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Amidst the growing global demand for sustainable energy storage solutions to
address energy shortages and environmental concerns, zinc-air batteries (ZABs) have
emerged as a promising technology due to their high theoretical energy density and
abundance of zinc resources. However, their performance is hindered by the slow kinetics of
the oxygen reduction reaction (ORR) at the cathode and the reliance on expensive Pt-based
catalysts. This study focuses on the application of a diatomic FeCo-NC electrocatalyst for
ORR in ZABs. The catalyst was synthesized using a bimetallic zeolitic imidazolate
framework (ZIF-8/ZIF-67) as a precursor via a thermal pyrolysis method. Electrochemical
evaluations revealed exceptional ORR activity of the FeCo-NC catalyst in alkaline media,
exhibiting a high half-wave potential of 0.875 V and a limiting current density of 5.430 mA
cm™2, comparable to commercial Pt/C. Mechanistic studies confirmed a predominant four-
electron transfer pathway and favorable reaction kinetics. This work demonstrates the
significant potential of atomically dispersed bimetallic catalysts as efficient and cost-
effective alternatives to noble-metal catalysts for advanced energy conversion devices like
zinc-air batteries, and provides insights into future research directions for precise synthesis
and mechanistic understanding.
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Since the 21st century, with the rapid development of society, global energy shortages and
environmental pollution have become increasingly severe. The excessive consumption of fossil fuels
has exacerbated the energy crisis and led to increased greenhouse gas emissions, further
deteriorating the ecological environment [1-4]. With the introduction of China's “carbon peak and
carbon neutrality” strategic goals, replacing traditional fossil fuels with clean energy has become an
urgent priority. However, renewable energy sources are intermittent and fluctuating, necessitating
the development of efficient energy storage technologies [5-8]. Existing lithium-ion batteries,
however, face challenges such as resource scarcity and safety concerns, making them unsuitable for
grid-scale energy storage needs. Therefore, developing an electrochemical energy storage system
that combines high energy density with low cost has become a key objective.

Among various energy storage technologies, zinc-air batteries have garnered significant attention
due to their unique advantages. Their theoretical energy density reaches up to 1,353 Wh/kg,
approximately five times that of lithium-ion batteries. Zinc resources are abundant, with China's zinc
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ore reserves accounting for 20% of the global total and showing a trend of annual growth, exceeding
lithium reserves by more than 50 times. Zinc is cost-effective, with zinc battery material costs
approximately one-third of those of lithium batteries. Additionally, the byproduct is non-toxic zinc
oxide, making it environmentally friendly [9]. Zinc batteries pose no risk of thermal runaway, and
their electrolyte is a neutral aqueous solution with a recycling rate exceeding 95%. However, the
slow kinetics of the cathode oxygen reduction reaction significantly impair the battery's
electrochemical performance [10]. Furthermore, the currently widely used Pt/C catalyst is scarce and
expensive, limiting its further commercialization. Therefore, transition metals are being considered
as alternatives to precious metal catalysts.

Atomic-level dispersed metal catalysts achieve high activity and stability by highly dispersing
metal atoms on the carrier surface. Single-atom catalysts anchor metal atoms on the carrier surface
[11-13], achieving 100% atomic utilization, but their active sites are single, prone to agglomeration
due to high surface energy, and have symmetrical electronic structures, which inhibit the adsorption
and activation of oxygen intermediates. Compared to single-atom catalysts, dual-atom catalysts
consist of two adjacent metal atoms, with highly dispersed metal atoms that avoid nanoparticle
agglomeration, maximizing active site utilization. Electron transfer between dual-atom sites
optimizes reactant adsorption and intermediate formation, stabilizing intermediates and lowering the
reaction energy barrier [14-17]. Therefore, we utilize the synergistic effects of bimetallic catalysts to
optimize the reaction pathway. We use a high-porosity zeolite imidazolate framework (ZIF) as a
precursor and prepare a catalyst with atomically dispersed metal sites through high-temperature
pyrolysis [18-24]. This aims to overcome the kinetic bottleneck of the cathode reaction in zinc-air
batteries and provide new directions for the design of cathode materials for zinc-air batteries. This
research offers a new technical pathway for clean energy storage.

Weigh a certain amount of Co(NOs)2:6H20 and dissolve it in 250 mL of methanol. Sonicate for 1
minute to obtain a transparent pink solution with a concentration of 0.04 M. Weigh a certain amount
of 2-methylimidazole and dissolve it in 250 mL of methanol. Pour the cobalt nitrate solution into the
2-methylimidazole solution, place it on a magnetic stirrer, and stir for 4 hours. After the reaction is
complete, the solution turns into a deep purple suspension. Centrifuge at 8000 rpm for 5 minutes to
collect the precipitate. Wash the precipitate three times with methanol and centrifuge to remove
unreacted raw materials and solvents. Finally, place the purple precipitate in a vacuum drying oven
and dry at 60°C for 12 hours to obtain ZIF-67 powder.

Weigh a certain amount of Zn(NOs).:6H20 and dissolve it in 250 mL of methanol. Ultrasonicate for
1 min to obtain a transparent pink solution with a concentration of 0.04 M. Weigh a certain amount
of 2-methylimidazole and dissolve it in 250 mL of methanol. Pour the cobalt nitrate solution into the
2-methylimidazole solution and stir on a magnetic stirrer for 4 h. After the reaction, the solution
turns into a deep purple suspension. Centrifuge at 8000 rpm for 5 minutes to collect the precipitate.
Wash the precipitate three times with methanol and centrifuge to remove unreacted raw materials
and solvents. Finally, place the purple precipitate in a vacuum drying oven and dry at 60°C for 12
hours to obtain ZIF-8 powder.
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2.3. Preparation of the bimetallic catalyst FeCo-NC

Take 0.2 g, 0.4 g, and 0.6 g of ZIF-8 powder, respectively, and add them to the precursor solution for
ZIF-67 preparation (i.e., a mixture of cobalt nitrate and 2-methylimidazole) for a 4-hour stirring
process. After the reaction, a purple suspension was obtained. The suspension was then centrifuged
at 8000 rpm for 5 minutes to collect the precipitate. The precipitate was washed three times with
methanol and once with ethanol. The purple precipitate was placed in a vacuum drying oven and
dried at 60°C for 12 hours to obtain the ZIF-8/ZIF-67 composite material. The composite material
was placed in a tube furnace for carbonization at 900°C. A small amount of Fe(NOs).:6H-O was
added to the material after the first carbonization, and it was placed in the tube furnace for a second
carbonization, ultimately yielding the target product, the bimetallic catalyst FeCo-NC.

3. Results and discussion

The oxygen reduction reaction (ORR) catalytic performance of the bimetallic catalyst FeCo-NC was
systematically evaluated in an alkaline medium using a rotating disk electrode (RDE) setup. As
clearly demonstrated in the cyclic voltammetry (CV) profiles presented in Figure 1, no discernible
ORR reduction peak was observed when the measurements were conducted under a Na-saturated
atmosphere, confirming the absence of non-faradaic processes or side reactions that could be
misinterpreted as ORR activity. In contrast, under an O-saturated environment, a well-defined and
pronounced cathodic peak emerged, unequivocally indicating the occurrence of the oxygen
reduction process. The peak potential was identified at 0.852 V vs. RHE, which notably surpasses
the value of 0.837 V documented in the literature for commercial 20% Pt/C catalysts under
comparable testing conditions [25]. This positive shift in reduction potential signifies a lower
overpotential and more favorable kinetics for the ORR on the FeCo-NC catalyst. The results
strongly affirm that FeCo-NC not only facilitates the oxygen reduction reaction in alkaline media
but also exhibits exceptional electrocatalytic activity, highlighting its potential as a highly efficient
and cost-effective alternative to platinum-based catalysts for applications in advanced energy
conversion systems.
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Figure 1. Cyclic voltammetry curve of the diatomic catalyst FeCo-NC

Subsequently, to comprehensively evaluate and compare the electrocatalytic performance toward
the oxygen reduction reaction, linear sweep voltammetry (LSV) measurements were conducted on
various catalysts using a rotating disk electrode (RDE) at a rotation speed of 1600 rpm, as depicted
in Figure 2. The obtained LSV curves revealed significant differences in both the limiting diffusion
current density (JL) and the half-wave potential (Ei/2), which are key indicators of catalytic activity
and efficiency. Specifically, the JL values for Co-NC-9, Co-NC-18, Co-NC-36, and FeCo-NC were
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determined to be 4.725 mA cm™2, 5.465 mA cm™2, 5.355 mA cm™2, and 5.430 mA cm2, respectively.
Correspondingly, the half-wave potentials for these catalysts were measured at 0.838 V, 0.845 V,
0.848 V, and 0.875 V, respectively.

Among all the samples, the bimetallic FeCo-NC catalyst demonstrated the most promising
performance, exhibiting the most positive half-wave potential of 0.875 V, along with a high limiting
current density of 5.430 mA cm™, which is closely comparable to that of benchmark commercial
Pt/C catalysts. These results clearly indicate that the ORR electrocatalytic performance of FeCo-NC
has approached, and in terms of onset and half-wave potential, even surpassed that of Pt/C. The
superior activity can be predominantly ascribed to the strategic introduction of iron, which facilitates
the formation of synergistic bimetallic (Fe-Co) sites within the nitrogen-doped carbon matrix. This
synergistic interaction not only increases the density and accessibility of active sites but also
optimizes the local electronic configuration, thereby enhancing charge transfer kinetics and
strengthening the catalyst’s capacity for oxygen adsorption and activation.

In contrast, monometallic cobalt-based catalysts (such as the Co-NC series) possess a more
uniform and symmetric electronic environment, which tends to hinder effective oxygen binding and
subsequent reduction, resulting in comparatively inferior ORR performance. Thus, the integration of
iron into the Co-NC structure effectively modulates the catalytic interface, leading to enhanced
overall reactivity and durability, and underscoring the importance of bimetallic synergy in the
rational design of high-performance non-precious metal catalysts for alkaline fuel cells and related
energy technologies.
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Figure 2. Linear sweep voltammetry curves of ORR for different catalysts

To gain deeper insights into the oxygen reduction reaction kinetics and the underlying electron
transfer mechanism of the FeCo-NC catalyst, a series of linear sweep voltammetry (LSV) tests were
systematically performed across a range of rotation speeds from 900 to 2500 rpm. It is well-
established that increasing the rotation rate enhances the diffusion rate of dissolved O: toward the
electrode surface, thereby accelerating mass transport and facilitating a more efficient supply of
reactant species. As clearly illustrated in Figure 3a, the resulting LSV curves exhibit a pronounced
dependence on rotation speed, with the limiting diffusion current density showing a marked increase
as the rotation speed is elevated, consistent with improved convective mass transfer under higher
hydrodynamic conditions. To quantitatively assess the electron transfer mechanism governing the
ORR process, Koutecky-Levich (K-L) analysis was employed based on the LSV data collected at
various rotation rates. The K-L plots, constructed at different electrode potentials, demonstrated
excellent linearity and parallelism, indicative of first-order reaction kinetics with respect to
dissolved oxygen concentration. As presented in Figure 3b, the electron transfer number (n) was

27



Proceedings of CONF-MCEE 2026 Symposium: Advances in Sustainable Aviation and Aerospace Vehicle Automation
DOI: 10.54254/2755-2721/2026. KA28127

calculated to be approximately 4.0 per oxygen molecule, unequivocally confirming that the ORR on
FeCo-NC predominantly proceeds via a highly efficient four-electron transfer pathway. This
pathway favors the direct reduction of oxygen to water, as opposed to the two-electron route which
results in the formation of intermediate hydrogen peroxide (H:0:).The prevalence of the four-
electron mechanism not only enhances the overall catalytic efficiency but also significantly
mitigates the generation of corrosive peroxide species, thereby reducing the risk of electrode
degradation and catalyst instability. Consequently, the FeCo-NC catalyst demonstrates improved
durability and operational sustainability, making it a promising candidate for applications in alkaline
energy conversion devices such as fuel cells and metal-air batteries [26-27].
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Figure 3. (a) Linear sweep voltammetry test of FeCo-NC in the speed range of 900-2500 rpm (b)
Koutecky-Levich (K-L) curve analysis to calculate the number of electron transfers n

To gain further insight into the catalytic kinetics of the oxygen reduction reaction (ORR), Tafel
analysis was performed based on the LSV curves obtained at a rotation speed of 1600 rpm for the
various catalysts, as summarized in Figure 4. The Tafel slope, a key kinetic parameter derived from
the relationship between overpotential and log(current density), provides critical information
regarding the rate-determining step and the underlying reaction mechanism. Comparative analysis of
the Tafel slopes revealed distinct differences among the catalysts. Specifically, the bimetallic FeCo-
NC catalyst exhibited a Tafel slope of 96 mV dec™, which was notably higher than those of the
monometallic Co-NC variants but still lower than that of the commercial Pt/C benchmark.This
intermediate value signifies favorable ORR kinetics, suggesting that FeCo-NC possesses a more
efficient catalytic interface for oxygen reduction compared to its single-atom counterparts. The
enhanced kinetic behavior is attributed to the synergistic interaction between Fe and Co metal sites
embedded within the nitrogen-doped carbon matrix, which facilitates improved electronic
configuration and promotes more optimal adsorption and desorption of oxygen intermediates.
Although the Tafel slope remains slightly elevated relative to Pt/C, the bimetallic catalyst still
demonstrates superior kinetic performance over traditional non-noble metal catalysts, enabling
accelerated electron transfer and more efficient reactant conversion during the ORR process. The
results underscore the effectiveness of the bimetallic design strategy in modulating the
electrocatalytic properties and improving overall reaction kinetics, highlighting the potential of
FeCo-NC as a durable and highly active catalyst for advanced energy technologies.
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Figure 4. Tafel curves of different catalysts

This study used ZIF-8/ZIF-67 as precursors and employed a solvent-thermal method combined with
high-temperature calcination of ZIF to successfully synthesize Co-NC -electrocatalysts [28].
Electrochemical testing results indicate that the catalyst exhibits optimal electrocatalytic
performance when the zinc-cobalt molar ratio is 18:1. Therefore, based on this precursor, Fe sources
were further introduced prior to high-temperature calcination to prepare FeCo-NC bimetallic
catalysts. Experimental results show that this bimetallic catalyst exhibits outstanding electrocatalytic
activity, with a half-wave potential of 0.875 V, performance comparable to commercial Pt/C
catalysts [29], providing an innovative solution to overcome the technical bottlenecks of zinc-air
batteries. Additionally, characterization of the material using scanning electron microscopy (SEM)
confirmed that the metal active sites in the material are atomically dispersed. This indirectly
indicates that metal catalytic efficiency is optimal at the atomic level. Compared to single-atom
catalysts, bimetallic catalysts leverage synergistic effects between metal sites to achieve
performance comparable to noble metal benchmark materials [30], coupled with significant cost
advantages, demonstrating immense application potential in electrochemical reactions and broad
industrialization prospects. Based on the above research, we propose the following outlook:

(1) Explore precise synthesis methods. Although various synthesis strategies for bimetallic
catalysts have been reported, the structural precision remains challenging to achieve as expected.
Given the broad industrial application prospects of bimetallic synergistic effects, future research
could leverage artificial intelligence (Al) technology for design assistance to achieve more precise
synthesis. For example, computational methods such as density functional theory (DFT) or d-band
center theory could be employed to further predict and optimize precise synthesis methods.

(2) Conduct in-depth mechanism studies. Although there has been some research on the reaction
mechanisms of bimetallic catalysts in catalytic processes, compared to the relatively well-
established research framework for single-atom catalysts, its development remains in its infancy.
Currently, our understanding of the intrinsic mechanisms of bimetallic synergistic effects, structure-
activity relationships, and complex reaction mechanisms under actual conditions is still limited [31].
Fundamental scientific issues such as bimetallic synergistic mechanisms, coordination
environments, and interactions between metals and supports require further in-depth analysis.

(3) Systematically elucidate the “structure-activity” relationship. In addition to the selection of
metal combinations, the coordination environment and metal-support interactions also need to be
considered. In the future, it is essential to comprehensively consider multiple factors to
systematically elucidate the intrinsic connection between structural features and catalytic activity,
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further refining reaction mechanism studies. This is crucial for enhancing catalytic performance and
is expected to drive breakthrough progress in the application of bimetallic catalysts in the clean
energy sector.
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