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Metal–air batteries (MABs) offer a promising solution to address the intermittent nature of renewable energy

sources and facilitate the global transition to green energy, thereby mitigating climate issues. However,

efficient and affordable bifunctional electrocatalysts are essential to overcome the kinetic limitations of

the oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) in MABs, ensuring optimal

performance and accessibility of these devices. This study reports a template-assisted mechanosynthesis

of a bifunctional FeNi–N–C electrocatalyst by employing low-cost and sustainable FeCl3, NiCl2, 2,4,6-

tri(2-pyridyl)-1,3,5-triazine (TPTZ), melamine and KCl. Facile liquid-assisted grinding was utilized to

produce KCl-templated FeNi-TPTZ metal–organic material, enabling template-induced stability of the

catalyst. A carefully tailored pyrolysis strategy allows near-melt preheating of FeNi-TPTZ, increasing the

concentration of active sites. Furthermore, the pyrolysis protocol enables the phase transition of KCl,

functionalizing it as a solid–liquid template to achieve a high porosity (SBET = 570 m2 g−1). The produced

catalyst – IroNi-3D exhibits impressive ORR (E1/2 = 0.82 V, Eonset = 0.92 V) and OER (Ej=10 = 1.52 V)

performance with a DE of 0.70 V. In zinc–air battery testing, IroNi-3D outperforms PtRu with a power

density of 144 mW cm−2. This cost-effective FeNi–N–C electrocatalyst presents great promise for

widespread use in MABs, advancing renewable energy storage and contributing to global climate change

mitigation.
Introduction

The pressing global concern of climate change necessitates
a transition to alternative energy sources.1However, the reliance
of renewable energy sources on external factors (weather
conditions, time of day, season, and location) makes it chal-
lenging to match supply with demand.2–4 Thus, the imple-
mentation of electrochemical energy storage (EES) systems
becomes crucial for effectively storing excess energy and
ensuring a reliable and efficient energy supply.5 In particular,
metal–air batteries (MABs) are gaining attention as promising
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options for storing renewable energy efficiently and at a low
cost.6,7 MABs show remarkable theoretical energy density,
which can be 5 to 25 times higher than that of current analogs.8

MABs, however, are hindered by the kinetics of the two main
reactions, the oxygen reduction reaction (ORR) and oxygen
evolution reaction (OER). Therefore, great effort has been put
into nding a suitable electrocatalyst that can be efficient in
both reactions, thus having an optimized bifunctionality as well
as having great stability during charge–recharge cycles.9–11

The combination of platinum group metal (PGM) catalysts
has been reported to exert bifunctional activity and is currently
considered the benchmark. However, high costs and low
availability make their use unfeasible. In pursuit of a better
alternative, metal–nitrogen–doped carbon (M–N–C) catalysts
rose as a potential solution, with the metal component typically
being cost-effective and widely available transition metals (Fe,
Co, Ni, Mn, Zn, etc.).12–14 The carbon matrix in M–N-Cs exhibits
excellent conductivity while nitrogen- and metal-based catalytic
sites enable bifunctional catalytic activity comparable to that of
PGMs.15 More specically, pyridinic and graphitic nitrogen
species and metal single atom sites are responsible for the
efficient ORR activity,16–18 whereas metal nanoparticles facilitate
J. Mater. Chem. A, 2024, 12, 335–342 | 335
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Fig. 1 Schematic illustration of the template-assisted mechanosyn-
thesis process.
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OER activity.19,20 In particular, iron-based single-atom catalysts
were reported to exhibit an outstanding ORR performance,21,22

and iron–nickel nanoparticles showed excellent OER
performance.23–27

Currently, most synthetic methods for M–N–C involve
solvent-based approaches (dissolution, hydrothermal/sol-
vothermal, and precipitation), which can oen generate
a substantial quantity of waste and be material, cost, and energy
intensive.28,29 Therefore, in recent studies, mechanosynthesis
has been employed as an effective and greener alternative for
conventional solvent-based synthesis to reduce or eliminate the
generation of waste and material and energy overuse.30–33 The
mechanochemical synthesis is performed in a solid phase
where mechanical energy is transferred to reactants by grinding
with minimal or no solvent.34–36 Furthermore, to advance the
solid-phase synthesis of M–N-Cs, templating with cheap and
abundant inorganics is employed to boost the catalytic perfor-
mance and production efficiency. Template-assisted synthesis
involves using a scaffold that provides a spatial framework for
the desired product once the template is removed to direct the
morphology and pore distribution, thereby creating a hierar-
chical porous structure – a vital characteristic for high-
performance catalysts.29,37 Inorganic compounds (NaCl, KCl,
MgO, SiO2, Al2O3, etc.) are oen used in template-assisted
synthesis as inexpensive, stable, environmentally friendly, and
easy-to-remove compounds.38–40 As demonstrated previously,
template-induced porosity facilitates superior activities in the
ORR/OER compared to their non-templated counterparts.41,42

Notably, Fellinger et al. reported in their study on nitrogen-
doped carbon catalysts that the porosity characteristics of the
catalyst are also inuenced by the phase of the template,43

which can be either liquid, solid, or a mixture. In their work,
they utilized a template consisting of a combination of ZnCl2
and NaCl, with different template states achieved by varying the
NaCl content. Interestingly, the highest porosity (SSABET = 2900
m2 g−1) was observed when using a eutectic mixture of ZnCl2 :
NaCl at 33 mol% NaCl. However, the most favorable catalytic
activity (E1/2 = 0.880 V) was achieved using an 80 mol% NaCl
template, which undergoes a phase transition from a mixed
phase to a salt melt at higher temperatures (>650 °C). The study
revealed that although the mixed phase induced by higher NaCl
content, reduced the porosity it resulted in increased mesopore
size and additional macropores, ultimately leading to a ne
pore structure associated with high catalytic activity. Inspired by
these ndings, our work aims to leverage phase-induced
porosity using a single-component template while incorpo-
rating iron-and-nickel-based active sites to achieve a high
bifunctional activity.

Herein, we present a template-assisted mechanosynthesis
protocol for bi-metallic M–N-Cs for zinc–air batteries. The
synthesis method prioritizes eco-friendly, inexpensive materials
(FeCl3, NiCl2, TPTZ, melamine, and KCl) and implements only
water as a solvent. The synthesis process is based on a tech-
nique called liquid-assisted grinding (LAG), utilizing KCl as an
abundant and sustainable mixed-phase template. The intrinsic
properties of KCl enable its retention as a solid template at 760 °
C, facilitating the formation of macro and mesopores, and at
336 | J. Mater. Chem. A, 2024, 12, 335–342
a higher temperature of 800 °C, KCl undergoes a phase transi-
tion to a liquid state, facilitating the efficient formation of
micropores. The described approach yielded a highly porous
(SBET = 570 m2 g−1) and efficient bifunctional ORR/OER elec-
trocatalyst – IroNi-3D, which exhibits notable catalytic activity in
the ORR (E1/2 = 0.82 V, Eonset = 0.92 V) and OER (Ej=10 = 1.52 V).
Furthermore, in the Zn–air battery test, IroNi-3D outperformed
its commercially available counterparts, achieving a power
density of 135 mW cm−2 compared to 101 mW cm−2 for PtRu.
This study addresses the challenges associated with the devel-
opment of advanced yet feasible synthesis methods for highly
efficient M–N-Cs. The ndings of this research have signicant
implications for the scalable, sustainable, and energy/time-
efficient production of oxygen electrocatalysts, thus contrib-
uting to the advancement of metal–air battery technology.

Results and discussion
Synthesis

In this work, three different FeNi–N–C catalysts were prepared:
IroNi-1, IroNi-2, and IroNi-3D, where 3D identies the applica-
tion of the templating agent. IroNi-3D was prepared via one-step
template-assisted mechanosynthesis to yield a FeNi-TPTZ
coordination complex supported on a KCl template (FeNi-
TPTZ@KCl). The composite was subjected to heat treatment
and template removal to produce highly porous FeNi–N–C
(Fig. 1). Non-templated IroNi-2 was prepared for comparison to
determine the effect of the template. And the non-templated
and non-melamine doped catalyst IroNi-2 was prepared to
ascertain the benets of templating and melamine doping. In
this study, 2,4,6-tri(2-pyridyl)-1,3,5-triazine (TPTZ) was chosen
as the primary ligand and nitrogen/carbon source, supple-
mented by 2,4,6-triamino-1,3,5-triazine (melamine) to poten-
tially ll any remaining coordination sites and provide
additional nitrogen and carbon. In a coordinated state, iron and
nickel cations are less prone to clustering during pyrolysis and
more likely to stay as single-atom species.44,45 The preheating of
FeNi-TPTZ@KCl conducted at the near melting point of the
complex (300 °C) was undertaken to improve the coordination
efficiency and single-atom site formation.22 To enhance
This journal is © The Royal Society of Chemistry 2024
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complex pyrolysis stability and improve porosity and the
concentration of active sites, a KCl-template was incorporated
via liquid-assisted grinding.45 Apart from acting as a grinding
aid,46 KCl acts as a salt-melt – highly polar solvent,47 allowing
metal cations to coordinate with nitrogen species more effec-
tively. In the developed mixed-phase templating and near-
melting point preheating approach, a precise pyrolysis
strategy is of key importance. The preheating temperature for
FeNi-TPTZ was established by thermogravimetric analysis,
which shows that 300 °C is the upper limit of non-destructive
heating (Fig. S1a†). To achieve the phase transition of the
template from solid to liquid, the temperature must be higher
than the melting point of KCl (760 °C). Thus, the pyrolysis
strategy was designed as gradual heating (10 °C min−1) with 1
hour dwellings at 300 °C and 800 °C (Fig. S1b†). As opposed to
conventional acid leaching,48 hydrothermal treatment was
implemented in this work to remove the KCl template and
ensure the enrichment of the carbon matrix with active metal
species.
Characterization

Aer the mechanochemical treatment, a color shi was
observed, transitioning from a pale yellow to dark green. This
alteration in color serves as a preliminary conrmation of the
structural modication (Fig. S2a†), which was further corrobo-
rated through comparative PXRD analysis (Fig. S2b†), where the
formed FeNi-TPTZ pattern does not resemble the patterns of the
starting reactants. FeNi-TPTZ was recrystallized as needle-like
green crystals (Fig. S2c†), and characteristic coordination
peaks were identied by comparative solid-state NMR (Fig. 2d),
where the Fe–Ni-TPTZ MAS-NMR spectrum at fast spinning
showed peaks of Fe-TPTZ (328, 231, 220, 199, 92, and 32 ppm)
and the characteristic peaks of the Ni-TPTZ spectrum (516, 327,
194, and 93 ppm), affirming the formation of an Fe and Ni-
coordinated TPTZ complex. With the template, the micros-
copy images (Fig. 2a and b) reveal the homogeneous incorpo-
ration of KCl into FeNi-TPTZ. This inclusion of KCl is vital as it
plays a pivotal role in stabilizing the FeNi-TPTZ complex during
pyrolysis, ultimately leading to enhanced porosity and
increased exposure to catalytically active sites. Upon hydro-
thermal washing, the microscopy image of IroNi-3D (Fig. 2c)
demonstrates the creation of a porous open-frame 3D structure
induced by the template. SEM images of IroNi-3D conrm the
detected porosity of the material, showing an open carbon
matrix with a large variety of pores (Fig. 2d) and enhanced
exposure of the carbon surface and OER-active FeNi nano-
particles (Fig. 2e), which are mainly distributed over the range
of 10–30 nm (Fig. 2f). On the other hand, IroNi-2 presents
closely packed carbon agglomerates (Fig. S3a†), which wrap
around the FeNi nanoparticles (Fig. S3b†) with an average size
of 20–60 nm (Fig. S3c†). Lastly, template and melamine-free
IroNi-1 presents a dense carbon matrix (Fig. S4d†) with the
inclusion of FeNi nanoparticles (Fig. S3e†) with sizes spanning
in the range of 20–140 nm (Fig. S4f†). In IroNi-2 and IroNi-1, the
absence of a template resulted in a larger and non-homogenous
distribution of agglomerate sizes, demonstrating the
This journal is © The Royal Society of Chemistry 2024
importance of KCl templating in forming evenly distributed and
well-exposed nanoparticles. The nitrogen gas adsorption and
desorption analysis results supported the template-promoted
enhancement in porosity. The produced FeNi–N–C materials
exhibit a type IV hysteresis loop shape in the adsorption–
desorption isotherms (Fig. 2g (inset)), containing both micro-
and mesopores distributed over the range of 1.2–2 nm and 2.5–
5 nm, respectively (Fig. 2g). Among the samples, the templated
IroNi-3D showed a great porosity of SBET = 570 m2 g−1, whereas
IroNi-2 and IroNi-1 demonstrate a surface area of 208 and 284
m2 g−1, respectively (Table S1†). Additionally, IroNi-3D
demonstrated a signicantly greater surface area of meso-
pores (194 m2 g−1) and micropores (288 m2 g−1) compared to
non-templated catalysts (Table S1,† and Fig. 2h). A high volume
of micro-and mesopores in IroNi-3D hints at improved kinetics,
as they are crucial for efficient mass and charge transfer.49

Powder X-ray diffraction (PXRD) analysis was performed to
determine the composition and crystalline characteristics of the
samples aer hydrothermal washing (Fig. 3a). All IroNi catalysts
exhibited ve distinct peaks corresponding to the hexagonal
graphitic structure (graphite-2H; 26°)50 and the cubic FeNi alloy
(taenite; 43.5°, 50.5°, 74.5°, and 91°).23 Notably, the templated
IroNi-3D additionally displayed small peaks of Fe3O4, which
could be a result of minor oxidation during hydrothermal
treatment due to better exposure of the particles in IroNi-3D.
Overall, the PXRD data demonstrate that the developed tem-
plating method is effective in forming abundant OER-active
FeNi nanoparticles, which are scattered on the surface of
a porous carbon matrix due to improved ion mobility in a salt
melt of the KCl template.

Furthermore, the surface atomic composition of the catalysts
was analyzed with X-ray photoelectron spectroscopy (XPS). The
surface of all the catalysts contains C, N, O, Fe, and Ni atoms
(Fig. S4†). Deconvoluted N 1s spectra show that the material is
abundant in active nitrogen species (Fig. 3b) (graphitic –

401.62 eV, pyrrolic – 400.5 eV, and pyridinic – 398.4 eV) and
nitrogen-coordinated metal sites (M–Nx – 399.38 eV), which
contain over 80% of all surface nitrogen atoms (Fig. 3c). The
conrmation of the presence of single-atom sites through XPS
analysis is further supported by the HAADF-STEM elemental
mapping (Fig. S13†), where the spots lacked discernible
boundaries/edges, and EDX analysis revealed elevated levels of
Fe and Ni in these regions, potentially indicating a dense
concentration of single-atom sites. All three samples show
a somewhat similar concentration of M–Nx sites (Fig. 3c), which
are responsible for an effective ORR. However, as was demon-
strated in our previous studies, a lack of porosity will lead to
a lowered electrochemical activity due to poor exposure to
catalytically active sites.29 The C 1s spectrum (Fig. S5a†) displays
characteristic peaks at 284.5 and 284.8 eV that can be ascribed
to the sp 2 and sp 3 carbons, respectively.51 Both C 1s and O 1s
spectra (Fig. S5a and b†) show the peaks of oxygen-containing
functional groups in all IroNi catalysts. The low oxidation
degree shows good carbon quality, which is in good agreement
with C 1s analysis. Furthermore, the O 1s spectrum shows
a distinct peak located at 529.7, corresponding to metal oxide,
which can be attributed to the presence of Fe3O4 in the
J. Mater. Chem. A, 2024, 12, 335–342 | 337
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Fig. 2 (a–c) IroNi-3d at different processing stages; (d) SEM image of IroNi-3d; (e) particle size distribution of FeNi nanoparticles in IroNi-3d; (f)
HR-STEM image of IroNi-3d; (g) pore size distribution curves and nitrogen adsorption–desorption isotherms (inset). (h) Pore surface area ratio in
all three samples.

Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
N

ov
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 4

/1
1/

20
26

 1
0:

00
:5

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
material.52 The Fe 2p XPS spectrum (Fig. 3b) shows the peaks of
bivalent iron (Fe2+) located at 710.5 eV and 723.7 eV, and the
peaks at 712.2 and 725.5 eV attributed to trivalent iron (Fe3+),
while the peak at 705.0 eV is assigned to metallic iron (Fe0).53 All
three materials have a satellite peak at around 716 eV, indi-
cating the presence of both Fe2+ and Fe3+ in all samples.59
Fig. 3 (a) XRD patterns of the samples IroNi-3d, IroNi-2, and IroNi-1. (b) D
FeNi–N–C catalysts. (c) Distribution of nitrogen species in FeNi–N–C m

338 | J. Mater. Chem. A, 2024, 12, 335–342
However, in the case of the IroNi sample, this peak has a lower
intensity. The high-resolution XPS spectrum of Ni 2p exhibits
two spin–orbit peaks at 855.8 eV(Ni 2p3/2) and 873.4 eV (Ni 2p1/2)
along with two satellite peaks, which can be attributed to Ni II,
conrming the effective formation of FeNi3 alloy nanoparticles.
Overall, IroNi-3D possesses the lowest surface C and N atomic
econvoluted high-resolution N 1s and Fe 2p photoelectron spectra of
aterials. (d) Bulk metal concentration in FeNi–N–C catalysts.

This journal is © The Royal Society of Chemistry 2024
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content (52.6 and 2.4 at%, respectively) and the highest Fe and
Ni content (2.3 and 14.3 at%, respectively, which suggests a high
surface exposure of metal species (Table S2†)). The bulk metal
composition of IroNi-3D differs signicantly from its surface
composition. In bulk, both Fe and Ni content exceeds 20 wt%,
and their ratio is nearly 1 : 1 (see Fig. 3d and Table S2†), indi-
cating the successful formation of FeNi3 nanoparticles.
However, this results in a reduced surface concentration of M–

Nx sites. Furthermore, the metal composition of IroNi-2 has 8%
more Fe, whereas, in IroNi-1, there is 8 wt% more Ni. It is
suggested that such a discrepancy is caused by the ligands
involved in the synthesis, i.e., TPTZ and melamine in IroNi-3D
and IroNi-2 created sufficient coordination sites for Fe-ions to
be turned into M–Nx, as demonstrated by XPS (Fig. 3c), while Ni
in IroNi-1 is retained as large FeNi-agglomerates.
Electrochemical characterization

The performance of the catalysts was assessed through
a comprehensive set of tests aimed at understanding the impact
of their structural properties and composition on their elec-
trochemical activity. To evaluate the oxygen reduction reaction
activity in an alkaline medium (0.1 M KOH), we conducted
rotating disk electrode (RDE) studies on the prepared FeNi–N–C
samples. The ORR RDE polarization curves (Fig. 4a) demon-
strated that IroNi-3D exhibited superior ORR activity. This was
evidenced by its higher onset potential (Eonset = 0.92 V), half-
wave potential (E1/2 = 0.82 V), and larger limited current
density (5.0 mA cm−2) compared to those of IroNi-2, IroNi-1,
and Pt/C, indicating improved electron and mass transfer
resulting from its higher porosity.54,55 Koutecký–Levich (K–L)
analysis was further employed to determine the number of
electrons (n) transferred per O2 molecule. As presented in Table
S3,† the calculated n values were slightly lower than 4 for all
three catalysts in this study. This can be ascribed to the syner-
gistic interplay of individual and combined ORR-active sites,
where hydrogen peroxide is rst formed and further reduced to
water.58 To evaluate the ORR mechanistic pathway on the
prepared materials, Tafel plots were constructed using RDE
polarization data (Fig. S9†), and the calculated Tafel slope
values are summarized in Table S3.† Among the three catalysts
studied, IroNi-3D exhibited the smallest Tafel slope value of
around−53mV dec−1, indicating fast electron transfer followed
by a slower chemical step.58,61 This suggests that IroNi-3D
possesses higher ORR activity than IroNi-1 and IroNi-2, as its
Tafel slope values are closer to −60 mV dec−1. In order to assess
their catalytic performance in the oxygen evolution reaction, the
synthesized materials underwent linear sweep voltammetry
(LSV) measurements in a 0.1 M KOH solution in an argon-
saturated environment with an electrode rotation rate of
1600 rpm. The electrodes were scanned within a potential range
of 1.1 to 1.8 V vs. RHE to determine the potential required to
achieve a current density of 10 mA cm−2 (Ej=10). Fig. 4b illus-
trates the iR-corrected LSV curves, indicating that all the cata-
lysts exhibited an outstanding Ej=10 value, with the best being
IroNi-2 (1.48 V), closely followed by IroNi-1 and IroNi-3D (1.51 V
and 1.52 V, respectively). This superior performance was
This journal is © The Royal Society of Chemistry 2024
attributed to the abundance of highly OER-active FeNi nano-
particles on the electrode surface.26,56,57 Moreover, the enhanced
performance of the OER in IroNi-2 and IroNi-1 can be attributed
to a greater bulk metal composition within the system, as
demonstrated by SEM and MP-AES.

Evaluating the OER performance involved the analysis of the
Tafel plots. The Tafel plot slope for IroNi-2 exhibited a signi-
cantly lower value of 79 mV dec−1 (as shown in Fig. S9b†), in
stark contrast to the values determined for IroNi-3D (185 mV
dec−1) and IroNi-1 (172 mV dec−1). A lower Tafel slope value
indicates superior OER efficiency, correlating with a reduced
overpotential requirement for the reaction.

To evaluate the bifunctional activity of the prepared electro-
catalysts, the value of DE (the difference between Ej=10 and E1/2)
was used. Fig. 4c presents the results, demonstrating that the
IroNi-3D catalyst showcased the lowest DE value of 0.70 V, fol-
lowed by IroNi-2 with a value of 0.71 V. The obtained kinetic
parameters for the ORR and OER for all three samples are
summarized in Table S3.† The results demonstrate that the effi-
ciency of IroNi-3D is comparable to that of previously reported
FeNi–N–C catalysts, as seen in Table S4.† However, it is essential
to note that the previously reported liquid-phase protocols fall far
behind in cost, energy efficiency, and overall sustainability
compared to the proposed solid-phase synthesis approach. The
morphological analysis highlights the crucial role of material
porosity and the density of active sites in determining the efficient
bifunctionality of IroNi-3D. The lower bifunctional activity
observed in IroNi-2 and IroNi-1 can be attributed to their lower
porosity, which hinders the wetting of the total surface and leads
to the inaccessibility and inactivity of a signicant portion of
active sites.29 Comparatively, the efficiency of IroNi-3D is found to
be on par with that of previously reported FeNi–N–C catalysts
(Table S4†), while maintaining the sustainability and cost/energy-
efficiency benets of solid-state synthesis.28,29

The bifunctional IroNi-3D catalyst underwent extensive long-
term stability testing under ORR and OER conditions. The ORR
tests involved prolonged potential cycling of the electrodes in anO2-
saturated electrolyte in the range of 0.6–1.0 V vs. RHE (Fig. S10†).
For OER stability testing, chronoamperometry was conducted,
maintaining the potential at 1.6 V vs. RHE continuously for 24
hours. FeNi-3D demonstrated outstanding stability under ORR
conditions, as evidenced by the signicant overlap of two polari-
zation curves before and aer 5000 CV cycles, as depicted in
Fig. S10a.† Moreover, during a 24-hour chronoamperometry test at
1.6 V under OER conditions, the catalyst exhibitedmoderate steady-
state stability (Fig. S10b†). Over 24 hours, the current density of
FeNi-3D catalysts showed an initial increase. This can be attributed
to the development of more active species, including metal
hydroxides and oxyhydroxides, as well as the gradual penetration of
the electrolyte into the porous structure.60

To assess the structure and morphology of the IroNi-3D
catalyst aer extended stability testing, SEM and EDX analysis
were employed. SEM images showed no signicant changes in
morphology for the FeNi-3D catalyst before and aer the
stability tests, indicative of its structural stability (Fig. S10 and
S11†).
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Fig. 4 (a) ORR polarization curves of IroNi-3d, IroNi-2, IroNi-1, and Pt/C in O2-saturated 0.1 M KOH solution at a rotation rate of 1600 rpm. (b)
OER polarization curves of IroNi-3d, IroNi-2, IroNi-1, and RuO2 in Ar-saturated 0.1 M KOH solution at a rotation rate of 1600 rpm. (c) The overall
polarization curves of IroNi-3d, IroNi-2, IroNi-1, and Pt-RuO2 within the ORR and OER potential window and the values of de (c, inset). (d)
Schematic illustration of a zinc–air battery. (e) Power density curves obtained for IroNi-3d and Pt-RuO2 as catalysts on the air cathode (solid lines
– power curves and hollow lines – polarization curves). (f) A photograph of the assembled zinc–air battery. (g) Galvanostatic charging/dis-
charging cycling curves for IroNi-3d and Pt-RuO2 materials (blue and black lines, respectively) performed at 5 mA cm−2.
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Due to an exceptional bifunctional activity, IroNi-3D was
selected for further application in the in-house Zn–air battery,
which was constructed as a series of stacked plates, where the
air cathode represents carbon paper-supported catalysts (Fig. 4d
and f). As expected, IroNi-3D demonstrated outstanding
performance, showing the highest power density of 144 mW
cm−2 at 201 mA cm−2 (Fig. 4e), comparable to the recent reports
(Table S5†). Furthermore, IroNi-3D exhibited superior dis-
charging performance, outperforming PtRu/C, which reached
only 101 mW cm−2 at 153 mA cm−2. The charge–discharge
polarization curve demonstrated that IroNi-3D exhibits an
open-circuit voltage of 1.30 V, comparable to that of the PGM-
based reference material – PtRu/C (1.35 V). Finally, the long-
term performance of IroNi-3D at the air cathode was
340 | J. Mater. Chem. A, 2024, 12, 335–342
evaluated through galvanostatic charge–discharge cycling at
a current density of 5 mA cm−2 (Fig. 4g). In the stability test, the
IroNi-3D-driven battery demonstrated a steady voltage–time
prole without signicant uctuations for over 22 hours oper-
ating in the range of 0.75–1.75 V. Formation of zinc dendrites
was suggested to be a reason for the minor uctuations, which
lead to internal short circuits and overall battery instability.
Strategies to overcome this shall be examined in separate
research. In contrast, the PtRu/C catalyst started to malfunction
aer only 8 hours of work. The voltage gap of the ZAB with
IroNi-3D changed aer the charging-discharging cycling
stability test and increased from 0.46 to 1.08 V (Fig. S6a and b†).
In contrast, the ZAB with PtRu shows a narrower voltage gap,
which increased from 0.59 to 0.83 V (Fig. S6c and d†). However,
This journal is © The Royal Society of Chemistry 2024

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ta04580c


Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
N

ov
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 4

/1
1/

20
26

 1
0:

00
:5

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
aer ∼8 hours, the PtRu ZAB gets completely destabilized,
reaching 3 V. The superior stability of IroNi-3D while main-
taining decent activity can be attributed to the bifunctional
activity of the material. Nevertheless, battery performance
heavily depends on the battery assembly and shall be discussed
in a separate study. Nonetheless, the results demonstrate the
potential application of FeNi–N–C catalysts synthesized
through the suggested sustainable solid-state approach.

Conclusions

In this work, we present an original solid-phase synthesis
strategy for a FeNi–N–C catalyst that is both sustainable and
affordable. The proposed approach yields highly porous Fe/Ni/
N-doped carbon materials with excellent bifunctional activity
by combining template-assisted mechanosynthesis and a KCl
mixed-phase template. While mechanosynthesis provides facile
and time and energy-efficient production, the simple
temperature-induced mixed-phase templating improves
porosity and active site concentration. The outstanding elec-
trochemical activity of IroNi-3D towards the ORR (E1/2 = 0.82 V,
Eonset = 0.92 V) and OER (Ej=10 = 1.51 V) and exceptional
bifunctionality (DE = 0.70 V) are attributed to approach-
promoted high porosity (SBET = 570 m2 g−1) and high concen-
tration of ORR/OER active sites (M–Nx/FeNi-nanoparticles). The
remarkable bifunctional activity resulted in the IroNi-3D
demonstrating promising activity in ZABs (144 mW cm−2 at
201 mA cm−2), which can be further improved by tuning the
device parameters. Considering the signicance of sustainable
energy in fostering a more eco-friendly future, the suggested
template-assisted mechanosynthesis provides an economically
viable and environmentally sustainable approach for fabri-
cating catalysts for metal–air batteries.
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M. Käärik, J. Leis, H.-M. Piirsoo, A. Tamm, A. Kikas,
V. Kisand, P. Starkov and N. Kongi, J. Electroanal. Chem.,
2023, 930, 117161.

15 S. Chandrasekaran, R. Hu, L. Yao, L. Sui, Y. Liu,
A. Abdelkader, Y. Li, X. Ren and L. Deng, Nano-Micro Lett.,
2023, 15, 48.

16 L. Wu, B. Ni, R. Chen, P. Sun and T. Chen, J. Mater. Chem. A,
2020, 8, 21026–21035.

17 S. Akula, M. Mooste, J. Kozlova, M. Käärik, A. Treshchalov,
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39 T. Frǐsčić, C. Mottillo and H. M. Titi, Angew. Chem., 2020,
132, 1030–1041.

40 Y. Yang, Y. Yang, Z. Pei, K.-H. Wu, C. Tan, H. Wang, L. Wei,
A. Mahmood, C. Yan, J. Dong, S. Zhao and Y. Chen, Matter,
2020, 3, 1442–1476.

41 H. Xu, D. Wang, P. Yang, L. Du, X. Lu, R. Li, L. Liu, J. Zhang
and M. An, Appl. Catal., B, 2022, 305, 121040.
342 | J. Mater. Chem. A, 2024, 12, 335–342
42 Q. Zhang and J. Guan, Energy Environ. Mater., 2021, 4, 307–
335.

43 J. Pampel and T.-P. Fellinger, Adv. Energy Mater., 2016, 6,
1502389.

44 Z. Shi, W. Yang, Y. Gu, T. Liao and Z. Sun, Advanced Science,
2020, 7, 2001069.

45 C. Guo, R. Zhou, Z. Li, Y. Si, W. Liao, W. Sun, S. Xiang,
X. Luo, M. Luo and Z. Luo, Microporous Mesoporous Mater.,
2020, 303, 110281.

46 J. Yang, X. Feng, G. Lu, Y. Li, C. Mao, Z. Wen and W. Yuan,
Dalton Trans., 2018, 47, 5065–5071.

47 D. Menga, F. Ruiz-Zepeda, L. Moriau, M. Šala, F. Wagner,
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