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ABSTRACT

In industrial water splitting, alkaline electrolyzers demonstrate promising development prospects due to lower
costs and enhanced safety. However, for anion-exchange membrane (AEM) systems, require high current den-
sities (> 2 A cm2) to optimize energy utilization efficiency. High-entropy alloys (HEAs) have recognized as
viable electrocatalysts for water splitting owing to their exceptional activity and cost-effectiveness. However,
their complex composition design and practical application at ultra-high industrial current density remains a
significant challenge. Herein, we develop a theoretical and experimental approach combined efficient compo-
nent screening and heterostructure regulation to improve the oxygen evolution reaction (OER) activity and
stability at ultra-high current density in high-entropy multiphase alloys, leveraging machine learning (ML)
techniques and grain boundary segregation engineering (GBSE). The FeyyCo20NizoMo20Cu;sAls electrocatalyst,
synthesized via a melt-extraction method and exhibiting intrinsic self-supporting properties, demonstrated
outstanding OER performance with an overpotential () of 370@1 A cm 2 and 497 mvV@3 A cm’Z, while
maintained stability for approximately 800 and 95 h. A notable achievement is that the voltage of electrolyzer is
approximately 1.90 V at current density of 0.5 A cm™2 with stable operation for 100 h when using the
Feg0Co29NizgMo2oCuisAls as both anode and cathode for overall water splitting in an AEM electrolyzer. The
mixing enthalpy and prepared method facilitates Cu grain boundary segregation, enhancing both the activity of
Ni sites and the overall conductivity. These findings offer a practicable HEAs design strategy for catalysis that
realizes the manipulation of active sites on atomic scale and underscore the potential of HEAs for industrial-scale
applications in water splitting.

1. Introduction

developments span various materials, including oxides [10-12], hy-
droxides [13,14], and transition metal alloys [15-17]. For industrial

Water splitting for hydrogen production represents a pivotal application, noble metals achieve high activity and stability in proton
pathway to address the ongoing energy crisis [1-4]. Significant ad- exchange membrane water electrolysis (PEMWE) that exhibit both high
vancements have been made in recent years to reduce the overpotential hydrogen production throughput and exceptional hydrogen purity [18].
() and minimize the use of noble metals in electrocatalysts [5-9]. These However, the anion-exchange membrane (AEM) systems with non-noble
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metals reduce the costs and extend operational lifetimes in alkaline
environment, representing an accelerating industrial adoption trend
[19]. Achieving high performance and stability at current densities
exceeding > 2 A em 2 can significantly enhance production efficiency,
reduce costs, and facilitate integration with renewable energy sources
[20,21]. Consequently, improving electrocatalyst performance at ul-
trahigh current densities is critical for advancing AEM electrolyzers.

High-entropy alloys (HEAs) have emerged as an intriguing category
of materials owing to their particular properties [22], including the
incorporation of multiple elements [23,24], exceptional chemical sta-
bility [25,26], enhanced mechanical strength [27,28], and superior
catalytic activity [29-31]. These attributes position HEAs as potential
electrodes for replacing traditional Ni-based electrodes in industry [32,
33]. The “cocktail effect” of HEAs enables the synergistic combination of
multiple elements, leading to enhanced catalytic performance [34-36].
Because of the NiFe LDH excellent catalytic performance, most of the
researches on HEAs consist of Fe and Ni element [37,38], and Co and Mo
are widely recognized for their roles in promoting the surface recon-
struction [11,16]. So FeCoNiMo based HEAs have been recently
explored and shown excellent oxygen evolution reaction (OER) perfor-
mance [39-41]. Despite extensive research on HEAs for the oxygen
evolution reaction (OER), their further development is hindered by
challenges such as complex composition design, difficulty in prepara-
tion, and limited stability at high current densities. And it is still chal-
lenging to utilize HEAs for AEM industrial applications. To deal with
these difficulties, it is essential to further improve performance at high
current density by rapid composition screening and heterostructural
regulation of HEAs.

As two-dimensional structural defects, grain boundaries could
generate localized lattice strain [42], create atomic-level stepped fea-
tures [43], and provide distinctive catalytic sites for chemical processes
[44,45]. Grain boundary segregation engineering (GBSE) is always used
to adjust the mechanical properties of alloys [46,47] that leads to
directional element doping [48] and local regulation of resistivity [49].
Nowadays, increasing grain boundary density and element segregation
via GBSE is proved a direct correlation with enhanced catalytic perfor-
mance [50,51]. Thus, it is reasonable to assume that GBSE could
improve regulate active sites and improve the stability at high current
density for OER. The implementation of GBSE depends on the thermo-
dynamic properties of alloy and cooling rate during preparation
[52-55]. Compared with magnetron sputtering [56], powder metallurgy
[57] and other HEAs prepared methods, melt-extraction [58] features a
rapid cooling rate, high production capacity [59], and the ability to
control the heterostructure [60-63]. Despite the GBSE has been proved
the ability to adjust OER performance, it is still essential to rapidly
screen HEA components [64], employ stable preparation methods, and
thoroughly investigate the role of grain boundary segregation hetero-
structure in catalysis.

In this paper, we render a comprehensive theoretical and experi-
mental investigation into the OER activity of HEAs. According to the
OER catalytic activity and design rule of GBSE, the components of HEAs
are FeCoNiMoCuAl. To streamline component design and prevent
overfitting from excessive features, we employ machine learning (ML)
techniques to predict the elements ratio of FeCoNiMoCuAl based on the
physical properties and conductivity of elements. FeCoNiMoCuAl high-
entropy multiphase alloys, screened using ML, were synthesized via an
as-cast melt-extracted method, enabling grain boundary segregation of
Cu with rapid surface cooling. Structural analysis and density functional
theory (DFT) calculations validated the feasibility of regulating catalytic
activity by GBSE, showing that grain boundary segregated Cu plays a
crucial role in enhancing catalytic performance at high current densities
by accelerating electron transfer and improving conductivity. Among
the tested samples, FeygCozgNizgMo2oCuisAls exhibited the best OER
performance, achieving an 5 of 497 mV at 3 A cm ™2 and stable operation
for 95 h and 40 h at 3 A cm™2 and 5 A cm™2. An AEM electrolyzer
assembled using Fey(CozgNizgMo2oCuisAls as both anode and achieved
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a current density of 0.5 A cm ™2 at approximately 1.90 V for over 100 h.
Additionally, approximately 100 g of HEA fibers were produced in a
single preparation at an estimated cost of USD 0.15 per gram, well below
that of noble metal catalysts. These findings highlight a novel and effi-
cient approach to designing high-performance industrial catalysts using
HEAs, underscoring their potential across various applications.

2. Experimental section
2.1. Machine learning (ML)

Experimental conductivity values of 31 HEAs were collected from
the published literature. The collected experimental data covered only
single-phase and dual-phase high-entropy alloys, and the machine
learning predictions incorporated the influence of high-entropy alloy
phase structure. The dataset consists of 26 elements, Sc, Al, Si, Ti, V, Cr,
Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, Zr, Nb, Mo, Rh, Pd, In, Sn, Hf, Ta, W, Ir,
and Pt. We used the average and mismatch values (Egs. (1) and (2)) of 6
elemental properties as input features to avoid the sparsity of the initial
composition-set. These elemental properties are conductivity, atomic
radius, electronegativity, first ionization energy, first affinity, and co-
valent radius.

F = Zn: CiF,' (1)
i=1

SF = ici(l —F")2 (2)

where FandF are the average and mismatch values, respectively; ¢; and
Fi are the content and the corresponding elemental parameter of the ith
component of a HEA.

The dataset was randomly divided into the training set and the
testing set with a ratio of 85 %: 15 %. The input features were scaled to
[0, 1] using MinMaxScaler to exclude the influence of the dimension-
ality of different elemental properties. 7 ML algorithms were introduced
to model the conductivity of HEAs, including Multilayer Perceptron
(MLP), Random Forest (RF), Bagging, AdaBoosting (Ada), Xgboost
(XGB), and Support Vector Machine using polynomials and radial basis
functions as kernel functions (SVM_poly and SVM_ rbf). The hyper-
parameters of these algorithms were optimized by an exhaustive algo-
rithm, GridSearch. The prediction accuracy was evaluated by
determination coefficient (Rz, Eqg. (3)) and root mean square error
(RMSE, Eq. (4)). The whole process was completed by Python program.

3

4

where y; and y; are the predicted and the experimental target values of
the ith sample, respectively, and y is the average value of the target of N
samples.

The prediction results of the optimized ML models are showed in
Fig. 1b. RF using n_estimators= 96 and max_depth= 4 performs best
with the highest R? and the lowest RMSE of the training set and the
testing set. Fig. 1c exhibits the predicted results by the optimized RF
model. The R? values higher than 0.85 illustrate the excellent fitting
between the predicted conductivity values and the experimental con-
ductivity values. The excellent performance of the optimized RF model
on the prediction of new samples is demonstrated by the high predictive
accuracy of the testing samples.
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Fig. 1. Rapid screening of OER catalysts for HEAs by machine learning (ML). (a) Design strategy for the electrocatalyst, divided into four steps: ML (Step 1), material
preparation (Step 2), performance testing (Step 3), and theoretical calculations (Step 4). (b) Prediction results of optimized ML models showing the RF model
performs best with the highest R? and lowest RMSE for both the training and testing sets. (c) Conductivity predictions made by the optimized RF model. (d) Predicted
conductivity values of various HEAs within the Al-Cu-Fe-Co-Ni-Mo family using the RF model (black circles indicate compositions selected for further testing).

The conductivity values of various HEAs in the Al,CuyFe,Co;NiMox
family were predicted by the optimized RF model and showed in Fig. 1d.
These HEAs follow that 5 at%< x, y, z, i, j, and k < 35 at%, and the step
size of the compositions is 5 %.

Aimed to design HEAs with perfect activity and stability at high
current density, this model predicted only conductivity and had limi-
tations in not predicting phase stability or segregation tendencies. In the
future, we will employ the composition-processing-structure-property
(CPSP) framework, a two-stage predictive approach that first forecasts
crystal structures and subsequently integrates composition and pro-
cessing data to predict catalytic activity.

2.2. Preparation of HEA fibers

As-cast melt-extracted was used for manufacturing a range of fibers.
According to the nominal composition, a total mass of ~120 g of starting
materials was mixed using Fe (99.99 %), Co (99.99 %), Ni (99.995 %),
Mo (99.99 %), and Al (99.99 %). These elemental powders were pro-
vided by the ZhongNuo Advanced Material Technology Co. Ltd., China.
Analytical-grade chemical reagents were all utilized immediately,
without any additional purification. The beginning materials were
smelted 4-5 times using vacuum arc smelting to guarantee that the
components are evenly combined while being shielded by high-purity
argon (99.999 %). Then, the metal rod (about 2-3 cm) was melted in
a high-purity BN crucible, and the resulting solution was dipped in ox-
ygen and discarded as soon as the copper wheel began to rotate and met
the molten surface. Ultimately, HEA fibers measuring around 3-4 cm in
length, 30-35 pym in diameter and ~115 g in total mass were produced.
Among all the elements, aluminum corrodes the easiest. To increase the
specific surface area, porous morphological characteristics were realized
via a typical dealloying corrosion strategy in 1.0 M HCI. After deal-
loying, the as-obtained fibers were successively cleaned by absolute
ethyl alcohol (99.5 %) and distilled water (18.2 MQecm) for 30 min.

2.3. Physical characterization

The morphology of fibers was characterized by field-emission scan-
ning electron microscopy (FE-SEM) and transmission electron micro-
scopy (TEM). Scanning electron microscopy (SEM) observations were
made using the Carl Zeiss Merlin Compact and TEM analysis was con-
ducted using an FEI Talos F200s, operating at 200 kV. The Electron Back
Scatter Diffraction (EBSD) was carried out using a Oxford Symmetry2.
Crystallographic information was obtained using Maivern Panalytical
Empyrean X-ray diffractometer, equipped with Cu Ko radiations (A=
1.5418 A). Raman spectra were collected using a LabRAM HR Evolution.
X-ray photoelectron spectroscopy (XPS) was carried out using a Ther-
moFisher Scientific Esca Xi+, equipped with Al Ka radiations
(1486.6 eV). Brunner-Emmet-Tellmeasurement (BET) measurements on
a Micromeritics ASAP 2460 at 77 K. The inductively-coupled plasma-
optical emission spectrometry (ICP-OES) was measured using Thermo
iCAP 740.

2.4. Electrochemical Measurements

Electrochemical measurements were conducted using an electro-
chemical working station (CHI 760E) in a three-electrode setup, where
1 M KOH solution was used as an electrolyte, an Hg/HgO electrode (in
1 M KOH) was used as a reference electrode and the graphite rod
(99.9 %, with a diameter of 8 mm) was used as a counter electrode.
Oxygen evolution reaction (OER) overpotential () was calculated using
the following relationship:

E(RHE) = E(Hg/HgO) + 0.059pH + 0.098 5)

LSV and Tafel curves were corrected by 95 % iR compensation for
the ohmic loss except for AEM test. Electrochemical impedance spec-
troscopy (EIS) was carried out at 1.58 V in the frequency range of
1000 kHz to 10 mHz with an amplitude of 5 mV. EIS analysis was car-
ried out by fitting the Nyquist plot using an equivalent circuit, which
was realized by the Z-view software. Chronopotentiometry
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measurements were performed to evaluate the long-term stability. The
electrochemical surface area (ECSA) was determined by measuring the
capacitive current associated with double-layer charging from five
different scan-rates (10, 30, 50, 70, 90 and 110 mV s~1). In these re-
gions, the integrated charge should be due to the charging of the
electrode-electrolyte double layer. The double-layer charging current
(i), normalized on the geometric area of the electrode, is directly pro-
portional to the scan rate (v), i.e., i = vCq. By drawing the curves of
anodic and cathodic currents with respect to the scan rate, the average
Cq of linear fitting slope is derived. The measured capacitance currents
are plotted as a function of the scan rate, as shown in Fig. S16. According
to the reported typical value, the specific capacitance (C;) of electro-
catalyst in 1 M KOH is selected as C; = 0.040 mF cm?. Therefore, the
ECSA of the catalyst layer can be calculated using Eq. (6).

ECSA = Cq1/ Cs 6)

About 10 HEA-Cu4 fibers were arranged in parallel function and
employed as catalyst materials for the anode and cathode in AEM. The
active area corresponds to the collective geometric surface area of the
fibers (assumed as cylinder). The Electric conduction and electrolyte
transport are performed by S-type Ti current collectors with a serpentine
flow field. The AEM electrolyser was put together with the cathode or
anode compartment first, followed by the end plate, sealing gasket, Ti
current collector, DE 4 h HEA fibers, and sealing gasket. An anion-
exchange membrane (Fumasep FAA-3-PK-130) was employed to
divide the electrolyser’s cathode and anode compartments. A peristaltic
pump was used to regulate the flow of 1.0 M KOH electrolyte to both
sides of the electrolyser at a rate of 2.5 ML min ! throughout the testing.

2.5. Theoretical calculations

All density functional theory calculations were performed by Vienna
ab initio simulation package (VASP) [65]. The Perdew-Burke-Ernzerhof
(PBE) [66] functional was employed to treat the exchange-correlation
interactions. The plane-wave basis set with a kinetic energy cutoff of
400 eV, the energy convergence criterion of 10~ eV, the force conver-
gence criterion of 0.02 eV 7\’1, and a (1 x1 x1) Monkhorst-Pack k-point
sampling was employed for structure relaxation. A sufficiently large
vacuum gap (> 12 A) was employed to prevent the interaction between
neighboring periodic structures. Hy and HyO were calculated in boxes of
20 Ax 20 Ax 20 A with the gamma point only. The free energy dia-
grams for OER were calculated with reference to the computational
hydrogen electrode followed the work of Ngrskov et al. [67] Under the
standard reaction condition, the chemical potential of a proton and
electron pair ( u(H+ + e7)) is equal to a half of gaseous hydrogen (
p(Hy)). The free energy of gas phase and adsorbed species can be ob-
tained from the following equation:

AG= AEprr + AZPE -TAS + Gy (@]

where T was set as 298.15 K. AZPE and TAS was the change in the zero-
point energy and entropy. AEpgr is the total energy calculated by VASP.
Gy is the influence of electrode potential.

Gy= -neU (8)

3. Results and discussion
3.1. HEAs design strategy based on ML and GBSE

The complex composition of HEAs provides immense potential for
developing electrocatalysts with outstanding performance. Selective
HEA design is therefore essential to efficiently synthesize electro-
catalysts with desired characteristics [68]. We propose a four-step
approach that integrates theoretical and experimental methodologies
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for HEA electrocatalyst design (Fig. 1a). Recently, ML has emerged as a
powerful tool for extracting information and predicting performance
based on material composition [69-71]. The selection of the six ele-
ments (Fe, Co, Ni, Mo, Cu, and Al) for this study was guided by the
principles of GBSE and the cocktail effect. Fe and Ni serve as active sites
for the OER process, while Co and Mo accelerate surface reconstruction.
Al can be selectively removed through dealloying to increase surface
area, and Cu could increase conductivity and adjust heterostructures via
GBSE. To predict the elements ratio of FeCoNiMoCuAl with high con-
ductivity and prevent overfitting from excessive features, namely con-
ductivity, atomic radius, electronegativity, first ionization energy,
electron affinity, and covalent radius, were incorporated into the data-
set. The dataset was randomly divided into training (85 %) and testing
(15 %) subsets, and input features were normalized to [0, 1] using
MinMaxScaler to minimize the impact of dimensional variability among
elemental properties. The selection of an optimal modeling and testing
algorithm is a critical step before constructing the ML model. The pre-
diction results of the optimized ML models are illustrated in Fig. 1b.
Among these, the RF algorithm with n_estimators = 96 and max_depth
= 4 exhibited the best performance with the highest R? value and lowest
RMSE for both the training and testing datasets, indicating further re-
duces model complexity and mitigates overfitting risks compared to the
default parameters of 100 and None. The R? values exceeding 0.85
indicate a strong correlation between the predicted and experimental
conductivity values, confirming the high accuracy of the optimized RF
model. The dataset was randomly divided 1000 times into training and
testing part to further evaluate the generalization performance of the
established RF model. The mean accuracy of the testing set is 0.87,
demonstrating the excellent generalization capacity of the established
RF model. In addition, Fig. S1 shows the excellent agreement between
the experimental conductivity values and those predicted by the model.
The corresponding predictions from the optimized RF model are dis-
played in Fig. lc. To achieve high performance and stability under
ultra-high current densities, HEA catalysts must feature several active
sites and maximize conductivity. Based on the predictions of the RF
model, the composition range within the black circle in Fig. 1d,
approximately (FeCoNiMo)Cu;s 25Alg 25, was identified as optimal.

Based on the ML results, four HEA compositions, namely FegoCozo.
Niz()MOzoCllzo (HEA—CU].), F620C020Ni20C1120A120 (HEA—CHZ), Fez()COz()_
NiZOMOZOCUSAlIS (HEA-CUS), and F620C020Ni20M020CU15A15 (HEA-
Cu4), were selected to investigate the optimal Cu and Al ratios and the
effects of Mo and Al on catalytic performance. These HEA samples were
synthesized using a melt-extraction process, ensuring both faster cooling
rate and precise control over composition. Under a higher degree of
supercooling, the weakening of atomic diffusion leads to the tendency to
form small grains and produce various defects, that would induce grain
boundary segregation [60]. The actual composition closely matched the
nominal composition of FeygCoygNizgMoyoCu;sAls (Table S1), con-
firming the accuracy of the preparation method. Scanning electron mi-
croscopy (SEM) indicated the fibers had diameters of approximately
30 um with smooth surface morphologies (Fig. 2a). To enhance the
specific surface area, dealloying was applied to remove Al, resulting in a
porous fiber surface structure (Fig. 2a inset and Fig. S2). To identify the
best duration of dealloying, the LSV curves of each HEA samples were
tested. The optimal dealloying durations for HEA-Cul, HEA-Cu2,
HEA-Cu3, and HEA-Cu4 are 4 h, 3 h, 4 h, and 4 h, respectively. (Fig. S3).
For HEA-Cu4, the quantity and volume of the pore increased under 1 h
to 4 h (Fig. S4). After 5 h dealloying, extensive surface exfoliation occurs
on the fibers, resulting in loss of cylindrical integrity and manifesting as
a pronounced increase in brittleness (Fig. S5). Furthermore, among the
samples after best dealloying durations, HEA-Cu4 exhibited the largest
specific surface area (Table S2) and was selected for further micro-
structural analysis.
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Fig. 2. Structural characterization of HEA-Cu4 that guided by GBSE. (a) SEM image of as-prepared fibers (the inset displays the surface of fiber after dealloying). (b)
TEM image of HEA-Cu4 revealing two distinct crystalline phases. (c) HRTEM image of the boundary between the two phases, with white and yellow dashed squares
highlighting the SAED images of the base phase and precipitated phase, respectively. (d) FFT and IFFT images of the red square frame region in c. (e) FFT image of
base phase and precipitated phase. (f) EDS analysis of the boundary between the two phases. (g) Elements mapping results illustrating atomic distribution across

the boundary.

3.2. Structure characterization of grain boundary segregation

X-ray diffraction (XRD) patterns (Fig. S6) revealed a well-defined
crystalline structure. Specific phases identified included AlpgNij
(ICDD-PDF-2, card no: 44-1185) in HEA-Cu2 and Cu (ICDD-PDF-2, PDF
card no: 85-1326) along with CoyMog (ICDD-PDF-2, PDF card no:
29-0489) in HEA-Cul, HEA-Cu3, and HEA-Cu4. These results demon-
strated the atomic proportion of Cu could influence the phase structure.
A cross-sectional transmission electron microscopy (TEM) picture was
acquired using a focus-ion beam (FIB) technique (Fig. S7) revealed two
distinct crystalline phases (Fig. 2b). The selected area electron diffrac-
tion (SAED) pattern (Fig. 2e) corresponded to a face-centered cubic Cu
(FeCoNiMoAl) crystal and a hexagonal close-packed (FeCoNi)7Mog
crystal, exhibiting a non-uniform elemental distribution (Fig. S8). The
quantitative phase analysis was achieved by using Electron Back Scatter
Diffraction (EBSD). The results demonstrated that the volume fraction of
base phase is significantly larger than nano-sized precipitated phase
(Fig. S9). Within localized regions, a large number of nano-sized
precipitated phases increased the grain boundaries density which will
benefit for OER [50,72]. Stable crystalline base phase provided active
sites and self-supporting ability for OER. Line-scan results (Fig. S10) and
energy-dispersive X-ray spectrometry (EDS) maps (Fig. S11) demon-
strated a significant decrease in Cu distribution transitioning from the
base phase to the precipitated phase. The Al element showed instability
due to dealloying. The Cu element concentrated at the boundary be-
tween the two phases, aligning with the goal of using GBSE to regulate
the heterostructure (Fig. 2f), that was attributed to the negative mixing
enthalpy between Cu and other elements, particularly Ni, and insuffi-
cient diffusion under high undercooling. (Table S3) [60,73]. Further-
more, farther atomic-level mapping (Fig. 2g) confirmed the distribution
of Fe, Co, Ni, Mo, O, and Cu in the precipitated phase, with Cu and Ni
accumulating at the grain boundary. The grain boundary in Fig. 2c
presented severe lattice distortion and dislocation defects, which was
also identified by the lattice fringes in the inverse fast Fourier transform
(IFFT) images (Fig. 2d). As defects often function as active and selective
sites, they therefore boost the activity of Ni sites at the grain boundaries.

At the same time, the segregation of Cu with high conductivity at grain
boundaries could change the grain boundary charge and assume the role
of load transfer. These results confirmed Cu-induced boundary segre-
gation via GBSE, facilitating the restructuring of active sites at the phase
interfaces and constructing network to enhance the conductivity of the
catalyst.

The surface chemical states of the samples after dealloying were
analyzed using X-ray photoelectron spectroscopy (XPS). The Cu 2p
spectra (Fig. S12a) revealed a 2p; /5 binding energy of 932.4 eV, corre-
sponding to Cu’. Dealloying induced the oxidation of Fe, Co, Ni, and Mo
from their metallic states (Feo, Coo, Nio, Mo?) to higher valence states
(Fig. 3a and Fig. S12b-d). The Al° fully transformed into AI>" and AI*" in
HEA-Cu4, signifying effective dealloying, corroborated by SEM images
(Fig. S12e). Furthermore, HEA-Cu4 exhibited the highest levels of Ni+
and M-OOH among the four samples, indicating a greater number of
active sites [74] to enhance the OER process (Fig. 3a-b). Ultraviolet
photoelectron spectroscopy (UPS) data were used to examine d-band
center fluctuations. All samples had work functions around 5 eV
(Fig. S12f). The d-band center of HEA-Cu4 was closer to the Fermi level
(Ep) compared to HEA-Cul (~0.68 eV), HEA-Cu2 (~0.61 eV), and
HEA-Cu3 (~0.39 eV) (Fig. 3c), indicating superior adsorption capacity
[75]. In general, XPS and UPS analyses verified that FesnCo20Nigg.
MogoCujsAls exhibited the highest number of active sites and superior
adsorption capacity, likely contributing to its enhanced catalytic
performance.

3.3. Electrocatalytic OER and HER performances

The electrochemical OER activity of different electrodes was evalu-
ated in 1 M KOH. The linear sweep voltammetry (LSV) curves (Fig. 3d)
showed that HEA-Cu4 delivered the best catalytic performance, with
overpotentials (519) of 238 mV and (y3009) of 497 mV. To ensure the
performance of the fibers, the LSV curves of the fibers were tested
repeatedly (Fig. S13a). The measured overpotentials exhibited minimal
deviation from reported values, with differences of ~6.6 mV at
10 mA cm 2 and ~8 mV at 0.2 A cm 2. (Fig. S13b). In contrast, HEA-
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Cul, HEA-Cu2, and HEA-Cu3 exhibited significantly higher 53000 values
of 750, 820, and 612 mV, respectively. HEA-Cu4 also demonstrated the
smallest Tafel slope (45.23 mV dec 1), indicating faster OER kinetics
[16] compared to HEA-Cul (58.46 mV dec’l), HEA-Cu2 (52.45 mV
dec’l), and HEA-Cu3 (65.77 mV dec™ 1) (Fig. 3e). These results establish
HEA-Cu4 as one of the most efficient HEA-based OER electrocatalysts at
high current densities (Table S4 and Fig. S15). Electrochemical imped-
ance spectroscopy (EIS) rendered Nyquist plots fitted to a Randles circuit

(Fig. S14a). HEA-Cu4 exhibited the lowest charge transfer resistance (Ret
~70.5 Q), which was significantly lower than that of HEA-Cul (~192.8
Q), HEA-Cu2 (~289.6 Q), and HEA-Cu3 (~71.5 Q), indicating faster
Faradic processes. The electrochemical surface area (ECSA), estimated
using the double-layer capacitance (Cqp) obtained from cyclic voltam-
metry (CV) (Fig. S16), showed that HEA-Cu4 had the highest Cq value
(2.020 mF cm™2) compared to HEA-Cul (0.087 mF cm™2), HEA-Cu2
(0.922 mF ecm™2), HEA-Cu3 (0.261 mF cm ™ ?) (Fig. S17). This indicates
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Fig. 4. Electrochemical stability of HEA-Cu4. (a-b) Chronopotentiometry curves of HEA-Cu4 at industrial-grade current densities of 3 and 5 A cm 2. (c) Chro-

nopotentiometry curve of the AEM electrolyser at a current density of 0.5 A cm

-2

without iR correction (the inset displays the actual AEM electrolyser).
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that HEA-Cu4 had the highest exposure of active sites. For the HER,
HEA-Cul, HEA-Cu2, HEA-Cu3, and HEA-Cu4 achieved overpotentials of
420, 595, 523, and 289 mV, respectively, at a current density of
0.2 A cm™? (Fig. S18a). Tafel slopes and R values further confirmed the
superior HER kinetics and electron transfer ability of HEA-Cu4
(Fig. S18b-d). The excellent OER and HER performance of HEA-Cu4
demonstrated that it had the ability to be used as both the anode and
cathode for water splitting. To address practical industrial applications
in challenging environments, HEA-Cu4 electrodes were tested in low
temperatures and simulated seawater electrolytes. The electrodes
exhibited excellent performance in simulated seawater (1.0 M
KOH+0.5 M NaCl) electrolytes and at 10 °C, achieving »3000 of 526 and
610 mV, respectively (Fig. 3f and Fig. S14b), enhancing their applica-
tion potential.

Electrochemical stability under industrial-scale conditions was
evaluated at ultrahigh current densities. The chronopotentiometry (CP)
curves of HEA-Cu4 fiber maintained stability for 800, 320, and 95 h at
current densities of 1, 2, and 3 A cm™ 2, respectively (Fig. 4a and
Fig. S19a-b) and notably, as shown in Fig. 4b, HEA-Cu4 exhibited
excellent catalytic stability at current density of 5 A cm™2, with only
slight degradation after 40 h. The LSV curves before and after 95 h
stability test at 3 A cm ™2 showed a promotion in OER activity under
0.2 Acm™2, however the overpotential increased by ~15mV at
3Acm™2 (Fig. S22). Long-term chronoamperometry (CA) tests were
conducted to evaluate the stability of the HEA-Cu4 catalyst at constant
potentials corresponding to current densities of 3 and 5 A cm 2 for 95
and 40 h, respectively (Fig. S20). The catalyst demonstrated exceptional
stability at 3 A cm ™2 over 95 h. In contrast, at the higher current density
of 5 A cm 2, a modest current decay of 17.5 % was observed over 40 h.
In conclusion, HEA-Cu4 demonstrates superior OER stability under high
current densities compared to most reported catalysts (Table S4). For
HER, HEA-Cu4 exhibited excellent catalytic stability at 1 A cm™2, with
slight degradation approaching 380 h (Fig. S21). Additionally, an anion-
exchange membrane (AEM) electrolyzer was assembled employing
HEA-Cu4 as both the anode and cathode (Fig. 4c). Notably, the AEM
electrolyzer achieved a current density of 0.5 A cm™2 with reduced
voltage and demonstrated stable operation for approximately 100 h.
These outstanding stability performances underline the significant po-
tential of this material for industrial applications (Table S6). After long-
time stability tests, SEM analysis confirmed that the fiber retained its
self-supporting structure. While Al was almost entirely removed after
dealloying, other elements showed minimal loss during the tests
(Fig. S23). Furthermore, the HEA-Cu4 still maintained base phase and
precipitated phase heterostructure (Fig. S24a), and the Cu and Ni
concentrated at the boundary between the two phases (Fig. S24b).
Excellent OER performance and heterostructure stability at high current
density lighted the possibility of industrial applications. Following the
stability test, the distribution of Co and Ni in the precipitated phase
became more pronounced relative to the initial heterostructure (Fig. 2f),
at the same time, the initially disordered Cu solid solution became
internally homogenized (Fig. S8). This electrochemical reconstruction of
precipitated base during catalysis may contribute to the observed ac-
tivity degradation.

3.4. Mechanism investigation for OER process

The catalytic reaction pathway was further investigated by intro-
ducing methanol into the electrolyte (Fig. S14c). The results indicated
that HEA-Cu4 exhibited moderate adsorption of oxygen-containing in-
termediates, which facilitated the catalytic reaction [76]. The four
samples’ surface elements changes were investigated using in situ
Raman spectroscopy. As the applied voltage increased, two distinct
peaks emerged at approximately 472 and 554 cm™! (Fig. S25), corre-
sponding to the E; bending vibrations (§(Ni-O)) and A; ; stretching vi-
brations (v(Ni-O)) in NiOOH. Among four samples, HEA-Cu4 exhibited
the earliest emergence of the Ni®* Raman peak, which indicates a faster
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surface reconstruction process during the OER and clarify the grain
boundaries promote the OER process [77,78]. Compared with other
samples, HEA-Cu2 displayed no peaks even at 1.40 V, indicating that the
addition of Mo would accelerate the transformation to active Ni>* spe-
cies. The peak area of NiOOH of HEA-Cu3 and HEA-Cu4 furtherly
demonstrated that the activity of Ni sites was promoted by Cu. Raman
spectroscopy was conducted to identify changes in surface active species
before and after stability (Fig. S26). After stability test, the peaks
strength enhanced at around 150, 281, 472, 554 and 715 cm’l, which
belonged to FeOOH [79] and NiOOH that is always regarded as active
substance for OER [80], indicating M-OOH serves as an active species
during the reaction, in agreement with XPS results. Moreover, peaks
were observed at approximately 472 and 554 cm™!, which can be
assigned to the Eg bending (5(Ni-O)) and A; ¢ stretching (v(Ni-O)) vi-
brations of NiOOH, respectively. The calculated intensity ratio (Is/1,) of
about 4.1 suggests the transformation of Ni species into high-valence
y-NiOOH during the OER, a state which is beneficial for catalytic
activity.

The catalytic mechanism of the grain boundary segregation hetero-
structure was further examined using DFT simulations. Previous studies
[81,82] have identified Ni and Co sites as primary active species in the
catalytic process; however, Cu is often considered secondary. To eluci-
date the role of Cu at the grain boundary during the OER, models of the
base phase and precipitated phase were constructed based on TEM re-
sults, along with models without Cu (Fig. 5a). According to adsorbed
reaction intermediate changes of base phase (Figs. 527 and S28) and
precipitate phase (Fig. S29) for OER process, the Gibbs free energy
changes (AG) were calculated for different models at 0, 1.23, and 1.8 V
using the 4e™ pathway mechanism to evaluate OER energy barriers. For
the base phase, the rate-determining step (RDS) on Ni and Co sites at 0 V
was the oxidation of *OOH to O,, with AGnax values of 5.999 and
6.846 eV, respectively. Conversely, Fe, Mo and Cu sites exhibited lower
AGmax values of 4.430, 2.958 and 1.827 eV, respectively, with their RDS
being the oxidation of *O to *OOH (Fig. S30a). Based on the AGpax
values, the Cu sites are identified as the preferential active sites for the
OER. As the voltage increased, the AGp,x for Fe, Ni, Co, and Mo sites
changed from 2.200, 4.770, 5.036, and 1.728 eV at 1.23 V (Fig. S30b) to
2.620, 4.190, 5.616, and 1.158 eV at 1.8 V, respectively (Fig. 5b).
Notably, the Cu site demonstrated the most favorable catalytic activity
at high voltage, with the lowest AGpx of 0.027 eV at 1.8 V (Fig. 5¢). Ni,
Mo, and Cu sites exhibit enhanced activity with increasing voltage,
while Co sites activity decreased. The ultralow energy barrier at Cu sites
under 1.8 V potential likely constitutes the primary reason for superior
activity of HEA-Cu4 at high current densities. Elements exhibiting
higher catalytic activity, such as Fe, Co, and Ni, typically demonstrate
stronger adsorption capabilities. Partial density of states (pDOS) anal-
ysis confirmed that Cu sites effectively modulate the adsorption capacity
of HEA-Cu4, shifting the d-band center away from the Fermi level and
thereby facilitating the desorption step in catalytic reactions. (Fig. 5d)
[83]. In the precipitated phase, Ni sites displayed a lower AGpax of
1.81 eV (Fig. 5e) at 0 V compared to Cu sites at 3.220 eV (Fig. S30d).

When comparing the HEA-Cu4 and Fep3Coo3NizsMogsAlg phase
models, HEA-Cu4 exhibited lower AGp,x value of Ni sites in both the
primary phase (5.999, 4.770, and 4.190eV at 0, 1.23, and 1.8V)
(Fig. S30c) and precipitated phase (1.81 and 0.58 eV at 0 and 1.23 V),
(Fig. 5f) indicating the Cu sites improved the activity of Ni sites. Dif-
ferential charge and Bader charge analyses (Fig. 5a) showed that at the
grain boundary, about 0.17 and 0.25 electrons were transferred of
Feg3Coy3NipsMoa3Alg and HEA-Cu4, respectively, suggesting that the
co-segregation of Cu and Ni at grain boundaries promotes electron
transfer and benefits to the OER process. For different calculated sites,
the volcano plot relationship between - 5 °ER and the value of AG«o-
AGsoy were analyzed to compared the activity (Fig. S31). Compared
with Feg3Cog3NipsMoay3Alg, the Cu sites at base phase and Ni sites at
precipitated phase of HEA-Cu4 displayed at the top of the volcano plot,
indicating the addition of Cu promoted the activity for OER. DFT
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calculation results demonstrated that the Cu site exhibits superior cat-
alytic activity at high voltage and enhances the activity of Ni sites by
decreasing AGpax and promoting electron transfer of the grain bound-
ary. At the same time, these results further confirmed the beneficial
effect of grain boundary segregation heterostructure on site catalytic
activity.

4. Conclusion

In this paper, we present an efficient strategy for designing an HEA-
based electrocatalyst by integrating machine learning, material syn-
thesis, performance evaluation, and theoretical calculations. The grain
boundary segregation high-entropy multiphase alloy electrocatalyst
achieved exceptional catalytic performance, demonstrating stability at
5 A cm ™2 for the OER, surpassing or matching the performance of pre-
viously reported electrocatalysts. Additionally, the FeyyCogoNigg.
MoyoCujsAls catalyst exhibited outstanding overall water-splitting
performance as both anode and cathode in an AEM electrolyzer. These
findings highlight the grain boundary segregation engineering is an
effective directional doping method. The high-entropy base phase pro-
vides catalytic active sites, while the nano-sized precipitated phase
increased the density of grain boundary. The segregated Cu element
locally at the grain boundary of the precipitate phase promotes the
electrons transfer and improves the catalytic activity of active sites at
high current densities. Nevertheless, challenges remain in scaling up
HEA fibers to fabricate large electrocatalysts suitable for industry elec-
trolyzers. Despite this, the effective design process, together with
outstanding catalytic performance and lower costs than noble metals,
highlight the considerable industrial potential of HEA-based catalysts.
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