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ABSTRACT: In the pursuit of inexpensive and efficient
oxygen reduction catalysts, Fe-N—C catalysts have garnered
significant attention as a viable alternative to scarce platinum-
based materials. Nevertheless, the intricate interaction
between the carbon matrix and Fe active sites, along with the
mechanism by which such synergies modulate catalytic
activity, remains elusive. Herein, a programmed temperature
pyrolysis strategy is developed to optimize both the carbon
matrix properties and coordination environments of Fe sites.
Systematic characterizations uncover the correlations
between key parameters of Fe sites (the oxidation state,
coordination number, and density of state), as well as the
carbon matrix (the functional groups, nitrogen species and
content, and the degree of graphitization), with the resultant
catalytic activity. The optimized catalyst exhibits a high half-
wave potential of 0.935 V and good stability, and the
assembled zinc—air battery delivers a high peak power
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density and long-term cycling durability. Theoretical calculations reveal that Fe—N, coordination more effectively reduces
the energy barrier for *OH release compared to Fe—N; coordination. Additionally, adjacent graphitic nitrogen species further
lower the energy barrier of the rate-determining step, thereby accelerating oxygen reduction kinetics. This work highlights
the critical role of the carbon support and Fe site properties in synergistically boosting the catalytic performance.

KEYWORDS: Fe coordination, carbon matrix, oxygen reduction reaction, Fe—N—C catalysts, zinc—air battery

1 Introduction

The oxygen reduction reaction (ORR) is of paramount significance,
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with applications spanning a broad spectrum of fields [1]. These
include energy-related domains, such as fuel cells and metal-air
batteries, as well as environmental-focused areas, and industrial
production-oriented sectors [2]. Among these, zinc—air batteries
(ZABs) are characterized by their high energy density, low cost,
environmental friendliness, high safety, and ultra-long cycle life,
endowing them with vast application potential across various fields
[3, 4]. However, the large-scale commercialization of ZABs, whose
air cathode depends on Pt-based catalysts to drive the ORR, is
impeded by the exorbitant cost, limited availability, subpar stability,
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and intricate preparation procedures associated with Pt [5-7].
Thus, it is imperative to conduct further in-depth research and
innovation to develop inexpensive and efficient ORR catalysts.

Extensive research has established Fe-N-C catalysts as highly
promising alternatives to the precious metal Pt for the ORR, with
FeN, being identified as the local atomic coordination structure of
the metal center [8, 9]. Current research on Fe-N-C single-atom
catalysts primarily focuses on the regulation of Fe species, their
coordination environment, and the modulation of electronic state
through tailoring the Fe coordination environment [10, 11].
However, the role of Fe-N-C single-atom catalysts in catalysis
should extend beyond the mere involvement of Fe-N, sites or
merely provide support for the catalytic process [12]. In other
words, Fe-N; sites should not be regarded as the sole determinant
or the only active participants in catalysis; the proportion, type, and
bonding configuration of each element in the N-doped carbon
matrix also exert a significant influence on catalytic performance
[13]. To elucidate the source of catalytic activity in Fe-N-C single-
atom catalysts, where Fe atoms are highly dispersed on an N-doped
carbon matrix via Fe-N bonds, two key perspectives must be
considered: the FeN; site and the nitrogen-doped carbon substrate.
The FeN, site is associated with the spatial arrangement and
coordination environment, as well as charge distribution and
orbital configuration [14]. The nitrogen-doped carbon substrate, on
the other hand, encompasses carbon defects and edges, N species,
graphite carbon content, and surface functional groups. Parsing
these complementary aspects enables a comprehensive
understanding of the active sites and reaction mechanisms,
ultimately guiding the precise design of Fe-N-C catalysts.
Neglecting these aspects would result in an incomplete
understanding of active sites, restrict elucidation of the reaction
mechanisms, and hinder advancement in catalyst design and
optimization [15]. However, the synergistic effect of the FeN, site
and the nitrogen-doped carbon substrate on catalytic activity
remains unclear due to a lack of in-depth and systematic research.
Therefore, optimizing the properties of both the FeN, site and the N-
doped carbon matrix through a controllable synthesis process is of
great significance for enhancing the activity of Fe-N-C catalysts
and clarifying the catalytic mechanism.

Herein, we precisely regulated the carbonization process of Fe-
doped zeolitic imidazolate framework-8 (ZIF-8) precursors via
temperature programming, thereby tailoring the properties of the
FeN, site and the N-doped carbon matrix, and successfully
fabricated a series of Fe-N-C catalysts. The enhancement of
catalytic activity is predominantly modulated through the
optimization of the programmed temperature annealing process.
The optimized Fe-500-40 (Fe-doped ZIF-8 annealed at
intermediate heat-treatment temperature of 500 °C for 40 min was
labeled Fe-500-40) catalyst exhibits an impressive half-wave
potential (E,,) of 0.935 V, a low Tafel slope of 63.69 mV-dec”, and
excellent stability. Fe-500-40-based ZABs deliver high peak power
density and outstanding long-term durability. Combined systematic
characterization and theoretical calculations reveal that the Fe sites
and the carbon matrix synergistically act to markedly boost ORR
catalytic activity. By elucidating the intrinsic relationship between
Fe sites and the carbon matrix in Fe-N-C catalysts, this work
provides critical insights, laying a foundation for the rational design
of practical metal-N-C catalysts.

2 Results and discussion

The properties of the FeN, site and the N-doped carbon matrix in
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Fe-N-C catalysts are primarily determined by the selection of
suitable precursors and the optimization of pyrolysis conditions. As
depicted in the schematic diagram (Fig. 1(a)), the Fe-N-C catalysts,
derived from the annealing of Fe-doped ZIF under varying
conditions, exhibit marked variations in the composition and
structure of both Fe sites and the carbon matrix. A series of
Fe-N-C catalysts (denoted as Fe-X-Y) was synthesized by
adjusting the calcination time (Y) at the intermediate heat-
treatment temperature (X). Specifically, Y was set to 20, 40, or
60 min, and X was 400, 500, or 600 °C. The catalysts were named
based on their annealing parameters. To obtain dispersed Fe single
atoms and promote the volatilization of Zn elements, all catalysts
were heated to 1000 °C and maintained for 1 h, and detailed
experimental steps are provided in Section S1 in the Electronic
Supplementary Material (ESM). Subsequently, we conducted
comprehensive compositional and microstructural analyses on both
the precursor and the annealed products. X-ray diffraction (XRD)
patterns (Fig. S1 in the ESM) indicate that the Fe-doped ZIF-8
retains the identical phase composition as pristine ZIF-8. Scanning
electron microscopy (SEM) and transmission electron microscopy
(TEM) images show that Fe-doped ZIF-8 exhibits a typical
octahedral structure, confirming the successful integration of Fe
into the ZIF-8 framework (Fig. S2 in the ESM). Thermogravimetric
analysis displays that both ZIF-8 and Fe-doped ZIF-8 undergo the
first stage of framework collapse within the temperature range of
300-500 °C (Fig. S3 in the ESM). Furthermore, in situ heating XRD
was employed to investigate the phase evolution of Fe-doped ZIF-8
at different temperatures. Below 400 °C, Fe-doped ZIF-8 essentially
maintains its original crystal structure (Fig. 1(b)). However, at
400-900 °C, Fe-doped ZIF-8 experiences a substantial phase
transformation, beginning to convert into zinc oxide and other
impurity phases [16]. Above 900 °C, Fe and FeN, species are
formed, and Zn-related species volatilize at high temperatures [17].
Similarly, the phase transformation trends of Fe-doped ZIFs are
basically consistent when they stay at the intermediate temperature
for a specific constant temperature time (Fig. $4 in the ESM). Phase
analyses of acid-washed products (Fig. 1(c)) indicate that the
diffraction peaks at about 23° and 43° are assigned to the (002) and
(100) planes of graphitic carbon, respectively, with no other
crystalline phases detected [18]. The purpose of acid washing is to
remove elemental Fe while leaving FeN, species. Additionally,
variations in annealing conditions alter the position and intensity of
these (002) and (100) crystal planes, thereby confirming the
feasibility of regulating the carbon matrix composition through
temperature-controlled annealing.

To further clarify how annealing conditions affect
nanostructures, we systematically analyzed the morphological
changes induced by varying calcination parameters. As revealed by
the SEM and TEM images (Figs. S5-S11 in the ESM), the
microstructures of both ZIF-8 and Fe-doped ZIF-8 undergo
varying degrees of collapse following calcination under different
conditions. High-resolution TEM images further confirm that the
calcined catalysts partially retain the octahedral morphology
inherent to pristine ZIF-8. The morphology of ZIF-8-derived
catalysts after calcination varies slightly under different conditions,
primarily because varying calcination conditions influence the
redox reactions of metal nodes, the collapse of the metal
framework, the formation of new crystal phases, the decomposition
rate of organic ligands, and the interaction between Fe and Zn or
ligands [19-21]. The nitrogen adsorption isotherms of Fe-400-40,
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Figure1 (a) Schematic diagram of the preparation of various types of Fe-N-C catalysts by programmed temperature control. (

26 (°)

b) In situ heating XRD patterns of Fe-

doped ZIF-8. (c) the XRD patterns of various types of Fe-N-C catalysts. (d) TEM image of Fe-500-40. ((e) and (f)) Aberratlon corrected atomic resolution HAADF-
STEM micrograph of Fe-500-40, recorded in distinct regions, with individual Fe single atoms circled for clarity. (g) HAADF-STEM image and corresponding EDS

mapping images.

Fe-500-40, and Fe-600-40 catalysts were analyzed to evaluate how
variations in X influence surface area and pore-size distribution. As
X increased, the total pore volume, average pore diameter, and the
Brunauer-Emmett-Teller (BET) surface area of Fe-400-40, Fe-500-
40, and Fe-600-40 catalysts showed a slight downward trend (Fig.
S12 in the ESM). These changes are attributed to the accelerated
collapse of the ZIF framework at higher intermediate heat-
treatment temperatures [22]. Nevertheless, the isotherms display
classic Type I curves with distinct plateaus, indicative of a
predominantly microporous structure [23]. Additionally, pore-size
distribution analysis reveals peaks between 0.5 and 20 nm,
signifying the coexistence of micropores and small mesopores, with
the overall distribution pattern remaining consistent across samples.

Furthermore, the Fe-500-40 catalyst was selected as a
representative to specifically study the structural properties. As
depicted in Fig. 1(d), the Fe-500-40 catalyst exhibits an irregular
polyhedral morphology, with most primary catalyst particles
measuring 30-40 nm in size. In Fig. 1(e), an aberration-corrected
high-angle annular dark-field scanning TEM (HAADF-STEM)
image clearly reveals that atomically dispersed Fe sites, which
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appear as bright dots distributed across the carbon skeleton. The Fe
atoms are uniformly distributed throughout the entire carbon
matrix. The strong signal intensity in the image indicates a high Fe
loading (Fig. 1(f)), which was precisely quantified as 0.83 wt.% by
inductively coupled plasma mass spectrometry (ICP-MS, Fig. S13 in
the ESM) [1, 24, 25]. The extensive and uniform distribution of Fe
atoms within the nitrogen-doped carbon matrix was further
corroborated by energy-dispersive X-ray spectroscopy (EDS)
elemental mapping (Fig. 1(g)).

The catalytic performance and stability of the synthesized
Fe-N-C catalysts were systematically investigated. As evidenced by
the linear sweep voltammetry (LSV) curve in 0.1 M KOH
(Fig. 2(a)), there are pronounced differences in the activities of the
Fe-N-C catalysts synthesized under varying calcination conditions.
This observation indirectly corroborates that regulating FeN, active
site and the N-doped carbon matrix exerts a substantial impact on
catalytic performance. Notably, the Fe-500-40 catalyst exhibits the
highest E,, of 0.935 V, accompanied by a limiting current density of
about 6 mA-cm™. It is noteworthy that the Fe-500-40 catalyst
exhibits extremely superior activity compared to the commercial

Nano Research, 2026, 19, 94908471
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Figure2 (a) ORR polarization curves of various catalysts in 0.1 M KOH electrolyte. (b) The corresponding Tafel curves. (c) Methanol tolerance tests of Fe-500-40 and
20% Pt/C. (d) LSV of Fe-500-40 before and after various cycles stability test, inset is the chronoamperometric i~ plot of Fe-500-40 and 20% Pt/C. (e) Comparison of half-
wave potentials of various catalysts in 0.1 M KOH and 0.1 M HCIO, electrolytes. (f) Discharge polarization and power density curves of ZABs. (g) Galvanostatic

discharge/charge curves at 10 mA-cm™ for ZABs with Fe-500-40 and 20% Pt/C-IrO,.

20% Pt/C catalyst (E,, = 0.864 V). The differences in the limiting
diffusion current density are mainly affected by factors, such as
oxygen diffusion rate, specific surface area, and porosity [26].
Corresponding Tafel plots (Fig. 2(b)) show that Fe-500-40 has a
Tafel slope of 63.69 mV-dec”’, indicating faster electron-transfer
kinetics compared to other samples. Given that it is the excellent
activity, methanol and SCN™-poisoning experiments were
performed to assess its stability. As depicted in Fig. 2(c), during
methanol poisoning experiments conducted in an O,-saturated
0.1 M KOH solution with 5% methanol introduced at time (f) =
300 s, the chronoamperometric curves reveal a sharp drop in
current density for 20% Pt/C. In contrast, the Fe-500-40 catalyst
exhibits no significant change, highlighting its remarkable methanol
tolerance. It is well-established that the SCN- jon has a strong
affinity for Fe and can effectively poison the Fe-N, coordination
during ORR catalysis [27]. Upon adding 0.01 M KSCN to the O,-
saturated 0.1 M KOH solution, the half-wave potential of the Fe-
500-40 catalyst experiences a minor negative shift of 10 mV
(Fig. S14 in the ESM). After rinsing the electrode with water and
conducting re-measurements in 0.1 M O,-saturated KOH, it is
observed that the ORR polarization curve reverts to its original state
as the LSV tests progress. These findings unambiguously indicate
that the Fe-500-40 catalyst possesses commendable anti-SCN-
properties. The long-term durability of the Fe-500-40 catalyst was
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also evaluated. Following a series of accelerated cyclic voltammetry
(CV) cycles (5000, 10,000, and 20,000), the E,, of Fe-500-40
exhibited only a negligible decay (Fig. 2(d)). Additionally, the
chronoamperometric current (i)-t plot further demonstrated
superior stability of Fe-500-40 compared to commercial 20% Pt/C
(inserted in Fig. 2(d)).

It is worth highlighting that the Fe-500-40 catalyst not only
demonstrates exceptional activity in alkaline solutions but also
exhibits promising performance in acidic solutions (Fig. 2(e)).
Among the evaluated catalysts, the Fe-500-40 achieves an E,, of
0.819 V, which is second only to the 0.85 V of 20% Pt/C and
surpasses the other tested catalysts (Fig. S15 in the ESM). Moreover,
under alkaline conditions, the Fe-500-40 exhibits an oxygen
evolution reaction (OER) overpotential of merely 382 mV at a
current density of 10 mA-cm™ (Fig. S16(a) in the ESM). The
potential difference (AE = E, — E,,, where E,,, represents the OER
potential at a current density of 10 mA-cm™) serves as a crucial
indicator of bifunctional OER/ORR activity [28]. To assess the
bifunctional electrocatalytic properties of Fe-500-40, the LSV
measurements were performed over a wide voltage window. As
shown in Fig. S16(b) in the ESM, the Fe-500-40 catalyst achieves
remarkable bifunctional activity with an indicator AE of 0.677 V.
Leveraging its superior bifunctional catalytic activity, we further
assembled aqueous alkaline ZABs using Fe-500-40. As illustrated
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in Fig. S17(a) in the ESM, the Fe-500-40-based aqueous ZAB
exhibited a significantly narrowed charge-discharge voltage gap
and achieved a peak power density of 189.9 mW-cm?
outperforming the conventional 20% Pt/C-IrO,-based ZAB
(Fig. 2(f)). The specific capacity of the Fe-500-40-based ZAB,
calculated based on the mass of consumed Zn, reached 765 mAh-g*
at a discharge current density of 10 mA-cm™ (Fig. S17(b) in the
ESM). Furthermore, for long-term cycling performance evaluation,
the Fe-500-40-based ZAB was subjected to cycling at a current
density of 10 mA-cm™. As depicted in Fig. 2(g), after 110 h, the
charge/discharge voltage gap remained virtually unchanged, and
the system still retained a high energy conversion efficiency of
54.5%. The discharge voltage of the 20% Pt/C-IrO,-based ZAB
gradually decreased after 30 cycles, and its energy conversion
efficiency was approximately 52.8% after 100 cycles, confirming its
poor cycling stability. The aforementioned electrochemical
performances collectively confirm that temperature-programmed
calcination serves as an effective strategy for modulating the
catalytic performance of ZIF-8-derived catalysts, with Fe-500-40
emerging as the optimal catalyst in this series, exhibiting the highest
catalytic activity and stability.

Furthermore, to elucidate the origin of catalytic activity and the
regulatory mechanisms underlying the Fe-N-C catalyst series, the
atomic coordination and electronic structure of Fe were

meticulously analyzed by X-ray absorption spectroscopy (XAS).
The Fe K-edge X-ray absorption near-edge structure (XANES)
spectra reveal that the catalysts exhibit distinct near-edge
absorptions compared to Fe foil, iron phthalocyanine (FePc), and
Fe,O, (Fig. 3(a)). Additionally, the Fe K-edge XANES spectra of the
Fe-N-C catalyst series are akin to those of FePc and Fe,O,,
indicating that the valence states of these catalysts lie between +2
and +3 oxidation states [29]. By correlating edge energy, oxidation
state, and E,, of the ORR for each catalyst, it was determined that
the valence state of Fe primarily ranges from +2.5 to +2.8 (Figs. 3(b)
and 3(c)). Among them, Fe-500-40 exhibits a moderate edge energy
and oxidation state, and achieves the highest E,, of 0.935 V. This
phenomenon may stem from the variations in electron transfer
between the Fe site and the coordinated carbon matrix, induced by
different annealing conditions. A moderate valence state of Fe can
balance the adsorption strength of O* intermediates, which is
highly favorable for accelerating the overall 4e” reaction pathway
[30]. Subsequently, Fe K-edge Fourier-transformed extended X-ray
absorption fine structure (FT-EXAFS) spectra (Fig. 3(d)) were used
to analyze key parameters of the synthesized catalysts, including
chemical bonds, coordination numbers, bond lengths, and disorder.
A range of catalysts display a single peak at approximately 1.5 A,
attributed to the Fe-N scattering path. The absence of Fe-O and
Fe-Fe scattering paths suggests that the atomic dispersion of Fe
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within these catalysts [31]. Fitting results (Table S1 in the ESM)
reveal that Fe-400-40 and Fe-500-60 exhibit configurations of
Fe-N, and Fe-N,, whereas Fe-500-20, Fe-500-40, Fe-600-40, and Fe-
1000 predominantly feature the Fe-N, configuration. Specifically,
Fe-500-40 exhibits the shortest Fe-N bond length, indicating a
strengthened Fe-N interaction and enhanced stability.
Comprehensive analysis of fitting results further reveals that those
crucial parameters, such as coordination number, disorder, and
Fe-N bond length of the Fe-N-C catalysts, vary significantly with
annealing conditions. Wavelet-transform EXAFS (WT-EXAFS)
provides both R- and k-space information, enabling discrimination
of backscattering atoms and resolution of overlapping radial
distance contributions [32, 33]. As depicted in Fig. 3(e), the
maximum contour intensity at approximately 4.1 A, corresponding
to the FT-EXAFS peak at 1.5 A, can be attributed to the Fe-N
bond. Slight differences in the maxima center among catalysts
indicate variations in the Fe-N coordination environment [34].
Furthermore, ultraviolet photoelectron spectroscopy (UPS) was
used to characterize variations in the valence band edge of the
synthetic catalysts. The Fe-N-C catalysts calcined under varying
conditions exhibit distinct valence band edges (Fig. 3(f) and Fig. S18
in the ESM). Among them, Fe-500-40 displays the lowest valence
band edge, indicating that the density of states (DOS) of the Fe,
sites in Fe-500-40 are most proximate to the Fermi energy level
[35]. The lowest valence band edge of Fe-500-40 can be attributed
to the interaction between the delocalized m-band of electron-rich
carbon and the d-orbitals of Fe, sites, which enhances the electron
density at Fe, sites [36]. Correlating the valence band edge with the
E,, reveals that Fe-500-40, with the lowest valence band edge,
achieves the highest E,, (Fig. 3(g)). The aforementioned analytical
outcomes robustly substantiate that the calcination condition exerts

significant control over the atomic coordination and electronic
structure of Fe sites, which in turn markedly influences the catalytic
activity.

Furthermore, the pivotal role of the carbon matrix in enhancing
the performance of Fe-N-C catalysts was thoroughly investigated.
In the high-resolution C 1s spectra (Fig. 4(a)), four deconvoluted
peaks are observed at 284.8, 2859, 2874, and 2903 eV,
corresponding to C-C, C-N, C-0O, and C=0 bonds, respectively
[37, 38]. Notably, the content of sp* graphitic C species is distinctly
evident in Fe-500-40 and Fe-600-60, which may be attributed to an
increased content of graphitic C [39]. The high-resolution N 1s
spectra (Fig. 4(b)) can be deconvoluted into pyridinic N, M-N (M
= Metal), graphitic N, and N-oxide components, with the content
of each nitrogen species varying significantly under different
calcination conditions (Fig. 4(e)) [40, 41]. As illustrated in Fig. 4(c),
the high-resolution O 1s X-ray photoelectron spectroscopy (XPS)
spectra reveal four oxygen-containing functionalities: C=0O
(530.3 V), M-0 (531.7 V), C-0 (533.0 V), and adsorbed water
(5342 V) [38, 42]. The contents of these O functionalities display
significant variations among Fe-N-C catalysts under different
calcination conditions. Moreover, as shown in Fig. 4(d), Raman
spectroscopy was employed to elucidate the correlation between the
structural characteristics of the carbon matrix and the annealing
conditions. The Raman spectra prominently feature two broad
peaks at approximately 1340 cm™ (D band) and 1590 cm™ (G
band), which serve as indicators for assessing the graphitization
degree [43]. To precisely delineate the structure of graphene layers,
the overlapping D and G bands were meticulously deconvoluted
into four distinct peaks, namely D1, D3, D4, and G [44]. The G
band corresponds to the E,, vibrational mode characteristic of
pristine sp* carbon structures without defects. In contrast, the D1
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Figure4 High-resolution XPS spectra of (a) C 1s, (b) N 1s, and (c) O 1s for various catalysts. (d) Raman spectra deconvolution of various catalysts. (e) Variation of

nitrogen species in various catalysts. (f) Variation of carbon species in various catalysts.
ratio of N to C and half-wave potential of various catalysts.
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band is indicative of the A,, symmetric vibrational mode of graphite
domains activated by edge-plane defects. The D3 band, positioned
at around 1530 cm™, is associated with amorphous carbon, while
the D4 band has been provisionally attributed to the presence of
polyene-like species [45, 46]. Fitting results exhibit that the
intensities of the D3 and G peaks remain relatively constant across
different calcination conditions, whereas the intensities of the D1
and D4 peaks show marked variations with calcination conditions
(Fig. 4(f)). The ratio of the D1 to G peak areas (Ap,/A;) for various
Fe-N-C samples ranges from 3.5 to 4.5 with changing annealing
conditions, indicating significant differences in the average graphite
domain size and amorphization degree [47, 48]. The differences in
probing depth and acquisition conditions between XPS and Raman
spectroscopy mean that the degrees of graphitization in Figs. 4(a)
and 4(g) are not directly comparable [49]. Notably, Fe-500-40
exhibits the lowest Ap/A; ratio, signifying a higher degree of
graphitization and lower density of edge-plane defects. The
contents of C, N, and H were determined via organic elemental
analysis, revealing that Fe-500-40 has the highest nitrogen content
at 6.323 wt.% (Table S2 in the ESM). Upon correlating the N/C
ratios with the E,, of the catalysts, it is observed that E,, varies in
tandem with fluctuations in the N/C ratio (Fig. 4(h)). Among the
examined catalysts, Fe-500-40 exhibits both the highest N/C ratio
and E,,. The aforementioned characterization and electrochemical
analyses confirmed a strong correlation between the content of
nitrogen species and graphitic carbon and catalytic performance,
and that modulating graphitic nitrogen content in the carbon
framework can significantly enhance the ORR activities of Fe-N-C
catalysts.

Through the aforementioned systematic analysis, we have
established a close correlation between the catalytic activity and key
structural parameters: the atomic coordination and electronic
structure of the Fe site, as well as the graphite carbon and nitrogen
content in the carbon matrix. To further validate this relationship,
we conducted density functional theory (DFT) calculations. These
calculations were specifically aimed at elucidating the influence of
various adjacent graphitic nitrogen species and the atomic
coordination environment of the Fe site on the ORR performance
of Fe-N-C catalysts, a series of structural models were constructed,
namely Fe-N;-C, Fe-N,-C, Fe-N,~CN, Fe-N,-CN,, and
Fe-N,-CN; (as shown in Fig. 5(a)). These structural models were
constructed from EXAFS fitting results supplemented by XPS,
Raman, and organic elemental analysis data. Bader charge analysis
revealed electron transfer from the Fe site to the carbon substrate
across all models (Fig. 5(b)), indicating distinct interactions between
the Fe site and the N-doped carbon matrix [50]. The energy profiles
of ORR intermediates adsorbed on these models were assessed
(Figs. S19 and S20 in the ESM). Figure 5(c) depicts the Gibbs free
energy diagrams for oxygen-containing species adsorption at
1.23 V. All catalysts exhibit a thermodynamically favorable downhill
reaction pathway. The final step (*OH + e > OH" + ¥), identified as
the rate-determining step (RDS), shows significant variation in the
*OH desorption energy [51]. The desorption energy for *OH
release is 2.33 eV for Fe-N,-C and 1.09 eV for Fe-N,-C,
respectively. In contrast, the desorption energy of *OH for
Fe-N,~CN,, Fe-N,-CN,, and Fe-N,-CN, is 0.68, 0.69, and
0.66 eV, respectively. These results demonstrate that Fe-N,
coordination reduces the RDS energy barrier far more effectively
than Fe-N, coordination [11, 52]. Moreover, the presence of
adjacent graphitic nitrogen species (CN,, CN,, and CN,) further
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lowers this barrier, accelerating ORR kinetics. The DOS of various
Fe-N-C catalysts was calculated (Fig. 5(d) and Fig. S21 in the
ESM). The d-band center of Fe-N,~C and Fe-N,-C is located at
—-1.292 and -1.039 eV, respectively (Fig. 5(d)). In contrast, the d-
band centers of Fe-N,~CN,, Fe-N,-CN,, and Fe-N,-CN; are
shifted downward to —0.484, —0.662, and —0.748 eV, respectively.
This downward shift indicates that the presence of adjacent
graphitic nitrogen species can efficiently optimize the desorption of
oxygen-containing intermediates, thereby promoting the continuity
of the ORR process [53, 54]. The above calculation results robustly
illustrate that the atomic coordination and electronic structure of
the Fe site, in conjunction with the content of graphitic nitrogen
species within the carbon matrix, can significantly modulate the
ORR activity of Fe-N-C catalysts.

3 Conclusions

In summary, using Fe-doped ZIF-8 as a precursor, we meticulously
regulated the atomic environment of Fe sites and the composition
of the carbon matrix through precise temperature programming,
thereby synthesizing a series of Fe-N-C catalysts with tailored
properties. Among these, the Fe-500-40 catalyst exhibited a high E, ,
of 0935 V and a Tafel slope of 63.69 mV-dec' in alkaline
electrolyte. It also showed excellent anti-methanol and SCN-
performance, with negligible change in E,, even after 20,000 CV.
The Fe-500-40-based ZAB achieved a peak power density of
189.9 mW-cm™ and demonstrated long-term cycling stability.
Advanced and systematic characterization elucidates that a
moderate valence state of Fe can effectively balance the adsorption
strength of O* intermediates, while the electronic configuration of
Fe sites is intrinsically linked to the E,, of ORR. Moreover, the
content of N species, graphite carbon, and surface functional
groups of the carbon matrix significantly affect catalytic activity.
Theoretical calculations further substantiate that both the
coordination number of Fe and the presence of graphitic nitrogen
species exert a decisive role in regulating the desorption energy of
*OH and optimizing the desorption of oxygen-containing
intermediates. This work provides a comprehensive and rational
illustration for how metal sites and carbon matrix in
metal-nitrogen—carbon materials synergistically enhance catalytic
activity, offering meaningful guidance for the rational design of
metal-support catalysts.

Electronic Supplementary Material: Supplementary material (this
includes catalyst preparation methods and electrochemical testing,
calculation procedures, as well as XRD, SEM, TEM,
thermogravimetric ~ analyses,  electrochemical ~ data, and
computational models) is available in the online version of this
article at https://doi.org/10.26599/NR.2026.94908471.
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presented in the manuscript and the Electronic Supplementary
Material. Additional data related to this paper may be requested
from the corresponding author upon request.
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