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Abstract. Atomically dispersed and nitrogen-coordinated single iron sites (FeN4) embedded in

carbon (Fe-N-C) catalysts are the most promising platinum group metal (PGM)-free catalysts.
However, they have yet to match their Pt counterparts for oxygen reduction reaction (ORR)
activity and stability in proton exchange membrane fuel cells (PEMFCs). Here, we developed
viable Fe-N-C catalysts, which, for the first time, demonstrated competitive activity to that of Pt/C
catalysts and dramatically enhanced stability and durability under practical PEMFC operating
conditions. The most active Fe-N-C catalyst achieved a record half-wave potential (E12,=0.915V
vs. RHE at 0.6 mgccm™) and an ORR mass activity of 10.5 mA mge at 0.9 V in (RDE) tests,
exceeding a Pt/C baseline catalyst (60 pugp cm™) by 40 mV in acidic electrolytes. This compelling
activity of the Fe-N-C catalyst in aqueous acids on rotating disk electrode (RDE) was successfully
transferred to a fuel cell membrane electrode assemblies (MEAs), generating an initial current
density of 44.2 mA cm™exceeding the U.S. DOE 2025 target (i.e., 44 mA cm?) at 0.9 Vir-free under
O>. Under practical hydrogen-air conditions, record 151 mA cm at 0.8 V and peak power density
of 601 mW cm™ were achieved. Importantly, we discovered that depositing nitrogen-carbon
species on the catalyst surface via chemical vapor deposition (CVD) dramatically enhanced
catalyst stability, evidenced by performance durability after accelerated stress tests (30 000 square-
wave voltage cycles under Hy/air) and long-term steady-state life tests (> 300 hours at 0.67 V).

Innovative identical location-scanning transmission electron microscopy (IL-STEM) experiments



confirmed that the CVD process leads to deposition of nitrogen-doped carbon onto the catalyst
surfaces. Along with theoretical modeling, a reconstruction of the carbon structure adjacent to
FeNy sites leads to increased robustness against demetallation and carbon oxidation. This work
opens new avenues for developing earth-abundant iron-based catalysts with extraordinary activity
and stability, thus competing with Pt and addressing the cost barrier of current PEMFCs.

Keyword: Fe-N-C catalysts; single metal sites; PGM-free catalysts; oxygen reduction reaction;

proton-exchange membrane fuel cells

1. Introduction

Proton-exchange membrane fuel cells (PEMFCs) are a sustainable and clean energy conversion
technology that has already demonstrated outstanding potential for the transportation industry (/,
2). The development of platinum group metal (PGM)-free catalysts to replace Pt is a critical next
step towards significantly reducing the fuel cell cost for large-scale adoption of this promising
technology. Catalysts with atomically-dispersed and nitrogen-coordinated FeNs sites hosted in a
carbon support, often denoted as Fe-N-C, have exhibited encouraging activity for the oxygen
reduction reaction (ORR) in challenging acidic media (3-5). However, there remains significant
gaps between traditional Pt catalysts and Fe-N-C catalysts with regards to performance and
durability , which are critical hurdles for viable application of Fe-N-C catalysts in PEMFCs. The
rational design of advanced catalysts is therefore still essential for improving activity and stability
by controlling the formation of FeNy active sites with optimal local coordination environment

during the critical synthesis step of thermal activation.

One grand challenge is to increase the density of FeNy active sites in these materials to enhance

ORR mass activity (6, 7). Currently, the FeNs moiety, in which a single iron atom is coordinated



with four nitrogen ligands embedded in a carbon matrix, is the leading candidate for the ORR
active site candidate for the ORR in acidic electrolytes (7-9). Increasing the density of FeNy sites
is difficult because simply increasing the Fe content in the precursor induces agglomeration and
formation of Fe nanoparticles and compounds (e.g., carbides or oxides), resulting in diminished
FeNy site density (/0-12). Since Dodelet and his coworkers first identified zinc-based zeolite
imidazole framework (ZIF-8) as an effective precursor in 2011 (/3), we further developed a
chemical doping approach to partially replacing Zn with active metal ions (i.e., Fe) in ZIF-8
nanocrystals, which significantly improved atomic metal site dispersion in Fe-N-C catalysts (5, 9,
14, 15). ZIF-8 precursors can readily host single Fe sites with adequate N ligation and facilitate
the formation of dispersed FeNy sites in microporous carbon during controlled thermal activation
(11, 16, 17). Recent in situ X-ray absorption spectroscopy (XAS) and ex situ aberration-corrected
scanning transmission electron microscopy (STEM) studies suggest that the Fe precursor first
likely transforms to Fe oxides below 300 °C and then to tetrahedral Fe-O4 below 600 °C, followed
by a reduction to single Fe sites and coordination with nitrogen ligands to form active FeNy sites
(9, 18). This finding inspired us to develop new strategies to design Fe-N-C catalysts for increased
active site density using solid-state Fe>O3 precursors directly. Compared to traditional diffusible
Fe’" ion precursors, we hypothesized that the immobile Fe>Os; nanoparticles within ZIF-8
nanocrystals could avoid Fe site agglomeration during the critical thermal activation step (9-11).
Instead, Fe sites can be gradually released from the Fe;Os and captured by surrounding defected

nitrogen ligands, increasing atomically dispersed FeNy site density.

Besides increasing FeNy active site density to improve ORR mass activity, enhancing the
intrinsic activity of FeNy active sites is essential for achieving performance comparable to that of

Pt (3, 19). Currently, like Pt active sites, the adsorption strength of O2 and ORR intermediates on



FeNy active sites is too strong (20, 21). The activation energy to break the O-O bond is too high
for the favorable 4¢” reaction pathway. Regulating the electronic structure of FeNy active sites to
modulate adsorption energies and reduce activation energies is critical for improving the intrinsic
activity of the FeNy sites (6, /9). Tuning the geometry of the metal center and its local coordination
structure has been extensively studied, including modulation of the number of coordinated nitrogen
atoms and doping with additional heteroatoms (e.g., B, S or P) (8, 20, 22). In particular, the carbon
environment surrounding FeNjy active sites could govern their kinetic activity. Small carbon planes
with local defects facilitate O-O bond breaking promoting ORR activity (23, 24). Hence,
engineering the local carbon structure around FeNy sites appears to be crucial for improving the

ORR kinetic activity.

The insufficient stability of Fe-N-C catalysts is another severe issue impeding their practical
application in PEMFCs. Demetallation of the FeNy4 active sites and corrosion/oxidation of the
surrounding carbon are regarded as the primary degradation mechanisms of Fe-N-C catalysts
during the ORR (25, 26). Graphitized carbon is not only capable of resisting corrosion/oxidation,
but also assists in stabilizing FeNy active sites from demetallation under an oxidizing environment
(27, 28). Small defect-rich carbon domains are easier to be oxidized, triggering subsequent
demetallation of FeN4 active sites, which results in performance degradation in the fuel cell
environment (25, 29). Therefore, new strategies for regulating local carbon defects to enhance
stability without sacrificing ORR activity are highly desired. However, it is very challenging to

realize these two competing goals simultaneously.

Therefore, in addition to the solid-state synthesis strategy described above for populating a high
density of FeNy active sites in ZIF-derived carbon, this work presents strategies for tuning carbon

structures with NH4Cl treatment and a CVD process to achieve compelling balance of activity and



stability. In the initial step, an Fe-N-C catalyst with high FeNy active site density is prepared via
pyrolysis of an Fe2O3@ZIF-8 composite precursor by encapsulating ultra-fine Fe2O3 nanoparticles
(Fe203) into ZIF-8 nanocrystals. Second, an NH4Cl treatment is applied to the Fe-N-C catalyst to
produce abundant defects in the carbon lattice. These defects easily coordinate with O, leading to
new FeNy-O structures with more favorable thermodynamics and kinetics for the ORR, increasing
the catalyst’s intrinsic activity. Third, using a chemical vapor deposition (CVD) approach,
additional carbon species are deposited onto the catalyst surfaces, which was directly verified
identical-location scanning transmission electron microscopy (IL-STEM). This induces a higher
degree of sp? graphitization and leads to dramatically improved stability of the FeNy sites with

only a slight compromise in the ORR activity.

These combined strategies lead to a high-performance Fe-N-C catalyst that achieves
exceptional ORR activity in acids, exhibiting a record half-wave potential (E12) of 0.916 V in
rotating disk electrode (RDE) tests. Membrane electrode assembly (MEA) tests further show that
the exceptionally high ORR mass activity in the fuel cell environment (44.2 mAcm™ at 0.9 Vir_free
under O»), exceeding U.S. DOE 2025 target (i.e., 44 mA cm™). In addition, under practical air
conditions, the MEA delivered a current density of > 150 mA cm™ at 0.8 V and a peak power
density of 601 mW cm™, which is competitive with the performance in the high voltages, kinetic
region of an MEA with a Pt/C cathode (0.1 mgp; cm™). Importantly, the CVD-processed Fe-N-C
catalyst demonstrated outstanding cycling stability (30,000 voltage cycles) and long-term steady-

state performance durability (>300 hours) under Hz-air conditions.
2. Results and discussion

2.1 ORR activity and stability in acidic electrolytes



A scheme illustrating the synthesis of catalysts at three different steps is shown in Fig. 1a and
Fig. S1. The first Fe-N-C catalyst was directly prepared from a Fe,O3@ZIF-8 composite precursor
(Fig. S2) via a thermal activation under Ar atmosphere (Fig. S1a). The catalyst was further treated
with ammonium chloride (AC), NH4Cl salt at 1100 °C under an Ar atmosphere, and the resulting
catalyst labeled Fe-N-C-AC (Fig. S1b). Abundant carbon defects and micro/mesopores were
created in the Fe-N-C-AC catalyst (Fig. S3 and Table S1). NH4Cl first decomposes and releases
a significant amount of NH3; and HCI gases during the pyrolysis process. NH3 is known to etch
carbon structures to create abundant defects (73, 30). We found that the HCI additionally reacts
with residual Fe aggregates in catalysts and facilitates the formation of atomically dispersed Fe
sites (Table S2). Hence, these gases decomposed in-situ from NH4Cl produce substantial internal
stress and likely form many micropores in the carbon structure (37, 32) (Fig. S4 and Table S3).
Furthermore, a CVD process was developed to subsequently deposit a thin layer of carbon species
on the Fe-N-C-AC catalyst, with the resulting catalyst denoted as Fe-N-C-AC-CVD (Fig. Slc).
The CVD process effectively reinforced the local carbon structures and stabilized FeNs sites to
enhance catalyst stability. As shown in Table S1, compared to the Fe-N-C (684.2 m’g™), the
NH4Cl treatment increased the surface area (809.1 m?g™!) and porosity, increasing both micropore
and mesopore volumes for the Fe-N-C-AC catalyst. The CVD leads to reduced surface area (668.6
m’g!) and pore volumes. Notably, although the Fe-N-C and the Fe-N-C-AC-CVD exhibited
similar surface areas, their local carbon structures show different behaviors causing differences in

ORR activity and stability.

Fig. 1b displays aberration-corrected annular dark-field (ADF)-STEM images for these three
catalysts, indicating well-dispersed atomic Fe sites (bright dots) in all catalysts. These Fe sites are

likely coordinated with N, as verified by EEL point spectra (Fig. S5), when the A-scale electron



probe placed on the bright dots (such as those circled in red in Fig. 1b), presenting the co-existing
N and Fe signals. X-ray Photoelectron Spectroscopy (XPS), energy-dispersive X-ray spectroscopy
(EDS), and Inductively coupled plasma-optical emission spectroscopy (ICP-OES) analyses
indicated that the NH4Cl treatment slightly reduces Fe content and increases N content (Tables S2
and S4-S5). This was in agreement with changes in the Fe site density determined using
electrochemical stripping of a probe molecule (Fig. S6) (33), which the Fe-N-C-AC catalyst has a
lower FeNy active site density (S.D. = 3.95%107° mol g!) than of the Fe-N-C catalyst (4.12x107
mol g!). Despite the slightly lower active site density, the Fe-N-C-AC catalyst delivered much
better ORR activity than the Fe-N-C catalyst, suggesting it contained a new type of FeNy site with
enhanced intrinsic activity (TOF of 2.75 e site’!*s™! at 0.9 V). In addition, the Zn content was
dramatically reduced due to the NH4Cl treatment, which minimizes the negative influence of the

trace of Zn in catalysts, such as pore blockage and binding with N ligands (Fig. S7).

The ORR activities and 4¢” selectivities of these three catalysts (Fe-N-C, Fe-N-C-AC, and Fe-
N-C-AC-CVD) were evaluated using a rotating ring-disk electrode (RRDE) in O;-saturated 0.5 M
H>SO4 electrolyte. As shown in Fig. 1¢, the Fe,Os derived Fe-N-C catalyst exhibited good ORR
activity with an E1,» of 0.84 V under defined testing conditions (0.6 mgecm™>, 900 rpm, 25 °C in
0.5 M H2SO4) comparable to most Fe-N-C catalysts reported recently (5, 9, 15). The effect of
Fe;Os content ranging from 5 to 20 mg in the Fe:O3@ZIF-8 precursor was investigated to achieve
the highest activity (Fig. S8). The typical catalyst lost 34 mV of E1. after a typical accelerated
stress test (AST) of 30 000 potential cycles from 0.6 to 1.0 V in O;-saturated 0.5 M H2SOs4. The
degradation was typical for Fe-N-C catalysts (4). Notably, the NH4Cl-treated Fe-N-C-AC catalyst
showed significantly enhanced activity achieving a high Ei» of 0.915 V vs. RHE and a kinetic

current density of 6.3 mA cm? (10.3 mAmgc.') at 0.9 V (Fig. S9), which are superior to all



previously reported Fe-N-C catalysts (Table S6). The ORR activity of a Fe-N-C catalyst prepared
from traditional Fe*" doping could also be promoted via the NH4Cl treatment (Fig. S10),
demonstrating that regulating the carbon structure using an NH4Cl treatment is universally
effective. The Fe-N-C-AC catalyst suffered a significant activity loss of up to 124 mV after the
identical AST, which is much less stable than the catalyst without NH4Cl treatment. The
comparison highlights the fact that highly active catalysts typically have poor stability during the

ORR, and this trade-off between activity and stability for Fe-N-C catalysts remains a quandry (34).

Compared to the Fe-N-C-AC catalyst, the Fe-N-C-AC-CVD catalyst exhibited decreased
activity (e.g., E120f 0.846 V). The catalyst stability was dramatically enhanced, however, despite
the slightly ompromised activity, losing only 17 mV after the standard AST. Only 5 mV of loss
occurred in the first 10 000 cycles, a significant improvement over the Fe-N-C-AC catalyst (124
mV) and previously reported Fe-N-C catalysts (30-40 mV). Interestingly, we found that the
presence of N species in the precursor used for the CVD is essential to achieve an optimal balance
of activity and stability. Performing the CVD process using N-free carbon species resulted in more
significant activity loss. (Figs. S11-12 and Table S7). Additionally, directly performing the CVD
treatment on the Fe-N-C catalyst without NH4Cl treatment also led to improved ORR stability but
resulted in much lower activity (E12 = 0.77 V) (Fig. S13) due to a less porous structure and a low
specific surface area (Fig. S14). These comparisons demonstrated the importance of the combined
NH4Cl and CVD treatments for simultaneously achieving enhanced activity and stability. Notably,
all the catalysts produced a low H>O- yield of < 2 % (Fig. S15), suggesting a complete 4¢° ORR

pathway on FeNy sites regardless of local carbon structures.
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Fig. 1. (a) Schematic of the synthesis of Fe-N-C-AC and Fe-N-C-AC-CVD catalysts. (b)
Aberration-corrected ADF-STEM images of the Fe-N-C, Fe-N-C-AC, and Fe-N-C-AC-CVD
catalysts, respectively. Red circles indicate examples of the types of locations where EEL point
spectra were acquired, such as those shown in Fig. S5. (c¢) Stability results of these three catalysts
from accelerated stress tests (AST) by cycling the potential (0.6-1.0 V, 30 000 cycles) in O;-

saturated 0.5 M H>SOs.

To better understand the degradation mechanisms of these Fe-N-C catalysts, we tracked

changes in FeNy site densities during the ASTs using an in situ electrochemical quantification
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method (33). As shown in Figs. S6 and S16, the FeNy site density loss was consistent with their
E\2 loss for each catalyst. The most active Fe-N-C-AC catalyst suffered a larger and faster FeNy
site loss (20 %) after 10 000 cycles relative to the most stable Fe-N-C-AC-CVD catalyst (2.6 %
loss). Thus, demetallation of the FeNy active sites is the primary degradation mechanism. We also
investigated demetallation in 0.5 M H>SOs electrolytes with different atmospheres, N2 vs. O,
during the AST. Similar E1; losses occurred in the N2 and Os.saturated electrolytes for these
catalysts (Fig. S17). The similar activity loss suggests that, unlike previous reports (25, 35, 36),
H>0; is likely not the main culprit causing catalyst degradation. Instead, the demetallation driven
by electrochemical potentials is the root cause. Recently, Jaouen and colleagues pointed out that a
high-spin FeN4Ci; site (denoted as S1) and a low- or intermediate-spin FeN4Cjo site (denoted as
S2) often co-exist in Fe-N-C catalysts (Fig. S18) (37, 38). The former site, more intrinsically active
for the ORR but not stable, undergoes a redox transition associated with conversion of high-spin
Fe(IIT)N4Ci2 with an axial oxygen adsorbate to high-spin Fe(I)N4Ci» species. In contrast, the more
stable S2 site is potential-independent, not undergoing redox transition during the ORR. Hence,
the Fe(II)/Fe(IIl) redox transitions of FeNy sites are a critical property of the more active S1 sites.
As shown in Fig. S19, the cyclic voltammograms (CVs) of the Fe-N-C and Fe-N-C-AC catalysts
were dominated by Fe(Il)/Fe(IlI) redox peaks between 0.6-0.7 V, likely associated with S1 FeNy
sites. In contrast, the Fe-N-C-AC-CVD catalyst exhibited neglectable Fe(II)/Fe(IIl) redox peaks,
suggesting insignificant density of S1 sites but dominant S2 sites. The limited FeNy active site loss
observed with the Fe-N-C-AC-CVD catalyst during the AST stability test confirmed our
hypothesis that the CVD method can convert highly active FeNy sites to stable sites resistant to

demetallation. Thus, one effect of the CVD deposition of a thin layer of carbon is to convert highly

11



active S1 to more stable S2 sites, which agrees with the catalyst’s remarkably improved stability

but decreased activity (Fig. 1c¢).
2.2 Fuel cell MEA studies

These three Fe-N-C catalysts were incorporated into MEAs for fuel cell activity and performance
evaluation. The mass activity of catalysts in MEAs was determined under H»>-O> conditions (Fig.
S20). In good agreement with RDE tests in acidic electrolytes, the Fe-N-C-AC catalyst exhibited
the best initial performance. An initial current density of 44.2 mA cm™ (Fig. 2a) and an average
of 41.1 mA cm™ from three consequentive polarization curves (Fig. S21) was measured at 0.9 Vir-
free With a pressure of water-saturated O, of 150 kPaaps. After further correcting for hydrogen
crossover (39), the activity, for the first time, has met the challenging DOE 2025 target (44 mA
cm). Fuel cell performance using practical Ho/air was further evaluated. The Fe-N-C-AC catalyst
generated the highest Ho-air cell performance (Fig. 2b). In particular, the current density at 0.80
V achieved 151 mA cm™, which was even higher than that of a commercial Pt/C (0.1 mgp; cm™?)
cathode (Fig. 2¢). The peak power density reached a value of 601 mW cm, which is the highest
among reported Fe-N-C catalysts (4, 6, 40). As for the less active, but most stable Fe-N-C-AC-
CVD catalyst, the MEA also exhibited a good mass activity of 23 mA cm™ at 0.9 Vir-free. Ho-air
performance was promising, generating 85 mA cm™ at 0.80 V and a peak power density of 535

mW cm?.
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Determination of the activities at 0.9 Vir-tree In MEA at 150 kPaaps cathode pressure; the blue star

denotes the U.S. DOE 2025 target (44 mA cm?). (b) Hz-air fuel cell I-V polarization (solid

symbols and lines) and power density (hollow symbols and lines) are recorded under 150 kPaps

of water saturated air with the cathode of the three catalysts at the flow rate of air 500 sccm and

H> 300 sccm. (c) Comparison of the Fe-N-C-AC (4.0 mg cm2) and commercial Pt/C (0.1 mgp.cm™

%) cathodes in Hp-air fuel cell. (d-f) Hy-air fuel cell polarization plots of (d) Fe-N-C, (e) Fe-N-C-

AC, and (f) Fe-N-C-AC-CVD catalyst cathodes recorded after various numbers of cycles during

the 30 000 square-wave voltage cycles between 0.6 V and open-circuit voltage (OCV) (~0.92 V)

under ambient pressure (100 kPaays) at a flow rate of air 400 sccm and H> 200 sccm. (g) Fuel cell

performance comparison between Fe-N-C, Fe-N-C-AC, and Fe-N-C-AC-CVD catalysts and those
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reported in the literature (7, 9, 15, 18, 31, 40-42), including the area metric current density at 0.8
V (x-axis) and peak power density (y-axis) in Hy-air cells. The black, red, and orange curves
represent the degradation trend of the three catalysts, respectively. (h) Long-term fuel cell life test
under H»-air conditions at a constant potential of 0.67 V (150 kPaays pressure and flow rates of air
200 sccm and Hz 200 sccm). All fuel cell cathodes: loading ~ 4.0 mg cm™; 100 % RH; 0.6 1/C;
150 kPaabs total pressure. Anodes: Pt/C, 0.20 mgp; cm, 100% RH; 150 kPagbs pressure. Membrane:

Nafion™ 212. Temperature: 80 °C. MEA area: 5.0 cm?.

MEA stability was further evaluated using square-wave voltage cycling between 0.6 V and
OCV (~0.92 V)for 30 000 cycles under H»/air flows. Polarization plots (I-V) were tracked and
plotted during the stability AST (Figs. 2d-f). Current densities at 0.8 V were recorded for each
catalyst in Fig. S22a and Table S8. The highly active Fe-N-C-AC-catalyst suffered a significant
performance degradation, losing 75 % of its current densty at 0.8 V after 5 000 cycles and 94 %
after 30 000 cycles (Fig. S22b and Table S8). The rapid performance loss is consistent with the
ORR stability loss in the aqueous acidic electrolyte, suggesting that the catalyst degradation is
primarily responsible for MEA performance loss. In contrast, the Fe-N-C-AC-CVD cathode
presented significantly enhanced MEA stability, retaining 79 (7.1% loss) and 37 mA cm™ (56 %
loss) at 0.8 V after 5 000 and 30 000 cycles, respectively. The peak power density is well preserved
at 514 mW cm™ after 30 000 cycles. At a current density of 0.8 A ¢cm?, the Fe-N-C-AC-CVD
cathode only lost 30 mV (5.1 %) after 30 000 cycles, which, for the first time, successfully met the
U.S. DOE’s 2025 target (<30 mV loss @0.8 A cm™) for transportation applications (43). The fuel
cell performances of the three catalysts at beginning-of-life (BOL) and end-of-test (EOL) were

compared with other reported Fe-N-C catalysts (Fig. 2g). Despite the relatively low initial MEA

14



performance of the Fe-N-C-AC-CVD catalyst, its EOL performance is comparable to that of a
Pt/C cathode (0.1 mgp/cm?) after 30000 AST cycles (Fig. S23). Notably, the Fe-N-C-AC-CVD
cathode’s peak power density at EOL was much higher than most reported Fe-N-C catalysts at

BOL.

To further evaluate the durability of the most stable CVD-processed catalyst, we carried out
long-term MEA stability tests for more than 300 hours at 0.67 V, a practical voltage for fuel cell
systems typically associated with peak power density, in an H»-air cell (Fig. 2h). Overall, 86.6%
of the original performance was retained after a 319-hour life test, showing a slow current-density
decay rate of 0.12 mA cm™ h'!. The corresponding polarization plots recorded at different time
intervals are shown in Fig. S24. The current density loss at 0.8 V was ca. 15 mA cm™ after the
first 40 hours, but the loss rate decreases with increasing hold time (e.g., 16 mA cm™ after 150
hours and 40 mA cm™ at the end of the 319-hour test). Unlike other traditional Fe-N-C catalysts
showing rapid initial degradation (6, 15, 44), the Fe-N-C-AC-CVD cathode did not suffer from
quick degradation, suggesting dominant FeNy sites with intrinsically high stability. The steady-
state long-term stability test further confirmed the effectiveness of the CVD approach for
significantly enhancing catalyst performance durability. To the best of our knowledge, this is the
first durability demonstration of Fe-N-C catalysts at such a high voltage (i.e., 0.67 V), representing

a breakthrough in PGM-free catalyst development for fuel cell applications.

We studied fresh and aged MEAs of these Fe-N-C catalysts using X-ray nano-computed
tomography (nano-CT) to determine possible changes in their macroscopic properties (pore size,
pore distribution, catalyst geometry, and ionomer distribution) that cause the performance
degradation. Fig. 3a shows a rendering of a laser-milled pillar from a fresh Fe-N-C-AC-CVD MEA,

imaged in phase contrast, and the extracted sub-volumes used for the macroscopic void volume
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fraction analysis in Figs 3b-e. The Porespy toolbox(45) was applied to the extracted sub-volumes
shown in Figs. 3b-e, yielding the void volume fraction distributions in Fig. 3f. We observed no
statistically significant change in total macroporosity or void distribution shape between the fresh
and aged MEAs for both the Fe-N-C-AC and the Fe-N-C-AC-CVD cathodes. This indicates that
the performance degradation of both the Fe-N-C-AC and Fe-N-C-AC-CVD cathodes in MEAs
occurs on a scale smaller than the 150 nm resolution of our nano-CT instrument using the large
field of view optics. This nano-CT analysis is consistent with analysis by electron microscopy (Fig.

S25 and Table S9) that showed no significant degradation at the primary particle scale.

Electrochemical impedance spectroscopy (EIS) was recorded for an in-depth kinetic analysis
of the ORR and to provide for insight into the MEA degradation mechanism (46). The resulting
Nyquist plots at 0.8 A cm? for MEASs of three Fe-N-C catalysts during the AST are compared in
Figs. 3g-i and Fig. S26. The Fe-N-C-AC-CVD MEA (0.28 Q cm?) had the lowest charge transfer
resistance compared to the Fe-N-C (0.52 Q cm?) and Fe-N-C-AC (0.34 Q cm?) catalysts after 30
000 cycles, indicating that the stable Fe-N-C-AC-CVD catalyst is kinetically active after the AST.
From the above comparative analysis, MEA performance degradation is primarily due to
instability of the catalyst, suggesting development of a durable catalyst is crucial for promoting
MEA durability (47). To further elucidate possible catalyst degradation mechanisms causing
catalyst dementallation, we further carried out MEA stability AST tests under H2/N> conditions
(Fig. S27). Performance losses for all catalysts after the ASTs under H2/N» are nearly comparable
to those under Hy/air. These results are in good agreement with RDE stability studies in both O2
and N»-saturated aqueous acids. The comparison (Table S10) indicated that, regardless of catalyst
treatment, FeNy site degradation is related to electrochemically driven demetallation due to

voltage/potential changes, rather than oxidation by Oz, H2O, or induced radical groups. Still, the
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Fe-N-C-AC-CVD catalyst has the highest resistance to electrochemical oxidation (Fig. S28),

consistent with the RDE and MEA stability AST studies.
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Fig 3. Phase-contrast renderings of a) the full laser-milled pillar from the Fe-N-C-AC-CVD sample
and extracted sub-volumes of b) Fe-N-C-AC, c) Fe-N-C-AC aged, d) Fe-N-C-AC-CVD, and e)
Fe-N-C-AC-CVD aged samples. f) Macroscopic void feature distributions from sub-volumes
shown in b-e. Note that the bright pixels in the phase-contrast renderings (a-e) correspond to solids
and dark pixels correspond to voids. (g-1) Comparison of measured and simulated EIS at the BOL
and after 30, 000 cycles during the AST at the current density of 0.8 A cm™ for MEAs from (g)

the Fe-N-C, (h) the Fe-N-C-AC, and (i) the Fe-N-C-AC-CVD cathode catalysts.
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2.3 Elucidating the enhanced activity and stability

We performed in situ STEM heating experiments in the temperature range of 25 to 700 °C to
observe the evolution process of the Fe>Os nanoparticles to atomically-dispersed FeNs sites.
Representative ADF-STEM images and EEL point spectra in this temperature range are shown in
Figs. 4a and 4b, respectively. The Fe;O3;@ZIF-8 composite precursor presented several Fe>O3
nanoparticles anchored on the ZIF-8 nanocrystal (Figs. S29-30). When increasing the temperature
to 300 °C, the Fe2Os in the precursor remained intact. Electron energy-loss (EEL) point spectra
confirmed that the observed nanoparticles (~ 5 nm) were iron oxide. Upon further heating to
500 °C, the Fe,Os particle was no longer visible, indicating that the Fe>O3 was transformed into
atomically-dispersed Fe sites, represented by bright dots distributed in the carbon. Simultaneously,
the ZIF-8 nanocrystals began to be carbonized to nitrogen-doped carbon nanoparticles. At 500 °C,
EEL point spectra acquired with the A-scale electron probe positioned on an isolated bright atom
simultaneously detected Fe and N, suggesting that the dispersed Fe atoms have a strong affinity
for N dopants and defects and possibly indicating the initial formation of the FeNy site (48). Similar
EEL point spectra at 700 °C further confirmed atomic FeN, sites. The corresponding ORR
activities (Fig. S31) of the ex-situ Fe-N-C-T pyrolyzed at different temperatures (7' = 300, 500,
700, 800, 900, and 1100 °C) verified that the active FeNy sites begin to form at 500 °C and are
optimized at 700 °C. The in situ STEM data provided direct evidence of the evolution of Fe,O3 to

atomic FeN; sites, including Fe;O3 decomposition and Fe-N bond formation.

Our finding indicates that Fe;Os3 surrounded by sufficient defected nitrogen facilitates the
formation of FeNy active sites. As shown in Figs. S6 and S32, the Fe;Os-derived Fe-N-C-AC
catalyst exhibited a higher FeNy active site density (S.D. = 3.95x10” mol g') when compared to

the previous Fe** doped ZIF-8-derived catalyst with the identical NH4Cl treatment (FeZIF-AC)
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(S.D.=2.53 x10° mol g!).(15) A TOF of 2.79 e"-site’!-s™! for the ORR at 0.9 V over FeNy sites in
the Fe-N-C-AC catalyst was calculated based on the H>-O2 MEA data. This TOF value is higher
than those reported Fe-N/C(33, 40, 49). This further confirms that the solid-state Fe,O3 is more
desirable than traditional Fe ion doping as the Fe source for generating more active FeNy sites (Fig.

S14).

XAS further confirmed the atomic dispersion of Fe in the catalyst, and quantified the local
coordination number (50). The Fourier transform of the extended X-ray absorption fine structure
(EXAFS) verifies that both the Fe-N-C-AC and Fe-N-C-AC-CVD are substantially free of Fe
particles, as indicated by the absence of an Fe-Fe scattering path. The Fourier transform is
dominated by a scattering path at ~1.4 A, which can be attributed to single Fe atoms coordinated
to low atomic number elements, such as N, C, and O. This scattering path lengths agrees well with
that in the Fe phthalocyanine standard and taken in concert with the EELS data showing N co-
located with Fe, this scattering path can be attributed to Fe-N (Fig. 4c¢). Model-based EXAFS
fitting was carried out to elucidate the local Fe bonding environment, which indicates that Fe is
indeed coordinated with four N atoms (Tables S11 and 12. Fig. S33). There are slight differences
in the EXAFS of the Fe-N-C-AC and Fe-N-C-AC-CVD catalysts, with the CVD catalyst showing
a slightly higher oxidation state and scattering intensity at ~1.4 A. The Fe K-edge X-ray absorption
near edge structure (XANES) (Fig. 4d) showed that Fe in the Fe-N-C-AC and the Fe-N-C-AC-
CVD catalysts has an oxidation state intermediate between the Fe(Il) oxide and Fe(IIl)
phthalocyanine—O; standards. Linear combination fitting of the XANES regions of the spectra for
the catalysts to these two standards showed the Fe-N-C-AC to be comprised of 75% Fe** and 25%
Fe?" (average oxidation state of 2.75) and the Fe-N-C-AC-CVD 79% Fe** and 21% Fe*" (average

oxidation state of 2.79). The oxide rather than Fe(Il)-phthalocyanine was used as the Fe(II)
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standard because the XANES region of Fe(Il) phthalocyanine exhibits a strong pre-edge feature

imparted by its square planar geometry which distorts its edge energy and XANES region.

The carbon structures of these catalysts were also studied to understand their effects on catalyst
activity and stability. The sp’/sp’ ratio of the three catalysts was first compared using the Auger
electron spectroscopy (AES) D-parameter, which is the distance between the peak maximum and
minimum of the first derivative of the C KLL. Fig. 4e shows the X-ray-induced C KLL Auger data
collected on the Fe-N-C, Fe-N-C-AC, and Fe-N-C-AC-CVD catalysts. For pure sp® carbon
(diamond), the D-parameter equals ~13 eV, while for pure sp’ (HOPG), the D-parameter is ~21
eV. Average D-parameters were determined for the Fe-N-C (17.25 eV), Fe-N-C-AC (17.40 V),
and Fe-N-C-AC-CVD (18.45 eV) catalysts. The Fe-N-C-AC-CVD catalyst had the highest sp?
content, which may explain its high stability since it should have the most stable carbon structures

surrounding FeNy sites.

The sp’ content and chemical state of the carbon structures in these catalysts were also
determined from C 1s spectra by XPS (Fig. S34 and Table S13). Consistent with the AES analysis,
the Fe-N-C-AC-CVD catalyst contained the highest sp? content, followed by the Fe-N-C-AC and
Fe-N-C catalysts, respectively. The changes in sp’ content among the three catalysts suggests that
the NH4Cl treatment may create carbon defects and micropores via removing more sp’ carbon than
sp? carbon, while the CVD may increases sp’ carbon domains adjacent to FeNy sites. The fitting
of the N 1s XPS spectra (Fig. S34c and Table S13) further showed increased graphitic-N and
decreased pyridinic-N content of the Fe-N-C-AC-CVD catalyst. Raman spectroscopy analysis
(Fig. S35) agrees with the AES and XPS results also showing that the Fe-N-C-AC-CVD catalyst

has the highest sp? content.
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Fig. 4 (a) ADF-STEM images and (b) corresponding EEL point spectra captured during in situ
heating treatment of the Fe.O3@ZIF-8 precursor, showing Fe>O3 nanoparticles (red arrows) at 25,
300, 500, and 700 °C. (¢) Fourier-transformed EXAFS in R-space for the catalysts before and after
the CVD process. (d) Fe K-edge XANES spectra for catalysts before and after the CVD process
and other relevant references. (e) X-ray induced C KLL Auger spectra of Fe-N-C, Fe-N-C-AC,

and Fe-N-C-AC-CVD, comparing D-parameters measured from C KLL Auger spectra.

ADF and bright-field (BF)-STEM images (Fig. 1b and Figs. S36-37) revealed that all three
catalysts' surfaces are composed of crumpled few-layer graphitic structures. To investigate the
effects of the CVD treatment on this carbon structure, STEM imaging and electron energy-loss
spectroscopy (EELS) were carried out on the same regions of the Fe-N-C-AC catalyst before and

after CVD treatment, as shown in Fig. 5 with additional details provided in Figs. S38-42. After

21



the CVD treatment (performed at 1100 °C for one hour under an Ar atmosphere), the overall
catalyst morphology remained almost unchanged. However, careful inspection of the particle
surfaces (Figs. Sa-b and Fig. S40) revealed additional graphitic layers were presented on the
particle surfaces, forming a shell-like structure, while the interior features of the particles remain

relatively unchanged.

Normalized MCR Spectral Components
Fe-N-C-AC (d ) Fe-N-C-AC-CVD —— Fe-N-C-AC-CVD (Par. Orientation)
== Fe-N-C-AC (Par. Orientation)
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T
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Fig.5 Annular dark-field IL-STEM images (a, b) and carbon K-edge EELS orientational mapping
by multivariate curve resolution (MCR) (¢, d) of the Fe-N-C-AC/Fe-N-C-AC-CVD catalyst before
and after the CVD process, respectively. (e) Spectral components corresponding to the maps in (c,
d). In (c)-(e), red indicates domains with graphitic sheets oriented perpendicularly to the beam

direction, while green indicates domains with sheets parallel to the beam.
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The shell-like nature of the additional graphitic layers formed during the CVD process was
further confirmed by EELSmapping, as shown in Figs. S5c-e. Performing multivariate curve
resolution (MCR) on the EELS data, which allows regions of the sample containing distinct spectra
to be identified and separated, enabled mapping of the change in graphitic layer orientation (Fig.
S41)(51, 52). The red regions in Figs. Sc-d correspond to graphitic layers oriented perpendicularly
to the electron beam (i.e., parallel to the page), whereas the green regions correspond to graphitic
layers that are parallel to the electron beam (i.e., into the page). A comparison of Figs. Sc and 5d
indicates that, in extreme cases, additional graphitic layers are deposited during the CVD process
to form a shell-like structure on the particle surface, as indicated by the more pronounced green
region present after the CVD process. Within the sensitivity of the measurement, the fine structure
of the corresponding spectra for the parallel and perpendicular graphitic regions displayed in Fig.
Se are the same, consistent with XPS results showing only a modest, albeit highly impactful,

increase in the degree of sp* carbon.

The emergence of similar shell-like structures up to 1 nm thick after the CVD process was
observed in other regions of the catalyst, as well (Fig. S40). These regions were marked by a slight
increase in N content compared to interior regions of the catalyst, indicating that this shell-like
structure consists of additional material deposited on the particle surface. Specifically, the dashed
line in denotes the change of a particle surface after the CVD process, gaining approximately 1.0
nm of additional material. The nitrogen content of the particle surface after the CVD treatment
was analyzed by STEM-EDS (Fig. S42). As shown in Table S14, the region near the particle
surface shows 3.1 and 3.8 at.% N for locations 1 and 2, respectively, while the particle interior

contains 2.1 and 2.3 at.% at these locations. Therefore, the higher N content at the particle surface
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suggests that the graphitic layers deposited during the CVD process are N-doped. The deposition
of additional N-doped graphitic layers on the catalyst surface, as well as other possible
modifications, such as the reconstruction of carbon structures near the FeNy sites, dramatically

enhance catalyst stability.

2.4 Theoretical elucidation of FeNy sites their local environment changes

The first-principles density functional theory (DFT) calculations were performed to elucidate how
the atomic local carbon structure surrounding FeNy active sites affects their activity and stability.
As discussed previously (38), two distinct FeNy active sites are possible in Fe-N-C catalysts,
namely S1 type porphyrin-like FeNy4 containing four pyrrolic N and S2 type FeNs containing four
pyridinic N in Fe-N-C catalysts. As shown in Fig. 6a, we constructed various S1 and S2 type FeNy
sites in these three experimental catalysts. Specifically, we constructed an S1 type FeNjy site hosted
by micropores (denoted as FeN4Ci> and shown in Figs. S43a) and an S2 type FeNs site with a
Stone-Wales defect nearby (denoted as FeN4Cio-C and shown in Figs. S44a) to model the carbon
structure with some degree of structural defects in the Fe-N-C catalyst. Due to the highly defective
carbon structure found in the Fe-N-C-AC catalyst, we also constructed S1 and S2 FeNy sites near
two micropores with an O atom located at the edge of one pore (denoted as FeN4Ci2-O and
FeN4Ci0-O, respectively), as shown in Figs. S43b and S44b. It is plausible that FeN4Ci2-O or
FeN4Ci0-O site can be expeditiously formed from the FeN4Ci2-vac and the FeN4Cio-vac site upon
exposure to air, after the pyrolysis, or at the beginning of the ORR when exposed to O as described
in Fig. S45. Due to the absence of Fe(II)/Fe(IlI) redox peaks in cyclic voltammograms (Fig. S19),
we assumed only one type of FeNy site embedded in an intact graphene layer (denoted as FeN4Cio)

in the Fe-N-C-CVD catalyst (Fig. S44c).
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We predicted free energy evolution for the ORR on the modeled S1 and S2 type FeNy sites
for the 4e associative ORR pathway (Figs. 6b-c). The calculated adsorption energies on the
modeled FeNy sites are shown in Table S15, and corresponding atomic structures of adsorbed
ORR species are exhibited in Figs. S46-S49. The computational hydrogen electrode method
developed by Norskov et. al (53), was used to calculate the free energy change for all elementary
steps. Fig. 6b shows that the ORR on the FeN4Ci2-O site in the Fe-N-C-AC catalyst is an
exothermic reaction when the electrode potential is lower than the limiting potential of 0.81 V,
higher than that calculated for the FeN4Ci2 (0.73 V). The higher the limiting potential, the more
thermodynamically favorable the ORR. As for the S2 type FeNy site (Fig. 6¢), the ORR limiting
potentials on the FeN4Cio-C (0.67 V), FeN4Cio-O (0.75 V), and FeN4Cio (0.65 V) sites were
calculated corresponding to the catalysts as-synthesized, NH4Cl treated, and CVD processed.
Moreover, climbing image nudged elastic band (CI-NEB) calculations were performed to predict
the activation energy for the OOH dissociation on these FeNjs sites. Fig. S50 shows the atomistic
details of the OOH dissociation on the active sites. Fig. 6b shows that the OOH dissociation step
requires overcoming an energy barrier of 0.73 eV and 0.71 eV on S1 type FeN4Ci» (as-synthesized)
and FeN4Ci,-O site (after NH4Cl treatment), respectively. Meanwhile, the activation energies for
OOH dissociation on S2 type FeN4Cio-C (as-synthesized), FeN4Cio-O (NH4Cl treated), and
FeN4Cio (CVD processed) sites are predicted to be 0.71, 0.59, and 0.59 eV, respectively. All these
predicted energy barriers are surmountable at room temperature, suggesting that O-O breaking
step is kinetically feasible on S1 and S2 type FeNy sites. These results suggest that FeN4Ci2-O and
FeN4Ci0-O site exhibits the highest intrinsic ORR activity among S1 and S2 type FeNy sites,
respectively, explaining the observed high ORR activities for the Fe-N-C-AC catalyst shown in

Fig. 1c.
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Furthermore, a previous study suggests that the leaching of Fe from FeNjy sites leads to ORR
activity loss (54). The proposed demetallation process is depicted in Fig. S51, in which the Fe ion
moves away from an Ns-coordination into an inactive N2-coordination. We believe that this step
is critical for the kinetic of the demetallation process. As presented in Table S16, the Gibbs free
energy change for the demetallation process is predicted to be 0.05 eV on FeN4Ci2 and -0.05eV
on the FeN4Ci2-O site. In contrast, Table S17 shows that S2 type FeN4Cio-C, FeN4Ci0-O, and
FeN4Ciy sites exhibit a Gibbs free energy change for the demetallation process of 1.25, 0.80, and
1.33 eV, respectively, much higher than those on S1 type FeNy sites. This result indicates that S2
sites exhibit higher stability against demetallation than S1 sites, agreeing with previous
experimental results(38). In addition, we predict that the stability against demetallation on S1 sites
could not be enhanced via modifying the local carbon structure, as shown in Fig. S52. Among
three S2 type FeNy sites, FeN4Cio-O shows the lowest free energy barrier for the demetallation,
whereas the highly graphitized FeN4Cio site shows the highest stability. These results suggest that
a micropore near the FeNy site would lower the stability, and more graphitized carbon near the
FeNs site would enhance stability against demetallation. Therefore, this theoretical prediction
provides a possible explanation for the rapid activity loss of the highly active Fe-N-C-AC catalyst

and the enhanced stability of the Fe-N-C-AC-CVD catalyst.
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Fig.6 (a) Atomistic models of various S1 and S2 type FeNy sites proposed to exist in different Fe-

N-C catalysts. Predicted free energy evolution for ORR through 4e” associative pathway on (b)

two S1 type FeNjy sites under electrode potential of U=0.81 V and (c) three S2 type FeNy sites
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represent C, N, Fe, O, and H atoms, respectively.
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Conclusions

In summary, for the first time, we demonstrated a viable PGM-free Fe-N-C cathode catalyst in
acidic low-temperature fuel cells with performance and durability competitive with Pt nanoparticle
catalysts. Through experiments and theoretical analysis, we systemically studied how the intrinsic
activity and stability of FeN4 active sites in the catalyst can be tailored by regulating the catalyst's
local carbon structure. In particular, we discovered that a solid-state Fe;O; precursor has
advantages over traditional Fe*" ions for synthesizing atomically-dispersed Fe-N-C catalysts due
to the increased site density and suppression of Fe cluster formation during thermal activation.
Furthermore, we monitored the dynamic transformation of Fe,Os3 into FeNjy sites, in which Fe>O3
nanoparticles are gradually decomposed and released into atomic Fe sites to coordinate with
surrounding nitrogen ligands. In addition, we found that an NH4Cl treatment is critical for
improving FeNy site’s intrinsic activity. In-situ decomposed NHz and HCI could create local
carbon defects and remove residual Fe aggregates in catalysts. The best-performing catalyst treated
with NH4Cl treatment (i.e., Fe-N-C-AC) shows record high ORR activity in aqueous acids and
solid-state electrolyte-based MEAs. The measured half-wave potential, E1, was as high as 0.915
V vs. RHE (at 0.6 mgeicm™?), and the ORR kinetic current density and mass activity at 0.9 V are
6.3 mA cm? 10 mAcme' in RDE tests with Oz-saturated 0.5 M H>SOs electrolytes. The
corresponding mass activity in an MEA at 0.9 V (IR corrected) under H»-O exceeds 44 mA cm™
(U.S. DOE 2025 target). Under practical Hz-air conditions, the MEA generated promising
performance, 151 mA cm? at 0.8 V and a peak power density of 601 mW c¢cm™. However, the

NH4Cl-treated catalyst still suffered significant performance loss.

To overcome the grand stability challenge of Fe-N-C catalysts, we discovered an effective

CVD strategy, for the first time, to deposit nitrogen-doped carbon on the NH4Cl-treated catalyst
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and modify the local carbon structure to a more stable but still active FeN4Cio, as modelled by
DFT. Direct evidence for deposition of nitrogen-doped carbon during the CVD process was
provided by unique identical-location-scanning transmission electron microscopy experiments,
where up to 1 nm of graphitic carbon was observed to be deposited on the surface of the catalyst,
forming a shell-like structure. The CVD-treated catalyst had dramatically improved stability, only
losing 30 mV (5.1 %) at a current density of 0.8 A cm? after 30, 000 voltage cycles under H,-air
conditions. The compelling stability enhancement was further verified by a long-term steady-state
fuel cell life test (>300 hours) at a practical voltage of 0.67 V. Despite the reduced initial ORR
activity and MEA performance of the CVD-treated catalyst, its EOL performance is superior to

the initially highly active Fe-N-C-AC catalyst and comparable even to a commercial Pt/C catalyst.

Therefore, besides the promising mass activity and performance in fuel cells, the
extraordinary stability improvement presented here represents a breakthrough in developing Fe-
N-C catalysts viable for replacing Pt cathodes, whould would address the cost barrier of current

PEMFCs and realize their widespread implementation.
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Additional results and discussion

Pyrolysis
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Figure S1. (a) Schematic of synthesis of Fe-N-C catalyst. Engineering of carbon structure of Fe-
N-C catalyst to fabricate (b) Fe-N-C-AC through NH4Cl treatment and (c) Fe-N-C-AC-CVD
catalyst by CVD method.
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Figure S2. (a) SEM image and (b) XRD pattern of Fe,O3;@ZIF-8 composite.
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Figure S3. (a) N, adsorption/desorption and (b, c¢) pore distribution plots of Fe-N-C, Fe-N-C-AC
and Fe-N-C-AC-CVD catalysts, (d) comparison in porosity for the three catalysts. The result
shows the NH4Cl treatment has the capability of producing abundant carbon defects in Fe-N-C
catalysts.

Table S1. Pore distributions and specific surface areas of Fe-N-C, Fe-N-C-AC, and Fe-N-C-AC-
CVD catalysts.

Vmicro Vmeso Vmacro Vtotal SBET

Sample
em’mg’ %  em’mg’ %  cm’mg’ %  cm’mg’ m’g’
Fe-N-C 0.28 63.64 0.10 22.73 0.06 13.64 0.44 684.2
Fe-N-C-AC 0.32 42.11 0.29 38.16 0.15 19.74 0.76 809.1
Fe'l\é'sl')AC' 027 6279 0.10 2326 0.06 1395  0.43 668.6

According to the ICP-OES analysis, the Fe-N-C-AC catalyst has a slightly decreased Fe
content compared to the Fe-N-C catalyst without NH4Cl treatment. Thus, it is very likely that
gaseous HCI reacts with Fe aggregates and form FeCls. Because of its low boiling point, a small
portion of FeCls would escape from the catalyst, leading to a slightly reduced Fe content in the Fe-
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N-C-AC catalyst (after NH4Cl treatment). Reduced Zn content was also observed in the N-C-AC
and Fe-N-C-AC catalysts, indicating HCI capable of etching Zn species.

Table S2. Zn and Fe contents in catalysts determined by ICP-OES (wt.%)

Samples Elements Content 1 Content 2 Content 3 Average
P (wt. %) (wt. %) (wt. %) (wt. %)
Fe 1.91 1.88 1.87 1.89
Fe-N-C
Zn 0.09 0.089 0.09 0.090
Fe 1.76 1.75 1.75 1.75
Fe-N-C-AC
Zn 0.055 0.054 0.054 0.054
Fe-N-C-AC- Fe 1.71 1.69 1.69 1.70
CVD Zn 0.050 0.049 0.049 0.049
N-C? Zn 0.77 0.77 0.76 0.77
N-C-ACP Zn 0.5802 0.58 0.58 0.58

a Nitrogen-doped carbon (N-C) derived from direct pyrolysis of ZIF-8 at 1100 °C for one hour

under Ar flow.

b Similar to Fe-N-C-AC synthesis process, N-C-800 obtained from pyrolysis of 300 mg ZIF-8 at
800 °C for one hour under Ar flow, then 100 mg N-C-800 mixed with 300 mg NH4Cl to take the
second pyrolysis at 1100 °C under Ar flow for one hour to obtain N-C-AC.
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Figure S4. (a) N, adsorption/desorption and (b) pore distribution plots of Fe-N-C-AC, Fe-N-C-
Urea, and Fe-N-C-(NH4)2COs catalysts. (c) Steady-state ORR polarization plots of Fe-N-C-AC,
Fe-N-C-Urea, and Fe-N-C-(NH4)>COs catalysts in Oz-saturated 0.5 M H>SOa.
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Table S3. Pore distributions and specific surface areas of Fe-N-C-AC, Fe-N-C-Urea, and Fe-N-

C-(NH4)2COs catalysts.

Vmicro Vmeso Vmacro Vtotal SBET
Sample
cm’ mg! % cm’mg’! % cm’mg’ %  cm’mg’ < mg’
Fe-N-C-AC 0.32 42.11 0.29 38.16 0.15 19.74 0.76 809.1
Fe-N-C-Urea 0.29 40.28 0.29 40.28 0.14 19.44 0.72 706.3
Fe-N-C-
eN-C 0.15 37.5 0.17 42.5 0.08 20 0.40 408.2
(NH4),COs3

FeNC-800 was treated with urea, (NH4)>COs, and NH4Cl respectively, to further investigate the
role of HCI during the NH4Cl treatment process. BET-specific surface areas and ORR activities of
the derived Fe-N-C-AC, Fe-N-C-Urea, and Fe-N-C-(NH4),COs catalysts were recorded.
Compared to Fe-N-C-Urea and Fe-N-C-(NH4)>COs catalysts, the Fe-N-C-AC catalyst has a higher
specific surface area indicating a portion of carbon atoms etched by gaseous HCl. Moreover, Fe-
N-C-AC catalyst indeed shows improved ORR activity, suggesting that the gaseous HCI and NH3

contribute to its ORR activity improvement.

Counts (a.u.)

C K-edge N K-edge : Fe L, -edge

Energy Loss (eV)

280 300 320 340 380 400 420 440 700 720 740

Figure S5. Average EEL point spectra from multiple individual atomic Fe sites, such as those

circled in Fig. 1b, providing evidence for Fe-N coordination in the catalysts.
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Table S4. Surface compositions of three typical Fe-N-C, Fe-N-C-AC, and Fe-N-C-AC-CVD
catalysts by using XPS.

Surface composition

Sample
C(at.%) O(at%) N(@at%) Fe(at%) Zn(at.%)  D-parameter

Fe-N-C_a 88.1 8.2 3.1 0.14 0.07 17.78 eV
Fe-N-C_b 87.8 8.7 29 0.11 0.07 16.60 eV
Fe-N-C_c 87.8 8.5 3.1 0.10 0.07 17.37 eV
Average 88.3 8.5 3.0 0.12 0.07 17.25 eV
Fe-N-C-AC_a 89.1 8.1 2.3 0.10 0.01 17.53 eV
Fe-N-C-AC_b 88.9 8.2 2.4 0.10 0.01 16.34 eV
Fe-N-C-AC_c 89.1 8.1 2.4 0.07 0.01 18.33 eV
Average 89.4 8.1 24 0.09 0.01 17.40 eV
Fe-N-C-AC-CVD_a 88.9 7.8 2.6 0.14 0.01 18.59 eV
Fe-N-C-AC-CVD_b 88.7 7.9 2.7 0.13 0.01 19.07 eV
Fe-N-C-AC-CVD_c 88.6 8.6 2.2 0.10 0.01 17.69 eV
Average 89.2 8.1 2.5 0.12 0.01 18.45 eV

Table SS. Elemental quantification of three typical Fe-N-C, Fe-N-C-AC, and Fe-N-C-AC-CVD
catalysts by STEM-EDS.

Sample C(at.%) N(at.%) O(at.%) Fe(at.%) Zn(at.%)
Fe-N-C 95.86 2.06 1.87 0.12 0.09
Fe-N-C-AC 94.73 3.37 1.83 0.06 0.01
Fe-N-C-AC-CVD 96.24 2.00 1.61 0.15 0.01
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Figure S6. Determination of FeNjy site densities of Fe-N-C, Fe-N-C-AC, and Fe-N-C-AC-CVD
catalysts through reversible nitrite poisoning. Left column, LSV curves before, during, and after
nitrite adsorption in a 0.5 M acetate buffer at pH 5.2 for (a) Fe-N-C, (c¢) Fe-N-C-AC, and (e) Fe-
N-C-AC-CVD catalysts. Right column, CV curves before and during nitrite adsorption in the
nitrite reductive stripping region for (b) Fe-N-C, (d) Fe-N-C-AC, and (f) Fe-N-C-AC-CVD
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catalysts. Catalyst loading, 0.27 mg cm™.
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Figure S7. Steady-state ORR polarization plots of (a) N-C, N-C-AC, and (b) Fe-N-C, Fe-N-C-AC,
Fe-N-C-AC-CVD catalysts were tested in Oz-saturated 0.5 M H>SO4. Low ORR activities of N-C
and N-C-AC catalyst shows neglectable ORR activity of atomically dispersed Zn atoms in
nitrogen-doped carbon. Compared to three Fe-based catalysts, the N-C catalyst directly pyrolyzed
from ZIF-8 presented a relatively high Zn content (Table S2). However, its low ORR activity
(E12=10.61 V) in acidic media is the same as nitrogen-doped carbon (76, 17), indicating neglectable
ORR activity of Zn species. Furthermore, we carried out the NH4Cl treatment for the Zn-rich N-C
sample (i.e., N-C-AC catalyst). Its Zn content was significantly reduced but exhibited increased
ORR activity. This control experiment pointed out that Zn species don’t directly act as active sites
and its impact on the ORR is adverse. On the contrary, highly active Fe-N-C catalysts often contain
extremely low Zn content. Especially, After NH4Cl treatment, Fe-N-C-AC catalyst with further
reduced Zn content generated superior ORR activity (Ei12=0.915 V). Besides, our DFT studies
also predict that the possible ZnNj sites are not capable of adsorbing O» and breaking its O-O bond
for desirable 4electron pathway. The significantly improved ORR activity observed with the Fe-
N-C-AC catalyst after NH4Cl treatment is not due to Zn species. In turn, reducing Zn content in
catalysts would provide more defects and N dopants to stabilize increased single Fe active sites.
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Table S6. Summary of previously reported Fe-N-C catalysts.

Fuel cell performance

Pyrolysi ~ Half-
Current
s wave Electrolyte Current )
. . . density
Catalyst temperat potential  disk rotation density @08V Ref.
ure /V vs. rate/rpm @0.9V '
/l’IlA Hz-
(OC) (RHE) /mA H>-0; .
air
800/110 0.5 M H,SO0s, This
Fe-N-C-AC 42.6 151
900 work
0.17CVD/Fe-N- 0.5 M H,SO0s,
1000 0.835 27 105 s
C-kat 900
(CM+PANI) 0.5 M H,SOs,
900 0.80 16 75 (19)
Fe-C 900
0.1 M HCIO,,
Zn(eIlm), TPIP 900 0.78 - - @0
1600
Fe-PAN-EN 0.5 M H,SOs,
900 0.83 - - 16)
hydrogel 900
0.5 M H,SOs,
1.5Fe-ZIF 1100 0.88 18 68 @
900
TPI@Z8(Si02)-  650/100 0.5 M H,SOs,
@Z8(510) 0.823 = 2 105 (22
650-C 0 1600
Fe/TPTZ/ZIF-8 - - - 4 96 @3
ZIF-NC-0.5Fe-  1100/70 0.5 M H,SOs,
0.84 30 78 @4
700 0 900
0.5 M H,SOs,
FeN,/Gp 900 0.80 13 70 @9
900
0.1 M HCIO,,
FeCl,-/NC-1000 1000 0.80 1600 15 37 @9
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Figure S8. Steady-state ORR polarization plots of 0.5Fe-N-C-AC, Fe-N-C-AC, 2Fe-N-C-AC, and
Pt/C (60 pgpi cm™) catalysts in Ox-saturated 0.5 M H2SOa. 0.5Fe-N-C-AC, Fe-N-C-AC, and 2Fe-
N-C-AC catalysts were prepared from Fe>O3@ZIF-8 precursor with Fe>Os content from 5, 10, and
20 mg, respectively.
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Figure S9. (a) Comparison of the Ei and kinetic current densities at 0.9 V vs. RHE of Fe-N-C,
Fe-N-C-AC, and Fe-N-C-AC-CVD catalysts. (b) Comparison of kinetic current densities at 0.9 V
vs. RHE of Fe-N-C-AC catalyst and the reported (CM+PANI)-Fe-C,(/9) FeN4+/HOPC-c-1000,(27)
FeN,/GM,(25) ZIF'-FA-CNT-p,(28) TPI@Z8S10,-650-C,(22) Fe-ZIF(50nm),(29) FeCoN./C(30)
and 1.5Fe-ZIF(21) catalysts.
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Figure S10. (a-b) Steady-state ORR polarization plots of Fe-N-C and Fe-N-C-AC catalysts
prepared from Fe>Os as an iron source, while FeZIF and FeZIF-AC catalysts fabricated from Fe**
as an iron source. FeZIF was fabricated by the first pyrolysis of the Fe doped ZIF-8 (27) at 800 °C
for one hour and the second pyrolysis at 1100 °C for another one hour under Ar gas. For the
synthesis of FeZIF-AC, Fe-doped ZIF-8 precursors were first pyrolyzed at 800 °C for one hour
under Ar gas to obtain FeZIF-800, then 100 mg FeZIF-800 was ground with 300 mg NH4Cl
powder, after the second pyrolysis process at 1100 °C under Ar flow for 1 h, the FeZIF-AC catalyst

was obtained.
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150 mg PS

Figure S11. Mass variation of Fe-N-C-AC-CVD catalysts after CVD process. 150 mg ZIF-8, 25,
50, and 150 mg PS represents 150 mg ZIF-8, 25, 50, and 150 mg polystyrene used as upstream

precursor for the CVD process, respectively.
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Figure S12. Stability accelerated stress test (AST) by cycling the potential (0.6-1.0 V, 30 000
cycles) in Oz-saturated 0.5 M H>SOs for (a) Fe-N-C-AC-CVD(25PS), (b) Fe-N-C-AC-CVD(50PS),
and (c) Fe-N-C-AC-CVD(150PS) catalysts. The ORR activities and stabilities of Fe-N-C-AC-
CVD(ZIF) and Fe-N-C-AC-CVD(PS) were examined to try to explore the effect of the presence
of N atoms in the healed carbon structure of Fe-N-C-AC-CVD. We find that 150 mg ZIF-8 and 25
mg PS precursors lead to the formed Fe-N-C-AC-CVD(150ZIF) and Fe-N-C-AC-CVD(25PS)
catalysts with comparable mass (Table S7). Compared to Fe-N-C-AC catalyst without CVD
process exhibits 124 mV loss in half-wave potential (E12) after 30 000 AST cycles (Fig.1c), only
17 mV and 33 mV loss in Ei» for Fe-N-C-AC-CVD(150ZIF) (Fig. 1c, i.e. Fe-N-C-AC-CVD
catalyst) and Fe-N-C-AC-CVD(25PS), respectively, suggesting deposition of carbon atoms onto
Fe-N-C-AC catalyst able to enhance its stability. However, without N atoms deposition onto the
Fe-N-C-AC-CVD(25PS), its low initial ORR activity indicating the presence of N atoms, is
beneficial for improving its initial and final ORR activities during the AST.
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Table S7. Mass variation of Fe-N-C-AC-CVD catalysts during the CVD process.

Mass variation (mg)
Samples
Net
Pyrolysis 1 | Pyrolysis 2 Pyrolysis 3 Average _ o mass
increased
Fe-N-C-AC-
3.2 4.8 -3.1 -3.70 -3.
1100-1h ® 370
Fe-N-C-AC-CVD
3.1 3.5 3.2 3.27 6.97
(150ZIF-8)®
Fe-N-C-AC-CVD
4.2 3.4 3.6 3.73 7.43
(25PS) ©
FeN-C-ACCVD 1 12.4 12.1 12.00 15.73
(50P5) ¢ . . . . .
FeN-C-ACCVD ) 5 25.3 24.9 24.90 28.60
(150PS) ¢ ' ' ' ' |

4Fe-N-C-AC-1100-1h catalyst represents the further treatment of Fe-N-C-AC catalyst for 1h at
1100 °C without any deposition.

150 mg ZIF-8 represents 150 mg ZIF-8 used as the upstream precursor for the CVD process.
€25, 50, 150 mg PS represents 25, 50, 150 mg polystyrene used as the upstream precursor for the
CVD process, respectively.

Increased mass was both observed after the CVD of the Fe-N-C-AC catalyst by separately using

ZIF-8 and PS as upstream precursors, suggesting successful deposition of carbon atoms onto the
Fe-N-C-AC catalysts.
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Figure S13. Stability AST cycling the potential (0.6-1.0 V) in O;-saturated 0.5 M H>SO4 for Fe-
N-C-CVD catalyst, steady-state ORR polarization plots were recorded at intervals of 0, 10 000, 20
000 and 30 000 cycles. Same as Fe-N-C-AC-CVD catalyst synthesis, 50 mg Fe-N-C catalyst, and
150 mg ZIF-8 were separately placed on a high-temperature alumina combustion boat located at
the down-stream and up-stream direction in a tube furnace, respectively. Heated tube furnace to
1100 °C under the Ar's stream, after one-hour chemical vapor deposition, the Fe-N-C-CVD catalyst

was prepared.
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Figure S14. (a) N, adsorption/desorption and (b) pore distribution plots of Fe-N-C-CVD and Fe-

N-C-AC-CVD catalysts.
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Figure S15. H>O; yields of Fe-N-C, Fe-N-C-AC, Fe-N-C-AC-CVD, and commercial Pt/C
catalysts were tested in 0.5 M H>SO4.
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Figure S16. CV curves of nitrite adsorption in the nitrite reductive stripping region of (a) Fe-N-C
(b) Fe-N-C-AC, and (c) Fe-N-C-AC-CVD catalysts were recorded at intervals of 0, 10 000, 20
000, and 30 000 cycles during their stability AST tests. (d) Comparison of degradation in FeNy
gravimetric site density (MSD) of Fe-N-C, Fe-N-C-AC, and Fe-N-C-AC-CVD catalysts through
reversible nitrite poisoning.
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Figure S17. Stability AST by cycling the potential (0.6-1.0 V) in Oz-saturated 0.5 M H>SO4,
steady-state ORR polarization plots were recorded at intervals of 0, 10 000, and 20 000 cycles for
(a) Fe-N-C catalyst; 0 and 10 000 cycles for (b) Fe-N-C-AC; 0, 10 000, 20 000, 30 000 cycles for
Fe-N-C-AC-CVD catalyst. Compared to the Fe-N-C, Fe-N-C-AC, and Fe-N-C-AC-CVD catalysts
tested in the Oz-saturated 0.5 M H2SOs solution, similar E loss in ORR activities tested in the
Na-saturated 0.5 M H>SOg4 solution illustrates the demetallation of FeNs active sites is the cause

contributing to the degradation of the catalysts.
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Figure S18. The possible sites S1 (FeN4Ci2) and S2 (FeN4Cio) in Fe-N-C catalysts.
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Figure S19. (a-d) Cyclic voltammograms (CVs) of the Fe-N-C, Fe-N-C-AC, Fe-N-C-CVD, and
Fe-N-C-AC-CVD collected during AST in Oj.saturated 0.5 M H»>SOs4 electrolyte at room
temperature with a scan rate of 20 mV s™!. High-spin FeN4C1> moiety (denoted as S1) and a low-
or intermediate-spin FeN4Cio moiety (denoted as S2) existing in the Fe-N-C catalysts was
demonstrated by Jaouen and co-workers,®?) the former is more intrinsically active for the ORR
with reduced activation energy to break O-O bonds, therefore favoring reaction kinetics and
reversibly switching from high-spin Fe(III)N4Ci» structure with axial oxygen adsorbates to high-
spin Fe(II)N4Ci2 species without axial oxygen ligand. While S2 with no redox transition
independent of O, presence and the electronic state is potential-independent, being ferrous low- or
medium-spin FeN4Cio structures. (1) The redox peaks of Fe*"/Fe*" between 0.6-0.7 V are related
to S1 sites, widespread in Fe-N-C and Fe-N-C-AC catalysts throughout the AST test. However,
the intensity of redox peaks of Fe**/Fe*" in Fe-N-C-CVD and Fe-N-C-AC-CVD catalysts were
gradually increased during the AST test, arising from more and more S1 sites exposure to
electrolyte following electrochemical carbon oxidation, as expected, which is testified by the
increased electrochemical double layer capacitor of the catalysts. (2) Compared to Fe-N-C catalyst,
weaker redox peaks of Fe*'/Fe*" of Fe-N-C-AC catalyst indicating its lower active site density,
while exhibits unprecedented ORR activity, may originate from unexplored active sites with
superior ORR activity. (3) After CVD deposition, neglectable redox peaks of Fe?*/Fe*" observed
in the Fe-N-C-AC-CVD catalyst, its promising ORR activity (E12=0.846 V) should come from
more stable S2 sites, suggesting active site transition occurred during the CVD deposition. Fe-N-
C-CVD catalyst with higher stability but less activity (43 mV increases in E1, after 30 000 cycle
AST test, as shown in Figure S14) may be due to more S2 sites generated in the CVD process,
validated from weaker redox peaks of Fe**/Fe* than that of Fe-N-C-AC-CVD catalyst after 10
000, 20 000, 30 000 cycle AST.
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Figure S20. (a) H>-O> fuel cell I-V polarization (solid symbols and lines) and power density
(hollow symbols and lines) plots recorded under 150 kPaaps pressure anodic and cathodic of Fe-N-

C, Fe-N-C-AC, and Fe-N-C-AC-CVD catalysts at the flow rates of O> 500 standard cubic
centimeter per minute (sccm) and Hz 300 scem.
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Figure S21. H>-O: fuel cell performance of Fe-N-C-AC catalyst measured at in a differential cell
by averaging the first three polarization curves, as proposed in PGM-free catalyst test protocols by
DOE. Anode: 0.2 mgp cm™ Pt/C Ha, 700 sccm, 150 kPagbs pressure; Cathode: ca. 6.00 mg cm™,
Fe-N-C-AC, ionomer (25 wt. %, Aquivion D-79-25BS), 1700 sccm, 150 kPaaws pressure;
Membrane: Nafion" 212; Cell: 5 cm?. Test conditions: 80 °C; 0.96 V to 0.88 V in 20 mV steps;
0.88 V10 0.72 V in 40 mV steps; 45 s/step.
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Figure S22. (a) Comparison of current density loss at 0.8 V in Hy-air cell. (b) Comparison of the
percentage of current density loss at 0.8 V and the percentage of voltage loss at 0.8 A cm™ in Ha-
air cell after 30 000 cycle stability tests.

Table S8. Comparison in current density loss at 0.8 V and peak power density loss in H»-air cell
for the Fe-N-C, Fe-N-C-AC, and Fe-N-C-AC-CVD cathodes.

Fe-N-C Fe-N-C-AC Fe-N-C-AC-CVD
ol Current Voltage lj)ealgr Current Voltage };eade(r Current Voltage I(’)eal;r
Y density (V@ POW! density (V@ oW density (V@ POW!
density density density
(mA 0.8 A (mA 0.8 A (mA 0.8 A
om?) cm™) (mW em?) cm™) (mW em?) cm™) (mW
cm™) cm™) cm™)
BOL 109 0.58 500 151 0.63 601 85 0.58 535
5000 42 0.49 425 37 0.52 440 79 0.57 557
10 000 30 0.51 450 25 0.49 408 62 0.57 575
20 000 18 0.50 430 14 0.44 368 49 0.56 535
30 000 11 0.46 390 9 0.40 327 37 0.55 514
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Figure S23. Comparison of Hz-air fuel cell polarization plots of Fe-N-C-AC, Fe-N-C-AC-CVD,
and commercial Pt/XC72 catalyst cathodes recorded at BOL and EOL during the 30 000 cycles
AST under 150 kPaaps pressure anodic and cathodic at the flow rate of O» 500 sccm and H> 300
sccm, respectively. AST square-wave voltage cycles between 0.6 and OCV (~0.92 V) under
ambient pressure (100 kPaays) at the flow rates of air 400 sccm and H» 200 sccm. Fuel cell cathode:
catalyst loading 4.0 mg cm? for Fe-N-C-AC, Fe-N-C-AC-CVD and 0.1 mg cm™ Pt for Pt/XC72;
100% RH: Pt/C, 0.20 mgp; cm, 100% RH.. Membrane: Nafion 212. Temperature: 80 °C. MEA
area: 5.0 cm?.
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Figure S24. Fuel cell polarization plots recorded at different times during the 319-hour durability
test at 0.67 V with flow rates of air 500 sccm and H2 300 sccm. Fuel cell cathode: catalyst loading
~ 4.0 mg cm?; 100% RH; 150 kPagps pressure. Anode: Pt/C, 0.20 mgpicm™, 100% RH; 150 kPaaps
pressure. Membrane: Nafion 212. Temperature: 80 °C. MEA area: 5.0 cm?.
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Figure S25. HAADF-STEM images of aged (a)Fe-N-C, (b) Fe-N-C-AC, and (c) Fe-N-C-AC-
CVD catalysts from correspondingly aged MEAs. Aged Fe-N-C-AC-CVD catalyst from aged Fe-
N-C-AC-CVD MEA after 60 000 cycle AST in H»-air cell, the MEA damaged because of H cut
off after 60 000 cycles AST.

Table S9. Elemental quantification of three typical aged Fe-N-C, Fe-N-C-AC, and Fe-N-C-AC-
CVD MEAs by STEM-EDS.

Sample C(at.%) N(at.%) O(at.%) Fe(at.%) Zn(at.%)
Aged Fe-N-C MEA 95.02 2.39 2.51 0.04 0.04
Aged Fe-N-C-AC MEA 93.87 4.03 2.02 0.04 0.03
*Aged Fe-N-C-AC-CVD MEA 91.82 2.12 5.94 0.11 0.00

?Aged Fe-N-C-AC-CVD MEA obtained after 60 000 cycles AST in Hz-air cell.

The resulting Nyquist impedance plots obtained at a current density of 0.8 A cm™ for MEAs of
Fe-N-C, Fe-N-C-AC, and Fe-N-C-AC-CVD catalysts during the AST are shown here, where the
comparison is given at the BOL and after 30 000 cycles. This feature is well-known, as below 0.2
A cm?, the performance limitations are typically dominated by the charge transfer resistance (32).
From the extracted parameter values summarized and compared in Fig. S26, it is observed that Fe-
N-C-AC (0.2510 Q cm?) catalyst has the lowest charge transfer resistance at the beginning of the
test than that of Fe-N-C-AC-CVD (0.2695 Q cm?) and Fe-N-C (0.2806 Q cm?) catalysts. This
observation is well in line with their corresponding polarization curves (Fig. 2d-f). After
undergoing degradation, where the charge transfer resistance for the three catalysts increased
during the AST. As expected, the Fe-N-C-AC-CVD (0.2755 Q cm?) catalyst has the lowest charge
transfer resistance compared to the Fe-N-C (0.5245 Q cm?) and Fe-N-C-AC (0.3420 Q cm?)
catalysts after 30 000 cycles, thus indicating that the Fe-N-C-AC-CVD catalyst is more durable,
possessing longer lifecycle under continuous operation.
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Figure S26. Comparison of the ORR reaction resistances in the fuel cells of these three catalysts
simulated from EIS (/eff). Equivalent circuit mode used in impedance spectra of fuel cells (right).
This equivalent circuit model of PEM fuel cell was developed to capture the processes that cause
the low-frequency inductive loop in the impedance spectra to identify the main degradation
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The Fe-N-C, Fe-N-C-AC, and Fe-N-C-AC-CVD MEAs were tested in H»-N> cells with identical
AST protocol for H»-air cells. Current densities loss after AST in H2/N> were compared for each
MEA in Table S10. As shown in Fig. S27 and Table S10, before and after AST in H2/N> cell, the
Fe-N-C-AC MEA suffered the most significant performance loss, with 93 mA cm current density
loss at 0.8 V after 10 000 cycles, whereas 125 mA cmloss in Ho/air AST is observed, indicating
most FeNy sites loss is due to its chemically unstable FeNy active site. In contrast, the Fe-N-C and
Fe-N-C-AC-CVD MEAs delivered significantly lower current density loss both after H»/N> and
Hy/air ASTs. However, both MEAs had similar current density loss in H>-N» and H»-air cells,
further suggesting chemically unstable FeNs active site more relatively important to FeNy
demetallation of three catalysts. More interestingly, compared to Fe-N-C-AC and Fe-N-C-AC-
CVD MEAs generated similar current density loss at 0.8 V after H2/N> and Ha/air AST, Fe-N-C-
AC MEA lost more current densities in Ho/Air than H2/N> ASTs, indicating its FeNy site
demetallation originates from both chemically unstable FeNy active site in acid medium and
electro-corrosion of the FeNy carbon support. However, more stable Fe-N-C-AC and Fe-N-C-AC-
CVD catalysts with neglectable current density loss, indicating their FeN4 carbon support capable
of resisting electro-corrosion, their FeNy4 active site loss mainly results from chemically unstable
FeNy active site in acid medium.
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Figure S27. H-air fuel cell polarization plots of (a, d) Fe-N-C, (b, ) Fe-N-C-AC, and (c, f) Fe-
N-C-AC-CVD catalyst cathodes recorded before (BOL) and after 10 000 cycles AST in Ho/air or
H2/N> cells at flow rates of air/N> 500 sccm and Hz 300 sccm under 150 kPaaps pressure. AST
square-wave voltage cycles in Ho/air or H2/N cells with potential between 0.6 and 0.92 V under
ambient pressure (100 kPaays) at flow rates of air 400 sccm and Hz 200 scecm.

Table S10. Comparison in current density loss at 0.8 V in H»-air cell after 10 000 cycles AST in
Hoy/air or H2/N; for the Fe-N-C, Fe-N-C-AC, and Fe-N-C-AC-CVD cathodes.

Fe-N-C Fe-N-C-AC Fe-N-C-AC-CVD
In H>- In H>- .
. In H»-N» . In H>-N>  In Hp-Air  In Hz-N»
Air Air
t density 1 0.8
Current density loss @ 33 33 125 93 24 30

V (mA cm?)

As shown in this figure, the currents were normalized to geometric surface area and catalyst
loadings. For both current densities, Fe-N-C-AC-CVD has the lowest value, indicating its high
resistance to electrochemical oxidation; while Fe-N-C-AC has the highest electrochemical
oxidizing current density, manifesting its low resistance towards electrochemical corrosion; The
transiting potentials from oxidative to reductive current increase in order of Fe-N-C-AC < Fe-N-
C < Fe-N-C-AC-CVD, indicating the coverages of the vulnerable site in these three catalysts
decreased in the order of Fe-N-C-AC > Fe-N-C > Fe-N-C-AC-CVD. Both oxidative current
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density and transiting potential revealed that CVD could greatly enhance durability by healing
defects or increasing the graphitization degree.
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Figure S28. Background current densities for Fe-N-C, Fe-N-C-AC, and Fe-N-C-AC-CVD
cathodes determined by linear sweep voltammetry (LSV) polarization curves test in the Ho/N> cell.
Anode: 20% Pt/C, 0.2 mgp.cm, Cathode: 4.3 mg cm™?Fe-N-C, 4.5 mg cm™ Fe-N-C-AC, 4.2 mg
cm? Fe-N-C-AC-CVD, I/C ratio =0.8; H2/N2, 300/500 sccm, 150 kPaaps pressure, RH:100%.
Membrane: N212; Cell: 5.0 cm?. Test Protocols: Purge the cell for more than 2 hours with N2o/Na
on anode/cathode at 80 °C with 100 %RH humidification; when the OCVs dropped below 0.2 V,
purge the cell with H2/N> on anode/cathode for more than 30 minutes before LSV test. LSV curves
were recorded from 0.96 to 0.2 V at 2 mV s\ The test was repeated more than three times to obtain
the overlapped curves.
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Fe,0,@ZIF-8
precursors

(d)  s00°¢

Figure S29. ADF-STEM images and corresponding EEL point spectra captured during in situ
heating treatment of the Fe;O3@ZIF-8 precursor, showing Fe;O3 nanoparticles (red arrows) at (a)
25°C and (b) 300 °C, followed by their decomposition at (¢) 500 °C. ADF-STEM images with
corresponding EEL point spectra of single atoms at (d) 500 °C.
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Figure S30. (a-e) ADF-STEM images of Fe;O3;@ZIF-8 composites. Fe>O3; nanoparticles circled
in red in (c, d). (f-h) EDS maps of Fe (f), O (g), and Zn (h) of the area in (e).
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Figure S31. Steady-state ORR polarization plots of (a) Fe-N-C-T catalysts pyrolyzed at different
temperature (7=300, 500, 700, 800, 900, and 1100 °C), (b) comparison of Fe-N-C-700, nitrogen-
doped carbon (NC), and the catalysts derived from pyrolysis of the NC/Fe.O3 composite at 700 °C
for different duration. NC/Fe;O3 composite prepared from physical mixing the NC and Fe>Os
nanoparticles. From the electrochemical analysis, we found that the Fe:O3;@ZIF-8 composite
pyrolyzed at 700 °C (Fe-N-C-700) without ORR activity, but pyrolysis of the NC/Fe,O3; composite
at 700 °C showing outstanding ORR activity. Combined with the in situ STEM observation of the
evolution pathway of FeoOs converting into atomic FeNjy sites, the results illustrate the FeNy sites

have been generated at 700 °C, but the low conductivity of the Fe-N-C-700 catalyst leads to its
deficient ORR activity.
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Figure S32. FeNy site density of FeZIF-AC catalyst through reversible nitrite poisoning. (a) LSV
curves before, during, and after nitrite adsorption in a 0.5 M acetate buffer at pH 5.2 for the FeZIF-
AC catalyst. (b) CV curves before and during nitrite adsorption in the nitrite reductive stripping
region for the FeZIF-AC catalyst. Catalyst loading, 0.27 mg cm™.

Table S11. Fitting parameters of the FePc standard (CN: coordination number; R: distance; ¢ 2:
mean-square disorder; Eo: energy shift). The single-digit numbers in parentheses are the last digit

errors
Scattering ) R-factor
CN R (A) Eo (eV) o? (A?)
paths
Fe-N 4 1.93(1) 0.0078(9)
Fe-C 8 2.96(1) 0.0078(1)
-5(1) 0.018
Fe-N-C 16 3.13(2) 0.0040(6)
Fe-N 4 3.37(2) 0.0065(8)
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Fe-N-N 16 3.86(2)
Fe-N-N 4 3.86(2)

Fe-C 6 4.19(2)
Fe-N-C 12 4.22(2)

0.0008(7)

0.0008(7)

0.0184(6)

0.0107(2)

Table S12. Fitting parameters of the Fe-N-C (CN: coordination number; R: distance; 6 %: mean-
square disorder; Eo: energy shift). The single-digit numbers in parentheses are the last digit
errors. The numbers in parentheses for CN are the full errors.

Scattering R-factor
CN R(A) | Eo(eV) 5% (A?)
Paths
Fe-N 4.2(0.9) | 2.02(2) 0.0082(8)
Fe-C 9.1(1.7) | 3.04(7) | 0.5(1) 0.0197(6) 0.038
Fe-N-C | 18.2(3.5) | 3.26(7) 0.0132(9)
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Figure S33. (a) k-space EXAFS spectra to compare catalyst with and without CVD process.
Model-based fitting for EXAFS in (b) R-space and (c) k-space for FePc and Fe-N-C-AC catalyst.

(a) — (b) (c)
o Fe 2p / N1s Graphitic-N )
i "I“.' : Pyr‘rohc-N )
L (L) Bkt | © . Pyridinic-N
—_ -N- T AL AL :
> [ FeN-C il ) T :(’Iﬂ ?
S = T A il Fe-N-C .
3 ERITT m e
< z [ | Al "l"!i'ﬂ o
2 -C-AC e Ty 1|
% Fe-N-C-AC E remet il i il R \ ;l‘w = :
£ &-N-C- : = (b |w| ru i % Fe-N-C-AC
2 ol Ak il g | -
c oo iy Do i = :
- 0 Fe-N-C-AC-C\D, ' \ ‘1,;“,.' 5 '|‘,‘\ d}i;.- E
/ Vi Vol ALY Fe-N-C-AC-GVD
Fe-N-C-ACICVD | i 4 1 ' Mm’u p T b :
Hoob A B b P . ‘ >
([ 1 1 1 1 1
294 290 286 282 730 720 710 408 406 404 402 400 398 396 394
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure S34. XPS analysis of (a) C 1s, (b) Fe 2p, and (c) N 1s for these three typical Fe-N-C, Fe-
N-C-AC, and Fe-N-C-AC-CVD catalysts.
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Table S13. Surface compositions (at.%) of three typical Fe-N-C, Fe-N-C-AC, and Fe-N-C-AC-
CVD catalysts by using XPS.

Fe-N-C Fe-N-C-AC Fe-N-C-AC-CVD

Name Area Area Area  Area

Areal Area2 3 ) Area2 3 ) Area2 Area3?

C-sp? 58.60 5494 575 63.13 6391 6240 63.44 6496 52.06
C-sp’ 22.07 2542 23.16 19.73 18.72 20.51 18.27 1593 28.54
C-N 255 255 244 201 203 1.98 216 235 241

C-O 0.64 064 061 057 058 057 1.13 123 1.26
C=0 298 298 285 268 271 2,65 3.07 334 3.43
0=C-O 1.28 1.28 122 09 097 095 082 09 0.92
O0=C 338 288 265 292 300 249 3.03 3.12 2.45

0=C-O 2.13 227 228 258 2359 249 1.49 143 2.24
O-Me 1.56 1.55 142 154 1.52 1.41 1.64 1.82 1.87

0-C 0.61 1.39  1.53 0.58 0.6l 1.06 1.06 0.96 1.61
-OH 0.47 0.56 0.66 048 0.51 0.62 062 0.6 0.41
N-pyridine  0.53 044 0.60 0.63 0.65 058 033 040 0.32
GraI:I-litic 1.14 099 09 087 090 09 1.16 1.21 0.95
N-Pyrrolic  0.80 091 089 042 043 040 059 0.61 0.52
O-N 0.64 057 065 038 042 045 052 048 0.41

Fe-O 0.14 0.11 0.1 0.10 0.10 0.07 0.14 0.13 0.10
Zn-0O 0.07 0.07 0.07 0.0 0.0l 0.01 0.01 0.0l 0.01

4 This area should be ignored due to out of margin of error.
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Figure S35. Raman spectra of Fe-N-C, Fe-N-C-AC, and Fe-N-C-AC-CVD catalysts.

Fe-N-C-AC-CVD

Figure S36. Bright-field STEM images of the Fe-N-C, Fe-N-C-AC, and Fe-N-C-AC-CVD

catalysts.
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Figure S37. Third multivariate curve resolution (MCR) components are corresponding to the three
catalysts concerning graphitic carbon signals from thicker regions.

Fe-N-C-AC Fe-N-C-AC-CVD

Figure S38. IL-STEM images of the Fe-N-C-AC catalyst before (a) and after (b) the CVD process,
i.e., the Fe-N-C-AC-CVD catalyst.
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Location 1

—

Fe-N-C-AC-CVD

Figure S39. IL-STEM images for two locations on the Fe-N-C-AC catalyst before and after CVD.
Location 1 of (a-c) Fe-N-C-AC and (d-f) Fe-N-C-AC-CVD catalysts, location 2 of (g-1) Fe-N-C-
AC and (j-1) Fe-N-C-AC-CVD catalysts.
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Note that the changes observed in the IL-STEM experiments likely represent an extreme case,
since the surfaces examined were fully exposed to the gas stream during the CVD process. In a
powder bed, a large proportion of the catalyst material would not be directly exposed to the gas
stream in this manner, and degrees of coating and any potential defect healing would likely vary
for particles in different locations within the bed, with a lower average deposition than observed
in the IL-STEM experiments. This work therefore suggests that even minute changes to the sample
surface structure can significantly alter the performance and durability of the catalyst.

Fe-N-C-AC (b) F Fe-N-C-AC-CVD
\

Figure S40. High-angle annular dark-field IL-STEM images (a, b) of the Fe-N-C-AC catalyst at
location 2 before and after the CVD process, respectively. The dashed line indicates the location
of the particle surface before CVD, showing that the CVD process adds material to the particle
surface.
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Figure S41. (a) Bright-field STEM image and (b) orientational map of a multi-walled carbon
nanotube showing spatial components from EELS carbon K-edge multivariate curve resolution.
The result shows that graphitic sheets parallel and perpendicular to the beam are identified. EELS
carbon K-edge fine structure is sensitive to the orientation of graphitic sheets concerning the beam,
which allows us to obtain information about the nanoscale structure of the graphitic materials by
identifying regions with sheets parallel and perpendicular to the beam. Spectra from the edges and
center of a reference multi-walled carbon nanotube, where the graphitic sheets are primarily
parallel and perpendicular to the electron beam, respectively, have significantly different fine
structures. (c) Multivariate curve resolution spectral components corresponding to the spatial
components of the carbon nanotube displayed in (b), with a comparison to average reference
spectra for graphitic (nanotube) and amorphous (lacey carbon support) carbon. Graphitic planes
parallel to the beam result in stronger excitations to m* states than ¢* states, and vice versa for
planes perpendicular to the beam, allowing regions with these orientations to be differentiated.
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Figure S42. Regions of IL-STEM-EDS analysis at location 1 (a) and location 2 (b) of Fe-N-C-

AC-CVD catalyst.

Table S14. Elemental quantification of different locations and areas of the Fe-NC-AC-CVD
catalysts by IL-STEM-EDS (at. %).

Location 1 Location 2
Atomic %
Interior Surface Interior Surface
C 95.3 93.3 95.5 93.8
N 2.1 3.1 2.3 3.8
O 2.6 3.6 2.2 2.4
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Figure S43. Modelled structures of (a) FeN4Ci2, and (b) FeN4Ci2-O active sites. In these figures,
the gray, blue, orange, red, and white balls represent C, N, Fe, O, and H atoms, respectively.

Figure S44. Modelled structures of (a) FeN4Ci0-C, (b) FeN4Ci0-O, and (¢) FeN4Cio active sites.
In these figures, the gray, blue, orange, and red balls represent C, N, Fe, and O atoms, respectively.

As shown in Fig. 6, we propose a possible route for the formation of embedded O near S1 or S2
site during ORR. In our calculations, we constructed a S1 type FeNjy site hosted by micropore
(FeN4Ci2) and a S2 type FeNy site with a Stone-Wales defect nearby (FeN4Ci0-C) to model the
active site in Fe-N-C catalyst. Considering that the NH4Cl treatment would etch some carbon
atoms in Fe-N-C catalyst, we subsequently used a S1 type and S2 type FeN4 containing some
carbon vacancies (denoted as FeN4Ci2-vac and FeN4Cio-vac) to model the active site in Fe-N-C-
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AC catalyst after NH4Cl treatment. We found that it was energetically favorable for ORR
intermediate *O to reconfigure to a more stable FeNy site with O located on the edge of pore. The
enthalpy changes were predicted to be negative 4.23 eV and 3.79 eV for S1 and S2 type FeN4 site,
respectively (Fig. S45). This result suggests that etched FeN4Ci2-vac and FeN4Cio-vac site could
reconfigure to FeN4Ci2-O and FeN4Cio-O active site during ORR by introducing O to passivate
the unsaturated carbon atoms near vacancies.

-4.23 eV

v

-3.79 eV

v

Figure S45. Atomistic structures of transfer step of *O on (a) FeN4Ci2-vac site, and (b) FeN4Cio-
vac site. In the figure, the gray, blue, orange, and red balls represent C, N, Fe, and O atoms,
respectively.
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Table S15. Predicted adsorption energies of various ORR species on various modelled FeNy active
sites. The adsorption energies are calculated as the difference in energy between the adsorption
system and the corresponding isolated systems. Hence, negative value of the adsorption energy
indicates attractive interaction between the ORR species and ORR active sites.

Eai (eV) 07} OOH O OH

FeN4Ci2 -0.90 - 1.68 -4.15 -2.75
FeN4C12-O -0.61 - 1.37 -3.82 -2.52
FeN4Cy0-C -1.05 - 1.79 -3.93 -2.83
FeN4Ci0-O -0.74 - 1.50 -4.06 -2.73
FeN4Cio -0.98 - 1.76 -4.25 -2.81

(b)

Figure S46. The optimized atomic structure of O adsorption on (a) FeN4Cio-C, (b) FeN4Cio-O,
and (c) FeN4Cio active sites. In the figure, the gray, blue, orange, and red balls represent C, N, Fe,
and O atoms, respectively.
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Figure S47. The optimized atomic structure of OH adsorption on (a) FeN4Ci0-C, (b) FeN4Cio-O,
and (c) FeN4Cio active sites. In the figure, the gray, blue, orange, red, and white balls represent C,
N, Fe, O, and H atoms, respectively.

Figure S48. The optimized atomic structure of OOH adsorption on (a) FeN4Cio-C, (b) FeN4Cio-
O, and (c) FeN4Cjo active sites. In the figure, the gray, blue, orange, red, and white balls represent
C, N, Fe, O, and H atoms, respectively.

Figure S49. The optimized atomic structure of O, adsorption on (a) FeN4Cio-C, (b) FeN4Cio-O,
and (c) FeN4Cio active sites. In the figure, the gray, blue, orange, and red balls represent C, N, Fe,
and O atoms, respectively.
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Figure S50. Optimized atomistic structures of the initial state (left), transition state (middle), and
final state (right) for OOH dissociation on FeN4Cio-O active site. In the figure, the gray, blue,
orange, red, and white balls represent C, N, Fe, O, and H atoms, respectively.

The calculation for demetallation of Fe from FeNy site

We first used the Fe ion in electrolyte as demetallized state to compute the free energy changes for
the demetallation from FeNjy sites (S2 site). The overall demetallation reaction and the free energy
change expression are shown here.

FeN4_C10 + 2H+ = H2N4C10 + Fez+
AG = G(H2N4_Clo) + G(Fez+) - G(F6N4C10) — 2% G(H+)

Here, the free energy of FeN4Cio, and HoN4Cio were obtained from our DFT calculations. At 298
K, the enthalpy, entropy and heat capacity were reported as -92.5 kJ mol™!, -101.6 JK'mol™! and
33.05 JK'mol! for U(Fe?"/Fe) and 0.00 kJmol™, 0.00 JK'mol™! and 0.00 JK'mol! for UH'/H)
(33). Based on these data, the free energy for demetallation of Fe from FeN4 was calculated to be

0.48 eV at 298 K and the corresponding equilibrium constant was calculated as 7.6x107 via
AG

equation K = e RT,

It should be mentioned that aforementioned calculation considers only the thermodynamics of the
overall demetallation process. Taking some kinetic factors of the demetallation process into
considerations, we regard the demetallation reaction consisting of two sequential steps. The first
step is the demetallation of Fe from FeN4 active site to catalyst surface, i.e., the demetallation
process proposed in this study. Subsequently, the Fe ion attached to the catalyst surface would
desorb to form free Fe ion in electrolyte. In the first step, some Fe-N bonds need to be broken,
which is the harder part of the two steps and hence identified as the rate determining step for the
overall demetallation process. Therefore, we believe that the free energy change for the first step
(i.e., transformation from FeNs to FeN»-H») adopted in this study could reflect the stability of FeNy
site.
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Figure S51. Atomistic structures of simulation models for demetallation of central Fe atom in (a)
FeN4Cio. (b) FeN4Cio-O active sites. In the figure, the gray, blue, orange, red, and white balls
represent C, N, Fe, O, and H atoms, respectively.

Table S16. Predicted limiting potential, activation energy for OOH dissociation and free energy
change (AG) for demetallation process on FeN4Ci2 and FeN4Ci2-O sites. Higher value of AG
indicates better resistance to demetallation.

. o . Activation Free energy change for
Active site Limiting potential (V) energy (V) demetallation (¢V)
FeN4Ci2 0.73 0.73 0.05
FeN4Ci2-O 0.81 0.71 -0.05
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Table S17. Predicted limiting potential, the activation energy for OOH dissociation, and free
energy change (AG) for demetallation process on FeN4Cio-C, FeNsCio-O, and FeN4Cjo site. A
higher value of AG indicates a better resistance to demetallation.

Active site Limiting potential (V) eAr::etg?/ﬁ(?\lf) ggfﬁe taelrllsgi}rll (g{lle)mge for
FeN4Cy0-C 0.67 0.71 1.25
FeN4C12-O 0.75 0.59 0.80
FeN4Cio 0.65 0.59 1.33

The predicted free energy evolutions for a 4e- associative ORR pathway on S1 type FeN4Ci> and
FeN4Ci2-C sites are shown in Fig. S52. The limiting potential of ORR are calculated to be 0.73 V
on FeN4Ci2 and 0.74 V on the FeN4Ci»-C site, respectively. In comparison, the predicted limiting
potential of ORR on the FeN4Ciy site (a representative S2 site) was 0.65 eV, lower than those
values on S1 sites. Moreover, we predicted that the activation energy for OOH dissociation was
0.73 eV on FeN4Ciz and 0.76 eV on the FeN4Ci»-C site, respectively. This result implies that the
OOH dissociation reaction is kinetically feasible on S1 sites. Regarding a higher limiting potential
with surmountable activation energy for O-O bond-breaking on S1 type FeN4Ci2 and FeN4Ci2-C
sites, our DFT results indicate that S1 sites could exhibit a higher ORR activity than S2 sites in
Fe-N-C catalysts.

Furthermore, we also conducted DFT calculations to evaluate the tendency of demetallation
from S1 type FeN4Ci, and FeN4Ci»-C site. The proposed demetallation process on the S1 site is
the same as that on S2 site, as presented in Fig.S47. As shown in Table S17, the Gibbs free energy
change for the demetallation process was predicted to be 0.05 eV on FeN4Ci2 and 0.00 eV on the
FeN4Ci2-C site. In contrast, the FeN4Cio site (S2 site) exhibits a higher value of free energy change
for demetallation with 1.33 eV. These results suggest that the demetallation process would occur
relatively easier on the two S1 sites than S2 site. In summary, our DFT results reveal that S1 site
exhibits higher ORR activity but worse stability than S2 site in the Fe-N-C catalyst.
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Figure S52. Atomistic structures of modelled (a) FeN4Ci», and (b) FeN4Ci2-C active sites. In
these figures, the gray, blue, orange, and white balls represent C, N, Fe, and H atoms, respectively.
(c) Calculated free energy evolution for ORR through 4e” associative pathway on FeN4Ci> and

FeN4Ci2-C sites under electrode potential of U=0.74 V.

C. H. Camp Jr, pyMCR: A Python Library for MultivariateCurve Resolution Analysis with
Alternating Regression (MCR-AR). J. Res. Nat. Ins. Standards Techno. 124, 1-10 (2019).
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