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Abstract:

Solid-state polymer electrolytes are a promising platform for safer lithium-metal batteries, but low
ionic conductivity and high interfacial resistance with electrodes limit the room temperature
applications. Herein, an ionogel (IG) composed of a crosslinked polymer matrix and an ionic liquid
(PYR14TFSI), prepared through a one-pot thermal polymerization has been investigated. Alumina
nanoparticles (Al.Oz NPs) were added into this 1G to further increase ionic conductivity and cycling
performances, by coordinating anionic species at the surface of the inorganic filler, promoting the Li*
motion. The alumina composite IG shows an ionic conductivity of 2.05-10“4S cm™at 20 °C such as
a wide electrochemical stability window (ESW) of 5.12 V vs. Li*/Li. The LiFePOu4/Li batteries
assembled with different I1Gs present good cycling performance at room temperature, interesting
capacity retention after 500 cycles at 0.2 C and more importantly, improved capacity even at 1 C,
compared to the ionic liquid alone soaked on a glass fiber separator. This work provides a simple
approach to prepare safer composite 1G with remarkable electrochemical performances at room

temperature for lithium metal batteries.
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Introduction:

lithium-ion batteries (LIBs) are a well-exploited technology since their first commercialization in the
90s and have proven to be an efficient energy storage system. LIB applications jumped recently with
the need to reduce greenhouse gas emissions and store energy produced from intermittent renewable
power sources, like wind and sun, but earlier, in the first years of the new millennium, LIBs powered
the revolution in portable electronics [1]. Despite being a young technology, LIBs are reaching their
theoretical energy density (~ 350 Wh kg™?) and struggle to meet the market requests in many sectors,
like the automotive one. In this direction, lithium metal anode is considered the “holy Grail” for
potentially doubling the energy density as compared with the state of art LIBs, due to the promising
high theoretical specific capacity (3860 mAh g1) and the lowest redox potential (- 3.04 V vs. SHE)
[2]. However, uncontrollable dendrite growth and high reactivity of lithium metal anode lead to scarce
cycling efficiency, cause important safety issues and draw the liquid electrolyte producing a thick

SEl layer [3].

Solid-state electrolytes (SSEs) have been investigated as a replacement for liquid ones to increase the
energy density and cell safety of LMBs. In this frame, SSEs made of a polymer matrix with a

dissolved lithium salt are promising electrolytes due to their good interfacial contact with electrodes
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and high flexibility. These solid polymer electrolytes (SPEs) have been largely investigated starting
from the first studies in 1973 by Wright and co-workers on the dissolution of lithium salts in
polyethylene oxide (PEO) [4] and in 1978 when Armand developed the Li* conduction mechanism
in PEO-based polymer electrolyte [5]. The scarce ionic conduction of the polymer matrix encouraged
Feuillade in 1975 to add a plasticizer developing the first quasi-solid state gel polymer electrolyte
(GPE) made of poly(vinylidene fluoride-co-hexafluoropropylene (PVDF-HFP) with propylene

carbonate (PC) [6].

In the following years, PEO had a dominant role in the development of polymer electrolytes, but
different polymer matrices were also investigated such as poly(vinylidene fluoride) (PVdF) [7,8],
polyacrylonitrile (PAN) [9,10], polymethyl methacrylate (PMMA) [11,12], poly(1,3-dioxolane)
(PDOL) [13,14] and poly(propylene carbonate) (PPC) [15,16]. The addition of inorganic filler to
polymer electrolytes and the effect on the electrochemical properties were also studied in developing
composite polymer electrolytes (CPEs). In 1988, Skaarup et al. incorporated the lithium-conductor
filler LisN into a PEO matrix, obtaining an improvement of three orders of magnitude in the ionic
conductivity compared to the pure polymer [17] and Wieczorek et al. found that the addition of Al,O3
particles could improve the ionic conductivity of a PEO-based polymer electrolyte [18]. So far,
different hybrid electrolytes have been studied with the incorporation of passive filler, non-conductive
for Li* ions, like Al,03[19,20] SiO2 [21], TiO2[22], ZrO2 [23], and active filler, Li* ion-conductor,
such as LizLasZr012 (LLZO) [24], LissLasZr14TaosO012 (LLZTO) [25], Li1sAlosGers(POs)s (LAGP)
[26], Li13AlozTii7P(04)s (LATP) [27]. Inorganic fillers are responsible for the enhancement of
different polymer electrolyte properties. The crystallinity of the polymer matrix can be largely
decreased and the dissociation of lithium salts can be favoured by the addition of ceramic particles,
with a beneficial effect on the ionic conductivity [28]. Additionally, some active fillers can form an
effective pathway for Li* motion by tuning the amount of ceramic particles [29]. Furthermore,

inorganic fillers affect the mechanical properties by creating a rigid skeleton in the polymer matrix



increasing the stiffness with a positive effect against lithium dendrites growth [30]. The effect on the
polymer electrolyte is strictly related to the size, morphology and surface group of such inorganic

fillers [31],[32],[33].

Plasticizers have been largely used to improve the ionic conductivity and the scarce interfaces with
electrodes of SPE. Combining the advantages of liquid and solid electrolytes, GPE is a widely studied
platform for fast Li* conduction. Organic solvents commonly used as plasticizers include carbonates
like ethylene carbonate (EC), propylene carbonate (PC), diethyl carbonate (DEC), dimethyl carbonate
(DMC), but also dimethyl formamide (DMF), dimethyl sulphoxide (DMSQO) and tetrahydrofuran
(THF). Unfortunately, most of the organic solvents are extremely volatile, flammable, toxic and
environmentally hazardous, which seriously limits the application in LMBs [34]. Recently, huge
efforts were devoted to replace conventional organic solvents with safer ionic liquids (ILs). As low
melting point organic salts, ILs have ion conducting capability, non-flammability, non-volatility,
large electrochemical stability window (up to 6 V vs. Li*/Li) and good thermal stability [35]. Aprotic
ILs, used in the battery field, are composed of a large organic cation such as pyridinium, imidazolium
and phosphonium coupled with smaller anions (e.g. bromine (Br), chloride (CI),
hexafluorophosphate (PFs)) and organic anions (e.g. bis(trifluoromethyl sulfonyl)imide (TFSI"),
bis(fluoro sulfonyl)imide (FSI7)) [36]. Such ILs have been added into polymer matrices as plasticizers
forming ionogels (1Gs), with enhanced safety compared to conventional GPE. Although ILs possess
interesting properties, the addition of inorganic particles to IGs is still needed to further increase the
electrochemical performances and mechanical strength. The thickness is also an important parameter

to be reduced by correctly tuning the polymer matrix and the inorganic skeleton [37,38].

Zheng et al. developed an 1G blending methyl methacrylate (MMA), N-butyl-N-methyl-piperidinium
(PYR14TFSI) and lithium salts with SiO; and LiossLaossTiOs (LLTO) additives [39]. The prepared
MMA-PYR14TFSI-3 wt% LLTO delivered an ion conductivity of 4.51 x 10 S cm at 60 °C and

an electrochemical stability window up to 5.0 V (vs. Li*/Li). With the synergic effect of both



inorganic fillers, the 1G achieved an initial discharge capacity of 150 mAh g at 0.5 C with good
capacity retention under 60 °C in a half-cell configuration with lithium metal anode and LFP cathode.
Liao et al. prepared a polyethylene-supported SiO./poly(methyl methacrylate—acrylonitrile—vinyl
acetate) (P(MMA-AN-VAC)) and Al,03/P(MMA-AN-VAC) both of them added with PYR14TFSI
and vinylene carbonate (VC) [40]. The inorganic nanoparticles improved the ionic conductivity by
forming Lewis acid-base interactions and providing more lithium ion conducting pathways. The
addition of ceramic fillers increased the electrochemical stability window up to 5.25 V and 5.3 V (vs.
Li/Li*) for Al2O3 and SiO; electrolyte compared to 5.0 V' (vs. Li/Li*) of no filler electrolyte, and
delivered the same initial discharge capacity (~140 mAh g*) at 0.1 C sandwiched between Lithium

metal anode and LFP cathode with a lower capacity fade for SiO; electrolyte.

In this work, we developed a solvent-less composite IG composed of an acrylate-based polymer
matrix and alumina nanoparticles. The self-standing and flexible membranes were obtained in a one-
pot preparation method through thermally induced radical polymerization. The high content of IL and
the addition of Al2O3 NPs boosted the electrochemical performances, obtaining remarkable ionic
conductivity (2.5-10% S cm™ at 20 °C) and wide electrochemical stability window (5.1 V vs. lithium
metal) and good cycling performances at room temperature after 500 cycles. The results were
compared to the no filler 1G highlighting a reduced polarization, a better interfacial forming capability

and an increased transport number for Al.O3 NPs IG, resulting in far better rate performance.

Experimental:

The 1Gs synthesis was performed in an Ar-filled glovebox (Mbraun labstar with O2 and H2O below
< 0.5 ppm) to avoid oxygen inhibition of free-radical polymerization. Butyl methacrylate (BMA) was
purchased from Acros Organics, poly(ethylene glycol) diacrylate (PEGDA) (average Mn 575),
aluminium oxide nanoparticles (Al.O3 NPs) and lithium bis(trifluoromethanesulfonyl)imide (LITFSI)
were supplied by Sigma-Aldrich and 1-Butyl-1-methylpyrrolidinium

bis(trifluoromethylsulfonyl)imide (PYR14 TFSI) was provided by Solvionic. The IG labelled as
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80/20 PYR14 was prepared by mixing the monomer mixture, PYR14 TFSI and LITFSI respectively
in a 1:3:1 weight ratio, in which the monomer mixture was composed of BMA and PEGDA
respectively in a 4:1 weight ratio. In another formulation, the addition of 5% wt of Al.O3 NPs
compared to the polymer matrix was also investigated and this formulation was named 80/20 PYR14
5% Al>0s. The thermo-initiator benzoyl peroxide (BPO, 75% Acros Organics) was added in a
proportion of 1% wt in both formulations. The mixture was heated to 65 °C for 20 min to start the

polymerization, then cast on a glass slide and kept at 55 °C for 20 h.

The LiFePO4 (LFP) cathode was used as the testing electrode, produced by mixing LFP (Aleess),
Carbon black C-NERGY C65 (Timcal Imeyrs) and polyvinylidene fluoride (PVdF, HSV900,
Arkema) in a 7:2:1 weight ratio with N-methyl pyrrolidone (NMP) as solvent. The slurry obtained
was homogenized in a mixer mill (Retsch® MM40), deposited on Al foil with a doctor blade film
applicator and dried at 50 °C for 90 min. Electrodes were cut into 15 mm diameter discs, dried under

vacuum at 120 °C for 4 h and stored in an Ar-filled glovebox, the final mass loading was 2 mg cm™.

The surface and cross-section of 1Gs were acquired with a Zeiss SUPRA TM 40 with Gemini column

and Schottky field emission tip (tungsten at 1800 K) FE-SEM.

The thermal stability of 1Gs was evaluated by thermogravimetric analysis (TGA) in the temperature
range 25-800 °C with a scan rate of 10 °C/min under N2 flux with a TG 209 F3 Tarsus instrument by
(Netzsch). The complete crosslinking of the polymer matrix was assessed by attenuated total
reflection Fourier-transform infrared spectroscopy (ATR-FTIR) experiments with a NicoletTM iS50
FTIR spectrometer (Thermo Scientific TM). IR spectra were collected at room temperature over the

range of 4000 — 525 cm* with a resolution of 4 cm™.

The flammability test was performed by evaluating the IG behaviour when exposed to a flame in the

open air. The flame was moved on the IGs and the different responses were video recorded. The



results were compared with a conventional glass fiber separator (Whatman ®) soaked with ethylene

carbonate (EC): diethylene carbonate (DEC) 1:1.

Electrochemical impedance spectroscopy (EIS) measurements were performed on 1Gs between 100
kHz and 1 Hz at open-circuit potential using VSP-3e potentiostat (Biologic) to measure the ionic
conductivity. The symmetric cells, composed of IG sandwiched between two stainless steel blocking
electrodes, were assembled with ECC-Std test cells (EL-CELL GmbH). Measurements were carried
out between 20 and 60 °C with a 10 °C sampling interval in a dynamic climate chamber (MKF 56,

Binder). The ionic conductivity (o) was measured following Equation 1:
l 1
o= (Z) ) 1)
where | is the membrane thickness, A is the membrane surface area and Rs is the resistance value at
the high-frequency intercept. The ionic conductivities were plotted versus 1000/T (K) and fitted with

Arrhenius’ relationship shown in Equation 2:

_Ea
0= 0y-e kT (@)

where Ea is the activation energy, k is the Boltzmann’s constant, T is the test temperature and gy, is

the pre-exponential factor.

The electrochemical stability window (ESW) was measured with a linear sweep voltammetry test in
the potential range of 2-6 V with a scan rate of 0.1 mV s, The IGs sandwiched between a lithium
foil and a stainless-steel blocking electrode were tested in ECC-Std test cells with VVSP-3e potentiostat

(Biologic).

The transference number was measured by Bruce, Vincent and Evans method [41,42]. A CR2032
coin cell was assembled with two lithium foil sandwiching the tested electrolyte. An EIS between
100 kHz and 0.1 Hz was carried out before and after applying a constant polarization potential of 10

mV, measuring the initial (I,) and the steady-state (Is) current, the initial (Ro) and the steady-state (Rs)



interfacial impedance. The lithium transference number (¢,;+) was calculated according to Equation
3:

Is(AV—IgRg)

Lt = T o o (3)

Io(AV=IsRs)

Cyclic voltammetry (CV) tests were carried out on I1Gs assembled in half-cell configuration in ECC-
Std test cells with VSP-3e potentiostat (Biologic) between 2.5-4.2 V at a scan rate of 0.1 mV s, An
EIS measurement was performed between 100 kHz and 0.1 Hz at open-circuit potential after every

CV cycle to evaluate the internal resistance evolution of the electrolyte.

Cycling performances were investigated by assembling IGs with a LFP cathode and lithium metal
anode in ECC-Std test cells. Galvanostatic charge/discharge tests were carried out at different currents
ranging from 0.1 C to 1 C, at ambient temperature with an Arbin BT-2000 battery tester. As a
reference, a coin cell (CR2032) referred to as Whatman PYR14 and assembled with a glass fiber
separator (Whatman) soaked with LITFSI and PYR14TFSI, in the same weight ratio as mentioned in
IGs production, was used to compare the electrochemical performances with 80/20 PYR14 and 80/20

PYR14 5% Al2Os.

Results and discussion:

The effect of Al,O3 NPson a solvent-free IG electrolyte was investigated and two different membranes
were tested: 80/20 PYR14 and 80/20 PYR14 5% Al>Os. Both formulations were produced in a one-
step preparation with thermo-initiated radical polymerization. After the curing stage, 1Gs were self-

standing and mechanically robust allowing the separation from the glass slide, as shown in Figure 1.

The morphology of the obtained membranes was investigated by FE-SEM microscopy. As can be
seen in Fig S1, Al2O3 NPs are evenly dispersed in the polymer matrix (Figure S1), even if some
microclusters are still present. This behaviour can be ascribed to the high surface area of NPs, largely
prone to aggregate. Some differences can be seen on the two membrane surfaces, the lower face in

contact with the glass slide is smooth while the upper one is more inhomogeneous, with the presence
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of some irregularity. This morphology is probably caused by the preparation setup with the surface
not facing the glass slide resulting more irregular. As can be seen on the cross-section FE-SEM
micrographs, the thickness of 1Gs is around 170 um for 80/20 PYR14 5% Al,Os (Figure S1.A) and
340 um for 80/20 PYR14 (Figure S1.E). Such difference can be explained by the necessity to obtain
a self-standing membrane, without additive a thickness superior to 300 um is necessary to peel off
the obtained sample from the glass slide, on the contrary with the additive an approximately 150 pum
thick sample can already be peeled off, confirming the positive effect of the additive on the
membranes mechanical properties. Al,O3 NPs have a nanometric size with a diameter of ~ 150 nm

and globular shape (Figure S2).

To confirm the successful polymerization, and assess the conversion of the acrylate group, FTIR
spectra were collected from the mixture of IL and a lithium salt, named IL electrolyte, from the
monomer mixture before the polymerization, and the IGs after the curing step, without and with the
Al>Os filler. The C=C stretching vibration FTIR absorption band of the acrylate group is located at
1638 cm and followed to assess the complete polymerization of monomers [43]. Figure 2 shows the
C=C peak reduction indicating an effective curing procedure. Indeed, in both cases, the crosslinked
IGs have a C=C absorption peak nearly absent compared to the monomer mixture, thus confirming

the complete conversion of the double bond.

The successful crosslinking of 1Gs was also observed through TGA analysis showing a good thermal
resistance and a single degradation step (Figure 3.A). Both formulations are stable up to 300 °C and
follow a one-step degradation pathway with a maximum rate at 445 °C. 80/20 PYR14 is completely
decomposed at 800°C, while for 80/20 PYR14 5 % Al>Os3 a 1.5 % residue is still present, due to the
residual Al>Oz. Figure 3.B reports the thermograms of Al.Os NPs and IL electrolyte. In the first case,
a limited weight loss probably due to residual water adsorbed on the Al.Os NPs is observed, while
the mixture of LITFSI and PYR14TFSI presents a thermal resistance up to 380 °C and a subsequent

one-step degradation path with a 7.75% residue at 800°C.



Electrolytes are one of the responsible for the thermal runaway in batteries, due to the presence of
carbonate based solvents, which are very flammable [44]. Carbonates are the most used solvents for
liquid electrolytes in commercial lithium batteries, possessing better performance and high Li*
diffusivity [45,46]. For this reasons, 1Gs were tested under flame in the open air to evaluate their
flame resistance and the results compared with a mixture of EC:DEC 1:1 (see supporting video).
80/20 PYR14 5 % Al>Osshows the best performance, no smoke is released, no flames appear and the
shrinkage is limited. 80/20 PYR14 is also flame resistant, but the absence of filler increases the
shrinkage under heat and smoke is released. The glass fiber soaked with EC:DEC 1:1 immediately
catches fire when exposed to a flame and continues until the solvents are completely consumed, with
a combustion time of 13 s. The glass fiber separator was also soaked with IL electrolyte, showing no
flame formation and highlighting the flame resistance properties of ILs. In Figure 4 are shown some
pictures extracted from the video collected in the supporting information. This test confirms the
increased safety of IGs compared to the conventional organic electrolyte in terms of limited vapour

pressure and flame resistance.

To assess the applicability of the obtained IGs as electrolytes, their ionic conductivity was measured
through EIS, at intervals of 10 °C, in the range of 20-60 °C. The obtained data, reported in Figure
5.A, are well fitted by the Arrhenius equation and the calculated activation energy (Ea) are 37.2 kJ
mol™ and 36.8 KJ mol™, respectively for electrolyte 80/20 PYR14 and 80/20 PYR14 5 % Al,0s,
showing no particular effect of the additive on this parameter. On the contrary, the addition of Al2Os
NPs increases the ionic conductivity comparing to the pristine membrane. This can be explained by
the surface acidic sites on Al,Oz NPs, attracting anions and promoting the release of free lithium ions
[47]. 80/20 PYR14 5 % Al,Os reaches an ionic conductivity at 20 °C of 2.05-10*S cm™, considered
a mandatory requirement for a good polymer electrolyte [48], and overcome 102 S cm™at 60 °C. The
performances of 80/20 PYR14 are slightly lower and do not reach 103 S cm™ in the temperature range

investigated.
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A wide ESW is essential for the electrolytes to avoid side reactions and to permit the use of new-
generation electrodes like high-voltage cathodes. ILs are known to be particularly resistant at high
potential and, used in combination with polymer electrolyte forming IG, constitute the ideal platform
for safer batteries [49-51]. LSV tests, which results are reported in Figure 5.B, were carried out in
the 2-6 V potential range with a 0.1 mV s scan rate. The limit of the ESW was set at the point where
the residual current is greater than 5 nA. Despite both IGs exhibit a large ESW due to the presence of
PYR14TFSI, the addition of 5 %wt of Al2O3 NPs further increases the electrochemical stability from
4.8 V to 5.1 V. This improvement effect is strongly related to the interaction between the acidic
surface groups of the inorganic filler and the anions, reducing its decomposition [52]. Although the
interaction with anions can improve the ESW, an effect of the interactions between the polymer

chains and the Al,Os NPs improving anti-oxidative stability cannot be neglected [53].

Transference number was determined with Bruce, Vincent and Evans method (Eq. 3) for 80/20
PYR14 and 80/20 PYR14 5% Al>O3. The transference number of 1Gs are normally much lower than
conventional liquid electrolyte, because lithium salts are not completely dissociated, forming ionic
clusters [54,55]. The effective charge of these clusters can be negative (e.g. -1, -2) with a detrimental
effect on the transference number due to Li* ions drifting in the wrong direction [56]. Nevertheless,
adding Al203 NPs into the IG increases the t;;+ up to 0.17 compared to 0.10 reached by no filler IG
(Figure 5.C). Such an improvement is in accordance with the beneficial effect of Al,Oz NPs observed

on the ionic conductivity.

The compatibility of the IGs with the electrodes during cycling was evaluated through cyclic
voltammetry, which was performed between 2.5-4.2 V at a scan rate of 0.1 mV sX. The results show
good compatibility between the 1Gs and the electrodes, as demonstrated in Figure 6, and a fair
reversibility within different cycles, for both formulations. The 80/20 PYR14 5 % Al,O3 sample
exhibits narrower and higher lithiation/delithiation peaks compared to no filler electrolyte, indicating

a lower polarization. This can be explained by the higher transference number of this formulation,
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leading to a better Li* transport kinetic and therefore reducing the concentration polarization of the
electrolyte. In the case of 80/20 PYR14, the greater polarization could be caused both by the higher
concentration gradient, due to a lower transference number, and by the formation of a thicker
passivating layer which leads to a higher interfacial resistance and bigger polarization [57]. This
hypothesis was confirmed by EIS measurements performed after every cycle and showed in Figure
6. EIS spectra were fitted with Z-view software and the obtained values were summarized in the
supporting information (Table S1 and Table S2). For no filler electrolyte the interfacial resistance
(R2) increases in the first two cycles and then remains nearly constant, while in the case of 80/20
PYR14 5 % Al,Ozelectrolyte, after the first cycle, the interfacial resistance (R2) decreases, indicating
a beneficial effect of Al.O3z NPs for the formation of a stable interfacial layer with the electrodes. The
same trend can be observed in the voltage profiles of cycling performances at C/10 for a Li/LFP cell
(Figure 7). The overpotential measured at 50% of the state of charge for the cell assembled with 80/20
PYR14 is significantly higher than for 80/20 PYR14 5% Al>O3, changing from 220 mV to 160 mV.
Whatman glass fiber separator soaked with IL electrolyte obtains the highest value of overpotential
(230 mV). This phenomenon further confirms the beneficial effect of Al,Oz NPs, by lowering the cell
polarization, forming a better interface with the electrodes, and by improving the Li* transportkinetics

through the cell.

The cycling performances of 80/20 PYR14 and 80/20 PYR14 5 % Al.O3 were assessed by
sandwiching the IGs between a Li metal anode and an LFP cathode. Rate performance tests were
performed at room temperature, at different current densities, ranging from C/10 to 1C. Adding Al203
NPs to the formulation increases the electrochemical performance up to ~ 125 mAh g at C/10
compared to ~ 100 mAh g obtained in the same condition by the no-filler IG, as shown in Figure 8.
The same behaviour is observed in the full range of current densities investigated where the beneficial
effect of Al,Os NPs can be detected. Coulombic efficiencies (CE) are close to 100 % for both

formulations, 80/20 PYR14 5 % Al.Os shows lower CE value after cycling at higher C-rates, reaching
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then ~ 99.5 % after 100 cycles. The discharge capacity at the 25" cycle, resuming cycling at C/10, is
slightly higher than the one of the 5" cycle. This can be explained by a further cell formation during
the cycling at higher C-rates. On the contrary, the cell containing the no filler IG loses approximately
10% of discharge capacity when resuming the C/10 cycling (compared to the 5 cycle discharge
capacity), thus demonstrating a probable loss of active material through the formation of dead lithium.
For comparison a Whatman glass fiber separator was soaked in the IL electrolyte used in the
preparation of 1Gs and cycled in the same condition. As shown in Figure 8, Whatman performances
are much worse compared to 80/20 PYR14 5 % AlOs indicating an important key role of the polymer
backbone and additive for the ion conduction in between the electrodes. Another reason could be
ascribed to the high IL viscosity, mechanically slowing Li* motion, and the formation of negative
charged ionic cluster [56]. At 1 C the discharge capacity is almost one-third the capacity of alumina
IG (Figure 8.D). Discharge capacity in the first C/10 cycles shows an increase for 80/20 PYR14 and
Whatman (Figure 8.A and 8.C), suggesting an electrolyte activation is needed for the IL. The presence
of Al,03 NPs is beneficial on the electrolyte, because this effect is limited in 80/20 PYR14 5% Al,O3
favouring higher discharge capacity from the first cycles. This data confirms that the composite
ionogel can withstand high current density operation thanks to its excellent ability to limit Li dendrites
growth and form a stable interface, in line with the previously detailed results. Consequently, the cell
polarization can be controlled, enabling higher capacity retention at higher current density. This is
further verified by the Whatman cell following cycles, after the rate performance, showing inconstant
cycling caused by an unstable interfacial layer which can be damaged during the Li plating/stripping

process, causing the dendrites growth and leading to cell failure [58].

IGs were also tested on a long cycling test at C/5 to evaluate their capacity retention. The tests were
performed at room temperature and compared as well with the Whatman separator (Figure 9). For
both cells, some activation cycles are necessary to reach their maximum discharge capacity. Such

value is much higher for 80/20 PYR14 5% Al,O3 with 112.2 mAh g™ compared to the no filler 1G
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with 71.4 mAh g%, following then a nearly constant capacity decay of 0.1 mAh g™cycle™ which led
to a capacity retention of 56% after 500 cycles. 80/20 PYR14 shows a lower capacity decay of 0.03
mAh gcycle™ due to lower performance in the first cycles. Lower capacity retention in the first case
can be also ascribed to some impurities present on NPs surface (e.g water) shown on Al2Os3
thermograms (Figure 3), which can lead to reactions with lithium causing the capacity fade. Whatman
soaked with IL electrolyte used as a reference, took more than 100 cycles to reach the maximum
capacity, displaying also in this test scarce cycling performance. The cell subsequently failed

approximately after 350 cycles, probably because of a short-circuit caused by dendrites growth.

Conclusions:

Employing a one-step, thermo-reticulated, solvent free radical polymerization, different 1Gs were
prepared and characterized. The crosslinked matrix gave mechanical resistance and self-standing
capability to the different formulations, even with only 20% of polymer matrix against 80% of IL.
The addition of Al2O3 NPs was also investigated obtaining increased electrochemical performances
compared to no filler electrolyte, good ionic conductivity (2.5-10* S cm™ at 20 °C) and wide ESW
against lithium metal (5.1 V). The improved Li* transport kinetics across the electrolyte and the higher
transference number enhanced the performances in half-cell configuration against lithium metal
anode and LFP cathode compared to no filler 1G, reaching 125 mAh g at room temperature and good
capacity retention after 500 cycles. The results showed also better performances at higher current
densities where the addition of Al.Oz NPs improved the specific capacity reaching at 1 C three times
the value obtained with an IL soaked glass fiber separator. These results confirm the beneficial effect
of Al20s on IGs, enhancing Li salt dissociation thanks to their surface acidic sites, attracting anions
and promoting the release of free lithium ions, hence limiting ionic concentration gradient, even at
higher C rates, and allowing the formation of stabler interfaces. This represents a clear opportunity to
unify the safety benefits of ILs to the good performances of GPEs at room temperature, towards

performant, safer and more reliable lithium metal batteries.
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Figure captions

Figure 1 Picture of A) 80/20 PYR14 and B) 80/20 PYR14 5% Al>O:s.

Figure 2 FTIR spectra of A) IL electrolyte, monomer mixture and 1Gs B) Zoom of previous FTIR

spectra.

Figure 3 TG analysis on A) 80/20 PYR14 and 80/20 PYR14 5% Al;Os3 and B) IL electrolyte and
Al20s.

Figure 4 Flammability test of A) glass fiber separator soaked in EC:DEC 1:1, B) 80/20 PYR14, C)
80/20 PYR14 5% Al,Oz and D) glass fiber separator soaked with IL electrolyte.

Figure 5 A) lonic conductivity 80/20 PYR14 and 80/20 PYR14 5% Al>Os, B) LSV test of electrolyte
80/20 PYR14 and 80/20 PYR14 5% Al>03, Chronoamperometry of C) 80/20 PYR14 and D) 80/20
PYR14 5% Al>Os. The insets show the EIS spectra before and after chronoamperometry.

Figure 6 CV of A) 80/20 PYR14 and B) 80/20 PYR14 5% Al,Os. EIS spectra measured during CV
of C) 80/20 PYR14 and D) 80/20 PYR14 5% Al20:s.

Figure 7 Voltage profiles of A) 80/20 PYR14, B) 80/20 PYR14 5% Al>O3 and C) Whatman glass
fiber soaked with IL electrolyte.

Figure 8 Rate performances at room temperature of A) 80/20 PYR14, B) 80/20 PYR14 5% Al.O3,
C) Whatman soaked with IL electrolyte and D) comparison of the discharge capacity at higher C-
rates.

Figure 9 Capacity retention at room temperature of A) 80/20 PYR14, B) Whatman soaked with IL
electrolyte and C) 80/20 PYR14 5% Al,0:s.
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Figure 6
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Figure 7
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Figure 9
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