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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

• Solid polymer electrolytes by blending 
PEO with recycled PVB (re-PVB).

• Blends show enhanced ionic conductiv
ity and mechanical stability.

• Strong synergistic effect by UV curing 
and polymer blending in PEO/re-PVB.

• Crosslinked PEO/re-PVB electrolytes 
with high performance at 40 ◦C.

• Stable cycling with both NMC811 and 
LFP cathodes.

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

Unleashing the potential of truly solid-state lithium metal batteries (SSLMBs) requires scalable, industrially 
viable manufacturing compatible with mild processing conditions. At the same time, promoting sustainable 
practices, such as material reuse and waste reduction, is essential for environmentally responsible, sustainable- 
by-design battery development. Herein, we report a flexible, self-standing, truly solid polymer electrolyte (SPE) 
fabricated via simple, solvent-free UV-induced crosslinking (UV-curing) process that supports moderate- 
temperature, large-scale manufacturing. The crosslinked polymer electrolyte combines poly(ethylene oxide) 
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Polymer electrolyte
Recycling

(PEO), the ion-conductive phase, with recycled poly(vinyl butyral) (Re-PVB), a mechanically robust polymer 
derived from laminated glass waste. Electrochemical studies reveal that the UV-cured SPE has excellent 
compatibility with lithium metal, enabling stable lithium plating/stripping with low interfacial resistance at 
40 ◦C. Moreover, laboratory-scale truly SSLMB cells with high-loading LFP catholyte (12 mg cm− 2) show 
remarkable performance with almost full specific capacity delivered at low C-rate and excellent rate capability. 
Noteworthy, promising performance is also obtained in Li-metal cells with high-loading NMC811 catholyte (7 
mg cm− 2). Overall, this dual-modified SPE development strategy, combining UV-crosslinking and the use of 
recycled polymers, offers an energy-efficient and sustainable route toward high-performance solid polymer 
electrolytes, advancing the practical and eco-friendly development of next-generation SSLMBs.

1. Introduction

The shift toward a sustainable global economy increasingly relies on 
the adoption of low-carbon footprint, environmentally responsible 
development pathways. In response, numerous countries have 
embedded circular economy principles into national strategies to 
enhance resource efficiency, reduce environmental impact, and 
strengthen long-term economic resilience [1].

In this broader sustainability framework, the lithium battery in
dustry has identified the circular economy as a key enabler of environ
mentally sound and resource-efficient production. This involves 
integrating upcycled and/or recycled materials into the supply chain 
and minimizing waste generation, thereby supporting the development 
of more robust and sustainable battery systems [2–4].

While significantly enhancing the specific capacity of cathode and 
anode materials remains a challenge, improvements in energy density 
may be more effectively realized through innovations in electrolyte 
design. Additionally, enhancing safety has become critical, particularly 
by replacing flammable organic solvent-based liquid electrolytes with 
safer alternatives.

In this context, the emergence of solid-state electrolytes (SSEs) offers 
a promising solution to these challenges [5]. SSEs also enable the 
practical implementation of lithium metal anodes, which are widely 
regarded as essential for next-generation batteries due to their excep
tionally high theoretical capacity (3860 mAh g− 1) and the lowest elec
trochemical potential (− 3.04 V vs. SHE). Unlike conventional liquid 
systems, where lithium metal suffers from continuous side reactions, 
dendrite formation, and unstable solid electrolyte interphase (SEI) 
development, SSEs provide a more stable interfacial environment [6]. 
This stability facilitates the fabrication of lithium metal batteries (LMBs) 
with significantly enhanced energy density and improved safety 
characteristics.

Among various SSEs, solid-state polymer electrolytes (SPEs) have 
gained significant attention due to their excellent mechanical properties, 
favorable electrode compatibility, which reduces interfacial resistance, 
ease of film formation, and cost-effectiveness, making them promising 
for practical energy storage applications [7,8]. However, their relatively 
low ionic conductivity at ambient temperature remains a critical 
bottleneck hindering their widespread use [9]. To address the trade-off 
between ionic conductivity and mechanical strength, several strategies 
have been explored, including polymer grafting or blending [10], 
physical or chemical crosslinking [11–13], and the incorporation of 
organic fillers [14,15]. Among these, UV-induced crosslinking 
(UV-curing) is particularly appealing because it enables rapid formation 
of crosslinked polymer networks within minutes, enhancing both me
chanical stability and ionic conductivity at a mild temperature [16,17]. 
Polymer blending offers a powerful route to improve structural robust
ness and electrochemical performance simultaneously; representative 
examples include poly(ethylene oxide) (PEO)-based systems such as 
PEO/poly(vinylidene fluoride) (PEO/PVDF) [18], PEO/poly(vinyl
pyrrolidone) (PEO/PVP) [19], PEO/poly(vinyl chloride) (PEO/PVC) 
[20], and PEO/poly(acrylonitrile) (PEO/PAN) [21].

In our previous work, guided by sustainability and circular economic 
principles, we developed a high-performance, PEO/recycled poly(vinyl 

butyral) (Re-PVB) blend electrolyte [22]. This is a truly solid-state 
salt-in-polymer electrolyte as no solvent(s) and/or plasticizer(s) were 
used/added either during materials preparation and/or cell operation. 
PVB, commonly employed as an interlayer in laminated glass due to its 
exceptional adhesion properties, optical transparency, and mechanical 
stiffness [22,23], offers distinct advantages when integrated into poly
mer electrolytes [24]. Specifically, blending with PEO strengthens 
interfacial interactions between the electrolyte and electrode, while its 
pendant functional groups promote the formation and retention of 
amorphous domains, thereby facilitating ionic transport [25,26]. Given 
that PVB constitutes a major waste stream following laminated glass 
disposal, its valorization directly supports circular economy initiatives, 
offering both environmental benefits and energy recovery potential [4] 
[27]. Nevertheless, conventional PVB recycling remains challenged by 
material impurities and scalability constraints. Addressing this need, the 
European “SUNRISE” project focuses on (i) the selective recovery of 
recyclable PVB fractions for reuse in their original applications, and (ii) 
the upcycling of non-recyclable fractions into high-value products, 
including functional materials for energy storage technologies.

In this context, here we propose a dual modification strategy for solid 
polymer electrolytes by combining the use of Re-PVB blended with PEO 
and of UV-curing to obtain a fully crosslinked network to synergistically 
improve properties of the final material. Particularly, this approach aims 
at improving mechanical robustness while concurrently enhancing the 
amorphous domains within the system, thereby boosting ionic conduc
tivity at low temperatures. In addition, it aligns with circular economy 
principles by repurposing Re-PVB, a material that generates significant 
waste upon disposal, for sustainable and high-performance energy 
storage applications.

2. Experimental

Materials. Poly(ethylene oxide) – PEO (Mw = 4 × 105 g mol− 1, CAS 
25322-68-3), lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, bat
tery grade, CAS 90076-65-6), 4,4′-difluorobenzophenone (99 %, CAS 
345-92-6, used as a photoinitiator), deuterated dimethyl sulfoxide (d6- 
DMSO, 99.5 % D, CAS 2206-27-1), ethyl acetate (EtOAc, CAS 141-78-6), 
and acetonitrile (ACN, CAS 75-05-8) were all obtained from Merck. 
Recycled poly(vinyl butyral) (namely, Re-PVB) was isolated from end- 
of-life laminated automotive glass through a proprietary mechano
chemical process. Characterization of the recovered material showed a 
molecular weight of ~135,000 g mol− 1, a broad distribution of chain 
lengths, and residual plasticizer in a polymer-to-plasticizer mass ratio of 
roughly 1:1 [28]. Poly(vinylidene fluoride) – (PVDF, CAS 24937-79-9) 
was obtained from Solvay, while conductive carbon black (Super C65, 
CAS 1333-86-4), N-methyl-2-pyrrolidone (NMP, CAS 872-50-4), lithium 
nickel manganese cobalt oxide (LiNi0.8Mn0.1Co0.1O2, NMC811, CAS 
346417-97-8), and lithium iron phosphate (LiFePO4, LFP, CAS 
15365-14-7) were supplied by Sigma-Aldrich. Before use, all materials 
were vacuum-dried and stored in an argon-filled glovebox (M-Braun 
Unilab) with O2 and H2O contents below 0.5 ppm.

UV curing, SSLMBs assembly and electrochemical testing. The UV- 
cured SPE was prepared according to the optimal composition identified 
in our previous study: PEO and LiTFSI in a 15:1 molar ratio (Li/EO) with 
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10 wt% Re-PVB. PEO and Re-PVB were first mechanically ground to 
break up Re-PVB agglomerates and obtain a uniform mixture. Subse
quently, 4,4′-difluorobenzophenone (5 wt% relative to PEO) was 
incorporated as a type-II (hydrogen abstraction from aromatic ketones) 
UV photoinitiator and further ground to ensure even dispersion. LiTFSI 
was then added in the specified ratio and mixed manually until a 
cohesive composite dough was formed.

The blend was hot-pressed in two stages between polypropylene 
sheets, using Kapton tape (55 μm thickness) as a gasket: first at 70 ◦C 
under 1 bar for 5 min, followed by 70 ◦C under 10 bar for 5 min. The 
resulting solid-state electrolyte film was UV-cured on both sides for 5 
min each with a xenon lamp (40 mW cm− 2) thus suppressing crystalli
zation by creating a strong three-dimensional network (see Fig. 1). The 
UV-cured electrolyte was designated as SPE-UV, while the uncros
slinked reference (pristine) electrolyte was denoted SPE-P.

The SPE performance was evaluated in solid-state Li-metal cells 
configured as Li‖SPE-UV‖cathode. Assembly was housed in a EL-Cell Std 
(EL-CELL, Germany), and galvanostatic cycling was conducted at 40 ◦C. 
Two different cathode formulations were tested: an LFP-based com
posite and NMC811-based composite, each consisting of active material, 
Super C65, and a catholyte with the same composition as the 
PEO–LiTFSI electrolyte, combined in a 75:5:20 wt ratio. For coating, the 
slurries were applied to aluminum foil using a doctor blade with a 500 
μm gap. All coated electrodes were dried under vacuum at 80 ◦C over
night. Rate of 1C corresponded to a specific current of 170 mA g− 1 for 
LFP (2.5 ≤ E (V) ≤ 4) and 180 mA g− 1 for NMC (3 ≤ E (V) ≤ 4.2), 
calculated based on the active material mass loading of 12 mg cm− 2 for 
LFP and 7 mg cm− 2 for NMC811. Electrochemical impedance spectros
copy (EIS) was carried out on the Li‖SPE-UV‖LFP full-cell configuration 
within the frequency range of 100 kHz to 100 mHz. Measurements were 
performed at 40 ◦C, both before cycling and after completion of the 
cycling tests. Different contributions to the overall cell impedance can be 
distinguished across the frequency spectrum: (i) the intercept with the 
real axis reflects the bulk resistance of the SPE layer (Rs), which is 
governed by both its ionic conductivity and thickness; (ii) two partially 
overlapping semicircles appearing in the high-to-intermediate fre
quency range are associated with interfacial resistances (Rint), which 
may arise from either ion-transfer or charge-transfer processes 
depending on the electrode/electrolyte interface; and (iii) at low fre
quencies, the characteristic inclined line represents the Warburg 
element (W), corresponding to the diffusion of Li+ ions toward the 
blocking electrode.

(Electro)chemical Characterization. The gel content was deter
mined to quantify the proportion of polymer chains that remained 
uncrosslinked after UV curing. Approximately 0.65 g of the material was 

enclosed in a 500-mesh metal container and immersed in 50 mL of ethyl 
acetate (EtOAc) for 1 h under stirring at room temperature. The solvent 
was then replaced with a fresh 50 mL portion of EtOAc, and the 
extraction continued for 24 h under the same conditions. A third 
extraction was carried out using another 50 mL of fresh EtOAc for 3 h. 
After extraction, the sample was recovered and dried in a vacuum oven 
until a constant weight was obtained. For statistical purposes, the 
extraction sequence with EtOAc was performed two additional times 
under identical conditions. Gel content was calculated according to 
Equation (1). 

G%=Wi/Wo × 100 (1) 

where Wi is the final weight of the sample, and W0 is the initial weight 
before treatment. To further verify the crosslinking efficiency, photo
rheology was conducted using an Anton Paar MCR 702e MultiDrive 
modular rheometer equipped with a UV lamp. The measurements were 
performed at 70 ◦C, with the UV lamp calibrated to deliver 40 mW cm− 2 

using a DMAX photometer.
Differential scanning calorimetry (DSC) analyses were performed 

using a Netzsch 214 Polyma instrument to determine the reduction of 
the system crystallinity. Measurements were conducted over a temper
ature range from − 50 to +90 ◦C, with a heating rate of 10 ◦C min− 1, 
under a nitrogen flow of 40 mL min− 1. The degree of crystallinity was 
calculated according to Equation (2), adopting 205 J g− 1 as the melting 
enthalpy (ΔHm0) corresponding to 100 % crystalline PEO. 

Cristallinity%=ΔHm
i/ΔHm

o × 100 (2) 

Thermogravimetric analysis (TGA) was carried out using a Netzsch 
TG 209 F3 instrument to assess the thermal stability of the samples. 
Measurements were performed from 25 to 800 ◦C under a nitrogen at
mosphere, with a gas flow rate of 100 mL min− 1 and a heating rate of 
10 ◦C min− 1. The temperature corresponding to a 5 % weight loss (Td5 
%) was taken as the reference point for evaluating the onset of 
degradation.

Lithium plating/stripping tests were performed at 40 ◦C using a 
symmetric Li‖SPE-UV‖Li configuration in CR2032 coin cells. The cells 
were assembled in an argon-filled glovebox, employing 12 mm metallic 
Li electrodes and a 16 mm SPE membrane as the electrolyte. Cycling 
began at 0.025 mA cm− 2 (fixed areal capacity: 0.20 mAh cm− 2) and 
increased stepwise to 0.050, 0.100, and 0.200 mA cm− 2. Then experi
ments were conducted at a fixed current regime of 0.025 mA cm− 2 and 
were prolonged for a total duration of 650 h. EIS was carried out both 
before the start and after the completion of cycling to evaluate changes 
in the SPE internal resistance. Impedance data from the Nyquist plots 

Fig. 1. Schematic illustration of the SPE-UV electrolyte preparation process.
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were analyzed using an equivalent circuit approach, applying a non- 
linear least square (NLLS) fitting routine in RelaxIS3 (rhd instruments, 
Darmstadt, Germany). The circuit model adopted was Re(RintCint)Qw, 
following Boukamp’s notation. In this configuration, Re corresponds to 
the bulk resistance of the SPE, while Rint and Cint describe the charge- 
transfer resistance and the double-layer capacitance at the electro
de–electrolyte interface. The element Qw represents the Warburg-type 
impedance linked to semi-infinite ion diffusion. For improved fitting 
accuracy, the ideal capacitive component (Cint) was replaced by a 
constant-phase element (Q), which accounts for non-ideal behavior 
arising from surface heterogeneity and roughness.

The lithium-ion transference number (tLi+) was evaluated using a 
combination of chronoamperometry and EIS. Chronoamperometric 
measurements were carried out by applying a constant voltage of 30 mV 
for 90 min, while EIS was recorded over a frequency range of 100 kHz to 
5 mHz. The experiments were conducted on Li‖SPE-UV‖Li symmetric 
cells at 40 ◦C. The tLi + values were then determined following the 
Bruce–Vincent–Evans method. Ionic conductivity (σ) was determined 
via EIS. The measurements were carried out using a 20 mV AC sinusoidal 
voltage over a frequency range of 0.1 Hz–1 MHz. SPE discs, 16 mm in 
diameter and approximately 150 μm thick, were placed between two 
stainless-steel blocking electrodes inside an EL-Cell Std (EL-CELL, Ger
many). To ensure an accurate cell constant, the SPE thickness was pre
cisely measured with a Mitutoyo micrometer before and after each test. 
The experiments were conducted in a temperature-controlled chamber 
(MK 53 E2, BINDER, Germany), spanning -10–80 ◦C. At each tempera
ture, cells were equilibrated for 100 min, and measurements were 
collected at 10 ◦C intervals. The ionic conductivity was then calculated 
using σ = L/(R × A), where L represents the SPE thickness, R is the bulk 
resistance from EIS, and A is the electrode contact area. The 

electrochemical stability window (ESW) of the system was probed at 
40 ◦C using a coin-cell in which the SPE was placed between a lithium 
metal disk and a working electrode (WE) made by blending conductive 
carbon with PVDF in an 8:2 wt ratio and casting it onto an aluminium 
current collector. The study employed two approaches: anodic linear 
sweep voltammetry (LSV), scanning from 3 V (OCV) to 5 V at 0.1 mV 
s− 1, and chronoamperometry, applying a series of stepped potentials 
within the same 3–5 V range to monitor current response.

3. Results and discussion

3.1. Structural characterization

To gain insight into the crosslinking process, gel content measure
ments were performed using ethyl acetate (EtOAc), selected based on 
the known solubility of the constituent polymers. When the crosslinked 
sample was immersed in EtOAc and subsequently dried to constant 
weight, 81.4 % of the material remained. The small mass loss observed 
can be attributed to the extraction of lithium salt, photoinitiator [29], 
and impurities originating from Re-PVB in the formulation. These 
findings indicate that the crosslinking process effectively generates co
valent linkages between the chains of polymers, thereby retaining a 
portion of the lithium salt and photoinitiator within the matrix. 
Repeating the experiment yielded masses of 82.4 % and 81.2 %, 
consistent with the initial measurement.

To further assess the effectiveness of crosslinking in the SPE-UV 
electrolyte, photorheological measurements were carried out (Fig. 2a). 
The sample was exposed to UV irradiation at an intensity of 40 mW 
cm− 2, while subjected to a constant shear rate of 0.1 s− 1, within the 
linear viscoelastic regime. After an initial stabilization period of 30 s, the 

Fig. 2. Photorheology test (a), TGA curves (b), and DSC thermograms (c) of the SPEs under study.
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UV source was activated. A small peak in the storage modulus (G′) can be 
observed, reflecting the onset of localized photopolymerization trig
gered by 4,4-difluorobenzophenone [30,31]. This is followed by a 
gradual decrease in G′ at a slowing rate until an inflection point is 
reached at 4.30 min. Beyond this point, G′ increases again, progressing 
toward a quasi-linear regime. In this stage, polymerization proceeds at a 
decelerating rate, hindered by the increasing viscosity of the system 
[32–34].

Thermogravimetric analysis (TGA) was carried out on the SPE-UV 
electrolyte, between 30 and 550 ◦C under nitrogen flow (Fig. 2b), to 
assess its thermal behavior. The sample remains largely stable until the 
temperature approaches 350 ◦C, indicating notable heat resistance 
comparable to that of the non-crosslinked membrane (SPE-P). Three 
main degradation steps are detected. The first weight loss, occurring 
entirely below 200 ◦C, is minor and corresponds to the release of surface- 
bound moisture, consistent with the hygroscopic nature of the material 
[35,36]. A second loss appears between 300 and 350 ◦C, corresponding 
to volatilization of plasticizers from the Re-PVB phase and the onset of 
polymer breakdown. The last stage, occurring above 400 ◦C, is marked 
by the conversion of the organic matrix into a carbonaceous residue, 
which represents the majority of the total mass loss [37,38]. These ob
servations confirm that SPE-UV maintains structural integrity under 
elevated temperatures, supporting its safe operation in electrochemical 
devices operating under demanding thermal conditions.

Differential scanning calorimetry (DSC) was employed to evaluate 
thermal characteristics and phase transitions, particularly focusing on 
assessing the crystallinity of the SPE electrolytes and their glass transi
tion temperature (Tg). Because crystalline domains hinder ion mobility 
in SPE, their suppression is crucial for enhancing ionic conductivity 

[39]. As shown in Fig. 2c, the DSC traces of SPE-P and SPE-UV exhibit 
melting points (Tm) at 50 ◦C and 24 ◦C, respectively. By integrating the 
peak areas and applying Eq. (2), the crystallinity is estimated to be 
approximately 22.02 % for SPE-P and 11.04 % for crosslinked SPE-UV. It 
indicates that crosslinking effectively reduces crystalline domains while 
simultaneously improving mechanical stability. Furthermore, both 
samples display a single Tg at − 39.9 ◦C, suggesting a uniform polymer 
matrix. Overall, the reduced crystallinity and preserved Tg, achieved 
through Re-PVB incorporation and UV curing, highlight the potential of 
SPE-UV to provide enhanced ionic conductivity without compromising 
structural integrity.

3.2. Electrochemical characterization

The lithium-ion transference number (tLi
+, viz. the fraction of the total 

current specifically carried only by Li+ ions) is a key parameter influ
encing battery efficiency and performance, where higher values are 
generally associated with minimized concentration polarization and 
enhanced power delivery [40]. The chronoamperometry showing cur
rent variations to reach the steady state and impedance before and after 
polarization are shown in Fig. 3a and b, respectively. The SPE-UV ex
hibits a tLi

+ of 0.35 at 40 ◦C, determined using the Bruce–Vincent–Evans 
method [41]. This value is significantly higher than that of the SPE-P, 
which reaches only about 0.20 at 65 ◦C, well in line with standard 
salt-in-polymer PEO-based SPEs [42]. The enhancement in tLi 

+ can be 
attributed to the crosslinking bridges between polymer chains and the 
resulting creation of a structured network, which improves chain 
interconnectivity and facilitates lithium-ion movement between coor
dination sites compared to a less structured polymer, while 

Fig. 3. Chronoamperometry (CA) analysis of Li‖SPE-UV‖Li under a 30 mV polarization (a). Nyquist plots of Li‖SPE-UV‖Li before and after polarization (b). 
Arrhenius plots of ionic conductivity for SPE-UV and SPE-P electrolytes (c). LSV curves of Li‖SPE-P ‖WE and Li‖SPE-UV‖WE cells, with the inset showing the CA 
curves of SPE-UV ((d).
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simultaneously restricting anion mobility [43].
The ionic conductivity (σ) of SPE-P and SPE-UV was evaluated by EIS 

at different temperatures. The Arrhenius plot for both electrolytes in the 
temperature range of − 10 ◦C–80 ◦C is shown in Fig. 3c. At elevated 
temperatures, the σ values of SPE-UV are slightly lower than those of 
SPE-P. This behavior arises from the reduced chain mobility of the 
crosslinked SPE-UV, whereas in SPE-P, ion transport is predominantly 
enhanced by the melting of crystalline domains at high temperatures 
[29,44,45]. However, below 50 ◦C, this trend reverses, and SPE-UV 
exhibits higher σ values. Indeed, UV treatment during membrane 
preparation induces the formation of new covalent bonds that block PEO 
structure in its amorphous state even at lower temperatures. These 
bonds restrict the mobility of PEO chains, preserving the amorphous 
structure and thereby enhancing ionic transport at low temperature, 
compared to standard non-crosslinked PEO-LiTFSI systems [46,47].

The electrochemical stability window of the SPEs was investigated to 
verify their safe operation in solid-state Li-metal batteries [48]. Linear 
sweep voltammetry (LSV) was employed to identify the anodic decom
position potential, i.e., the voltage at which oxidative breakdown be
gins. As shown in Fig. 3d, both samples exhibit high oxidative tolerance, 
with no significant increase in current density up to above 4.5 V, when 
adopting a cut-off criterion of 5 μA cm− 2. To gain further insight into the 
specific upper voltage limit, chronoamperometric tests were performed 

on the SPE-UV electrolyte. Constant potential was applied for 1 h in
tervals at increasingly high voltage steps. The inset of Fig. 3d clearly 
points out that the current response remains steady for 60 min at 4.5 V, 
whereas at 4.6 V, a rise in current accompanied by intermittent spikes 
appears after ~30 min, indicating the beginning of electrolyte 
degradation.

Based on the enhanced ionic conductivity at lower temperatures and 
other promising results of SPE-UV, and considering our aim to apply UV 
curing to SPE-P (which already shows excellent performance at 65 ◦C), a 
symmetric Li‖SPE-UV‖Li cell was assembled to evaluate the effect of UV 
curing on the behaviour of this truly solid-state electrolyte, particularly 
performance and related stability upon cycling in battery cells under 
moderate conditions (40 ◦C) [29]. Rate capability was evaluated 
through galvanostatic reversible lithium plating/stripping cycling at 
successive current densities of 0.02, 0.05, 0.10, and 0.20 mA cm− 2, 
followed by a return to 0.025 mA cm− 2. Each step was performed at a 
fixed plated/stripped areal capacity per half-cycle of 0.20 mAh cm− 2 to 
probe the electrolyte capability towards dendrite resistance/sup
pression, compatibility with Li metal, and sustained operation across 
varying current regimes (Fig. 4). As shown in Fig. 4a, the SPE-UV cell 
demonstrates excellent rate capability, maintaining a low overpotential 
and showing no signs of short-circuiting (negligible Li dendrite growth 
at 40 ◦C) even at the highest applied current density of 0.20 mA cm− 2, 

Fig. 4. Galvanostatic Li plating/stripping curves of Li‖SPE-UV‖Li symmetric cell at 40 ◦C under 0.025 mA cm− 2 up to 0.2 mA cm− 2 (a) and as a function of cycling 
time at 0.025 mA cm− 2 (b). Nyquist plots obtained before (c) and after cycling (d).
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where the overpotential rises only to ~0.20 V. Long-term cycling at 
0.02 mA cm− 2 results in only a marginal increase in overpotential (from 
0.02 V to ~0.04 V) over more than 600 h (Fig. 4b), reflecting remarkable 
stability. EIS measurements were conducted before and after plati
ng/stripping cycling test (Fig. 4c and d). Before cycling, SPE-UV exhibits 
a low total resistance (~160 Ω) at 40 ◦C, outperforming its SPE-P 
counterpart, which reaches similar resistance values only at 65 ◦C. 
The Re is also notably lower for SPE-UV (45 Ω) compared to SPE-P (65 
Ω), despite the reduced testing temperature. After extended cycling, Re 
remains largely unchanged, while total resistance increases slightly to 
~200 Ω, still below that of the non-crosslinked SPE-P. This moderate 
rise is attributed to the gradual formation of a passivation layer during 
early cycles, likely consuming a small fraction of the lithium salt and 
contributing to minor polarization growth. Thus, the prepared electro
lyte demonstrates excellent plating/stripping stability at 40 ◦C, enabled 
by the synergistic effect of Re-PVB, which provides mechanical rein
forcement, and UV-induced crosslinking, which reduces crystallinity 
and enhances ionic conductivity at moderate temperatures.

To further evaluate the applicability of SPE-UV in SSLMBs, a Li‖SPE- 
UV‖LFP full cell was assembled with LFP in a catholyte configuration at 
high-mass-loading to impose more stringent testing conditions 
approaching those of real battery operation (Fig. 5a–d). Rate capability 
tests were performed upon galvanostatic charge/discharge cycling at 

40 ◦C at current rates of 0.025 C, 0.05 C, 0.10 C, and 0.12 C: specific 
discharge capacities are provided of approximately 169, 149, 144, and 
124 mAh g− 1, respectively Fig. 5a. When the rate was returned to 0.025 
C, the capacity fully recovers to ~169 mAh g− 1, confirming the excellent 
stability of SPE-UV, as well as its ability to sustain efficient Li+ transport 
and stable cycling under stress. The cell exhibits an initial Coulombic 
efficiency (ICE) of ~95 %, which rapidly stabilizes at ~99.9 % in sub
sequent cycles. As shown in Fig. 5b, the voltage polarization remains 
minimal over the full range of applied current densities, including at 
higher C-rates, underscoring the robust cycling durability of the elec
trolyte system. These findings demonstrate that, even under challenging 
conditions of thick cathode loading and moderate operating tempera
ture, the SPE-UV electrolyte delivers solid electrochemical performance. 
To gain further insight into the interfacial kinetics during cycling, EIS 
was carried out on the Li‖SPE-UV‖LFP cell at 40 ◦C, both prior to and 
following extended reversible operation. As shown in Fig. 5c, the 
Nyquist plots reveal that Rs remains essentially unchanged, whereas Rint 
exhibits an increase after cycling. The long-term stability was evaluated 
in a laboratory-scale Li-metal cell in the Li‖SPE-UV‖LFP configuration, 
which was cycled at 0.025C rate and 40 ◦C (Fig. 5d). The solid-state cell 
delivers an initial charge capacity close to the theoretical value ~165 
mAh g− 1 with an ICE ~94.7 % (3–4 V vs. Li+/Li). Remarkably, it shows 
minimal capacity fading over 40 cycles, maintaining ~156 mAh g− 1 

Fig. 5. Rate capability of the Li||SPE-UV||LFP cell at 40 ◦C (a), with corresponding charge–discharge voltage vs. specific capacity profiles (b), Nyquist plots before 
and after cycling (c), and cycling performance at 0.025C (d).
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specific capacity with a CE that rapidly reaches >99 % after the second 
cycle.

Eventually, based on the promising electrochemical stability results, 
a Li‖SPE-UV‖NMC811 full cell was assembled using a high-mass-loading 
NMC811 catholyte, and E (V) vs. Q profiles, as well as the cycling, are 
shown in Fig. 6a and b. Tests were conducted at 40 ◦C under challenging 
conditions to simulate real battery cell operation, which included: the 
use of NMC811 cathode, which typically experiences rapid capacity fade 
even with liquid electrolytes at room temperature, and a thick, high- 
loading electrode, which further promotes degradation. Despite these 
rigorous conditions, the truly solid crosslinked PEO-PVB electrolyte 
shows the capability to function in combination with high-energy 4V- 
cells cathodes, delivering an initial charge capacity of ~180 mAh g− 1 

with an ICE of 92 % at 0.025 C (3–4.2 V vs. Li+/Li). In the second cycle, 
the capacity stabilizes at 173 mAh g− 1 with a CE of 96 %, and after 40 
cycles, the cell maintains 100 mAh g− 1 with a CE of 98 %, highlighting 
the excellent stability and performance of SPE-UV even in demanding 
SSLMBs at moderately low temperature.

Summarizing, the newly developed safe, sustainable-by-design SPE- 
UV exhibits promising performance in demanding SSLMBs in combi
nation with medium - LFP or high-voltage - NMC811 cathodes at high 
active material loading, which is remarkable for a truly solid-state sys
tem reversibly operating at moderate temperature. This result arises 
from the incorporation of re-PVB, which enhances mechanical robust
ness, combined with UV-induced crosslinking, which reduces crystal
linity and increases ionic conductivity, concurrently allowing for a high- 
performing truly solid polymer electrolyte.

4. Conclusion

The development of high-energy-density, mechanically robust, safe, 
sustainable-by-design lithium metal cells relies heavily on scalable and 
environmentally responsible electrolyte technologies, compatible with 

moderate-temperature processing and readily up-scalable to large-scale 
production. In this respect, here we highlighted the use of recycled 
polymers together with a dry, solvent-free, and energy-efficient UV- 
induced crosslinking process to develop a truly solid-state polymer 
electrolyte. The electrolyte combined PEO as the ion-conductive phase 
with mechanically robust Re-PVB obtained by direct recycling of waste 
PVB used as an interlayer polymer in laminated glasses, forming a 
crosslinked matrix that provides excellent mechanical stability, Li-metal 
compatibility, and a wide electrochemical stability window. The mate
rial was succesfully demonstrated to operate under moderate conditions 
(40 ◦C) and showed promising potential for improving the sustainabil
ity, safety, and scalability of lithium metal batteries. Comprehensive 
electrochemical investigation and testing demonstrated stable, pro
longed lithium plating/stripping with low interfacial resistance at rela
tively low temperature (compared to standard solid-state PEO-LiTFSI 
salt-in-polymer electrolytes), while full cells containing medium (LFP) 
or high-V (NMC811) cathodes in high-loading catholyte configurations 
delivered high specific capacities and robust rate performance. This 
newly proposed dual-modification strategy showcased a viable route to 
sustainable, high-performance solid polymer electrolytes, advancing the 
practical realization of environmentally friendly, efficient SSLMBs.
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