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Abstract

Transition metal-nitrogen-carbon (M/NC) demonstrates a promising effective electrocatalyst for enhancing oxygen
evolution/reduction reactions (OER/ORR). However, synthesizing these catalysts is often complex, time-consuming, and involves
hazardous solvents while producing a low yield. This work introduces a versatile, eco-friendly, and straightforward solvent-free
method to produce M/NC (M = Co, Ni, and Fe) catalysts in ~3 h using a glucose, urea, and metal nitrate hydrate mixture. The high-
yield M/NC catalysts exhibit a porous architecture and uniform distribution of metal nanoparticles within a foaming flakes-like
nitrogen-doped carbon matrix. The metal nanoparticles are wrapped with protective nitrogen-doped carbon layers, producing stable
active sites. Possessing these unique properties, the obtained M/NC catalysts show high-performance and stable bifunctional
OER/ORR. As the best result, Co/NC presents an OER/ORR potential difference (AE) of 0.78 V and retains 96% and 89% of its OER and
ORR performance after a 10 h stability test. In practical application, the Co/NC-based Zn-air battery depicts a high power density of
184 mW cm~2 and good rechargeability of up to 120 h, outperforming the battery with noble metal-based catalysts. This work sheds
light on the versatile, eco-friendly, and scalable synthesis of M/NC catalysts while presenting a strategy to accelerate the generation
of inexpensive and highly effective bifunctional OER/ORR catalysts.
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Introduction

Rechargeable Zn-air batteries are currently garnering attention owing to their remarkable theoretical energy densities
(1086 Wh kg™) as well as using non-toxic and non-flammable aqueous electrolytes [1, 2]. They are also known for their
cost-effectiveness in production, as they utilize abundant and inexpensive Zn metal [3]. However, rechargeable Zn-air
batteries are still facing some challenges involving the utilization of noble-metal catalysts, including iridium (Ir),
ruthenium (Ru), and platinum (Pt), which are employed to enhance oxygen evolution or reduction reactions (OER or
ORR) that is crucial for the rechargeability process [1]. These noble-metal catalysts have limitations: facilitating only the
OER or ORR (i.e., monofunctional catalyst), inferior stability, high cost, and limited resources [4, 5]. Hence, there is a
compelling need to fabricate bifunctional OER/ORR catalysts utilizing plentiful non-noble metal resources, which may
effectively support extensive utilization in large-scale applications [6, 7].

Studies have revealed the important role of metal-nitrogen-carbon (M/NC with M = Co, Ni, and Fe) materials as one of
the most promising candidates for bifunctional OER/ORR catalysts [8-10]. Owing to the unique interaction between the
anchored transition metal and the nitrogen-doped carbon matrix, both physical and chemical properties of the catalysts
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can be finely tuned, resulting in outstanding activity, fast electron transfer ability, high atomic utilization, superior
electronic conductivity, and excellent durability of the catalysts [11-13]. Incorporating Co nanoparticles on nitrogen-
doped carbon nanotubes, Liu et al. obtained a Co/NC-based bifunctional catalyst with an overpotential of 500 mV for
OER and an onset potential of 0.89 V for ORR [14]. Ma et al. synthesized Fe-Nx active sites that were evenly distributed
over a porous nitrogen-doped carbon material with a graphitic structure and exhibited OER overpotential and ORR onset
potential of 390 mV and 0.997 V, respectively [15]. In another study, Liu et al. prepared Ni nanoparticles anchored on
carbon nanofiber, displaying OER overpotential and ORR onset potential of 293 mV and 0.93 V [16].

Despite those significant advancements in M/NC-based catalysts, their synthesis often involves typical wet chemical
routes that include numerous stages and cumbersome processes, resulting in a lengthy synthesis time. For example,
Choi et al. employed wet chemical procedures involving about two days of the reaction process with two annealing
steps to obtain nitrogen-doped carbon nanotubes with Co nanoparticles encased within them [17]. Jieting Ding and
coworkers produced Fe/NC-based catalyst via a multi-step process: dissolving the precursors and freeze-drying step (12
h), ball-milling the dried sample (6 h), pyrolyzing at 900 °C(2 h), and finally drying for 12 h in a vacuum oven [18]. Besides
that, some wet synthetic routes also include the use of hazardous and organic solvents [19], such as perchloric acid [20],
sulfuric acid [21], phosphoric acid [22], N, N-dimethylformamide [23], and methanol [24]. In addition, due to its low
yield, it is challenging to adopt the wet chemical approach to pursue economic benefits practically [25]. Therefore, it is
imperative to establish a simple, eco-friendly, and practical method for developing bifunctional electrocatalysts.

As an alternative to wet chemical methods, solvent-free synthesis methods are regarded as the efficient synthesis
procedure. These methods minimize the production of waste and pollution risks during chemical processes, resulting in
enhanced environmental sustainability compared to wet chemical methods [25]. It also offers other benefits, such as
low setup and energy costs, economic viability, easy operation, time efficiency, and high-yield products [26]. Herein, we
demonstrate the versatility of this solvent-free method to synthesize transition metal nanoparticles decorated with
foamy flakes-like nitrogen-doped carbon matrix. Glucose, urea, and metal nitrate hydrate were dry-mixed and subjected
to a fast melting-drying process to obtain the foam-like structure. The obtained M/NC catalysts exhibited a porous-rich
architecture with a homogeneous distribution of metal nanoparticles across the foamy flakes-like carbon matrix layers,
resulting in highly accessible catalytic sites. Benefiting these characteristics, the obtained M/NC catalyst performs high
OER and ORR activities, leading to favorable performance of rechargeable Zn-air battery. This study establishes an
environmentally friendly and economically efficient method for producing affordable and highly efficient bifunctional
electrocatalysts, supporting the development of rechargeable Zn-air battery technologies.

Experimental Procedure
Preparation of Co/NC

In a typical procedure, 2 g of glucose (299.5%, Merck), 0.5 g of urea (299%, Merck), and 2 g of cobalt nitrate hydrate
(98%, Merck) were dry mixed to form a homogeneous mixture by continuous stirring for 30 min. Afterward, the resultant
mixture was heated until the melting state using an oil bath at 120 °C (~5 min). The obtained homogenized fluid mixture
product was then quickly transferred to a preheated oven at 180 °Cfor 20 min, forming the foam-like structure. In the
next step, the obtained solid product was pyrolyzed in a nitrogen environment at 800 °Cwith holding duration of 2 h.
The resulting material was ground into a fine black powder upon reaching ambient temperature, yielding Co/NC catalyst.
For comparison, a control sample of nitrogen-doped carbon (NC) was prepared without adding cobalt nitrate hydrate.
Furthermore, to demonstrate the versatility of the proposed method, a similar procedure was also used to synthesize
Ni/NC and Fe/NC, where Ni nitrate hydrate (294.5%, Merck) and Fe nitrate hydrate (298%, Merck) was employed as the
metal precursor.

Materials Characterization

Morphologies and elemental distributions were analyzed using field-emission scanning transmission electron
microscopy (SEM, JEOL JIB 4610F) equipped with energy dispersive X-ray spectroscopy (EDS) and transmission electron
microscopy (TEM, FEI Tecnai G2 20S). X-ray diffraction (XRD) was determined using Rigaku SmartLab. Raman spectra
were determined using Horiba Modular Raman iHR320. X-ray photoelectron spectrometer (XPS) spectra were acquired
using Kratos AXIS Supra®. Surface area and pore dimensions were analyzed via N, adsorption/desorption isotherms from
the Micromeritics TriStar Il instrument. Electrochemical measurement and rechargeable Zn-air battery test were
conducted following the established protocols outlined in our previous work [27].
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Results and Discussion

The synthesis procedure of M/NC-based catalysts (e.g., Co/NC) via solvent-free method can be seen in Figure 1. Instead
of dissolving the cobalt nitrate salt, urea, and glucose, we used a simple dry mixing process to achieve a homogeneous
mixture of the precursors. Subsequently, the mixture was melted at 120 °C for 5 min before being immediately
transferred into a preheated oven (180 °C, 2 min). The metal nitrate hydrate salt rapidly decomposes during preheating,
producing volatile substances, including NO2, N2, CO2, and water vapor [28]. These gases induce the expansion of the
molten viscous paste of the precursors, leading to the development of a foam-like structure. In contrast, NC sample that
was prepared without any metal nitrate exhibits less foam formation, as evidenced by its smaller volume expansion
than that of Co/NC. The obtained dried foam-like material was then pyrolyzed at 800 °C (2 h) under an N2 atmosphere
and ground into a fine catalyst powder. Unlike wet chemical approaches, which require around two days to synthesize
the catalysts [17, 29], this solvent-free process is far more time-efficient, taking ~3 h, which already includes mixing,
heating, and pyrolysis processes. This method could also produce an approximate yield of 20%. Moreover, as the
synthesis process is solvent-free, it produces minimal waste and pollutants, rendering it environmentally advantageous.

Co nitrate hydrates

oy o ‘e 4 (800°C, 2h) 7
2. Thermal X ‘,’- ’ o
) treatment 4, Grinding

Foam-like structure Co/NC

3. Pyrolysis

Figure 2 (a) SEM images and EDS mapping of C (red), N (purple), and Co (cyan) elements of as-synthesized Co/NC. (b-c) Low-
resolution TEM images that show foam-like structures. (d) The corresponding high-resolution TEM images of Co/NC with inset
of Co lattice spacing.
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The obtained Co/NC morphological structure was analyzed using SEM images. As depicted in Figure 2(a), SEM images
of Co/NC show a foam-like structure consisting of porous flakes with bubble textures. Notably, spherical metal particles
in nanosize are also clearly seen homogeneously distributed on the flakes. The elemental composition of Co/NC was
then validated by EDS mapping. Co/NC demonstrates an evenly distributed element of C (red), N (purple), and Co (cyan),
indicating that the carbon flakes doped with nitrogen are decorated with cobalt nanoparticles. Furthermore, in line with
the SEM images, TEM images of Co/NC also show foam-like structures with homogeneously distributed Co nanoparticles
(Figure 2(b-c)). In addition, high-resolution TEM (Figure 2(d)) demonstrates metallic Co nanoparticles with a lattice
spacing of ~0.203 nm wrapped with nitrogen-doped carbon protective shells with a lattice spacing of ~0.346 nm [30,
31].
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Figure 3 (a) X-ray diffraction pattern, (b) Raman spectra, (c-e) high-resolution C 1s, N 1s, and Co 2ps/, XPS spectra of Co/NC.
(f) N2 absorption-desorption isotherm and (g) pore size distribution of Co/NC.

Furthermore, based on the XRD pattern (Figure 3(a)), Co/NC shows sharp peaks at 44.3°, 51.5°, and 75.9° that
correspond to the (111), (200), and (220) plane of Co metallic phase (PDF#15-0806) [32]. A small amount of CoO is also
found in the samples, as illustrated by a subtle peak at 36.5° belonging to the (111) crystal plane of CoO [33]. A broad
peak at around 26° belongs to the (002) plane of carbon [34], indicating successful carbonization of glucose and urea.
This carbonization process is also supported by Raman spectra of Co/NC (Figure 3(b)). Peak at 1346.1 cm™tindicates the
presence of a defects band, while another peak at 1584.8 cm™ represents the graphitic carbon band [35]. The intensity
ratio between Ip and Is is calculated to determine the degree of defect or graphitization in the carbon matrix [36]. From
Figure 3(b), Co/NC exhibits Ip/ls of 1.11, suggesting a well-balanced degree of graphitization and defect [37]. This may
lead to high conductivity and a notable presence of defective sites, contributing to enhanced catalytic activity [38, 39].
The carbon matrix defect is ascribed to the introduction of Co metal and nitrogen doping, demonstrating that Co
nanoparticles promote graphitic structure formation during pyrolysis [37, 38].
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Chemical states on the surface of Co/NC were then analyzed using XPS. The high resolution of C 1s spectra (Figure 3(c))
shows four deconvolution peaks indexed to C—C (284.5 eV), C—N (285.5 eV), C-0 (286.4 eV), and C=0 (288.1 eV) [27].
The C—N peak confirms successful nitrogen doping onto the carbon matrix. During the pyrolysis process, glucose and
urea, as carbon and nitrogen sources, experience a degradation process, resulting in nitrogen-doped carbon. The high-
resolution N 1s spectra (Figure 3(d)) also reconfirm the nitrogen doping. Three N-C bonds, including 41.84% of pyridinic-
N (398.4 eV), 18.81% of graphitic-N (401 eV), and 15.28% of Co—N (399.4 eV), are seen along with 15.16% of pyrrolic-N
(400.3 eV) and 8.91% of oxide-N (403 eV) [40]. As reported, graphitic-N can enhance electrical conductivity, facilitating
fast electron transfer [41, 42]. Graphitic-N and pyridinic-N also function as the OER active sites [43]. In addition, the high
relative content of pyridinic-N promotes more oxygen adsorption, thus decreasing the ORR overpotential [43]. For high-
resolution Co 2ps/2 spectra (Figure 3(e)), the metallic-Co peak (778.5 eV) confirms the existence of Co metallic phase, in
line with the XRD result. Co—O peaks (779.9 eV) may suggest surface oxidation of the samples, while the Co—N peak
(781.4 eV) represents the bonding between Co and nitrogen atoms [44, 45], as also appears in the N 1s spectra. Overall,
the chemical state of Co/NC suggests the presence of active sites from nitrogen-doped carbon and metal-containing
sites, collectively boosting both OER and ORR [27].

The distribution of pore size and specific surface area of Co/NC were analyzed using N2 desorption-adsorption. Co/NC
has specific surface area of 158 m? g** and shows type IV isotherm, as indicated by hysteresis loop in the P/Po range of
0.4-1 (Figure 3(f)). This suggests the existence of mesopores within the catalyst [46, 47]. Following its isotherm pattern,
Figure 3(g) shows that the pores that exist in the material are dominated by mesopores (2-50 nm) with only a small
amount of micropores (< 2 nm). Micropore generates more active sites for reactions to occur, while mesopore acts in
enhancing mass transport, thus increasing the catalytic activity of Co/NC catalyst [48, 49]. Combining Co metal
embedded in nitrogen-doped carbon matrix and highly porous material may benefit in promising OER and ORR catalytic
performance [38, 50].
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Figure 4 (a) OER polarization curve of Ir/C, Co/NC, and NC, and (b) Tafel slope of Ir/C and Co/NC. (c) OER stability of Ir/C and
Co/NC, assessed by chronopotentiometry test at 10 mA cm-2. (d) ORR polarization curve of Co/NC, NC, and Pt/C. (e) ORR LSV
curves of Co/NC that are measured at various rotational speeds, and (f) the associated K-L plots. (g) ORR stability of Pt/C and
Co/NC, assessed by chronoamperometric test at 0.5 V. (h) The overall polarization curves for bifunctional catalytic activity of
Co/NC.
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To examine the OER performance, we utilized a rotating disk electrode (RDE) configuration. This setup involved
immersing the electrodes in a solution containing 1 M KOH saturated with N2 to obtain linear sweep voltammograms.
The OER overpotential required to generate a current density of 10 mA cm™ on the reversible hydrogen electrode (RHE)
potential scale, referred to as nio, was adopted as the main parameter. Ir/C and NC catalysts were also tested in a similar
experimental setup for performance comparison. From Figure 4(a), it can be observed that NC can not facilitate the OER
which could be due to the absence of metal active sites [51]. Differently, Co/NC exhibits superior OER activity as
evidenced by its lower overpotential of 363 mV than Ir/C (388 mV), making it a potential OER catalyst. The high OER
activity of Co/NC is also demonstrated by its low Tafel slope of 38.58 mV dec™? (Figure 4(b)), which is approximately half
of the Ir/C benchmark (88.61 mV dec), suggesting a faster kinetic reaction rate during the OER process [52, 53]. The
low overpotential and Tafel slopes of Co/NC can be assigned to the complementary interaction of homogeneous
distribution Co nanoparticles anchored in nitrogen-doped carbon foam with porous-rich architecture. This structure
enhances performance by providing more accessible active sites and increasing electrical conductivity, thus facilitating
fast reactant/electron transfer during reaction [54-56]. The Co/NC also outperforms most of the recently reported Co-
based catalysts synthesized via more complicated wet chemical methods, showing overpotential in the 370-450 mV [21,
24, 57, 58]. This result suggests the promising application of a time-efficient solvent-free method to synthesize high-
performance OER catalysts.

In order to be practically applicable, catalysts should not only exhibit a high activity but also demonstrate favorable
stability [56]. To analyze the OER stability of the catalysts, chronopotentiometry test at 10 mA cm? was performed.
From Figure 4(c), Co/NC can maintain its ¥96% performance even after 10 h, surpassing the Ir/C which experiences a
rapid decline in performance to around 78% within just 1 h of the chronopotentiometry test. This poor stability of Ir/C
is similar to the finding in prior study [59]. The high stability of Co/NC may be attributed to the presence of Co
nanoparticles wrapped with nitrogen-doped carbon protective layers, as seen from TEM images. This protective layer
prevents direct interaction between the Co nanoparticles and the electrolyte, thus avoiding metal dissolution during
catalytic reactions in harsh environments and increasing the catalyst stability [57].

RDE setup was also used to quantify the Co/NC activity towards ORR in 0.1 M KOH. The benchmark of ORR activity was
Pt/C catalyst. Limiting current density (J.), half-wave potential (E1/2), and onset potential (Eonset) were used as the main
parameters to investigate the ORR performance. From Figure 4(d), Co/NC shows a significant increase in the ORR
performance compared to NC. Co/NC has Ji, E1/2, and Eonset of 4.38 mA cm™2, 0.81 V, and 0.9 V, respectively, while the
values are 1.6 mAcm™, 0.6 V, and 0.67 V for the NC. Despite exhibiting somewhat less performance compared to Pt/C
(Ji: 4.83 mA cm™, E12: 0.89 V, and Eonset: 1.02 V), Co/NC shows comparable performance to some reported Co-based
catalysts [60-63]. Afterward, we examined the ORR selectivity of Co/NC catalysts using the Koutecky-Levich (K-L)
equation in conjunction with linear sweep voltammetry (LSV) measurements at various rotation speeds (Figure 4(e)).
Co/NC shows an average electron transfer number of about 4 (Figure 4(f)), indicating a high selectivity of Co/NC to the
four-electron ORR process [64]. ORR stability of Co/NC was then evaluated using chronoamperometry test at 0.5 V.
Following the 10 h chronoamperometry test (Figure 4(g)), Co/NC can sustain a relative current of about 89%,
outperforming Pt/C which declines significantly to about 77%. This result suggests a high ORR stability of the Co/NC
catalyst.

For rechargeable Zn-air batteries, both high OER/ORR performances are required during the charging and discharging
process. We then calculate the difference between OER potential at 10 mA cm2 and Ez2 of ORR, namely AE. Co/NC
exhibits AE of about 0.78 V (Figure 4(h)), which is competitive compared to other similar catalysts reported before in
the difference potential range of 0.76-0.87 V [65-69]. Based on the material characterization provided above, the
preceding results toward favorable OER/ORR activity of Co/NC are related to the following key factors: (i) the synergetic
effects between nitrogen-doping and homogeneous distribution of Co nanoparticles on carbon matrix lead to a balance
between good electrical conductivity and high content defect sites of Co/NC [37, 38]. It facilitates effective charge
transfer during reactions and provides numerous active sites [21, 70, 71]. (ii) The foam-like Co/NC with a porous-rich
structure ensures a good reactant transfer and provides highly accessible catalytic active sites [72, 73]. (iii) Co
nanoparticles encapsulated with nitrogen-doped carbon layers may minimize metal dissolution because of the indirect
contact between metal nanoparticles and electrolyte, thus increasing catalyst stability [74].
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Figure 5 (a) Photograph of OCV measurement of Co/NC-based Zn-air battery. The comparison of Zn-air battery performance
for Co/NC-based and Pt/C+Ir/C-based: (b) galvanodynamic discharge-charge plots, (c) corresponding power density plots, and
(d) stability cycling curves measured at 10 mA cm-2. (e) Photograph of a flashlight powered by a Co/NC-based Zn-air battery.

With favorable bifunctional OER/ORR performance and stability of Co/NC, we present the construction of rechargeable
Zn—air batteries utilizing Co/NC as the air-cathode, polished Zn plate as the anode, and electrolyte of 0.15 M ZnO + 6 M
KOH. As shown in Figure 5(a), the Co/NC-based Zn—air battery results in 1.34 V open-circuit voltage (OCV). The battery
performance was then investigated by conducting galvanodynamic charge and discharge tests. Co/NC-based battery
performs better than the benchmark Pt/C+Ir/C-based battery (Figure 5(b)). Co/NC-based battery shows a narrower
voltage gap at 10 mA cm™ (0.18 V) than that for Pt/C+Ir/C (0.39 V), indicating excellent rechargeability [75]. This lower
voltage gap highlights the advantage of the Co/NC with foam-like structures and homogeneous Co nanoparticles,
assuring efficient charge transfer and diffusion of the reactant [76, 77]. Furthermore, From Figure 5(c), Co/NC-based
battery can deliver a high power density of 184 mW cm, which far exceeds the performance of Pt/C+Ir/C-based battery
(109 mW cm™2) and some reported Co-based Zn-air batteries (106-179 mW cm) [66, 69, 78, 79], proving the preferable
performance of our prepared Co/NC materials.

A charge-discharge stability test was carried out to evaluate the stability of both Co/NC and Pt/C+Ir/C-based Zn-air
batteries. The test involved applying a current density of 10 mA cm™ (Figure 5(d)). At the starting time, the voltage
difference between the Co/NC and Pt/C+Ir/C-based batteries is around 0.81 V and 0.87 V, respectively (inset figure in
Figure 5(d)). Following 25 h stability test, there is a noticeable shift in the voltage gap for Pt/C+Ir/C-based battery to
1.11 V, while Co/NC-based battery only shows a small increase to 0.88 V. This condition relatively remains stable for
120 h stability test, confirming high long-term stability of Co/NC-based battery. The high long-term performance was
achieved by a thin carbon layer that encapsulates the Co nanoparticle (Figure 2(d)). This carbon protective layer
effectively shielded the internal Co nanoparticles from direct contact with the harsh alkaline electrolyte, preventing the
formation of Co?* ions and subsequent oxidation to Cos04 [80, 81]. In this case, carbon encapsulation maintained the
stable phase crystallinity of Co after cycling tests, thereby enhancing the overall stability of the zinc-air battery [82-84].
Exploring the related state-of-the-art Co/NC-based Zn-air battery exhibits a satisfactory performance in terms of
lifespan, surpassing previously reported values battery life cycle in the range of 40-180 h [65, 69, 79, 85]. In addition, a
Zn—air battery with Co/NC can power a flashlight, showcasing its potential in practical applications (Figure 5(e)).
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Figure 6 (a) SEM images and EDS mapping for C (red), N (purple), and Ni (cyan) elements. (b) SEM images and EDS mapping
for C (red), N (purple), and Fe (cyan) elements. (c) OER polarization curve, (d) ORR polarization curve, and (e) the overall
polarization curves for bifunctional catalytic activity of Ni/NC and Fe/NC.

Motivated by the efficiency and straightforwardness of the current solvent-free approach, we expand upon it to
synthesize other M/NC catalysts. We can produce Ni/NC and Fe/NC catalysts by replacing the Co nitrate with Ni or Fe
nitrate as the metal precursor. Like the Co/NC sample, featured foam-like structures with homogeneous Ni or Fe
nanoparticles distribution are also observed in both catalysts (see Figure 6(a) and 6(b)). Ni/NC and Fe/NC also show a
good bifunctional OER/ORR performance in alkaline electrolytes (Figure 6(c) and 6(d)), resulting in favorable AE values
(Figure 6(e)). The results suggest that the developed solvent-free method technique is adaptable in synthesizing various
bifunctional M/NC-based catalysts featuring foam-like structures with a homogenous distribution of metal
nanoparticles, providing enhanced accessibility for reactants and electrons throughout the reaction.

Conclusion

An eco-friendly and time-effective solvent-free method has been successfully developed to synthesize foam-like
structure of Co/NC catalyst. The obtained Co/NC catalyst shows homogeneous Co nanoparticles anchored on porous-
rich nitrogen-doped carbon foam, enabling abundant accessible active sites and fast reactant distribution. In addition,
Co nanoparticles encapsulated with nitrogen-doped carbon layers may minimize metal dissolution by preventing direct
contact between the metal nanoparticles and the electrolyte, thereby increasing catalyst stability. With these
excellences, the Co/NC catalyst exhibits high bifunctional OER/OER performances with AE of 0.78 and good catalytic
stability. In line, Co/NC-based rechargeable Zn-air battery has the ability to deliver a large power density of 184 mW
cm=2 and is stable for up to 120 h. The developed solvent-free method can also be applied to synthesize Ni/NC and
Fe/NC with a foam-like structure, offering possibilities for the versatile fabrication of bifunctional catalysts to promote
the advancement of rechargeable Zn-air batteries.
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