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Hybrid solid polymer electrolytes (HSPE) comprising poly(ethylene
oxide) (PEO), LiTFS], barium titanate (BaTiO;), and viologen are prepared by a facile
hot press. The physical properties of the HSPE membranes are studied by using small-
angle and wide-angle X-ray scattering, thermogravimetric analysis, differential scanning
calorimetry, and tensile strength. The prepared hybrid solid polymer electrolytes are also
investigated by means of ionic conductivity and transport number measurements. The :
employed analyses collectively reveal that each additive in the PEO host contributes to a T peo chai
specific property: LiTFSI is essential in providing ionic species, while BaTiO; and DO vetosn
viologen enhance the thermal stability, ionic conductivity, and transport number. The . .
enhanced value in the Li-transport number of HSPE are presumably attributed to the £ :::0
electrostatic attraction of TFSI anions and the positive charges of viologen. e
Synergistically, the added BaTiO; and viologen improve the electrochemical properties

of HSPE for the applications in all-solid-state-lithium polymer batteries.

Li metal battery, polymer electrolyte, poly(ethylene oxide), viologen, transport number

The commercialization of lithium-ion batteries (LIBs) has
attained the maximum success to power portable electronic
devices."” While LIBs seem to be adequately efficient for
mobile phones and laptop computers, they still lack in terms of
energy density, power, and safety for the applications in hybrid
and plug-in electric vehicles. The state-of-the-art LIB employs
organic (nonaqueous) liquid electrolytes which are reactive,
flammable, and could combust and eventually cause an
explosion of the device in case of overheating during the
operation, so that safety still remains as a major concern.”
Long cycling and durability could also be worsened by some
parasitic side reactions and leakage of the electrolyte, which are
other highly possible events when organic liquids are used.
Recently, lithium metal batteries (LMBs) have been at the
center of extensive research as next-generation energy storage
devices; however, the porous polymeric separators, which are
widely employed in LIBs, cannot prevent the growth of lithium
dendrites at the anode surface while cycling.”® Among all
strategies to eliminate flammability and lithium dendrites,
replacing the organic liquid electrolyte with solid electrolytes
(SEs) is considered one of the most promising also to contain
costs, adding flexibility and opening up to original designs for
extending the application range (wearables, health monitoring,
etc.).” SEs are generally classified as ceramic and polymeric
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electrolytes, which have been extensively studied for more than
three decades. Although fast Li*-ion ceramic conductors have a
transport number (#;,) close to unity and high thermal
stability, they are usually brittle and can hardly provide an
efficient ionic interface with the electrodes.” On the other
hand, polymer electrolytes with good mechanical stability can
effectively mitigate the negative effects of dendrites because the
physical penetration or rupture caused by mossy dendrites is
less probable. Additionally, the flexible nature of the Li*-ion
conductive solid polymers can offer a very §ood ionic interface
between the electrode and the electrolyte.”

Despite several advantages, the use of truly solid polymer
electrolytes comprising a polymeric host and lithium salt is still
hampered by intrinsically low ionic conductivity (107'—107° S
cm™' at ambient ternperature).10 Among various polymeric
hosts, starting from the seminal work of Fenton et al. that
practically marked the birth of the field of polymer electro-
lytes,"" poly-(ethylene oxide) (PEO) has been widely explored
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also to design hybrid electrolytes owing to its appealing
properties such as the ability to dissolve salts, affordable price,
mechanical strength, and anti-corrosive nature.’’ The con-
ductivity in PEO strongly depends on the segmental motion of
the polymer backbone and in turn on the fraction of the
amorphous phase. Increasing the amorphous fraction can help
in maximizing the mobile phase for ion conduction, but, in
doing so, the mechanical strength can be compromised.
Composite polymer electrolytes CPEs represent one of the
most widely used types of hybrid electrolytes in which a small
amount (few percentages) of fine ceramic particles is
homogenously dispersed in a polymer—salt complex. Gen-
erally, the incorporation of inert ceramic oxides as filler in a
polymeric host reduces its crystallinity, facilitates the ionic
conduction, and helps preserving the mechanical properties
and shear modulus, fundamental to mitigate lithium dendrite
formation. The most studied fillers have been nanometric
oxides such as Si0,,'>"* Zr0,,"* AL,0,,">'® and TiO,."” Also,
the ferroelectric BaTiO; was found to significantly enhance the
ionic conductivity'® depending on the grain size and crystal
structure.'” Indeed, the electrostatic and covalent incorpo-
ration of redox molecules have also been investigated to
improve the storage capacity and ion transport. Among these,
viologen has been identified as a unique molecule with redox
mediating properties.”” ** Very recently, the applications of
viologens in energy storage devices have been extensively
reviewed.”

In order to maximize the mobile phase for ionic conduction
improvement, the general view for PEO-based SPEs is to
suppress crystallinity by introducing substances that can have a
plasticizing effect. Pragmatic approaches to this aim have been
indeed the development of hybrid electrolytes also including
combinations of more than two lithium-ion conducting phases,
such as ionic liquids and deep eutectic solvents,” obtaining a
sort of hybrid quasi-solid electrolyte (QSE), or liquid
electrolytes to obtain gel electrolytes.”’ In the present study,
hybrid solid polymer electrolytes (HSPE) comprising various
concentrations of PEO, LiTFSI, BaTiO;, and viologen have
been prepared by a facile hot-press. LiTFSI (lithium
bis(trifluoromethanesulfonyl)imide) has a relevant role as salt
in the field of polymer-based electrolytes due to its low
dissociation energy and because of charge delocalization that
makes (TFSI”) a weakly coordinating anion, so that the Li*—
anion interactions are reduced. Moreover, LiTFSI possesses
good ionic conductivity, increased thermal and electrochemical
stabilities, lower sensitivity toward moisture than LiPF, and it
creates a stable passivation layer when in contact with metallic
lithium.”® The physical and electrochemical properties of the
polymeric separators are systematically analyzed and discussed
depending on the Li salt concentration. The cycling tests
carried out in an all-solid-state Li/HSPE/LiFePO, cell revealed
the good characteristics of the hybrid electrolyte encompassing
the propionic acid viologen, which would contribute to the
production of safer lithium-ion cells.

The viologen 1,1’-bis(2 carboxyethyl)-4,4’-bipyridine-1,1" dibromide
(Scheme 1) was synthesized as described in the Supporting
Information (see Figure SI la—c for NMR characterization).

The HSPEs comprising PEO (mol wt 3 X 10° g mol"), BaTiO,
(BTO, Alfa Aesar, 99.99% particle size approximately 6 nm), viologen,
and the lithium bis(trifluoromethanesulfonyl)-imide (LiTFSI, Aldrich,

Scheme 1. Structural Formula of the Viologen 1,1’-Bis(2-
carboxyethyl)-4,4’-bipyridine-1,1’-dibromide

4 \ -
) N H—( +N 0
Hoy_/_Br BMOH

USA 99.99%) salt were fabricated according to the here-reported
procedure. Appropriate ratios of PEO and LiTFSI (Table 1) were

Table 1. HSPE Composition: PEO, BTO, Viologen and
LiTFSI Wt%. Degree of Crystallinity (DoC), Lithium
Transport Number and Conductivity at 25 °C

DoC
%
sample PEO BTO Viologen LiTFSI  (%1) t+ o (S cm™)
S1 95 S 73 016 9.3 x107®
S2 90 5 5 71 017 2.8x107°
S3 90 S 5 64 019 22x107°
S4 85 S 5 S 63 023 1.3x10™*
S5 70 10 5 15 52 5.1 x107°

carefully dissolved in anhydrous acetonitrile and allowed to stir for 6
h. Then, BaTiO; was dispersed in the solution, which was then cast
and hot pressed to obtain a polymeric membrane 50 to 60 yum thick.
The HSPE was stored in a glove box under an Ar atmosphere (H,O <

1 ppm).

2.2.1. Structural and Thermal Characterization. The thermal
stability of pure PEO and the HSPEs were determined by
thermogravimetric analysis (Netzsch, Germany) in a N, atmosphere
between ambient temperature and 600 °C at a ramp rate of 10 °C
min~". Differential scanning calorimetry (DSC, Metttler Toledo,
USA) was carried out between —100 and 100 °C, at a ramp rate of 10
°C min~!, and the second heating scan was considered to study the
crystallization behavior of the membranes.

Wide-angle and small-angle X-ray scattering measurements
(WAXS/SAXS) were performed using a XEUSS 2.0 SAXS/WAXS
system by Xenocs. The Cu Ka radiation (wavelength = 1.54 A) was
used for data collection in the transmission mode. The two-
dimensional X-ray patterns were recorded using an image plate
system (Mar 345 detector) and processed using the Fit2D software.
Silicon powder and silver behenate were used as standards to calibrate
the sample to detector distance for WAXS and SAXS, respectively.
The background subtraction was performed on the SAXS data.

Scanning electron microscopy (SEM) images were collected by
using a ZEISS Supra 55 VP microscope coupled with the energy
dispersive X-ray analysis (EDX) detector for microanalysis. The EDX
results for a preliminary characterization of the membranes’
composition are presented in Figure SI 2.

X-ray photoelectron spectroscopy (XPS, Thermo Scientific, USA)
was performed utilizing Al Ka radiation (photon energy = 1486.7 eV)
on the lithium surface with a micro focused monochromator. The
lithium metal was collected from a symmetric Li/HSPE/Li cell stored
at 60 °C in an Ar filled glovebox and then was placed in an airtight
vessel to be transferred to the XPS sample chamber. The data were
acquired using Thermo Advantage V5.9925 software and were further
analyzed with CASA. The C—C bond obtained at 284.2202 eV
(Figure S) has been considered as a reference for further plotting. The
curves were fitted using 90% of Gaussian and 10% of Lorentzian Voigt
peak shapes.”® An electron flood gun was used to neutralize the
cha.rge.29

The atomic force microscope (AFM, Dimension icon, Bruker)
experiment was performed in a glovebox at room temperature.
Young’s modulus was measured by the PeakForce QNM
(Quantitative NanoMechanics) technique. Bruker AFM probe
RTESPA-300 with a spring constant of 40 N/m was used for
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Figure 1. (a) WAXS and (b) SAXS patterns of the hybrid solid polymer electrolytes with different concentrations of BaTiO3, viologen, and LiTFSL
(c) Thermogravimetric and (d) DSC traces of samples PEO, S1, S2, S3, and S4.

measurement. In this method, the deflection sensitivity of the probe
was first calibrated on a clean, hard sample (Sapphire), and then a
polystyrene with known modulus was used to calibrate the probe by
adjusting the proper force set point of the tip and tip radius. After
calibration, the tip was brought to measure the sample. Topography
and QNM were measured at the same time in a way of 256 X 256
pixels/scan, i.e., 65,536 points of the sample were probed and their
force curves were acquired. Young’s modulus was derived from these
force curves according the Derjaguin, Muller, Toropov (DMT)
model.

The electrochemical characterization was performed in 2032-coin
cells. To measure the ionic conductivity at different temperatures (0
to 70 °C), HSPE membranes were placed between two blocking
electrodes and electrochemical impedance spectroscopy was per-
formed by using a VMP3 (Biologic, France) in the 1 MHz to 100
mHz frequency range. To analyze the interfacial properties,
nonblocking symmetric cells with Li/CPE/Li configuration were
assembled, and the impedance vs time was measured after extended
storage under open-circuit voltage at 60 °C.

To calculate the lithium transference number (t;;,), a potentiostatic
polarization method was employed as proposed by Bruce et al.*’

_ Iss(V - IORO)
- IO(V - IssRss)

Li+

(1)

where I and I represent the steady-state current and initial one,
respectively. The R and R resistance values were obtained from EIS
measurements before and after perturbation with a 10 mV DC
voltage.

For the galvanostatic profiles, symmetric Li/sample S1 or sample
S4/Li cells were assembled and were charged and discharged for 1 h
in each cycle with a current density of 0.03 mA cm™2. The area of the
electrode was 1 cm™2 The measurements could not be carried out for
currents higher than 0.03 mA cm™.

The composite cathode was prepared by coating a slurry
comprising 80 wt % lithium iron phosphate (LiFePO,, 99,99%, Alfa
Aesar), 10 wt % poly(vinylidene fluoride) (PVdF, Merck), and 10 wt
% conducting carbon (Super P, Timcal) in N-methyl-2-pyrrolidone
(NMP, Merck) on a cleaned aluminum foil by doctor blade method
and then dried in an vacuum oven at 110 °C.>' The active material
loading was 3.0—3.5 mg cm ™2, and the density of the electrode is 1.53
g cm™>. The HSPE membrane was placed between the composite
cathode and lithium metal (Foote Minerals, USA) anode. A 2032-
coin cell-type was assembled in an Ar gas-filled glove box (M Braun,
Germany). Galvanostatic constant current charge—discharge curves
were obtained between 2.5 and 4.2 V at 0.1 and 1-C rates using a
battery tester (Arbin, USA).””*> Although the ionic conductivity
studies were performed between 0 and 70 °C, the charge—discharge
studies were performed at 60° C in order to avoid the melting of
PEO. Sample S4 was subjected to a thorough electrochemical
investigation as it was found to be the optimal candidate in terms of
ionic conductivity.

For FESEM studies of the cathode materials, the 2032-type coin
cells were carefully opened in an argon-filled glove box after cycling
and the cathode materials were removed. Subsequently, the electrodes
were washed with a combination of solvents EC: DMC, 1:1 (v/v), in
order to remove possible traces of electrolyte salts.

Understanding the effect of structure and morphology on the
ionic transport properties is essential to optimize the design of
solid polymer electrolytes. In these polymeric systems, the
conductivity occurs in both the crystalline and amorphous
states.”® It was shown that the mobility of the amorphous
chains creates a disordered state for better ion transport above
the glass transition temperature (T,) especially in semicrystal-
line SPEs and also that the crystalline phase can offer even
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better ion transport and conductivity than the corresponding
amorphous phase depending on the crystal structure, degree of
crystallinity, and orientation.”™*> The effects of lithium
composition, BTO, and propionic acid viologen loading on
the crystallinity of the HSPEs was assessed by combining XRD
and DSC analyses. Figure 1a,b shows the wide- and small-angle
X-ray scattering (WAXS/SAXS) patterns of PEO and its
composites (as reported in Table 1).

PEO composites show X-ray reflections corresponding to
the monoclinic crystal structure of PEO (Figure 1a).*® The
PEO matrix showed characteristic diffraction peaks at 19.3°
and 23.4°/20, which were confirmed also in the HSPEs, thus
revealing their partially crystalline structure. Very similar peak
intensities are seen for the sample S2 when the viologen is
added to the system PEO-salt, indicating that the degree of
crystallinity did not change significantly with respect to S1.
Instead, the intensity became weaker and broader with the
addition of BaTiO; (sample S3), revealing a decrease in
crystallinity of PEO. In composites containing BaTiOs,
additional X-ray reflections due to BaTiO; were observed
(indicated by the asterisk in Figure la). The degree of
crystallinity (DoC) of PEO was estimated by taking the ratio
of crystalline peaks of PEO to the total area (area under the
crystalline and amorphous peaks) in various samples,’” and the
values are summarized in Table 1.

The PEO-salt sample has a DoC of 73 + 1% and, as the
visual inspection of the pattern suggested, with the addition of
viologen, the degree of crystallinity remains almost the same
(71 + 1%). The effect of the addition of BTO on the DoC was
more relevant since a decrease of almost 10% was found in S3
compared to S1. Then, the DoC is very similar for S3 and S4
pointing out that the viologen has little or no effect on the
crystallinity confirming the observation for S2 compared to SI1.
The sample S5 showed the lowest crystallinity as expected due
to the high salt and filler content. The increase in the
amorphous degree in hybrid polymer electrolytes originated by
adding passive fillers is well known also because of its influence
on the ionic conductivity, and it can be related to dipole—
dipole or some acid—base Lewis-type interactions between
PEO and BaTiO,."”

The Lorentz-corrected SAXS patterns for the different
samples are shown in Figure 1b. SAXS is a particularly useful
technique to study the structure of nanocomposite polymers at
the nanometer scale, which is of fundamental importance, since
most of their properties greatly depend on the nanostructure.*®
In semicrystalline polymers like PEO the crystalline polymeric
phase constituted by chain folded lamellar crystals coexists
with a polymer-lithium phase (stoichiometric, crystalline) and
an amorphous polymer-lithium phase. The crystalline lamellae
are sort of building blocks similar to 2D sheets with nanometer
thickness.’”** Pristine PEO shows SAXS peaks up to the third
order indicating the ordered stacking of lamellar structure
(alternate stacking of amorphous and crystalline regions) with
the first-ordered peak at g = 0.22 nm™". The spacing estimated
using Bragg’s law (L = 2z/q) is 28 + 1 nm, which is
correspondent to the long period (L), the average sum of
crystalline lamellae thickness, and amorphous layer thickness.
The lamellar structure remained the same upon the addition of
LiTFSI (sample S1) and LiTFSI/viologen (sample S2);
however, the long period values increased slightly to 33 + 1
and 35 + 1 nm, respectively. SAXS analysis proved the
similarity in terms of degree of crystallinity of PEO-LiTFSI
(S1) and PEO-LiTFSI-viologen (S2) discussed above. The

WAXS and SAXS data further confirmed that LiTFSI and
viologen are dispersed in the amorphous phase of PEO at the
molecular level without any aggregation (no X-ray peaks
corresponding to the viologen are seen). On the other hand,
for samples S3, S4, and S5 containing BTO, there is no
evidence of the interference peak related to the crystalline
nanodomains of PEO, although the corresponding WAXS
patterns show the typical semicrystalline nature of the
composites (Figure la). In general, the composites containing
BTO showed strong scattering intensity at low g due to the
scattering from the BaTiOj; particles dispersed within the PEO
matrix."" We could speculate that BTO particles agglomerated
to some extent and segregated mainly in the amorphous
region. Due to this, the amorphous regions might have an
electron density similar to crystalline lamellae so that no SAXS
peaks were visible. The presence of BTO could also have led to
a new arrangement of the crystalline PEO phase likely inducing
the formation of smaller PEO crystallites of different sizes, not
spatially correlated, which could also cause the disappearance
of the interference SAXS peak.

Figure 1 c shows the TGA profiles of the composite polymer
electrolytes. For all the samples, the weight loss observed over
a broad temperature range of 50—150 °C is attributed to
moisture presence (or moisture thermal decomposition/
degradation).”” The irreversible decomposition starts at 205
°C for the PEO sample. Upon addition of LiTFSI (sample S1)
and BaTiO; (sample S3) the thermal stability of the
nanocomposites increased drastically. For instance, the
decomposition starts at 350 and 370 °C for samples S1 and
S3, respectively. This apparent increase in the thermal stability
of S3 is attributed to the interaction of PEO with BaTiO;.*" It
can therefore be speculated that the radicals generated during
the degradation of the PEO matrix were effectively trapped by
the well dispersed BTO nanofiller, showing the so called
“shielding effect” that delayed the thermal degradation of the
PEO matrix.** On the other hand, for samples S2 and S4
containing the viologen, the decomposition started at a lower
temperature than for S1 and S3 though at a higher temperature
than pure PEO.

DSC thermograms are presented in Figure 1d. Pristine PEO
typically has a T, well below 0 °C, in most cases between —80
and —40 °C, and melts at about 60 °C.** LiTFSI is considered
among the best salts in terms of dissociation in PEO and
additionally also acts as a plasticizer to reduce the amount of
the crystalline phase of the polymeric host.** However, it is
known that the ionic interactions between Li" and the oxygen
are strong so that the PEO chains become less mobile inside
the solid matrix and T, increases with the salt content.*’
Sample S3 clearly shows a higher T, with the onset at about
—39.9 °C. Regarding the crystallization (endothermic melting
peak), the presence of the viologen seemed to increase the
melting temperature significantly while BaTiO; lowered the
T, This trend in the T, suggests that there is an influence of
the additive type on thermal properties. The melting transition
which is shifted to lower teméperature can be explained by the
Gibbs—Thomson equation,”® which states that the melting
point depression (in this case of bulk PEO) is inversely
proportional to the crystal size. According to this, smaller
crystals melt at lower T, which agrees well with the SAXS
results for the S3 sample showing that BTO had an effect in
limiting the PEO crystallite size. Despite this, the viologen
eventually drove the T, toward an overall increase also when
the inorganic filler was added (sample S4).
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Figure 2 presents the temperature dependence of the ionic
conductivity for the samples containing different concen-

trations of lithium salt, BTO, and viologen.
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Figure 2. Arrhenius plot of ionic conductivity of HSPE samples (the
solid line is shown as a guide to the eye).

The salt concentration was deliberately kept low (minimum
EO:Li ratio of 30:1 in S5 corresponding to higher salt
concentration) considering that high ionic conductivities were
achieved previously for PEO SPE at low salt concentra-
tions.*”** Furthermore, it is also of outmost importance to find
a compromise between the ionic conductivity and the
mechanical stability of the membrane, which usually is better
for higher amount of the crystalline phase (lower salt
concentration).

The ionic conductivity of the samples is of typical
semicrystalline polymers where the low crystallinity and
improved polymer chain mobility is reflected in a reduced
influence of the chain mobility dependence to the ionic
conductivity, thus leading to an Arrhenius-like behavior. In
general, completely amorphous systems such as high molecular
weight SPEs show Vogel-Tammann—Fulcher (VTF) behav-
ior.”” The semicrystalline state of our HSPEs can explain the
change in slope that is clearly evident for samples S1 and S5
after 50 and 60 °C, respectively, in agreement with the DSC
results. It is likely that extending the data collection well above
the melting of the crystalline phase, the VTF behavior could be
appreciated, as previously reported for other PEO based
electrolytes.”” It is obvious that the addition of each of the
inert fillers had a significant impact on the ionic conductivity,
which increased of almost two orders of magnitude in the
investigated temperature range for both samples S2 and S3
having the same EO:Li ratio. As reported in Figure 2, the
incorporation of both viologen and BaTiO; (sample S4 and
SS5) allowed further enhancement of ionic conductivity, and a
value of 107 S cm™ was achieved at room temperature for the
sample SS. This behavior could be explained by a combination
of positive effects such as the lower degree of crystallinity and
smaller PEO crystal size because of BTO fillers, the variation of
crystalline lamellae and amorphous layer thickness ratio by
viologen addition, and the slightly lower EO:Li ratio. The
inorganic particles, which have similar property of Lewis alkali,
can weaken the polymer cation association and form an “ion-
ceramic complex” system, thus facilitating dissociation of the
lithium salt, increasing the number of free carriers and

weakening the mutual relationship between O and Li*.>"*'

The addition of viologen might have further increased the
ionic conductivity synergistically due to the electrostatic
interaction between its positive charge and TFSI anion
(which is discussed in the later section). In general, our
observations agree well with previously reported studies and
match the interpretation that increasing the fraction of the
amorphous phase in the hybrid polymer electrolyte improves
the ionic conductivity thanks to a stronger participation of the
polymer matrix to the transport process through segmental
chain motions.

The ratio of migrating Li*-ion to all migrating ionic species
including the TFESI anion is termed as lithium transference
number.”® The lithium-ion transference number (f;,,) is a
critical parameter in evaluating the performance of the
electrolyte in terms of energy density and rate capability,
which are fundamental aspects for high power applications
such as hybrid electric vehicles.”' Figure 3 shows, as an
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Figure 3. Chronoamperometric studies on the Li/HSPE/Li cell at 60
°C with sample S4 (BP, before perturbation; AP, after perturbation).

example, the chronoamperometric curves of sample S4 at 60
°C (see Figure SI 3a—c for S1, S2, and S3), and the inset
presents the Nyquist plots before and after perturbation.
Generally, the incorporation of metal oxides as inorganic filler
not only improves the ionic conductivity but also has a positive
effect on the lithium-ion transference number.”” It is worth
mentioning that the addition of ceramic fillers such as BTO
can relax the polymer chains. Therefore, segmental motion is
promoted under the interaction of inorganic fillers and
polymer chains, accelerating dynamic processes between the
segments.52 The values of t;;, are reported in Table I.
Typically, PEO-based SEs show a low Li* ion transference
number (around 0.2) due to the strong coordination of the
cations by the O atoms of the polyether chains (4 to 7 oxygen
atoms coordinating lithium).>® A lithium-ion transport number
of 0.19 at 70 °C was previously reported for a PEO,(LiPFy
electrolyte containing 5% of BaTiO; and of 0.14 at 80 °C for a
PEO;LiTFSI containing 10% of BaTiO,.°* The discharge
rates of cells using lithium salts in polymer electrolytes are
limited by depletion of the electrolyte in the porous electrode,
resulting in a cell polarization problem, which in turn means a
higher resistivity that might lead to a premature cell failure. In
our work, a slightly greater value of t;, (0.23) has been
measured for the BaTiO; and viologen added HSPE (S4
sample), which resulted higher if compared with filler-free (t;,
= 0.16) and the single viologen or BaTiO;-added membranes
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(0.17 and 0.19, respectively) (Figure 3). Considering the
viologen to PEO weight ratio, it has to be noticed that this
ratio goes from 5.5% for S2 to 5.8% for S4 with an increasing
trend, which is reflected in the t;;, value. Ion diffusivity and ion
concentration contribute to the transport of Li* jons in SEs.
Examining the conductivity results, it can be noticed that in
general, the effect due to the presence of the inorganic filler has
relevant consequences on the ionic conductivity. In any case,
the S3 sample, which does not contain viologen but BTO, has
the lowest conductivity among the composites. In addition,
viologen (see S2) also led to an enhancement of the ionic
conductivity; however, looking at the results in Table 1, it did
not help significantly in improving t;;,. The combination of
both BTO and viologen was more effective in enhancing the
conductivity and the transport number at the same time. It was
reported that clusters of LiTFSI can appear at high
concentration of salt, resulting in a restricted cooperative
motions of Li ions.” Ferroelectric ceramic powders possessing
a permanent dipole are known to promote the dissociation of
ion-ion pairs and ion-clusters in systems where there is a high
tendency to association. However, the association tendency of
LiTFSI is not very high, and the low salt concentration in our
samples helped to prevent this issue, so that BaTiO; exerts a
limited effect. The viologen is a dicationic salt, and molecular
mobility of the 4,4’-bipyridinium cores was observed in some
of them.*

Overall, the increased charges in the HSPEs promoting the
dissociation of the lithium salt as well as hindering the
formation of negatively charged complexes that might reduce
the number of free Li" ions, together with the restricted
motion of TFSI anion, led to an improvement of both ionic
conductivity and t;;, of the hybrid electrolytes. Additionally,
the electrostatic repulsion between Li-ions and positive charges
of viologen may further accelerate the lithium-ion movement
in the HSPE. The electrostatic interaction between TEFSI
anions and positive charges of viologen is illustrated schemati-
cally in Figure 4. This further highlights the role of the
viologen in the ionic transport in the HSPE. The sample S4
was found to be optimal in terms of ionic conductivity and t;;,

| [){)|l) PEO chain
‘u Viologen
Ak TESIT
@ BaTios
D Lit

Figure 4. Schematic diagram of electrostatic attraction between
viologen and TFSI anion.

and therefore was selected for further galvanostatic current
studies.

The Li/electrolyte interfacial properties play a key role in
determining the Coulombic efficiency and cyclability. Figure S

1800

—Q—s1
16004 “5" 0,
14004 | —9—S3
—Q—s4

1200
1000

Ri (Ohm)

800
600
400 -
200

0 T T T T T T T T T T

0 1 2 3 4 5 6 7 8 9 10 M
Time (day)

Figure S. Variation of interfacial resistance “Ri” vs time for the
symmetric cell comprising Li/HSPE/Li at 60 °C (the solid line is
shown as a guide to the eye).

shows the time dependence of the interfacial resistance “Ri” for
the symmetric cell Li/HSPE/Li measured at 60 °C. All
samples containing fillers (S2—S4) showed comparable
interfacial resistance to the one of the PEO-salt system.
However, despite the similar trend observed for all samples,
the increase of “Ri” values as a function of storage time is more
rapid/drastic for the sample S1 when compared to viologen
and BaTiOj;-added samples. Apparently, the value of “Ri” is
lower for the viologen-containing membrane (S2). The higher
value for S3 than for S2 could be due to an increase in stiffness
in the membrane due to the inorganic phase, which might
likely compromise the interfacial contact. A similar resistance
to S3 was observed for S4, for which the propionic acid
viologen is added together with BaTi0,.>% Although more
studies would be needed to clarify this behavior, this initial
qualitative analysis seems to suggest that when BaTiO; is
present, it has a prevalent effect over the organic filler, which
seems not as effective as in S2 (for which is the only additive)
to reduce the interfacial resistance of the hybrid electrolyte in
contact with Li.

The voltage and current profiles of a galvanostatic
experiment for the symmetric Li/sample S1 or sample S4/Li
cells at 60 °C are shown in Figure SI 4. In both cases, no
voltage fluctuations were observed while cycling, which
normally occur due to the micro-short circuiting during the
stripping and deposition of Li. However, a smooth voltage
profile with less polarization up to 100 h is seen for the Li/Li
symmetric cell containing the HSPE with viologen and BaTiO;
(sample S4), indicating a steady and favorable environment for
the ionic conduction inside the sample.

High-temperature and also low-temperature environments,
where some kind of internal heating (for example upon Li
plating at the anode) can raise the battery temperature, have
much effect on the safety of LIBs. So far, the electrochemical
stability of PEO has not yet been explored significantly in real
battery systems.
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Figure 7. AFM measurement of the surface morphology and local Young’s modulus of samples S2 (al, b1), S3 (a2, b2), S4 (a3, b3), and SS (a4,

b4).

Although HSPE based on PEO might be promising for
batteries working safely, some studies have shown that
polyether might suffer extensive decomposition on the
cathode.”**” For this, PEO is considered compatible mainly
with LiFePO, and cannot work safely with 4 V class high
energy density cathodes, such as Li(NianyCol_x_y)Oz.58 This
kind of issue might be worsened at high operating temper-
atures. Specifically, the comprehensive effects of temperature
on the cyclic aging rate are not completely understood. Many

applications of industrial batteries face high temperatures such
as in oil and gas exploration, industrial plants, etc., and LMBs
that can work stably at high temperatures are highly desirable.
In this regard, the composition of the lithium metal surface in
contact with the HSPE in a cell stored at 60 °C, which might
also be interesting to know in view of the development of
LMBs, was investigated by XPS.

The symmetric cell Li/HSPE/Li containing the sample S4
was dismantled very carefully in an argon-filled glove box after
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10 days of storage at 60 °C. During this storage time the
interfacial resistance underwent only small variation after the
assembly (see Figure S). The polymeric film was peeled off
from the metallic lithium and the side of lithium at the
interface lithium/HSPE was analyzed. Figure 6i—v shows the
high resolution XPS spectra of C 1s, F 1s, Li 1s, O 1s, and S 2p.
Effects due to reactivity and sensitivity (to the environment
conditions) make the effective implementation of surface
technique analysis quite difficult and the obtained data have to
be considered with caution. Usually the “as-received” lithium
metal already comes with a native film on its surface, which is
mainly composed of Li,CO,; LiOH, and Li,0.°" After
contacting lithium with the polymer electrolyte, a passivation
layer formed, and it was possible to identify differences in the
composition of this thin film compared with the native film.
The deconvoluted C 1s spectrum showed peaks at 292.5,
289.20, 286.3, 284.2, and 282.2 eV, which are assigned to C—F,
C=0, C-0, C-C, and Li—C, respectively.zg’62 The F 1s
spectrum showed that the peak at 688.4 eV represents C—F. In
the Li 1s spectrum, the peak centered at 54.70 eV could be
assigned to lithium hydroxide or alkoxide.””** In the O 1s
spectrum, the peaks observed at 528.9, 531.1, and 532.6 eV are
assigned respectively to metal oxides, metal carbonates, and
carbonyl or C=0 bonds. An S 2p peak is also seen at 168.9
eV. The signals related to C 1s at 292.5 eV, F 1s at 688.4 eV,
and S 2693/2 at 168.9 eV indicate that TFSI is present on the
surface.”” The metal lithium/electrolyte interface resistance
and stability are crucial for the successful development of
LMBs. Longer storage time would be needed to ascertain the
reactivity at the Li surface, in any case after a short storage at
60 °C unwanted reactions were likely limited, and the
compounds already present as the passivation layer were still
the main components on the metal surface.

The evaluation of the mechanical properties of polymer
electrolytes is often overlooked but quite important. In fact, the
separators can undergo significant volume changes in contact
with the electrodes during cell functioning. Also, they need to
withstand a huge stress during cell manufacturing and there is a
lot of interest in the development of stretchable batteries for
wearables and for example for health monitoring systems. Very
often, the mechanical stability is not sufficient at elevated
temperatures where PEO conductivity improves, and large
increases in the cell impedance are also found with cycling.

Figure 7 shows the AFM measurement of surface
morphology and local Young’s modulus of S2 to S5. The
typical stripe structure of PEO can be found in S2 as shown in
Figure 7al,bl. The local Young’s modulus of S2 shows a binary
Young’s modulus distribution, with a lower part of Young’s
modulus of ~215 MPa and a higher part of Young’s modulus
of ~1637 MPa. The lower one can be ascribed to PEO and the
higher one can be ascribed to Viologen. Samples S4 and S$
show similar binary Young’s modulus distribution due to the
presence of Viologen. Meanwhile, sample S2 shows a relatively
uniform structure with a mean Young’s modulus of ~1210
MPa, which might be due to the uniform coverage of PEO on
BaTiO;.

All-solid-state lithium cells were assembled with a Li-metal
anode, LiFePO, cathode, and the HSPE S4 that was
considered suitable for the cycling tests due to its good ionic
conductivity. The typical galvanostatic charge—discharge

cycling profiles of the LiFePO,/HSPE/Li cell at 60 °C for
S1 and S4 are compared in Figure 8a.
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Figure 8. (a) Galvanostatic charge—discharge profiles of the Li/
HSPE/LiFePO, cell with samples S1 and S4 at 60 °C; (b) discharge
capacity as a function of cycle number at 0.1 and 1 C-rates at 60 °C.

For the cell containing S4, the charge—discharge profile
between 2.5 and 4.0 V vs Li at 0.1 C-rate has a well-defined
plateau at 3.55 V upon charging (de-lithiation) and about 3.3
V upon discharging (lithiation), which is a typical behavior of
the LiFePO, electrode undergoing a reversible redox reaction
with lithium.”> The sample S1 shows a much higher
overpotential along with a slope change not well defined at
the end of the redox process. Specifically, sample S1 shows an
overpotential of 0.51 V when the capacity reached 60 mAh/g,
which is almost twice the one of sample S4, constantly at 0.26
V. As seen in the previous sections, S1 had a much higher
interfacial resistance with lithium that probably originated this
difference with S4, in agreement with other published results.®®
Figure 8b shows the plot of specific capacity as a function of
cycle number at 0.1 and 1 C-rate. The cell with S1 had a very
rapid capacity decay during the first 10 cycles at 0.1 C-rate,
while the other one with S4 delivered an initial discharge
capacity of 123 mAh g~ and similar for the first 60 cycles with
94% Coulombic efficiency. The capacity of this cell was stable
even at cycling at higher C-rate (1 C), which evidences the
good mechanical stability of the electrode during the Li*-ion
intercalation/de-intercalation process, stable interfacial con-
tact, efficient charge transport between the electrode and the
polymer electrolyte, and excellent reversibility after the initial
surface reactions.”” At 1 C-rate, the discharge capacity is
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reduced to 90 mAh g~'. The reduced discharge capacity at
higher current is ascribed to the low electronic conductivity of
electrode active material and limited diffusion of Li*-ions into
its structure, due to the not engineered interface between the
binder and the active material, which was apart the scope of
the work. The cell restored initial capacity again at the 0.1 C-
rate from the 81st cycle demonstrating the retaining of
structural stability of the cathode and the good performance of
the electrolyte. After 80 cycles, the cell delivered a discharge
capacity of 119 mAh g~' with a capacity retention of 96% (i.e.,
from 123 to 119 mAh g™!).”® On the other hand, the Li/
LiFePO, cells with samples S2 and S3 offered inferior
discharge capacity (Figure SI S) and was attributed to the
lower ionic conductivity of the solid polymeric mem-
branes.”’" The cycled cells were dismantled and were
subjected to FE-SEM analysis. Figure SI 6a—c shows the FE-
SEM images of the cathode materials as prepared, after 20 and
100 cycles at 1 C-rate. Apparently, upon cycling the cathode
materials became loosely packed and developed to form some
sort of isles. However, no cracks are seen on the surface of the
cathode materials, which accounts for the stable behavior upon
cycling,

Organic materials such as viologens can offer promising
solutions to enhance performance and sustainability of current
technologies. In this work, we have successfully synthesized the
1,1'-bis(2 carboxyethyl)-4,4'-bipyridine-1,1" dibromide violo-
gen as confirmed by NMR. Crystallinity remarkably affects the
properties of polymer electrolytes and hinders ionic con-
ductivity. In an effort to overcome the major limitations in the
ion transport of PEO-based SEs, thin and flexible HSPEs
incorporating LiTFS], viologen and BaTiO; were prepared by
simple hot-press. The chosen low salt concentration allowed us
to control the crystalline/amorphous fraction of PEO, which is
essential for achieving good mechanical properties, without
compromising the ionic conductivity, that was also boosted by
the inorganic filler, BaTiO;. For the compositions assessed, a
5% content of both viologen and BTO were sufficient to obtain
very good ionic conductivity of 1.5 X 10™*S cm™ at 25 °C and
this HSPE was used in the all-solid metal battery. In the
voltage range of 2.5—4.0 V at 60 °C, the Li/HSPE/LiFePO,
cell retained an initial discharge capacity of 123 mAh g~ ' at 0.1
C for 60 cycles with a Coulombic efficiency of 94—98%. Even
after excursions at 1 C-rate, the cell operated with good
Coulombic efficiency and no visible loss of capacity. This
excellent performance can be related to the small cell
polarization likely due to a good contact between the polymer
and the electrode and the sufficient transference number. The
viologen helped in inhibiting the reactivity at the interfaces and
was beneficial for the ion transport. The work presented herein
introduces a way of combining viologen and inert fillers for
modifying the properties of solid polymer electrolytes, and the
results prove the potential of HSPEs for future all solid-state
lithium metal batteries.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsmaterialsau.3c00010.

Preparation of viologen; (Figure SI 1) spectra of
propionic viologen (a) 'H NMR (b)"*C NMR, and

(c) DEPT spectrum of propionic acid viologen; (Figure
SI 2) EDX of hybrid solid polymer electrolyte (sample
S4); (Figure SI 3) chronoamperometric studies on Li/
HSPE/Li cell at 60 °C for samples (a) S1, (b) S2, and
(c) S3 (BP-Before perturbation, AP-After perturbation);
(Figure SI 4) galvanostatic profiles of the symmetric Li/
Li cells at 60 °C: (a) with sample S4 and (b) with
sample S1, current density = 0.03 mA cm™%; (Figure SI
S) discharge capacity as a function of cycle number of
LiFePO,/HSPE/Li cell at 0.1 C-rate at 60 °C cycled
with samples S2 and S3; (Figure SI 6) FESEM images of
LiFePO, cathode (a) as prepared, (b) after 20 cycles,
and (c) after 100 cycles at 1 C-rate (PDF)
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