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Abstract

Developing efficient oxygen evolution reaction catalysts is pivotal for water
splitting. In this study, we fabricated FeCoNiW thin-film electrodes with varying
tungsten content via magnetron sputtering, and systematically investigated the
regulatory mechanism of tungsten doping on oxygen evolution reaction performance.
The Grazing incidence X-ray diffraction analysis shows that the lattice constant
obviously increased due to the incorporation of W. The electrodes doped with W
exhibit smaller granular size based on morphological characterization. After the linear
sweep voltammetry reconstruction, the electrodes develop more nano-flower-like
structures. And the optimal FeCoNiW electrode achieves the lowest oxygen evolution
reaction overpotential of 264 mV at 10 mA ¢cm2 and a Tafel slope of 59.09 mVdec™.
Electron transfer from Fe to Ni/Co/W facilitates the formation of high-valence Fe
oxyhydroxides, which enhances the oxygen evolution reaction electrocatalytic activity.
First-principles calculations show that the incorporation of tungsten enhances the Ni
d-band center, thereby strengthening the binding of intermediates to Ni sites during

the OER process and subsequently accelerating the OER kinetics. This work reveals



the critical role of W in FeCoNi based alloy OER catalysts through a compositional
engineering strategy, providing new insights for the design of highly efficient and
stable electrocatalysts for water splitting.
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1. Introduction

With the ever-increasing global energy demand and escalating environmental
challenges, the development of sustainable energy conversion and storage
technologies has emerged as a critical imperative in contemporary scientific research
[1,2]. Electrocatalytic water splitting has emerged as a prominent clean and efficient
hydrogen production strategy, attracting substantial research attention due to its
capability to harness electricity derived from renewable energy sources such as solar
and wind power for driving water electrolysis processes, thereby generating
zero-emission "green hydrogen [3-6]. In contrast to conventional hydrogen
production via fossil fuel combustion (such as coal, petroleum, natural gas) that yields
“gray hydrogen” with substantial carbon emissions, “green hydrogen” demonstrates
near-zero carbon footprint during its production process, thereby being recognized as
a genuinely clean energy carrier [7]. The electrocatalytic water splitting mechanism
comprises two coupled half-reactions: the hydrogen evolution reaction (HER) at the
cathode and the oxygen evolution reaction (OER) at the anode [8]. However, the
sluggish kinetics of the alkaline condition, which are characterized by its multi-step
proton-coupled electron transfer mechanism and inherent high overpotential,
constitute the primary bottleneck in the overall water splitting efficiency.
Consequently, the rational design of efficient, durable, and cost-effective OER
electrocatalysts has emerged as a pivotal research toward achieving large-scale
electrocatalytic water splitting for practical applications[9].

Currently, noble metal-based catalysts (such as RuO: and IrO:) are recognized as
the most efficient OER catalysts [10—-12]. However, their high cost and scarcity have

severely hindered large-scale applications [13]. In contrast, low-cost transition metal



alloys (including Fe, Co, Ni, etc.) have attracted significant attention due to their
tunable electronic structures and excellent alkaline environment tolerance [14-22].
Nevertheless, conventional alloys often suffer from insufficient active sites and poor
electrical conductivity, limiting their practical performance [23]. High entropy alloys
(HEAs) and medium entropy alloys (MEAs) can form unique local electronic
environments through the synergistic effects of multiple principal elements, thereby
simultaneously enhancing catalytic activity and stability[24-28]. FeCoNiCuPd HEA
thin film catalyst demonstrated outstanding performance with ultralow overpotential
194 mV for OER at a current density of 10 mA ¢cm™, for its highly function (FeCoNi)
-oxyhydroxide species formed on the film surface [29]. FeCoNi alloys with Mo
coordination exhibit a low overpotential with 250 mV at the current density of 10 mA
cm? in alkaline medium and high OER stability at a high current density of 100 mA
cm [30]. Collectively, these results demonstrate the immense potential of HEAs in
advancing OER electrocatalysis. However, the synthesis of HEAs remains inherently
complex and energy-intensive, posing significant challenges for scalable production.
Yang et al. deposited FeCoNiCrMo thin film with dense nanosheet array structures on
the nickle foam by magnetron sputtering [31]. This catalyst has abundant active sites
and shows excellent stability and activity in the OER process. This study
demonstrates that magnetron sputtering offers a facile fabrication protocol for HEAs,
presenting itself as a promising synthetic avenue while concurrently unlocking novel
pathways for designing high-performance transition metal-based electrocatalysts.
Besides HEAs systems, the MEAs also show very good OER activity and excellent
performance. Dai et al. found that the CoNiFeCuo.1 MEA electrode exhibits good OER
activity and excellent durability due to the unique hierarchical porous structure and
optimized compositions [32]. The electrode performance of some medium-entropy
alloys can far exceed that of most high-entropy alloys. Park et al. found that by
adjusting the proportions of Fe, Co, Ni, and Cr, the overpotential could be reduced to
187 mV [33].

Among various HEAs and MEAs systems, FeCoNi-based alloys have garnered

significant research interest owing to their unique electron correlation effects and



surface reconstruction behavior under electrochemical polarization, which
synergistically enhance both charge transfer kinetics and thermodynamic stability
[34-36]. Three transition metals (Fe, Co, Ni) are widely employed as electrocatalysts
due to their excellent catalytic and stability in alkaline media [37]. Crucially, the
incorporation of 5d transition metal W induces lattice strain-mediated d-band center
upshift, which optimizes oxygen intermediate adsorption/desorption energy, thereby
synergistically enhancing overall catalytic performance. This phenomenon originates
from the extended radial distribution of 5d orbitals compared to their 3d counterparts,
which facilitates stronger interatomic hybridization with adjacent ligand orbitals [38—
40]. Consequently, the electron bandwidth in 5d transition metals substantially
exceeds that in 3d metals , enabling broader tunability of electronic structure through
d-band center modulation [41]. In addition, 5d metals possess additional orbital
degrees of freedom to modulate the electronic band structure and the
adsorption/desorption energies of intermediates. The high-valent 5d metal W has been
shown to effectively tune the electronic structure of catalysts, thereby optimizing the
adsorption/desorption behavior of oxygen intermediates and extending -catalyst
durability. For example, incorporating W into FeCoNi alloys enhances their OER
performance through synergistic electronic coupling effects among Fe, Co, Ni, and W
atoms. Ye et al. demonstrated that incorporating W into FeCoNi-based alloys induces
changes in the electronic structure of the FeCoNi alloy through 3d-5d orbital
hybridization, increases the catalyst's specific surface area and exhibits superior
performance [42]. The enhanced overall activity of W-doped FeCoNiMo systems
derived from d-band center upshifting toward Fermi level, thereby increasing the
adsorption of active intermediates[40]. The d° W¢" atoms with low-spin states possess
more outermost empty orbitals, leading to increased adsorption of water and OH~
groups on the exposed W sites of Ni(OH): nanosheets. Density functional theory
calculations confirm that both O radicals and O-O coupling occur at the same W** site
[43]. Zhang et al. demonstrated that NiFeCoCrW HEAs enable multi-path electron
synergism to activate lattice oxygen oxidation mechanisms (LOM) for enhanced

oxygen evolution. By constructing a NiFeCoCrWo.. HEA, they achieved a low



overpotential of 220 mV at 10 mA cm™ and exceptional stability, attributed to Ni-Co
dual-site coupling and W-induced electronic modulation [44]. However, systematic
research on the influence of different W contents in FeCoNiWx on their OER
performance is still lacking. Therefore, this study aims to fabricate efficient
FeCoNiWx medium entropy alloy thin-film electrodes via magnetron sputtering and
systematically investigate the effects of varying W contents on the OER performance
and its underlying mechanisms.

In this paper, FeCoNiWy thin films with different W contents were prepared on
nickle foam substrate via magnetron sputtering and the effects of varying W contents
on the OER performance in alkaline water were systematically investigated. And we
compared of surface morphology and microstructure, as well as the morphological
changes after linear sweep voltammetry (LSV) reconstruction. Additionally, we
investigated the internal charge transfer and mechanisms by X-ray photoelectron
spectroscopy (XPS), providing effective evidence for W's enhancement of the

performance of MEAs thin-film electrodes.

2. Experimental
2.1. Material

Equiatomic ratio FeCoNi target (99.9%) with a size of D60 X4 mm was
customized by Changsha Xinkang New Materials Co., Ltd. The W target (99.9%)
with a size of 10 x10 X1 mm was produced by Advanced Technology and Materials
cooperation using powder metallurgy. Potassium hydroxide (KOHAR) was provided
by Aladdin Company. Deionized water was purchased from Zhejiang Nandai
Industrial Co., Ltd. Nickel foam was provided by Guangjiayuan New Material Co.,
Ltd. Ethanol (AR), acetone (AR) and hydrochloric acid were all provided by Modern

Oriental (Beijing) Technology Development Co., Ltd.



2.2. Fabrication of FeCoNiWXx film electrodes

The 10 mm %18 mm nickel foams used as substrates were treated in 1 mol/L
hydrochloric acid, acetone, ethanol and deionized water for 10 minutes respectively.
The working mode of magnetron sputtering is direct current (DC) sputtering. The
deposition parameters are as follows: background vacuum is 8x10~* Pa, power supply
was 100 W, current was 435 mA, voltage was 230 V, deposition pressure was 1 Pa and
deposition time was 60 min. The fabrication process of FeCoNiWy film electrodes
were described (Fig. 1(a)). A series of FeCoNiW, thin films were prepared by
magnetron sputtering on nickel foam substrates for about 60 minutes. By regulating
the number of W targets (0, 2, 4, 6, 7) for co-sputtering on the FeCoNi target, the
corresponding FeCoNiWy electrodes were named W0, W2, W4, W6, and W7
respectively. After performing eight LSV cycles, the WO0-W7 electrodes were
respectively named as LSV-WO0, LSV-W2, LSV-W4, LSV-W6, and LSV-W7

electrodes.

2.3. Electrochemical testing

The electrochemical performance of the prepared electrodes was tested using a
standard three-electrode system (working electrode: prepared sample, counter
electrode: graphite electrode, reference electrode: Hg / HgO) in a CHI600E
electrochemical workstation, with the testing medium being 1 mol/L KOH solution.
The electrocatalytic activity of the samples can be evaluated by electrochemical
surface area (ECSA) which is in direct proportion to Caqi and ECSA can be derived

from the formula: ECSA = Ca/Cs, and Cs is specific capacitance [45]. The values of

Ca were calculated by formula: Cq =Cq; . For this formula, j. is anodic

_ Ga=io)/2
v

current and j. is cathodic current obtained from CV and the scanning potential range is

from 1.124 to 1.224 vs.RHE (non-faradaic region). Additionally, v is scan rate of CV

(70 mV/s, 80 mV/s, 90 mV/s, 100 mV/s and 120 mV/s). The electrocatalytic OER



stability was evaluated at 10 mA/cm? for 12h through chronopotentiometry. LSV was
performed at a scan rate of 5 mV/s (scanning window:1.1-1.7V
vs.RHE). Chronopotentiometric stability evaluation was conducted at 10 mA cm™ for

about 12 h. All potentials were converted to the reversible hydrogen electrode (RHE)

scale using the equation:Eryg = Eng/ngo + Egg/Hgo + 0.0591pH.Where Egyg is the
potential relative to the reversible hydrogen electrode, Eyg/pgois the measured

potential of work electrode versus Hg/HgO electrode,Egg/Hgo :the potential of

Hg/HgO electrode which is relative to standard hydrogen electrode.

2.4. Materials Characterization

Grazing incidence X-ray diffraction (GIXRD) patterns were collected on a D8
ADVANCE (Bruker, Beijing, China) using a Cu target with a grazing incidence angle
of 1° to characterize the crystal structures. The morphology and the element mapping
of films were investigated by scanning electron microscopy (FESEM, S4800, Hitachi,
Japan) and electron energy dispersive X-ray spectroscopy (EDS, Hitachi, Japan). The
XPS was obtained by Thermo Fisher ESCALAB 250Xi to characterize surface states.

2.5. First-principles calculation

Unit cells with the (100) crystallographic plane of FeCoNi and FeCoNiW
serving as the exposed surface were constructed. Structural optimization and
electronic structure calculations were performed using density functional theory (DFT)
as implemented in the Vienna Ab initio Simulation Package (VASP) code. The
exchange-correlation interactions were described by the generalized gradient
approximation (GGA) [46] paired with the Perdew—Burke—Ernzerhof(PBE) functional
[47]. Electron wavefunctions were expanded via plane waves with a cutoff energy of
500 eV. During structural relaxation, the energy convergence tolerance per atom was

set to 10~ eV for both systems. The vacuum layer thickness was set to ~15 A, which



is sufficient to eliminate spurious interactions between periodically replicated slabs
caused by the periodic boundary conditions, thereby avoiding interference with the
surface properties during adsorption. The density of states (DOS) of FeCoNi and
FeCoNiW, as well as the projected density of states (PDOS) of each element, have

been calculated and analyzed.

3. Results and discussion

GIXRD analysis (Fig.1(b)) revealed that the WO sample without W doping
exhibited two characteristic diffraction peaks at 44.5° and 51.9°, corresponding to the
face-centered cubic (FCC) structure of pure Ni (JCPDS No. 04-0850), respectively.
This confirms that it has an FCC phase similar to pure nickel. When W was
incorporated into the FeCoNi system in an equimolar ratio to form the W2 electrode,
the diffraction peak at 51.9° corresponding to the (200) plane disappeared, while the
(111) peak remained, still indicating an FCC structure. The W4 electrode had the
same FCC structure as W2. With the incorporation of W, the peak positions in the
XRD pattern move toward decreasing 20°. These phenomena can be explained based
on the crystal plane-spacing formula and Bragg’s equation,

a

d=—2= (1)
NI+ + 1
2d,,,sin@ =ni ()

Here, dnx represents the crystal plane spacing of the alloy sample, a represents
the lattice constant of the alloy sample, (hkl) represents the crystal plane index, 0
denotes the diffraction angle, n denotes the diffraction order, and A denotes the X-ray
wavelength. when the lattice constant increases, the crystal plane spacing increases
and the diffraction angle decreases. Therefore, the lattice expansion caused by the

addition of W moves the peak position of the FeCoNiWy along decreasing 26°.
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Figure 1. (a) Schematic diagram of the fabrication process of FeCoNiW film electrodes; (b)

GIXRD of WO. W2, W4, W6, W7.

Table 1 The atomic percentage of FeCoNiW films with different W content.

Number of
Fe Co Ni w
targets W
0 22.08 28.40 49.51 0
2 17.27 21.80 39.70 21.23
4 10.55 12.38 44.86 32.21
6 5.07 6.96 54.32 33.66
7 6.46 7.93 36.17 49.44

Table 1 indicates the atomic percentages of elements in FeCoNiW films with
different W contents. Among them, the contents of Fe and Co elements (excluding the
base element Ni) are nearly equimolar. The W content in the film increases
proportionally with the number of W targets. Fig.2(a)-(e) presents the SEM images
and mapping analysis results of FeCoNiW films with different W contents. Fig.2(f) is
an enlarge view of Fig.2(e). From the SEM images Fig. 2(a), it can be observed that
the surface of the undoped FeCoNi film has very few granular structures. With the
incorporation of W atoms, the number of surface granular structures in the equiatomic
FeCoNiW film gradually increases, and the catalytic performance improves
accordingly. When the ratio of Fe:Co:Ni:W is approximately 1:1:1:3, the surface of

the film is covered with granular structures and the catalytic performance is



significantly enhanced. When the ratio is approximately 1:1:1:5, the film exhibits the
highest number of particles per unit area with the smallest particle size, leading to the
optimal catalytic performance. However, when the ratio reaches approximately
1:1:1:6, the catalytic performance declines. Based on this, the potential optimal
doping ratio is determined to be Fe:Co:Ni:W approximately 1:1:1:5, meaning that W6
is the electrode with the best catalytic performance. According to the morphological
analysis, a higher number of particles per unit area with smaller particle size on the
film surface results in a larger specific surface area. This allows for more sufficient
contact with the KOH electrolyte during the subsequent OER reaction, generating
more active oxygen-containing species per unit time, thereby endowing the film
electrode with a lower oxygen evolution overpotential. The EDS elemental mapping

of FeCoNiW for W6 is shown in Fig.2(g).

Figure 2. (a)-(e) SEM image in W0, W2, W4, W7, W6; (f) Enlarge view of Fig. (e); (g) EDS

elements mapping of Fe/Co/Ni/W in W6.

Fig.3. (a)-(c) show the surface morphology evolution of W6, W7 and WO
thin-film electrodes after 8 cycles of LSV. The surface of the undoped WO electrode

exhibits a sparse nano-flower-like structure (about 600 nm in diameter), while the



surface of the W6 electrode features a uniformly distributed porous nano-flower-like
structure (Fig.3(a)). The characteristic size is reduced to 200-300 nm, which promotes
the growth of specific surface area. In general, catalysts exhibiting high mass activity
often possess smaller particle sizes. This is attributed to the fact that their surface
atoms constitute a higher proportion of the total atoms per unit mass and contain a
greater number of electrocatalytic active sites [45,48,49]. However, the excessively
doped W7 electrode may suffer from pore blockage caused by excessive growth of
nano-flower-like structures, leading to mass transfer limitation and performance

degradation.

To elucidate the chemical state evolution of constituent elements in FeCoNiW

films during OER, we conducted XPS on W6 samples before and after LSV
reconstruction. All XPS peaks were calibrated using the C-C bond at 284.8 eV. As
shown in Fig.5(a), the characteristic peaks of six elements C 1s, O 1s, Fe 2p, Co 2p,
Ni 2p, and W 4f can be detected in the full spectrum before and after LSV
reconstruction. The high-resolution XPS spectra of Fe 2p, Co 2p, Ni 2p, W 4f, and O
Is are presented in Fig.4(b)-(f). The high-resolution XPS 2p spectra for Fe, Co, and
Ni in W6 (Fig. 4(b)—(d)) show two main peaks per element: 2p3,2 and 2p12 before and
after LSV reconstruction. These two main peaks can be regarded as the convolution of
several binding energy peaks belonging to valence states of 0, +2, +3 or +4 and their
satellite peaks[42]. The binding energies of the 2p3» XPS peaks for the oxidation
states of Fe/Co/Ni/W on the surface of W6 are 711.51 eV, 782.13 ¢V ,856.32 ¢V and
35.39 eV, respectively. And those for LSV-W6 are 711.71 eV, 780.79 eV, 855.99 eV



and 35.09 eV, respectively[30,50,51]. Compared with W6, the binding energies of Co,
Ni and W in LSV-W6 shift to lower binding energies by 1.34 eV, 0.33 eV and 0.30 eV,
respectively, while the binding energy position of Fe shifts to a higher binding energy
by 0.2 eV. This indicates that electrons in the Fe element are transferred to the Ni, Co
and W elements. Such electron transfer is favorable for generating high-valence Fe
species, namely iron hydroxides or oxyhydroxides, thereby may improve the OER
electrocatalytic performance[20,52—-54]. In Fig. 4(e), the element W has two main
peaks located at 35.4 eV, 37.3 eV and 31.15 eV, 37.3 eV are the convolution of
binding energy peaks of WS* 4fs, WO 4f7, and WO 4fsn, WO 4fy, respectively [55].
After LSV reconstruction, the W element shows only one main peak, corresponding to
the overlap of the W6" 4fs;, and 4f7. This suggests that W has been largely oxidized
after LSV reconstruction. Fig.4(f) presents the high-resolution XPS spectra of O 1s
for W6 and LSV-W6, which can be deconvoluted into three peaks assignable to
surface-adsorbed water (M-H>O), oxygen vacancies(M-OH), and lattice
oxygen(M-O/M-OOH), respectively[56]. The presence of lattice oxygen and oxygen
vacancies facilitates the formation of active oxide/hydroxide phases during
electrochemical oxidation[57]. Compared to the M-H-O XPS peak in sample W6, the
M-H-0 peak area of the LSV-W6 sample shows no significant difference, whereas the
M-OH peak area shows a marked increase. This indicates that a substantial amount of
hydroxide/oxyhydroxide species form on the surface of the film during the LSV
process, which is consistent with prior SEM observations of newly formed surface
phases. These generated hydroxide/oxyhydroxide species contribute to the improved
electrocatalytic OER performance.

From another perspective, an initial chemical state analysis was performed on the
WO and W6 electrodes. Fig. 4(g)-(i) show that the binding energies of the 2p3» XPS
peaks for the oxidation states of Fe/Co/Ni on the surface of WO were 710.92 eV,
781.07 eV, and 854.35 eV, respectively. Compared with WO, the binding energies of
Fe, Co, and Ni in W6 shifted toward higher binding energies by 0.59 eV, 1.06 eV, and
1.97 eV, respectively. This demonstrates that the doping of the W element leads to the

transfer of electrons on the Fe, Co and Ni surfaces and causing a positive shift in the



binding energies of the Fe, Co and Ni elements[30,42]. Additionally, W¢" also has a
strong electron-withdrawing effect. Outer-shell electron-rich elements such as Mo,
Mn, and W, when doped into FeCoNi-based alloys, tend to donate abundant electrons
to Fe, Co, and Ni. However, after LSV reconstruction, the high-valence oxidized
states of Mo, Mn, and W exhibit stronger electron-withdrawing effects, which instead
promote  the formation of high-valent active Fe, Co, and Ni

species(hydroxide/oxyhydroxide), thereby enhancing the OER rate[42,58,59].
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Figure 4. (a) Survey spectra of W6 and LSV-W6; (b)-(f) The high-resolution XPS spectra of Fe
2p, Co 2p, Ni 2p, W 4f, and O 1 s are presented in W6 and LSV-W6; (g)-(1) The high-resolution

XPS spectra of Fe 2p, Co 2p, Ni 2p in W6 and WO.

The electrocatalytic OER performance of FeCoNiWy thin-film catalysts with



varying W content were systematically evaluated using a standard three-electrode
configuration. Fig.5(a) shows that LSV measurements were conducted over 8§ cycles
for WO-W7 electrodes to ensure stable oxide layer formation. Figure.5(b) presents the
LSV8 curves of the WO and FeCoNiW films with different W contents
(W2/W4/W6/WT). It can be intuitively observed that at different current densities, the
overpotential of the W2/W4/W6/W7 thin films are lower than those of the WO thin
film. As shown in Fig.5(c), the overpotential of WO/W2/W4/W6/W7/NF at a current
density of 10 mA cm? are 303 mV, 296 mV, 283 mV, 264 mV, 270 mV and 355mV,
respectively. The overpotential first decreases and then increases with the doping of
W content, among which the W6 has the lowest overpotential of 264 mV, indicating
that W6 has the best catalytic performance. This value is much lower than
FeCoNiCrMo (269 mV)[58], FeCoNiCrMn (282 mV)[59], and FeCoNiMo (364
mV)[60] and. The Tafel slopes calculated from LSV curves are displayed in Fig.5(d).
It can be observed that the Tafel slope first decreases and then increases with the
increase of W content, and W6 has the smallest Tafel slope (59.09 mV dec™),
indicating the best electrochemical reaction kinetics. It is well-established that a larger
electrochemical active surface area (ECSA) correlates with increased density of active
sites and enhanced electrocatalytic OER performance[61,62]. The ECSA can be
quantitatively determined through the linear proportionality between the
electrochemical double-layer capacitance (Cq) and scan rate (v). Fig.5(e) shows the
Ca (electrochemical double-layer capacitance) values of WO/W2/W4/W6/W7. It can
be observed that the W6 sample exhibits the largest Cq value, indicating that W6
possesses the largest ECSA and more active sites. This finding is consistent with the
results of SEM analysis. The chronopotentiometric test (Fig. 5(f)) shows that at a
current density of 10 mA cm™, the potential of NF15CV only increases by 0.11%.
This indicates that W6 exhibits excellent stability during the electrocatalytic OER

process.
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Fig. 6 presents the total DOS of FeCoNiW and FeCoNi, along with the element
PDOS for each constituent element. First-principles calculations reveal that the Ni
d-band center in FeCoNiW is —2.368 eV, compared to —3.120 eV in FeCoNi,
indicating an upward shift of approximately 0.734 eV upon W incorporation. Within
the adsorbate evolution mechanism, first-principles calculations show that the
adsorption energy of intermediates on Ni sites in both FeCoNi, FeCoNiMoW and
FeCoNiMnMo is significantly lower than that on other elements (Co, Ni, Fe, Mo, W)
[34,60,63]; thus, Ni sites are typically regarded as the active centers for intermediate
binding. Generally, the d-band center reflects the binding strength between adsorption
sites and intermediates, with a higher d-band center (closer to the Fermi level)
corresponding to stronger intermediate—adsorbate interactions [64]. In this study, the
elevated Ni d-band center in FeCoNiW relative to FeCoNi suggests that W doping
enhances the binding of intermediates to Ni sites during the OER process, thereby

accelerating the OER kinetics.
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Figure 6. DOS of FeCoNi and FeCoNiW and the PDOS of each element.

4. Conclusion

In summary, medium entropy alloy (FeCoNiW) thin-film electrodes with
different W contents were prepared. Through systematic composition engineering of
FeCoNiW; thin films, we demonstrate that W incorporation induces optimization of
electronic structure and increasing specific surface area. The overpotential for OER
first decreases with the increase in the number of W targets, reaching its minimum
when the number of W targets is six. However, as the number of W targets increases
further, the overpotential begins to rise. The optimal W6 catalyst (Fe:Co:Ni:W =~
1:1:1:5) achieves a low OER overpotential of 264 mV at 10 mA cm™2 and a Tafel
slope of 59.09 mVdec™!, outperforming undoped FeCoNi (303 mV). This performance

enhancement may originate from W-induced lattice distortion, the generation of



high-valence Fe oxyhydroxides, and the incorporation of W elements, which elevates
the d-band center of Ni. This work provides experimental evidence for the
compositional design of catalysts, confirming the critical role of W in regulating OER
performance. The findings offer new insights for developing efficient and stable

electrocatalysts for water splitting and other energy conversion applications.
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