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ARTICLE INFO ABSTRACT

Keywords: Solid-state electrolytes (SSEs) could represent the key to solve safety issues of lithium-ion batteries (LIBs). Among

High"’:ntmpy oxides them, those obtained by homogenously dispersing inorganic nanofillers into a polymer matrix combine advan-

Eamﬁber.sl tages of all SSE typologies. In this work, high-entropy (Cr,Mn,Fe,Co,Ni) oxide (HEO) with different morphology
anoparticles

(nanoparticles or nanofibers) are evaluated as passive fillers for the preparation of composite polyethylene oxide
(PEO)-based SSEs. By varying their preparation conditions (calcination at 400 or 800 °C for 0.5 or 2 h, followed
by rapid cooling) different size and crystallization degree of the oxide grains are obtained. The results of the
electrochemical testing of the PEO/HEO composites evidence the crucial role of the filler microstructure and
morphology. The best results in terms of electrolyte resistance (22.5 Q), electrochemical stability window (4.7
V), Li* transference number (0.37) and ionic conductivity (3.0:10°* S em ™! at 65 °C) are obtained by using well
crystallized HEO nanofibers with highly defective surface. The suitability of the most promising composite for
practical applications is validated by successfully using it in full cell with commercial high-voltage cathode

Poly(ethylene oxide)
Solid composite electrolytes
Lithium-ion batteries

materials.

1. Introduction

Lithium-ion batteries (LIBs) are a key technology to support sus-
tainable mobility and the green transition aimed at helping achieve
carbon neutrality by 2050. However, they still suffer from safety issues
originating from the use of toxic and flammable liquid electrolytes,
featured by poor thermal stability, tendency toward Li dendrite growth
and narrow electrochemical voltage window. Solid-state electrolytes
(SSEs) could represent the solution to this problem as they promise
greater safety.

Among SSEs, solid polymer electrolytes (SPEs) are characterized by
high flexibility and compatibility with electrodes, but have poor me-
chanical resistance and low ionic conductivity [1], whereas inorganic
solid electrolytes (ISEs), such as oxides and sulfides, exhibit comple-
mentary specifics (high ionic conductivity and good mechanical prop-
erties, but poor compatibility with electrodes) [2]. Solid composite

* Corresponding authors.

electrolytes (SCEs), obtained by homogenously dispersing nano-sized
inorganic fillers into the polymer matrix, inherit the advantages from
both SPEs and ISEs [3,4].

Nanofillers, such as boron nitride [5], clay montmorillonite[6] and
ceramic oxides (e.g. Al,O3 [7], ZrO, [8], MgO[9], SiO2[10] or graphitic
C3Ny [11], simply play a passive role: their incorporation into the
polymer matrix inhibits its crystallization disrupting the orderly
arrangement of the polymer chains and facilitates their segmental mo-
tion [11], thus resulting in composites with improved mechanical
strength and ionic conductivity. Li-containing compounds, such as
LilOGePZSu [1 2], Li7L33ZI‘2012 [1 3], (LizMg2095i3)3 [1 4] and
Lig.33Lag.557TiO [15] act as active fillers: they provide additional effi-
cient pathways for Li* transport with significant enhancement in the
ionic conductivity [4,14,15].

Typically, poly(ethylene oxide) (PEO) is the polymer of choice for
the preparation of SCEs thanks to its solvation power and superior Li*
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transfer ability of polyethylene oxide chain [16-19]. Several nano-
structured materials featured by zero-, one-, two-and three-dimensional
architecture, such as BN nanospheres [20], TiO, nanotubes[21] and
microrods [22], BisTi3O12 nanofibers [23], ultrathin Co304 nanosheets
[24], BN nanoflakes [25] and nanostructured garnet frameworks [26],
have been evaluated as passive fillers to enhance its electrochemical
properties. Medium- and high-entropy oxides that take advantage from
the cooperative mixing of their multiple metallic components and the
synergistic interaction between them [27] have also attracted consid-
erable interest as nanofillers [3,18,28-30].

High ionic conductivity and Li* transference number, wide electro-
chemical window, low electrode/electrolyte interface impedance, high
mechanical and thermal stability and low costs are the main re-
quirements that SCEs must meet for their integration in commercial LIBs
[1]. The commonly adopted strategy to achieve this goal is to engineer
the surface of the inert nanofiller through the activation with hydroxyl
groups (OH™) or the generation of oxygen vacancies (OVs) operated
either via an appropriate choice of synthesis conditions [3,28,29] or via
post-synthesis treatments [22,24]. According to the widely accepted
mechanism [31-34], the strong Lewis acid-base interaction between the
surface chemical groups of the inert fillers and the anions from Li salt
promotes the salt dissociation, thus contributing to improve Li-ion
transport, with ion conductivity and mobility enhancement [35]. The
electrochemical stability of SCEs also benefits from Lewis acid-base
interaction [31,33,34].

Just to mention a few of cases, Ding et al. [24] have reported that, as
a result of the strong adsorption of NO3 from LiNOg electrolyte salt at
the defective sites of O-deficient ultrathin Co304 nanosheets, more Li™
ions are made available for diffusion and PEO/Co304.y film reaches a
ionic conductivity of 4.9-10° S cm ™!, a Li* transference number of 0.51
and an electrochemical window over 4.6 V at 80 °C. PEO-based SCEs
endowed with higher conductivity (4.28:10™* S cm™!) are obtained by
the use of O-deficient MoOs x nanobelts as passive nanofillers [35].
Similarly, OVs on the surface of TiO; microrods [22] and of BigTi3O15
nanofibers, acting as anionic receptors help dissociate lithium bis(tri-
fluoromethansulfonyl) imide (LiTFSI) and promote the rapid transfer of
free Li" ions, enhancing the electrochemical performance of PEQ/LiTFSI
electrolytes in which they are incorporated, with polymer/filler inter-
action further benefiting from the high aspect ratio of the
one-dimensional filler architecture.

This paper deals with the synthesis of high-entropy (Cr, Mn, Fe, Co,
Ni) oxides (HEOs) to be used as passive fillers in the preparation of PEO/
LiTFSI-based SCEs. To the best of the authors’ knowledge, this has never
been done before. In order to investigate the influence of nanofiller
morphology on the electrochemical properties of the resulting PEO/
HEO/ LiTFSI SCE, HEOs in the form of nanoparticles (NPs) or nanofibers
(NFs) are prepared through sol-gel method (SG) or electrospinning
technique (ES), respectively. Calcination is carried out under different
conditions (400 °C/ 2 h, 800 °C/ 2 h, or 800 °C/ 0.5 h) to investigate the
influence of the oxide grain size and crystallization degree. Based on the
commonly agreed concept that enriching the filler surface with OVs or,
more generally, with reactive defects (RDs) [20,36] substantially im-
proves the Li* diffusion kinetics, in both synthesis routes, calcination is
followed by rapid cooling down to room temperature (RT) to generate
RDs on the HEO surface [37-39]. The as-prepared HEO NPs and NFs are
incorporated into a PEO matrix and the resulting novel SCEs are fully
characterized and tested as electrolyte to evaluate their potential utili-
zation with high-voltage cathodes in LIBs.

2. Experimental section
2.1. Synthesis and physicochemical characterization of the HEO fillers
Fillers in the form of nanoparticles (NPs) or nanofibers (NFs) were

prepared by sol-gel (SG) method and electrospinning (ES) technique,
respectively. A detailed description of the procedures followed for their
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preparation can be found elsewhere [40]. Briefly, in the case of SG,
stoichiometric amounts of Cr, Mn, Fe, Co and Ni salts (Table S1) were
dissolved in the solvent, one at a time (Fig. S1a). The gel formed after the
addition of the complexing agent under stirring was dried overnight and
then calcined in static air (Fig. S1b.1). In the case of ES, the spinnable
solution obtained by dissolving metal salts in the polymer/solvent so-
lution, one at a time (Fig. S1a), was loaded in the syringe equipped with
a stainless steel needle. ES (Fig. S1b2.1) was operated via a CH-01
Electro-spinner 2.0 (Linari Engineering s.r.1.). Then, the as-spun mem-
brane was lifted off from the collector, dried overnight and calcined in
static air (Figure S1b2.2). In both synthesis procedures, temperature was
increased at a rate of 10 °C min ! and calcination was followed by rapid
cooling down to room temperature (RT) out of the furnace to generate
defects on the oxide surface [37-39] and enhance porosity and oxygen
deficiency [38]. Since HEOs are usually only thermodynamically stable
at elevated temperatures, rapid cooling also ensured that the metastable
phase of the material was kinetically trapped [41]. Sample codes and
calcination conditions are reported in Table 1. For further details, see
Supporting Information (SI).

The physicochemical properties of the fillers were investigated by
transmission electron microscopy (TEM), X-ray diffraction (XRD) and
micro-Raman spectroscopy (MRS) analyses. A FEI Talos F200S scan-
ning/transmission electron microscope (200 kV) equipped with an EDX
spectrometer for elemental mapping was utilized to study morphology
and elemental composition. The oxide phase was identified by XRD
analysis. A Bruker D2 diffractometer with Ni f-filtered Cu-Ka radiation
(A = 0.1541 nm) was used and diffractograms were analyzed by the
Rietveld method using Maud 2.992 software. To assess spatial homo-
geneity of the fillers, Raman scattering was measured from various
random positions on each specimen, using a NTEGRA—Spectra SPM NT-
MDT confocal microscope coupled to a solid-state laser operating at 2.33
eV (532 nm). The scattered light was collected by a 100X Mitutoyo
objective (NA = 0.75), dispersed by an 1800 lines mm ! grating and
detected by a cooled ANDOR iDus CCD Camera. Spectra from different
positions were averaged to infer reliable information on the entire
sample and fitted to Gaussian bands.

2.2. Preparation of SCEs and electrochemical testing

2.2.1. Materials

Lithium bis(trifluoromethansulfonyl) imide (LiTFSI), poly(ethylene
oxide) (PEO, nominal average My ~4000,000), conductive carbon
(Super C65), N-methyl pyrrolidone (NMP), nickel manganese cobalt
oxide (NMC 311) and lithium iron phosphate (LFP) were purchased from
Sigma-Aldrich. Solvay supplied Solef polyvinylidene fluoride (PVDF)

2.2.2. Preparation of PEO/HEO/LIiTFSI SCEs

PEO/HEO/LiTFSI SCEs were prepared without solvent addition. PEO
and LiTFSI were first dried under vacuum overnight in a Buchi oven to
remove traces of adsorbed water and then mixed with 10 wt% of HEO
filler. Based on previous studies, the selected filler concentration value
allows for an optimal balance between improving mechanical properties
and maintaining excellent electrochemical performance [21,42-45].

Subsequently, the obtained material was placed between two Teflon
sheets and hot-pressed at 70 °C for 2 min to obtain a membrane with a

Table 1
Preparation conditions and filler codes.

Codes Calcination temperature Calcination duration
°C h

Preparation method / /

Sol-gel Electrospinning

SG400/2 ES400/2 400 2.0

SG800/2 ES800/2 800 2.0

SG800/ ES800/0.5 800 0.5

0.5
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thickness of approximately 150 um. The resulting blackish membrane
was cut into 16 mm disks, dried in a Buchi oven at 50 °C for 15 h and
transferred into an argon-filled glove box. The same procedure was used
to produce six SCEs, each containing one of the different HEO fillers. The
membranes presented good elasticity and tensile strength (Figure S2), in
agreement with literature reports [46].

2.2.3. Preparation of LFP and NMC 311 cathode

The electrochemical performance of PEO/HEO/LiTFSI SCEs was
evaluated both with commercial LFP, which is classically used to eval-
uate the compatibility between SCEs and cathodic materials, and with
commercial NMC 311, in order to test the resistance of the electrolyte
when cycled at higher potentials. To prepare the cathode, the active
material (80 wt%) was mixed in a mortar with conductive carbon Super
C65 (10 wt%) and PVDF binder (10 wt%). NMP was added and the
resulting black slurry was stirred gently for 6 h The viscous solution was
casted onto an aluminum current collector using a doctor blade (wet
thickness 150 pm). Once dried, the laminate was cut into 9 mm disc
electrodes (0.636 cm? surface, with a mass loading of approximately 3.5
mg cm ™ 2), pressed at 5 ton for 30 s and further dried in a Buchi oven at
120 °C for 4 h Finally, the electrodes were placed in an Ar-filled glove
box.

2.2.4. Characterization PEO/HEO/LIiTFSI SCEs

A Zeiss Sigma 300 FE - SEM was used to investigate the SCE
morphology and the distribution of LiTFSI and HEO fillers within it.
Thermal gravimetric analysis (TGA) was conducted in the 30-500 °C
temperature range under N atmosphere, with a heating rate of 10 °C
min "}, utilizing a PerkinElmer STA6000 TGA-DTA instrument.

The electrochemical tests were performed using 9 mm disc electrodes
and 16 mm disc electrolyte membranes in CR2032 coin-type cells
assembled in an argon-filled glovebox (Jacomex GP Campus with O, and
H20 levels < 0.8 ppm). In order to investigate the conductivity of the
SCEs, potentiostatic electrochemical impedance spectroscopy (PEIS)
was performed at 65 °C in a symmetrical Li/SCE/Li cell configuration
(frequency range from 101 kHz to 5 mHz).

Ionic conductivity (c) was determined by means of impedance
spectroscopy in the frequency range from 101 kHz to 5 mHz, with
impedance spectra recorded at 5 °C intervals 25-65 °C temperature
range. The SCE was placed in a custom-made Teflon O-ring to ensure a
uniform thickness of electrolyte and to avoid changes at different tem-
peratures. Conductivity tests were performed in a symmetrical stainless
steel (SS)/SCE/SS cell configuration.

For the characterization of transport properties, and determination
of Li* transference number, Bruce-Vincent-Evans method was used in a
lithium symmetric cell configuration (Li/SCE/Li). An impedance spec-
trum (frequency range from 101 kHz to 5 mHz) was recorded before and
after a chronoamperometry (CA) measurements applying a voltage of 90
mV for 60 min.

The anodic stability window of the electrolytes was determined by
means of linear sweep voltammetry (LSV) and CA. For this purpose,
Super C65 was mixed with PVDF in a mass ratio of 8:2 to form a mixture
that was then poured onto an aluminum foil. Once dried, the laminate
was cut into 9 mm disc electrodes and used as working electrode (WE) in
a Li/SCE/WE cell configuration for the determination of the electro-
chemical stability window. Linear sweep voltammetry and chro-
noamperometry measurements were performed within the OCV-5V
potential window. LSV was conducted at a scan rate of 0.1 mV s}, while
for the CA measurements, the potential was held at each step for 1 hour.
All the measurements were carried out at 65 °C.

Galvanostatic cycling with potential limitation (GCPL) was con-
ducted to assess the cycling behavior of the most promising solid-state
composite electrolyte (SCE). The Li/SCE/LFP cell was initially tested
at 1C within the 2.5-4.3 V range for 120 cycles, followed by an evalu-
ation of rate capability in the same voltage window using current den-
sities corresponding to C/10, C/5, C/2, 1C, and C/10 scan rates.
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Additionally, the Li/SCE/NMC cell was tested at a 1C rate within the
2-4.5 V window.

3. Results and discussion
3.1. Physicochemical properties of fillers

As shown in previous studies, [40,47] SG method leads to the for-
mation of agglomerates of NPs with broadly distributed size (Fig. 1a-c,
g-i). The NP size strongly depends on calcination conditions and in-
creases in the order SG400/2 << SG800/0.5 < SG800/2, as expected.

Straight NFs are obtained by ES (Figure S3). Those calcined at 400 °C
are 3-5 pm long and look smooth (Fig. S3a), while NFs calcined at 800
°C exhibit broadly distributed lengths and granular architecture
(Figure S3b,c). Higher magnification images (Fig. 1d-f) reveal that all
fibers consist of space-confined interconnected oxide grains, which form
during the thermal treatment, upon the opposite solicitations experi-
enced from the precursor NF components (expansion of the polymer and
contraction of the embedded metal-acetate network), due to degrada-
tion of their organic components [48-50]. This results in the formation
of copious lattice defects and unsaturated metal sites on the metal oxides
[40]. The defects are mainly located at the nanograins connection
interface [36,45]. Being richer in grain boundaries, the nanograins
forming electrospun NFs are richer in (therein located) defects
compared to NPs produced by SG. Similar results were previously found
for HEOs based on a different metal combination and having a different
lattice structure [51], which suggests that this is a general behavior.

The size of the polyhedral grains forming the fibers varies in the same
order as that of NPs (ES400/2 << ES800/0.5 < ES800/2), but is slightly
smaller than that of NPs produced by SG method under the same
calcination conditions, in line with previous studies [40,50]. ES400/2
NFs are made up of tiny grains (Fig. 1j), which give them the smooth
appearance (Figure S3a) [52,53], while ES800/0.5 and ES800/2 NFs are
composed of larger particles (Fig. 1k,1). Sintering effects occurring at
higher calcination temperature are responsible for both the increase in
oxide grain size and formation of an inner cavity resulting in hollow NFs
[54].

Elemental mapping via STEM/EDX (Fig. 1m,n) proves the spatially
uniform distribution of Cr, Mn, Fe, Co, Ni and O throughout all samples.

Fig. 2 displays the results of XRD and MRS analyses. Very broad
diffraction features are detected in the patterns of fillers calcined at 400
°C (Fig. 2a,b), which reflects the smaller size of the oxide grains.
Apparently, regardless of the preparation method and conditions, only
reflections from the crystalline planes of the spinel structure (JCPDS no
22-1084) seem to be present in the diffractograms of all fillers [40,50,
55-60]. Nonetheless, Rietveld refinements from XRD data (Figure S4)
reveal that, regardless of the synthesis route, at 400 °C, part of Cr, Mn,
Fe, Co and Ni segregates into a secondary phase with rock-salt (RS)
structure (Fm-3m space group); the relative amount of this phase
(Table S2) is larger in sample SG400/2 (22.6 % against 8.4 % in
ES400/2). Conversely, pure single-phase spinel oxide (Fd-3m space
group) is obtained at 800 °C. At this temperature, larger HEO crystallites
form (Table S2), as expected [61,62]. In all samples, the crystallite size
(dyko) is comparable to the size of the oxide grains (Fig. 1e,f), indicating
that NPs and grains that form the NFs are mainly single crystals.

MRS provides complementary information. Thanks to the size of the
region probed (< 0.6 pm?), it allows evaluating the spatial homogeneity
of the fillers in terms of phase(s) formed. Fig. S5 displays the spectra
measured from several random locations on each filler. Except for
samples SG400/2 (Fig. S5a) and ES800/0.5 (Fig. S5e), comparing the
spectral profiles recorded at different locations, no significant differ-
ences are noted, which indicates the spatial uniformity of the phase(s)
formed. The differences observed at some locations in SG400/2 might be
due to the presence of RS-structured nanodomains organized in larger
clusters (Table S2), while broader features and higher photo-
luminescence background in some locations of ES800/0.5 would
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100 nm

20 nm

Fig. 1. (a-f) TEM and (g-h) TEM images of fillers (a,g) SG400/2, (b,h) SG800/0.5, (c,i) SG800/2, (d,j) ES400/2 (e,k) ES800/0.5 and (f,1) ES800/2. (m) BF-STEM and
(n) HAADF-STEM image of filler ES800/2 followed by the corresponding elemental maps.
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Fig. 2. (a,b) XRD patterns and (c,d) averaged micro-Raman spectra of the fillers produced by (a,c) SG method and by (b,d) ES technique.

indicate that more-defective regions are present in its spinel lattice.
Rapid cooling after calcination at higher temperature (800 °C) results in
greater thermal shock and is more effective in generating defects on less
crystallized samples (calcined only for 0.5 h) [37-39]. Thus, regardless
of the preparation method, the density of defects is expected to increase
in the order 400 °C/2 h << 800 °C/2 h < 800 °C/0.5 h.

Information about the degree of crystallinity and inversion of the
spinel (component of the) oxide can be inferred from the average spectra
shown in Fig. 2¢,d. An in-depth discussion on Raman scattering from
spinel-structured HEOs can be found in ref. [40]. Briefly, five
Raman-active normal vibration modes (A1 + Eg + 3Fag) are predicted
for the spinel lattice [63-65] with strongly varying frequency positions
and relative intensities [57,66-71].

Features in the spectra of fillers produced by SG, and particularly of
those calcined at 800 °C, are better resolved, as expected due to the
larger grain/crystallite size. The spectra of SG800/0.5 and SG800/2
(Fig. 2¢) are very similar to those (Cr, Mn, Fe, Co, Ni) HEO NPs prepared
through the solid-state reaction [69] and the reverse co-precipitation
approach [68]. Only the Raman fingerprint of the spinel oxide is
clearly visible in all spectra. Nevertheless, the spectra fitting to Gaussian
bands (Figure S6a-f) reveals that, beside to the normal phonon modes of
the spinel lattice, inversion-induced modes also contribute to the Raman
intensity in all samples [50,64,66,68,69]. In addition, the most intense
phonon mode of the RS phase (at 550 cm 1) is identified in SG400/2 and
ES400/2 (Figure S6a and d, respectively). The relative intensity of this

band in the two fillers (Fig. S6g) agrees with the relative amounts of the
RS phase resulting from Rietveld refinements (Table S2). The A1’ /A1g
band intensity ratio qualitatively monitors the inversion degree of the
spinel lattice. [50] Regardless of the preparation method, higher values
are obtained for fillers calcined at higher temperature/for longer time
(Fig. S6g), as expected based on the evolution of the metal cation dis-
tribution promoted by the variation of the calcination conditions pre-
viously proposed (Fig. S7) [50,66].

3.2. Membrane characterization

The synthesized SCEs appear like a black, self-standing film with a
thickness of approximately 150 um (Fig. 3a). Fig. 3b shows the
morphology of the best performing SCE (with ES800/0.5 filler), as
resulting from SEM analysis. The membrane surface appears smooth and
continuous, without cracks or irregularities. In order to ascertain the
homogeneous dispersion of the filler throughout the membrane, which
represents a basic requirement for mechanical properties enhancement
[46], the electrolyte was further analyzed by SEM/energy-dispersive
X-ray spectroscopy (EDX). A fairly homogeneous dispersion of the
components of PEO and LiTFSI, namely sulfur (Fig. 3c), oxygen
(Fig. 3d), carbon (Fig. 3e) and fluorine (Fig. 3f) is observed (Table S4).
The transition metals present in the HEO lattice, namely cobalt (Fig. 3g),
nickel (Fig. 3h), chromium (Fig. 3i), manganese (Fig. 3j) and iron
(Fig. 3k), are well dispersed too. Except for a slight Cr excess, likely due
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Fig. 3. (a) Photograph and (b) SEM image of the most promising SCE. (c-k) Elemental maps of its components: (¢) S, (d) O, (e) C, () F, (g) Co, (h) Ni, (i) Cr, (j) Mn,

and (k) Fe.

to the metallization of the sample which was performed to increase its
electronic conductivity of the electrolyte, the metals are in the stoi-
chiometric atomic ratios.

The thermal stability of the SCEs in the 30-500 °C temperature range
was investigated by TGA under nitrogen gas flow. Fig. 4a displays the
thermograms of the SCEs incorporating HEO NFs. The lack of significant
differences between them indicates that the calcination conditions do
not substantially affect the thermal stability of the membrane. The de-
rivative curves (Fig. 4b) allow identifying three main weight losses: the
first one (about 2-3 wt%), starting around 60 °C and continuing until
100 °C, is attributed to adsorbed water. The presence of water on the
surface of the SCE:s is likely the effect of the exposure to air during its
preparation: lithium salt and polymer, both hygroscopic in nature,

100 +
( a ) —
80
=
=
D 604
[}
=z
g
© 40
w
@
2 _
20 [——ESsa002
—— ES800/0.5
—— ESB00/2
0 T . T ¥ T d T L
100 200 300 400 500

Temperature / °C

absorb atmospheric moisture. A second weight loss, taking place at
around 350 °C, is attributable to the fragmentation of the polymer
chains, leading to the formation of lower molecular weight species [72,
73]. A further weight loss is observed in the temperature range
(425-445 °C) where the membrane’s carbonization may occur [74].

3.3. Electrochemical properties of PEO/HEO/LIiTFSI SCEs

3.3.1. Transport and interfacial properties

The intrinsic resistance of PEO/HEO/LiTFSI SCEs, together with that
associated with contact, Li metal interface, double-layer capacitances
and Warburg-type bulk solid-state diffusion, was evaluated by means of
PEIS (Fig. 5a,b) in a symmetric Li/SCE/Li cells configuration at 65 °C.
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Fig. 4. (a) TGA measurements recorded under nitrogen flow in the 30-500 °C temperature range and (b) relative DTA curves.
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The curves were modelled using the equivalent circuit method via NLLS
(non-linear least squares) fitting protocol with RelaxIS 3 software. In
order to take all contributions into account, the equivalent circuit cho-
sen was Re(RiCi)W (Boukamp’s notation), replacing the capacitive

elements (C) with a constant-phase element (Q) during fitting to take
account of surface imperfections or roughness [75,76]. The resistance
values resulting from the fitting process are reported in Table S3.
Regardless of the calcination conditions, the use of NFs as fillers leads to
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a lower intrinsic resistance of the electrolyte (Rg: 22.5-25.6 Q)
compared to NPs (52.9-115 Q), as better illustrated in the inset of
Fig. 5a,b. This clearly points to the crucial role of the filler morphology:
NFs facilitate the migration of Li* ions through the solid electrolyte by
the formation of preferential pathways within which lithium could
migrate more efficiently, in line with literature reports [21]. Resulting in
better diffusion of Li ions, the formation of tubular or fibrous structures
lowers electrolyte resistance to a greater extent than nanoparticles [4,
51,77-79].

Both SG400/2 and ES400/2 fillers exhibited very large values of
interphase resistance (R;: 998 and 2740 Q, respectively) compared to the
fillers calcined at higher temperature. Since at 800 °C the resistance
decreases by shortening calcination duration, this behavior is probably
due to the enhanced density of surfaces defects [61].

3.3.2. Stripping and plating tests

Fig. 5¢,d displays the overpotential values obtained by 25 cycles of
stripping/ plating tests in Li/SCE/Li symmetric coin cell. When cycled at
0.05 mA cm 2, the membrane containing the 10 % of ES800/0.5 shows
the lowest and the most stable overpotential, in agreement with the
small R and R; values obtained by PEIS measurements. Conversely, the
worst performance pertains to the SCE endowed with the highest Ry
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value (ES400/2): the latter SCE displays inadequate cycling perfor-
mance, with dendrite formation as early as the second cycle, leading to
the cell short-circuit within a short time. By comparing SCEs containing
ES800/0.5 and ES800/2 fillers (Fig. 5e), it comes into view that the
overpotential of the former is lower and remains fairly constant over
time, while that of the latter increases significantly during the 500
stripping/plating cycles. This behavior hints at the beneficial effect of
shortening calcination duration to increase surface defects. As previ-
ously reported in literature, the surface defects, produced by the thermal
shock experienced by the filler upon post-calcination cooling, may
enhance Li" transport and suppress Li dendrite formation, contributing
to stable cycling performance [80].

3.3.3. Electrochemical stability window

The anodic stability window of the electrolytes was investigated in a
Li/SCE/WE cell configuration by means of LSV. Fig. 6a compares the
current response to the rising potential of the investigated SCEs. In the
first region of the curve, the current recorded, close to zero, slightly
increases linearly with potential due to the movement of the TFSI™ anion
[81]. Above 4 V, the SCE containing 10 % of ES400/2 filler exhibited a
marked increase in current, likely due to oxidative reactions leading to
electrolyte degradation. This finding, together with the results of the
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Fig. 6. (a) Linear sweep voltammetry in anodic region performed at 65 °C in Li/SCE/WE cell configuration. (b) chronoamperometry test on Li/ES800 0.5/WE (c)
Tonic conductivity plot of the synthesized SCE (d) Nyquist plots used for determining Li™ transference number at 65 °C of the SCE containing 10 % of ES800 0.5. The

inset displays the corresponding chronoamperometry curve.
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stripping/plating tests and impedance measurements, further confirms
its poor electrochemical performance. The SCE with SG400/2 filler
shows a larger stability window, with a significant increase in current
only around 4.5 V, a value in line with those reported for PEO /LiTF-
SI-based polymer electrolytes [21,81,82].

The beneficial effect of the filler addition is evident only for the SCEs
containing the fillers calcined at 800 °C, demonstrating a wider stability
window up to 4.7 V. According to Chen et al. [3], this improvement
results from the stabilizing effect of entropy in the HEO fillers, which
prevents the electrolyte from reacting with lithium. The oxidation limit
of the most promising SCE was further investigated by carrying out CA
measurement within the 4-5 V potential range in a WE/SCE/SS cell
configuration (Fig. 6b). In SCE containing ES800/0.5 filler, the
threshold for a significant increase in current is 4.7 V. Nonetheless,
when the potential is held constant for 1 h, a sharp degradation peak is
observed indicating that prolonged system stress leads to degradation of
the electrolyte due to polymer oxidation.

3.3.4. Ionic conductivity

In the solid-state electrolyte, both anion and cation of the lithium salt
dissolved in a polymer matrix can move freely [83]. Li" can interact
with PEO in the polymer matrix; the formed adducts are essential for the
cell conductivity, as they facilitate the passage of lithium through a
coupling/decoupling mechanism of the Li-O bond. In particular, the
dissociation energy of Li-O bonds and the mobility of the polymer
chains, which can be improved by increasing temperature, are critically
important for the mechanism of Li* transport within the polymer matrix
[84,85]. Moreover, the density of active groups and the molecular
structure of the polymer influence the amount of solvated Li*. Gener-
ally, polymers with less dense active groups have fewer Li"™ solvation
sites. A good strategy to increase active groups and enhance the free Li*
content is to incorporate fillers that facilitate the dissociation of LiTFSI,
especially those with Lewis acid metal centers [33,34,80] that facilitate
the dissociation of LiTFSI and the effective immobilization of TFSI™
anions by RDs on their surface.

The ionic conductivity (c) of the synthesized SCEs was evaluated by
impedance spectroscopy in a SS/SCE/SS cell configuration. Conductiv-
ity was determined by fitting the EIS spectra at various temperatures
using the R, (R1Q1) equivalent circuit, which accounts for the semicircle
associated with grain boundary resistance. This resistance is particularly
evident at low temperatures and becomes negligible after the melting
point, as illustrated in Figure S8, where the Nyquist plots of the ES800/
0.5 SCE are presented. The Arrhenius plot (log 6 vs 1000 ™ displayed
in Fig. 6¢ can be divided into two sections separated by a change in slope
between 55 °C and 60 °C: at low temperatures, the electrolyte follows a
classic Arrhenius behavior; as the polymer melting temperature is
reached (55-60 °C), its behavior is better described by the Vogel-
Tamman-Fulcher (VTF) function [86,87]. Above the melting tempera-
ture, the liquid-like behavior of the polymer matrix results in a greater
degree of freedom for the movement of PEO chains. This reduction in
crystallinity and rigidity facilitates the migration of lithium ions [18]
and is reflected in more uniform conductivity of SCEs.

Interestingly, both SCEs incorporating electrospun filler calcined at
800 °C exhibit enhanced ionic conductivity especially at lower tem-
peratures, probably due to the high density of defects generated on their
surface by thermal shock via rapid cooling and the tubular shape, which
provides a preferential path for Li* hopping at the electrolyte/filler
interface in the SCE [88]. The activation energy required for each SCE
has been calculated by the fitting of the Arrhenius plot, as shown in
Table S3. The values obtained are generally lower in the case of NFs, in
line with previous reports indicating the significant impact of the filler
morphology on performance [89-91].

The conductivity trend seems to be also consistent with the Lit
transference number values (z*, Table S3), as calculated using the
Bruce-Vincent-Evans method at 65 °C [92]:
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where iy and i are the initial and steady-state currents, Ry and R are
the initial and steady-state resistances of the passivating layer, and AV is
the potential applied across the cell.

CA measurements were performed by applying a voltage of 30 mV
for 1 h, while PEIS spectra were recorded at the initial and steady-state
cell polarization (Fig. 6d). In particular, for electrospun fillers, an in-
crease in 7" (from 0.29 to 0.34) is observed when the treatment tem-
perature is raised from 400 to 800 °C while keeping duration constant.
Shortening calcination duration from 2 to 0.5 h, while keeping tem-
perature constant, further improves 7" to 0.37. An analogous trend is
seen in the sol-gel fillers, where 7" rises from 0.28 for SG400/2 to 0.33
for SG800/2 and reaches 0.35 for SG800/0.5. These values, in good
agreement with previously reported literature findings, prove that the
addition of HEOs as fillers generally raises the transference number
compared to that of the pure electrolyte which never exceeds 0.28 [21,
93,94]. Moreover, this effect seems to be related to the defectiveness
generated on the filler surface by the rapid post-calcination cooling
process: the greater the density of RDs, the greater the enhancement of
7t. However, owing to their high aspect ratio, NFs form longer Li*
conductive pathways at the interface with the polymer matrix. It can be
envisaged that in SCE containing ES400/2 NFs with lower RD density,
TFSI™ anions immobilized on the filler surface are not enough to change
appreciably the ionic conductivity; thus, mainly random Li" hopping
occurs, without any significant contribution from the filler other than
fragmentation of the polymer chain (Fig. 7a). On the contrary, in SCEs
containing ES800/2 and ES800/0.5 NFs with highly defective surface, Li
salt dissociation with TFSI™ anion immobilization at surface RDs results
in additional (free Li ions and) effective channels for Li* hopping
(Fig. 7b).

Finally, the electrochemical behavior of the best performing (PEO/
ES800/0.5/LiTFSI) SCE was compared with that of the pristine elec-
trolyte (PEO/LiTFSI). The comparison between the key characteristics of
the two electrolytes (Fig. S9) demonstrates that the incorporation of
HEO within PEO/LIiTFSI electrolyte has a beneficial impact on the
interfacial membrane/lithium metal properties, as it results in reduced
Rg and Rg resistances (Fig. S9a). This improvement is further evidenced
by a decrease in overpotential, contributing to greater stability during
repeated stripping and plating cycles (Fig. S9b). Moreover, the filler
inclusion in the PEO matrix significantly extends the anodic stability
window of the electrolyte, as shown in Figure S9c. The PEO/LiTFSI
membrane begins to degrade at 4.4 V, while the PEO/ES800/0.5/LiTFSI
membrane maintains negligible current at the same voltage, indicating
superior stability. This improvement highlights the effectiveness of the
SCE design in improving both the electrochemical and interfacial
properties of the electrolyte. Finally, the pristine electrolyte exhibits a
significantly lower lithium-ion transference number compared to the
SCE (Figure S9d). This finding further confirms the critical role of
reactive defects on the filler surface; by promoting a more efficient
lithium salt dissociation and immobilizing the TFSI™ anion, thereby
facilitating lithium mobility within the polymeric matrix, they
contribute to enhance 7.

3.3.6. Lithium metal/SCE/LFP full cell

The performance of the most promising solid-state electrolyte (i.e.
the composite of PEO, LiTFSI and ES800/0.5 filler) was evaluated at 65
°Cin a full cell configuration using lithium metal as the anode and LFP as
the cathode material. The galvanostatic discharge/charge profiles
(Fig. 8a) and cycling trend (Fig. 8b) demonstrate a quite stable perfor-
mance at 1C (170 mA g~ 1) with a specific capacity of approximately 155
mAh g~!. Within the 2.5-4.3 V potential range, the Li/SCE/LFP cell
profile is characterized by a plateau at 3.45 V, due to the presence of the
Fe®t/Fe®" redox couple in LFP. The Coulombic efficiency (CE) of the cell
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Effective Li* hopping channel
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Fig. 7. Schematic illustration of the Li" hopping in SCE incorporating electrospun NFs with (a) low and (b) high density of surface RDs.
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performed at C/10, C/8, C/5, C/2 and 1C currents.

is quite high, with values still above 95 % even after 120 cycles and
negligible capacity loss. Although a few activation cycles are needed to
reach optimum performance (some irreversibility is revealed during first
cycle, resulting into higher discharge capacity, lower charge capacity
and reduced Coulombic efficiency), as cycling progresses the cell

10

performance increases, probably due to an improved contact between
the electrode and the electrolyte.

The tolerance of the cell at different current densities was evaluated
by means of rate capability tests (see galvanostatic cell profiles in
Fig. 8c¢). Fig. 8d shows the specific charge and discharge capacity at
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different current densities and the relative Coulombic efficiency). Dur-
ing the first cycle, the cell does not exhibit optimal electrochemical
characteristics probably due to incomplete activation of the material or
insufficient contact between electrode and electrolyte. However, after
the first cycle, both specific capacity and CE improved. The specific
capacity remains almost constant up to currents corresponding to C/2,
where a slight increase in polarization in the galvanostatic profile is
visible. Remarkably, the capacity of the cell was fully restored by setting
the current back to the initial value (C/10), which proves the good
stability of the SCE membrane even when subjected to stress, making it
suitable for practical applications.

Finally, to evaluate the performance of the SCE at higher potentials,
the LFP cathode was replaced with a nickel manganese cobalt oxide
cathode and the Li/SCE/NMC 311 was tested in the 3.0-4.55 V potential
working window. The membrane showed no failures, no dendrites or
dead lithium formation over 50 cycles, with a specific capacity of ~130
mAh g~ and a capacity retention of 88 % after 50 cycles (Figure S10a,
b).

4. Conclusions

Several (Cr,Mn,Fe,Co,Ni) HEOs were evaluated as passive fillers for
the preparation of PEO/HEO/LiTFSI SCEs for LIBs, with fixed PEO/Li
molar ratio (21:1) and HEO content (10 wt%). In order to investigate the
effects of the filler morphology (nanoparticles or nanofibers), size and
crystallization degree of the HEO grains, fillers were synthesised by
different methods (sol-gel and electrospinning, respectively) and both
temperature (400 or 800 °C) and duration (0.5 or 2 h) of the calcination
process were varied. Thermal shock caused by rapid post-calcination
cooling promoted the formation of defects on the HEO surface: the
higher the temperature, the shorter the duration, the higher the density
of reactive defects.

The lowest electrolyte resistance (22.5 Q), the largest electro-
chemical stability window (4.7 V), the highest Li" transference number
(0.37) and ionic conductivity (3.0-10°*S cm ™! at 65 °C) are obtained by
using HEO nanofibers calcined at 800 °C for 0.5h. The comparative
discussion of the results of the filler characterization and SCE electro-
chemical testing evidence that the morphology and surface defective-
ness of the filler mostly influence the SCE performance. Based on the
widely accepted Lewis acid-base interaction mechanism, reactive de-
fects at the filler surface promote Li salt dissociation and TFSI™ anion
immobilization, while tubular structures provide additional Li* hopping
pathways, thus both contributing in enhancing Li ion transport.

As proof of concept, the most promising SCE was evaluated in full
cell using lithium metal anode and commercial (LFP and NMC 311)
cathodes. The results demonstrated good cycling stability, remarkable
coulombic efficiency, and excellent tolerance to both high current
densities and wide potential windows, indicating its suitability for future
practical applications.
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