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On the Use of Recycled PVB to Develop Sustainable

Separators for Greener Li-lon Batteries

Silvia Porporato, Hamideh Darjazi, Matteo Gastaldi, Alessandro Piovano,*
Angelica Perez, Beatriz Yécora, Alberto Fina, Giuseppina Meligrana, Giuseppe A. Elia,

and Claudio Gerbaldi*

In this work, sustainable Li-based battery separators are prepared starting
from a waste material from the glass industry, viz. polyvinyl butyral (PVB)
widely used as a sacrificial interlayer in high impact-resistant windows. First,
polymeric membranes are prepared via the phase-inversion method using
commercial PVB as the backbone and 4,4’-methylenebis
(cyclohexylisocyanate) as a crosslinking agent. They are characterized from a
physicochemical viewpoint by thermomechanical analysis, infrared
spectroscopy, and scanning electron microscopy, and are successfully tested
as separators in Li-metal cells with LP30 electrolyte. Electrical and
electrochemical properties are evaluated by impedance spectroscopy and
galvanostatic cycling, providing comparable results with commercial Celgard
25 pm monolayer microporous polypropylene separator. As a
proof-of-concept, for the first time, recycled PVB-based polymer membranes
from wasted car glasses are prepared, adjusting the synthesis protocol to
account for the presence of plasticizers and contaminants. They show a dense
elastomeric appearance and proved to be compatible with Li metal and stable
upon 600 h of Li plating/stripping. The electrochemical window is compatible
with the LiFePO, cathode, as demonstrated by prolonged galvanostatic

1. Introduction

Nowadays, most of the world energy
supply derives from fossil fuels, which
knowingly present serious issues re-
lated to depletion of limited natural re-
sources, pollution, development of green-
house gases, and consequently climate
changes.l!l On these bases, humankind
needs to generate and store energy sus-
tainably and efficiently, moving from
non-renewable to renewable resources
and combining them with adequate en-
ergy storage systems (ESSs).23] Indeed,
the adoption of renewables is challenged
by their intermittency and the incapac-
ity to cope with demand fluctuations,
particularly when implemented in urban
grids. For these reasons, ESSs are es-
sential to couple energy generation and
distribution.[) In fact, they find applica-
tions in various sectors, spanning from

cycling (250 cycles) in laboratory-scale cells. Preliminary results are highly
encouraging and pave the way to developing novel separators for safe,

low-cost, and sustainable energy storage devices.

automotive to personal devices and res-
idential plants.’] Given the wide variety
of applications, each ESS requires tailor-
made features, and thus, the chemistry
behind all these devices can differ signif-
icantly.
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Lithium-ion batteries (LIBs) are at the moment the leading
technology in the market of electric vehicles and portable elec-
tronic devices, basically thanks to their unparalleled energy den-
sity, coulombic efficiency, low weight, fast charge/discharge, and
long lifetime.>¢ Each battery consists of three major compo-
nents: two physically separated electrodes (the cathode and the
anode) and the electrolyte, which enables the ions transfer (thus
balancing the reactions at the electrodes). Once the electrodes are
connected externally, the circuit is closed, and chemical reactions
proceed at both electrodes, thus liberating electrons that flow in
the external circuit.[’] Over the years, research aimed to study and
implement each component in order to improve performance in
terms of energy and power density, electrochemical stability, and
cyclability.

Electrolytes are mainly divided into three categories: lig-
uid electrolytes,®1%1 gel-polymer electrolytes,['"12] and solid-
state electrolytes.[!>*] Currently, liquid electrolytes are the most
widely used technology, consisting basically of a salt dissolved
into a solvent. In order to mechanically and physically isolate the
two electrodes, thus avoiding short-circuit, a solid barrier, namely
the separator, is used, which is soaked into the liquid electrolyte.
Its role is essential since it is responsible for the overall safety
of batteries. While isolating the opposite poles, it must be per-
meable to ionic flow, allowing rapid ion transport back and forth.
Another crucial aspect is its ability to work as an electric insulator,
thereby minimizing any processes that might negatively impact
the electrochemical energy efficiency of the battery.[!’]

Over the years, a wide range of separators has been used in
ESSs, made of various materials, including cellulose, cellophane,
polyolefins, nonwoven fabrics, glass fibers, foams, and other syn-
thetic polymeric materials. As battery technology has advanced,
the role of separators has become increasingly complex and
challenging,!'®! accounting for a relevant portion of the total cost
of LIBs.['”] In this context, we hereafter propose the profitable
production of a separator based on polyvinyl butyral (PVB), which
is typically used as a sacrificial interlayer in high-impact-resistant
windows: as a result, we convert a potential waste material into a
high-added-value product.

PVB is a random terpolymer obtained from vinyl butyral
(~80%), vinyl alcohol (x~18-24%), and vinyl acetate (~1-4%)
as monomers.[*/ The random structure of PVB results in an
amorphous polymer with excellent optical transparency, adhe-
sive properties, hardness, and flexibility. From a technological
perspective, it is primarily utilized as a raw material for manu-
facturing laminated safety glass sheets in the automotive indus-
try (such as windshields, side and roof glasses)!* and in archi-
tecture (windows, structural glazing, roofs/floors, staircases and
beams).[2] The hydroxyl groups of vinyl alcohol are able to form
hydrogen and covalent bonds to the surface of polar substrates
and, thus, are accountable for the adhesion of the PVB interlayer—
glass interface in the lamination process.

Unplasticized vinyl acetal polymers are rigid and inflexible,
presenting processing challenges. To overcome this issue, PVB
is mixed with compatible plasticizers, thereby decreasing the
polymer glass transition temperature (T,), resulting in enhanced
flexibility and ductility even at room temperature. Currently,
phthalate-free plasticizers are employed for PVB plasticization,
such as triethyleneglycol di-(2-ethyl hexanoate) or tetraethylene
glycol di-n-heptanoate (TEGH), dibutyl sebacate (DBS), dihexyl
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adipate (DHA), dioctyl adipate (DOA), hexyl cyclohexyl adipate,
or combinations of heptyl and nonyl adipates.[?"??) Applications
of PVB include the manufacture of glasses for the photovoltaic
industry?*?* and its use as a binder in enamels, inks, and
adhesives.!”] The global market for PVB films is expected to ex-
perience significant growth in the upcoming years, driven by the
increasing industrialization and urbanization trends.*®] Never-
theless, the glass industry requires precise and stringent speci-
fications for raw PVB materials; consequently, preference is of-
ten given to virgin PVB due to its superior quality.[?’”! The use of
recycled PVB could potentially address the issues related to the
increasing demand, even though, at the moment, a recycling pro-
cedure of PVB is not fully defined at an industrial scale.[?’-?] This
is primarily due to decreased optical properties during recycling
and the unavoidable presence of many contaminants. Thus, the
post-consume PVB fraction lacking optical and mechanical re-
quirements for its original purpose is incinerated or landfilled,
causing tons of losses every year, even though it could find a sec-
ond life in various scenarios.(*"

PVB can be used as a starting reagent to obtain a wide range
of high-value technological materials, owing to the presence
of different reactive groups, especially the —OH groups that
can undergo condensation reactions.l*!! For instance, in com-
bination with diisocyanates, the hydroxyl groups of PVB react
in a condensation reaction, giving repeating urethane linkages
(polyurethane). Successively, the establishment of intermolec-
ular hydrogen bonds and the amide tautomerisation through
the backbone allow for the production of high-performance
materials.[3233] The brilliant mechanical features come from the
divergent nature of polyols and isocyanates: the former possess
long chains that provide flexibility and represent soft segments,
while the latter are often short-chain molecules with a higher de-
gree of crystallization, resulting in hard and tightly packed seg-
ments. This segments mixture confers to polyurethane materials
high adaptability and renders them successful in a wide range
of applications, among which also battery separators.>*38] How-
ever, only in two articles those polyurethane separators were actu-
ally produced from PVB, and only from pristine PVB,!***] mak-
ing the whole process economically unfeasible with respect to
other cheaper materials, despite the innovative tunability of the
chemical process.

In this work, we prepared PVB-derived polymer membranes
to be used as separators in Li-based batteries. We developed
an easy and scalable procedure, based on the reaction between
sustainably sourced PVB with a diisocyanate, which results in
a polyurethane membrane with controllable and reproducible
porosity. After the preparation, the membranes were character-
ized from the physicochemical point of view through infrared
spectroscopy (IR), thermogravimetric analysis (TGA), differen-
tial scanning calorimetry (DSC), dynamic mechanical analysis
(DMA) and field-emission scanning electron microscopy (FE-
SEM). Successively, they were tested as separators in lab-scale
Li-metal cells after soaking in 1M LiPF, 1:1 v/v EC-DMC (LP30)
as the electrolyte, comparing the obtained results with commer-
cial polymeric Celgard®2400 monolayer polypropylene separa-
tor. The soaking properties, ionic conductivity, electrochemical
stability, and galvanostatic and potentiostatic cycling were evalu-
ated, to demonstrate the practical application in lab-scale cells. Af-
ter promising results were obtained with commercial PVB, new
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membrane separators were also prepared, for the first time to
our knowledge, from the recycled PVB that was derived from au-
tomotive glasses waste by our partners within the framework of
the H2020 European project “SUNRISE”. The project is develop-
ing an innovative optical multi-sensor sorting tool to classify the
laminated glasses according to the composition and degradation
of the PVB layer. Sorted PVB that lacks optical and mechanical
requirements for its original purpose, is repurposed for a second
life in other fields, such as, in the present case, high added value
products in the energy storage field. In this respect, the great nov-
elty of this work relies on the possibility of providing a new life
to waste material and promoting a virtuous, sustainable manage-
ment of resources in a circular economy perspective.

2. Experimental Section

2.1. Materials

Commercial PVB (structure depicted in Figure S1 - Support-
ing Information, CAS 63148-65-2) was purchased from Sigma-
Aldrich and used as received. Its M,, was determined by Gel
Permeation Chromatography (GPC) using DMF as solvent and
0.05 M LiBr as mobile phase. The sample had a 3 mg mL™" con-
centration. Results showed My, = 135600 g mol~! and My, =
8.6 (Figure S2, Supporting Information). Chloroform (CAS 67-
66-3, purity > 99.5%), and N-N-dimethylpyrrolidone (NMP, CAS
872-50-4, purity > 99.0%) were obtained from Merck and used
without further purification. 4,4’-methylenebis(cyclohexyl iso-
cyanate) (H,,MDI, CAS 5124-30-1, purity > 88.0%) was provided
by Sigma-Aldrich and used as received. Recycled PVB was ob-
tained from Lurederra Technological Center (Los Arcos, Spain),
within the frame of the H2020 European project SUNRISE, and
was obtained by a mechanochemical process, involving shred-
ding, sieving, and chemical treatment via acid cleaning, basic
stabilization and water washing in sequential steps.*!l LiFePO,
(LEP) was purchased from Sigma-Aldrich (battery grade, with a
declared capacity of ca. 170 mAh g™'), as well as the lithium hex-
afluorophosphate electrolyte solution (1M LiPF, 1:1 v/v EC and
DMC, battery grade); the electrolyte solution (hereafter referred
to as LP30) was stored in an Ar-filled dry glovebox (H,O and
0, < 0.5 ppm). Conductive carbon C65 (Imerys, 80 wt.%) and
polyvinylidene fluoride (PVAE, Solef 6020, Solvay, 20 wt.%) were
obtained and used without further purifications. Celgard® 2400
monolayer microporous polypropylene (PP, 25 um thick) mem-
brane was used as a benchmark separator in this study.

2.2. Hydroxyl Group Calibration

The quantity of hydroxyl group in PVB was determined by IR
spectroscopy, ] preparing a calibration curve with 2-ethylhexan-
1-ol in chloroform and measuring in the same conditions
two solutions of PVB dissolved in chloroform (with known
mass/volume concentrations). The solutions were measured
with a Bruker Vertex70 FT-IR spectrophotometer within a liquid
cell, equipped with two KBr windows spaced at ca. 200 um. Such
spectroscopic analysis, shown in Figure S3 (Supporting Informa-
tion), resulted in an average —OH concentration of 0.0172 mol
g~ of PVB, in line with what was reported by Lian et al. for com-
mercial PVB.[)

Adv. Sustainable Syst. 2024, 2400569 2400569 (3 of 12)

www.advsustainsys.com

YL

OH O__O0 O OH
R o)\NH

O._NH

Fh

95UB017 SUOLILLOD BAIBID 3ol (dde ay) Aq peuienob afe saie O ‘88N J0'Sa|ni Joj A%Iq1T 8UIUO A1 UO (SUOIPUOS-PUR-SWLBIAED A3 IM Ale.d U1 |UO//:SdNY) SUONIPUOD pUe SWie | 81 89S *[Z0Z/0T/ST] Uo Afldiauliuo A8|im ‘outio] 1A 1iod IBa 1919 ‘SIS ouLio L 1a 001ud8l[od Ad 695007202 NSPe/Z00T 0T/I0p/od A8 | Akeiq 1 puljuo//sdny WoJj pepeojumoq ‘0 ‘987992

Y
YLTY
O OH O\]/O

O

Y

R R

Figure 1. a) Schematic structure of the obtained polymer network, b) dig-
ital photograph of the membrane after drying.

2.3. PVB-Based Membrane Preparation

The preparation of the PVB-based polymer membranes is
based on a phase inversion technique, known as a coagula-
tion bath.[39493] PVB was dissolved in NMP (PVB:NMP = 1:15,
m/m) and kept under continuous stirring for 2 h, in order to
obtain a clear and homogenous solution. Successively, H;,MDI
(PVB:H;,MDI = 5:1, m/m) was added under stirring for 30 min
at 70 °C. Finally, deionized water (PVB:H,O0 = 1:1, m/m), act-
ing as the nonsolvent, was added to precipitate white micelles,
which were continuously stirred until dissolution. Thus, the so-
lution became viscous and slightly turbid. The obtained slurry
was coated onto a glass plate using a doctor blade with a gap of
500 pm, followed by immersion into a water bath to precipitate
the polymer membrane. The polymeric structure of the mem-
brane is sketched in Figure 1a. Different proportions of solvent
and nonsolvent in the coagulation bath can lead to membranes
with different morphologies: porous membranes were obtained
using a water-based coagulation bath, while dense membranes
were obtained using NMP-water mixture (NMP:H,0 = 1:10,
v/v). In both cases, after 1-h bath, the resulting membranes were
washed with excess deionized water and dried under vacuum at
40 °C for 24 h. Afterward, membranes were punched into self-
standing disks (Figure 1b), ready to be soaked with the electrolyte,
and used as separators inside electrochemical cells. The resulting
thickness of the membranes is 100 pm (+10 um).

Polymer membranes from recycled PVB (rePVB) were also
manufactured. The preparation resulted in being less straight-
forward compared to the previous one, due to the presence of
plasticizers (added to improve the elasticity and processability
of the material) and impurities (due to prolonged uses under all
possible weather conditions). Particularly, accordingly to recent
quantitative analysis, the weight ratio between polymers and
plasticizers is roughly 1:1.14l Therefore, the rePVB:H,,MDI
ratio was reduced to 20:1, not only to account for the effective
lower amount of polymer in the material but also to compensate
for the stickiness induced by the plasticizers in the slurry. Since
the addition of H;,MDI immediately made the solution more
viscous even at room temperature, the solution was first spread
in a glass Petri dish, then heated at 70 °C (the same temperature
as for the preparation of the membranes with pure, commercial
PVB), and finally directly immersed into the coagulation bath,
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constituted only by water. This simplified procedure did not al-
low for a fine control of morphology and thickness (=150 um)
of the membranes, but it was necessary to enable the use of a
highly contaminated raw material as rePVB. In this case, there
is no distinction between porous and dense membranes since
just one type of coagulation bath was used.

2.4, Characterisation Techniques

Scanning electron microscopy (SEM) secondary electrons
contrast images were collected with 5 keV electrons using an
in-lens detector of a Zeiss SUPRA 40 (Zeiss SMT, Oberkochen,
Germany) field emission electron microscope (FESEM). A
metallization step with a few nm thick Pt layer was needed
before the FESEM analysis to avoid the samples’ charging. IR
spectra were acquired in ATR mode with a Bruker Vertex70
FT-IR spectrophotometer, equipped with an MCT detector, at a
resolution of 2 cm™!. Pure samples were deposited on a diamond
crystal. The intensity of the spectra was normalized with respect
to the intensity of the fingerprints of the PVB backbone. The
thermal resistance was measured by thermogravimetric analysis
(TGA, Netzsch TG 209 F3). The analysis was conducted between
25 and 800 °C under a nitrogen atmosphere (N, flux of 100
mL min~!), using a heating ramp of 10 °C min~!. Differential
scanning calorimetry (DSC, Netzsch 214 Polyma Equipment)
was carried out to evaluate the glass transition temperature (T,).
The measurements were conducted in a temperature range
between —50 and 100 °C with a heating rate of 10 °C min™!
under nitrogen atmosphere (40 mL min~!). The instrument used
for the dynamic mechanical analysis (DMA) was a Q800 V20.24
Build 43. Before the analysis, the samples were placed in a cli-
matic chamber with 50% humidity and a temperature of 23 °C.
A strain of 0.2% and a preload of 0.01 N were applied and the
ramp temperature was 2 °C min~'. For testing, the membrane
was cut in 30 mm x 0.6 mm strips with a thickness of ~#150 um.

2.5. Cell Assembly and Electrochemical Testing

The soaking properties of the three separators were evaluated by
calculating the uptake (1) percentage by measuring the weight of
each membrane before soaking (W,) and after 6 h of immersion
in the electrolyte (W;) (Equation 1). The membrane mass was
measured using a precision balance subsequent to the elimina-
tion of surplus surface solution via filter papers. For all measure-
ments, LP30 was used as the electrolyte. For each sample, the
measurement of electrolyte uptake was conducted a minimum of
three times, and the average values were subsequently calculated.

Wl B WO
n=— 100 % 1)
0

For ionic conductivity measurements, the membranes were
sandwiched between two stainless steel blocking electrodes after
a 12 h immersion in the electrolyte. The measurements were
conducted in electrochemical battery test cells with reference
electrodes (model ECC-Ref, EL-cell, Germany) using an alter-
nating voltage signal of 10 mV within the frequency range of
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200 kHz to 100 mHz, with a membrane diameter of 18 mm.
All Nyquist plots obtained through EIS were analyzed using the
non-linear least squares (NLLS) method (RQ equivalent circuit).
The ionic conductivity (o) was calculated from Equation (2).

_ -1
o= |[Sem | (2)
where [ and A represent the thickness and effective area of
the membrane, respectively, and R denotes the resistance deter-
mined from the Nyquist plot in the conducted test.

The electrochemical stability window (ESW) of the separators
was evaluated through cyclic voltammetry (CV) and linear sweep
voltammetry (LSV). In both cases, a Li-metal vs. carbon-coated
copper (for CV) or vs. carbon-coated aluminum (for LSV) cell con-
figuration was employed, with a scan rate of 0.1 mV s,

For the evaluation of plating and stripping reversible cycling,
symmetric lithium-metal cells were assembled using PVB-based
membranes soaked with 200 pL of LP30 electrolyte. The plat-
ing and stripping measurements involved galvanostatic cycling
at ambient temperature employing a current density of 0.05 mA
cm~2 for 3 h in both charge and discharge steps. Throughout the
cycling, EIS was performed every 5 cycles at the open circuit volt-
age (OCV) with an oscillating potential of 10 mV in the 300 kHz
- 0.1 Hz frequency range.

The electrochemical performance in Li-metal cells was eval-
uated on a laboratory scale with ECC-Ref EL-cells. The setup
included lithium metal as the anode, LiFePO, (LFP) as the
cathode, the prepared PVB membrane as the separator, and
LP30 as the electrolyte. For the cathode preparation, a solution
of poly(acrylic acid) (PAA) in ethanol (from Sigma-Aldrich) was
prepared and stirred. The mixture of active materials and con-
ductive carbon Super C65 (Timcal) was obtained by mixing and
grinding. This mixture was then added to the solution, resulting
in a slurry with an active material:Super C65:PAA composition
of 80:10:10 (mass ratio). The stirring process continued for
6 h until a homogeneous slurry was obtained. Subsequently, the
slurries were doctor-bladed onto aluminum foil with a 150 um
gap. The layers were heated at 70 °C for 2 h and then dried at
room temperature. Finally, the layers were pressed and cut. The
galvanostatic charge-discharge measurements were conducted
using an ARBIN BT2000 battery tester within a voltage range of
2.510 3.8 Vvs. Lit/Li at a current rate of C/10, with 1 C assumed
to be 170 mA g=' (with respect to the active material mass).
During the initial cycles, lower current rates (C/20) were used
to ensure the proper stabilization of the electrode-electrolyte
interphase. Every test cell was assembled inside an Ar-filled
glove box to avoid moisture contamination and left for 6 h at
OCV before running the measurements.

3. Results and Discussion

3.1. Materials Characterization

Commercial PVB, the H;,MDI isocyanate, porous and dense
membranes were analyzed by means of IR spectroscopy (Figure
2a). The IR spectrum of commercial PVB displays many absorp-
tion bands in the whole IR region, characteristic of its different
functional groups: particularly, the spectrum shows a broad band
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Figure 2. a) IR spectra were collected in ATR mode of commercial PVB, H;,MDI isocyanate, and the two membranes. The intensities of spectra of PVB-
containing materials have been normalized with respect to the fingerprints below 1500 cm~", while the intensity of the spectrum of H,,MDI isocyanate
has been normalized based on its contribution to the v(CH,) absorption in the spectra of the membranes. b) DSC thermograms during the second
heating cycle of pristine commercial PVB, porous and dense membranes obtained after the cross-linking process.

centered at 3440 cm™!, which is assigned to the stretching of the

—OH groups (quantified as 0.0172 mol g~! of PVB) in interac-
tion within the polymer chains and with physisorbed water, a
complex envelope of bands between 3000 and 2800 cm™ due to
v(CH,), a well-defined band at 1735 cm™! assigned to v(C=0) of
a carbonyl ester,*’] indicative of the presence of the acetate pen-
dants, and the molecular fingerprints below 1500 cm™!, includ-
ing v(C—0), v(C—C), and all the bending modes of the chains.
Unfortunately, the dioxane moieties have no specific bands that
can univocally identify their presence. In general, as shown in
Figure S4 (Supporting Information), the spectrum of commercial
PVB can be well reproduced by a combination of the spectra of a
linear alkane, ethyl acetate, a secondary alcohol, and 1,3-dioxane.

On the other side, the spectrum of H;,MDI is dominated by
the characteristic absorption band of asymmetric v(N=C=O0) at
2248 cm™', coupled with the much weaker band of symmetric
v(N=C=0) at 1450 cm~L.[*] That signal is completely absent
in the spectra of the two membranes, confirming that all the
H,,MDI isocyanate has been involved in the crosslinking of PVB
chains.

The spectra of the two membranes are mostly overlapped with
each other and almost coincide with the spectrum of commer-
cial PVB, except for two intense bands at 1638 and 1552 cm™.
Those bands are characteristic of the urethane bond,*’] the for-
mer due to v(C=0) vibrational mode (particularly, shifted at lower
wavenumbers because the bond strength is weakened by possi-
ble resonance with the resonant structure O-—C=N*),[*8] the lat-
ter deriving from the overlap of §(N—H) and v(C—N) absorption
bands!*! (in some cases those two bands are even observed sep-
arated from each other,®) when the contribution of O-—C=N*
resonance is minor and v(C—N) is normally positioned below
1400 cm™1).

Thermogravimetric analysis (TGA) analysis was carried out to
compare the thermal stability of the commercial and crosslinked
PVB-based membranes, to evaluate their possible use as sep-
arators in LIBs. In Figure S5 (Supporting Information), a
comparison between the thermograms of the pristine commer-
cial PVB and the two crosslinked dense and porous polymers
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obtained from the coagulation bath is shown. Commercial PVB
shows a Ty, at 325 °C, while the crosslinked porous PVB starts
degrading at 295 °C and the dense sample at 284 °C (Table 1).
In this case, the crosslinking affects the thermal stability of the
crosslinked polymers, which probably start degrading directly
from the linker. Evaluating the Ty, instead, a reverse trend can
be observed, even if in a reduced way. This probably confirms
that the PVB cannot be thermally stabilized by this type or
degree of crosslinking, and the first fragment generated during
the decomposition is the crosslinker itself, as also suggested by
the weight loss ~20 wt.% for both crosslinked samples, which is
the quantity introduced during the crosslinking procedure.

Nevertheless, all resulting crosslinked membranes were sta-
ble up to ~280 °C, which is more than sufficient for standard
temperature operation in LIBs. In this work, all the electrochem-
ical results were carried out at ambient laboratory temperature
(%25 °C).

Differential scanning calorimetry (DSC) measures were car-
ried out to evaluate possible changes in the glass transition tem-
peratures of PVB after the crosslinking process (Figure 2b). As re-
ported in the complete thermograms in Figure S6a (Supporting
Information), the commercial PVB shows some chain relaxation
and molecular rearrangements during the first heating cycle re-
sulting in a broad endothermic peak, which then disappeared
during the second cycle, while the T, is clearly visible even in the
second heating cycle in Figure 2b at 70.6 °C, in agreement with
the reported literature.l®! Both the T, values of the dense and the

g
porous membranes are not affected by the crosslinking, showing

Table 1. Thermal stability of the commercial and crosslinked PVB at 5%
(Tsog) or at 50% (Tsqq) Weight loss.

Sample Tso [°C] Tso0 [°Cl
Commercial PVB 325 375
Porous PVB membrane 295 380
Dense PVB membrane 284 387

© 2024 The Author(s). Advanced Sustainable Systems published by Wiley-VCH GmbH

95UB017 SUOLILLOD BAIBID 3ol (dde ay) Aq peuienob afe saie O ‘88N J0'Sa|ni Joj A%Iq1T 8UIUO A1 UO (SUOIPUOS-PUR-SWLBIAED A3 IM Ale.d U1 |UO//:SdNY) SUONIPUOD pUe SWie | 81 89S *[Z0Z/0T/ST] Uo Afldiauliuo A8|im ‘outio] 1A 1iod IBa 1919 ‘SIS ouLio L 1a 001ud8l[od Ad 695007202 NSPe/Z00T 0T/I0p/od A8 | Akeiq 1 puljuo//sdny WoJj pepeojumoq ‘0 ‘987992


http://www.advancedsciencenews.com
http://www.advsustainsys.com

ADVANCED
SCIENCE NEWS

ADVANCED
SUSTAINABLE
SYSTEMS

www.advancedsciencenews.com

www.advsustainsys.com

w
W
(=}

€
-

300 F

N

w

<
T

200

—

wn

(=]
T

100 F

Electrolyte uptake [%]

W
(=1
T

Celgard Dense Porous

Figure 3. FESEM images of the PVB-based mambranes: a) porous and b) dense membrane; c) soaking test for Celgard®2400, porous and dense

membranes, obtained by soaking them for 6 h in the LP30 electrolyte.

a'T, of 70.9 and 71.0 °C, respectively. This demonstrates the low
degree of crosslinking, linked to the low quantity of isocyanate in-
troduced during the reaction, able to react with a limited amount
of —OH groups potentially available for the crosslinking.

Dynamic mechanical analysis (DMA) was carried out to eval-
uate the mechanical properties of the crosslinked porous and
dense PVB-based polymer membranes. After two repeated mea-
sures per sample, the storage modulus at room temperature re-
sulted in 220 MPa (value averaged between the two values ob-
tained from DMA) for the dense membrane and 65 MPa for the
porous one (Figure S6b, Supporting Information). Besides, the
DMA thermograms shown in Figure S6b (Supporting Informa-
tion) pointed out a T, at 74 °C, in good agreement with the T,
previously evaluated by DSC analysis. Even if the modulus is not
sufficiently high to avoid the lithium dendrites, it can assure good
handleability of the resulting membranes and good adhesion to
the lithium and the cathode.

3.1.1. Membrane Morphology and Soaking Properties

The surface morphology of the membranes was investigated us-
ing FESEM (Figure 3a,b). The average pore size in the porous
and dense membranes resulted 55 and 10 pum, respectively. The
porous separator, characterized by relatively larger pores, is sus-
ceptible to penetration by Li dendrites,>?] which may pose risks
to both the safety and cycle stability of batteries. It is well-
established that a separator distinguished by adequate porosity
and electrolyte absorption properties can augment the efficiency
of battery assembly and facilitate the movement of lithium ions
between electrodes. Therefore, the soaking test is imperative for
quantifying the weight alteration of the membrane subsequent
to electrolyte soaking, thus evaluating the uptake capacity of the
material network.>’]

As shown in Figure 3¢, Celgard®2400 monolayer PP separa-
tor, dense and porous membranes showed a percentage uptake of
130, 220, and 310%, respectively. Thus, porous and dense mem-
branes exhibit higher uptake compared to Celgard®2400. Specif-
ically, the porous membrane possesses the highest porosity and
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the lowest weight, consequently resulting in a notably elevated
electrolyte uptake.

3.2. lonic Conductivity and Electrochemical Behavior of
PVB-Based Polymer Membranes

Ionic conductivity serves as a crucial metric in assessing the
suitability of a separator for LIBs, exerting a substantial influ-
ence on battery performance.!" Figure 4 shows the EIS data
of Celgard®2400 separator, porous and dense membranes,
after soaking for 12h in the liquid electrolyte (i.e., involving
only the uptaken electrolyte as shown in Figure 3c). The ionic
conductivity of both membranes under study (dense and porous)
is nearly equivalent to that of the Celgard®2400 monolayer PP
membrane used as a benchmark (and of other commercial

20000
= Celgard
A Porous
4 Dense
15000 | A
a «
:— 10000 | ” 4 .
N 2 :
LI
5000f ji
i 0 =
A 0 2 4
|
0 5000 10000 15000 20000
7' 1

Figure 4. EIS results (Nyquist plot) of Celgard®2400, porous and dense
membranes after soaking for 12 h in LP30 electrolyte.
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Figure 5. Electrochemical stability window (ESW) of the dense PVB-based mambrane: a) CV and b) LSV.

separators reported in the literaturel**)), with values in the range
of 0.25-0.35 mS cm~'. The ionic conductivity of the PVB-based
membrane is mainly related to the porous structure that forms
an extended channel net, thus enabling high electrolyte uptake
and remarkable lithium-ion mobility.>]

The ESW represents an essential parameter when evaluating
the performance of an electrolyte material, as it assesses its in-
herent stability and the interfacial compatibility between the sep-
arator and the electrodes.’®) ESW of the dense membrane was
investigated at the cathodic side through a CV test and at the an-
odic side through an LSV test (Figure 5). Starting from the ca-
thodic stability (Figure 5a), the membrane resulted to be stable
in the whole measurement range (0-2 V vs Li*/Li); CV profiles
are reversible and phenomena related to the SEI formation on the
carbon-coated copper are notable within the range of 0.7-0.15 V
versus Li*/Li during the first cycle.’”! The formation of SEI is a
crucial and irreversible process as it hinders additional parasitic
reactions, allowing proper cell cycling.’®%%! In successive cycles,
the SEI stabilizes and acts as a protective layer. Nonetheless, two
small peaks at 0.5 V during reduction and 1.0 V during oxidation
appear, which can be correlated with the reversible intercalation
of lithium in the carbon-based material.!] On the anodic side,
during the LSV (Figure 5b) the membrane showed to be stable
up to 4.7 V vs. Li*/Li, indicating good electrochemical and inter-
facial compatibility.[62!

Galvanostatic cycling was conducted at a current density of
0.05 mA cm~2 with a cycle duration of 6 h in a symmetrical Li
cell using both porous and dense membranes to investigate the
Li plating and stripping processes, and in order to shed light on
the kinetics of the cycling process and their reversibility. EIS was
measured for both membranes before cycling at the open cir-
cuit voltage (OCV) and every 5 cycles during stripping deposition
(Figure S7, Supporting Information). By using the porous mem-
brane, the overall resistance at OCV was ~770 Q, but then it de-
creased to ca. 44 Q upon cycling (with also the recorded overpo-
tential decreasing consequently); such a reduction in resistance
may be related to the activation reaction on the surface during
early-stage cycles.[®¥] However, after 90 h of galvanostatic cycling,
a short-circuit occurred, presumably due to the larger pores in
the porous membrane, which are susceptible to penetration by
Li dendrites.’2%* In contrast, the symmetric cell with the dense
membrane showed a very low initial resistance (ca. 30 Q at OCV),
which increased slightly before stabilizing at ca. 60 Q for more
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than 40 cycles. The dense membrane displayed smooth Li strip-
ping and deposition profiles upon cycling, with negligible polar-
isation by the end of the testing period.[%5:¢]

3.3. Recycled PVB-Based Membranes

As a final proof of concept, membranes were prepared also with
PVB recycled from the waste of automotive glasses, obtained by
the partners in the H2020 SUNRISE consortium. This specific
recycled PVB (re-PVB) was studied in a previous work using FT-
IR, TGA, and NMR. From those analyses, re-PVB resulted in
containing different compounds as plasticizers, all belonging to
the diester class, with a weight ratio between polymer and plas-
ticizers roughly close to 1:1.14 This led to an impure and highly
sticky slurry, needing, therefore, the ratio between polymer and
crosslinker to be adapted, passing from 5:1 to 20:1. Water was
chosen as a unique coagulation bath medium, since no differ-
ence in the morphology was observed when using NMP-water
mixture. The resulting membrane presented a dense and packed
morphology (see FESEM images shown in Figure 6a,b). The mi-
crostructure visibly differs from the previous membranes ob-
tained by using pure, commercial PVB. The difference is caused
by the sizeable amount of plasticizers in the PVB flakes,!**l which
clearly persist also after the preparation. From a macroscopic
point of view (Figure 6¢), a difference between the commercial
PVB-derived and the re-PVB membrane is also evident: the lat-
ter appears more translucent, indicating a lower level of crys-
tallinity compared to the former membrane.[*”] Also in this case,
the formation of urethane bonds was assessed by IR spectroscopy
(Figure S8, Supporting Information): the spectra of re-PVB flakes
and re-PVB-based membrane display the same absorption bands
of commercial PVB and PVB-based membranes (the two bands
of urethane bonds at 1638 and 1552 cm™! respectively, much less
intense because of the lower degree of crosslinking with respect
to the membranes obtained from commercial PVB). Additional
signals are present due to the presence of plasticizers, typically
containing ester groups (whose stretching mode gives rise to an
intense band at 1730 cm™1).1#4]

Regarding thermal stability, the degradations of both pristine
re-PVB flakes and crosslinked re-PVB start at lower tempera-
tures, and the different degradation steps are mainly related to
the plasticizers used in the formulation (Figure S9, Supporting

© 2024 The Author(s). Advanced Sustainable Systems published by Wiley-VCH GmbH

95UB017 SUOLILLOD BAIBID 3ol (dde ay) Aq peuienob afe saie O ‘88N J0'Sa|ni Joj A%Iq1T 8UIUO A1 UO (SUOIPUOS-PUR-SWLBIAED A3 IM Ale.d U1 |UO//:SdNY) SUONIPUOD pUe SWie | 81 89S *[Z0Z/0T/ST] Uo Afldiauliuo A8|im ‘outio] 1A 1iod IBa 1919 ‘SIS ouLio L 1a 001ud8l[od Ad 695007202 NSPe/Z00T 0T/I0p/od A8 | Akeiq 1 puljuo//sdny WoJj pepeojumoq ‘0 ‘987992


http://www.advancedsciencenews.com
http://www.advsustainsys.com

ADVANCED
SCIENCE NEWS

ADVANCED
SUSTAINABLE
SYSTEMS

www.advancedsciencenews.com

www.advsustainsys.com

=9
~

€X0 T

Heat flow

25 0 25 50 75 100

Temperature [°C]

Figure 6. FESEM images of the membrane prepared with pure H,O-based coagulation bath with two different zooms: a) 50 um and b) 10 um. c) Digital
photograph of the re-PVB membrane. d) DSC analysis of re-PVB-based membrane.

Information). In Table 2, the Ty, and Ty, are listed. Also in this
case, the crosslinking slightly affects the thermal stabilities, be-
cause the crosslinking units represent a favorable breaking point
hence lowering the onset temperature of the degradation (Ts,)
of %20 °C.

The DSC thermogram of the re-PVB membrane (Figure 6d)
showed a broad signal related to the glass transition, starting well
below the room temperature (at ~10 °C) and spreading for more
than 25 °C because of the presence of plasticizers and contami-
nants.

Considering the DMA analysis (Figure S10, Supporting Infor-
mation), results show a storage modulus for pristine re-PVB that
is ~#60 MPa at room temperature, similar to what is reported for
cross-linked re-PVB: the cross-linking should not increase the fi-
nal value, that is sufficient enough to enable the use of the re-
sulting membrane as a separator for lithium cells, able to cycle
at room temperature. Also, in this case, the T, is very broad at
~35 °C.

Galvanostatic plating/stripping measurements were con-
ducted also for the recycled PVB-based membrane to investigate
its stability and compatibility at the interface with the lithium
metal anodel®! (Figure 7a). EIS was performed before cycling at
the open circuit voltage (OCV) and during stripping deposition
to check the cell status and the variation of resistance (Nyquist
plots in Figure 7b, while resistance values in Figure 7c). The EIS
data have been fitted with RelaxIS software (rhd instruments,
Germany) by using the equivalent circuit sketched in Figure 7d,
where: i) R, represents bulk resistance of liquid electrolyte;
i) Rggyp, and C, are assigned to the semicircle at high frequen-
cies and correspond to bulk resistance and capacitance of the SEI
layer, partly overlapped by iii) R;; s and C,, which are related to
semicircle at middle frequencies and describe interfacial charge

Table 2. Thermal stability of the pristine re-PVB flakes and re-PVB mem-
brane at 5% (Tso;) or at 50% (Tsqq) weight loss.

Sample Tso, [°C) Ts09 [°Cl
re-PVB 244 360
re-PVB membrane 228 369

Adv. Sustainable Syst. 2024, 2400569 2400569 (8 of 12)

transfer from the SEI to the metal Li and capacitance; iv) R p/sg
and C; are related to the semicircle at low frequencies and cor-
respond to the charge transfer from the liquid electrolyte to the
SEI resistance and the capacitance.l®*] The plating and stripping
measurement shows a high initial overpotential of ~0.8 V. The
high value is related to a high initial ohmic and charge transfer
resistances. The overpotential gradually decreases upon cycling,
reaching a stable value of ~+ 0.2 V after 200 h. The diminution
is related to interface stabilization. Indeed, the SEI layer is con-
sidered to be formed by two parts: a thin (nm) and porous-less
SEI layer, which is in contact with lithium metal, and a porous,
thicker SEI layer (um) at the electrolyte side. The transport across
the thin compact sublayer primarily consists of the migration of
Li* ions. Conversely, the transport across the porous, thicker part
of SEI also involves the anions in the electrolyte to the pores.[%8:6]

The trend may be related to an initial activation and stabi-
lization process, which terminates later with improved inter-
face compatibility, thus represented by the diminished overpo-
tential value. The improved compatibility cannot be ascribed to
membrane-related phenomena only; indeed, it is likely associ-
ated also with the increased porosity of lithium metal, which is
acquired by prolonged plating and stripping processes. Thanks
to an increased porosity, an increased surface is also reached,
which leads to easier lithium stripping and deposition.[®] In-
deed, the remaining cycling appears to be stable at +0.2 V over
600 h. This value is also coherent with the previous plating and
stripping measurement conducted on commercial PVB-derived
membranes (Figure S7, Supporting Information), in which the
stabilization is also reached after approximately the same num-
ber of hours. Overall, during cycling, small plateaux are visible,
which are signs of a not completely homogenous lithium depo-
sition over the lithium metal surface,[”’! which therefore appears
to happen at different potential values.

Deepening EIS analyses (Figure 7b,c), in addition to an initial
resistance value of 12 Q, associated with the bulk resistance of
liquid electrolyte (R;j,,;) and a small arc with the value of 4 Q
at higher frequency related to bulk resistance of the SEI layer
(Rsgrpun)> @ second major, wider arc at medium-low frequencies
is observable, which is likely associated with charge transfer
resistance (Ry;p and R;pp ). The latter is likely related to
ion diffusion resistance in the proximity of the anode metal
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Figure 7. a) Plating and stripping measurements over 600 cycles of the re-

0 20 40 60 80 100

Structure of the SEI

PVB-based membrane in a symmetrical Li-metal cell with LP30 as electrolyte.

b,c) Electrochemical impedance spectroscopy of the re-PVB membrane, acquired every 10 cycles of plating and stripping. d) Corresponding equivalent

circuit of the system, where R ¢, is the bulk resistance of liquid electrol
charge transfer resistances from liquid electrolyte to SEI bulk and from S

yte, Rsgpulk is the bulk resistance of the SEI layer, R ¢/sg; and Ryjsg are the
El bulk to the anode structure. Schematic representations of the resistance

contributions in a Li|Li symmetrical cell e) before and f) after cycling, where dendritic formation is also visible.

surface.l¥] These results are in line with the high initial over-
potential registered during plating/deposition measurements
(Figure 7a). Indeed, during this analysis, the resistance values
related to the charge transfer decrease drastically, as also the
overpotential decreases plentifully after circa 200 h. As in the
previous case of the porous membrane (Figure S7a,b, Support-
ing Information), the overall resistance decrease may be related
both to the activation reactions at the surface during early-stage
cycles,|®] as well as to an enlarged surface area of the lithium
metal anode after repeated plating. Contrarily to the porous

Adv. Sustainable Syst. 2024, 2400569 2400569 (9 of 12)

membrane, in which the enlarged area is likely consequent to
dendritic formation that leads to short circuit after 90 h of plating
and stripping,[**l in the re-PVB-based membrane case, the sep-
arator function is preserved along cycling, showing an improved
interface compatibility, thus avoiding short circuit phenomena
and achieving 600 h of measurement. Overall, charge transfer
phenomena across the SEI to/from the porous structure of
the metal Li (Ry;sg;) mainly contribute to the overall system
resistance. Therefore, the re-PVB-based membrane allows the
ionic transfer without being damaged by dendritic growth; thus,
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Figure 8. Specific capacity and coulombic efficiency of the re-PVB-based me
the 2.5-3.8 V versus Li*/Li range at ambient laboratory temperature.

it properly operates as a self-standing and mechanically robust
separator over very prolonged cycling.

The ESW of the re-PVB-based membrane is reduced in com-
parison to the membrane prepared with commercial PVB (Figure
S11, Supporting Information), due to the presence of plasticizers
and additives, with degradation starting at 4.2 V versus Li*/Li.
Nevertheless, this window is still compatible with commercial
cathodes, like LiFePO, (LFP). Indeed, as proof of concept, for
the first time, the recycled-PVB-based membrane was soaked in
standard LP30 liquid electrolyte and tested in a lab-scale Li-metal
cell with LFP as the cathode (Figure 8). The cell was first cycled
at C/20 over 5 cycles to achieve a stable SEI formation. In this
phase, the SEI formation takes place and low currents facilitate
side reactions,”!! thus affecting specific capacity and efficiency
values. Nevertheless, the current rate was successively increased
to C/10 and maintained for the rest of the long-term cycling test.
The increase in current density is correlated to a slight decrease
in specific capacity values due to ohmic polarization effect.l”?]
Overall, after an initial activation period where specific capacity
and efficiency values slightly fluctuated at ~120 mAh g, cell
behavior tended to stabilize after 60 cycles, achieving a stable
capacity exceeding 120 mAh g=! at C/10 up to 250 cycles, with
excellent Coulombic efficiency approaching 100%. Some signif-
icant voltage profiles of LFP are shown in the inset of Figure 8,
characterized by a flat plateau and well-overlapped with each
other, thus demonstrating the good stability of the whole electro-
chemical system over time upon the charge/discharge processes.

These results are coherent with the plating and stripping out-
comes obtained both for the commercial PVB-based and the
re-PVB-based membranes. The Li-metal cell shows stable pro-
longed cycling at ambient temperature, which accounts for the
high (electro)chemical stability of the recycled-PVB-based poly-
mer separator developed in this work and its potential use in LIB
with standard commercial electrode/electrolyte components.

4. Conclusion

In this work, we successfully prepared by phase inversion
technique (coagulation bath) a polymeric membrane by reacting
PVB with H,;,MDI as a crosslinking agent. Depending on the
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mbrane soaked in LP30 electrolyte in Li | LFP cell configuration, recorded in

type of coagulation bath, both porous and dense membranes
were obtained. Both membranes were characterized from a
physicochemical point of view and then used as separators in
lab-scale lithium-based electrochemical cells. The PVB-based
membranes exhibited adequate thermal and mechanical stability
(degradation temperature above 300 °C and storage modulus up
to 220 MPa), good durability, and interfacial compatibility with
Li metal upon plating and stripping for almost 800 h. As proof
of concept, within the framework of the H2020 European SUN-
RISE project, the same membranes were prepared using recycled
PVB (re-PVB), obtained from recovered wastes of automotive
glasses. The re-PVB-based membrane was evaluated through a Li
plating/stripping test, showing long durability and compatibility
with metal lithium. Successively, the membrane was used as
a separator in a Li-metal cell with a LFP cathode, achieving a
stable capacity of 120 mAh g=! at C/10 along 250 cycles (~80%
of LFP practical capacity), and showing cycle stability up to 250
cycles (with a Coulombic efficiency increasing over time and
approaching 100%). These results, for the first time, highlight
the practical potential and feasibility of using recycled PVB
membranes as separator in LIBs, allowing greener and more
sustainable battery production in a circular economy perspective.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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