocatalysts for
ORR.

Given that a less pronounced structure-sensitivity of the
ORR in alkaline electrolytes compared to acidic ones,™
quantitatively elucidating the structural evolution of FeNC in
alkaline media is challenging. Here, we utilize multiple quasi-in
situ transmission electron microscopy (TEM) techniques,
including energy-dispersive X-ray spectroscopy (EDS), and
electron energy loss spectroscopy (EELS), as well as ex situ
Mossbauer spectroscopy (MBS) to study the structural
evolution in both acid and alkaline media. Notably, we
introduce a cross-environmental test (CET), where, after
conducting conventional accelerated stress test (AST) in one
type of electrolyte, we test the electrocatalysts in another type
of electrolyte. The purpose of CET is to assess varied
degradation behaviors and the performance expression of
electrocatalysts after ASTs under different environments.
Further, by comparing the structural changes after different
types of tests, we can correlate specific degradation
mechanisms with acidic or alkaline active sites.

In this work, we elucidated the similarities and differences in
degradation mechanisms that occur under acidic and alkaline
conditions. Density functional theory (DFT) calculations
confirmed that, under acidic conditions, pyrrolic nitrogen-
coordinated Fe (S1) sites have higher activity than pyridinic
nitrogen-coordinated Fe (S2) sites. With a quantitative study
on the structural evolution with comprehensive techniques, we
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found that the acidic degradation primarily results from the
leaching of S1 sites, whereas the alkaline instability is driven by
carbon support corrosion and the loss of S2 sites. The distinct
degradation mechanisms observed in acidic and alkaline
environments underscored the complex interplay between
electrocatalyst structure and environmental pH, revealing how
different sites are selectively destabilized under varying
conditions. This study provides novel insights into the stability
of electrocatalyst and the degradation pathways in specific pH
environments.

B RESULTS AND DISCUSSION

Synthesis and Electrochemical Performance of FeNC
Electrocatalysts for Oxygen Reduction. We synthesized
the FeNC electrocatalysts via a support precursor strategy,”
which involved a two-step pyrolysis process of the ZIF-8
precursor,”® as illustrated in Figure la. After the first pyrolysis
at 1000 °C, an acid treatment was applied before metal
impregnation. Dicyandiamide (DCDA) was then introduced
during a second pyrolysis step at 1000 °C, yielding the final
electrocatalyst (denoted as FeNC-AD). TEM images of Figure
S1 show the morphologies of the FeNC-AD electrocatalysts,
and X-ray diffraction analysis confirmed the absence of any
metallic phases. The mass loading of Fe was determined to be
0.66 wt % using inductively coupled plasma optical emission
spectroscopy. Aberration-corrected scanning transmission
electron microscopy-high angle annular dark-field (STEM-
HAADF) imaging study, complemented by EELS, confirms
that Fe is isolated and atomically dispersed within the NC
support (Figure S2).
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We conducted electrochemical assessments using a rotating
ring-disk electrode (RRDE) setup under oxygen-saturated
conditions at room temperature. The electrochemical tests
consisted of two main processes (Figure 1b): an AST and a
CET (Figure S3). The AST involved 10,000 cyclic
voltammetry (CV) cycles, where the voltage was varied
between 0.60 and 0.95 V (vs RHE) at a scan rate of SO
mV/s. The resulting linear sweep voltammetry (LSV) curves
were grouped into three distinct categories: untreated samples
(Fresh@A/B), samples subjected to the AST (AST@A/B),
and samples that underwent both AST and CET processes
(Ex-AST@A/B). In this categorization, A and B refer to the
two different initial test environments: A represents an acidic
electrolyte of 0.5 M H,SO,, while B corresponds to an alkaline
electrolyte of 0.1 M KOH.

As shown in the electrochemical tests of Figure 1¢,d, FeNC-
AD exhibits superior performance in alkaline environments,
with a half-wave potential (E;/,) of 0.92 V in comparison to
0.80 V in acidic media (Table S1). The hydrogen peroxide
yields of FeNC-AD in both acidic and alkaline environments
are below 1%, suggesting a four-electron (4e”) ORR pathway
(Figure S4). Following ASTs, both the acidic- and alkaline-
treated electrocatalysts exhibited significant performance
degradation. The E;/,, values of AST@A and AST@B
decreased by 22 mV and 41 mV, respectively, relative to
their pristine state (Figure le). Additionally, changes in kinetic
current density (j,) mirrored the E,,, trends (Figure SS and
Table S2). These findings suggest that degradation of FeNC-
AD following ASTs is more pronounced in alkaline environ-
ment, challenging the conventional view of Fe single-atom
catalysts degrading more in acidic conditions.”*”

To isolate the effects of the electrolyte and enable a
comparable analysis of performance degradation in different
environments, the CET was conducted. Specifically, the
electrocatalysts after AST were cleaned and then retested in
the other environment, ie., the Ex-AST@A electrocatalysts
underwent 10,000 potential cycles in acidic condition but were
tested in alkaline media, and vice versa. The polarization curves
(dashed lines in Figure 1c,d) reveal notable trends: Ex-AST@A
exhibited near-fresh alkaline performance, with a AE;,, of
approximately 0 mV, surpassing the AST@B. Additionally, Ex-
AST@B, although still inferior to Fresh@A electrocatalysts,
outperformed AST@A (Figure le). The ji values also follow a
consistent performance hierarchy: Fresh > Ex-AST > AST
across both acidic and alkaline environments (Figure SS). The
retention of Ex-AST catalytic activity in the opposite
electrolyte—despite prior degradation—suggests a reversible
or environment-adaptive nature of certain structural degrada-
tion.

To determine whether this phenomenon represents a
recovery of catalytic activity, the electrocatalysts were
subjected to repeated transfers between environments after
cleaning. E.g., Ex-AST@A was returned to acidic conditions.
As shown in Figure S6, performance postreintroduction closely
matched pre-exchange values, confirming that retained activity
stemmed from intrinsic structural characteristics rather than
transient postexchange recovery.”” This result indicates that
structural degradation induced by one electrolyte makes
subdued contributions to the activity in another environment.

Morphological and Elemental Evolution of FeNC
Electrocatalysts. To elucidate the structure—performance
relationship of the electrocatalysts, it is critical to characterize
their structural degradation after acidic and alkaline cycling. To

achieve this, we employed quasi-in situ TEM combined with
EDS and EELS to track compositional and structural changes
(Figure S7). The electrocatalysts were deposited on gold finder
grids, enabling spatial tracking of predefined nanoregions
across multiple degradation. Following the AST, we recharac-
terized the catalysts at identical locations (IL) using the same
analytical techniques, minimizing sampling bias between
pristine and degraded states.”®

Figure S8 delineates the structural evolution of the
electrocatalyst after cycling, revealing that both acidic and
alkaline conditions induced structural alterations. Despite
preserving the electrocatalyst’s overall morphological integrity,
its two-dimensional projection exhibited nuanced yet quantifi-
able compositional and structural variations. Differential
mapping facilitated the spatial resolution of these variations,
with purple-shaded areas indicating regions of contraction, and
red/blue colorations representing zones of growth after AST
under acidic and alkaline conditions, respectively. Notably,
corrosion-induced contraction zones were predominantly
found at the projections’ corners, while redeposition-driven
expansion zones were more commonly observed at the
particle’s periphery. We infer that during degradation,
carbonaceous fragments that detach from the carbon support
are likely redeposited via electrostatic adsorption rather than
being fully released into the electrolyte. This observation
suggests that the carbon support undergoes a structural
evolution similar to particle degradation, driven by surface-
energy minimization.” Figure S9 details the application of low-
loss EELS to quantify thickness variations.”” We found that
mass conservation was preserved at the macroscale under both
acidic and alkaline conditions. Line-scanning measurements
further confirmed that thickness values remained nearly
identical before and after AST. These results indicate that
the electrocatalyst’s three-dimensional morphology exhibits
consistent structural stability across the macroscopic surface.

In addition to monitoring structural changes, we tracked
compositional evolution before and after potential cycling with
IL-STEM-EDS. Figures S10 and S11 present the EDS
mappings at various degradation stages, depicting the spatial
distribution of C, N, O, and Fe within the electrocatalyst
particles. To ensure accurate compositional analysis, we
selectively integrated EDS signals within the defined particle
contour regions, thereby excluding nontarget contributions
(Figure S12). The collected data were systematically
summarized in Tables S3 and S4, respectively. As revealed
by the percentage stacking chart (Figure S13), we observed a
significant decrease in carbon content accompanied by
proportional increases in nitrogen and oxygen signals. The
increase of oxygen may stem from support oxidation and
adsorbed oxygen intermediates. In contrast, no external
nitrogen sources contributed to the postreaction nitrogen
composition, underscoring its quantitative stability within the
electrocatalyst framework under all tested conditions. Detailed
N—K edge EELS analysis (Figure S14) provided insights into
the nitrogen coordination environments. The N—K edge
spectrum remained essentially unchanged after acidic AST,
with only a minor emergence of a 399.7 eV peak, which
corresponds to nitrilic forms,’' suggesting that some nitrogen
atoms were protonated. Following the alkaline AST, a
prominent peak appeared at 401.2 eV. Control experiments
showed this feature appeared in alkaline ex situ measurements
but was absent in simple soaking tests (Figure S15). While
multiple factors could potentially explain this spectral
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Figure 2. (a) Quantitative comparison of the carbon and iron retention rates after acidic and alkaline AST. (b) Number of detected single atoms
from STEM-HAADF images, with error bars obtained by a +5% detection threshold. (c—h) Quasi-in situ STEM-HAADF images and
corresponding graphical representations of identified atoms, showing overlap at identical locations under acidic (c—e) and alkaline (f—h)

conditions.

change,* its complete disappearance after the CET strongly
suggests that it arises from modulation of nitrogen electronic
states by nearby adsorbates (e.g, hydroxide ions adsorbed on
adjacent carbon sites) rather than permanent nitrogen
modification.”” These observations provide evidence for the
stability of nitrogen species throughout the electrochemical
cycling in both acidic and alkaline environments.

To further quantify compositional changes, we extracted IL-
EDS signals of carbon and iron from electrocatalysts
undergoing different ASTs (Figure 2a). For quantitative
analysis, these signals are normalized with respect to the
nitrogen EDS signal. The retention of the carbon signal
showed a slight discrepancy, with approximately 85% retention
under acidic condition compared to roughly 83% under
alkaline condition. This result suggests that the C element was
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lost in both acid and alkaline conditions, likely due to carbon
oxidation and subsequent conversion into CO,, which then
escaped.””** The discrepancy suggests that the stability of the
carbon support is relatively lower during alkaline cycling. In
contrast, Fe demonstrated a pronounced degradation pattern:
a loss of approximately 20% in acidic conditions, about twice
the loss observed in alkaline media (10%). This result agrees
with metal’s known vulnerability to acidic corrosive conditions,
where demetalation dominates.'”'"*> The EDS signals of C
and Fe after the CET exhibited minimal changes (<5%, Figure
S16) comparing to the signals before exchanging (Figure 2a),
which suggests that the CET would not affect the chemical
compositions of electrocatalysts.

Evolution of Iron Species in FeNC Electrocatalysts. To
elucidate the stability of Fe single-atom sites under electro-

https://doi.org/10.1021/jacs.5c11985
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chemical conditions, we performed atomic-resolution STEM-
HAADF imaging before and after ASTs (Figure 2b—h).
Remarkably, IL-STEM-HAADF characterization demonstrated
the preservation of well-dispersed single-atom Fe species under
both acidic (Figure 2c,d) and alkaline (Figure 2f,g) conditions
after ASTs. For precise atomic-scale analysis, we implemented
a machine learning (ML)-based algorithm with standardized
parameters and detection thresholds to accurately localize Fe
sites.”® Comparative spatial distribution analyses before and
after ASTs (Figure 2eh), corroborated by nearest-neighbor
distance statistics (Figure S17), confirmed the absence of
aggregation tendencies. Complementary characterization of
AST@A/B samples further excluded any Fe nanoparticle
formation (Figure S18), thereby eliminating agglomeration or
phase transformation as potential degradation mechanisms.
Quantitative analysis revealed striking environmental depend-
ence: acidic cycling induces substantial Fe depletion (~30%),
while alkaline cycling causes minimal Fe loss (<5%) (Figure
2b). The consistency between these quantitative results and
EDS measurements, when combined with direct atomic-
resolution imaging evidence, provides confirmation that Fe
loss occurs through individual atom detachment rather than
through any collective processes.

After the CET, the distribution of Fe single atoms was
visualized in STEM-HAADF images (Figure S19). Upon
introducing AST@A to alkaline conditions, the number of Fe
atoms in the same region remained nearly constant. However,
when AST@B was introduced to acidic conditions, a further
loss of Fe was observed, resulting in a final Fe retention of
approximately 87%. These results suggest that a subpopulation
of single-atom Fe sites remains stable under alkaline conditions
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but is unstable under acidic conditions. After the removal of
these Fe atoms in AST@B, the proportion of residual Fe atoms
still significantly exceeded the Fe content observed in AST@A,
further confirming the enhanced stability of Fe during alkaline
AST.

To gain further insights into the correlation between the
stability and the Fe coordination environment, we employed ex
situ ’Fe MBS, which enabled the identification of distinct Fe
species in the single-atom state. The degraded electrocatalysts
were extracted from the membrane electrode assemblies after
electrochemical testing (Figure S20). These electrocatalysts
exhibited the same overarching degradation trends as observed
in RDE experiments across all tested conditions.’”

The three Mossbauer spectra for Fresh, AST@A, and AST@
B electrocatalysts were primarily fitted with four doublets
attributed to distinct coordination geometries (Figure 3a—c).
Their isomer shifts (IS) and quadrupole splitting (QS) values
and structural assignments for each species are summarized in
Figure 3d. The D1 doublet consists of D1a and D1b, which are
assigned to high—spin (HS) Fe’* and low-spin (LS) Fe®',
respectively.”*” It shows low IS and QS values, suggesting an
association of Fe with pyrrolic nitrogen-donor moieties (S1).
The doublet D2 was attributed to low or intermediate-spin
(MS) Fe**, with the Fe nucleus coordinating to four pyridinic
nitrogen ligands (S2).”** Doublet D3 corresponds to HS Fe**,
exhibiting a significantly larger IS than D1 and D2. This
suggests that the Fe atom is displaced from the N, plane, likely
due to an additional interaction with one of the existing
nitrogen atoms, effectively creating a fifth coordination site.”

After the electrochemical cycling, the nuclear environments
of various species were altered. The diminished QS in D1 and
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D2 was attributed to the adsorption of reaction intermediates
(e.g, hydroxyl groups) on the Fe centers.”” The elevated IS
observed in D3 suggests a modified coordination environment
of Fe atoms, presumably due to interaction with Nafion
sulfonic groups.”' Quantitative data from Table S4 detail the
relative abundance of Fe species across conditions. The
conversion of S1 to S2 sites is hindered by a large energy
barrier.*For clarity in visualization, D2 values were normalized
to emphasize relative changes (Figure 3e). In acidic conditions,
the combined loss of D1 and D3 (10:1) fully accounts for the
total Fe decline observed in TEM, implying that S2 sites
remain stable. In alkaline conditions, however, the exper-
imental Fe loss (~10% by EDS) exceeds the predicted loss
(~5%) if S2 sites stability were assumed, implying degradation
of S2 sites also occurs under alkaline cycling. Additionally, the
increase in the Dla/DI1b ratio suggests that S1 FeN, sites
undergo oxidation during potential cycling (Figure 3e inset).'”

The observed catalytic activity decline in acidic environ-
ments can be attributable to the loss of S1 Fe sites—principle

contributors to active site density (discussed later).*'
Conversely, under alkaline conditions, significant degradation
persists despite negligible changes in the quantities of Fe
species. This disparity indicates that factors beyond atomic Fe
depletion play a dominant role in alkaline-mediated perform-
ance loss.

Carbon Corrosion in FeNC Electrocatalysts. Although
EDS results indicate similar carbon loss rates under acidic and
alkaline conditions (Figure 2a), the actual degradation of the
FeNC carbon support may vary between pH environments,
particularly in terms of corrosion patterns, lattice fragmenta-
tion, and graphitic order. To resolve these structural
differences, we first employed STEM-BF imaging to directly
visualize the morphological evolution of the carbon support
under acidic versus alkaline cycling conditions (Figure S21).
For enhanced detection of fine-scale structural changes, we
utilized a ML-based edge detection method that integrated
Gaussian mixture model (GMM)-driven thresholding with
morphological skeleton extraction algorithms.*’ The resulting
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illustration of the degradation mechanisms of FeNC electrocatalysts.

(f) Comparison of acidic and alkaline degradation mechanisms.

visualizations are presented in Figure 4a—d. The electro-
chemical cycling in both acidic and alkaline led to detrimental
fragmentation of the continuous graphene-like pathways,
converting them into disconnected nanometric domains,
especially at the edge of the support. Notably, alkaline
conditions induced more severe corrosion, with the initial
lattice continuity being extensively fragmented (arrow-marked
regions in Figure 4d), exceeding the corrosion observed under
acidic conditions (Figure 4b).

We then performed EELS analysis of the C—K edge to
characterize the electronic structure and bonding states of the
carbon support (Figure 4e). All spectra were normalized with
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respect to the C—K edge shoulder region (40 eV post to the
threshold position). The pristine carbon signal exhibited two
principal peaks: a low-energy peak at approximately 285 eV (1s
— 7%, P1) and a high-energy contribution starting around 292
eV (1s — o%, P2). The postcycling spectra from both (i) acidic
and (ii) alkaline conditions displayed decreases of P1, which
suggests reduced graphitization. The accurate quantification of
the P1 intensity reduction was complicated by the overlapping
contribution of the CO bond signal at ~286 eV. A distinct
difference emerged between 291 and 294 eV, corresponding to
long-range sp> hybridization order,”’ with AST@B showing
more pronounced attenuation (Figure 4e inset).
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To decouple chemical and electrochemical contributions to
carbon corrosion, we performed quasi-in situ experiments by
immersing fresh electrocatalysts in three environments for 40
h: (iii) 0.5 M H,SO,, (iv) 0.1 M KOH, and (v) deionized
water (Figure 4e). EELS analysis revealed negligible changes in
the carbon support after water immersion, confirming that
neither passive hydration nor the measurement process
induced structural degradation. In contrast, both acidic and
alkaline immersion led to a reduction in C—K edge intensity.
The attenuation around 293 eV was comparable to that
observed after acidic AST (AST@A) but less pronounced than
after alkaline cycling (AST@B). This indicates that the
degradation of support during acidic AST is primarily due to
chemical reactions, whereas under alkaline potential cycling,
the degradation process is influenced by a synergistic
combination of electrochemical corrosion and chemical
processes. A prior study indicated that mere electrolyte
immersion does not alter catalytic performance.”* Thus, the
performance decline observed after alkaline AST likely arises
from electrochemical corrosion mechanisms that uniquely
destabilize the carbon support under potential cycling.

Influence of Fe Species and Carbon Support on
Electrochemical Performance and Stability. Our above
studies identified distinct degradation pathways for FeNC-AD
electrocatalysts under acidic and alkaline conditions during
long-term cycling: acidic environments predominantly pro-
mote Fe leaching, whereas alkaline media induce electro-
chemical corrosion of the carbon support. These observations
suggest that different active sites may govern performance in
each electrolyte—Fe-centered sites dominating in acid and
carbon-based sites in alkaline media. To systematically
investigate how Fe species and carbon support properties
influence these pH-dependent behaviors, we designed
controlled catalyst modifications for comparative stability
analysis.

The FeNC-AD electrocatalyst was synthesized undergoing
two key steps: subjecting the NC precursor to acid treatment
and incorporating DCDA during the second pyrolysis step.
Prior research has shown that while acid pretreatment
facilitates Fe metalation,”® it simultaneously %enerates
structural defects through C—C bond cleavage.”” DCDA
functions as an additional nitrogen source and modulates Fe
speciation.””*” Based on these findings, we designed three
controlled electrocatalyst variants: (1) FeNC-A, prepared with
acid etching but without additional nitrogen doping; (2)
FeNC-D, synthesized with DCDA doping but without acid
pretreatment; and (3) FeNC-None, an unmodified reference
catalyst subjected to neither treatment (Figure S22).
Comparing these samples with FeNC-AD electrocatalyst is
to decouple the individual contributions of Fe-related species
and carbon support properties to the overall electrocatalytic
performance.

Following the same experimental protocol detailed in Figure
1b, we conducted electrochemical tests of three additional
electrocatalysts, as shown in Figure S23. All tested electro-
catalysts exhibited consistent performance trends across three
key stages (Fresh, AST, and EX-AST), maintaining the
identical activity hierarchy (Fresh > EX-AST > AST) originally
established for the FeNC-AD electrocatalysts. The FeNC-D
and FeNC-AD electrocatalysts exhibited enhanced initial
activity in acidic media while maintaining comparable alkaline
performance to DCDA-undoped samples (Figure S$24),
indicating that Fe speciation modifications specifically

influence acidic properties without affecting alkaline behavior.
In contrast, acid-pretreated NC supports may improve the
activity of FeNC electrocatalysts in both acidic and alkaline
electrolytes (FeNC-AD vs FeNC-D and FeNC-A vs FeNC-
None; Figure $24), presumably through increased surface area
and consequent proliferation of accessible active sites."”

To evaluate their stability, we monitored the E, /, shift after
10,000 cycles of these electrocatalysts in different electrolytes
(Figure 4f). While DCDA modification showed negligible
effects on stability (AE,,, changes lacked consistent trends),
acid pretreatment of the NC precursor profoundly influenced
degradation behavior. Acid-treated electrocatalysts (FeNC-AD
and FeNC-A) exhibited high stability in acidic media (AE,/, &
20 mV) but significant alkaline degradation (AE;,, & 40 mV).
Conversely, nonacid-treated electrocatalysts (FeNC-D and
FeNC-None) demonstrated poor acid stability (AE,,, > 25
mV) yet enhanced alkaline resilience (AE;, < 20 mV).
Control experiments with Fe-free supports (NC-A and NC-
None, Figure S25) further revealed that NC-A suffered severe
alkaline instability, whereas NC-None maintained exceptional
stability. These results unequivocally demonstrate that
modifications to carbon support directly govern alkaline
stability, while Fe speciation primarily dictates acidic perform-
ance.

Theoretical Explanation. To gain a more comprehensive
understanding, DFT calculations were conducted to evaluate
the intrinsic catalytic activity of different sites within the FeNC
electrocatalyst system (Figure 5). The maximum free energy
changes (AG,,,) along the 4-electron associative pathway for
ORR over the S1 sites and S2 sites were calculated (Figure Sa).
The AG,,,, obtained over the S1 sites (—0.48 eV) is lower than
that for the S2 sites (—0.41 eV). This result indicates that Fe
coordinated with pyrrole nitrogen has higher catalytic activity,
which is consistent with previous reports.”"** However, in
alkaline environments, the role of metal sites can be inhibited,
as many researchers have reported that alkaline performance
remains largely unchanged after the addition of various anions,
such as SCN7, F7, and CI~, which can poison the metal centers
at the active sites.”” Given the hydroxide-rich nature of alkaline
environments, we calculated the binding energies of the first
and second hydroxide at the S1 and S2-type FeN, sites (Figure
$26), which were found to be —2.80 eV and —2.61 eV for the
first hydroxide, and —2.88 eV and —2.71 eV for the second
hydroxide, respectively. The calculated binding energies
demonstrate strong hydroxide affinity for both S1 and S2
sites, with all values exceeding —2.6 eV. These thermodynami-
cally favorable interactions indicate that multiple hydroxyl
ligands can spontaneously coordinate to the Fe centers under
alkaline conditions, thereby hindering Fe as an active center
and improving its stability during cycling.”” Many researches
have reported that the carbon atoms adjacent to the N sites
can serve as active centers in nitrogen-doped carbon system.
For instance, atoms adjacent to the nitrogen in pyridine serve
as Lewis base sites promoting ORR,”" while carbons located at
Zigzag edges are also recognized as active centers.”” To
elucidate the role of neighboring carbon atoms in alkaline
catalytic activity, we investigated their behavior both with and
without axial adsorption of two hydroxyl groups on Fe sites.
The free energy diagram illustrates that the edge carbon site in
the Sl-type structure exhibits catalytic activity, achieving a
AG,,, of —0.11 eV while two hydroxides adsorbed on the Fe
atom (Figure Sb), which is lower than that in the bare FeN,
system (0.01 eV). Similar trends are observed for the S2-type
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system, with a AG_,,, of 0.15 eV for the system with two axial
adsorptions versus 0.22 eV for the bare system (Figure Sc).
These carbon sites may demonstrate improved catalytic
performance in alkaline environments, indicating that FeN,
system could exhibit distinct active centers in acidic and
alkaline conditions (Figures Sd and S27).

Additionally, we calculated the binding energy of carbon to
assess the stability of the support (Figure $28). The binding
energy of carbon atoms in the graphene structure distant from
nitrogen atoms is lower than that of carbon atoms adjacent to a
nitrogen atom, suggesting that nitrogen doping may decrease
the stability of carbon and compromise its corrosion
resistance.”* Furthermore, we also investigated the effect of
hydroxyl adsorption over Fe sites on the stability of carbon
atoms (Figure S28). The results show that, in the pyrrole
nitrogen-coordinated system, hydroxyl adsorption has a
relatively less effect on the binding energy of carbon, whereas,
in the pyridine nitrogen-coordinated system, hydroxyl
adsorption significantly increases the binding energy of carbon
adjacent to the nitrogen atom by more than 1 eV (from —5.92
€V to —4.86 eV) thereby reducing the stability of the S2 sites.

Structure—Activity—Degradation Relationships in
FeNC Electrocatalysts. Figure Se summarizes the degrada-
tion mechanisms, and Table S6 presents the corresponding
supporting evidence and inferences. Degradation pathways
under acidic and alkaline conditions share common features
but diverge in key mechanistic aspects. Nitrogen species
exhibit remarkable stability in both quantity and speciation,
with no evident pathways for their elimination. Carbon
oxidation occurs in both environments, with mild oxidation
being partially reversible—mediated by oxygen species
adsorbed on the carbon surface.'® In contrast, severe oxidation
drives irreversible structural degradation through CO,
evolution, resulting in direct carbon loss. Furthermore, the
carbon support progressively amorphizes. Hydroxyl species
may adsorb onto iron sites, inducing slight Fe-oxidation, while
concurrent demetalation further destabilizes the Fe centers.

The primary difference between acidic and alkaline
conditions lies in the mechanisms and extent of degradation.
Acidic conditions primarily drive the chemical degradation of
the support, while alkaline environments accelerate deterio-
ration through coupled electrochemical and chemical path-
ways. Acidic media induce direct demetalation via proton-
assisted metal dissolution from nitrogen coordination sites.
Although alkaline conditions also allow for direct demetalation,
this effect is less pronounced due to reduced proton
availability. However, alkaline conditions uniquely facilitate
indirect metal loss due to the instability of S2 sites. To
quantitatively compare these degradation pathways, we utilize
several structural and compositional metrics (Figure Sf;
detailed in the Supporting Information Notes) to assess the
extent of degradation under acidic and alkaline conditions.

Next, we aim to establish the relationship between structure
and performance. Although experimental performance metrics
are indirectly related to the active sites, they can be interpreted
as reaction rates, calculated as the sum of the products of the
various types of active site densities and their intrinsic
reactivities, provided that convoluting factors are adequately
controlled.”” Based on the performance data of the electrolyte
exchange experiment and the characterization of the degraded
electrocatalyst, we can obtain the following formula (detailed
in the Supporting Information Notes)

pubs.acs.org/JACS
acid activity = a;-F + a,F, + A (1)
alkaline activity = b,-F, + b;-Cy + B (2)

Here, F, and F, represent the density of S1 and S2 sites,
respectively, and Cy represents the density of the active carbon
mostly near nitrogen (not all carbon atoms). The weighting
coefficients a; (i = 1,2) and b; (j = 2,3) are related to the nature
of the activity of different species. A and B include all other
error terms, such as synergistic effects between different sites,
other potential active sites (which may be present in small
quantities or exhibit low activity in our system), and so on.
These terms are considered constant to some extent.

Formula 1 demonstrates that carbon-based sites contribute
minimally to catalytic activity compared to Fe moieties in
acidic media. Based on the results of DFT calculations, we
propose that the coeflicient a, is greater than a,. As shown in
formula 2, while S1 sites exhibit significant intrinsic activity in
acidic conditions, their contribution to ORR performance in
alkaline conditions appears negligible. In contrast, alkaline
activity is primarily mediated by S2 sites and nitrogen-
coordinated carbon sites. The persistent inclusion of the b,-F,
term in the alkaline activity model may result from the indirect
demetalation pathway unique to S2 sites, which generates
strong covariance between S2 site depletion and carbon
corrosion.

The corresponding degradation can also be calculated by

Aacid activity = a;-AF + 0 (3)
Aalkaline activity = b,-AF, + by-ACy + 0 (4)

Here, 0 represents a small term accounting for potential
errors or other negligible factors. After electrochemical cycling
in acidic and alkaline environments, the electrocatalysts’
performance deteriorates due to the loss of their active
components. Compared to fresh electrocatalysts, the S2 site of
the AST@A electrocatalyst remains stable, and the support
does not degrade by electrochemical effect, resulting in
performance comparable to that of the initial electrocatalyst
in alkaline environments. Furthermore, the content of S1 sites
in the AST@B electrocatalyst is intermediate between that of
the fresh and AST@A electrocatalysts, which correlates with
their observed performance.

B CONCLUSION

This study offers a comprehensive analysis of the electro-
chemical performance and degradation mechanisms of FeNC
electrocatalysts for the ORR in acidic and alkaline environ-
ments. STEM-BF imaging reveals extensive fragmentation of
graphene-like domains, while EELS confirms the loss of long-
range sp” hybridization order. With the help of DFT, we
identify that in acidic environments, activity is dominated by
Fe sites (S1 and S2), with minimal contributions from the
carbon support. Under these conditions, Fe demetalation—
especially from S1 sites—is identified as the dominant
degradation pathway, as evidenced by atomic-resolution
STEM-HAADF imaging and Mossbauer spectroscopy. In
contrast, under alkaline AST, severe performance degradation
arises from electrochemical corrosion of the carbon support.
Therefore, FeNC electrocatalysts cycled in acidic media but
tested in alkaline environments (Ex-AST@A) retain near-fresh
performance, as acidic Fe demetalation does not impair
alkaline-active sites. Conversely, FeNC electrocatalysts cycled
in alkaline media but tested in acidic conditions (Ex-AST@B)
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exhibit partial performance recovery, as carbon corrosion in
alkaline environments has little influence on the acidic-active
sites. Comparative studies on four controlled electrocatalysts
elucidate the distinct roles of Fe species and carbon support
properties in acidic and alkaline performance. Introducing
DCDA, which modifies Fe speciation, significantly enhances
acidic performance but has negligible impact on alkaline media.
Furthermore, we found that acid pretreatment of the carbon
support has a minimal impact on acidic durability but leads to
severe degradation in alkaline ORR, supporting our con-
clusions on the active sites. Importantly, this work uncovers a
previously unrecognized regenerative capability: FeNC cata-
lysts that degraded in acidic media can deliver high
performance in alkaline media. This unexpected resilience
challenges the conventional paradigm of irreversible catalyst
degradation and opens new avenues for the reuse and recycling
of electrocatalysts across different operating environments.
These findings deepen our understanding of FeNC catalyst
degradation mechanisms and offer valuable guidance for the
rational design of durable ORR catalysts for next-generation

fuel cells.
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