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ABSTRACT

High entropy alloys (HEAs), known for their synergistic orbital interactions among multiple elements, have been recognized as promising electrocatalysts for
enhancing the sluggish kinetics of oxygen evolution reaction (OER). Despite their potential, the facile and rapid preparation of HEA nanoparticles (NPs) with high
electrocatalytic activity remains challenging. Here, we report an ultrafast synthesis of noble-metal-free FeCoMnCuAl HEA NPs loaded on conductive carbon fiber
networks using a Joule heating strategy. The prepared HEA NPs exhibited a face-centered cubic (FCC) structure with an average size of approximately 25 nm.
Synchrotron X-ray absorption fine structure (XAFS) and X-ray photoelectron spectroscopy (XPS) studies were performed to investigate the atomic and electronic
structures of the HEA NPs, revealing the co-presence of Fe, Co, Mn, Cu and Al elements as well as their different valences across surface and internal regions. The HEA
NPs showed remarkable OER performance, exhibiting an overpotential of 280 mV at 10 mA cm ™2 and a low Tafel slope of 76.13 mV dec ™! in a 1.0 M KOH solution
with high electrochemical stability, superior to commercial RuO; electrocatalysts. This work provides a new approach for synthesizing nanoscale noble-metal-free HEA

electrocatalysts for clean energy conversion applications on a large-scale basis for practical commercialization.

1. Introduction

Due to the increasing consumption of fossil fuels and the ever-rising
environmental pollution, the demand for sustainable and green energy
sources has become increasingly critical. Among the potential solutions,
the electrocatalytic splitting of water has gained significant attention as a
promising and cost-effective technology for clean energy conversion over
the past few decades [1-5]. The oxygen evolution reaction (OER) is an
indispensable half reaction in this process, necessary for producing
hydrogen energy through water splitting [6-8]. However, the OER in-
volves a complex four-electron transfer mechanism, resulting in sluggish
kinetics and a large overpotential to achieve the desired current density
[9]. Currently, commercial OER electrocatalysts primarily rely on noble
metals such as Ru and Ir [10-12]. Despite their high activity, the wide-
spread applications of these electrocatalysts are severely hindered by
their high costs, scarcity, and instability under operational conditions
[13]. Therefore, there is an urgent need to develop efficient, durable, and
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low-cost non-noble-metal-based electrocatalysts with satisfactory OER
performance [14-18].

High entropy alloy (HEA) is an alloy composed of five or more ele-
ments in nearly equal atomic ratios, with each element content ranging
from 5 % to 35 % (at.%) [19,20]. The unique multi-element configura-
tion of HEAs allows for the overlapping of orbitals, forming numerous
bonding and, in particular, antibonding orbitals with high-energy elec-
trons occupied [21-23]. The adsorption capability of active sites is thus
optimized, thereby improving their electrocatalytic activities [24-26].
Moreover, the size differences between various atoms in HEAs drive them
to shift from ideal lattice positions. The resultant lattice distortion in-
creases the exposure of active sites (e.g., surface defects) [27] and opti-
mizes the electronic structures of active sites [28-30], eventually
improving electrocatalytic performance. These advantages enable HEAs,
particularly those incorporating earth-abundant 3d transition elements
like Fe, Co, Mn and Cu, to exhibit OER activity comparable to that of
noble 4d or 5d metals [31-36]. Nevertheless, challenges lie in the
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preparation of nanosized HEAs with high specific surface areas and
uniform elemental distributions. Additionally, tunning the synergistic
effects through the selection of appropriate elemental combinations is
crucial to maximizing their OER activities.

High-temperature shock (HTS) method has been recently proposed as
a promising technique for preparing metastable nanomaterials, including
nano HEAs [37-41]. This method uses the Joule heating principle, where
electrical energy is rapidly converted into thermal energy as current
flows through carbon fibers. In this way, a rapid heating and cooling
process is enabled, reaching temperatures up to 2000 K and then cooling
to room temperature within a few milliseconds. In contrast to traditional
methods where prolonged heating and cooling periods lead to crystal
growth, the HTS method can effectively suppress phase separation,
atomic diffusion, and particle aggregation during synthesis through its
ultrafast heating and cooling rates. The non-equilibrium kinetic process
is triggered under the extreme conditions of HTS method, facilitating the
formation of evenly distributed ultrafine metastable HEA nanocrystals.
Defects such as vacancies, dislocations, and strains are effectively
maintained within these metastable nanostructures, generating abundant
catalytic active sites [42,43]. Meanwhile, the high-density defects are
also generated on the carbon-fiber substrate, which can effectively
disperse the NPs that may agglomerate during conventional heat treat-
ment, thereby benefitting the synthesis of ultrafine HEA NPs [44,45].
However, further validation of the HTS method in the field of HEA
electrocatalyst is still highly desired to fully establish its potential and
applicability.

In this work, we present the synthesis of FeCoMnCuAl HEA NPs
deposited on treated carbon cloth via a rapid HTS method, demonstrating
superior electrocatalytic OER performance. During this HTS process,
surface defects form on the carbon substrate, which facilitates uniform
dispersion of the NPs. The resulting HEA NPs exhibit a FCC single phase
taking advantage of the ultrahigh-rate HTS process. Synchrotron X-ray
pair distribution function (PDF) and X-ray absorption fine structure
(XAFS) analyses reveal detailed insights into the atomic and electronic
structures of the HEA NPs. Comprehensive electrochemical tests reveal
that the FeCoMnCuAl HEA NPs exhibit high OER performance superior
than commercial RuO, electrocatalyst. The proposed HTS strategy for
preparing noble-metal-free HEA NPs paves the way for the development
of cutting-edge electrocatalytic materials.

2. Materials and methods
2.1. Materials

Ferric chloride hexahydrate (FeCl3-6H20, 99.1 %), cobalt chloride
hexahydrate (CoCly-6H20, AR), manganese chloride tetrahydrate
(MnCly-4H30, 99 %), copper chloride dihydrate (CuCly-2H30, 99 %), and
aluminum chloride hexahydrate (AlCl3-6H,0, AR) were purchased from
Chinese Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Acetone (AR), oxalate (99 %), and ethanol (99.5 %) were purchased from
MACKLIN. Commercial RuO; were purchased from Taiwan Carbon En-
ergy Technology Co., Ltd. Carbon cloth and carbon felt were purchased
from Aladdin Industrial Corporation (Shanghai, China).

2.2. Preparation of FeCoMnCuAl

First, the carbon cloth underwent a pre-treatment process involving
ultrasonic cleaning in acetone, ethanol and deionized water for 30 min,
followed by drying in a 60 °C oven. The pre-treated carbon cloths were
further treated by three different methods and denoted as A-cc, H-cc, and
AH-cc, respectively. A-cc was obtained by ultrasonically soaking the
carbon cloth in saturated oxalic acid solution for 1 h, then washed and
dried in a 60 °C oven. H-cc was obtained after exposing the carbon cloth
to CO; at 850 °C for 2 h. AH-cc was obtained by heating the carbon cloth
under CO, atmosphere after acid foaming treatment. Next, the carbon
cloths from these treatments were soaked in the precursor solution. This
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solution was prepared by dissolving equal molar ratios of FeCls-6H50,
CoCly-6H50, MnCly-4H,0, CuCly-2H50 and AlCl3-6H,0 in ethanol. The
pre-treated carbon cloth was then immersed in this precursor solution
and pressed to ensure thorough soaking for 5 min. After soaking, the
carbon cloth was dried in an oven at 60 °C. Finally, FeCoMnCuAl HEA
NPs were synthesized on the carbon cloth using the HTS method. A
carbon felt was clamped on both sides of a copper sample stage, with the
carbon cloth placed on top. The synthesis was carried out with a current
of 90 A and a voltage of 32 V, achieving a maximum temperature of 1500
°C under an argon atmosphere.

2.3. Material characterization

X-ray diffraction (XRD, Bruker-AXS D8 Advance) was used to deter-
mine the crystal structure of the HEA NPs. The morphology and micro-
structure of the as-prepared HEA NPs was examined by a scanning
electron microscope (SEM, JSM-7800F PRIME) operated at 5 kV and a
transmission electron microscopy (TEM, JEOL JEM-2100F) operated at
200 kV. Elemental composition was determined using energy dispersive
spectrum (EDS, X-Max 80) and inductively coupled plasma mass spec-
trometry (ICP-MS). X-ray photoelectron spectroscopy (XPS, ESCALAB
250Xi) with an Al-Ka radiation source (1486.6 e€V) was used to analyze
the valence states of the elements on the HEA NP surfaces, with binding
energy calibrated against the C 1s peak at 284 eV. Raman spectroscopy
(HR EVO NANO) with a 532 nm laser source was used to study the
structural changes of the pristine and pre-treated carbon cloth.

Synchrotron X-ray total scattering measurements were performed at
the BL13SSW beamline of the Shanghai Synchrotron Radiation Facility
(SSRF [46]). The center energy of the radiated X-rays was 50.00 keV,
corresponding to a wavelength A = 0.2480 A. The PDF was obtained from
the raw total scattering data after corrections for environmental scat-
tering, incoherent and multiple scattering, polarization and absorption
using PDFgetX2 software with Qmay = 16.0 A™! [47]. The X-ray ab-
sorption fine structure (XAFS) measurements were also collected at the
BL13SSW of the SSRF. The X-ray absorption near-edge structure (XANES)
and extended X-ray absorption fine structure (EXAFS) were processed
using ATHENA software [48].

2.4. Electrochemical test

Electrochemical measurements were conducted in a three-electrode
electrochemical cell using Pt sheets as the counter electrode and Ag/
AgCl as the reference electrodes. The electrolyte as a 1 M KOH solution
(pH = 13.6). The reference electrode potential was converted to the RHE
scale using the equation: E (RHE) = E (Ag/AgCl) + 0.197 V + 0.0592 x
pH. The linear sweep voltammetry (LSV) was tested from 1.2 Vto 1.8 V
(vs RHE) at a scan rate of 10 mV s~ with a 100 % IR compensation after
the working electrodes were activated for several times until stable sig-
nals were achieved. The electrochemical double-layer capacitance (Cq))
was determined by cyclic voltammetry (CV) in the non-Faradaic region
(0.02-0.12 V vs reference electrode) at scan rates of 20, 40, 60, 80, 100,
120 mV s}, which was utilized to estimate the electrochemically active
surface area (ECSA). Electrochemical impedance spectroscopy (EIS) was
recorded at 1.5 V (vs RHE) over a frequency range from 100000 to 0.1 Hz
with a 5 mV AC amplitude.

3. Results and discussion
3.1. Synthesis and characterization of FeCoMnCuAl HEA electrocatalysts

The temperature profile of a typical HTS process at 1400 °C and
heating/cooling rate of ~1000 °C per second is shown in Fig. 1(a), and
the insets illustrate the setup and critical stages for the synthesis of HEA-
NPs supported on carbon cloth. Fig. 1(b) reveals noticeable differences in
the Raman spectra of the carbon cloth before and after carbon cloth
treatment. The peak D at 1300 cm ™! indicates structural defects in the
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Fig. 1. (a) Temperature profile of a typical HTS synthesis. Insets from left to right are a schematic diagram of the FeCoMnCuAl HEA electrocatalyst, a photograph of
preparation, and heating periods of the sample stage. (b) Raman spectra of the original carbon cloth and AH-cc. (c) XRD patterns of the FeCoMnCuAl HEA elec-
trocatalyst prepared at different synthesis temperatures. (d) PDF patterns of the FeCoMnCuAl HEA electrocatalyst. (¢) TEM and (f) HRTEM images of FeCoMnCuAl
HEA NPs. (g) Elemental mapping of Fe, Co, Mn, Cu, and Al for FeCoMnCuAl HEA NPs.

carbon lattice of six-membered rings, while the peak G at 1580 cm ™

corresponds to the in-plane stretching vibration of spz—hybridizd carbon
atoms [49-51]. The intensity ratio of the two peaks (ID/IG) represents
the degree of defects within the carbon material [52]. The ID/IG ratios of
the carbon cloth before and after treatment are 0.99 and 1.18, respec-
tively. The increase in the ID/IG indicates a higher defect content, which
enhances the loading capability and uniform dispersion of HEA NPs
during the HTS process [53].

XRD measurements were employed to determine the crystal structure
of the electrocatalysts. Fig. 1(c) shows the XRD patterns of the electro-
catalyst obtained at different temperatures. At a relatively lower tem-
perature of 1200 °C, the as-prepared material exhibited a hybrid phase
containing two FCC phases and a phase identical to CuMnAlO4

(PDF#36-0269). As the synthesis temperature increased, the CuMnAlO4
phase disappeared but two FCC phases could be observed. At 1400 °C, a
single-phase FeCoMnCuAl HEA material was formed, as evidenced by
diffraction peaks at 44.1° and 51.4°, corresponding to the (1 1 1), and (2
0 0) planes of the Fm-3m FCC structure. The unit cell parameter a,
calculated using Bragg formula, was ~3.56 A. The absence of additional
diffraction peaks confirms the formation of a single-phase HEA. Full-
profile refinement of synchrotron X-ray PDF was performed to examine
the FCC nature of the HEA NPs (Fig. 1(d)). The first peak of the pattern,
corresponding to the nearest atomic distance from faced-centered M to
corner M (where M represents Fe, Co, Mn, Cu or Al), is located at 2.55 A
in real space. The second peak, representing the length of a in the cubic
cell, is fitted to be 3.60 A. This fitted a value is slightly larger the XRD
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results, indicating that there could be some degree of lattice distortion in
the local structure of HEA NPs.

The morphology of the HEA NPs was initially analyzed by SEM. As
shown in Fig. S1(a), the FeCoMnCuAl synthesized on A-cc (see Methods
for the abbreviations of A-, H- and AH-cc) exhibited large, agglomerated
NPs with uneven distribution on the carbon cloth surface. Fig. S1(b)
shows the FeCoMnCuAl synthesized on H-cc, where the NPs were sparse
and large, forming spherical shapes on the carbon cloth. In contrast,
Fig. S2 demonstrates that the FeCoMnCuAl synthesized on AH-cc
exhibited well-segregated, evenly dispersed spherical NPs with more
uniform particle dimensions and higher specific surface area. The
improved dispersion of the AH-cc loaded NPs could be attributed to the
combined effects of surface modification and heating process during the
carbon pre-treatment. Soaking in saturated oxalic acid solution (A-cc)
removed most hydrophilic and hydrophobic molecules on the carbon
cloth surface, generating more adsorption sites [54]. The H-cc treatment
involved high-temperature heating under CO, atmosphere, where a
CO,+C=CO reaction took place at 850 °C. This process affected carbon
cloth surface for generating more surface defects [55]. For AH-cc, the
heat treatment generated more surface defects, while the acid treatment
increases the number of adsorption sites. These effects improve the
dispersion and electrochemical activity of the HEA NPs. As depicted in
Fig. S2(b), the majority of nanoparticles are smaller than 100 nm and
contribute significantly to catalysis. Particle size analysis of 1000 parti-
cles revealed that most FeCoMnCuAl nanoparticles ranged between 20
and 30 nm, with a relatively uniform size distribution (+12 nm). Addi-
tionally, EDS mapping of FeCoMnCuAl NPs shows that Fe, Co, Mn, Cu,
and Al elements are evenly distributed on the carbon cloth. The much
lower signal intensity of Mn may be attributed to its higher vapor pres-
sure, giving rise to a lower concentration of Mn during the HTS process.

(a) (b)
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TEM images confirm that the FeCoMnCuAl NPs have an average size
of ~25 nm (Fig. 1(g)). High-resolution TEM (HRTEM) images (Fig. 1(f))
probed lattice fringes with a spacing of 0.21 nm, corresponding to the
(111) plane of the HEA-NPs. This further validates the FCC crystal crystal
structure of the prepared FeCoMnCuAl NPs, which is consistent with the
XRD and PDF results. TEM-EDS mapping demonstrates a homogeneous
distribution of Fe, Co, Mn, Cu, and Al within the NPs, indicating the
formation of HEA NPs with uniform composition. Based on ICP-MS re-
sults, the FeCoMnCuAl NPs consist of 20 at% Fe, 34 at% Co, 8 at% Mn,
27 at% Cu, and 12 at% Al, consistent with the EDS results shown in
Fig. S2(d).

The elemental valence states of the FeCoMnCuAl electrocatalyst were
studied by XPS. The full-profile survey scan confirms the presence of Fe,
Co, Mn, Cu and Al elements in the HEA NPs (Fig. 2(a)). From the Fe 2p
spectrum (Fig. 2(b)), the peaks corresponding to Fe® and Fe?*/3* were
observed. Meanwhile, the Coo, Co?* and Co®" could be also observed in
the Co 2p spectrum (Fig. 2(c)). Similarly, the Mn 2p spectrum (Fig. 2(d))
shows peaks at 640 eV, 640.9 eV, and 642.1 eV, attributed to Mno, Mn?*
and Mn®*, respectively. For Cu 2p spectrum (Fig. 2(e)), both Cu®>" and
Cu® could be determined. The partial oxidation of electrochemical-active
transition metals (i.e., Fe, Co, Ni and Cu) on the HEA surface is believed
to enhance adsorption and improve electrochemical activity [56,57]. It
has been well recognized that the high-valence transition metals on the
surface show strong hydrolysis effect to promote the formation of MOOH,
which is an intermediate of the OER reaction that accelerates the elec-
trochemical kinetics. In addition, the partial oxidation of the 3d transi-
tion metals also induce surface reconstruction and defects, which is also
beneficial for the OER reaction [58].

Remarkably, the Al 2p spectrum only shows peaks at 76.6 and 74.2
eV, corresponding to the Al3*core levels of 2ps/5 and 2p; /9, indicating
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Fig. 2. (a) XPS survey spectrum of the FeCoMnCuAl electrocatalyst. (b—f) Fine scan of XPS spectra showing Fe 2p, Co 2p, Mn 2p, Cu 2p and Al 2p core levels.
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that the surface Al is fully oxidized. This complete oxidation of Al on the
surface of electrocatalyst may be beneficial for electrocatalytic perfor-
mance. It is known that the OER reaction involves four key steps:
adsorption of hydroxyl groups, electron-loss oxidation, proton coupling,
and electron transfer [59,60]. Typically, Al strongly adsorbs hydroxyl
(OH) groups, which can inhibit further electron-loss oxidation and block
the OER reactions. The complete passivation of surface Al in our HEA NPs
prevents this inhibition [61,62]. Moreover, Al has a good affinity toward
O and the formation of Al-O allows the reaction to straightly enter the
proton coupling step. This reduces the energy barrier required for the
reaction, hence improving the OER performance [63]. In summary, the
high-valence states of Fe, Co, Mn, Cu, and Al in the surface region of HEA
NPs indicate the inevitable surface oxidation, which may be beneficial to
the subsequent OER tests.

XANES analyses were further employed to reveal the oxidation states
of various elements in both FeCoMnCuAl and FeCoMnCu electro-
catalysts, as shown in Fig. 3(a-d). Compared with the FeCoMnCu elec-
trocatalyst, the Fe, Cu and Mn K-edges in the FeCoMnCuAl slightly
shifted to lower energy, indicating a reduction in their valence states. The
Co K-edges in the FeCoMnCuAl did not shift to lower energy, indicating
that the introduction of Al did not affect the valence states of Co. The
XANES results reveal that the introduction of Al can prevent the oxida-
tion of internal elements in the NPs, likely due to the protection effect of
surface passivation of Al on the surface of HEA NPs.

3.2. OER performance of the HEA electrocatalyst

The OER performance of FeCoMnCuAl and FeCoMnCu electro-
catalysts was evaluated using linear sweep voltammetry (LSV), as shown
in Fig. 4(a). At a current density of 10 mA cm’z, FeCoMnCuAl exhibits
high OER activity with an overpotential (1) of ~280 mV, compared to
RuO3 (n10 = 295 mV) and FeCoMnCu (119 = 350 mV). This highlights the
significant enhancement in electrochemical activity attributed to the
introduction of Al element. The performance of the carbon cloth sub-
strate alone is negligible (Fig. S3(a)). The Tafel slope, derived from the
LSV curve, serves as an important parameter for evaluating reaction ki-
netics. As shown in Fig. 4(b), the Tafel slope of the FeCoMnCuAl is 76.13

(a) 14
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mV~dec’1, which is lower than that of RuO, (99.74 mV dec ™)) and
FeCoMnCu (106.97 mV dec_l). Figs. S3(b—c) shows the LSV curves and
Tafel slopes of FeCoMnCuAl synthesized on different carbon substrates,
revealing that FeCoMnCuAl loaded on AH-cc shows the best OER per-
formance compared to those loaded on cc, A-cc, and H-cc. To further
examine the intrinsic OER activity of the electrocatalysts, the electro-
chemical active surface area (ECSA) was determined. According to the
equation ECSA = Cg/C;s, the ECSA can be estimated using the double-
layer capacitance (Cqp), where Cs is typically 0.04 mF cm~2. The Cal
was calculated by slope of plotting the current density difference as a
function of the scanning rate (Fig. S4). The ECSA values for FeCoMnCuAl
and FeCoMnCu are 368 cm? and 298 cm?, respectively (Fig. 4(c)). The
larger Cg of FeCoMnCuAl indicates a greater number of active sites to
accelerate the OER reaction. Furthermore, the electrochemical imped-
ance spectroscopy (EIS) was employed to evaluate the electron transfer
kinetics during the OER process, as shown in Fig. 4(d). The smaller
semicircle in the high-frequency range for FeCoMnCuAl, compared to
FeCoMnCu, indicates a lower charge transfer resistance (R.), which fa-
cilitates the electron transfer and promotes the OER reaction. Fig. 4(e)
shows excellent stability of FeCoMnCuAl in alkaline solutions with a
current density of 10 mA cm ™2, maintaining a long-term stability over a
12-h continuous electrolysis. This stability is notably better than that of
the commercial RuO», which shows significant performance degradation
under similar conditions. Fig. 4(f) shows the LSV curves of the
FeCoMnCuAl before and after 1000 cycles in the range of 0.2-0.7 V. The
LSV curves are consistent, further demonstrating the excellent electro-
catalytic stability of the FeCoMnCuAl.

3.3. Mechanistic insights

In transition metal elements, the electronegativity differences of Fe-
Co, Co-Cu, and Cu-Mn are relatively small, with similar valences and
small differences in atomic sizes. Upon the addition of Al element, the
size mismatch between elements causes lattice distortion, resulting in
large diffusion energy barriers and avoiding phase separation. The XRD
results shown in Fig. 5(a) indicate that without Al, Cu (PDF#85-1326)
component in the FeCoMnCu exhibit significant separation. However,
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Fig. 3. XANES spectra for (a) Fe K-edge, (b) Co K-edge, (c) Cu K-edge, and (d) Mn K-edge for the FeCoMnCu and FeCoMnCuAl electrocatalysts.
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the addition of Al element facilitates the formation of a single-phase solid
solution. Fig. S5 presents the SEM images suggesting a relatively uniform
size distribution in FeCoMnCu NPs, but the particle size is larger
compared to that of FeCoMnCuAl. From TEM images, the size of
FeCoMnCu particles is estimated to be around 50 nm (Fig. 5(b)). The EDS
elemental mappings manifest two particles with different compositions,
one containing only Cu and the another containing Fe, Co, Mn, and Cu
(Fig. 5(b)), consistent with the XRD results. The Al element is more
oxygen-friendly and accelerates the degradation of NPs due to the rapid
formation of oxide layers [64], leading to smaller particle sizes and more
active sites. Additionally, traditional transition metal electrocatalysts
often suffer from low catalytic activity, easy oxidation, and difficult
storage. The addition of Al element into electrocatalysts mitigates these
issues, enhancing stability and preventing oxidation in the HEA elec-
trocatalyst [65].

Fourier transforms of the phase-corrected EXAFS spectra (FT-EXAFS)
confirm the absence of the M — O shells (~1.9 A) for M = Fe, Co, Mn, Cu
in both FeCoMnCuAl and FeCoMnCu electrocatalysts, validating their
presence in metallic states. Meanwhile, the distance and amplitude of the
first-shell M-M are almost identical for the Fe, Co, and Mn in both
FeCoMnCuAl and FeCoMnCu electrocatalysts. However, the Cu-M bond
length in the FeCoMnCuAl electrocatalyst is significantly longer than that
in the FeCoMnCu electrocatalyst. This is due to the fact that phase sep-
aration of metallic Cu takes place in FeCoMnCu electrocatalyst, pre-
senting shorter Cu—Cu bond lengths than other constituents (Fig. 5(c—f)).
This observation is consistent with previous XRD and EDS results.
Overall, the superior OER performance of FeCoMnCuAl HEA electro-
catalyst may be attributed to the following factors: (a) the FeCoMnCuAl
HEA electrocatalyst forms NPs with more adsorption sites which bene-
ficials for electrocatalytic performance. (b) The FeCoMnCuAl electro-
catalyst has unique structural that is different from the FeCoMnCu
electrocatalyst by HTS method. (¢) HTS method can achieve better
interface stability between HEA NPs and substrates, so FeCoMnCuAl
electrocatalyst have excellent stability performance in oxygen evolution
reactions.

4. Conclusion

In this study, we prepared FeCoMnCuAl HEA NPs on several treated
carbon substrates (cc, A-cc, H-cc, and AH-cc) via a HTS technique. These
NPs were evaluated as cost-effective and efficient for the OER reaction.
Comprehensive characterizations, including SEM, TEM, XRD, ICP, PDF,
XPS, XAFS, etc., were performed to reveal the structural, compositional
and electronic properties of the FeCoMnCuAl electrocatalyst. The
FeCoMnCuAl electrocatalyst exhibits a low overpotential of 280 mV at a
current density of 10 mA cm™2, a Tafel slope of 76.13 mV dec!in 1 M
KOH, and excellent stability without decay within 12 h, with significantly
better performance than the precious metal RuOs,. This study provides a
new approach for synthesizing nanoscale noble-metal-free HEA electro-
catalysts for clean energy conversion applications on a large-scale basis
for practical commercialization.
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