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Interplay Between Calcination Temperature and Alkaline
Oxygen Evolution of Electrospun High-Entropy
(Cr1/5Mn1/5Fe1/5Co1/5Ni1/5)3O4 Nanofibers

Keti Vezzù, Claudia Triolo, Kaveh Moulaee, Gioele Pagot, Alessandro Ponti, Nicola Pinna,
Giovanni Neri,* Saveria Santangelo,* and Vito Di Noto*

Spinel-structured transition metal (TM) oxides have shown great potential as
a sustainable alternative to platinum group metal-based electrocatalysts.
Among them, high-entropy oxides (HEOs) with multiple TM-cation sites are
suitable for engineering octahedral redox-active centers to enhance the
catalyst reactivity. This paper reports on the preparation of electrospun
(Cr1/5Mn1/5Fe1/5Co1/5Ni1/5)3O4 nanofibers (NFs) and their evaluation as
electrocatalysts. Its main aim is to unveil the nanostructural features that play
a key role in the alkaline oxygen evolution reaction. Differing calcination
temperature (300−800 °C) and duration (2 or 4 h) leads to different
morphology of the NFs, crystallinity of the oxide, density of defects, and cation
distribution in the lattice, which reflect in different electrocatalytic behaviors.
The best performance (overpotential and Tafel slope at 10 mA cm−2: 325 mV
and 40 mV dec−1, respectively) pertains to the NFs calcined at 400 °C for 2 h.
To gain a deeper understanding of their electrocatalytic properties, the pristine
NFs are investigated by a combination of analytical techniques. In particular,
broadband electric spectroscopy reveals that the mobility of oxygen vacancies
in the best electrocatalyst is associated to very fast local dielectric relaxations
of metal coordination octahedral geometries and experimentally
demonstrates the key role of O-deficient octahedra.
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1. Introduction

In recent years, due to the high economic
and social impact of climate changes, the
attention of the scientific community has
focused on achieving carbon neutrality. As
a clean and efficient energy source, hy-
drogen could help bring the World to net
zero emissions in the coming decades.
Hence, it is one of the important vectors
for building a sustainable energy system
in the future. The generation of H2 via
the electrochemical splitting of water is
a promising technology.[1–4] The efficiency
of this process is a crucial factor for its
practical application. In particular, the oxy-
gen evolution reaction (OER) kinetically
slower than the hydrogen evolution reac-
tion (HER), represents the bottleneck of
the water splitting (WS) process. Expen-
sive platinum group metal (PGM)-based
electrocatalysts are commonly utilized in
both HER and OER.[5–9] Therefore, to fa-
vor the achievement of carbon neutrality
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Figure 1. a) Equilibrium distribution of cations proposed for (Cr,Mn,Fe,Co,Ni) SHEO NFs obtained by calcination at high temperature (700 °C for 2 h,
and then 900 °C for 2 h)[37] and b) completely random distribution of cations. 𝜉 denotes the inversion degree of the spinel lattice.

in the short term, it is urgent to develop new catalytic mate-
rials, cheaper and/or more active toward HER and, in particu-
lar, OER. Spinel-structured oxides have shown great potential as
a sustainable alternative to PGM-based electrocatalysts as they
comprise Earth-abundant cations and are inexpensive, chemi-
cally reactive, thermodynamically stable and resistant to corro-
sion in alkaline environment.[10,11] Among them, those based on
the high-entropy concept, benefiting from the synergy among
their multiple metal components,[12,13] look like promising mate-
rials to replace expensive PGM-based electrocatalysts for OER in
alkaline electrolyte. Several interesting results have been reported
on spinel-structured high-entropy oxides (SHEOs)[12–20] Very re-
cently, the evaluation of electrospun SHEOs as electrocatalysts
in alkaline medium has evidenced that (Cr,Mn,Fe,Co,Ni) SHEO
NFs outperform not only SHEOs based on different TM com-
binations, but also PGM-based oxides (such as IrO2) commonly
regarded as benchmark electrocatalysts.[21] Their good electro-
chemical performance has been attributed chiefly to oxygen va-
cancies (OVs) present on their surface and the occupation of oc-
tahedral sites by redox-active Co2+ and Ni2+ centers.[21] There-
fore, by properly engineering the defects[12,13,22–28] and octahedral
redox-active centers[29–31] further improvement can reasonably be
achieved.

The presence of surface OVs, besides influencing the elec-
tronic structure and electronic conductivity of catalysts, is ben-
eficial for OH− adsorption and the charge transfer reaction dur-
ing the OER process.[13,25,32–35] Dangling bonds or coordinately
unsaturated atoms on the catalyst surface may provide increased
amount of active sites to promote the electrocatalytic reaction.[36]

cations occupying the octahedral and tetrahedral sites exhibit dif-
ferent electrocatalytic activity. The MO6 octahedra possess higher
degree of M─O covalence than the MO4 tetrahedra because of the
higher electronic charge shared by O with.[30,31] The greater over-
lap between 3d and O 2p orbitals facilitates the electron transfer
between the redox-active center of the oxide and oxygen, result-
ing in enhanced OER activity.[31] Moreover, the filling of the 3d
orbitals split by the crystal field governs the binding strength of
the OER intermediates.[25,29]

According to the cation distribution (CD) proposed by Ponti
et al.[37] for (Cr,Mn,Fe,Co,Ni) SHEO NFs calcined at high tem-
perature (700 °C for 2 h, and then 900 °C for 2 h), at thermal
equilibrium (Figure 1a), Cr3+ and Mn3+ reside only on octahe-

dral (16d) sites, as most frequently reported,[38,39] while all Fe3+

cations and 1/3 of Co3+ occupy tetrahedral (8a) sites; the remain-
ing Co2+ and Ni2+ cations may accommodate both in 16d and 8a
sites.[21,37] In the analogue CD proposed by Sarkar et al,[39] 1/3
of Ni3+ (in place of Co3+) reside on tetrahedral sites. Calcination
under milder conditions (at lower temperature and/or for shorter
time) hinders the achievement of the equilibrium cation distribu-
tion (ECD). At low temperature or short duration of the heating
treatment, the cations are close to being completely randomly dis-
tributed across the 8a and 16d sub-lattices, with 1/3 of each cation
residing on the tetrahedral sites and 2/3 in the octahedral ones
(Figure 1b). The variation in the distribution of cations in the 8a
and 16d sub-lattices causes changes in the degree of inversion of
the spinel oxide (𝜉) and, more importantly, in the occupation of eg
orbitals at the octahedral sites and, hence, in the binding strength
of OER intermediates.[29] Of course, these changes are accompa-
nied by the variation of the crystallinity, morphology and surface
properties of the fibers[40] that may also affect their electrochem-
ical performance.

This work investigates the interplay between calcination con-
ditions and electrocatalytic ability when (Cr,Mn,Fe,Co,Ni) SHEO
NFs are used as anode for the alkaline OER, aiming at unveiling
the nanostructural features that play a key role in the of the NFs
anodic activity. Electrocatalysts are synthesized via the procedure
described in a previous work.[21,37] Here, calcination is followed
by rapid, uncontrolled cooling down to room temperature (RT) to
generate abundant defects on the oxide surface.[41,42] Both tem-
perature (300−800 °C) and duration (2 or 4 h) of the calcination
process are varied and the interdependent changes produced by
their variation in morphology of the NFs, crystallinity of the oxide,
density of defects, and CD in the lattice are investigated to eluci-
date their influence on the electrocatalytic behavior of the fibers.
For this purpose, the pristine NFs are thoroughly characterized
by a combination of analytical techniques including broadband
electric spectroscopy (BES). BES is a powerful technique used to
study the electrical properties of materials over a wide range of
frequencies, typically from millihertz to gigahertz. The principle
behind BES involves applying an alternating electric field to
the material and measuring its response in terms of complex
permittivity and conductivity. This allows for the investigation of
various polarization phenomena, including dipolar relaxations
and charge transport mechanisms.[43–45] BES is particularly
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effective for probing structural relaxations, interfacial polariza-
tion, and ion dynamics, providing valuable insights into the
material’s morphology, defects, and conductive pathways.[43–45]

In this paper, BES was applied for the first time to study SHEO
NFs, revealing potential nanoscale heterogeneities such as nan-
odomains and their interfaces. The technique allowed for a de-
tailed analysis of the relaxation modes within the structural net-
work and an investigation of the interdomain conductivity path-
ways, thereby providing insight into the OER mechanism.

2. Results and Discussion

2.1. Physicochemical Properties of (Cr, Mn, Fe, Co, Ni) SHEO NFs

2.1.1. Morphology

Scanning electron microscopy (SEM), high-resolution trans-
mission electron microscopy (HRTEM), high-angle annular
dark-field scanning transmission electron microscopy (HAADF-
STEM), energy-dispersive X-ray spectroscopy (EDX) x-ray diffrac-
tion (XRD), micro-Raman spectroscopy (MRS), and x-ray photo-
electron spectroscopy (XPS) analyses were carried out to study
the physicochemical properties of the calcined fibers. For an easy
identification, in the following, the SHEO-electrocatalysts are la-
belled as STC/𝜏C, with TC and 𝜏C indicating temperature and
duration of the calcination process (expressed in °C and in h,
respectively).

Figure S1 (Supporting Information) summarizes the results
of the SEM analysis. Regardless of the calcination conditions,
micrometer-long NFs are formed upon heating treatment (Figure
S1a−f, Supporting Information) from the as-spun polymer/TM-
salts 1D templates, as in the case of (Cr,Mn,Fe,Co,Ni) SHEO
NFs calcined at 700 °C for 2 h and then at 900 °C for
2 h.[21,37] However, their morphology changes markedly with TC
and 𝜏C. Fibers calcined at lower TC are very long, thick and
smooth (Figure S1a−c,g−i, Supporting Information). As TC in-
creases, the fibers become progressively shorter, thinner and
rougher (Figure S1d,e,j−k, Supporting Information). Their di-
ameter (dNF in Table S2, Supporting Information) monotoni-
cally declines with TC (Figure S1m, Supporting Information).
At a given TC, prolonging the duration of the heating treat-
ment results in slightly thicker fibers (Figure S1f,l, Supporting
Information).

TEM analysis (Figure 2a−o; Figure S2a−j, Supporting Infor-
mation) reveals that all fibers have the granular structure typi-
cal of electrospun oxides.[21,37,40–42,46–51] This architecture facili-
tating electrolyte penetration and ion transport is beneficial for
the OER activity.[52] As previously observed in other oxides,[49]

the smoother fibers, formed upon calcination at lower TC, consist
of smaller-sized, densely-packed grains (Figure 2a−c,f−h; Figure
S2f−h, Supporting Information) crystalline in nature (Figure
S2k−o, Supporting Information), while the larger size of the
grains in the fibers calcined at higher temperature/for longer
time gives them a rougher appearance (Figure 2d,e,i,j; Figure
S2i,j, Supporting Information). The expansion experienced by
the polymer template and the contraction undergone by the TM-
salts incorporated therein, occurring during calcination due to
the degradation of the organic components, are responsible for
the formation of spatially confined grains,[16,53] interconnected to

build a porous architecture. Extensive overlap prevents reliable
measurement of the size of the primary particles in the NFs cal-
cined at TC < 800 °C. In the case of S800/2 and S800/4 NFs,
the particles are discernible due to much reduced overlap. In
both S800/2 and S800/4 NFs, the particle size approximately is
in the 60−100 nm range and the particles have shape ranging
from polygonal shapes with straight edges and sharp vertices to
smooth, round-shaped. The particles size is better determined by
XRD techniques below.

Elemental mapping via STEM/EDX (Figure 2p−s; Figure
S2p−s, Supporting Information) and projection analysis of the
maps (Figure S3a−c, Supporting Information) evidence the spa-
tially uniform distribution of the TM ions throughout all NFs
at the nano-scale, confirming the formation of multicomponent
solid solutions from the interconnected TM-network embedded
in the polymer template when the organic components of the as-
spun NFs are completely removed. In addition, by fitting the pro-
jected oxygen profiles (Figure S3d−f, Supporting Information) to
models appropriate for solid or hollow NFs[37] information about
the fiber cross section is inferred. Fibers calcined at lower TC
are mainly solid (Figure S3g,h, Supporting Information), while a
channel along the fiber axis develops with increasing TC and/or
𝜏C (Figure S3i, Supporting Information). Sintering effects occur-
ring at higher temperatures are responsible for both the increase
in oxide grain size and inner cavity formation. The above de-
scribed changes are consistent with literature reports on the evo-
lution of electrospun fiber microstructure promoted by the vari-
ation in TC.[40]

2.1.2. Phase and Crystallinity of the Oxide

Figure 2k–o shows HRTEM images of the NFs. Analysis of the
crystal fringes is only possible for non-overlapping particles at
the edge of the NF tips. For all NFs, it is found that the analyzed
particles are mostly single-crystals (polycrystalline particles are
rare) with the spinel structure. The results of such analysis for
the S400/2 and S800/2 NFs are shown in Figure S4 (Supporting
Information).

Figure 3 displays the results of XRD and MRS analyses. Re-
gardless of the calcination conditions, all reflections detected in
the diffractograms of the NFs (Figure 3a) can be indexed to the
spinel structure (JCPDS no. 22–1084).[21,37,54–59] The absence of
secondary phase(s) and the formation of pure single-phase spinel
are confirmed by Rietveld refinements from XRD data (Figure
S5a−e, Supporting Information). This finding well agrees with
the existence of a wide temperature-range for the formation of a
single spinel-phase.[18] The evident narrowing of the XRD peaks
accompanying the increase in TC and/or 𝜏C (Figure 3a) proves
that the variation of the calcination conditions affects not only the
microstructure but also the crystallinity of the oxide nanograins.
The average size of the SHEO crystallites (dSHEO in Table 1) in-
creases with increasing TC (Figure S5a−e, Supporting Informa-
tion) and/or 𝜏C, as expected.[38,60] The single-crystal nature of the
particles detected by HRTEM (Figure S4, Supporting Informa-
tion) and the qualitative agreement with the size of the SHEO
grains (Figure 2k−o), allows to interpret dSHEO as an average mea-
sure of the size of the SHEO particles. The crystallites forming
the NFs are affected by microstrain at different level (Table 1),
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Figure 2. a−o) TEM images of electrospun NFs (a,f,k) S400/2, (b,g,l) S500/2, (c,h,m) S600/2, (d,i,n) S800/2, and (e,j,o) S800/4. (p,r) BF-STEM and
(q,s) HAADF-STEM image of (p,q) S400/2 and (r,s) S800/2, followed by the correponding elemental maps.

but the latter seems not to be easily related to the calcination
conditions

Electron diffraction (ED) patterns of all NFs are displayed in
Figure S2k−o (Supporting Information). All diffraction rings can
be indexed to the spinel structure and no other crystal phase is
detected. The width and graininess of the diffraction rings clearly
indicate the increase of the crystallite size when the NFs are cal-
cined at higher temperature or for longer duration.

Figure 3b shows the micro-Raman spectra, as obtained by aver-
aging those recorded at different random locations in each sam-
ple to evaluate the spatial homogeneity (Figure S6, Supporting In-
formation). As discussed extensively in a previous paper,[37] five
Raman-active normal vibration modes (A1g + Eg + 3F2g) are pre-
dicted for the spinel structure (Fd-3 m space group).[61–65] Their
frequency positions and relative intensities strongly vary within
the family of spinels.[66–69] The detection of broader and less re-

solved features in the spectra of fibers calcined at lower tempera-
tures reflects the smaller coherence length (i.e., smaller dSHEO)
in line with the literature.[38,60] In addition to the normal phonon
modes, inversion-induced modes[14,63,70,71] also contribute to the
Raman intensity in all samples (Figure S7, Supporting Informa-
tion), in full agreement with both other reports on SHEOs[14] and
previous studies.[21,37] Their relative intensity smoothly decreases
with decreasing TC (Figure S7, Supporting Information), indicat-
ing the occurrence of changes in the CD and the decrease of 𝜉, as
expected (Figure 1). No significant shift of the peaks is observed.

2.1.3. Cation Distribution and Octahedral Occupation

The variation of the CD is accompanied by the change in
octahedral occupation, which has a great influence on the
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Figure 3. a) XRD patterns and b) averaged micro-Raman spectra of the samples.

electrocatalytic behavior of SHEO fibers.[21,51] Octahedral Co-
and Ni-species exhibit higher reactivity towards OER than the
remaining species.[72] Moving from the ECD (Figure 1a) to
the completely random cation distribution (CRCD, Figure 1b),
their total amount at 16d sites (4/5, referred to the M3O4
formula unit, FU) does not vary. Nonetheless, the octahedral
occupation by cobalt species (Co2+ and Co3+) increases from
1/5 to 2/5 and, correspondingly, the (Co3+/Co2+):Ni2+ ratio
increases from 1:3 to 1:1. Assuming the distribution of cations
proposed for (Cr,Mn,Fe,Co,Ni) SHEO by Sarkar et al.[39] as the
ECD, similar considerations would apply to the Ni2+, Ni3+, and
Co2+ cations. Einert et al.[20] have ascribed the electrocatalytic
activity of mesoporous (Cr, Mn,Fe,Co,Ni) SHEO thin films to all
cations residing on the 16d sites and specially to highly active
Co3+ electrocatalytic centers. Conversely, He et al.[13] have pro-
posed Ni2+ and Ni3+ as the most active centers in nano-porous
(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)3O4. Hence, regardless of the CD as-
sumed to be the ECD for (Cr, Mn,Fe,Co,Ni) SHEO (that proposed
by Ponti et al.[37] or that proposed by Sarkar et al.),[39] the OER

Table 1. Results of Rietveld refinements: cell parameter (a), crystallite size
(dSHEO) and microstrain.

NF a / nm dSHEO/ nm Microstrain

S800/4 0.83437 ± 0.00006 82 ± 1 (3.7 ± 0.4) 10−4

S800/2 0.83354 ± 0.00005 63 ± 1 (10.4 ± 0.5) 10−4

S600/2 0.8321 ± 0.0002 20.9 ± 0.4 NS (2 ± 5) 10−4

S500/2 0.8324 ± 0.0004 9.87 ± 0.05 (27 ± 4) 10−4

S400/2 0.8342 ± 0.0008 6.5 ± 0.1 (7 ± 1) 10−4

S300/2 0.837 ± 0.002 5 ± 3 NS (7 ± 9) 10−4

NS: Not significant.

ativity is expected to benefit from the incomplete achievement
of the ECD, as here demonstrated (see below) and as reported
by He et al.[13] for (Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)3O4 produced by low
temperature solution combustion method.

Different occupation of 16d sites translates also in different
occupation of eg orbitals. The OER activity is strongly corre-
lated with the occupation of eg orbitals of surface TM cations in
(pseudo)octahedral sites because the electrons in eg orbitals can
interact effectively with oxygen-containing adsorbates.[25] The eg
filling governs the binding strength of OER intermediates.[24,29]

Lower (higher) filling results in stronger (weaker) adsorption of
intermediates and more difficult (easier) desorption of O2.[25]

According to the widely accepted Sabatier principles of “opti-
mum bond strength” for efficient catalytic reactions, the opti-
mal OER activity is obtained at a moderate filling of the TM
eg orbitals (eg ≈ 1), which balances the competition between
adsorption/desorption rate-limiting steps.[29] Thus, by properly
modifying the occupation of eg orbitals, the interaction between
the adsorbate and active sites can be optimized. In the case of
(Cr,Mn,Fe,Co,Ni) SHEO NFs, the optimal eg filling, referred to
the M3O4 FU, is 3. An eg filling of 2.2 pertains to the ECD
(Figure 1a), whereas for the CRCD (Figure 1b) the eg filling in-
creases to 2.8. Therefore, the more incomplete the achievement
of the ECD is, the closer the filling of the eg orbitals is to its
optimal value.

2.1.4. Surface Composition

The energetics for OER can be further optimized through the in-
troduction of surface OVs.[12,13,21–28,51,73] Kim et al.[74] have shown
that oxygen-deficient perovskite-type CaMnO2.5 produced by
low-temperature synthesis outperforms stoichiometric CaMnO3
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Figure 4. High-resolution XPS curves and fitting in the analyzed spectral regions: a) Fe 2p, b) Co 2p, c) Ni 2p, d) Mn 2p, and e) Cr 2p core levels.

as an electrocatalyst for alkaline OER. The presence of OVs on the
catalyst surface results in larger exposure of the redox-active cen-
ters, changes in their electronic configuration from Mn4+(3d3)
to Mn3+(3d4) with consequent increase of the eg filling from 0 to
1.[74] Thus, the presence of surface OVs may further contribute
to approach the optimal filling of the eg orbitals. He et al.[13] have
pointed out that in (Fe0.2Co0.2Ni0.2Cr0.2Mn0.2)3O4 with high grain
boundary density the migration of OVs provides a convenient
channel for electron transfer between different metal atoms.

According to Tao et al,[75] the surface reactivity of TM ox-
ides increases with the density of coordinately unsaturated
metal cations (MCUS), i.e., with the density of OVs. Increasing
MCUS enhances/worsens the catalytic activity of TM oxides that
weakly/strongly bind intermediates.[75] This is because the inter-
mediates’ bonding strength depends on the energy distance of
the highest-occupied d-states from the Fermi level, which affects
the filling of antibonding states.[25,75] As this distance reduces, an-
tibonding states are pushed above the Fermi level and their filling
diminishes leading to stronger adsorption. This change leads to
an improvement (a worsening) in the case of adsorption-limited
(desorption-limited) OER process.[25,75]

XPS survey spectra (Figure S7, Supporting Information) indi-
cate the presence of cobalt, nickel, chromium, iron, manganese,
oxygen and (adventitious) carbon on the surface of the SHEO-
electrocatalysts. Elemental composition varies among different
materials (Tables S3 and S4, Supporting Information), indicating
that the temperature and duration of the calcination process has
a fundamental role in inducing a selective migration of specific

TMs towards the surface of proposed NFs. The Co surface con-
centration ranges between 18 and 33 relative at.%, with the max-
imum value achieved for samples calcinated at medium temper-
atures. On the contrary, the Ni surface concentration constantly
decreases on TC, in the range 16 to 25 relative at.%. The Cr sur-
face concentration shows a specular trend with respect to Ni, with
an exception for sample S800/2. The Fe surface content is the
lowest among all the TMs and decreases from 12 to 8 at.% upon
increasing TC from 300 to 800 °C; it is 7 at.% for S800/4. Finally,
Mn shows an opposite trend with respect to Co, with a mini-
mum concentration for intermediate TC. Indeed, a Mn surface
concentration of 27, 18, and 33 at.% is determined for S300/2
and S400/2, S500/2 and S600/2, and S800/2 and S800/4 sam-
ples, respectively.

High-resolution XPS provides insights into the oxidation
states of the surface elements in SHEO-electrocatalysts. It is
important to note that the presence of Auger lines from different
TMs may affect data accuracy in overlapping spectral regions. In
the Fe 2p3/2 region (Figure 4a), a peak at ≈710.5 eV suggests that
Fe species are present with a +3 oxidation state.[76,77] The second
feature detected in this spectral region is assigned to the Co
and/or Ni LMM Auger peak. Cobalt is present as Co(II), as high-
lighted by the appearance of a single peak centered at ca. 780.6 eV
in the Co 2p3/2 spectral region (Figure 4b).[51,78] For S600/2 sam-
ple, this peak is shifted towards slightly lower binding energies
(BEs, i.e., 780.2 eV), indicating a more reduced character of
Co surface atoms for this material. An overlapping with the Fe
LMM Auger peak is also observed. Differently from the previous
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Figure 5. High resolution XPS curves and fitting in the O 1s spectral region for: a) S300/2, b) S400/2, c) S500/2, d) S800/2, and e) S800/4 samples.

metals, Ni 2p3/2 exhibits the presence of two different features
centered at ca. 854.9 and 856.5 eV (Figure 4c), which can be
assigned to NiO and Ni(OH)2 species, respectively.[51,79,80] In the
Mn 2p3/2 spectral region (Figure 4d), the two peaks at ≈642.1 and
645.7 eV are attributed to Mn(III) and Ni LMM, respectively.[12,51]

The Mn 2p3/2 feature of S800/2 is shifted towards higher BEs
(i.e., 642.8 eV), revealing that Mn surface atoms are likely in a +4
oxidation state.[81] Finally, the Cr 2p3/2 spectral region (Figure 4e)
reveals that Cr surface atoms are present in three different
chemical environments: i) Cr(III) oxide, with the peak centered
at ca. 575.7 eV; ii) Cr(III) hydroxide, peaking at ca. 576.8 eV; and
iii) Cr(VI) oxide, centered at ca. 578.9 eV.[51,82–84] In comparison
with the bulk, Mn and Cr are more oxidized (beyond +III) and
Co and Ni are more reduced (completely +II).

The O 1s spectral region of all samples exhibits four distinct
features (Figure 5): i) at ≈530.0 eV, lattice oxygen atoms (OL) are
identified;[85–87] ii) at ca. 531.3 eV, a peak commonly associated
with “oxygen vacancies” (OV),[86,88] originates from surface O an-
ions, proximate to lattice Ovs, passivated with hydrogen;[89] and
iii) at higher BEs (i.e., 532.3 and 533.7 eV), features are ascribed to
adsorbed or chemisorbed oxygen species like O2 or H2O.[21,37,90]

The quantitative results detailing various oxygen species are sum-
marized in Table S5 (Supporting Information). Overall, OL is
predominantly dominating all the samples. The OV values as-
set at ca. 20 at.%. Interestingly, S800/2 sample lays outside the
range, exhibiting an OV value of 33 at.%. Analyzing the OL/OV
ratio, extreme samples (i.e., S300/2 and S800/4) reveal a three-

fold enrichment in OL. Samples calcined at intermediate tem-
peratures (i.e., S400/2, S500/2 and S600/2), exhibit an OL/OV
value slightly higher than 2. In the case of S800/2, this value is
1.3. Except for S600/2 sample which reveals a different behav-
ior, the amount of adsorbed oxygen-based species rises linearly
with TC (from 9 to 25 at.%), while the concentration of OVs ex-
hibits a linear correlation with the F2g(2)/A1g Raman intensity ra-
tio (Figure S9, Supporting Information). Since the F2g(2) mode is
ascribed to the asymmetric stretching mode of the TM−O bond
in octahedron,[33,91] this finding (which is independent on the TM
combination considered) might signal the increase of O-deficient
octahedra.

2.2. Electrocatalytic Performance

The electrocatalytic performance of the (Cr,Mn,Fe,Co,Ni) SHEO
NFs was investigated at RT in 1 m KOH electrolyte solution us-
ing a three-electrode setup. Figure 6a,b displays the polariza-
tion curves recorded in linear sweep voltammetry (LSV) and the
Tafel plots (Figure 6b). The overpotential (𝜂OER) with respect to
1.23 V (equilibrium potential) needed to obtain a current den-
sity j = 10 mA cm−2 is adopted to depict the catalytic activ-
ity, whereas the kinetics of the reaction 𝜂OER-driven is moni-
tored by the slope (𝛽OER) of the Tafel curves (Table S6, Support-
ing Information).[15,21,92] 𝛽OER does not significantly vary with
the calcination conditions (inset of Figure 6b) and its value
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Figure 6. a−d) Results of the electrochemical measurements: a) LSV curves recorded at a scan rate of 5 mV s−1 in 1.0 m KOH (inset: pre-onset region) and
b) corresponding Tafel curves (inset: Tafel slopes, 𝛽OER). c) OER overpotentials (𝜂OER) measured at 10 mA cm−2. d) Comparison with overpotentials and
Tafel slopes reported in the literature[12,13,19,21,22,51,93] for high-entropy oxides based on various TM combinations (same color/shape indicates same
synthesis temperature/TM combination; a cyan ellipse indicates the best performing SHEO NFs). e) Relationship between 𝜂OER and charge transfer
resistance (RCT). f) Exchange current density (j0).

Small 2024, 2408319 © 2024 The Author(s). Small published by Wiley-VCH GmbH2408319 (8 of 17)
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(< 60 mV dec−1) indicates that the OER is rate-limited by the pro-
duction of O–O bonds on the catalyst surface.[12,49] On the con-
trary, the 𝜂OER value needed to obtain 10 mA cm−2 lowers mov-
ing towards milder calcination conditions (Figure 6c). This find-
ing, in line with the existence of an optimal catalyst calcination
temperature,[94–96] proves the expected enhancement of the elec-
trochemical performance and, hence, the successful catalyst de-
signing. Remarkably, the best performing (S300/2 and S400/2)
NFs outperform most of the high-entropy oxide-based electrocat-
alysts (Figure 6d) in terms of activity (lower 𝜂OER) and/or kinetics
(lower 𝛽OER).

The charge transfer resistance (RCT) at the electrolyte/electrode
interface, as inferred from electrochemical impedance spec-
troscopy (EIS) measurements (Figure S11, Supporting Informa-
tion), decreases in NFs calcined under milder conditions (inset
of Figure S11, Supporting Information), most likely due to the
shorter charge migration paths[97] provided by changes in NF ar-
chitecture and properties. The increasing trend of 𝜂OER versus
RCT (Figure 6e) suggests that the catalytic activity benefits from
the decrease in polarization resistance. Besides, as shown in the
case of S400/2, exhibiting the lowest 𝜂OER and RCT values, the
catalysts are stable (Figure S12, Supporting Information).

In order to monitor the reaction kinetics at the equilibrium
(𝜂OER = 0), the exchange current density (j0) was determined by
extrapolating the linear portions of the log(j) versus 𝜂OER curves at
𝜂OER → 0 (Figure 6f).[98] Interestingly, the varying j0 indicates that,
different from the 𝜂OER-driven kinetics, the equilibrium kinetics
is strongly affected by the calcination conditions of the NFs.

2.3. Relationship Physicochemical Properties/Electrocatalytic
Performance

In alkaline environment, OER is commonly assumed to proceed
through a four-step proton-coupled electron transfer (PCET),[99]

i.e., via the electrochemical adsorption of four hydroxide an-
ions (OH−) at the catalyst surface with release of four elec-
trons (e−), two water molecules and oxygen (4 OH− → 4 e− +
2 H2O + O2).[10,100] Different mechanisms have been proposed
in the literature for the PCET, such as the adsorbate evolution
mechanism[10,13,31,93,100–102] (AEM, Figure S13a, Supporting In-
formation) and the lattice-oxygen mechanism[27,96] (LOM, Figure
S13b, Supporting Information) or a combination of them.[24]

AEM and LOM substantially differ in the nature of the active site
(metal or lattice-oxygen, respectively). Here, oxygen-deficient oc-
tahedra MO6−x on the SHEO surface are regarded as the active
centers for the OER.[28,33,51,73] Accordingly, to evaluate the intrin-
sic activity of the catalysts, in the polarization curves (Figure 6a),
the current density is normalized to the concentration of sur-
face OVs (xOV), which grows linearly with the amount of O-
deficient octahedra (Figure S9, Supporting Information). The re-
sults, shown in Figure S14 (Supporting Information), reveal that
higher intrinsic activity pertains to NFs (S300/2 and S400/2)
calcined under milder conditions, while despite they possess
the highest OV concentration, NFs S800/2exhibit the lowest in-
trinsic activity. The reason for this behavior will be clarified
in Section 2.4.

Since OVs promote the adsorption for OH−[13,28,51] and, thus,
mediate the generation of bond between MCUS and oxygen[28]

(Figure 7a), an increase in xOV is expected to produce an im-
provement in electrocatalytic performance, as already observed
in previous studies on SHEOs[21,51] and reported for some (low-
entropy) TM oxides.[25,28,35,75] Indeed, the increase of xOV trans-
lates into a proportional increase in j0 (Figure 7b): the higher
xOV, the faster is the equilibrum kinetics. Conversely, the plots
of 𝜂OER, 𝛽OER and RCT as a function of xOV (Figure S15, Support-
ing Information), exhibit the typical shape of a volcano plot. This
strongly suggests that xOV is a valuable descriptor for the OER of
the proposed spinels. It has been suggested that the migration
of OVs provides a convenient channel for electron transfer be-
tween different metal atoms in the (Fe0.2Co0.2Ni0.2Cr0.2Mn0.2)3O4
electrocatalyst.[13] Thus, their surface density, rather than their
total content, might control the 𝜂OER-driven reaction. The surface
density of OVs can be calculated as 𝜎OV⋅≈ xOV⋅SSHEO

−1, where
SSHEO ∝ dSHEO

2 is the surface area of a dSHEO-sized grain. Actu-
ally, by plotting 𝜂OER (Figure 7c), 𝛽OER and RCT (Figure S16, Sup-
porting Information) as a function of the product of xOV⋅dSHEO

−2,
all data line up along common curves. Hence, the OV sur-
face density effectively affects the electrochemical behavior of the
SHEO NFs. The increase in 𝜎OV shortens charge migration paths,
thus favoring charge transfer process. As a result, the polariza-
tion resistance lowers (Figure S12b, Supporting Information)
and the overpotential needed to achieve 10 mA cm−2 decreases
(Figure 7c), while reaction kinetics slightly fastens (Figure S16a,
Supporting Information).

2.4. Broadband Electric Spectroscopy Analysis

The effects of OV charge transfer mechanisms and dielectric re-
laxation events within the host SHEO 3D inorganic structure
on electrochemical performance are studied using BES. These
studies focus on the S400/2 and S800/2 samples, which are se-
lected for having significantly different electrochemical OER per-
formance (Table S6, Supporting Information) and intrinsic activ-
ity (Figure S14, Supporting Information).

The electric response of S400/2 and S800/2 electrocatalysts
was quantitatively analyzed as described in Section (Broad-
band dielectric spectroscopy). Figure 8 shows the spectra of
real component of complex permittivity (ɛ′(𝜔)) and tan 𝛿 (𝜔) =
ɛ′′(𝜔)/ɛ′(𝜔) of the two samples. The analysis revealed two polar-
ization events (𝜎EP, 𝜎IP,1) and four dielectric relaxation modes (f1,
f2, f3and f4). 𝜎EP corresponds to the electrode polarization mode
associated with the accumulation of charge at the interface be-
tween the sample and the electrode. 𝜎IP,1 is an interdomain po-
larization event attributed to the accumulation of charge at the
interfaces between domains with different permittivity (or struc-
tural features) within the sample. This event reflects the potential
structural heterogeneities at the mesoscale that characterize the
samples.

The dependence of the two polarization events on the inverse
of temperature, shown in Figure 9, reveals three temperature re-
gions (I, II, III). In I, both 𝜎EP and 𝜎IP,1 profiles show Arrhenius-
like behaviors, while in II and III a Vogel-Tamman-Fulcher (VTF)
dependence is revealed. This demonstrates that, at the OER op-
erating temperatures, long-range charge transfer mechanisms
are modulated by diffusion of relaxation motions in the 3D net-
work of the materials (i.e., by long-range coupling and migration
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Figure 7. a) Sketch of the PCET for the OER in alkaline environment (inspired to ref. [13]): 1) * + OH− → *OH + e−; 2) *OH + OH− → *O + H2O +
e−; 3) *O + OH− → *OOH + e−; 4) *OOH + OH− → * + H2O + e− + O2, with * denoting the oxygen-deficient metal octahedra MO6−x on the SHEO
surface (dotted line) that act as the active centers for the OER; a dashed line marks an OV facilitating adsorption. b) Exchange current density (j0) as a
function of xOV and c) OER overpotentials (𝜂OER) as a function of xOV dSHEO

−2, with xOV and dSHEO denoting atomic concentration of the surface OVs
and average size of SHEO crystallites, respectively.

of dipole moment fluctuation events resulting from distortional
states of MO6 and MO4 coordination units in the 3D spinel net-
work of materials). As elsewhere described, the overall conduc-
tivity (𝜎tot) of materials is the superposition of the two conductiv-
ity pathways (𝜎tot = 𝜎EP + 𝜎IP,1). Figure 9 shows that: a) 𝜎EP >>

𝜎IP,1 and, thus, 𝜎tot ∼ 𝜎EP; and b) in III and IV, 𝜎IP,1 of S400/2 is
higher than that of S800/2 material. This indicates that OVs are
highly mobile at the interface between domains with different
permittivity.

In all regions, the overall conductivity of the materials is pri-
marily modulated by the 𝜎EP contribution. This is due to long-
range charge transfer processes that occur as a result of coupling

with the long-range correlated diffusion of distortional states
within the bulk medium of the host spinel 3D network. The
S400/2 and S800/2 materials show no differences in terms of
curve profiles and 𝜎EP values. This indicates that this charge
migration event is not responsible for the significant differ-
ence in electrochemical performance exhibited by these two
samples.

On the other hand, 𝜎IP,1, which is correlated to the mobility
of OVs at the interface between domains with different per-
mittivities, exhibits a significant difference in values between
the S400/2 and S800/2 samples in regions III and IV. This
result clearly demonstrates that the OER performance is directly
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Figure 8. Spectra of real component of complex permittivity (ɛ′(𝜔)) and tan 𝛿(𝜔) of S400/2 and S800/2 samples.

correlated to the surface mobility of the OVs present on the
surface of the electrocatalysts.

The dynamics of the host spinel materials are investigated
in depth by studying the dependence of the relaxation frequen-
cies of the dielectric modes of the samples on temperature
(Figure 10).

Four dielectric relaxations are detected, peaking at frequen-
cies (f1, f2, f3, and f4). The frequencies f1 and f4 correspond
to two long-range diffusion modes through the 3D spinel net-
work, involving coupled distortional states of octahedral and
tetrahedral metal oxide coordination units. The f2 and f3 modes
are associated with local fluctuations of dipole moments in the
distorted octahedral and tetrahedral units of the 3D network,
respectively.

If one reasonably accepts that the electrocatalytic performance
at room temperature of S800/2 and S400/2 is primarily associ-
ated with the fastest dielectric motions of the materials in regions
II and III, the profile in Figure 10 clearly indicates that the di-

electric modes correlated with this performance are f1 and f2 for
the S800/2 and S400/2 samples, respectively. Notably, the values
of f1 (S800/2) are of the same order of magnitude as those of f2
(S400/2), but it is important to note that:

(a) The long-range diffusion of coupled distortional motion in
S800/2 (represented by f1) actually delocalizes the distortional
motion of the superficial complexes (Figure S17a and Video
S1a, Supporting Information), thereby inhibiting their con-
tribution to the electrocatalytic performance of this material.
This accounts for the low intrinsic activity of NFs S800/2 de-
spite them having the highest OV concentration (Figure S14,
Supporting Information).

(b) In contrast, S400/2 exhibits a very fast localized distortional
mode. This mode is attributed to the local fluctuations in the
distortional motions of octahedral coordination TM geome-
tries (Figure S17b; and Video S1b, Supporting Information),
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Figure 9. Dependence of 𝜎k for k = EP or IP,1 on temperature of S400/2 and S800/2 materials. Three temperature regions are revealed (I, II, and III).

which are highly effective for the OER process in this mate-
rial, exhibiting very high intrinsic activity (Figure S14, Sup-
porting Information).

Taking everything into account, the BES results shed light to
the differences between the S800/2 and S400/2 samples. They
suggest that, within this family of materials, a high OER rate is
achievable when the electrocatalyst surface exhibits a high con-
centration of localized OVs, which correspond to very fast local di-
electric relaxations of metal coordination octahedral geometries.
Further confirmation of this evidence is obtained by analyzing
the activation energy correlation map of polarization events 𝜎EP

and 𝜎IP,1 and the dielectric relaxation modes (fi), as depicted in
Figure 11.

In S800/2, the activation energy of the overall charge transfer
mechanisms is predominantly consistent with that of f1. There-
fore, in this case, the cooperative diffusion of distortional states
of octahedral and tetrahedral coordination geometries within
the 3D network of SHEO plays a crucial role in modulating
the overall electric response of S800/2. On the other hand, in
S400/2, the activation energy of the overall charge transfer mech-
anisms is preferentially correlated with f2. This confirms that
the electric response of this material is primarily associated
with the local fluctuations of the dipole moments linked to the

Figure 10. Temperature-dependence of dielectric relaxation frequencies (fi, where i = 1, 2, 3, 4) of the S400/2 and S800/2 materials. The temperature
regions I, II, III, and IV, as well as the delimiting temperatures (TI, TII, and TIII) are shown.
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Figure 11. Relationship between activation energy of polarization events 𝜎EP and 𝜎IP,1 and the four dielectric relaxation modes (f1, f2, f3, and f4). The
temperature regions I, II, III, and IV, along with the types of samples, are clearly indicated.

distorted octahedral units present on the surface of the spinel
nanoparticles.

Thus, BES analysis allows accounting for the different elec-
trocatalytic behavior of two OV-rich materials and, more im-
portantly, evidences the key role of distorted octahedral units
with localized OVs. The latter is a very general result, as defec-
tive (strained/distorted/O-deficient) octahedral units have been
indicated as the active sites for OER in a wide variety electro-
catlysts, regardless of their entropy (low or high), composition
and lattice structure (spinel, perovskite, layered double hydrox-
ides, etc.).[21,28,31–33,51,73,74,96,103]

3. Conclusion

Spinel-structure high-entropy (Cr,Mn,Fe,Co,Ni) oxide nanofibers
are produced by electrospinning and calcination under different
calcination conditions (temperature: 300−800 °C; duration: 2 or
4 h) and are evaluated as electrocatalysts for OER in alkaline envi-
ronment. From the study of their physicochemical properties by
means of SEM, TEM, XRD, XPS, and micro-Raman spectroscopy
it emerges that the variation of the calcination conditions leads to
different morphology of the fibers, crystallinity of the oxide, den-
sity of defects and cation distribution in the lattice. These changes
reflect in different electrocatalytic behaviors.

At 10 mA cm−2, (Cr1/5Mn1/5Fe1/5Co1/5Ni1/5)3O4 nanofibers cal-
cined at 400 °C for 2 h exhibit the best electrocatalytic perfor-
mance (overpotential and Tafel slope: 325 mV and 40 mV dec−1,
respectively). This behavior is understood in terms of benefi-
cial changes in the charge migration paths, amount of oxygen-
deficient octahedra MO6−x active centers and eg filling at the oc-
tahedral sites.

BES reveals that the structure and dielectric relaxations of the
spinel 3D network play a crucial role in modulating its electro-

chemical performance. It demonstrates that this performance is
correlated with the surface density and mobility of the distorted
octahedral oxygen vacancies, which serve as a significant electro-
catalytic descriptor for the OER process in the spinel materials.

Indeed, the results demonstrate that the 3D mobility of OVs is
coupled with the structural relaxation of spinels. In particular,

(a) In the best performing S400/2, it is associated with the lo-
cal dipole moments of the distorted octahedral coordination
units present on the surface of the spinel nanoparticles.

(b) In S800/2, it corresponds to the long-range 3D diffusion of
distortional states of both octahedral and tetrahedral coordi-
nation geometries in the materials.

4. Experimental Section
Synthesis of the Electrospun SHEO-Electrocatalysts: The SHEO-

electrocatalysts were prepared by following the procedures illustrated
in detail in a previous paper.[37] The precursor solution, based on an
equimolar (Cr,Mn,Fe,Co,Ni) combination was prepared via sol-chemistry.
Electrospinning was operated via a CH-01 Electro-spinner 2.0 (Linari
Engineering s.r.l.). Calcination was carried out in a muffle furnace under
conditions reported in Table S2 (Supporting Information); temperature
was increased at a rate of 10 °C min−1. Further details are given in the
Supporting Information (SI).

Physicochemical Characterization: SEM, TEM, XRD, MRS, and XPS
analyses were carried out to investigate the morphology, texture,
microstructure, crystalline phase, and surface composition of the
SHEO-electrocatalysts. A Phenom Pro-X scanning electron micro-
scope and a FEI Talos F200S scanning/transmission electron mi-
croscope (operated at 200 kV and equipped with an EDX spec-
trometer for elemental mapping) were utilized to acquire the SEM
images and carry out HRTEM, HAADF-STEM, and SAED analyses,
respectively.
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Detailed information on the NF morphology was inferred by projection
analysis of STEM-EDX maps. Projection analysis consists in selecting a
straight, constant-diameter NF (or region of a NF) and integrate (project)
the map intensity along the NF axis. The so-obtained transverse projection
was fitted to appropriate models:

Isolid (x) = Ib + I0

√
1 − (x∕R)2 (for solid NFs) (1)

Ihollow (x) = Ib + I0

(√
1− (x∕Rout)

2 −
√

1− (x∕Rin)2
)

, (for hollow NFs)

(2)

where Ib denotes the projected background intensity, I0 is a constant de-
pending on the NF size and composition, x indicates the distance from the
profile center (–R ≤ x ≤ R), R stands for the radius of a solid NF, and Rout
and Rin are the outer and inner diameter of a hollow NF, respectively.[37]

In some cases, the solid and hollow model were not able to reproduce
even approximately the projection profile. This occurs, for example, when
the transformation from pristine NFs to hollow NFs was not complete
due to brief, low-temperature calcination. An example of this can be seen
in Figure S3a–f (Supporting Information), where the profile of S500/2,
S600/2, S800/4 display solid, boxcar and hollow profiles. To model this
intermediate situation, it was assumed that the NF density 𝜌 depends on
the distance r from the NF axis following a power law

𝜌 (r) = 𝜌0 + (𝜌out − 𝜌0) (r∕R)n, n ≥ 0 (3)

where r is the radial distance from the NF axis, 𝜌0 and 𝜌out are the density
at the NF axis and surface, repectively, and n is a positive real number.
Note that n = 0 corresponds to a solid NF. A power-law model was chose
as it flexible yet simple enough to be analytically integrated as

Ipower−law (x; n)

=

⎧⎪⎪⎪⎨⎪⎪⎪⎩

Ib + I0

√
R2 − x2 [𝜌0 + (𝜌out − 𝜌0)

× (x∕R)n
2F1

(1
2

, −n
2

; 3
2

; 1− (x∕R)2
)]

, x ≠ 0

Ib + I0

(
𝜌out + n𝜌0

n + 1

)
, x = 0

(4)

where 2F1 is the Gaussian hypergeometric function and –R ≤ x ≤ R. Com-
paring how well the NF projections fit to the above models, one can get
some insight into the NF internal structure and, in the power-law case, a
quantitative estimate of the radial density profile.

XRD patterns were recorded with a Bruker D2 diffractometer using Ni
𝛽-filtered Cu-K𝛼 radiation source (𝜆 = 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) and deliv-
ering a power of 250 μW at the sample surface. The scattered light from
the sample, collected by a 100X Mitutoyo objective (NA = 0.75), was dis-
persed by an 1800 lines mm−1 grating and detected by a cooled ANDOR
iDus CCD Camera.

XPS analyses were conducted employing an EnviroESCA spectrome-
ter (Specs) featuring an AlK𝛼 X-ray source (h𝜐 = 1486.6 eV). The mea-
surements were carried out under vacuum conditions at ≈10−6 mbar.
High-resolution spectra were obtained with a pass energy of 50 eV, in-
tegrating for 0.1 sec step−1, and recording data points at intervals of
0.1 eV step−1. To address experimental errors stemming from charge ac-
cumulation, spectra were shifted in BE. A BE value of 284.8 eV was specif-
ically applied to correct for the adventitious carbon.[104] Subsequent anal-
ysis involved decomposition of XPS curves utilizing the Keystone software

(Specs) and adopting a Shirley-type background.[105] Quantification pa-
rameters were supplied by Specs.

Further details on the instrumentation can be found elsewhere.[37]

Electrochemical Characterization: Electrochemical measurements
were performed at RT using a potentiostat/galvanostat workstation
(AUTOLAB PGSTAT 204 instruments) and NOVA 2.1.5 software.
A three-electrode set-up was used for this purpose with a plat-
inum auxiliary (www.metrohm.com) counter electrode, an Ag/AgCl
(www.metrohm.com) reference electrode and a catalyst-loaded screen-
printed carbon electrode (SPCE, www.dropsens.com) acting as the
working electrode. The OER catalyst solutions were prepared by mixing
the catalysts (5 mg) with 5 wt.% Nafion solution (50 μL) and isopropanol
(950 μL). KOH (1 m) in demineralized water was used as the electrolyte.
Its pH (≈13.77) was measured by a pH meter. The catalysts were loaded
onto the working area (4 mm in diameter) of SPCE; external reference-
and counter-electrodes completed the circuit.

As usual,[13,106,107] Nernst equation, 𝐸RHE = 𝐸Ag/AgCl + 0.0592 pH +
𝐸0

Ag/AgCl (with 𝐸0
Ag/AgCl = 0.198 V), was used to convert the measured po-

tentials, EAg/AgCl, into those referred to the reversible hydrogen electrode
(RHE), ERHE. Then, the overpotentials for the OER were calculated as 𝜂OER
= 𝐸RHE − 1.23 V.

The polarization curves for OER were recorded in LSV mode and at
a scan rate of 5 mV s−1. The charge transfer resistance (RCT) at the elec-
trolyte/electrode interface was determined from the Nyquist plot recorded
by conducting electrochemical impedance spectroscopy (EIS) in the fre-
quency range from 1 Hz to 100 kHz at an applied potential of 1.7 V (vs
RHE). Sinusoidal alternating voltages with an amplitude of 0.01 V (Vrms)
were used. Experimentally measured potentials (vs Ag/AgCl) were cor-
rected for the ohmic drop corresponding to the uncompensated solution
resistance (Ru). The Ru value was extracted from Nyquist plots of EIS
experiments.

Broadband Electric Spectroscopy: BES studies were carried out in the
frequency range from 0.03 to 107 Hz using a Novocontrol Alpha-A analyzer
over the temperature range from −100 to 150 °C. The temperature was
controlled using a cryostat operating with a N2 gas jet heating and cool-
ing system and the temperature was measured with an accuracy greater
than ±0.02 °C. The measurements were performed placing the sample
between two Pt disk electrodes with a diameter of 13 mm. Samples were
in the form of a pellet with thickness of ca. 1 mm. The cell was closed
in a glovebox filled with argon and maintained under nitrogen during the
measurements. The distance between electrodes was determined by us-
ing a micrometer and no corrections for thermal expansion of the cell were
adopted.

The complex impedance (Z*(𝜔) = Z′(𝜔) + iZ″(𝜔)) is converted into
complex conductivity (𝜎*(𝜔) = 𝜎′(𝜔) + i𝜎″(𝜔)) and complex permittiv-
ity (ɛ*(𝜔) = ɛ′(𝜔) − iɛ″(𝜔)) using the equations 𝜎*(𝜔) = k[Z*(𝜔)]−1 and
ɛ*(𝜔) = 𝜎*(𝜔)/(i𝜔ɛ0), respectively, where k is the cell constant and 𝜔 =
2𝜋f (f is the frequency in Hz).

Finally, the electric response of the material was quantitatively analyzed
by simulating simultaneously the spectra of the ɛ*(𝜔) and 𝜎*(𝜔) compo-
nents and of tan 𝛿(𝜔) by Equations (5) and (6)

𝜀∗m (𝜔) = −i
(

𝜎0

𝜔𝜀0

)N

+
∑n

k=1

𝜎k(i𝜔𝜏k)𝛾k

i𝜔𝜀0 [1 + (i𝜔𝜏k)𝛾k ]

+
∑m

i=1

Δ𝜀i[
1 + (i𝜔𝜏i)

ai
]bi

+ 𝜀∞ (5)

𝜎∗ (𝜔) = i𝜔𝜀∗ (𝜔) and tan 𝛿 (𝜔) = 𝜀′′ (𝜔) ∕𝜀′ (𝜔) (6)

where 𝜎0 is the residual conductivity of the material. 𝜎k the electrode (𝜎EP)
and the interdomain polarization conductivities (𝜎IP,j, j = 1,2…) for k = EP
or IP,j, respectively. 𝜏k and 𝛾k the relaxation time and an exponential factor
of the kth polarization. 𝛾k ranges from 0.5 to 1. The third term of Equa-
tion (5) corresponds to the dielectric relaxation phenomena.[43–45] Δɛi, 𝜏 i,
𝛼i, and 𝛽 i are the dielectric strength, relaxation time (𝜏i =

1
2𝜋fi

) and shape
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parameters (symmetric, and antisymmetric) of the ith relaxation event, re-
spectively. ɛ∞ is the permittivity of the sample at an infinite frequency, i.e.,
associated with the electronic contribution of materials.

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