POLITECNICO DI TORINO
Repository ISTITUZIONALE

lonogel hybrid polymer electrolytes encompassing room-temperature ionic liquids for 4V-class Li-metal
batteries operating at ambient temperature

Original

lonogel hybrid polymer electrolytes encompassing room-temperature ionic liquids for 4V-class Li-metal batteries
operating at ambient temperature / Zhang, Y., Noe', C., Elia, G.A., Gerbaldi, C.. - In. GREEN CHEMISTRY LETTERS
AND REVIEWS. - ISSN 1751-8253. - STAMPA. - 17:1(2024), pp. 1-19. [10.1080/17518253.2024.2321247]

Availability:
This version is available at: 11583/2986496 since: 2024-03-20T11:45:53Z

Publisher:
Taylor & Francis

Published
DOI:10.1080/17518253.2024.2321247

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright

(Article begins on next page)

17 June 2026



Taylor & Francis
Taylor & Francis Group

Green Chemistry
Letters and Reviews

Green Chemistry Letters and Reviews

ISSN: (Print) (Online) Journal homepage: www.tandfonline.com/journals/tgcl20

lonogel hybrid polymer electrolytes encompassing
room-temperature ionic liquids for 4V-class Li-
metal batteries operating at ambient temperature

Ying Zhang, Camilla Noé, Giuseppe Antonio Elia & Claudio Gerbaldi

To cite this article: Ying Zhang, Camilla Noé&, Giuseppe Antonio Elia & Claudio Gerbaldi (2024)
lonogel hybrid polymer electrolytes encompassing room-temperature ionic liquids for 4V-class
Li-metal batteries operating at ambient temperature, Green Chemistry Letters and Reviews,
17:1, 2321247, DOI: 10.1080/17518253.2024.2321247

To link to this article: https://doi.org/10.1080/17518253.2024.2321247

8 © 2024 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group

A
h View supplementary material &'

% Published online: 25 Feb 2024.

N\
[:J/ Submit your article to this journal &

A
& View related articles '

(&) view Crossmark data

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=tgcl20


https://www.tandfonline.com/action/journalInformation?journalCode=tgcl20
https://www.tandfonline.com/journals/tgcl20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/17518253.2024.2321247
https://doi.org/10.1080/17518253.2024.2321247
https://www.tandfonline.com/doi/suppl/10.1080/17518253.2024.2321247
https://www.tandfonline.com/doi/suppl/10.1080/17518253.2024.2321247
https://www.tandfonline.com/action/authorSubmission?journalCode=tgcl20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=tgcl20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/17518253.2024.2321247?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/17518253.2024.2321247?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/17518253.2024.2321247&domain=pdf&date_stamp=25 Feb 2024
http://crossmark.crossref.org/dialog/?doi=10.1080/17518253.2024.2321247&domain=pdf&date_stamp=25 Feb 2024

GREEN CHEMISTRY LETTERS AND REVIEWS Tavlor & F .
2024, VOL. 17, NO. 1, 2321247 aylor rancis

https://doi.org/10.1080/17518253.2024.2321247 Taylor & Francis Group

8 OPEN ACCESS '.) Check for updates

lonogel hybrid polymer electrolytes encompassing room-temperature ionic
liquids for 4V-class Li-metal batteries operating at ambient temperature
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ABSTRACT ARTICLE HISTORY
In this study, we prepare ionogels composed of bisphenol A ethoxylate dimethacrylate, poly Received 9 November 2023
(ethylene glycol) methyl ether methacrylate, lithium bis(trifluoromethanesulfonyl)imide, and 1- Accepted 15 February 2024

butyl-1-methylpyrrolidinium  bis(fluorosulfonyl)imide or 1-ethyl-3-methylimidazolium bis
(fluorosulfonyl)imide ionic liquids via rapid, scalable, solvent-free UV-induced polymerization.
The various' hybrid polyme.:r electrqute formulations are thoroughly Fharagterized using a ionic liquid; polymer
comprehensive set of physico-chemical and electrochemical methods, including gel content, electrolyte; composite
FTIR, rheology, DTMA, TGA, SEM, cycling voltammetry, impedance spectroscopy, and polymer electrolyte; garnet
galvanostatic cycling in laboratory-scale Li-metal cells. We particularly focus on the influence of jon conductor; lithium metal
using two different ionic liquids as reaction medium on the properties of the resulting materials battery

and their electrochemical behaviors. Our results indicate that viscosity affects the

polymerization kinetics of the ionogels, which in turn might affect their thermal stability and

galvanostatic cycling behavior. In the purpose of promoting overall performance of solid-state

batteries, we also present the results of composite electrolytes obtained by introducing

Li;LaszZr,04, (LLZO) into ionogels and following in-situ UV-polymerisation. The addition of LLZO

ceramic results in more porous solid networks, leading to enhanced charge/discharge stability

at ambient temperature and higher C-rates featuring 4V-class NMC cathodes, enlightening the

promising prospects of the developed materials to be successfully implemented as stable,

durable, and efficient electrolytes in next-generation Li-metal cells.

KEYWORDS
lonogel; room temperature
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Introduction

The uneven distribution and limits of fossil fuels trig-  (7-3). Lithium-ion batteries (LIB), which can provide elec-
gered continuous demand for energy supply is a tricity for social energy consumption and be recharged
leading motivation for the development of sustainable ~ many times, have become, and will in all likelihood con-
and renewable energy storage and conversion systems  tinue being, the predominant candidate to power our
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portable electronic devices, electric vehicles and much
else (4-7). Efficient and stable operation of a conven-
tional LIB, comprising an anode, a cathode, and a separa-
tor soaked in an aprotic carbonate based electrolyte
solution, is significantly impacted by the properties of
the electrolyte, emphasizing the need for its suitable for-
mulation selection (8). To design a functional electrolyte,
it is imperative that certain minimum requirements are
met, including being a competent ionic conductor and
electronic insulator to promote efficient ion mobility
while minimizing self-discharge, possessing a broad
electrochemical window to prevent electrolyte degra-
dation within the working potentials of both the
cathode and the anode, demonstrating chemical inert-
ness towards the various cell components to prevent
unwanted reactions, exhibiting robustness against elec-
trical, mechanical, or thermal adversities, as well as using
environmentally friendly and, possibly, low-cost com-
ponents to promote ecological balance (9, 10).
However, standard commercial liquid electrolytes are
flammable and can pose safety hazards if not handled
properly; they can react with the electrodes and gener-
ate gas or undergo thermal runaway, which may result
in fire or, in worst cases, explosion (77, 12).

To address the abovementioned safety issues associ-
ated with liquid electrolytes based on organic carbon-
ates, solid-state electrolytes (SSEs) are being
investigated as one of the most promising solutions
(13). In principle, they offer improved safety due to
their non-flammable nature, wider electrochemical stab-
ility windows, and sufficient ion mobility, which can
potentially lead to higher energy densities, longer
battery life, and better high-temperature performance
(14, 15). These advantages make SSEs amongst the
best candidates for the development of next-generation
batteries that can meet the demands of emerging, high-
demanding applications (76, 17).

SSEs are generally categorized into solid ceramic
(inorganic) electrolytes, solid polymer (organic) electro-
lytes, and composites thereof. It is crucial to design a
SSE characterized by sufficiently high ionic conductivity
values, usually in the order of 107* S cm™' and above,
good mechanical integrity and safety, as well as electro-
chemical and thermal stabilities (7, 78). Numerous Li;Las.
Zr,04; (LLZO) garnet-type solid-state electrolytes (SSEs)
have been extensively reported and acknowledged as
some of the most promising candidates for deployment
in next-generation LIBs, and both experimental and
theoretical studies have unveiled the potential to
enhance electrochemical capabilities using these elec-
trolyte materials (19-26). In the context of Frenkel and
Schottky point defects, the movement of Li* in LLZO is
governed by a combination of vacancy and diffusion

mechanisms, where these ions seamlessly diffuse from
local sites to adjacent ones, thereby enabling macro-
scopic-scale ion transport (17, 27). Although pure
ceramic electrolytes exhibit relatively high Li* conduc-
tivity/transport, electrochemical and thermal stability,
and dendrite suppression capability, their fragility and
poor interfacial compatibility with electrodes pose sig-
nificant drawbacks; in contrast, pure polymer electro-
lytes offer better interfacial contact and flexibility, but
suffer from low ionic conductivity at low temperatures.
Proper integration of suitable nonvolatile additives or
mixing of the two (or more) inorganic/organic com-
ponents, resulting in hybrid or composite electrolytes,
can overcome these challenges via control of the com-
position and fabrication processes, allowing for
enhanced performance and optimal properties (16, 17,
28-30).

One notable approach in the direction of developing
SSEs is the integration of room-temperature ionic liquids
(RTILs) into a solid matrix, resulting in the creation of a
novel hybrid electrolyte system known as an ionogel
(or ion gel), which has garnered considerable attention
for the application in lithium-based batteries from the
2000s (37, 32). RTILs are organic salts with liquid-like
behavior at or near room temperature, which are
reported to have unique properties to make them
highly attractive as electrolytes or reaction solvent/
media (33-37). Entrapment of RTILs into a solid host
material leads to the formation of ionogels, which
possess exceptional characteristics that make them
appealing for the use as advanced electrolytes, including
but not limited to enhanced mechanical strength, higher
thermal stability, and superior ion conduction properties
(35, 38-44).

While the overwhelming majority of current ionogel
innovations are focusing on achieving electrolyte
systems by combining different polymer hosts with
various liquid ion-conducting media and emphasizing
their electrochemical performance tests, there has
been important research devoted to investigating the
effect of the polymerization processing and kinetics on
the physical and electrochemical properties. Nair et al.
studied polymerization kinetics of UV-cured methacrylic
monomers and reported that the inclusion of mono-
methacrylate as reactive diluent was pivotal, as indicated
by membrane tests for ionic conductivity, stability, and
cyclability in lab-scale cells (45). Porthault et al. found
that photocuring sequence, especially the radiation
intensity, influences polymer chain length and cross-
linking density, leading to different ionic conductivities
and mechanical properties (46). Susan et al. investigated
the solubility of a large number of vinyl monomers in
ionic liquids, together with the characterization and



ion transport behavior of ionogels to achieve the goal of
molecular design of highly conductive polymer electro-
lytes (47). Andrzejewska and coworkers reported devel-
opments in photopolymerization processes carried out
in ionic liquids, as well as the photopolymerization of
ionic liquid monomers (34). Kubisa et al. highlighted
the importance and how the kinetics of radical polymer-
ization conducted in ionic liquids might be affected by
those media coupled with high viscosity compared to
typical organic solvents (48).

In previous research works, we studied the electro-
chemical behavior of different methacrylic-based
(solid, quasi solid, and gel) polymer electrolytes, (49,
50) consisting of methacrylate-terminated polymers
with or without the addition of organic solvents and/
or ionic liquids (45, 571-54). In the context of ionogel
development, understanding polymerization kinetics is
essential because it greatly determines the structure,
morphology, and properties of the resulting material,
which consequently affect the ion transport, the ionic
interactions, etc. (55). Therefore, in this work, we pre-
pared methacrylic-based ionogels encompassing two
common RTILs and carried out a combination of
various characterization techniques in order to provide
a potential contribution to the development of novel
ionogels with desired properties for use in LIBs.
Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) was
used in the system as the ion carrier due to its good
solubility, wide electrochemical stability window, and
high thermal stability (32). The cations of RTILs are pyr-
rolidinium and imidazolium, which are well known for
having been used for a variety of investigations (36,
37, 56). The FSI anion was chosen to balance some of
the electrolyte performances by achieving a potential
synergetic effect through mixing with TFSI anion of
the salt (57-59). Bisphenol A ethoxylate dimethacrylate,
a UV-curable difunctional oligomer, was chosen due to
its ability to readily form flexible 3D networks by light
induced crosslinking. It has been widely used as a cross-
linker in the synthesis of hydrogels due to its biocom-
patibility, low toxicity and viscosity, and commercial
availability (60, 67). In addition, it was proven that its
phenyl rings could contribute to enhanced stiffness of
the polymer network (62). On the other hand, the mono-
functional monomer, poly(ethylene glycol) methyl ether
methacrylate, plays a role in the system to reduce T, and
to increase lithium ion mobility due to the presence of
ethoxy groups (45). The cross-linking polymerization
process occurs through a free-radical mechanism in
the presence of a methylpropiophenone derivative
photoinitiator, and it is composed of three main steps:
initiation, propagation, and termination. The photoini-
tiated cross-linking method shows competitive
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advantages, such as solvent-free process, good
polymerization control, rapid curing, negligible
thermal budget, and so forth, which increased industrial
interest in its economic and environmental applications
(46, 63, 64).

Moreover, as hybrid organic—inorganic frameworks for
ionogel electrolytes have gained increasing interest
among researchers in recent years, (40) a preliminary
study on two types of composite ionogels was covered
in this article, the results of which are presented in the
last sessions also compared with the organic ionogel
systems. It is suggested that LLZO posseses good resist-
ance towards reduction with Li metal, indicating superior
stability compared to other solid electrolytes like LATP,
LLTO, LGPS, and LPS; furthermore, between LLZO tetra-
gonal and cubic phases, the cubic phase provides more
sites for Li ion migration than the tetragonal phase (27,
22). Thus, in this study, the cubic LLZO ceramic was
selected as the filler for fabricating composites for com-
bining both high ionic mobility and remarkable electro-
chemical stability for stable Li-metal cell cycling at
ambient temperature with 4V-class cathodes (65-68).

Materials and samples preparation

Bisphenol A ethoxylate dimethacrylate (BEMA, average
Mn: ~1700, EO/phenol: 15), poly(ethylene glycol)
methyl ether methacrylate (PEGMEMA, average Mn:
~500), and 2-hydroxy-2-methylpropiophenone
(Darocur1173) were purchased from Merck - Italy. 1-
butyl-1-methylpyrrolidinium bis(fluorosulfonyl)imide
(PYR4FSI), 1-ethyl-3-methylimidazolium bis(fluorosulfo-
nyl)imide (EMIFSI), and lithium bis(trifluoromethanesul-
fonyl)imide (LiTFSI, battery grade) were purchased
from Solvionic.

Scheme 1 shows the chemical structures of the
different electrolyte components. Lithium lanthanum
zirconate (Li;LasZr,0;, LLZO) was received from
Schott and was further sieved to obtain particle size
<32 um. LiTFSI was dried at 150 °C for 24 h before use.

The ionogel electrolytes are composed of a mixture of
BEMA and PEGMEMA (70:30 wt%) as the polymer matrix,
PYR-based or EMI-based RTIL as the plasticizing ionic
mobility enhancer, and LiTFSI as Li* source in a ratio of
25.5:59.5:15.0 in weight (see Table 1). After the above-
mentioned chemicals were sequentially added together
and the salt was fully dissolved by a magnetic stirrer at
ambient laboratory temperature in an Argon-filled dry
glovebox (MBraun Labstar, O, and H,O content <1
ppm), 5 wt% of photoinitiator (Pl, phr) - with respect
to the whole weight of each formulation - was mixed
into the solution to allow the precursor mixture to be
UV-curable. The concentration of the photoinitiator
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Scheme 1. Chemical structure of BEMA and PEGMEMA oligomers, Darocur1173 photoinitiator, PYR;4FSI and EMIFSI room temperature

ionic liquids, and LiTFSI salt.

was determined according to the findings of real-time
FTIR analysis, which will be discussed later in this
paper. Then, the viscous liquid-like precursors were
crosslinked into the form of self-standing, ready-to-use
membranes by fast 3 min UV-curing, under Ar atmos-
phere, at 40 mW cm™ by a Helios Quartz medium-
pressure Hg lamp. The same method was used to fabri-
cate the composite polymer electrolyte membranes by
combining 50 wt% of the aforementioned ionogel pre-
cursor system and 50 wt% of LLZO ceramic particles,
of which the results will be detailed in the last session
of this paper. The use of the 50% in weight of LLZO
has been selected as a compromise between maximiz-
ing the ceramic content of solid components in the elec-
trolyte and the ability to produce self-standing and
mechanically stable membranes. Table 1 shows the
detailed proportion of each component, as well as
other parameters of the formulations.

Physicochemical and morphological
characterization

Real-Time Fourier transform infrared (FTIR) spectroscopy
can be used to monitor reaction yields during UV-
induced polymerization (UV curing). Formulations were
cast on a silicon wafer (film thickness of 12 pum), and

the spectra were recorded with a Nicolet iS50 spec-
trometer before the irradiation, as well as after being
UV-cured for 10s, 20s, 30s, 60s, 120s, and 180s time, in
both air and nitrogen atmospheres. These tests were
carried out on the mixtures prepared with the addition
of various amounts of photoinitiator Darocur1173, start-
ing from 1 wt%, and up to 6 wt% where the degree of C
=C conversion did not show dramatic improvement.
The UV source used was a Fusion System lamp, at an
irradiation of 66.7 mW cm™2 The reference 1700-
1750 cm™" region can be attributed to the C = O stretch-
ing vibrations, while the peak at 1635-1640 cm™' is
assigned to the C = C functional group of methacrylates.
The calculation was done following Equation (1), where
Ac-cand A’ _ . refer to the areas of the methacrylicC=C
peak before and after the photo-curing, respectively,
while Ac_, and A’c_,, refer to the areas of the carbonyl
group before and after the photo-curing, respectively.

Degree of conversion (DC, %)

A'C=C
=[1-2=5 | x 100%

AC=0

(M

The Thermo Scientific OMNIC Specta Software was used
to record and process the data; all measurements were
repeated in triplicates and the average values were
used to be plotted.

Table 1. Formulations of the ionogels and composite ionogels under study.

Formulation Names Polymer matrix lonic liquid (RTIL) Li salt Ceramic

BEMA/PEGMEMA (70/30)  [PYR44][FSI] [EMI][FSI] LiTFSI LLZO EO/Li  Li/lL  Density (g/mL)
PYR-ionogel 25.50 wt% 59.50 wt% - 15.00 wt% - 8.70 0.28 1.328
EMIl-ionogel 25.50 wt% - 59.50 wt%  15.00 wt% - 8.70 0.26 1424
PYR-composite 12.75 wt% 29.75 wt% - 7.50 wt% 50 wt%  20.65 vol% 8.70 0.28 -
EMI-composite 12.75 wt% - 29.75 wt%  7.50 wt% 50 wt%  21.82 vol% 8.70 0.26 -

Note: 5.1 g cm™ was used as the density of LLZO (69) for calculating the ceramic volume. Values of EO/Li and Li/IL are in molar ratio. The density of ionogels

was measured by mass/volume ratio.



Rheological measurements were conducted to evalu-
ate the viscoelastic properties of the materials, including
shear, time, amplitude, and frequency sweep tests using
a rheometer (Physica MCR 302, Anton Paar, Graz, AUT) in
parallel plate mode with a fixed gap of 0.3 mm. The vis-
cosity of the samples was recorded by varying the shear
rate (y) from the lowest value to the highest value (y=
0.01-100 s, respectively). Photorheological tests were
conducted using a UV-light source (Hamamatsu LC8
lamp, Hamamatsu Photonics, Shizuoka, JPN) with a
light intensity of 28 mW c¢m™2 placed under a quartz
plate with the formulation to monitor the gel formation
by following the evolution of storage modulus with
time. The UV light was turned on after 30 s of equili-
bration time before the onset of polymerization. Time
sweep measurements were performed during irradiation
at a constant frequency of 1 Hz within the linear visco-
elastic region (strain amplitude y of 1%), based on pre-
liminary amplitude sweep tests.

The crosslinked fraction (gel content) was evaluated
to study the crosslinking density, determined by extract-
ing the soluble components in acetonitrile. Both before
and after the extraction, the samples were dried under
vacuum at 70 °C overnight and then placed in the glove-
box for being weighed when their constant weight
values were obtained. The insoluble fraction mass was
calculated based on the following equation (Eq 2):

Insoluble fraction weight
Gel content =

Initial sample weight x Polymer proportion

(2)

The crosslinked membranes achieved from photorheol-
ogy measurements were subjected to thermogravi-
metric analysis (TGA). Each sample was tested by TG
209 F3 Tarsus Thermogravimetric Analyzer (NETZSCH-
Geratebau GmbH) in the alumina crucible under a N,
flow with a heating rate of 10 °C min™" up to 700 °C.

Dynamic thermal-mechanical analysis (DTMA) was
performed with a Triton Technology to evaluate the
dynamic mechanical properties of electrolyte mem-
branes by applying uniaxial stretching to the sample
with a heating rate of 3 °C min™', starting from —100 °
C, and at a frequency of 1 Hz and strain of 0.02%. The
approximate sample dimension used in the test was 11
mm x 7 mm x 0.5 mm (length X width X thickness). The
storage modulus (E’), loss modulus (E”) and damping
factor (tand) were recorded as a function of the tempera-
ture. The glass transition temperature (Ty) was assigned
at the maximum damping factor (tand =E"/E').

The surface morphology of the polymer-based electro-
lytes was studied by field emission scanning electron
microscopy (FESEM). For obtaining the cross-sections for
analysis, a dipping process in liquid nitrogen was
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implemented to crack the samples while properly preser-
ving their morphology. SEM images were subsequently
captured using a ZEISS Supra 40VP instrument, operating
at an accelerating voltage of 5 kV, to obtain high-quality
micrographs for accurate analysis.

Electrochemical measurements

ECC-Std (EL-CELL, Germany) lab-scale test cells were
used for all the electrochemical tests; all cells were
assembled under the controlled atmosphere of an Ar-
filled dry glove box (MBraun UniLab, H,0 and O, < 1
ppm). For specified operating temperatures, a climatic
chamber (Binder MK53 E2) was used to accurately
control the operational temperature of the cells.

For ionic conductivity tests, each electrolyte mem-
brane sample, being placed between two identical stain-
less-steel (SS-316) electrodes, was excited at the open
circuit potential (OCV) by a small amplitude AC sinusoi-
dal potential of 20 mV in the frequency range between
300 kHz and 1 Hz, and the corresponding impedance
was recorded through a VMP-3 electrochemical worksta-
tion from BiolLogic Science Instruments (France). Cells
assembled with ionogel electrolyte formulations of
PYR-ionogel and EMI-ionogel were tested at different
temperatures, starting from —20 °C and up to 80 °C (10
°C temperature step). The ionic conductivity was calcu-
lated by equation (3): where Ry, is the bulk resistance,
and A and | refer to the area and thickness of the electro-
lyte sample, respectively:

/

U:A~Rb (3)

The electrochemical stability window (ESW) plays a fun-
damental role in determining the durability and energy
output of a Li-based cell. ESW of the ionogel electrolytes
was evaluated by linear sweep voltammetry (LSV) of a Li/
ionogel/Al(carbon-coated) cell configuration in the
voltage range of 2.7-5.3 V vs Li*/Li for determining
the anodic stability window (ASW), and a Li/ionogel/Cu
cell in the voltage range from —0.5 to 3 V vs Li*/Li for
estimating the cathodic stability window (CSW). The
measurements were carried out at ambient temperature
by the Biologic VMP-3 potentiostat.

To study the interfacial properties of the UV-cured iono-
gels against the lithium metal electrode, electrochemical
impedance spectroscopy (EIS) experiments were carried
out through the Li-Li symmetrical cell configuration, in
which a sample of ionogel membrane was sandwiched
between two identical lithium metal electrodes. The cells
were stored at ambient temperature at the OCV and con-
nected to the VMP-3 potentiostat, and the variation of the
resistance as a function of contact time was measured.
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Li/ionogel membrane/Li symmetric cells were
assembled and used for long-term lithium stripping/
plating tests at ambient temperature from OCV by the
VMP-3 potentiostat. During each cycle, both Li-plating
and Li-stripping were carried out for 3 h (each) at
current densities of 25 uA cm™2, which is approximately
equivalent to C/25 current rate used for ionogel sample
cycling in this study (see below). Lithium electrode sur-
faces were cleaned with a brush and smoothed using a
clean and dry polypropylene sheet before use.

The lab-scale Li-metal cells were assembled with
a LiNigsMng3C00,0, (NMC-532, BASF) cathode, an
ionogel polymer or composite ionogel electrolyte
membrane and galvanostatically cycled against Li
metal as the counter electrode. The cathode consisted
of 85 wt% NMC-532 active material, 10 wt% carbon
black (Denka) conductivity enhancer, and 5 wt% polyvi-
nylidene difluoride (PVdF, Solvay Solef 6010) binder
blended in N-methyl-2-pyrrolidone (NMP, Sigma-
Aldrich); it was prepared by the slurry-casting-drying
method without calendering. Rather low (< 2 mg
cm™2) mass loading was used to achieve better inter-
facial contact of the solid-state electrolyte samples
with the porous cathode (70). In addition, the electro-
lyte precursors were also cast (by a doctor blade) and
photocured onto the surface of the dried cathodes to
enhance electrolyte percolation through the bulk of
the electrode, thus achieving optimal active material
utilization. After 15-20 min vacuuming in the glovebox
chamber (under 1 Pa), the same photocuring procedure
detailed previously was conducted. The resulting,
ready-to-use electrodes conformally coated with the
ionogel polymer electrolyte were directly assembled
in the test cells and equilibrated at ambient tempera-
ture for 72 h before testing. Cell cycling was performed
in terms of constant current (galvanostatic) discharge/
charge steps at different current rates using an Arbin
BT-2000 battery tester between 3.0 and 4.3 V versus
Li*/Li at ambient laboratory temperature of around 21
°C. The applied current regimes were calculated
based on the mass loading of each used NMC-532
cathode, which is proportional to the product of the
theoretical capacity of NMC-532 material (185 mAh
g~ in practice) and NMC-532 active material mass in
the cathode.

Results and discussion
Materials characterization

The first set of analyzes examined the impact of different
photoinitiator (Pl) concentrations on the C=C conversion
degree of ionogel samples (namely, PYR-ionogel and

EMI-ionogel). The photo-initiator was a benzoin ether
derivative, which generates radicals by an intramolecular
scission, leading to the conversion of the double bonds
of the dimethacrylate BEMA, the propagation of which
leads to the formation of a rather flexible three-dimen-
sional network; the addition of the mono-methacrylate
reactive diluent, which is incorporated into the
network, modifies the polymeric membrane properties,
tailoring them as desired, (49) and it is expected
mainly to reduce the Ty of the macromolecular
network and to increase the mobility of lithium ions in
the polymer matrix by the presence of ethoxy groups
(53). The crosslinking of UV-curable ionogels can be
monitored accurately using FTIR, and the spectra, both
before and after UV-curing, for samples containing 5
wt% of photoinitiator are shown in Figure S1 within
the supplementary information. Figure 1 displays a
similar trend of increasing degree of conversion (DC)
of two systems with increasing amount of added photo-
initiator; the reactivity of all the monomers is very high in
the initial stages of the UV-curing and reaches its
maximum very rapidly. However, it is interesting that
the DC was observed to be lower with 6 wt% of PI
than that with 5 wt% PI in PYR-based formulation. This
phenomenon could be due to the radicals quenching:
the reactions of primary radicals would compete with
the double bond during the initiation. Furthermore,
with increasing Pl concentration, the DC trend in the
medium of EMIFSI ionic liquid showed a continuous
increase and higher efficiency compared to samples of
PYR-ionogel, which might originate from lower viscosity
of imidazolium-based RTIL that promotes better flow of
the mixture, and perhaps also caused by the relatively
higher polarity of its cation that leads to better solvation
ability or mixability with the monomers (34).

Scheme 2 demonstrated the preparation of the SSE
membranes used in this study and the polymer matrix
structure after UV-polymerization process. The obtained
self-standing, transparent, homogeneous, and flexible
crosslinked ionogel membranes with 5 wt% of PI,
shown in Figure 2(A), implied good processing feasi-
bility. The 5 wt% of Pl demonstrated the optimal
balance between C=C conversion degree and the objec-
tive of minimizing additional components in the battery
electrolyte systems. It is important to note that the ATR-
FTIR spectra of the cured samples only provide qualitat-
ive information, as the technique does not allow for
quantitative analysis of the degree of cross-linking or
the amount of residual functional groups in the
polymer network (71, 72). As a result, the efficiency of
the curing process was assessed by determining the
gel or insoluble fraction content after extraction in
acetonitrile. The gel content was calculated to be 88.80
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Figure 1. Conversion of (A) PYR-based and (B) EMI-based ionogel systems versus exposure time for different photoinitiator (phr) con-
centrations, ranging from 1 to 6 wt% (1phr — 6phr), at room temperature.
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Scheme 2. Preparation of SSE membranes in this study and polymer matrix structure after UV-polymerization.

and 96.85% for PYR-based and EMI-based ionogels,
respectively. The high values obtained for the two exper-
imental groups would suggest that the UV-curable
systems have undergone efficient conversion, resulting
in highly cross-linked polymer networks that are
expected to have high mechanical strength and good
thermal stability without leakage of the encompassed
ionic liquid fraction (73). Figure 2(B) shows composite
electrolyte membranes UV-crosslinked after photorheol-
ogy measurements. Notably, the membrane exhibited
excellent flexibility as it was able to withstand multiple
folding and releasing cycles without any breaks (Figure
2(C,D)), indicating their promising flexibility and overall
mechanical robustness, which are important character-
istics for a SSE. For the composite electrolyte, the PI
5% mass ratio corresponds to the entire mass of each
composite-based electrolyte precursor, thus leading to
a Pl of 10% mass with respect to the ionogel proportion.
A higher percentage of Pl with respect to the ionogel
proportion was selected to avoid potential hindrances
to achieving the complete activation of initiating
species and the penetration of incident radiation.
Understanding the rheological performance of
polymeric materials is of particular importance when
dealing with polymerization operations and analyzing

z
)
2
precursor s6p membr;qe polymer matrix O
N =
: | - (A)
~ 100 pm

C 4
MARIE CUr .= -

| POLYSTORAGE

(B)

Figure 2. Digital photos showing the UV-polymerised self-
standing electrolytes under study: (A) the prepared thin and
ready-to-use ionogel solid electrolyte membrane (~100 pm
thickness), and the fabricated composite ionogel electrolyte
(B). All composite membranes demonstrate good flexibility
and mechanical robustness after multiple times being folded
(O) and then released (D).
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Figure 3. (A) The viscosity of all precursor samples with respect to shear rate, and (B) their storage modulus as a function of UV-curing
time and each reaction rate calculated based on corresponding initial slope.

interactions or coordination within systems. Accord-
ing to the results in Figure 3(A), which illustrates
the behavior of the resistance to flow of the electro-
lyte precursors, all samples showed shear thinning
properties. Between ionogel systems, as expected,
the pyrrolidinium-based pre-polymer electrolyte
showed more viscous behavior than the imidazo-
lium-based one. In the case of polymeric composite
precursors, the two mixtures exhibited very close
values of viscosity at the shear rate of 0.01 s, after
which EMI-composite showed higher
viscosity values, as compared to the PYR-composite
system, when the shear rate increased up to around
10 s~' and further. This phenomenon can be associ-
ated with a relatively bigger volume of LLZO particles
in EMI-composite (as shown in Table 1) that brought
higher friction forces (73). When the shear rate was
big enough, the particle clusters were broken down
and dispersed more uniformly throughout the fluid,
which caused lower values in viscosity. In addition,
the viscosity can be observed to marginally increase
in some of the formulations at some points. This
behavior is likely ascribed to temporary network
structures that still had time to be formed and,
thus, temporarily led to an apparent increase in vis-
cosity. It is worth noting that both composite
systems exhibited relatively lower solid-like character-
istics than ionogels when at initial shear rates, which
could be ascribed to the reduced coordination bonds
resulting from the destruction of introduced ceramic
particles. As the sheer rate increased, the excessive
physical bonds in ionogels started being broken
down, which led to a neat decrease in the viscosity
values (74).

The photorheological performance of the four formu-
lations under study, as shown in Figure 3(B), can be

demonstrated in the form of several contributions. All
the formulations showed very short induction time
and reached plateaus after a few minutes, suggesting
that the materials are highly responsive to UV-light
and suitable for being prepared by photopolymeriza-
tion. The relatively slower response of composites to
the light, as well as their slower polymerization rates
that are reflected in the initial slopes of modulus
curves, compared to ionogels, imply the presence of
inorganic particles that blocked or absorbed a portion
of the UV light. Longer curing time was, thus, needed
for fully polymerizing composite samples. After 3 min
of photo-curing of ionogels and 5 min curing for compo-
sites, which are the UV-polymerization time used for
obtaining solid electrolytes in this work, we can
assume that all the samples are fully crosslinked.
Besides, the final storage modulus of PYR-composite sur-
passed that of PYR-ionogel thanks to the blending of
ceramic; surprisingly, the EMIl-composite exhibited a
relatively lower final modulus value. This unexpected
phenomenon is credited to a bit more ceramic volume
proportion or/and bigger aggregates occurred in EMI-
composite as we mentioned previously about viscosities,
and hence the actual UV irradiation to the polymeric
components was reduced so that the mechanical prop-
erties were influenced (46). Further investigation is
needed to determine the underlying causes and to
further optimize the system as well as the preparation
procedure.

The TGA and DTG curves for UV-polymerized PYR-
ionogel/composite and EMI-ionogel/composite SSEs
are shown in Figure 4(A). Both ionogels started to
decompose at above 205 °C and both composites at
above 283 °C. The PYR-based ionogel as well as compo-
site systems displayed more bumpy reducing apparent
decomposition curves compared to both EMI-based
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Figure 4. (A) TGA (solid) and DTG (dash) traces and (B) tan 6 with storage modulus as a function of temperature of UV-cured samples
PYR-ionogel/composite (in orange/red) and EMI-ionogel/composite (in cyan/blue). The glass transition temperatures of all the four

formulations are also indicated in (B).

SSEs, which could be potentially explained by their more
heterogeneous and uneven curing process influenced
by the higher viscosity of PYR4FSI ionic liquid (74).
Moreover, it is well to be observed that the thermal
decomposition rate of samples decreased with the
addition of inorganic filler. The ceramic significantly
increased the residual weight of the material and
slowed down its decomposition rate. These results
suggest that the incorporation of filler material signifi-
cantly impacts the thermal properties and decompo-
sition behavior of solid electrolyte membranes.
Furthermore, it is evident from the initial weight loss
difference between ionogels and composites that the
composites are more resistant to moisture, considering
that all sample membranes were stored in the normal
air environment in the lab before thermal analyses.
DTMA defines the glass transition in terms of a
change in the coefficient of thermal expansion (CTE)
as the polymer goes from glass to rubber states with
the associated change in free molecular volume. The
glass transition temperature (T4) can also be considered
a measure of compatibility or miscibility in polymer
blends. As shown in Figure 4(B), a single temperature
of glass transition of each sample demonstrates full
compatibility between the polymer matrix and RTIL,
and the low values suggest a good segmental motion
of the polymer chain, which is crucial for ionic conduc-
tivity in polymer electrolytes (42). Furthermore, the
study indicates that the storage modulus of all
samples decreased as the temperature increased, pro-
viding evidence that elevated temperatures can
induce relaxation of the amorphous region through
increased chain movement, regardless of the presence
of fillers. As expected, adding fillers in the matrix led to
an increase in stiffness, as attested by the increase in
the storage modulus. It can be observed that the

addition of LLZO ceramic resulted in the Tané
maximum shifting towards higher temperature, indi-
cating efficient stress transfer between the matrix and
the inorganic filler and effective reinforcement of the
matrix that promoted the thermo-mechanical stability
of the samples, as reported by other authors (71, 75).
On the other hand, the reinforcement effect, or to
say, the presence of the particles that impede the
movement of polymer chains by creating ceramic-
polymer and ceramic-ceramic interactions might lead
to a minor decrease in ionic conductivity values. The
Tand peak observed in the composites is broader and
less pronounced than that of the ionogels, suggesting
a more gradual transition; in addition, the shorter
heights observed in the composites imply that they
have lower elastic properties.

Figure 5 illustrates the surface images obtained
through FESEM analysis of the UV-polymerized PYR-com-
posite (A, zoomed image in B) and EMIl-composite (C,
zoomed image in D). Despite the presence of LLZO aggre-
gates in both composites, the images reveal a well-dis-
persed distribution of particles throughout the
membranes, indicating a favorable interaction. This homo-
geneous dispersion is crucial for optimizing the interface
and highlights the superior performance of these compo-
sites compared to traditional ceramic/ceramic interfaces,
emphasizing the importance of effective particle dis-
persion in enhancing overall composite properties.

Electrochemical tests of polymeric ionogel
systems

In this study, the ionic conductivity of crosslinked iono-
gels was investigated. The obtained data are shown in
the form of Arrhenius plots (Figure 6). The ionic conduc-
tivity behavior versus temperature was calculated
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Figure 5. FESEM top view of PYR-composite (A) and its magnified region (B), and FESEM top view of EMI-composite (C) and its
magnified region (D). Note that the magnified region in the right handside images correspond to the area indicated by the white

square in the left handside images.

according to equation (4), where o is the ionic conduc-
tivity, A is the pre-exponential factor, E, is the activation
energy for the process, R is the gas constant, k is the
Boltzmann constant, and T stands for temperature in
Kelvin. All the four systems showed high ionic conduc-
tivity, especially PYR-ionogel and EMI-ionogel reached
values of 0.8 and 1.7 mS cm™' respectively at 20 °C,
suggesting they have the potential application in
ambient temperature LIBs. In the whole temperature
range, the ionic conductivity increases with a linear,
VTF-like dependence for all the samples. The composites
have lower conductivity values compared to their corre-
sponding ionogel systems, which is likely ascribed to the
introduced LLZO ceramic used that also possess slightly
lower conduction performance than ionogel formu-
lations. In addition, the EMI-based ionogel/composite
have lower activation energy, and exhibited higher
ionic conductivity values across the entire temperature
range, which can be attributed to the lower viscosity
of the EMIFSI ionic liquid.

In addition to ionic conductivity, the ionogel samples
under study demonstrated reasonably wide electroche-
mical stability windows (ESW). The current-potential
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Figure 6. Arrhenius plot showing the ionic conductivity as a
function of temperature for PYR-ionogel (in orange), PYR-com-
posite (in red), EMI-ionogel (in cyan), and EMI-composite (in
blue) samples.



response measured at ambient temperature by means
of linear sweep voltammetry is shown in Figure 7. PYR-
ionogel performed better reduction stability than EMI-
ionogel, which is related to the reactive hydrogen
atom on C-2 position of the imidazolium cation (37).

ESW was assessed using a slow scan rate (0.1 mV s
to allow the detection of any oxidation process (70). A
small current flow can be observed just above 4 V,
ascribed to the formation of side-/by-products,
whereas the anodic breakdown occurs at about 4.6 V
vs Li*/Li. The attainment of an electrolyte with a
notably wider anodic stability would mark a significant
achievement, particularly with regard to its potential
use in battery cells featuring 4V-class cathodes, such as
Li(NipC00.15Alp.05)0, (NCA), Li(Ni,Co,Mn,)O, (NMCQ),
LiCoO, (LCO), and so on (76, 77).

Electrochemical impedance spectroscopy (EIS)
assisted us with characterizing the resistances that
develop at the interfaces of the lithium-metal symmetric
cells in electrolytes of PYR-ionogel (Figure 8(A)) and EMI-
ionogel (Figure 8(B)). The relevant change at low fre-
quency is also shown in Figure S2 in the supporting
information. The interfacial resistance in both ionogel
systems experienced a slight fluctuation during the
first few days, but showed an overall downward trend,
suggesting a reorganization process of the passivation
layer, which led to a more uniform, compact, and less
resistive structure at the interface over time. After
around 5 days, time-stable resistance was achieved.
The behavior observed is closely related to the initial for-
mation and stabilization of the Solid Electrolyte Inter-
phase (SEl) layer and the subsequent improvement of
contact over time at the interface between the lithium

086
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04k - EMI-ionogel

02

Current density (mA cm™)
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Figure 7. Electrochemical stability windows of sample PYR-
ionogel (in orange) and EMI-ionogel (in cyan). The anodic and
cathodic scans were separately collected at room temperature
and then combined.
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metal electrode and the polymer electrolyte, which is
typical of the majority of polymer electrolytes (78). More-
over, PYR-ionogel demonstrated a faster and more
stable interfacial layer towards lithium, which is in agree-
ment with the reduction stability window results and is
related to the nature of different cations in RTILs (33, 37).

Lithium plating/stripping measurements were per-
formed in Li/ionogel/Li symmetric cells to determine
the lifetime of solid-state batteries by monitoring
lithium dendrite nucleation and growth resistance (78).
Long-term cycling results (600 h, 100 cycles) of PYR-
ionogel and EMI-ionogel at 25 uA cm™?2 current density
(electrode area: 2.011 cm?) with both the plating or
the stripping steps lasting for 3 h each are shown in
Figure 9. Low overpotentials were obtained (in the
range of 0.055 V upon initial cycling, which increased
only slightly up to 0.075 V at the end of the test)
without any short circuit occurred. This test assures the
effectiveness and safe operation of the ionogels in
lithium-based cells conceived for ambient temperature
applications. Despite the low current density used in
the process, it can be inferred that this is a promising
path to pursue for future studies, given the good indi-
cation of its potential for solid-state electrolyte systems
operating at standard ambient conditions.

To demonstrate the practical application of ionogels,
galvanostatic cycling was conducted on lab-scale cells
assembled with ionogel-in-situ-polymerized-on-NMC
electrodes and lithium metal at ambient temperature,
where the direct crosslinking step was fundamental to
achieve a good electrode/electrolyte interfacial
adhesion, resulting in a stable and thin (approximately
30 um) ionogel electrolyte film with uniform distribution
over the electrode (79, 80). Figure 10(A) shows cross-sec-
tional secondary electron FESEM images of PYR-ionogel
(representative for all the samples prepared) that clearly
revealed an intimate and compatible interface between
the cross-linked polymer matrix and the NMC cathode,
which also indicates that the ionogel is highly cross-
linked, as evidenced by its bulky structure. Additionally,
in Figure 10(B), the in-situ polymerized composite also
exhibits intimate contact with the cathode. A porous
structure is observed, suggesting that the composite
has potentially favorable morphology for efficient ionic
transport by providing appropriate room for hosting
ILs. Furthermore, the image confirms the effective dis-
persion of LLZO particles throughout the electrolyte.
The image evidences the very intimate interconnection
between the electrode film and the electrolyte, with a
very good interpenetration of the electrolyte com-
ponents in the electrode porosity; in fact, from the
image, it is not possible to recognize a separation
between the electrolyte film and the electrode. The
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Figure 8. 3D Nyquist plots representing the evolution of the interfacial resistance over time for samples of (A) PYR-ionogel and (B)
EMI-ionogel, by using Li/ionogel/Li cells configuration, stored under O.C.V. conditions at a constant temperature of 25 °C. Electrode

area: 2.011 cm?. Frequency range: 1 Hz — 100 KHz.

measurement evidences that the overall thickness of the
electrode and membrane is about 30 pm for the ionogel
and 60 pm for the composite. Overall, in-situ polymeriz-
ation illustrated good contact between electrolyte and
cathode, which is crucial for achieving high room-temp-
erature ionic conductivity and fast interfacial charge
transport for practical operation of solid-state batteries
(81, 82).

Figure 11(A-D) show the constant current charge/dis-
charge specific capacities vs. cycle number and voltage
profiles of PYR-ionogel and EMI-ionogel samples,
respectively, which were collected at ambient laboratory
temperature (~21 °C) and at different C-rates from C/40
to C/10. The charge/discharge profiles for PYR-ionogel
(Figure 11(A)) and EMI-ionogel (Figure 11(C)) electrolytes
are observed to be tilted rather than a flat line, which can
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be attributed to their intrinsic low ionic conductivity at
room temperature when compared to that of organic
carbonate electrolytes and/or pure ionic liquid electro-
lytes (83). The results in terms of delivered specific
capacity suggest that the ion diffusion is the limiting
factor to achieve high power output in our ionogel-
based solid polymer cells (maximum achieved C-rate of
C/10), as confirmed also by EIS measurements, as well
as by the increasing overpotential at higher C-rates.
Nevertheless, the PYR-ionogel cell exhibited an initial
discharge capacity of 182 mAh g~', while the EMI-
ionogel cell exhibited a slightly lower initial discharge
capacity of 171 mAh g~' at C/40. The lower capacity of
the EMI-ionogel cell may be attributed to its higher
applied currents (e.g. 1C=0.65 mA, compared to 1C=
0.51 mA for PYR-ionogel) that were determined based
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Figure 9. Stripping/plating voltage profiles of the Li cycled with the (A) PYR-ionogel and (B) EMI-ionogel electrolyte membranes at 25
pA cm™2 at ambient laboratory temperature as well as their local view of voltage profiles.
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Figure 10. FESEM cross-sectional images of (A) PYR-ionogel and (B) PYR-composite, in-situ UV-polymerized on NMC-532 cathodes.

on actual cathode mass loadings. As shown in Figure 11
(B,D), gradual capacity fading occurred during charge/
discharge, which was more pronounced for the PYR-
ionogel cells at increased C-rates. This phenomenon
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might be linked to the presence of unreacted residual
monomers in the ionogels after in-situ polymerization,
which tend to decompose or deposit on the surface of
the electrodes, and, thus, increase the electrode//
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Figure 11. Ambient laboratory temperature (~21 °C) galvanostatic cycling behavior of the lab-scale cells with ionogel electrolytes at
different current densities: (A) specific discharge capacity and Coulombic efficiency vs. cycle number and (B) discharge/charge poten-
tial vs. specific capacity profiles of PYR-ionogel cell (1C=0.51 mA, calculated based on the active material mass loading of 1.77 mg
cm™?); (C) specific discharge capacity and Coulombic efficiency vs. cycle number and (D) discharge/charge potential vs. specific
capacity profiles of the EMI-ionogel cell (1C = 0.65 mA, calculated based on the active material mass loading of 1.74 mg cm™2).
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electrolyte interfacial resistance, resulting in a deterio-
ration of cycle performance, especially at low tempera-
tures or high rates (73). According to the
characterization results of the polymers in the two
ionogel formulations discussed earlier, it was found
that the EMI-ionogel exhibited a more uniform and
higher degree of crosslinking/polymerization. This may
explain why the cell with EMI-ionogel exhibited less
capacity fading in its galvanostatic cycling profile, as
the higher degree and homogeneity of crosslinking/
polymerization structure could have contributed to a
reduction in the content of residual monomers and an
increase in uniformity. Such improvements in the
polymer structure have been already potentially shown
to enhance the electrochemical performance of
polymer-based batteries (73).

Overall, the results are interesting for a truly ionogel-
based SSE cell operated at ambient temperature with
high-energy 4V-class cathode and lithium metal anode
(roughly calculating >400 Wh Kg' at materials/cell
level at C/20 current rate).

Li-metal cell cycling of ionogel composite
polymer electrolytes

To combine the beneficial properties of organic and
inorganic electrolytes as mentioned in previous para-
graphs, particularly trying to improve the cycling behav-
ior at higher current regimes, composite systems were
fabricated and their electrochemical behavior was
demonstrated by galvanostatic cycling of the Li metal
electrode in the PYR/EMI-composite-in-situ-polymer-
ized-on-NMC cathode framework at different current
regimes of C/40, C/20, C/10, C/5, and C/20, respectively,
between 3.0 and 4.3 V at 25 °C. The same in-situ method
of UV-polymerizing the ionogel precursor on the surface
of the NMC-532 electrode was used to obtain a uniform
distribution and intimate contact over the cathodes. In
order to prevent short circuits caused by ceramic aggre-
gates, the thickness of the composite electrolytes was
fixed to approximately 60 pum, which is thicker than
ionogel electrolytes (~30 um) and, thus, required the
use of a relatively lower cathode mass loading. Upon
increasing the thickness of the electrolytes, the
diffusion path for ions becomes extended, potentially
impeding their efficient movement between electrodes.
This elongated diffusion distance, resulting from the
thicker composite electrolytes, might contribute to the
decrease in specific capacity values, in particular at elev-
ated current regimes. In Figure 12, the specific capacities
and voltage profiles under different C-rates (1C=0.32
mA) are shown for PYR-composite (A, B) and for EMI-
composite (C, D). Initial discharge capacities of 130

mAh g~' and 150 mAh g~' were obtained at a C/40
rate by the laboratory scale Li-metal cells with PYR-com-
posite and EMI-composite, individually. The specific
capacity values progressively increased during initial
cycling at a low C/40 rate; this is a peculiar feature indi-
cating that the system undergoes an activation process
in the initial stages, where slowly an increasing portion
of the active materials is activated at the electrochemical
reaction due to improved wettability to the active sites
by the electrolyte, with facilitated lithium diffusion,
and more active sites for lithium-ion storage.

Overall, for all the samples, the polarization is rather
limited, which accounts for an efficient redox reaction
kinetics, due to the limited internal resistance at the
electrode/electrolyte interface as well as the limited
cell overpotential contributions. In general, the
materials showed good cycling stability, as for the
good overlapping of the charge/discharge curves,
accounting for a Coulombic efficiency close to 100%
after prolonged cycling, which is a convincing indication
of the good interfacial contact between the electrodes
and the electrolyte separator. As the applied current
increased, the cells showed much more stable cycling
capacities under C/20 and C/10 rates, along with high
Coulombic efficiency, when compared to the cycling
performance of ionogel electrolyte-based cells dis-
cussed in the previous paragraph. Even when the cells
were operated at C/5, they could still exhibit visible
capacities of about 25 mAh g~ (slightly higher with
the EMI-composite cell). Moreover, the specific
capacities almost recovered to the initial values when
returning to C/20 after higher rate cycling, which is an
indication of the stability of the whole system. The
overall improvement of the electrochemical perform-
ance by including LLZO in the composite can be attrib-
uted to the improvement of the Li conduction
pathways, guaranteeing better stability of the elec-
trode-electrolyte  interface.  Including  ceramic
particles mitigates the dendrite formation and inhom-
ogeneity of lithium deposition, thus leading to
improved performance, as reported in other literature
reports (21, 67, 84-87). Moreover, the very intimate inter-
connection between the cell components, as evidenced
in SEM images (Figure 10), can facilitate ion transport.
Interestingly, despite the sightly ionic conductivity
with respect to the parent polymeric ionogels systems,
the hybrids showed better electrochemical cycling
behavior in the lab-scale Li metal cell at higher C-rates,
which is clearly ascribed to the introduction of LLZO
likely ameliorating the lithium-ion transport properties,
as well as the interfacial characteristics or the mechan-
ical performances, which are also key parameters to
allow stable and long-term cycling with lithium metal.
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Figure 12. Ambient temperature constant current cycling behavior of the lab-scale cells at different current densities. Specific dis-
charge capacity and Coulombic efficiency vs. cycle number, and discharge/charge potential vs. specific capacity profiles of PYR-com-

posite (A, B) and EMI-composite (C, D).

Conclusion

This work was set out to contribute to the optimization
and development of ionogels or hybrid solid polymer
electrolytes by understanding the effect of polymer
behavior on designing polymer-based solid-state elec-
trolytes (SSEs) with desirable properties. We restricted
the choice of chemicals to commercially available com-
ponents and fabricated two types of ionogel SSEs as
well as two types of composite SSEs by introducing
LLZO ceramic filler into the ionogel precursors for
polymerization. The in-situ free-radical polymerization
was used to achieve compatible crosslinked solid elec-
trolyte samples during this study. The method was
proven to be efficient, controllable, and environmentally
friendly. The ionogel formulations resulted in C=C con-
versions up to 98%, depending on the IL type and the
concentration of Pl. The imidazolium-IL-containing
ionogel exhibited a higher degree of double bond

conversion and gel content, which was believed to
enhance the cycling performance in a cell with NMC
cathodes. The higher viscosity of pyrrolidinium-contain-
ing electrolyte samples also affected their polymeriz-
ation rates and the uniformity of formed matrix
structures. Furthermore, the incorporation of LLZO inor-
ganic filler improved the stability of galvanostatic
cycling in cells from C/20 to C/5 at room temperature
compared to cycling with ionogels. The more porous
structure in composites might provide a more favorable
ion transport path, and the decreased or trapped
unreacted monomer could also contribute to the
observed improvement. The proposed methodology
represents a promising practical approach for the incor-
poration of super ion conductors in lithium metal bat-
teries, thus imparting flexibility and shape retention
attributes to the separator electrolytes. These findings
demonstrate the potential usefulness of investigating
the physical properties of polymers in designing
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ionogels. Further research could be conducted to eluci-
date the interaction between the polymer matrix and IL,
as well as other ionic compounds in ceramic-rich compo-
site SSEs. This could involve studying molecular engin-
eering aspects of both organic and organic-inorganic
ionogels to optimize their performance.
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