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Evaluation of electrospun spinel-type high-entropy
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and (Cr,,Mn, ,Feq,Niy,Zng )50, oxide nanofibers as
electrocatalysts for oxygen evolution in alkaline medium

Electrospun spinel-type (Cr,Mn,Fe,Co,Ni), (Cr,Mn,Fe,Co,Zn)
and (Cr,Mn,Fe,Ni,Zn) high-entropy oxide nanofibers are
evaluated as electrocatalysts for oxygen evolution in alkaline
medium. Their electrochemical performance depends on the
metal combination and is understood in terms of occupation
of octahedral sites by redox-active centers and oxygen
vacancy surface defects. Thanks to the possibility of easily
separating the small-sized grains that make up the fibres
from each other, these materials have great potential as
inkjet printable electrocatalysts.
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Electrochemical water splitting is a promising sustainable-energy technology, but the slow kinetics of
the oxygen evolution reaction represents a limitation for its broad market penetration. Spinel-structured
transition metal (TM) oxides have shown great potential as a sustainable alternative to precious metal-
based electrocatalysts. High-entropy oxides (HEOs) with multiple TM-cation sites lend themselves
to engineering of the octahedral redox-active centres to enhance the catalyst reactivity. This work
focuses on the preparation of electrospun spinel-type HEO nanofibers (NFs), based on equimolar
(Cr,Mn,Fe,Co,Ni), (Cr,Mn,Fe,Co,Zn) and (Cr,Mn,Fe,Ni,Zn) combinations, and their evaluation as
electrocatalysts in alkaline medium together with (Cr,Mn,Fe,Co,Ni) HEO nanoparticles (NPs) prepared via
the sol—gel method. (Crg>Mng >Feq 2Cog2Nig 2504 NFs and NPs (Tafel slopes: 49.1 and 51.3 mV dec™%,
respectively) outperform both (Crg2Mng2Feq2Cog2Zno2)304 and (Crg2Mng2Feq2Nig2Zno2)s04 NFs
(62.5 and 59.6 mV dec™?, respectively) and IrO, reference electrocatalyst (52.9 mV dec™). The higher
concentration of oxygen vacancies on their surface and the higher occupation of octahedral sites by
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redox-active Co?* and Ni?* centres are responsible for their behaviour. The present electrospun HEQ
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Introduction

To combat climate change induced by anthropogenic action,
it is urgent to reduce the use of fossil fuels more and more and
to progressively replace them with environmentally friendly
renewable sources with low carbon emissions, such as solar
and wind energies. With its high energy density, hydrogen is an
ideal alternative energy source to achieve the goal of carbon
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NFs have great potential as ink-jet printable electrocatalysts.

neutrality and its production through water splitting (WS) is
increasing.'™ The process involves the hydrogen evolution
reaction (HER) on the cathode and the oxygen evolution reac-
tion (OER) on the anode of the electrolyser.*”” The former
reaction proceeds through the transfer of two electrons, while
the latter involves four electrons and multiple intermediates.
As a result, OER is kinetically slower and represents the speed-
limiting step of the WS process. Therefore, to improve the
efficiency of WS it is essential to reduce the kinetic limitation of
the OER. Several strategies have been implemented for this
purpose.®?

Currently, noble metal-based electrocatalysts, such as IrO,
and RuO,,” "' are considered the state-of-the-art electro-
catalysts for reducing overpotential and increasing the rate of
OER. However, their scarcity and high cost drastically limit the
large-scale application. This calls for the development of more
sustainable, high performance electrocatalysts. Transition
metals (TMs) and particularly spinel-structured TM oxides have
been extensively evaluated as alternative OER electrocatalysts.">™*>
Their outstanding catalytic performance, large abundance, low
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cost and stability make them very attractive anode materials for
the WS process, particularly in alkaline medium.®

The spinel structure is very open to accommodate the
migration of cations.’” The O* anions are arranged in a cubic
close packed sublattice and each of them is shared amongst its
four nearest TM cations."® The TM cations occupy a quarter of
the 96 sites available in the (M;_;*"M,;*")g.(M;>"M,_;*")16404
spinel lattice;'**° 64 of them have tetrahedral geometry (8a
sites, in the Wyckoff notation, four O-coordinated, Fig. Sia,
ESIt) and the remaining 32 ones have octahedral geometry (16d
sites, six O-coordinated, Fig. S1b, ESIT)."®*"' / is the so-called
inversion degree, i.e. the fraction of M** cations in the 8a
sublattice; it varies between 0 for the “normal spinel” structure,
with 1/8 of the available tetrahedral sites occupied by M>*
cations and M** cations occupying 1/2 of the available octahe-
dral sites, and 1 for the “inverse spinel” structure, with all M>*
cations located at 8 octahedral sites and M*" cations occupying
8 octahedral and 8 tetrahedral sites.> > The inversion degree
is sensitive to the synthesis conditions, as well as to the
combination and nature of TM cations. The higher the inver-
sion degrees, the higher the bulk conductivity.>** The T™M
cations located at the 8a and 16d sites exhibit different beha-
viour both in terms of chemisorption and electrocatalytic
activity.”® The M**Og octahedra possess higher degree of M—~O
covalence than the M>'0, tetrahedra because of the higher
electronic charge that O shares with TM.'7*® The greater
hybridisation between O 2p and TM 3d orbitals results in
enhanced OER activity due to the facilitated electron transfer
between the redox-active TM centre of the oxide and oxygen,"”
with the filling of the TM 3d orbitals split by the crystal field
governing the binding strength of the OER intermediates. The
concentration of the oxygen vacancies also matters,'”>>?73 a5
they favour the adsorption of oxygen intermediates,'” thus
enhancing the electrocatalytic performance.*’

Based on the relationship existing between the cation dis-
tribution and the reactivity of the catalyst, many efforts have
been made to enhance the octahedral redox-active TM centres
in spinel-structured electrocatalysts by replacing tetrahedral
cations with elements suitable for pushing the oxygen charge
towards the octahedral ones.'’**?%*¢37 Coordinately unsatu-
rated metal octahedra MOg_, on the surface, introduced by the
transformation from tetrahedral to octahedral coordinated
cation, are believed to be the active centres for the OER.*

In this scenery, high-entropy materials (HEMs) with multiple
TM-cation sites exhibit great potential for application as electro-
catalysts.”***?%39 Among HEMs, high-entropy alloys (HEAs) have
been broadly investigated as both HER and OER electrocatalysts.** ¢
Nguyen et al.*’” have reported outstanding OER performance for
La(CrMnFeCo,Ni)O; high entropy oxide (HEO) with perovskite
structure. Sun et al.*® have shown that (Cro.sMng ,Feq ,COg 5~
Niy ,);04 HEO powders exhibit excellent Li‘-storage capability
and lower overpotential and Tafel slope than spinel-type
moderate entropy (four-metal) oxides in WS. Additionally, a
mesoporous (Cry,MngFe,,C0¢,Nig,)3;0, HEO thin film has
been proven to outperform the dense film.”” Stenzel et al.*®
have reported that spinel-structured five-TM HEOs give better
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overpotential and Tafel slope values than IrO,, with (Mg, ,Crg »-
Mn, ,Fe(,Nij )30, HEO exhibiting the best performance
(293 mV overpotential at 10 mA cm > and 46.5 mV dec " Tafel
slope).

The design of non-noble metal based nanocatalysts with a
large surface area and an easily tunable composition is of
pivotal importance to overcome the limitations imposed by
the sluggish kinetics and large overpotential. Electrospinning
(ES) allows producing oxides in the form of nanofibers (NFs) on
an industrial scale.’*”>* Thanks to their large surface area, high
aspect ratio and hierarchical porosity, electrospun oxide NFs
are regarded as very promising electrocatalysts for the Ws.>*>*
Very recently, it has been demonstrated that HEO NFs can also
be successfully prepared by ES.>*™”

In this work, electrospun spinel-structured HEO NFs,
based on equimolar (Cr,Mn,Fe,Co,Ni), (Cr,Mn,Fe,Co,Zn) and
(Cr,Mn,Fe,Ni,Zn) combinations, are prepared and, for the first
time, evaluated as OER electrocatalysts in alkaline electrolyte to
investigate the influence of the different redox-active TM cen-
tres. To study the role of the catalyst morphology, (Cr,Mn,Fe,-
Co,Ni) HEO nanoparticles (NPs) are further produced via the
sol-gel (SG) method for comparison. The results of the nano-
materials characterisation by complementary techniques are
comparatively discussed to identify structural factors playing a
crucial role on their electrocatalytic performance.

As previously shown,””*® both solution-based synthesis routes
used here allow for the easy and low environmental-impact synth-
esis of homogeneous multicomponent oxides.>”*® Besides, in the
case of ES, the oxide NFs formed upon calcination from the as-spun
precursor templates typically consist of interconnected crystalline
grains of small size.*®*® As the NF-composing oxide particles that
can be easily detached from each other by dissolution in a solvent
under sonication,” they could be used in the preparation of
nanoparticulate electrocatalytic inks. Hence, this work may lead
to important advances in the field of both nanostructured and
ink-jet printable electrocatalysts.

Experimental procedure
Synthesis of the HEO-catalysts

Electrospun HEO-catalysts based on equimolar combinations
of (Cr,Mn,Fe,Co,Ni), (Cr,Mn,Fe,Co,Zn) and (Cr,Mn,Fe,Ni,Zn)
were prepared by following the procedures illustrated in detail
in a previous work.”” (Cr,Mn,Fe,Co,Ni) HEO NPs were further
produced via the SG method to investigate the role of the
catalyst morphology. Further details on the syntheses can be
found in ESL¥

For an easy identification, the HEO-catalysts were labelled
CN-NPs, CN-NFs, CZ-NFs and NZ-NFs, based on their morpho-
logy (NPs or NFs) and the varying cations in the TM combina-
tions considered, namely (Co,Ni), (Co,Zn) and (Ni,Zn).

Physicochemical characterization

The physicochemical properties of the so-produced catalysts
were investigated by scanning electron microscopy (SEM),

© 2023 The Author(s). Published by the Royal Society of Chemistry
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transmission electron microscopy (TEM), atomic force micro-
scopy (AFM), X-ray powder diffraction (XRPD), micro-Raman
spectroscopy (MRS) and X-ray photoelectron spectroscopy
(XPS). A Phenom Pro-X scanning electron microscope spectro-
meter was used to study the catalyst texture and morphology.
Higher resolution SEM images of CN-NPs sample were recorded
using a JEOL JSM 7900F HR-FEG-SEM. An accelerating voltage
of 15 kV was applied during the measurements. EDX elemental
quantification was performed by means of an Oxford Instru-
ment ULTIM MAX 40 probe. AFM images were recorded by
means of a NT-MDT Integra Spectra C microscope operating in
tapping mode, after dissolution of the NFs in acetone under
sonication.

High-resolution TEM (HRTEM), high-angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM),
selected-area electron diffraction (SAED) and energy dispersive
X-ray spectroscopy (EDX) elemental mappings were carried out
on a FEI Talos F200S scanning/transmission electron micro-
scope, operated at 200 kV. XRPD patterns were recorded with a
Bruker D2 diffractometer using Ni B-filtered Cu-K, radiation
source (4 = 0.1541 nm). Raman scattering was measured by a
NTEGRA—Spectra SPM NT-MDT confocal microscope coupled to
a solid-state laser operating at 2.33 eV (532 nm). The laser power
was 250 pW at the sample surface. The scattered light from the
sample, collected by means of a 100x Mitutoyo objective (NA =
0.75), was detected by a cooled ANDOR iDus CCD Camera.
EnviroESCA (Specs) instrument equipped with an Al-K, excitation
source (hv = 1486.6 eV) was utilized to perform the XPS studies.
The spectra were recorded at RT working at a pressure of
ca. 10~°® mbar. Survey and high-resolution spectra were acquired
at 100 eV pass energy, 1.0 eV step’l, and at 50 eV pass energy,
0.1 eV step ', respectively. Integration time was 0.1 s step .
Binding energy values (BE; uncertainty = £0.2 eV) were corrected
for charging assigning to the adventitious C 1s peak, attributed to
adventitious hydrocarbons, the value of 284.8 eV.”® XPS spectra
were fitted using the Keystone software of Specs and applying a
Shirley-type background function;>® Specs supplied the sensitivity
factors of integrated peak areas used for atomic percentages
(at%) quantification. Further details on the instrumentation
can be found elsewhere.’”*%%!

Electrochemical measurements

Electrochemical measurements were performed using a three-
electrode setup on a modulated speed rotator (Equilabrium
SAS) with a rotating glassy carbon working electrode (A =
0.196 cm?), a Pt spiral counter electrode and Ag/AgCl reference
electrode. The working electrode was prepared by mixing 10 mg
of active material in a solution consisting of 1800 pL of
2-propanol, 100 pL of ultra-pure water and 100 pL of Nafion
(5 wt% Nafion in water/1-propanol, VWR) and 2 mg carbon
black (MTI Corporation). The mixture was sonicated in an
ultrasonic finger/homogenizer (Scientz-IID, Scientz) in an ice
water bath for 30 min. For each measurement, a total of 15 pL
of the solution (an aliquot) was dropped onto the surface of the
working electrode (a catalyst loading of ~0.38 mg cm™?) and
dried at room temperature. The electrocatalytic measurements

© 2023 The Author(s). Published by the Royal Society of Chemistry
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were performed in an O,-saturated electrolyte of 1 M KOH
(90%, reagent grade, Sigma Aldrich) at 25 °C using a potentio-
stat (VSP, BioLogic GmbH). Linear sweep voltammetry (LSV)
was performed at a sweep rate of 5 mV s~ ' in a potential range
from 1.0 to 1.8 V vs. RHE. iR-correction of LSV curves was done
by subtraction of the electrolyte resistance derived from impe-
dance spectroscopy. The Tafel slope was derived from LSV. The
measured potentials are referred to the RHE, Erug = Eagiagal +
0.059PH + EAg/agct vs. rit, Where Exgiagct vs. riae 1S 0.1976 at 25 °C
and the pH of the electrolyte was measured by pH meter as
13.3. The overpotential n = Egyg — 1.23. IrO, (Alfa Aesar,
Kandel, Germany, 99%) was used as reference material. Turn-
over frequency (TOF) values were calculated by assuming that
every metal atom is involved in the catalysis process. The TOF =
JjS/4Fn, where j (mA cm™?) is the measured current density at
n = 373.15 mV (lowest overpotential at 10 mA cm > from
CN-NFs), S is the surface area of the RDE disk (0.196 cm?),
the constant 4 means 4 electrons per mol of O,, F is the
Faraday’s constant (96485.3 C mol '), and n is the mole of
the coated metal atoms on the electrode. The electrochemically
active surface area (ECSA) was calculated via the equation
ECSA = Cq)/Cs, where Cq) denotes electrochemical double-layer
capacitance of the catalyst and C; (0.04 mF cm ™2, according to
literature®>*®) indicates specific capacitance. Cq was estimated
via cyclic voltammetry (CV) measurement in a non-faradaic
region using five different scan rates (5, 10, 20, 40 and 60 mV s~ ).
The long-term stability was evaluated by performing CV measure-
ments. 2306 CV cycles were applied to the electrode materials
between 0.35 and 0.75 V versus Ag/AgCl at 50 mV s~ " in Oy
saturated electrolyte to observe the evolution of the current.

Results and discussion
Morphology

Fig. 1 and Fig. S2-S4 (ESIt) summarize the results of the SEM,
TEM and HRTEM/EDX analyses on the HEO-catalysts produced
by ES and SG method. SEM images (Fig. 1a-c) demonstrate
that, for all TM combinations, micrometer-long, porous NFs are
formed, upon calcination, from the polyacrylonitrile (PAN)/TM-
acetates 1D templates. Their diameters vary in broad ranges
(150-1850 nm, 110-1820 nm and 60-1280 nm for CN-NFs,
CZ-NFs and NZ-NFs, respectively), with the centres of the
distributions increasing in the order NZ-NFs (380 nm) <
CZ-NFs (510 nm) < CN-NFs (660 nm), in full agreement with
the results of previous studies.”” (Cr,Mn,Fe,Co,Ni) HEO catalyst
produced by the SG method consists of aggregates of NPs
(Fig. 1d and Fig. S2, ESIT). TEM analysis (Fig. 1e-j) reveals that
the NFs exhibit a hierarchical architecture. They consist of
grains with a polyhedral shape and sizes ranging from a few
tens to hundreds of nm, attached to each other to form a
porous three-dimensional (3D) structure, as typical of several
electrospun oxides.®”**™® Since the size of as-spun NFs con-
stitutes a geometric constraint for the development of HEO
grains, their size is generally smaller (and their size distribution
usually narrow®”’°) than that obtained under the same heat

Energy Adv., 2023, 2, 667-678 | 669
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Fig. 1 Results of the SEM and HRTEM/STEM/EDX analyses on (a, e, h, k and l) CN-NFs, (b, f and g) CZ-NFs, (c, g and j) NZ-NFs and (d and k) CN-NPs.
(a—d and k) SEM images, (e—j) HRTEM images; (L and m) STEM/EDX elemental maps of CN-NFs and (n) molar fraction of the TMs.

treatment conditions with other synthesis techniques, includ-
ing SG (compare HEO grains in Fig. 1e and k). Moreover,
as demonstrated in Fig. S5 (ESIf), the grains can be easily
detached from each other. Thanks to their size, they are
suitable for the preparation of electrocatalytic inks.

The diffraction rings in the SAED patterns for isolated NFs
(see insets in Fig. S3, ESIt) prove that the oxide grains are

670 | Energy Adv, 2023, 2, 667-678

crystalline; they have spinel structure and are randomly oriented.
The lattice constants, as inferred from the geometrical phase
analysis (GPA) of the crystal lattice fringes illustrated in detail in a
previous paper,®® increase in the order NZ-NFs (0.833 =+
0.003 nm) < CZ-NFs (0.836 £ 0.007 nm) < CN-NFs (0.843 =+
0.005 nm). This trend fully agrees with that reported for HEOs
based on the same metal combinations synthesized by different

© 2023 The Author(s). Published by the Royal Society of Chemistry
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method.”" The elemental mapping via STEM/EDX (Fig. 11 and m)
confirms that the combustion reactions occurring during calci-
nation give rise to the formation of HEOs from the intercon-
nected TM-network built up via sol-chemistry from the reaction
among acetates in the pristine solution. The spatial distribution
of TMs and oxygen is homogeneous at the nanometer scale in all
HEO-NFs and in NPs, as well. Besides, the compositional analysis
confirms that TM combinations very close to the nominal ones
are achieved (Fig. 1n).

The rapid rise in temperature during calcination causes
the precursor PAN/TM-acetates NFs to experience a large tem-
perature gradient along the radial direction. As a result, the
HEO-NFs exhibit mostly a tube-like structure, as expected.®™”*
Previous studies on HEO-NFs produced under similar condi-
tions have shown that their cross section, as resulting from the
projection analysis of the EDX elemental maps,®' varies with
the TM combination. In particular, CN-NFs are quasi-solid
(Fig. S4a, ESIt), CZ-NFs are irregularly hollow (Fig. S4b, ESIT),
and NZ-NFs are hollow (Fig. S4c, ESIY).

Crystalline phase and surface composition of the HEO catalysts

Fig. 2a shows the XRPD patterns of the catalysts. Regardless of
their morphology and composition, only the reflections from
the crystallographic planes of the face-centred cubic (fcc) spinel
structure are observed (JCPDS no. 22-1084),”*””7 indicating that
pure single-phase solid solutions are formed in all samples, in full
agreement with the evidences of the SAED analysis and the results
of previous studies, as well.*”®" The average size of the HEO
crystallites, as calculated from the full width at half maximum
(FWHM) of the most intense reflection through the Scherrer’s
equation, d = ki/fcos (where k, 4, f# and 6 denote the shape
factor, the wavelength of X-ray radiation, the FWHM in radians and
the Bragg’s angle, respectively),”® decreases in the order CN-NPs
(124 nm) > NZ-NFs (99 nm) > CN-NFs (97 nm) > CZ-NFs (84 nm).

In agreement with a previous study,®’ the lattice parameter
of the cubic cell, as inferred from Rietveld analysis (not shown

(a)

Intensity / a.u.
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N
z g
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for briefness), increases in the order CN-NFs (8.3215(8) A) <
NZ-NFs (8.3256(6) A) < CZ-NFs (8.3712(8) A). This trend is
different with respect to that of the a-values estimated from
HRTEM (NZ-NFs < CZ-NFs < CN-NFs). This is not surprising
due to the different areas sampled by XRPD and HRTEM. In
particular, the smaller value of the lattice constant obtained for
CN-NFs might reflect the occurrence of compressive strains,
previously observed along the free edges of some of the grains
that compose the fibers.®!

The spatial homogeneity of the catalysts is evaluated by
measuring Raman scattering from several random locations
on each specimen (not shown for briefness). No appreciable
differences in the positions of the bands and in their relative
intensities are observed at the probed locations, confirming
that pure single-phase HEOs are formed”® regardless of the
synthesis route and the TM combination, in agreement with the
results of both the XRPD analysis and previous studies.”>”®!

Fig. 2b displays the micro-Raman spectra, as obtained by
averaging the spectra collected at random locations. The five
phonon modes predicted by the factor group analysis for the fcc
spinels (space group: Fd3m)'®>>79 %" are detected in all HEOs,
namely the F4(1), Eg, F24(2), Fa,e(3) and A;, modes, centred at
170-180 cm ™, 350-360 cm ™}, 510-520 cm ™!, 550-590 cm !
and 610-660 cm™ ", respectively. They involve the motions of
oxygen anions along the cubic space diagonals®*** Besides the
five normal modes, the A’lg mode clearly contributes to the
Raman intensity in the higher-frequency region of the spectra
of (Cry,Mng,Feq,C00,Nip,)3:0, NPs and NFs, in agreement
with the literature.”>”” The spectral feature, appearing as a
shoulder in the spectrum of CN-NFs, is better resolved in that
of CN-NPs, which closely reminds of that (Cr,Mn,Fe,Co,Ni) HEO
NPs synthesized via the reverse co-precipitation approach”” and
the solid-state reaction route.”” The larger average size of the
HEO crystallites (i.e. larger coherence length) in NPs (124
against 97 nm in NFs) may account for this difference. Its
detection is indicative of the occurrence of inversion in the

(b)
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(a) XRPD patterns and (b) micro-Raman spectra of the HEO-catalysts. The average size of the HEO crystallites is also reported in plot (a).
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indicate the peak assignment: Oy = oxygen vacancies; O = lattice oxygens;

oxide lattice.”>”*%* Inversion also occurs to a minor extent in the
remaining HEOs. For an in-depth discussion on the inversion-
degree in the HEO-NFs and of its effect on their MRS spectra and
magnetic properties, see ref. 61.

Fig. 3a-j shows the high-resolution XPS spectra (HRXPS) of
Cr 2p, Mn 2p, Fe 2p, Co 2p, Ni 2p, Zn 2p and O 1s core levels

672 | Energy Adv., 2023, 2, 667-678

ads. = adsorbed or chemisorbed oxygen species (e.g., O, or H,0).

and their fitting. From the analysis of the HRXPS spectra, it
comes out that chromium is mainly present as Cr(u). In addition,
Cr®" surface species are present, as reported also for HEO-NPs
synthesized via different methods.>”*>*® Manganese appears
with 3+ oxidation state, whereas iron is present as both Fe(i)
and Fe(n). Although the similar BE-values make Co(u) and Co(im)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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difficult to distinguish,®”*® the strong satellite peaks appearing in
the spectra of Co 2p core levels would suggest that cobalt is
mainly present as Co(u). Nickel and zinc both appear with 2+
oxidation state. An in-depth discussion of the HRXPS spectra
of (Cr,Mn,Fe,Co,Ni), (Cr,Mn,Fe,Co,Zn) and (Cr,Mn,Fe,Ni,Zn)
HEO-NFs can be found elsewhere.®' Table S1 (ESIt) reports the
atomic concentrations of the surface species. It is worthwhile
noticing that the detection of LMM Auger lines, superimposed on
the 2ps,, spin orbit component of Mn, Fe, Co and Ni, increases
the uncertainty in the estimation of the atomic concentrations of
Mn, Fe, Co and Ni surface species. Fig. 3k shows the molar
fraction of TMs on the catalyst surface. Different from the STEM/
EDX analysis (Fig. 1n), the XPS analysis reveals significant devia-
tions from equimolarity for all TM combinations, with the
relative concentration of some surface species (Mn®" in the NPs
and Mn**/Cr** in the NFs) largely exceeding the nominal 0.2 value
at expenses of that of the remaining ones. Such TM distribu-
tion might reflect the preference of spinel oxides to expose
mainly octahedral sites on the surface."” Qualitatively, this would
be not in contrast neither with the distributions of cations
(sketched in Fig. 4), previously proposed by Ponti et al®' for
(CrooMngsFep,M’,M"0,)304 NFs (with M'M” indicating the
metal pairs CoNi, CoZn and NiZn) based on the optimization
of the octahedral stabilization under the constraint of electro-
neutrality, nor with that demonstrated by Sarkar et al.®® for
micrometer-sized (Cry,Mng,Fey,C00,Nig,);0, HEO using
X-ray, Mossbauer, and neutron techniques. The occurrence of
surface reconstruction processes'’ might account for the differ-
ent details among all samples.

With reference to the cation distributions shown in Fig. 4, it
is worthwhile noticing that, on one hand, the larger fraction of
Fe**/Co®" cations at the tetrahedral 8a sites would result in
greater inversion degree (1) for (Crp,MngFe,2C0¢2Nig )30,
NPs and NFs, compared to (Cry,Mng,FeC042Zn¢ )30,
and (Cro,Mn,,Fe,,NigZng,);05 NFs (0.8 against 0.4),°" in

ENcr Ilvn [ dFe
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agreement with the results of MRS analysis; in turn, this would
reflect in higher bulk conductivity.>*** On the other hand, the
larger fraction of tetrahedral Fe**/Co®" cations would translate
into increased octahedral occupation by Co/Ni (to ensure
electroneutrality) in the CN-catalysts; this would be beneficial
for their OER performance due to the tendency of the charge of
0>~ anion to shift toward the redox-active TMs occupying
octahedral instead of tetrahedral sites.'”>®

The fitting of the HRXPS spectra of O 1s core level evidences
that, besides oxygen anions belonging to the HEO lattice,’*™
oxygen vacancies (Oys),”**® and adsorbed or chemisorbed
oxygen species, such as O, or H,O, are present on the catalyst
surface,”*°® in line with other reports on HEOs®>” and the
results of previous studies.®’ Being generally able to promote
the adsorption of oxygen intermediates (e.g. O*, OH*, OOH*),"”
thus enhancing the electrocatalytic performance,* also the
native defects of Oys play a crucial role. Their concentration
is higher in catalysts that expose both Co and Ni on their
surface, i.e. in CN-NPs and CN-NFs, than in those that expose
only one of these catalytically active centres (Fig. 31).

Electrochemical performance

The OER performance of the HEO-based electrocatalysts was
tested in an O,-saturated 1 M KOH electrolyte solution using a
three-electrode setup. In order to evaluate the catalytic activities
of CZ-NFs, NZ-NFs, CN-NFs and CN-NPs towards the OER, their
polarization curves were measured and investigated by LSV.
The linear sweep voltammograms of the spinel-type HEOs
and IrO, reference material are shown in Fig. 5a. The results
highlight that the HEOs considered exhibit different catalytic
performance. As a general trend, the lower the overpotential,
the better the catalytic activity since a lower overvoltage is
required to obtain the same current density.*>*” At 10 mA cm ™2,
the overpotential decreases in the order CZ-NFs (393 mV) > NZ-
NFs (376 mV) > CN-NPs (373 mV) > CN-NFs (365 mV) > IrO,
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Fig. 4 Cation distributions for (Crg,MngoFeq,M'02M"5)s04 catalysts (with M’M” standing for the metal pairs CoNi, CoZn and NiZn) that satisfy
electroneutrality of the spinel phase and optimize octahedral stabilization (adapted from the results reported in ref. 52). The total molar fraction of each
cation is 0.6, regardless of its oxidation state (2+ or 3+) and the type of site occupied (tetrahedral or octahedral). The inversion degree (4) is also reported.
In CN-catalysts, cations are randomly distributed with (CrggMng.6Cog2Nige) in 16d sites and (FeggCog 4) in 8a sites; in CZ-NFs, (CrgeMnggFep2Coge)
occupy octahedral sites and (Fep 4ZNng6) Occupy tetrahedral sites; in NZ-NFs, the cation distribution is analogous to that of CZ-NFs with Ni-in place of

Co-cations.
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(a) Linear sweep voltammograms of the spinel-type high-entropy oxides (CZ-NFs, NZ-NFs, CN-NFs, and CN-NPs) and IrO, reference material

during OER in O,-saturated 1 M KOH, the dashed line highlights the values for the overpotential at 10 mA cm~2. (b) Comparison of the OER overpotentials
at different current densities. (c) Tafel slopes of the considered electrocatalysts. (d) Tafel slopes of the HEOs as a function of the Oy-concentration (a line

is drawn to guide the eye).

0(358 mV). Thus, the catalytic activity improves in the opposite
order. Table S2 (ESIf) compares the activities of HEO-based
electrocatalysts.

It is worth noting that HEOs based on equimolar com-
binations comprising zinc, namely (Cr,Mn,Fe,Co,Zn) and
(Cr,Mn,Fe,Ni,Zn), exhibit worse catalytic performance than
both HEOs (NPs and NFs) based on the Zn-free equimolar
combination (Cr,Mn,Fe,Co,Ni). In turn, the overpotentials of
CN-NFs and CN-NPs are comparable to those reported in the
literature for both for catalysts based on HEOs produced by
different methods®” and for catalysts based on low-entropy
oxides.>*°® Besides, at 10 mA cm ™2, the overpotentials of CN-
NFs and CN-NPs slightly exceed that of IrO,, but at higher
current densities (50 and 100 mA cm™2), the situation reverses
and, regardless of their morphology, (Cr,Mn,Fe,Co,Ni)-based
HEOs show lower overvoltages than IrO, (Fig. 5b).

As usual,” to evaluate the reaction kinetics of spinel-type
HEOs and IrO,, the slopes of the Tafel curves (Fig. 5¢) obtained
from the collected LSV curves (Fig. 5a) were calculated. As a
general trend, the lower the Tafel slope, the faster the reaction

674 | Energy Adv, 2023, 2, 667-678

kinetics.”” The lower Tafel slope indicates an easier accelera-
tion of electron transfer and electron migration during the
catalytic process, allowing the catalyst to produce larger current
densities at the same potential. CZ-NFs and NZ-NFs exhibit
Tafel slopes (62.5 and 59.6 mV dec ', respectively) comparable
to that reported for high-entropy amorphous metal oxide
FeCoNiMn/Sn/Cu (64.5-73.9 mV dec™ ') produced by liquid
phase non-equilibrium reduction method®” and defective
Mg, .,C00,Nip,CugZny,,0 prepared by electrospinning
(61.4 mV dec ').”® Remarkably, the Tafel slopes of CN-NFs
and CN-NPs (49.1 and 51.3 mV dec ', respectively) are lower
not only than that of IrO, (60.2 mV dec '), but also lower than
those of porous CoCrFeNiMo HEA prepared by microwave
sintering (59.0 mV dec™")** and (Cry,Mng,Fe,C00,Nig )30,
particles prepared by solid state reaction (54.5 mV dec ')*® and
reverse co-precipitation approach (100 mV dec ').”” This is an
important finding because improving OER kinetics would favour a
broad market penetration of alkaline WS technology.'®
Considering that OER is a morphology-dependent catalytic
reaction, the ECSA was determined using the Cy; estimated by

© 2023 The Author(s). Published by the Royal Society of Chemistry
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CV measurements in a non-faradaic region (Fig. S6, ESIt). The
Cq; values of CZ-NFs, NZ-NFs, CN-NFs, and CN-NPs are 3.87,
1.16, 1.45, and 1.94 mF cm ™2, respectively; and the ECSA values
are 96.8, 29.0, 36.3, and 48.5 cm?, respectively. The LSV curves
were then normalized to the ECSA to evaluate the intrinsic
activity (Fig. S7, ESIt). CN-NFs show the highest intrinsic
catalytic activity. To further evaluate the OER catalyst rates,
the TOF values of the four electrocatalysts were estimated,
assuming that all metal ions are catalytically active. The TOF
values at 13¢smy (see Fig. S8 and Table S3, ESIY) further
confirmed the better OER performance of CN-NFs (0.034 s ')
compared to CN-NPs (0.025 s~ '), CZ-NFs (0.026 s~ ') and NZ-
NFs (0.018 s ). The results of the ECSA and TOF evaluation
show that CZ-NFs perform slightly better than CN-NPs, which
initially suggested a better activity in terms of current density
relative to the electrode surface. This indicates that the surface
morphology has a positive influence on the catalytic activity,
although the difference between CZ-NFs and CN-NPs is very
small. However, combining both, the selection of elements with
an optimized interface as it is the case for CN-NFs (Fig. 5a),
shows that this leads to a significantly better OER active
material.

To investigate the long-term electrochemical stability of
CN-NFs, repeated CV measurements were performed in an
electrolyte saturated with O, in the OER range (Fig. S9, ESIT).
This procedure allows studying the catalyst aging during long-
term CV tests. From the first to the 100th cycle, a slight gradual
decrease in the final current at 1.8 V vs. RHE can be seen,
followed by a sharp increase at 500 cycles. The corresponding
values for the 1st, 50th, 100th, and 500th cycles are 1.8, 1.6, 1.5,
and 5.9 mA cm™?, respectively. Thereafter, the current density
decreases drastically until the complete failure of the electrode
material. The initial slight decrease may indicate a restructur-
ing of the active material and activation, as there was a sharp
increase in current density thereafter. The later decrease, on the
other hand, shows signs of material failure due to decomposi-
tion processes.

The generally good OER performance of all spinel-type HEO
materials probably benefits from the large molar fractions of
Mn®" and Cr*" (overall always >1.2) surface species occupying
octahedral 16d sites in the lattice,®" which are thought to
contribute significantly to the electrocatalytic activity of HEOs.”
However, this does not explain the difference in electrocatalytic
activity among the samples. The poorer catalytic activity of CZ-NFs
and NZ-NFs could be attributed to the occupation of the tetrahe-
dral sites mainly by the Zn>" ions (Fig. 4), whose larger ionic radius
(60 pm against 49 pm for fourfold-coordinated Fe** ions®®) might
promote structure destruction, resulting in low and unstable OER
activity. Moreover, as discussed above, in CZ-NFs and NZ-NFs the
fraction of M**-cations (Fe*") in the tetrahedral sites is expected to
be lower than in Zn-free catalysts, featured by higher inversion
degree (Fig. 4). In CN-NPs/NFs, the larger fraction of tetrahedral
M**~cations (Fe**/Co®") with lower coordination to lattice O trans-
lates into higher occupation of octahedral sites by Co®>" and Ni**
redox-centres that are more active.® In turn, according to the most
recent assessments on TM-based catalysts,"”?*'% this leads to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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improved OER performance due to the tendency of the charge of
the O*> -anion to shift toward the redox-active TMs occupying
octahedral rather than tetrahedral sites. The higher concentration
of Oys (Fig. 5d) also contributes to enhance the catalytic activity of
CN-NPs/NFs since oxygen vacancies promote the adsorption of
oxygen intermediates during the catalytic process.

Conclusions

Spinel-type HEO nanofibers, based on equimolar (Cr,Mn,Fe,Co,Ni),
(Cr,Mn,Fe,Co,Zn) and (Cr,Mn,Fe,Ni,Zn) combinations, are synthe-
sised by electrospinning and evaluated as OER electrocatalysts
in alkaline electrolyte together with (Cr,Mn,Fe,Co,Ni) HEO nano-
particles prepared via the sol-gel method.

The results of the electrochemical testing highlight that,
although all HEOs show generally good activity and fast kinetics,
the best performance pertains to (Cry,Mng,Fey,C002Nig )30,
electrocatalysts. Remarkably, regardless of their morphology, the
Tafel slopes of these catalysts (51.3 mV dec ™" for nanoparticles and
49.1 mV dec " for nanofibers) are lower than that of IrO, reference
material (52.9 mV dec '), which may be helpful for market
penetration of alkaline WS technology. Based on the most recent
assessments on spinel-type catalysts, their behaviour is understood
as the effect of the higher concentration of oxygen vacancies on
their surface and the higher occupation of octahedral sites by
redox-active Co** and Ni** centres.

Thanks to the possibility of easily separating the small-sized
grains that make up the fibres from each other, electrospun
HEOs have great potential as inkjet printable electrocatalysts.
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