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A Fe-NC electrocatalyst boosted by trace
bromide ions with high performance in
proton exchange membrane fuel cells

Shuhu Yin1,6, Long Chen1,6, Jian Yang2,6, Xiaoyang Cheng1, Hongbin Zeng 1,
Yuhao Hong3, Huan Huang4, Xiaoxiao Kuai1,3, Yangu Lin 5, Rui Huang 1 ,
Yanxia Jiang 1 & Shigang Sun 1

Replacement of expensive and rare platinum with metal–nitrogen–carbon
catalysts for oxygen reduction reactions in proton exchange membrane fuel
cells is hindered by their inferior activity. Herein, we report a highly active iron-
nitrogen-carbon catalyst by optimizing the carbon structure and coordination
environments of Fe-N4 sites. A critical high-temperature treatment with
ammonium chloride and ammonium bromide not only enhances the intrinsic
activity and density of Fe-N4 sites, but also introduces numerous defects, trace
Br ions and creates mesopores in the carbon framework. Notably, surface Br
ions significantly improve the interaction between the ionomer and catalyst
particles, promoting ionomer infiltration and optimizing the O2 transport and
charge transfer at triple-phase boundary. This catalyst delivers a high peak
power density of 1.86Wcm−2 and 54mA cm−2 at 0.9 ViR-free in a H2-O2 fuel cells
at 80 °C. Our findings highlight the critical role of interfacemicroenvironment
regulation.

Proton exchange membrane fuel cells (PEMFCs), as zero-emission
power generation systems, are highly desirable for a variety of
applications due to their environmental friendliness1–3. Achieving
mass production and commercialization of PEMFCs is heavily con-
tingent on their cost competitiveness4–8. Currently, the utilization
of Pt-based catalysts remains inevitable, accounting for 41% of the
total stack costs. Approximately 80% of the total Pt loading at is
required for the PEMFCs cathode due to the sluggish kinetics of the
oxygen reduction reaction (ORR)9–12. The development of PGM-free
ORR catalysts to replace Pt has been pursued for over a decade13.
The US Department of Energy (DOE) has set ambitious target for
PGM-free catalysts; for instance, they have targeted a current den-
sity of 44mA cm−2 at absolute 150 kPa H2–O2 and 0.9 ViR-free (where

iR-free indicates that the internal resistance is compensated for) by
202514.

The M–NC catalysts, where M is a transition metal such as Fe and
Co, have demonstrated encouraging activity levels15–21. The nitrogen-
doped carbon matrix (NC) is able to stabilize metal ions, such as Fe,
through the formation of Fe–Nx coordination with its nitrogen
ligands22–24. This coordination is strikingly similar to the metal-N4 core
found in metal porphyrins and phthalocyanines. Significant advance-
ments have been achieved recently, especially with Fe–NC, to improve
the acidic ORR activity of M–NC materials25–31. However, their activity
and stability levels, remain well below the necessary performance
standards required to replace PGM catalysts at the cathode, under-
scoring the significance of further improving activity. Numerous
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synthesis techniques have been used in an attempt to fine-tune the
Fe–NC structures in order to increase the ORR activity. The primary
objective is to enhance their intrinsic activity and optimize the amount
of atomically distributed iron as Fe–Nx

28. Only patchy success has been
seen thus far, with the majority of documented Fe–NC reaching
atomically scattered iron concentrations of 0.5 to 2.0wt%32. Higher Fe
content causes partial or total Fe clustering during pyrolysis, resulting
in the formation of metallic nanoparticles, iron carbide, iron nitride,
and other compounds33. Studies have shown that single-atom Fe
loading may be increased by up to 7.0wt%28,34,35. When these Fe–NC
catalysts are tuned, they exhibit half-wave potentials similar to those of
Pt measured at the rotating disk electrode (RDE)27. More significantly,
their fuel cell current densities, which stand at 41.3mAcm−2 at 0.9 ViR-

free, have reached previously unheard-of heights28. Though significant
advancements in Fe–NC catalysts have been made, the DOE 2025 tar-
get for PGM-free catalysts has not yet been met. For this purpose, it is
necessary to further improve the intrinsic activity and active site
density of Fe–NC catalysts. In addition, the reaction environment
under the operating conditions of PEMFCs also needs to be regulated
by special strategies.

Here, we developed a Fe–NC electrocatalyst with trace Br ion
distribution, which exhibited excellent fuel cell performance. NH4X (X
= Cl, Br) salts were added to the pyrolysis process, and decomposed to
produce the gases such as NH3, HCl, and HBr. These gases not only
etched the carbon substrate to form more carbon defects and meso-
pores, but also successfully distributed trace Br ions evenly on the
surface of the Fe–NC catalyst. Based on the subsequent characteriza-
tion results, the intrinsic activity and site density of the prepared
Fe–NCBrCl catalyst were improved. Interestingly, the trace Br ions dis-
tributed on the surface promoted the uniform distribution of the
ionomers on the surface of the catalyst particles, and even penetrated
into the interior of the particles. Benefitting from the smooth mass
transfer and faster interfacial electron transfer in the catalytic layer of
Fe–NCBrCl cathode, the constructed Fe–NCBrCl catalyst reached a high
peak power density of 1.86Wcm−2. And the current density of
54mAcm−2 at 0.9 ViR-free was attained following the DOE test protocol,
exceeding the DOE 2025 target (44mAcm−2 at 0.9 ViR-free).

Results
Catalyst synthesis and structures
Supplementary Fig. 1 describes the two-stage strategy for the synthesis
of highly active Fe–N–C catalysts. Initially, a ZIF-8@Phen composite
precursor was thermally activated to form NC carriers and the micro-
pores in the carriers accounted for more than 90% of NC carriers
(Supplementary Figs. 2 and 3, Table 1). The Fe–NC catalyst was then
treated at 900 °C in an Ar atmosphere with ammonium chloride and
ammoniumbromide salt (NH4Cl andNH4Br, named BrCl), and the final
catalyst was named as Fe–NCBrCl (Supplementary Fig. 4). Mesopores
and abundant carbon defects emerged during the BrCl treatment due
to the etching effect of HCl, HBr, and NH3, which are the decomposi-
tion products of NH4Cl and NH4Br (Supplementary Figs. 5–7, Supple-
mentary Movie 1). Figure 1a demonstrated the well-dispersed atomic
Fe sites (bright dots) and some holes within the Fe–NCBrCl catalyst via
an aberration-corrected high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) image. The broad dis-
tribution of Fe, N and Br was further demonstrated by the energy-
dispersive X-ray spectroscopy (EDS) elemental mapping and XRD
(Fig. 1b, c and Supplementary Fig. 8). Figure 1d, e indicated that BrCl
treatment can change the N structure and cause the production of
pyridineNbased onX-ray absorption near edge spectroscopy (XANES)
obtained for theNK-edge andX-rayphotoelectron spectroscopy (XPS)
N 1s spectrum. The formation of additional edge sites is facilitated by
the etching effect of NH3, which is generated from the decomposition
of NH4X, thereby promoting the incorporation of pyridinic N (Sup-
plementary Fig. 9)36. In addition, as demonstrated by the hysteresis

curve, BrCl treatment inhibited the creation of superparamagnetic
iron species (Federivative clusters) and increased thenumber of Fe–Nx

sites (Fig. 1f, Supplementary Figs. 10 and 11). Fe K-edge energies in
X-ray spectra of Fe–NC and Fe–NCBrCl were compared to ferrous and
ferric standards including FePc and Fe2O3. The results revealed that Fe
wasmostly in the Fe3+ oxidation state in Fe–NC catalysts, whereas Fe in
Fe–NCBrCl had a lower oxidation state (Fig. 1g). A first coordination shell
consisting of four nitrogen atoms can faithfully duplicate the Fourier
transform of the extended X-ray absorption fine structure (EXAFS) of
Fe–NC and Fe–NCBrCl (Fig. 1h, i, Supplementary Table 2). The Fe–N
bond length in Fe–NCBr and Fe–NCBrCl treated with NH4Br was expan-
ded relative to that in Fe–NC. NH4Cl and NH4Br played distinct roles in
the synthesis of catalysts and reaction mechanisms. NH4Cl was espe-
cially effective in fostering the development of mesopores and carbon
defects, whichwere vital for improvingmass transport in fuel cells and
providing doping sites for Br. In contrast, NH4Br, while less efficient at
creating mesopores and carbon defects than NH4Cl, benefits from its
ability to decompose into bromine more readily, as HBr yielded Br2
with relative ease (Supplementary Note 1, Figs. 12–14, and Tables 3, 4
for details). When a Br atom was doped adjacent to the Fe–N4 site, its
larger atomic radius induced spatial distortion in the Fe–N4 plane,
resulting in the elongation of the Fe–N bond (Supplementary Fig. 15
and Table 5). Furthermore, high-sensitivity low-energy ion scattering
spectroscopy (HS-LEIS) results revealed that 92% of the Br ions were
confined to the surface region (less than 1 nm) of the Fe–NCBrCl parti-
cles, with a surface bromine content of 1.51 wt% and a bulk bromine
content of 0.12wt% (Supplementary Figs. 16–18 and Table 6).

ORR activity, SD and TOF in RDE
ORR activity of different Fe–NCs was assessed in a 0.1M H2SO4 elec-
trolyte by rotating disk electrode (RDE, Supplementary Fig. 19). ORR
voltammetry exhibits a strong ORR performance illustrated in Fig. 2a
in theorder of Fe–NCBrCl > Fe–NCBr ≈ Fe–NCCl > Fe–NC.With a half-wave
potential (E1/2) of 0.838 VRHE and a mass activity of 4.302A g−1 at 0.85
VRHE, the best performing Fe–NCBrCl catalyst demonstrated high
activity. These values are significantly higher than that of the Fe–NC
(Fig. 2b). An in-situ nitrite stripping technique was used to assess how
catalyst activation affected site activity and site density (SD)37. The SD
values of Fe–NC was 5.74 × 1019 sites g−1 (0.05 sites nm−2), lower than
that of the Fe–NCBrCl (6.31 × 1019 sites g−1, 0.06 sites nm−2), which
reflects the importance of NH4Cl and NH4Br during pyrolysis (Fig. 2c,
Supplementary Figs. 20, 21, Table 7). Furthermore, the SD values of
Fe–NCBrCl showed a remarkable degree of agreement with the edge
iron site count (6 ± 2 × 1019 sites g−1) calculated for this catalyst using a
domain size of La = 7.3 ± 2.3 nm acquired from Anthony et al.28. The
TOFs on nitrite poisoning were calculated by dividing the reduction in
ORR kinetic current by SD. Fe–NCBrCl at 0.80 and 0.85 VRHE had com-
puted TOF values of 4.18 and 0.90 e site−1 s−1, respectively, which were
higher than Fe–NC (Fig. 2d). This suggests that doping Br atoms
increased the TOF of the electrochemically accessible Fe sites38. The
results from density functional theory (DFT) calculations substantiate
that Fe–N4 sites doped with halogen atoms, such as Cl and Br, exhibit
an enhanced ability to activate O2 molecules. Nonetheless, the for-
mation of Cl doping is hindered during pyrolysis due to the recalci-
trance ofHCl. Consequently, Br2, which arises from the decomposition
of HBr, is more readily incorporated into Fe–N–C materials36 (Sup-
plementary Note 2, Figs. 22–26, Table 8).

Performance characterization in a fuel cell
Fe–NC and Fe–NCBrCl served as the cathode catalysts in single-cell
PEMFCs tests. Fe–NCBrCl exhibited superior performance under 250
kPaabs H2-O2 conditions, reaching a peak power density (Pmax) of
1.86Wcm−2 at 0.45 V. This value is approximately 0.6Wcm−2 higher
than that of Fe–NC (Fig. 3a), which exceeded the commercial Pt/C
prepared under the same conditions (0.2 mgPt cm

−2, 150 kPa absolute
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O2 pressure). Fe–NCBrCl cathode has achieved the highest values
reported for PGM-free catalysts in recent years (Supplementary Fig. 27
and Table 9)29,32,39–43. At 0.8 and 0.7 ViR-free, the current densities of
Fe–NCBrCl were 0.781 and 3.111 A cm−2, respectively (Fig. 3b, c), sur-
passing the value achieved by Fe–NC (0.147 and 0.826 A cm−2 at 0.8
and 0.7 ViR-free). Figure 3d showed that the Tafel slope of Fe–NCBrCl was
84mV dec−1, which was lower than that of Fe–NC (97mV dec−1),
reflecting the enhanced kinetic activity.

The superior activity of Fe–NCBrCl was further proven in the eva-
luation of PGM-free catalysts based on the DOE test protocol. As seen
in Fig. 4a, Fe–NCBrCl demonstrated a Pmax of 1.29Wcm−2 at 0.45 V.
Repeated tests demonstrated excellent repeatability of the high per-
formance (Supplementary Fig. 28). Fe–NC, on the other hand, had a
lower Pmax of 0.97Wcm−2. And for Fe–NCBrCl, the current density at 0.9
ViR-free was 54mAcm−2, exceeding the DOE 2025 target of 44mAcm−2

at 0.9 ViR-free (Fig. 4b, Supplementary Fig. 29, Table 10). In the H2–air
operation (Fig. 4c), Fe–NCBrCl exhibited a Pmax of 0.88Wcm−2, which
was considerably higher than most of the previously reported PGM-
free catalysts (Supplementary Table 11). In addition, a measured

current density of 259mAcm−2 and 300mAcm−2 was reached at 0.8
and 0.78 V (or 300mAcm−2 at 0.8 ViR-free), only 41mAcm−2 (or 0.02 V)
lower than the DOE 2025 target (300mAcm−2 at 0.8 V) (Fig. 4d). In
order to better evaluate the practical application performance of
Fe–NCBrCl, a three-piece PEMFCs stack with a MEA area of 25 cm2 was
assembled (Supplementary Figs. 30 and 31). To mitigate mass trans-
port limitations at high current densities, which were critical in prac-
tical situations involving lower O2 stoichiometry operation, the
Fe–NCBrCl loading in the catalyst layer was set at 2.0mgcm−2. The
polarization curves of stack were acquired in an O2 atmosphere with-
out background pressure. At 1.8 and 1.4 V (without iR-correction), the
PEMFCs stack demonstrated a power of 25.3 and 36.2W, respectively
(Supplementary Fig. 32). It meant that the Fe–NCBrCl catalyst showed
promise for practical applications, suggesting the feasibility of wide-
spread application.

Mechanistic insights into the PEMFCs activity enhancement
Within the cathode catalyst layer, the spatial distribution of Fe sites
and ionomer was verified by time-of-flight secondary ion mass
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corrected atomic resolution HAADF-STEM micrograph of Fe–NCBrCl. b, c HAADF-
STEM images and corresponding EDS mapping. d XAS spectra collected at N
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spectrometry (ToF-SIMS). Two-dimensional images of spatial
arrangement of the components on the catalytic layer surfaces cor-
responding to Fe–NC and Fe–NCBrCl were shown in Fig. 5a, b. S− ions
(green region) indicated sulfonic groups on ionomers, whereas Fe+

ions (red region) indicated Fe sites on Fe–NCs catalysts. It was evident
that the thicker ionomer coating on the Fe–NC surface resulted in a
sparse dispersion of Fe+ (Fig. 5a). On the surface of the Fe–NCBrCl cat-
alytic layer, trace amounts Br− ions can be detected (Supplementary
Fig. 33). The Br− ions in Fe–NCBrCl repelled the sulfonic groups of the
ionomer, causing a more even dispersion of the ionomer throughout
the surface of the catalytic layer (Fig. 5b). The distribution of ionomers
in the pores was further investigated by examining the depth dis-
tribution curves of Fe+ and SO3

− ions. The ionomer polymer was typi-
cally 2–5 nm in size, too tiny to penetrate the core of the particles and
could only be coated on their surface44,45. The pores on the surface of
Fe–NC particles were mostly micropores, accounting for about 92.8%
(Supplementary Table 1). Within the Fe–NC particles, the SO3

− dis-
tribution intensity was essentially nonexistent (Fig. 5c). Nevertheless,
Fe–NCBrCl particles formed mesopores as a result of NH4Cl and NH4Br
breaking down, and the surface Br− ions on the particles aid in the
uniform dispersion of ionomers. Consequently, mesopores allowed a
little quantity of ionomers to enter the particles. As a result, the SO3

−

intensity distribution of Fe–NCBrCl particles was also found inside of it
(Fig. 5c). Upon analyzing the quantitative correlation between the
surface Br content and the Pmax, a parabolic relationshipwas observed.
The Pmax attained its apex at an equimolar ratio of NH4Br to NH4Cl (1:1)
(Supplementary Note 3, Figs. 34–36, Table 12).

By using the limiting current method46,47, the oxygen transport
behavior of membrane electrodes was typically studied (Supplemen-
tary Fig. 37). Traditionally, Rtotal was the total of the pressure-
dependent transfer impedance Rp and the pressure-independent
transfer impedance Rnp48. The oxygen molecules diffusing through
the mesopores in the gas diffusion layer (GDL) and the cathode cata-
lytic layer (CCL) were the primary source of the resistance of oxygen
diffusion, or Rp. On the other hand, oxygen was transported in the
micropores of the catalyst aggregate and the ionomer layer, which
caused the resistance to oxygen diffusion, or Rnp

49–51. Rnp somewhat
increased as a result of the ionomer seeping into the interior of
Fe–NCBrCl particles (Fig. 5d). Lower Rp will arise from improved oxygen
transport in the catalytic layer due to themesoporous Fe–NCBrCl. It was
established that the oxygen transport limitation in CCL was pre-
dominantly caused by the diffusion resistance of O2 in the mesopores
of the thick cathode catalytic layer, when comparing Rp and Rnp. The
effect of cell temperature on the charge transfer of Fe–NC and
Fe–NCBrCl was also examined. As the temperature rose, the high-
frequency limit shifted on the real axis in a negative direction (Sup-
plementary Fig. 38). It indicated that the ohmic resistance, that is, the
resistance of the membrane, decreased as the temperature of the cell
increased. The charge-transfer mechanism was responsible for the
depressed ellipse that was seen in all charts in the high-frequency
range. The charge transfer resistanceRct was estimated by fitting these
impedance measurements to the equivalent circuit (Supplementary
Table 13). By replacing the constant phase angle element (CPE)with the
double layer capacitance of the Randles equivalent circuit, this
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equivalent circuit was created. A porous electrode causes a depressed
semicircle, which is frequently described by the CPE. The exchange
current i0 was calculated from Rct according to the Eq. (1)52:

i0 =
RT
nF

� �
1
Rct

ð1Þ

The temperature dependency of i0 might be assessed. In Sup-
plementary Fig. 39, theArrhenius plot of i0wasdisplayed52. In addition,
good linearitywasnoted. For Fe–NCBrCl, the apparent activation energy
(Ea) of charge transfer was determined to be 8.56 kJmol−1 based on the
angle of the plot (Fig. 5e). Compared to the value of 10.56 kJmol−1 for
Fe–NC, this value showed a faster charge transfer for Fe–NCBrCl, which
was compatible with the lower Tafel slope and lower resistivity (Sup-
plementary Fig. 40). Electrochemical impedance spectroscopyNyquist
plots at 1.0 A cm−2 and a Randles model simulation in Fig. 5f further
supported the quicker mass and charge transfer. As a result of a richer
triple-phase boundary (TPB), faster interfacial charge transfer, better
combination of ionomers and Fe active sites, and a more porous cat-
alytic layer, fuel cells assembled with Fe–NCBrCl demonstrated an
extremely high levels of operational performance.

Discussion
In summary, we demonstrated a highly active Fe–NC catalyst by
adjusting the structure of the carbon carrier and the chemical envir-
onment of the active center, representing a critical step towards
replacing Pt and enabling large-scale applications of PEMFCs. We

explored how the intrinsic activity and site density of Fe–N4 sites in the
catalyst can be dramatically enhanced by regulating the catalyst’s local
carbon structure. The pyrolysis treatment with NH4Cl and NH4Br was
essential in creating a high density of carbon defects, mesopores, and
trace Br doping on the catalyst surface, which significantly boosted
ORR activity of Fe–NC catalyst. A broader dispersion of the ionomer
across the surface of catalytic layer was achieved by the Br− ions on the
surface of Fe–NCBrCl, which repelled the sulfonic groups of the iono-
mer. This resulted in a richer TPB, faster O2 transport, proton trans-
port, and interface charge transfer channels. Thus, the performance of
the synthesized Fe–NCBrCl catalyst outperformed the DOE 2025 target,
achieving ahighpeakpowerdensity (1.86 and0.88Wcm−2 inO2 and air
environment, respectively) and 54mAcm−2 at 0.9 ViR-free. Furthermore,
employing H2–air, a measured current density of 259mAcm−2

(300mAcm−2 at 0.8 ViR-free) was attained at 0.8 V, which is just
41mA cm−2 less than the DOE 2025 target (300mA cm−2 at 0.8 V). In
light of this, the achievement of promising activity of a single PGM-free
catalyst described here which is equivalent to that of Pt catalysts
showed tremendous promise for Pt catalyst replacement in PEMFCs
and, eventually, for overcoming the cost barrier of existing PEMFCs.

Methods
Materials
Zincnitrate hexahydrate (Zn (NO3)2·6H2O,≥99.99%), 2-methylimidazole
(98%), 1,10-phenanthroline monohydrate (Phen, ≥99.99%), ferrous
chloride tetrahydrate (FeCl2·4H2O, 98%), ammonium chloride (NH4Cl,
99.5%) ammoniumbromide (NH4Br, 99.0%)were sourced fromAladdin.
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Commercial 20wt% Pt/C (Johnson Matthey) served as a comparison
benchmark. 5wt% Nafion ionomer was purchased from DuPont. GORE-
SELECT® membrane (15 µm thickness) was purchased from Sinero Co.
Methanol (CH3OH, 99.5%), Isopropanol (C3H8O, 99.5%) were purchased
from Chemical Reagent Co., Ltd. Ultrapure water (Millipore, 18.25 MΩ
cm) was used throughout all experiments.

Catalyst synthesis
TheNCsubstratewas synthesized through thepyrolysisof aZIF-8@Phen
composite precursor, which included 1,10-phenanthrolinemonohydrate
and ZIF-8 nanocrystals29. To prepare the ZIF-8@Phen composite pre-
cursors, Zn(NO3)2·6H2O (10mmol, 2.975 g) and 2-mIm (80mmol,
6.568 g) were each dissolved separately in 100mL of methanol using
ultrasound for 5min. The Zn(NO3)2 solution was then rapidly poured
into the 2-mIm solution, and the mixture was stirred vigorously for 16h
at room temperature. The resultingwhite ZIF-8 precipitatewas collected
by centrifugation, washed several times with methanol, and dried over-
night under vacuum at 60 °C. Subsequently, 1.0 g of the obtained ZIF-8
and 0.3 g of 1,10-phenanthroline were dispersed in a 2:1 ethanol and
deionized water solution. This mixture was magnetically stirred for 12 h
at roomtemperature and thenevaporated inanoil bathat 80 °C.Thedry
powders were thoroughly ground and pyrolyzed under an Ar flow at
1000 °C (5 °C·min⁻¹) for 1 h, followed by natural cooling to room tem-
perature. The resulting black products were designated as NC.

Next, the NC substrate (100mg) was ground together with NH4Cl
(150mg), NH4Br (150mg), and FeCl2·4H2O (6mg), followed by a heat
treatment at 900 °C (10 °C·min⁻¹) under an Ar flow for 1 h to obtain the
Fe–NC catalyst, referred to as Fe–NCBrCl. During this process, NH4Cl
and NH4Br decomposed to produce NH3, HCl, and HBr gases at high

temperatures, generating significant internal stress and etching the
carbon. This created numerousmesopores and carbon defects, similar
to previously reported Fe–N–C catalysts treated with NH3 gas. In
addition, HCl likely dissociated further at high temperatures to form
H2 and Cl2 gases, where the Cl2 gas reactedwith residual Fe aggregates
in the catalysts, facilitating the formation of atomically dispersed Fe
sites53. For comparison, Fe–NC catalysts were also synthesized without
adding NH4Cl or NH4Br, while Fe–NCCl catalysts were produced with
only NH4Cl, and Fe–NCBr catalysts with only NH4Br. ICP-MS analysis
revealed Fe contents of 2.25 wt% for Fe–NC and 2.50wt% for Fe–NCBrCl.

Physical characterization
Scanning electron microscopy (SEM) images were acquired using a
Hitachi S4800 at an acceleration voltage of 15 kV. Transmission elec-
tron microscopy (TEM) and high-resolution TEM (HR-TEM) analyses
were conducted on a TECNAI F20 operating at 200 kV. Scanning
transmission electron microscopy (STEM) and elemental mapping
were performedwith an FEI Talos F200s at 200 kV. High-angle annular
dark-field STEM (HAADF-STEM) was carried out on an FEI Themis Z at
200 kV, equipped with a cold field-emission gun and an aberration
corrector. For these observations, samples were prepared by depos-
iting ethanol-dispersed samples onto a copper microgrid. Atomic-
resolution images were captured with an FEI Titan Themis 60–300 at
200 kV. Nitrogen physisorption measurements were conducted using
a Micromeritics Tristar 3020 Surface Area Analyzer after drying the
samples under vacuum at 200 °C for 3 h. X-ray powder diffraction
(XRD) patterns were obtained using a Rigaku SmartLab-SE Powder
X-ray diffractometer with Cu-Kα radiation (λ = 1.5406Å), scanned at a
rate of 10° min⁻¹ over a 2θ range of 10–90°. X-ray photoelectron
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spectroscopy (XPS) was performed on a PHI Quantum-2000 using Al
Kα radiation (1486.6 eV), with binding energies referenced to C 1s at
284.8 eV. The iron concentration in the samples was determined using
inductively coupled plasma mass spectrometry (ICP-MS) on a Perkin
Elmer NexION 300. Fe K-edge X-ray absorption spectra (XAS) were
collected in fluorescence mode at beamline 1W1B of the Beijing Syn-
chrotron Radiation Facility (BSRF). N K-edge XAS spectra were
acquired at the TPS 44A station of the National Synchrotron Radiation
Research Center (NSRRC) in Hsinchu, Taiwan.

Electrochemical measurements
At room temperature, all electrochemical curves were conducted
using a three-electrode setup with a Pine on a CHI 760E electro-
chemical workstation. The reference and counter electrodes were a
saturated calomel electrode (KCl-saturated) and a graphite rod,
respectively. To prepare a uniform catalyst ink, 6mg of catalyst was
sonicated for 30min in 1mL of a mixture containing 600μL iso-
propanol, 380μL ultrapure water, and 20μL of 5wt% Nafion solution.
For the commercial 20wt% Pt/C sample, 1mg of catalystwas dispersed
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in 1mL of a 0.05wt% Nafion solution. A specific volume of the catalyst
ink was applied to the polished glassy carbon rotating ring-disk elec-
trode (RRDE, diameter 5.61mm, area 0.2475 cm2) to achieve the
desired catalyst loading. For all ORR experiments, a glassy carbon
RRDE coated with PGM-free catalyst ink was used as the working
electrode, with a loading of 0.6mg cm−2 at 900 r.p.m. in 0.1M H2SO4

electrolyte and the measurements are conducted at 30 °C. A com-
mercial 20wt% Pt/C catalyst served as a reference, tested in 0.1M
HClO4 with a charge of 15 µgPt cm−2. The reference electrode was
calibrated to a reversible hydrogen electrode (RHE) in the same elec-
trolyte before each test. ORR polarization curves for PGM-free cata-
lysts were obtained using linear sweep voltammetry (LSV) from 0.1 to
1.1 V (vs. RHE) at 900 r.p.m. with a scan rate of 10mV s−1. The resistance
is automatically compensated by 80%, and the resistance in the
impedance spectrum mode is measured by the pine system. The
electrolyte was measured by pH instruments to ensure a constant test
environment (pH=0.7 for 0.1M H2SO4). All potentials were converted
to RHE potentials using the equation:

ERHE = ESCE +0:2415 +0:059×pH � IRS ð2Þ

Quantification of site density and turnover frequency by nitrite
stripping
The SD was determined using the nitrite reduction method by
Kucernak37. Briefly, nitrite interacts with the Fe metal center to form
stable poisoned adducts, which can be fully stripped within the
potential range of 0.35 to −0.35 V (vs. RHE). The excess coulometric
charge (Qstrip) from the stripping peak is proportional to the SD:

SD sitesg�1� �
=
Qstrip Cg�1

� �
×NAðsitesmol�1Þ

nstripF ðCmol�1Þ
ð3Þ

TOF s�1� �
=
ΔjmðAg�1Þ×NAðsitesmol�1Þ
SD sites g�1

� �
× FðCmol�1Þ

ð4Þ

where nstrip (=5) is the number of transferred electrons per stripped
one nitrite. NA is Avogadro constant (6.02 × 1023 sites mol−1). F is
Faraday’s constant (96485Cmol−1). Δjm is the disparity inmass activity
of the catalyst at 0.8 V or 0.85 V.

Fuel cell MEA tests
Membrane electrode assembly (MEA): To prepare the cathode ink,
Fe–NC catalysts were ultrasonically blended with 0.2mL of deionized
water, 0.8mLof isopropanol, and a 5wt%Nafion solution in an icebath
for 1 h29. The ink was applied to a gas diffusion layer (GDL) made from
PTFE-treated Toray 060 carbon paper, achieving a catalyst loading of
3.5mg cm⁻². The cathode catalyst layer contained about 50wt%
Nafion. The anode catalyst consisted of 40wt% Pt/C, with a platinum
loading of 0.4mgPt cm⁻². TheMEA assembly involved hot-pressing the
fabricated cathode with an anode, a 15-µm-thick GORE-SELECT®
membrane, and a gasket at 130 °Cand a pressure of 3MPa for 90 s. The
MEA had an active area of 1.1 × 1.1 cm².

MEA test: A Model 850e fuel cell test system (Scribner Associates,
Inc.) was utilized to obtain polarization curves at 80 °C. Initially, the
cell was brought to 80 °C without any flow, followed by passing
humidifiedN₂ at0.3 Lmin⁻¹ over both the cathode and anode for 1 h to
ensure membrane and ionomer hydration. The cathode received air/
oxygen at flow rates of 1.0/0.4 Lmin⁻¹, while the anode was supplied
with H₂ at a flow rate of 0.3 Lmin⁻¹. During the fuel cell tests, reactant
gases were subjected to absolute pressures of either 150 kPa or 250
kPa. Throughout the polarization curvemeasurements, the dewpoints
of the cathode and anode gases, as well as the cell temperature, were
kept constant at 80 °C. MEA performancemeasurements under H2–O2

and H2–air conditions adhered to protocols recommended by the US
ElectroCat Consortium27. Specifically, a 45-s holding time at each vol-
tage was implemented to attain a steady-state current density. Elec-
trochemical impedance spectroscopy was performed at a steady
current of 1.0 A cm−2, spanning a frequency range from10 kHz to0.1 Hz
with an AC amplitude constituting 10% of the DC current.

PEMFCs stack test: A PEMFCs stack is made up of three MEAs
(each active area is 25 cm2, cathode catalyst loading is 2.0mg cm−2)
connected in a series. O2 flowing at 1.0 Lmin−1 and H2 flowing at
0.8 Lmin−1 were supplied to the cathode and anode, respectively. The
cathode and anode gas dew points and the cell temperature were
maintained at 70 °C and the absolute pressures were 50 kPa for reac-
tant gases (background pressure is 0 kPa) during the measurement of
the polarization curves.

Computational details
All spin-polarized calculations were performed with the VASP54. The
projectoraugmentedwavemethodandthePBE functionalofgeneralized
gradient approximation (GGA) with were applied55,56. The Van der Waals
interaction was included in this study57. The kinetic cut-off energy for the
planewave basis was 400eV. The vacuum layer between the periodic
images of Fe–N4–C sheets was 20Å. For the geometry optimization, the
Brillouin zone was sampled with a 4×4× 1 k-point mesh of the
Monkhorst–Pack scheme, and all atoms in the supercell are allowed to
relax. The energy convergence criterion is 10−5eV, and the final forces on
all atoms are less than 0.01 eVÅ−1. The GGA+U method is applied to
account for the strongly localized d orbitals of the Fe58. The Hubbard U
values for the Fe atom of the Fe–N4 structure are chosen to be 3.3,
attempting to have a brief insight into the intermediate adsorption at the
Fe atom during O2 reduction. The first carbon shell of the Fe–N4 center
was doped with the chlorine or bromine atom, respectively, forming the
relevant Fe–N4–Cl and Fe–N4–Br structures.

Data availability
The data that support the findings of this study are available within the
article and its Supplementary Information files. All other relevant data
supporting the findings of this study are available from the corre-
sponding authors upon request. Source data file has been deposited in
Figshare, https://doi.org/10.6084/m9.figshare.25701651.
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