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Charge Storage Mechanism in Electrospun Spinel-
Structured High-Entropy (Mn0.2Fe0.2Co0.2Ni0.2Zn0.2)3O4
Oxide Nanofibers as Anode Material for Li-Ion Batteries

Claudia Triolo, Mariam Maisuradze, Min Li, Yanchen Liu, Alessandro Ponti, Gioele Pagot,
Vito Di Noto, Giuliana Aquilanti, Nicola Pinna,* Marco Giorgetti,*
and Saveria Santangelo*

High-entropy oxides (HEOs) have emerged as promising anode materials for
next-generation lithium-ion batteries (LIBs). Among them, spinel HEOs with
vacant lattice sites allowing for lithium insertion and diffusion seem
particularly attractive. In this work, electrospun oxygen-deficient
(Mn,Fe,Co,Ni,Zn) HEO nanofibers are produced under environmentally
friendly calcination conditions and evaluated as anode active material in LIBs.
A thorough investigation of the material properties and Li+ storage
mechanism is carried out by several analytical techniques, including ex situ
synchrotron X-ray absorption spectroscopy. The lithiation process is
elucidated in terms of lithium insertion, cation migration, and metal-forming
conversion reaction. The process is not fully reversible and the reduction of
cations to the metallic form is not complete. In particular, iron, cobalt, and
nickel, initially present mainly as Fe3+, Co3+/Co2+, and Ni2+, undergo
reduction to Fe0, Co0, and Ni0 to different extent (Fe < Co < Ni). Manganese
undergoes partial reduction to Mn3+/Mn2+ and, upon re-oxidation, does not
revert to the pristine oxidation state (+4). Zn2+ cations do not
electrochemically participate in the conversion reaction, but migrating from
tetrahedral to octahedral positions, they facilitate Li-ion transport within
lattice channels opened by their migration. Partially reversible crystal phase
transitions are observed.
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1. Introduction

In recent decades, the widespread use of
lithium ion batteries (LIBs) in portable
electronic devices and electric vehicles has
promoted a relentless search for anode
materials alternative to graphite, the latter
having high reversibility and low cost, but
limited capacity (372 mAh g−1). Transi-
tion metal (TM) oxide-based conversion
anodes, with a much higher theoretical
capacity (600−1200 mAh g−1[1–3]), have
been extensively studied and have emerged
as promising alternatives for next gen-
eration LIBs. Unfortunately, they suffer
from poor conductivity and large volume
expansion during cycling, which causes
severe decay in capacity. Recently, us-
ing the concept of high entropy, a new
class of materials has been developed,
based on single-phase multi-element
solid solutions.[4,5] High-entropy mate-
rials, comprising alloys,[4,5] oxides,[6–9]

nitrides,[10] carbides,[11] sulfides,[12] and
other compounds[13] with a variety of
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lattice structures (perovskite, spinel, rock-salt, etc.), show
enhanced properties and potential for application in a large
variety of different fields,[13,14] including rechargeable al-
kali metal-ion batteries.[7,15–20] Specially, rock salt-structured
(Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)O, the first single-phase synthesized
in 2015 via solid-state reaction,[6] has been the focus of extensive
research work[7,15,16,21–25] and its superior properties in lithium-
storage have been reported by many groups.[7,15,16,21,22,24–26]

Based on the results of ex situ and in operando X-ray absorption
spectroscopy (XAS) at the Co, Ni, and Cu K-edges, it has been
proposed that the lithiation of (Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)O
involves reduction of Co2+, Ni2+, Cu2+, and Zn2+ cations in the
reaction MO + 2Li+ + 2e− → M + Li2O,[21] while spectator Mg2+

preserves the rock-salt structure during lithiation.[15,21,22]

By replacing Co and Ni with Ti and Fe or Mg and Zn with
Mn and Fe, spinel-structured (Mg0.2Ti0.2Fe0.2Cu0.2Zn0.2)3O4

[27]

and (Mn0.2Fe0.2Ni0.2Cu0.2Zn0.2)3O4
[28] single-phases are obtained.

Spinel-structured HEOs are more promising candidates as anode
materials since they have higher Li+-storage capacity compared to
rock-salt oxides.[29] Among them, (Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)3O4,
first synthesized in 2018 via a solid-state method,[30] has received
great attention.[31–38] A charge/discharge capacity of 1235 mAh
g−1 (at 20 mA g−1), the highest among all known HEOs, has
been reported for (Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)3O4 nanoparticles
synthesized via a surfactant-assisted hydrothermal method[35]

(Cr,Mn,Fe,Co,Ni) HEO prepared by the oxidation of high-entropy
CrMnFeCoNi alloy powders delivers a reversible capacity of 597
mAh g−1 and shows a capacity retention of 86% after 1200 cycles
at 2 A g−1.[39] The stability of (Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)3O4 syn-
thesized by solid state reaction (402 mAh g−1 capacity after 300
cycles at 0.5 A g−1) has been attributed to the amorphization pro-
cess occurred during the initial discharging.[31] Oxygen-deficient
spinel-type (Cr,Mn,Fe,Co,Zn) HEO prepared via ball milling ex-
hibits a discharge capacity of 828.6 mAh g–1 at 2.0 A g–1 af-
ter 2000 cycles.[40] Spinel-structured (Ti,Mn,Fe,Co,Ni) HEO pro-
duced by solid-state sintering shows a reversible capacity of 560
mAh g−1 with a higher capacity retention than other micro-sized
conversion-type TM oxides (100% after 100 cycles at 0.1 A g−1).[41]

Its charge storage mechanism has been investigated by a combi-
nation of techniques including operando synchrotron XAS. The
results have indicated that Ni, Co, Mn, and Fe ions are reduced to
the metal state during the lithiation process, while Ti ions form
LiTi2O4, according to the reaction (Ni0.2Co0.2Mn0.2Fe0.2Ti0.2)3O4 +
5.9Li+ + 5.9e−+→ 0.6Ni + 0.6Co + 0.6Mn + 0.6Fe + 0.3LiTi2O4
+ 2.8Li2O, which helps to stabilize the spinel structure.[41]
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Very recently, it has been shown that electrospinning, a
versatile, cost-effective and scalable technique, suitable for
the large-scale production,[42–44] allows obtaining single-phase
HEOs in the form of nanofibers (NFs)[24,25,45–47] under milder
conditions (shorter heat treatments at lower temperatures)
than standard solid-state techniques.[25,47,48] Anodes based
on both rock-salt (Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)O[25] and spinel
(Cr0.2Mn0.2Fe0.2Co0.2Zn0.2)3O4

[47] HEO NFs show greater stabil-
ity and higher reversible capacity than those prepared with
HEO nanoparticles (NPs) synthesized by conventional sol–
gel method.[25,47] Nevertheless, a previous study[36] has high-
lighted the presence of Cr6+ species, having toxic effects
when inhaled or ingested, on the surface of spinel-structured
(Cr0.2Mn0.2Fe0.2M′0.2M″ 0.2)3O4 NFs (where M′ is Co or Ni, and
M″ is Ni or Zn, respectively), in agreement with other studies.[35]

In this work, electrospun HEO NFs based on a Cr-free combi-
nation of five metals, namely (Mn, Fe, Co, Ni, Zn) are produced
and evaluated as anode active material in LIBs. To prevent the
formation of secondary phases[49] previously observed by calcin-
ing for 4 h of which 2 h at 900 °C,[47] calcination is here carried
out at lower temperature (700 °C) for a shorter time (only 30
min), with benefits both in terms of environmental impact of the
production process and sintering effects on the size of the oxide
grains forming the NFs, and possibly also in terms of electrode
performance.[24] An in-depth investigation of the material prop-
erties and mechanism of Li+ storage is carried out using a com-
bination of analytical techniques including ex situ synchrotron
XAS.[50] By XAS it is possible to probe the local chemical en-
vironment of atoms and their oxidation states. As a bulk tech-
nique, XAS provides representative information about the whole
sample.

2. Results and Discussion

2.1. Morphology, Texture, Microstructure, Crystalline Phase and
Surface Composition of the Pristine NFs

Figure 1 shows the main results of scanning electron mi-
croscopy (SEM), high-resolution transmission electron mi-
croscopy (HRTEM), energy dispersive X-ray spectroscopy (EDX),
X-ray diffraction (XRD), micro-Raman spectroscopy (MRS), and
X-ray photoelectron spectroscopy (XPS) analyses carried out to
investigate the morphology, texture, microstructure, crystalline
phase and surface composition of the (Mn,Fe,Co,Ni,Zn)-HEO
NFs. SEM analysis (Figure 1a; Figure S1a,b, Supporting Infor-
mation) reveals that straight NFs, 5−15 μm in length, form
from the as-spun templates upon calcination. The NF diame-
ter, nearly uniform along the fiber axis, has distributed peaked
at 0.28 μm (Figure S1c, Supporting Information). TEM analysis
confirms the morphology of the NFs (Figure S1d,e, Supporting
Information), which have a granular architecture, as peculiar to
both low-entropy[51–53] and high-entropy[25,36] electrospun oxide
fibers. They consist of densely packed oxide grains (Figure 1b;
Figure S1e, Supporting Information), having well-defined poly-
hedral shape with rounded vertices and size of a few tens of nm
(Figure 1c). The opposite solicitations experienced by PAN and
embedded acetates (expansion outward and contraction inward,
respectively[23,54]) owing to the degradation of organic compo-
nents of the pristine fibers during calcination is responsible for
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Figure 1. Results of the a) SEM, b−f) (S)TEM, g) XRD, h) micro-Raman, and i−n) XPS analyses. a) SEM, b) TEM, c) HRTEM, d) BF-STEM, and e)
HAADF-STEM images; the latter is followed by STEM/EDX elemental maps and f) STEM/EDX relative concentration of the TMs; g) XRD pattern and h)
micro-Raman spectrum fitted to Gaussian bands; i−n) results of the high-resolution XPS studies in the different spectral regions: i) Mn 2p, j) Fe 2p, k)
Co 2p, l) Ni 2p, m) Zn 2p, and n) O 1s core levels.

Small 2023, 19, 2304585 © 2023 The Authors. Small published by Wiley-VCH GmbH2304585 (3 of 13)

 16136829, 2023, 46, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202304585 by C
ochraneItalia, W

iley O
nline L

ibrary on [18/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.small-journal.com

the formation of space-confined oxide grains, whereas the inter-
connected metal-network built up via sol-chemistry from the re-
action among five acetates gives rise to the multicomponent ox-
ide. The HEO grains are crystalline in nature, as proved by the
diffraction rings in the selected-area electron diffraction (SAED)
patterns (Figure S1f, Supporting Information). They have spinel
structure and are randomly oriented.

Geometrical phase analysis (GPA) of the crystal lattice fringes
in the HRTEM images provides information about the crys-
tallinity of the primary HEO nanoparticles (NPs) and the crystal-
lographic relationship with neighboring particles (see Support-
ing Information and ref. [36] for further details). The results,
shown in Figure S1i−n, Supporting Information, indicate that
the primary NPs are single crystals and that some lattice strain
affects those well inside the NFs.

Elemental mapping via STEM/EDX analysis (Figure 1d,e)
proves the spatially uniform distribution of Mn, Fe, Co, Ni,
Zn, and O throughout all NFs. Compositional analysis via
STEM/EDX further evidences a deviation from the nominal
(equimolar) TM combination (Figure 1f), leading to the compo-
sition (Mn0.24Fe0.11Co0.21Ni0.21Zn0.23)3O4.

Additional information on the NF morphology is obtained via
projection analysis of STEM-EDX elemental maps (Figure S1g,
Supporting Information), as described in detail in a previous
paper.[36] The normalized profiles of Mn, Fe, Co, Ni, Zn, and O are
superimposed within the experimental noise, confirming the ho-
mogeneity of the cation distribution within the oxide lattice; the
fit of oxygen longitudinal projection to model profiles (see Sup-
porting Information and ref. [36] for further details) indicates that
the NFs are quasi solid (Figure S1h, Supporting Information).
They have a narrow inner channel, whose size is about 20% of the
outer diameter of the fibers. The formation of tube-like electro-
spun NFs has been previously reported for both low-entropy[51,53]

and high-entropy[36] oxides. The hollow NF structure is due to
the large temperature gradient along the radial direction experi-
enced by the precursor PAN/metal-acetate(s) NFs owing to the
rapid rise in temperature (10 °C min−1) during calcination.[55]

Under fixed calcination conditions, the relative size of the inner
channel of the tube-like HEO NFs is composition-dependent.[36]

Conversely, for a fixed HEO composition, it might change with
calcination temperature as variation in calcination tempera-
ture promotes structural and morphological evolution of the
fibers.[51]

In full agreement with information inferred from the SAED
pattern, in the diffractogram of the (Mn,Fe,Co,Ni,Zn)-HEO
NFs (Figure 1g), only the reflections from planes of the face-
centered cubic (fcc) spinel structure (JCPDS no. 22-1084) are
detected.[27,30–32,35,56,57] Rietveld refinements from XRD data
(Figure S2a, Supporting Information) confirm the absence of sec-
ondary phase(s) and the formation of pure single-phase spinel.
The average size of HEO crystallites is 59 nm. This value, com-
parable with the size of the NF grains, agrees well with the indica-
tion, emerged from GPA, that NFs are formed by interconnected
single crystals.

MRS probes a smaller region (<0.6 μm2) than XRD. Thus,
measuring Raman scattering from different locations in the spec-
imen allows evaluating its spatial homogeneity (Figure S2b, Sup-
porting Information).[25,30] The lack of significant differences in
the spectral profiles confirms the formation of a pure single-

phase HEO.[25,30] Small differences in the peak widths might re-
flect a non-homogeneous distribution of lattice strains/defects
(which inhomogeneously broadens the peaks[58]), in agreement
with the outcomes of GPA. Figure 1h displays the micro-
Raman spectrum obtained by averaging all collected spectra. Five
Raman-active normal vibration modes (A1g + Eg + 3F2g) are pre-
dicted for the spinel structure (Fd-3m space group).[59–63] Their
frequency positions and relative intensities depend on the radius
of cations in the oxide lattice[61] and strongly vary within the fam-
ily of spinels.[60,61,64–67] As shown in Figure 1h, seven Gaussian
bands are required to reproduce the spectrum of HEO NFs. The
bands centered at 160, 380, 511, 576, and 620 cm−1 are assigned
to the normal F2g(1), Eg, F2g(2), F2g(3), and A1g phonon modes,
respectively.[36,47] The additional contributions to the Raman in-
tensity located at 445 and 670 cm−1 are ascribed to the inversion-
induced Eg′ and A1g′ modes, respectively.[30,33,61,68] The detection
of Raman-bands originating from inversion has been previously
reported for both HEO NFs[36,47] and NPs[33,47] based on different
combinations of metals.

XPS studies reveal that the surface of the sample is composed
of Mn, Fe, Co, Ni, Zn, and O atoms (Table S1, Supporting In-
formation). The relative abundance of the five TMs is 22.1, 6.5,
26.8, 19.5, and 25.1 at% for Mn, Fe, Co, Ni and Zn, respectively,
indicating a deficiency of iron on the surface of this compound,
in agreement with the results of the “bulk” elemental composi-
tion obtained by STEM/EDX. The other TMs have a similar con-
centration. XPS analyses allow for the determination of the ox-
idation states of the different elements composing the surface
of the sample. Unfortunately, the presence of a large number of
TMs limits the accuracy of data analysis, due to the overlapping
of several Auger lines to the main spectral transitions of the in-
vestigated elements. The Mn 2p spectral region (Figure 1i) re-
veals the presence of three different peaks, attributed to: i) Mn
2p3/2 at ≈642.9 eV; ii) Mn 2p1/2 at ≈654.3 eV; and iii) Ni LMM
Auger peaks at ≈645.8 eV.[69] The BE values of these peaks are
in agreement with the presence of Mn(IV) species.[70] Two iron
features are detected in the Fe 2p spectral region (Figure 1j), with
the 2p3/2 and 2p1/2 peaks at ≈710.5 and 725.1 eV. In particular,
these values are an indication of the presence of iron atoms in
Fe(III) oxidation state, as in Fe2O3.[71] In addition, the Co and Ni
LMM Auger lines appear in this spectrum.[69] Five peaks are de-
tected in the Co 2p spectral region (Figure 3k), which are assigned
to: i) the 2p3/2 features of Co2+ and Co3+, peaking at ≈780.1 and
781.5, respectively;[72,73] ii) the 2p1/2 features of Co2+ and Co3+,
peaking at ≈795.2 eV and 796.6 eV, respectively;[72,73] and iii) the
Fe LMM Auger line at ≈783.1 eV.[69] Nickel (Figure 1l) and zinc
(Figure 1m) exhibit the presence of both metal oxide species and
some hydroxide surface defects. In details, the 2p3/2 peaks of NiO
and Ni(OH)2 are observed at 854.5 and 855.6 eV, respectively,[74,75]

while they are present at ≈1020.9 and 1022.1 eV in the case of zinc
compounds.[76,77]

The analysis of the O 1s photo-peak is very useful to
investigate and quantify the presence of oxygen vacancies
on the surface of the analyzed sample.[36,48] In this re-
gion, four different peaks are detected (Figure 1n): i) at
≈530.0 eV the lattice O2− ions (OL) belonging to mixed TM
oxides;[76,78–80] ii) at ≈531.5 eV the native defects of O2− va-
cancies (OV);[80–82] and iii) at higher BEs the adsorbed or
chemisorbed oxygen species, such as O2 or H2O.[36,48,82] The peak
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Figure 2. Electrochemical performance of the HEO NFs. a) CV curves (scanning rate of 0.1 mV s−1), b) galvanostatic charge–discharge curves measured
at 20 mA g−1, c) rate capability, and d) cycling stability.

attributed to OV species accounts for the 40.6% of the total
oxygen signal (Table S2, Supporting Information). This value,
higher than that previously observed in electrospun HEO NFs cal-
cined at higher temperature,[36,48] is comparable to that reported
for HEO prepared with different techniques.[40] The very high OV
concentration could be beneficial for lithium-ion diffusion dur-
ing charge and discharge.[40]

2.2. Electrochemical Behavior in LIBs

The Li storage performance of (Mn,Fe,Co,Ni,Zn)-HEO NFs was
investigated in half cells with Li anodes by recording galvano-
static charge-discharge (GCD) curves. Cyclic voltammetry (CV)
was carried out to study the redox reactions and structural trans-
formation during lithiation and de-lithiation process. Figure 2a
displays the CV curves recorded in the 0.01−3.0 V potential
range at a scan rate of 0.1 mV s−1. In the first cathodic scan
(lithiation), two peaks are detected at 0.57 and 1.0 V. They can
be assigned to the formation of solid electrolyte interface (SEI)
layer on the materials surface due to the decomposition of the
electrolyte[15,21] and to the reduction reaction of electrochem-
ically active cations along with the formation of Li2O[7,21,27,83]

and irreversible change of crystal structure.[27] In the subse-
quent anodic scan (de-lithiation), the peaks at 1.74 and 2.14 V
can be ascribed to the re-oxidation process of the redox-active
species along with the decomposition of Li2O. In the follow-
ing cycles, both the cathodic peaks at around 0.7/1.2 V and the
anodic peaks at around 1.8/2.3 V appear well overlapping, evi-
dencing the good reversibility of lithiation/de-lithiation in HEO
NFs.

Figure 2b shows typical GCD curves of the first three cycles
at 20 mA g−1. The initial discharge and charge capacities of the
HEO NFs are 1283.6 and 885.2 mA g−1, respectively, correspond-
ing to an initial Columbic efficiency (CE) of 69.0%. The capac-
ity loss of the first cycle can be attributed to the decomposi-
tion of the electrolyte to form the SEI layer and the occurrence
of irreversible structural rearrangements,[21,27] which is consis-
tent with the long plateau at around 0.8 V during the lithiation
process.

The rate capability of HEO NFs was evaluated by varying cur-
rent density from 20 to 2000 mA g−1 (Figure 2c). At 20, 50, 100,
200, 500, 800, 1000, and 2000 mA g−1, the lithiation capacities are
912, 653, 377, 237, 153, 118, 102, and 58 mAh g−1, respectively.
When the current density is set back to 20 mA g−1, a capacity of
532 mAh g−1 is recovered. The granular architecture of the fibers
and their inner channel, which facilitate the electrolyte filtration
and, thus, shorten the diffusion path of Li ions and electrons are
responsible for good rate capability.

Long-term cycling stability is a key factor for the practical
use of LIBs. After 550 cycles at 0.5 A g−1 (Figure 2d), the elec-
trode based on electrospun (Mn,Fe,Co,Ni,Zn) HEO NFs still de-
livers 155 mAh g−1. This value exceeds that reported in the lit-
erature for commercial graphite (Table S3, Supporting Informa-
tion) and is comparable with that previously obtained with an-
odes based on other spinel structured HEOs. The rapid decrease
in capacity during the initial 80 cycles may originate from the irre-
versible structure transformation.[27] The non-monotonic trend
of the specific capacity, featured by an increase after the ini-
tial decrease, followed by a new decrease before stabilizing at
a constant value, is frequently observed in TM oxides[84] and is
attributed to a possible activation process in the electrode,[85]

due to the increase in interfaces.[86] Also CE increases to
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Figure 3. a) Different states of charge (SOC) of the electrodes extracted from LIBs: 1) OCP, 2) discharge to 0.9 V, 3) discharge to 0.7 V, 4) discharge
to 0.01 V, 5) charge to 1.4 V, 6) charge to 3V, and 7) 2nd discharge to 0.01 V. Normalized XANES spectra recorded at b) Mn, c) Fe, d) Co, and e) Ni
K-edges in electrodes with different SOC. Spectra are translated vertically for easier comparison and dashed lines are drawn to highlight the peak shifts.
f) Average oxidation state of Fe, Co, and Ni in electrodes with different SOC.

≈99% after about 50 cycles and remains stable over subsequent
cycles.

2.3. Results of Ex Situ XAS Analysis and Charge Storage
Mechanism

In order to understand the mechanism of lithium storage in
the (Mn,Fe,Co,Ni,Zn)-HEO NFs and investigate the reversibility
of the process, the ex-situ XAS analysis was carried out on the
HEO-based electrodes extracted from LIBs in different states of
charge (SOC, Figure 3a). Hereafter, the fresh electrode is coded
as HEO-0, those extracted from LIBs in different states of charge
are labelled as HEO-1 (open circuit potential, OCP, 3.0 V), HEO-2
(discharged to 0.9 V), HEO-3 (discharged to 0.7 V), HEO-4 (dis-
charged to 0.01 V), HEO-5 (charged to 1.4 V), HEO-6 (charged to
3V), and HEO-7 (discharged to 0.01 V, in the 2nd cycle).

Due to the high selectivity for the atomic species, combined
with the bulk sensitivity, the XAS probe can reveal key infor-

mation, such as local structural changes and different degrees
of charge of metals in electrodes with different SOC. Below, the
structural and charge analysis of the pristine electrode is first pre-
sented, followed by analysis on electrodes with different SOC.

2.3.1. Pristine Electrode

Figure S3, Supporting Information, compares the normalized X-
ray absorption near edge structure (XANES) spectra recorded at
all metal K-edges in the fresh electrode (HEO-0) and in electrode
HEO-1 (SOC: OCP). The lack of differences between the spec-
tra of the two electrodes indicates that no change occurs in the
HEO structure when the electrode is placed in contact with the
electrolyte solution.

In order to get a deeper insight into the structure and dif-
ferent degrees of charge of metals, the XANES spectra of the
fresh electrode are compared with metal foil and/or oxide stan-
dards for Mn, Fe, Co, Ni, and Zn K-edges (Figure S4, Supporting

Small 2023, 19, 2304585 © 2023 The Authors. Small published by Wiley-VCH GmbH2304585 (6 of 13)
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Information). Since oxygen is the first shell coordination in all
metal-core, this choice is the most suitable one. Each part of the
spectra needs to be carefully examined. Although higher transi-
tion energies are generally associated with higher valence states
of elements, neighboring atoms and local atomic geometry also
strongly influence the spectra.

XANES spectra recorded at Mn, Fe, Co, and Ni K-edges (Figure
S4a−d, Supporting Information) are characterized by a pre-edge
peak on the lower energy side. The peak, slightly more defined in
the case of cobalt and iron, is due to the 1s → 3d transition. Its
presence indicates a distortion of the metal site, suggesting that
all metals can be in both tetrahedral and octahedral positions,
in agreement with literature reports on other spinel-structured
HEOs.[41]

Going into more detail, to some extent, the Mn K-edge
(E0=6553.4 eV) in the fresh electrode resembles the Mn K-edge
spectrum of MnO2 (Figure S4a, Supporting Information). It can
be argued that manganese is mainly in the +4-oxidation state.
However, the shoulder at 6573.9 eV suggests a similarity with
Mn K-edge spectrum of Mn2O3 oxide, hinting the possible co-
existence of Mn3+ cations in the fresh electrode. The Fe K-edge
(Figure S4b, Supporting Information) closely resembles the Fe
K-edge spectrum of 𝛾-Fe2O3. This similarity indicates that, at the
beginning of the battery operation, iron is in the 3+-oxidation
state. The Co K-edge exhibits a strong similarity with that of
Co3O4 (Figure S4c, Supporting Information), even if with slightly
shifted edge maxima. This suggests the presence of both Co2+

and Co3+ cations. Although the Ni K-edge closely resembles
that of NiO (Figure S4d, Supporting Information), indicating the
presence of Ni2+ cations, the initial value of E0 and pre-edge struc-
tures suggest that it is likely that Ni3+ cations are also present (to
a small extent), as in the case of cobalt. These findings are con-
sistent with the increasing electronegativity in the order Mn < Fe
< Co < Ni.[36]

Finally, the Zn K-edge in the fresh electrode (Figure S4e,
Supporting Information) resembles the Zn K-edge spectrum of
ZnFe2O4,[87] which belongs to the class of normal spinels. Hence,
oxidation state of zinc is 2+ and Zn2+ cations are expected to oc-
cupy tetrahedral 8a sites. As 1s → 3d transition is forbidden for
the 3d10 configuration of Zn2+ cations, no pre-edge peak can be
detected. These findings substantially agree with the indications
about the oxidation state of the TMs in the fresh electrode that
emerged from the XPS analysis.

2.3.2. Electrode at Different SOC

Figure 3b–e displays the normalized XANES spectra recorded at
Mn, Fe, Co, and Ni K-edges in electrodes with different SOC.
Overall, all metals appear to be electroactive in the electrochemi-
cal process although they play a different role in the charge stor-
age process. Some metals contribute more than others, as evi-
denced by the larger changes in edge energy, while others ex-
hibit more severe structural changes upon oxidation and reduc-
tion (see also the Fourier transform behavior of the EXAFS por-
tion, below). Generally speaking, since in electrodes from HEO-1
to HEO-4 the edge energy moves toward lower values, it can be
argued that a progressive reduction in metal valence-state occurs,
as expected. Then, oxidation is observed in spectra of electrodes

HEO-5 and HEO-6 and again a reduction in HEO-7. A deeper in-
sight into the structure and different degrees of charge of Mn, Fe,
Co and Ni is obtained by comparing the spectra of electrodes at
different SOC with those of metal foil and/or oxide standards for
the corresponding K edges (Figure S5, Supporting Information).

With the reduction of the electrode, Mn2+ cations begin to ap-
pear in the structure; even if the edge energy is higher than that
of pure manganese (II)-oxide, already in the electrode discharged
to 0.9 V (HEO-2, Figure S5a, Supporting Information), the shape
of the spectrum has an undeniable resemblance with that of Mn
K-edge in MnO standard. The oxidation that occurs in HEO-6
causes the edge to shift back to higher energy, near the value
of manganese in Mn3O4, whereas also some features peculiar
to Mn2O3 oxide standard become visible (Figure S5i, Support-
ing Information). Mn4+ cations no longer appear in the oxidized
sample, indicating that the process is only partially reversible and
the initial structure is not fully recovered. This finding is in agree-
ment with the difference between first and subsequent discharge
curves (Figure 2a).

The shift in the edge energy position of the Fe K-edge, observed
in electrode HEO-2 (Figure S5b, Supporting Information), sug-
gests the additional contribution by Fe2+ along with Fe3+ cations.
At the first glance, electrodes HEO-4 and HEO-6 have quite sim-
ilar patterns, but the increase in intensity of the pre-edge peak,
together with the weakening of the most intense peak, suggests a
contribution by metallic iron (Figure S5f,j, Supporting Informa-
tion).

In the Co K-edge spectrum of HEO-2 (Figure S5c, Supporting
Information), both pre-edge and most of the after-edge oscilla-
tions indicate a marked similarity to the spectrum of the CoO
standard. Detecting further reduction of cobalt is more difficult,
since the edge position remains unchanged. Nevertheless, as in
the case of iron, the intensity changes of both the most intense
peak and the pre-edge in electrode HEO-4 (Figure S5g, Support-
ing Information) indicate a contribution by metallic cobalt. While
the spectrum of electrode HEO-5 is nearly the same as that of
HEO-4, a further increase in the voltage causes the pre-peak in-
tensity to decrease down to the value of CoO oxide standard in
HEO-6 (Figure S5k, Supporting Information). The second dis-
charge to 0.01 V replicates (and slightly surpluses) the pattern of
HEO-4.

The Ni K-edge spectrum of the reduced electrode (HEO-2) al-
most replicates that of NiO standard (Figure S5d, Supporting
Information), while in the subsequent SOCs, more reduced Ni
species are detectable, as in the case of cobalt and iron. This is
evident by comparing the Ni K-edge spectra of fully discharged
(HEO-4) and fully charged (HEO-6) electrodes with those of
metal and oxide standards (Figure S5h,l, Supporting Informa-
tion).

Therefore, formation of metallic iron, cobalt and nickel is ex-
pected to occur. Although the metals in the HEO are not in their
standard oxide phases, a linear combination fitting (LCF) analysis
of the spectra of metal foils and oxide standards allows estimat-
ing the quantities of metal species with different oxidation states
for each electrode. The case of Ni K-edge spectrum in electrodes
HEO-4 and HEO-6 is shown as an example in Figure S6, Sup-
porting Information, while Table S4, Supporting Information, re-
ports the LCF outcomes for all electrodes. Figure S7, Support-
ing Information, shows the relative amounts of multi-valence
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Figure 4. FT of the EXAFS for all metal K-edge in electrodes a) HEO-0, b) HEO-2, c) HEO-4, and d) HEO-6. Spectra are translated vertically for easier
comparison. The gray and orange rectangles highlight the positions of the octahedral and tetrahedral sites, respectively; the green rectangles highlight
the metal–metal first shell indicating formation of metallic species.

cationic species, correspondingly obtained for Fe, Co, and Ni.
Finally, the resulting average oxidation state of these metals is
displayed in Figure 3f. Although the first and second discharged
electrodes exhibit quite similar spectral patterns, it is evident that
formation of metallic species occurs to a greater extent during
the second cycle. The largest relative amount of metallic species
is observed for nickel (as shown in Figure S7c, Supporting In-
formation, in the second cycle, metallic nickel exceeds 70% of Ni
species).

The evolution of Zn K-edge XANES with the SOC (Figure
S8a, Supporting Information) is similar to that reported for
ZnFe2O4.[88] The oxidation state of zinc (2+) almost does not
change during the charge and discharge process (Figure S8b,c,
Supporting Information), and all electrodes except HEO-2 show
very similar XANES curves. To gain a deeper insight on the role
of Zn and its electroactivity (which is not related to charge change
at the Zn site), Fourier transforms (FTs) of metal EXAFS signals,
which are experimental indicators of the atomic environment of
a given metal site, are compared to each other for all electrodes
(Figure 4). The comparison is useful not only for the case of zinc,
but also for the remaining metals. In a spinel-structured mate-
rial, the metal cations can in principle occupy both octahedral
and tetrahedral sites. XRD analysis does not allow distinguish-
ing neighboring elements in the periodic table, which makes ex-
tremely difficult to determine the site distribution of each metal.
Conversely, indications about the local coordination environment
of each metal can be easily deduced via XAS, which is an ele-
ment sensitive technique. Figure 4a displays the FTs correspond-
ing to all metal cores for the fresh electrode. Two main peaks

are clearly visible, ascribable to the first and second shell of ions
around the photoabsorber (i.e. the metal whose K-edge core has
been excited). The first atomic shell comprises oxygen anions for
both octahedrally and tetrahedrally coordinated photoabsorbers,
while the second shell comprises cations (metal–metal distance).
In the FT of zinc, the second-shell peak is at a larger radial dis-
tance. As the distance between the metal in octahedral position
to the nearest metal also in octahedral position (MO − MO) is
smaller than that to the nearest metal in tetrahedral position (MO
− MT), it can be argued that zinc is initially situated in tetrahe-
dral position (Figure 4a), as expected. Going into more detail, iron
and cobalt show a slope at the same distance as zinc, which in-
dicates that a portion of them is also located in tetrahedral posi-
tions; this is in agreement to their pre-edge structure. In electrode
HEO-2 (Figure 4b), however, the second shell for all metals (zinc
included) has the same position, suggesting their uniform distri-
bution, approximately at a distance of octahedral site. This indi-
cates the migration of Zn from tetrahedral to octahedral position
in the very first stage of the reduction, at potential as low as −0.9
V versus Li+/Li. The phenomenon, allowed by the spinel struc-
ture that provides vacant sites within the lattice enabling lithium
insertion and cation migration,[89] might be eased by the drastic
reduction in activation barriers of room temperature diffusion of
TMs in the presence of a high OV concentration (40.6 at%).[90]

Migration of the Zn2+ cations from 8a to 16d sites during the
initial stage of lithiation has already been reported for spinel
ZnFe2O4.[88,89,91,92] At low Li-uptake, Li+ ions show a prefer-
ence for the vacant octahedral over vacant tetrahedral sites;[89]

at higher Li-uptake, further insertion of Li+ ions causes Zn2+
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cations to migrate to vacant octahedral (16c) sites to reduce
electrostatic repulsion from Li+ ions inserted into octahedral
sites,[91,92] with the resulting structure allowing for easy Li-ion
transport within channels no longer blocked by Zn2+ cations.[89]

From HEO-3 onward, zinc shows the neighborhood of strongly
distorted/disordered oxide species, with just the first coordina-
tion shell visible; therefore, the modification is not reversible.
Distortions, caused by increased structural disorder due to lithi-
ation, are also visible in the FTs of other metals. In discharged
electrode spectra of Co and Ni, it is possible to identify the peak
corresponding to the first shell metal-to-metal bond distance, in-
dicating the formation of metallic species (Figure 4c). These phe-
nomena are reversible during charging (Figure 4d). However, in
the spectra of the second discharge (HEO-7), the effect is more
marked and the characteristic shoulder starts to appear also for Fe
(Figure S9a, Supporting Information). These results are in agree-
ment with those obtained by LCF-XANES. The only metal that
keeps the neighborhood similar throughout the cycle, with the
only modification of the distance from the second shell, is man-
ganese, again in fair agreement with the results of the LCF, which
indicates Mn2+ as the most reduced form of Mn.

2.4. Phase Transformation of the Active Material

In spinel CoMnFeO4 nanoparticles within LIB anodes, the move-
ment of divalent cations from tetrahedral to neighboring octa-
hedral positions is thought to be responsible for the phase tran-
sition from spinel to rock-salt structured Co1/3Mn1/3Fe1/3O that
occurs during the early stage of reduction and is accompanied
by formation of Li2O.[93] Transition to rock-salt structure during
reduction has been reported for several spinel (low- and high-
entropy) oxides.[94–96] In order to investigate the occurrence of
spinel to rock-salt phase transition in present (Mn,Fe,Co,Ni,Zn)-
HEO NFs, ex situ XRD and MRS analyses were carried out on the
electrodes extracted from LIBs. Figure S10a, Supporting Infor-
mation, shows the XRD patterns of electrodes at different SOC.

In the as-prepared anode (Figure S10a, Supporting Informa-
tion), the same reflections as in the active material are detected.
Rietveld analysis (Figure S11a, Table S5, Supporting Informa-
tion) confirmed the presence of a single spinel phase. In the elec-
trode discharged to 0.9 V (HEO-2), the peaks originating from the
spinel lattice weaken considerably and those peculiar to the rock-
salt structure appear. Rietveld analysis (Figure S11b, Supporting
Information) show the coexistence of a spinel phase (with some-
what larger cell size and strain) and a rock-salt phase with weight
ratio approximately 1:2 (Table S5, Supporting Information).

MRS analysis carried out on different random locations within
the electrode (Figure S12a, Supporting Information) confirms
that the active material is no longer spatially uniform and two
phases co-exist. The formation of the rock-salt phase is related
to the increase of divalent cations during the discharge, as re-
vealed by XAS. The XRD patterns of electrodes HEO-3 to HEO-5
comprise weak peaks from the rock-salt phase along with a set of
peaks (2𝜃 = 21.2°, 23.2°, 30.3°, 31.5°, 33.8°, 39.6°), which should
be ascribed to one or more unidentified phases. Some of the lat-
ter peaks are compatible with Li2O and other ones with complex,
spinel-based lithiated phases such as Li2Fe3CoO8 (mp-758375). It
is worthwhile stressing the similarity of the XRD patterns from

HEO-3 to HEO-5, proving that no further phase transformation
occurs at low voltage.

The fully charged electrode HEO-6, which resulted to be spa-
tially uniform (Figure S12b, Supporting Information), comprises
a spinel phase and a rock-salt phase with weight ratio approx-
imately 1:3 (Table S5, Supporting Information). The peaks are
much broader than those of HEO-2, because of higher strain
(Table S6, Supporting Information); smaller crystallite size and
amorphization could also contribute to the larger peak width. Fi-
nally, the diffractogram of HEO-7 is very similar to those of HEO-
3 to HEO-5 as to both peak position and width.

2.5. Distribution of Cations in the Pristine NFs

The distribution of cations in the spinel lattice is difficult to as-
certain, the more so for a 5-metal HEO. It has been shown in
several cases that at thermal equilibrium the cation distribution
among the 8a (tetrahedral) and 16d (octahedral) sites is deter-
mined by enthalpy (octahedral site stabilization) and that the
cations are randomly distributed within each sub-lattice. Based
on the EDX, XPS, and XAS results, and on simple consider-
ation of electronegativity and crystal-field octahedral stabiliza-
tion energy (OSPE),[36,97] the latter to partition cations between
the 8a and 16d sub-lattices, an approximate, reasonable equilib-
rium cation distribution can be proposed for the pristine NFs.
The elemental composition of the NFs can be approximated as
(Mn0.25Fe0.1Co0.2Ni0.2Zn0.25)3O4 (see Figure 1f, XPS data). Both
XPS and XAS (HEO-0) data show that Zn and Ni are present
as divalent cations and Mn as tetravalent cation. Since Fe3+

is in general more stable than Co3+, it can be safely assumed
that Fe is only present as Fe3+, whereas Co is present in both
the +2 and +3 oxidation states. Under the constraint of elec-
troneutrality, these considerations lead to the following compo-
sition: (Mn4+

0.25Fe3+
0.10Co3+

0.05Co2+
0.15Ni2+

0.20Zn2+
0.25)3O4. Note

that, due to the presence of tetravalent Mn cations, the fraction
of divalent cations amounts to 1/2 instead of the usual 1/3 typ-
ical of the II-III spinels. Using OSPE values from literature,[97]

it is easy to see that Mn4+, Co3+/2+, and Ni2+ cations reside in
16d sites, Zn2+ in 8a sites, and Fe3+ is found in both sublattices,
as detailed in Table S6, Supporting Information, which gives the
occupancy of the 8a and 16d sites. This equilibrium cation distri-
bution (ECD, Figure S13a, Supporting Information) is at variance
with XAS (HEO-0) results that support the presence of Mn, Fe,
Co, and Ni in both 8a and 16d sub-lattices, based on i) the pres-
ence of pre-peaks in the XANES spectra (Figure S5, Supporting
Information), and ii) the presence of significant shoulders at ≈3
Å in the FTs of Fe and Co edges (Figure 4a). The XAS data thus
point to a more homogeneous partitioning of cations between
the 8a and 16d sub-lattices. As a limiting case, the completely
random cation distribution (CRCD, Figure S13b, Supporting In-
formation), where each species is 1/3 in the 8a sub-lattice and
2/3 in the 16d sub-lattice, is shown in Table S7, Supporting In-
formation. At the calcination temperature of 700 °C, the CRCD is
less stable than the ECD by ≈65 kJ mol−1 (referred to a formula
unit M3O4), as the latter is favored by ≈70 kJ mol−1 OSPE, which
is not offset by the ≈5 kJ mol−1 unfavorable entropic term. The
presence of Mn, Fe, Co, and Ni in both sub-lattices should then be
attributed to the incomplete attainment of thermal equilibrium
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during the 30-min calcination at 700 °C. Indeed, in the as-spun
NFs, the spatial distribution of the cations is random, and it is
reasonable that in the early stages of the oxide formation dur-
ing calcination the cations are close to randomly distributed and
they have to diffuse within the anion lattice framework to their
preferred site. Thus, it seems that the pristine NFs have a cation
distribution intermediate between the initial CRCD and the ECD
toward which they are evolving.

Usually, the inversion degree 𝜆 of II-III spinels is defined as
the fraction of trivalent cations in the 16d sublattice (𝜆 = 0 in
normal spinels and 𝜆= 1 in inverse spinels.[56,98] Due to the pres-
ence of tetravalent Mn cations, this definition must be modified
as follows: 𝜆 is the fraction of tetra- and trivalent-cations in the
16d sublattice. In the present case, 𝜆 = 0.24 for the ECD and 𝜆 =
0.40 for the CRCD. Thus, the pristine NFs are expected to display
some degree of inversion, in agreement with the presence of the
Eg′ and A1g′ modes in the MRS of the pristine NFs.

3. Conclusions

Oxygen-deficient high-entropy (Mn,Fe,Co,Ni,Zn) oxide
nanofibers with spinel structure are produced by electro-
spinning and evaluated as an anode material in lithium-ion
batteries since we considered that the granular architecture of
the (Mn0.24Fe0.11Co0.21Ni0.21Zn0.23)3O4 nanofibers and their inner
channels are beneficial for the diffusion of Li ions.

Manganese, iron, cobalt, nickel, and zinc are present in the
pristine NFs mainly as Mn4+, Fe3+, Co3+/Co2+, Ni2+, and Zn2+

cations. The charge/discharge in anodes based on electrospun
(Mn,Fe,Co,Ni,Zn) HEO NFs proceeds via lithium insertion,
cation migration, and conversion reaction forming metals (and
probably Li2O or spinel-based lithiated oxides). However, as in
the case of anodes based on different HEOs,[21] the reaction is
not fully reversible and the reduction of cations to the metallic
form is not complete. Iron, cobalt and nickel, initially present
in the HEO lattice as Fe3+, Co3+/Co2+, and (Ni3+)/Ni2+ cations,
undergo reduction to the metallic state, through a single-/multi-
step reduction process. The relative amount of metallic species
increases in the order iron < cobalt < nickel, both in the first
(23%, 26%, and 55%, respectively) and second cycle (32%, 44%,
and 71%, respectively). On the contrary, manganese, present in
the pristine oxide as Mn4+ (and maybe Mn3+), undergoes partial
reduction to Mn3+/Mn2+, but upon re-oxidation, Mn4+ cations
no longer appear, indicating the partial reversibility of the pro-
cess and the occurrence of irreversible changes. Finally, Zn+2

cations do not electrochemically participate in the conversion
lithiation/de-lithiation reaction of the (Mn,Fe,Co,Ni,Zn) HEO-
based anode. However, they migrate along with the transition-
metal cations from tetrahedral to octahedral positions. The mi-
gration, eased by the high O-vacancy concentration (40.6 at%),
causes a phase transition from spinel to rock-salt. Cation mi-
gration from tetrahedral to octahedral positions facilitates Li-ion
transport within channels opened in the oxide lattice[89] and pos-
sibly plays a stabilizing action for the oxide phase, in agreement
with literature reports.[21]

This study provides a significant step forward made by a multi-
technique approach to the understanding of high-entropy oxides,
which is of great importance since these materials can potentially

be utilized for the development of all components of rechargeable
Li+ and Na+ ion batteries.[7,17–19] The reported results constitute a
solid basis for the rational optimization of the preparation condi-
tions of the (Mn,Fe,Co,Ni,Zn) HEO NFs to increase their stability
and improve their electrochemical performance as active anode
material in LIBs.

4. Experimental Section
Synthesis of the (Mn,Fe,Co,Ni,Zn)-HEO NFs: Manganese(II)acetate

tetrahydrate, Mn(CH3COO)2·4H2O (99%), iron (II) ac-
etate, Fe(CH3COO)2 (95%), cobalt (II) acetate tetrahydrate,
Co(CH3COO)2·4H2O (99%), nickel (II) acetate tetrahydrate,
Ni(CH3COO)2·4H2O (98%), and zinc (II) acetate dehydrate,
(CH3COO)2Zn·2H2O (98%) were utilized as Mn, Fe, Co, Ni, and
Zn sources for the synthesis of the HEO NFs. Polyacrylonitrile, (C3H3N)n
(150 000 g mol−1, 99.9%) and N,N-dimethylformamide, HCON(CH3)2
(anhydrous, 99.8%) were used to prepare the precursor polymer/solvent
solution. All chemicals, supplied by Sigma-Aldrich (Table S8, Supporting
Information), were utilized without further purification.

The HEO-NFs were prepared by electrospinning, following the proce-
dure illustrated in detail in a previous paper[36] and briefly reported in
the Supporting Information. The as-spun PAN/(Mn,Fe,Co,Ni,Zn)-acetates
NFs were calcined in air to remove their organic components. Tempera-
ture was increased up to 700 °C at a fast rate (10 °C min−1) and then kept
constant for 30 min.

Characterization: SEM, HRTEM, XRD, MRS, and XPS analyses were
carried out to investigate the morphology, texture, microstructure, crys-
talline phase, and surface composition of the (Mn,Fe,Co,Ni,Zn)-HEO NFs.
Their electrochemical properties toward the Li-ion storage were studied by
recording GCD and CV curves). Finally, to clarify the charge storage mech-
anism, ex situ synchrotron XAS analysis was conducted.

Morphology, Texture, Microstructure, Crystalline Phase, and Surface Com-
position of the NFs: The SEM images were acquired by a Phenom Pro-
X scanning electron microscope, operated at 15 kV. HRTEM, high-angle
annular dark-field scanning transmission electron microscopy (HAADF-
STEM), SAED, and EDX elemental mappings were performed on a FEI
Talos F200S scanning/transmission electron microscope, operated at 200
kV. Detailed information on the NF inner morphology was inferred from
the projection analysis of STEM-EDX maps. Structural information about
the primary particles was collected via the GPA of lattice fringes in the
HRTEM images. For further details on projection analysis of the EDX ele-
mental maps and GPA analysis see ref. [36] and Supporting Information.

A Bruker D2 diffractometer using Ni 𝛽-filtered Cu-K𝛼 radiation source (𝜆
= 0.1541 nm) was utilized to perform the XRD analysis. Selected diffrac-
tograms were analyzed by the Rietveld method using Maud 2.992 soft-
ware. The crystallite size and microstrain effects were treated using an
isotropic size-strain model with Delft line broadening.[99] Raman scatter-
ing was measured using a NTEGRA—Spectra SPM NT-MDT confocal mi-
croscope coupled to a solid-state laser operating at 2.33 eV (532 nm). To
prevent local heating, spectra were recorded using a laser power of 250 μW
at the sample surface. The scattered light from the sample, collected by
means of a 100× Mitutoyo objective and dispersed by a 1800 lines mm−1

grating, was detected by a cooled ANDOR iDus CCD Camera. To evalu-
ate the spatial homogeneity of the samples spectra from several random
positions on each specimen were recorded. The average of the collected
spectra provided a reliable picture of the entire sample. XPS spectra were
acquired with an EnviroESCA instrument from Specs, equipped with an Al
K𝛼 excitation source (h𝜐 = 1486.6 eV). Measurements were performed at
a pressure of ≈10−6 mbar. The survey scan was obtained at 100 eV of pass
energy, 1.0 eV∙step−1, and 0.1 s∙step−1. High resolution spectra were ac-
quired at 50 eV pass energy, 0.1 eV∙step-1, and 0.1 s∙step-1. Binding energy
(BE, uncertainty = ± 0.2 eV) values were corrected for charging attribut-
ing a BE value of 284.8 eV to the peak of C 1s of adventitious hydrocar-
bons, in agreement with the literature.[100] XPS curves were fitted with the
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Keystone software provided by Specs, applying a Shirley-type background
function.[101] Sensitivity factors of integrated peak areas used for quantifi-
cation were provided by Specs. Further details on the instrumentation can
be found elsewhere.[36]

Electrochemical Properties: In order to evaluate electrochemical prop-
erties of (Mn,Fe,Co,Ni,Zn)-HEO NFs, CR2032-type coin cells were assem-
bled in an Ar-filled glovebox. For this purpose, active material (as-calcined
HEO NFs), conductive carbon black (Super P, Timcal) and polyvinylidene
fluoride (PVDF, Alfa Aesar) in mass ratio 7:2:1 were homogeneously mixed
with N-methyl-2-pyrrolidone (NMP, anhydrous 99.5%, Sigma-Aldrich).
The resulting slurry was uniformly cast on Cu foil (Goodfellow, UK) with
a doctor blade apparatus. After drying in a vacuum oven at 60 °C for 1 h
and cold-laminating, the electrodes (12 mm in diameter and 1.0–1.5 mg
cm−2 in active material mass load) were die-cut and dried overnight at
90 °C under vacuum in a Büchi glass oven. Lithium metal foil was utilized
as both counter and reference electrodes. 1 m LiPF6 (ABCR, 99.9% battery
grade) solution in a mixture of ethylene carbonate (EC, 99.9 %, ABCR),
diethyl carbonate (DEC, 99.9%, ABCR), and dimethyl carbonate (DMC,
99.9%, ABCR) with 1:1:1 volume ratio was used as the electrolyte. A glass
microfiber filter (Whatman) acted as a separator.

GCD cycling was carried out at room temperature using a CT2001A
battery testing system (Landt Instruments). Cyclic voltammograms were
measured on a Bio-Logic VMP3 multichannel potentiostat/galvanostat.

XAS Analysis: XAS experiments were conducted at XAFS beamline[102]

in Elettra Synchrotron Trieste (Italy). The storage ring was operated at 2.0
GeV in top-up mode with a typical current 300 mA. Data were recorded
at Fe, Mn, Co, Ni, and Zn K-edges in transmission mode. The electrodes
studied ex situ in this experiment were detached from the Cu foil and were
fixed on the sample holder with Kapton tape. Iron, manganese, cobalt,
nickel, and zinc foils were used as internal references for the energy cali-
bration in each scan. This allowed a continuous monitoring of the energy
during consecutive scans. The white beam was monochromatized using a
fixed exit monochromator equipped with a pair of Si (111) crystals. Spectra
were collected with a constant k-step of nm−1 with 1 s per point acquisi-
tion time from 6244 to 7100 eV for Mn, from 6817 to 7672 eV for Fe, from
7514 to 8302 eV for Co, from 8138 to 8978 eV for Ni, and from 9467 to
10634 eV for Zn K-edges. XAS spectra were calibrated and analyzed using
the Athena program.[103]
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[47] B. Petrovičovà, W. Xu, M. G. Musolino, F. Pantò, S. Patanè, N. Pinna,

S. Santangelo, C. Triolo, Appl. Sci. 2022, 12, 5965.
[48] C. Triolo, S. Schweidler, L. Lin, G. Pagot, V. Di Noto, B. Breitung, S.

Santangelo, Energy Adv. 2023, 2, 667.
[49] D. Wang, Z. Liu, S. Du, Y. Zhang, H. Li, Z. Xiao, W. Chen, R. Chen,

Y. Wang, Y. Zou, S. Wang, J. Mater. Chem. A 2019, 7, 24211.
[50] A. Mullaliu, J. Asenbauer, G. Aquilanti, S. Passerini, M. Giorgetti,

Small Methods 2020, 4, 1900529.
[51] A. Senthamizhan, B. Balusamy, Z. Aytac, T. Uyar, CrystEngComm

2016, 18, 6341.
[52] Y. Li, H. Zhang, X. Zhang, L. Wei, Y. Zhang, G. Hai, Y. Sun, J. Mater.

Sci. 2019, 30, 15734.
[53] S. Santangelo, M. H. Raza, N. Pinna, S. Patanè, Appl. Phys. Lett.

2021, 118, 251105.
[54] Q. Hu, Z. Wang, X. Huang, Y. Qin, H. Yang, X. Ren, Q. Zhang, J. Liu,

C. He, Energy Environ. Sci. 2020, 13, 5097.
[55] F. Mou, J. G. Guan, W. Shi, Z. Sun, S. Wang, Langmuir 2010, 26,

15580.
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