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ABSTRACT

High-enlropy lransilion-melal oxides are a promising alternative (o plalinum group melal-based electrocatalysts
for alkaline water oxidation. Their electrochemical performance can be improved by engineering surface defects
and optimizing their composition. In this study, the composition of electrospun (Cr,Mn,Fe,Co,Ni) oxide nano-
fibers is varied by doubling the amount of each metal in turn. To obtain ultra-small (=10 nm) oxide grains with
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high density of surface defecls, calcinalion is carried al low lemperature (400 °C). The evaluation of nanofibers
us electrocatalysts for alkaline water oxidation at different temperatures (20 60 °C) evidences that the (Cr,Mn,
I'e,Co,Ni) oxide with doubled Cr concentration exhibits the highest activity at any reaction temperature (over-

potentials at 10 mA cm %: 326 and 255 mV at 20 and 60 G, respectively). The results obtained clearly prove the
key role of surface defects. The oxygen-vacancy concentration is confirmed as a descriptor of the alkaline water
nxidation process able to fully explain the behavior of the present electrocatalysts. ‘Lhe activity and the energy

harrier under applied overpotential (11 33 kJ mol

1) are mainly influenced hy the concentration of chromium

hydroxide species on lhe calalysl precursor surface, while all surface hydroxide species contribule o enhance
reaclion kinelics and control the energy barrier al equilibrium (86 147 kJ mol™").

1. Introduction

It is nowadays recognized that climate change is mainly caused by
anthropogenic activities. Hydrogen is considered a clean and sustainable
energy carrier, alternative to fossil fuels, which can play a key role in
reducing emissions of heat-trapping greenhouse gases (GIIGs), respon-
sible for global warming. Hydrogen is produced by a variety of methods
with different environmental impacts. The environmental impact of Hz
production is ranked in a color scale. “Brown/black” hydrogen is
extracted from coal through gasification, while “grey™ hydrogen is ob-
tained by steam reforming of methane (the primary production method
today), which releases carbon dioxide as a byproduct. If CO; undergoes
geological capture and storage or is repurposed, the color of hydrogen
produced from fossil fuels changes to “blue”. “Turquoise™ hydrogen is
produced by thermal splitting of CH4 with production of solid carbon,
while “pink”, “yellow™ and “green” hydrogen is obtained by clectro-
chemical splitting of water powered by nuclear plant. grid electricity
from various sources and electricity exclusively from renewable sources,
respectively, Unfortunately, the cheapest production methods are the
most polluting ones, while those with lower environmental impact still
have production costs that are too high, which limits their broad market
penetration [1].

“Green” Hy, the only with zero CO, emission, could help reach the
goal of zero net emissions by 2050 through the decarbonisation of
transport and heavy industries and, more generally, of human activities
involving high GHG emissions. Currently, water electrolysis (WE) is one
of the least expensive technologies for its production. WE involves two
half-reactions, the cathodic hydrogen evolution reaction (IIER) and the
anodic oxygen evolution reaction (OER). The latter, kinetically slower
than the former, represents the rate-limiting step of the process and is
the major source of energy loss, Developing highly-performing, low-cost
catalysts for OER can improve the energy efficiency of electrolyzers, on
which the cost of H; production via WE critically depends [1].

As OER catalysts in alkaline environment, Earth-abundant, inex-
pensive, chemically reactive, corrosion resistant and thermodynami-
cally stable, spinel-type transition-metal (TM) oxides show similar or
better performance than platinum-group metal (PGM) catalysts [ 2,3]. In
particular, spinel-type oxides based on the high entropy concept
(SHEOs), which take advantage from the synergy between their multiple
metallic components [4 6], appear to be the most promising alternative
to PGM-based electrocatalysts. Among them, those produced by elec-
trospinning have the added value of heing suitable for electrode
manufacturing via inkjet printing [7], onc of the most versatile additive
technology for electrochemical applications [8]. The microstructure of
catalysts and the electronic environment surrounding the active metal
centers have a great impact on the intrinsic catalytic performance [9].
The presence of oxygen-vacancies (OVs) facilitates the formation of
low-coordinated metal cations, enhances the adsorption of OH , and
provides highly kinetic and conductive active centers for the OER pro-
cess [10]. The electrochemical properties of electrospun SHEOs are
strongly affected by the morphology of the fibers, concentration of the
0OVs on their surface, crystallization- and inversion-degree of the oxide
and cation distribution in the lattice. These parameters are controlled by
the TM combination and the calcination temperature of precursors [7,

2 3 ] 1

Several descriptors have been proposed for oxygen electrocatalysis,
such as the outer 3d-electron number [12] and the occupation of e,
orbitals at the octahedral sites [12], believed to affect the adsorption
energies and binding strength of OFR reaction intermediates. Very
recently, Vezzi et al. [14] have proposed the OV concentration as a
novel descriptor for the OER behavior of TM SHEQs. 11 is however still
unknown what is the relative importance of these descriptors and
whether one of them dominates electrocatalytic activity of SHEOs. In
order to fill this gap, one needs to monitor the electrocatalytic activity
while the descriptors are systematically varied.

The outer 3d-electron number of SHEOs can be tuned by varying the
equimolar TM combination | 11] or the TM molar fractions, whereas, as
shown by Vezzi et al. |14], decreasing the calcination temperature of
(Cry sMny ssFey »5C01 5Ni5)304 NFs drives the e, filling towards its
optimal value and enhances both the octahedral occupation by the most
redox-active species and the OV surface density, as nceded to improve
their electrochemical performance [5,7,15-23]. Very fast localized
distortional mode of oxygen-deficient octahedra TMOg  are respon-
sible for high effectiveness of the OER in nanofibers (NI's) calcined at
400 “C [14]. The role of lattice microstrain in multi-element solid so-
lutions has been pointed out by a combined experimental and compu-
tational approach [24]. It results in a broad distribution of adsorption
energies of intermediates, i.e. in a wide range of active sites that, in turn,
has beneficial effects on OER activity.

This study focuses on non-equimolar (Cr,Mn,Fe,Co,Ni) electro-
catalysts for alkaline water oxidation. To identify the optimal electro-
catalyst composition, a sct of five IIEO NFs is prepared by doubling the
amount of each metal in turn, as proposed by Nguyen et al. [15] in the
case of lanthanum-based high entropy perovskite (Cr,Mn,le,Co,Ni) ox-
ides. Calcination is carried out at low temperature (400 *C) to obtain
ultra-small (<10 nm) sized HEO grains, high OV surtace density and
completely random cation distributions (Iig. S1a—e) [14]. Thisapproach
provides metastable and flexible structures [14] that enable deep
pre-catalyst surface restructuring [25,26] and abundant defect sites and
coordinately unsaturated atoms exposed at the surface for catalytic
water oxidation [26,27]. In addition, it allows to systematically vary the
outer 3d-electron number (Fig. 51f) and finely tuning the filling of the e,
orbitals of TM cations in octahedral sites.

Morcover, in order to infer fundamental information on the OER
process, the dependence of activity and kinetics on the reaction tem-
perature is investigated, studying OFR electrochemically at various
temperatures in the 20—60 “C range. At the best of the authorys
knowledge, only a few studies on this topic are available in the litevature
[28-34]. The presented results show that the reaction temperature plays
a crucial role in WE performance.

2. Experimental section
2.1. Synthesis of the electrospun electrocatalysts
The synthesis route of the clectrocatalysts has been illustrated in

detail in a previous paper [11]. The spinnable solution, based on stoi-
chiometric (Cr,Mn,Fe,Ca,Ni) combinations (Table 51), was prepared via
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sol-chemistry. Electrospinning was operated via a CI[-01 Electro-spinner
2.0 (Linari Engincering s.r.l.) at 25 £+ 1 “C and 40—45 % rclative air
humidity. Calcination, carried out for 2 h at low temperature (400 “C),
was followed by rapid, uncontrolled cooling down to room temperature
(RT) to generate defeets on the oxide surface [14,35,36]. Since HEQs are
usually only thermodynamically stable at elevated temperatures, rapid
cooling also ensured that the metastable phase of the material was
kinetically trapped [37]. For further details see the Supporting Infor-
mation (SI).

2.2. Physicochemical characterization

The morphology, mierostructure, oxide phase(s), and surface
composition of the HEO-electrocatalysts were investigated by trans-
mission electron microscopy (TEM), X-rav diffraction (XRD), micro-
Raman spectroscopy (MRS), and X-ray photoelectron spectroscopy
(XPS) analyscs.

A TFEl Talos F2008 scanning/transmission clectron microscope
(operated at 200 kV and cquipped with an EDX spectrometer for
elemental mapping) was ulilized o carry oul high-resolution trans-
migsion electron microscopy (HRTEM), high angular annular dark field-
scanning transmission electron microscopy (HAADF-STEM) and
selected-area electron diffraction (SAED) analyses, respectively.
Detailed information on the NF inner morphology was gathered by
projection analysis of STEM/energy-dispersive X-ray spectroscopy
(EDX) maps. The latter consists in selecting a straight, constant-diameter
region of a NF and project the map intensity along the NF axis. The r
projection is then usually fitted to models appropriate for solid or hollow
NFs [11]. In the present case, we introduce a morc flexible modcl able to
interpolate between a solid and @ hollow structure. The intermediate
structures are represented by the parameter 7, with 7 — 0 representing a
hollow structure and ¢ > 1 representing a solid structure. The pro-
jections were obtained from oxygen STEM/EDX maps by integrating NI¥
segments of length 220-650 nm. To gather structural information about
the primary particles, the geometrical phase analysis (GPA) of HRTEM
lattice fringes |38] was carried out. The geometrical phase of the
HRTEM images was further processed |39] to produce the lattice rota-
tion and Lagrange strain maps. The rotation naps were used to ascertain
the single- or poly-crystalline nature of the grains. Due to extensive grain
overlap in the images, it is difficult to individuate the boundaries of
individual grains beccause. To rccover more information from the
HRTEM images, a new analysis mode was introduced in a previous paper
[117 where all crystallites with the same fringe period in an image are
simultaneously imaged, irrespective of the lattice orientation. These
crystallites appear in the maps as colored patches with hue denoting the
lattice. Thus, geometrical relationship between crystallites can be
investigated and crystallite size can be estimated.

The XRD analysis was performed with a Bruker D2 diffractometer
using Ni p-filtered Cu-K, radiation source (% = 0.1541 nm). Diffracto-
grams were analyzed by the Rietveld method using Maud 2.992 sofi-
ware. The spatial homogeneity of the oxides was assessed by measuring
Raman scattering from various random positions on each specimen. For
this purpose, a NTEGRA—Spectra SPM NT-MDT confocal microscope
coupled to a solid-state laser operating at 532 nm was uscd. Mceasurc-
ments were carried out in air at RT by using a low laser power (250 pW
at the sample surface) (o prevent local heating. The scatlered light from
the sample was collected by a 100X Mitutoyo objective (NA = 0.75),
dispersed by an 1800 lines mm ! grating and detected by a cooled
ANDOR iDus CCD Camera. Spectra recorded from random positions on
each specimen (probed surface area 0.6 pmz) were then were averaged
to infer reliable information on the entire sample.

XPS measurements were performed using an EnviroESCA spec-
trometer (Specs) equipped with an Al K, X-ray source (hy — 1486.6 eV).
Analyses were conducted under vacuum conditions (approximately
1079 mbar). 1Iigh-resolution spectra were acquired with a pass encrgy of
50 ¢V, an integration time of 0.1 s per step, and a resolution of 0.1 ¢V per
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data point. To mitigate experimental errors caused by charge accumu-
lation, spectra were calibrated by aligning the adventitious carbon peak
to a BF of 284.8 ¢V [40]. Curve fitting and spectral decomposition were
carried out using Keystone software (Specs) with a Shirley-type back-
ground model [41]. Quantification parameters were provided by Specs.

The oxidation state and site distribution of the metal ions was esti-
mated as follows. Under the employed calcination conditions (400 °C),
thermodynamic equilibrium is not yet attained and we assume that TM
cations are distributed in the oxide lattice in a completely random
manner [11]. Simple consideration of electronegativity and redox po-
tentials, under the appropriate constraints, leads to the distributions
depicted in Fig. 51a—e, where each cation is present in the 16d and 8a
sublattices with 2:1 ratio, mirroring the ratio of occupied 16d and 8a
sitcs. A dctailed discussion on the procedurce to cstimatc the cation
oxidation state and site distribution can be found in the ST,

2.3, Electrochemical characterization

Electrochemical measurements were performed using a potentio-
stat/galvanostat workstation (AUTOLAB PGSTAT 204 instruments) and
a three-electrode set-up. A platinum (www.metrohm.com), an Ag/AgCl
(www.metrohm.com) and a catalyst-loaded screen-printed carbon
electrode (SPCE, www.dropsens.com) acted as counter electrode,
reference electrode and the working electrode, respectively. The cata-
lysts (0.4 mg crn_z) were loaded onto the working arca (4 mm in
diameter) of SPCE. A 1 M KOH solution in demineralized water was used
as the clectrolyte. Its pll (=13.77) was mcasured by a plI meter. Further
details can be found elsewhere [11,14].

The measured potentials, Kagisga, were converted into those
referred Lo the reversible hydrogen electrode (RHE), Epyyp, via the Nernst
equation, Eppe = E“‘-WAECI +0.0592 pH bﬁg,"AgCl (with b‘Rg,f.‘thI =0.198
V); the overpotentials were calculated as 5 = Ejyp — 1.23 V.

The polarization curves were recorded in LSV mode and at a scan rate
of 5mV s 1. The charge transfer resistance at the electrolyte/electrode
interface was determined from the Nyquist plot recorded by conducting
EIS measurements in the frequency range from 1 Hz to 100 kHz at an
applied potential of 1.7 V (vs RHE). Experimentally measured Engsagcl
values were corrected for the ohmic drop corresponding to the uncom-
pensated solution resistance (Ry), as extracted from Nyquist plots of EIS
experiments. For further delails see Refs. [11,14].

The electrochemically active surface area (ECSA) was caleulated via
the equation ECSA = Cp /Cs, where Cpp denotes electrochemical
double-layer capacitance of the catalyst and Cs (0.04 mF cm 2 ac-
cording to literature [7,42,43]) indicates specific capacitance. C), was
estimated via cyelie voltammetry (CV) measurements in a non-faradaic
region using different scan rates (5, 10, 20, 30, 40 and 60 mV s 1y.

3. Results and discussion
3.1. Physicochemical properties

3.1.1. Morphology

IIEOs based on non-equimolar Cr, Mn, Fe, Co, and Ni combinations
are prepared by clectrospinning through the synthesis route illustrated
in detail in a previous paper [11]. Samples are coded as §-2X, where X
stands for the TM whaose precursor concentration is doubled. Their
morphology is studied by TEM and HRTEM. TEM images evidence the
formation of micrometer-long NFs (Fig. 52) with granular structure
(Fig. 1a j), as peculiar to electrospun oxides |11,35,44,45]. The fibers
consist of densely packed nano-grains with broadly distributed size
(Fig. 1k—o). The grains are crystalline in nature, as proven by their SAED
patterns (Fig. S3a—e). On average, their size increases in the order S-2Ni
< §-2Cr = §-2Fe = 5-2Mn = §-2Co.

HR-TEM images with discernible lattice fringes could, of course, be
obtained only for the very tip of the NI's where grain overlap is largely
reduced. In general, lattice fringes related to the {111}, {220}, and
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Fig. 1. (a—o) [IRTEM images of clectrospun NFs (a,t,k) 5-2Cr, (b,g,1) 8-2Mn, (c,h,m) S-2Fc, (d,i,n) 8-2Co and (c,j,0) 5-2Ni. (p—s) Geometrical phase analysis of TIR-
‘LEM images of a tip of $-2Cr (x,y) and S-2Mn (z,aa) NFs. Panels (p) and (r) display the HR-T'EM images colorized in yellow after the intensity of the {311} fringes of
the spinel lattice. Panels (q) and (s) are colorized to display the orientation of the {311} planes on the individual NCs: the color bar relates the color to the lattice
orientation in degrees. (For interpretation of the references to color in this figure legend, the reader is relerred to the Web version of this article.)

{311} planes of the spinel structure were detected for all NF types.
However, the presence of rock-salt NCs (cfr. XRD results below), cannot
be completely excluded due to the similar magnitude of the scattering
vectors of the {111} and {200} planes of the rock-salt structure with
those of the {311} and {400} planes of the spinel structure. HRTEM
images were subjected to GPA | 38,39] as in Ref. | 1 1]. By this technique,
nanocrystals (NCs) displaying lattice fringes related to the same crystal
planes can be imaged individually and simultaneously (Fig. |p—s and
S4f—1i). The size of the NCs at NF tips is in the range between a few and
about 30 nm. The NC lattice strain, as displayed by Lagrange maps, is
within a few percent of the corresponding inter-planar distance. Tn
several cases, it could be ascertained that NCs detected by GPA coincide
with individual morphological grains observed by TEM. In these cases,
the very limited amount of NC internal lattice rotation shows that the
grains are single erystallites. Thus, GPA results allow us to exclude a
significant presence of localized defects, except maybe at the very sur-
face of crystallites. Finally, comparing the lattice orientation of all NCs
displaying a certain type of lattice fringe, in general no readily apparent

geometrical relationship among the NC lattice orientation is in general
observed, suggesting that the NC lattices are randomly oriented. How-
ever, in some $-2Mn and S-2Fe NF tips, many NCs display laLtice fringes
related to certain lattice planes, typically {311}, suggesting that a
certain degree of texturing may be present.

Compositional analysis by HRTEM/EDX reveals that deviations from
the nominal TM combination depend on the metal with doubled con-
centration (Fig. S3n—r). In §-2Ni, the metal combination is the closest to
the nominal one. The molar fractions of manganese and cobalt are al-
ways higher than the nominal value; conversely, that of iron is always
lower.

The uniformity of the spatial distribution of Cr. Mn, Ve, Co and Ni
cations throughoul the fibers al the nano-scale is investigaled by STEM/
EDX. T'he elemental maps (Fig. 2a and b and S3[ m) evidence the for-
mation of multicomponent solid solutions in all NFs. In order to inves-
tipate the radial morphology and elemental distribution, the maps are
analyzed with projection method [46]. The analyzed NFs have di-
ameters between 100 and 400 nm. All NFs have a partially hollow
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Fig. 2, (a) BF-STFM and (b) HAADE-STEM image of §-2Cr, followed by the elemental maps. (¢ ) Projected profile of the oxygen elemental map of four NF. (¢] §-2Cr,
(&) 5-2Fe, (f) 5-2Ni. Circles: projecled profile from experimenlal map; black line: best-fit profile; red line: radial densily reconstructed from Lhe besl-fil profile. (g,h)
Projected profiles of the elemental maps of two NFs. (g) S-2Mn, (h) S-2Ni. In (g) a flatter Mn profile indicates a slight concentration of Mn towards the NF surface and
in (h) 2 more dome-like shape of the Cr und Fe profiles indicates a slight concentration of these elements towards the NF axis. (For interpretation of the references to

color in this figure legend, the reader is referred to the Web version of this article.)

morphology intermediate between a solid morphology (constant radial
density) and a cylindrical shell. Examples in Fig. Zc—f display the
cxperimental projected profile, the best-fit profile and the radial distri-
hution of oxygen in sclected NFs, The shape of the oxygen profile and
radial distribution vary within a NI type (I'ig. 2d and e) almost as much
as across the NF types (Iig, 2¢—f), so the excess calion does not seem (o
affect the NI' morphology. The metal cation projecled profiles are
similar, in accordance with the cation disorder of HEOs. Nonetheless,
they show subtle differences, suggesting that cations may have different

(a)

Intensity / a.u.

10 20 30 40 50 60 70 80
20-angle / deg.

radial distribution. As above, such differences within a NF type vary as
much as across the NF types. However, as shown in Fig. 2g,h and 54, it
can be noted that (i) in all NF types, except for S-2Ni NFs, Mn tends to
concentrate towards the NF surface, and (if) in §-2Ni NFs, Cr and Fe
tends to concentrate about the NI' axis (center).

3.1.2. Phase(s) and crystallization degree of the oxide
The phase(s) of the oxide, its erystallization degree and spatial uni-
formity are investigated by XRD and MRS analyses. Fig. 3a displays the

(b) S-2Cr
—§-2Mn
—G-2Fe
——8-2Co

S-2Ni
B
@
=
2
5
E

-1
w1 =
o

T v T T
150 300 450 600 900

Raman shift / cm™

Fig. 3. (a) XRD patterns and (b) averaged micro-Raman spectra.
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diffractograms recorded on the NFs. Apparently, only reflections from
the (111), (220), (311), (222), (400), (422), (511) and (440) plancs of
the spinel structure (Fd-3m space group) are present in the XRD patterns,
as in the case of electrospun (CrisMngslie; 5C01,5Ni1,5)304 NIs
calcined at the same temperature [14]. In order o ascertain the for-
mation of pure single-phase spinel oxides, Rietveld refinements trom
XRD data are conducted (Fig. S5). The results (Table 52) reveal the
formation of a secondary high-entropy oxide phase with rock-salt
strueture (RHEQ, Fm-3m space group) in all NFs. [ts relative amount is
below 10 % in samples 5-2Cr, S-2Mn and S-2Fe, about 13 % in S-2Co and
reaches 30 % in S-2Ni. The average size of nano-domains with spinel
structure (3.5—8.9 nm) is smaller than that of nano-domains with
roek-salt structure (8.4—16 nm). The average size of IIEQ crystallites
(dirp in Table 52), calculated as a weighted average of the sizes of
nane-domains with spinel and rock-salt structure, ranges between 5.0
and 9.2 nm, in agreement with the results of the GPA of HR-TEM images.
Nano-domains are generally not affected by microstrain (I'able 52). Only
the lattice of 8-2Cr and, to a minor extent, the RHEQ phase of S-2Ni show
significant microstrain, which is beneficial for OER [24].

In order to evaluate the spatial homogeneity of the samples, Raman
scattering is measured from several random locations on each specimen
(Fig. 56). Spectra recorded in samples §5-2Cr (Fig. 56a), 5-2Mn (Fig. S6b),
§-2Fe (Fig. 56¢) and S-2Co (Fig. 56d) exhibit no significant differences in
the spectral profiles, which indicates a uniform spatial distribution of
the IIEQ nano-domains with different lattice structure. On the contrary,
in samplc S-2Ni (Fig. S6¢), spectral profiles relative to different locations
are even remarkably different, implying the lack of spatial distribution
at the scale probed by MRS. In some locations, the spectra exhibit a
strong similarity to the typical profile of defect-rich RHEO [47]. This
finding suggests that in sample S-2Ni, nano-domains with rock-salt
strueture are organized in larger clusters.

Fig. 3b displays the averaged micro-Raman spectra. As in the XRD
patterns, only the Raman fingerprint of the primary SHEO phase is
clearly visible in the spectra. As discussed in detail elsewhere [46], the
frequency positions and relative intensities of the five Raman-active
vibration modes (A, + E; — 3Fa,) of the spinel oxides are sensitive to
the distribution of cations in the lattice [18] and to their radii [19]. The
variation of Cr, Mn, Fe, Co, and Ni molar fractions and the consequent
changes in the cation distribution (Fig. 1) mainly affects the spectral
region where the Fa,(2), Fag(3) and Ay, vibrational modes are detected
(450—750 cm™"). The Ay, peak intensifies in the NFs (S-2VIn and §-2Co)
composed by slighly larger grains, as previously observed in
(Crq 5Mn; sFe; 5C0p 5Nip 5)304 NFs caleined at higher temperature
[11]. In the sample with the highest rock-salt component (8-2Ni), the
one-phonon longitudinal optical mode (1P-LO) of the defect-rich RHEQ
lattice, peaking at ca. 550 cm 1, clearly contributes to the Raman in-
tensity (Fig. 3b). Indeed, the fitting of the spectra to Gaussian bands
(Fig. S7a—e) evidences the presence of such a contribution in all spectra.
Its relative intensity is linearly correlated with the relative amount of the
RHEO phase, as resulting from the Rictveld refinements to the XRD data
(Hig. $7f).

3.1.3. Surface composition

Since OER is inherently a surface process, understanding the surface
properties ol the electrocatalyst is eritical to process optimization. The
surface composition was investigated by XPS analysis. XPS survey
spectra (Fig. 58) confirm the presence of cobalt (Co), nickel (Ni}, chro-
mium (Cr), iron (Fe), manganese (Mn), oxygen (0O), and adventitious
carbon (C) on the surface of the HEO electrocatalysts. The elemental
composition varies across the different materials analvzed (Table §83),
highlighting the sclective migration of TMs to the nanoparticle surfacc.
The surface concentration of the TM with nominally doubled molar
fraction (i.c. 1/3) incrcascs in the order Fe < Ni < Cr < Co < Mn,
reaching approximately 27, 29, 31, 35, and 40 at.% respeclively
(Table 54 and I'ig. 59). Considering TMs with nominal molar fraction 1/
6, the Ni surface content is lower compared 1o the other melals, except in
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the §-2Fe sample. The surface concentrations of Co and Mn is around 20
at.% in all samplcs, apart from Mn in 8-2Fc, where it reaches ca. 24 at.%.
Fc and Cr surface concentrations are typically in the range of 13-15 at.
%, with exceptions for Cr in 5-2Ni (ca. 17 at.%) and I'e in 5-2Co (ca. 21
at.%). The surface oxygen concentration sets between 70.1 and 72.5 al.
%, aparl from 5-2Fe sample where il reaches a value of 75.4 at.%.

High-resolution XPS analyses offer detailed quantitative and quali-
tative insights into the oxidation states ol surface elements in the HEQ
electrocatalysts. However, overlapping Auger lines from various TMs
may introduce challenges in spectral interpretation. In the Fe 2pa;s re-
gion (Fig. 4a), a peak at approximately 710.5 eV indicates the presence
of Fe in the +3 oxidation state [50,51]. An additional feature in this
region corresponds to the Co and/or Ni LMM Auger peaks. The Co 2ps 2
region (Fig. 4b) shows two pcaks at approximatcly 780.6 and 782.2 ¢V,
attributed to CoO and Co(OH); species, respectively [11,52,53], The Fe
LMM Auger peak also overlaps in this region. Similarly, the Ni 2ps,o
spectrum (Fig. 4¢) reveals two distinet features at approximately 854.7
and 856.1 eV, corresponding to NiO and Ni(OH)s, respectively [11,54,
55]. The Mn 2p;,» spectrum (Fig. 4d) exhibits peaks at 642.0 and 645.7
eV, associated with Mn(III) and the Ni LMM Auger peak, respectively [4,
11]. Finally, the Cr 2p;,» spectrum (Fig. 4e) reveals Cr in three distinct
chemical environments: (i) Cr(IIl) oxide (575.7 eV), (ii) Cr(III) hydrox-
ide (576.8 €V), and (iii) Cr(VI) oxide (578.9 eV) [11,56,57]. Summari-
zing, Mn and Cr exhibit higher oxidation states (+3 or beyond), whereas
Co and Ni predominantly appear in their +2 oxidation states.

The O 1s spectra for all samples (Fig. 5) display four distinct features:
(i) a peak at approximately 529.8 ¢V, attributed to lattice oxygen (0Og)
[58-601; (ii) a peak near 531.1 eV, associated with surface oxygen va-
cancies (Oy), where surface oxygen aniong adjacent to lattice vacancies
are passivated with hydrogen [59,61,621; and (ifi, iv) peaks at 532.1 and
533.3 eV, corresponding to adsorbed or chemisorbed oxygen species
stich as Op or Hp0 [7,46,63]. Quantitative analysis (Table S5) reveals
that O,, dominates across all samples, with Oy accounting for approxi-
mately 22 at.% in most cases. However, the S-2Fe and S-2Ni samples
stand out with an Oy concentration of 33.5 and 31.3 at.%, respectively.
In S-2X samples, adsorbed oxygen species varies with X. Moreover, a
larger adsorbed oxygen species amount is detected in those samples
where a high Oy concentration is detected (e, S-2Fc and S-2Ni
samples).

3.2. Electrocatalytic performance

3.2.1. Effect of HEO composition

The OER performance of all $-2X NFs is evaluated in 1M KOH elec-
trolyle solution, at 20 “C, using a three-electrode setup. The dependence
of catalytic activity and OER kinetics on HEO composition is investi-
gated by recording the polarization curves of all S-2X NFs in linear
sweep voltammetry (LSV) mode (Fig. 6a) and by plotting their linear
part (Tafel curves, Fig. 6b).

The catalytic activity, as monitored by the overpotential at 10 mA
cm ™2 (#10), improves in the order 5-2Mn (412 mV) < 5-2Co (377 mV) <
§-2Fe (370 mV) < S-2Ni (364 mV) < S§-2Cr NFs (326 mV), while the
kinetics, as displayed by the Tafel slope (#), fastens in the order S-2Mn
(59.3mV dee™ ") < §-2F¢ (47.2 mV dec™") < §-2Cr (45.7 mV dec™") = §-
2Co (44,1 mV dec™') < §-2Ni (41.8 mV dec™ ). All o and g values well
compare with those reported for other spinel structured catalysts (e.g.
Ni-, Ni/Co- and Co-ferrites prepared by conventional citric acid-assisted
sol-gel combustion method: 381—477 mV and 46.4—73.0 mV dec !,
respectively) [64] and other HEO-based catalysts (Table S6). Moreover,
HEO electrocatalyst with doubled Cr concentration has lower Tafel slope
than both more expensive commercial IrO; and RuO; catalysts and ranks
between IrO; and RuO; with regard to overpotential at 10 mA cm *
(Table S6). It exhibits almost the same activity as lanthanum-based high
entropy perovskite oxide with optimized composition La(CrMnFeCo2Ni)
O3 [15], but have faster kinetics (I'ig. 510). Although all remaining 5-2X
NFs arc less active than other lanthanum-based high entropy perovskite
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oxides (P-2X), their kinetics is always faster.

3.2.2. Role of surface defects

No obvious relationship is observed between i and jf values of §-2X
electrocatalysts and the commonly adopted descriptors, i.e. outer 3d-
electron number [12] (N3q, Fig. S11) and occupation of ey orbitals at the
octahedral sites [13] (ey, Fiz. S1g). On the contrary, when plotted
against the concentration of surface OVs (xqy, Table 85), which has been
very recently proposed by Vezzii et al. | 14] as a descriptor for the OER of
spinel-type electrocatalysts, #1o and f values of S5-2X electrocatalysts
align along the volcano plots previously obtained for
(Cry /sMn ssFey ,5C0¢ 5Nij ,5)304 NFs calcined at different temperatures
(Fig. 6c and d) [14], thus confirming the gencrality of the proposed
descriptor. The only exeception is the # value of §-2Mn NFs. Being close to
60 mV dec” !, it indicates that the rate-determining step (RDS) of OER
process for 8-2Mn NIs is represented by the formation of adsorbed *O
species ("OH - OH  — *0 + Hy0 + ¢ ) 4,117, as in the case of Mn-rich
ZnMn; ,Coy0, [65]. Differently, the remaining §-2X NFs exhibit lower
values showing that the RDS is the creation of O-0 bonds on the material

surface (*O + OI1” — *OQOIl + e ).

It is commonly agreced that in an alkaline solution, OER proceeds
through a four-step proton-coupled electron transfer [66], involving the
adsorption of four hydroxide anions at the catalyst surface with release
of four electrons, two water molecules and oxygen (4 OH — 4e —
2H,0 + O, Fig. 511) [67]. Two different mechanisms are generally
invoked in the literature to explain this process, namely the adsorbate
evolution mechanism [9,11,14,67] (AEM, Fig. S11) and the
lattice-oxygen mechanism [2,66] (LOM), which substantially differ in
the nature of the active site (metal or lattice-oxygen, respectively). Here,
oxygen-deficient octahedra MOg_, on the catalyst surface are regarded
as the active centers for the OER through the AEM mechanism [11,14,
68].

To evaluate the intrinsic activity of §-2X catalysts the clectrochem-
ically active surface area (FCSA) was estimated via CV measurements.
The oblained Cpp, values (Iig. $12a, 2.5—4.7 mI) were comparable with
those reported by other authors for similar nanomaterials [7,43]. Also
ECSA of present S-2X electrocatalysts (62—117 em?) was in line with
that reported in the literature for other HEOs [7,43]. The intrinsic
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activity as resulting from LSV curves normalized to the ECSA (I1iz, 512h)
increased in the order S-2Mn = §-2Co = S-2Ni = §-2Fe = §-2Cr, with no
evident relationship with the above descriptors. Following ref. [14], the
intrinsic activity was calculated also by normalizing the current density
to xoy, Le. to the density of potentially active MOg_, centers on the
catalyst surface [14]. Except for sample S-2Fg, featured by the smallest
ECSA value, the intrinsic activity varied in the same order as obtained by
normalization to ECSA, with S-2Mn and S-2Cr exhibiting the lowest and
the highest activity, respectively. The small discrepancy could be un-
derstood by plotting ECSA as a function of xgy (Fig. S12d). A volcano
plot is obtained, proving that the concentration of surface OVs is a
reliable deseriptor also for this parameter and that an optimal xgy Tange
does exist. As previously shown [14], the three-dimensional mobility of
OVs is associated to struetural relaxation of spinels. When xgy = 33 %,
ECSA drops, probably because the delocalization of the distortional
motion of the superficial complexes inhibits their contribution to the
electrocatalytic performance of the catalyst. This hypothesis might
explain the discrepancy observed.

The very high activity of S-2Cr might benefit from its higher phase
purity and the significant microstrain affecting its lattice (Table 52)
since local strain affects activitics of the stable bonding configurations
[24]. According to Baek et al., [24] Cr is hugely beneficial to the activity
of the Cr,Vin,Fe,Co,Ni solid solution. Indeed, in recent years, chromium
is gaining increasing attention in electrocatalysis, The incorporation of
Gr* into OFR catalysts has been shown to substantially improve their
activity and stability by adjusting the electronic structure and enhancing
the electronic conductivity [69,70]. Although the empty e, orbitals of
¢r? favor a strong bonding to OER intermediates, its &3, e} electronic
configuration considerably enhances the charge transfer and conductive
nature of the catalyst. Also Cr species with higher oxidation states are
beneficial to OER. Thanks to its electronic configuration (rgg eg), crét
cations can attract more electrons, thus resulting in more OH™ groups
heing adsorbed on the cxposed Crsites [71], stabilizing the high-valenee
state of active sites to exhibit superior OER activity [70], and exerting a
substantial influence on lowering the adsorption free energies of the
intermediates at the active sites, synergistically playing a buffer role in
the multi-electron transfer process of OER [69]. Moreover, recent

density functional theory (DIT) calculations demonstrate that Cr favors
the transition of TM (Fe, Co, Ni) hydroxides to the active oxyhydroxide
phase [72]. Further studies are underway to investigate, by means of
DFT calculations, the correlations between the electronic properties
governing the structural and physicochemical features of the materials
and their electrochemical activity.

The surface of S-2Cr NFs is the richest in both Cr®~ and Cr®” species
(Table S3—85). Besides, S-2Cr NFs exhibit the strongest oxidation peak
and a ncgative shift of onsct OER potcntial (insct of Fig. 6a), indicating
an increased amount of charge transfer [73]. Oxidation peaks [11,33,74,
75], detected in the low-voltage region of the j vs # curves of all NI's,
indicate pre-catalyst surface restructuring [76] with formation of
self-assembled amorphous high-entropy oxyhydroxides (HEOHs) [5,
111, from oxide-/hydroxide-species reacting with water molecules
under applied potential [5,17,73,77]. This process involves transition
from the more stable (lower) valence states of the TM cations on the
pre-catalyst surface/subsurface to their more electrocatalytically active
(higher) valence states, widely recognized as the true active components
in OER electrocatalysis [72,73,76,78], HEOIISs, responsible for the redox
centers acting as OH™ adsorption sites [75], enhance the conductivity of
clectrocatalyst and accclerate the charge transfer and OER process [77].
Catalyst species with ultra-small size (<10 nm, as in the present case)
lead to faster rate and greater depth of reconstruction [25,73], while Cr
species act as host for charge transfer from the TM neighboring cations
for the generation of active high-valence species [72,78].

Actually, i, is linearly correlated with the concentration of surface
Cr(OH)3 species (Fig. 6e), while no correlation is found with other hy-
droxide species (Fig. 513a—c). The higher concentration of surface Cr
(OH): species on the pre-catalyst, the more active the catalyst after
activation (the lower #1g). As for 3, it shows a better correlation with the
concentration of all hydroxide species (Cr(OII)s, Co(OIl)y and Ni(OIl)4)
present on the surface of the HEO fibers (Fig. 6f) than that with the
concentration of surface Cr(OH)a species only (Fig. 513f). This finding
proves that all surface hydroxide species svnergistically cooperate in
enhancing kinetics (lowering /).

Tao gain deeper insight into the OFR process and understand the ef-
feet of electrical conductivity on the electrocatalytic performance,
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electrochemical impedance spectroscopy (EIS) analysis is carried out 3.2.3. Effect of oxygen evolution reaction temperature

and the charge transfer resistance (R¢) is calculated from the resulting The dependence of the catalytic activity of all S-2X NFs on reaction
Nyquist plots (Fig. S14a) [26]. Interestingly, Ret linearly decreases with temperature (T) was investigated by recording the polarization curves
increasing concentration of surface Cr(OH)3 species (Fig. 514b), simi- at 20, 30, 40 and 60 “C (Fig. 515a—e). With increasing Ty, #p decreases
larly to mip. for all NFs (Fig. S15f), with $-2Cr always showing the best performance.

With the exception of 5-2Mn NFs (fcaturing the smallest concentra-
tion of surface hydroxide species), with increasing T, the pre-onsct
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Fig. 7. (a) Increase of x3¢ with Ry (D) Activarion energy (E,), estimated as the slope of the Arrhenius plots of Rep, and (c) its dependence on the concentration of
surface Cr(OH); species,
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oxidation peak shifts towards lower 5 values (insets of Fiz. 515a—e). An
analogous bchavior has been reported for Ni-Co oxide solid solution
catalysts produced by flame pyrolysis [33]; it indicates that, at higher
T, the surface restructuring process is favored and more active HEOH
sites can be generated at a lower applied potential [33], as expected
[76].

The increase of Ty promotes the decrease of Rey in all electrocatalysts
(Fig. S15g). Interestingly, 710 monotonically increases with Ry
(Fig. 7a). Thus, the smaller Ry, the more efficient charge transfer during
the OER is and the higher the catalytic activity, in agreement with
previous findings on (Cry /sMny sFeq 5C0y1,5Niy5)504 NFs [14].

The apparent activation energy barrier (E,) is estimated as the slope
of the Arrhenius plots of Rer (Fig. S15h). Ey, whose values range be-
tween 10.5kJ mol_l, in the casc of 5-2Cr, and 33 kJ mol_l, in the casc of
§-2Mn (Fig, 7h), monotonically decreases with inereasing concentration
of surface Cr(OH); species (I'ig. 7c¢). This finding indicates that the
presence of these species on the surface of catalyst precursors is bene-
ficial for OFR, as they favor surface restructuring and local transition to
the active oxyhydroxide phase.

To study the Ty-dependence of OER kinetics, Tafel plots, y = ¢
log14(j), are considered (Fig. S16a e). The Tafel slopes (Fig. S16f)
indicate that the RDS of OER for each catalyst does not change with Ty,
However, with increasing Iy, # increases for all NFs, with S-2Ni always
showing the fastest kinetics. Thus, at higher Tr, overpotential needed to
obtain a current density of 10 mA em ™2 lowers, but the kinetics slows
down (Fig. S17a).

The Butler-Volmer equation [79] expresses the overpotential as #
2.303 ¢ + (2.303 R/a F) T In(j), where R — 8.314 .1 mal~! K" and F —
96500C mol~" are the universal gas constant and Faraday’s constant,
respectively, and « (0 <2 @ < 1) is the transfer coefficient. Exeepl for
S-2Cr, /i vs Ty curves are nearly linear (Fig. 517b) in agreement with the
Butler-Volmer equation. The « values inferred from the slopes of 7 vs Ty
lines vary in the 0.49-0.64 range.

Further significant insight can come from the study of the reaction
kinetics at the equilibrium (4 = 0). For this purpose, the exchange cur-
rent density (jg) is determined by extrapolating the linear portions of the
log({) vs  curves at § — 0 (Fig. 518a) [79]. Studying the Tgr-dependence
of jp allows one to cstimate the activation energy (E‘,:{) of the OFR as the
slope of the Arrhenius plots of ju (Fiz. S18b). The results are shown in
Fig. 8a. The lowest and the highest F, values pertain to S-2Mn (86 kJ
mol™ 1) and $-2Ni (147 kJ mol ™), respeclively, The Ea value of S-2Mn is
slightly higher than that obtained for nickel (oxy)hydroxide catalyst by
the same procedure (76 k) mol 1) [80] and for -NiFeOOH by a different
procedure (89 kJ mol 1y 311 Ef}, monotonically Increases with
increasing concentration of all surface hydroxide species (Fig. 8b). Thus,
at iy = 0, these species are of hindrance to water adsorption.

Interestingly, at any Tg, the equilibrium kinetics, as monitored by jq,
fastens in the order S-2Ni < §-2Co < S-2Fe < §-2Cr < §-2Mn, i.e., almost
in the opposite order as the y-driven kinetics, as monitored by # (Fig. 8c).
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The reason for this behavior could be the difference in the oxophilicity of
cach TM present in S-2X NFs [81 82]. The NFs richer in morc oxophilic
metals suffer from ‘poisoning” of their surface to a larger extent duc to
the too strong interactions between adsorbed OH and TM cations an
consequent stabilization of reaction intermediates.

Finally, tor the sake of completeness, the long-lerm stability of the
best performing electrocatalyst (S-2Cr) is evaluated by carrying out
chronopotentiometric measurements in 1 M KOH at a current density of
40 mA em ? for a duration of 14 h (inset of Fig. §19a). The results
demonstrate that the catalyst is quite stable: after 14 h of continuous
operation, the overpotential increases by ~87 mV. As shown in
Fig. 5194, after the application of a current density of 40 mA cm™2, the
LSV polarization curve upshifts by ~110 mV in potential, while Rcr
corrcspondingly incrcases by —43 Q (Fig. 519b).

4, Conclusion

High-entropy oxides based on five non-equimolar (Cr,Mn,Fe,Co,Ni)
combinations are prepared by electrospinning and calcination at 400 °C.
The produced nanofibers consist of interconnected ultra-small (<10 nm)
crystalline oxide grains, with primary spinel (70 91 wt%) and sec-
ondary rock-salt (9—30 wt%) phases and highly defective surface, where
O-vacancies (22—34 at.%) and Cr, Co and Ni hydroxides are present.

The IIEQ NFs are evaluated as electrocatalysts for alkaline water
oxidation at 20—60 “C, The results confirm the pivort role played by
surface defects, with the surface OV concentration behaving as a reliable
descriptor of the process.

At any temperature, in spite of the non-optimal filling of octahedral
TM eg orbitals, the highest activity (lowest o) pertains to HEO NTs with
doubled Cr concentration. The increase in OFR Lemperature from 20 to
60 “C promotes the decrease of charge transler resistance in all elec-
trocatalysts, resulting in enhanced activity. The electrocatalyst perfor-
mance at # = 0, as monitored by the exchange current density, also
improves.

Cr hydroxide species on the surface of the catalyst precursors mainly
control the activity of the catalyst after activation and the apparent
energy barrier E, for the reaction under applied overpotential (1133
kJ mol _1). The higher the concentration of surface Cr(OH)a specics on
the pre-catalyst, the more active the catalyst is after activation and the
Tower the Fj.

Differently, all surface hydroxide species cooperate in enhancing the
reaction kinetics of activated catalysts (at fixed Ty, # decreases with
inereasing hydroxide concentration). These species also govern the
activation energy barrier Ef& at equilibrium (86 147 kJ mol 1. The
higher their concentration on the catalyst precursor, the higher the E.

The slowing down of 5 at higher Ty is due to ‘poisoning’ because of
other mass transport effects mediated by the stabilization of reaction
intermediates on the surface of the fibers richer in more oxophilic
metals.
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