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Zinc—air batteries are promising for energy storage due to their high energy density, low-cost and
safety, yet their performance is limited by sluggish oxygen reduction reaction (ORR) and oxygen
evolution reaction (OER) kinetics. Developing efficient bifunctional catalysts is thus crucial for advancing
metal-air batteries. In this study, a porous carbon nanomaterial embedded with cobalt nanoparticles is
synthesized through the pyrolysis of a Co—Zn bimetallic zeolitic imidazolate framework (ZIF) doped with
melamine, demonstrating exceptional activity as a bifunctional ORR & OER catalyst. The catalyst
yields a nitrogen-doped porous carbon with carbon nanotube structure. The further optimisation of
the synthesis conditions revealed a catalyst (mCosZn;@CN(800)) showing significant bifunctional
electrocatalytic activity for ORR and OER, giving a low potential gap (AE) of 0.68 V, which matches the
precious metals based benchmark materials. The catalyst shows excellent activity in ORR with onset
potential of 0.98 V and half-wave potential of 0.89 V with a Tafel slope of 44.6 mV dec™ . Similarly,
it shows remarkable OER activity with overpotential (7ogr) of 0.34 V at 10 mA cm™2. Furthermore, a series of

Received 4th July 2025, these catalysts were employed as air electrode in a Zn—air battery, achieving a high open-circuit voltage of

Accepted 19th August 2025 1.430 V, and exhibiting excellent cycling stability over 250 hours (1250 cycles) at 2 mA cm™2. The enhanced
electrochemical performance could be attributed to the characteristics of the catalysts, including high surface

area with well dispersed, exposed, and stable Co—N, active sites, as well as graphitic carbon and carbon
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1. Introduction

The growing demand for sustainable and high-performance
energy storage technologies has drawn significant attention to
metal-air batteries due to their low cost, environmental friend-
liness, and high energy density." Among these, zinc-air bat-
teries (ZABs) are particularly promising, benefiting from the
abundance and safety of zinc.>® However, the commercialisa-
tion of ZABs remains hindered by the sluggish kinetics of the
oxygen reduction reaction (ORR) during discharge and the
oxygen evolution reaction (OER) during recharge.* Therefore,
developing efficient and stable bifunctional electrocatalysts for
ORR and OER is a critical challenge.’

Transition metal oxides, while widely explored, often suffer
from issues such as nanoparticle aggregation, low conductivity,
and limited surface area.® To overcome these limitations,
metal-organic frameworks (MOFs), particularly zeolitic imida-
zolate frameworks (ZIFs), have been investigated as precursors
for electrocatalyst synthesis.””® Upon pyrolysis, MOFs can be
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nanotubes. These features collectively promote the oxygen reactions of both OER and ORR.

converted into conductive carbon structures embedded with
metal or metal oxide nanoparticles, yielding materials with
high porosity and active site density.”™?

MOF-derived carbon electrocatalysts have shown consider-
able promise for oxygen electrocatalysis. For instance, Fe-Co/N-
doped carbons derived from ZIFs have demonstrated excellent
performance,"*"® owing to their hierarchical porosity, strong
metal-nitrogen coordination, and structural stability.'”"'®
Nitrogen doping plays a key role in stabilising non-noble metal
active sites, forming M-N,. configurations known to enhance ORR/
OER activity."*>* In particular, ZIF-8 and ZIF-67 have served as
common platforms due to their high surface areas and thermal
stability.® During pyrolysis, the formation of M-N,~C sites is
promoted by the presence of metal-nitrogen bonds in the frame-
work and can be further enhanced using nitrogen-rich precursors
such as melamine.*®” In recent years, studies**>° have focused
on the development of ZIF-derived M-N-C catalysts with tuneable
compositions and porous frameworks to enhance ORR/OER
bifunctionality in ZABs. Particularly, Co-based systems with hier-
archical structures and heteroatom doping have shown promising
electrochemical performance, due to their optimized active site
exposure and mass transfer properties.
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Despite extensive efforts, it remains challenging to achieve
materials that simultaneously exhibit hierarchical porosity,
high graphitisation, uniform heteroatom distribution, and
direct carbon nanotube (CNT) formation—features that collec-
tively enhance bifunctional electrocatalytic performance.

In this study, we address these challenges by synthesizing a
nitrogen-doped graphitic carbon material embedded with Co
nanoparticles and CNTs, derived from a melamine-modified
Co-Zn bimetallic ZIF-8 precursor. Melamine not only enhances
nitrogen doping and CNT formation but also suppresses par-
ticle aggregation during pyrolysis. The combination of Co-ZIF-8
with melamine and controlled Co/Zn ratios enables the for-
mation of a porous, conductive carbon matrix with optimally
exposed Co-N, sites. The resulting catalyst exhibits outstanding
bifunctional activity for both ORR and OER in alkaline condi-
tions, outperforming commercial Pt/C and RuO, benchmarks.
Our findings demonstrate a practical route toward scalable,
MOF-derived bifunctional catalysts for next-generation zinc-air
batteries.

2. Experimental

2.1. Chemicals

All materials were purchased and used as available: zinc nitrate
hexahydrate (Zn(NOj3),-6H,0, >99%, Thermo Fisher), 2-methy-
limidazole (MeIm, 99%, Aldrich), copper nitrate hexahydrate
(Co(NO3),-6H,0, >99%, Aldrich), methanol (CH;0H, >99.9%,
Aldrich), melamine (99%, Thermo Fisher), potassium hydro-
xide (KOH, flake, >85%, Thermo Fisher), Nafion (6% PFSA in
lower aliphatic alcohols and water, Aldrich), carbon-supported
platinum (20% on carbon black powder, Thermo Fisher),
carbon black (Super P Conductive, 99 + %, metal basis, Thermo
Fisher), poly(vinylidene fluoride) ((-CH,CF,-),, 99%, Thermo
Fisher) and DI water (12.5 MQ cm).

2.2. Synthesis

2.2.1. Synthesis of Co-ZIF-8. The synthesis of Co-ZIF-8 was
conducted following a literature-reported procedure with modi-
fications.*® Initially, cobalt nitrate hexahydrate Co(NOs),-6H,0
(0.8730 g, 1 mmol) and zinc nitrate hexahydrate Zn(NO3),-6H,0
(0.2975 g, 0.333 mmol) in varying (x/y, e.g. 3/1) molar ratios
were dissolved in 80 mL of methanol to form a homogenous
solution. The solution was then poured into methanol (80 mL)
solution containing 75 mmol 2-methylimidazole (6.1575 g) with
vigorous stirring for 24 hours at room temperature. The pro-
duct was separated and collected by centrifuge, followed by
washing with methanol three times. The washed product was
then dried in a vacuum oven at 70 °C for 24 hours. Materials
were synthesized with varying molar ratios of Co to Zn.

2.2.2. Synthesis of mCo-ZIF-8. A mixture of melamine
(400 mg) and Co-ZIF-8 (200 mg) was dissolved in 100 mL of
methanol with vigorous stirring for 10 hours. The resulting
product was then separated by centrifuge and dried overnight
in a vacuum oven at 70 °C. It is labelled as mCo-ZIF-8, where
initial m represents the melamine addition.
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2.2.3. Synthesis of carbons mCo,Zn,@CN(T). mCo-ZIF-8
was evenly dispersed in a ceramic boat, and directly pyrolyzed
at varying temperatures (700 °C, 800 °C, 850 °C) for 3 hours in a
tubular furnace under an Argon atmosphere, with a heating rate of
5 °C min . After cooling to room temperature, the resulting
product was collected without further treatment. It is labelled as:
mCo,Zn,@CN(T) where initial m represents the melamine addi-
tion, subscripts x, y represents the molar ratios of Co to Zn, and
T represents pyrolysis temperature. As a comparison, a batch of
carbon materials were prepared directly from Co-ZIF-8 without
melamine doping and labelled as Co,Zn,@CN(T).

2.3. Characterization

The physical and chemical properties of catalysts were analysed
by various techniques. The crystalline structure of the carbon
materials was determined by X-ray diffraction (XRD) experi-
ments, employing a Panalytical X'Pert Pro MPD (Malvern
Panalytical, Malvern, United Kingdom) equipped with mono-
chromatic Cu K, radiation and a PIXcel solid-state detector.
Thermal stability of the catalysts was investigated using a
thermogravimetric analysis (TGA) instrument (Mettler Toledo,
Columbus, Ohio, OH, USA) under nitrogen and air flow
(50 mL min~') at ambient pressure, heating samples from
25 °C to the desired temperature, typically 900 °C, at a rate of
10 °C min~". A Nicolet Nexus 470 Fourier transform infrared
(FTIR) spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA.) was used to identify the functional groups in the
samples. N, physisorption measurements were conducted at
—196 °C using a Micromeritics ASAP2020, after degassing the
samples at 200 °C for 4 h. Surface areas were calculated using
the Brunauer-Emmett-Teller (BET) method. Elemental ana-
lysis was performed using a Varian 720 ES Inductively
Coupled Plasma Optical Emission Spectroscopy (ICP-OES),
calibrated with 5, 10 and 20 ppm standard solutions pre-
pared from certified 1000 ppm reference solutions. Samples
were digested using a microwave-assisted acid digestion
method with a mixture of sulphuric and perchloric acids
and analysed with a blank prepared at the same time. X-Ray
fluorescence (XRF, Rigaku Primus IV) spectrometer was also
used to determine the elemental composition at room tem-
perature without prior treatment. Scanning electron micro-
graphs and elemental maps were obtained by using a Zeiss
SUPRA 55-VP scanning electron microscope with a large area
silicon drift detector energy dispersive X-ray spectroscopy
(SDD EDX) detector operating at 5 keV high-angle and double
aberration-corrected JEOL ARM 200F, a high-resolution
annular dark-field scanning transmission electron micro-
scope (HAADF-STEM) with a windowless large solid angle
EDX. The X-ray photoelectron spectroscopy (XPS) data were
collected at the Warwick Photoemission Facility, University
of Warwick. The samples were attached to electrically con-
ductive carbon tape, mounted on to a sample bar and loaded
into a Kratos Axis Ultra DLD spectrometer which possesses a
base pressure below 1 x 10~ ' mbar. The measurements were
conducted at room temperature. The data were analysed
in the Casa XPS package and KherveFitting,** using Shirley

© 2025 The Author(s). Published by the Royal Society of Chemistry
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backgrounds and mixed Gaussian Lorentzian (Voigt) line
shapes.

2.4. Electrochemical performance

The electrocatalytic activities for ORR and OER were evaluated
using an electrochemical workstation (Metrohm Autolab
PGSTAT 128N) in a standard three-electrode system. Pt foil
and Ag/AgCl (3 M KCI) were used as the counter and reference
electrodes, respectively. First, the glassy carbon electrode was
polished with the slurry of alumina powder. Each catalyst
(5 mg) was ultrasonically dispersed into a solution containing
750 pL of ethanol, 250 pL of water, and 20 pL of 5 wt% Nafion
for 2 h. Subsequently, approximately 10 pL of the above homo-
genous catalyst ink was evenly dropped onto the freshly
polished glassy carbon electrode (5 mm in diameter) with a
loading of around 14 g cm 2 and dried naturally at room
temperature. Then, the well-prepared glassy carbon electrode
was used as the working electrode (cross section for current
passing: 0.0707 cm?). Another catalyst slurry was prepared by
mixing 30 mg of catalyst, 200 mg of active carbon black, and
995 pL of PVDF (used as a polymer binder, prepared by
dissolving 0.2 g of PVDF in 10 mL of NMP), followed by
grinding in a mortar. A square stainless mesh with a diameter
of 2 cm, coated with the slurry, used as the working electrode
with a loading was around 10 g cm™ 2 The ORR/OER electro-
chemical experiments were then carried out in O,-saturated
1 M KOH electrolyte. All current densities were normalized to
the cross-section area for current passing, and the measured
potentials (vs. the Ag/AgCl reference) were converted to the
reversible hydrogen electrode (RHE) scale based on the Nernst
equation (eqn (1)).

Erug = Eagiager T 0.059 X pH + EXg/AgCl (0.197 V) 1)

Before each test, the electrolyte was bubbled with pure N, or
O, for at least 30 minutes and maintained above the surface of
the electrolyte during the measurements. Cyclic voltammetry
(CV) experiments were conducted in both N,-saturated and O,-
saturated 1 M KOH electrolyte at a scan rate of 50 mV s .
Linear sweep voltammetry (LSV) measurements were per-
formed in the O,-saturated 1 M KOH electrolyte at a scan rate
of 10 mV s~'. The commercial Pt/C (20%) and RuO, were
fabricated as the benchmark electrodes for ORR and OER,
respectively. Rotating disk electrode (RDE) experiments were
carried out to evaluate the ORR reactions, with rotating rates
varying from 1600 rpm to 100 rpm. Electrochemical impedance
spectroscopy (EIS) was measured from 0.5 MHz to 0.1 Hz with a
10 mV AC voltage, and Nyquist curves were obtained for these
electrocatalysts. EIS fitting results and corresponding equiva-
lent circuit model are given in Table S1.

2.5. Rechargeable zinc-air battery tests

Long-term stability tests for zinc-air batteries were conducted
via the Neware battery cycling testing system (CT-4008Tn-
5V100mA-124). The zinc-air battery contains a Zn plate as the
metal anode, catalysts as the air electrode, and a solution of 6 M

© 2025 The Author(s). Published by the Royal Society of Chemistry
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KOH and 0.2 M Zn(OAc)-2H,0 as the electrolyte. For the air
electrode, a slurry of the electrode catalyst prepared with PVDF
was deposited onto a 2 x 2 cm stainless mesh. Additionally,
charge-discharge galvanostatic tests were conducted with each
cycle lasting for 10 minutes, comprising 5 min of charging, and

5 min of discharging at a current density of 2 mA cm >,

3. Results

3.1 Properties of catalysts

Cobalt doped ZIF-8 catalysts were synthesized at room tem-
perature by mixing cobalt and zinc precursors, followed by the
addition of the organic linker, 2-methylimidazole, in methanol
under vigorous stirring overnight. The crystalline structure of
Co-ZIF-8 samples were observed by XRD, which confirms the
successful formation of a typical ZIF-8 structure (Fig. 1(a)). The
XRD patterns show characteristic peaks of ZIF-8, centred at
lower 20 values of 5, 11, 13 and the pattern is identical to a
simulated reference spectrum. The XRD patterns of Melamine
embedded materials (mCo-ZIF-8) show characteristic peaks of
ZIF-8 and additional peaks originated from melamine at 20 of
26.5° and a shoulder at 18° (Fig. 1(a), and Fig. S1). The sharp
peaks observed in the XRD spectra indicate the high crystal-
linity of Co-ZIF-8 and mCo-ZIF-8 catalysts.

The FT-IR spectra of Co-ZIF-8 and mCo-ZIF-8 are shown in
Fig. 1(b), revealing that both materials exhibit similar peaks,
consistent with the literature.>®> The peaks around 690 cm ™"
indicate the C-H band of 2-methylimidazole. The peak at
1145 cm ™' shows =C-H in-plane deformation vibration
whereas at approximately 1308 cm ' and 1423 cm ', the
asymmetric band of -CH; and —-CH, can be observed, respec-
tively. The C=C double bond stretch is visible at 1460 cm ™,
while the C=N double bond stretching is visible at 1582 cm™".
Two small peaks at around 2928 cm™* and 3134 cm ™ * confirm
the C-H symmetric and =C-H stretch, respectively. Addition-
ally, a series of the absorption bands at 3420 cm™' and
3460 cm™ " indicate the stretching of -NH,, characteristic of
the melamine (see Fig. S2)** which confirms the successful
addition of melamine in ZIF-8 structure.

Both Co-ZIF-8 and mCo-ZIF-8 samples were pyrolyzed at
temperatures 700 °C, 800 °C, and 850 °C under Argon atmo-
sphere. After pyrolysis a graphitised carbon has been formed.
In Fig. 1(c) both Co3;Zn;@CN(800) and mCoz;Zn;@CN(800)
show a broad XRD diffraction peak, centring at 25.0° and a
shoulder at 43.7°, corresponding to the (002) and (101) reflec-
tions of graphitized carbon, respectively. Three distinct peaks
are observed at 44.8°, 52.2°, and 76.5°, indicating Co (111), Co
(200), and Co (220), respectively. The SEM EDX mapping of the
mCo;Zn;@CN materials indicate that the elements are well
distributed on the carbon framework (Fig. S3-S5).

The comparison of TGA curves of Co-ZIF-8 and mCo-ZIF-8
reveals a different decomposition pattern for each catalyst
(Fig. 1(d)). Co-ZIF-8 remains stable up to 506 °C, whereas the
less thermally stable mCo-ZIF-8 is firstly decomposed around
275 °C, with a sharp weight loss of 69.6%, indicating an

Mater. Adv., 2025, 6, 7779-7790 | 7781
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accelerated decomposition of the organic linkers. Therefore, in
the pyrolysis, a plausible mechanism for carbonization process
unfolds as follows: (a) imidazole linkers tend to transform into
N-doped porous carbon, and zinc species evaporate; (b) during
the pyrolysis process, with the participation of melamine,
corrosive gaseous species, e.g. NHj3, are released, attacking
ligand-metal bonds and dissociating the ligands. This is sup-
ported by the fact that melamine doped catalyst (mCo-ZIF-8)
was pyrolyzed completely and there is no weight loss after
810 °C. The elemental analysis of Co-ZIF-8 material revealed
an expected Co to Zn molar ratio of around 0.3 (Table S1).
On the other hand, after pyrolysis, the carbon materials show
much higher Co/Zn ratios, indicating that the Zn is partially
evaporated at high temperatures. These results (Table S1)
confirm that only trace amounts of Zn remained after pyroly-
sis—0.09 wt% in the 850 °C sample and 0.44 wt% in the 800 °C
sample. These low values suggest that most Zn was effectively
removed by 850 °C. Later, we systematically evaluated the ORR
and OER catalytic performance of mCo,Zn,@CN(T) samples
pyrolyzed at 700 °C, 800 °C, and 850 °C. The residual Zn may
influence the catalytic properties of the final material. Our
findings indicated that mCo,Zn,@CN(800) exhibited superior

7782 | Mater. Adv,, 2025, 6, 7779-7790

catalytic activity compared to samples synthesized at other
temperatures, thereby negating the necessity to explore pyro-
lysis temperatures beyond 850 °C. This suggests that the small
amount of retained Zn may contribute positively through a
synergistic effect, possibly by promoting porosity or affecting
local coordination environments. Additionally, TEM analysis
provided direct evidence that melamine doping significantly
facilitated the formation of distinct nanotube structures speci-
fically at 800 °C (Fig. S6), a phenomenon not observed at other
investigated pyrolysis temperatures.

Samples pyrolyzed at 800 °C with varying Co/Zn molar ratios
were further analysed using X-ray photoelectron spectroscopy
(XPS) (Fig. 2 and Fig. S7-S9). The high-resolution XPS spectra
for the C 1s, N 1s, and Co 2p regions of mCo;Zn; @CN(800) are
presented in Fig. 2(a)-(c), respectively. The obtained spectra align
well with previously reported data on similar materials.**° The
high-resolution C 1s spectrum can be deconvoluted into three
distinct peaks corresponding to C-C (284.8 eV), C-N (285.6 €V),
and O-C—0 (288.3 eV), indicating successful doping of nitrogen
into the carbon matrix. Deconvolution of the N 1s region
(Fig. 2(b)) reveals four characteristic peaks at 398.4 eV
(pyridinic-N), 399.2 eV (Co-N,), 400.1 eV (pyrrolic-N), and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 High-resolution XPS spectra of mCozZn;@CN(800): (a) C 1s, (b) N 1s, (c) Co 2p.

401.1 eV (graphitic-N). Pyridinic-N and pyrrolic-N species intro-
duce defects into the carbon framework, whereas graphitic-N
contributes to enhanced electrical conductivity. The Co 2p
spectrum (Fig. 2(c)) displays characteristic peaks at Co 2ps,
and Co 2p;,, associated with Co-O (780.1 eV and 795.1 eV) and
Co-N, (781.9 eV and 796.8 eV) interactions. Similarly, the XPS
spectra of mCo,Zn;@CN(800) (Fig. S8) resemble those of
mCo3;Zn; @CN(800). However, an additional set of peaks at
778.4 eV and 793.2 eV is observed in the Co 2p spectrum of
mCo,Zn; @CN(800) (Fig. S9), corresponding to metallic Co,
indicating variations in the cobalt species due to the differing
Co/Zn molar ratios. The mCo;Zn;@CN(800) sample exhibits a
prominent Co-N, peak, meanwhile the relative intensity of
pyrrolic-N is lower compared to that of graphitic-N. Given that

pyrrolic and pyridinic nitrogen species are introducing defects
into the carbon matrix, which can contribute positively to
catalytic activity, the lower concentration of these defect-
related sites may partially account for the weaker ORR/OER
performance of the mCo,Zn;@CN(800) material relative to the
mCo;3Zn; @CN(800) material. While Co-N, moieties are recog-
nized as primary active sites for ORR and OER, their presence
alone does not fully account for the observed activity. Rather,
the enhanced performance may arise from a more complex
interplay involving defect density, the formation of carbon
nanotube structures, and the synergistic integration of these
features within the catalyst architecture.

The morphology of the materials was examined using TEM
and SEM. As shown in Fig. 3, ZIF-8, Co-ZIF-8, and mCo-ZIF-8

J

Fig. 3 TEM image of ZIF-8 (a) and SEM images of the catalysts: (b) Co-ZIF-8, (c) mCo-ZIF-8, (d) CozZn;@CN(800), () mCo3Zn;@CN(800).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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exhibit a well-defined truncated rhombic dodecahedral mor-
phology with uniform particle sizes, consistent with previous
reports.’”*! This indicates that the incorporation of cobalt
and melamine does not alter the morphology of ZIF-8. Upon
pyrolysis, the materials are converted into graphitized carbon.
Notably, the melamine-doped mCo3Zn;@CN(800) sample exhib-
its distinct carbon nanotube (CNT) structures, which are absent
in the undoped counterpart (Fig. 3(d) and (e)). These nanotube
structures are particularly prominent in the sample pyrolyzed at
800 °C as compared to 700 °C and 850 °C (Fig. S10). Fig. S11
presents the effect of varying Co/Zn ratios at 800 °C and CNT
features are observed across all Co/Zn molar ratios (1/1,
1/3, and 3/1), but appear more clearly in the 3/1 ratio. The
formation of these nanotube structures is attributed to the
high-temperature decomposition of melamine and the catalytic
effect of the Co-ZIF-8 framework. Melamine, in particular,
has been previously reported to facilitate CNT formation
during pyrolysis.*> In addition to morphological features, the
mCo;Zn; @CN(800) sample exhibits a porous structure with
a high specific surface area. Nitrogen adsorption-desorption
isotherms reveal a Type IV hysteresis loop, characteristic of
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Co Kal

100nm

Fig. 4
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mesoporous materials, and the highest BET surface area
among the series, measured at 1130.7 m> g~ ' (Fig. $12 and
Table S2). These results confirm that mCoz;Zn; @CN(800) exhib-
its a highly porous carbon nanotube-rich structure, whereas
mCo;Zn; @CN(850) shows signs of densification, structural
collapse, and particle aggregation. This observation suggests
that thermal decomposition-induced structural reconstruction
plays a key role in shaping the final carbon morphology.
Furthermore, SEM-EDX elemental mapping of the mCo,-
Zn,@CN(800) series confirms the homogeneous distribution
of Co, Zn, and N throughout the carbon matrix (Fig. S3-S5).
To further investigate the structure of the materials, we
conducted high-angle annular dark-field scanning transmis-
sion electron microscope (HAADF-STEM) analysis. As seen in
Fig. 4(a), Co-ZIF-8 possesses dodecahedron shape with the
elements Co, Zn, C, and N dispersed evenly in the MOF frame-
work. After the pyrolysis of the melamine doped material, at
700 °C, the Co phase prevailed, and the carbon turned out to be
solely nanotube structure (Fig. 4(b)). Co atoms accumulated at
the growth tips of carbon nanotubes. Pyrolysis at 800 °C results
in better-formed nanotubes (Fig. 4(c)). On the other hand, a

C Kal_2

N Kal_2

C Kal_2 N Kal_2

C Kal_2 N Kal_2

C Kal_2 N Kal_2

100nm

100nm

HAADF-STEM images of the catalysts: (a) Co-ZIF-8, (b) mCo3Zn;@CN(700), (c) mCo3Zn;@CN(800), (d) mCosZn;@CN(850).
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further increase in the pyrolysis temperature to 850 °C, leads to
a material in which the Co atoms aggregate into large clusters,
as seen in Fig. 4(d), (d1)-(d4). Therefore, 800 °C is chosen to be
an optimum pyrolysis temperature.

3.2 ORR and OER electrocatalytic activities

Major electrochemical properties of the materials are listed in
Table 1 in comparison to benchmark precious metal Ru and Pt
based catalysts. Oxygen reduction peaks were observed under
O,-saturated conditions, as evidenced by cyclic voltammetry
(CV) curves compared to N,-saturated solutions (Fig. S13).
Carbon materials derived from melamine-containing ZIF-8s
exhibited significant electrocatalytic activity, whereas non-
melamine-derived carbons showed considerably lower activity.
The activities of catalysts in oxygen evolution reaction (OER)
and oxygen reduction reaction (ORR) were further investigated
through linear sweep voltammetry (LSV) measurements. Analysis
of the OER LSV curve (Fig. 5(a)) reveals that mCos;Zn;@CN(800)
has the smallest onset potential (0.12 V) among the other cata-
lysts, only slightly larger than the benchmark RuO, (0.08 V)
(Fig. S14). To deliver a 10.0 mA cm™ > current density, the required
potential (Ej-1o,opr) of mCo3Zn;@CN(800) is 1.57 V, while the
required potential of RuO, is 1.51 V, and mCo,Zn,;@CN(800) is
1.59 V. mCosZn;@CN(800) exhibits the smallest onset potential
and required potential (Ej1,0er). The theoretical OER onset
potential is 1.23 V vs. RHE in both acidic and alkaline media
and the OER overpotential (1org) is calculated as: #ogr = Ej=10, 0rr
— 1.23 V. The mCo3Zn;@CN(800) gives the smallest overpotential
(noEr) of 0.34 V. Tafel slopes were extracted from LSV curves to
evaluate the OER kinetics of the catalysts and shown in Fig. 5(b).
For comparison, the Tafel slopes of OER follow the sequence:
RuO, (83.6 mV dec™ ') < mCo;Zn;@CN(800) (123.9 mV dec™ ') <
mCo,Zn;@CN(800) (130.3 mV dec ') < mCo,Zn;@CN(800)
(130.9 mV dec™ ") < mCogZn,@CN(800) (146.9 mV dec™ ') <
mCo;Zn; @CN(800) (148.8 mV dec ).

The ORR electrocatalytic activity was evaluated in O,-saturated
1 M KOH solutions with rotating disk electrode (RDE) experi-
ments (Fig. 5(c) and Fig. S15). Materials derived from melamine
doped and non-doped Co-ZIF-8 with varying pyrolysis tempera-
tures are compared in Fig. S15. The melamine-based materials,
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mCos;Zn;@CN(T)’s, exhibit smaller onset potentials, half-wave
potentials, and the Tafel slopes as compared to their non-doped
counterparts (Fig. S15). In particular, the mCos;Zn;@CN(800)
exhibits the best ORR activity with the lowest diffusion-limited
current density (j, = 5.68 mA cm ™2 at 1600 rpm), the largest onset
potential (Eqpset, orr = 0.98 V), and the largest half-wave potential
(E4/2 = 0.87 V). To analyse the ORR kinetics, the Koutecky-Levich
(K-L) equation was applied. It is seen that the K-L plots show
linear relationship (Fig. 5(d)) between the potentials of 0.1 V and
0.3 V, and materials have close slope values. The corresponding
average electron transfer number () has a value of 3.65, indicat-
ing a preferred four-electron dominant ORR pathway.

Furthermore, the potential gap, AE (AE = Ejiio0mr -
E1j,0rr), Was calculated for the catalysts. mCosZn,;@CN(800)
has the lowest potential gap (0.68 V) which indicates that
mCo;3Zn; @CN(800) catalyst is an efficient ORR & OER bifunc-
tional catalyst. In general, the decrease in resistance could
improve the performance of electrocatalysts, which could be
resulted from the presence of pyridinic-N and carbon
nanotubes.”> The Nyquist curve plots conducted under OER
conditions (Fig. 5(e)) shows mCo;Zn;@CN(800) has the smal-
lest Rcr (charge transfer resistance) = 6.07 Q among all catalysts
where the simulated circuits are shown in Fig. 5(f). In compar-
ison, among all the catalysts, mCo;Zn;@CN(800) gives acceler-
ated kinetics for OER and ORR consistently.

With the Co/Zn ratio of 3/1 confirmed to exhibit the best
electrocatalytic performance, we investigated the samples
with Co/Zn ratio of 3/1 in more detail (Fig. 6). Fig. 6(a) shows
the OER LSV curves of melamine doped and non-doped
mCo;Zn; @CN(T) pyrolyzed at temperatures, 700, 800, and
850 °C. Among all the catalysts, mCo;Zn;@CN(800) showed
the best OER performance with smallest onset potential
(0.12 V). To deliver a 10.0 mA cm > current density, the
required potential of mCozZn;@CN(800) is 1.570 V, and
Co,;Zn;@CN(800) is 1.683 V, slightly higher than RuO, (0.35 V)
(Fig. S14). After doping melamine, the OER performance of all
the catalysts were improved, closer to benchmark RuO,. Other
OER properties of the materials are listed in Table 1. Tafel
slopes extracted from the OER LSV curves are shown in
Fig. 6(b). mCo3;Zn;@CN(800) shows the smallest Tafel slope

Table 1 OER and ORR electrochemical properties® of materials with and without melamine doping pyrolyzed at different temperatures and their

comparison to benchmark precious metal RuO, and Pt/C catalysts

Catalyst Eipp (V) ji (mA em™?) Ej—10,08r (V) 1oER AE (V) Tafel slope (mV dec™?)
mCo,Zn,@CN(700) 0.88 4.8 1.622 0.392 0.742 62.7

mCo3Zn; @CN(800) 0.89 5.3 1.570 0.340 0.680 44.6

mCo3Zn; @CN(850) 0.86 4.8 1.615 0.385 0.755 87.9

C0,Zn,@CN(700) 0.66 2.7 1.698 0.468 1.038 74.0

Co3Zn; @CN(800) 0.87 3.1 1.683 0.453 0.813 50.0

Co3Zn; @CN(850) 0.87 4.8 1.644 0.414 0.774 67.3

RuO, na na 1.510 0.280 na 83.57

Pt/C 0.89 6.2 na na na 66.19

@ Ey, represents for the half-wave potential of ORR, ji, stands for the diffusion-limited current density, Ej-1o, or is the OER potential corresponding
to a current density of 10 mA cm % AE = Ej-10,08R — E152, is the potential gap a measure for the overall bifunctional ORR & OER activity. #jogr is the
OER overpotential. The theoretical OER onset potential is 1.23 V vs. RHE in both acidic and alkaline media. The OER overpotential is calculated as:

Noer = Ej=10,0er — 1.23 V. na stands for not applicable.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(109.1 mV dec ") than others (Fig. 6(b)), indicating the enhanced

OER Kkinetics.

The ORR activity was tested by RDE between speeds of
1600 rpm to 100 rpm for each catalytic material pyrolyzed at
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different temperatures with the same Co/Zn ratio of 3/1

(Fig. S15). Meanwhile, Fig. 6(d) shows the comparison of ORR

LSV curves of the same catalysts (Co;Zn;@CN(T) and mCosZn,@
CN(T)) at 1600 rpm. As seen in Fig. 6(d) mCo;Zn; @CN(800) shows

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the best ORR activity with the lowest diffusion-limited current
density (ji;, = 5.68 mA cm™ ), the best onset potential (Eonser =
0.98 V), the best half-wave potential (E;, = 0.89 V), and the
smallest Tafel slope of 44.6 mV dec . In addition, it shows a
very low charge transfer resistance (Table S3), Ror < 7 Q indicates
efficient electron transfer kinetics, help improving overall electro-
catalytic performance. As compared to the benchmark Pt/C
(j = 6.21 mA cm ™2, Egngee = 1.06 V, and E,, = 0.89 V) (Fig. S16),
mCo;Zn;@CN(800) is an effective ORR catalyst with superior
performance. The chronopotentiometry curves for mCoz;Zn;@
CN(800) showed steady performance in both OER and ORR
(Fig. 6(c) and (f), respectively) throughout the continuous electro-
catalysis process without obvious fluctuations or drops in current
density. Moreover, exceptional cyclic stability for OER and ORR
are further evidenced by testing LSV before and after 5000 cycles
CV runs (inset Fig. 6(c) and (f)).
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3.3 Rechargeable Zn-air battery

The rechargeable ZABs were assembled using Zn plate as the
metal anode, mCo3Zn,;@CN(800) as the air electrode, and a
solution of 6 M KOH and 0.2 M Zn(OAc),-2H,0 as the electrolyte.
Fig. 7(a) and (b) represents the rechargeable ZAB in ORR reaction
and OER reaction, respectively. As shown in Fig. 7(c), the open
circuit voltage (OCV) of the battery is 1.430 V, matching the
theoretical value of the Zn-air battery.***> The charge/discharge
polarization curve is shown in Fig. 7(d). The battery gives a current
density of 74.8 mA cm ? at 0.72 V, and the maximum power
density reaches 102.9 mW cm ™2 at 279 mA cm ™ 2. The discharge
plot recorded at a current density of 2 mA ecm > which is shown in
Fig. 7(e). The voltage dropped sharply to 1.17 V at the beginning
and then remains stable for 65 h without any further obvious
voltage drop. Afterwards, the voltage dropped until the Zn plate
was penetrated during the corrosion. The corresponding specific
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Fig. 7
photograph of the ZABs. (d) Polarization and power density curves of the

Illustration of the configuration of a rechargeable ZAB and the internal (a) ORR and (b) OER reaction. (c) Open-circuit voltage plot (red line) and

ZABs using mCo3Zn;@CN(800) as ORR catalysts. (e) Discharge plot and the

corresponding specific capacity of the ZABs normalized by the mass consumption of the Zn plate. (f) Charge/discharge galvanostatic curve of

rechargeable ZABs using mCo3Zn;@CN(800) as bifunctional air electrode
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capacity reached a maximum value of 794.4 mA h g™, normalized
by the mass consumption of the Zn plate.

The long-term charge-discharge cycling stability was further
tested for this zinc-air battery. During this procedure, each
cycle lasted for 12 minutes with 6 minutes of charge, and
6 minutes of discharge. As shown in Fig. 7(f), the battery gives
remarkable stability for 250 h (1250 cycles) at a current density
of 2 mA em ™ ? particularly compared to a battery made up from
benchmark Pt/C and RuO, materials (Fig. S17). In the first
cycle, the voltage gap is 0.6817 V with a discharge voltage
of 1.2883 V and a charge voltage of 1.9700 V, whereas the
corresponding trip efficiency is 65.4% where, battery trip
efficiency is defined as the ratio of the energy input during
charging to the energy that the battery releases during dis-
charge. After the 530th cycle, roughly at the middle of cycle life,
the voltage gap is 0.634 V with a discharge voltage of 1.2898 V
and a charge voltage of 1.9238 V, whereas the corresponding
trip efficiency is 67.0% at its maximum, increased slightly
(1.6%) compared to the first cycle. Even after the 1250th cycle,
the voltage gap only increased to 0.7227 V with a discharge
voltage of 1.1998 V and a charge voltage of 1.9224 V. The trip
efficiency drops to 62.4% and merely fades by 3% compared to
the first cycle and 4.6% compared to the 530th cycle where
maximum trip efficiency was observed.

4. Discussion

The development of bifunctional electrocatalysts for ORR and
OER is crucial for advancing zinc-air battery performance. In
this study, mCo,Zn,@CN(T) catalysts derived from Co-Zn
bimetallic ZIFs doped with melamine demonstrated remark-
able electrocatalytic activity, stability, and efficiency. The incor-
poration of melamine during synthesis played a significant role
in improving catalytic properties by promoting the formation
of graphitic carbon and carbon nanotube (CNT) structures,
leading to high electronic conductivity, high surface area and
well active site distribution.

The XRD, FTIR, and XPS analyses confirm the successful
formation of nitrogen-doped graphitic carbon frameworks with
embedded cobalt nanoparticles. The presence of Co-N, active
sites, as identified in XPS spectra, is instrumental in enhancing
ORR and OER activities. While XPS analysis confirms the
presence of Co-N interactions, the exact coordination environ-
ment—such as CoN, or mixed Co-N,C, moieties—cannot be

Table 2 Reported OER and ORR electrochemical properties of materials
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definitively resolved by XPS alone. Therefore, the active sites are
referred to here as Co-N,, consistent with the established
terminology in related literature. The N, physisorption, SEM
and TEM images further reveal a highly porous structure with
CNT formation in mCo;Zn;@CN(T), which facilitates charge
transport and increases the accessibility of catalytic sites. The
impact of pyrolysis temperature was evident, with 800 °C found
to be optimal for achieving high graphitic carbon content and
well-dispersed active sites, enhancing overall electrocatalytic
performance. Although Co-N, sites are well-established ORR
active sites, the presence of metallic Co nanoparticles encapsu-
lated within the CNTs may also contributes significantly via
synergistic effects to the overall catalytic performance. These
metal particles can modulate the local electronic structure of
Co-N, sites and facilitate intermediate adsorption and charge
transfer, thereby boosting ORR performance. In our system,
such confined metallic species are likely to contribute to the
observed high activity, in conjunction with the Co-N, centres—
pointing to a dual-site catalytic mechanism supported by pre-
vious works in literature.*®

Electrochemical analysis demonstrated that the mCo;Zn;@
CN(T) catalyst with Co to Zn ratio of 3, exhibited superior
ORR and OER activity compared to non-melamine-doped
counterparts and commercial catalysts such as Pt/C and
RuO,. The catalyst exhibited a low OER overpotential of
0.34 V at 10 mA cm ™2, a small Tafel slope of 79.95 mV dec ™",
and a high onset potential of 0.98 V for ORR. The calculated
potential gap (AE = 0.68 V) further confirms its excellent
bifunctional performance, surpassing many recently reported
non-precious metal catalysts. The enhanced activity can be
attributed to the synergistic effects of Co-N, coordination,
hierarchical porosity, and the presence of graphitic carbon and
CNTs, which optimize charge transfer and reaction kinetics.
Additionally, the possible influence of trace amounts of resi-
dual Zn—detected in elemental analyses—cannot be excluded,
as such species may contribute to structural modulation,
porosity development, or even catalytic synergy, particularly
in the optimally active mCo;Zn,;@CN(800) sample. To place
our findings in context, a performance comparison between
mCo;Zn,; @CN(800) and other recently reported non-precious
bifunctional electrocatalysts is summarised in Table 2. The
catalyst demonstrates a competitive half-wave potential for
ORR (0.89 V), low required potential for OER at 10 mA cm >
(1.57 V), and a small overall potential gap (AE = 0.68 V).
These metrics compare favourably to many state-of-the-art

Catalyst Electrolyte Eqp (V) Ej-10, orr (V) HoER AE (V) Ref.
mCO3Zn1@CN(800) 1.0 M KOH 0.89 1.57 0.34 0.68 This Study
N-CNT@MOF-Co/HO-BN/CNFs 1.0 M KOH 0.84 1.54 0.31 0.70 47
Co@N-gCarbon 0.1 M KOH 0.76 1.61 0.38 0.85 48
NC@GC 0.1 M KOH 0.93 1.57 0.34 0.64 49
BNPC-1000 0.1 M KOH 0.77 1.69 0.46 0.92 50
YBaCo,0 3 0.1 M KOH 0.69 1.63 0.40 0.94 51

RuO, 1.0 M KOH <0.60 ~1.48 ~0.25 >0.88 52

Pt/C 1.0 M KOH ~0.86 >1.65 >0.42 >0.79 53
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MOF-derived catalysts and metal-nitrogen-carbon (M-N,-C)
systems, highlighting the effectiveness of the synergistic design
approach employed in this study.

Long-term cycling tests of the rechargeable Zn-air battery
demonstrated exceptional stability, maintaining a high open-
circuit voltage of 1.430 V and stable discharge voltages over 250
hours (1250 cycles) at 2 mA cm™ > The minimal voltage decay and
stable trip efficiency highlight the robust structural integrity and
catalytic durability of mCo;Zn;@CN(T). The improved long-term
performance is attributed to the strong interaction between Co
and N species, preventing active site degradation and ensuring
sustained catalytic activity under operational conditions.

The variation in Co/Zn ratios and pyrolysis temperatures
revealed significant impacts on catalytic performance. Among
the tested compositions, mCozZn; @CN(800) exhibited the best
ORR/OER activity, demonstrating an optimal balance between
active site density, electronic conductivity, and structural stability.
Higher pyrolysis temperatures (> 850 °C) led to the aggregation of
Co nanoparticles, reducing active site availability and lowering
catalytic efficiency. Conversely, lower pyrolysis temperatures
(<700 °C) resulted in incomplete carbonization, yielding lower
conductivity and inferior electrochemical performance.

Compared to benchmark Pt/C and RuO, catalysts, mCo;Zn;@
CN(800) offers a cost-effective and sustainable alternative with
comparable or superior catalytic performance. The direct integra-
tion of recovered metal compounds into the catalyst synthesis
process further enhances resource efficiency and sustainability,
aligning with circular economy principles. Additionally, the
combination of high electrocatalytic activity, excellent cycling
stability, and scalable synthesis positions mCo;Zn;@CN(800)
as a promising candidate for next-generation Zn-air batteries
and other energy storage applications.

5. Conclusion

The developed mCo,Zn,@CN(T) catalyst successfully addresses
key challenges in Zn-air battery technology by offering high
bifunctional activity and excellent durability. Our results
demonstrate that with a metal molar ratio of 3/1 (Co/Zn), with
a pyrolysis temperature of 800 °C, and with the presence of
melamine, the resultant carbon nanotube including mCo;Zn;@
CN(800) exhibits superior ORR/OER activities in an alkaline
electrolyte, matching commercial benchmark RuO, and Pt/C
catalysts. The cycling test demonstrated the excellent stability
and electrochemical performance of the material as an electrode
in zinc air battery with 1250 cycles without obvious performance
attenuation. The findings provide valuable insights into the
design of efficient and sustainable electrocatalysts for next-
generation energy storage systems.
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