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Role of cyclic carbonates in enhancing UV-crosslinked PEO-PEC electrolytes 
for room-temperature lithium metal batteries
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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Solvent-free UV-crosslinked PEO–PEC 
room-temperature solid polymer elec
trolytes (SPEs).

• Cyclic carbonates unlock high ionic 
transport and suppress crystallinity.

• Butylene carbonate delivers enhanced 
Li-metal interfacial stability.

• Dendrite-free Li|SPE|Li cycling sus
tained for >2300 h at 25 ◦C.

• Solid-state Li|SPE|LFP cells reach near- 
theoretical capacity at room 
temperature.

A R T I C L E  I N F O
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A B S T R A C T

Future Li-based batteries require electrolytes with high safety, thermal stability, and performance, yet poly 
(ethylene oxide)-based solid polymer electrolytes (SPEs) remain limited by crystallinity-induced low ionic 
conductivity and stability at room temperature (RT). In this study, a UV-crosslinked poly(ethylene oxide)-poly 
(ethylene carbonate) (PEO-PEC) salt-in-polymer matrix is developed through dry melt compounding by a mini 
twin-screw extruder, followed by hot-pressing and UV-induced photopolymerization(crosslinking). The solvent- 
free manufacturing is designed to mitigate crystallinity and improve mechanical robustness. Resulting SPEs are 
further modified with cyclic carbonate plasticizers, namely ethylene carbonate (EC), propylene carbonate (PC), 
and 1,2-butylene carbonate (BC), to enhance ionic mobility and electrochemical stability, thereby addressing the 
challenge of fabricating next-generation lithium metal batteries (LMBs) with sufficient ion transport at RT. The 
influence of these additives, individually and in combination, is investigated through a comprehensive set of 
electrochemical, thermal, and mechanical characterizations. BC-containing SPEs exhibit reduced glass transition 
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temperatures and stable compatibility with lithium metal for over 2300 h at a capacity of 0.2 mAh cm− 2. In 
addition, laboratory-scale solid-state Li metal cells with LFP show remarkable performance, delivering almost 
full practical specific capacity even at RT, despite the presence of immobilized carbonate plasticizers within the 
crosslinked polymer matrix. This work presents an effective strategy to tailor SPEs for ambient temperature 
operation through rational additive design, offering insights into the structure-property relationships critical for 
practical LMB development.

1. Introduction

The drive toward cleaner energy technologies hinges on our ability 
to develop high-performance, safe, and sustainable energy storage sys
tems. Lithium-ion batteries (LIBs) dominate the energy storage market 
owing to their high energy density, long cycle life, and efficiency. 
However, the safety hazards of conventional liquid electrolytes, which 
are often flammable, volatile, and reactive under thermal and electro
chemical stress, have spurred intense research into solid-state electro
lytes (SSEs) as safer alternatives. Indeed, next-generation lithium metal 
batteries (LMBs) must rely on SSEs that, beyond enhancing thermal 
stability and minimizing leakage risks, also simplify cell design and 
advance energy storage technologies by enabling the use of high-energy- 
density electrodes such as lithium metal [1].

Within this class, solid-state polymer electrolytes (SPEs) have 
attracted considerable attention due to their inherent safety, flexibility, 
and ease of processing [2–4]. Notably, poly(ethylene oxide) (PEO) has 
long been the archetypal host polymer for lithium electrolytes [5] 
because of its excellent solvation ability toward lithium salts and the 
flexibility of its polymer chains [6]. However, neat PEO suffers from 
several intrinsic limitations at room temperature (RT). Its high crystal
linity reduces amorphous transport pathways, and ionic conductivity 
remains below 10− 6 S cm− 1. In addition, PEO-based electrolytes typi
cally exhibit a relatively low Li+ transference number, reflecting sig
nificant anion mobility and leading to concentration polarization under 
current flow [7]. Furthermore, its mechanical strength and dimensional 
stability are insufficient to suppress lithium dendrite penetration [8], 
while its electrochemical stability window is limited to below 4.0 V vs. 
Li+/Li. These drawbacks restrict its compatibility with Li metal and 
high-voltage cathodes. To address these issues, several approaches have 
been proposed: i) lowering the polymer's glass transition (Tg) by intro
ducing flexible comonomers or adding plasticizers [9], ii) suppressing 
crystallinity through copolymerization or blending [10], iii) increasing 
charge-carrier concentration by optimizing the type and amount of salt 
[11], iv) incorporating inorganic fillers to create composite electrolytes 
that promote amorphous structure and provide alternative conduction 
pathways [12], and v) cross-linking or reinforcing the polymer matrix to 
enable the use of softer polymers without mechanical failure [13].

Among these strategies, plasticizers, often incorporated as additives 
(Fig. 1a), modify the microstructure of the polymer matrix, increasing 
chain mobility and free volume. They effectively reduce the Tg, disrupt 
crystalline domains, and increase the fraction of amorphous regions, 
thereby enhancing ion transport pathways [14]. Several families of 
plasticizers have been investigated to boost the ionic conductivity of 
PEO-based electrolytes. For instance, succinonitrile (SN) is a 
plastic-crystalline solvent that, when mixed with PEO, forms a me
chanically stabilized gel and achieves ionic conductivity on the order of 
~10− 4 S cm− 1 at RT in fibrous PEO membranes [15,16]. Ionic liquids (e. 
g. EMI-TFSI, PYR14TFSI, etc.) have also been used as non-volatile plas
ticizers, simultaneously enhancing ionic conductivity and widening the 
electrochemical stability windows [17,18]. Cyclic carbonates such as 
ethylene carbonate (EC) and propylene carbonate (PC), widely used in 
liquid electrolytes due to their high polarity and ability to form stable 
interphases, can likewise be incorporated as plasticizers in small 
amounts to improve RT conductivity [19]. At low concentrations, these 
aprotic solvents solvate lithium salts and soften the polymer matrix, 
resulting in gel-like ionic transport while the membrane remains 

mechanically solid.
EC is an essential component in LIB electrolytes where it is well- 

known to decompose onto the negative electrode during initial 
charging to form a robust and stable solid-electrolyte interphase (SEI) 
layer (Fig. 1b). The formation of such a protective layer enables the use 
of graphite anodes and is essential for battery's long-term operation, 
cycle life and safety as it prevents continuous electrolyte decomposition 
[20]. In addition, EC possesses an exceptionally high dielectric constant 
(ε ≈ 90 at 40 ◦C) [21,22], which makes it highly effective in dissociating 
lithium salts into free ions, a key factor for maximizing ionic conduc
tivity in salt-in-polymer systems (Fig. 1c). For instance, adding ~20 wt% 
EC to a PEO-LiCF3SO3 electrolyte increases the conductivity at 25 ◦C to 
~3.2 × 10− 4 S cm− 1, compared to only 10− 6-10− 7 S cm− 1 for the 
unplasticized system [23]. These values approach those of conventional 
liquid electrolytes and represent several-thousand-fold improvements 
over crystalline PEO.

PC, a structural analogue of EC with one additional methyl group on 
the ring (Fig. 1b), is a low-melting liquid (m.p. ≈ − 49 ◦C) at RT [24]. PC 
also has a high ε around 64-66, enabling an effective salt dissociation 
and plasticization [25]. It is widely used in electrochemistry due to its 
broad liquid range and stability; however, in conventional LIBs, its 
application with graphite anodes has been limited because PC molecules 
tend to co-intercalate along with Li+ ions within the graphene layers, 
causing expansion of the graphite structure and detrimental exfoliation 
(Fig. 1c) [70,26]. Notably, PC is more resistant to reduction than EC, 
though it forms a poorer SEI on graphite due to co-intercalation and high 
solubility of its reduction products [27,28], and in polymer electrolytes, 
it has been shown to greatly increase ionic conductivity [25]. For 
example, a mixed EC/PC plasticizer in PEO yielded ~4 × 10− 4 S cm− 1 at 

Fig. 1. a) Schematic representation of the effect of plasticizers on SPEs; b) 
chemical structures of EC, PC, and BC, and c) related theoretical properties and 
performance indicators.
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25 ◦C [39]. The key advantages of PC are its liquidity at RT and its ability 
to suppress crystallization in the polymer matrix, ensuring that polymer 
electrolytes remain flexible and amorphous even at low temperatures 
[30].

1,2-Butylene carbonate (BC) is a less-studied cyclic carbonate in 
battery applications. Structurally, BC differs from PC by an extra –CH2– 
substituent (Fig. 1b). It is a liquid at RT (m.p. ≈ − 50 ◦C) [31] and retains 
a high ε (>50) [32], providing strong salt-solvating capability (Fig. 1c) 
[33]. Hence, BC offers a more organized solvent structure and bulkier 
ethyl groups that effectively separate polymer chains, increasing the free 
volume and facilitating "hopping" mechanisms. Importantly, the bulkier 
substituents enhance oxidative stability compared with EC and PC, 
enabling BC to withstand higher voltages before oxidation [29,34]. 
Despite these promising characteristics, BC has not been widely 
employed in polymer electrolytes to date, and its potential as a plasti
cizer remains underexplored. A comparative summary of the key phys
icochemical and electrochemical properties of EC, PC, and BC is 
provided in Table S1.

Beyond plasticization, structural modification strategies such as UV- 
induced crosslinking (UV-curing) and polymer blending have also 
proven highly effective [13]. UV-induced polymerisation is especially 
attractive, as it can generate crosslinked polymer networks within mi
nutes, allowing for reduced polymer crystallinity and controlled 
network structure, concurrently enhancing ionic conductivity under 
mild conditions and mechanical properties like strength and flexibility 
[13,35]. Polymer blending, on the other hand, offers a practical route to 
reinforce structural stability while improving electrochemical perfor
mance [36,37]. One promising candidate is poly(ethylene carbonate) 
(PEC), a polycarbonate-based polymer with a high ε, reduced crystal
linity, and better oxidative stability compared to PEO [38,39]. PEC 
possesses a more flexible backbone, and its carbonate groups interact 
favourably with lithium ions [48,40]. However, despite these advan
tages, pure PEC electrolytes are too soft and dimensionally unstable for 
practical rechargeable cell operation [2,38,39]. To overcome this limi
tation, in our previous work, we developed PEO–PEC SPEs via a 
solvent-free extrusion process followed by UV-curing [38]. The opti
mized blends exhibited significantly enhanced ionic conductivity below 
PEO m.p., along with improved tensile strength, illustrating the effec
tiveness of polymer blending. Moreover, the solvent-free, scalable 
extrusion approach well couples with UV-curing, aligning with the re
quirements of high-throughput industrial solid-state battery 
manufacturing [41].

In this work, we conduct a comprehensive study of UV-cured 
PEO–PEC-based SPEs modified with controlled fractions of cyclic car
bonate plasticizers (EC, PC, and BC) to enhance the RT performance of 
SSLMBs. The UV-curing process yields mechanically robust membranes 
while immobilizing the non-volatile additives, thereby preventing 
leakage despite the presence of liquid-like plasticizers. Incorporation of 
cyclic carbonates into the PEO–PEC network is designed to: i) increase 
the amorphous fraction and lower the Tg, thereby enhancing ionic 
conductivity at 25 ◦C, ii) provide a high-dielectric environment that 
promotes lithium salt dissociation and increases charge-carrier density, 
and iii) improve interfacial stability against the lithium metal anode by 
facilitating the formation of a stable SEI [20,42]. To validate these hy
potheses, we systematically evaluate the individual and combined ef
fects of cyclic carbonates on ionic conductivity, mechanical integrity, 
and electrode compatibility. Our results demonstrate that the tailored 
incorporation of cyclic carbonates markedly improves the electro
chemical performance of UV-cured PEO–PEC-based electrolytes at 
25 ◦C, advancing them toward practical application in SSLMBs.

2. Experimental

2.1. Materials and reagents

Poly(ethylene oxide) (PEO, molecular weight = 4 × 105 g mol− 1, 

CAS No. 25322-68-3) was purchased from Merck, while poly(ethylene 
carbonate) (PEC, molecular weight = 2.43 × 105 g mol− 1, CAS No. 
25608-11-1) was obtained from Specific Polymers (France). The lithium 
salt bis(trifluoromethanesulfonyl)imide (LiTFSI, battery grade, CAS No. 
90076-65-6) and the photoinitiator 4,4′-difluorobenzophenone (DFBP, 
99%, CAS No. 345-92-6) were supplied by Merck. All polymers were 
thoroughly dried under vacuum at 60 ◦C for 72 h prior to use. LiTFSI was 
subjected to a three-step drying process: 24 h under vacuum at RT, 
followed by 48 h at 70 ◦C, and a final 2 h at 110 ◦C. All drying procedures 
were performed in a Buchi B-585 glass drying oven (Switzerland). 
Anhydrous N-methyl-2-pyrrolidone (NMP, CAS No. 872-50-4) was ac
quired 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 (LiFePO4, 
LFP) cathode powder was provided by BASF. Battery-grade ethylene 
carbonate (EC, CAS No. 96-49-1) and propylene carbonate (PC, CAS No. 
108-32-7) were procured from Solvionic and used as received. 4-Ethyl- 
1,3-dioxolan-2-one (1,2-butylene carbonate, BC, 99%, CAS No. 4437- 
88-8) was purchased from BLDpharm and used without further 
purification.

2.2. Preparation of crosslinked solid polymer electrolytes (SPE)

All electrolyte formulations and processing steps were conducted in 
an argon-filled glovebox (O2 and H2O < 0.1 ppm, M-Braun) unless 
otherwise stated. SPEs were prepared via a solvent-free melt com
pounding method using a mini twin-screw extruder (Haake MiniLab II, 
Thermo Scientific). The extrusion procedure followed a previously 
optimized and reported protocol [38]. Initially, the appropriate amounts 
of PEO and PEC (maintaining a 1:1 wt ratio) were weighed inside the 
glovebox and divided into two portions. The first portion of the PEO/
PEC blend was introduced into the pre-heated extruder, followed by the 
addition of LiTFSI (maintaining a fixed [EO]:[Li+] molar ratio of 20:1) 
and 4,4′-difluorobenzophenone as the photoinitiator (for UV-curable 
formulations). Subsequently, the remaining PEO/PEC portion was 
added. The entire mixture was compounded under a continuous nitro
gen purge at 120 ◦C and 120 rpm for 10 min to ensure complete ho
mogenization and salt solubilization. The resulting homogeneous blends 
were extruded as filaments, immediately transferred under vacuum to 
remove any residual volatiles, and then stored in the glovebox. Cyclic 
carbonate additives (EC, PC, BC, or their 1:1 wt mixtures) were 
encompassed into the polymer blend at 20 wt% with respect to the total 
polymer content (PEO + PEC). The additives were blended into the solid 
electrolyte matrix using a mortar and pestle inside the glovebox until 
uniform dough-like mixtures were obtained. These were then 
hot-pressed under inert atmosphere at 70 ◦C and 15 bar using a 
pre-heated hydraulic press (after pre-conditioning the material at 70 ◦C 
for 10 min) to yield self-standing electrolyte membranes of ~100 μm 
thickness and ~10 cm diameter. To obtain crosslinked electrolyte films, 
the same hot-pressing process was applied, directly followed by 
UV-induced photopolymerization (crosslinking) using a DMAX ECE 
5000 UV flood lamp (output: 40 mW cm− 2). Samples were irradiated for 
3 min on each side at ~70 ◦C. After UV-curing, all SPE membranes were 
subjected to an additional drying step at 40 ◦C under vacuum for 12 h 
(Buchi B-585 oven) to remove any trace moisture or volatile impurities, 
then stored in the glovebox until further use. All formulations main
tained a fixed [EO]:[Li+] molar ratio of 20:1, a value previously reported 
as optimal for balancing ionic conductivity and film-forming properties 
[43]. The PEO:PEC weight ratio was also fixed at 1:1, which has been 
shown to yield membranes with good mechanical integrity and sup
pressed crystallinity [38]. The final membranes appeared as 
quasi-transparent, homogeneous, and elastic films suitable for structural 
and electrochemical tests (Fig. 2).
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2.3. Characterisation techniques

To comprehensively evaluate the physicochemical and electro
chemical properties of the prepared SPEs, a series of characterization 
techniques was employed as described below.

The ionic conductivity (σ) of the SPE membranes was determined 
using electrochemical impedance spectroscopy (EIS), performed on a 
VMP-3 potentiostat/galvanostat (Bio-Logic, France). Circular mem
brane samples (16 mm diameter, ~100 μm thickness) were sandwiched 
between two stainless steel (SS) blocking electrodes, forming an SS|| 
SPE||SS cell configuration, and mounted in EL-Cell standard test cells 
(EL-CELL, Germany). The exact thickness of each membrane was 
measured both before and after testing using a precision micrometer 
(Mitutoyo). EIS measurements were conducted over a frequency range 
of 0.1 Hz to 1 MHz with an applied AC perturbation of 20 mV. Mea
surements were performed across a temperature range of 0 to 80 ◦C in 
10 ◦C increments using a temperature-controlled climatic chamber (MK 
53 E2, BINDER, Germany). To ensure thermal equilibrium at each 
temperature point, cells were held for 100 min prior to measurement. 
Nyquist plots were analysed using EC-Lab software, and the bulk resis
tance (R) was extracted from the high-frequency intercept. Ionic con
ductivity was then calculated using the relation: 

σ=D/AR 

where D is the membrane thickness (cm), A is the electrode area (cm2), 
and R is the resistance (Ω).

The electrochemical stability window (ESW) of the SPEs was 
assessed by linear sweep voltammetry (LSV). The tests were conducted 
at RT using a Li||SPE||carbon-coated aluminium (CC-Al) cell configu
ration, where Li metal (Albemarle) served as the counter/reference 
electrode and CC-Al as the working electrode. The CC-Al electrodes were 
prepared by casting a slurry composed of conductive carbon black (C65, 
80 wt%) and PVdF binder (20 wt%) in NMP onto aluminium foil. The 
coated films were dried at RT overnight, punched into disks, and then 
vacuum dried at 120 ◦C for 24 h to eliminate residual solvent and 
moisture. LSV measurements were conducted at a scan rate of 1 mV s− 1 

from open circuit voltage (OCV) up to 6.0 V vs. Li+/Li. The onset of 
oxidative decomposition was defined as the potential at which the 
current density exceeded 5 μA cm− 2.

The lithium-ion transference number (tLᵢ+) 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 [44]. The transference number was 
calculated using the following equation: 

tLi+ =
Is(ΔV − IoRo)

Io(ΔV − IsRs)

where R0 is the impedance resistance before polarization. Rs is the 
impedance after DC polarization. I0 is the initial current, Is is the final 
current after polarization, and represents the applied polarization 
voltage (30 mV).

To evaluate the electrochemical cycling stability and compatibility of 
the SPEs with lithium metal, galvanostatic cycling with potential limi
tation (GCPL) tests were carried out at RT using symmetric Li||SPE||Li 
cells. The cells were assembled under inert atmosphere with 12 mm 
lithium electrodes and 16 mm electrolyte discs in CR2032 coin cells. 
Cycling was performed at current densities of 0.025 and 0.05 mA cm− 2 

with a fixed plated/stripped areal capacity per half/cycle of 0.2 mAh 
cm− 2. These tests enabled assessment of interface stability and polari
zation behaviour under varying current loads. For the most promising 
electrolyte composition, lithium plating/stripping stability was further 
investigated under prolonged cycling at 0.025 mA cm− 2 (areal capacity: 
0.2 mAh cm− 2) at RT to evaluate dendrite suppression and interface 
longevity. Based on the ionic conductivity results, additional measure
ments were conducted at 50 ◦C under higher current density of 0.05 mA 
cm− 2 to further evaluate cycling performance.

Thermal stability was evaluated via thermogravimetric analysis 
(TGA) using a Netzsch TG 209 F3 instrument. Measurements were 
performed under a nitrogen atmosphere over the temperature range 25- 
800 ◦C at a heating rate of 10 ◦C min− 1. Differential scanning calorim
etry (DSC) was conducted using a Netzsch DSC 214 Polyma system to 
determine the glass transition temperature (Tg). The DSC scans were 
recorded from − 80 to 90 ◦C at a heating rate of 20 ◦C min− 1 under ni
trogen flow (40 mL min− 1).

The viscoelastic and thermo-mechanical properties of the mem
branes were investigated using dynamic mechanical thermal analysis 
(DMTA) 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− 1. The 
storage modulus (E′), loss modulus (E″), and relaxation temperature 
(identified as the peak in the E″ curve) were recorded to assess the 
mechanical robustness and thermal transitions relevant for practical 
battery operation.

To assess the electrochemical performance of the optimized SPE in a 
practical Li-based cell configuration, laboratory-scale SSLMB cells were 
assembled in a Li||SPE||LFP configuration housed in an EL-Cell Std test 
cell (EL-CELL, Germany). The galvanostatic cycling tests were con
ducted at both RT and 50 ◦C to assess rate capability under realistic 
operating conditions. The charge/discharge rates were sequentially 
varied from C/40 to C/5 (i.e., C/40, C/20, C/10, and C/5), with each 
rate applied for five full cycles. The protocol concluded with a return to 
C/20 to evaluate capacity recovery. A 1C rate corresponds to a current 
density of 170 mA g− 1, calculated based on the mass of the LFP active 
material. For the fabrication of the LFP cathode, PVdF was first dissolved 

Fig. 2. a) Self-standing, mechanically stable, and flexible PEO-PEC-carbonate-based SPE; b) corresponding sample acronyms and formulations as discussed in 
this study.
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in NMP under continuous stirring. A mixture consisting of the active 
material and conductive carbon (Super C65) was prepared separately by 
thorough mixing and grinding. This mixture was then incorporated into 
the PVDF/NMP solution to obtain a slurry with a mass ratio of active 
material:Super C65:PVDF = 75:15:10. A Thinky mixer was employed to 
ensure complete homogenization of the slurry. The resulting slurry was 
cast onto aluminium foil using a doctor blade with a gap of 150 μm. The 
coated films were dried at 70 ◦C for 2 h, followed by room temperature 
drying. Subsequently, the electrodes were calendered, cut into shape, 
and subjected to vacuum drying overnight at 120 ◦C. The active material 
mass loading was in the range of 2.5 mg cm− 2. For room-temperature 
electrochemical testing vs. Li metal, the polymer membrane was hot- 
pressed onto the surface of the cathode to ensure good interfacial con
tact. NMC622 cathodes were prepared analogously using a NMC622: 
Super C65:PVDF mass ratio of 80:10:10, with an active material loading 
of ~3.2 mg cm− 2; 1C was defined as 170 mA g− 1.

3. Results and discussion

3.1. Electrical and electrochemical characterization

The ionic conductivity (σ) of the prepared SPEs was evaluated by EIS 
at various temperatures (Fig. 3a). All samples display a change in slope 
around ~40 ◦C in the Arrhenius plots, corresponding to the melting of 
crystalline regions in the PEO-based matrix and a transition to a pre
dominantly amorphous phase [45]. However, due to the combined ef
fects of UV curing, extrusion processing, lithium salt coordination, and 
the incorporation of plasticizers, this thermal transition is significantly 
attenuated compared to that of standard semi-crystalline PEO. The 
gradual amorphization enhances polymer chain mobility, leading to a 
steeper rise in σ as ion transport proceeds in a more rubbery-amorphous 
environment [46,47]. Such behaviour is beneficial, as moderate heating 
(40-60 ◦C) activates significantly higher ionic conductivity, thereby 
expanding the practical operating temperature range of the electrolyte. 
At RT, all SPEs exhibit ionic conductivities on the order of ~10− 5 S 

cm− 1, increasing to ~10− 4 S cm− 1 at 80 ◦C, values comparable to 
additive-free SPE [48]. In particular, the EC-containing SPE exhibits a 
higher σ beyond ~40 ◦C compared to PC or BC alone, owing to its phase 
behaviour and high dielectric constant [49]. Once melted, EC acts as a 
highly effective plasticizer, enhancing polymer segmental motion and 
lithium salt dissociation, thereby boosting σ.

Fig. 3b shows the LSV curves used to determine the ESW of the SPEs 
at RT. All samples exhibit broad oxidative stability, with onset of 
measurable oxidation currents (threshold ~5 μA cm− 2) beyond ~4.3 V 
vs. Li+/Li. Among the single-additive systems, the PC-containing SPE 
demonstrates the highest stability, with no significant oxidation until 
about 4.77 V vs. Li+/Li, followed by BC (4.58 V) and EC (~4.5 V). By 
contrast, the mixed additives SPEs (binary and ternary blends) show 
slightly lower stability, with current onset in the range of 4.3-4.4 V. This 
minor reduction could be due to the least stable component in the 
mixture dominating the overall onset of oxidation, or from synergistic 
solvent interactions between additives that modestly lower the stability 
threshold. Nevertheless, all SPE membranes still exceed ~4.3 V vs. Li+/ 
Li before appreciable oxidation, indicating that these electrolytes can be 
used with standard cathodes without oxidative decomposition.

The Li+ transference number measured by the Bruce-Vincent-Evans 
method is ~0.20 at room temperature (Fig. S1), consistent with 
typical PEO-based polymer electrolytes [7], indicating that the perfor
mance improvements observed here primarily originate from enhanced 
segmental dynamics and reduced crystallinity rather than selective Li+

transport.
To evaluate the interfacial stability of the SPEs against lithium metal, 

galvanostatic Li plating/stripping experiments were carried out in 
symmetric Li||SPE||Li cells at RT (Fig. S2), using current densities of 
0.025 and 0.05 mA cm− 2 with a fixed plated/stripped areal capacity of 
0.2 mAh cm− 2 per half-cycle. All SPEs exhibit stable Li plating/stripping 
cycling at 0.025 mA cm− 2, with minimal overpotentials in the order of 
0.1 V for the single-additive SPEs and slightly higher for the binary/ 
ternary ones, and no signs of dendritic growth or instability, reflecting 
their ability to sustain lithium cycling at low current. When the current 
increases to 0.05 mA cm− 2, only the single-additive BC and PC systems 
sustain stable cycling. In both cases, the cell voltages gradually rise to a 
maximum overpotential of ~0.3 V, but remain relatively steady without 
abrupt fluctuations, indicating a robust Li/SPE interface. In contrast, 
binary and ternary blend SPEs show erratic behaviour, with sudden 
voltage spikes and asymmetric plating/stripping profiles. These irregu
larities suggest uneven lithium deposition and the onset of transient 
“soft short-circuits”, likely caused by the formation of nascent dendrites, 
confined dendritic Li penetration through the polymer electrolyte or 
localized high-resistance regions at the interface [50–52]. The absence 
of such behaviour in single-additive BC-based and PC-based systems 
promotes a more stable and uniform interface, whereas binary/tertiary 
blends might introduce heterogeneity in ionic conductivity or mechan
ical properties, leading to uneven current distribution and unstable Li 
plating. Based on these preliminary findings, BC-based and PC-based 
SPEs stand out as the most promising candidates, warranting further 
detailed investigations to comprehensively assess their physicochemical 
and electrochemical characteristics.

Given their superior performance, the single-additive BC and PC 
SPEs were further evaluated via extended galvanostatic plating/strip
ping cycling at 0.025 mA cm− 2 in Li||SPE||Li symmetric with a fixed 
plated/stripped capacity of 0.2 mAh cm− 2 per half-cycle at 25 ◦C (Fig. 4) 
to evaluate long-term lithium metal compatibility. Under identical 
testing conditions, both electrolytes demonstrate stable long-term 
operation, sustaining for ~2300 h of plating/stripping without short- 
circuiting. The BC-based SPE cell (Fig. 4a) shows initial steady-state 
overpotential of around 0.15 V and remains nearly constant for the 
first ~1600 h, indicating the formation of a stable SEI and optimal Li/ 
SPE interfacial contact, implying highly reversible charge transfer at the 
interface. After ~1600 h, a gradual rise in overpotential is observed, 
eventually reaching ~0.25 V by the end of the test. This trend is 

Fig. 3. (a) Arrhenius plots of ionic conductivity vs. inverse temperature; (b) 
magnified view of segregated Arrhenius plots from a); (c) linear: sweep vol
tammetry (LSV) curves at RT, and (d) bar plot summarizing ESW values derived 
from LSV data, of various SPEs under study.
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consistent with progressive interfacial resistance buildup (areal specific 

resistance increased from ~6 × 103 to ~11 × 103 Ω cm2) likely due to 
the continuous growth of a resistive solid–electrolyte interphase (SEI) 
and/or reduced wetting between Li and the polymer electrolyte. In 
contrast, the PC-based SPE (Fig. 4b) shows a slightly higher initial 
overpotential (~0.20 V) with more fluctuations over time, suggesting a 
less uniform Li deposition or slightly less stable interphase.

Based on the ionic conductivity results and to complement the 
SSLMB cell testing, the BC-based SPE was characterised by additional 
measurements at 50 ◦C under increasingly higher current densities of 
0.025, 0.05, 0.1 mA cm− 2 (Fig. S3). The cell exhibits stable lithium 
plating/stripping with low overpotential values at both 0.025 and 0.05 
mA cm− 2 (Fig. S3a). To further evaluate its robustness, prolonged 
cycling was carried out at 0.05 mA cm− 2 (Fig. S3b), showing stable 
performance with limited overpotential increase for over 320 h. The 
overpotential shows only minor changes over the test, indicating a stable 
lithium plating/stripping interface and suppression/limitation of den
dritic growth under the applied low current density conditions, which is 
remarkable for a SPE cycled at RT.

3.2. Thermomechanical characterization

Thermal and mechanical characterization of BC-based and PC-based 
SPEs were conducted to evaluate stability and structural integrity 
(Fig. 5). Thermal stability was evaluated by thermogravimetric analysis 
(TGA) under inert atmosphere to determine the upper temperature 
threshold before degradation (Fig. 5a,d). The TGA curves of both SPEs 
reveal three distinguishable weight-loss steps. The initial minor loss 
above 100 ◦C is attributed to the release of residual volatiles, predom
inantly absorbed moisture, associated with the hygroscopic LiTFSI salt 
and the polar polymer host, and is not expected to influence 

Fig. 4. Long-term plating/stripping galvanostatic cycling of Li symmetric cells 
using (a) BC-based and (b) PC-based SPEs at a current density of 0.025 mA 
cm− 2 at RT.

Fig. 5. Comparative thermal and mechanical analyses of BC-based and PC-based SPEs: (a,d) TGA profiles, (b,e) DSC curves, and (c,f) DMA curves.
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electrochemical performance, as it occurs well above the standard bat
tery operating temperature and no progressive degradation or interfa
cial instability was observed during long-term cycling [53–57]. 
Importantly, this event occurs below the intrinsic degradation onset of 
the polymers (>120 ◦C), indicating that the extrusion process (~120 ◦C) 
did not induce chemical degradation of the matrix, consistent with prior 
reports on PEO/polycarbonate systems [38].

The second, more pronounced mass-loss step initiates slightly above 
200 ◦C, corresponding to the thermal decomposition of the aliphatic 
polycarbonate phase and the volatilization of any organic carbonate 
additive. In particular, PEC is known to thermally degrade at around 
218 ◦C in the absence of salt, while the incorporation of LiTFSI further 
reduces its stability, triggering decomposition near ~200 ◦C [58]. This 
drop likely corresponds to cleavage of the carbonate polymer chains in 
conjunction with evaporation of residual plasticizing carbonates. The 
final major weight-loss step occurs in the 350-420 ◦C range, typically 
attributable to the decomposition of the PEO polymer backbone and its 
complexes with LiTFSI under non-oxidative conditions. While pristine 
high-molecular-weight PEO typically begins to decompose around 
~370 ◦C, salt-doped membranes exhibit a two-step pathway: an initial 
chain-scission process (380–390 ◦C), followed by breakdown of 
lithium-ethylene oxide complexes up to ~430 ◦C [59]. This dual-stage 
behaviour is a well-recognized salt-catalysed phenomenon. By 
~450 ◦C, the decomposition is essentially complete, leaving only inor
ganic residues derived from LiTFSI decomposition.

Differential scanning calorimetry (DSC) was performed to assess the 
thermal transitions and crystallinity of the SPEs (Fig. 5b,e). Since Li+ ion 
transport in PEO occurs mainly in the amorphous phase, reducing 
crystallinity is essential for high ionic conductivity [60]. Pure PEO is 
typically semi-crystalline (Tm ≈ 65 ◦C, ~70% crystallinity) [61], but in 
both BC- and PC-based SPEs, no clear melting or crystallization peaks 
appear, confirming a largely amorphous character. UV-induced cross
linking effectively suppresses PEO recrystallization [62], and the addi
tion of PEC further disrupts PEO crystallite formation [63]. Both 
membranes display two Tg transitions, near − 50 ◦C (PEO-rich phase) 
and ~10 ◦C (PEC-rich phase), indicating phase separation while 
retaining individual dynamic behaviours [48]. Compared to UV-cured 
PEO–PEC systems without plasticizers, both Tg values are depressed 
by ~10 ◦C due to BC or PC, which act as plasticizers by increasing free 
volume and chain mobility [64]. Since ionic transport is strongly 
coupled to polymer dynamics, this enhanced flexibility favours Li+

mobility at low (below PEO m.p.) temperature [65]. The BC-based 
membrane remains predominantly amorphous, while the PC-based 
membrane shows a minor endothermic feature near 25 ◦C. This may 
arise from partial recrystallization of PEO microdomains during DSC 
cooling, or from localized ordering induced by additive-polymer in
teractions. A more detailed explanation is the well-known Li+-PC 
complexation behaviour in LiTFSI-based electrolytes [66]. Studies using 
femtosecond vibrational spectroscopy and computational analysis have 
demonstrated that in high-concentration PC-Li+ systems, PC tends to 
form solvent-separated ion clusters with defined coordination geome
tries, notably Li(PC)4

+ at low salt concentrations, and primarily Li(PC)2
+

plus ion-anion contact species at higher salt concentrations [67,68]. 
These Li-PC solvate complexes can adopt clathrate-like, cage molecular 
arrangements, which exhibit a melting or dissociation peak. When 
incorporated into a polymer matrix, even a crosslinked one, such com
plexes can retain transient order that registers as a low intensity melting 
endotherm around RT [66,67].

Dynamic mechanical analysis (DMA) clearly evidences Tg reductions 
and phase-separated morphology in the SPEs (Fig. 5c,f). The loss 
modulus (E″) curves exhibit two distinct α-relaxation peaks for both 
SPEs, corresponding to the glass transitions of the individual PEO- and 
PEC-rich domains. The first transition, observed at ~ -50 ◦C, corre
sponds to the Tg of the PEO-rich phase, while the second peak at ~10 ◦C 
is assigned to the Tg of the PEC-rich domain. These temperatures are 
~10 ◦C lower than those reported for unplasticized PEO-PEC blends 

with LiTFSI (i.e., − 30 ◦C and +20 ◦C, respectively [48]), confirming the 
plasticizer-induced softening of both phases. Notably, Li + ion coordi
nation with PEO raises the Tg by acting as temporary crosslinking points 
between PEO chains (it reduces polymer chain mobility, in turn 
increasing local rigidity of the material) [69]. However, the introduction 
of cyclic carbonates counteracts this salt-induced stiffening, bringing the 
Tg closer to that of uncoordinated PEO. This suggests that BC and PC 
may interfere with the Li+-PEO coordination, either by directly solvating 
Li+ or by modifying the local polymer environment to facilitate motion. 
In this way, the additives enhance polymer dynamics, even in the 
presence of coordinating salts.

The double-Tg behaviour observed by DSC and DMA confirms that 
the UV-cured SPEs are two-phase amorphous blends. This phase sepa
ration is beneficial: the PEO-rich phase supports ion transport, while the 
PEC-rich phase (also softened by plasticizers) provides mechanical sta
bility and thermal resistance. Lowered Tgs widen the temperature win
dow where the polymer chain remains flexible and mobile, enhancing 
Li+ conductivity and mechanical compliance at room temperature.

3.3. Electrochemical testing in solid-state LMB cells

The electrochemical applicability of the BC-based SPE was evaluated 
in laboratory-scale Li-metal cells with composite LFP-based cathodes in 
the Li||SPE||LFP configuration (Fig. 6). Testing was performed at both 
25 and 50 ◦C, with the latter temperature chosen to promote enhanced 
segmental motion in the polymer matrix. Rate capability measurements 
were carried out under galvanostatic cycling at increasingly higher 
current rates from C/40 to C/5, followed by a return to C/20 for eval
uating reversible capacity recovery.

At 25 ◦C, the specific capacities are approximately 152, 150, and 
132, respectively, up to C/10 rate (Fig. 6a), demonstrating remarkable 
RT performance as well as efficient Li+ transport at low C-rate and stable 
cycling under increasing current stress. The drop in the specific capacity 
to 100 mAh g− 1 at C/5 suggests a rather resistive passive layer, being not 
fully effective in allowing excellent cycling at higher rates, thus leading 
to lower cell performance at high current regimes. The initial Coulombic 
efficiency (ICE) is ~94%; however, at C/10, the efficiency declines 
before stabilizing in subsequent cycles and reaching >99% at higher C/5 

Fig. 6. Galvanostatic cycling behaviour of the BC-based SPE in Li||SPE||LFP at 
25 and 50 ◦C: a) rate capability test upon discharge with related Coulombic 
efficiency and (b,c) the corresponding voltage profile curves of charge 
and discharge.
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rate. When tested at 50 ◦C, the cell delivers improved performance, 
achieving a capacity of ~126 mAh g− 1 at C/5 (Fig. 6a). As illustrated in 
Fig. 6b and c, profiles show the typical features of lithium insertion/ 
extraction in the LFP active material with flat plateaus; voltage polari
zation remains low across tested current densities, with only slight in
crease at elevated C/5 rate, highlighting the excellent reversible cycling 
performance of the SPE. These results indicate that interfacial resistance 
between the SPE and LFP electrode remains stable during operation and 
that Li+ transport pathways are well maintained throughout cycling.

To evaluate compatibility with higher-voltage cathodes, preliminary 
tests were performed using NMC622 cells cycled at 50 ◦C across different 
C-rates. The charge/discharge profiles (Fig. S4) display the character
istic voltage behaviour of the NMC cathode and deliver good capacity at 
C/40. However, increasing the current leads to a noticeable capacity 
drop, indicating that further optimization of the cathode–electrolyte 
interface and solid-state transport kinetics is required to fully exploit the 
wide electrochemical stability window of the SPE in high-voltage 
systems.

In summary, the BC-based SPE demonstrates to be a promising 
candidate for safe, high-performing SSLMBs conceived for RT operation, 
paired with a LFP cathode. The decreased performance at increased 
current regimes can be linked with the expected increased polarization, 
requiring specific additives and/or additional electrode manufacturing 
(catholyte preparation) optimization to be mitigated to achieve stable 
long-term operation at ambient conditions, which is out of the scope of 
the present work.

A comparison with previously reported PEO-based SPEs with plas
ticizers, focusing on processing strategy, glass transition temperature, 
room-temperature ionic conductivity, interfacial stability, and electro
chemical performance, is summarized in Table S2, underscoring the key 
advances and impact of the present work.

4. Conclusions

In this study, crosslinked PEO–PEC SPEs were successfully developed 
through fully solvent-free extrusion/UV-induced polymerisation pro
cedure and systematically modified through the incorporation of cyclic 
carbonate plasticizers, namely EC, PC, and BC, and binary/ternary 
mixtures thereof. The tailored introduction of these cyclic carbonates 
was found to markedly enhance the electrochemical properties of the 
electrolytes at 25 ◦C, rendering them highly promising for practical 
SSLMB applications. The improvements arise from the unique physico
chemical role of cyclic carbonates in the polymer matrix, which 
concurrently increased the amorphous content, lowered the Tg, and 
generated a high-dielectric environment that favoured lithium salt 
dissociation and charge carrier availability. Furthermore, their presence 
contributed to improved interfacial stability against lithium metal, 
facilitating the development of a stable and robust SEI.

Among the investigated systems, the single-additive BC- and PC- 
based SPEs demonstrated the highest electrochemical performance. 
Symmetric Li||Li cells assembled with these electrolytes showed stable 
plating/stripping for ~2300 h at 0.025 mA cm− 2 with a fixed plated/ 
stripped capacity of 0.2 mAh cm− 2 per half-cycle, without evidence of 
short-circuiting. Notably, the BC-based SPE displayed the most stable 
interfacial behaviour, as reflected by a steady-state overpotential of 
approximately 0.15 V maintained over ~1600 h, followed only by a 
gradual rise to ~0.25 V at extended times. In contrast, the PC-based 
electrolyte showed a slightly higher initial overpotential (~0.20 V) 
accompanied by temporal fluctuations, suggesting less homogeneous 
lithium deposition and a comparatively less stable SEI, though still 
maintaining compatibility over prolonged cycling. Beyond symmetric 
cell testing, the BC-based SPE delivered almost full practical specific 
capacity of about 150 mAh g− 1 at low C-rate at RT, showcasing viable 
practical application in solid lithium metal batteries.

Overall, in this work, we presented an energy-efficient route for 
producing high-performance transparent SPEs by integrating UV- 

crosslinking, polymer blending, and cyclic carbonate additives, 
thereby promising RT next-generation SSLMBs. Particularly, the com
bination of stable cycling, high CE, and satisfactory rate performance 
further confirmed the robustness of BC as a functional plasticizer in UV- 
cured PEO–PEC polymer electrolytes.
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