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ABSTRACT: The growing need for energy conversion technol-
ogies has stimulated the development of innovative electrocatalysts
designed explicitly for oxygen evolution reactions (OER).
Nonprecious metal/carbon-based composites are widely studied
for this purpose due to their low cost and unique structures.
However, conventional methods for preparing transition metal/
carbon composites are often cumbersome and time-consuming.
These methods have other disadvantages, such as poor catalyst
uniformity, limited potential for surface modification, and excessive
oxidation of metal particles. In this work, we employed a simple
one-step molten salt (MS) method to synthesize FeNi alloy/
carbon composites. The sample prepared by the MS strategy, with
an optimal Fe/Ni ratio, performs a low overpotential of 279.4 mV
at a current density of 10 mA cm−2 and a small Tafel slope of 45.7 mV dec−1. Compared with the sample prepared through
traditional pyrolysis, the sample prepared by the MS method demonstrates modulated and optimized surface characteristics for both
the carbon support and metallic particles. Furthermore, the synthetic process enables the uniform growth of alloy particles on the
carbon substrate. These structural improvements result in abundant defects and active sites, significantly enhancing OER activity.
Overall, this work highlights the role of the MS method in promoting the catalytic activity of FeNi alloy/carbon composites. This
research contributes to advancing non-noble metal electrocatalysts for future catalytic applications.
KEYWORDS: oxygen evolution reactions, molten salt method, one-step synthesis, FeNi alloy/carbon composite,
efficient catalytic performance

1. INTRODUCTION
The pollution produced by the overuse of fossil fuels, such as
natural gas, coal, and oil, has become one of the most pressing
problems faced by human society.1−3 Hydrogen holds promise
as a clean energy source, offering high energy density and zero
carbon emissions upon consumption.4 Incorporating hydrogen
into the energy grid could reduce our reliance on environ-
mentally harmful fossil fuels.5 However, an efficient way to
produce hydrogen still needs to be developed to enable
widespread commercialization. Currently, industrial-scale
hydrogen is mainly produced by processes like natural gas
reforming, which generates significant CO2 emissions. In
contrast, renewable energy-powered water splitting is consid-
ered a potential strategy for hydrogen production, enabling the
efficient conversion between electrical and hydrogen energy to
realize flexible energy utilization.6

Electrochemical water splitting is a process that separates
water molecules into hydrogen and oxygen gases through two
half-reactions: the hydrogen evolution reaction (HER) and the

oxygen evolution reaction (OER).7 It is widely recognized that
the OER is significantly more kinetically sluggish and requires
a much higher overpotential than the HER. This limitation
reduces water-splitting efficiency and impedes the develop-
ment of a hydrogen production industry based on this
process.8 To enhance the kinetics and efficiency of the OER,
the development of high-performance and cost-effective
electrocatalysts is critical. Noble metal-based oxides, such as
IrO2 and RuO2, are currently regarded as benchmark
electrocatalysts for the OER. However, their high price hinders
their widespread application.9 Consequently, the design and
development of non-noble metal-based electrocatalysts have
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become a priority. In this regard, transition metals�
particularly iron (Fe), cobalt (Co), and nickel (Ni)10�along
with their oxides,11 hydroxides,12 sulfides,13 nitrides,14 and
other derivatives,15,16 have attracted significant attention.
These materials are promising candidates for OER electro-
catalysis due to their low cost and high efficiency. Alloys
composed of transition metals demonstrate excellent electro-
catalytic activity for the OER, attracting considerable interest
from many researchers.17−19 Among these, the FeNi alloy has
been extensively studied as an OER electrocatalyst due to its
low cost, remarkable catalytic activity, and durability. FeNi
alloy also shows significantly higher OER activity than pure Ni
or Fe catalysts.20 Furthermore, integrating FeNi alloys with
carbon-based materials, such as graphene21 and carbon
nanotubes,22 has been shown to further boost OER activity,
providing a unique opportunity to enhance the overall
efficiency of the water-splitting process.
Conventional synthesis methods for bimetallic FeNi/carbon

composites typically involve multiple steps, such as encapsu-
lation, calcination, alloying, and so on, which are tedious,
laborious, and time-consuming, limiting their potential for
large-scale production.23,24 Additionally, alloy particles are
prone to oxidation during high-temperature synthesis, forming
excessive metal oxide layers.25,26 Another challenge is to
achieve a uniform distribution of bimetallic particles on the
carbon support. Interactions between different metal atoms
can cause uncontrolled migration and segregation. This results
in accumulation and uneven particle distribution, ultimately
reducing the availability of active sites.27,28 Therefore,
developing a simpler, faster, and more environmentally friendly
alternative synthesis method is essential to overcome these
issues and facilitate the large-scale practical application of
alloy/carbon catalysts.
This study investigates the potential of a one-step molten

salt (MS) method for fabricating bimetallic metal particles and
carbon composites as highly efficient OER electrocatalysts.
The MS method is considered environmentally friendly due to
the recyclability of salt after recrystallization and the wide
choice of renewable carbon sources, such as biomass,
polymers, and small organic molecules.29,30 Our work pointed
out that a key advantage of the MS method lies in its dual
functionality, enabling simultaneous modification of the
graphite substrate and the surface of the metallic component.
This integrated process results in the synthesized composites’
unique structural and catalytic properties. The obtained
composites exhibit excellent OER performance, achieving an
overpotential of 279.4 mV at a current density of 10 mA cm−2

and a Tafel slope of 45.7 mV dec−1, placing them among the
best-performing transition-metal-based electrocatalysts operat-
ing in alkaline electrolytes. The superior catalytic performance
can be attributed to several synergistic effects facilitated by the
MS method. First, the method optimizes the carbon substrate
by enhancing its specific surface area and introducing abundant
defect sites that serve as additional reactive centers. Second,
the molten salt medium provides ideal conditions for the
uniform deposition and distribution of metal particles.
Moreover, it modifies the surface of the metallic nanoparticles,
further boosting catalytic activity. By integrating these
beneficial features, the MS method enables the production of
high-performance metal−carbon composites with advanced
structural and functional properties. The insights gained from
this study offer a foundation for further innovation in catalyst

synthesis, highlighting the molten salt method as a versatile
and sustainable approach for next-generation electrocatalysts.

2. EXPERIMENTAL SECTION
2.1. Materials. Nickel chloride hexahydrate (NiCl2·6H2O, 98%),

iron chloride tetrahydrate (FeCl2·4H2O, ≥99%), sodium chloride
(NaCl, 99.5%), potassium chloride (KCl, 99.5%), glucose (C6H12O6),
Nafion (5 wt %), ethanol (≥99.5%), and potassium hydroxide (KOH,
85%) were obtained from Fuji Film Co., Ltd. (Osaka, Japan).
Ruthenium oxide (RuO2, 99.9%) was purchased from Sigma-Aldrich
Co., Ltd. (St. Louis, USA). The graphite rod was acquired from
Narika Co., Ltd. (Tokyo, Japan). The Ag/AgCl electrode (NaCl
saturated) and glassy carbon electrode were purchased from ALS Co.,
Ltd. (Tokyo, Japan). All the chemicals were used directly without
further purification.
2.2. Material Synthesis. The synthesis procedures of the FeNi2/

C-MS are exhibited in Figure 1a. Typically, 0.02 g of metal precursors

of FeCl2·4H2O and NiCl2·6H2O (with the molar ratio of 1:2), 0.1 g of
glucose, and 1 g of a salt mixture of NaCl and KCl (with the molar
ratio of 1:1) were weighed and ground using a mortar and pestle for
15 min. The well-mixed powder was transferred into an alumina
crucible and moved to a tube furnace. After argon was purged in the
quartz tube with a flow rate of 250 mL/min for 1 h at 20 °C, the
temperature was raised to 900 °C with a heating rate of 10 °C min −1

and kept at 900 °C for 1 h. Following this, the heating process was
automatically stopped, and argon gas was kept on until the furnace
naturally cooled down to room temperature. Finally, as shown in
Figure S1, the black powder was obtained by washing the obtained
product with sufficient DI water and drying it in a vacuum oven at 50
°C for 2 h, denoted as FeNi2/C-MS. The reference sample FeNi2/C
was prepared by direct pyrolysis using the same route without adding
the NaCl/KCl mixture.

In addition, by changing the molar ratio of metal precursors
(FeCl2·4H2O and NiCl2·6H2O) to 1:1 and 2:1, final samples loaded
with FeNi nanoparticles in different FeNi ratios were obtained and

Figure 1. (a) Schematic illustration of the preparation of FeNi2/C-
MS. (b) SEM image of FeNi2/C-MS; (c) SEM image of FeNi2/C. (d)
XRD patterns of FeNi2/C-MS and FeNi2/C. (e) Raman spectra of
FeNi2/C-MS and FeNi2/C.

ACS Applied Energy Materials www.acsaem.org Article

https://doi.org/10.1021/acsaem.4c02958
ACS Appl. Energy Mater. 2025, 8, 3449−3458

3450

https://pubs.acs.org/doi/suppl/10.1021/acsaem.4c02958/suppl_file/ae4c02958_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c02958?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c02958?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c02958?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c02958?fig=fig1&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.4c02958?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


named FeNi/C-MS and Fe2Ni/C-MS, respectively. Meanwhile, the
reference samples of FeNi/C-MS and Fe2Ni/C-MS were prepared
using the same procedure, except for adding the eutectic salt, and they
were named FeNi/C and Fe2Ni/C, respectively.
2.3. Electrochemical Measurements. All electrochemical

measurements were tested in a three-electrode system by using an
electrochemical workstation (Gamry 1010E, USA). The three
electrodes in this study involved a graphite rod serving as the counter
electrode, a saturated Ag/AgCl as the reference electrode, and a glassy
carbon electrode, with a 3.0 mm diameter. The preparation of the
working electrodes included several steps. Initially, 5 mg of sample
powder was dispersed in 340 μL of ethanol and 20 μL of Nafion (5 wt
%). Following a 90 min sonication to form a homogeneous solution, 2
μL of the resulting ink was dropped on the surface of the glassy
carbon electrode polished with aluminum oxide powder. The
preparation of the RuO2 working electrode used as the benchmark
for OER was the same as the preparation of the sample working
electrode above, except that the sample powder was replaced with 5
mg of RuO2 powder. The loading density of the catalysts was around
0.393 mg cm−2 for all of the tested samples. A 1 M KOH solution was
employed for electrochemical measurements of the catalysts after
purging the electrolyte with O2 for 15 min. All measured potentials
were converted to the reversible hydrogen electrode (RHE) with the
following equation: E(RHE) = E(Ag/AgCl) + 0.059 pH + 0.197 V.
Liner sweep voltammetry (LSV) was utilized to obtain the
polarization curves at a scanning rate of 10 mV s−1, and the data
were corrected by IR compensation. The Tafel slope was determined
according to the Tafel equation of η = b × log(j), where η indicates
the overpotential, j is the current density, and b corresponds to the
value of the Tafel slope. Therefore, b was obtained from the
corresponding LSV data by fitting η versus log(j). Electrochemical
impedance spectroscopy (EIS) was measured at a voltage of 1.51 V vs
RHE, using a 5 mV amplitude in the frequency range from 105 to 0.01
Hz. The electrochemical active surface area (ECSA) was determined
by assessing the non-Faradaic Cdl (double-layer capacitance). The Cdl
was measured by CV at different scan rates from 20 mV to 100 mV
s−1. Typically, the Cdl is calculated by the formula Cdl = ic/v, where ic
represents the double-layer charging current, and v denotes the
scanning rate. The ECSA can then be analyzed using the formula
ECSA = Cdl/Cs, Cs being a standard capacitance value of 0.040 mF/
cm2 in 1 M KOH, as reported by McCrory et al.31 The durability test
was achieved by chronopotentiometry at a current density of 10 mA
cm−2.
2.4. Characterization. X-ray diffraction (XRD) scanning was

carried out on an X-ray diffractometer (RINT-TTRIII, Rigaku) with
Cu Kα radiation (λ = 1.5418 Å). Brunner−Emmett−Teller (BET)
surface area analysis and pore size were tested using the BELSORP-
mini II. Scanning electron microscopy (SEM) images of the samples
and energy-dispersive spectrometry (EDS) were performed on an
electron microscope (Helios Hydra CX, Thermo Fisher Scientific)
operated at an accelerating voltage of 20 kV. Scanning transmission
electron microscopy (STEM) and energy-dispersive X-ray spectros-
copy (EDS) were conducted on a Titan Cubed G2 Thermo Fisher
Scientific microscope equipped with a four-quadrant windowless
super-X silicon drift detector. This microscope was operated at an
acceleration voltage of 300 kV. Raman spectra were performed on a
Raman spectrometer (Nanofinder30) with 532 nm laser excitation. X-
ray photoelectron spectroscopy (XPS) was tested on a Shimadzu/
KRATOS Corporation AXIS-165 equipment.

3. RESULTS AND DISCUSSION
The FeNi particles/carbon composite was fabricated by the
MS method, denoted as FexNiy/C-MS, using FeCl2·4H2O,
NiCl2·6H2O, and glucose as raw materials and NaCl and KCl
serving as solvents when in molten state, as illustrated in Figure
1a. The chemicals were mixed using a mortar and pestle,
without using any additional solvent like water or alcohol.32,33

The molar ratio of NaCl and KCl was chosen to be 1:1,
corresponding to the lowest melting point in this system (657

°C).34 To determine the optimal reaction conditions, samples
with a Fe/Ni ratio of 1:2 were prepared at 700, 800, 900, and
1000 °C. These temperatures were chosen to ensure that the
salts remained in their molten state. As shown in Figure S2, the
sample prepared at 900 °C showed better electrochemical
performance than the others. SEM analysis reveals that at
synthesis temperatures of 700 and 800 °C, the graphite pieces
have larger, smoother surfaces, resulting in lower specific
surface areas and reduced catalytic activity (Figure S3). At
synthesis temperatures above 900 °C, the graphite pieces
become thinner and more porous, increasing the surface area.
From the XRD pattern, it can be seen that at 1000 °C, the
crystallinity of the graphite is significantly disrupted, suggesting
the formation of excessive defects during pyrolysis, collapse of
the structure, and a more pronounced degree of oxidation in
the metallic components (Figure S4). The decline in catalytic
performance at 1000 °C can be attributed to these factors.
Therefore, 900 °C was selected as the reaction temperature. At
high temperatures, the glucose molecules undergo pyrolysis
and are converted into carbon. Additionally, the carbon species
during the pyrolysis of glucose may aid in reducing Fe and Ni
ion precursors to their metallic form, resulting in the formation
of FeNi particles. To optimize the glucose-to-metal chloride
ratio for the preparation of FexNiy/C-MS, samples with varying
glucose-to-metal precursor ratios were prepared, and their
OER performance was compared. As shown in Figure S5 and
Table S5, the optimal ratio of glucose and metal chloride is 5:1
(glucose 0.1 g, metal chloride 0.02 g). The glucose-to-metal
precursor ratio and calcination temperature were maintained
throughout the study. The FexNiy/C-MS composites were
synthesized with varying Fe and Ni ratios (x and y are x = 1, y
= 2; x = 1, y = 1; x = 2, y = 1, respectively). The sample names
depend on the molar ratio of the metal precursors (FeCl2·
4H2O/NiCl2·6H2O). For comparison, non-MS synthesized
counterparts, denoted as FexNiy/C, were fabricated using the
same procedures without addition of NaCl and KCl. According
to the existing literature, when the ratio of Fe/Ni reaches 0.5,
the catalysts show the highest catalytic activity.35 Then, we
chose the Fe/Ni ratios of 1:1 (metal equimolar sample) and
2:1 (Fe-rich sample) as the control group. The Fe/Ni ratios of
the prepared samples (FeNi2/C-MS and FeNi2/C; FeNi/C-
MS and FeNi/C; and Fe2Ni/C-MS and Fe2Ni/C) were
confirmed by SEM-EDS analysis (Figures S6−S8). The EDS
spectra of all samples display distinct peaks corresponding to
the elements C, O, Fe, and Ni. The data from the
accompanying spectra table and Table S2 indicate that the
atomic ratio of Fe to Ni closely matches the metal precursor
ratios: 1:2 for FeNi2/C-MS, 1:1.9 for FeNi2/C, 1:1.1 for both
FeNi/C-MS and FeNi/C, and 1.8:1 and 1.7:1 for Fe2Ni/C-MS
and Fe2Ni/C, respectively.
The morphologies of the obtained FeNi2/C-MS and FeNi2/

C samples were observed by SEM. As shown in Figure 1b,c,
the morphology of the catalyst prepared by the MS method
differs from that of the catalyst prepared by direct pyrolysis.
FeNi2/C-MS exhibits a rough surface with small, thin, layered
carbon fragments with some particles evenly attached to the
carbon sheets. In contrast, FeNi2/C shows a large, relatively
thick carbon support with unevenly distributed small particles.
SEM-EDS mappings (Figures S9 and S10) were used further
to confirm the composition and properties of the particles. The
EDS mappings show that the particles attached to the carbon
support are primarily composed of Fe and Ni elements,
confirming the presence of FeNi alloy particles. The
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corresponding EDS mappings of Fe and Ni illustrate that the
distribution of the metallic FeNi particles differs from the MS-
derived and non-MS-derived samples. In FeNi2/C-MS, the
FeNi particles are uniformly distributed throughout the
samples. At the same time, those for FeNi2/C show an
obviously uneven distribution, with the particles frequently
concentrating on specific carbon sheets and others showing no
particles. This difference in the metal particle distribution can
be attributed to the effect of molten salt in FeNi2/C-MS, which
facilitates better dispersion of the particles during the synthesis
process. When molten salt melts, it creates a stable,
homogeneous liquid environment that promotes even metal
ion transfer and diffusion. This ensures uniform distribution of
metal species during deposition. Its high ionic mobility
efficiently transports metal ions to the carbon substrate,
leading to a more uniform distribution. By adjusting the
temperature and composition of the molten salt, metal
deposition can be optimized to prevent agglomeration and
ensure uniform particle distribution.36,37

In order to investigate whether the morphological differ-
ences are affected by the Fe/Ni ratio, plain glucose-derived
graphite was fabricated by annealing glucose with and without
the addition of molten salt under the same preparation
conditions as those for FexNiy/C-MS but without adding metal
precursors. As shown in Figure S11, the plain graphite sample
fabricated with MS also exhibits a smaller size than those
prepared by direct calcination. Furthermore, the FeNi/C-MS
and FeNi/C, as well as Fe2Ni/C-MS and Fe2Ni/C, show
similar features (Figures S12 and S13). By comparing the SEM
images of the three samples fabricated by the MS method with
different Fe/Ni ratios�FeNi2/C-MS, FeNi/C-MS, and
Fe2Ni/C-MS�it can be seen that the morphologies of the
carbon supports in all three samples are consistent and are not

affected by the ratio of metallic components. Therefore, it is
concluded that the morphology difference is solely attributed
to the MS treatment of glucose. Above its melting point,
molten salt acts as a sealing agent, trapping gases such as CO,
CO2, and H2O released during pyrolysis. The interaction
between these trapped gases and carbon promotes the
formation of more porous graphite and, hence, the
morphological difference.36 As a result, smaller and thinner
carbon fragments are produced. These morphological differ-
ences may facilitate rapid electron transport and increase the
specific surface area, which is beneficial for electrochemical
catalysis.38 Furthermore, the specific surface area of FeNi2/C-
MS and FeNi2/C was investigated by BET. As shown in Table
S3, the specific surface area of the samples increases from
227.03 to 266.73 m2/g when using the MS method, which may
be attributed to the structure-directing nature of molten salt.39

From Figure S14a,b, it can be seen that FeNi2/C-MS shows a
type-H4 hysteresis loop, which suggests the existence of
narrow slit-like pores.40 The BJH pore-size distribution curve
shows that the pore sizes of FeNi2/C-MS are mainly located at
about 1.3, 2.0, and 2.2 nm, indicating the presence of abundant
micropores and mesopores. This hierarchical porous structure
enhances ion adsorption and accelerates ion transport.41,42

The structural information on FeNi2/C-MS and FeNi2/C
was obtained by XRD measurements, and the results are
shown in Figure 1d. As seen in the XRD patterns, the peak at
26.53° can be attributed to the (002) plane of graphite43 for
both FeNi2/C-MS and FeNi2/C samples. Also, there is a broad
diffraction peak between 15° and 30° for FeNi2/C-MS, which
suggests that the graphite prepared without the MS method
has better crystallinity than that with the MS method. Molten
salt is a well-known cause of graphite degradation. When
graphite comes into contact with molten salt, various physical

Figure 2. (a) Annular dark-filed (ADF)-STEM image of FeNi2/C-MS; (b) magnified image of a part of (a); (c) ADF-STEM image of FeNi2/C;
(d) magnified image of a part of (c); (e−h) EDS elemental maps of FeNi2/C-MS corresponding to (b); and (i−l) EDS elemental maps of FeNi2/C
corresponding to (d).
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and chemical processes�such as infiltration, intercalation,
corrosion, and oxidation�can occur, forming new pores,
exfoliation, and reduced crystallinity. These effects significantly
compromise the integrity of the graphite.44 On the other hand,
three major diffraction peaks around 44.22°, 51.56°, and
75.78° are also observed, corresponding to the face-centered
cubic phase of FeNi alloy nanoparticles (PDF#01-071-832),
and can be assigned to the (111), (200), and (220) crystal
planes, respectively.45 This indicates that the product primarily
comprises the iron−nickel alloy with good crystallinity. Aside
from the FeNi alloy and the graphite peaks, weak diffraction
peaks originating from iron oxide are observed. A small
diffraction peak at 35.60° in the spectrum of FeNi2/C-MS is
attributed to the (311) planes of Fe3O4 (PDF#01-077-1545).
On the other hand, the spectrum of FeNi2/C shows two
diffraction peaks at 42.71° and 53.52°, corresponding to the
(400) and (422) planes of Fe3O4 (PDF#01-077-1545),
respectively.46 These oxide peaks suggest that the metallic
particles were slightly oxidized. Samples with different Fe/Ni
ratios were also measured by XRD, and the respective spectra
show a similar pattern (Figure S15), with diffraction peaks
attributed to graphite, FeNi alloy, and Fe3O4. However, a
significant peak shift (about 0.17°) is observed from the
samples of FeNi/C-MS and Fe2Ni/C-MS, which were
prepared with different Fe/Ni ratios of the precursors. This
shift suggests that manipulating the precursor ratio can control
the metallic particle composition.
Raman spectroscopy was employed to assess the graphitiza-

tion and degree of defects of the graphite substrate. By
analyzing the surface state of carbon in the catalyst by Raman
spectroscopy (Figure 1e), two characteristic peaks at 1351.8
cm−1 (D-band) and 1582.9 cm−1 (G-band) are observed,
corresponding to the sp3-hybridized disordered structures and
sp2-hybridized graphitic carbon, respectively. Furthermore, the
ID/IG values of the samples are estimated to be 0.99 for FeNi2/
C-MS and 0.62 for FeNi2/C. The higher ID peak ratio of
FeNi2/C-MS suggests the possible existence of defects and
nanocrystalline phases that can provide active sites for catalytic
reactions. At the same time, the ID/IG value of 0.99 suggests a
moderate degree of graphitization, which is beneficial for

transferring charges and electrons.47 In addition, both FeNi2/
C-MS and FeNi2/C exhibit a peak at around 2700 cm−1

corresponding to the 2D band, which indicates the stacking
status between the graphene layers.
The features of the FeNi metallic particles on the FeNi2/C-

MS and FeNi2/C samples were observed using STEM. From
Figures 2a,c and S16a,b, metal particles with nonregular shapes
are observed. The average particle sizes of the FeNi2/C-MS
and FeNi2/C metal particles on the carbon support were
determined to be approximately 163 and 66 nm, with standard
deviations of 72 and 18 nm, respectively. The significant size
difference may be due to the fast transfer of Fe and Ni ions in
the molten salt, which accelerates the growth rate of the
particles. The magnified images of the selected FeNi particles
from both samples are shown in Figure 2b,d, where clear lattice
fringes are observed, highlighting the good crystallinity of the
metallic particles, which is further confirmed by the clear fast
Fourier transform (FFT) images. The interplanar spacing of
the adjacent (111) plane is 0.215 and 0.213 nm, respectively,
which correspond well with the FeNi alloy.48 The STEM-EDX
mapping shown in Figure 2e−l reveals the C, O, Fe, and Ni
distribution in both samples. The distributions of C atoms
originating from the graphite substrate are uniform throughout
the scanning area. At the same time, an oxygen signal was
observed in the metallic particles, with a minor signal
appearing on the carbon surface. A stronger oxygen signal is
observed in the FeNi2/C-MS sample, which aligns with the
XPS observation (discussed later). Lastly, Fe and Ni are
distributed uniformly across the metallic particles, suggesting
chemical homogeneity.
The surface chemical state of the composite was studied

using XPS. Figure S17 shows the overall XPS spectra of FeNi2/
C-MS and FeNi2/C, in which the characteristic peaks of the
primary elements were highlighted. The XPS spectrum of the
prepared sample was analyzed, and it was confirmed that C, Fe,
Ni, and O elements exist on the sample’s surface, consistent
with the results of the EDS mapping. In addition, the atomic
ratio of each element is shown in Table S4. Both samples
contain around 90 at. % of carbon, which comes from the
carbon substrate. However, the atomic ratio of oxygen in

Figure 3. High-resolution XPS spectra of FeNi2/C-MS and FeNi2/C: (a) C 1s (b) Fe 2p; (c) Ni 2p; and (d) O 1s.
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FeNi2/C-MS (9.52%) is 1.4 times that of FeNi2/C (6.76%), in
which oxygen probably comes from the breakdown of glucose
and the introduction via metal oxidation, carbon−oxygen
double bond formation. Figure 3a−d shows the XPS spectrum
of FeNi2/C-MS and FeNi2/C of C 1s, Fe 2p, Ni 2p, and O 1s.
As shown in the spectrum of C 1s (Figure 3a), the carbon
displays three distinct peaks located at binding energies of
284.3, 285.4, and 289.0 eV, corresponding to the sp2 C
(graphitic carbon), sp3 C (amorphous carbon), and O−C=O
(oxidized carbon), respectively.49 The O−C=O peaks are
weaker than the other two peaks, suggesting the lower
functionalization degree of carbon.50 The deconvolution of
Fe 2p in Figure 3b shows four contributing peaks of FeNi2/C-
MS, the first doublet at 711.2 and 713.7 eV corresponding to
Fe 2p3/2, and the second doublet at 724.3 and 726.2 eV. It can
be found that the Fe 2p3/2 and Fe 2p1/2 of FeNi2/C are located
at 711.0, 713.4, and 724.1, 725.9 eV.51This indicates that the
MS helps the upshift of the Fe 2p spectra. Figure 3c displays
three chemical states 0, 2+, and 3+ of Ni 2p. The peaks at
853.7 and 871.7 eV can be assigned to 2p3/2 and 2p1/2 of Ni0 in
FeNi2/C, respectively. The second spectra at 854.2 and 872.2
eV are attributed to 2p3/2 and 2p1/2 of Ni2+, respectively. The
third peak at 855.8 and 873.6 eV corresponded to 2p3/2 and
2p1/2 of Ni3+, respectively. However, by fabricating the sample

using MS, the Ni2+ and Ni3+ peaks in the 2p3/2 and 2p1/2
regions are shifted to a higher position (854.7, 872.5, and
856.1, 873.9 eV).52 These results suggest that charge
redistribution occurs during the MS method synthesis.
Moreover, the ratios of the high valence states between Fe
and Ni increase in FeNi2/C-MS, as shown in Table S5. This
indicates that fast electron transfer occurs in the FeNi2/C-MS.
The deconvoluted core energy level spectra of O 1s are
illustrated in Figure 3d. The observed peaks at 529.6, 531.4,
and 533.2 eV correspond to the metal−oxide bond (M−O),
hydroxide or oxyhydroxide group (M-OH/OOH), and
adsorbed water (H2O), respectively.53 From Table S6, it can
be seen that FeNi2/C-MS exhibits a higher peak area ratio of
M−O (20.7%) and M-OH/OOH (44.1%) than FeNi2/C
(13.8%; 41.8%). This indicates that applying the MS method
effectively increases the concentrations of M−O and M-OH in
FeNi2/C-MS.
The electrocatalytic OER performance of the FexNiy/C

(-MS) and RuO2 samples was investigated in a standard three-
electrode system under 1.0 M oxygen-saturated KOH solution
(pH = 14.0). Figure 4a−e shows the electrochemical test
results. The polarization curves of the prepared samples and
the reference RuO2 catalyst are displayed in Figure 4a. FeNi2/
C-MS exhibits the best OER performance among the six

Figure 4. Electrochemical performance of the as-prepared samples and RuO2. (a) LSV curves; (b) overpotentials at 10 mA cm−2 of related
catalysts; (c) Tafel slope; (d) electrochemical impedance spectra; (e) plots of the current density of FeNi2/C-MS and FeNi2/C; (f) comparison of
the electrocatalytic performance of FeNi2/C-MS with some latest reported non-noble metal-based catalysts; (g) stability test; and (h) LSV curves
of FeNi2/C-MS before and after stability tests.
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referenced samples, achieving an overpotential of 279.4 mV at
a current density of 10 mA cm−2, even lower than that of the
RuO2 catalyst. Compared to other Fe/Ni ratios, the sample
with a Fe/Ni ratio of 1:2 exhibits the best electrochemical
performance. When Fe is incorporated into Ni, it can not only
change the electronic environment of Ni and promote the
formation of high-valent Ni, which are active sites for OER, but
also enhance the conductivity of the catalyst via partial charge
transfer between Fe and Ni.54,55 However, there is an optimal
range for the Fe/Ni ratio that maximizes catalytic efficiency.
Excessive Fe incorporation disrupts the Ni active sites and
hinders OER activity, while insufficient Fe fails to achieve the
desired electronic and structural modifications. Many studies
show that the FeNi-based catalysts with 60−90 wt % Ni exhibit
optimal electrochemical activity.56 Sakita et al. also confirmed
that catalysts exhibit the highest catalytic activity with an
increased charge transfer rate and low charge transfer
resistance when the ratio of Fe/Ni reaches 0.5.35 In addition,
when compared with the performance of samples not
synthesized by the MS method (FeNi2/C: 355.3 mV, FeNi/
C: 379.7 mV, and Fe2Ni/C: 438.9 mV), as indicated in Figure
4b, the MS-fabricated sample always exhibits a lower
overpotential (FeNi2/C-MS: 279.4 mV, FeNi/C-MS: 313.4
mV, and Fe2Ni/C-MS: 344.6 mV) for all three sets of Fe-to-Ni
precursor ratios. This clearly indicates that the MS treatment
plays a crucial role in improving electrocatalytic performance.
We also evaluated the OER activity of the bare carbon support
prepared by MS. From Figure S18, it can be seen that the bare
carbon exhibits significantly lower OER activity compared to
FeNi2/C-MS, highlighting the contribution of the FeNi as a
reaction-active material in the OER. In addition, Tafel plots
obtained from the LSV curves (Figure 4c) were employed to
analyze the catalytic kinetics of the samples. The Tafel slope
value of FeNi2/C-MS (45.7 mV dec−1) is much lower than
those of FeNi2/C (60.9 mV dec−1), FeNi/C-MS (59.9 mV
dec−1), FeNi/C (120.3 mV dec−1), Fe2Ni/C-MS (102.5 mV
dec−1), Fe2Ni/C (176.7 mV dec−1), and RuO2 (170.8 mV
dec−1), which reveals its favorable reaction kinetics due to the
effect of MS-synthesis samples and optimized Fe and Ni ratio.
The electrode kinetics of the prepared catalysts during the
OER were analyzed using EIS measurements at 1.51 V versus
RHE, as illustrated in Figure 4d. From Figure 4d, samples with
the best OER performances, fabricated using both MS and
non-MS (i.e., Fe-to-Ni ratio is 1:2), were selected for
comparison. The EIS spectra indicate that the charge transfer
resistance (Rct) of the catalysts follows this trend: FeNi2/C-MS
(Rct, 39 Ω) < FeNi2/C (Rct, 55 Ω) < RuO2 (Rct, 97 Ω). The
smaller Rct value of FeNi2/C-MS compared to those of others
suggests a more efficient electron transfer process during the
OER. The ECSA was then estimated to compare the catalytic
performance of these two samples. The ECSA value is
estimated by performing a series of cyclic voltammetry
measurements under different scanning rates (20, 40, 60, 80,
and 100 mV/s) to evaluate the double-layer capacitance (Cdl)
(Figure S19). The results were then calculated and
summarized in Figure 4e, indicating a linear correlation
between the current density and scan rate for both samples.
The FeNi2/C-MS sample exhibits a significantly steeper slope
of 0.661 mF cm−2 compared to the FeNi2/C sample (0.090
mF cm−2), which means the FeNi2/C-MS sample has more
active sites and superior OER performances. The intrinsic
activity of the samples was evaluated by normalizing the
current density using ECSA. The normalizing LSV is shown in

Figure S20. These results suggest that FeNi2/C-MS exhibits
higher intrinsic catalytic activity during OER. We further
compared the performance of FeNi2/C-MS to other non-noble
metal-based electrocatalysts in the literature, as summarized in
Figure 4f and Table S7. It clearly shows that FeNi2/C-MS
exhibits the smallest overpotential and Tafel slope value among
those transition-metal-based catalysts operating in alkaline
electrolytes. For instance, compared to FeNi-Cr3C2/C with an
overpotential (η10) of 283 mV,57 MoxC-FeNi/NC with an
overpotential (η10) of 306 mV,58 and FeNiC/Ni with an
overpotential (η10) of 314 mV,59 FeNi2/C-MS stands out with
its superior electrochemical activity. The durability of the
sample was further examined by performing chronopotenti-
ometry (CP) measurements at 10 mA cm−2 in a 1.0 M KOH
electrolyte (Figure 4g). FeNi2/C-MS exhibits negligible
overpotential loss over 40 h, while RuO2 shows a significantly
larger degradation. The OER performance of the samples
before and after the stability test does not decrease significantly
(Figure 4h). The fluctuation of the curve is possibly caused by
the accumulation and release of bubbles. By directly comparing
the SEM images of the catalyst on the glassy carbon electrode
before and after the chronopotentiometry test (Figure S21), it
can be seen that there is no obvious change in the morphology
of the catalyst. The post-test catalyst retains the layered
structure, and metal particles could still be observed on the
carbon surface. All of these indicate that the sample
synthesized by the MS method has strong adhesion between
the metal particles and the carbon substrate, thereby giving the
composite good structural stability. Overall, by electrochemical
evaluation, the samples prepared using the MS method have
lower overpotential, better reaction kinetics, faster electron
transfer rate, and better OER performance.

4. CONCLUSIONS
In this study, we successfully prepared the FexNiy/C-MS
composite synthesized using the MS method, using glucose as
a carbon source and KCl and NaCl as eutectic salts. The
synthesis process, material characterization, electrochemical
performance, and potential mechanisms underlying the
enhanced OER activity of the samples were comprehensively
analyzed. The morphological analysis reveals distinct differ-
ences between the samples prepared with and without the MS
method. The MS method proves beneficial in producing much
smaller, thinner, and porous carbon substrates. Further
characterizations show that it can help improve the specific
surface area, provide active sites at the interface for catalytic
reactions, and provide favorable pathways for transferring
charges and electrons. The prepared FeNi2/C-MS shows
outstanding OER performance in alkaline electrolytes, with an
overpotential of 279.4 mV at a current density of 10 mA cm−2

and a Tafel slope of 45.7 mV dec−1. The mechanism
responsible for the exceptional catalytic performance of
FeNi2/C-MS is multifaceted. On the one hand, the change
of carbon morphology by the MS method increases the specific
surface area and defects, improves the exposure of active sites,
accelerates the transfer of charges, and enhances the adhesion
and electronic interaction between FeNi and carbon. On the
other hand, the molten salt modifies the surface of the metallic
particles, increasing the abundance of high-valence Ni and Fe
ions and the concentration of M−O and M-OH/OOH bonds.
This modification enhances the catalytic activity, making the
material more favorable for the oxygen evolution reaction
(OER). In conclusion, the FeNi alloy/carbon composite
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synthesized through the MS method represents a promising
catalyst fabrication method. This method paves the way for
efficient energy conversion, demonstrating both the potential
and significant advantages of the MS method for enhancing
electrocatalytic performance in OER applications.
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