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HIGHLIGHTS

e A solvent-free melt extrusion and UV
curing strategy is introduced.

e SPEs are tuned via PEO/PEC ratio and
SN incorporation.

e PEO/PEC (7:3) shows high ionic con-
ductivity at 40 °C, ~4.8 V stability.

o Li||Li cells exceed 1400 h cycling,
showing stable interfaces.

e Solid-state cells (LFP, NMC622) show
high capacity and stability.
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ABSTRACT

Lithium metal batteries coupled with high-voltage cathodes offer outstanding energy density, but the develop-
ment of solid polymer electrolytes (SPEs) simultaneously stable against lithium metal and oxidative cathodes
remains a major challenge. Herein, a fully solvent-free route combining melt extrusion and UV curing is proposed
to fabricate poly(ethylene oxide)-poly(ethylene carbonate) (PEO-PEC) SPEs plasticized with succinonitrile (SN).
By tuning the PEO/PEC ratio and introducing SN, the electrolyte properties are optimized through the combined
control of crystallinity, segmental mobility, and interfacial stability. Among the investigated formulations, the
PEO/PEC 7:3 SPE encompassing SN exhibits the best overall performance, delivering practical ionic conductivity
at 40 °C and anodic stability up to ca. 4.8 V vs. Li*/Li. In symmetric Li||Li cells, the SPE enables continuous
reversible lithium plating/stripping for more than 1400 h, maintaining moderate and stabilized polarization, and
highlighting its enhanced compatibility with lithium metal. Its practical applicability is further demonstrated in
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truly all-solid-state Li-metal cells using both LiFePO4 and NMC622 cathodes, which deliver full practical specific
capacities and stable cycling at 40 °C. Overall, this work demonstrates that solvent-free reactive processing of SN-
plasticized PEO-PEC SPE:s is an effective strategy to mitigate the limitations of conventional polymer electrolytes
and to enable high-energy density solid-state Li-metal batteries.

1. Introduction

Solid-state electrolytes (SSEs) are emerging as key components for
lithium metal batteries (LMBs), which are considered among the most
promising candidates for next-generation energy storage in electric ve-
hicles, portable electronics, and grid-scale applications [1-3]. Interest
arises not only from the possibility of coupling with lithium metal an-
odes to achieve higher energy density than conventional Li-ion batteries
(LIBs), but also from the opportunity to improve battery safety. In
contrast to LIBs based on flammable liquid organic electrolytes and
porous separators, all-solid-state systems employ a solid electrolyte that
can provide enhanced thermal stability, nonflammability, and non-
volatility. These features are expected to mitigate electrolyte leakage
and reduce the risk of thermal runaway, thereby improving the overall
safety of the device [4-6].

SSEs can be classified into inorganic, polymer, and composite elec-
trolytes. Ceramic electrolytes show high ionic conductivity, but are
expensive and challenging to produce at scale [7]. Their brittle and rigid
nature also makes conventional processing techniques, such as cutting
or polishing, difficult, limiting practical application [8]. In contrast,
solid polymer electrolytes (SPEs) are highly flexible, allowing adapta-
tion to diverse battery geometries. In lithium metal polymer batteries, a
lithium salt is homogeneously mixed with a suitable polymer, typically
poly(ethylene oxide) (PEO) [9-11]. SPEs offer several compelling ad-
vantages for mobile device manufacturers, including high energy den-
sity, flexible design options, and improved safety compared to standard
liquid electrolyte LIBs, owing to the absence or drastically reduced use of
flammable organic solvents [12].

However, PEO-based SPEs exhibit relatively low lithium-ion con-
ductivity at temperatures below their melting point (~60 °C), which
significantly limits their practical application in all-solid-state batteries.
In addition, oxidative degradation typically occurs above ~3.9 V vs.
Lit*/Li, restricting their compatibility to lower-voltage cathodes such as
LiFePOy4 [13]. To address these limitations, several strategies have been
explored in the design of PEO-based SPE: i) introduction of plasticizers
to increase the amorphous fraction and promote polymer segmental
mobility; ii) incorporation of inorganic fillers to enhance chemical sta-
bility and provide additional ion-conduction pathways; iii) suppression
of crystallinity through polymer blending or copolymerization.

To date, various plasticizers have been investigated to improve the
ionic conductivity of PEO-based electrolytes. Conventional carbonate
solvents such as EC, DMC, and PC are often introduced into SPEs to
enhance ionic transport [14-16]. However, their inherent flammability
raises serious safety concerns, as electrolyte combustion can initiate
thermal runaway and its propagation within battery cells [17]. Ionic
liquids (ILs) have also been considered as non-volatile alternatives to
carbonate solvents. Nevertheless, certain ILs may exhibit toxicity
depending on their cation-anion combinations, and their cost remains
dependent on synthesis routes and large-scale production feasibility
[18].

The incorporation of high-boiling, noncombustible organic plasti-
cizers or ILs can substantially increase the amorphous fraction of PEO-
based electrolytes, thereby facilitating faster Li* transport [19].
Among these, succinonitrile (SN) has emerged as a particularly effective
solid-state plasticizer. SN possesses a plastic-crystalline structure that
enables rapid Li" hopping conduction while maintaining structural
stability [20,21]. Its strong dipolar —-C = N groups and dynamic lattice
effectively suppress PEO crystallization and promote lithium salt
dissociation, resulting in enhanced ionic conductivity within the

polymer matrix [22,23]. Moreover, SN exhibits a wide electrochemical
stability window exceeding 5 V vs. Li*/Li, making it inherently
compatible with high-voltage cathodes, such as NMC and LNMO [24,
25]. These combined attributes position SN as an ideal additive to
overcome the intrinsic conductivity and oxidative stability limitations of
conventional PEO-based SPEs, while preserving the safety advantages of
solid-state systems. Indeed, Xu et al. demonstrated that a high content of
SN uniformly dispersed in SPEs can establish fast Li* migration path-
ways, as the molecular size of SN (~0.5 nm) closely matches the chain
length of the EO units in PEO [26]. However, excessive SN loading
(>10 wt%) has been shown to severely compromise the mechanical
properties of the polymer matrix [27]. These findings highlight a critical
trade-off: while plasticizers such as SN can markedly enhance ionic
conductivity, they may simultaneously undermine structural integrity.
To address this challenge, cross-linking strategies have been employed
to construct a three-dimensional polymer framework that reinforces the
matrix and preserves mechanical strength without sacrificing ionic
transport [28,29].

Polymer blending, on the other hand, represents an effective strategy
to simultaneously enhance structural integrity and electrochemical
performance in SPEs. Aliphatic polycarbonates are attractive SPE
matrices because their amorphous nature and carbonate moieties
resemble conventional carbonate solvents, enabling high Li" trans-
ference numbers, broad electrochemical stability and good compati-
bility with Li metal. They can be used alone or blended with PEO,
although their relatively high T, generally penalizes ionic conductivity,
especially at low salt content. In our previous work, PEO-poly(ethylene
carbonate) (PEC) SPEs have been developed using a solvent-free extru-
sion process followed by UV-induced crosslinking (UV-curing, UV pho-
topolymerization), demonstrating the feasibility of scalable solvent-free
processing [30].

Building upon previous studies, here we introduce SN as a plastic-
crystalline plasticizer into a UV-cured PEO-PEC matrix prepared
through a fully solvent-free route. The combined incorporation of SN,
optimization of the PEO-PEC composition, and formation of a cross-
linked polymer network are designed to achieve high ionic mobility/
transport at moderate temperatures while ensuring long-term interfacial
stability against lithium metal. This design strategy aims to: (i) suppress
polymer crystallinity and lower the glass transition temperature (Tg),
thereby facilitating Li* transport at reduced temperatures; and (ii)
expand the electrochemical stability window to enable compatibility
with high-energy 4V-class cathodes. The resulting SPEs were systemat-
ically investigated using thermal analysis and vibrational spectroscopy
to elucidate structural evolution, phase behavior, and intermolecular
interactions within the polymer matrix. The controlled incorporation of
SN significantly enhances ionic transport, electrochemical stability, and
electrode—electrolyte interfacial compatibility, thereby improving elec-
trolyte performance at 40 °C. The practical applicability of the devel-
oped system was further demonstrated through galvanostatic
charge-discharge cycling of laboratory-scale LMBs even with high-
energy-density 4V-class layered oxide cathodes, highlighting its poten-
tial for advanced SSLMBs.

2. Experimental
2.1. Materials

Poly(ethylene oxide) — PEO (M,, = 4 x 10° g mol ™, CAS 25322-68-
3) was obtained from Merck. Poly(ethylene carbonate) — PEC
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My, = 2.43 x 10° g mol™!, CAS 25608-11-1) and poly((trifluoro-
methane)sulfonimide lithium methacrylate) - PMLITFSI
(M, > 250 kDa, CAS 1818373-10-2) were received from Specific Poly-
mers (France). Lithium bis(trifluoromethylsulfonyl)imide (LiTFSI, bat-
tery grade, CAS 90076-65-6), succinonitrile (SN, CAS 110-61-2), and 4-
4'-difluorobenzophenone (99%, CAS 345-92-6), which is used as a
photoinitiator, were provided by Merck. All polymers were dried for 3
days under vacuum at 60 °C; LiTFSI was dried under vacuum for one day
at room temperature, two days at 70 °C, and finally 2 h at 110 °C. All
drying procedures were carried out using a B-585 oven (Buchi Glass
Drying Oven, Switzerland). Anhydrous N-methyl-2-pyrrolidone (NMP,
CAS No. 872-50-4) was acquired from Merck and used as received.
Conductive carbon black (C65, Imerys) and poly(vinylidene fluoride)
(PVdF, Solef 6020, Solvay) were used without further purification.
Lithium iron phosphate (LiFePOy,, LFP) cathode powder was provided by
BASF. Lithium nickel manganese cobalt oxide (NMC622) cathode
powder was provided by MSE Supplies.

2.2. Preparation of solid polymer electrolytes

All materials were stored and handled in the inert atmosphere of an
Ar-filled M-Braun dry glove box (UniLab, H2O and O3 < 0.5 ppm). All
the SPE formulations were prepared via solvent-free extrusion using a
mini-compounder (Haake MiniLab II, Thermo Scientific).

The preparation procedure was previously optimized and reported
[30]. The molar ratio between [EO] and [Li*] units was fixed at 20:1, as
this composition was previously identified as optimal for achieving high
ionic conductivity at elevated temperatures while minimizing electro-
lyte stickiness. The PEO-PEC ratios selected for this study were also
based on previously reported optimized compositions [30]. Thus, three
electrolyte formulations were investigated: (i) PEO-PEC (1:1), (ii)
PEO-PEC (1:1) encompassing SN, and (iii) PEO-PEC (7:3) encompassing
SN. For SN-based systems, the SN content was based on the ratio opti-
mized in a previous study by Xu et al. (EO:SN = 4:1) [26]. The obtained
SPEs were quasi-transparent and homogeneous, and designated as SPE
(namely, PEO-PEC (1:1)), SPE(1:1) + SN, and SPE(7:3) + SN, respec-
tively. Briefly, all components were weighed and transferred into a
glovebox under an inert argon atmosphere. The mixtures were subse-
quently processed in a mini extruder under a constant N flow to avoid
possible water contamination. Firstly, a portion of the PEO-PEC blend
was introduced into the extruder, followed by SN and LiTFSI salt
(together with 4,4'-difluorobenzophenone as a photoinitiator for cross-
linkable formulations), and finally the remaining PEO-PEC fraction. The
components were mixed at 120 °C and 130 rpm for 15 min to ensure
homogeneous mixing and complete dissolution of all constituents. The
resulting formulations were extruded as filaments, stored under vac-
uum, and transferred back into the glovebox. Truly SPEs were prepared
by hot-pressing under an inert atmosphere at 70 °C and 25 bar, following
a pre-heating step of 15 min at 70 °C, yielding membranes approxi-
mately 100 pm thick and ~10 cm in diameter. To obtain crosslinked
SPEs, the same hot-pressing procedure was exploited, followed by
UV-induced photopolymerization (UV-curing, UV-crosslinking) at
around 70 °C for 3 min on each side under a UV Lamp (DYMAX ECE
5000 flood lamps) at 40 mW cm?. All SPEs underwent another drying
step at 40 °C under vacuum for 12 h in the B-585 oven (Buchi Glass
Drying Oven, Switzerland) and then were stored in the glove box.

2.3. Characterization techniques

The optical transmittance of the SPE membranes was measured
measured by Fourier transform infrared spectroscopy (FT-IR) using a
spectrometer (Nicolet™ iS50 FTIR, ThermoFisher).

The thermal stability was measured by thermogravimetric analysis
(TGA, Netzsch TG 209 F3), which was conducted between 25 and 600 °C
under a nitrogen atmosphere, using a heating ramp of 10 °C min . The
onset weight loss temperature (Topset) Was determined as the point in the
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TGA curve at which a significant deviation from the horizontal was
observed and then rounded to the nearest 5 °C.

Raman spectroscopy was carried out using a Renishaw inVia
(H43662 model, Gloucestershire, UK) equipped with a near infrared
laser line (785 nm) and a 50x objective with a power of 1 mW in the
range between 150 and 1500 cm ™.

Differential Scanning Calorimetry (DSC) analysis was performed on a
Netzsch DSC 214 Polyma. Samples were hermetically sealed in Al pans
inside the argon-filled glove-box (MBRAUN MB-Labstar, H,O and O,
content <0.5 ppm). Three heating-cooling cycles with a heating rate of
5, 5 and 3 °C min~! were carried out for each sample under N, atmo-
sphere. The glass transition temperature (Tg) of the different SPE was
determined from the heating curve during the second heating/cooling
cycle at 5 °C min~! rate. The crystallization temperature (T.) was
determined from the cooling curve during the second heating/cooling
cycle at 5 °C min ! rate.

Dynamic mechanical thermal analysis (DMTA) was carried on a
Q800 instrument (TA Instruments). Measurements were conducted
using rectangular bar specimens obtained from the SPE membranes. A
fixed oscillation frequency of 1 Hz was applied, and temperature was
ramped from —70 to 60 °C at a rate of 3 °C min ™’

2.3.1. Electrical and electrochemical characterization

The ionic conductivity of the samples was determined by electro-
chemical impedance spectroscopy (EIS), using a multichannel VMP3
electrochemical ~ workstation  (potentiostat/galvanostat/frequency
response analyser by Biologic). A membrane disk of 16 mm in diameter,
with a thickness of about 120 pm, was sandwiched between two
stainless-steel (SS) blocking electrodes in an SS||SPE||SS configuration
using ECC Std model electrochemical test cells (EL-CELL, Germany). For
each SPE, the thickness was accurately measured before and after tests
using a micrometer (Mitutoyo). EIS data were recorded on the VMP-3
electrochemical workstation in a frequency range of 0.1 Hz — 1 MHz
and applying a sinusoidal voltage of 20 mV at various temperatures
(20—80 °C) using an environmentally controlled climatic chamber (MK
53 E2 from BINDER, Germany). Nyquist plots were analysed using the
Biologic EC-Lab® advanced software for electrochemical research. The
ionic conductivity was determined according to Equation (1):

6=D/AR @

where D is the sample thickness (cm), A is the electrode area (cmz), and
R is the resistance (Q).

The electrochemical stability at anodic voltages (oxidation) was
evaluated by linear sweep voltammetry (LSV) in the range from the open
circuit voltage (Eqcy) to 6.0 V with a scan rate of 0.1 mV s~ L. Test cells
were assembled by simply sandwiching the materials in a Li|| SPE||
carbon-coated Al (CC-Al) configuration for LSV and connected to the
VMP3 potentiostat/galvanostat for analysis. In addition, chro-
noamperometry (CA) measurements were conducted at stepwise po-
tentials within the 3.5-5 V range to precisely probe the oxidative
stability under constant voltage conditions.

The lithium-ion transference number (t;+) was determined using a
combination of direct current (DC) polarization and alternating current
(AC) impedance methods. The AC impedance spectra before and after
polarization were obtained via EIS. The transference number was
calculated using Equation (2):

=BV ToRo) @
o(AV — LRy)

where Ry and R; are the impedance resistance before and after DC po-
larizations, respectively Iy and I are the initial and final current values
after polarization, respectively, and AV represents the applied polari-
zation voltage (20 mV).

Lithium plating/stripping tests were performed at 40 °C in sym-
metrical Li||SPE||Li configuration. The rate-dependent experiment was
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performed by varying the current density between 25, 50, 75, 100, and
150 pA em 2 with a fixed 1h for each plating and stripping step. This
measurement evaluated interfacial stability and polarization behavior
under varying current densities. The SPE stability and compatibility
with lithium metal were further evaluated through long-term lithium
plating/stripping cycling at 25 pA cm ™2 (fixed plated/stripped areal
capacity per half cycle: 0.1 mAh cm™2), aimed at assessing dendrite
suppression and interfacial integrity.

The electrochemical behaviour performance of the optimized SPE
under practical operating conditions was explored in laboratory-scale
SSLMBs assembled in either Li||SPE||LiFePO4 (LFP) or Li||SPE||
LiNip.6Mng 2C0p202 (NMC622) configurations housed in ECC-Std
testing hardware (EL-CELL, Germany). Galvanostatic charge-discharge
experiments were performed at 40 °C to investigate rate capability
under representative working conditions. A C/10 rate corresponds to a
current density of 170 mAh g%, calculated based on the mass of the
active material. Cathodes were prepared via a conventional slurry-
casting method. For LFP composite cathode poly(vinylidene fluoride)
(PVdF) was used as binder, which was first dissolved in N-methyl-2-
pyrrolidone (NMP) under continuous stirring. Separately, the active
material and conductive carbon additive (Super C65) were thoroughly
mixed and ground to ensure uniform dispersion. The powder mixture
was subsequently added to the PVdF/NMP solution to form a homoge-
neous slurry with a mass composition of 80:10:10 (active material:
Super C65: PVdAF). Homogenization was further enhanced using a
Thinky speed mixer (ARE-250 CE). The resulting slurry was coated onto
aluminum foil using a doctor blade with a 300 um gap. The electrodes
were dried at 70 °C for 2 h and then further dried at room temperature.
After drying, the films were punched into electrodes, and vacuum-dried
overnight at 120 °C prior to cell assembly. The final active material
loading ranged around 7 mg cm™2 For NMC composite cathode a
mixture of PEC/PMLITFSI (9:1) was used as binder. The cathode was
obtained following the same preparation procedure used above and the
final composition was of 70:20:10 (NMC622:PEC/PMLIiTFSI:Super C65).
After drying the final active material loading was in the range of

4 mg cm™2,

3. Results and discussion

Fig. 1a shows a photograph of the SPE(1:1) + SN membrane, which
appears quasi-transparent, homogeneous, elastic, and self-standing,
indicating its suitability for subsequent structural and electrochemical
characterization. The effect of UV exposure on SN was investigated
using FT-IR spectroscopy. Fig. 1b shows the FT-IR spectra of pristine SN
and the SPE(1:1) + SN electrolyte before UV exposure, after 1 min of
irradiation, and after 3 min of irradiation. The SN-containing SPE was
exposed to UV light under the same conditions employed for electrolyte

=
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preparation. As shown in Fig. 1b, the characteristic absorption band at
2252 cm_l, assigned to the cyano (C = N) stretching vibration, remains
essentially unchanged even after 3 min of UV exposure. This observation
indicates that the cyano functional groups of SN are largely preserved
during the UV-curing process, confirming the chemical stability of SN
under the applied irradiation conditions.

The Raman spectrum of PEO (Fig. S1a) is characterized by several
active vibrational modes associated with the polymer backbone and
ether functionalities including tcoc 1280 and 1480 cm’l, symmetric
and asymmetric vcoc 1060-1130 em™! and pcoc and vcc around
840-865 cm~! [31]. Blending with PEC (orange line) induced the
presence of massively broad bands of vcy 1300-1400 em™Y, Voo
1140 em™}, 6coc at 800 em™! and ooco at 740 cm Y, respectively.
Encompassing SN plasticizer induced the appearance of several char-
acteristic bands around 500 cm ™! due to 6¢.cy and 6¢.c.c (Fi g.S1b) [32].
The prominent band in Fig. S1c at 740 cm™* has been reported to be due
to TSFI™ anion. This peak is slightly shifted to lower wavenumber, which
has been reported due to the different environment for the TSFI™ anion.
Due to the weak interaction of the anion with PEO, the perturbation of
the S-N stretching mode can be due to anion—cation association [31].
Finally, the different ratio of PEO/PEC did not induce any appreciable
difference in signals. As shown in Fig. S1d, the Raman spectrum in the
range of 720-760 cm ! indicates the dissociation state of TFSI. The
fitting results suggest that the SPE (7:3) and (1:1) + SN samples exhibit a
higher solvent separated ion pair (SSIP) structure and a decrease in free
TFSI ions compared to that of the sample without SN; thus, a high
proportion of lithium salts dissociated in the electrolyte [33].

To investigate the thermal properties and crystallinity of the SPEs,
DSC measurements were performed. This aspect is especially crucial in
PEO-based electrolytes, where ionic transport is predominantly associ-
ated with the amorphous phase and its segmental dynamics, while the
crystalline fraction generally acts as a barrier to chain relaxation and Li™
migration. Hence, reducing PEO crystallinity and promoting a larger
amorphous fraction are essential to improve ionic conductivity, partic-
ularly at ambient temperature [34]. Fig. 2a shows the DSC thermograms
of PEQ/LiTFSI, SPE(1:1) + SN, and SPE(7:3) + SN. The PEO/LiTFSI SPE
reveals a characteristic endothermic transition at —32 °C, attributed to a
solid-solid transition from crystallinity to the plastic crystalline phase,
along with a melting peak at around 60 °C. As reported in a previous
work, this SPE has a semi-crystalline nature, with a crystallinity degree
of approximately 33% [30]. In contrast, no distinct melting or crystal-
lization peaks are observed for the SN-based SPEs, indicating a pre-
dominantly amorphous structure. Actually, the incorporation of PEC
disrupts the formation of crystalline domains in PEO, while UV-induced
crosslinking generates a network structure that further suppresses PEO
recrystallization [35]. Both SN-based SPEs show two glass transition
temperatures (Tg), located at —50 °C (PEO-rich phase) and —10 °C

SN

Transmittance
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\
\
\
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~ SPE (1:1) + SN before UV

SPE (1:1) + SN UV 1min
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2600 2400 2200

Wavelenght (cm™)

2000

Fig. 1. a) Digital photograph of the self-standing, flexible, and quasi-transparent SPE(1:1) + SN membrane. b) FT-IR spectra of pristine SN and the SPE(1:1) + SN
electrolyte recorded before UV exposure and after 1 and 3 min of UV irradiation, respectively.
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Fig. 2. Thermal characteristics of the SPE under study: a) DSC thermograms of PEO/LiTFSI, SPE(1:1) + SN, and SPE(7:3) + SN recorded at a heating rate of 1 °C
min~!; b) TGA profiles obtained under N, atmosphere at a heating rate of 10 °C min~%; ¢) DMA profiles of SPE(1:1) + SN and SPE(7:3) + SN.

(PEC-rich phase), indicating at least partial phase separation between
the two polymer components. Compared SPE non encompassing SN
(Fig. S2-3), both T, values decrease by approximately 20-30 °C. This
behaviour is attributed to the plasticizing effect of SN, which increases
free volume and enhances polymer chain mobility [36].

TGA analysis was carried out in the temperature range of 25-800 °C
to evaluate the thermal stability of the SN-containing SPEs, as shown in
Fig. 2b. The SPEs exhibit thermal stability up to around 136 °C, corre-
sponding to 5% weight loss, while the SN-free SPE shows the onset of
degradation over 200 °C (Fig. S4). The initial weight loss observed at
around 130 °C can be attributed to sublimation of SN [37]. Nevertheless,
the Tosy, of 136 °C for the plasticized SPEs confirm their adequate
thermal robustness for operation under moderately high temperatures in
practical applications. Moreover, this result indicates that the extrusion
process at ~120 °C did not induce chemical degradation of the polymer
matrix. TGA curves of both SN-SPE formulations reveal three distinct
weight-loss stages. The initial mass loss observed between 130 and
220 °C is mainly attributed to the evaporation of SN. Above 220 °C,
degradation of the aliphatic polycarbonate chains begins. The final
weight-loss stage, occurring above 350 °C, is associated to the decom-
position of the PEO polymer backbone and its complexes with LiTFSI.
Typically, salt-doped PEO systems exhibit a two-step decomposition
behaviour: the first step, occurring around 380 °C, corresponds to
polymer chain scission, while the second decomposition event at
approximately 430 °C is related to the breakdown of LiTFSI ethylene
oxide coordination complexes [38].

DMA was performed to evaluate the mechanical behaviour of the
plasticized SPEs. The measurements reveal a reduction in the Ty and
further confirm the partial immiscibility between the PEO and PEC
phases (Fig. 2c). The Tan Delta curve exhibits two distinct a-relaxation
peaks for both SPEs, corresponding to the glass transitions of the indi-
vidual PEO-rich and PEC-rich domains. These T,gs are approximately

20 °C lower than those observed for plasticer-free systems (—30 °C and
+20 °C, respectively [39]), demonstrating the effective plasticizing ef-
fect of SN, which promotes increased chain mobility and softening of
both polymer phases (Fig. S5).

The temperature dependence of the ionic conductivity for the
investigated SPEs is shown in Fig. 3a. SPE(7:3) + SN exhibits slightly
higher ionic conductivity across the entire temperature range, reaching
values of 2 x 10 *and 3.2 x 107> S em ™! at 70 and 40 °C respectively.
This enhancement can be directly attributed to the plasticizing effect of
SN, which reduces Ty, suppresses residual crystallinity, and increases the
free volume within the polymer matrix. These combined effects promote
enhanced segmental chain mobility, thereby facilitating Li* transport
[26]. A comparison between the two SN-containing systems further
highlights the critical role of polymer composition. The SPE(7:3) + SN
electrolyte consistently outperforms the corresponding 1:1 formulation
that at 40 °C shows a conductivity of 3.2 x 107> S cm ™, indicating that
the higher PEO fraction provides a greater density of ether oxygen co-
ordination sites for Li" migration. Meanwhile, PEC and SN synergisti-
cally inhibit PEO recrystallization, preserving an amorphous structure
favorable for efficient ionic conduction.

The ESW of the investigated SPEs is a critical parameter for practical
application, as it determines compatibility with high-voltage cathode
materials and enables the development of high-energy-density lithium-
based batteries. Fig. 3b shows the oxidative (anodic) stability of the SN-
containing SPEs, assessed through chronoamperometry (CA) by moni-
toring the current response during a stepwise potential sweep from 3 V
to 5V vs. Li*/Li at 40 °C. Each voltage step produces an initial current
spike followed by a gradual decay toward a quasi-steady-state value
with no significant current flow for the investigated electrolytes up to
4.9 vs. Li'/Li, which can meet the requirement of typical high-energy 4V
class cathode materials. Using a threshold of ~5 pA cm™2, no significant
current increase is observed for the SN-containing SPEs up to 4.8 V vs.
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Fig. 3. a) Arrhenius plots of ionic conductivity vs. inverse temperature of SPEs under study. b) CA of SN-containing SPEs using a Li/SPE/Al-CC cell during stepwise
anodic polarization at 40 °C; inset: LSV profile of SPE(7:3) + SN at 40 °C (scan rate of 0.1 mV s~'). ¢) Galvanostatic lithium plating/stripping cycling in symmetric
Li|[Li cells employing SPE(7:3) + SN at current densities ranging from 25 to 150 pA cm~2. d) Long-term lithium plating/stripping test of SPE(7:3) + SN at 25

pA cm~2 (T = 40 °C).

Li*/Li, which is notably higher than that of the pristine SPE [39]. In the
SPE system under study, the incorporation of PEC increases the fraction
of carbonate functionalities, which possess intrinsically higher anodic
stability than ether-based PEO segments, thus chiefly contributing to
delaying detectable oxidation (anodic) currents [40,41]. In addition,
also the addition of SN is effective in this respect, as it exhibits a wide
electrochemical stability window and has previously been reported to
remain stable above 5 V vs. Li*/Li in solid-state electrolyte systems [42].
Moreover, the LSV profile included as inset of Fig. 3b for SPE(7:3) + SN,
shows the onset of a current increase at approximately 4.8 V, in good
agreement with the behavior observed in the CA. At the same time, we
observe no distinct sign of redox features attributable to SN during the
scan, excluding the potential hazards of cyanide formation in practical
applications [43]. Notably, the PEO-PEC (1:1) composition exhibits
slightly lower anodic current densities compared to the 7:3 formulation,
which can be attributed to its higher PEC fraction [44]. This enhanced

oxidative stability exceeds that of the pristine SPE and satisfies the
operational requirements of typical high-energy 4V-class layered oxide
cathode materials.

As for their enhanced electrical and electrochemical characteristics,
SN-added SPEs were selected for further galvanostatic testing in both
symmetric Li||Li and Li-metal laboratory-scale cells. Fig. 3c and d show
the lithium plating/stripping behavior of SPE(7:3) + SN evaluated at
40 °C under various current densities ranging from 25 to 150 pA cm 2,
as well as during long-term cycling at 25 pA cm ™2 (for this latter part of
the test, after 500h the areal plated/stripped capacity was increased to
0.1 mAh cm-2). The SPE exhibits low polarization across different cur-
rent densities, with an overpotential of 0.4 V at the highest tested cur-
rent density of 150 pA cm™2. An initial gradual increase in overpotential
is observed within the first few hundred hours, which is attributed to the
progressive formation of a stable solid electrolyte interphase (SEI) layer
at the lithium surface. SN may undergo partial reduction of nitrile
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groups upon direct contact with lithium metal, leading to the formation
of electronically insulating interphase species [45]. However, in the
present system this decomposition appears to remain limited and
self-passivating, as demonstrated by the stabilization of the over-
potential during long-term, reversible galvanostatic Li plating/stripping
cycling. Once a uniform and ionically conductive SEI is established, the
overpotential reaches a steady-state value and remains nearly constant
over 1400 h of continuous cycling, demonstrating highly stable inter-
facial behavior and effective suppression of dendritic growth. In
contrast, the SPE (1:1) + SN (Fig. S8) exhibits a progressive increase in
overpotential even at the lowest applied current density (25 pA cm™2),
followed by pronounced voltage polarization upon increasing the cur-
rent density and eventual short-circuit failure. The lower interfacial
stability of SPE(1:1) + SN at 40 °C can be attributed to its higher PEC
content and comparatively lower ionic conductivity at this temperature.
The reduced ionic conductivity limits efficient Li" transport across the
interface, leading to increased local polarization and inhomogeneous
lithium deposition. Such conditions, promoting uneven current distri-
bution and enhancing the likelihood of parasitic interfacial reactions,
can be attributed to the intrinsic chemical reactivity of PEC and SN to-
ward lithium metal [46]. Similarly, SN upon contact with Li metal SN
can undergo partial reduction of the nitrile groups, producing elec-
tronically insulating but ionically heterogeneous decomposition prod-
ucts [25]. SPE(7:3) + SN benefits from both a higher PEO fraction and
the synergistic plasticizing effect of SN, resulting in improved ionic
conductivity at 40 °C, enabling efficient Li" mobility under moderate
operating conditions. Indeed, the increased PEO content provides a
greater density of ether oxygen coordination sites for Li" transport,
while SN enhances segmental mobility by reducing the T and sup-
pressing residual crystallinity. Consequently, more homogeneous
lithium plating/stripping is achieved, promoting the formation of a
stable and ionically conductive SEI. These combined factors account for
the superior interfacial stability and long-term cycling performance
observed for the SPE(7:3) + SN electrolyte.

Laboratory-scale all-solid-state Li-metal cells were assembled to
evaluate the electrochemical performance of the optimized SPE in
combination with both medium- and high-voltage cathode materials,
viz. LFP and NMC622, respectively. Fig. 4a shows the rate capability of
the Li|[SPE(7:3) + SN|LFP cell cycled at 40 °C at progressively
increasing C-rates from C/40 to C/5. At low current regime (C/40), the
cell delivers a high specific discharge capacity of 157 mAh g~*, which
corresponds to full practical capacity and close to the theoretical
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capacity of the commercial LFP used as cathode active material (the LFP
composite cathode was prepared by standard slurry casting with PVdF
binder). Upon increasing the rate, the cell maintains capacities of 147
and 135 mAh g~! at G/15 and C/10, respectively. The relatively small
capacity decay demonstrates that the SPE(7:3) + SN electrolyte provides
sufficient ionic conductivity and low interfacial resistance to sustain
operation even at practical current densities. This performance is su-
perior to that observed for the pristine electrolyte, which exhibited a
considerable capacity drop under similar conditions (Fig. S9). At C/5, a
more pronounced capacity drop to 94 mAh g~! is observed, which can
be attributed to increased polarization arising from kinetic limitations
typical of solid-state systems. Nevertheless, when the current density is
reduced back to C/15, the discharge capacity largely recovers, con-
firming the absence of significant irreversible degradation. The initial
Coulombic efficiency (CE) is ~98%; it soon stabilises at ~99.2% (C/20),
then further improves, reaching values as high as 99.7% upon returning
to C/15 in the subsequent cycles. The representative galvanostatic
charge-discharge profiles at different C-rates (Fig. 4b) show that voltage
polarization remains low up to C/10, increasing only slightly at current
regimes as high as C/5, as expected for SPEs. It accounts for efficient
charge transfer enabled by good interfacial contact between the SPE and
the active material at low and intermediate rates. Nevertheless, no
abnormal voltage profiles are observed, indicating homogeneous Li*
transport, excellent active materials use, compatibility and stable
interfacial behavior.

To further verify the feasibility of the SN-containing SPEs for prac-
tical applications, they were assembled in Li-metal battery cells with
high-energy 4V-class mixed transition metal layered oxide cathode and
lithium metal anode and cycled between 3.0 and 4.2 V vs. Li*/Li at 40 °C
(Fig. 5). The NMC622 composite cathode tape was obtained in an in-
tegrated catholyte-electrolyte form using PEO + single-ion conducting
polymer active binder to enhance ionic diffusion/transport and extend
anodic stability. As shown in Fig. 5a, the cell assembled with SPE(7:3) +
SN delivers a reversible discharge capacity of approximately 145 mAh
g ! at C/15, demonstrating that the electrolyte can operate stably under
oxidative potentials exceeding 4.0 V vs. Li*/Li. Upon increasing the
current density to C/10 and C/5, a gradual decrease in capacity is
observed, which is primarily associated with increased polarization
rather than electrolyte degradation [47]. This interpretation is sup-
ported by the recovery of the capacity when the current density is
returned to C/15. The voltage profiles shown in Fig. 5b exhibit smooth
and sloping charge-discharge curves typical of layered NMC cathodes.
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Fig. 4. Electrochemical galvanostatic charge/discharge cycling behaviour in Li||SPE(7:3) + SN|| LiFePOy cells: (a) rate capability evaluated at increasingly higher C-
rates ranging from C/40 to C/5; (b) representative charge/discharge voltage vs. specific capacity profiles at the different C-rates. All tests were performed within a

voltage window of 2.5 and 4.0 V at T = 40 °C.
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Fig. 5. Electrochemical galvanostatic charge/discharge cycling behaviour of Li|| SPE(7:3) + SN|NMC622 cells: (a) rate capability evaluated at C-rates ranging from
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specific capacity profiles at C/15; (d) long-term cycling (specific capacity vs. cycle number) at C/15. All tests were performed within a voltage range of 3 and 4.2 V at

T =40 °C.

At lower current densities, the profiles display limited polarization and
good reversibility, whereas higher rates lead to increased overpotential,
particularly near the upper cut-off voltage. Remarkably, no abrupt
voltage drops or indications of parasitic oxidation are observed, sug-
gesting that the presence of SN and PEC improves the oxidative stability
of the electrolyte. Nevertheless, the synergistic effect of the use of PEC
and SN is clear; indeed, pristine SPE, both at 40 and 70 °C, was found to
operate reliably only with the LFP cathode and not with high-energy
NMC cathodes. For comparison, a Li||NMC622 cell employing the SPE
(1:1) + SN membrane was also assembled (Fig. S10). In this case, the cell
exhibits significantly lower performance. An initial discharge capacity
of ~120 mAh g1 is achieved at C/15, followed by rapid capacity fading
and pronounced polarization at higher current densities, with only
partial recovery when returning to lower rates. The higher PEC content
in the 1:1 SPE likely results in insufficient ion transport and reduced
interfacial stability at high voltages, ultimately preventing sustained
operation with NMC cathodes.

Long-term cycling stability of the Li-metal battery cell assembled
with SPE(7:3) + SN at C/15 is shown in Fig. 5c and d. The cell maintains
a stable discharge capacity over prolonged cycling, with only gradual
and limited capacity fading. The corresponding CE remains in the range
of 98-99% throughout the test, indicating highly reversible lithium
insertion and extraction processes. Selected voltage profiles collected at
different cycle numbers overlap closely, confirming that polarization
does not significantly increase upon cycling and that the electro-
de-electrolyte interfaces remain stable over time. The successful

operation of the SPE with both LiFePO4 and high-voltage NMC622
cathodes at 40 °C, together with the stable cycling behavior and limited
polarization growth, indicates good interfacial compatibility with both
lithium metal and cathode materials under the investigated conditions.

A comparison with state-of-the-art SN-based SPEs is reported in the
Supporting Information (Table S1) to contextualize the present elec-
trolyte performance. Although higher conductivities are reported in
some cases, they often rely on liquid additives/plasticizers or costly
ceramic fillers such as LLZO/LLZTO. Here, a truly solid-state SPE is
obtained by solvent-free extrusion/UV-curing, offering a well balanced
compromise between performance, sustainability, cost, and scalability.

4. Conclusion

In this work, a solvent-free route combining melt extrusion and UV
curing was developed to prepare PEO-PEC solid polymer electrolytes
plasticized with succinonitrile (SN). The results show that the electrolyte
performance is governed by the interplay between polymer composition
and plasticization: SN lowers the glass transition temperature and sup-
ports PEC in suppressing crystallinity, thereby promoting segmental
mobility and Li-ion transport, while the PEO/PEC ratio controls the
balance between ionic conductivity, electrochemical stability, and
interfacial compatibility with lithium metal. Within the investigated
compositions, the PEO-rich SPE(7:3) + SN formulation provided the
most favorable overall response, delivering an ionic conductivity of 3.2
x 107> S em ™! at 40 °C and an anodic stability up to about 4.8 V vs. Li*/
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Li.

This optimized SPE also exhibited stable Li plating/stripping in
symmetric Li||Li cells for more than 1400 h at 40 °C, with moderate and
stabilized polarization, indicating improved interfacial stability towards
lithium metal. The practical relevance of this electrolyte was further
demonstrated in all-solid-state Li-metal cells with both LiFePO4 and
high-energy 4V-class NMC622 cathodes. In particular, SPE(7:3) + SN
enabled discharge capacities close to the practical values of the active
materials, namely ~157 mAh g~! for LFP and ~145 mAh g~! for
NMC622, while maintaining stable cycling at 40 °C and compatibility
with practical operation up to 4.2 V.

Overall, this work shows that the integration of dry extrusion, UV-
induced crosslinking of PEO-PEC polymer networks, and SN plasticiza-
tion provides an effective route to overcome key limitations of con-
ventional PEO-based SPEs. Beyond the specific crosslinked PEO-PEC/SN
systems investigated here, solvent-free manufacturing emerges as a
promising and scalable platform for developing mechanically compliant
and electrochemically stable polymer-based electrolytes for next-
generation high-energy density solid-state Li-metal batteries.
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