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ABSTRACT

Hybrid solid electrolytes present a promising class for applications in lithium-metal batteries; however, their practical implemen-
tation remains limited by the difficulty of simultaneously achieving high room-temperature ionic conductivity, mechanical
robustness, and stable electrode-electrolyte interfaces. In this study, we report the development of ceramic-rich hybrid ionogels
(HIGs) formulated by combining a dimethacrylate polymer with a high content of Lis 55Al »5sLasZr,01, (LLZO) nanoparticles and
imidazolium-based ionic liquid electrolytes (ILEs). This approach results in a garnet-rich solid electrolyte matrix intended to
balance mechanical integrity and ion-conducting performance. Four groups of self-standing HIG electrolyte membranes are fab-
ricated through an in situ solvent-free thermal polymerization process, where the ILEs feature either single- or binary-anion
environments and serve as the reaction media. Comprehensive characterization demonstrates electrolyte membranes with high
ionic conductivities (up to 1.93 x 10~> Scm™" at 20°C). Among the investigated formulations, the LiTFSI-EMIFSI-based HIG
exhibits the most favorable electrochemical performance, including a wide electrochemical stability window and stable
charge-discharge cycling with LiFePO, at room temperature, delivering specific discharge capacities approaching 130 mAh g™*
up to C/5 and coulombic efficiency close to 100%. This work highlights the potential of hybrid ionogel electrolytes, clarifies the
role of anion chemistry in enabling practical solid-state electrolyte designs, and provides a useful strategy for the development of
safer and more stable lithium-metal batteries operating at room temperature.

1 | Introduction commercial applications of lithium batteries based on flammable
organic electrolyte systems that might cause serious safety problems

In recent years, we have witnessed a rise in the relevance of elec- ) N .
[2-6]. Furthermore, SSEs have the potential to facilitate increased

trochemical energy storage due to the push for electrification of

energy production and mobility. Secondary batteries have become
highly relevant among different energy storage devices thanks to
their wide range of capabilities that support many modern appli-
cations, including electromobility and stationary storage [1]. In
the quest for safer, more efficient, and higher-performance Li-based
batteries, the development of innovative electrolytes is of predomi-
nant importance, and solid-state electrolytes (SSEs) represent an
advancement in this area, offering operation improvements over

energy densities, which is an important aspect of applications that
necessitate high power and a long battery life/range, such as large-
scale energy storage systems and electric vehicles [7-9].

Within various SSEs, solid polymer electrolytes (SPEs) offer
enhanced safety and electrode compatibility benefits; however,
their practical implementation is hindered by a low ionic conduc-
tivity at room temperature and a limited electrochemical stability
window, restricting their use in advanced energy systems
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[10, 11]. In contrast, solid inorganic electrolytes (SIEs), part-
icularly garnet-type lithium lanthanum zirconates such as
Lig 25Alg25La3Zr,01, (LLZO), exhibit higher intrinsic lithium-
ion conductivity and good electrochemical stability; however,
they are generally multicrystalline systems with grain bound-
aries, pores, and microcracks that impede homogeneous Li*
transport, leading to ion depletion and polarization and promot-
ing lithium dendrite propagation [12, 13]. In addition, the inher-
ent brittleness of dense ceramic electrolytes poses challenges for
interfacial contact and practical cell assembly. To reconcile the
complementary advantages and limitations of SPEs and SIEs,
research efforts have focused on developing hybrid solid elec-
trolytes, in which polymeric and inorganic components are
combined to achieve balanced ionic conductivity, mechanical
integrity, and battery performance stability [5, 10, 14-16].

Within hybrid electrolyte systems, ionogels have emerged as a
particularly promising subclass of quasi-solid electrolytes. Iono-
gels are typically formed by confining a room-temperature ionic
liquid (RTIL) or an RTIL-based electrolyte solution within a solid
host matrix, which may be polymeric, inorganic, or hybrid in
nature [17-20]. This architecture can preserve the advantageous
physicochemical properties of the ILs, such as high ionic con-
ductivity, negligible vapor pressure, and wide electrochemical
stability windows, while the solid matrix provides mechanical
properties and processability into self-standing membranes.

The incorporation of ionic liquids has therefore been widely
regarded as an effective strategy for improving the electrochemi-
cal performance in solid-state battery systems [21-23]. For
instance, Zhai et al. demonstrated that combining ILs with
polymer-ceramic composite matrices enhances ionic conductiv-
ity and Li* transference number, improving battery performance
[24]. Tsurumaki et al. showed that ILs incorporated with inor-
ganic ceramic electrolytes improve ionic conductivity and inter-
facial stability [25]. However, ionogel electrolytes often face
inherent trade-offs in mechanical strength, ion-transport effi-
ciency, and interfacial stability, particularly when high IL con-
tents are required to achieve sufficient room-temperature ionic
conductivity [26]. Excessive liquid fractions can compromise
dimensional stability and reduce mechanical resistance against
lithium dendrite growth, limiting their practical applicability.

To further regulate ion transport and mechanical properties in ion-
ogel electrolytes, inorganic ceramic fillers have been extensively
investigated. Chen and colleagues reported that the introduction
of ceramic phases can give rise to distinct lithium-ion transp-
ort pathways when ceramic particles form percolating networks
within the electrolyte matrix [27], consistent with findings reported
by Keller et al. [28] Among various ceramic fillers, garnet-type
LLZO is particularly attractive due to its high lithium-ion conduc-
tivity, wide electrochemical stability window, and single-ion con-
duction character [29, 30]. To enhance electrolyte performance,
both composition and processing strategies have been explored.
For example, Ranque et al. modified LLZO particle surfaces to
achieve more uniform dispersion within the polymer matrix
[31], while Falco et al. employed UV-crosslinking to enhance
mechanical integrity [32]. These studies highlight the importance
of both compositional and processing control in the development of
durable hybrid electrolytes with suitable ionic conductivity and
cycling stability. Our previous work demonstrated improved room-
temperature cycling stability upon incorporation of LLZO micro-
particles and suggested a tentative influence of ionic liquid viscosity

on the thermal and electrochemical properties of composite
systems [33]. Additionally, LLZO has been reported to increase
the lithium-ion transference number, improving electrochemical
efficiency by mitigating concentration polarization [34-38].
Collectively, these studies emphasize that LLZO material actively
complements the polymer-IL phase.

Importantly, although ionogel systems have been increasingly stud-
ied, correlations between the component chemistry, such as differ-
ent ionic liquid local environments, and the resulting macroscopic
electrolyte properties for realistic battery applications remain an
important area for further investigation [39]. This gap highlights
the need to examine how solvation environments influence electro-
chemical behavior and battery performance at room temperature
within carefully designed hybrid matrices. Building on this, we
design and investigate hybrid ionogel (HIG) electrolyte membranes
obtained by encompassing ionic liquid electrolyte (ILE) solutions in
a polymer-in-LLZO host matrix. Our approach is specifically engi-
neered to combine the reported ionic conductivity and thermal
robustness of LLZO ceramic nanoparticles with the mechanical
integrity and ion-transport enhancement provided by the gel matrix
[19, 40-42]. This work focuses on improving the practical appl-
ication of hybrid solid-state electrolytes by addressing both formu-
lation and processing. Specifically, we fabricate self-standing,
ceramic-rich LLZO-based HIG membranes with minimal polymer
content using an in situ, solvent-free thermal-polymerization met-
hod. This approach includes a direct electrolyte polymerization pro-
cess on cathode surfaces to facilitate interfacial contact, as examined
by cross-sectional FESEM/EDX analysis. In addition, we compare
ionic liquid electrolytes featuring single- and mixed-anion env-
ironments (TFSI™ and/or FSI") to assess formulation-dependent
differences in electrochemical behavior. Raman spectroscopy is
employed to provide information on anion-related influence on Li*
coordination and solvation structure. Rather than reiterating the
well-established properties of LLZO or ionic liquids in isolation, this
work focuses on their combined behavior within ceramic-rich
hybrid ionogel systems, providing comparative and experimentally
grounded insights relevant to the design of practical solid-state bat-
tery electrolytes.

2 | Experimental Section
2.1 | Materials

The raw materials purchased from Sigma-Aldrich include
bisphenol A ethoxylate dimethacrylate (BEMA, Mn~ 1700,
EO/phenol: 15) and azobisisobutyronitrile (AIBN). 1-Ethyl-
3-methylimidazolium bis(trifluoromethanesulfonyl)imide
(EMITFSI), 1-ethyl-3-methylimidazolium bis(fluorosulfonyl)
imide (EMIFSI), lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI), and lithium bis(fluorosulfonyl)imide (LiFSI, battery
grade) were purchased from Solvionic, and Al-doped LLZO nano-
particles (500 nm) from MSE Supplies. The thermal initiator AIBN
was recrystallized using methanol to enhance its purity before use,
ensuring consistent solubility and distribution in the reaction
medium, while other chemicals were used as received.

2.2 | Formulations and Sample Preparation

It is expected that in many liquid-based battery electrolytes, the
ionic conductivity has the maximum value at some intermediate
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salt concentration, which can grant a balance between the number
of charge carriers (increased by the increase of salt concentration),
the formation of ion pairing that occurs at higher concentrations,
and the increase of the viscosity due to increased salt concentration
[43]; however, it is a more complex situation when ionic liquids are
involved due to the coordination nature in ILs [44]. In this study,
different 1 M salt-in-IL electrolyte solutions (ILEs) were prepared
for obtaining HIG formulations, of which the salt weight concen-
tration is similar to that of our previously reported LLZO-based
hybrid electrolyte [33]. The mixed-anion systems were selected
with the aim of leveraging the complementary properties of the
two commonly used anions of TFSI™ and FSI™, for which the
hypothesis has been preliminarily explored in multiple studies
[45-49]. It is well known that TFSI™ contributes to good chemical,
electrochemical, and thermal stabilities of electrolyte performance
and good salt dissociation; while FSI™ is considered to provide lower
viscosity and better ion diffusivity in the battery cells, as well as to
facilitate the formation of a fluorine-rich interphase that improves
interfacial stability [17, 48, 50]. Besides, imidazolium-based ILs are
found to be very popular for battery applications due to their high
chemical stability, low viscosity, and high ionic conductivity
[51-53]. These ILEs were mixed with a crosslinker and LLZO
ceramic nanoparticles, and such precursors were polymerized via
an insitu solvent-free thermal-induced procedure, yielding four
hybrid ionogel formulations, namely HIG-TLiT (BEMA + LLZO +
EMITFSI + LiTFSI), HIG-TLiF (BEMA + LLZO + EMITFSI +
LiFSI), HIG-FLiT (BEMA + LLZO + EMIFSI + LiTFSI), and HIG-
FLiF (BEMA + LLZO + EMIFSI + LiFSI). Chemicals used for sam-
ple preparation are shown in Scheme 1, and the formulation details
of these electrolytes are summarized in Table 1.

First, a specific volume ratio was established for each component
(BEMA, ILE, and LLZO), ensuring consistency across all hybrid
electrolyte formulations. To prepare the precursors, the thermal
initiator AIBN was dissolved in the ILEs at 2 wt% relative to the
total formulation mass. Next, the crosslinker BEMA and the inor-
ganic filler LLZO particles were sequentially added and mixed
into the solution, following a calculated mass ratio based on their
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densities and the predefined volume ratio. Accordingly, the final
addition sequence was as follows: ILE, AIBN, BEMA crosslinker,
and LLZO nanoparticles. Finally, the self-standing HIG electro-
lyte films were synthesized via an in situ, solvent-free process at
50°C overnight, followed by heating at 60°C for several hours to
ensure complete reaction.

2.3 | Materials Characterization

The morphology of HIG series of electrolytes was studied by field
emission scanning electron microscopy (FE-SEM). The samples
were dipped in liquid nitrogen to crack them while properly pre-
serving their morphology to obtain cross-sectional images. SEM
images were subsequently captured using a ZEISS Supra 40VP
instrument, operating at an accelerating voltage of 15 kV, to obtain
high-quality micrographs for accurate analysis. EDS was also per-
formed on the surface and on the cross-sectional areas of some
samples that were directly in situ polymerized on the cathodes.
Platinum was used in this study to metallize the sample.

Attenuated total reflectance Fourier-transform infrared (ATR-
FTIR) spectra were recorded with a Nicolet iS50 spectrometer
to study the surface chemistry, and the Thermo Scientific
OMNIC Specta Software was used to record and process the data.

Thermogravimetric analysis (TGA) was conducted to provide
information on dehydration, degradation, breakdown, and other
chemical reactions that HIGs undergo as a function of temp-
erature; each HIG sample was tested by TG 209 F3 Tarsus
Thermogravimetric Analyzer (NETZSCH Gerdtebau GmbH),
placed in the alumina crucible, under a N, flow with a heating

rate of 10°C min™".

Raman characterization of the electrolyte samples was utilized for
the ionic interactions and local coordination within HIG electrolyte
systems. Raman spectra were collected using a Renishaw inVia
(H43662 model, Gloucestershire, UK) equipped with a NIR laser
line (785 nm) with a 50x objective. Spectra were recorded in the
range from 680 to 790 cm™" with 50 acquisitions and a power of
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SCHEME1 | Chemical structures of chemical precursors used for preparing electrolyte samples presented in this study, including reprinted crystal

structure of cubic garnet-type LLZO [54].
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TABLE 1 | Formulations of the HIGs under study.

Crosslinker LLZO particles ILE, 1M
Formulations vol% wt% vol% wt% vol% wt%
HIG-TLIiT 16 8.65 16 40.00 68 51.35
HIG-TLiF 16 8.69 16 40.15 68 51.16
HIG-FLIiT 16 8.80 16 40.66 68 50.54
HIG-FLiF 16 8.84 16 40.86 68 50.30

2.5 mW. Spectra baselines were performed with a script developed
using Matlab (version R2020a) [55]. Signals were fitted using
Gaussian and Voigt functions, as reported by Kerner et al. [56].

X-ray photoelectron spectroscopy (XPS) was carried out by a
PHI 5000 VersaProbe instrument from ULVAC-PHI (Physical
Electronics Inc., Kanagawa, Japan) to examine the chemistry
change of the surface of HIG-FLiT membrane before and after
the CV measurement with carbon-coated Al. The instrument
used monochromatic Al Ka radiation with an energy of 1486.6 eV
as the X-ray source. Two distinct pass energy values were applied,
with 187.75 and 23.5¢eV for the survey and the high-resolution
spectra, respectively. Throughout the measurements, charge
compensation was achieved through a combination of an elec-
tron beam and a low-energy Ar beam system.

2.4 | Electrochemical Characterization

A series of electrochemical measurements were performed through
laboratory-scale test cells (model ECC-Std by EL-CELL, Germany),
and all cells were assembled under the controlled atmosphere of an
Ar-filled dry glove-box (MBraun UniLab, H,0 and O, <1 ppm).
A climatic chamber (Binder MK53 E2) was used to control the
operational temperature of the cells accurately.

For ionic conductivity tests, each electrolyte membrane was
placed between two identical stainless-steel (SS-316) blocking
electrodes, and impedance spectra were recorded by applying
an amplitude AC sinusoidal potential of 20 mV in a frequency
range of 1 MHz - 100 mHz, and the corresponding impedance
was recorded through a VMP-3 electrochemical workstation
(BioLogic Science Instruments, France). Cells assembled with
disc-shaped HIG membranes were tested at different tempera-
tures, ranging from —20 to 80°C (10°C temperature step). The
obtained Nyquist plots were utilized to evaluate the bulk ionic
resistance (R) of the electrolyte sample, represented by the ampli-
tude of the semicircle or the intersection of the axis of the real
impedance part. The ionic conductivity (o) of the sample can be
subsequently calculated using the formula, where [ and A are the
thickness and the cross-sectional area of the sample, respectively:

1
=R

Cyclic voltammetry (CV) was conducted to assess the anodic sta-
bility behaviors of HIG electrolyte membranes within a voltage
range of 2-5V versus Li*/Li. The measurements were performed
on the Biologic VMP-3 electrochemical workstation at 25°C,
utilizing a Li/electrolyte/carbon-coated Al cell configuration.

A slow scan rate of 0.1 mV s~! was employed to enable the detec-
tion of any oxidation processes [32].

Electrochemical impedance spectroscopy (EIS) experiments were
carried out using a Li | Li symmetrical cell configuration to inves-
tigate the interfacial properties of HIG electrolytes with Li metal
electrodes. Cells were maintained at a constant temperature of
25°C and connected to the BioLogic VMP-3 electrochemical
workstation, and the change in resistance over time was mea-
sured and recorded. The plotted data illustrates the behavior
up to the point where the impedance plateaus, indicating stabi-
lized cell performance. This cutoff was selected to enhance clar-
ity, as the subsequent Nyquist curves became nearly identical and
largely overlapped, providing limited additional insight.

Charge/discharge cycling with LiFePO, (LFP) cathodes was car-
ried out at various current rates with an Arbin BT-2000 battery
tester under ambient conditions, corresponding to a measured lab-
oratory temperature of ~21°C. This temperature value was used
and given because the point of the study was to estimate the elec-
trolytes and cell behavior in normal room temperature circum-
stances. The test was performed in the voltage range between
2.6 and 4.0V versus Li*/Li for the Li/LFP cells. The current
regimes were based on the LFP active material mass loading,
derived from the theoretical specific capacity of the active material
(170mAh g™* for LFP). LFP cathode film was prepared from a
slurry formulation of LFP, carbon black (Imerys C65), and poly-
vinylidene difluoride (PVdF, Solvay Solef 6020; dissolved in NMP,
Sigma-Aldrich) in a weight ratio of 80:10:10. A relatively low mass
loading of 1 mg cm™> was used to achieve better interfacial contact
between the solid-state electrolytes and the porous cathode [32]. In
addition, HIG precursors were applied to the surface of dried cath-
odes with a doctor blade before polymerization which aimed to
reduce the electrolyte thickness and enhance the penetration of
the electrolyte throughout the electrode bulk, optimizing the uti-
lization of active materials. Afterward, electrodes were vacuumed
for 15-20 min at 1 Pa in the glovebox antechamber, followed by a
thermal curing process to in situ solidify the hybrid electrolyte pre-
cursors. The resulting electrodes, conformally coated with the
polymer-based HIGs, were then contacted with lithium-metal
electrodes and assembled in laboratory-scale cells for cycling tests.

Under the same temperature condition as described above, the
Li | Li symmetrical cell configuration was also used for lithium plat-
ing/stripping tests to evaluate the durability and operational
lifespan of solid-state batteries with our HIG-FLiT electrolyte sys-
tem. The test was performed by applying a current density of
25 pA cm™ for 4 h during each stripping or plating phase, followed
by 50 pA cm™ for 2 h for each subsequent phase, to assess the resis-
tance of the cell to lithium dendrite nucleation and growth, which is
a helpful factor in determining safety and longevity [57].
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3 | Results and Discussion
3.1 | Characteristics of HIGs

Digital photographs of the fabricated hybrid membranes are
shown in Figure 1a-c. After the thermal polymerization process
in a stainless-steel mold (Figure 1a), white, self-standing, and
ceramic-rich solid-state membranes (~180 um thick) were obt-
ained. Figure 1b,c shows that the membrane exhibited good
mechanical integrity as it withstood multiple folding and releas-
ing cycles without any breaks. The hybrid electrolyte membranes
were then cut into smaller disks with a lab-use puncher for dif-
ferent characterization measurements. In addition, the same
polymerization method was used to prepare much thicker sam-
ples but with a deeper silicone mold for ionic conductivity tests.

The FESEM images of the HIG membranes are shown in
Figure 1d-g to provide information on the dispersion of ceramic
fillers and the structural quality of the membranes. It is well
known that ceramic particles naturally sediment in a liquid-like
medium [58] and that the electrochemical properties of LLZO
and ionogels toward electrodes differ if phase separation occurs;
thus, morphologies on both top and bottom sides of the samples
were collected. In general, the top and bottom surfaces of each
formulation exhibit similar morphological features; therefore,
only the top-view FESEM images are presented here, while the
corresponding bottom-surface images are provided in Figure S1.
In addition, the Al-LLZO nanoparticles are not very homoge-
nously distributed in the samples. The grain size ranged from
tens to thousands of nm in diameter, with occasional aggregates.
EMITFSI-based samples (Figure 1d,e) demonstrated more uni-
form and consistent dispersion characteristics accompanied by
reduced agglomeration, compared with EMIFSI-based samples
(Figure 1f,g). These differences are likely due to varying combi-
nations of system viscosities and polymerization rates influenced
by the formulations, which will not be further discussed here.

The ATR-FTIR spectra for the four polymerized samples are
shown in Figure S2 to demonstrate their chemical compositions
through vibrational characteristics. It is obvious that all the for-
mulations show at around 3166 and 1572 cm ™" the C-H and C-N
stretching vibrations, respectively, characteristic of the imidazo-
lium cation ring of EMI-ILs, and the C=O0 stretching vibration of
methacrylate in the range of 1700-1720 cm™*[33]. The spectra for

the HIG-TLiT exhibit significant S=O asymmetric stretching
vibrations around 1300-1370 cm ™" [24]; however, with increas-
ing loading of FSI™ anion, another S=O stretching peak at
approximately 1377cm™' starts to appear and become pro-
nounced, which is considered to be characteristic of the FSI™
anion [59]. The samples containing both anions (HIG-FLiT
and HIG-FLIF) suggest a coupling effect of S=0O vibrations from
TFSI™ and FSI™, with observed overlaps. Additionally, as the con-
centration of the FSI anion increases in the HIG samples, the
C—SO,—N bonding mode of TFSI™ in the 1025-1075 cm™" range
diminishes; eventually, it disappears in the sample containing
only the FSI anion, with which the C—O—C stretching signal
around 1100 cm™'[59], being previously overlapped or hidden,
becomes noticeable. A similar phenomenon is observed for
the S-N stretching vibrations in the 700-860 cm™" range [60];
the peak corresponding to the C-S group in TFSI™ decreases from
sample HIG-TLiF to HIG-FLiT and then to HIG-FLiF. These
spectral differences demonstrate distinct chemical environments
fostered by FSI and TFSI anions. It should be noted that the
peaks show discrepancy compared with pure components, as
the specific anionic compositions as well as the integrated poly-
mer matrix and ceramic particles influence the overall vibra-
tional profile of the samples.

TGA is included to confirm the thermal integrity of the hybrid
electrolyte systems and to support the soundness of our formu-
lation strategy. The plotted curves of the four samples are shown
in Figure 2 revealing their thermal degradation profiles, which
exhibit good thermal stability up to the breakdown temperature
at around 280°C or 380°C with FSI-IL or TFSI-IL, respectively.
Gradual mass losses at lower temperatures are likely ascribable
to the evaporation of absorbed moisture and crystallization
water; indeed, samples were stored in ambient air before TGA
testing, and all chemicals were used as purchased without any
pretreatment. The main degradation events occur approximately
between 300°C and 500°C, which can be ascribed to the decom-
position of the polymer matrix and associated ionic species. The
EMITFSI-based samples are more stable than the EMIFSI-based
ones, which should be attributed to the stronger interactions
between EMI* and TFSI™ [46]. Additionally, increasing the con-
centration of FSI™ generally lowers the thermal stability, and
among the samples, HIG-FLiF (blue) shows the most significant

FIGURE1 | Digital photographs showing the thermal-polymerized HIG sample in ~180 pm thickness (a) in a stainless-steel mold, (b) folded after

being peeled off from the mold, and (c) released, demonstrating self-standing integrity and ease of handling. FESEM images of the HIG series of elec-
trolyte membranes under study: top views of (d) HIG-TLiT, (e) HIG-TLIiF, (f) HIG-FLiT, and (g) HIG-FLiF.
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FIGURE 2 | TGA traces of electrolyte membranes under study: HIG-
TLiT (red), HIG-TLIF (green), HIG-FLiT (magenta), and HIG-FLiF (blue)
and their derivative weight vs. temperature plots.

mass loss, starting at around 300°C and continuing more steeply
compared to the others, suggesting a less thermally stable system.
In contrast, HIG-TLIiT (red) and HIG-TLiF (green) show more
gradual degradation profiles, indicating relatively higher thermal
stability contributed by EMITFSI ionic liquid. The derivative
thermogravimetry (DTG) curves further highlight these differen-
ces, with peaks indicating the maximum rate of mass loss.
Furthermore, the HIG-FLiT (magenta) shows two-step decompo-
sition behavior between 300°C and 500°C that indicates more com-
plex degradation processes. Conversely, the HIG-TLiF sample,
which also contains both TFSI and FSI anions, does not show
two distinct peaks in the DTG curve in the same decomposition
range. This phenomenon could be attributed to the polymer struc-
ture discrepancy caused by the viscosities of reaction media [33].

The superimposed Raman spectra of all the samples are shown in
Figure 3. For a detailed discussion, the deconvolved spectra of each
sample are presented; the corresponding fitting results are summa-
rized in Table 2. A peak at around 701-702 cm™ is observed in all
samples and is assigned to the EMI cation. The limited shifts in
peak position (701cm™ in HIG-TLiT/TLiF, Figure 3b,c, and
702 cm™ in HIG-FLiT/FLiF, Figure 3d.e) reflect slight differences
in the local environment, likely arising from different ionic liquid
anions. The spectra of HIG-TLiT and HIG-TLiF in Figure 3b,c
exhibit similar features with four components. The peak at
733cm™! is attributed to the presence of the TFSI anion, while
the much stronger signal at about 742cm™* corresponds to the
dominant Raman-active mode of TFSI™. The occurrence of these
two “free-TFSI” features is consistent with previous reports on ionic
liquid systems [46] and is associated with the different local envi-
ronments and cis/trans conformers of uncoordinated TFSI™ in
EMITFSI-based systems. The slight differences in relative peak
areas are attributed to baseline variations and fitting uncertainty,
and the two spectra are therefore considered not significantly dif-
ferent. In analogy with TFSI-rich systems, EMIFSI-based samples
display peaks at 725 and 726 cm™" in HIG-FLIF (Figure 3d) and
HIG-FLiT (Figure 3e) respectively, which are characteristic of
the uncoordinated form of FSI". In addition, the HIG-FLiT formu-
lation shows both features of TFSI and FSI anions with an approxi-
mate ratio of 2:5, and the spectrum was fitted with Voigt functions
and did not require any additional unassigned peaks. Furthermore,

the peak centered at 749 cm™ in the spectra of TESI-rich samples is
attributed to the formation of [Li(TFSI),]"*~ coordination com-
plexes, as reported in literature [61]. The relatively weak band
observed at around 740 cm ™" in the HIG-FLiF spectrum can simi-
larly be assigned to the presence of [Li(FSI),] —&=1) complexes [46].

Figure S3 shows the temperature dependence of the ionic conduc-
tivity for HIG-TLiT, HIG-TLiF, HIG-FLiT, and HIG-FLiF samples
from —20°C to 80°C during the heating step and back to —20°C
during cooling. All samples show increasing ionic conductivity with
temperature, characteristic of thermally activated ionic conduction.
Furthermore, similar or nearly identical conductivity values are
observed during heating and cooling cycles, indicating good ther-
mal reversibility. This consistency suggests that the incorporation of
LLZO ceramic particles contributes to the stability of ionic transport
across the investigated temperature range, likely by maintaining the
structural integrity of the hybrid membranes and mitigating con-
ductivity fluctuations associated with polymer relaxation or phase
redistribution during heating [62, 63]. As heating curves are gener-
ally more relevant for practical applications [64], Figure 4 compares
the ionic conductivity of the four hybrid solid electrolytes upon
heating from —20°C to 80°C. HIG-FLIT exhibits the highest ionic
conductivity (1.93 x 1073 Scm™" at 20°C), followed by HIG-FLIF,
while HIG-TLiF and HIG-TLIiT show slightly lower values, with
the latter providing the lowest jonic conductivity (1.75x 107> Scm™
at 20°C) in the series. Although the absolute differences are
modest, a consistent formulation-dependent trend has been
observed, with the FSI-rich systems exhibiting higher ionic con-
ductivities across the entire investigated temperature range. This trend
is consistent with Raman spectral analysis (Table 2), which reveals
relative differences in the contributions of uncoordinated and coordi-
nated anion-related features among the samples. The findings are
in agreement with existing literature in which a higher proportion
of “free” anions has often been associated with increased ionic con-
ductivity in ionic-liquid-based electrolytes, emphasizing the role of
local solvation and the coordination environment imposed by differ-
ent ionic liquids [65, 66].

In particular, the superior conductivity of HIG-FLiT suggests that
the combination of LiTFSI and EMIFSI, together with the LLZO
filler and polymer matrix, promotes enhanced ionic mobility.
The weakly coordinated TFSI™ originating from the lithium salt
are expected to exhibit higher mobility and thus contribute sig-
nificantly to ionic transport, in agreement with previous studies
on anion coordination effects in ionic-liquid-based electrolytes
[45, 46, 67]. While the dominant contribution to conductivity
arises from the ionogel phase, the presence of high-surface-area
LLZO ceramic particles may additionally influence the local
ionic environment, as reported for inorganic-filler-containing
quasi-solid electrolytes where ceramic-ion interactions have been
suggested to affect ion dynamics [63, 68, 69]. An empirical anal-
ysis of the temperature dependence of ionic conductivity was
additionally performed using a Vogel-Tammann-Fulcher (VTF)
model expressed in In(o) space; the corresponding results are pro-
vided in the Supporting Information.

In the analysis of lithium metal compatibility with the HIG electro-
lytes, Nyquist plots are shown in Figure 5 to illustrate the areal
impedance spectra of Li | Li cells assembled with four different for-
mulations over various time intervals at 25°C. Despite the prepa-
ration method showing inherent variability, which results in slight
differences in sample thickness, thus affecting impedance values,
all four formulations reach a stabilization phase where the
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FIGURE3 | (a)Raman spectra in the range from 680 to 790 cm™" of the HIG series of samples under study and fitted Raman spectra of (b) HIG-TLIT,

(¢) HIG-TLIF, (d) HIG-FLIT, and (e) HIG-FLiF.

electrolyte structures optimize for ion transport. Initially, the HIG-
TLiT formulation (Figure 5a) displays an increase in areal imped-
ance within 1 day, followed by a gradual decrease until around the
6th day when it stabilizes, indicating a slow but steady reorganiza-
tion of the electrolyte structure. On the other hand, HIG-TLiF
(Figure 5b) exhibits an initial rise and gradual change in areal
impedance over time, eventually stabilizing after 15 days. As this
sample had not reached stabilization within the earlier period com-
pared with others, it was monitored for a longer duration. Among
all samples, it took the most time to undergo substantial structural
reorganization. Moving to EMIFSI-based samples, HIG-FLiT

(Figure 5c) shows a rapid decrease in areal impedance, reaching
equilibrium within 2 days, which is the shortest time frame among
all the samples, suggesting a remarkable interface stability [70, 71].
HIG-FLIF (Figure 5d) demonstrates a relatively quick decrease in
areal impedance, stabilizing within around 6 days. A second semi-
circle appears in the spectrum of the HIG-TLIT system after a cou-
ple of days, which can correspond to the grain boundary. However,
other HIG formulations do not exhibit the same phenomenon,
potentially due to the existence of FSI™ which might improve dis-
persion and interaction of LLZO with the polymer matrix, resulting
in more uniform ionic channels and reduced grain boundary

ChemElectroChem, 2026
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TABLE 2 | Output of Raman analysis of the HIG series of samples
under study.

Formulation Components Center, cm™! Area, %
HIG-TLiT EMI* 701 4.1
“free” TFSI™ 733 4.2
“free” TFSI™ 742 84.2
[Li(TESI), ]~ &~V 749 7.5
HIG-TLiF EMI* 701 2.7
“free” TFSI™ 733 1.8
“free” TFSI™ 741 88.9
[Li(TESI), ]~ &~V 749 6.6
HIG-FLIiT EMI* 702 8.4
“free” FSI™ 725 65.2
“free” TFSI™ 741 26.4
HIG-FLiF EMI* 702 4.4
“free” FSI™ 726 92.7
[Li(FSI), ]~ 740 2.9
T (°C)
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FIGURE 4 | Comparison of the ionic conductivity results for the sam-

ples HIG-TLIiT, HIG-TLiF, HIG-FLiT, and HIG-FLiF upon heating from
—20 to 80°C. Corresponding heating-cooling data are shown in
Supporting Information.

resistance. The underlying mechanism for this behavior is still
under investigation and is beyond the scope of this work.
However, for all four electrolyte formulations, as indicated by
the impedance values, the effective interfacial contact at the elec-
trode surfaces remains challenging, likely due to the poor wettabil-
ity between solid/solid surfaces and the low degree of uniform
dispersion of LLZO particles.

With the same lithium symmetric cell configuration, stripping-
plating experiments were conducted on the HIG-FLiT formulation
at room temperature, and the corresponding voltage response is
shown in Figure S5. The cell was cycled for approximately
100h, during which the ~180pm thick electrolyte membrane

exhibited stable operation without short-circuiting. The overpoten-
tial increased gradually from around 0.5-0.75 V at 25 pA cm™2 and
rose further at 50 uA cm™2. This behavior is consistent with expect-
ations for relatively thick, ceramic-rich hybrid membranes, where
large interfacial resistance and slower charge-transfer processes
contribute to increased polarization [72-74], as also reflected in
the impedance measurements (Figure 5). Importantly, the absence
of short-circuiting throughout the 100-hour test suggests stable
interfacial behavior and effective suppression of dendrite growth
at low current density for operating solid-state battery applications
at room temperature conditions, while also highlighting the need
for further optimization of membrane thickness, processing, and
interfacial contact to reduce the resistance and polarization.

The cyclic voltammograms were performed across the four HIG
formulations, as well as to demonstrate the general electrochemical
robustness and stability of the materials that may support any
future application with high-voltage cathodes. The current
response to voltage is represented in each plot across several cycles.
The formulation of HIG-FLIT (Figure 6) demonstrates the highest
onset decomposition potential among the four electrolyte systems
[75], and, therefore, it is electrochemically stable enough to be cou-
pled with LiFePO4-based cathodes in Li-metal cells [76]. Other
HIGs, as plotted in Figure S6a-c, do not perform at the same level;
they show more pronounced minor oxidation features, and this
behavior is attributed to formulation-dependent differences in
the ionic environment and interfacial reactions [45]. Although
sharing the same ionic liquid as in HIG-FLiT, HIG-FLiF
(Figure S6c) exhibits the lowest breakdown voltage among the
four electrolytes, suggesting less stability of FSI anion [46, 49].
In general, the more obvious current flows in the first cycle
can be associated with the decomposition of impurities and forma-
tion of side products; nevertheless, over the following cycles, most
peaks become less intense, even disappearing, indicating the con-
version of those side products. Overall, the presence of both TFSI
and FSI anions is advantageous for anodic stability. The ionic lig-
uid electrolytes predominantly influence the CV behavior of the
samples; however, LLZO as an electrochemically stable, structur-
ally reinforcing phase whose microstructural distribution can also
influence interfacial behavior [77].

To evaluate their practical electrochemical performance, HIG
electrolytes were in situ polymerized onto the LFP cathodes
(active material mass loading: 1 mgcm™) as detailed earlier
and directly assembled in laboratory-scale cells against lithium
metal for constant current charge-discharge tests at room tem-
perature. The resulting in situ polymerized solid electrolyte layer
had an average thickness of approximately 75 pm, which is sub-
stantially thinner than the free-standing membranes (~180 pm)
used for other characterizations, as enabled by the in situ poly-
merization strategy. Different constant current rates (at C/20,
C/10, and C/5, based on the LFP active material mass in the elec-
trode disk) were applied to the cells until the voltage reached a
predefined cutoff value (4.0 and 2.6 V vs. Li*/Li for charge and
discharge, respectively), where the controller switches to the con-
stant voltage mode, holding the voltage at 4.0 or 2.6 V for 3h
unless the current was out of the range of = 6 pA (limited by
the charge-discharge current values at C/50).

The HIG-FLiT-based cell demonstrates the best cyclability and
performance among the four formulations, as shown in
Figure 7. The cycling result (Figure 7a) shows specific discharge
capacities approaching 130 mAh g™' up to C/5 and Coulombic
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FIGURE 5 | Areal impendence spectroscopy results against time, under OCV at 25°C, for symmetric lithium cells assembled with (a) HIG-TLIiT,

(b) HIG-TLIF, (c) HIG-FLIT, and (d) HIG-FLiF.
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FIGURE 6 | Cyclic voltammetry profiles at a scanning rate of

0.1mV s™! of Li-metal cell assembled with HIG-FLiT membrane against
carbon-coated Al at 25°C, with the inset zoomed-in view.

efficiency above 99.3% except for the initial cycle (96.2%).
Figure 7b shows representative voltage versus specific capacity
profiles of the first cycle at each different C-rate. Overall, excel-
lent cycling stability was demonstrated by HIG-FLiT with out-
standing capacity retention during the whole cycling test, as
well as remarkable Coulombic efficiency capacity at different
C-rates up to C/5. The specific capacity delivered decreases only
slightly while increasing the current regimes from 1st to 16th
cycles. The charge/discharge potential profiles versus specific
capacity at different current rates perfectly resemble the typical
flat plateaus of the LFP cathode corresponding to the Li*

insertion (discharge) in the FePO, network. The observed pro-
files remained stable even upon doubling the current rate, with
overall limited overpotential that only slightly increased at a
higher rate of C/5, supporting the favorable charge transport
properties of the system. The capacity of cells with HIG-FLiT
electrolyte starts declining only when continuously transitioning
to 1C and then to higher rates (2C and 5C), as shown in Figure
S7a, and does not recover to initial levels upon returning to 1C.
The faster decrease at higher rates suggests that this condition
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1.0 mgcm™

enhances irreversible degradation phenomena, accompanied by
reduced stability of the solid electrolyte interphase layer that
increases resistance and decreases active lithium ion availability
[78]. As mentioned earlier, the current low areal loading
(1.0 mg cm™2) was chosen in order to evaluate intrinsic electro-
chemical behavior and ensure good contact with the relatively
dry, rigid membranes, but increasing the loading for commercial
relevance is an acknowledged challenge in solid-state electrolytes
and will be a focus of future electrolyte optimization.

Moving to other formulations, HIG-TLIT shows poor cyclability, as
plotted in Figure S7b, with a noticeable decay in capacity and
Coulombic efficiency over cycles, indicating less favorable cycling
stability compared with other formulations. On the other hand,
HIG-TLIF (Figure S7c) exhibits stable specific capacities exceeding
130mAh g™* from C/20 to C/5 with high Coulombic efficiency.
Lastly, the cell assembled with HIG-FLiF (Figure S7d) provides
high discharge capacities near 145 mAh g™ at C/20 rate, but with
poor Coulombic efficiency, likely due to side reactions at the elec-
trode/electrolyte interface. Significantly, both single-anion-based
systems (HIG-TLiT and HIG-FLiF) exhibit a propensity to undergo
short-circuiting, indicating the possibility of stability issues thr-
oughout prolonged cycles. The observations of cell performance
employing systems containing both TFSI™ and FSI™ confirmed
their combined effect on the cell electrochemical responses, especia-
lly with the excellent stability of HIG-FLIiT in retaining a high
capacity and efficiency. Nonetheless, performance at higher C-rates
still requires further development and optimization, particularly
with respect to LLZO particle dispersion and interfacial engineer-
ing, which may help improve interfacial stability and reduce

, corresponding to a theoretical areal capacity of 0.17 mAhcm™".

polarization in ceramic-rich hybrid electrolytes [79]. In addition,
these findings highlight the strong influence of the ionic liquid
chemistry on electrochemical performance, reflecting differences
in viscosity, ionic interactions, and intrinsic electrochemical stabil-
ity. A summary of the initial specific discharge capacity for HIG
electrolytes at different C-rates is shown in Table 3.

3.2 | Further Evaluation of HIG-FLiT

Based on its best overall performance in terms of Raman spectrum,
ionic conductivity, compatibility with lithium metal, anodic stabil-
ity window, and charge-discharge galvanostatic cycling at room
temperature, the electrolyte system HIG-FLiT was identified as
the most promising candidate and was consequently selected for
more detailed investigation. FESEM with EDX was conducted
to investigate element distribution on the surface as well as its
in situ cross-section onto the cathode electrode. In addition, XPS
was applied to the electrolyte membrane surface, contacting
carbon-coated Al before and after CV tests to examine the chemical
reactions at the interface between the electrolyte and cathode.

Figure 8 shows the EDX maps of the distribution of different ele-
ments of the surface of the HIG-FLiT sample (Figure 8a), viz. alu-
minum (Al), carbon (C), fluorine (F), lanthanum (La), nitrogen (N),
oxygen (O), sulfur (S), and zirconium (Zr). The mappings show a
relatively homogeneous elemental distribution, with a few note-
worthy discoveries. C (Figure 8c), F (Figure 8d), N (Figure 8f),
O (Figure 8g), and S (Figure 8h) are equally distributed, showing
that the polymer matrix is consistent and the dissolved LiTFSI salt
is effectively integrated. Al (Figure 8b), La (Figure 8¢) and Zr

TABLE 3 | Summary of the initial specific discharge capacity for HIG electrolytes at different C-rates.
Initial capacity, Initial capacity, Initial capacity, Initial capacity, mAh g™*
Formulation mAh g! at C/20 mAh g! at C/10 mAh g! at C/5 at C/20 2™
HIG-TLiT 42.5 77.0 53.2 49.9
HIG-TLiF 136.7 136.7 137.5 136.0
HIG-FLiT 127.6 126.9 126.8 125.1
HIG-FLiF 143.7 142.1 138.4 141.4
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FIGURE 8 | FESEM image of (a) HIG-FLIiT electrolyte membrane surface, and EDX mapping images for elements: (b) Al, (c) C, (d) F, (e) La, (f) N,

(g O, (h) S, and (i) Zr.

(Figure 8i), which correspond to Al-doped LLZO particles, are
found in more concentrated areas; they also exhibit significant clus-
tering, aligning with FESEM results discussed previously. These
findings imply that, while the overall elemental distribution is uni-
form, ceramic particle agglomeration still occurs, which may
impact the interfacial contact with electrodes and, therefore, ion
transport and cycling performance of the material.

The in situ approach was employed to polymerize the electrolyte
precursor directly onto the cathode surface for the purpose of
conducting charge-discharge tests in laboratory-scale cells. To

assess the effectiveness of the procedure and the good contact
between interfaces allowing excellent specific capacity output,
a FESEM cross-sectional analysis was performed on the HIG-
FLiT electrolyte membrane polymerized on the LFP cathode
(Figure 9). Additionally, FESEM equipped with EDX was used
to examine the distribution of elements across the cross section,
enabling identification of the electrolyte and cathode regions,
assessment of interfacial contact, and evaluation of electrolyte
penetration into the porosity of the cathode. Four locations were
analyzed. Based on the elemental analysis, spot 1 (Figure S8a)

FIGURE9 | Cross-sectional FESEM image of the HIG-FLIiT electrolyte thermally polymerized in situ on the LFP cathode, showing good penetration

and intimate physical contact. Complementary elemental spots 1-4 analysis is provided in the Supporting Information.
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corresponds to the hybrid electrolyte, whereas spot 2 (Figure
S8b), taken from a darker area, exhibits the presence of thin LFP
coating layer of the cathode. Furthermore, it indicates in spot 2
the presence of small quantities of fluorine (F), aluminum (Al),
sulfur (S), zirconium (Zr), nitrogen (N), and lanthanum (La), sug-
gesting successful partial penetration of the hybrid electrolyte
into the cathode structure and intimate interfacial contact.
Spots 3 and 4 (Figure S8c,d) correspond to regions within the
aluminum current collector.

The XPS spectra of the HIG-FLiT membrane cycled with carbon-
coated Al against lithium metal were collected to study the bond-
ing structures of the elements on the surface of the electrolyte
membrane before and after CV experiments. Results are shown
in Figure S9. Spectra of various elements are shown, including
C, O, N, and F, with their XPS output summarized in Table S2.
In the C 1s spectrum, the peak at ~284.8 eV associated with car-
bon in EMI" slightly decreases in area from 70.5 to 69.7% [24]. The
peak at ~286.0 eV, associated with C—O bonds [80], appears at
286.8 eV post-cycling, and its area increases from 15.7 to 24.1%,
indicating increased oxidation. The peak at ~288.5 eV disappears
after CV, as a result of some electrochemical reactions occurring.
The O 1s spectrum shows a 531.4eV peak for Li,O [81], with a
minimal shift in position (531.3€V) and an area increase from
55.6 to 64.1% after CV. The peak at ~287.1eV is related to
C=0 bonds [47]; it appears at 287.7eV after CV and its area
decreases from 10.2 to 6.2%. The small peak at ~533.7 eV, attrib-
uted to C—O bonds on polymer [82], is detected at 533.8 eV after
cycling, and its area reduces from 5.3 to 3.4%. The N 1s spectrum
displays four prominent peaks in the range of 395-405eV with
minor changes in position and intensity, indicating changes in
nitrogen species due to electrolyte decomposition. It includes
the peak at ~398.3 eV for Li;N [81] that appears at 398.5 €V after
CV, with an area increase from 22.1 to 26.5%, as well as the peak
at ~399.8 eV from TFSI anion [83], with its area slightly increas-
ing from 39.5 to 43.8%. LiF (684.8 €V in the F 1s spectra) is usually
believed to minimize the side reactions between interfaces to
increase electrochemical cycling stability [80]. In addition, the
Li 1s peak observed in the sample after CV exhibits a reduced bind-
ing energy, suggesting the formation of compounds containing
lithium [83]. It should be noted that the small “shifts” observed
are understood as reflecting variations in the local chemical envi-
ronment, rather than indicating a complete change in chemical
species. Therefore, our discussion focuses primarily on differences
in relative peak areas to track the evolution of surface composition.
The implications of such surface changes for interfacial stability
are discussed in conjunction with the electrochemical results.
Together, these observations are consistent with the formation
of an interfacial layer during initial electrochemical reactions,
which may contribute to the stable anodic behavior and overall
cycling performance observed for the HIG-FLIT electrolyte.

4 | Conclusions

This work has successfully developed and thoroughly characterized
four ceramic-rich hybrid ionogel electrolytes using a practical
in situ and solvent-free fabrication method. Different ILESs as reac-
tion media containing single or binary anion environments and
their impact on the properties of the resulting HIG electrolytes were
studied by comprehensive electrochemical and spectroscopic

analyses. All systems presented high ionic conductivities, with
HIG-FLIiT (EMIFSI-LIiTFSI ILE) outperforming the other formula-
tions. The effect of mixing TFSI and FSI anions was confirmed
through Raman analysis and electrochemical characterization
including CV, EIS, charge-discharge cycling, and lithium stripping-
plating. Our findings highlight the superior performance of HIG-
FLIiT, which stabilizes quickly and maintains efficient ion transport,
making it the most promising formulation in this study for safe,
high-energy-density lithium metal batteries. FSI anions in both
EMIFSI-based formulations contributed to favorable solvation
environments and less complex ion-pairing dynamics, enhancing
overall performance. This observation aligns with studies that emp-
hasize the importance of SEI stability and ion transport mecha-
nisms in determining the efficiency of Li-based batteries. In
addition, the high cycling stability and coulombic efficiency of
HIG-FLIT at room temperature account for its promising prospects,
implying a significant contribution to electrolyte technology devel-
opment. Albeit further improvement and electrolyte optimization
in terms of anion environment, more homogeneous LLZO disper-
sion, and surface/interface engineering are necessary to achieve
optimal performance at high current rates, here we offer a path
toward solid-state Li-based batteries with better safety, energy
density, and operational stability. In general, our in situ and sol-
vent-free fabrication method, ILE compositional design, ceramic-
polymer balance, and mechanistic characterization collectively
present a novel and practically relevant perspective on hybrid lith-
ium metal electrolytes and a meaningful contribution to the rele-
vant field.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Fig. S1: FESEM images of the HIG
series of electrolyte membranes under study: bottom views of (a) HIG-
TLiT, (b) HIG-TLiF, (c) HIG-FLiT, and (d) HIG-FLiF. Supporting
Fig. S2: ATR-FTIR spectra of the electrolyte membranes under study:
HIG-TLiT (red), HIG-TLiF (green), HIG-FLiT (magenta), and HIG-
FLiF (blue). Supporting Fig. S3: The ionic conductivity results, with
error bars, of the samples of (a) HIG-TLIT, (b) HIG-TLiF, (c) HIG-
FLiT, and (d) HIG-FLiF, in the temperature range from -20 to 80°C
(one heating and cooling cycle). Supporting Fig. S4: Natural logarithm
of the ionic conductivity, In(c), as a function of temperature for the hybrid
ionogel electrolytes. Symbols represent experimental data, while solid
lines correspond to empirical Vogel-Tammann-Fulcher (VTF) fits,
included to describe the observed non-Arrhenius temperature depen-
dence of ionic conductivity. Supporting Fig. S5: Voltage vs. time profile
of HIG-FLIT during Li-plating/stripping test at 25 and 50 pA cm™ for 10
cycles (80 hours) and 5 cycles (20 hours), respectively, in a Li//Li sym-
metrical cell at ambient temperature. Li electrode area: 0.785 cm™.
Supporting Fig. S6: Cyclic voltammetry profiles at scanning rate of
0.1 mV s of Li-metal cells assembled with (a) HIG-TLIiT, (b) HIG-
TLiF, and (c) HIG-FLIF against carbon-coated Al at 25°C, with the inset
zoomed-in views. Supporting Fig. S7: Charge/discharge cycling behav-
ior of: (a) HIG-FLIT at the current rates of 1C, 2C, and 5C, and (b) HIG-
TLiT, (c) HIG-TLIF, (d) HIG-FLiF at the current rates of C/20, C/10, and
C/5. The cell tests were undertaken at room temperature (~21°C).
Current density at 1C: 0.13 mA cm™. Supporting Fig. S8: Elemental
analysis on cross-section of HIG-FLiT polymerized on LFP cathode
(a-d). Supporting Fig. S9: XPS spectra of HIG-FLiT surface for C 1s,
O 1s, N 1s, F 1s, and Li 1s, before (left-hand-side plots) and after
(right-hand-side plots) CV measurement against carbon-coated Al.
Supporting Table S1: Vogel-Tammann-Fulcher (VTF) fitting parame-
ters (T, and R?) and apparent activation energies (Easapp) evaluated locally
for the hybrid ionogel electrolytes. Supporting Table S2: Output of XPS
for HIG-FLIT electrolyte before and after CV tests against cc-Al.
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