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Developing high-performance and cost-effective electrocatalysts for oxygen reduction reaction (ORR) is pivotal
to advancing sustainable energy conversion technologies such as fuel cells and metal-air batteries. However,
conventional pyrolysis methods for synthesizing iron and nitrogen co-doped porous carbon (Fe-N-C) electro-
catalysts often suffer from carbon framework shrinkage at high temperatures. This leads to pore narrowing or
collapse, severely restricting active-site exposure and hindering mass transport. This study presents a zeolite-
assisted synthesis of Fe-N/NC electrocatalysts with abundant Fe-Ny sites and stable, open porous structures
using Fe-ion-exchanged zeolite (FeY-zeolite), direct chemical vapour deposition (CVD) of acetonitrile vapour and
acid etching. During CVD, the Fe species within the FeY-zeolite promote the formation of highly active Fe-Ny
sites. The rigid zeolite framework enables the retention of abundant open micro-/mesoporous structures within
the electrocatalysts through reverse replication during acid etching. The optimised Fe-N/NC-900 electrocatalyst
exhibits a high specific surface area of 1815 m? g1, a well-defined open porous structure, atomically dispersed
Fe sites, and abundant Fe-Ny active centres. This results in outstanding ORR activity in alkaline electrolytes, with
a high half-wave potential of 0.83 V, a large limiting current density of 6.1 mA cm ™2 comparable to that of a 20%
Pt/C electrocatalyst, and a high current retention rate of up to 95.6%. Theoretical calculations confirm that the
Fe-Ny sites facilitate the desorption of OH* intermediates, thereby promoting ORR. This work highlights the
potential of the zeolite-assisted strategy to synergistically optimise mass transport and electrocatalytic activity,
offering a viable route for designing high-performance non-precious-metal ORR electrocatalysts.

etc.), are attracting increasing attention [6-9]. Amongst these, Fe-N-C
electrocatalysts have demonstrated outstanding ORR performance,

1. Introduction

Oxygen reduction reaction (ORR) is a critical process in emerging
energy storage and conversion systems such as fuel cells and metal-air
batteries [1,2]. However, ORR requires highly efficient electrocatalysts
to overcome its sluggish reaction kinetics. Although commercial Pt/C
electrocatalysts are amongst the most effective in ORR [3-5], the high
cost and scarcity of Pt resources hinder large-scale applications.
Consequently, high-performance non-precious-metal electrocatalysts,
such as metal- and nitrogen-co-doped carbon (M-N-C, M = Fe, Co, Ni,
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excellent conductivity, and the ability to activate Oy molecules [10,11].
On the Fe-N; sites, the single dz? electron of Fe?* can readily penetrate
the antibonding = orbital of O, facilitating the transfer of electrons from
the electrode surface to Oy molecules and efficiently catalysing ORR
[12-14]. In addition, the Fe-Ny sites can modulate the intermediates at
various stages of ORR, thereby mitigating undesirable side reactions
such as peroxide formation [15]. Moreover, the N atoms in the elec-
trocatalyst can accelerate ORR by altering the charge distribution of

** Corresponding author at: Key Laboratory of Energy Materials and Electrochemistry Research Liaoning Province, School of Chemical Engineering, University of

Science and Technology Liaoning, Anshan 114051, China.

E-mail addresses: hongwei0068@ustl.edu.cn (H. Zhao), 1x1i2005@126.com (L. Li), bgan@ustl.edu.cn (B. An).

https://doi.org/10.1016/j.jallcom.2026.188545

Received 9 March 2026; Received in revised form 15 April 2026; Accepted 8 May 2026

Available online 10 May 2026

0925-8388/© 2026 Elsevier B.V. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


https://orcid.org/0000-0001-6111-8166
https://orcid.org/0000-0001-6111-8166
mailto:hongwei0068@ustl.edu.cn
mailto:lxli2005@126.com
mailto:bgan@ustl.edu.cn
www.sciencedirect.com/science/journal/09258388
https://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2026.188545
https://doi.org/10.1016/j.jallcom.2026.188545

Z. Tang et al.

adjacent C atoms and forming active sites for adsorbing and dissociating
0O, molecules [16,17].

Fe-N-C electrocatalysts are primarily prepared via the pyrolysis of
precursors containing Fe, N and C elements, during which Fe atoms
coordinate with N atoms to create Fe-Ny active sites in an N-doped
porous carbon framework [18-20]. As the porous nature can markedly
increase the utilisation of electrocatalysts and favour O, transport,
developing Fe-N-C electrocatalysts with a micro-/mesoporous structure
has emerged as an effective strategy [21-23]. The template-assisted
method is an effective approach for constructing hierarchical porous
structures for high-performance Fe-N-C electrocatalysts. For example,
Han et al. used ordered mesoporous silica (KIT-6), FeSO4-7 HoO and 1,
10-phenanthroline monohydrate as templates and precursors to syn-
thesise an Fe-N-C/N-OMC electrocatalyst with remarkable ORR activ-
ity, in which the Fe-Ny sites were embedded in a three-dimensional (3D)
N-doped mesoporous carbon framework with an ordered porous struc-
ture that facilitated mass and electron transport [24]. Zhu et al. fabri-
cated a highly active Fe-N-HMC electrocatalyst with hierarchical
micro-/mesopores using SiO; as a template and FeCl; and a
tripolycyanamide-based microporous polymer as precursors. The Fe-Ny
active sites, combined with a large specific surface area and hierarchical
micro-/mesopores, synergistically enhanced the ORR performance of
the Fe-N-HMC electrocatalyst [25]. Similarly, Xu et al. employed a dual
template of ZnCl, and NaCl, along with FeCl; and 1,10-phenanthroline
precursors, to fabricate an Fe-N-C electrocatalyst with a hierarchically
porous framework. ZnCly was employed to create abundant micropores,
and NaCl was used to convert specific micropores into mesopores. This
unique pore structure enhanced the availability of Fe-Ny active sites,
thereby improving ORR performance [26]. However, micropore closure
caused by carbon skeleton contraction and collapse during pyrolysis and
template removal still needs to be addressed.

Previously, we used silanised zeolite as a template to construct a
carbon based metal-free ORR electrocatalyst with highly accessible
microporous structures using a reverse replication strategy [27]. The
resulting rigid 3D microporous carbon framework effectively prevented
pore collapse and closure. However, the absence of metal active sites
limited the electrocatalytic performance. Notably, the intrinsic strong
ion exchange capability of the zeolite framework offers a practical
pathway for introducing metal active sites [28,29]. Upon Fe ion ex-
change with zeolite, Fe atoms uniformly coordinate within the zeolite
framework structure. When integrated with chemical vapour deposition
(CVD) using an N-containing organic vapour, this approach enables the
formation of atomically dispersed Fe-Ny active sites within the carbon
framework. Meanwhile, the spatial confinement effect of the micropo-
rous skeleton can effectively prevent aggregation of Fe-Ny sites and
micropore blockage. Furthermore, the 3D interconnected open pore
network can enhance mass transport and increase the exposure of active
sites, thereby improving overall electrocatalytic performance.

Herein, iron and nitrogen co-doped porous carbon (Fe-N/NC)
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electrocatalysts were successfully synthesised using Fe-ion-exchanged Y
zeolite (FeY-zeolite) as the template and acetonitrile as the carbon-
nitrogen precursor via direct CVD. As illustrated in Fig. 1, FeY-zeolite
was synthesised using the ion exchange capacity of Y zeolite. FeY-
zeolite was subjected to CVD using acetonitrile vapour at various py-
rolysis temperatures, followed by acid etching. The resulting Fe-N/NC
electrocatalysts inherited the unique open microporous structures of the
zeolite through reverse replication. The optimised Fe-N/NC-900 elec-
trocatalyst featured a high specific surface area characterised by atom-
ically dispersed Fe atoms and abundant Fe-Ny active sites uniformly
distributed throughout its carbon framework. The Fe-N/NC-900 elec-
trocatalyst exhibited notable ORR activity and stability in alkaline
media, with a performance comparable to that of 20% Pt/C. In situ
electrochemical impedance spectroscopy (EIS) and distribution of
relaxation times (DRT) analysis demonstrated the excellent reaction
kinetics and rapid mass transfer capability of Fe-N/NC-900. Theoretical
calculations confirmed that the Fe-Ny sites facilitated the desorption of
OH* intermediates, thereby enhancing the ORR process.

2. Experimental
2.1. Chemicals and regents

Y zeolite (H-form, Si03/Al;03=5.8, Nap0=3.9 wt%, HSZ-320HOA)
obtained from Tosoh Corporation, Japan. Iron nitrate nonahydrate (Fe
(NO3)3-9 H20, > 98%), acetonitrile (CH3CN, > 99.8%), hydrochloric
acid (HCl, 5.0 M), hydrofluoric acid (HF, > 40%), potassium hydroxide
(KOH, > 99%) purchased from Sinopharm Chemical Reagent Co., Ltd.
Nitrogen (N3, > 99.999%) and oxygen (O, > 99.999%) supplied by the
Liaoning Guoyi New Material Technology Co., Ltd. The 20% Pt/C
catalyst was obtained from Johnson Matthey Co., Ltd. The 5% Nafion
solution was obtained from DuPont Co., Ltd. All aqueous solutions are
prepared with ultrapure water supplied by an ultrapure water system.

2.2. Synthesis FeY-zeolite

The iron ion exchange process involved using 3.0 g of Y zeolite in
180 mL of 0.1 M Fe(NOs)s aqueous solution. The mixed solution was
maintained at 60 °C for 3 h under reduced pressure, and the ion ex-
change treatment was repeated twice. The resulting slurry was filtered,
thoroughly washed with distilled water, and then dried for 12h in a
vacuum oven set to 80 °C. The powder was further roasted at 550 °C for
4 h in an air atmosphere and named FeY-zeolite.

2.3. Synthesis of Fe-N/NC catalyst
1.0 g of FeY-zeolite was placed in a ceramic boat inside a quartz

reactor (35 mm in diameter) and purged with pure nitrogen gas at room
temperature for 30 min. The reactor was heated to specific temperatures
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Fig. 1. Schematic diagram for the in situ synthesis of Fe-N/NC samples using FeY-zeolite by acetonitrile vapor CVD.
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(700, 800, and 900 °C) under N, flow at a rate of 10 °C min~. Subse-
quently, the Ny flow was directed into an acetonitrile bubbler main-
tained at 80 °C, creating an acetonitrile vapor/Ny mixture (0.20 vol%
acetonitrile vapor in 100 mL min~! N,) that was introduced into the
reactor. The chemical vapor deposition (CVD) of acetonitrile vapor was
conducted for 4 h at different temperatures (700, 800, and 900 °C).
Afterward, the temperature of the quartz reactor was reduced to room
temperature in the N, atmosphere. Finally, the sample was washed with
a mixed solution of HF (20 wt%, 40 mL) and HCI (0.1 M, 40 mL) at room
temperature to remove the zeolite. The resultant Fe-N/NC samples were
recorded as Fe-N/NC-700, Fe-N/NC-800, and Fe-N/NC-900. The NC-
900 was also prepared with the same synthesis conditions using un-
treated Y zeolite as a template for comparison.

3. Results and discussion

To verify the effectiveness of acetonitrile CVD in achieving carbon
deposition on FeY-zeolite, the colour changes in the samples were
observed. As shown in Fig. 2a, digital photographs revealed obvious
colour changes. White Y zeolite turned yellow after Fe ion exchange,
indicating the success of the ion exchange process. After CVD and acid
etching, the sample turned black, confirming the efficiency of
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acetonitrile CVD in furnishing carbonaceous materials. The samples
were morphologically characterised using scanning electron microscopy
(SEM). In contrast to the smooth surface of Y zeolite (Fig. S1), small
particles were observed on the outer surface of FeY-zeolite (Fig. 2b),
which can be attributed to the migration and aggregation of excessive
metal elements within the zeolite during the high-temperature treat-
ment [31,32]. The surfaces of Fe-N/NC-700 (Fig. S2a), Fe-N/NC-800
(Fig. S2b) and Fe-N/NC-900 (Fig. 2c) showed a rougher texture than
NC-900, which was prepared using Y zeolite as a template (Fig. S3).
Compared with pure Y zeolite, FeY-zeolite exhibited substantially
enhanced carbon deposition activity due to Fe ion exchange, resulting in
a more pronounced wrinkling of the carbon-nitrogen layers in the
Fe-N/NC samples. This can be attributed to the chemical inertness of the
particle surface and pore walls of pure Y zeolite, which is composed of
SiO5 and AlyOs, hindering the deposition of carbonaceous substances.
However, the carbon deposition activity in the internal regions of
FeY-zeolite can be effectively enhanced under transition metal catalysis
[30]. In addition, the amount of nitrogen-carbon deposition increased
with rising CVD temperature. Thermogravimetric analysis (TGA) of the
samples before acid etching further confirmed this result (Fig. S4). The
nitrogen-carbon content in NC/Y-zeolite-900 was only 15.2 wt%, which
was considerably lower than that in NC/FeY-zeolite-700 (34.0 wt%),
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Fig. 2. (a) A digital photograph of Y zeolite, FeY-zeolite, and Fe-N/NC-900. SEM images of (b) FeY-zeolite and (c) Fe-N/NC-900. (d) XRD patterns. (e) Raman
spectra. (f) N, adsorption—desorption isotherms. (g) Pore size distribution of FeY-zeolite, Fe-N/NC-700, Fe-N/NC-800, and Fe-N/NC-900. (h-i) HRTEM images of the

Fe-N/NC-900.
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NC/FeY-zeolite-800 (34.2 wt%) and NC/FeY-zeolite-900 (36.1 wt%).
The abundant nitrogen-carbon deposition promotes the formation of a
stable carbon framework within the zeolite.

In the X-ray diffraction (XRD) patterns (Fig. 2d), only Fe-N/NC-900
showed a distinct diffraction peak in the small-angle region (26 = 6.6°).
This diffraction peak is typically attributed to the ordered microporous
carbon structure formed via the directional replication of the original
ordered microporous zeolite framework [30]. However, the weak in-
tensity of this diffraction peak indicates the presence of an ordered
microporous structure in Fe-N/NC-900, but in a relatively low amount.
Compared with the other samples, the formation of this ordered
microporous structure in Fe-N/NC-900 is attributable to the more
abundant nitrogen-carbon deposition, facilitating the partial construc-
tion of ordered micropores. In the wide-angle region (20 = 10°-90°), the
appearance of two broad peaks at 23° (002) and 44° (100°) can be
ascribed to amorphous graphitic carbon [34]. The characteristic peak
observed at 20 = 17° may stem from the formation of disordered or
turbostratic carbon structures in the samples. These structures increase
the interlayer spacing, causing the (002) reflection to shift to a lower
angle [35]. Furthermore, the XRD pattern of the Fe-N/NC samples did
not exhibit any diffraction peaks associated with the Fe element, indi-
cating the absence of highly crystalline Fe or iron carbides/oxides in the
Fe-N/NC electrocatalysts. The defect levels of the prepared materials
were assessed using Raman spectroscopy (Fig. 2e), which showed
characteristic peaks corresponding to defective sp> carbon and graphitic
sp2 carbon at approximately 1350 cm! (D band) and 1590 cm? (G
band), respectively [33]. The low Ip/I; ratio of Fe-N/NC-900 (1.07)
indicates fewer defects in its graphitic structure compared with
Fe-N/NC-700 (1.11) and Fe-N/NC-800 (1.09). The high degree of
graphitisation in Fe-N/NC-900 is primarily owing to the relatively high
temperature utilised in the CVD process, which facilitates the structural
order of carbon.

N, adsorption-desorption isotherms were measured for FeY-zeolite,
the Fe-N/NC samples and NC-900 at —196 °C (Fig. 2f and Fig. S5a).
Unlike FeY-zeolite, which exhibited type-I isotherm characteristics
typical of microporous materials [34], Fe-N/NC and NC-900 displayed a
hysteresis loop at a medium to high relative pressure (P/Py = 0.5). All
samples exhibited type-IV isotherm characteristics, indicative of their
mesoporous structures [36]. In addition, Fe-N/NC-900 exhibited the
highest adsorption capacity at P/Py < 0.1 and, in turn, the highest
proportion of microporous structure. The pore size distribution curves of
FeY-zeolite, the Fe-N/NC samples and NC-900 (Fig. 2g and Fig. S5b)
further revealed the evolution of the pore structure. The pore structure
of the Fe-N/NC samples predominantly featured micropores in the
range of 1-2 nm, considerably differing from the single microporous
structure of FeY-zeolite (0.8-1 nm). The TGA and XRD results suggest
that the combination of transition metal catalysis and a high CVD tem-
perature promoted carbon deposition within the FeY-zeolite pores,
facilitating the construction of a microporous carbon framework with
the zeolite microporous structure. Therefore, Fe-N/NC-900 exhibited
partially stable, ordered micropores alongside a substantial quantity of
disordered micropores, with a micropore content higher than that of
other samples. Fe-N/NC-700 and Fe-N/NC-800 contained higher
amounts of 2-3 nm mesopores than Fe-N/NC-900, which can be
attributed to the relatively poor carbon deposition and low CVD tem-
perature preventing the formation of a stable internal carbon micropo-
rous structure. Consequently, during template removal, the micropores
tended to collapse and accumulate, transforming into mesopores.
Moreover, a high CVD temperature facilitated the conversion of aceto-
nitrile vapour into carbonaceous materials, limiting the deposition of
disordered carbon on the external surface of zeolite particles, thereby
promoting the formation of mesopores on the external surface. Hence,
Fe-N/NC-900 exhibited a higher mesopore content in the 5-20 nm
range than the other samples.

Notably, although NC-900 was synthesised under the same high-
temperature CVD conditions, the absence of metal sites resulted in no
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electrocatalytic activity, leading to insufficient carbon deposition and
preventing the formation of a stable carbon skeleton. Consequently, the
micropore and mesopore contents were considerably lower than those of
Fe-N/NC-900, corroborating the crucial role of Fe sites in promoting
carbon deposition and the construction of pore structures. As detailed in
Table S1, the specific surface area (SSA) and pore parameters of the
synthesised samples were systematically evaluated. Benefitting from a
highly developed hierarchical micro-/mesoporous architecture, the
Fe-N/NC-900 electrocatalyst exhibited the highest overall SSA and
micropore surface area (1815 and 1716 m? g~?, respectively), consid-
erably outperforming FeY-zeolite (706, 677 m? g~!), Fe-N/NC-700
(1157, 996 m? g1), Fe-N/NC-800 (1509, 1407 m? g1) and NC-900
(1154, 1030 m? g !). The high SSA and open micro-/mesoporous
structure of Fe-N/NC-900, with a dominant micropore volume of
0.51 cm® ¢! and a notable mesopore volume of 0.18 cm® g™}, maxi-
mises the accessibility of active sites at the triple-phase interface and
effectively mitigates O, diffusion resistance, thereby enhancing the ORR
electrocatalytic activity.

The detailed structural features of Fe-N/NC-900 were observed
using high-resolution transmission electron microscopy (HRTEM). The
HRTEM image in Fig. 2h shows the open microporous structures of
Fe-N/NC-900 as white spots. The rigid pore walls of the zeolite,
composed of SiO; and Al;O3, endow the microporous framework with
extremely high thermal stability, preserving the integrity of the frame-
work during the CVD process. This provides favourable conditions for
the rapid penetration of the nitrogen-carbon precursor and deposition of
the carbon skeleton. Therefore, the carbon skeleton exposed after acid
etching remains stable and maintains the open microporous structure.
This zeolite-assisted strategy effectively prevents pore collapse and
structural contraction commonly observed in conventional high-
temperature pyrolysis methods. Fig. 2i illustrates the carbon layer
structure on the outer surface of Fe-N/NC-900, revealing that only a
limited amount of carbon layers is deposited in a disordered manner
under high-temperature conditions. Notably, no nanoparticles or
nanoclusters were observed in Fe-N/NC-900. The high SSA of Fe-N/NC-
900 contributes to providing a large reaction area, and its open micro-/
mesoporous structure facilitates mass transfer and active-site utilisation.

The morphology and distribution of the Fe element in Fe-N/NC-900
were characterised using aberration-corrected high-angle annular dark-
field scanning TEM (atomic-resolution HAADF-STEM). As shown in
Fig. 3a, numerous distinct bright spots were observed, indicating the
presence of abundant atomic-level Fe sites [37]. The HAADF-STEM
image (Fig. 3b) and selected area energy-dispersive X-ray spectroscopy
(EDX) mapping confirmed the presence of uniformly distributed C, N, O
and Fe atoms (Fig. 3c). X-ray photoelectron spectroscopy (XPS) analysis
was performed to identify the surface components and chemical states of
the samples. The XPS survey spectrum (Fig. 3d) confirmed the presence
of C, N and O elements in all Fe-N/NC samples, indicating that N atoms
were successfully doped into carbon frameworks via acetonitrile CVD,
resulting in the formation of nitrogen-doped carbon layers. The total
content of N element (Table S2) in Fe-N/NC-900 (6.52 at%) exceeded
that in Fe-N/NC-700 (4.72 at%) and Fe-N/NC-800 (5.69 at%).
Although high-temperature pyrolysis typically promotes N loss, elevated
temperatures during CVD enhance the deposition of nitrogen-carbon
compounds, thereby increasing the content of N-containing functional
groups. This observation is consistent with the TGA results. As shown in
Figs. 3e and S6, the high-resolution N 1 s spectra of the Fe-N/NC sam-
ples can be fitted into five characteristic peaks corresponding to
pyridinic-N, Fe-Ny, pyrrolic-N, graphitic-N and oxidised-N at 398.3,
398.9, 399.5, 400.6 and 410.5 eV, respectively [38]. As shown in
Table S3, the concentration of active Fe-Ny sites in Fe-N/NC-900
(1.06 at%) was 1.34 and 1.56 times higher than that in Fe-N/NC-700
(0.68 at%) and Fe-N/NC-800 (0.79 at%), respectively. These findings
demonstrate that higher CVD temperatures increase nitrogen and car-
bon deposition, thereby enhancing the formation of additional Fe-Ny
sites. Moreover, pyridinic-N and graphitic-N can affect the charge
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NC-900.

density of nearby C atoms, potentially improving O adsorption and
subsequent electrocatalytic ORR at the active sites [39]. Fe-N/NC-900
exhibited the highest combined amounts of pyridinic-N (1.94 at%) and
graphitic-N (1.32 at%) among the evaluated samples. Therefore, the
high content of Fe-Ny, pyridinic-N and graphitic-N active sites can
endow Fe-N/NC-900 with high electrocatalytic activity. Notably, no
characteristic peaks associated with Fe were observed in the XPS spectra
of the Fe-N/NC samples (Fig. 3d). This absence can be attributed to the
dissolution of numerous Fe sites during template removal via acid
etching, leaving only a small fraction of firmly anchored Fe sites in the
structure. Inductively coupled plasma atomic emission spectrometry
revealed similar Fe element contents for Fe-N/NC-700 (0.76%),
Fe-N/NC-800 (0.80%) and Fe-N/NC-900 (0.81 wt%) (Fig. S7).

The ORR electrocatalytic performance of the NC-900 and Fe-N/NC
samples was initially evaluated using cyclic voltammetry (CV) in an Oy
atmosphere. As shown in Figs. 4a and S8, all samples exhibited distinct
ORR peaks, indicating certain ORR electrocatalytic activity. The elec-
trocatalytic activity can be further evaluated by calculating the onset
potential (Eopset) and half-wave potential (E;,2) of the linear sweep

voltammetry curves (LSV). As shown in Fig. 4b, the Eqpger (1.02 V) and
E1/2 (0.83 V) of Fe-N/NC-900 were comparable to those of 20% Pt/C
(Eonset = 1.02 V and E; 2 = 0.83 V). Furthermore, the Egpser and Ej /2 of
Fe-N/NC-900 were more positive than those of NC-900 (Eopset = 0.86 V
and Ej2 = 0.73 V), Fe-N/NC-700 (Eopset = 0.98 V and E; /2 = 0.78 V)
and Fe-N/NC-800 (Egpset = 1.02V and Ej2 = 0.81 V). The limiting
current density (j)) of Fe-N/NC-900 reached 6.1 mA cm 2, surpassing
that of the 20% Pt/C electrocatalyst (5.70 mA cm—2). The kinetic cur-
rent density (jx@0.83 V) of Fe-N/NC-900 was 5.52 mA cm 2 similar to
that of 20% Pt/C (5.51 mA cm‘z) and higher than that of the other
samples (Fig. 4c). The Tafel slope of Fe-N/NC-900 was only 88.3 mV
dec! comparable to that of 20% Pt/C (88.7 mV dec’l) and lower than
that of the other samples (Fig. 4d). The electrochemically active surface
area was determined using double-layer capacitance (Cq)) to evaluate
the accessible active sites. The C4q was measured by recording CV curves
in the potential range of 0.95-1.05 V at various scan rates (Fig. S9). The
Cq value for Fe-N/NC-900 was 7.61 mF cm ™2, which is markedly higher
than that of Fe-N/NC-700 (1.40 mF cm2) and Fe-N/NC-800 (5.84 mF
cm™2), indicating a larger accessible active area for the Fe-N/NC-900
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Fig. 4. Electrocatalytic performance evaluation of different catalysts in O,-saturated 0.1 M KOH solution. (a) CV curve. (b) LVS curves at a rotation rate of 1600 rpm.
(c) Comparison of E; /5 and ji at 0.83 V (vs. RHE). (d) Corresponding Tafel plots were obtained from the RDE polarization curves. (e) Electrochemical double-layer
capacitance (Cq)). (f) H2O; yield and n. (g) The difference of Fe-N/NC-900 before and after the durability test (after 5000 CV cycles). (h) Chronoamperometric
measurements of Fe-N/NC-900 and 20% Pt/C at 0.5 V (vs. RHE) with a rotation rate of 1600 rpm. (i) Chronoamperometric measurements of Fe-N/NC-900 and Pt/C
catalysts were kept at 0.5 V (vs. RHE) and 1600 rpm with 5.0 mL methanol addition at 600 s.

electrocatalyst during the ORR process (Fig. 4e). Meanwhile, as shown
in Table 1, Fe-N/NC-900 exhibited a much higher mass activity (jn,
2616.06 mA mgl?e1 ) and turnover frequency (TOF, 7.71 e~ site ' s71) at
0.85V than Fe-N/NC-700 (j,, = 2223.36 mA mgl?el, TOF = 6.55 e~
site™! s71), Fe-N/NC-800 (j, = 2137.90 mA mgge, TOF = 6.30 ™ site !
s71) and 20% Pt/C (j,, = 98.57 mA mgp¢, TOF = 1.02 e~ site ! s7 1),
The above results indicate that Fe-N/NC-900 exhibits excellent ORR
electrocatalytic performance, which can be attributed to the synergistic
effect of the atomically dispersed Fe sites, abundant N-containing
functional groups (Fe-Ny, pyridinic-N and graphitic-N), high SSA and
unique pore structure. Despite the low Fe content, the atomically
dispersed Fe sites can considerably enhance the electrocatalytic

Table 1

Comparison of the ORR performance of the prepared electrocatalysts and 20%
Pt/C.

Samples Jm (mA mgp’el) TOF (e site ' s™1)
Fe-N/NC-700 2223.36 6.55
Fe-N/NC-800 2137.90 6.30
Fe-N/NC-900 2616.06 7.71
20% Pt/C 98.57 1.02

conversion efficiency. In addition, the high SSA and open micro-/mes-
oporous structure enhance the exposure of active sites and promote mass
transfer and diffusion between the reactants and the electrolyte, thereby
improving the overall electrocatalytic performance. Compared with
previously reported Fe-based electrocatalysts, Fe-N/NC-900 possesses
good ORR activity (Table 54).

Rotating ring—disk electrode measurements were performed on the
Fe-N/NC samples to monitor the formation of hydrogen peroxide
(H203) and assess the number of transferred electrons (n), aiming to
clarify the ORR electrocatalytic pathways (Fig. S10). Fig. 4f shows that
the Fe-N/NC-900 electrocatalyst delivers the lowest HyO5 yield (ca.
10%) among the samples, with n ranging from 3.80 to 3.98. This sug-
gests that Fe-N/NC-900 primarily operates via a four-electron process to
directly reduce O into Hy0, further confirming its efficient ORR elec-
trocatalytic activity. To verify the role of the Fe-Ny coordination centres
as the primary active sites for ORR in the Fe-N/NC-900 electrocatalyst, a
poisoning experiment using KSCN was performed. SCN™ ions can
strongly coordinate with transition metal centres, blocking O adsorp-
tion and consequently suppressing intrinsic ORR activity [40,41]. As
shown in Fig. S11, upon adding 10 mM KSCN to the Og-saturated 0.1 M
KOH electrolyte, the ORR performance of Fe-N/NC-900 declined
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considerably. The Ej,» exhibited a remarkable negative shift of 60 mV,
decreasing from 0.83 to 0.77 V, accompanied by a noticeable decrease
in the diffusion-limited current density. This pronounced performance
degradation, resulting from the masking of metal sites, evidences that
the atomically dispersed Fe-Ny moieties are the dominant active centres
in the ORR process. Durability is another critical factor for electro-
catalysts in practical applications; therefore, accelerated degradation
tests were performed to assess the durability of Fe-N/NC-900 and 20%
Pt/C. After 5000 and 40,000 cycles in 0.1 M KOH (Fig. 4g and Fig. S12),
Fe-N/NC-900 showed a slight decrease in Ej» of 13 and 27 mV,
respectively. By contrast, the E; /5 of 20% Pt/C decreased by 29 mV after
only 5000 CV cycles (Fig. S13). The chronoamperometric response of
Fe-N/NC-900 was analysed in an Oj-saturated 0.1 M KOH solution.
Fig. 4h shows that the ORR current of Fe-N/NC-900 retained 95.6% of
its initial value after 100,000 s, whereas that of 20% Pt/C only retained
88.1% after 50,000s, demonstrating the superior durability of
Fe-N/NC-900 compared with that of 20% Pt/C in an alkaline medium.
Furthermore, upon adding 5.0 mL of methanol to the electrolyte, the
current density of Fe-N/NC-900 decreased only slightly and rapidly
returned to its initial level. By contrast, 20% Pt/C experienced a more
pronounced decline in current density and showed limited recovery.
This indicates the superior resistance of Fe-N/NC-900 to methanol

(a) Fe-N/NC-700
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crossover.

To gain more insight into the intrinsic activity and excellent elec-
trocatalytic performance of Fe-N/NC-900, EIS was conducted. As shown
in Fig. S14, the charge transfer resistance (R.¢) of Fe-N/NC-900 was 1.11
Q, slightly lower than that of 20% Pt/C (2.71 Q). This result indicates
that Fe-N/NC-900 exhibits superior charge transfer performance
compared with 20% Pt/C, which can be attributed to the high degree of
graphitisation in Fe-N/NC-900. This structural feature facilitates elec-
tron transfer, thereby enhancing the ORR kinetics. Furthermore, in situ
EIS tests, combined with DRT analysis, were performed on Fe-N/NC-
700, Fe-N/NC-800 and Fe-N/NC-900 to clarify the mass transport
processes [42-44]. Fig. 5a—c shows the results of in situ EIS tests con-
ducted on Fe-N/NC samples in Oy-saturated 0.1 M KOH electrolyte over
a continuous potential range of 1.0-0.7. V. For all Fe-N/NC samples, the
first semicircle in the high-frequency region (10°-107 Hz) was not
affected by the applied potential, as the charge transfer rate at the
electrode-solution interface was mainly determined by the intrinsic
activity of the electrocatalysts. However, the second semicircle in the
low-frequency region (10~2-10° Hz) depended on the applied potential.
Specifically, the potential range decreased from 1.0 to 0.70 V for
Fe-N/NC-700, and the diameter of the second semicircle in the
low-frequency region continuously decreased. This suggests that, owing

(c) Fe-N/NC-900
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Fig. 5. (a-c) Nyquist plot of in situ EIS measurement, (d-f) in situ DRT analysis, (g-i) two-dimensional contour plot of the in situ DRT for Fe-N/NC-700, Fe-N/NC-800,

and Fe-N/NC-900.
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to insufficient exposure of active sites and blockage of mass transfer
channels in Fe-N/NC-700, the diffusion rate of Oy to the interface
cannot match the charge transfer rate, resulting in a marked kinetic
barrier. By contrast, for Fe-N/NC-800 and Fe-N/NC-900, the diameter
of the second semicircle in the low-frequency region gradually
decreased from 1.0 to 0.80 V and then gradually increased from 0.80 to
0.70 V, indicating that the resistance in the ORR process first decreased
and then increased. This phenomenon can be attributed to the high
intrinsic activity of the electrocatalysts, resulting in kinetic equilibrium
at a critical potential of 0.8. V. Further decreasing the potential led to a
sharp decline in the Oy concentration gradient at the reaction interface,
with mass transfer impedance becoming the rate-controlling step.
Notably, within the potential range of 0.85-0.75 V, the low-frequency
semicircle of Fe-N/NC-900 consistently remained smaller than that of
Fe-N/NC-800, corresponding to the mixed control and diffusion control
regions, suggesting that Fe-N/NC-900 has lower mass transfer resis-
tance in this region.

The DRT method was further employed to conduct an in-depth
analysis of the EIS data. As shown in Fig. 5d-f, the DRT spectra of all
samples exhibit two pronounced peaks on the time scale, with the peak
intensities corresponding to the resistance during the reaction. The high-
frequency region (10°-107 Hz) corresponds to the high-frequency
semicircle in the Nyquist plot, and its peak position remains unaltered
with applied potential. This can be attributed to the structural stability
of the electrocatalysts, which maintains a consistent charge transfer
capability throughout the electrochemical process. By contrast, the low-
frequency region corresponding to the low-frequency semicircle in the
Nyquist plots exhibits remarkable variations in peak position and in-
tensity with potential. Considering the DRT plot of Fe-N/NC-900
(Fig. 5 f) as an example, within the kinetic control range, as the potential
decreases from 1.00 to 0.92 V, the low-frequency main peak gradually
weakens and shifts towards the high-frequency direction, indicating an
acceleration of the reaction kinetics and a reduction in resistance [45,
46]. When the potential further drops to 0.92-0.75 V, the reaction en-
ters the mixed control zone of ORR, with the potential approaching the
plateau of the limiting current density and the mass transfer resistance
increases accordingly. When the potential reaches 0.70V, the
low-frequency peak considerably strengthens and shifts to lower fre-
quencies, exhibiting typical characteristics of mass transfer control [47,
48]. Fe-N/NC-800 (Fig. 5e) exhibits a similar trend to Fe-N/NC-900,
albeit with higher resistance values in each corresponding control zone.
Notably, Fe-N/NC-700 (Fig. 5d), constrained by its lower intrinsic
electrocatalytic activity, shows sluggish reaction kinetics and no obvious
mass transfer control in the DRT analysis. The two-dimensional contour
plots of DRT for each sample are presented in Fig. 5g-i. Fe-N/NC-900
transitions more rapidly from the kinetic control regime to the mixed
and diffusion control regimes during the ORR process. Moreover, the
resistance values associated with each control regime are considerably
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lower than those of the other samples. These results demonstrate that
Fe-N/NC-900 exhibits intrinsically high electrocatalytic activity that
accelerates reaction kinetics and its unique open micro-/mesoporous
structure facilitates Oy transport, substantially reducing mass transfer
resistance.

The reaction mechanism at the electrocatalytic active sites was
thoroughly investigated using density functional theory (DFT) calcula-
tions, assuming that the Fe-Ny species in Fe-N/NC-900 primarily exist
as Fe-N4 moieties embedded within the C layer (Fig. 6a). For compari-
son, a Pt (111) surface was employed as the model for the Pt/C elec-
trocatalyst (Fig. S15). At an applied potential of U = 0 V in an alkaline
electrolyte, all elementary steps on the Fe-N4 and Pt (111) surfaces
exhibited a downhill free energy trend (Fig. 6b), indicating that ORR
proceeds spontaneously under these conditions.

On the Fe-Ny site, the OH* desorption step was identified as the rate-
determining step, exhibiting a higher thermodynamic barrier (0.62 eV)
than on the Pt(111) surface (0.60 eV). As the potential increased to U
= 1.23 V (Fig. 6b), the free-energy changes for certain elementary steps
became uphill, with the final OH* desorption step being the most
endothermic. The theoretical overpotential for this final step on Fe-N/
NC-900 was 0.61 V, marginally lower than that of Pt/C (0.63 V). This
reduced overpotential indicates the superior OH* desorption capability
of Fe-N/NC-900 compared with Pt/C, thereby enhancing the overall
ORR kinetics by accelerating the rate-determining removal of OH* in-
termediates. Furthermore, the open and interconnected micro-/meso-
porous structure of the electrocatalyst establishes continuous diffusion
pathways. This architecture promotes the transport of species away from
the active sites, effectively reducing mass transfer resistance during
ORR.

4. Conclusions

A zeolite-assisted strategy was developed to synthesise Fe-N/NC
electrocatalysts featuring open micro-/mesoporous structures, atomi-
cally dispersed Fe sites and high density of Fe-Ny active centres for ORR.
The combination of high SSA and unique pore structures contributes to
exposing additional active sites and ensuring efficient mass transfer.
Therefore, the optimised Fe-N/NC-900 electrocatalyst demonstrates
remarkable ORR performance with a half-wave potential of 0.83 V in
alkaline media, excellent selectivity for the four-electron pathway and
outstanding long-term durability. Moreover, in situ EIS and DRT ana-
lyses demonstrate that the Fe-N/NC-900 electrocatalyst exhibits excel-
lent reaction kinetics and rapid mass transport capability, which can be
attributed to its outstanding structural characteristics. DFT analyses
reveal that the Fe-Ny sites facilitate desorption of OH* intermediates,
thereby promoting ORR. This work proposes a simple and efficient
auxiliary strategy for simultaneously constructing atomic-level metal
active sites and optimising mass transfer performance, thereby

(b)
u=o0Vv U=1.23V
——Fe-N, —Fe-N,
—Pt(111) —Pt(111)
>
= g
,,,,,,,,,,,,,,,,, 2 34 .
o 0" +20H +H,0+2¢"
. OH*+30H+e"
.. 4OH+e

Reaction Pathway

Fig. 6. (a) The stable models of intermediate species adsorbed on Fe-N4 of Fe-N/NC-900. (b) Free energy ladder diagrams of the reaction pathway in an alkaline

environment.
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providing a new platform for the innovative design and construction of
non-noble-metal ORR electrocatalysts.
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