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Herein, the synthesis and comprehensive characterization of a new, completely fluorine-free single-ion-
conducting polymer electrolyte (SIPE) for lithium—metal batteries are reported. For this new SIPE, lithium
(4-styrenesulfonyl)(dicyanomethide) has been grafted onto a polysiloxane backbone. Self-standing mem-
branes additionally containing non-toxic polyacrylonitrile and propylene carbonate exhibit suitable
mechanical properties, a high ionic conductivity of more than 10™* S cm™, and good anodic stability up
to more than 4.1V vs. Li*/Li at 40 °C. Symmetric Li||Li cells show an excellent cycle life with more than
1000 h of lithium stripping and plating, thanks to the formation of a stable and low-resistive interphase. As

a result, completely fluorine-free Li||LiFePO, cells provide stable cycling for more than 500 cycles, ren-
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1. This work proposes a new single-ion-conducting polymer electrolyte relying on a sustainable, completely fluorine-free composition to achieve safer, high-

performance lithium batteries.

2. The polymer electrolyte is prepared via a simple synthesis route, with yields well above 75%. The inclusion of non-toxic polyacrylonitrile allows for the

preparation of self-standing electrolyte membranes. Li||LiFePO, cells employing this new electrolyte and fluorine-free cathodes provide stable cycling for

more than 500 cycles and good performance even when increasing the active material loading to almost 10 mg cm™".

2

3. Future research will focus on further increasing the active material mass loading and substituting lithium metal with alternative anode materials to obtain

intrinsically safe, truly sustainable, low-cost, high-performance lithium-ion polymer batteries.

Introduction

Lithium-ion batteries (LIBs) are often acknowledged as a key
technology for driving a successful clean-energy transition due
to their highly versatile applications, especially in portable
electronic devices, electric vehicles and grid-storage plants.'™
However, after extensive research, the specific capacity of LIBs
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relying on graphite- or silicon-based anodes is about to reach
their theoretical limits.*> The replacement of the anode with
metallic lithium is expected to significantly increase the
energy density due to its superior capacity and negative poten-
tial (3861 mA h g™', —3.040 V vs. SHE).®® However, lithium-
metal batteries (LMBs) face serious challenges, particularly in
regard to the formation of a stable solid electrolyte interphase
(SEI) on the lithium surface and safety.® ' The latter is under-
mined by the risk of dendrite formation, which can lead to
short circuits and thermal runaway of the cell.""*> Thus, the
stabilization of the Li|electrolyte interface is mandatory for
widespread commercialization of LMBs."*'* Several strategies
have been implemented to address this issue, including host
structures for the Li metal electrode,">'° the design of artificial
SEIs,'”'® and the utilization of solid electrolytes, e.g.
sulfides,"®" ceramics®**® or polymers.”**® The latter rep-
resents a promising approach as polymers provide concomi-
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tantly high safety, potentially low-cost synthesis from abun-
dant starting materials, good processability, and favorable
mechanical properties.”>>® Nevertheless, a key issue is the
ionic conductivity, which usually ranges between 10~° and
1077 S em™, ie., well below the conductivity of liquid electro-
lytes (~107> S em™').>**® Additionally, conventional salt-in-
polymer electrolytes suffer from significantly higher anion
mobility compared to the lithium cations, resulting in a very
low lithium transference number (t;- < 0.5).>! This limits the
cell performance owing to the potential buildup of reversed
polarization gradients, which may cause uneven deposition of
lithium, promoting dendrite formation.*>* A possible solu-
tion lies in the use of single-ion conducting polymer electro-
lytes (SIPEs), in which the negative charge carrier is a weakly
coordinating anion, covalently bonded to or incorporated into
the polymer chain.”*** In particular, highly fluorinated sulfo-
nates and sulfonylimides derived from the widely used lithium
bis(trifluoromethanesulfonyl)imide (as the conducting salt)
are usually preferred due to the significant charge delocaliza-
tion triggered by strongly electron-withdrawing sulfonyl and
trifluoromethane units,>>™*® while fluorine allows for the for-
mation of a LiF-rich SEI, which reportedly improves the cell
performance.’*™*' Moreover, fluorinated compounds usually
offer improved thermal and electrochemical stability with
respect to F-free homologues.*”*' However, the toxicity and
persistency of fluorinated materials raise serious concerns
about their production costs and recycling, leading to major
obstacles to the sustainability of related devices.*>** Thus,
many efforts have recently focused on the development of
novel F-free anions designed to retain the desirable properties
of traditional fluorinated conducting salts for LIBs and LMBs,
relying, for example, on borates,**** phosphates,” or
cyanides.*®*” Despite the remarkable progress achieved in this
field, to the best of our knowledge, only a handful of reports
have proposed the development of fluorine-free SIPEs,*’*°
where the new electrolytes are usually applied in batteries
relying on modest active material loadings at the cathode or
on the use of harmful solvents for electrode processing.
Following this objective, we report herein the development
of a novel fluorine-free SIPE employing the weakly coordinat-
ing lithium (4-styrenesulfonyl)(dicyanomethide) (LiSDM),*
which is grafted via a thiol-ene click reaction to a thiol-functio-
nalized polysiloxane backbone, poly[(mercaptopropyl)methyl-
siloxane] (PMMS), following a previous study in which we used
lithium (3-methacryloyloxypropylsulfonyl)(trifluoromethyl-
sulfonyl)imide as ionic side chain.>® To yield self-standing,
flexible, but still fluorine-free polymer electrolyte membranes,
the resulting ionomer is blended with polyacrylonitrile (PAN)
instead of the commonly used polyvinylidene fluoride
(PVdF).>" Swollen with 50 wt% propylene carbonate (PC), these
SIPE membranes provide high ionic conductivity, long-term
stable lithium stripping and plating for more than 1000 h, and
good performance in Li||LiFePO, (LFP) cells, which are realized
with a completely F-free configuration by substituting the com-
monly employed PVAF binder in the cathode with sodium car-
boxymethyl cellulose (CMC), allowing for the aqueous proces-
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sing of the electrode. In addition, the possible scale-up of this
novel configuration is explored by achieving LFP mass load-
ings exceeding 9 mg cm™?, benefitting from the incorporation
of the F-free SIPE into the electrode to enhance the electrode|
electrolyte interfacial contact and ionic conductivity within the
cathode. Finally, a toxicity assessment of the F-free SIPE mem-
brane is provided, comparing the herein developed F-free SIPE
with an earlier reported F-containing SIPE. This comparison
highlights the great progress towards the realization of less
toxic electrolytes and provides a benchmark for future develop-
ments. Moreover, the work presented herein highlights the
need to carefully evaluate any potential improvement concern-
ing sustainability, going well beyond a “simple” judgement
based on the absence of certain elements - even if highly
desirable.

Results and discussion

The synthesis of LiSDM and SIPE is schematically depicted in
Fig. 1a. The LiSDM ionic side chain is synthesized by nucleo-
philic substitution of malononitrile on freshly prepared
(4-styrene)sulfonyl chloride in the presence of a base. The
acidic proton of the methide side group reacts further with
aqueous LiOH as a strong base to form lithiated LiSDM. Both
the '"H and '*C nuclear magnetic resonance (NMR) spectra
(Fig. 1b and Fig. S1,} respectively) confirm the successful syn-
thesis of LiSDM in agreement with previous literature.*’
Additionally, the Fourier transform infrared (FTIR) spectrum
in Fig. 1c displays the characteristic band for C=C at
920 ecm™',** the symmetric and anti-symmetric O=S=0
stretching at 1140 and 1300 cm™, respectively,’®*® and the
C=N stretching at 2190 cm™", while the band at 2225 cm™" is
induced by the interaction of Li" with the cyano group, leading
to the favored formation of a C—=C=N" iminium-type meso-
meric structure.>>>® The successful synthesis of the final SIPE,
prepared by a thiol-ene click reaction between LiSDM and
PMMS using azobisisobutyronitrile (AiBN) as a radical starter
(Fig. 1a), is revealed by 'H NMR and FTIR spectroscopy
(Fig. 1b and c, respectively). In particular, the FTIR data show
the preservation of the aforementioned bands for O=S=O
and C=N, while two additional peaks arise at 779 and
1073 cm ™, ascribed to Si-O-Si bonds.’*”* The successful tran-
sition from LiSDM to the eventual SIPE is further corroborated
by the aliphatic C-H bonds identified at 2920 cm™".%%> The
molecular weight of the final SIPE is determined via gel per-
meation chromatography (GPC), revealing a molecular mass of
about 10-14 kg mol™ (M, and M,, are provided in Table S1t).
Polymer electrolyte membranes were obtained by blending
the SIPE with various contents of PAN (15, 25, 35, 45 and
55 wt%) to ensure adequate mechanical stability. The final
membranes were denoted as B15, B25, B35, B45, and B55 (see
the corresponding composition and a photograph in Table S2
and Fig. S2,} respectively). The decomposition temperatures of
the B15-B55 membranes were determined via thermo-
gravimetric analysis (TGA, Fig. S3at) and are compared with
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Fig. 1 (a) Schematic representation of the synthesis pathway for the fluorine-free SIPE via LiSDM; (b) *H NMR and (c) FTIR spectra of LiSDM (green)

and SIPE (violet).

those of the neat SIPE and bare PAN in Fig. 2a, where the
decomposition temperature is defined as the value at which a
mass loss of 3 wt% occurs. The comparison reveals a signifi-
cant dependence between the decomposition temperature and
the PAN content, as expected from the large difference between
the values recorded for the SIPE and bare PAN, ie., 120 and
285 °C, respectively. In particular, the decomposition tempera-
tures show a quasi-logarithmic increase from B15 to B55 with
the respective values of 127, 167, 193, 216, and 223 °C. This
trend may be associated with modifications in the microstruc-
ture and morphology of the polymer blends linked to the
increase of PAN content, which gradually drives the thermal
behavior from a response similar to the SIPE (B15) to an inter-
mediate one between the SIPE and PAN (B55).°®°” Prior to the
electrochemical measurements, the membranes were swollen
with PC (50 wt% with respect to the membrane as determined
via eqn (S1)} and TGA in Fig. S3bt), serving as a “molecular
transporter” owing to its high dielectric constant to improve
the ionic conductivity. Fig. 2b evaluates the anodic stability of
the membranes determined via linear sweep voltammetry
(LSV), showing values between 4.1 and 4.3 V vs. Li'/Li (the lim-
iting potential values are determined corresponding to an evol-
ving current of 2.5 pA cm™?), with no apparent influence of the

8228 | Green Chem., 2025, 27, 8226-8236

PAN content, though a higher PAN content appears generally
favorable. In fact, the anodic stability is expected to be deter-
mined by the oxidizable thioether function in the SIPE,**"®
while the minor signal observed for all the membranes slightly
above 4.0 V vs. Li*/Li may be ascribed to the presence of PC.*°
Although the addition of fluorinated species such as PVdF may
significantly increase the anodic stability,>*>*°° the F-free con-
figuration proposed herein represents a more sustainable solu-
tion and still allows for application in LMBs employing cath-
odes operating at moderate voltage like LFP.*® The ionic con-
ductivity (6) was determined through electrochemical impe-
dance spectroscopy (EIS) and the results are presented in the
form of an Arrhenius plot in Fig. 2c (see the corresponding
Nyquist plots in Fig. S4t). The comparison reveals the lowest
o for B15 between 5.4 x 107° and 3.8 x 107* S em™" in the
10-90 °C range, followed by B55 and B45, while B25 exhibits
values slightly lower than those associated with B35, which
delivers the best ¢ between 1.0 x 10™* and 9.2 x 10™* S
em™'. This behavior may be due to an optimal microstruc-
ture of the B35 blend, while maintaining a suitable concen-
tration of Li* cations. At 40 °C, B35 exhibits an ionic conduc-
tivity of 2.9 x 10™* S em™", which appears suitable for poten-
tial commercial applications of such SIPE-based electro-

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Thermal and basic electrochemical characterization of the B15-B55 membranes: (a) decomposition temperature determined via TGA (see
Fig. S3at for the thermograms) and comparison with those of the neat SIPE and bare PAN; (b) anodic stability evaluated through LSV between open
circuit voltage (OCV) and 6.0 V vs. Li*/Li using a sweep rate of 0.1 mV s~* at 40 °C; (c) Arrhenius plots of ionic conductivity obtained via EIS (see the
Nyquist plots in Fig. S4}) between 10 and 90 °C in the 1.0 MHz-1 Hz frequency range (voltage amplitude: 10 mV); (d) overpotential values related to
the Li stripping/plating tests carried out at various current densities at 40 °C (see the corresponding voltage profiles in Fig. S57).

lytes.*> The compatibility of the membranes with metallic

lithium was evaluated through Li stripping/plating tests in
symmetric Li||Li cells by galvanostatic cycling at increasing
current densities (see Fig. S5t). The overall trend is displayed
in Fig. 2d, revealing the expected increase in overpotentials
for all the electrolytes with increasing current density, with
the lowest overpotential values for B35, ie., from ~4.3 to
~208 mV in the 2.5-100 pA cm™ current density range.
Considering the above results, especially in terms of ¢ and
overpotential, B35 was selected as the most promising candi-
date for the forthcoming experiments.

The structure and morphology of the dry B35 membrane
were investigated via X-ray diffraction (XRD) and scanning elec-
tron microscopy (SEM) coupled with energy dispersive X-ray
spectroscopy (EDX). The XRD patterns recorded for bare PAN,
the SIPE powder, and the B35 membrane, as presented in
Fig. S6,T reveal for the latter the combination of the amorphous

This journal is © The Royal Society of Chemistry 2025

SIPE, as indicated by the broad reflection centered around
19°,°" and the partially crystalline nature of PAN, as indicated
by the retention of the prominent reflection at 17°, which has
been attributed to the planar spacing of the polymer chains,®>®?
while its intensity is substantially reduced. The homogeneous
blending of the SIPE and PAN is evidenced by the SEM-EDX
analyses presented in Fig. 3a—f. The SEM micrographs (Fig. 3a
and b) display a homogeneous and smooth surface of the
B35 membrane, without any indication of agglomerates, along
with the presence of sub-micrometric pores that may favor the
uptake of PC molecules. The EDX mapping of silicon, nitrogen,
sulfur, and carbon confirms a uniform distribution of these
elements, thus corroborating a successful and homogeneous
blending of the two polymers (Fig. 3c-f).

The Li" transference number (¢') of the B35 membrane was
determined using the Bruce-Vincent-Evans method
(Fig. S71).6%%> The data collected from the chronoampero-

Green Chem., 2025, 27, 8226-8236 | 8229
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Fig. 3 Evaluation of the morphology of B35 and its behavior in symmetric Li||Li cells: (a and b) SEM micrographs at different magnifications and (c—
f) the corresponding EDX mapping for (c) Si, (d) N, (e) S, and (f) C; (g) Nyquist plots recorded by EIS for a Li||Li cell in the 200 kHz—-50 mHz frequency
range (voltage amplitude: 10 mV) upon calendar aging and (h) the trend of the corresponding electrode|electrolyte interphase resistance (R;) deter-
mined through NLLS fitting (see Table S47 for the actual values); (i) voltage profiles related to the long-term Li stripping/plating test performed on a
symmetric Li||Li cell at a constant current density of 50 A cm™2 with a step time of 30 min between charge and discharge (see higher magnification

in Fig. S97). All electrochemical tests were carried out at 40 °C.

metric curves and from the fitting of the Nyquist plots
recorded before and after polarization (insets in Fig. S7t) are
reported in Table S3,f revealing a t" approaching unity for
cells with varying thicknesses of the B35 membranes, as
expected for SIPEs. The stability of B35 towards aging in
contact with lithium metal was evaluated by EIS measure-
ments performed on symmetric Li|[Li cells, as displayed in
Fig. 3g (Nyquist plots) and Fig. 3h (evolution of the electrode|
electrolyte interphase resistance, i.e., R;; see Table S4f for the
actual values). The data reveal a rather stable R; between 210
and 230 Q during the first 12 h after cell assembly, while a

8230 | Green Chem., 2025, 27, 8226-8236

gradual growth up to 300 Q is observed after 7 days, indicat-
ing the consolidation of a low-resistive SEI. The stability of
the interphase is further proven by EIS analyses performed
on the same cells after galvanostatic Li stripping/plating tests
at 10 and 50 pA cm™>, revealing an R; of about 300 Q (Fig. S8
and Table S5%). A magnification of the corresponding voltage
profiles (Fig. S8atf) shows a very stable and flat voltage
response, further corroborating the single-ion conducting be-
havior in agreement with the Li' transference number of
essentially unity. In addition, the long-term galvanostatic Li
stripping/plating test depicted in Fig. 3i demonstrates the

This journal is © The Royal Society of Chemistry 2025
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ability of B35 to withstand extensive cycling in symmetric
Li||Li cell over 1000 h at 50 pA cm™2, maintaining a rather
stable overpotential of less than 130 mV during the whole
experiment. A magnification of the Li stripping/plating
voltage profiles is reported in Fig. S9, showing a very minor
slope of the generally square-shaped profiles, which likely
originates from somewhat slower Li" transport across the SEI
layer on the lithium-metal electrodes.®®

The B35 membrane is subsequently evaluated in completely
fluorine-free Li||LFP cells. Fig. 4 displays the rate capability
tests, which were performed with LFP electrodes having two
different active material mass loadings of either 2.8 + 0.2 mg
cm ™2 or 8.2 + 0.2 mg cm™ 2, with the latter incorporating 7 wt%
dry SIPE. The cells were galvanostatically cycled at increasing
C rates from 0.05C to 2C (1C = 170 mA g ). The cycling trend
in Fig. 4a shows, for both the LFP cathodes, a remarkable dis-
charge capacity in the 145-155 mA h g~* range at 0.05C (i.e.,
85-91% of the theoretical capacity), with subsequent minor
decay, as demonstrated by the capacity of 134 mA h g™ deli-
vered at 0.2C. In addition, the low-loading LFP cathode still

View Article Online
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exhibits capacities of 111 mA h g”* and 74 mA h g~* at 0.5C
and 1C, respectively, and both the electrodes recover a capacity
of around 130 mA h g~* when the current is reduced back to
0.2C after 30 cycles. The charge/discharge profiles related to
the low-loading LFP cathode (Fig. 4b) display the first charge
at 0.05C centered at ~3.46 V (de-lithiation of LFP), followed by
a sloping discharge curve at ~3.39 V (lithiation of LEP),%” while
an increase of polarization can be observed in concomitance
with the rising current as expected by the ohmic resistance
increment, despite the cell still presents electrochemical
activity at a relatively high current of 2C. Notably, the voltage
profiles related to the high-loading LFP cathode (Fig. 4c) show
only slightly higher polarization at 0.05C for charge/discharge
processes, occurring at ~3.46 and ~3.36 V, respectively, while
revealing almost total deactivation of the electrochemical
process already at 0.5C, indicating a rate capability extended
up to 0.2C.

Long-term galvanostatic cycling tests of Li|B35|LFP cells are
depicted in Fig. 5. The low-mass-loading LFP cathodes (around
2.8 mg cm™?) were subjected to measurements either at 0.2C

o
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(a) Specific capacity as a function of cycle number and (b and c) voltage profiles for the rate capability tests performed via galvanostatic

cycling on Li|B35|LFP cells at increasing C rates in the 2.5-4.0 V voltage range using an LFP areal loading of either (b) 2.8 or (c) 8.2 mg cm~2. All tests

were carried out at 40 °C.

This journal is © The Royal Society of Chemistry 2025

Green Chem., 2025, 27, 8226-8236 | 8231


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5gc00252d

Open Access Article. Published on 20 May 2025. Downloaded on 6/15/2026 4:37:11 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Green Chemistry
460 +100 160 r100 o460 100
L L L
< < <
IS ™ S €
~ 120 F75 ~ 120 F75 ~ 120 o o [75
= < & < & 0 Rz x®
g T8 <R N T
Q 80+ 50 ., © 80 50 oy 2 80 150 1
8 o 8 o 8 o
S S S
2 40 l25 2 401 L25 2 40 L25
g “]o.2c s "]0.5C & “]0.2C
& |28mgom? (a) 2 |28mgcom? (b) & ]9.2mgcm? (c)

a o y v T i 0 n o T T T T o o T T T T T v 0
0 30 60 9 120 150 0 100 200 300 400 500 0 10 20 30 40 50 60 70
Cycle number Cycle number Cycle number
15(
4.0 4.0 4.0
— 50" /
th
> 36 150 > 36 >
i 1 = 3.5 1st
S > th o h
2351 D3, —_— 250th = —_— 35m
= . —— 500 = —70
(e} (] O 3.0
S S $30
281 28]
0.2C 0.5C 0.2C
2.4]2.8 mg cm? (d) 2.4]2.8 mg cm? (e) 2%19.2 mg cm2 (f)
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
Specific capacity / mAh g™ Specific capacity / mAh g™ Specific capacity / mAh g™
350
6004 ocv —— 75" cycle
3dcycle —— 100" cycle °°
5hcycle  —— 125" cycle 3004 °
—— 25" cycle  —— 150" cycle /
9 4001 50t cycle  —— 200" cycle /) a ) 0/0/"
= j ~ 250 o—
N / 3 \ —
' / 0/
200 /
/ 200
. ) (h)
0 200 400 600 800 0 25 50 75 100 125 150 175 200
Z,1Q Cycle number
Fig. 5 (a—c) Plots of the specific capacity as a function of cycle number (the CE is displayed on the right y-axes) and (d—f) voltage profiles for the

long-term galvanostatic cycling tests performed on Li|B35|LFP cells with (a and d) an LFP mass loading of 2.8 mg cm™2 at 0.2C and (b and e) at 0.5C,
and (c and f) with an LFP mass loading of 9.2 mg cm~2 at 0.2C. (g) Nyquist plots recorded by EIS upon cycling of a Li|B35|LFP cell at 0.5C with 3 acti-
vation cycles at 0.05C (2.8 mg cm™) and (h) the corresponding trend of R; as a function of the cycle number obtained by NLLS fitting of the Nyquist
plots (the actual data are reported in Table S6}). Voltage range for cycling tests: 2.5-4.0 V; EIS frequency range: 200 kHz-50 mHz. EIS voltage

amplitude: 10 mV. All tests were carried out at 40 °C.

or 0.5C, while the LFP cathodes with a mass loading of about
9.2 mg cm~> were cycled at 0.2C. The cycling trends reveal a
maximum capacity of 137 mA h g~' with 93% retention after
150 cycles for the low-loading electrode cycled at 0.2C (Fig. 5a),
while the one cycled at 0.5C shows a cycle life up to 500 cycles
with a maximum capacity of 133 mA h ¢”' and 73% retention
at the end of the test (Fig. 5b). The high-loading LFP cathode
exhibits instead a delivered capacity of around 120 mA h g™*
with 75% retention after 70 cycles (Fig. 5c). In addition, all the
cells demonstrate a coulombic efficiency (CE) exceeding 99%
after the first cycle, subsequently maintained for the entire
measurement. The lower initial CE observed for all the tests
can be ascribed to the consolidation of the passivation layers,
which would also explain the gradual increase of capacity
during the first cycles. The corresponding voltage profiles
(Fig. 5d-f) show for all the tests the development of single-
plateau charge/discharge processes, including the expected
increase in polarization when a higher C rate (i.e., 0.5C in
Fig. 5e) or a high mass loading cathode (Fig. 5f) is used. To
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investigate the capacity decay upon long-term cycling in more
detail, EIS was performed. Fig. 5g shows the Nyquist plots
recorded for Li|B35|LFP cells upon cycling at 0.5C with LFP
electrodes having an active material loading of 2.8 mg cm™.
The corresponding trend for R; as a function of the cycle
number, obtained by NLLS fitting (see Table S67 for the actual
data), is reported in Fig. 5h. The analysis reveals an increase in
the interphase resistance during the first three activation
cycles from 317 to 327 Q and a subsequent drop to 257 Q in
the 5™ cycle and to 217 Q in the 25" cycle, which is in line
with the initial growth of a resistive passivation layer, which
then stabilizes and becomes less resistive upon cycling.
Subsequently, R; shows a steady, though minor, increase up to
300 Q after 200 cycles. This behavior matches with the trend of
the delivered capacity exhibited by these cells, as displayed in
Fig. 5b, which shows a slight decrease after the first cycle,
gradual growth and stabilization during the subsequent ~75
cycles, and a steady decrease until the end of the test. These
reactions are apparently more pronounced when cycling the

This journal is © The Royal Society of Chemistry 2025
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cells at elevated temperatures and in the absence of F, which
commonly results in the formation of very well passivating
LiF,"® while operating the cells at lower temperatures of, e.g.,
20 °C results in a significantly lower specific capacity owing to
substantially higher polarization and interfacial resistance
(Fig. S10t). Nonetheless, a comparison with other, comparable
studies reported earlier**®°®7> (Table S71) reveals that the
results achieved in this work are well comparable with the
state of the art, especially when taking into account the con-
siderably higher active material mass loading of the LFP elec-
trodes studied herein, the absence of F,>>°*"7? and the lower
cycling temperature with respect to other F-free configurations.*®

To underline the great impact of transitioning to F-free
SIPEs with regard to enhanced sustainability, we conducted a
hazard and toxicity assessment (Appendix 11) and compared
this with an earlier reported F-containing SIPE using the same
polysiloxane backbone (PSiOM; Appendix 2t).>° For this
purpose, we used the hazard traffic light (HTL) method to
identify potential hotspots in the synthesis process. The SIPE
membrane synthesis process shows multiple potential health
hazards, including acute toxicity impacts (H300, H311, and
H331), skin corrosion/irritation (H314), serious eye damage/
irritation (H318), carcinogenicity (H350), and reproductive tox-
icity (H360), particularly associated with the precursors N,N-di-
methylformamide, thionyl chloride, tert-butylcatechol, aceto-
nitrile, triethylamine, and lithium hydroxide monohydrate for
the synthesis of (4-styrene)sulfonylchloride and the synthesis
of the LiSDM ionic side chain. Physical hazards (flammable
liquid (H225)) are also associated with a few solvents (aceto-
nitrile, triethylamine, and tetrahydrofuran) used for the syn-
thesis of the LiSDM ionic side chain and the synthesis of the
SIPE as such. However, the synthesis of the F-containing ana-
logue PSiOM®° provides similar potential health and physical
hazards derived from the use of flammable liquids (H225),
acute toxicity (H301, H311, and H331), skin corrosion (H314),
serious eye damage/irritation (H318), carcinogenicity (H350),
reproductive toxicity (H360), aspiration hazard (H304), and
specific organ toxicity due to repetitive exposure (H372). Thus,
critical hotspots in the synthesis of the F-free SIPE still
remain, in particular for the synthesis of the LiSDM ionic side
chain. Nevertheless, the F-containing PSiOM counterpart exhi-
bits additional HTL impacts, a higher number of hazardous
chemicals involved in the synthesis sub-processes (about 30%
more), and the concerns linked to the environmental chal-
lenges derived from the F-containing species such as tri-
fluoromethanesulfonamide, PVdF-co-hexafluoropropylene
(PVAF-HFP), and fluoroethylene carbonate—the latter two
being used for the preparation of the polymer electrolyte mem-
branes.’® In this context, Fig. 6 summarises the number of
hazards based on the HTL results (see Appendix 1 and
Appendix 2 for the detailst) linked to the synthesis of both
polymer electrolytes in terms of physical (Fig. 6a), health
(Fig. 6b), and total overall hazards (Fig. 6¢), showing the gener-
ally lower number of hazards for the F-free SIPE compared to
the F-containing PSiOM. It is worth noting that data gaps in
this case include the absence of hazard statements for poly

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Overview of the number of hazards obtained by the HTL method
linked to the F-free SIPE and the F-containing PSIiOM (serving as the
reference) in terms of (a) physical, (b) health, and (c) total hazards
(expressed as the sum of physical and health hazards). The detailed HTL
results are reported in Appendix 11 and Appendix 27 for the F-free SIPE
and PSiOM, respectively.
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(mercaptopropyl)methylsiloxane, PAN, and PVdF-HFP, which
were not included in the HTL assessment. These gaps prevent
a proper comparison between the electrolytes in terms of
environmental hazards, which were thereby excluded from
Fig. 6, and make the calculation of quantitative total hazard
points (THPs) presently not meaningful. Nevertheless, the
given toxicity assessment highlights the remaining challenges
for the synthesis of truly sustainable SIPEs and sets a bench-
mark for future studies, while also evidencing the progress
achieved compared to the F-containing counterpart.

Conclusions

Herein, a novel fluorine-free SIPE is synthesized and character-
ized. The electrolyte membrane benefited from a PAN content
of 35 wt% and incorporated 50 wt% PC solvent as a molecular
transporter. The self-standing membrane presented a transfer-
ence number of around 1, an ionic conductivity of over 10~ S
cm ™' and stability up to 4.2 V vs. Li*/Li at 40 °C. EIS performed
upon aging on Li||Li cells revealed the growth of an electrode|
electrolyte interphase with low resistance, while Li stripping/
plating tests showed remarkable cyclability over 1000 h with
the corresponding overvoltage as low as 130 mV. Galvanostatic
cycling tests on Li||LFP cells revealed a good rate capability up
to 1C and a cycle life of 500 cycles for electrodes with an active
material loading of 2.8 mg cm™?, and capacities approaching
120 mA h g~ when a loading as high as 9.2 mg cm™ was
used. The performance achieved herein is comparable to that
of previously reported fluorinated SIPEs and may thus pave the
way towards the development of well-performing, safe and
environmentally friendly polymer electrolytes for LMBs.
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