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A B S T R A C T

Constructing iron-nitrogen-carbon (Fe-N-C) catalysts with high intrinsic activity for the oxygen reduction reac
tion (ORR) remains challenging. Meanwhile, additional structural optimization is necessary to improve mass 
transport and attain higher power density for practical applications. Herein, using silicalite-1 zeolite as a tem
plate, we employed a region-selective strategy to construct iron-embedded hollow-out nitrogen-doped carbon 
nanoboxes (Fe-N-HOCNs) catalyst with coexisted Fe-Nx and Fe nanoclusters, and as an efficient ORR electro
catalyst for the zinc-air batteries (ZABs). Despite the Fe content of 4.73 wt% in Fe-N-HOCNs, it exhibits a high 
half-wave potential (E1/2 = 0.87 V), excellent mass activity (jm, 658.17 mA mg− 1), and turnover frequency (TOF, 
0.3808 e− site− 1 s− 1), with ORR performance surpassing that of commercial Pt/C. This is attributed to the 
synergistic effect of coexisting Fe-Nx and Fe nanoclusters, which effectively lower the energy barrier of the ORR, 
optimizes the adsorption of reaction intermediates, and enhances electronic conductivity. Moreover, the abun
dant short-range, penetrable microporous/mesoporous channels overcome the diffusion limitations of O2, 
significantly improving electrochemical wettability, accessibility, and utilization efficiency of the limited cata
lytic active sites, facilitating the exposure of active sites at the three-phase boundary. Finite element simulations 
reveal that the multidirectional hollow-out structure of Fe-N-HOCNs functions as interconnected pathways, 
substantially reducing O2 transport resistance within the cathode catalyst layer. In ZABs, Fe-N-HOCNs enable the 
device to achieve a power density of 164 mW cm− 2 and a specific capacity of 776 mA h g− 1, along with excellent 
rate performance.

1. Introduction

As a kind of electrochemical energy conversion device, fuel cells and 
metal-air batteries are strategically pivotal for future energy transition 
systems owing to their green operation, high efficiency, and operational 
stability [1,2]. In the core reaction systems of these devices, the oxygen 
reduction reaction (ORR) in the CCL, as a complex multiphase interface 
process involving four-electron transfer, has become a key bottleneck 
limiting the overall improvement of energy conversion efficiency due to 

its slow kinetics [3,4]. Currently, the approaches to increase the reaction 
rate of ORR mainly rely on Pt-based catalysts with excellent catalytic 
activity [5]. However, the scarcity and high preparation costs of Pt 
significantly restrict its large-scale application in energy devices. 
Therefore, the development of low-cost and high-performance non-
precious metal ORR catalysts remains critically important but 
challenging.

Transition metal-nitrogen-carbon (M-N-C, M = Fe/Co/Ni) catalysts, 
featuring atomically dispersed metal-nitrogen group coordination 
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centers, have emerged as a key research focus for the development of 
ORR electrocatalysts [6]. This can be attributed to their high atomic 
efficiency, tunable coordination microenvironments, exceptional 
intrinsic electrocatalytic activity, and the ability to control preparation 
costs [7]. Among these, Fe-N-C catalysts containing Fe-Nx active site are 
considered as one of the ideal candidate materials to replace Pt-based 
catalysts due to their extensive research foundation and promising 
application prospects [8]. In most Fe-N-C catalysts, the Fe-Nx active sites 
mainly exist in the form of Fe-N4 and exhibit a nearly symmetrical 
planar configuration [9]. However, in the highly symmetric planar 
Fe-N4 structure, the spatial charge distribution at the Fe center is con
strained by symmetry and becomes uniform, lacking localized electron 
deficiency or enrichment, thereby diminishing its adsorption selectivity 
toward different oxygen-related intermediates (e.g., OOH*, O*, and 
OH*) [10,11]. Meanwhile, the d-p orbital hybridization between the Fe 
atom and N atom raises the d-band center of Fe and shifts it closer to the 
Fermi level. This electronic configuration strengthens the interaction 
between the high-energy Fe d orbitals and the antibonding orbitals of 
oxygen-related intermediates (e.g., the σ* orbital of *OH), thereby 
resulting in excessively high adsorption energies. Such strong adsorption 
not only leads to the accumulation of oxygen species on the catalyst 
surface but may also induce a shielding effect, ultimately suppressing 
the catalytic activity [12,13]. Additionally, during the prolonged ORR 
process, the Fe-N4 active sites may experience detachment or degrada
tion, which undermines the long-term stability of Fe-N-C catalysts [14].

Recent studies have demonstrated that while constructing Fe-Nx sites 
on carbon matrix with specific physicochemical properties, additional 
anchoring of metal nanoclusters or small nanoparticles can significantly 
improve the activity and stability of Fe-Nx catalysts [15]. For example, 
Wan et al. developed a Fe-N-C catalyst with a unique structure, featuring 
the coexistence of Fe nanoclusters and Fe-N4 active sites on the surface 
of nitrogen-doped carbon quantum dots [16]. The efficient and unlocked 
electron transfer path exists between Fe nanoclusters and Fe-N4, with an 
extremely short interaction distance, thereby forming a strong electronic 
coupling effect. The Fe nanoclusters optimize the adsorption strength of 
oxygen reduction intermediates on Fe-N4 and also shorten the bond 
amplitude of Fe-N4 with incoherent vibrations, ultimately enhancing the 
catalytic activity and durability of the Fe-N4 sites by 60%. Similarly, 
Wang et al. synthesized a flexible multi-channel carbon fiber membrane 
incorporating coexisted Fe-N4 sites and Fe nanoclusters [17]. The Fe 
nanoclusters induce substantial electron redistribution at the Fe-N4 sites, 
enhancing the absorption capacity of *OOH during the rate-determining 
step at the Fe-N4 site, and improving both the ORR activity and stability 
of the catalyst. Therefore, constructing a coexistence system of Fe-N4 
and Fe nanoclusters on appropriate carbon matrix represents an effec
tive strategy to enhance the intrinsic ORR performance of Fe-N-C 
catalysts.

Furthermore, the ORR at the air cathode of battery involves a com
plex catalytic process at the solid-liquid-gas interface [18]. Effectively 
utilizing active sites located beyond the three-phase boundaries remains 
a significant challenge [19]. In traditional Fe-N-C catalysts, due to the 
complexities of high-temperature pyrolysis and heteroatom doping 
processes, a large number of Fe-Nx active centers are encapsulated 
within dense carbon layers, forming isolated sites. These isolated sites 
struggle to interact effectively with oxygen molecules, with only the 
Fe-Nx sites on the catalyst surface being able to participate in the reac
tion. For example, Kucernak et al. reported that only 4.5% of Fe-Nx sites 
functioned in their Fe-N-C catalysts [20]. Currently, the main approach 
is to increase the amount of catalyst used in the CCL. However, this 
inevitably increases the thickness of the CCL, and an excessively thick 
catalytic layer significantly hinders O2 transport and electrolyte pene
tration, thereby adversely affecting the overall performance of the de
vice [21]. Rather than simply increasing the number of active sites by 
thickening the CCL, a more effective strategy is to construct a highly 
accessible carbon matrix that simultaneously enables sufficient exposure 
of active sites and rapid transport of reactants and electrolytes within a 

limited thickness. For example, Ma et al. developed hierarchical porous 
nitrogen-doped carbon nanoboxes catalysts anchored with a high den
sity of metal-Nx active sites via a polydopamine-assisted strategy [22]. 
The unique three-dimensional open pore structures markedly promote 
O2 diffusion and electrolyte penetration, thereby accelerating ORR ki
netics. Furthermore, by employing a Fe3+-chelated 
polydopamine-assisted hollowing strategy, they also successfully con
structed axially coordinated Fe-N5 single-atom sites [23]. This coordi
nation modulation enhances the intrinsic activity of sites, while 
synergizing with the open mass-transport channels to significantly 
improve overall device performance. Therefore, in the design and con
struction of Fe-N-C catalysts for ORR, it is not only necessary to optimize 
the activity of catalytic sites but also to regulate the morphology and 
microstructure of the carbon matrix to achieve abundant and stable 
multiphase interfaces, thereby satisfying the performance requirements 
of high-performance devices.

In this work, we employed a region-selective strategy to construct 
iron-embedded hollow-out nitrogen-doped carbon nanoboxes (Fe-N- 
HOCNs) with coexisted Fe-Nx and Fe nanoclusters, and as an efficient 
ORR electrocatalyst for the ZABs. Despite the Fe content of 4.73 wt% in 
Fe-N-HOCNs, it exhibits a high half-wave potential (E1/2 = 0.87 V), 
excellent mass activity (jm, 658.17 mA mg− 1), and turnover frequency 
(TOF, 0.3808 e− site− 1 s− 1), with ORR performance surpassing that of 
commercial Pt/C. This is attributed to the coexistence of Fe-Nx and Fe 
nanoclusters, which effectively lowers the ORR energy barrier, opti
mizes intermediate adsorption, and enhances electronic conductivity. 
Additionally, the active sites are primarily concentrated within the 
porous framework of the Fe-N-HOCNs, and the abundant short-range, 
penetrable micro/mesoporous channels effectively overcome the limi
tations of O2 diffusion, significantly improving the electrochemical 
wettability, accessibility, and utilization of the limited catalytic active 
sites in the micropores, thereby promoting the exposure of these sites at 
the three-phase boundaries both inside and outside of the Fe-N-HOCNs. 
More importantly, when Fe-N-HOCNs are assembled into ZABs, its 
multidirectional hollow-out structure serves as interconnected channels, 
effectively reducing the O2 transport resistance within the CCL, the 
device power density can reach 164 mW cm− 2. This indicates that 
constructing the high-activity sites and abundant, stable multiphase 
interfaces within the carbon matrix of air cathodes can effectively 
enhance the performance of energy devices, thereby providing new 
opportunities for developing low-cost, earth-abundant catalysts.

2. Experimental section

2.1. Chemicals and regents

Tetraethyl orthosilicate (TEOS, 99%), Tetrapropylammonium hy
droxide (TPAOH, 25 wt%), ammonia solution (NH4OH, 25%), sulfuric 
acid (H2SO4, ≥96.0%), iron (II) phthalocyanine (FePc, 98%), Potassium 
hydroxide (KOH, ≥85.0%) are from Sinopharm Chemical Reagent Co. 
Ltd. Dopamine hydrochloride (DA, 98%), 1, 3, 5-trimethyl benzene 
(TMB, 98.0%) and ethanol (C2H5OH, ≥99.5%)are from Shanghai 
Aladdin Biochemical Technology Co., Ltd. Pluronic F127 and P123 are 
from Sigma-Aldrich. Hydrofluoric acid (HF, 48 wt%) is from Shanghai 
Macklin Biochemical Co., Ltd. The commercial 20% Pt/C catalyst is from 
TANAKA PRECIOUS METAL GROUP Co., Ltd. The commercial 75% 
RuO2 catalyst is from Suzhou Sinero Technology Co., Ltd. Nitrogen (N2, 
≥99.999%), argon (Ar, ≥99.999%), and oxygen (O2, ≥99.999%) were 
supplied by the Liaoning Guoyi New Material Technology Co., Ltd. All 
reagents were used without further purification. Deionized (DI) water 
was used in all experiments.

2.2. Synthesis of silicalite-1 (S-1) zeolite

Mix 12 mL of TPAOH (25 wt%) with 10 mL of DI water, then add 12 
mL of TEOS. Stir the mixture continuously at 1400 rpm for 6 h. Transfer 
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the resulting clear solution to a 200 mL polytetrafluoroethylene liner 
and place it in a stainless steel reactor. Place the autoclave in an oven 
and crystallize at 170 ◦C for 12 h. Centrifuge the solid sample, wash it 
several times with DI water and C2H6O, and dry it in an oven at 60 ◦C 
overnight. Finally, calcine the sample at 550 ◦C for 6 h. The obtained 
white powder is designated as silicalite-1 zeolite, referred to as S-1.

2.3. Synthesis of S-1@HO-mPDA and S-1@mPDA

Accurately weigh 0.2 g of P123 and 3.8 g of F127, and place them in 
a beaker. Add a mixture of 200 mL of DI water and 100 mL of C2H6O, 
and ultrasonically stir until P123 and F127 are completely dissolved. 
Then, add 0.6 g of S-1 to the solution and ultrasonically stir for 3 min to 
disperse. Next, add 6.0 g of DA, stir for 1 min, and then add 16 mL of 
TMB. Continue stirring until the solution becomes noticeably milky, 
then add 16 mL of NH4OH. After reacting for 6 h, the product was 
centrifuged and vacuum dried at 80 ◦C to obtain the particles of hollow- 
out mesoporous polydopamine-coated S-1 zeolite (S-1@HO-mPDA) 
prepared based on the selective deposition strategy.

The synthesis process of mesoporous polydopamine-coated S-1 
zeolite (S-1@mPDA) without hollow out structure is identical to that of 
S-1@OP-mPDA, except that F127 and P123 are not added.

2.4. Synthesis of Fe-N-HOCNs, Fe-N-CNs and Fe-NCs

Weigh 0.3 g S-1@OP-mPDA and add it to 30 mL of DI water, then 
ultrasonically stir for 2 min. Next, add 20 mL of a pre-prepared 0.005 M 
FePc solution, and stir in a water bath at 50 ◦C under vacuum for 8 h. 
Centrifuge and wash the product, then vacuum dry at 80 ◦C to obtain 
FePc/S-1@OP-mPDA particles. Using a horizontal tube furnace, heat the 
FePc/S-1@OP-mPDA from room temperature to 1000 ◦C at a rate of 5 ◦C 
min− 1. Maintain this temperature for 3 h under an Ar atmosphere, then 
allow it to cool naturally to room temperature. Wash the obtained 
sample with a mixture of 30 mL 40 wt% HF and 30 mL 0.01 M H2SO4, 
and finally freeze-dry the sample. The final sample, consisting of iron- 
embedded nitrogen-doped hollow out carbon nanoboxes, is referred to 
as Fe-N-HOCNs. Additionally, by adjusting the pyrolysis temperature to 
900 and 1100 ◦C, the comparative samples Fe-N-HOCNs-900 and Fe-N- 
HOCNs-1100 were synthesized.

The synthesis process of the Fe-N-CNs sample without hollow-out 
structure with a fully dopamine-coated structure is identical to that of 
Fe-N-HOCNs, with the only difference being the use of S-1@mPDA.

In addition, we synthesized two other comparison samples. The 
synthesis steps are as follows:

The S-1@HO-mPDA was directly pyrolyzed at a high-temperature of 
1000 ◦C to obtain the metal-free nitrogen-doped hollow-out carbon 

Fig. 1. (a) Schematic illustration for the synthesis of Fe-N-HOCNs and Fe-N-CNs samples. SEM images of (b) S-1, (c) Fe-N-HOCNs, (d-e) TEM and HRTEM images of 
Fe-N-HOCNs, (f) dark-field STEM image and EDS mappings of Fe-N-HOCNs. The bright white spot within the blue mark in (d) indicates a short-range penetrable 
mesoporous structure, and the bright white spot within the yellow mark in (e) represents a penetrable microporous structure. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.)
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nanoboxes, which was named HOCNs.
The FePc was directly pyrolyzed at a high-temperature of 1000 ◦C to 

obtain the Fe-N porous carbon sample, which was named Fe-NCs.

3. Results and discussion

3.1. Synthesis and characterization of catalysts

Fig. 1a shows the synthetic process of the iron-embedded hollow-out 
nitrogen-doped carbon nanoboxes (Fe-N-HOCNs) catalyst, while Fig. S2
displays the color changes of different samples at each step. First, the 
synthesized white silicalite-1 (S-1) zeolite was modified by using the 
block copolymers F127 and P123, followed by the introduction of pol
ydopamine (PDA) and 1, 3, 5-trimethyl benzene (TMB). Due to the 
difference in packing densities of the block copolymers on various 
crystal faces of S-1, region-selective deposition of PDA was achieved. 
Additionally, the incorporation of TMB facilitated the creation of mes
oporous structures within the deposited PDA layer [24]. Subsequently, 
the Fe-N-HOCNs catalyst (dark), featuring the hollow-out structure, was 
synthesized through a sequence of steps of vacuum impregnation with 
an iron-containing precursor (FePc), acid etching to remove the tem
plate and excess FePc, and high-temperature pyrolysis. The synthesis 
process of Fe-N-CNs without a hollow-out structure is similar to that of 
Fe-N-HOCNs, as no block polymer is added during the synthesis. The 
micromorphology of the samples was observed by scanning electron 
microscopy (SEM). As shown in Fig. 1b, S-1 exhibits a smooth surface 
and a nearly rectangular 3D structure. According to Fig. S3, S-1 displays 
three crystal directions: [100], [010], and [001], with the [010] and 
[100] planes being relatively flat, while the [001] plane exhibits some 
curvature [25]. In the S-1@OP-mPDA obtained after block polymer 
modification and PDA coating (Fig. S4), the framework-like mesoporous 
PDA selectively grows at the four intersecting edges between the [100] 
and [010] crystal planes of each S-1 crystal, as well as along the two 
curved surfaces in the [001] direction, thereby exposing two pairs of 
{100} and {010} crystal planes. It's worth noting that the dosage of TMB 
plays a pivotal role in regulating the mesoporous structure of the PDA 
layer. Owing to its robust hydrophobicity, TMB preferentially partitions 
into the hydrophobic cores of micelles self-assembled from block co
polymers (P123/F127), effectively inducing pore expansion through a 
swelling effect. As shown in Fig. S5, a low TMB concentration (2 mL) 
results in insufficient swelling and restricted micelle expansion, 
confining the mesopore size of the PDA layer to 5~9 nm. Upon 
increasing the TMB volume to 8 mL, an optimal swelling effect is ach
ieved, where the micelles reach an ideal size that facilitates the uniform 
deposition of PDA, yielding a well-distributed mesoporous structure 
with a moderate mesopore size (10~18 nm). However, an excessive 
TMB dosage (14 mL) leads to over-swelling or even structural instability 
of the micelles, causing a sharp increase in mesopore size to 19~25 nm. 
Simultaneously, the disruption of the emulsion equilibrium leads to 
uncontrolled morphology, shifting the process from interfacial deposi
tion to bulk polymerization and eventually yielding a proliferation of 
PDA nanospheres. After vacuum impregnation of S-1@OP-mPDA with 
FePc, no additional substance formation was observed on the surface of 
FePc/S-1@OP-mPDA (Fig. S6). Following acid etching and pyrolysis, 
Fe-N-HOCNs (Fig. 1c) exhibited a significant hollow-out structure, 
originating from the exposed [100] and [010] crystal planes of S-1 in 
FePc/S-1@OP-mPDA. Meanwhile, most of the nano-framework 
remained stable, indicating the robustness and rigidity of the skeleton, 
and the obvious mesoporous structures can be observed in the 
nano-framework. However, only hollow-like structures were observed 
in the SEM images of Fe-N-CNs (Fig. S7), which was due to the 
non-selective deposition of PDA caused by the absence of block polymer 
modification during the synthesis process. Additionally, SEM images 
(Figs. S8 and S9) reveal that Fe-N-HOCNs synthesized at 900 ◦C and 
1100 ◦C maintain morphologies roughly similar to that of the 1000 ◦C 
sample. Notably, pyrolysis at 900 ◦C leads to incomplete graphitization 

of the carbon layers, whereas increasing the temperature to 1100 ◦C 
induces excessive thermal contraction of the carbon framework, causing 
severe structural collapse and a markedly reduced carbon shell 
thickness.

The high-resolution transmission electron microscopy (HRTEM) 
image in Fig. 1d reveals the microstructure of the Fe-N-HOCNs. Fe-N- 
HOCNs possess a hollow-out quasi-cubic nano-framework structure, 
with short-range penetrable mesoporous structures embedded within 
the framework. Additionally, numerous penetrable micropores can also 
be observed in the carbon layer structure of the framework via HRTEM 
(Fig. 1e). The unique porous structures of Fe-N-HOCNs offer potential 
advantages as follows. As illustrated in the schematic (Fig. S10), the 
hollow-out structure can ensure that both the internal and external 
surfaces are fully exposed to the reaction environment, and the short- 
range mesopores can help to alleviate diffusion limitations, while the 
penetrable micropores are expected to increase the probability of 
interaction between limited active sites and O2. In addition, a small 
amount of large-sized Fe nanoclusters is observed within Fe-N-HOCNs 
(Fig. S11a). The HRTEM analysis indicates that the lattice distance of Fe 
nanoclusters is approximately 0.23 nm [26], attributed to the Fe (110) 
crystal plane (Fig. S11b–c). Spherical aberration-corrected transmission 
electron microscopy reveals abundant Fe single-atoms and numerous 
small-sized Fe nanoclusters in Fe-N-HOCNs (Fig. S12), providing evi
dence for the coexistence of Fe-Nx and Fe nanoclusters Meanwhile, 
elemental mapping images (Fig. 1f) confirmed the homogeneous dis
tribution of C, O, N, and Fe atoms in the Fe-N-HOCNs.

The powder X-ray diffraction (XRD) measurements were conducted 
to investigate the composition and structure of samples (Fig. 2a). A 
prominent diffraction peak centered at approximately 26.0◦ attributing 
to the graphite {002} plane was observed from all samples, indicating 
that PDA can be converted into graphitic carbon following high- 
temperature pyrolysis. However, in contrast to the hollow nitrogen- 
doped carbon nanoboxes (HOCNs) without FePc, the Fe-NCs, Fe-N- 
CNs and Fe-N-HOCNs all exhibited two distinct new phases of FeN0.0324 
phase (JCPDS No. 75-2127) and Fe phase (JCPDS No. 65-4899) [27–29]. 
The Fe-NCs were prepared via direct pyrolysis of FePc. The diffraction 
peaks observed at 43.5◦, 50.7◦, and 74.6◦ match the [111], [200], and 
[220] lattice planes of cubic FeN0.0324, respectively. The weak diffrac
tion peaks located at 44.6◦, 65.0◦, and 82.3◦ correspond to the [110], 
[200], and [211] planes of Fe phase. The formation of a small amount of 
Fe phases is primarily attributed to the slight aggregation of the FePc 
precursor during the introduction stage. During pyrolysis, some Fe 
atoms migrate and agglomerate into a small number of large-sized Fe 
nanoclusters, which is consistent with the results observed in HRTEM. 
Notably, the presence of the non-stoichiometric compound FeN0.0324 
(Fe-Nx) and Fe nanoclusters indicates that the pyrolysis process can 
modify the coordination environment of Fe atoms in FePc, leading to a 
change in the bonding configuration between Fe and N atoms and the 
formation of Fe nanoclusters. The synergistic effect between Fe-Nx sites 
and Fe nanoclusters could affect the adsorption capacity of the active 
site for oxygen containing species. Furthermore, comparative XRD 
pattern of Fe-N-HOCNs samples pyrolyzed at 900 and 1100 ◦C (Fig. 2a 
and Fig. S13) revealed that as the pyrolysis temperature increased, the 
intensity of the FeN0.0324 phase peaks first increased and then decreased, 
while the Fe phase peaks continuously increased. This indicates that the 
lower pyrolysis temperatures (900 ◦C) hinder the complete formation of 
the FeN0.0324 phase, while excessively high temperatures (1100 ◦C) 
promote its decomposition and Fe atom agglomeration, leading to a 
transformation to the more stable Fe phase. Thus, pyrolysis at 1000 ◦C 
favors the formation of a higher concentration of Fe-Nx sites in Fe-N-
HOCNs. The defects and disordered structures of carbon material in the 
catalyst can also influence the electron transfer processes during the 
ORR process [30,31].

Raman spectroscopy was employed to analyze the graphitization 
degree of samples (Fig. S14a–b). The Raman spectra were deconvoluted 
into four components. The corresponding curve-fitting results, as well as 
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the intensity ratio of the D and G bands (ID/IG). Generally, a higher ID/IG 
ratio reflects a greater degree of graphitization of the catalyst. Specif
ically, the ID/IG ratio of different samples (Fig. S14c–f), in ascending 
order, is 1.12 (HOCNs), 1.13 (Fe-N-HOCNs), 1.14 (Fe-N-CNs), and 1.22 
(Fe-NCs). The degree of graphitization of Fe-NCs is the lowest, primarily 
due to its direct formation through the pyrolysis of FePc, during which 
the disordered stacking and transformation of FePc molecules lead to a 
higher density of structural defects. In contrast, the synthesis of HOCNs 
involves the ordered arrangement of PDA monomers along the specific 
crystal plane of S-1, which effectively suppresses the random nucleation 
and growth of carbon microcrystals in 3D space during pyrolysis, 
thereby exhibiting a higher degree of graphitization. Since Fe-N-HOCNs 
and HOCNs are synthesized in a similar manner, the introduction of FePc 
generates additional carbon defects, resulting in a slightly higher ID/IG 
ratio. Compared with Fe-N-HOCNs, Fe-N-CNs lacks the directional 
deposition of PDA during synthesis, and the incorporation of FePc 
further diminishes its graphitization degree. Furthermore, the ID/IG ra
tios of Fe-N-HOCNs-900 and Fe-N-HOCNs-1000 are 1.28 and 1.19, 
respectively (Fig. S14g–h). These results imply that the lower temper
ature (900 ◦C) constrains the graphitic transformation of the carbon 
layers. Conversely, an excessively high temperature (1100 ◦C) induces 
framework thinning and structural collapse, which in turn suppresses 

further improvement in the degree of graphitization and impedes effi
cient electron transport. Therefore, among the Fe containing samples, 
Fe-N-HOCNs maintains a relatively high degree of graphitization and 
structural stability, suggesting potentially better electrical conductivity.

N2 adsorption/desorption isotherms of samples were examined, and 
the specific surface area and the porosity were analyzed by Brunauer- 
Emmett-Teller (BET) approach and non-local density functional theory 
(NLDFT) [32]. All the samples show the type IV isotherms containing a 
high adsorption capacity at P/P0 ≤ 0.1, suggesting their mesoporous and 
microporous composite structure (Fig. 2b) [33]. The pore size distri
bution curves are shown in Fig. 2c. Fe-N-HOCNs contains a large number 
of micro/mesopores with pore sizes of ~2 nm and 2~15 nm. The pore 
structure of Fe-N-HOCNs is similar to that of HOCNs, and the formation 
of internal micropores (<2 nm) and relatively small-sized mesopores 
(2~8 nm) is primarily attributed to the decomposition and trans
formation of FePc precursors during the pyrolysis process, as well as the 
framework shrinkage of PDA during its conversion into the carbon 
matrix. Meanwhile, Fe-N-HOCNs and HOCNs inherit the 8~15 nm 
mesoporous features from the S-1@HO-mPDA precursor, which origi
nates from the synergistic self-assembly of P123 and F127 block co
polymers, PDA precursors, and moderate TMB swelling agents during 
the synthesis stage [34]. Following high-temperature pyrolysis, the 

Fig. 2. (a) XRD patterns, (b) N2 adsorption/desorption isotherms, (c) pore size distributions, (d) XPS survey spectra for the Fe-NCs, HOCNs, Fe-N-CNs, and Fe-N- 
HOCNs. (e) N 1s spectra, (f) the content of different nitrogen-containing functional groups, and (g) Fe 2p spectra for the Fe-NCs, HOCNs, Fe-N-CNs, and Fe-N-HOCNs.
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removal of the block copolymers accompanied by the thermal poly
condensation and framework shrinkage of the PDA matrix, endows the 
materials with a highly permeable mesoporous structure. This is in 
agreement with the SEM and HRTEM observations. In contrast, 
Fe-N-CNs synthesized without the assistance of P123 and F127 fail to 
exhibit such a mesoporous structure. In addition, as shown in Table S1, 
the SBET of Fe-N-HOCNs (354 m2 g− 1) is larger than that of HOCNs (320 
m2 g− 1), Fe-N-CNs without hollow-out structure (250 m2 g− 1), and 
Fe-NCs (120 m2 g− 1). The Vmicro and Vmicro/Vtotal values of Fe-N-HOCNs 
(0.18 cm3 g− 1, 64.3%) are significantly higher than those of Fe-NCs 
(0.07 cm3 g− 1, 63.6%), HOCNs (0.14 cm3 g− 1, 58.3%), Fe-N-CNs 
(0.11 cm3 g− 1, 33.3%). The large SBET and high micropore content in 
Fe-N-HOCNs are beneficial to the exposure of active sites in electro
catalytic reactions.

The metal element content, surface chemical composition, and 
valence states of samples were further characterized by using an 
inductively coupled plasma mass spectrometer (ICP-MS) and X-ray 
photoelectron spectroscopy (XPS). ICP-MS results indicated that the Fe 
content in Fe-NCs was 11.29 wt%, whereas the Fe content in Fe-N-CNs 
and Fe-N-HOCNs samples decreased to 4.04 wt% and 4.73 wt%, 
respectively (Fig. S15). This can be attributed to the acid washing 
treatment that both Fe-N-CNs and Fe-N-HOCNs have undergone, which 

effectively removes a significant number of unstable Fe species. 
Furthermore, during the matrix synthesis of Fe-N-HOCNs, the block 
copolymers can promote the formation of additional mesoporous 
structures within PDA. Under equivalent FePc molecules input, more 
mesoporous facilitates the encapsulation of more FePc molecules, 
thereby resulting in a slightly higher Fe content in Fe-N-HOCNs 
compared to Fe-N-CNs. The XPS spectra confirmed the presence of C 
(284.6 eV), N (399.1 eV), and O (532.2 eV) elements in all samples 
(Fig. 2d), indicating that the carbon layer contains a large amount of 
nitrogen [35]. Weak characteristic peaks of Fe 2p (709.1 eV) were 
observed in all samples except HOCNs, which can be attributed to iron 
compounds formed during the pyrolysis of FePc [36]. The C, N, and O 
contents (at%) of the samples are presented in Table S2. Due to the 
embedding of Fe species within the carbon structure, along with the 
influence of acid treatment and the limited detection depth of XPS, the 
specific content of the Fe element could not be detected on the sample 
surface. The N content on the surface of Fe-N-HOCNs (5.4 at%) is slightly 
higher than that of Fe-N-CNs (4.4 at%), inheriting the characteristic of 
HOCNs (7.2 at%). In Fig. 2e, the high-resolution N 1s spectra revealed 
nitrogen containing species, including pyridinic-N, pyrrolic-N, 
graphitic-N, and oxidized-N at binding energy of 398.4 eV, 400.2 eV, 
410.4 eV, and 404.0 eV, respectively [37]. The Fe-Nx species at 399.4 eV 

Fig. 3. (a) LSV curves, (b) Tafel plots, (c) half-wave potentials (E1/2) and kinetic curves (jk), (d) electrochemical double-layer capacitance (Cdl), (e) electron transfer 
numbers (n) and peroxide yield (H2O2%) of the Fe-NCs, HOCNs, Fe-N-CNs, Fe-N-HOCNs, and 20% Pt/C. (f) Radar plot on performance comparison with different 
ORR catalysts. (g) LSV curves of Fe-N-HOCNs before and after accelerated durability test (after 10k CV cycles). (h) Chronoamperometric responses and (i) methanol 
tolerance test of Fe-N-HOCNs, and 20% Pt/C with 30 mL methanol at 0.7 V and 1600 rpm in O2-saturated 0.1 M KOH.
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were detected in the Fe-NCs, Fe-N-CNs, and Fe-N-HOCNs samples [38,
39]. As shown in Fig. 3f, the atomic percentages of Fe-Nx species in 
Fe-N-HOCNs (0.59 at%) is similar to Fe-N-CNs (0.61 at%). This coor
dination between the metal and nitrogen atoms is considered an effec
tive active site for ORR [40,41]. Moreover, both pyridinic-N and 
graphitic-N play critical roles in enhancing ORR activity. Pyridinic N 
can increase the delocalized π electrons in the carbon framework, 
enhancing nucleophilic attack on O2. Graphitic nitrogen can promote O2 
adsorption, accelerate electron transfer, and increase the limiting cur
rent density [42,43]. In Fig. 2f, the nitrogen containing species of 
pyridinic-N (2.00 at%) and graphitic-N (1.05 at%) in Fe-N-HOCNs are 
higher than those in Fe-N-CNs (1.67 and 0.86 at%). The increase in ni
trogen content, especially in pyridine-N and graphite-N, is beneficial to 
the improvement of catalytic performance. The Fe 2p spectra of Fe-NCs, 
Fe-N-CNs, and Fe-N-HOCNs reveal two significant peaks corresponding 
to Fe 2p1/2 (~723.0 eV) and Fe 2p3/2 (~710.0 eV), which are attributed 
to Fe3+ and Fe2+, respectively [44]. The deconvoluted peaks centered 
around 710.0 eV and 722.2 eV correspond to Fe2+, while the peaks 
located at approximately 713.7 eV and 725.9 eV are indicative of Fe3+. 
Additionally, a prominent peak was observed at 707.5 eV, with a cor
responding satellite at 720.1 eV, which is characteristic of Fe0. Thus, the 
chemical valence states of Fe species in all Fe-NCs, Fe-N-CNs, and 
Fe-N-HOCNs composites range from Fe0 to Fe3+ [45], which is consis
tent with the results of XRD. Based on the above results, Fe-N-HOCNs 
contains an abundance of pyridinic-N and graphitic-N, Fe-Nx sites, and 
bits of Fe nanoclusters. The presence of pyridinic-N and graphitic-N 
contributes to optimizing the electronic structure of the carbon ma
trix, while the Fe nanoclusters facilitate the disruption of the symmet
rical electronic interface of Fe-Nx sites and the modulation of the Fe 
center's d orbitals [17,43]. The synergistic effect of multiple sites is 
expected to enhance the electron transfer path and improve the 
adsorption and desorption performance of oxygen-containing interme
diate species, thereby increasing the intrinsic catalytic activity of the 
catalyst.

3.2. Electrocatalytic performance of catalysts

As shown in Fig. S16 of cyclic voltammetry (CV), Fe-N-HOCNs ex
hibits a more positive peak potential of ORR compared to other samples, 
indicating its excellent ORR catalytic activity. This result is further 
corroborated by the linear sweep voltammetry (LSV) curves derived 
from the rotating disk electrode (RDE) conducted at 1600 rpm in an O2- 
saturated 0.1 M KOH (Fig. 3a). The Fe-N-HOCNs achieves a limiting 
current density of 5.9 mA cm− 2, superior to that of 20% Pt/C (5.2 mA 
cm− 2). It also exhibited a more positive half-wave potential (E1/2 = 0.87 
V) compared to Pt/C (E1/2 = 0.83 V), while maintaining a comparable 
onset potential (Eonset = 1.01 V vs. 1.02 V for Pt/C), which are sub
stantially better than the performance of Fe-NCs (E1/2 = 0.58 V, Eonset =

0.99 V), HOCNs (E1/2 = 0.59 V, Eonset = 0.90 V) and Fe-N-CNs (E1/2 =

0.70 V, Eonset = 0.94 V). Furthermore, Fe-N-HOCNs exhibit better cat
alytic activity relative to the samples prepared at other pyrolysis tem
peratures (Fig. S17). This superior performance is primarily ascribed to 
the modulation of phase evolution, microstructure, and graphitization 
degree by the pyrolysis temperature, which allows the catalyst to reach 
an optimal synergy between structural integrity and catalytic efficiency 
at 1000 ◦C. LSV tests were further performed at rotation speeds ranging 
from 400 to 2500 rpm (Fig. S18a–e). Based on the LSV results, the 
Koutecky-Levich (K-L) plots were constructed, exhibiting a robust linear 
relationship across various potentials (Fig. S18f–j), which confirms the 
first-class dynamics kinetics towards dioxygen fragmentation [46]. 
Furthermore, as shown in Fig. 3b, the kinetics of the Fe-N-HOCNs 
sample are evidenced by its lowest Tafel slope (35 mV dec− 1) compared 
to 20% Pt/C (80 mV dec− 1), Fe-NCs (135 mV dec− 1), HOCNs (101 mV 
dec− 1), and Fe-N-CNs (77 mV dec− 1). The lower Tafel slope indicates 
that the faster ORR kinetics, involving the processes of charge transfer, 
mass transport, utilization of active sites, etc. Additionally, the kinetic 

current density (jk@0.85 V) of Fe-N-HOCNs was calculated to be 9.58 
mA cm− 2, which is 2.75 times larger than that of 20% Pt/C and signif
icantly higher than the other samples (Fig. 3c). More importantly, as 
shown in Table 1, the Fe-N-HOCNs has much higher mass activity (jm, 
658.17 mA mgFe

− 1) and turnover frequency (TOF, 0.1160 e− site− 1 s− 1) at 
0.85 V in comparison with Fe-NCs (2.29 mA mgFe

− 1, 0.0013 e− site− 1 s− 1), 
Fe-N-CNs (13.98 mA mgFe

− 1, 0.0081 e− site− 1 s− 1) and 20% Pt/C (57.39 
mA mgPt

− 1, 0.1160 e− site− 1 s− 1). The high jm and TOF of Fe-N-HOCNs 
may be attributed to its more distinct microporous and mesoporous 
structure compared to Fe-NCs and Fe-N-CNs. In Fe-N-HOCNs, Fe sites 
(Fe-Nx and Fe clusters) are predominantly located in different pore re
gions of the micropores and mesopores within the carbon matrix. This 
spatial confinement effect reduces the size of the sites, and smaller-sized 
sites have a higher ratio of surface atoms to total atoms, thereby offering 
more electrocatalytic active sites [47]. Moreover, the confinement of Fe 
sites in distinct pore regions results in a heterogeneous spatial distri
bution, leading to strong interactions between Fe sites, which further 
enhances the catalytic efficiency of these sites [48]. The jm and TOF 
provide strong evidence that Fe-N-HOCNs possess high intrinsic activity, 
and therefore could be expected to exhibit an excellent performance on 
accelerating ORR.

The electrochemically active surface area (ECSA) was evaluated by 
double-layer capacitance (Cdl) to reflect the accessible active sites. This 
goal was achieved by recording CV curves in the potential range of 0.95 
V to 1.05 V at various scan rates. The CV curves for Fe-N-HOCNs, 20% 
Pt/C, and other samples at different scan rates are shown in Fig. S19. As 
shown in Fig. 3d, the calculated Cdl value for Fe-N-HOCNs is 9.66 mF 
cm− 2, which is significantly higher than those of Fe-NCs (0.32 mF cm− 2), 
HOCNs (0.17 mF cm− 2), Fe-N-CNs (1.56 mF cm− 2), and 20% Pt/C (4.15 
mF cm− 2). This result suggests that the synergistic effect of accessible 
micro/mesoporous structure and highly dispersed Fe species in Fe-N- 
HOCNs enhances the exposure of electrochemically active sites. Mean
while, the abundant nitrogen-containing functional groups are condu
cive to enhancing the surface wettability of the catalyst, facilitating the 
formation of gas-liquid-solid three-phase interfaces, which contributes 
to superior mass activity.

The electron transfer number (n) and H2O2 yield of the ORR process 
for Fe-N-HOCNs, 20% Pt/C, and other samples were measured and 
calculated by using a rotating ring-disk electrode (RRDE). As shown in 
Fig. 3e and Fig. S20, Fe-N-HOCNs exhibited the lowest H2O2 yield at 
1.2%, with an electron transfer number close to 3.97, outperforming the 
20% Pt/C (4.7%, 3.91). Its high selectivity for the four-electron ORR 
pathway and low yield of H2O2 by-products not only determine its high 
energy conversion efficiency, but also protect the catalyst from attacks 
by oxygen-containing radicals. The radar plot in Fig. 3f indicates that the 
Fe-N-HOCNs catalyst outperforms 20% Pt/C and other samples in terms 
of overall performance. When compared to previously reported Fe-based 
catalysts, the as-prepared Fe-N-HOCNs possesses good ORR activity and 
a high selectivity electron transfer pathway (Table S3).

Durability represents a crucial factor in evaluating commercial ap
plications of catalysts. The accelerated durability test (ADT) was per
formed on both Fe-N-HOCNs and 20% Pt/C catalysts. The results 
showed that the E1/2 of Fe-N-HOCNs decreased by only 20 mV after 10k 
CV cycles (Fig. 3g). In contrast, the E1/2 of 20% Pt/C decreased by 50 mV 
after 10k CV cycles (Fig. S21). The chronoamperometry was utilized to 
further evaluate the durability of Fe-N-HOCNs (Fig. 3h). After approxi
mately 30 h, the ORR current of Fe-N-HOCNs retains 95.5% of its initial 

Table 1 
Comparison of ORR performance for 20% Pt/C and prepared catalysts.

Samples jm (mA mgFe
− 1) TOF (e− site− 1 s− 1)

Fe-NCs 2.29 0.0013
Fe-N-CNs 13.98 0.0081
Fe-N-HOCNs 658.17 0.3808
20% Pt/C 57.39 0.1160
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value, demonstrating significantly better durability compared to 20% 
Pt/C, which retained only 74.9% of its initial current after 15 h. Fig. 3i 
shows the methanol tolerance test for Fe-N-HOCNs and 20% Pt/C. The 
relative current of Fe-N-HOCNs remained virtually unchanged after the 
introduction of methanol. In contrast, 20% Pt/C exhibited a substantial 
decrease in relative current upon methanol addition, and the current 
could not recover to its initial value. The above results indicate that Fe- 
N-HOCNs exhibits better durability and methanol tolerance compared to 
20% Pt/C.

3.3. Function of hollow-out structure

To clarify the high intrinsic activity and excellent catalytic perfor
mance of Fe-N-HOCNs, electrochemical impedance spectroscopy (EIS) 
was firstly conducted on Fe-N-CNs and Fe-N-HOCNs at open-circuit 
potential. As shown in Fig. 4a, Nyquist plots exhibit two semicircles 
assigned to the charge-transfer process through electrode and electrolyte 
interfaces (high-frequency semicircle) and oxygen transfer in the cath
ode catalyst layer (low-frequency semicircle) [49]. As shown in Fig. S22, 
the charge-transfer resistance (Rct) of Fe-N-HOCNs (1.54 Ω) is signifi
cantly lower than those for Fe-N-CNs (3.40 Ω). In Fe-N-HOCNs, electrons 
can be rapidly transferred along the framework of the hollow-out 
nitrogen-doped carbon nanoboxes, a structural feature absent in 
Fe-N-CNs. Additionally, Fe-N-HOCNs possess a higher degree of graph
itization and more accessible active sites, further enhancing the electron 
transfer capability of Fe-N-HOCNs. With the decrease in frequency, the 
gap between the two samples gradually widened. Compared with 
Fe-N-HOCNs (82.1 Ω), the mass-transfer resistance (Rmt) of Fe-N-CNs 
sharply increases to 226.2 Ω, which is due to the difficult mass transfer 
in the Fe-N-CNs caused by the closed hollow-out structure. The distri
bution of relaxation times (DRT) was further applied to analyze the data 
obtained from the Nyquist plots. The DRT enables model-free impedance 
analysis without dependence on equivalent circuits [50]. In Fig. 4b, 

Fe-N-HOCNs and Fe-N-CNs exhibit three distinct peaks in the 
low-frequency (LF), intermediate-frequency (IF), and high-frequency 
(HF) regions, corresponding to oxygen mass transfer, charge transfer, 
and electronic conduction processes, respectively [51]. In the LF region, 
peak intensity of Fe-N-HOCNs is lower than Fe-N-CNs, further con
firming that the hollow-out structure accelerated the mass transfer of O2 
during the ORR process. Additionally, the reduced peak intensities in the 
IF and HF regions for Fe-N-HOCNs also indicate superior electronic and 
charge transfer capabilities.

The electric double-layer capacitance was calculated according to 
EIS and CV to further quantitatively evaluate the influence of the porous 
structure [52]. As shown in Fig. 4c, the capacitance derived from the LF 
region in EIS mode, denoted as Cdl_EIS, represents the electrochemically 
wettable surface area under static conditions. Similarly, in CV mode 
(scan rate of 50 mV s− 1), the capacitance (Cdl_CV) reflects the electro
chemical surface area under kinetic conditions. All of the Cdl_EIS and 
Cdl_CV for Fe-N-HOCNs (86.6 F g− 1, 57.6 F g− 1) are significantly much 
higher than those of Fe-N-CNs (16.3 F g− 1, 7.2 F g− 1). The results 
indicate that the unique hollow-out structure of Fe-N-HOCNs substan
tially enhances the charges accumulation and transfer. Meanwhile, the 
other two parameters were further introduced to evaluate accessibility 
[53]. The first parameter is the BET surface area-normalized Cdl_EIS 
(Fig. 4d). Assuming a uniform distribution of active sites, this value 
indicates the actual physical surface area involved in the electro
chemical reaction. Compared with Fe-N-CNs (0.096 F m− 2), Fe-N-
HOCNs has a higher Cdl_EIS/BET (0.245 F m− 2). This feature can be 
attributed to the hollow-out structure of Fe-N-HOCNs, which enables 
both the inner and outer surfaces of the carbon framework to be fully 
wetted by the electrolyte. As a result, the actual physical surface area 
involved in the electrochemical reaction is effectively increased. The 
contact angle of the Fe-N-CNs and Fe-N-HOCNs in the aqueous system 
also verified this result (Fig. S23). The second parameter is the ratio of 
Cdl_EIS to Cdl_CV (Fig. 4d), which is used to quantify the actual 

Fig. 4. (a) Nyquist plots via the RDE test, the inset displays the partially enlarged drawing and equivalent circuit model. (b) DRT of Fe-N-CNs and Fe-N-HOCNs. (c) 
Electric double-layer capacitance was calculated from EIS measured at OCP (Cdl_EIS) and CV measured at 50 mV s− 1 (Cdl_CV) of Fe-N-CNs and Fe-N-HOCNs. (d) 
Cdl_EIS normalized by their SBET of Fe-N-CNs and Fe-N-HOCNs, and the ratio between Cdl_EIS and Cdl_CV.
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utilization efficiency of the electrode interface in ORR kinetics. The 
Cdl_EIS/Cdl_CV ratio for Fe-N-HOCNs (66.2%) is also higher than that for 
Fe-N-CNs (44.8%), further indicating that the unique hollow-out struc
ture and penetrable micro/mesopores of Fe-N-HOCNs can effectively 
shorten the transport path of O2, reduce diffusion resistance, and thus 
minimize kinetic barriers during mass transfer.

3.4. Catalytic mechanism of active sites

The coexistence of metal nanoclusters and M-Nx species facilitates 
the modulation of their electronic structure and coordination environ
ment, thereby reducing the energy barrier of the rate-determining step 
in the ORR process and enhancing the catalyst activity. This synergistic 
effect has been observed in various iron-based catalysts [54,55]. 
Building on the findings, DFT calculations were used to explore the in
fluence mechanism of Fe-Nx and Fe nanoclusters on ORR performance in 
Fe-N-HOCNs. Three model structures were constructed for the Fe active 
sites in Fe-N-HOCNs: a single Fe nanocluster in the carbon layer (Fe 
nanocluster), a single Fe-N4 in the carbon layer (Fe-Nx), and Fe nano
cluster/Fe-N4 co-doped in the carbon layer (Fe nanocluster/Fe-N4), 
which were designed to simulate the ORR process (Fig. 5a–c). It is worth 
noting that in the ORR process of the Fe nanocluster/Fe-N4 model 
structure, a single O2 molecule can be adsorbed in different adsorption 
sites: either on the Fe nanocluster or the Fe-N4 site, denoted as Fe 
nanocluster*/Fe-N4 and Fe nanocluster/Fe-N4*, respectively. The opti
mized structures of all models, along with their adsorbed intermediates, 

are shown in Fig. S24. The Gibbs free energy of the optimized inter
mediate species (*O2, *OOH, *O, and *OH) catalytic sites is provided in 
Fig. 5d and Table S4. The rate-determining step for all models is the final 
reduction step of *OH + e− = * + OH− . The ORR overpotential of Fe 
nanocluster*/Fe-N4 (0.49 V) and Fe cluster/Fe-N4* (0.48 V) is similar 
and markedly lower than that of Fe cluster* (0.73 V) and Fe-N* (0.78 V), 
confirming that the coexistence of Fe nanocluster and Fe-Nx in Fe-N-
HOCNs can significantly enhance ORR activity. This enhancement could 
be attributed to the *OH adsorption energy of the Fe nanocluster*/Fe-N4 
(− 1.11 eV) and Fe nanocluster/Fe-N4* (− 1.05 eV) fall within an inter
mediate range (Fig. 5e), between the single Fe nanocluster* (− 1.24 eV) 
and the single Fe-N4* (− 0.87 eV). The Fe-N-HOCNs possessing moderate 
adsorption capabilities, effectively prevent from desorption barriers 
caused by excessive intermediate adsorption, while also avoid the loss of 
catalytic efficiency associated with overly weak adsorption.

Moreover, DOS near the Fermi level is closely linked to the electrical 
conductivity of materials, with a higher DOS value typically corre
sponding to better conductivity [56–58]. As shown in Fig. 5f, the DOS 
value of Fe nanocluster/Fe-N4 model is 22.12/eV, it is much higher than 
the Fe nanocluster (3.36/eV) and Fe-N4 (6.27/eV) models, indicating its 
superior conductivity. Since the Fe-N4 site modulates local charge dis
tribution and facilitates the transfer of π-electrons in the carbon layer to 
the numerous unoccupied 3d orbitals of the Fe nanocluster, thereby 
strengthening the interaction between the d and π orbitals. Meanwhile, 
the Fe-N4 site induces electron rearrangement in regions distant from 
the Fe nanoclusters, thereby expanding the spatial range of coupling to 

Fig. 5. DFT calculations elucidating the activities of the three model structures: (a) Fe nanocluster, (b) Fe-N4, and (c) Fe nanocluster/Fe-N4. The single Fe nanocluster 
or Fe-N4 each has a single adsorption active site, labeled as Fe nanocluster* or Fe-N4*, respectively. The Fe nanocluster/Fe-N4 structure possesses two adsorption 
active sites, denoted as Fe nanocluster*/Fe-N4 and Fe nanocluster/Fe-N4*. (d) Gibbs free energy profiles for the ORR at U = 0 and 1.23 V. (e) The adsorption energies 
and charge density of *OH intermediates on different model structures. Densities are displayed with an isosurface, and the interval of isovalue is between − 0.1 and 
0.1 e/Å3. (f) The density of states (DOS) of three model structures for Fe nanocluster, Fe-N4, and Fe nanocluster/Fe-N4.

Z. Tang et al.                                                                                                                                                                                                                                    International Journal of Hydrogen Energy 228 (2026) 154698 

9 



enable broader participation of π-electrons in coupling with the 3d or
bitals of the Fe atom, which enhances the electrical conductivity. 
Consequently, the theoretical calculations suggest that the coexistence 
of Fe nanoclusters and Fe-N4 sites in Fe-N-HOCNs provides moderate 
intermediate adsorption capability and enhances the electronic con
ductivity, thereby imparts a smartly intrinsic activity of Fe-N-HOCNs 
toward ORR.

3.5. Zn-air batteries measurements

To validate the feasibility of the Fe-N-HOCNs catalyst in practical 
applications, the finite element simulation is firstly employed to eval
uate the O2 transport behavior of Fe-N-HOCNs and Fe-N-CNs in CCL 
under conditions close to actual working scenarios. The 2D and 3D 
models of the Fe-N-HOCNs catalyst exhibit a quasi-rectangular shape 
with lateral and central hollow-out structures, whereas the 2D and 3D 
models of the Fe-N-CNs catalyst are solid quasi-rectangles without 
hollow-out structure. The impact of lateral pore structures in Fe-N- 
HOCNs on O2 transport was evaluated using a 2D model. Assuming the 
CCL made from Fe-N-HOCNs has the same thickness as that of Fe-N-CNs, 
the CCL consists of closely packed quadrilaterals. Fig. 6a shows the time- 

dependent O2 distribution in different samples. Under the same time 
gradient, the O2 concentration in the CCL of Fe-N-HOCNs was signifi
cantly higher than Fe-N-CNs. The CCL of Fe-N-HOCNs takes only 30 m s 
to be fully saturated with oxygen, which is far superior to Fe-N-CNs. The 
3D model further evaluated the influence of the central hollow-out 
structure on the O2 transport. As shown in Fig. 6b, the O2 filling rate 
of Fe-N-HOCNs remains higher than Fe-N-CNs. Based on simulation re
sults, Fe-N-HOCNs exhibit a faster O2 transport rate when applied in CCL 
structure. Fe-N-HOCNs feature a unique 3D hollow-out nanoboxes with 
lateral and central hollow structures, which can significantly facilitate 
the O2 transport and prevents the phenomenon of partial O2 molecule 
transport from being hindered due to blocked transport channels 
commonly observed in traditional nanoparticle-like catalysts such as Fe- 
N-NCs (Fig. 6c). Additionally, the gas diffusion layers loaded with cat
alysts were characterized by SEM. As shown in Fig. S25, the catalytic 
layer of Fe-N-HOCNs provides significantly more abundant gas transport 
channels and space compared to Fe-N-CNs that lacks pore structure 
resulting a densely packed particle arrangement.

Based on the advantages in structure and catalytic performance, Fe- 
N-HOCNs was applied to primary zinc-air batteries (ZABs), in which a 
polished Zn plate with a thickness of 0.2 mm and the Fe-N-HOCNs 

Fig. 6. (a) 2D models and (b) 3D models with time of Fe-N-CNs and Fe-N-HOCNs. (c) Schematic illustration of the local environment in the membrane electrode 
assembly, emphasizing the porous CCL of Fe-N-HOCNs and the solid CCL of Fe-N-CNs (red ball represents O2). (d) Polarization and power density curves of ZABs with 
6 M KOH+0.2 M (CH3COO)2Zn electrolyte (scan rate: 5 mV s− 1), and (e) discharge curves of ZABs at different current densities using Fe-N-CNs, Fe-N-HOCNs and 
20% Pt/C as ORR catalysts. 2D contour plot of the in situ distribution of relaxation times for catalysts (f) Fe-N-CNs and (g) Fe-N-HOCNs. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.)
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catalyst-loaded carbon paper was respectively used as the anode and the 
air cathode, and 6.0 M KOH/0.2 M (CH3COO)2Zn was used as an elec
trolyte (Fig. S26). As shown in Fig. S27, the Fe-N-HOCNs-based ZAB has 
an open-circuit potential (OCP) of 1.55 V, substantially surpassing that 
of Fe-N-CNs (1.37 V) and 20% Pt/C (1.43 V). Discharge polarization 
curves and corresponding power density profiles (Fig. 6d) further 
highlighted the superiority of ZAB with Fe-N-HOCNs, delivering a peak 
power density of 164 mW cm− 2 compared to 20% Pt/C (146 mW cm− 2) 
and Fe-N-CNs (34 mW cm− 2). Furthermore, the gravimetric specific 
capacity calculated from zinc consumption reached 774 mAh g− 1 for the 
ZAB with Fe-N-HOCNs (Fig. S28), exceeding ZAB with the 20% Pt/C 
(760 mAh g− 1) and Fe-N-CNs (737 mAh g− 1). The rate performance was 
systematically evaluated through galvanostatic discharge tests (Fig. 6e). 
The ZAB with Fe-N-HOCNs outputs voltages of 1.29 V at 5 mA cm− 2, 
1.07 V at 50 mA cm− 2, and 0.90 V at 100 mA cm− 2, which significantly 
outperforms the ZAB with Pt/C (1.27, 0.99, and 0.75 V under identical 
conditions) and Fe-N-CNs (0.96 V and 0.75 V at 5 and 50 mA cm− 2, 
respectively). Remarkably, the voltage recovered to 1.25 V upon the 
current returning to 5 mA cm− 2, showcasing outstanding rate resilience 
for the ZAB with Fe-N-HOCNs. Furthermore, the long-term durability of 
the Fe-N-HOCNs-based ZAB was evaluated through galvanostatic 
charge-discharge cycling tests (Fig. S29) at a current density of 5 mA 
cm− 2. The ZAB maintained stable operation for over 150 h, underscoring 
its significant potential for practical applications.

To gain deeper insights into the O2 transport characteristics in the 
ZABs, in situ EIS analysis was conducted over the discharge voltage 
range of 0.94-1.22 V. Fig. S30a demonstrates that ZAB equipped with Fe- 
N-HOCNs catalysts exhibit significantly lower the impedance across the 
entire potential window than the ZAB using Fe-N-CNs as catalyst. The 
impedance data were deconvoluted via DRT analysis (Fig. S30b), the 
DRT values of the Fe-N-HOCNs ZAB system at LF and IF regions under 
different potentials were always lower than those of Fe-N-CNs. Con
verting the in-situ DRT analysis results into a 2D contour plots can more 
intuitively reveal the dynamic spatial distribution of DRT values (Fig. 6e 
and f). The Fe-N-HOCNs ZAB system consistently exhibits a low DRT 
value in the LF impedance (0.1-10 Hz) across different voltages, 
attributing to the 3D interconnected channels formed by the hollow-out 
nanoboxes structure that effectively reduce the O2 transport resistance. 
In the IF range (10-1000 Hz), the impedance slightly increased with 
voltage may be due to the accelerated ORR at higher potentials, leading 
to an increased generation of intermediates that partially accumulate on 
the active site surfaces to hinder ion transport in subsequent reactions 
[59]. In contrast, the impedance of ZAB with Fe-N-CNs significantly 
increases from LF to IF as the voltage increases. This phenomenon in
dicates that the limited mass transport pathways within Fe-N-CNs are 
insufficient to meet reaction requirements, resulting in a mismatch be
tween O2 transport and electrochemical reaction rates.

4. Conclusion

In summary, by employing a region-selective deposition strategy, we 
successfully synthesized a catalyst of Fe-N-HOCNs featuring that a 
hollow-out carbon nanoboxes structure incorporates Fe-Nx sites and Fe 
nanoclusters. The unique hollow-out and penetrable porous structure 
enhances the transport and accessibility of O2 to the complex active sites 
of Fe-Nx and Fe nanoclusters, resulting a superior catalytic efficiency on 
ORR of Fe-N-HOCNs. Despite Fe containing only 4.73 wt%, the Fe-N- 
HOCNs exhibited an E1/2 of 0.87 V (vs. RHE), a high limiting current 
density (5.9 mA cm− 2) and an excellent mass activity (658.17 mA 
mgFe

− 1). DFT calculations suggest that the coexistence of Fe-Nx and Fe 
nanoclusters optimizes the binding strength of reaction intermediates 
and the electronic transfer ability of active sites, thereby reducing the 
ORR overpotential. Finite element simulations further indicate that the 
hollow-out structure significantly promotes O2 transport within the 
catalyst layer, ensuring a high concentration of O2 inside Fe-N-HOCNs 
during ORR. The power density of the ZAB, employing Fe-N-HOCNs as 

the air cathode, achieved 164 mW cm− 2, along with high specific ca
pacity (774 mAh gZn

− 1) and good rate performance. In situ EIS measure
ments and DRT analysis further demonstrate the small O2 transport 
resistance of Fe-N-HOCNs in ZAB. This work offers a novel reference into 
the design and optimization of high-efficiency ORR catalysts by simul
taneously enhancing the intrinsic catalytic activity and utilization rate 
of active sites and effectively utilizing them in the catalyst layer.
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