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High-entropy oxides with spinel structure (SHEOs) are promising anode materials for next-generation lithium-ion batteries (LIBs). In
this work, electrospun (Mn,Fe,Co,Ni,Zn) SHEO nanofibers produced under different conditions are evaluated as anode materials in
LIBs and thoroughly characterised by a combination of analytical techniques. The variation of metal load (19.23 or 38.46 wt%
relative to the polymer) in the precursor solution and of calcination conditions (700 °C/0.5 h, or 700 °C/2 h followed by 900 °C/2 h)
affects the morphology, microstructure, crystalline phase, and surface composition of the pristine SHEO nanofibers and the resulting
electrochemical performance, whereas mechanism of Li+ storage does not substantially change. Causes of long-term (⩾650 cycles)
capacity fading are elucidated via ex situ synchrotron X-ray absorption spectroscopy. The results evidence that the larger amounts of
Fe, Co, and Ni cations irreversibly reduced to the metallic form during cycling are responsible for faster capacity fading in nanofibers
calcined under milder conditions. The microstructure of the active material plays a key role. Nanofibers composed by larger and
better-crystallized grains, where a stable solid/electrolyte interphase forms, exhibit superior long-term stability (453 mAh g−1 after
550 cycles at 0.5 A g−1) and rate-capability (210 mAh g−1 at 2 A g−1).
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The energy transition to limit climate changes has led to the
expansion of the electric vehicle market, in which lithium ion
batteries (LIBs) have wide application thanks to their excellent
charge storage performance and low maintenance costs. The need to
further increase the energy density and long-term cycling stability
(LTS) of LIBs has promoted the search for new electrode materials.
Graphite, which is nowadays the most used anode, possesses low
specific capacity (372 mAh g−1) and therefore struggles to meet the
current requirements for the energy storage systems. As an alter-
native, the Li metal anode has attractive properties, such as much
higher specific capacity of 3860 mAh g−1 and lower negative
electrochemical potential of −3.04 V vs SHE.1 However, dendrite
formation is a huge problem for this material, as it leads not only to
low Coulombic efficiency (CE) and capacity decay,2–6 but is a
serious safety risk. Short-circuiting can produce large amount of
heat, and even explosion.7 The formation of a thick solid/electrolyte
interphase (SEI) and, the ensuing volume change are additional issue
that hinder the utilisation of this material.8 Another extensively
studied anode is Si (with a specific capacity of 4200 mAh g−1,9,10)
but its volume variation greater than 300%, as well as an unstable
SEI, where Li trapping might occur, inevitably leads to low CE and
capacity loss. Slow kinetics and low conductivity are also note-
worthy issues.9,11–13 Si/C-based anodes, proposed in recent years to

overcome the drawbacks of silicon, are an undeniable improvement,
but the CE still generally fails to reach values high enough to satisfy
the demands of commercial applications. Moreover, since obtaining
a protective layer of Si/C distributed homogeneously on the Si anode
is not easy, the volume expansion of Si cannot be completely
avoided, again leading to poor electrochemical performance.14

Additionally, the Si/C layers could react with lithium ions and
consequently decompose into Si and C, thus losing the protective
ability.15,16 Among other alternative anode materials, there are
classic titanium-based insertion-type metal oxide anodes, such as
TiO2

17 and Li4Ti5O12.
18–20 However, their high mass and relatively

limited uptake of lithium make these materials more useful for high-
power rather than high-energy applications.21 In the case of alloying-
type metal oxide anodes, such as SnO2, GeO2, ZnO,

22–24 continuous
aggregation of building blocks during (de)lithiation leads to rapid
capacity degradation.22,25 This issue is avoided by using transition
metal (TM) oxides, since TMs do not alloy with lithium. In
conversion-type TM oxide anodes, the Li-storage mechanism
involves a reversible multielectron transfer reaction. Li reacts with
the TM oxide leading to the formation of a metallic TM nanonet-
work and Li2O nanoclusters, whose decomposition accompanies the
re-oxidation of metallic TM nanoparticles.26–29 In recent years, TM
oxides have attracted much academic and industrial interest as
anode-materials for next generation LIBs due to their high theore-
tical capacity (600–1200 mAh g−1 25,27,30–37) compared to tradi-
tional graphite. However, they suffer from the low electrical
conductivity, mechanical degradation and pulverization due to the
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large volume changes during cycling, and excessive generation
of SEI on the electrode surface owing to the electrolyte
decomposition,33,37–39 which represent the chief obstacles to be
overcome for the broad application of TM oxide-based anodes for
LIBs.39

Various strategies are commonly adopted to cope with the draw-
backs responsible for the unsatisfactory performance and short life of
the battery. The incorporation of dopants into the lattice or of the
active material nanoparticles (NPs) into a carbonaceous matrix is
frequently reported to improve the electrical transport properties,40–43

whereas nano-sizing of the active material, besides increasing the
effective lithium-ion diffusion transport rate, allows for the accom-
modation of strains associated with lithium insertion, thus improving
rate capability (RC) and prolonging the battery cycle life.25,44–46 The
control of the geometric configuration enables the achievement of
stable interfaces between the electrolyte and active material, resulting
in SEI formation confined on its outer surface.37 In this scenery, a
deep understanding of the charge storage mechanism and related
material structural changes is of pivotal importance to enhance the
battery performance and life.

Recently, high-entropy materials,47–53 which take advantage from
the cooperative mixing of their multiple metallic components and the
synergistic interaction between them, resulting in the so-called “cock-
tail effect” 54,55 have gathered much attention due to their unique
properties for a wide range of applications.52,56 Their high configura-
tional entropy is thought to be responsible for stabilizing the
microstructure.50 Thanks to the integration of multiple redox couples,
modulating of the electron reaction pathway,57 high-entropy oxides
show great potential for application in rechargeable alkali metal-ion
batteries.58–66 In particular, the superior properties in lithium-storage of
(Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)O, the first single-phase rock-salt-type
high-entropy oxide (RHEO) synthesized in 2015,50 have been reported
by many research groups.61,65–71 Compared to RHEOs, spinel-struc-
tured high-entropy oxides (SHEOs) have greater potential as anode
materials because their structure can provide three-dimensional (3D)
pathways for ionic diffusion,72 resulting in higher Li+-storage
capacity.73 Several SHEOs have been evaluated as anode materials for
LIBs.42,74–81 Their electrochemical properties strongly vary with the
selected metal combination, and method and conditions of preparation,
as well. Just to give a brief overview, (Cr,Mn,Fe,Co,Ni) SHEO
nanoparticles synthesized via a surfactant-assisted hydrothermal
method, at 20 mA g−1, exhibit a reversible charge/discharge capacity
of 1235 mAh g−1,74 whereas (Cr,Mn,Fe,Co,Ni) SHEO produced by
solid state reaction (SSR) delivers 402 mAh g−1 capacity after 300
cycles at 0.5 A g−1.75 (Ti,Mn,Fe,Co,Ni) SHEO prepared by solid state
sintering shows a reversible capacity of 560 mAh g−1 with 100%
capacity retention after 100 cycles at 0.1 A g−1.76 (Fe,Ni,Cr,Mn,Mg,
Al) SHEO synthesized by modified solution combustion method
followed by ball milling shows a stable capacity of 657 mAh g−1

after 200 cycles at 0.2 A g−1.82 Oxygen-deficient (Cr,Mn,Fe,Co,Zn)
and (V,Mn,Fe,Co,Zn) SHEOs produced via ball milling are able to
deliver 828.6 and ≈500 mAh g–1 after 2000 cycles at 2.0 and
3.0 A g–1, respectively.72,80 Anodes based on electrospun (Cr,Mn,Fe,
Co,Zn) SHEO nanofibers (NFs) exhibit greater stability and higher
reversible capacity than those prepared with (Cr,Mn,Fe,Co,Zn) SHEO
nanoparticles (NPs) produced by conventional sol-gel method.42 RC
and cycling stability of (Cr,Mn,Fe,Ni,Cu) SHEOs prepared via
hydrothermal method strongly depend on calcination temperature.83

The good electrochemical performance of SHEO-based anodes is
attributed to various factors, such as entropy stabilization effects that
maintain the crystalline oxide framework during the lithiation and
promote the recovery of the spinel phase during de-lithiation,74

occurrence of amorphization process during the initial discharging,75

balanced crystallinity and particle size associated with the high-entropy
stabilization,83 and formation of lithiated phases that help to stabilize
the spinel structure.76

Very recently, electrospun (Mn,Fe,Co,Ni,Zn) SHEO NFs with
highly oxygen-deficient surface have been prepared under low
environmental-impact calcination conditions (700 °C for only
30 min)81 to both limit sintering effects on the size of the oxide
NPs forming the NFs, and improve the electrode performance.70,80

Their evaluation as an anode material in LIBs has shown an initial
discharge capacity of 1283.6 mAh g−1 (at 20 mA g−1), which is
among the highest values ever reported for SHEO-based anodes.81

Although the anode based on these NFs suffers from an important
initial decay in capacity due to extensive and irreversible structural
changes, as typical of conversion anode-materials,84 contrary to
expectations,85 after 550 cycles at 0.5 A g−1, it still delivers a
capacity of 155 mAh g−1,81 higher than common intercalation-
anodes based on commercial graphite powders (125 mAh g−1 after
300 cycles at 0.5 A g−1 86), which suggests long-term structural
stability of the oxide lattice. The investigation of the SHEO NF
properties and mechanism of Li+ storage through a combination of
analytical techniques including ex situ synchrotron X-ray absorption
spectroscopy (XAS)81 has evidenced that the capacity fading in the
first cycles is associated with the partial irreversibility of the
lithiation process, which occurs through incomplete conversion
reactions and early intercalation, accompanied by a spinel to rock-
salt phase transition, as in other spinel-structured TM oxides.83,84

Electrospinning, a scalable and cost-effective technique,87–89

allows producing single-phase high-entropy oxides with different
structures and related composites.42,70,71,90–92 The metal loading in
the spinnable precursor solution heavily affects both the diameter of
the NFs and the size of the NPs that compose them.93,94 The post-
spinning calcination conditions (temperature and duration) strongly
influence not only the morphology and crystallinity of the
NFs,83,95,96 but also the concentration of surface oxygen vacancies
and defects,42,92,95,97 the degree of spinel inversion and the
distribution of cations in the SHEO lattice.92,96,97

In this work, electrospun (Mn,Fe,Co,Ni,Zn) SHEO NFs to be
used as anode active materials in LIBs are produced via the
procedure utilized in a previous work81 by varying the metal load
(19.23 or 38.46 wt% relative to the polymer) in the precursor
solution, and temperature and duration of the calcination process
(0.5 h at 700 °C, or 2 h at 700 °C followed by 2 h at 900 °C), as
schematically depicted in Fig. S1. The rationale is to improve the NF
electrochemical performance by (i) reducing the impact of mechan-
ical stress associated with volume expansion and contraction during
cycling through the integration of multiple redox couples;57,72 (ii)
obtaining a stable SEI through a uniform morphology and a narrow
particle size range;7 and (iii) forming a well-crystallized and stable
oxide structure, capable of accomodating the structural changes
associated to cation migration induced by the Li-ion insertion in the
vacant lattice sites.32,81,98

The results of the electrochemical tests and of the thorough
characterization of the active material by a combination of
analytical techniques are comparatively discussed to investigate
to what extent the effects produced by the variation of metal load in
the precursor solution and of the calcination process conditions on
the morphology, microstructure, phase, crystallinity, inversion
degree, cation distribution and surface composition of the pristine
SHEO NFs reflect on their electrochemical performance. Besides,
the changes introduced by the variation of the preparation condi-
tions of the active material in the mechanism of Li+ storage are
investigated by carrying out ex situ X-ray diffraction, micro-
Raman spectroscopy, electron microscopy and synchrotron
XAS99 measurements. Such comparative investigation reveals
that NFs calcined under more severe conditions exhibit far superior
performance as anode materials compared to the others.81 As
shown below, after optimization, they have better LTS than other
HEO-based conversion anodes and a RC equal to that of the best
HEO anodes.
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Experimental

Synthesis of the high-entropy (Mn,Fe,Co,Ni,Zn) oxide NFs.—
The high-entropy (Mn,Fe,Co,Ni,Zn) oxide NFs were prepared by
electrospinning, following the procedure described in detail in a
previous paper.42,81 Polyacrylonitrile (PAN, 150000 g mol−1,
99.9%) and N,N-dimethylformamide (DMF, anhydrous, 99.8%)
were used for the preparation of the precursor polymer/solvent
solution. Manganese(II) acetate tetrahydrate (99%), iron (II) acetate
(95%), cobalt (II) acetate tetrahydrate (99%), nickel (II) acetate
tetrahydrate (98%) and zinc (II) acetate dihydrate (98%) acted as
Mn, Fe, Co, Ni and Zn sources, respectively. Stoichiometric
amounts of these alts were dissolved in the PAN/DMF solution to
obtain the desired total load of metals (38.46 or 19.23 wt% relative
to PAN).

To remove their organic components the as-spun polyacryloni-
trile/(Mn,Fe,Co,Ni,Zn)-acetates NFs were calcined in air under
conditions reported in Fig. S1. In the following, SHEO NFs
produced under milder conditions (700 °C for 0.5 h) are coded as
mcHEO, whereas those calcined for longer time at higher tempera-
ture (700 °C for 2 h and 900 °C for 2 h) are referred as HEO NFs.
Metal load (ML) in the precursor solution to prepare mcHEO and
HEO NFs is 38.46 wt% (relative to the polymer); a subscript LL is
added to the code of the NFs obtained by spinning a precursor
solution with 19.23 wt% ML and subsequent calcination under the
same conditions as mcHEO and HEO NFs (Fig. S1).

Characterization.—The Li-ion storage properties of the high-
entropy (Mn,Fe,Co,Ni,Zn) oxide NFs were investigated by recording
galvanostatic charge/discharge (GCD) and cyclic voltammetry (CV)
curves. Morphology, texture, microstructure, crystalline phase and
surface composition of the pristine NFs were investigated by
carrying out scanning electron microscopy (SEM), transmission
electron microscopy (TEM), X-ray diffraction (XRD), micro-Raman
spectroscopy (MRS) and X-ray photoelectron spectroscopy (XPS)
analyses. To get a deeper insight into the charge storage mechanism
and associated structural, morphological and compositional changes,
ex situ synchrotron XAS, XRD, MRS, TEM and STEM/EDX
analyses were conducted.

Electrochemical properties.—To investigate the electrode per-
formance of samples, CR2032-type coin cells were assembled in an
Ar-filled glovebox. The as-prepared NFs were homogeneously
mixed by using mortar and pestle with 20 wt% conductive carbon
black (Super P, Timcal), 10 wt% poly(vinylidene fluoride) binder
(PVDF, Alfa Aesar) and N-methyl-2-pyrrolidone (NMP, Sigma-
Aldrich). The obtained slurry was uniformly coated onto Cu foil
with a doctor blade apparatus. The electrodes were cut in a diameter
of 12 mm with the active material mass load of 1.0–1.5 mg cm−2,
which were dried for 10 h at 90 °C under vacuum. Lithium metal foil
was used as negative electrodes. 1 mol l−1 LiPF6 solution in ethylene
carbonate (EC)/diethyl carbonate (DEC)/dimethyl carbonate (DMC)
(1:1:1 volume ratio) was used as the electrolyte. One layer of porous
glass fiber (Whatman) was used as separator.

All coin cells were cycled using a CT2001A battery testing
system (Landt Instruments) at room temperature within the voltage
range of 0.01–3.0 V (vs Li+/Li). Bio-Logic VMP3 multichannel
potentiostat/galvanostat was conducted to record CV results.

Morphology, texture, microstructure, crystalline phase and
surface composition of the NFs.—A Phenom Pro-X scanning
electron microscope, operating at 15 kV, was used to obtain SEM
images. Additionally, a FEI Talos F200S scanning/transmission
electron microscope, operating at 200 kV, was used for TEM,
HRTEM (high-resolution TEM), HAADF-STEM (high-angle annular
dark-field scanning TEM), ED (electron diffraction), and EDX
elemental mappings. The NF inner morphology was investigated
through projection analysis of STEM-EDX maps. Geometrical phase
analysis (GPA) of lattice fringes in HRTEM images provided

structural information about the primary particles. Further information
on the projection analysis of EDX elemental maps and GPA analysis
can be found in Ref. 61 and the Supplemental Material (SM).

XRD analysis was carried out using a Bruker D2 diffractometer
with Ni β-filtered Cu-Kα radiation (λ= 0.1541 nm). Selected
diffractograms were analyzed by the Rietveld method using Maud
2.992 software. Crystallite size and microstrain were modeled
employing an isotropic size-strain model with Delft line
broadening.100 Raman scattering measurements were performed
using a NTEGRA—Spectra SPM NT-MDT confocal microscope
coupled to a solid-state laser operating at 2.33 eV (532 nm), ensuring
a laser power of 250 μW at the sample surface to prevent local
heating. The scattered light was collected by a 100X Mitutoyo
objective, dispersed by an 1800 lines mm−1 grating, and detected by
a cooled ANDOR iDus CCD Camera. To assess spatial homoge-
neity, spectra were recorded from various random positions on each
specimen, and their average provided a reliable representation of the
entire sample. The averaged spectra were fitted to Gaussian bands,
with the amplitude ratio reflecting the relative intensity of each mode
due to variations in sample preparation conditions.

XPS studies were performed using an EnviroESCA spectrometer
(Specs), equipped with an AlKα X-ray source (hυ= 1486.6 eV).
Spectra were acquired at ca. 10−6 mbar. High-resolution spectra
were collected using a pass energy of 50 eV, integrating for
0.1 sec∙step−1, and acquiring every 0.1 eV∙step−1. Spectra were
shifted in binding energy (BE) in order to correct the experimental
error resulting from the charge accumulation phenomenon. To do
this, a BE value of 284.8 eV was imposed to adventitious carbon.101

XPS curves were decomposed with the Keystone software (Specs)
and using a Shirley-type background.102 Quantification parameters
were provided by Specs.

XAS analysis.—XAS experiments were performed on XAFS
beamline103 at Elettra Synchrotron Trieste (Italy). The storage ring
was operating in the top-up mode at 2.0 GeV, with a typical current
of 300 mA. The monochromatization of the white beam was
achieved by a fixed exit monochromator, equipped with a pair of
Si (111) crystals. 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 calibration
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 1 s per point acquisition 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. A constant k-step of nm−1 was
utilized. XAS spectra were calibrated and analyzed using the Athena
program.104

Results and Discussion

Electrochemical behavior in LIBs.—The electrochemical beha-
vior of (Mn,Fe,Co,Ni,Zn) SHEO NFs was studied in half cells with
Li anodes. The lithium-driven redox reactions and structural
transformation occurring during discharge/charge process were
studied by CV. The results obtained in the 0.01–3.0 V potential
range at a scan rate of 0.1 mV s−1are displayed in Figs. 1a−1c. Two
peaks at 0.6–0.7 and 0.9–1.1 V are detected in the first cathodic scan
(lithiation) of mcHEOLL (Fig. 1a), HEO (Fig. 1b) and HEOLL NFs
(Fig. 1c). They originate from the formation of SEI layer on the
material surface due to the electrolyte decomposition66,70,74 and
from the reduction of electrochemically active cations and the
formation of Li2O

39,61,69,78 and irreversible change of crystal
structure.78 The peaks detected at ca. 1.7 and 2.1 V in the subsequent
anodic scan (de-lithiation) are due to the re-oxidation process of the
redox-active species and the decomposition of Li2O.

74 In the
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following four cycles, both the cathodic and the anodic peaks shift
towards slightly higher potentials, as previously observed in the case
of mcHEO NFs.81 In the CV curves of mcHEOLL (Fig. 1a), all peaks
appear well overlapping, evidencing the good reversibility of
lithiation/de-lithiation in these NFs. Oppositely, some little change
is still observed in the higher-potential cathodic peak of HEO
(Fig. 1b) and HEOLL NFs (Fig. 1c).

The first three GCD curves of mcHEOLL, HEO and HEOLL NFs
are shown in Figs. 1d–1f, respectively. The initial discharge and
charge capacities of SHEO NFs are reported in Table S2. As a
general result, regardless of the calcination conditions, higher
discharge/charge capacities pertain to NFs produced from spinnable
solutions with lower ML (mcHEOLL and HEOLL). However, the
preparation conditions of SHEO NFs seem not to greatly affect the
corresponding initial Coulombic efficiencies (ICEs), which are
comparable to each other, slightly higher in the case of NFs calcined
under milder conditions (69% against 67%, values that both exceed
the ICE reported for (Cr,Mn,Fe,Co,Ni) SHEO prepared by SSR at
900 °C 75). The decomposition of the electrolyte to form the SEI
layer and the occurrence of irreversible structural rearrangements are
responsible for the capacity loss of the first cycle.69,75,78,81 Upon
calcination at 700 °C for 0.5 h, higher 2nd discharge capacity values

(and 2nd/1st discharge capacity ratio) are obtained, regardless of the
ML (Table S2).

The RC of SHEO NFs was evaluated at current densities from 20 to
2000 mA g−1 (Fig. 1g). At 20 mA g−1, the lithiation capacities increase
in the order HEO (773 mAh g−1)<mcHEO (912 mAh g−1 81)
< HEOLL (920 mAh g−1)<mcHEOLL (1098 mAh g−1), indicating
that higher capacity values are obtained by the use of precursor solutions
with lower ML. However, with increasing rate, the capacities of NFs
calcined under milder conditions reduce more rapidly than those
of HEO and HEOLL NFs. At 2000 mA g−1 (Fig. 1i), the lithiation
capacities vary in the order mcHEO (58 mAh g−1)<mcHEOLL

(83 mAh g−1 81)<HEO (191 mAh g−1)<HEOLL (210 mAh g−1), re-
spectively. This finding suggests that, regardless of the ML in the
spinnable solution, SHEO NFs calcined at higher temperature exhibit
superior RCs (Table S2). When the current density is set back to
20 mA g−1, capacities of 495, 539, 615 and 788 mAh g−1 are recovered
for HEO, mcHEO, mcHEOLL and HEOLL NFs, respectively. The
percentages of recovered capacity (64, 59, 56 and 86%, respectively)
suggests that, at any ML in the spinnable solution, a better-crystallized
SHEO lattice is beneficial also to the capacity recovery (Table S2). At
2000 mA g−1, the capacity delivered by HEOLL NFs exceeds those
reported, at the same rate, for (Cr,Mn,Fe,Co,Ni) SHEO prepared by SSR

Figure 1. Electrochemical performance of the electrospun high-entropy (Mn,Fe,Co,Ni,Zn) spinel oxides in the Li-ion half cells. (a)–(c) CV curves recorded at
0.1 mV s−1 scanning rate and (d)–(f) galvanostatic charge–discharge curves measured at 20 mA g−1; the shown data refer to samples (a,d) mcHEOLL, (b), (e)
HEO and (c,f) HEOLL. (g) RC at different current densities (expressed in mA g−1), (h) LTS at a current density of 500 mA g−1 (the results relative to mcHEO are
also reported for comparison) and (i) specific capacity measured in RC tests at 2.0 A g−1 and in LTS tests after 550 cycles at 0.5 A g−1.
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at 900 °C (180 mAh g−1 75) and electrospun (Cr,Mn,Fe,Co,Zn) SHEO
NFs calcined at 900 °C (28 mAh g−1);42 it is comparable to those of (Cr,
Mn,Fe,Ni,Cu) SHEO synthesized via hydrothermal method followed by
calcination at 1000 °C (220 mAh g−1),83 and electrospun (Mg,Co,Ni,Cu,
Zn) RHEO NFs (207 mAh g−1).71

LTS is a factor of pivotal importance for the practical use of LIBs.
Therefore, developing electrode materials able to maintain their
integrity over many discharge/charge cycles is a challenging issue.
Figure 1h displays the results of evaluation of the cycling stability of
SHEO NFs at a current density of 500 mA g−1. For all NFs, the
specific capacity exhibits a non-monotonic trend. After the initial rapid
decrease, probably originating from the lithium-driven irreversible
structure transformation,78 it smoothly increases reaching a constant
value only in the case of HEOLL NFs; differently, some fluctuations
are observed in the case of mcHEO and HEO NFs, and more markedly
in the case of mcHEOLL NFs. Such behavior, frequently reported for
both low- and high-entropy TM oxides,61,83,105 is attributed to a
possible activation process in the electrode,106 due to the gradual
electrolyte penetration77 and increase in interfaces.107 The capacity
retained after 550 cycles at 0.5 A g−1 (Fig. 1i) varies in the order
mcHEO (156 mAh g−1 81)<HEO (376 mAh g−1)<mcHEOLL

(383 mAh g−1)< HEOLL (453 mAh g−1). All these values exceed
that reported for conventional intercalation-anodes based on
commercial graphite powders cycled at the same rate (125 mAh g−1

after 300 cycles 86), and compare well with those reported for
conversion-anodes based on high-entropy oxides. At 0.5 A g−1,
electrospun (Cr,Mn,Fe,Ni,Zn) SHEO and (Mg,Co,Ni,Cu,Zn) RHEO
NFs calcined at 900 °C, (Cr,Mn,Fe,Co,Ni) SHEO obtained by SSR
reaction at 1000 °C and (Cr,Mn,Fe,Ni,Zn) SHEO prepared via ball-
milling and 12 h calcination at 900 °C retain 265 mAh g−1 after 400
cycles,42 390 mAh g−1 after 300 cycles,71 and 402 mAh g−1 after 300
cycles75 and 387 mAh g−1 after 185 cycles,79 respectively. At lower
rate (0.2 A g−1), the rate of decrease in capacity of HEOLL NFs is
halved (−2 mAh g−1 cycle−1 against −4 mAh g−1 cycle−1 at
0.5 A g−1) and the anode still retains 612 mAh g−1 after 100 cycles
(Fig. S2), a capacity value comparable to that reported for (Mg,Co,Ni,
Cu,Zn) RHEO prepared by nebulized spray pyrolysis method.61

Summarizing, the HEOLL-based anode is superior to the others
both in terms of (i) high current density capability and capacity
recovery; and (ii) LTS. In the following, the existence of a
correlation between electrochemical performance and morphological
and microstructural properties of the active material is investigated.

Physicochemical properties of the pristine NFs.—In order to
investigate the relationship between the electrochemical perfor-
mance of SHEO NF-based anodes and the physicochemical proper-
ties of pristine active materials, SEM, TEM, XRD, MRS and XPS
analyses were carried out.

Morphology and microstructure.—Figures 2a−2h, 2m, S3 and
S4 summarise the results of the morphological analyses. SEM
images (Fig. S3) demonstrate that micrometer-long NFs are formed
under all preparation conditions. Their diameters (dNF) vary in broad
ranges (Table S3), with the distributions of the fibers derived from
solution with lower ML centered on smaller values (Fig. 2m), as
expected.93,94

TEM analysis (Figs. 2a−2h and S4) reveals that, although all
fibers consist of interconnected crystalline grains having polyhedral
shapes, their morphology is different. HEOLL NFs have a seg-
mented, branched structure, similar to that previously observed in
the case of (Mg,Co,Ni,Cu,Zn) RHEO NFs, exhibiting good perfor-
mance as anode material in LIBs.71 In mcHEO, mcHEOLL and HEO
NFs, the space-confined oxide grains, formed because of the
expansion and contraction experienced by polymer and embedded
TM acetates, respectively,108,109 during the degradation of organic
components of the pristine fibers upon calcination, are attached to
each other to form a porous, three-dimensional (3D), straight,
filamentous structure, as peculiar to electrospun oxides.41,95,110–113

Such an architecture, capable of accommodating volume changes
and affording short paths for Li-ions, is considered beneficial for the
electrochemical performance as it ensures suitable conductivity and
mechanical strength over extended electrode cycling.37,98

The size of SHEO grains (dG) depends on both the ML
and calcination conditions and increases in the order
mcHEO<mcHEOLL < HEO< HEOLL. This finding proves that
heavier sintering effects occur at higher calcination temperature
(TC), as expected,

114,115 and, at a given temperature, with decreasing
ML. Surprisingly, the anode prepared with the fibers (HEOLL)
constituted by grains with the largest average size outperforms the
remaining ones in the LTS tests (Figs. 1h, 1i), contrary to the
common assumption that nano-sizing improves battery performance
in terms of cyclability. This result agrees with other literature
reports32,98,105 and with the existence of an optimal particle size to
enhance battery performance, as demonstrated for ZnMn2O4.

116

Figures 2i, 2j displays the results of elemental mapping via
STEM/EDX analysis on HEO NFs, as a representative case. The
results of projection analysis of the elemental maps (Fig. S5a),
illustrated in detail in SM and in a previous paper,97 prove that,
regardless of the preparation conditions, the dispersion of Mn, Fe,
Co, Ni, Zn and O is spatially uniform and the TM combination is
nearly-equimolar in all NFs. In addition, the fit of oxygen long-
itudinal projection to model profiles (Fig. S5b) reveals that, except
for HEOLL, the NFs have a narrow inner channel; its size increases
from 20% of the fiber width in mcHEO, to 30% in HEO, in
agreement with previous reports on electrospun SHEOs based on
different TM combinations96 and low-entropy oxide NFs, as well.95

The large temperature gradient along the radial direction experi-
enced by the precursor polymer/TM-acetate NFs during
calcination117 due to the rapid rise in temperature (10 °C min−1)
and the sintering effects,95 which favor the development of larger
grains at the expense of smaller ones, with a decrease in the specific
surface,118 are responsible for the above described evolution of fiber
microstructure and may also affect the electrochemical performance
of the fibers.119

Oxide phase, crystallinity and inversion degree of the pristine
NFs.—Figure 2k shows the XRD patterns of the SHEO NFs. All
reflections detected in the diffractograms of the NFs calcined under
milder conditions can be indexed to the spinel structure (JCPDS no.
22–1084).8,74,75,120–123 Rietveld refinements from XRD data (Figs. S6a,
S6b) confirm the formation of pure single-phase spinel without any
secondary phase(s). On the contrary, in the diffractograms of HEO and
HEOLL NFs, three weak additional peaks are detected, which can be
ascribed to the segregation of a small part of the TMs into a rock-salt
secondary phase (JCPDS no. 47–1049).63,65,71,103,120,124–126 The origin
for its formation in samples calcined at higher temperature (700 °C/2 h,
followed by 900 °C/2 h) is not clear. Nonetheless, the presence of a
rock-salt component in the oxide has no impact on its electrochemical
performance because, as shown in the following, a progressive spinel to
rock-salt phase transformation occurs during the first discharge/charge
cycles, in agreement with other literature reports on spinel-structured
anode materials. Rietveld refinements (Figs. S6c, S6d) indicate that the
relative amount of this phase is 8−10 w%, in agreement with previous
findings.42 The average size of SHEO crystallites (dSHEO, shown in
Fig. 2n), which gives a measure of the effectiveness of the crystal-
lization process, increases in the order mcHEO (59 nm 81)<mcHEOLL

(68 nm)<HEO (95 nm)<HEOLL (130 nm). Thus, larger domains
with spinel lattice-ordering are obtained for a lower ML under given
heating conditions, and upon calcination at higher TC for a given ML.
The comparable values of dSHEO and dG indicate that the fibers are
mainly formed by interconnected single crystals. In addition, the
increase of dSHEO and dG in the same order as the capacity value
measured in the RC tests at 2.0 A g−1 (Fig. 1g and Table S2) represents
a further confirmation that larger and better-crystallized grains forming
the NFs are beneficial for cyclability of the battery, in agreements with
the existence of a capacity/particle-size correlation.32,98,105
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Figure 2. Results of the (a)–(j) (S)TEM, (k) XRD and (l) micro-Raman analyses. (a)–(d) TEM and (e)–(h) HRTEM images of samples (a,e) mcHEO, (b), (f)
HEO, (c), (g) mcHEOLL and (d), (h) HEOLL. (i) BF-STEM, and (j) HAADF-STEM images of sample HEO, followed by STEM/EDX elemental maps. (k) XRD
patterns (stars mark reflections from secondary rock-salt structured phase). (l) Micro-Raman spectra. (m)–(p) Main parameters inferred from (m) SEM, (n) XRD
and (o), (p) MRS analyses.
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Figure 2l shows the micro-Raman spectra obtained by averaging
the spectra recorded at several random locations on each specimen.
As previously discussed in detail,42,96,97 five Raman-active normal
vibration modes (A1g + Eg + 3F2g) are predicted for the spinel
structure (Fd-3m space group);127–130 their frequency positions
and relative intensities strongly vary within the family of
spinels.128,129,131,132 The fit of the spectra to Gaussian bands (Figs.
S6e−S6h) reveals that the intensity of A1g mode, involving the
vibration along the direction joining an oxygen atom to the
tetrahedral M2+ cation,97 increases relative to the most intense
F2g(2) asymmetric oxygen stretching mode,97 with increasing TC
and, at a given TC, with decreasing ML (Fig. 2o and Table S3), in
agreement with the literature.133 The A1g/F2g(2) intensity ratio
linearly correlates with dSHEO, the larger dSHEO, the higher the
A1g/F2g(2) intensity ratio. In addition to the normal phonon modes,
inversion-induced modes120,129,134 also contribute to the Raman
intensity in all NFs (Eg’ and A1g’ modes in Figs. S6e−S6h), in full
agreement with both literature reports on SHEOs134 and previous
studies.42,92,96,97 The inversion degree of the spinel lattice, as
monitored by the A1g’/A1g intensity ratio (Fig. 2p and Table S3),
decreases with increasing TC, as expected.

81

Figure S7 shows the equilibrium distribution and completely
random distribution, as inferred from simple consideration of
electronegativity and crystal-field octahedral stabilization
energy,92,96,97 for SHEOs based on an equimolar combination of
Mn, Fe, Co, Ni and Zn cations (as in present NFs). The cation
distributions in the NFs calcined at higher and lower TC are expected
to be closer to the former and the latter, respectively. Therefore, the
linear increase of A1g/F2g(2) Raman band intensity ratio with dSHEO
(Table S3) monitors the progressive increase in the occupation of the
tetrahedral sites by M2+ cations that accompanies the increase in the
oxide crystallinity, i.e. the evolution towards the equilibrium cation
distribution (Fig. S7). An analogous consideration applies to the
decrease in the inversion degree with TC, as monitored by the
A1g’/A1g intensity ratio (Fig. 2p).

Surface composition of the pristine NFs.—XPS survey spectra
(Fig. S8) reveal the presence of Mn, Fe, Co, Ni, Zn, O and C
(adventitious carbon) on the surface of the electrospun SHEO NFs.
The elemental composition is not constant among the different
materials (Table S4) and is strongly affected by the ML in the
precursor solution and the conditions of the calcination process. The
manganese concentration decreases in the order HEOLL > HEO >
mcHEO, reaching values of 9.32, 7.08 and 5.58 at%, respectively.
Iron is mostly present in HEOLL sample (2.47 at%), while in HEO
and mcHEO NFs it accounts for ca. 1.5 at% The cobalt content
decreases in the order mcHEO > HEOLL > HEO (6.77, 4.45 and
3.90 at%, respectively). A similar concentration of nickel is detected
for all NFs (i.e., ca. 4.5 at%). Zinc has a similar trend as manganese:
8.98, 8.09 and 6.34 at% for HEOLL, HEO and mcHEO NFs,
respectively.

High-resolution XPS investigations allow inferring information
on the oxidation states of the elements composing the surface of the
investigated materials. It must be pointed out that the presence of
several Auger lines belonging to the different TMs could limit the
accuracy of data analysis in the overlapping spectral regions. In the
Mn 2p spectral region (Fig. 3a), three peaks are observed at ca.
642.9, 654.3 and 645.8 eV. They are attributed to Mn 2p3/2, Mn 2p1/2
and Ni LMM, respectively.135 This is coherent with the presence of
Mn(IV) surface species.136 In the Fe 2p spectral region (Fig. 3b), the
2p3/2 and 2p1/2 spin–orbit components are detected at ca. 710.5 and
725.1 eV in HEO and mcHEO NFs. For HEOLL NFs, these peaks
shift towards higher BE values by +0.4 eV, indicating a higher
oxidation state for the Fe atoms. Overall, the detected BE values
demonstrate the possible co-existence of species with oxidation
states comprised between +2 and +3.92,97 Four different peaks
contribute to the intensity of the Co 2p signal (Fig. 3c): (i) the 2p3/2
features of Co2+ and Co3+, peaking at ca. 780.2 and 781.5,
respectively;137,138 (ii) the 2p1/2 features of Co

2+ and Co3+, peaking
at ca. 795.2 eV and 796.6 eV, respectively.132,133 In the case of
HEOLL NFs, peaks are shifted by +0.8 or 0.9 eV, which is an

Figure 3. High resolution XPS spectra for the three analyzed samples in the regions of Mn 2p, Fe 2p, Co 2p, Ni 2p, Zn 2p and O 1 s core levels.

Journal of The Electrochemical Society, 2024 171 060509



indication of a higher oxidized system. In the Ni 2p spectral region
(Fig. 3d), the 2p3/2 peaks of Ni2+ ions in NiO oxide and Ni(OH)2
hydroxide environment are observed at 854.6 and 855.6 eV,
respectively.139,140 The lower-BE peaks are shifted by +0.6 eV for
HEOLL NFs, and those at higher BEs by +1.2 eV for both HEO and
HEOLL NFs. These latter, due to the large difference in BE, are more
reasonably assigned to a multiplet splitting of Ni 2p lines of Ni2+

ions in pure NiO-, rather than in Ni(OH)2-environment.141 In the Zn
2p spectra region (Fig. 2e), only a couple of peaks, assigned to the
2p3/2 and 2p1/2 features of zinc atoms, is detected in HEOLL NFs; the
Zn 2p3/2 peak is centered at 1021.7 eV, which is assigned to Zn2+

species in ZnO oxide environment.142,143 Interestingly, for mcHEO
and HEO NFs, the splitting of these peaks into two components,
one above and one below that of the HEOLL NFs, reveals the
presence of Zn2+ species in both hydroxide and pure zinc oxide
environment.142,143

Taken all together, high resolution XPS studies on TMs reveal that
their oxidized character raises in the order mcHEO<HEO<HEOLL

(i.e. with the effectiveness of the crystallization process), while the
surface defectiveness has an opposite trend.

Further insights on the defect concentration on the surface of the
investigated materials is achieved analyzing in details the O 1 s

spectral region (Fig. 3f).92,97 In particular, the O 1 s signal is the
result of the superposition of three different features: (i) the peak
at ca. 529.9 eV the lattice O2− ions (OL) belongs to mixed TM
oxides;142,144–146 (ii) the peak at ca. 531.4 eV, commonly attributed
to “oxygen vacancies” (OV),

138,146,147 comes from oxygen atoms in
the neighborhood of lattice oxygen vacancies, which according to a
recent computational paper148 are surface −OH groups saturating O
vacancies;149 and (iii) the peak at higher BEs arises from the
adsorbed or chemisorbed oxygen species, such as O2 or H2.

81,92,138

The concentration of OV species decreases from 40.6% in mcHEO
NFs81 to 33.1 and 23.2% in HEO and HEOLL NFs, respectively; the
decrease is linearly in dSHEO, the larger dSHEO, i.e. the higher the
oxide crystallinity, the lower the OV concentration. Surprisingly, the
anode prepared with the NFs with the lowest concentration of OV on
their surface (HEOLL) outperforms the remaining ones in terms of
both high RC and LTS (Figs. 1h, 1i), contrary to the literature reports
on the beneficial role played by the OV species in the Li+ diffusion
and storage.72,80 This result, in line the previous finding that lattice
defects hinder Li-ion diffusion,71 further confirms that larger particle
size, increased crystallinity and proximity to the equilibrium cation
distribution are beneficial for the electrochemical performance of the
SHEO NFs.

Figure 4. (a)–(e) Normalized XANES spectra recorded at (a) Mn, (b) Fe, (c) Co, (d) Ni and (e) Zn K-edges in electrodes based on HEO (solid lines) and
(daskhed lines) mcHEO NFs after 50th charge (light grey), 50th discharge (light grey) and 750/650 cycles (dark grey, for HEO/mcHEO, respectively). (f)–(j) FT
of the EXAFS for all metal K-edge in HEO-electrodes after 50th charge (light grey), 50th discharge (light grey) and 750 cycles (dark grey) compared with metal
foil and/or oxide standards for (f) Mn, (g) Fe, (h) Co, (i) Ni and (j) Zn K-edges. All spectra are translated vertically for easier comparison. (k), (l) Average
oxidation state of iron, cobalt and nickel in (k) HEO and (l) mcHEO anodes. (m) Average amount of iron, cobalt and nickel to Fe0, Co0 and Ni0 accumulated per
cycle.
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Charge storage mechanism and structural changes.—The
mechanism of Li+ storage in anodes based on SHEO NFs calcined
under milder conditions has been object of a previous study.81 What
emerges from the XAS study on the first charge/discharge cycle of
present anodes is that lithiation process is not affected by the
variation of the NF calcination conditions. A detailed discussion of
the ex situ XAS results can be found in the SM (Figs. S9–S10 and
Table S6). Briefly, lithiation progresses via conversion reaction
forming metals, lithium insertion and cation migration, leading to Li-
driven spinel to rock-salt transition. An in-depth discussion can be
found in the SM. In particular, during discharging, manganese,
initially present mainly as Mn4+/Mn3+, partially reduces to
Mn3+/Mn2+; iron, cobalt and nickel, initially present mainly as
Fe3+, Co3+/Co2+ and Ni2+, reduce to Fe0, Co0 and Ni0 (Table S6),
probably forming single-metal nanoclusters72 or a FeCoNi alloy that
develops as a dendritic 3D nano-network penetrating the oxide
matrix and provides a highly efficient electron-transfer path;54

lithium is likely incorporated as Li2O nanoclusters54,72 in the Mn,
Fe,Co,Ni,Zn-oxide phase, or atomically dispersed within it.54 Zn2+

cations that do not electrochemically participate in the conversion
reaction ensure the structure stability. During charging, re-oxidation
of Mn, Fe, Co and Ni occurs only partially and to different extents
among them. Due to the metastability of the Mn,Fe,Co,Ni,Zn-oxide
phase at RT, configurational entropy is not fully restored during
re-oxidation54 and lower-entropy nanodomains are formed within
the oxide matrix (see below), in agreement with the literature.39 This
structural modification on a local scale does not deprive the active
material of the benefits, in terms of electrochemical performance,
deriving from the multiple element approach.150

Ex-situ XRD analysis of the HEO electrodes (Fig. S12 and Table
S7) reveals that at SOC 2 most of the spinel phase transformed into a
rock-salt phase (ca. 80%) and that this transformation is completed
at SOC 3; no spinel phase reappears during the first charge and
second discharge. Amorphization of the rock-salt phase occurs
during the initial discharging (Fig. S12j), as revealed by the strong
decrease of the coherence length of rock-salt crystallites (Table S7),
probably due to the lack of structural reversibility during

re-oxidation.24 Moreover, a large amount of lithium carbonate
(Li2CO3), which is part of the SEI layer formed by the decomposi-
tion of the electrolyte,151 is detected in the discharged electrodes
(Figs. S11a, S11b and S12d−S12h, Table S7). Its amount increases
during charge (from 75 to 90%), and after the second discharge
returns to 75%, the same value as after the first discharge, hinting at
the stability of the SEI layer. Both of these factors are commonly
believed to contribute to the good electrochemical performance of
anodes.37,72,75

Long-term cycling stability and causes of capacity fading.—As
mentioned above, during the very first charge/discharge cycles, the
crystal structure of the active material undergoes severe modifica-
tions with loss of long-range order and rearrangement in a different
phase. As pointed out by Li et al.,84 this evolution, alone, does not
allow explaining the performance of anode material in terms of RC
and LTS.

In order to elucidate the causes of capacity fading, ex situ
synchrotron XAS analysis was carried out on HEO- and mcHEO-
anodes after a high number of charge/discharge cycles. At the best of
the authors’ knowledge, no reports focused on this topic are
available for high-entropy oxides in the literature. Figures 4a−4e
compares the XANES spectra recorded in HEO- and mcHEO-
anodes after the 50th charge and 50th discharge and at the end of
their life (750 and 650 cycles for HEO- and mcHEO-electrodes,
respectively). The comparison with the spectra of the oxide and
metal standards is shown in Fig. S13 and the results of the LCF
analysis are reported in Table S8. Figures 4f−4j compares FT of the
EXAFS for all metal K-edge in HEO-electrodes after 50th charge,
50th discharge and 750 cycles and in metal foil and/or oxide
standards. These results prove the reduction of increasing amounts
of iron (Figs. 4b, 4g), cobalt (Figs. 4c, 4h) and nickel (Figs. 4d, 4i) to
the metallic form. One can speculate that, as a consequence, single-
metal nanoclusters62 coalesce in bigger aggregates or that the
metallic FeCoNi 3D nano-network54 continues to develop during
cycling by pervasively penetrating the Mn,Fe,Co,Ni,Zn-oxide ma-
trix, processes which both lead to its progressive depletion of redox-

Figure 5. Schematic illustration of SEI formation on (top) HEOLL and (bottom) mcHEOLL NFs (inspired to Ref. 7). In the case of HEOLL NFs, a stable SEI
layer is formed and the original morphology is retained after several cycles. The mcHEOLL NFs, made up of smaller oxide grains, have a greater surface area
exposed to electrolyte and SEI forms to a greater extent; besides, small grains tend to aggregate into larger particles that undergo fracture upon prolonged cycling,
leading to further growth of layer SEI.

Journal of The Electrochemical Society, 2024 171 060509



active cations. In the case of the HEO-anode, the conversion reaction
is reversed to a greater extent than in mcHEO (Fig. S14), as proven
by the higher increase in the average oxidation state of Fe, Co and Ni
(Figs. 4k, 4l) and the smaller average amount of Fe0, Co0 and Ni0

accumulated (Fig. 4m). This probably occurs because the less
compact architecture of the NFs composed by larger particles
(compare Figs. 2a and 2b) promotes accessibility (and re-oxidation)
of the FeCoNi clusters,25,32,98 finally resulting in better capacity
retention/smaller capacity fading in HEO-anode.

Based on the picture emerged from the investigation of the
physicochemical properties of the pristine active materials in terms
of size and crystallinity of the oxide grains and oxidized character of
the surface species, above considerations could be extended to
HEOLL- and mcHEOLL-anodes.

Rate-capability/microstructure relationship.—It is well known
that small-size particles can reduce mechanical stress associated with
volume changes during lithiation/de-lithiation, but they are likely to
aggregate in larger particles and then fracture,37 generating new
interfaces for the SEI formation.37,107 Based on literature
reports,37,107 a thick SEI layer is expected to “bury” the active
particles and inhibit their participation in electrochemical reactions,
causing capacity to fade. This would account for the observed
fluctuations in capacity (Fig. 1h). Excessive SEI formation would be
the key to also understand the different RC of the investigated NFs
(Fig. 1g). At lower rates, higher lithiation capacities are obtained for

thinner (HEOLL and mcHEOLL) fibers. With increasing rate, the
capacity of NFs reduces to different extent. At 2 A g−1, the lithiation
capacity varies in the same order as dSHEO and dG, namely
mcHEO<mcHEOLL < HEO< HEOLL. Since capacity is recovered
by lowering rate, pulverization of the active material and consequent
loss of contact from the binder and the current collector, alone,
cannot explain the behavior observed in terms of RC. For the redox
reaction to take place, Li-ions and electrons have to go through SEI
layer and reach the composited Li2O/active material structure. As the
diffusion lengths of Li+ and e− (which are the sum of the diffusion
lengths relative to each layer) become larger, the portion of active
material participating electrochemical reaction becomes smaller.25,37

The thickening of SEI layer and the internal accumulation of Li2O,
which is Li-ion conductor, but an electronic insulator,37 ends up
blocking the electron diffusion and hindering the kinetics of the
battery. This would explain why at high rates, the variation of the
lithiation capacities follows the same trend as the average particle
size. Thus, it is expected that, as sketched in Fig. 5, a stable and
thinner152 SEI layer forms over larger oxide grains (Fig. 5a−e.1),
while smaller-sized particles (Fig. 5a.2), tend to aggregate
(Fig. 5c.2) and break37,107 (Fig. 5d.2) generating new interfaces
and growth of the SEI layer152 (Fig. 5e.2). In order to verify this
hypothesis and shed light on the influence of NF microstructure on
the SEI formation, ex situ HRTEM and STEM/EDX measurements
were carried out on the long-cycled electrodes. The results, shown in
Fig. 6 and S15, fully confirm our expectations. A very thick layer

Figure 6. (a)–(d) TEM and (e)–(h) HRTEM images of samples (a), (e) mcHEO, (b), (f) mcHEOLL, (c), (g) HEO, and (d), (h) HEOLL. (i), (k) BF-STEM, and (j),
(l) HAADF-STEM images of sample (i), (j) HEO and (k), (l) HEOLL, followed by STEM/EDX elemental maps.
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coats oxide grains in mcHEO electrode (Figs. 6a and S15a, S15b).
The layer, containing carbon (see STEM/EDX elemental maps in
Figs. 6h−6l and S15k), is constituted by Li2CO3 (one of the
components of SEI layer formed by the decomposition of the
electrolyte151), as suggested by ex situ XRD and MRS analyses
(Fig. S11) and confirmed by electron diffraction (ED) patterns (Figs.
S16d, S16f). The relative thickness of the SEI layer progressively
decreases with the increase dG. In the best performing HEOLL

sample, whose structural stability is proved by the identification of
rock-salt lattice in the ED pattern (Fig. S16b), the SEI layer forms a
relatively thin conformal coating on the oxide grains (Fig. 6d).

Ex-situ elemental mapping further reveals that in cycled HEO-
and HEOLL-electrodes, zinc is uniformly distributed in all grains, in
agreement with its stabilizing role for the structure; the remaining
TMs exhibit a non-homogeneous distribution, with coexistence of
Ni-rich domains (with some Co and Zn) and Ni-poor domains, in
agreement with reports by other authors.39

In order to further elucidate the high-rate behavior of the anodes,
the kinetics of the lithium insertion/extraction was investigated by
CV at different scan rates (from 0.1 to 1 mV s−1). As shown in Fig.
S16, the CV curves of all anodes except HEO show similar shapes
and the peak current (ip) increases with the potential scanning rate
(v). The relationship between peak current and scan rate, ip = avb,
allows establishing the mechanism that controls lithium storage
kinetics. When the power law exponent b= 0.5, the process is
completely controlled by diffusion, while when b= 1, the charge
storage is pseudocapacitive; for intermediate b values both mechan-
isms contribute.55,58,75,78,80,82 The value of b, calculated as the slope
of the log(ip) vs log(v) plot (Fig. S17a), ranges between 0.59 and
0.80. This indicates that the kinetics of Li-storage in
(MnFeCoNiZn)-HEO anodes involves both ion-diffusion and fast
surface/subsurface charge transfer reaction.153 The increase of b in
the order mcHEO (0.59)<mcHEOLL (0.64)< HEOLL (0.80),
which is not in contrast with the guessed SEI thinning,153 suggests
improved surface/subsurface charge transfer and, hence, accounts
for the observed enhancement in rate performance (Fig. S17b).55,58

Conclusions

Electrospun high-entropy (Mn,Fe,Co,Ni,Zn) oxide nanofibers to
be used as anode active materials in LIBs are produced by adding
different metal loads in the precursor solution (19.23 or 38.46 wt%)
and varying the calcination conditions (700 °C for 0.5 h, or 700 °C
for 2 h and 900 °C for 2 h). In-depth analysis using a combination of
analytical techniques reveals that fibers with different morphology,
microstructure, crystalline phase, surface composition and electro-
chemical properties are obtained.

The mechanism of Li+ storage, as elucidated by ex situ
synchrotron XAS, involves conversion reactions and initial inter-
calation, accompanied by the transition from spinel to rock-salt, as
typical of TM oxides with a spinel structure. The electrochemical
performance of the nanofibers strongly depends on their micro-
structure. The best performance pertains to the fibers (HEOLL)
composed by larger and better-crystallized grains, with more
oxidized species and fewer defects on their surface, which exhibit
superior rate-capability and long-term stability, delivering
210 mAh g−1 at a rate of 2 A g−1, and capacities as high as
453 mAh g−1 after 550 cycles at 0.5 A g−1.

Regardless of the preparation conditions of the fibers, the amount
of metallic species formed upon lithiation increases in the order
cobalt< iron< nickel. The reverse conversion reaction during
charging is reversible to a greater extent for fibers calcined at higher
temperature, so they undergo slower capacity fading upon long-term
cycling. The superior rate-capability of these fibers has a kinetic
origin. Ex-situ TEM images reveal that the tendency to aggregation
of smaller-size particles favors the thickening of SEI layer. This
increases the length Li-ions and electrons have to diffuse through
and hinders the kinetics of the battery, as evidenced by CV
measurements at different scan rates.

This study sheds light on the causes of capacity fading upon
long-term cycling and demonstrates the huge importance of en-
gineering the microstructure of high-entropy oxides to be used as
active anode material in LIBs. The reported results constitute a solid
basis for the enhancement of their electrochemical performance via
the rational optimization of their preparation conditions.
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