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Medium-entropy alloys (MEAs) as electrocatalysts have attracted considerable attention in the field of
water splitting. However, effective modulation of MEAs to achieve highly efficient catalysis remains a chal-
lenge. Herein, we applied a metal-organic framework (MOF) templating strategy to obtain FeCoNi MEA
nanoparticles with excellent oxygen evolution reaction (OER) activity and tungsten improved FeCoNi-W
medium-entropy heterostructure catalysts. The incorporation of tungsten changes the electronic struc-
ture of FeCoNi MEA. The mesoporous alloy exhibits multiple active sites and unique atomic-level syner-
gies that enhance the effective binding of reactants and the formation of crucial *OH intermediates criti-
cal for OER. The rationally designed and constructed tungsten-refined FeCoNi-W medium-entropy

Received 1st February 2025,
Accepted 22nd February 2025

DOI: 10.1039/d5dt00258¢

heterostructure electrode demonstrates superior OER performance (270 mV at 10 mA cm™2, a Tafel slope
of 43.2 mV dec™) and stability (50 h at 100 mA cm™2) compared to commercial noble metal electrodes.
This work will provide a basis for tailoring the properties of medium/high-entropy alloys (M/HEAs)
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1 Introduction

Hydrogen energy, as a highly potent clean energy source, is
gradually becoming a crucial component of the future energy
system.”” Through water splitting reactions, we can efficiently
produce hydrogen energy by utilizing renewable resources.®™
However, a major challenge is the oxygen evolution reaction
(OER), a crucial step in water splitting.® The OER involves a
4e” transfer process that has sluggish kinetics and a high
energy barrier, resulting in a significant overpotential.’
Although noble metal-based electrocatalysts (such as RuO,/
IrO,) have been proven to effectively accelerate the OER
process,® their high costs, limited availability, and instability
severely hinder their large-scale application. They exhibit
various advantageous properties such as high yield strength,’
thermal stability,’® corrosion resistance,'’ notable magnetic
characteristics,'> and superior catalytic activity. Recently,
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through local chemical modification.

medium-entropy alloys (MEAs) have demonstrated significant
advantages in electrochemical stability, elemental diversity,
and synergistic effects in catalytic applications due to their
unique four core effects, providing a new pathway to replace or
reduce the use of noble metals."*™"” Typically, the catalytic per-
formance of MEAs can be effectively enhanced by designing
nanostructured morphologies and incorporating multi-
element doping.'®'® These methods not only increase the
number of reactive active sites, but also improve their inherent
catalytic properties. Notably, incorporating high-valent metal
elements into metal oxide electrocatalysts can optimize the
OER performance by adjusting the three-dimensional metal
oxide redox energy landscape.* For instance, Sargent and col-
leagues reported an FeCoMoW oxide electrocatalyst that out-
performed FeCo oxide catalysts.>' Furthermore, they developed
an FeCoW hydroxide catalyst that could stably operate at a
moderate overpotential for approximately 500 hours under 1 M
KOH conditions.”* These studies suggest that incorporating
multiple metal elements into MEAs can finely tune the elec-
tronic structure and provide diverse metal active sites.
However, the thermodynamic immiscibility between these
elements often leads to phase separation and composition seg-
regation, thereby reducing the overall performance. Therefore,
designing suitable medium-entropy structures and selecting
appropriate preparation methods become crucial. In recent
years, significant progress has been made in the controlled
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synthesis and innovative design of FeCoNi-based nanocata-
lysts, advancing the research on electrocatalytic materials and
broadening their application fields.>*">> Meanwhile, given the
inherent functional characteristics of interfacial structures in
catalysis, numerous studies have focused on electrocatalyst
nanomaterials developed through interfacial engineering.*®
The internal electric fields at the epitaxial interfaces in these
materials significantly enhance the electrocatalytic perform-
ance, promoting hydrogen adsorption and accelerating elec-
tron transfer.

Here, we synthesized a nano-heterojunction catalyst rich in
rare earth elements Fe, Co, Ni, and W using a simple hydro-
thermal method. By precisely controlling the equimolar ratio of
transition metal elements, we achieved high electrocatalytic
performance for FeCoNi-W. The prepared electrocatalysts
exhibited excellent catalytic performance, benefiting from
abundant active sites, multi-element synergistic effects, and
entropy stability. In particular, we rationally designed and con-
structed a tungsten-refined FeCoNi-W medium-entropy hetero-
structure electrode that surpassed the FeCoNi MEA electrode in
terms of OER performance and stability (achieving an overpo-
tential of 270 mV at 10 mA cm ™ with a high turnover frequency
and stable operation for 50 hours at 100 mA c¢m?). This
superior performance is attributed to the addition of tungsten,
which alloyed FeCoNi with the less electronegative W element,
forming a unique medium-entropy heterostructure. This
process fine-tunes the surface electronic states of the active
metal centers, facilitating the adsorption of OH and enhancing
the effective binding of reactants. This study provides a simple
and effective method for synthesizing heterogeneous materials
containing nanoscale multi-metal elements, providing new
vitality into the development of the hydrogen energy field.

2 Results and discussion

The FeCoNi-W medium-entropy alloy-oxide (MEA/MEO) hetero-
structure electrocatalyst was synthesized using a tungsten (W)
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modulation strategy. FeCoNi and FeCoNiW metal-organic
frameworks (MOFs) were synthesized using a solvothermal
method as reported in the literature. Following this, nanoalloy
catalysts were fabricated through high-temperature reduction
in an H,/Ar environment. Scheme S1f depicts the preparation
process of the FeCoNi-W MEA/MEO heterostructure catalyst.
As shown in Fig. 1a, the two prepared catalysts exhibited excel-
lent crystallinity; the X-ray diffraction (XRD) pattern of the
FeCoNi MEA nanoparticles showed no detectable peak of
metal oxides. In particular, the peak located at approximately
44° in the FeCoNi sample corresponds to the (111) plane of
the FCC structure (FeNi;, PDF# 38-0419). Notably, the peak
positions in the FeCoNi sample exhibit slight shifts, indicating
the successful incorporation of these elements into the nano-
catalyst, forming the MEA structure. Additionally, compared to
FeCoNi/C, the FeCoNi-W XRD exhibited clear peaks of metal
oxides at 24.3° and 30.3°. These peaks highly matched the
(110) and (111) planes of the FeWO, phase (PDF# 74-1100),
indicating the formation of the FeCoNi-W medium-entropy
alloy/oxide (MEA/MEO) heterostructure. Fig. 1b displays the
Raman spectra of FeCoNi and FeCoNi-W, with characteristic
peaks at 1350 and 1582 cm ™" representing the D and G bands
of carbon-based materials, respectively. Both D and G peaks
are Raman signatures for carbon atom crystals. Specifically,
the D peak indicates the presence of defects in the carbon
atom crystal; the G peak signifies the stretching vibration of
sp® hybridized carbon atoms within the plane.?” In carbon-
based materials, the ratio of the intensities of the D and G
peaks (Ip/Ig) serves as an indication of lattice defects and
material disorder. The Ip/Ig ratio for FeCoNi was 0.76,
suggesting a relatively intact crystal structure. However, upon
the introduction of W into the FeCoNi matrix, the Ip/I; ratio
increased to 0.88, indicating a higher degree of lattice defects
and oxygen-containing functional groups in FeCoNi-W. This
increase led to an enhanced level of disorder within the
material.

A detailed investigation of the microstructure and mor-
phology of the catalysts was conducted using transmission
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Fig. 1 (a) XRD patterns and (b) Raman spectra of FeCoNi MEA and FeCoNi-W medium-entropy heterostructures.
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electron microscopy (TEM) and scanning electron microscopy
(SEM). The FeCoNi and FeCoNi-W medium-entropy hetero-
structure samples exhibit similar morphological character-
istics, consisting of aggregated particles formed by the stack-
ing of irregularly surfaced nanoparticles (Fig. 2a, b and
Fig. S17). To gain a deeper understanding of the microstruc-
ture of these samples, High-Resolution TEM (HR-TEM) was
employed. The HR-TEM images of FeCoNi-W presented in
Fig. 2c and d clearly reveal the abundant presence of FeWO,
nanoparticles on the surfaces and edges of the FeCoNi nano-
spheres. In Fig. 2e, lattice fringes with spacings of approxi-
mately 2.94 A (yellow lines) and 2.06 A (red lines) were
observed, which are attributed to the (111) plane of medium-
entropy oxides within the medium-entropy heterostructure
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nanocatalyst and the (111) diffraction peak of the FeCoNi alloy
nanocatalyst, respectively. Notably, the combination of FeWO,
and FeCoNi forms a unique heterogeneous structure, resulting
in a shift in the peak position of FeWO, (111) compared to
pure FeCoNi. To gain insights into the elemental distribution
of FeCoNi-W, energy-dispersive X-ray (EDX) mapping analysis
was performed. The EDX Spectroscopy elemental mapping
results of the FeCoNi-W sample show a uniform distribution
of five elements within the sample, further confirming the suc-
cessful synthesis of the FeCoNi-W heterogeneous structure
(Fig. 2f and Fig. S27).

X-ray photoelectron spectroscopy (XPS) characterization and
analysis were performed to investigate in detail the surface
chemical states and chemical structures of the prepared
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Fig. 2 Morphological characterization of FeCoNi-W. SEM images of (a) FeCoNi and (b) FeCoNi-W. (c) TEM and HR-TEM images provide further
insights into the microstructure of FeCoNi-W. (d) An enlarged TEM image is shown in (e). (f) Elemental mapping of FeCoNi-W highlights the distri-

bution of the corresponding elements.
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Fig. 3 High-resolution XPS spectra of FeCoNi-W. (a) Fe 2p spectra of FeCoNi-W and FeCoNi. (b) Co 2p spectra of FeCoNi-W and FeCoNi. (c) Ni 2p

spectra of FeCoNi-W and FeCoNi. (d) W 4f spectrum of FeCoNi-W.

FeCoNi MEA and the alloyed FeCoNi-W MEA/MEO -catalyst
with a heterogeneous compound formed by incorporating the
less electronegative element W. As shown in Fig. S3,1 the XPS
spectra of both FeCoNi MEA and FeCoNi-W MEA/MEO show
the presence of the same constituents, with a distinct peak for
element W in FeCoNi-W MEA/MEO clearly visible. In addition,
peak matching was performed on the high-resolution XPS
spectra of the primary constituents of the FeCoNi MEA and
FeCoNi-W MEA/MEO catalysts. The Fe 2p high-resolution spec-
trum (Fig. 3a) exhibits two peaks at 710.8 eV and 724.91 eV,
corresponding to Fe** 2p;, and Fe*" 2p,,, respectively, while
peaks at 713.6 eV and 727.48 eV are associated with Fe** in the
catalyst material. The peaks located at 709.08 eV and 723.23 eV
represent metallic Fe, and those at 716.7 eV and 734.07 eV are
satellite peaks.”® Furthermore, surface oxidation of alloy par-
ticles leads to the formation of high-valent iron. Compared
with the FeCoNi MEA sample, the binding energy of the Fe
2pss2 peak in the FeCoNi-W MEA/MEO catalyst exhibits a posi-
tive shift (to 707.3 eV), indicating that the incorporation of the
less electronegative W element reduces the electron cloud
density around Fe atoms, effectively “pulling away” or “deplet-
ing” electrons, thereby causing a positive shift in the binding
energy of the Fe 2p;, peak. This alteration in the electronic
structure may influence the catalytic performance of the
FeCoNi-W catalyst. As a heterophase element, W possesses a
different atomic radius and electron configuration compared
to Fe, Co, and Ni, disrupting the original electronic balance
and causing a redistribution of electrons around Fe atoms

5296 | Dalton Trans., 2025, 54, 5293-5300

when the W heterophase is formed in the alloy. Analysis of the
high-resolution Ni XPS spectrum reveals two prominent peaks
in the Ni 2p;3, region of the FeCoNi-W catalyst: the peak at
853.2 eV corresponds to metallic Ni°,?° while the peak at 856.9
eV is attributed to Ni**, indicating partial oxidation on the
catalyst surface. Notably, the introduction of the less electrone-
gative W element to form an alloy/oxide heterogeneous junc-
tion results in a slight negative shift in the binding energy of
metallic Ni. Additionally, in the spectrum of FeCoNi, the peaks
at 781.0 eV and 796.7 eV correspond to the 2ps, and 2pq.,
energy levels of metallic Co, respectively (Fig. 3b).>**" Analysis
of the high-resolution Co XPS spectrum reveals two prominent
peaks in the Co 2p;,, region of the FeCoNi-W catalyst: the peak
at 778.8 eV corresponds to metallic Co°, while the peak at
781.1 eV is attributed to Co>", indicating partial oxidation on
the catalyst surface. For the FeCoNi-W catalyst, the peaks at
853.2 eV and 870.4 eV belong to the 2p;, and 2py/, energy
levels of metallic Ni’, respectively (Fig. 3c). It is worth noting
that the incorporation of the less electronegative W element
into the FeCoNi alloy results in varying degrees of binding
energy shifts for Fe’, Co°, and Ni’. This phenomenon reveals a
significant synergistic electronic coupling effect among Fe, Co,
Ni, and W atoms (Fig. 3d), which may alter the adsorption be-
havior of OER intermediates on Co, Ni, and Fe sites.>* This dis-
covery further confirms the existence of synergistic electronic
coupling among Fe, Co, Ni, and W atoms.

The OER catalytic activity was investigated in a 1.0 M KOH
setup.

electrolyte employing a standard three-electrode

This journal is © The Royal Society of Chemistry 2025
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(a) LSV curves of FeCoNi MEA, FeCoNi-W MEA/MEOQ heterostructure nanocatalyst, and IrO, catalysts; (b) ECSA curves represented by the

values of electrochemical Cy4 of FeCoNi, FeCoNi-W, and IrO, catalysts. (c) Tafel slope of FeCoNi, FeCoNi-W, and IrO, catalysts; (d) EIS plots with
fitting lines of FeCoNi, FeCoNi-W, and IrO, catalysts at a voltage of 1.53 V vs. RHE.
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Fig. 5 Linear sweep voltammetry curves of (a) FeCoNi MEA and (b) FeCoNi-W loaded in 1.0 M KOH with and without methanol (0.602 mol L™). (c)
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Subsequently, the electrocatalytic OER activities of FeCoNi
MEA and FeCoNi-W MEA/MEO heterostructure nanocatalysts
were then compared using cyclic voltammetry (CV) at a scan
rate of 0.005 V s'. The results revealed that the FeCoNi-W
heterostructure nanocatalyst exhibited superior performance
(Fig. 4a). Notably, the constructed medium-entropy hetero-
geneous structured electrode of tungsten-refined FeCoNi-W
exhibits superior OER performance. At a current density of
10 mA cm?, the alloying of the less electronegative W element
results in the formation of a unique FeCoNi-W medium-
entropy alloy/oxide heterogeneous junction catalyst, exhibiting
an overpotential of only 270 mV. This is 18.2 mV lower than
the overpotential of the FeCoNi MEA. By analyzing the CV
curves in the double-layer region at various scan rates (Fig. 4b),
the double-layer capacitance (Cq;), which is positively corre-
lated with ESCA, was determined. The heterojunction catalyst
obtained after incorporating the less electronegative W
element exhibited a higher Cgq value (2.14 mF cm™> for

300
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FeCoNi-W vs. 1.23 mF cm™> for FeCoNi) compared to the pure
FeCoNi MEA. Moreover, FeCoNi-W possessed the lowest Tafel
slope (43.2 mV dec™") (Fig. 4c), indicating that the heterojunc-
tion catalyst, with the incorporation of the less electronegative
W element, demonstrated faster kinetics during the OER.
Furthermore, electrochemical impedance spectroscopy (EIS)
was employed to gain insights into the interfacial transport
mechanisms of the electrocatalyst. In contrast, the FeCoNi-W
MEA/MEO heterostructure nanocatalyst exhibits a lower charge
transfer resistance, indicating a superior charge transfer rate
during the OER process (Fig. 4d).

As shown in Fig. 5a, b and Fig. S4, S5,1 the methanol oxi-
dation reaction (MOR) is employed as an effective method to
evaluate the adsorption of OER intermediates, where the
increase in current density positively correlates with the coverage
of the catalytic reaction intermediate OH*. The results indicate
that the FeCoNi-W MEA/MEO heterostructure nanocatalyst exhi-
bits a notably higher current density compared to FeCoNi MEA,
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able or superior performance to recently reported high-entropy OER catalysts in 1.0 M KOH at a current density of 10 mA cm
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suggesting that the formation of heterogeneous interfaces effec-
tively modulates the adsorption of the intermediate OH* in
the FeCoNi-W MEA/MEO heterostructure nanocatalyst.*?
Additionally, the turnover frequency (TOF) of the FeCoNi MEA,
FeCoNi-W MEA/MEO heterostructure nanocatalyst was evaluated
to assess its intrinsic activity at a constant overpotential of
300 mV (Fig. 5¢ and d). The TOF values for Fe and Co in the
FeCoNi catalyst are 0.041 s~ and 0.071 s ', respectively.
However, in the FeCoNi-W catalyst, the TOF values for Fe and Co
are significantly higher, at 0.144 s™* and 0.235 s, respectively,
representing a 2-3 times increase in intrinsic activity compared
to the FeCoNi catalyst. Electrocatalysts, serving as pivotal
materials in electrochemical reactions, have their performance
directly influencing the efficiency and sustainability of these
reactions. During extended periods of use, particularly under
high current density operating conditions, the durability of elec-
trocatalysts emerges as one of the crucial indicators for assessing
their performance quality. To further investigate the stability of
FeCoNi MEA and FeCoNi-W MEA/MEO heterostructure nano-
catalysts, we conducted chronopotentiometry experiments. The
long-term stability of the FeCoNi-W MEA/MEO heterostructure
nanocatalyst material was evaluated through chronopotentiome-
try (E-t) tests conducted over 50 hours at a constant current
density of 100 mA cm™>. As shown in Fig. 6a, after 50 hours of
stability testing, the FeCoNi-W material exhibited excellent stabi-
lity at 10 mA em™2, with only a slight increase in overpotential of
a few millivolts at a current density of 100 mA cm™>, a trend that
is significantly superior to that of IrO, (Fig. 6b and c). Notably,
the performance of the FeCoNi-W electrode surpasses many pre-
viously reported OER catalysts, such as polymetallic alloys, poly-
metallic (oxygen) hydroxides,*** oxides,*® sulfides,>” and noble
metal alloys (Fig. 6d and Tables S1 and S27).%®

3 Conclusion

In summary, the tungsten-refined FeCoNi-W medium-entropy
heterostructure catalyst was prepared through a sacrificial
MOF templating method. Compared to the FeCoNi MEA elec-
trode, the rationally designed and constructed tungsten-
refined FeCoNi-W medium-entropy heterostructure electrode
exhibits superior oxygen evolution reaction (OER) performance
(270 mV at 10 mA cm 2, which is 18 mV lower than that of
pure FeCoNi MEA) and stability (stable operation for 50 hours
at 100 mA cm™?). This is attributed to the incorporation of
tungsten metal, which alloys FeCoNi with the less electronega-
tive W element to form a unique medium-entropy hetero-
structure. Experiments such as methanol probing have
revealed that the alloying of the less electronegative W element
with Fe, Co, and Ni, which have large differences in atomic
radii, finely tunes the surface electronic states of the active
metal centers, facilitating the adsorption of OH and enhancing
the effective binding of reactants. The rational design of
heterostructure nanoparticles proposed in this study provides
a foundation for designing a new generation of M/HEA nano-
materials with efficient catalytic oxygen evolution.

This journal is © The Royal Society of Chemistry 2025
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