J Mater Sci (2024) 59:9189-9207 i

Chemical routes to materials

®

Check for
updates

Unveiling the potential of (CoFeNiMnCr);0,
high-entropy oxide synthesized from CoFeNiMnCr
high-entropy alloy for efficient oxygen-evolution
reaction

Barbara Ljubec Bozi¢ek'>*, Jitka Hred¢ak’, Monika Kuster'?, Janez Kovac®, Iztok Nagli¢*,
Bostjan Markoli*, Barbara Setina Bati¢®, Martin Sala®, Sandra Drev’, Ziva Marinko', Miran Ceh'**, and
Belisa Alcantara Marinho™*

" Department for Nanostructured Materials, JoZef Stefan Institute, Jamova 39, 1000 Ljubljana, Slovenia

2 Jozef Stefan International Postgraduate School, Jamova 39, 1000 Ljubljana, Slovenia

3 Department of Surface Engineering, Jozef Stefan Institute, Jamova 39, 1000 Ljubljana, Slovenia

4 Department of Materials and Metallurgy, Faculty of Natural Sciences and Engineering, University of Ljubljana, Askerc¢eva Cesta 12,
1000 Ljubljana, Slovenia

3Vacuum Science and Optoelectronics, Institute of Metals and Technology, Lepi Pot 11, 1000 Ljubljana, Slovenia

6 Department of Analytical Chemistry, National Institute of Chemistry, Hajdrihova 19, 1001 Ljubljana, Slovenia

7 Center for Electron Microscopy and Microanalysis, JoZef Stefan Institute, Jamova 39, 1000 Ljubljana, Slovenia

Received: 11 February 2024 ABSTRACT

Accepted: 24 April 2024 Electrochemical water-splitting is a promising green technology for the production
Published online: of hydrogen. One of the bottlenecks, however, is the oxygen evolution half-reaction
13 May 2024 (OER), which could be overcome with the development of a suitable electrocata-

lyst. Recently, non-noble metal, high-entropy oxides (HEO) have been investigated
© The Author(s), 2024 as potential OER electrocatalysts, but complex synthesis approaches that usually

produce the material in powder form limit their wider utilization. Here, an inno-
vative synthesis strategy of formulating a nanostructured (CoFeNiMnCr),;0, HEO
thin film on a CoFeNiMnCr high entropy alloy (HEA) using facile electrochemi-
cal and thermal treatment methods is presented. The CoFeNiMnCr HEA serves as
exceptional support to be electrochemically treated in an ethylene glycol electrolyte
with ammonium fluoride to form a rough and microporous structure with nanopits.
The electrochemically treated CoFeNiMnCr HEA surface is more prone to oxida-
tion during a low-temperature thermal treatment, leading to the growth of a spinel
(CoFeNiMnCr);0, HEO thin film. The (CoFeNiMnCr);0, HEO exhibits a superior
overpotential of 341 mV at 10 mA cm 2 and a Tafel slope of 50 mV dec™ along with
remarkable long-term stability in alkaline media. The excellent catalytic activity and
stability for the OER can serve as a promising platform for the practical utilization
of (CoFeNiMnCr),0, HEO.

Handling Editor: Pedro Camargo.

Address correspondence to E-mail: barbara.ljubec.bozicek@ijs.si; miran.ceh@ijs.si; belisa.alcantara.marinho@ijs.si

https://doi.org/10.1007/s10853-024-09710-5 A Springer


http://orcid.org/0000-0002-6707-3437
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-024-09710-5&domain=pdf

9190

J Mater Sci (2024) 59:9189-9207

GRAPHICAL ABSTRACT
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Introduction

Global energy consumption is rapidly expanding to
satisfy the demands of an increasing human popula-
tion [1]. The dominant source of energy is still fossil
fuels (coal, oil, and natural gas), as a consequence
of their availability and convenient management
[2]. However, fossil fuels are associated with envi-
ronmental pollution and climate change. Hence, the
development and utilization of novel energy tech-
nologies from renewable sources are of great impor-
tance to achieve clean energy. Electrochemical water-
splitting is considered a promising environmental
approach to address this problem [3].

Water-splitting consists of two principal half-reac-
tions, i.e., the hydrogen and oxygen evolution reac-
tions (HER and OER) as two-electron and four-elec-
tron transfers occurring on the cathode and anode,
respectively [4]. One of the bottlenecks with water-
splitting is the OER due to the intrinsically sluggish
reaction kinetics, requiring a high reaction potential
to overcome the activation barrier for generating the
molecular oxygen [5].

Until now, iridium-based materials were consid-
ered as the standard electrocatalysts for the OER, as
they exhibit excellent catalytic activity and stability
[6]. However, the high price and scarcity severely
hinder their industrial application [7]. There-
fore, substantial efforts are being put into devel-
oping effective, stable, available, and affordable
electrocatalysts.

Transitional metals, including Co, Fe, Ni, Mn
and their corresponding oxides, are promising
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electrocatalysts for the OER; however, their poor
electrocatalytic properties continue to limit the com-
plete replacement of noble-metal electrocatalysts [8,
9]. Recently, high-entropy materials (HEMs), includ-
ing high-entropy alloys (HEAs) and high-entropy
oxides (HEOs), were suggested as a new platform
for screening efficient electrocatalysts, as the high-
entropy effect enables the incorporation of five or
more elements in (near)equimolar ratios, offering
more opportunities to tune the catalytic properties
than conventional single-metal-, bimetallic-, and
trimetallic-based electrocatalysts [10-12].

Among the HEMs, HEAs are the most widely
investigated electrocatalysts for the OER [13]. Bulk
HEAs possess some appealing advantages of excep-
tional physical and electrochemical properties (e.g., a
high hardness and compressive strength, good corro-
sion and oxidation resistance, and a high thermal and
electrical conductivity), but the limited specific and
electrochemically active surface area inhibits their
OER enhancements. Therefore, two approaches are
currently employed to overcome these limitations,
i.e., utilization of electrodes composed of different
supports (carbon, nickel foam, etc.) with applied
nanoparticulate HEAs or usage of various surface
treatment methods to obtain multiple metal oxides
or hydroxides on bulk HEAs as electrode supports
[14]. The first approach suffers from insufficient elec-
trical conductivity due to the interfacial resistance
between the support and the nanoparticulate HEA,
as well as nanoparticulate HEAs can be easily sepa-
rated from the support during the OER, resulting
in environmental pollution [15]. While, the (hydro)
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oxide layer on a surface-treated HEA support can
be subject to microstructural and chemical changes
during the OER, which leads to a lower stability and
is thus unsuitable for industrial applications [16, 17].
Therefore, developing an integrated electrode with
dense active sites and high activity and conductivity
is highly desirable.

Recently, the suitability of HEOs as electrocatalysts
was investigated in OER research. For example, Talluri
et al. used a facile, soft-chemical process to synthesize
a spinel (CoCrFeMnNi);O, HEO with a low overpoten-
tial of 220 mV at 10 mA cm™?, a Tafel slope of 100 mV
dec! and good stability over 9 h [18]. The same group
also reported that a spinel (CoCrFeMnNi);O, HEO,
produced using a reverse coprecipitation approach
followed by a 750 °C heat treatment, exhibited a low
charge transfer resistance of 1.56 {3 [19]. A study pub-
lished by Wang et al. introduced a low-temperature
approach to preparing a similar spinel (Co, Cu, Fe,
Mn, Ni),O, HEO, which achieved 10 mA cm™ at 1.58
Vin 1 M KOH [20]. There are literature reports on the
excellent performance of HEOs in OER processes aris-
ing from the diverse electronic interactions of differ-
ent elements within the entropy-stabilized structures.
The activity and stability of some HEOs were found to
be even higher than those of HEAs [21]. However, the
synthesis strategies to obtain HEO electrocatalysts can
be very complex, requiring multiple steps and extreme
conditions of high temperature and pressure [22, 23].
Therefore, it is necessary to simplify and refine the syn-
thesis strategies.

In line with all the abovementioned, this study aimed
to synthesize a spinel (CoFeNiMnCr),O, HEO thin film
on a CoFeNiMnCr HEA support using simple and cost-
effective electrochemical and subsequent thermal treat-
ment methods, and then to evaluate the performance of
the resulting (CoFeNiMnCr);0O, HEO electrocatalyst for
the alkaline OER, as well as to compare it with a pristine
CoFeNiMnCr HEA electrocatalyst.

Materials and methods
Preparation of pristine CoFeNiMnCr HEA

Raw materials (> 99.0 wt %) of Co, Fe, Ni, Mn, and Cr
were used to prepare bulk CoFeNiMnCr HEA ingots
with dimensions of 15 x 15 x 15 mm?. The melting was
carried out in an alumina tube furnace at 1550 °C for
1 h under an argon (Ar) atmosphere (99.999%) with a

cooling rate of 5 °C min!. The resulting ingots were
annealed at 1000 °C for 25 h in an Ar atmosphere and
then cooled to 800 °C with a cooling rate of 5 °C min.
The tube furnace was then opened and the alloy was
rapidly cooled in water. The CoFeNiMnCr HEA ingots
were randomly cut with a diamond saw (Buehler
IsoMet 1000) under the rotation speed of 300 rpm. The
cutting CoFeNiMnCr HEA specimens were attached
to a disc grinder (Gatan Disc Grinder Model 623)
and firstly manually ground with SiC abrasive paper
(P1000, P1200, P2400, and P4000) in wet conditions,
and then polished with 3 um diamond emulsion to
plan-parallel specimens with dimensions of 4 x 4 x 0.25
mm?®. The specimens were then ultrasonically cleaned
in ethanol for 5 min, and subsequently rinsed with
distilled water, followed by drying in a stream of air.

Preparation of (CoFeNiMnCr),0, HEO thin
film

The (CoFeNiMnCr);O0, HEO thin film on CoFeNiM-
nCr HEA was prepared in two steps. First, the surface
of pristine CoFeNiMnCr HEA was electrochemically
treated in a two-electrode electrochemical cell using
a TOE 8871 direct-current (DC) power supply (TOE-
LLNER Electronic Instrumente GmbH). The pristine
CoFeNiMnCr HEA and platinum foil (99.95%, Good-
fellow Cambridge Ltd.) were used as the working and
counter electrodes, respectively. A detailed description
of the experimental setup can be found in our previous
work [24]. The electrochemical surface treatment was
performed at 50 V for 15-30 min in 20 mL of ethylene
glycol (EG) (99.5%, Carlo Erba Reagents) electrolyte
containing 0.1-0.45 M ultrapure H,O (0.055 uS cm™)
and 0.1-0.5 M ammonium fluoride (NH,F) (99.99%,
Sigma-Aldrich) at ambient temperature (approx.
20 °C). The selection of parameters was based on stud-
ies reporting the successful electrochemical treatment
of surfaces of unitary (e.g., Co [25], Fe [26], Ni [27]),
binary (e.g., Co-Ni [28]), or ternary (e.g., Co—Fe-Ni
[29], stainless steel [30, 31]) alloys. The electrochemi-
cally treated surface of CoFeNiMnCr HEA had a
circular area of approximately 0.071 cm?. After the
surface treatment, the specimens were rinsed with
ethanol and distilled water. The as-obtained CoFeN-
iMnCr HEA was then thermally treated in a muffle
furnace (Nabertherm GmbH) under an atmosphere
of air at 250, 450, 650, or 850 °C with a cooling rate of
5°C min.
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Chemical and physical characterization

The microstructure and chemical composition of the
materials were characterized by scanning electron
microscopy (SEM) using a Verios G4 HP microscope
(Thermo Fisher Scientific Inc.) equipped with an Ultim
Max SDD 65 mm? detector for energy-dispersive X-ray
spectroscopy (EDXS) (Oxford Instruments AztecLive).
The electron accelerating voltage was 20 kV. Detailed
investigations of the prepared (CoFeNiMnCr);0,
HEO lamella in cross-section orientation were per-
formed with scanning transmission electron micros-
copy (STEM) on Spectra 300 (Thermo Fisher Scientific
Inc.) equipped with 4 x 30 mm? windowless Super-X
SDD EDXS detector. STEM images were recorded
with a bright-field (BF) detector at an accelerating
voltage of 200 kV. Also, selected area electron diffrac-
tion (SAED) was investigated using a conventional
transmission electron microscope (TEM) JEM-2100
(Jeol Ltd.). The texture of the pristine CoFeNiMnCr
HEA was assessed by electron-backscatter diffraction
(EBSD) using a Hikari Super EBSD Camera. The EBSD
data were analyzed using EDAX Orientation Imag-
ing Microscopy Software. The phase compositions of
the materials were determined by X-ray diffraction
(XRD) using a Malvern Panalytical Empyrean X-ray
diffractometer (Almelo, Netherlands) with a Cu-target
tube (A Kal=0.15406 nm and A Ka2 =0.154439 nm)
in the Bragg-Brentano geometry in the scan range of
10° <260 <90°. The XRD spinning regime was applied
for the investigation of the bulk pristine CoFeNiM-
nCr HEA using a monochromated X-ray beam and
a divergence slit of 0.04 rad with a step size of 0.026°
and a counting time of 1 s per step. Whereas, the XRD
analysis of thin films formed after electrochemical
and thermal treatment had a configuration Chi-Phi-
x—y-z stage; theta/theta geometry by using a diver-
gence slit of 0.04 rad, a step size of 0.02° and a mask
of 10 mm on the incident beam path and a parallel
plate collimator 0.27 on the diffracted beam path. The
XRD data were analyzed using HighScore Plus XRD
Analysis Software PDF-4 +. The information on the
phase composition of the (CoFeNiMnCr);0, HEO thin
film was obtained with a NTEGRA confocal Raman
spectrometer at an excitation wavelength of 488 nm,
an incident power of approximately 3 mW, a grat-
ing of 600 grooves mm™ and an objective of 100 x at
a spot size of 1 um in the range 100-900 cm ™. The
chemical composition and the oxidation state of the
elements on the surface and subsurface of materials
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were determined using a PHI-TFA XPS spectrometer
(Physical Electronics Inc.) with an Al monochromatic
X-ray source working at a pass energy of 58 eV. The
XPS surface-analysis depth and area were up to 5 nm
and 0.4 mm in diameter, respectively. The XPS depth
analysis was performed using Ar* ions with an energy
of 3 keV scanned over an area of 3 x 3 mm? with an
effective sputtering rate of 3.3 nm min™". The sputter-
ing rate was measured on the reference material made
of a SiO, thin film on Si support with a thickness of
100 nm, which was confirmed by TEM analysis. The
sputtering rate for other materials may differ by +30%
from the reference material. Furthermore, the approxi-
mated surface free energy was determined with the
Neumann Equation of State (EQS) model [32, 33] from
the contact angle of ultrapure H,0 (0.055 uS cm™) on
the solid surface of the pristine CoFeNiMnCr HEA
and (CoFeNiMnCr);0, HEO thin film. The contact
angles were determined with an Attension Theta Lite
Optical Tensiometer (Biolin Scientific) at ambient
temperature (approx. 20 °C) and relative humidity of
40-50%. A water droplet of 10 uL was deposited on the
sample surface. The average contact angle was calcu-
lated using Attension Theta software. A 3D inverted
optical profilometer (OP) Ametek Zygo Zegage PRO
HR (Zygo Corporation) was used to determine the
actual surface area of the materials. Lastly, the pos-
sible presence of metal ions in the electrolyte after the
electrochemical surface treatment of the CoFeNiMnCr
HEA was detected with inductively coupled plasma
optical emission spectrometry (ICP-OES) using a Var-
ian 715-ES spectrometer (Agilent Technologies, Inc) in
semiquantitative mode.

Electrochemical characterization

All the electrochemical experiments were performed
in 20 mL of 1 M KOH (= 85.0%, Merck) at ambient
temperature (approx. 20 °C) and a starting pH of
13.5 in a three-electrode Teflon cell using a Palm-
Sens4 potentiostat/galvanostat/impedance analyzer
(PalmSense BV). A pristine CoFeNiMnCr HEA or
(CoFeNiMnCr);0, HEO, a platinum mesh (Zla-
tarna Celje d.o.0.), and a reversible hydrogen elec-
trode (RHE) Hydroflex (Gaskatel GmbH) were used
as the working, counter, and reference electrodes,
respectively. Samples were pre-activated for 500
cycles using cyclic voltammetry (CV) at a scan rate of
300 mV s to obtain stable measurements. The onset
potential and overpotential of the electrocatalysts
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were estimated with linear-sweep voltammograms
(LSVs). The LSV for the OER was conducted in the
potential range 1.2-1.7 V at a scan rate of 20 mV s™.
The electrochemical double-layer capacitance (Cy;)
can be evaluated with different techniques that are
in good agreement [34]. In this study, the CV experi-
ments were performed at various scan rates, i.e., 2, 5,
10, 15, and 20 mV s! in the 1.12-1.17 V non-Faradaic
potential window. The non-Faradaic potential was
tracked with an open-circuit potential technique for
60 s. Next, C4, was assessed from the slope of the
linear regression between the working and counter
current half differences in the middle of the poten-
tial window of the CV curves versus the scan rates.
The obtained Cy; values were used to estimate the
corresponding electrochemical active surface areas
(EASAs) according to the equation EASA = Cg4/C,,
where a common specific capacitance C, of 40 puF
cm™2 was used [18]. The electrochemical imped-
ance spectroscopy (EIS) was measured at a poten-
tial of 1.6 V over a frequency ranging from 0.1 to
10,000 Hz with an alternating-current (AC) ampli-
tude of 10 mV. The measured EIS data were fitted
with PSTrace software. The rigorous performance of
the OER stability test is still under discussion [35].
Here, a chrono-amperometry test was performed at
a potential of 1.6 V for 10 h. LSV and CV data were
normalized to the actual surface areas of the working
electrodes, which were determined with the previ-
ously mentioned optical profilometry. The ohmic
potential resistance (iR) between the reference and
working electrodes was measured with EIS at the
open circuit potential. The iR compensation of 85%
was applied during the electrochemical experiments
in the positive feedback mode. The uncompensated
iR value was about a few Q. The indicated iR-com-
pensation and LSV/CV-normalization approaches
are decisive in properly determining the kinetic
parameters of the electrochemical OER [36, 37].

Results and discussion
Characterization of pristine CoFeNiMnCr HEA

The microstructure of the pristine CoFeNiMnCr HEA
consisted of up to a few 100 um grains with a pri-
mary matrix phase and small amounts of secondary
particles (Fig. 1a). The elemental composition of the
CoFeNiMnCr matrix phase (Fig. S1a) measured by

EDXS point analysis was 20.4 + 0.6 at % of Co, 20.3+0.1
at % of Fe, 20.0£0.1 at % of Ni, 19.0+0.2 at % of Mn,
and 20.3+0.5 at % of Cr. The EDXS analysis thus
confirmed that the composition of the matrix phase
between and within different grains corresponded
to the HEA equi-atomic solid solution of all five ele-
ments. Particles in the shapes of blocks and rods were
observed within the grains and at the grain boundaries
(inset of Fig. 1a). The EDXS mapping analysis showed
that the indicated particles (Fig. S1a) were rich in Cr
and depleted in Co, Fe, and Ni, while Mn was homo-
geneously distributed throughout the material. Addi-
tionally, the particles contained higher C and/or O lev-
els relative to the matrix phase. The EBDS analysis of
the matrix phase (Fig. S1b) confirmed the characteris-
tic diffraction pattern of the face-centered cubic (FCC)
unit cell. The diffraction patterns of some particles
(Fig. S1b) corresponded to M,;C¢-type carbides, also
with a FCC unit cell. The metal ion (M) present in the
M,;C; carbide was mainly Cr, with less Mn, because
of the higher chemical affinity of Cr for C leading to
a more rapid chemical reaction between these two
components, compared to Mn and C [38]. Neverthe-
less, the presence of Mn in the M,;,C, carbide should
not be neglected, due to the possible replacement of
Cr by Mn when reaching the critical amount of C in
the solid solution matrix. Moreover, ab-initio calcula-
tions of the incorporation of metallic elements in the
carbides for AlICrFeMnMo HEA indicated that the car-
bide in this concentrated multi-metallic environment
should be more realistically viewed as (Cr,Mn),;Cq
or even (Cr,Al,Mn,Mo),3C, [39]. Also, on the pristine
CoFeNiMnCr HEA surface were noticed some MnS
inclusions (Fig. Slc) as a consequence of raw-material
contamination.

From the XRD diffractogram (Fig. S2) of the pristine
CoFeNiMnCr HEA it is possible to observe a series of
FCC diffraction peaks of the matrix phase at 43.54°
(111), 50.75° (200), 74.69° (220) and 90.47° (311) with
a lattice constant of 3.59 A, along with some small
M,;C,-type carbide peaks (at 48.37°, 55.25°, 56.75°,
57.21°,65.50°, and 77.67°), and Mn,O; peaks (at 29.27°,
47.38°, 60.48°, and 64.28°) with a lattice constant of
10.65 A and 9.41 A, respectively. The higher peak
intensity of the FCC solid solution matrix over the
carbide and oxide particles indicated the dominance
of the FCC solid solution, because physico-chemical
criteria for the formation of isomorphous alloy are
fulfilled [40].
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Figure 1 Top-view SEM image of a pristine CoFeNiMnCr
HEA, b electrochemically treated CoFeNiMnCr HEA, and
¢ (CoFeNiMnCr);0, HEO. d The cross-section BF-STEM

A detailed description of XPS spectral deconvo-
lution and interpretation can be found in the Sup-
plementary material. As shown by the XPS survey
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image with EDXS elemental mapping, and e SAED pattern of
(CoFeNiMnCr);0, HEO thin film.

(Fig. S3a) and high-resolution (Fig. S3b) spectra, the
pristine CoFeNiMnCr HEA surface was composed of
C, O and all five metallic elements. The O was mostly
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in the form of surface oxygen (OH") and less lattice
oxygen (O%7). Metallic elements Co (Co%Co*/Co’"),
Fe (Fe’/Fe?*/Fe®"), Mn (Mn’/Mn?*'/Mn>**/Mn*") and Cr
(Cr%/Cr*) showed mixed valence states, while Ni was
present only in the metallic state because it exhibits the
lowest diffusivity and the highest activation energy of
diffusion among other elements in CoFeNiMnCr HEA
[41]. The presence of high-valenced metallic elements
was also a consequence of the natural passivation of
the material in air. Furthermore, the XPS depth pro-
file (Fig. S3¢c) showed an enrichment with Cr, Mn, C,
and O in the subsurface layer, which additionally con-
firmed the presence of the metallic carbide and oxide
particles observed with other analyzing techniques.
Carbide and oxide particles were often reported in
CoFeNiMnCr HEAs due to contamination of the raw
materials and contamination during the synthesis [42].

Formation and characterization
of (CoFeNiMnCr);0, HEO

The (CoFeNiMnCr);0, HEO thin film on CoFeNiM-
nCr HEA was prepared with electrochemical and
subsequent thermal treatment methods. SEM, STEM,
XRD, XPS, Raman, OP, and ICP-OES analyses were
performed to fully characterize the (CoFeNiMnCr);0,
HEO thin film.

Electrochemical treatment

The experiments for the electrochemical treatment of
the CoFeNiMnCr HEA surface under different condi-
tions mostly yielded no changes in the CoFeNiMnCr
HEA surface microstructure or led to a severe disso-
lution of the metal ions in the electrolyte, coloring the
electrolyte yellowish and greenish, along with their
deposition on the platinum counter electrode, forming
a grayish layer on the surface of the platinum. How-
ever, pursuing the electrochemical treatment in EG
electrolyte containing 0.45 M ultrapure H,O and 0.1 M
NH,F at 50 V for 30 min at room temperature (approx.
20 °C) showed significant changes on the surface but
still suppressed the severe dissolution of the metal
ions in the electrolyte, as observed in other attempts.
The overall SEM image of the electrochemically
treated CoFeNiMnCr HEA (Fig. 1b) showed randomly
ordered micropores in various shapes and sizes. The
distribution and dimensions of the micropores in the
electrochemically treated CoFeNiMnCr HEA were

similar to the carbide and oxide particles in the pris-
tine CoFeNiMnCr HEA, confirming their dissolution
from the solid solution matrix into the electrolyte dur-
ing the electrochemical treatment. It has been reported
that Cr-carbides along the grain boundaries in aus-
tenitic stainless steel experience easy anodic dissolu-
tion because the aggressive electrolyte species create
a separation or gap between the Cr carbide and the
metal matrix due to the depletion of Cr [43]. Further-
more, detailed SEM images (inset of Fig. 1b) revealed
a complete coverage of the electrochemically treated
surface with nanopits, which were a consequence of
pitting corrosion. It has been reported that 304-type
stainless steel can suffer from pitting corrosion in hal-
ide-containing electrolytes under specific conditions,
enhanced by the presence of impurities (e.g., MnS)
on the surface [31], which have been also observed in
pristine CoFeNiMnCr HEA.

The XRD pattern of the newly formed layer on the
surface of the electrochemically treated CoFeNiMnCr
HEA (Fig. S4) exhibited three FCC solid solution peaks
with planes of atoms at 43.54° (111), the most notice-
able 50.75° (200), and 74.69° (220) with the same lat-
tice constant as pristine CoFeNiMnCr HEA. Other new
small peaks at 34.87°, 35.95°, 40.51°, and 58.68° could
be assigned to individual or mixed metal fluorides and
constitute evidence of fluoride incorporation into the
matrix. There were no peaks assigned to M,;C¢-type
carbide and Mn,0Oj; as observed in pristine CoFeNiM-
nCr HEA, confirming their dissolution in the electro-
lyte during the electrochemical treatment.

The XPS survey (Fig. S5a) and high-resolution
spectra (Fig. S5b) shown an altered surface composi-
tion after the electrochemical treatment. For detailed
spectral comparison, see Supplementary material. In
general, on the surface were present C, O, and all five
metallic elements, already detected in the pristine
CoFeNiMnCr HEA, and also electrolyte-derived F.
Elements O and F were present in the form of mainly
surface OH™ and lattice F, respectively. Metallic ele-
ments Co (Co%/Co*/Co’"), Fe (Fe’/Fe**/Fe*") and Mn
(Mn%/Mn?*/Mn>*/Mn*") stayed in the same mixed
valence states, while Ni (Ni’/Ni%*/Ni*") partially and
Cr (Cr®") completely oxidized during the electrochemi-
cal treatment. As shown by the thorough XPS and XRD
analysis, the newly formed surface layer consisted
of a mixture of metal fluorides, metal (hydro)oxides
and metals [44]. Additionally, the XPS depth profile
(Fig. S5¢) revealed that the thickness of the newly
formed surface layer was around 5 nm. This layer was
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formed at the expense of the incorporation of mainly
F ions from the electrolyte during the electrochemi-
cal treatment because F~ ions have strong penetration
kinetics for oxide films [30]. Furthermore, the surface
layer was enriched with Cr, because it shows a slow
dissolution rate in halogen-containing electrolytes
when compared to other elements [45].

The ICP-OES experiments revealed a small presence
of metallic ions in the electrolyte after electrochemi-
cal treatment in nearly equimolar concentrations (Co:
33.0+0.9 umol, Fe: 37.1 £ 1.3 umol, Ni: 32.4 + 0.8 pumol,
Mn: 30.1 +0.9 umol, and Cr: 32.2 £ 1.0 pumol). Namely,
when a voltage was applied to the electrochemical sys-
tem, the F~ ions with a small radius migrated faster
than the oxide ions and reached the metal surface first,
causing the dissolution of carbide and oxide particles
and continuing the pitting and thus dissolution of the
five metal solid solution matrix. The latter could also
be the reason for the severe unevenness of the surface
after the electrochemical treatment due to the non-
uniformly adsorbed F~ ions on the metal surface [46].
The electrochemical process probably stimulated a
symmetric dissolution of all five elements to preserve
their original atomic ratio [47]. The dissolution pro-
cess proceeded until the surface layer enriched with
chromium species was formed, which prevented the
further inward diffusion of F~ ions and outward dif-
fusion of metal cations [48].

Thermal treatment

After the electrochemical treatment, all the speci-
mens were subjected to a thermal treatment at differ-
ent temperatures. At 250 °C and 450 °C no changes
in the surface microstructure were observed, while at
850 °C the EDXS mapping of the cross-section region
(Fig. S6a) showed a sandwich structure with a few
layers, each rich in a specific element. For example,
the topmost layer was enriched with Mn oxide. This
occurs because Mn ions exhibit the highest diffusiv-
ity, the lowest activation energy of diffusion, and the
highest electronegativity difference to oxygen among
elements in CoFeNiMnCr HEA, which results in a pri-
oritized reaction with oxygen ions to form oxides [49].
Only the thermal treatment at 650 °C yielded the for-
mation of a multi-element oxides thin film, for which
we confirmed the presence of (CoFeNiMnCr);0, HEO.
Also, the thermal treatment of the pristine CoFeN-
iMnCr HEA without a prior electrochemical surface
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treatment was performed at 650 °C. In this case, only
partial oxidation of the surface occurred and the EDXS
mapping analysis (Fig. Séb) of the oxidized areas
showed an enrichment with Mn. Therefore, a rigor-
ous electrochemical pre-treatment of the surface was
important for the complete oxidation of the surface
and the formation of (CoFeNiMnCr);0, HEO during
the thermal treatment.

The overall top-view SEM image of
(CoFeNiMnCr);0, HEO (Fig. 1c) revealed complete
coverage with discontinuous ball- and ribbon-type
oxide morphologies. The observed surface structure
(inset of Fig. 1c) consisted of nanocrystals of differ-
ent sizes up to 500 nm. Also, the BF-STEM imaging
of (CoFeNiMnCr);0, HEO thin film (Fig. 1d) showed
a nanocrystalline structure. The EDXS surface point
analysis of nanocrystals showed a composition of
6.95+0.91 at % of Co, 7.85+0.53 at % of Fe, 6.58 +0.92
at % of Ni, 11.35+0.75 at % of Mn, 9.23+1.05 at %
of Cr and 51.90 +1.25 at % of O, as well as the EDXS
elemental mapping of selected nanocrystals (inset of
Fig. 1d) confirmed a homogeneous distribution of all
five metallic elements. Furthermore, the SAED pat-
tern of (CoFeNiMnCr);0, HEO thin film (Fig. 1e)
consisted of rings with recognizable spots representa-
tive of nanocrystalline (CoFeNiMnCr),;O, HEO. These
results were in good agreement with those obtained
by Tallury et al. [18] and Grzesik et al. [50], who pre-
pared a single-phase spinel (CoCrFeMnNi),O, HEO in
powder form with a soft-chemical process or in pellet
form by solid-state synthesis, respectively. However,
on the surface (Fig. S7) there were also some larger,
compared to the rest of the microstructure, ball- and
ribbon-type oxides in the few-micrometers range.
The EDXS elemental mapping showed that the indi-
cated ball-type oxides consisted mainly of Mn oxide,
while the ribbon-type oxides were mainly Cr oxides. A
plausible reason for the existence of the oxide features
could be their growth from the remaining Mn and Cr
carbide or oxide particles, which were insufficiently
or unsuccessfully dissolved from the solid solution
matrix of the pristine CoFeNiMnCr HEA surface into
the electrolyte during the electrochemical treatment.
Furthermore, the surface topography was changing
in each step of treatment and is in detail shown in
Supplementary material (Fig. S8a—c). The surface of
(CoFeNiMnCr);0, HEO was around threefold larger
than of pristine CoFeNiMnCr HEA.

The XRD pattern of the thin film (Fig. 2a) exhibited
a series of cubic spinel oxide (Fd-3 m) peaks (JCPDS
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no. #96-591-0037) at 18.23° (111), 30.02 (220), 35.14°
(311), 36.95° (222), 43.58° (400), 53.05° (422) and 74.92°
(533) with a lattice constant of 8.44 A. The XRD and
SAED patterns were consistent. Some additional peaks
at 32.35°, 47.23°, 48.55° and 56.81° corresponding to
Mn,O; (lattice constant of 9.41 A) were also indicated.
XRD studies confirmed the formation of a spinel
(CoFeNiMnCr);0, HEO with some other secondary
oxide phases. Additionally, some spinel oxide peaks
were broadened due to the imperfect crystal lattice of
the prepared (CoFeNiMnCr);0, HEO, indicating the
presence of nanocrystals, which was confirmed by the
SEM and STEM analysis. The peak broadening could
also originate from characteristic chemical heterogene-
ity or lattice distortion in the (CoFeNiMnCr),;0, HEO
[51]. The presented XRD pattern of (CoFeNiMnCr);0,
HEO was consistent with the same HEO prepared by
other research groups with different synthesis meth-
ods [19, 23, 50].

The Raman spectrum (Fig. 2b) revealed eight main
bands at 178, 318, 365, 482, 517, 635, 665, and 688 cm ™.
These results matched well with those reported for dif-
ferent analogous spinels (chromites, ferrites, and other
spinels) [52]. The bands at 178, 318, 482, 517, 665, and
688 cm™! could be attributed to the 1F2g, Eg, Eg, 2F2g,
Aqg and A, vibrational modes of the normal spinel
structure, whereas the bands at 365 and 635 cm™ could
refer to the E, and A, of an inverse spinel structure.
However, slight shifts in the position of some bands
could be ascribed to an optical phonon confinement in
the case of nanocrystals [18].

The XPS depth profile (Fig. 2c) indicated a thickness
of the (CoFeNiMnCr);0, HEO thin film around 100 nm
and was consistent with STEM studies. The XPS survey
(Fig. 2d) and high-resolution spectra (Fig. 2e) indicated
the presence of C, O, and all five metallic elements,
while the F signal was negligible, confirming its almost
complete removal from the (CoFeNiMnCr);0, HEO
thin film. The elements Na, Ca, and K were also detected
due to surface contamination during the thermal treat-
ment in the muffle furnace. The O 1s spectrum changed
significantly after thermal treatment. There were three
peaks at 529.3 eV, 531.8 eV, and 533.2 eV, corresponding
to O, OH", and physically adsorbed H,0O, respectively
[53], where the highest peak was assigned to O*” and
then the OH state. The Co 2p spectrum showed doublet
splitting peaks at 780.0 eV (satellite peak at 785.1 eV)
and 798.6 eV (satellite peak at 803.2 eV) for Co*", and
doublet splitting peaks at 781.5 eV (satellite peak at
786.9 eV) and 796.5 eV (satellite peak at 805.2 eV) for

Co’* [25]. The Fe 2p spectrum was deconvoluted into
doublet splitting peaks at 709.6 eV (satellite peak at
713.5eV) and 723.6 V (satellite peak at 726.9 eV) for Fe*,
and doublet splitting peaks at 711.1 eV (satellite peak
at714.6 eV) and 725.3 eV (satellite peak at 728.6 eV) for
Fe® [54]. The Ni 2p spectrum showed low signal peaks,
which could be deconvoluted into peaks at 855.0 eV for
Ni** and 856.3 eV for Ni®* [55]. The Mn 2p spectrum
showed low-intensity doublet splitting peaks at 640.8 eV
(satellite peak at 646.8 eV) and 652.4 eV for Mn?*, dou-
blet splitting peaks at 642.0 eV and 653.4 eV for Mn¥,
and doublet splitting peaks at 643.0 eV and 654.7 eV for
Mn*" [56]. Lastly, the Cr 2p spectrum showed doublet
splitting peaks at 576.5 eV and 586.4 eV for Cr**, and
doublet splitting peaks at 578.8 eV and 588.5 eV for
Cr® [31]. The presence of a Cr®" state was also reported
for wet chemical-derived spinel spherical mesoporous
(Nig 15C029Crp 13Feg 1M1y 3,)3;0, and mesoporous thin
film (Cr, ,Mny ,Fe; ,Coy ,Ni ,);0, HEO [55, 56]. The XPS
study of the (CoCrFeMnNi);O, HEO thin film clearly
indicated the incorporation of metal cations in mixed
valence states, i.e., in the + 2, + 3, or + 4 oxidation states,
except for Cr’*/Cr®, which was supposed to be the char-
acteristic binding configuration in spinel oxides [57]. In
general, it would be expected that the oxide anions O*)
occupy the FCC lattice points, while the bivalent cati-
ons (Co?*, Fe**, Ni*', Mn*") occupy 1/8 of the tetrahedral
voids, while tri- (Co®*, Fe**, Ni**, Mn*, Cr**) or even
tetravalent (Mn*") cations occupy 1/2 of the octahedral
voids [58].

All the studies combined confirmed the formation
of a (CoFeNiMnCr);0, HEO thin film along with some
other secondary oxides on the CoFeNiMnCr HEA sup-
port with electrochemical and subsequent thermal
treatment methods.

Electrochemical activity of CoFeNiMnCr HEA
and (CoCrFeMnNi);0, HEO

The OER performances of the pristine CoFeNiM-
nCr HEA and (CoCrFeMnNi);O0, HEO electro-
catalysts on the CoFeNiMnCr HEA support were
investigated and compared. The LSV curve (Fig. 3a)
showed that the CoFeNiMnCr HEA required an
onset potential of 1.591 V and an overpotential of
361 mV at a current density of 10 mA cm 2, while the
(CoCrFeMnNi),;0, HEO showed a negative shift of
the onset potential at 1.571 V, and a current density
of 10 mA cm ™ was achieved at an overpotential of
341 mV. The OER kinetics of the CoFeNiMnCr HEA
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<Figure 2 a XRD, b Raman pattern and XPS ¢ depth pro-
file, d survey spectrum, and e high-resolution spectra of
(CoFeNiMnCr);0, HEO.

and (CoCrFeMnNi);0, HEO were analyzed in terms
of Tafel plots (Fig. 3b) acquired from LSV curves. The
Tafel slope was 65 mV dec ™ for the CoFeNiMnCr HEA
and 50 mV dec™! for the (CoCrFeMnNi),0, HEO. The
Tafel slope could be correlated with the OER mecha-
nism, but a few OER mechanisms are having various
possible elementary steps, with any of them being
the rate-determining step that changes as the pH of
the electrolyte changes. Though it is hard to conclude
about the mechanism based solely on the value of the
Tafel slope [59]. Nevertheless, both the CoFeNiMnCr
HEA and (CoCrFeMnNi);O0, HEO exhibited a small
Tafel slope, the (CoCrFeMnNi);O, with a smaller
Tafel slope indicated a more rapid electron transfer
at the electrode—electrolyte interface at the applied
potentials, suggesting a better catalytic activity of the
electrocatalyst [60]. EIS experiments were employed
to additionally evaluate the electron-transfer kinet-
ics before and after the surface treatment. Nyquist
plots (Fig. 3c) for both the CoFeNiMnCr HEA and
(CoCrFeMnNi);0, HEO could be elucidated with a
Randle equivalent circuit, which consists of the elec-
trolyte resistance (R,), the charge-transfer resistance
(R) over the electrolyte—electrode interface and the
double-layer, constant-phase element (CPE) [61]. The
corresponding R, for both the CoFeNiMnCr HEA and
(CoCrFeMnNi),0, HEO was 35.5 Q, which is consider-
ably higher than in other reports [62, 63], probably due
to a larger distance between the working and refer-
ence electrodes. The (CoCrFeMnNi);0, HEO exhibited
a much lower R, of 18 Q) than the CoFeNiMnCr HEA
(38 Q), which should be attributed to the improved
electron-transfer kinetics between the active sites on
the (CoCrFeMnNi);0, HEO and the water intermedi-
ates [64].

To further explain the origin of the enhanced OER
performance, it is necessary to appraise the exposed
active sites from the EASA, which is related to the
Cq (Fig. 3d). The Cy; values for the CoFeNiMnCr
HEA and (CoFeNiMnCr);0, HEO were 4.31 pF and
99.22 pF, respectively. The calculated EASA for the
(CoFeNiMnCr);0, HEO was 2.48 cm?, which is one
order of magnitude higher than that of the CoFeN-
iMnCr HEA (0.11 cm?). Here, the reported EASA val-
ues of the electrodes are a rough estimation. A proper
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assessment of the EASA is still under discussion due
to the challenge of identifying C,. Therefore, it became
common practice to use the average C, value of 40 uF
cm™? for any material, independent of its nature and
the experimental conditions, leading to an over or
underestimation of the EASA values. To resolve this
issue, it could be better to report the catalytic activity
in terms of Cy, [65, 66]. However, since the measured
Cg4 value and the calculated EASA value were con-
siderably higher for the (CoFeNiMnCr);0, HEO than
the CoFeNiMnCr HEA, it can be concluded that the
(CoFeNiMnCr);0, HEO contained more catalytically
active sites to boost the OER activity.

The catalytic activity with respect to the OER could
be additionally evaluated with the contact angle of
the water [67]. It is commonly accepted that a mate-
rial with a hydrophilic surface (contact angle <90°)
rather than a hydrophobic surface (contact angle >90°)
exhibits better reactivity with water. As shown, the
contact angle is different. The contact angle for pris-
tine CoFeNiMnCr HEA (Fig. S9a) was 95.3 +1.0°,
indicating a slightly hydrophobic surface, and for the
(CoFeNiMnCr);0, HEO (Fig. S9b) it was 73.2+1.3°,
indicating that the surface became hydrophilic. The
hydrophilic nature of the (CoFeNiMnCr);0, HEO
surface could be considered another reason for the
improved catalytic properties [68]. Moreover, the
decrease in the contact angle corresponded to the
change in the chemical composition [69] of the sur-
face after the treatment from the CoFeNiMnCr HEA
to (CoFeNiMnCr);0, HEO. In addition to the contact
angle, the surface free energy of the materials was
calculated. The approximated surface free energies of
the pristine CoFeNiMnCr HEA and (CoFeNiMnCr);0,
HEO were 25.9+0.6 mJ] m 2 and 39.7+0.8 mJ] m™2,
respectively. The higher surface free energy of the
(CoFeNiMnCr);0, HEO appeared to favor the OER.

Overall, the CoFeNiMnCr HEA and
(CoFeNiMnCr);0, HEO exhibited an excellent OER
performance, comparable or superior to analogous
or similar HEA and HEO materials, and even to
commercial RuO, powder (Table. S1). However, the
(CoFeNiMnCr);0, HEO had better OER performance
than the CoFeNiMnCr HEA due to an enlarged sur-
face area with diverse nano- and microstructure, more
complex chemical and electronic structures, and thus
increased catalytically active sites. Referring to the first
reason, both the physical and electrochemical surface
areas of the (CoFeNiMnCr);0, HEO were one order
of magnitude larger than that of the CoFeNiMnCr
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HEA. Since, it is well known that OER is a heteroge-
neous catalytic process taking place on the catalyst
surface, increasing the catalyst’s surface area leads
to an increased number of catalytically active sites

available for reaction [70]. Regarding the second rea-
son, both HEAs and HEOs exhibit severe lattice distor-
tion induced by the atomic-size mismatch of the ele-
ments present, which could create significant residual
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strains leading to a massive increase in the number
of catalytically active sites [71]. However, the HEOs
were additionally characterized by a charge-distortion
effect, meaning an uneven electron-cloud distribution
between the metal ions in different valence states and
oxygen ions, which is anticipated to positively impact
the catalytic reactions [72]. Lastly, as widely reported
in the literature, the main active sites of catalysts
(with activity decreasing in the following order) were
oxygen vacancies, metal (hydro)oxides, and active
metals. Metal (hydro)oxides not only participate in
catalytic reactions but also produce abundant oxy-
gen vacancies [67, 73]. In contrast, mono-metallic car-
bides showed negligible OER activities [74]. Since, the
(CoFeNiMnCr);0, HEO consisted of oxygen vacancies
and metal (hydro)oxides, while the CoFeNiMnCr HEA
consisted of oxygen vacancies, metal (hydro)oxides,
active metals, and metal carbides, it was somehow
expected that the presence of more active sites with
higher activity in the (CoFeNiMnCr);0, HEO than in
the CoFeNiMnCr HEA would lead to enhanced OER
performance.

Electrochemical stability of (CoCrFeMnNi);0,
HEO

Structural and operating stability is another crucial
parameter to evaluate the suitability of the material for
OER applications. The long-term stability test (Fig. 3e)
was performed solely on the (CoFeNiMnCr),;0, HEO,
since it showed a better electrocatalytic activity with
respect to the OER than the CoFeNiMnCr HEA. In par-
ticular, the current density of approx. 18-19 mA cm™
was maintained for 10 h. Only a small hump in the
current density could be observed after 5 h. After the
stability test, the electrochemical and physical char-
acterization was repeated to fully evaluate the stabil-
ity of the (CoFeNiMnCr);0, HEO. The onset poten-
tial and overpotential slightly (Fig. S8a) increased to
1.598 V and 368 mV at a current density of 10 mA cm 2,
respectively. The overpotential difference before and
after the stability test was only 27 mV, indicating
very good stability of the (CoFeNiMnCr);0, HEO,
since the electrocatalyst is considered appropriate
if the overpotential does not increase by more than
30 mV for over 10 h of chrono-amperometric experi-
ments [59]. The Tafel slope (Fig. S8b) increased slightly
from 50 to 55 mV dec! after the stability test. The Cy

(Fig. S8c) and EASA decreased slightly to 55.2 uF and
1.38 cm?, while R, (Fig. S8d) increased slightly to 25
Q; however, still significantly better than the pristine
CoFeNiMnCr HEA. The SEM image (Fig. S9b) showed
no changes in the principal microstructure of the
(CoFeNiMnCr);0, HEO after the stability test. Some
new, quasi-spherical particles formed on top of the
surface. According to the EDXS elemental mapping
(Fig. S9), they belonged to the aforementioned oxi-
dized impurities. The XRD pattern (Fig. S10b) changed
slightly, meaning that only spinel oxide peaks at 18.23°
(111), 35.14° (311), 36.95° (222), 43.58° (400), and 74.92°
(533) were obtained, which is not unusual for such a
complex structure. The XPS survey (Fig. S11a) and the
high-resolution (Fig. S11b) spectra before and after the
stability test were comparable. The XPS analysis con-
firmed the presence of O, Co, Fe, Ni, Mn, and Cr. Some
previously discussed impurities were also detected.
The only minor change was observed in the O, Co, and
Cr 2p spectra. Particularly, in the O 1s spectrum, the
intensity of the OH™ peak decreased slightly, which
could be attributed to the dissolution of the OH" spe-
cies into the electrolyte. The Co 2p spectrum showed
that the characteristic peaks for Co*" increased slightly.
The Cr 2p spectrum contained only low characteristic
peaks for Cr®, because the Cr® ions dissolved into
the strong alkaline electrolyte forming [Cr(OH),] ions
[17, 75]. Minor changes in electrochemical properties
after the stability test could be connected to the pres-
ence of oxidized impurities (K, Na, Ca) on top of the
(CoFeNiMnCr);0, HEO, which were incorporated
into the oxide layer during the thermal treatment
and then oxidized during the electrochemical experi-
ments, blocking the highly active catalytic sites of
(CoFeNiMnCr);0, HEO, while themselves being less
electrocatalytically active with respect to the OER.
An additional oxide layer formed at the expense of
the oxidized impurities, which are poor conductors
or insulators, hinders the charge transfer across the
electrolyte—electrode interface [76]. Furthermore, the
dissolution of Cr®*, along with OH™ ions could also
contribute to slight changes after the stability test [77].
However, the aforementioned results indicate the very
good stability of the (CoFeNiMnCr);0, HEO under a
high voltage, which is believed to be induced by the
characteristic core effects of HEO materials, i.e., high-
entropy, sluggish diffusion, and the cocktail effect [73].
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Conclusions

This study showed a state-of-the-art and facile syn-
thesis approach for the development of a spinel
(CoFeNiMnCr);0, HEO thin film on an immediately
available, conductive CoFeNiMnCr HEA support with
excellent activity and stability with respect to the OER
process. The following conclusions could be drawn:

(1) The pristine CoFeNiMnCr HEA, as an electrode
support, was successfully produced in an alumina
tube furnace, yielding a fully crystallized material
with a primary equi-atomic solid solution matrix
and secondary carbide/oxide particles.

(2) A novel two-step synthesis approach was suc-
cessfully employed to grow a (CoFeNiMnCr);0,
HEO thin film on a CoFeNiMnCr HEA support.
The first step included the electrochemical sur-
face treatment, where the native surface con-
tamination layer was removed as well as carbide
and oxide particles were dissolved from the
solid solution matrix of the CoFeNiMnCr HEA
support, creating a suitable rough surface with
micropores and nanopits. In the second step, an
electrochemically treated CoFeNiMnCr HEA sup-
port was subjected to a thermal treatment in air
at a low temperature of 650 °C resulting in the
formation of the (CoFeNiMnCr),O, HEO.

(3) Different microscopic and spectroscopic analyses
(SEM with EDXS, XRD, Raman, XPS) confirmed
the presence of a nanothick film (around 100 nm)
of cubic spinel (CoFeNiMnCr);0, HEO in the
form of nanocrystals along with secondary oxide
phases on the CoFeNiMnCr HEA support.

(4) The use of the (CoFeNiMnCr),0, HEO electrode
for OER in 1 M KOH revealed a very small over-
potential (341 mV at 10 mA cm™2) and Tafel slope
(50 mV dec™), increased Cy; (99.22 uF) and EASA
(2.48 cm?), and thus a decreased electrode resistiv-
ity (18 Q). The surface of the (CoFeNiMnCr);0,
HEO exhibited hydrophilic behavior (contact
angle of 73.2°) with a surface free energy of
39.7 mJ m2.

(5) The (CoFeNiMnCr);0, HEO displayed better per-
formance with respect to OER than the CoFeNiM-
nCr HEA due to more favorable structural and
(electro)chemical characteristics. In particular,
(CoFeNiMnCr);0, HEO had a larger exposed

@ Springer

physical and electrochemically active surface
area, a hydrophilic surface and thus a higher
surface free energy. This was combined with a
complex spinel HEO structure, having severe lat-
tice and charge distortion and thus rich in oxygen
vacancies, metal (hydro)oxides and active metals.
All these features in combination, created mul-
tiple, highly active, catalytic sites for enhanced
OER activity.

(6) The characteristic high-entropy, sluggish diffu-
sion, and the cocktail effect contributed to excel-
lent (electro)chemical and structural stability for
the (CoFeNiMnCr);0, HEO with respect to long-
term OER experiments.
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