Downloaded viaWUHAN UNIV on September 20, 2023 at 03:14:16 (UTC).

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Sustalinable

Chemistryz Engineering

pubs.acs.org/journal/ascecg

Research Article

Highly Stable Single-Phase FeCoNiMnX (X = Cr, Mo, W) High-Entropy
Alloy Catalysts with Submicrometer Size for Efficient Oxygen

Evolution

Peng Li, Bozhao Wu, Kaifa Du, Ze Liu, Enlai Gao, Huayi Yin,* and Dihua Wang™*

Cite This: https://doi.org/10.1021/acssuschemeng.3c04499

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

@ Supporting Information

ABSTRACT: The activity and stability of oxygen evolution
reaction (OER) catalysts are often trade-offs and are both size-
dependent. Theoretical calculations have predicted that some
noble-metal-free high-entropy alloys (HEAs) are promising OER
catalysts. However, their catalytic properties have not been proven
because of the lack of a facile method to synthesize small-sized
homogeneous HEA particles. Here, submicrometer-sized single-
phase FeCoNiMnW HEA particles were prepared by electro-
chemical metallization in 900 s (at 900 °C). FeCoNiMnW shows
the best OER activity (17 = 355 mV at 500 mA cm™2) and durability
of the three HEAs because the large total density of states of
FeCoNiMnW accelerates the electrons’ transport speed for OER.
More importantly, the single-phase FeCoNiMnW continuously
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operated for 50 days at 500 mA cm ™~ with an almost unchanged overpotential. Overall, this work offers a rapid and simple method
to prepare various effective and long-lasting single-phase HEA catalysts with controllable sizes and enhanced OER performances.

KEYWORDS: HEA, particle size, FeCoNiMnW, high current density, OER

B INTRODUCTION

Water electrolyzers are a promising solution to achieve the
green production of hydrogen.' To minimize the energy
consumption of the electrolyzer, both the hydrogen evolution
reaction (HER) at the cathode and the oxygen evolution
reaction (OER) at the anode need affordable and efficient
catalysts, especially for the OER which has more complex
electrochemical steps.” Currently, noble metals like Ir and Ru
are always used as stable catalysts to reduce the overpotential
of electrochemical catalysis.”> Besides the noble metals,
transition-metal (TM) oxides,”” hydroxides,® nitrides,” and
phosphates'® are promising OER candidate catalysts to reduce
the cost. Among various TM-based catalysts, high-entropy
alloys (HEAs) are emerging materials and gaining immense
attention due to their great mechanical and catalytic qualities."'
Nevertheless, some promising HEA catalysts can only be
predicted due to the lack of facile synthesis methods to
synthesize single-phase HEAs.'”"® Therefore, the development
of a facile method to mediate the composition, particle size,
and structures to control the catalytic performance of HEAs is
crucial.

Among the different states of HEAs, HEA nanoparticles
(HEA NPs) can fully exert the synergistic effect and provide
more active sites and tunable binding energies for OER."*"?
Until now, HEAs are usually prepared by the methods of arc
melting,16 mechanical ball milling,17 solvothermal'® and fast
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bed pyrolysis, etc.'” However, there are three challenges to
preparing HEA NPs for the use of OER catalysts using these
methods. First, the preparation of uniform HEAs consisting of
elements with great disparity in physicochemical properties
(ie, density (p), melting point (mp), atomic radius (r),
electronegativity (y), and mixing enthalpy (AH), etc.),”””!
which will result in significant phase separation and segregation
in the alloy.”>** Second, reducing the particle size of HEAs is
difficult because the long preparation time and high temper-
ature (higher than mp) result in the growth of the particles.”*
Moreover, an extreme cooling rate is required, and the
multistep preparation process increases the synthesis complex-
ity and costs.”® Third, the durability of the particulate catalyst
is limited by the weak connection between the active particles
and substrates, particularly when there are significant current
densities present where ferocious bubbles make the alloy
particles easily slip off the substrates. It remains a challenge to

Received: July 22, 2023

Revised:  August 31, 2023

https://doi.org/10.1021/acssuschemeng.3c04499
ACS Sustainable Chem. Eng. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peng+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bozhao+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kaifa+Du"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ze+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Enlai+Gao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huayi+Yin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dihua+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acssuschemeng.3c04499&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c04499?ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c04499?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c04499?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c04499?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c04499?fig=tgr1&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acssuschemeng.3c04499?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/journal/ascecg?ref=pdf
https://pubs.acs.org/journal/ascecg?ref=pdf

ACS Sustainable Chemistry & Engineering

Research Article

pubs.acs.org/journal/ascecg

ARIT< Y 04
[ ot 0.3
1T 4

1

1900 s

}

1

Current (A)
o
N

o
-

(c)

[5-

Intensity (a.u.)
5) =
S o
z z
m

o

4—
Nickel foam
with oxide

Cr-NF

=) =)
S
S S

Mo-NF | Ni, PDF#04-0850]

Graphite

1t

Nt

-y
N 19N i

Figure 1. HEAs preparation and characterization. (a) Schematic illustration of the creation of high-entropy alloys attached to nickel foam in molten
CaCl,. (b) Electrolysis (c) XRD patterns, and SEM images of (d) NF, (e) Cr-NF, (f) Mo-NF, and (g) W-NF. (h) EDS mapping of W-NF.

synthesize single-phase HEAs with decreased particle size with
both high efficiency and durability.

In this paper, we rapidly prepared a series of FeCoNiMnX
(X = Cr, Mo, W) HEAs by molten salt electrolysis of oxide
mixtures coated on nickel foam (NF). The diameters of HEAs
can be tailored by modifying the composition of the oxide
precursor. In addition, the in situ metallization process
rendered a robust connection between FeCoNiMnX HEAs
and the nickel foam. The OER performances in terms of
activity and durability were performed. First-principles
calculations were done to determine the internal mechanism
of the OER. Finally, a big electrode (40 X 500 mm) was
prepared in the same manner to verify the possibility of scaling
up the electrochemical method.

B EXPERIMENTAL SECTION

The self-supporting FeCoNiMnCr, FeCoNiMnMo, and FeCo-
NiMnW HEAs were electrolytic metal oxides (Fe,O;, Co;0,, NiO,
MnO,, Cr,0;, MoO,, WO,) on nickel foam cathodes in molten
CaCl, at 900 °C. First, S g of equiatomic ratio oxides (Fe,O;, Co;0,,
NiO, MnO,, Y (Y= Cr,0; or MoO, or WO,) were mixed with a
planetary ball mill for 12 h. Second, 1 g of oxide mixture was placed in
ultrasonically shaken alcohol (50 mL) to make the distributions.
Third, clean nickel foam (10 mm X 10 mm X 1 mm) was put into the
distributions for S min (Figure Sla) or until the alcohol dried (Figure
S1b); during this process, the samples were continuously dispersed by
ultrasonically shaking. Another way to handle the samples is by
putting the oxide mixture (1 g) on the nickel foam and wrapping it
into a sandwich shape with fresh nickel foam (Figure S1c). Fourth,
the electrolysis reductions were carried out in 500 g of CaCl,
(ramping rate 5 °C min™") at 900 °C with graphite (diameter: 20
mm, length: 100 mm) as an anode and nickel foam with oxide
mixtures as the cathode under constant potential (2.0 V) and time
(900 s). The nickel foam cathode was removed from CaCl, after each
electron reduction and cooled to room temperature. Finally, the

samples were then rinsed with deionized water after being prepared.
The electrolysis was controlled by a battery test system (Shenzhen
Newray Electronics Co. Ltd. China, CT-4008-5 V 6 A-S1). The HEA-
NF in the scale-up experiment was 40 X 500 mm in scale with the
method shown in Figure SI.

OER performances were carried out by CHI 1140C (Shanghai
Chenhua Instrument Co. Ltd., China) with a trielectrode system (a
double salt bridge Hg/HgO electrode as the reference electrode, the
nickel foam with oxide mixture as the working electrode, and a
graphite rod as the counter electrode) in 1.0 M KOH (O,-saturated).
The performance of the OER was investigated by linear sweep
voltammetry (LSV, 2 mV-s™'), cyclic voltammetry (CV), and
chronopotentiometry (CP). Electrochemical impedance spectroscopy
(EIS) was measured by an electrochemical instrument (AUTO LAB,
PGSTAT302N). The potentials in this paper refer to reversible
hydrogen potential (RHE) according to the equation E(RHE) =
E(Hg/HgO) + pH X 0.0591 + 0.098 with 85% iR compensation.

X-ray diffraction spectroscopy tested the crystal structures of the
products (XRD, Rigaku MiniFlex 600). The morphologies and
microstructures of the products were studied by transmission electron
microscopy (TEM, Talos F200x) and scanning electron microscopy
(SEM, Zeiss EVO LS-15) with energy-dispersive spectroscopy (EDS,
Horiba 7021-H). The surface of the HEA was examined by X-ray
photoelectron spectroscopy (XPS, Thermo ESCALAB 250XI).

The theoretical thermodynamic values in this work were obtained
by the HSC 6.0 software. Vienna ab initio simulation software
package (VASP) was used to calculated the spin-polarized first-
principle.”® A 500 €V energy cutoff was set for the plane-wave basis
and projector augmented wave potentials.”” The exchange—
correlation functional was carried out by the Perdew—Burke—
Ernzerhof™® of the generalized gradient approximation.”” A k-point
sampling with a density >30 A adopted the Monkhorst—Pack
scheme™ for the structural relaxations. A vacuum layer with a
thickness of 20 A was used to eliminate the electrostatic interactions.
Both the locations of all ions and the unit cell characteristics of the
pure HEA slab were loosened to reduce the atomic forces and total
energy. To achieve a constant vacuum spacing while the cell can be
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Figure 2. OER performances of the NF-based HEA electrodes in 1.0 M KOH. (a) Polarization curves, (b) overpotentials at 10, 100, and 500 mA
cm™?, (c) Tafel plots, (d) electrochemical impedance spectra, (e) double layer capacitances, and (f) durability tests at 100 mA cm™ of NF, Cr-NF,
Mo-NF, W-NF, and IrO,/Ta,05—Ti electrodes. (g) Stability test at 10 and 100 mA cm™2, (h) polarization curves, and (i) Tafel plots before and

after the stability test for 200 h of W-NF. (j) Stability test for continuous 1200 h of the W-NF electrode at 500 mA cm ™.

optimized in the basal plane, the VASP code was modified. The
positions of the top two layers of atoms and adsorbates were relaxed
for the slab with the adsorbates. Besides, the force on each atom
converged below 0.01 eV/A, and the k-point sampling (density >40
A) was used to calculate electronic structures.

B RESULTS AND DISCUSSION

Preparation of Nickel Foam-Based HEA Electrodes.
Self-supporting nickel foam-based FeCoNiMnCr (named Cr-
NF), FeCoNiMnMo (named Mo-NF), and FeCoNiMnW
(named W-NF) HEAs were prepared in a one-step molten salt

electron of oxide reduction at 2.0 V for 900 s (Figure 1a). We
prepared NF with oxides in three ways (Figure S1). The most
suitable method is the dipping method (Figure Sla). Drying
the alcohol caused oxides to deposit on the bottom (Figure
S1b). The sandwich-shaped products were very nonuniform,
and the alloy powder was extremely prone to detachment
(Figures Slc and S2). Additionally, the dipping method can
ensure an oxide loading of 0.02 g on the nickel foam (Table S1,
three samples for each method, precisely calculating the sample
mass before and after loading). In addition, the reduction
current dropped to the background current after ~200 s
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(Figure 1b), and the products continuously deoxidized and
eventually formed the HEAs.

As shown in Figure Ic, single-phase Cr-NF, Mo-NF, and W-
NF that fit with Ni (ICDD, PDF no. 04-0850) were created by
molten salt electron reduction of the oxides, which refrain from
phase separation that was encountered in the conventional
preparation techniques.”’ Unlike the clean surface of NF
(Figure 1d), after deoxidation and reduction of oxides, HEA
particles grew on NF in a coral-like form. The particle sizes of
Cr-NF, Mo-NF, and W-NF are ~5 ym (Figure le), ~ 2.5 ym
(Figure 1f), and ~400 nm (Figure 1g), respectively. To the
best of our knowledge, this is the smallest-grained W-
containing alloy at present.’”>® It is worth noting that the
melting points of the components are quite different (e.g., Mn
1246 °C, Cr 1907 °C, Mo 2623 °C, and W 3422 °C). The
huge difference in melting point leads to the W-containing
alloys being difficult to mix by the traditional arc melting
method. Nevertheless, the components’ decomposition voltage
of the corresponding oxides is less than 1.0 V at 900 °C (Table
S2). Molten CaCl, has a wide enough electrochemical window
(3.231 V) to ensure the reduction of Fe,0; (0.892 V), Co;0,
(0.596 V), NiO (0.692 V), MnO, (0.800 V), CrO; (0.537 V),
MoO, (0.976 V), and WO, (0.875 V). Our experimental
temperature (900 °C) is far from the melting point of the
metal. After the in situ reduction, the precursor is directly
transformed from a solid oxide to a solid alloy, which reduces
the segregation phenomenon in the repeated melting method.

The results of SEM-EDS (Figures 1h and S3) demonstrate
that the elements are distributed evenly for the Cr-NF, Mo-
NF, and W-NF electrodes. Besides, the results indicate that the
alloy particles attached to the nickel foam are well fused with
the nickel foam, making the particles of alloys not easy to fall
off. Overall, the nickel foam-based high-entropy alloys (Cr-NF,
Mo-NF, and W-NF) can be obtained efficiently by molten salt
electron reduction of oxides. More elemental combinations
with hugely different properties can achieve a perfect fusion
through this method. Moreover, the advantage of the solid-to-
solid preparation progress of molten salt electrolysis will make
it possible to obtain granular alloys that traditional methods
cannot.

Electrocatalytic OER Performance. We evaluated the
OER performances of nickel foam-based HEAs in 1.0 M KOH.
As shown in Figure 2a, the W-NF electrode exhibits better
oxygen evolution activity than Mo-NF, Cr-NF, NF, and many
self-standing noble-metal-free OER electrodes (Tables S3 and
S4, using the commercial IrO,/Ta,O;—Ti electrode as a
reference benchmark). The overpotentials (17) of HEAs-NF are
smaller (260 mV for Cr-NF, 259 mV for Mo-NF, and 243 mV
for W-NF) than that of IrO,/Ta,Os—Ti (305 mV) at a lower
current density (j = 10 mA cm™?, Figure 2b). The W-NF
electrode also only needs small overpotentials of 292 and 355
mV at high current densities of 100 and 500 mA cm?
respectively. The overpotentials are much lower than those of
Cr-NF (393 and 747 mV), Mo-NF (341 and 501 mV), and
IrO,/Ta,0s—Ti (478 and 872 mV) at 100 and 500 mA cm™2
This phenomenon indicates that W-NF has great advantages at
high current density for OER.

Furthermore, the W-NF electrode also has a lower Tafel
slope value (41.5 mV dec™!) than Cr-NF (82.6 mV dec™!),
Mo-NF (70.3 mV dec™!), NF (103.9 mV dec™), and IrO,/
Ta,0s—Ti (122.4 mV dec™), according to the Tafel plots
created from the polarization curves (Figure 2c). Besides, the
W-NF electrode has the largest exchange current density (jo,

Table S3). The smallest Tafel slope value and the highest
exchange current density indicate that the W-NF electrode has
the most favorable OER kinetics and more reactive sites than
the other electrodes.

EIS results indicate that the W-NF electrode has the best
conductivity (Figures 2d and S4, Table S3). The smallest
semicircle of the EIS spectra and solution resistance (R, 0.74
Q for W-NF, 1.17 Q for Cr-NF, 1.05 Q for Mo-NF, 0.91 € for
NF, and 0.89 Q for IrO,/Ta,O—Ti) mean that the electron-
transfer kinetics for W-NF is faster. The electrochemical active
surface area (ECSA) is usually utilized to assess the exposed
active sites through double-layer capacitance (Cg, Figure 2e).
The regular shapes of the CV curves in the non-Faraday region
imply the high electrical conductivity of NF-based HEAs
(Figure §5).>* As shown in Table S5, the Cy values increase
significantly for NF (1.54 mF cm™), Cr-NF (7.54 mF cm™2),
Mo-NF (9.63 mF ¢cm™2), IrO,/Ta,0,~Ti (26.3 mF cm™),
and W-NF (28.6 mF cm™2). The corresponding ECSA values
show the same trend, which are 38.5 cm? for NF, 188.5 cm? for
Cr-NF, 240.8 cm? for Mo-NF, 657.5 cm? for IrO,/Ta,0—Tij,
and 715.0 cm? for W-NF. The values of ECSA and Cy confirm
the OER performance of NF, Cr-NF, Mo-NF, and W-NF.
Furthermore, the turnover frequency (TOF) value represents
the number of transformations of a single active site per unit
time of the catalyst, which indicates the intrinsic activity of the
catalysts. The corresponding TOFs are 0.039 s~' (NF), 0.113
s7! (Cr-NF), 0.169 s™' (Mo-NF), 0227 s~ (W-NF), and
0.051 5! (IrO,/Ta,04—Ti) at 7 = 350 mV, respectively. The
TOF consequently means that the W element is beneficial for
OER catalysis. The above results verify the exceptional
catalytic performance of the W-NF electrode for OER.

In addition to activity, stability is another important
standard for the performance of catalysts. Figure 2f shows
the stability results of different electrodes by the chronopo-
tentiometry method. Due to the dissolution of pure nickel
foam at high current density, the oxygen evolution potential of
nickel foam oscillates remarkably. However, the oxygen
evolution stability was significantly improved after growing
high-entropy alloy particles. The changed values for potential
are 20.6 mV for Cr-NF, 16.1 mV for Mo-NF, 13.8 mV for W-
NF, and 72.4 mV for IrO,/Ta,O;—Ti after the durability test
at 100 mA cm ™2 for 5 h (Table S5). The electrodes remain in
the same state as their original state (Figure S6). This result
reflects the preponderance of the W-NF electrode on stability
compared with other electrodes. However, in practical
application, the real durability should take place at a high
current density (>100 mA cm™?) and a lengthy period (>50 h).
As shown in Figure 2g, the W-NF electrode exhibits great
catalytic durability. It shows an almost constant catalytic
potential for 100 h at 10 mA cm™ (7 ~ 260 mV). After that,
the potential changed value after the durability test for 100 h at
100 mA cm™2 is only 4.7 mV (7 & 370 mV). Moreover, the
LSV curves before and after the stability tests (Figure 2h) show
a negligible reduction. The corresponding Tafel slope increases
by only 5.2 mV dec™" after the continuous stability test for 200
h (Figure 2i). Furthermore, under the industrialized current
density (500 mA cm™), the W-NF electrode can continuously
operate stably for more than 1200 h, and the overpotential
changes by only 15 mV (Figure 2j). Above all, the durability
test confirms the high OER stability of the W-NF electrode,
which is competitive with that of the most self-standing noble-
metal-free OER electrodes at high current density (Table S4).
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Figure 3. Surface representation of the W-NF electrode. (a) XRD pattern, (b,c) XPS spectrum, (d) SEM images, (e) HRTEM image, (f) HAADF-
STEM image, and (g) EDS mapping of the W-NF electrode after durability test for continuous 1200 h at 500 mA cm ™.

Surface Active Layer Investigation. The state of the
active layer of the electrode is essential for catalytic
performance, and systematic characterizations were performed
to reveal the active layer of the NF-based HEA electrode after
the stability test. The XRD patterns show that there has been
no obvious change before and after the OER test (Figures 3a
and S7), still maintaining the FCC phase as Ni (ICDD, PDF
no. 04-0850). This may be because the oxide layer on the
surface is below the limit of detection. The results of SEM
prove that the distribution of the elements is still uniform after
the stability test (Figure S8). In particular, the W-NF electrode
showed no significant phase separation or metal loss after the
1200 h continuous stability test, which proved the excellent
stability of the W-NF electrode. The W 4f spectra from W-NF
(Figure 3b) indicate that the oxidation state of W is W*', and
the oxidation states of Cr on Cr-NF and Mo on Mo-NF are
Cr** and Mo®" (Figure S9a,b), respectively, which should be
the active state for OER. In addition, the O 1s spectra of Cr-
NF, Mo-NF, and W-NF all show two peaks at 529.39 and
531.23 eV (Figures 3c and $9¢,d),”® which are associated with
metal-oxide (M—O) bonds and metal-hydroxide (M—OH)
bonds, respectively. However, the ratios of M—OH and M—O
of these three electrodes are different (Table S6). The
percentage of M—O bonds increases (90.2% for Cr-NF,
91.6% for Mo-NF, and 94.6% for W-NF). This means that a
significant quantity of M—O bonds is advantageous for the
oxygen evolution process.

Amorphous arrays grown on nickel foam is an important
way to improve OER perfo1‘mance.36‘37 The SEM images
(Figures 3d and S12a) show that the active layer is dense

amorphous nano-oxide arrays on the W-NF electrode surface
following the stability test. The array size is about 30 nm,
which is much smaller than the arrays on the surface of Cr-NF
(~150 nm, Figure S10b) and Mo-NF (~100 nm, Figure
S10c). The amorphous nano-oxide arrays provide abundant
active sites but also benefit the desorption of oxygen.’*’’
These phenomena are associated with the particle size of the
alloys before the OER test (Figure le—g). In other words, the
nanoparticles of W-NF provide a more compact site for
forming nano-oxide arrays. The smaller arrays also verify that
W-NF has the largest values of Cy, ECSA, and TOF. In
addition, the HRTEM images exhibit the hierarchical nano-
sheet structure of the oxide layer (Figure 3e) while there are
no obvious nanosheets for the oxide layers of Cr-NF (Figure
S11a) and Mo-NF (Figure S12a). The HRTEM image (Figure
3f) indicates the fringes in conjunction with the selected area
electron diffraction pattern. The specific lattice spacing (0.17
nm) refers to the interplanar spacing of the specific crystal
plane (200) of FeCoNiMnW HEA. In comparison, the lattice
spacing of the lattice fringes of Cr-NF and Mo-NF are both
~0.2 nm, representing the (211) crystal plane (Figures S11b
and S12b). It is worth noting that, unlike the diffraction spots
of a cubic system of W-MF and Mo-NF (Figures 3f and S12c),
the diffraction spots of Cr-NF are polycrystalline structures
(Figure S11c). This may be due to the phase separation of the
selected part after oxygen evolution. Furthermore, the TEM-
EDS images (Figures 3g, S11d and S12d) confirm the
generation of the HEA oxide layer, and the oxidation occurs
uniformly on all elements. These phenomena prove that the
refractory metals (Mo and W) promote stability of the
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Figure 4. Theoretical calculation of the electrodes for the OER. (a) Diagrams of different active sites (atop, bridge, hollow) in high-entropy alloys.
The free-energy landscape at 0 V for (b) FeCoNiMn, (c) FeCoNiMnCr, (d) FeCoNiMnMo, and (e) FeCoNiMnW electrodes. (f) TDOS plots for

different electrodes.

structure of the HEAs. These results demonstrate the feasibility
of preparing HEAs using the molten salt electrolytic reduction
method and their excellent stability when used for OER.

First-Principles Calculations of Active Sites for High-
Entropy Alloys. The theoretical calculation is beneficial for
revealing the active sites of high-entropy alloys. Combining the
conventional adsorbate evolution mechanism (AEM, Figure
S$13),*>*" the theoretical calculation can give a profound
interpretation of the mechanism of a multicomponent system
for OER. We considered the different active sites at atop,
bridge, and hollow (Figure 4a) positions; all theoretical results
show that the system energy is the lowest when the oxygen-
containing substances are adsorbed at the bridge sites.

To reveal the effect of Cr, Mo, and W addition on the OER
performance, we computed the energy barriers during the OER
process of FeCoNiMn, FeCoNiMnCr, FeCoNiMnMo, and
FeCoNiMnW based on the most stable model. Taking the
adsorption of *O on FeCoNiMn (Figure S14), FeCoNiMnCr
(Figure S15), FeCoNiMnMo (Figure S16), and FeCoNiMnW
(Figure S17) as examples, we considered 16 types of models to
determine the optimal adsorption sites. Among them, Type 3
is the most stable model of system energy (—225.986 eV for
FeCoNiMn, —240.183 eV for FeCoNiMnCr, —249.220 eV for
FeCoNiMnMo, and —261.995 eV for FeCoNiMnW). The
results show that the multiactive bridge sites on Cr, Mo, or W
are the most superior adsorption configurations, reducing the

energy required during the OER process. Furthermore, we can
see the models’ change before and after the OER calculations
process (with the adsorption of *OH, *O, and *OOH) of
FeCoNiMn (Figure S18), FeCoNiMnCr (Figure S19),
FeCoNiMnMo (Figure S20), and FeCoNiMnW (Figure
S21). The optimized models demonstrated suitable active
sites, adsorption energies, and intrinsic activity. From the free-
energy landscapes at 0 V, we can extrapolate that the rate-
determining step (RDS) for FeCoNiMn and FeCoNiMnCr is
the step from M-*OH to M-*O. However, the step from M-
*O to M-*OOH acts as the RDS for FeCoNiMnMo and
FeCoNiMnW. The corresponding overpotential (#) derived
from the RDS is 1.487 V for FeCoNiMn (Figure 4b), 0.602 V
for FeCoNiMnCr (Figure 4c), 0437 V for FeCoNiMnMo
(Figure 4d), and 0.377 V for FeCoNiMnW (Figure 4e).
Therefore, the addition of Cr, Mo, and W elements based on
the quaternary alloy (FeCoNiMn) greatly weakens the
overpotential of the RDS in the OER process. The
experimental results of the law of the overpotential are
consistent with the conclusions of the theoretical calculation.
Moreover, the theoretical overpotential of FeCoNiMnW is
close to that of high-entropy alloys containing noble metals.
This result further verifies the advantages of the noble-metal-
free FeCoNiMnW-NF electrode as an OER catalyst.

Figure 4f shows the total density of states (TDOS) of the
FeCoNiMn, FeCoNiMnCr, FeCoNiMnMo, and FeCoNiMnW
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Figure S. Scale-up experiments of the W-NF electrode. (a) Digital graph of the W-NF electrode for the scale of 40 X 500 mm. (b) LSV curves, (c)
overpotentials at 10, 100, and 500 mA cm™, (d) Tafel plots, and (e) SEM images of representative areas 1—5 in the scale-up electrode.

electrodes. It can be seen that the TDOS values of the
electrodes at the Fermi level are larger than 0, and the order of
TDOS at the Fermi level from large to small is FeCoNiMnW,
FeCoNiMnMo, FeCoNiMnCr, FeCoNiMn. The result in-
dicates that these electrodes are excellent conductors with
abundant electrons and fast electron-transport speeds for
OER.*” The corresponding spin-dependent projected density
of states (PDOS, Figure S22) further reveals the electronic
environment of the electrodes. The results show that for all
electrodes, the d-orbital almost coincides with the DOS of the
corresponding elements, and the p-orbital and s-orbital almost
have no effect. This means that transition-metal electrodes play
an oxygen evolution role mainly by electrons in the d-orbital.
In addition, for the FeCoNiMn electrode, the position of d-
band centers of Ni occupied a larger position away from the
Fermi level (Figure S22a), which means that Ni is an
important element in the process of OER.** Unlike the
quaternary alloy, with the addition of Cr (Figure S22b), Mo
(Figure S22c), and W (Figure S22d), the effect of Ni
decreases. However, the TDOS of the system increased,
indicating that the synergistic effect of the HEAs helps the
electrodes in playing a better catalytic role.

Scale-up Experiment. The previous contents have proven
the excellent OER performance of the FeCoNiMnW-NF
electrode under laboratory conditions. Still, large-scale electro-
des are needed for practical applications. To verify the
application of the FeCoNiMnW-NF electrode on a large
scale, a scale-up electrode (40 X S00 mm, Figure Sa) was
prepared for the OER test. We randomly selected S areas (the
effective areas of areas 1—S5 are 10 mm X 10 mm, named W-

NF-1 to S). The LSV polarization curves (Figure Sb) and
overpotentials (Figure Sc) of representative W-NF electrodes
prove that the electrodes have similar OER activity as the
original small-scale W-NF electrode (Figure S6). In addition,
the corresponding Tafel slope values (Figure 5d) are larger
(52.1 mV dec™! for W-NF-1, 71.2 mV dec™! for W-NF-2, 66.5
mV dec”! for W-NF-3, 49.7 mV dec™! for W-NF-4, and 43.3
mV dec™ for W-NE-5) than the original small-scale electrode
(Figure S6). This may be due to the uneven distribution of
oxides supported on the large-sized nickel foam (Figure S23).
In addition, we characterized the surface oxide layer of the
representative electrodes W-NF-1 to 5 after the electro-
chemical tests (Figure Se). The results show similar
amorphous nano-oxide arrays to the original W-NF electrode
(Figure 3d). The above results demonstrate that the
FeCoNiMnW-NF electrode can be prepared at a low cost
and fast speed by one-step molten salt electrolysis and applied
for industrial OER catalysis.

Bl CONCLUSIONS

In summary, a series of pure FeCoNiMnX HEAs were
prepared in only a one-step molten salt electrolysis for just
900 s (at 900 °C). The particle size of HEAs was determined
by the melting point of X. FeCoNiMnW with a 400 nm
particle size shows the best OER activity ( = 355 mV at 500
mA cm?) and stability (continued S0 days at 500 mA cm ™
with tiny changes of overpotential). The amorphous nano-
oxide arrays on the surface of the electrode (~30 nm), low
solution resistance (0.74 €2), and high ECSA (715.0 cm*) and
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TOF (0.227 s7!) of the FeCoNiMnW-NF electrode supported
the high effectiveness of the OER performance. First-principles
calculations indicate the excellent catalytic performance of
FeCoNiMnW thanks to the largest TDOS which accelerates
the electrons’ transport speed for OER. Furthermore, a large
electrode coated with FeCoNiMnW (40 mm X 500 mm) with
similar OER performance suggests the scalability of this rapid
electrochemical method. More importantly, this paper offers a
general electrochemical method to synthesize various single-
phase HEAs with favorable functionalities.
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1. Supporting Methods

1.1 Calculation method of exchange current density (jo)'*

Tafel analysis is usually employed to indicate the reaction kinetics and catalytic
activity. The Tafel slope helps to define the rate-determining step by the following
equation :

n=Dblogj+a (S1)

Where the 7 is overpotential (V), j is the current density (mA ¢cm2), and b is the
Tafel slope value (mV dec™).

The exchange current density ( jo, mA cm2) is the corresponding value of j when
n =0 V. Low Tafel slope and large current density are the standards for a good OER
catalyst. The smaller value of the Tafel slope of the reaction indicates that the activation

energy required for the reaction is lower and the reaction is faster.

1.2 Calculation method of electrochemical active surface area (ECSA)?

The electrochemical active surface area (ECSA) can be used to estimate exposed
active sites by the double-layer capacitances (Ca). The calculation equation is as
follows:

ECSA = Ca/ C; (82)

Where Cy is tested by cyclic voltammetry at different scan rates (10, 20, 30, 40,
and 50 mV s') in non-Fradic potential, C; is the specific capacitance of the

corresponding smooth surface sample (0.04 mF cm2).

1.3 Calculation method of turnover frequency (TOF)*>
The turnover frequency (TOF) is an intrinsic property and an important indicator
of the catalyst performance. The calculation equation is as follows:
TOF=(j*xa)/(4*xnxF) (S3)
Where j is the current density at a specified voltage, a is the electrodes’ surface

area, and F is the Faraday constant (96485 C mol™).
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1.4 The conventional adsorbate evolution mechanism (AEM)®’

2H,0 +* — *OH+ H,0 + H'+e~ (S4)
*OH + H,0 + H+e” — "0+ H20 + 2(H ™ +e) (S5)
O+ H20 + 2(H+e) — "OOH + 3(H +e) (S6)
*OOH+3(H+e) — O2 +4(H™+e) (S7)

Where * is the active site.

1.5 Calculation method of theoretical overpotential by free energy

_ max {AGl,AGz,AGg,AG4}
e

~123V (S8)

Where 7 is the theoretical overpotential. AG1, AG2, AG3, and AG4 are the Gibbs

free energy of reactions (S4), (S5), (S6), and (S7), respectively.
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2. Supporting Figures

Take out after 5 min

Sandwich
shape

Figure S1. Three methods for the oxide coating on the Ni foam. put the Ni foam (10
mm x10 mm X 1 mm) into the dispersions for 5 min (a), or until the alcohol dried (b).
Put the oxide mixture on the nickel foam and wrap it into a sandwich shape with fresh
nickel foam (c).

Figure S2. The optical photo of the bottom of the electrolyte after polarization test of
products prepared by sandwich shape (Figure S1c).
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Figure S3. SEM-EDS images of Cr-NF (a) and Mo-NF (b) electrodes before the OER
test.

CPE

Rct

Figure S4. The equivalent circuit of the electrochemical impedance spectroscopy (EIS).
Re:: charge transfer resistance; Ry: solution resistance; CPE: constant phase element.
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Figure S5. CV curves of NF (a), Cr-NF (b), Mo-NF (c¢), W-NF (d), and IrO»/Ta,0s-Ti
(e) electrodes in the non-Faraday region.

dhdk:

Cr-NF  Mo-NF W-NF

Figure S6. Digital images of NF, Cr-NF, Mo-NF, and W-NF electrodes after the
stability test for 5 h at 10 mA cm™.
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Figure S7. XRD patterns of Cr-NF (a) and Mo-NF (b) electrodes after stability test for
5hat 10 mA cm™.

J

Figure S8. SEM-EDS images after the stability test of Cr-NF for 5 h at 100 mA ¢cm™
(a), Mo-NF for 5 h at 100 mA cm™ (b), and W-NF for 1200 h at 500 mA cm™ (c).
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Figure S9. XPS spectra of Cr 2p (a), Mo 3d (b), and O Is (c, d) of Cr-NF and Mo-NF
after the stability test for Sh at 100 mA cm™.

Figure S10. The SEM image of the W-NF (a), Cr-NF (b), and Mo-NF (c) after the
stability test for 5h at 100 mA cm™.
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Oxyhydroxide

Hydroxide
(111)

(22%

(101)

Figure S11. HRTEM image (a), HAADF-STEM image (b, c), and the corresponding
EDS mapping (d) of the Cr-NF electrode after durability test for 5 h at 100 mA cm™.

Figure S12. TEM image (a), HAADF-STEM image (b, c), and the corresponding EDS
mapping (d) of the Mo-NF electrode after a stability test for 5 h at 100 mA cm™.
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Figure S13. The schematic graphic of the adsorbate evolution mechanism (AEM).
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Figure S14. The different types of adsorption sites for *O on FeCoNiMn.
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Figure S15. The different types of adsorption sites for *O on FeCoNiMnCr.
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Figure S16. The different types of adsorption sites for *O on FeCoNiMnMo.
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Figure S17. The different types of adsorption sites for *O on FeCoNiMnW.
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Figure S18. Model changes (three-view drawing) of the adsorption of *OH, *O, and *OOH on FeCoNiMn electrodes before and after the
OER process.
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Figure S19. Model changes (three-view drawing) of the adsorption of *OH, *O, and *OOH on FeCoNiMnCer electrodes before and after
the OER process.
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Figure S20. Model changes (three-view drawing) of the adsorption of *OH, *O, and *OOH on FeCoNiMnMo electrodes before and after
the OER process.
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Figure S21. Model changes (three-view drawing) of the adsorption of *OH, *O, and *OOH on FeCoNiMnW electrodes before and after
the OER process.
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Figure S22. The spin-dependent projected density of states (PDOS) of FeCoNiMn (a), FeCoNiMnCr (b), FeCoNiMnMo (c), and

FeCoNiMnW (d) electrodes.
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Figure S23. Digital graphs of the scale-up electrode (40 x 500 mm ) before preparation.
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3. Supporting Tables

Table S1. The weight change of NF, Cr-NF, Mo-NF, and W-NF electrodes.

Initial weight Weight after loading Weight after
Electrode ) .
(pure NF) / g oxides / g reduction / g
Cr-NF 0.60601 0.62531 0.61964
Mo-NF 0.60830 0.63017 0.62407
W-NF 0.63759 0.65673 0.65185

Table S2. Gibbs free energies (AG) and theoretical decomposition voltages (AE) of CaCl, and

the oxides used in this work at 900°C.

Reactions AG /K] AE/V
CaCl, =Ca + Clax(g) 623.491 3.231
2Ca0=2Ca+0x(g) 1023.514 2.652
Fe,03=2Fe+1.502(g) 516.287 0.892
Co0304=3Co0+202(g) 460.145 0.596
2Ni1O=2Ni+02(g) 267.152 0.692
MnO>=Mn+02(g) 308.893 0.800
CrO;=Cr+1.502(g) 311.070 0.537
MoO>=Mo+02(g) 376.615 0.976

WO,=W+0a(g) 337.868 0.875
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Table S3. Summary of OER activities of NF, Cr-NF, Mo-NF, and W-NF in 1.0 M KOH.

Mo 17100 17500 Tafel slope Jo R

Electrode
(mV) (mV) (mV) (@mVdec!) (mAcm?) (Q)
NF 380 566 898 103.9 2.01 %1073 091
Cr-NF 260 393 747 82.6 5.49 x 1073 1.17
Mo-NF 259 341 501 70.3 2.71 x 1073 1.05
W-NF 243 292 355 41.5 2.16 x 1072 0.74
IrO»/Taz0s-Ti 305 478 872 122.4 3.22 x 103 0.89

Mo, Moo, Ms00 mean the overpotential (mV vs. RHE) at 10, 100 and 500 mA

cm™. R, means the solution resistance.

The exchange current densities (jy) are obtained from Tafel plots.
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Table S4. The comparison of OER performances in 1.0 M KOH between this work and other

self-supported electrodes.

1500 Tafel slop Stability time

Electrode (mV) (mV dec') (h) Reference

W-NF 355 415 1200@s00 This work
AerMet 100 steel 855 44 140@s70 8
Se-SS 285 36 95@s00 ’
FesoNiso 620" NA 25@s00 10
CoP-400-10 670" 46 90@s00 !
FeOx/CFC-8 620" 93 15@s0 12
C0304-MoN NFs NA 87.8 20@10 13
NiFe-NFF 310 38.9 S@20 1
IISERP-COF3 615" 79 20@s0 15
[F-NiCl, 291 18.3 100@s00 16
VOx/NizS2@NF 780" NA 10@e0 17
Ni;FeN@C/ NF 330 45 100@s00 18
NiFe-MOF@ NisN/NF 295 54 50@200 19
O-NFS-ECT 300 39 18@i6s 20
Ni2P@FePOxHy 319 43 12@100 2l
SSFS 345 42 40@s0 22
NiCo-LDH NA 113 1.1@70 23
Ni-Fe-OH@Ni3S2/NF 426 93 50@s00 24
Co@NiFe-LDH NA 44 50@10 =

nso0 : the overpotential (mV vs. RHE) at 500 mA c¢cm™.

*: Inferred from the LSV curves.

NA: not available

The subscript of stability time indicates the current density during the

stability test, e.g., 1200@s00 means the test duration is 1200 h at 500 mA cm™.
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Table S5. Comparison of catalytic performance parameters of NF, Cr-NF, Mo-NF, W-NF, and

IrO,/Tax0s-Ti electrodes.

Electrodes Cal ECSA TOF  Potential changed value
/ mF cm~2 / cm? /st / mV
NF 1.54 38.5 0.039 -
Cr-NF 71.54 188.5 0.113 20.6
Mo-NF 9.63 240.8 0.169 16.1
W-NF 28.6 715.0 0.227 13.8
IrO2/Ta20s-Ti 26.3 657.5 0.051 72.4

Table S6. The ratio of M-OH and M-O bonds of Cr-NF, Mo-NF, and W-NF after the stability

test.

Electrode M-OH (%) M-O (%)
Cr-NF 9.8 90.2
Mo-NF 8.4 91.6
W-NF 54 94.6
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