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Despite of urgent needs for highly stable and efficient electrochemical
water-splitting devices, it remains extremely challenging to acquire highly
stable oxygen evolution reaction (OER) electrocatalysts under harsh industrial
conditions. Here, a successful in situ synthesis of FeCoNiMnCr high-entropy
alloy (HEA) and high-entropy oxide (HEO) heterocatalysts via a Cr-induced
spontaneous reconstruction strategy is reported, and it is demonstrated that
they deliver excellent ultrastable OER electrocatalytic performance with a low
overpotential of 320 mV at 500 mA cm~?2 and a negligible activity loss after
maintaining at 100 mA cm~2 for 240 h. Remarkably, the heterocatalyst holds
outstanding long-term stability under harsh industrial condition of 6 M KOH
and 85 °C at a current density of as high as 500 mA cm~2 over 500 h. Density
functional theory calculations reveal that the formation of the HEA-HEO
heterostructure can provide electroactive sites possessing robust valence
states to guarantee long-term stable OER process, leading to the
enhancement of electroactivity. The findings of such highly stable OER
heterocatalysts under industrial conditions offer a new perspective for
designing and constructing efficient high-entropy electrocatalysts for practical
industrial water splitting.

1. Introduction

The upcoming global energy and environ-
mental crises are calling for the explo-
ration of renewable energy, which is be-
coming increasingly urgent. Alkaline wa-
ter electrolysis (AWE) for the mass pro-
duction of hydrogen is considered as an
advanced strategy!l However, the high
overpotential of the anodic oxygen evolu-
tion reaction (OER) leads to sluggish ki-
netics, which jeopardizes the overall elec-
trolytic efficiency. To date, despite that
the overpotential of OER has been sig-
nificantly lowered,?l most of the elec-
trocatalysts are only active under labo-
ratory conditions at a low current den-
sity (e.g., 10 mA cm=2). Their activity
and stability at high current densities
(e.g., ~100-1000 mA cm~?), which are
crucial to industrial applications, are still
scarcely explored.’! Developing the OER
catalysts with low-cost, industrially relevant
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activity and long-term durability is hence timely and ultimately
important.

It is well known that metal sites normally show high affin-
ity to the OER intermediates. However, the binding of the OER
intermediates on the metal sites can be too strong, leading po-
tentially to high energy barriers during the OER process.[*] Con-
versely, high-entropy alloys (HEAs) have attracted considerable
attentions for the OER electrocatalysis owing to their positive
multielemental synergy. Moreover, the structure of HEAs can be
adjusted by controlling the compositions and ratios of the metal
elements, which endows HEAs with enhanced OER properties.®!
For instance, Huo et al. reported that the introduction of Pd is re-
sponsible for the reduced energy barrier of the rate-determining
step (RDS) of O*—~0OO0H", resulting in high activity of the FeCoN-
iCuPd/CFC catalyst.l®] Moreover, Chen et al. found that the ele-
ment segregation could lower the energy barrier of H,O disso-
ciation at the NiCoFeMoMn surface, leading to improved OER
activity.”) In addition, Wang et al. improved the electrocatalytic
activity of HEAs by regulating the adsorption of reaction interme-
diates on metal sites.*! In our previous work, we reported that
the strong adsorption of OH" on the FeCoNi alloy for the OER
process restrains the OER kinetics through further deprotona-
tion of OH", and the introduction of Mo can attenuate the adsorp-
tion of OH" on Fe, Co, and Ni sites, thereby accelerating the sub-
sequent rate-determining deprotonation step and improving the
OER performance of the FeCoNiMo HEA catalyst.®] Although
the binding energy distribution among the high-entropy compo-
sitions results in enhanced OER activity for HEAs, the HEA par-
ticles actually undergo catastrophic oxidation. Consequently, the
metals aggregate on the outside layers, which are accompanied by
the formation of disordered oxide shell on the HEA particles.!
The random surface reconstruction can easily occur in the oxi-
dized OER conditions, and as a result, the stabilization role of
high-entropy compositions can hardly be fulfilled."”! Addition-
ally, achieving long-term tolerance of HEA catalysts under harsh
OER industrial conditions still poses a significant challenge, es-
pecially when non-noble metals are adopted.

Here, we report the successful in situ reconstruction of non-
noble high-entropy alloy and high-entropy oxide (HEA-HEO) Fe-
CoNiMnCr heterostructures for highly stable oxygen evolution
even under industrial conditions. As a result of such HEA-HEO
heterostructures, the metal particles can be stabilized during the
OER electrocatalysis by a strong interaction with HEO.['! Fur-
thermore, the strong binding of the oxygen-containing interme-
diates on the active metal sites is largely weakened due to the
repulsive interaction with the oxide species on the neighboring
HEO, thus improving the OER kinetics and simultaneously in-
creasing stability of the HEA-HEO catalysts.l'?l The HEA-HEO
heterocatalyst is synthesized by an early transition metal induced
in situ phase transition from the HEA, which stimulates abun-
dant active HEA-HEO interfaces exposed on the surface of the
catalyst to accelerate the OER process. In virtue of this unique
strategy, the as-prepared FeCoNiMnCr HEA-HEO heterocatalyst
shows an ultralow overpotential of 247 mV at 100 mA cm af-
ter 100 h and an outstanding long-term stability with negligible
activity loss after maintaining at 500 mA cm~2 for 500 h under
harsh industrial conditions (6 M KOH and 85 °C). Density func-
tional theory (DFT) calculations reveal that the HEO formation
enhances electroactivity by breaking the strong 3d orbital over-
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lapping effect, which uplifts the d-band center of active sites for
the efficient and durable OER. This work offers inspiration to the
design of HEA-based delicate heterostructure to realize both elec-
troactivity and stability of catalysts for industrial applications.

2. Results

2.1. Synthesis and Structural Characterization

The FeCoNiMnCr HEA-HEO heterostructure was synthesized
by in situ Cr-induced spontaneous reconstruction strategy
(Figure 1a). As an early transition metal, Cr is often intrinsi-
cally reactive to form highly stable oxides owing to its electropos-
itive and oxophilic nature. Such tendency can also be revealed
in the Ellingham diagram, which illustrates oxidation poten-
tials of different metals. As shown in Figure S1 (Supporting
Information), Cr is close to the bottom of the Ellingham dia-
gram, which indicates that it has high oxidation potentials and is
prone to form oxide.l"3] Therefore, the composition of the high-
entropy products can be adjusted in terms of their metallic and
oxide states by tuning reaction temperature and time through
this Cr-induced synthesis strategy. In situ Raman spectroscopy
(Figure 1b,c) shows the structure changes of the FeCoNiMn-
MOF and FeCoNiMnCr-MOF precursors and the formation of
the FeCoNiMn HEA/CNT and FeCoNiMnCr HEA-HEO/CNT
during the pyrolysis process. The peaks at #578-603 cm™ for the
FeCoNiMn-MOF and FeCoNiMnCr-MOF correspond to the C—H
stretching region of the benzene ring of MOFs.[*l As shown in
Figure 1c, when the calcination temperature is lower than 175 °C,
the structure of MOF precursor does not change. When the tem-
perature rises to 200 °C, new characteristic peaks appear at 554
and 671 cm™!, while the characteristic peak at 603 cm™! decreases
and then vanishes. The newly formed peaks at 554 and 671 cm™!
during the synthesis of the FeCoNiMnCr HEA-HEO reflect the
M—O vibrational mode,**] which is not identified in the Cr-free
FeCoNiMn HEA, demonstrating the successful application of in
situ Cr-induced reconstruction strategy for synthesizing the Fe-
CoNiMnCr HEA-HEO heterostructure.

X-ray diffraction (XRD) analysis reveals that there is no sig-
nificant change in diffraction peak position of the precursors af-
ter the introduction of Cr (Figure S2, Supporting Information).
The XRD patterns of the FeCoNiMn HEA/CNT are presented
in Figure S3 (Supporting Information), which corresponds to a
clear face-centered-cubic (FCC) structure with diffraction peaks
of (111), (200), and (220) planes of the FeCoNiMn HEA/CNT. Es-
pecially, compared with the diffraction peaks of the Fe- and Ni-
based alloys, the position of diffraction peaks of the FeCoNiMn
HEA/CNT sample is shifted remarkably, indicating that elements
are successfully introduced into the nanocatalysts to form the
HEA structure. Based on the actual metal content, we further
calculated the actual mixing entropy of FeCoNiMn HEA/CNT
to be 1.38R (Table S1, Supporting Information), further verify-
ing that the synthesized FeCoNiMn alloy is HEA.['"*! The high-
resolution TEM (HRTEM) (Figure S4, Supporting Information)
image shows that lattice spacing of the alloy is 0.208 nm, which
corresponds to the (111) facet of HEA crystals. Meanwhile, the
FeCoNiMnCr HEA-HEO/CNT also has an FCC structure with a
new metal oxide phase, which originates from the spontaneous
formation of oxide states after the introduction of Cr (Figure 2a).
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Figure 1. Synthesis process of the FeCoNiMnCr HEA-HEO/CNT catalyst. a) Schematic illustration of synthesis process of the FeCoNiMnCr HEA-
HEO/CNT catalyst. In situ Raman characterization of b) the FeCoNiMn MOFs/CNT and c) FeCoNiMnCr MOFs/CNT precursor at different temperatures

during the pyrolysis process.

The newly formed XRD peaks (pink line) of the FeCoNiMnCr
HEA-HEO/CNT at ~35° and ~64° belong to (311) and (440)
planes of the spinel oxide, respectively. All diffraction peaks of
the FeCoNiMnCr HEA-HEO match well with the correspond-
ing standard patterns of the spinel oxide NiCrMnO, (JPCDS 71-
0854), further confirming the HEOs formation. No obvious char-
acteristic peaks of organic substances are identified in the FT-IR
spectra, indicating the absence of organic residues in the synthe-
sized FeCoNiMnCr HEA-HEO/CNT and FeCoNiMn HEA/CNT
catalysts (Figure S5, Supporting Information).

The morphologies of the FeCoNiMnCr HEA-HEO and the Fe-
CoNiMn HEA are shown in Figure 2b; and Figure S6 (Support-
ing Information). The FeCoNiMnCr HEA-HEO nanoparticles are
uniformly distributed on the CNT substrate (Figure 2c). From the
HRTEM images (Figure 2d; and Figure S7, Supporting Informa-
tion), one can clearly see that the carbon nanotubes with a lattice
spacing of 0.338 nm for carbon (220) plane and the nanoparti-
cles with a particle size of 4.18 + 0.177 nm are anchored on the
CNT carriers. The close contact of catalyst particles to the conduc-
tive CNT carriers can enhance electron transfer and reduce the
loss of active sites during the reactions. The HEO and HEA par-
ticles can be clearly distinguished, which are connected to form
heterogeneous interfaces. A single-phase FCC with a lattice spac-
ing of 0.209 nm is formed in the HEA (Figure 2e), which is in-
dexed to (111) facet of FCC. The lattice spacing of 0.253 nm in
Figure 2f can be attributed to the (311) crystal plane of HEO. Fur-
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ther fast Fourier transformation (FFT) patterns reveal the pres-
ence of the (111) facet of HEA and (311) and (400) facets of
HEO (Figure 2i and ii), suggesting a successful in situ construc-
tion of the HEA-HEO heterostructure. The dispersive X-ray spec-
troscopy (EDS) elemental mapping of the FeCoNiMnCr HEA-
HEO/CNT sample shows a uniform distribution of Fe, Co, Nij,
Mn, Cr, O, and C elements (Figure 2g; and Figure S8, Supporting
Information). Furthermore, the Raman spectrum of the FeCoN-
iMnCr HEA-HEO/CNT sample shows two new peaks at ~550—
750 cm™!, which are referred to M—O bonds (Figure S9, Sup-
porting Information),!'*] indicating a successful transition from
HEA to HEA-HEO by the Cr-induced in situ construction strat-
egy. The analyses of N, adsorption—desorption isotherms (Figure
S10a, Supporting Information) and the pore size distribution
curves (Figure S10b, Supporting Information) by the Brunauer,
Emmett, and Teller (BET) and Barrett—Joyner—Halenda (BJH)
method reveal that the FeCoNiMnCr HEA-HEO/CNT compos-
ite possesses a high BET surface area of 158.3112 m* g™' and
displays the coexistence of micropores and mesopores (Table S2,
Supporting Information). The presence of abundant pores is ex-
pected to provide more catalytic active sites, facilitating charge
and mass transport during electrocatalysis.

The X-ray photoelectron spectroscopy (XPS) analysis reveals
the presence of Fe, Co, Ni, Mn, Cr, O, and C in the FeCoN-
iMnCr HEA-HEO/CNT catalyst, in good agreement with the
EDS analysis (Figure 3a; and Table S3, Supporting Information).
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Figure 2. Synthesis and characterization of the FeCoNiMnCr HEA-HEO catalysts. a) XRD patterns of the FeCoNiMnCr HEA-HEO/CNT and FeCoNiMn
HEA/CNT. b—d) SEM b), TEM c), and HRTEM d) images of the FeCoNiMnCr HEA-HEO/CNT. e,i) HRTEM image €) and the corresponding FFT schematic
illustration (i) of the HEA (111) facet taken from the area marked in (d). f,ii) HRTEM image f) and the corresponding FFT schematic illustration (ii)
revealing the presence of the HEO (311) facet taken from the area marked in (d). g) Elemental mapping of Fe, Co, Ni, Mn, Cr, C, and O in the FeCoNiMnCr

HEA-HEO/CNT.

High-resolution C 1s XPS spectra further confirm the composi-
tion of CNT with distinct C=C/C—C species at 284.7 eV (Figure
S11, Supporting Information).['®! The binding energies of Co
2p;;, at 779.9 eV, Fe 2p; , at 710.3 eV, Ni 2p; , at 853.2 €V, and
Mn 2p;, at 637.5 eV confirm the existence of metallic Co, Fe,
Ni, and Mn in both the FeCoNiMn HEA/CNT and FeCoNiM-
nCr HEA-HEO/CNT catalysts (Figure 3b—e).l'’] There emerge
spin doublets at 576.53 eV (Cr° 2p; ;) and 577.75 eV (Cr** 2p; ;)
in the Cr 2p spectrum of FeCoNiMnCr HEA-HEO/CNT, indi-
cating the presence of metallic Cr and oxidative Cr** states in
the FeCoNiMnCr HEA-HEO/CNT (Figure S12, Supporting In-
formation). As shown in Figure 3f, it is obvious that the O
1s spectrum in FeCoNiMnCr HEA-HEO/CNT can be fitted to
three peaks, which correspond to M—OOH (~532.3 eV), M—OH
(=531 eV), and M—O (~529.6 eV).['®] Unlike the FeCoNiMn
HEA/CNT, there is an obvious lattice oxygen signal (M—O)
in the FeCoNiMnCr HEA-HEO/CNT (Table S4, Supporting In-
formation), further verifying the existence of the HEA-HEO
heterostructure in the prepared FeCoNiMnCr HEA-HEO/CNT
catalyst.

To gain insights into the chemical states of the FeCoNiM-
nCr HEA-HEO/CNT, we performed X-ray absorption fine struc-
ture (XAFS) analysis. From the X-ray absorption near edge struc-
ture (XANES), obvious metallic characteristics is observed in
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the HEA catalyst, while HEO catalyst exhibit more oxide fea-
tures (Figure 3g). By comparing the absorption edge positions of
the catalysts to the Ni?*(OH), and LaNi** O, references, we esti-
mated mean valence state of HEA and HEO to be 0.8+ and 1.7+,
respectively.'”) The Fourier transformed extended X-ray absorp-
tion fine structure (FT-EXAFS) was performed to extract the co-
ordination structures of the catalysts. The coordination feature of
HEA resembles that of Ni foil, showing an intense peak at ~2.1 A
(phase uncorrected), which is assigned to the Ni—metal (Ni—M)
coordination shell.?] This is consistent with its low valence and
confirms that most of Ni atoms in HEA are in metallic state. In
comparison, there appears more Ni—O feature in HEO, verify-
ing its heterostructure (Figure 3h). The quantitative structural
fitting of HEO reveals the coordination number (CN) of Ni—O
as 2.5 and Ni—M as 5.6 (Figures S14-S15 and Table S5, Support-
ing Information). The Ni—M in HEA shell has a larger coordina-
tion number of 7.7 as well as a small Ni—O coordination number
of 1.0. The coordination number of Ni—M in the catalysts is re-
markably smaller than that of Ni foil (CN = 12), which is ascribed
to small particle size of the catalysts.[*!] The wavelet transforma-
tions (Figure 3i) of HEA, HEO, and Ni foil show a strong feature
centered at high R (Ak ~#4-10 A~" and AR ~1.7-2.5 A) associated
with the Ni—M shell. In Ni(OH),, the presence of a different fea-
ture at Ak ~2-7 A~! and AR ~1.2-1.8 A is attributed to Ni—O
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Figure 3. Chemical states analysis. a) XPS spectra of the FeCoNiMnCr HEA-HEO/CNT and FeCoNiMn HEA/CNT. b—f) High-resolution XPS spectra of
Co 2p b), Fe 2p ¢), Ni 2p d), Mn 2p e), and O f) for the FeCoNiMnCr HEA-HEO/CNT and FeCoNiMn HEA/CNT. g) Ni K-edge XANES spectra. h) Ni
K-edge EXAFS spectral of the FeCoNiMnCr HEA-HEO, FeCoNiMn HEA/CNT, and the references. i) The wavelet transform analysis of the FeCoNiMnCr

HEA-HEO, FeCoNiMn HEA/CNT, NiO, and Ni-foil.

shell, which is also observed in HEO.!??! These results further
confirm the coexistence of Ni—O and Ni—M shells in HEO.

2.2. Catalytic Activity of the FeCoNiMnCr HEA-HEO/CNT for
OER

The electrocatalytic OER performances of the FeCoNiMnCr
HEA-HEO/CNT and FeCoNiMn HEA/CNT catalysts together
with those of the FeCoNiMnCr HEA/CNT, FeCoNiMnCr
HEO/CNT, and commercial IrO, catalysts as a reference (Figures
S16 and S17, Supporting Information) were investigated using
a three-electrode system in O,-saturated 1 m KOH solution at
room temperature. As shown in the CV curve of the FeCoN-
iMnCr HEA-HEO/CNT (Figure S18, Supporting Information),
there emerge redox peaks between 1.2 and 1.4 V, which are at-
tributed to the redox of Ni** (Fe?*), Ni** (Fe3*), and Ni** (Fe*).[23]
The FeCoNiMnCr HEA-HEO/CNT catalyst exhibits the lowest
overpotential of 261 mV at a current density of 10 mA cm™
(Figure 4a; and Figure S19, Supporting Information) and an
ultralow overpotential of 320 mV at a high current density of
500 mA cm~2, holding great potential for practical application.
The Tafel slope of the FeCoNiMnCr HEA-HEO/CNT catalyst
(42.2 mV dec™) is lower than that of FeCoNiMn HEA/CNT
(51.76 mV dec™!), FeCoNiMnCr HEA/CNT (52.33 mV dec™}),
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and IrO, (107.27 mV dec™!) (Figure 4b), implying a much
faster OER kinetics on its surface. It is known that the elec-
trochemical active surface area (ECSA) of an electrocatalyst is
proportional to the electrochemical double-layer capacitance
(C4), which can be evaluated by measuring scan-rate-dependent
cyclic voltammetry (CV) in the non-Faraday region. As shown
in Figure 4c; and Figure S20 (Supporting Information), the
Cy of the FeCoNiMnCr HEA-HEO/CNT catalyst is estimated
to be 2.83 mF cm™2, which approaches that of the FeCoNiMn
HEA/CNT (7.21 mF cm™2), FeCoNiMnCr HEA/CNT (1.00 mF
cm™?), and IrO, (6.04 mF cm™2) catalysts. As shown in the
ECSA normalized polarization curves (Figure S21, Supporting
Information), the FeCoNiMnCr HEA-HEO/CNT catalyst ex-
hibits the lowest overpotential at the kinetic current density of
1 mA cm™%;,. From Figure S22 (Supporting Information),
the FeCoNiMnCr HEA-HEO/CNT catalyst displays the highest
specific activity of 1.43 mA cm™ at the overpotential of 300 mV
in comparison to the synthesized FeCoNiMnCr HEA/CNT
(1.05 mA cm~2) and FeCoNiMn HEA/CNT (0.56 mA cm™?)
catalysts.

To further probe the electrode reaction kinetics during the cat-
alytic OER process, we conducted the electrochemical impedance
spectroscopy (EIS) measurement (Figure 4d). The Nyquist
plots reveal that the FeCoNiMnCr HEA-HEO/CNT possesses
the lowest charge transfer resistance (R,) of ~1.81 Q at the
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Figure 4. Electrocatalytic properties. a,b) IR-corrected polarization curves a) and Tafel plots b) of the FeCoNiMnCr HEA-HEO/CNT, FeCoNiMnCr
HEA/CNT, FeCoNiMn HEA/CNT, and commercial IrO, catalysts measured in 1 M KOH solution at room temperature. c,d) Charging current den-
sity differences plotted against scan rate c) and Nyquist plots d) for the FeCoNiMnCr HEA-HEO/CNT, FeCoNiMnCr HEA/CNT, FeCoNiMn HEA/CNT,
and commercial IrO, catalysts. e) Comparison of TOF for the FeCoNiMnCr HEA-HEO/CNT and the commercial IrO, catalysts at the overpotential of
300 mV. The inset shows the TOF plots of the FeCoNiMnCr HEA-HEO/CNT, FeCoNiMn HEA/CNT, and IrO, catalysts at different overpotentials. f)
Comparison of overpotentials at 10 mA cm~2 and Tafel slopes for the FeCoNiMnCr HEA-HEO/CNT catalyst with the recently reported high-entropy OER

electrocatalysts in 1 m KOH.

overpotential of 300 mV in 1 v KOH, much lower than the Fe-
CoNiMn HEA/CNT (4.2 Q), FeCoNiMnCr HEA/CNT (5.1 ), and
IrO, (18.3 Q), indicative of the highest electronic conductivity
and the fastest charge transfer on its surface in the electrochem-
ical OER process, which may be attributed to the increased ex-
posed active sites formed on the HEA-HEO heterostructure and
to the unusual electron configuration of Cr ion.[?*] As shown in
Figure 4e, the FeCoNiMnCr HEA-HEO/CNT catalyst displays an
ultrahigh turnover frequency (TOF) of 0.0715 s' at the overpo-
tential of 300 mV in an alkaline medium, which is 4.08 times
higher than that of the commercial IrO, catalyst. Owing to the
low overpotential and small Tafel slope, the OER activity of
FeCoNiMnCr HEA-HEO/CNT also surpasses many of the re-
cently reported high-entropy electrocatalysts under the same con-
ditions (Figure 4f; and Table S6, Supporting Information).®2]
The OER electrocatalytic performance of the FeCoNiMnCr HEA-
HEO/CNT catalyst in neutral medium (1 m PBS electrolyte) dif-
fers from that in alkaline medium (Figure S23, Supporting In-
formation). To probe the comprehensive water decomposition
efficiency of the FeCoNiMnCr HEA-HeO/CNT catalyst, we con-
ducted analysis of the water electrolysis performance of the spec-
imen, as sketched in Figure S24 (Supporting Information). Gas
output was obtained using the drainage method at a current den-
sity of 100 mA cm~? (Figure S25, Supporting Information). The
yield of O, and the volume ratio of H, and O, (H,:0, = 2:1) ap-
proach closely their theoretical values (Figure S26, Supporting
Information), indicating an almost 100% Faradaic efficiency (FE)
of the catalyst.
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2.3. Catalytic Stability of the FeCoNiMnCr HEA-HEO/CNT for
OER

For an electrocatalyst to be used in practical scenario, it is essen-
tial for it to maintain good durability over long-term use, espe-
cially when operating at high current densities. To further investi-
gate stability of the FeCoNiMnCr HEA-HEO/CNT, we performed
chronopotentiometry tests. From Figure 5a, one can see that the
potential at the current density of 100 mA cm~2 for 100 h un-
dergoes no change, indicating good long-term stability of the Fe-
CoNiMnCr HEA-HEO/CNT catalyst toward OER. Surprisingly,
the electrocatalytic activity of FeCoNiMnCr HEA-HEO/CNT is
even enhanced after 100 h at 100 mA cm~2. The overpotential
is reduced to 247 mV at the current density of 10 mA cm™2,
which is 14 mV lower than that of its initial value (Figure 5b).
The enhancement of OER electrocatalytic performance for the
FeCoNiMnCr HEA-HEO/CNT catalyst after stability test may be
ascribed to the slightly increased ECSA of the posttest catalyst
(Figure S27, Supporting Information). Further XRD analysis re-
veals no obvious change in crystalline structure for the FeCoN-
iMnCr HEA-HEO/CNT catalyst after stability test for 100 h at
100 mA cm~? (Figure 5c). Moreover, morphology of the catalyst
after the stability test is essentially identical to that before test
(Figure S28, Supporting Information). From the HRTEM images
in Figure 5e-g, one can note that the (111) plane of HEA and the
(311) plane of HEO experience insignificant lattice expansion,
indicating that the HEA-HEO heterostructure in the FeCoNiM-
nCr HEA-HEO/CNT catalyst is well preserved after long-term
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Figure 5. Electrocatalytic OER stability and structural characterization of the FeCoNiMnCr HEA-HEO/CNT catalyst in 1 m KOH at 100 mA cm~2 for
100 h. a) Catalytic stability measured by chronopotentiometry in 1 M KOH at room temperature. b) Polarization curves before and after the stability test.
¢,d) XRD pattern c) and HRTEM image d) of the FeCoNiMnCr HEA-HEO/CNT after stability test for 100 h at 100 mA cm~2. e,f) HRTEM image e) and
atomic lattice image f) of the selected areas marked by a red circle in (d). The inset in (f) shows the corresponding FFT. g,h) HRTEM image g) and
atomic lattice image h) of the selected areas marked by a yellow circle in (d). The inset in (h) shows the corresponding FFT. i-n) High-resolution XPS
spectra of C 2p i), Fe 2p j), Co 2p k), Ni 2p ), Mn 2p m), and Cr 2p n) of the FeCoNiMnCr HEA-HEO/CNT catalyst before and after stability test for 100 h
at the current density of 100 mA cm=2in 1 m KOH.

stability test. In addition, there also appear dislocations in the
catalyst (Figure 5fh), and the Fe, Co, Ni, Mn, Cr, C, and O el-
ements remain evenly distributed throughout the whole region
of the FeCoNiMnCr HEA-HEO/CNT catalyst after stability test
(Figure S29, Supporting Information). To further probe structure
of the catalyst after stability test, the high-resolution XPS spectra
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are obtained, which show the similar deconvoluted peaks with
the spectra before test (Figure 5i-n; and Figure S30, Support-
ing Information), confirming no obvious structural change for
the FeCoNiMnCr HEA-HEO/CNT during the OER electrocatal-
ysis. Compared to the FeCoNiMnCr HEA-HEO/CNT before sta-
bility test (9.7 at%), the proportion of M—O (lattice oxygen) for
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Figure 6. Structure and catalytic long-term stability of the FeCoNiMnCr HEA-HEO/CNT catalyst. a) Catalytic stability test by chronopotentiometry mea-
surement in 1 M KOH at room temperature. b) Comparison of stability for the FeCoNiMnCr HEA-HEO/CNT catalyst with the recently reported high-
entropy OER electrocatalysts in 1 m KOH. c¢) HRTEM image of the FeCoNiMnCr HEA-HEO/CNT after stability test for 240 h at 100 mA cm~2. d-f)
Enlarged HRTEM image of the CNT, HEA, and HEO taken from the area marked in (c). g) Elemental mapping of the FeCoNiMnCr HEA-HEO/CNT
catalyst after stability test for 240 h at 100 mA cm™2. h) Catalytic stability test of the FeCoNiMnCr HEA-HEO/CNT and FeCoNiMn HEA/CNT at 500 mA

cm~2 under industrial conditions of 6 m KOH and 85 °C.

FeCoNiMnCr HEA-HEO/CNT after stability test at 100 mA cm™2
for 100 h (16.02 at%) increases, indicating the generation of
newly formed oxides in the FeCoNiMnCr HEA-HEO/CNT sur-
face during the OER process (Table S4, Supporting Information).
These indicate that the metallic and oxidation states of the Fe-
CoNiMnCr HEA-HEO/CNT catalyst are well preserved during
the OER process.

The OER stability test is further carried out at 100 mA cm—2
for 240 h, which shows no degradation during the OER pro-
cess even after 10 days, indicating a long-term stability of the
FeCoNiMnCr HEA-HEO/CNT catalyst (Figure 6a,b; and Table
S6, Supporting Information). The FeCoNiMnCr HEA-HEO/CNT
catalyst maintains the nanoparticle morphology after the stabil-
ity test (Figure 6¢; and Figure S31, Supporting Information).
The HRTEM images in Figure 6d—f further clearly show the
(002) plane of the CNT, (111) plane of HEA, and (311) plane
of HEO, indicating that microstructure of the catalyst is sta-
ble even after the long-term stability test for 240 h. Moreover,
the TEM mapping also shows the similar distribution of the
Fe, Co, Ni, Mn, Cr, C, and O elements before and after sta-
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bility test, verifying that the HEA-HEO heterostructure in the
catalyst is well preserved during the long-term OER process
(Figure 6g).

To test practical application of the catalyst, we further con-
ducted stability test under harsh industrial conditions (6 M KOH
and 85 °C). As shown in Figures $32-S35 (Supporting Informa-
tion), the FeCoNiMnCr HEA-HEO/CNT catalyst shows no de-
cay in both the OER performance and ECSA of after maintain-
ing at 100 mA cm~ for 24 h in 6 M KOH at 85 °C. Further-
more, the chronopotentiometric curve of the catalyst exhibits
no obvious potential increase even after stability test for 500 h
at 500 mA cm~ (Figure 6h). The polarization curves before
and after 500 h stability test exhibit only 12 mV increase in
the overpotential at 500 mA cm~2, which is much better than
that of the FeCoNiMn HEA/CNT catalyst showing an overpo-
tential increase of 23 mV after 48 h stability test at 500 mA
cm~? (Figures S36-S39, Supporting Information). The stability of
the FeCoNiMnCr HEA-HEO/CNT catalyst outperforms most of
the current noble-metal-free OER catalysts (Table S7, Supporting
Information).
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Figure 7. Electronic structure. a,b) 3D contour plot of electronic distribution near the Fermi level for the HEA a) and HEA-HEO b). In (b), the upper
yellow rectangle denotes HEA and the bottom red one denotes HEO. The purple, blue, orange, brown, and gray balls represent Fe, Co, Ni, Mn, and
Cr atoms, respectively. The blue isosurface represents bonding orbitals, and the green one antibonding orbitals. c,d) The projected density of states
(PDOS) of HEA c) and HEA-HEO d). e—i) Site-dependent PDOS of of Fe-3d e), Co-3d f), Ni-3d g), Mn-3d h), and Cr-3d i).

3. Discussion

We further performed DFT calculations to investigate the elec-
tronic states of the FeCoNiMnCr HEA-HEO structure during
the OER process. Based on the interface orientations observed
from the HRTEM image, we constructed atomic models of the
HEA/HEO interface by taking the (111) and (311) surfaces for
HEA and HEO, respectively. To construct interfaces, strain is in-
evitably induced between the HEO and HEA due to their lat-
tice mismatch. To shed light on the impact of strain, we com-
pared bond length distribution in HEA, HEO, and HEA-HEO
(Figure S31a, Supporting Information). For the pristine HEA,
we note that the bond lengths are mostly in the range of ~2.4—
2.5 A. The lattice distortion in the HEA results in the extension
of bond lengths to even 3.2 A. After the formation of the HEA-
HEO, the bond length distribution turns smaller, where most of
bond lengths are in the range of ~2.4-2.8 A indicating the pres-
ence of compressive strain in the HEA due to the formation of
HEO. On the other hand, the bond lengths in the pristine HEO
are limited to a smaller range of ~1.8-2.1 A. However, with the
formation of the HEA-HEO interface, the strain effect triggers
prolonged bonding in HEO, indicating that tensile strain is in-
duced in the HEO component. The surface of the FeCoNiMnCr
HEA structure is largely dominated by the antibonding orbitals
(Figure 7a). In comparison, the formation of HEO induces in-
creased electron-rich surface, which guarantees efficient electron
transfer (Figure 7b). Moreover, the distortion of the HEA-HEO
becomes slightly stronger due to the formation of HEO, consis-
tent with the expanded peaks in the XRD results. These also in-
dicate the existence of strain effect at interface, which could also
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potentially modify electronic structures of the HEA-HEO. For the
HEA, all the 3d orbitals of different metals show a strong overlap,
suggesting a strong d-d coupling within the lattice (Figure 7c).
However, such an electronic structure potentially leads to a trade-
off between the stable valence states of the key active sites and the
stability. In contrast, the HEA-HEO displays a less overlap effect
on the 3d orbitals due to the formation of HEO (Figure 7d). Both
Ni 3d and Co 3d orbitals upshift slightly compared to those in
HEA, indicating higher electroactivity. Meanwhile, the Fe 3d and
Mn 3d are modulated, while the introduced Cr 3d orbitals shift
in position from Mn-3d orbitals. Such orbital shift not only guar-
antees high electron density near the Fermi level (Ey), but also
fully covers the highly electroactive 3d orbitals of Ni and Co to
achieve robust valence states during the long-term OER. The O
2p orbitals locate at the lowest level as the electron reservoir cen-
ter. For the HEA-HEO interface, the electron density increases
in HEO yet decreases in HEA, which supports the experimental
results (Figure S31b, Supporting Information).

The site-dependent projected density of states (PDOS) is fur-
ther investigated by analyzing different elements in HEA-HEO.
For the Fe 3d orbitals, the formation of HEO induces the broad-
ening of Fe 3d orbitals with increased e,-t,, splitting (Figure 6e).
The broadened Fe 3d orbitals enable the pinning of Ni sites
to maintain robust valence states during OER. The Co 34 or-
bitals are evidently modulated after the formation of HEO, where
the 3d orbitals turn shaper with increased electron density near
the Fermi level, supporting the improved electroactivity in HEA-
HEO (Figure 7f).

Within the HEA-HEO, we notice that the Ni-3d orbitals ex-
hibit much broader 3d orbitals in the HEA than in the HEO
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(Figure 7g). From the bulk to surface, the 3d orbitals gradually
upshifts to boost the electroactivity on the surface Ni sites for the
OER. For the Mn-3d orbitals, the e -t,, splitting is evidently en-
larged in the HEO, and the expanded Mn-3d orbitals are able to
pin the active 3d orbitals to reach stable electroactivity (Figure 7h).
Similarly, it is noted that the Cr-3d orbitals are obviously broad-
ened in the HEO, which facilitates the site-to-site electron trans-
fer within the HEA-HEO. The pinning of Ni and Co sites enables
long-term electroactivity (Figure 7i). Due to the synergistic effect
of different transition metals, the pinning of Ni and Co sites can
be fulfilled by optimizing electronic structures, enabling long-
term electroactivity for OER. The evident electronic modulation
induced by the formation of HEO is able to improve the electroac-
tivity and electron transfer efficiency of the bulk to accelerate OER
process. The formation of HEO thus modifies remarkably elec-
tronic structures through the dislocation effect on the 3d orbitals,
leading to improved and more robust electroactivity to guarantee
a long-term efficient OER process.

To shed light on origin of the enhanced OER performance
for the FeCoNiMnCr HEA-HEO/CNT and the effect of electron
transfer on binding strength of reactants and intermediates dur-
ing OER, we adopted methanol as a probe to detect adsorption
ability of the OER intermediates, e.g.,, OH" which is an elec-
trophilic reagent and can be easily captured by the nucleophilic
methanol. Therefore, the increase in current density between
the methanol oxidation reaction (MOR) and OER polarization
curves reflects the coverage of OH* on the catalyst surface.l?¢]
As shown in Figure 8a; and Figure S41 (Supporting Informa-
tion), the current difference caused by the MOR can reflect the
extent of surface coverage of OH* to further embody the OH"
adsorption ability. The filled areas between the LSV curves with
and without methanol for the FeCoNiMnCr HEA/CNT (S,), Fe-
CoNiMnCr HEA-HEO/CNT (S,), FeCoNiMn HEA/CNT (S;), and
FeCoNiMnCr HEO/CNT (Sy50), are calculated to be S; =3.02, S,
=2.74, S; =5.71, and S};;c = 0.638, indicating that the FeCoN-
iMn HEA/CNT has the highest absorption strength toward OH”,
followed by the FeCoNiMnCr HEA/CNT, FeCoNiMnCr HEA-
HEO/CNT, and FeCoNiMnCr HEO/CNT.

The CV curves for the FeCoNiMn HEA/CNT, FeCoNiM-
nCr HEA/CNT, FeCoNiMnCr HEA-HEO/CNT, and FeCoNiM-
nCr HEO/CNT catalysts show little difference between the elec-
trolytes with and without methanol in various scan rates, indi-
cating that the increase of the MOR current is not related to the
ECSA (Figure S42, Supporting Information). From the energetic
perspective, we also compared the adsorption energies of OH"
on the FeCoNiMn HEA/CNT FeCoNiMnCr HEA-HEO/CNT sur-
face and FeCoNiMnCr HEO/CNT (Figure 8b). Notably, the HEA
shows the strongest binding strength of OH*, while the HEO
the weakest binding strength, which supports the experimental
characterizations. The relatively stronger adsorption of OH* in
the HEA than the pristine HEO are beneficial to further conver-
sion of key intermediates, indicating its much higher OER per-
formance than that of HEO. For the pristine HEO interface, the
adsorption of the OH* still shows strong electron accumulation,
which indicates a weak electron transfer with the catalysts, re-
sulting in the weak adsorption with limited electroactivity for the
pristine HEO (Figure S40c, Supporting Information). In com-
parison, the electron density of OH* shows a decreasing trend
toward the surface Ni sites on the HEA, which demonstrates
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stronger electron transfer from OH* to the HEA surface with the
improved oxidation trend for the OER process (Figure S40d, Sup-
porting Information). For the adsorption of OH* on the Ni sites
at the HEA-HEO interface, the electron transfer is evident from
OH* to catalyst surface, meaning an efficient oxidation process to
accelerate the conversion from OH* to O* (Figure S40e, Support-
ing Information). The MOR analysis and DFT calculations reveal
a moderate adsorption of the OER intermediates on the designed
FeCoNiMnCr HEA-HEO/CNT catalyst surface, indicating an op-
timized OER electrocatalytic activity and stability for this catalyst.
In addition, we have also compared the work functions of three
different systems as well as the HEA and HEA-HEO (Figure 8c).
It is noted that the HEA-HEO shows a middle work function be-
tween the pristine HEA surface and the pristine HEO surface,
suggesting the formation of built-in electric field (BEF) in the
HEA-HEO. The formed BEF with different work function would
drive electron flow from HEA to the HEO, benefiting the elec-
troactivity toward the OER.

To further probe the active sites of HEA-HEO, we calculated
the free energy of the HEA-HEO, HEA, and HEO, where the
reaction energies are calculated without applied potential (U =
0 V) (Figure 8d-f). On the HEA surface, a lower energy is re-
quired for the initial conversion from OH~ to OH", consistent
with the experimental results on the methanol probe. Mean-
while, we notice that the rate-determining step (RDS) is the con-
version from O* to OOH* for all the metal sites on different
surfaces. For the HEA surface, all the reaction steps have de-
livered relatively high energy barriers except for the final step
(Figure 8d). Among the different metal sites, Ni sites show the
smallest energy barrier for RDS, serving as the most promis-
ing active sites for OER. For the interface of FeCoNiMnCr HEA-
HEO, the energy cost for the OH* formation is slightly increased,
while the conversion to O* and OOH* is significantly allevi-
ated, supporting the adsorption energy results (Figure 8e). In
particular, the Ni sites display the highest electroactivity with
the smallest overpotential, in line with the PDOS results. As a
comparison, we also evaluated the OER trends on the pristine
HEO surfaces, where the overpotential for OER is evidently in-
creased, indicating that the improved OER performance is also
attributed to the formation of highly electroactive HEA-HEO in-
terface after introducing Cr (Figure 8f). Based on the analysis
of reaction energy, the Ni is the most electroactive site to pro-
mote OER, where the HEA-HEO shows the lowest RDS barrier of
1.52 eV.

Furthermore, due to the dependency between free energy of
the reaction intermediates and the OER activity, the change of
Gibbs free energy in each elementary step was calculated to ex-
plore the improvement of OER performance by applying the
equilibrium potential of 1.23 V for Ni sites of HEA and HEA-
HEO interface (Figure 8g). The optimized adsorption structures
of the reaction intermediates (OH*, O*, OOH¥*) on the catalyst
surface are also supplied. Notably, for HER-Ni, the electrocatalyst
experiences a gradual uphill trend for OER, where the barrier of
RDS requires an overpotential of 0.48 V. With the formation of
the HEO, although the initial formation of OH* can satisfy the
barrier, the RDS barrier reduces with significantly lowered over-
potential of 0.29 V. Such reaction energy results therefore ver-
ify the remarkable OER performance of HEA-HEO. Compared
with individual HEA and HEO surfaces, the interactions between
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Figure 8. OER Mechanism. a) Comparison of the filled area caused by MOR for the FeCoNiMn HEA/CNT, FeCoNiMnCr HEA/CNT, FeCoNiMnCr HEA-
HEO/CNT, and FeCoNiMnCr HEO/CNT catalysts. b) The binding energies of OH* on the FeCoNiMn HEA, FeCoNiMnCr HEO, and FeCoNiMnCr HEA-
HEO. c) Comparison of work function for the FeCoNiMn HEA, FeCoNiMnCr HEO, and FeCoNiMnCr HEA-HEO. Reaction energies of OER on FeCoNiMn
HEAd), FeCoNiMnCr HEO e), and FeCoNiMnCr HEA-HEO f) under U =0 V. g) Reaction energy of OER on Ni site of the FeCoNiMn HEA and FeCoNiMnCr
HEA-HEO under an equilibrium potential of U = 1.23 V. The purple, blue, orange, brown, and gray balls represent Fe, Co, Ni, Mn, and Cr atoms,

respectively.

HEO and HEA result in optimization of electronic structures,
which can further benefit the OER processes with reduced en-
ergy barriers and overpotentials.

We conducted in situ Ni K-edge XAFS studies to track the
active structures of the catalysts under the applied potentials
(Figure 9a—c). The energy position of the absorption edge of HEO
catalyst is shifted to higher energy at applied potentials, i.e., the
spectra show a distinct edge shift of ~1.1 eV under catalytic po-
tential of 1.50 V, giving a mean valence state of ~2.2+ (Figures
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S43 and S44, Supporting Information). This indicates that a large
proportion of Ni ions are oxidized into high valence states during
the OER process. To verify this result, the FT-EXAFS analysis was
performed. As expected, the Ni—M coordination number clearly
decreases from 5.6 to 3.1 at an applied potential of 1.50 V, which is
accompanied with the increase of Ni—O coordination, indicating
that a substantial proportion of Ni atoms are transformed from
the HEA phase to their oxidized states. A similar behavior is ob-
served in HEA catalyst, in which the absorption edge shows a
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Figure 9. Operando analyses. In situ Ni K-edge XANES spectra of a) FeCoNiMn HEA/CNT and b) FeCoNiMnCr HEA-HEO/CNT catalysts at 1.22 and
1.5 V versus RHE. c) In situ Ni K-edge EXAFS spectra of FeCoNiMn HEA/CNT and FeCoNiMnCr HEA-HEO/CNT catalysts. In situ Raman spectra of
FeCoNiMnCr HEA-HEO/CNT catalyst d) at different potentials (Versus Hg/HgO) catalysts and e) maintaining at 1.4 V versus Hg/HgO for different
time. f) In situ Raman spectra of FeCoNiMn HEA/CNT catalyst maintaining at 1.4 V versus Hg/HgO for different time.

positive shift. The average valence state of Ni ions in HEA at
1.50 V versus RHE is estimated to be ~1.5+.

We also performed in situ electrochemical Raman spec-
troscopy to investigate structural changes of FeCoNiMnCr HEA-
HEO/CNT during the OER process. As shown in Figure 9d, there
is no change in Raman response at voltage below 1.1 V versus
Hg/HgO in 1 m KOH, indicating the preservation of original
structure for FeCoNiMnCr HEA-HEO/CNT catalyst at low volt-
ages. When the applied voltage is below to 1.1 V versus Hg/HgO,
the FeCoNiMnCr HEA-HEO/CNT shows one well-defined peak
at 671 cm™!, which is attributed to the M—O (M=Fe, Co, Ni, Mn,
Cr) vibrational mode. As shown in Figure S45 (Supporting In-
formation), there is no detectable Raman response of FeCoNiMn
HEA/CNT at 671 cm™, indicating its metallic nature. When the
voltage is increased from 1.2 to 1.4V versus Hg/HgO, the ini-
tial Raman peak at 671 cm™' for FeCoNiMnCr HEA-HEO/CNT
disappears, followed by the growth of a pair of new peaks at
475cm™ (6 (Ni"™-0) and 552 cm™! (v (Ni"'-0)), which are as-
cribed to the e, bonding vibration and the A, stretching vibration
bonds of Ni(FeCo)OOH, respectively, indicating the structural re-
construction of catalyst during the OER process. As shown in
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Figure S45 (Supporting Information), the Raman peaks at 475
and 552 cm™! are formed at 0.9 V versus Hg/HgO for FeCoNiMn
HEA/CNT catalyst, which is 0.3 V lower than that of FeCoNiM-
nCr HEA-HEO/CNT. In situ Raman characterization was further
conducted to probe structural reconstruction of these two cata-
lysts at a constant voltage of 1.4 V versus Hg/HgO under differ-
ent time (Figure 9e,f). It is worthy of noting that the peaks of 6
(Ni'"-0) at 475 cm™! and v (Ni"'-0) at 552 cm ™! for FeCoNiM-
nCr HEA-HEO/CNT appear after OER test for 40 min, which is
20 min later than that of the FeCoNiMn HEA/CNT catalyst. This
agrees with the potential-dependent in situ Raman analysis, sug-
gesting superior durability of the FeCoNiMnCr HEA-HEO/CNT
catalyst.

4, Conclusions

We proposed an in situ reconstruction strategy to synthe-
size ultrastable HEA-HEO heterostructural OER catalysts, and
demonstrated that the high-entropy composition can be adjusted
between their metallic and oxide states by the Cr-induced spon-
taneous reconstruction. We show that the FeCoNiMnCr HEA-

© 2024 Wiley-VCH GmbH

850807 SUOWIWOD 8A1IE81D 3|dedldde ayy A peusenob afe S8l YO ‘8Sn JO Sa|NnJ J0j Akeid 78Ul UO AB|IA UO (SUONIPUOD-PUR-SWBIW0D A8 | 1M AleIq 1 Bul UO//:SdNY) SUOIPUOD pue swie | 81 88S *[202/T0/c2] Uo A%iqiaulluo A8|iM ‘olod 0Q 001uosllod dsis3 Aq 8TE0TEZ0Z BWPR/Z00T 0T/I0p/W0D A8 |ImAeiq Ul uo//:Sdny WwoJj pepeojumod ‘0 ‘S605T2ST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

HEO heterocatalyst is stable for over 500 h at 500 mA cm™ un-
der harsh industrial conditions of 6 M KOH and 85 °C. DFT cal-
culations unravel that the formation of HEO induces an orbital
dislocation effect to loosen to the 3d orbital pinning, which not
only offers highly electroactive active sites but also promotes the
site-to-site electron transfer, leading to the suitable intermediate
binding strength for the OER process. Such an in situ reconstruc-
tion strategy from HEA to HEA-HEO heterostructure for build-
ing highly stable OER electrocatalysts represents an advance-
ment toward further development of practical industrial water
splitting.

5. Experimental Section

Sample Preparation: The FeCoNiMnCr MOFs/CNT was synthe-
sized by dissolving 0.25 mmol (Fe(CO,CH;),-4H,0), 0.25 mmol
Co(NO3),-6H,0, 025 mmol  Ni(NO;),6H,0, 025 mmol
Mn(NO3),-4H,0, 0.25 mmol Cr(NO;);-9H,0, and 0.34 mmol 2,5-
dihydroxyterephthalic acid into a mixture of 22.5 mL DMF, 1.35 mL
anhydrous ethanol, and 1.35 mL deionized water. 25 mg carbon nan-
otubes were added into the mixture and sonicated for at least 60 min.
Subsequently, the mixture was immediately transferred into a 50 mL
autoclave, and heated to 120 °C and maintained for 30 h. The synthesized
FeCoNiMnCr MOFs/CNT precursor was washed with ultrapure DI water,
DMF, and EtOH in sequence several times, and dried at 70 °C for 12 h.
Similarly, the FeCoNiMn MOFs/CNT precursor was synthesized using
the same procedure except that the Cr(NO;)3-9H,0O was not added.

The FeCoNiMn HEA/CNT and FeCoNiMnCr HEA-HEO/CNT samples
were obtained by pyrolysis of MOFs/CNT precursors in a tube furnace pre-
treated at 350 °C for 1 h. The sample was then heated to 450 °C at a ramp
rate of 5 °C min~" and maintained at this temperature for 2 h under mixed
gas H,/Ar (5% H,). The FeCoNiMnCr HEA/CNT sample was obtained by
pyrolysis of the FeCoNiMnCr MOFs/CNT precursors in a tube furnace at
350 °C for 1 h. The sample was then heated to 500 °C at a ramp rate of
5°C min~! and finally maintained at this temperature for 7 h under mixed
gas H,/Ar (5% H,). Similarly, the FeCoNiMnCr HEO/CNT sample was
obtained by pyrolysis of the FeCoNiMnCr MOFs/CNT precursors in air at
600 °C for 3 h.

Structural Characterization: The XAFS spectra at the Ni K-edge were
recorded at the BL11B beamline of Shanghai Synchrotron Radiation Facil-
ity (SSRF). Powder X-ray diffraction (XRD) patterns were recorded using a
Rigaku D/Max-2200 PC diffractometer in the diffraction angle range 26 =
~5°-80° with Cu Ka radiation (4 = 1.5418 A) at 40 kV, 40 mA. X-ray pho-
toelectron spectroscopy (XPS) was measured on a Perkin—Elmer model
PHI 5500 XPS system with a resolution of 0.3-0.5 eV from a monochro-
mated aluminum anode X-ray source with Mo Ka radiation (1486.6 eV).
All the XPS spectra were calibrated using the C 1s peak of carbon present
at 284.80 eV. Field-emission scanning electron microscopy (FESEM) was
characterized by a Nona-Nano SEM450 operated at an accelerating voltage
of 5 kV. Transmission electron microscopy (TEM), high-resolution TEM
(HRTEM), high-angle annular dark-field scanning TEM (HAADF STEM),
and energy dispersive X-ray spectroscopy (EDX) were performed on Tec-
nai G2 TF30 operated at 300 kV. FT-IR spectra (KBr pellets) were obtained
on a Thermo Electron NEXUS 670 FT-IR spectrometer. The contents of Fe,
Co, Ni, Mn, and Cr were measured by inductively coupled plasma emis-
sion spectroscopy (ICP-OES) conducted on a PE Avio 200 instrument. ICP
mass spectrometry (ICP-MS) was measured on an iCAP Qc spectrometer
at 1150 W. The Raman spectra were recorded using a LabRAM HR Evolu-
tion Raman spectrometer (HORIBA) with a 532 nm laser wavelength.

The mixed configuration entropy of HEAs could be depicted by the fol-
lowing equation

n
ASp= —R Y xlnx M

i=1
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where R was the molar gas constant, and x; represented the mole fraction
of the elemental component.['?]

Electrochemical Measurements:  Electrocatalytic activity measure-
ments of the as-synthesized samples were performed with a CHI760E
electrochemistry workstation (CH Instruments, Inc.) using a standard
three-electrode electrochemical cell with Pt sheet and Hg/HgO as the
counter and reference electrode, respectively. Chronopotentiometry (CP)
responses curve was performed at a high constant current density of
100 mA cm™2 in 1 m KOH using a carbon rod as counter electrode at
room temperature. Long-term stability measurements under industrial
conditions were performed in a Teflon container at 500 mA cm™2in 6.0 m
KOH using a carbon rod as the counter electrode at 85 °C. ECSAs were
calculated by dividing Cy, by a specific capacitance (C,, assumed as 0.04
mF cm~2 in 1 M KOH). Based on the LSV, turnover frequency (TOF) of
the catalysts could be calculated by TOF =j x A / (4xXFxm/M), where j
was the current density (mA cm~2) at a given overpotential, A was surface
area of working electrode, F was the faraday constant (96 485 C mol™"),
m was mass loading of the catalyst, and M was the molecular weight
of the catalyst unified with one active center per formula unit. All the
catalytically related metal atoms were assumed to be accessible during
the OER catalysis.

DFT Calculations: DFT calculations were conducted by using the
CASTEP package to investigate the electronic modulation induced by the
HEO and its influences on the OER process.[?’] To guarantee an accurate
description of the exchange-correlation energy, the generalized gradient
approximation (GGA) in the scheme of Perdew—Burke—Ernzerhof (PBE)
was applied.1?8] For all geometry optimizations, the cutoff energy was set
to 380 eV based on the ultrasoft pseudopotential scheme. In addition, the
Broyden—Fletcher—Goldfarb-Shannon (BFGS) algorithm and the k-point
mesh with coarse quality was also chosen. The HEO model was estab-
lished based on the experimental data of NiMnCrO,. The following con-
vergence criteria for geometry optimization were adopted: the Hellmann—
Feynman forces not exceeding 0.001 eV A=, the total energy of less than
5 x 107> eV atom™', and the inter-ionic displacement of smaller than
0.005 A.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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