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Hierarchical carbon-supported iron carbide derived
from zinc—iron bimetallic coordination polymer as
an efficient electrocatalyst for alkaline oxygen
evolution

Tianlong Cao, © +*2°? Yanfang Li,* Jianguo Zhao,®® Qihui Jiao,® Wenjie Chuai,®
Xuefei Zhang," Zuopeng Li® and Mingjun Pang*?®

The development of non-precious metal catalysts with high activity, low cost and high stability represents
one of the most effective strategies to tackle the prevailing challenges in the oxygen evolution reaction
(OER), such as sluggish kinetics, heavy reliance on precious metals, and complex preparation protocols.
Herein, a hierarchical carbon-supported iron carbide catalyst was fabricated using a zinc—iron bimetallic
coordination polymer (ZnFe-CP) as the precursor, via a synergistic approach of self-assembly and
controlled carbonization. Structural characterization, compositional analysis, and electrochemical
measurements demonstrated that the zinc in ZnFe-CP not only facilitated the formation of active iron
carbide phases but also enhanced the catalytic performance and kinetics toward alkaline OER. In
addition, the optimized catalyst showed good OER catalytic activity in 1.0 M KOH solution,
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demonstrating an overpotential of 408 mV at a current density of 10 mA cm™

2, along with a Tafel slope

of 76.1 mV dec™ and a long-term stability of approximately 15 h. This work offers valuable experimental

DOI: 10.1039/d5ra05402h

rsc.li/rsc-advances energy related applications.

1 Introduction

The energy and ecological crisis is a major issue of global
concern. To accelerate the construction of a clean, low-carbon,
secure and efficient energy system, the contemporary society
must cultivate renewable and clean new energy to replace
human dependence on fossil fuels." Hydrogen is regarded as
one of the primary energy sources in the future, owing to its
characteristics of zero pollution, high efficiency, abundant
supply, and wide applicability.>* Electrocatalytic water splitting
is deemed to be among the most promising green hydrogen-
production strategies. In this process, the cathode hydrogen
evolution reaction (HER) and the anode oxygen evolution
reaction (OER) play pivotal roles as the key determinants that
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insights for the rational design and in-depth exploration of carbon-supported metal-based catalysts for

significantly influence the efficiency of electrocatalytic water
splitting.>® More importantly, in contrast to HER, OER entails
multiple proton and electron transfer procedures. Its sluggish
kinetics and large overpotential exert a significant constraint on
the overall efficiency of water splitting.”® To date, Ru- and Ir-
based precious metal materials, predominantly RuO, and
IrO,, continue to be the most efficient commercial catalysts in
the realm of OER. They outperform Pt, Pd, and Rh owing to their
lower cost and minimal overpotential at practical current
densities.” However, several factors pose formidable barriers to
the practical application of Ru- and Ir-based precious metals,
which include their scarcity, exorbitant cost, as well as poor
structural stability (deactivation or dissolution) under alkaline
electrolytes at high potentials.’® Therefore, the exploration and
development of non-precious metal electrocatalysts, which
feature high efficiency, economical cost, abundant source,
facile preparation, and environmental friendliness, have
emerged as a prominent research focus in the realms of
chemistry and materials science.'"*?

Transition metal-based materials, including metals, alloys,
oxides, hydroxides, phosphides, carbides, nitrides, poly-
oxometalates, and other related compounds (with the involved
metals predominantly being base metals such as Fe, Co, Ni, Cu,
Mo, Zr, Ti, and W), have become a research hotspot in the field
of electrocatalytic OER.**** Metal-Organic Frameworks (MOFs)
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are composed of inorganic metal nodes and organic ligands
connected by coordination and covalent bonds.**** Due to the
characteristics of MOF materials, such as large specific surface
area, high porosity, high dispersion of metals, adjustable
composition and morphology, and unique electronic structure,
they are regarded as one of the most favored porous and crys-
talline materials in the field of catalysis.** They exhibit excellent
electrocatalytic activity, which has attracted extensive attention
from researchers. However, there are great challenges in
directly using pure MOF material for OER catalysis. In the
electrocatalytic process, as the catalytic reaction progresses, the
metal sites in the MOF tend to undergo reconstruction, trans-
forming into metal oxides or hydroxides.”® This structural
change causes irreversible damage to the MOF structure and
diminishes the durability of the catalyst.”® Additionally, the
metal sites harbored by the MOF are occluded by organic
ligands, which restricts the accessibility of reactants and gives
rise to suboptimal catalytic activity. Furthermore, the inherently
poor electrical conductivity of MOF poses a significant imped-
iment to electron transfer within its structure, severely
hampering its overall electrocatalytic performance.”” In
contrast, MOF-derived materials possess unique advantages,
such as high dispersion of active metal, large specific area,
diverse preparation techniques, abundant geometry and pore
structures, and favorable selectivity towards reactants and
products.”® Especially, by pyrolyzing the MOF precursor in an
inert atmosphere, MOF-derived metal/carbon structures can be
obtained. During the pyrolysis process, the organic ligands can
transform into a graphitized carbon skeleton with anchored
sites (such as functional groups containing nitrogen and
oxygen), which enhances the electron transfer ability and
increases the structural stability.> In addition, the metal ions
are reduced into nanoparticles on the surface of carbon, thereby
improving the accessibility of reactants.** What's more, MOF-
derived metal/carbon catalysts can retain the characteristic
advantages of their precursors, ensuring the adjustability of the
composition and structure, and the high dispersion of active
sites.®® However, for the effective dissolution of the feedstock
(such as metal salts and organic ligands) and the precise control
of crystal growth, the majority of synthetic approaches for MOFs
primarily rely on the use of organic solvents (such as di-
methylformamide, methanol, dichloromethane).**> This reliance
not only gives rise to an cumbersome preparation process (such
as repeated washing, high temperature and pressure) but also
amplifies the adverse effects caused by volatile organic
compounds. Over time, this poses a major threat to human well-
being and the ecological balance, potentially leading to health
risks and environmental pollution.®® Consequently, the effective
development of structurally stable MOF-derived carbon-
supported non-precious metal catalysts for OER via acceptable
green synthesis methods remains an urgent issue that demands
prompt resolution.

Iron carbide is regarded as one of the active origins for
OER.** Nevertheless, due to the lack of suitable synthesis
methods, carbon-supported iron carbide catalysts prepared via
coordination polymer-derivations frequently coexist with iron
or iron oxide particles.*®*® This renders it arduous to
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unambiguously identify the catalytic active sites and reaction
mechanism. In addition, the carbon-supported metal catalysts
derived from zeolitic imidazolate frameworks generally present
a three-dimensional block structure,”” which substantially
diminishes the utilization efficiency of metals. In contrast, two-
dimensional graphene-like materials possess a thin lamellar
structure, its specific surface area is much larger than that of
three-dimensional materials.?*?° Furthermore, two-
dimensional catalyst material also exhibit a stronger adsorp-
tive capacity towards reactants and a shorter diffusion
pathway.**** These characteristics imply that the two-
dimensional catalyst can expose more active sites to the reac-
tants, which is beneficial for augmenting the contact area
between the catalyst and the reactants, thus enhancing the
catalytic reaction efficiency. Currently, there are limited
studies on the one-step preparation of carbon-supported
homogeneous iron carbide catalysts. This trend is detrimental
to the establishment of the structure-function relationship
of carbon-supported iron-based catalysts, the regulation of
OER kinetics, and the identification of catalytic reaction
mechanism.

In consideration of the above-mentioned aspects, in this
work, we have achieved the successful synthesis of novel sheet-
like zinc-iron bimetallic coordination polymer precursors. The
synthesis process was implemented through a self-assembly
approach under ambient room temperature, employing deion-
ized water as solvent, zinc acetate and ferric nitrate as the
metallic precursors, and 2-methylimidazole as the organic
coordinating ligand. After one-step controlled pyrolysis, the pre-
synthesized zinc-iron bimetallic coordination polymer precur-
sors were transformed into carbon-supported iron carbide
materials. Through a series of comparative experiments and
detailed structural characterizations, it was found that the
pyrolyzed samples had a hierarchical structure (a composite of
carbon sheets and carbon nanotubes), iron carbide was the
main active source, and the introduction of zinc, coupled with
the high pyrolysis temperature, facilitated the formation of
homogeneous iron carbide. The optimized ZnFe(3:1)/C-900
catalyst (abbreviated as Fe;C/C) exhibited good OER perfor-
mances (the improvement in kinetics and increase in catalytic
stability) in alkaline electrolyte.

2 Experiments
2.1 Materials

Anhydrous zinc acetate (labeled as ZA, 99.5%) was purchased
from Shanghai Acmec Biochemical Technology Co., Ltd, China.
2-Methylimidazole (labeled as 2-MeIm, 95%) was purchased
from Shanghai Acmec Biochemical Technology Co., Ltd, China.
Anhydrous iron nitrate (labeled as IN, 98.5%) was purchased
from Shanghai Acmec Biochemical Technology Co., Ltd, China.
Deionized (DI) water was obtained from the water purification
system produced by Shanghai Hetai Instrument Co., Ltd, China.
Potassium hydroxide (labeled as PH, 98%) was purchased from
Shanghai Acmec Biochemical Technology Co., Ltd, China. The
above chemicals were used directly without further purification.

RSC Adv, 2025, 15, 35986-35997 | 35987
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2.2 Preparation of Zn-CP and Zn/C sample

11.2 g of 2-MeIm was dissolved in 300 mL of DI water and
stirred at room temperature (RT) for 1 h. Meanwhile, 3.74 g of
anhydrous ZA was added to a separate beaker and dissolved in
100 mL of DI water with sonication assistance. Under agitation,
the anhydrous ZA solution was slowly poured to the 2-MeIm
solution. The mixture gradually transitioned from colorless
transparent solution to white suspension within 24 h. Subse-
quently, the solid sample was collected by centrifuge and
washed alternately with DI water to remove impurities. The final
paste obtained by centrifuge was freeze-dried for 24 h to yield
a dehydrated white solid powder, designed as Zn-CP (coordi-
nation polymer with zinc ion as metal node, CP: coordination
polymer). Subsequently, this Zn-CP solid was transferred to
a tube furnace for pyrolysis under the protection of a flowing
argon atmosphere at a target temperature of 700-900 °C for 2 h,
and the final sample was labeled as Zn/C-T (carbon supported
zinc metal catalyst, T: 700, 800, 900).

2.3 Preparation of Fe-CP and Fe/C sample

11.2 g 2-Melm was dissolved in 300 mL of DI water and stirred
for 1 h at RT. Meanwhile, 2.73 g of IN was separately dissolved in
another container containing 100 mL of DI water. Then, the IN
solution was slowly added to the 2-MeIm solution under
constant stirring. The state of the mixture was gradually trans-
itioned from a clear red solution to a reddish brown suspension
within 24 h. The slurry sample was obtained by centrifuge and
washed with DI water to remove impurities. The reddish brown
solid powder was collected by freeze-drying for 24 h, labeled as
Fe-CP (coordination polymer with iron ion as metal node, CP:
coordination polymer). The Fe-CP solid sample was placed in
a tubular furnace and subjected to pyrolysis at 900 °C for 2 h,
resulting in a product labeled as Fe/C-900 (carbon supported
iron metal catalyst).

2.4 Preparation of carbon supported Fe;C catalyst

11.2 g of 2-MeIm was dissolved in 300 mL of DI water and
stirred at RT for 1 h. Meanwhile, both 3.74 g of anhydrous zinc
acetate and 2.73 g of iron nitrate were simultaneously dissolved
to another container containing 100 mL of DI water under
sonication assistance. Subsequently, the bimetallic mixed
solution was slowly added to the 2-MeIm solution. The state of
the mixture gradually changed from a clear red solution to an
orange suspension within 24 h. The solid component was
separated by centrifuge and washed with DI water to remove
impurities. The obtained orange paste was freeze-dried for 24 h
to yield an orange solid powder, labeled as ZnFe(3 : 1)-CP (the
number in ZnFe(3 : 1)-CP indicates that the mole ratio of zinc to
iron is (3 to 1). The ZnFe(3 : 1)-CP was subsequently placed in
a tube furnace and pyrolyzed under flowing argon at 900 °C for
2 h to obtain a product labeled as ZnFe(3 : 1)/C-900. In addition,
to further investigate the effect of Zn/Fe feeding ratio on the
reactivity of carbon-supported Fe;C catalyst in alkaline OER, the
molar ratio of Zn/Fe (including 5:1, 1:1, 1:3, 2:1) was
adjusted according to the same experimental procedure as
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ZnFe(3:1)-900 without changing the organic ligand and
solvent. These samples were labeled ZnFe(5 : 1)/C-900, ZnFe(1 :
1)/C-900, ZnFe(1:3)/C-900 and ZnFe(2:1)/C-900, respectively.
Similarly, to evaluate the effect of pyrolysis temperature on
catalyst reactivity, the preparation method was standardized for
ZnFe(3:1)/C-900, including the solvent, metal feed ratio,
organic ligand, and preparation process). The only variable
adjusted was the pyrolysis temperature, which was decreased
from 900 °C to 700 °C and 800 °C to prepare comparative
samples. These catalysts were designated as ZnFe(3 :1)/C-700
and ZnFe(3:1)/C-800. In brief, the general label for abbrevi-
ating pyrolysis samples is ZnFe(x : y)/C-T. Here, x : y denotes the
feed molar ratio of zinc to iron used in precursor synthesis; C
stands for carbon; and T represents the pyrolysis temperature.

2.5 Characterization

The morphology and microstructure of the samples were
characterized by using a field emission scanning electron
microscope (SEM, FEI QUANTA FEG250, USA) and a high-
resolution transmission electron microscope (HR-TEM, Japan-
JEOL-JEM 2100F) with EDAX attachment. X-ray diffraction
(XRD) patterns of the sample were collected on a RIGAKU
Ultima IV diffractometer from Japan using Cu Ko, (A = 1.5406 A)
at a scan rate of 15°/min and a scan range of 5° to 80°. The
graphitization degree and component identification of samples
were measured by a Raman spectrum (inViaReflex, UK). The
element composition and valence state of the sample surface
were analyzed by X-ray photoelectron spectroscopy (XPS) with
a mono-chromatized micro-focused Al Ko X-ray source (Thermo
SCIENTIFIC ESCALAB 250Xi, USA). The XRD, TEM and XPS data
were all provided by eceshi (https://www.eceshi.com).

2.6 Electrochemical measurements

The electrochemical performance was studied by using a three-
electrode device on an electrochemical workstation (CHI660E).
The preparation process of the catalyst ink was as follows: 5 mg
of powder sample was dispersed in a mixed solution of 500 pL of
anhydrous ethanol and 25 pL of Nafion (5 wt%), and the
homogeneous catalyst dispersion was obtained by ultrasonic
oscillation for 30 min. The working electrode: 5 uL of the
sample ink was dropped onto the surface of the glassy carbon
electrode with a diameter of 4 mm and dried before use. The
counter electrode was a platinum plate. The reference electrode
was Ag/AgCl electrode. All measured potential values were
calibrated to the reversible hydrogen electrode (RHE) scale
according to this given equation: Eryg = Eag/agc1 + 0.059*pH +
0.198 V. The linear sweep voltammetry (LSV) was conducted and
collected in a 1.0 M KOH electrolyte, the curve test range was set
to 0-1.8 V and the scanning rate was set to 5 mV s~ *. Prior to the
test, the electrode was activated using the cyclic voltammetry
(CV), and the OER performance was tested after a stable CV was
obtained. The electrochemical double-layer capacitance (Cq;) of
catalysts was determined in the non-faraday region at scanning
rates of 20-100 mV s~ '. The calculation for electrochemical
active surface area (ECSA) follows the formula: ECSA = (Sge X
Ca1)/Cs. In this expression, S,., denotes the geometric surface

© 2025 The Author(s). Published by the Royal Society of Chemistry
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area of the working electrode, and Cy represents the specific
capacitance. For the present study, the specific capacitance Cj
was determined to be 0.040 mF cm 2, with measurements
conducted in a 1.0 M KOH electrolyte."”'® Electrochemical
Impedance Spectroscopy (EIS) was measured at 0.182 V with
a frequency range of 0.1 Hz to 100 kHz. The durability of the
catalyst was carried out by chronopotentiometry, which
involved continuous testing at 10 mA cm~> and 50 mA cm ™ >,

3 Results and discussion
3.1 Structure and properties of catalyst

As shown in Scheme 1, an orange sheet-like zinc-iron bimetallic
coordination polymer (ZnFe-CP) was synthesized in deionized
(DI) water using 2-methylimidazole (2-MeIm) as the nitrogen-
containing organic ligand, alongside zinc acetate (ZA) and
iron nitrate (IN) as sources of metal nodes. This synthesis was
achieved through a facile combination of self-assembly,
centrifugation, and freeze-drying processes conducted at room
temperature (RT). Subsequently, a hierarchical carbon struc-
ture, comprising tubular and lamellar interwoven carbon, sup-
ported iron carbide catalyst, which was prepared via high-
temperature pyrolysis under an argon atmosphere using ZnFe-
CP as a precursor. Such multi-dimensional carbon structure
may be conducive to the efficient dispersion of active metals
and the improvement of catalytic activity in alkaline OER
system.*>

As shown in Fig. 1a and b, when the feeding ratio of zinc-
iron was controlled at 3:1, ZnFe-CP precursor showed
a uniform lamellar structure interspersed with several small
fragments. However, other two contrast samples (Fe-CP and Zn-
CP) showed bulk (Fig. S1a and b) and tightly stacked sheet
(Fig. S1e and f). After carbonization, the morphology of result-
ing ZnFe(3 : 1)/C-900 partially changed from sheet-like structure
to scattered bulk, and carried tubular and granular, indicating
the selective collapse and transformation of CP precursor
structure, and the formation of multi-dimensional structure
(Fig. 1c and d), which may be owing to the carbonization of
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organic ligand and the volatilization of zinc.**** However, the
morphologies of Fe/C-900 (Fig S1c and d) and Zn/C-900 (Fig. S1g
and h) after pyrolysis remained essentially identical to those of
their precursors, except for only slight structural collapse,
which showed that the co-existence of zinc-iron in CP was the
key to the formation of multi-dimensional composite struc-
tures. The high density of voids generated by the interconnec-
tion of lamellar, bulk, and tubular structures in ZnFe(3: 1)/C-
900 can expose more catalytic sites to electrolyte, providing
fast transport channels for electrons/ions, and promote O,
desorption, which was beneficial to improve the catalytic
performance of OER.** TEM images (Fig. 1f) and particle size
distribution (Fig. S2) showed that some black particles with
a diameter of 30 to 40 nm were evenly distributed in lamellar
and tubular structures. HR-TEM images (Fig. 1e) revealed that
distinct lattice fringes were present on the surface of the black
particles in the ZnFe(3:1)/C-900 structure. Specifically, the
lattice fringe spacings of 0.197 nm and 0.232 nm corresponded
to the (112) and (121) crystal planes of Fe;C, respectively.*>*®
This result proved that Fe;C particle were prepared on ZnFe(3 :
1)/C-900. HAADF-STEM images (Fig. 1g) and TEM elemental
mapping (Fig. 1h-m) showed that C, N, and O three elements
were uniformly dispersed in the structure of ZnFe(3 : 1)/C-900.
Meanwhile, the distribution area of iron element coincided
with the location of black particle on ZnFe(3 : 1)/C-900, while
zinc element was only sparsely dispersed on ZnFe(3 : 1)/C-900.
These findings suggested that Fe;C nanoparticles could be
successfully loaded onto the N,0-codoped carbon support, and
merely a negligible quantity of zinc was present in the support.

As illustrated in Fig. 2a, the XRD patterns indicated that the
crystal structures of Zn-CP, Fe-CP, and ZnFe(3 : 1)-CP exhibited
significant disparities. Notably, the XRD signals of Zn-CP were
in full accordance with the results reported in the literature,*®
manifesting a hexagonal sheet-like ZIF structure. By contrast,
the XRD pattern of Fe-CP did not show any diffraction peaks
(straight line), which indicated a typical amorphous structure
characteristic of an infinite coordination polymer.*” Different
from the first two samples, the XRD pattern of ZnFe(3: 1)-CP

QCOH @O @N @Fe U 7Zn

1.Centrifugation

2. Freeze drying

ZnFe-CP powder

Pyrolysis ‘ i

Argon

Carbon supported Fe,C catalyst

Scheme 1 Schematic illustration of the synthetic process of carbon supported FezC catalyst.
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Fig.1 SEM images of (a and b) ZnFe(3:1)-CP and (c and d) ZnFe(3:1)-900. (e and f) TEM images of ZnFe(3:1)/C-900. (g) HAADF-STEM image
and (h—m) TEM elemental mappings of the ZnFe(3:1)/C-900.
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Fig. 2 (a) XRD patterns of ZnFe(3:1)-CP, Zn-CP and Fe-CP precursors. (b) XRD patterns of ZnFe(3:1)/C-900, Zn/C-900, and Fe/C-900

catalysts. (c) XPS survey of ZnFe(3: 1)/C-900 catalyst. Deconvolution curves of (d) N1s, (e) Fe2p, and (f) Zn2p XPS fine spctra for ZnFe(3: 1)/C-900
catalyst.
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exhibited a distinct diffraction signal. This finding suggested
that the coexistence of zinc and iron led to the formation of
a crystalline coordination polymer with dimethylimidazole.
Furthermore, the diffraction pattern of ZnFe(3:1)-CP was
analogous to the reported XRD pattern of ZIF-8.** Moreover,
after adjusting the ratio of zinc to iron, the XRD pattern of ZnFe-
CP remained largely unchanged, as shown in Fig. S3a. Notice-
able alterations in the XRD pattern were only observed when the
amount of added iron significantly exceeded that of zinc (Zn : Fe
=1:3). The results showed that the ZnFe-CP precursors had the
same crystal structure under reasonable Zn/Fe feed ratio.

After pyrolysis, the XRD pattern (Fig. 2b) of the Zn/C-900,
displayed only two broad diffraction peaks centered at approx-
imately 26° and 43° (26 values), which were assigned to the (002)
and (100) crystal planes of typical carbon, respectively.* This
proved that zinc in the Zn/C-900 can exist in a highly dispersed
form on carbon support without metal agglomeration (or
particle).”® The XRD pattern of Fe/C-900 displayed three char-
acteristic signals (Fig. 2b) of metallic iron at about 44°, 65°, and
82° corresponding to iron standard card (PDF#06-0696), indi-
cating the formation of iron particle on the carbon support.* In
the XRD pattern of ZnFe(3:1)/C-900 (Fig. 2b), a sharp diffrac-
tion peak was observed at 26°, which can be attributed to the
(002) crystal plane of the graphitized carbon.” At the same time,
several densely arranged peaks were detected within the angular
range of 35° to 60°. These peaks belonged to diffraction signals
of Fe;C phase and were consistent with the standard file
(PDF#35-0772).°* More importantly, as shown in Fig. S3b, only
when the zinc to iron ratio reached 3:1 can iron carbide and
carbon achieve the highest crystallization and the purest phase
state. When the feed ratio of zinc to iron exceeded 3:1, the
pyrolyzed sample (ZnFe(5:1)/C-900) mainly consisted of iron
particles on carbon support (PDF#06-0696). Conversely, if the
feed ratio was less than 3 : 1, the pyrolyzed samples (ZnFe(1 : 3)/
C-900) mainly comprised iron oxide particles on carbon support
(PDF#06-0615).>> Apart from the optimization of the Zn-Fe
metal feed ratio, the pyrolysis temperature also exerted an
influence on the effective formation of iron carbide. As shown in
Fig. S3c, upon a pyrolysis temperature of 700 °C, the obtained
sample primarily consisted of iron/zinc/carbon compounds
(Fe3ZnC, 5, PDF#29-0741).>* As the pyrolysis temperature rised
above 700 °C, the homogenous iron carbide phase began to
form gradually (from 800 °C to 900 °C) due to the removal of
zinc in Fe;ZnC, 5. In particular, when the temperature reached
900 °C, the crystallinity of iron carbide attained its peak value
(Fig. S3c). Furthermore, while the Zn content in the ZnFe(3 : 1)/
C-900 catalyst is negligible (Fig. 2f), that in the carbon-
supported zinc catalyst (Zn/C-900) is substantially higher.
Notably, the Zn content of a analogous catalyst (NS-ZIF8-900)
can reach up to 19 wt%.*® In combination with the detailed
structural characterization findings and the aforementioned
analysis, it was evident that the formation of a high-quality
carbon-supported iron carbide catalyst resulted from the
synergistic effect of Zn-Fe feed ratio and pyrolysis temperature,
and Zn in ZnFe-CP precursor functioned merely as an inter-
mediate species during the pyrolysis process below 700 °C,
specifically forming the phase of Fe;ZnCy.5s. As the pyrolysis
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temperature increased, the majority of Zn was volatilized from
both carbon support and Fe;ZnC,.5 crystal. This should lay the
foundation for the accuracy of subsequent electrochemical
performance tests.

In order to further investigate the surface composition and
chemical state of the ZnFe(3:1)/C-900, XPS analysis was con-
ducted in this work. The signal peaks (purple line) of C, N, O,
and Fe four elements can be observed in the pattern of XPS
survey (Fig. 2¢), which was identical with the result of elemental
mappings (Fig. 1i-m). Moreover, the mass percentages of C, N,
O, and Fe elements (Table S1) were 86.28%, 3.15%, 6.22%, and
3.53%, respectively. These analysis results indicated that iron
can be successfully loaded onto the nitrogen- and oxygen-
codoped carbon support and no undesirable substances on
ZnFe(3:1)/C-900. Specifically, XPS fine spectrum of Cis
(Fig. S4a) was deconvolved into four species, including C=0
(288.9 eV), C-O (286.7 €V), C-H (285.4 eV), and sp>C (284.6
eV),* among which the content of sp>-C was largest (41.85%) in
total peak area. Fitting results and content of carbon species
showed that the carbon in ZnFe(3:1)/C-900 manifested
a certain degree of graphitization and was concomitant with
several defects,” for instance, oxygen atom doping. This struc-
ture was conducive to the electron transfer occurring between
metal and support, as well as to the anchoring of the loaded
metal.*® XPS fine spectrum of N1s (Fig. 2d) was deconvolved into
three nitrogen species, graphite-N (400.8 eV), pyridine-N (398.4
eV), and pyrrole-N (399.8 eV).* From the viewpoint of peak area,
graphite-N accounted for the largest proportion (54.96%) within
the total nitrogen content. Moreover, next in line was pyridine-N
(34.17%), with pyrrole-N constituting the smallest fraction
(10.87%). Previous research has illustrated that N doping in
carbon can enhance the adsorption of OH ™ ions and accelerate
the recombination of two O,qs moieties, thus leading to an
improved OER performance.> Moreover, graphite-N can
enhance the conductivity and electron-transfer ability, while
pyridine-N provided a strong anchoring site for supported
metals.*® XPS fine spectrum of O1s (Fig. S4b) was deconvoluted
into four species centered at 535.4 €V, 534.0 eV, 532.6 eV, and
531.5 eV (or 530.1 eV), which can be respectively assigned to
H,0, C-0, O=C-0, and C=0,* indicating abundant oxygen
functional groups in carbon support. XPS fine spectrum of Fe2p
(Fig. 2e) was divided into two groups of peaks, centered at
713.3 eV (726.4 eV) and 710.2 eV (724.1 eV), which were
respectively attributed to the positive divalence and positive
trivalence states of Fe;C.*® Interestingly, no signal peaks were
detected in the XPS fine spectrum of Zn2p (Fig. 2f), which is
likely attributed to the Zn content in the sample surface being
below the detection limit (0.5 at%) of XPS. This result, when
combined with the elemental mapping of zinc (Fig. 1j), indi-
cated that only a small amount (0.16 at%, Table S1) of high
dispersed zinc remained on the carbon support in ZnFe(3: 1)-
900 after pyrolysis.*

3.2 Performance evaluation of catalysts

The OER performance of catalysts synthesized was evaluated via
three-electrode system. Comparison of the LSV curves (Fig. 3a)
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C-800 and ZnFe(1: 3)/C-700 catalysts.

and overpotential values (Fig. 3b) of the samples pyrolyzed with
different Zn-Fe feed ratios (5:1,3:1,2:1, 1:1, 1:3) revealed
that the ZnFe(3:1)/C-900 catalyst exhibited the lowest OER
overpotentials at both low current density (408 mV at 10 mA
cm %) and high current density (492 mV at 50 mA cm 2).
Moreover, even when the current density of ZnFe(3:1)/C-900
was higher than 350 mA cm >, there was still no obvious fluc-
tuation in the data shown in the LSV curve (Fig. 3a). By contrast,
once the current density surpassed 75 mA cm ™2, the LSV curves
of ZnFe(1:1)/C-900 (green line) and ZnFe(2:1)/C-900 (purple
line) exhibited significant data fluctuations. In addition,
a oxidation peak (red bulge) was clearly observed at approxi-
mately 2.2 V in the LSV curve of ZnFe(5:1)/C-900 (Fig. 3a),
which is presumably attributed to the oxidation of elemental
iron to iron oxides.?”*® These aforementioned results indicated
that the ZnFe(3:1)/C-900 exhibited the best catalytic activity
and structural stability among all the control samples.* These
superior performances might be associated with the graphitized
carbon support and the pure iron carbide phase in ZnFe(3 : 1)/C-
900 (Fig. S3a). Apart from the metal feed ratio, the pyrolysis
temperature also exerted an influence on the performance of
the catalyst, as shown in Fig. 3c and d. Only when the pyrolysis

35992 | RSC Adv, 2025, 15, 35986-35997

temperature reached 900 °C, the catalyst (ZnFe(3 : 1)/C-900) had
the lowest overpotential (408 mV at 10 mA cm™> and 492 mV at
50 mA cm?) in all samples, indicating the best OER activity.
However, the catalytic performance (451 mV at 10 mA cm > and
537 mV at 50 mA cm ) of the sample pyrolyzed at 800 °C
(labelled as ZnFe(3:1)/C-800) was slightly inferior to that of
ZnFe(3:1)/C-900, which might be associated with the poor
crystalline phase of iron carbide within its structure (Fig. S3c).
Similarly, the control sample pyrolyzed at 700 °C (labelled as
ZnFe(3 : 1)/C-700) showed the poorest overpotential (1207 mV at
10 mA cm 2 and 1424 mV at 50 mA cm™ ), which could be
related to the transitional materials (Fe;ZnCy s, Fig. S3c) in its
structure.

To ascertain the active source of ZnFe(3 : 1)/C-900 in alkaline
OER, performance evaluations were additionally carried out on
other two reference samples with a single variable factor (the
pyrolyzed samples with single metal, Zn/C-900 and Fe/C-900)
under identical reaction circumstances. A comparison of the
LSV curves in Fig. 4a and b clearly showed that the overpotential
values of Zn/C-900 (1254 mV at 10 mA cm™ 2 and 1691 mV at 50
mA em?) and Fe/C-900 (1186 mV at 10 mA cm > and 1418 mV
at 50 mA cm™?) were significantly higher than those of ZnFe(3 :

© 2025 The Author(s). Published by the Royal Society of Chemistry
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1)/C-900 (408 mV at 10 mA cm > and 492 mV at 50 mA cm™ 2).
This suggested that the OER activity of Zn/C-900 and Fe/C-900
was rather limited. This result further implied that in alkaline
OER, the primary active component of the ZnFe(3:1)/C-900
catalyst was iron carbide supported on a hierarchical carbon
structure. Furthermore, as shown in Fig. 4c, within non-faradaic
region, the Tafel slope value of ZnFe(3 : 1)/C-900 was measured
to be the lowest at 76.1 mV dec ™!, in contrast to those of Zn/C-
900 (310 mV dec ') and Fe/C-900 (340 mV dec ™ *). This distinct
difference clarified that the ZnFe(3 : 1)/C-900 electrode demon-
strated remarkable activity and kinetic superiority, manifested

© 2025 The Author(s). Published by the Royal Society of Chemistry

by rapid charge transfer and minimal energy loss.*® Moreover,
the Tafel slope is also a valuable tool for deducing the rate-
determining steps (RDSs) of the OER process. As presented in
formulas (1) to (4) in Table S3, this work employs the simplified
Krasil's Chikov pathway model to investigate how the catalysts
modulate the ad-/de-sorption behaviors of OH™ in electrolyte at
active sites during OER.®* As shown in Fig. 4c, the ZnFe(3 : 1)/C-
900 catalyst exhibits a Tafel slope of 76.1 mV dec™ ', which falls
within the range of 60-120 mV dec™".® This result indicates that
the RDS of OER for ZnFe(3 : 1)/C-900 corresponds to the second
elementary step, specifically the transformation of M*-OH to

RSC Adv, 2025, 15, 35986-35997 | 35993
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M*-O~ (M: Metal) via the reaction M*~OH + OH — M*-O™ +
H,0. In contrast, the Fe/C-900 and Zn/C-900 catalysts display
notably higher Tafel slopes of 310 mV dec™ " and 340 mV dec ™",
respectively. Such high Tafel slope values clarify that the RDS
for these two control samples is the initial OH™ adsorption step,
described by the reaction M* + OH™ — M*O-H + e . Collec-
tively, these findings show that the iron carbide species play
a pivotal role in enhancing the OER reaction kinetics of ZnFe(3 :
1)/C-900. Specifically, iron in iron carbide facilitates the transfer
of adsorbed OH™ during the second RDS, thereby significantly
boosting the overall OER electrocatalytic efficiency. The
electrochemical surface area (ECSA) of contrast samples
(ZnFe(3:1)/C-900, Fe/C-900, and Zn/C-900) was measured
through the double-layer capacitance (Cg), which could be
calculated from the cyclic voltammetry (CV) curves acquired at
scan rates ranging from 20 to 100 mV, as shown in Fig. S5. The
double-layer capacitance (Cq;) value (Fig. 4d) of ZnFe(3:1)/C-
900, measured at 11.85 mF cm™?, surpassed those of Fe/C-900
(0.80 mF em?) and Zn/C-900 (6.95 mF cm ?). Correspond-
ingly, the ECSA values (Fig. S6) of these catalysts, ZnFe(3: 1)/C-
900, Fe/C-900, and Zn/C-900, are 37.21 cm?, 21.82 cm?, and 2.51
cm?, respectively. This result implied that ZnFe(3 : 1)/C-900 was
capable of exposing a greater number of catalytic active sites
and a larger accessible surface area with reactants.” The
enhanced exposure was intricately associated with the hierar-
chical structure of ZnFe(3 : 1)/C-900, which was a multidimen-
sional carbon support composed of nanosheets and nanotubes,
as shown in Fig. 1c. To profoundly understand the kinetic
behavior of the enhanced OER activity of ZnFe(3 : 1)/C-900, the
electrochemical impedance spectroscopy (EIS) of catalysts were
recorded in Fig. 4e. EIS curves of ZnFe(3 : 1)/C-900 and Zn/C-900
demonstrated a combination of a high-frequency semi-circle
and a low-frequency linear tail. In contrast, the EIS curve of
Fe/C-900 merely exhibited a low-frequency linear tail. Previous
investigation has confirmed that the high-frequency semi-circle
corresponded to the charge-transfer resistance at the electrode/
electrolyte interface and the equivalent resistance of the inter-
mediate products.®® In contrast, the low-frequency linear tail
was associated with the mass-transfer resistance of the elec-
trolyte to active sites.** In comparison with Zn/C-900 and Fe/C-
900, ZnFe(3 :1)/C-900 showed a shorter semi-circular diameter
and a steeper slope of linear tail. This result indicated that
ZnFe(3 : 1)/C-900 possessed superior electrical conductivity, low
charge-transfer resistance, and enabled the rapid electron-
transfer rate, thereby enhancing the OER kinetics. After
a systematic analysis of correlation between physicochemical
structure of catalyst and its electrocatalytic performance,
ZnFe(3:1)/C-900 was selected to evaluate its catalytic stability
through chronopotentiometry method during continuous OER
processes. As shown in Fig. 4f, S7a and b, ZnFe(3:1)/C-900
demonstrates outstanding stability: at a current density of 10
mA cm 2, its potential is sustained continuously within the
range of 2.3-2.4 V for 15 h. Moreover, following a 15 h of
stability test, the catalyst's overpotential at 10 mA cm™> only
decreases by 84 mV relative to its pre-test value. Furthermore,
the catalyst can still stably maintain a potential of 2.6 Vto 2.8 V
for over 11 h (Fig. S8), even at a elevanted current density of 50
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mA cm . Notably, there was no significant decline in electrode
activity during this period, indicating high catalytic stability. To
evaluate the catalytic stability of the catalyst in a more
comprehensive manner, the structural features of the catalyst
post-reaction were also characterized. As shown in Fig. S9,
following a consecutive stability test for 15 h conducted at
a current density of 10 mA cm™ > (Fig. 4f), the morphology of
ZnFe(3 : 1)/C-900, the lattice fringe spacing of Fe;C particle on
the catalyst, and the elemental mappings of ZnFe(3: 1)/C-900
exhibited negligible changes compared to their pre-reaction
states (Fig. 1e and h-m). The only observable difference was
the presence of the large-sized particles on catalyst surface, as
shown in Fig. S9d. This result implies that during the prolonged
OER process, a small fraction of Fe;C particles undergoes
a certain degree of agglomeration, a phenomenon that may be
associated with the slight decline in the catalytic activity
(Fig. S7). Moreover, XPS survey results from Table S4 and
Fig. S10a revealed that the elemental contents of oxygen and
iron in the post-reaction catalyst were higher than those in the
pre-reaction sample, with oxygen content showing the most
prominent increase. Specifically, the oxygen content of the
catalyst was 10.09 at% immediately after the OER reaction and
further increased to 32.66 at% after the stability test, the both
values were significantly higher than the pre-reaction oxygen
content of 4.93 at%. This observation indicates that as the OER
duration extends, the oxygen generated during the reaction
gradually adsorbs onto the catalyst surface, primarily in the
form of carboxyl (-COOH) and carbonyl (C=O0) groups
(Fig. S10d). In contrast, the iron content increased moderately:
it rose from the initial 0.8 at% (pre-reaction) to 1.98 at% post-
OER, and further to 2.73 at% after the stability test. Notably,
the increased iron content was dominated by trivalent iron
(Fe*) (Fig. S10e), which may be correlated with the enlarged
size of Fe;C particles observed post-reaction (Fig. S9d). Addi-
tionally, as shown in the XPS spectrum of carbon (Fig. S10b),
potassium (K) species were found to adsorb onto the catalyst
surface with a gradual increase in content as the OER reaction
time prolonged. In contrast, the types and contents of other
elements - including as reflected by N1s XPS fine spectra
(Fig. S10c) and Zn2p XPS fine spectra (Fig. S10f) - remained
nearly unchanged. Collectively, the above results suggest that
the agglomeration of metal particles in the catalyst and the
enhanced oxygen adsorption capacity on the catalyst surface
may be the important factors that could contribute to the slight
deactivation observed during the long-term stability test.
Briefly, relative to commercial RuO, and IrO,, as well as prior
reported the carbon-supported iron-based analogs, the activity,
kinetic parameters and stability of ZnFe(3:1)/C-900 toward
alkaline OER lies within the medium range, as detailed in Table
S2.

4 Conclusion

In conclusion, a uniformly sheet-like zinc-iron bimetallic
coordination polymer (ZnFe-CP) was synthesized by a combi-
nation of self-assembly and freeze drying methods. After
controlled pyrolysis, the iron carbide particles with high

© 2025 The Author(s). Published by the Royal Society of Chemistry
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despersion were effectively loaded on a carbon support inter-
woven by carbon sheet and carbon tube due to the volatilization
of zinc. Detailed structural analysis demonstrated that the
formation of pure iron carbide phase was closely related to Zn/
Fe metal feed ratio and pyrolysis temperature. The optimized
electrocatalyst (ZnFe(3 : 1)/C-900) showed the best OER activity
(the minimum overpotential) among all control samples. A
series of comparative experiments indicated the iron carbide on
hierarchical carbon support was mainly active origin of alkaline
OER. In addition, ZnFe(3:1)/C-900 exhibited good kinetics
parameters (such as low Tafel slope, large electrochemical
specific surface area, fast electron thansfer rate) and long-term
catalytic stability (about 15 h). This work not only offers valuable
practical support for the efficient preparation of carbon-
supported non-precious metal catalysts but also provides
basic guidance for establishing the structure-function rela-
tionship in the field of electrocatalysis.
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