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ABSTRACT

Highly dispersed metallic active centers supported on two-dimensional conductive carbon materials hold great promise for
energy-conversion applications; however, their structurally controllable synthesis remains challenging. Herein, we propose a
template-assisted assembly strategy using ZnO as a structure-directing template to construct a branched porous carbon
framework embedded with FeNi alloy species. Unlike conventional hard templates that merely create pores, the ZnO template
creates a favorable microenvironment for CNT growth and simultaneously generates abundant mesopores upon its removal.
Through coordination interactions between folic acid and Fe/Ni ions, two-dimensional confined precursors are first formed.
This branched architecture, conceptually described as a porous carbon reactor, integrates a high specific surface area, efficient
electron/ion transport pathways, and densely distributed catalytic active sites. As a result, the optimized catalyst exhibits
excellent bifunctional ORR/OER activity in alkaline media, with a small potential gap (AE=0.67V). The assembled
rechargeable zinc-air battery delivers a high peak power density of 239 mW cm™? together with outstanding cycling stability (over
200 h). This work provides a new paradigm for designing noble-metal-free electrocatalysts through template-guided assembly.

1 | Introduction increasingly important [1-7]. Among emerging electrochemical
energy systems, rechargeable zinc-air batteries (ZABs) are
considered one of the most promising candidates for next-
generation power devices because of their high theoretical
energy density, environmental benignity, and the natural

Driven by global efforts toward climate-change mitigation and
carbon neutrality, the development of efficient and sustainable
energy-conversion and storage technologies has become
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abundance of zinc resources [8-11]. However, the sluggish
kinetics of the oxygen reduction reaction (ORR) during
discharge and the oxygen evolution reaction (OER) during
charge severely limit the power output and cycling durability of
ZABs [12-15]. Therefore, the development of highly active and
durable noble-metal-free bifunctional electrocatalysts remains a
key challenge for the practical commercialization of ZABs
[9, 16-18].

Transition-metal (e.g., Fe, Co, and Ni) and nitrogen co-doped
carbon materials have attracted extensive attention for oxygen
electrocatalysis because of their tunable electronic structure,
abundant active centers, and high electrical conductivity
[12, 19-22]. In particular, atomically dispersed metal-nitrogen
(M-N,) sites can maximize metal utilization and provide high
intrinsic catalytic activity [20, 23]. Nevertheless, isolated metal
sites are susceptible to aggregation during high-temperature
treatment, and their adsorption energies toward multiple oxy-
gen intermediates are often difficult to optimize simultaneously.
To address these limitations, constructing multicomponent
catalysts that combine atomically dispersed sites with metal/
alloy nanoparticles has been demonstrated to be an effective
strategy, as the synergistic interactions between different
active species can enhance bifunctional ORR/OER perform-
ance [24, 25]. In this context, developing two-dimensional
conductive carbon substrates with highly exposed active inter-
faces is particularly desirable, yet the precise and controllable
synthesis of such architectures remains challenging [26].

Self-assembly provides a versatile route for regulating micro-/
nanostructures with high precision [27]. Folic acid, which
contains multiple coordination sites and exhibits assembly-
induced structural organization, is an attractive molecular
building block for constructing ordered precursors [28, 29].
Meanwhile, hard-template methods remain among the most
effective approaches for introducing hierarchical porosity into
carbon-based catalysts, as comprehensively reviewed in recent
literature [30-36]. For instance, the nanoemulsion modular
assembly method has emerged as a scalable, efficient, and
versatile platform for synthesizing functional mesoporous na-
nomaterials, surpassing traditional templating methods in the
controllability of pore size, structure, and morphology [37].
Additionally, the versatility of ZnO-based templating has been
demonstrated to extend beyond carbon matrices to various
transition metal systems, including Fe, Co, Ni, Cu, and even
noble metals such as PtCo alloys, enabling gram-scale produc-
tion of atomically dispersed metal catalysts [38-40]. Therefore,
integrating self-assembly with hard-template engineering offers
a promising pathway to simultaneously tailor catalyst compo-
sition, morphology, and pore structure, thereby optimizing
mass/electron transport and catalytic performance.

In this work, we report a template-assisted assembly strategy to
fabricate a FeNi alloy-embedded porous carbon nanoreactor for
bifunctional oxygen electrocatalysis, using ZnO as a structure-
directing and sacrificial template (Figure 1a). Critically, unlike
previous reports where ZnO is used merely as a pore former,
our ZnO template plays a dual structure-directing function:
it creates a favorable microenvironment for the in-situ growth
of carbon nanotubes and, upon removal, generates abundant
mesopores [41-43]. It should be noted that the actual catalytic
growth of CNTs is primarily driven by FeNi alloy nanoparticles
formed in situ via the Vapor-Liquid-Solid (VLS) mechanism,

while the ZnO template mainly provides a spatially confined
and defect-rich environment for CNT nucleation [44-48]. Folic
acid serves as the carbon/nitrogen precursor and coordinates
with Fe and Ni ions to form two-dimensional confined
precursors during hydrothermal treatment, while ZnO nano-
particles are uniformly incorporated into the precursor matrix
[49-51]. This process leads to a branched conductive network
composed of interwoven carbon nanotubes and porous carbon
nanosheets, with highly dispersed FeNi active centers em-
bedded in the N-doped carbon framework. The key conceptual
advance lies in the integration of molecular self-assembly with a
removable ZnO template to construct a hierarchical structure—
conceptually described as a “porous carbon reactor’—that
synergistically combines high surface area, efficient mass/elec-
tron transport, and abundant FeNi/M-N, active sites in a single
material [52]. Owing to this unique architecture, the resulting
catalyst exhibits outstanding bifunctional ORR/OER activity
and enables high-performance rechargeable ZABs with pro-
longed cycling stability (over 200h). It provides a practical
strategy for the structural engineering of advanced noble-metal-
free electrocatalysts.

2 | Results and Discussion
2.1 | Characterization of Porous Carbon
Nanoreactor

Scanning electron microscopy (SEM) analysis clearly reveals the
regulatory function performed by the ZnO template over the
microstructure of the material (Figure 1b-d and Supporting
Information S1: Figure S1). FeNiP-900 (FeNiN/porous carbon
nanosheets pyrolyzed at 900°C) sample without the template
exhibits a typical two-dimensional nanosheet structure with
only a few pores on its surface (Supporting Information S1:
Figure Sla-c). In contrast, the FeNiCP (FeNiN/carbon nano-
tubes/porous carbon nanosheets) series materials obtained after
adding the ZnO template all exhibited significant morphological
evolution, forming a composite three-dimensional network
where carbon nanosheets and carbon nanotubes are inter-
woven. This structural transformation can be traced to the role
of ZnO as a catalyst for carbon nanotube growth in the pyrolysis
process. Furthermore, ZnO particles embedded as physical
barriers between the interlayers of the M-FA (M =Fe, Ni)
precursor effectively suppressed excessive nanosheet growth,
significantly reducing their size. This unique nanosheet/nano-
tube composite configuration offers multiple advantages: the
hollow tubes of carbon nanotubes and the interfacial regions
formed with nanosheets provide abundant catalytic active sites
[53]. Concurrently, the tridimensional interconnection archi-
tecture possesses a combination of elevated volumetric surface
coverage, excellent electrical connectivity, and structural flexi-
bility [54]. This design effectively inhibits the agglomeration of
metallic nanoparticles within the catalytic system, thereby sig-
nificantly enhancing the available density of catalytically active
centers and overall catalytic performance [55].

To investigate the fine microstructure of the materials in depth,
a series of samples were additionally characterized via trans-
mission electron microscopy (TEM) (Figure 1le,f). Referring
to Supporting Information S1: Figure S2a, the FeNiP-900 sam-
ple without a template exhibits a typical thin-layer nanosheet
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FIGURE 1 | (a)Schematic diagram of the FeNiCP preparation. SEM images of (b-d) FeNiCP-950, (e-f) TEM, and (g-j) HAADF-STEM elemental
mapping of FeNiCP-950, (k) XRD patterns, (1) Raman spectra, (m) N, adsorption-desorption isotherms of FeNiP-900, FeNiCP-900, FeNiCP-950, and

FeNiCP-1000.

morphology with metal particles distributed over a wide size
range (15-200 nm). In stark contrast, the FeNiCP-900 sample
obtained after introducing the ZnO template exhibits a com-
posite three-dimensional structure where nanosheets are in-
terwoven with carbon nanotubes (Supporting Information S1:
Figure S2b). Crucially, the metal particle size in this sample was
significantly reduced, indicating that the ZnO-induced com-
posite structure effectively suppresses metal agglomeration
during high-temperature processing. This suppression effect is

most pronounced in FeNiCP-950, where the metal particle size
is further diminished to 5-30 nm (Figure 1d). High-resolution
TEM images (Figure 1f) clearly show prominent crystal lattice
striations within these nanoparticles. The 0.21 nm interplanar
spacing is characteristic of the (111) face-centered cubic plane
in the FeNi-based alloy (PDF#47-1405), while the approxi-
mately 0.34nm interlayer spacing at the particle periphery
corresponds with the (002) hexagonal planar structure of
graphite-type carbon. confirming the successful formation of a
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core-shell structure (FeNi@C) [26]. To provide more repre-
sentative structural evidence, we added a low-magnification
TEM image (Supporting Information S1: Figures S3a and S4a)
showing a wider field of view, and selected-area electron
diffraction (SAED, Supporting Information S1: Figure S4b)
revealed diffraction rings from graphitic carbon (002),
FeNi alloy (111), (220), and (311), confirming the systematic
coexistence of the carbon shell and alloy core. Statistical anal-
ysis of 40 randomly selected particles (Supporting Information
S1: Figure S5) showed that 86% exhibited a clear core-shell
structure with an average carbon shell thickness of 3-5nm,
indicating that this structure is the dominant morphological
feature. The graphitized carbon shell in this structure effectively
shields the internal metallic active center, enhancing its sta-
bility during electrochemical cycling. However, at a pyrolysis
condition was elevated to 1000°C (Supporting Information S1:
Figure S2c), the metal particle size increased again. This was
attributed to metal atom migration and Ostwald ripening of the
particles caused by the excessively high temperature [56].

Furthermore, combined elemental distribution mapping anal-
ysis (Figure 1g-j) indicates that C, N, Fe, and Ni are evenly
dispersed across the material, confirming successful anchoring
of the FeNi alloy within the nitrogen-doped carbon substrate.
Thus, the microstructural features reveal at the nanoscale
the critical role of the ZnO template in optimizing both the
dispersion and stability of the active position.

The crystallographic structure of the catalyst was characterized by
X-ray diffraction (XRD), depicted in the inset of Figure 1k. Widely
diffracted peaks were observed around 26° for all specimens; this
angle is characteristic of the carbon (002) plane, confirming the
presence of a carbon-based matrix. Concurrently, characteristic
diffraction peaks at 43.6°, 50.8°, and 74.7° correlate with the (111),
(200), and (220) crystalline planes of Fegg4Nig 36, indicating suc-
cessful incorporation of the FeNi alloy into the carbon framework
[57]. To further confirm alloy formation and exclude phase sepa-
ration, we performed a precise comparison of the experimentally
measured XRD peak positions with those of pure Ni (PDF#04-
0850). The (111) diffraction peak of FeNiCP-950 is located at 43.6°,
whereas that of pure Ni is at 44.5°. This 0.9° shift toward lower
angles clearly indicates lattice expansion caused by Fe atom solid
solution, which is a well-established criterion for FeNi alloy for-
mation (Supporting Information S1: Figure S6) [58-60]. As the
pyrolysis temperature increased, the diffraction peaks of this alloy
phase gradually become sharper, indicating enhanced crystallinity.
Based on the XRD data, we calculated the lattice constant of
FeNiCP-950 to be 3.595 A (Supporting Information S1: Table S1),
which closely matches the theoretical value of 3.592A for the
Fey 64Niy 36 alloy, further confirming the successful formation of the
expected solid-solution alloy. The degree of carbon framework
defects in the material was quantified using Raman spectral analysis
(Figure 11). All samples exhibited distinctive peaks at around 1345
and 1580 cm™, representing disordered carbon atoms (D peak) and
graphitized sp? carbon (G peak), respectfully [61] The Ip/I ratio
(1.01) of the FeNiCP-900 sample with ZnO template was higher
than that of FeNiP-900 without template (0.94), indicating that ZnO
introduction induced more defects in the carbon skeleton, which is
beneficial for optimizing catalytic activity.

Nitrogen adsorption-desorption testing was utilized to assess
the porosity characteristics of the materials (Figure 1m). The
adsorption isotherms of all samples exhibited a pronounced

upward trend in the lower pressure range (P/P, < 0.1), indicative of
abundant micropores. According to the ITUPAC 2015 classification,
the distinct hysteresis loops observed in the medium-to-high-
pressure region (0.4 < P/P, < 1.0) were identified as H4-type, con-
firming the presence of mesopores originating from slit-shaped
pores formed by the stacking of nanosheets as well as from the
removal of ZnO templates [62]. As demonstrated by Supporting
Information S1: Table S2, the bulk surface areas of FeNiCP-900
(381.6 m>g™") were significantly higher than those of FeNiP-900
(2424 m*g™"), directly attributable to the abundant mesoporous
structure created after removing ZnO as the hard template. The
porosity distribution (Supporting Information S1: Figure S7) further
demonstrates that the sample incorporating ZnO exhibits a distinct
mesoporous-microporous multi-level pore architecture, providing
favorable conditions for substance transport during the reactive
stages.

X-ray photoelectron spectra (XPS) are utilized to analyze the
superficial composition of the material and its chemical states
(Supporting Information S1: Figure S8a). Full-spectrum reveals
that all samples contain C, N, O, and trace amounts of Fe and
Ni, confirming the effective incorporation of FeNi species into
the carbon matrix. Notably, no Zn 2p characteristic peak was
detected in the spectra of the series of samples incorporating
ZnO, indicating that the ZnO template was completely removed
during pyrolysis. Peak fitting of the N 1 s spectrum (Figure 2a)
assigns the signals to pyridine nitrogen (~398.5¢eV), putative
metal-nitrogen coordination (M-N,, ~399.2eV), pyrrole nitro-
gen (~400.1 eV), graphitic nitrogen (~401.1 eV), and nitric oxide
(~403.0eV) [63]. Quantitative analysis based on Supporting
Information S1: Figure S8c and S9 indicates that the total
content of pyridine nitrogen, putative M-N,, pyrrole nitrogen,
and graphitic nitrogen in FeNiCP-900 reaches 88.7%, signifi-
cantly higher than the 83.0% observed in FeNiP-900, while
FeNiCP-950 exhibits an even higher content of 89.6%, sup-
porting Information S1: Table S3 details the nitrogen species
content in the four catalysts. Among these, pyridine nitrogen
and graphitic nitrogen are considered to effectively enhance
ORR activity, while the putative M-N, and pyrrole nitrogen
serve as key catalytic centers for ORR and OER, respectively.
Although the observed binding energy shifts suggest electronic
coupling between the FeNi alloy and the N-doped carbon ma-
trix, we note that XPS alone cannot determine the precise
coordination geometry of M-N,; direct structural confirmation
would require additional techniques such as X-ray absorption
spectroscopy [64, 65]. Additionally, the fitted features of 284.8,
285.7, and 287.2eV within the C 1s spectrum (Supporting
Information S1: Figure S8c) correspond to C=C, C—N, and
C=0 bond vibrations, respectively. The existence of C—N peak
directly validates the success of nitrogen doping.

Through in-depth analysis of the chemical species at material
interfaces using X-ray photoelectron spectroscopy (XPS), the
critical influence of the ZnO template on the nature of reactive
species can be elucidated. The O 1s spectrum (Supporting
Information S1: Figure S8d) shows that the signal intensity at-
tributed to the metal-oxygen bond (M-O) at ~530.0eV is sig-
nificantly weaker for FeNiCP-900 than for FeNiP-900,
indicating lower oxidation of the surface FeNi alloy. This con-
firms the FeNi@C core-shell structure observed by TEM, where
the outer graphite carbon layer effectively suppresses oxidation
of the inner alloy core in air [66]. Concurrently, abundant
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FIGURE 2 |

surface hydroxyl and adsorbed water groups enhance hydro-
philicity at the electrode/electrolyte interface, facilitating mass
transfer during reactions [67].

Quantitative analysis of the Fe 2p (Figure 2b) and Ni 2p
(Figure 2c) spectra provides further crucial evidence. The rel-
ative content of zero-valent metals (Fe’, Ni%) corresponding to
the FeNi alloy in FeNiCP-900 is notably elevated compared with
the template-free control sample. This directly confirms that the
introduction of the ZnO template and the unique composite
structure it induces can stabilize and enrich the FeNi alloy
catalytic centers, which serve as the core catalytic sites within
the catalyst. The remaining iron and nickel signals in ionic
states primarily originate from putative metal-nitrogen coordi-
nation structures (M-N,) and minor surface oxidation.

Based on the above characterization analysis, the multiple syner-
gistic mechanisms of the ZnO template have been clearly revealed.
During pyrolysis, ZnO creates a favorable microenvironment for the
in-situ growth of carbon nanotubes (the actual catalytic sites are
primarily provided by in-situ formed FeNi alloy nanoparticles via
the VLS mechanism) and simultaneously serves as a sacrificial
template, whose removal creates abundant mesoporous structures.
Both processes collectively lead to the final product—a porous
nitrogen-doped carbon nanosheet/carbon nanotube composite an-
choring highly dispersed FeNi nanoparticles. This unique structure
combines the benefits of large bulk surface area, exceptional con-
ductivity, structural integrity, and effectively suppressing the
agglomeration and loss of active metals. Consequently, it signifi-
cantly enhances the available density of active sites and overall
catalytic performance.

2.2 | Bifunctional ORR/OER Activity

To systematically assess oxygen reduction performance of the
fabricated catalysts, rotating disc electrode measurements were
conducted within a 0.1 M KOH electrolyte saturating in oxygen.

740 735 730 725 720 715 710 705
Binding Energy (eV)

885 880 875 870 865 860 855 850
Binding Energy (eV)

(a) XPS N 1s, (b) XPS Fe 2p, and (c) XPS Ni 2p spectra of all four samples.

As demonstrated in Figure 3a, introduction of the ZnO template
significantly enhanced the ORR rate of the catalyst. The initial
potential and half-cell voltage of FeNiCP-900 reached 0.96 and
0.86V, outperforming the template-free FeNiP-900 (0.93V,
0.80 V). Notably, FeNiCP-950, obtained via pyrolysis at 950°C,
exhibited the most outstanding catalytic performance. Its
overpotential reached 1.01V and half-cell voltage was 0.89V,
exceeding those for conventional Pt/C catalyst (0.97 V, 0.85V).
These improvements are mainly due to the development of the
most advanced carbon nanosheet/carbon nanotube composite
network structure at this optimized temperature, which mini-
mizes the size of metallic nanoclusters and exposes the highest
density of reaction sites [68].

The catalytic kinetics were evaluated via Tafel curves
(Figure 3b). FeNiCP-950 exhibited the smallest Tafel slope
(60.4mV dec™), significantly less than Pt/C (74.9mV dec™),
indicating accelerated ORR reaction kinetics. This conclusion is
further supported by the electrochemical impedance analysis
(Figure 3c), where the catalyst demonstrated the lowest
charging resistance. This advantage stems from its hierarchical
porous composite structure, which provides efficient pathways
for both electron conduction and mass transfer [62, 69].

The longevity of a catalytic system is a crucial indicator for its
practical application. Through chronoamperometry testing
(Figure 3d), FeNiCP-950 maintained 88.4% of its original
current efficiency after continuous service for 22h. In
contrast, Pt/C exhibited a current retention rate of only 74.2%
after just 17h under identical conditions. This outstanding
stability stems from the protective role of the outer graphite
carbon layer within the FeNi@C core-shell structure, which
effectively prevents corrosion and loss of the internal core
active components during electrochemical cycling [70].
FeNiCP-950 demonstrates superior comprehensive perform-
ance to conventional Pt/C in ORR reactivity, reaction kinetics,
and long-term durability, highlighting its potential for appli-
cation in energy conversion devices.
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To elucidate the kinetic mechanism of the ORR on the cata- exceptionally impressive electron transition number of 3.99,
lyst, linear sweep voltammetry (LSV) curves were measured at approaching the theoretical value of 4.0. This indicates that its
various stirring speeds (Figure 4a-e) [71]. The electron tran- ORR process highly follows an efficient four-electron transfer

sition number computed using the Koutecky-Levich equation pathway, further confirming its superior intrinsic catalytic
is shown in Figure 4f. Notably, FeNiCP-950 exhibits an activity [65]. This n value is consistent with RRDE-measured
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FIGURE 3 | (a)Linear sweep voltammetry, (b) corresponding Tafel plots, (c) Nyquist diagrams of all four samples for ORR in 0.1 M KOH. Inset:
equivalent circuit with Ry R, and CPE. (d) chronoamperometric responses of FeNiCP-950 and Pt/C for ORR within 0.1 M KOH.
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values (3.96-3.98) reported for similar FeNi-based catalysts in
the literature (Supporting Information S1: Table S4).

By testing the cycling voltaic ampere diagram at various scan
speeds (Supporting Information S1: Figure S10), the double-
layer capacitance (Cq4) of the material was calculated to assess
its electrochemical active surface area (ECSA). Supporting
Information S1: Figure S11 demonstrates that FeNiCP-950 ex-
hibits the highest Cy value (28.4mFcm™>) [72]. This is pri-
marily ascribed to its large specific surface area, abundant
hierarchical porosity, resulting in a high density of exposed
reactive species, all facilitated by its well-developed carbon
nanosheet/carbon nanotube composite structure [73]. These
factors collectively promote the progression of interfacial elec-
trochemical reactions.

2.3 | Zinc-Air Battery Performance

To provide a more comprehensive assessment of the catalyst's
overall performance, its OER activity was evaluated [72].
As shown in Figure 5a, the introduction of the ZnO template
significantly reduced the OER overpotential operating at
10mA cm™: this overpotential for FeNiCP-900 was 363 mV,
significantly lower than that of FeNiP-900 without the template
(500 mV). Among these, FeNiCP-950 exhibited the most out-
standing OER reactivity, with a low activation overpotential
of 334mV, even outperforming commercial RuO, catalysts
(355mV). This exceptional activity stems from the material's
unique porous composite structure, which provides it with a
massive volumetric surface area, abundant transport channels,
excellent thermal conductivity, and a densely packed network of
FeNi active sites [65]. Dynamic reaction analysis further con-
firmed its advantages. As shown in Figure 5b, FeNiCP-950
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FIGURE 5 |

—

exhibited the steepest Tafel slope (88.9 mV dec™), demonstrating
the fastest OER reaction kinetics. Moreover, constant potential
cycling tests (Figure 5c) reveal that FeNiCP-950 exhibits an
overpotential increase of only 33 mV after 20h of continuous
operation, demonstrating significantly superior long-term stabil-
ity compared with RuO,. This stability is attributed to the Fe-
Ni@C nucleolus structure, which effectively shields active sites
from corrosion at elevated potentials. To further investigate
possible surface reconstruction, we performed XPS analysis on
the FeNiCP-950 electrode before and after OER (Supporting
Information S1: Figure S12 and Table S5). The results show that
the Ni**/Ni** ratio increased from 71.5% to 91.6%, and the Fe>*
signal slightly intensified after OER, consistent with literature
reports on surface reconstruction of FeNi-based catalysts forming
active (oxy)hydroxide phases under OER conditions [74-77]. The
moderate increase in overpotential (33 mV) may reflect normal
fluctuations during the dynamic equilibrium of Fe leaching, and
is significantly smaller than the decay observed for RuO,. To
comprehensively evaluate the properties of ORR and OER, the
bifunctional activation parameter AE (defined as the voltage
drop between Ej;=10 and E,) is typically employed [78]. As
shown in Figure 5d, FeNiCP-950 exhibits the lowest AE
(0.67 V), indicating its outstanding ORR/OER bifunctional cat-
alytic activity in alkaline media. This performance establishes a
solid foundation for its utilization as reusable ZABs and other
energy devices.

We subsequently validated the practical application potential of
FeNiCP-950 by assembling it within the air cathode catalyst of a
liquid zinc-air battery. Figure 6 demonstrates this battery ex-
hibits outstanding comprehensive performance: its open-circuit
potential reaching as 1.49V (Figure 6a) and demonstrates a
narrow potential gap in the charge-discharge cyclic voltam-
metry curves (Figure 6b). At charge-discharge potential drops

b,
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(a) Linear sweep voltammetry, (b) corresponding Tafel slopes, (c) chronopotentiometry responses at the anode of FeNiCP-950 and

RuO, for OER within 0.1 M KOH, (d) ORR/OER bifunctional catalytic performance for all four catalytic materials.
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FIGURE 6 | (a)Open circuit potential diagrams, (b) charge/discharge voltage-current profiles, (c) power-density curves, (d) galvanostatic discharge

curves at 5mA cm™> and 20 mA cm™, (e) specific capacity and (f) galvanostatic cyclic stability at 5mA cm™ of Zn-air battery with FeNiCP-950

and Pt/C + RuO, as catalysts.

of only 0.96 and 1.38V under current intensities of 50 and
100 mA cm 2, significantly outperforming the reference cell utilizing
a conventional Pt/C + RuO, mixed electrocatalyst. Regarding power
output (Figure 6¢), the FeNiCP-950-based cell achieved the highest
power density of 239 mW cm™>, markedly outperforming the refer-
ence cell's value of 163 mAh cm™. Meanwhile, its discharge specific
capacity reached 752mAhg™” (based on zinc consumption)
(Figure 6e), which was also markedly higher than the 603 mAh g™
of the control battery. More importantly, the battery exhibits out-
standing cycling stability. During extended discharge tests at various
current intensities, the voltage plateau remained stable (Figure 6d).
Notably, in prolonged cycling experiments at 5 mA cm 2 (Figure 6f),
after 210h (630 cycles), the charge-discharge potential difference
increased by only 0.09 V. In contrast, the reference battery exhibited
significant deterioration, with its potential difference widening to
1.05V from 0.71V in just 45h. This fully demonstrates that the
FeNiCP-950 catalyst-driven zinc-air battery exhibits high power
output, high energy density, and outstanding cycling durability. The
detailed comparison of ORR, OER, and ZAB performance with
recently reported FeNi-based bifunctional catalysts is summarized
in Supporting Information S1: Tables S6-S9.

3 | Conclusions

In summary, this study successfully constructed a branched
network porous carbon framework embedded with FeNi alloy
species using ZnO as a structural template through a template-
assisted assembly strategy [27]. During the pyrolysis process,
ZnO serves as a structural-directing agent for carbon nanotubes
and as a removable template for mesopore formation, thereby
generating a high-surface-area conductive platform with putative
ternary synergistic active sites (FeNi alloy/M-N,) [79, 80]. This
catalyst exhibits outstanding dual functionality for ORR/OER in

an alkaline medium. The assembled zinc-air battery achieves
synergistic enhancement of high-power density (239 mW cm ™),
elevated specific capacity (752mAhg™), along with prolonged
cycle life. This work provides a new strategy for designing
advanced noble-metal-free electrocatalysts through template-
guided assembly.
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