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cient manufacturing of Li-ion
battery separators using photopolymerization-
induced phase separation†

Samuel Emilsson, a Göran Lindbergh b and Mats Johansson *a

In an effort to increase the thermomechanical stability of lithium-ion battery separators, thermoset

membranes (TMs) are a viable alternative to commercial polyolefin separators. We present an efficient

and scalable method to produce thin TMs via photopolymerization-induced phase separation (PIPS) in

ambient conditions. The pore size is controllable and tuneable by varying the ratio between propylene

carbonate (PC) and tetraethylene glycol (TEG) as porogens. The TMs maintain dimensional stability above

200 °C and display sufficient mechanical stiffness. By incorporating a small amount of a thiol monomer,

the brittleness of the TMs was suppressed, and a high Young's modulus was achieved (880 MPa). The

ionic conductivity of the optimized TMs was around 1 mS cm−2, with a low MacMullin number, NM (4.9).

In symmetrical Li/Li cells, the TMs behaved similarly to the commercial PE reference, effectively

suppressing short circuits for 1000+ hours although continuous overpotential build-up and electrolyte

consumption eventually led to cell failure. In LiFePO4/Li half-cells, similar rate capabilities were achieved

for the TMs compared to the reference showing its viability as a separator material.
1. Introduction

To meet the ambitious climate goals set up by the UN Paris
Climate Accords, decarbonisation through electrication plays
a key role. For this, the demand for batteries is expected to grow
rapidly, with the automotive industry leading the way. This
rapid expansion of the automotive industry puts heightened
demands on batteries which should have high energy density,
but also increased safety and longevity.1 Furthermore, the
production of these batteries should be done in a sustainable
and affordable way, at large scale. This puts rather heavy
constraints on new battery materials development, where these
factors should be considered.

An oen-overlooked aspect of materials development for
batteries is the separator. The main purpose of the separator is
to prevent electrical and physical contact between the electrodes
while its porous structure allows an electrolyte (typically liquid)
to transport ions. Conventionally, the separator is therefore
a passive component. Despite this, it plays a vital role in the
safety and performance of the battery. A separator should have
low ionic resistance, high wettability, good mechanical and
thermal stability.2,3 In this study we aim to develop a novel type
t of Fibre and Polymer Technology, KTH

ckholm, Sweden. E-mail: matskg@kth.se

artment of Chemical Engineering, KTH

ckholm, Sweden

tion (ESI) available. See DOI:

, 30442–30453
of separator based on a thermoset polymer that meets these
requirements, and can also be produced easily at scale.

The current state-of-the-art are microporous thermoplastic
polyolen separators (either polyethylene (PE) or polypropylene
(PP) based). They are produced at large scale at a reasonable
cost and display several advantages such as low thickness (z20
mm) and high chemical and mechanical stability. However, they
typically suffer from poor wettability and thermal stability due
to their moderate melting point (<170 °C).4 To counteract this
safety issue, tri-layer PP/PE/PP separators have been developed
with a shutdown mechanism i.e. the middle PE layer melts rst
and closes the pores. However, this tri-layer setup leads to
a decrease in power capabilities. In addition, the polyolen
separators that are power optimized (high ionic conductivity)
have lower mechanical properties, meaning a compromise is
typically made between these different properties.

A variety of alternative separator technologies have been re-
ported in the literature.3,5,6 Firstly, multiple surface treatment
strategies have been developed to increase electrolyte wetta-
bility and thermal stability of polyolen separators, which has
also been implemented industrially.5 Several ceramic coatings
(such as aluminum oxide) have been employed, leading to lower
thermal shrinkage at 150 °C and a higher affinity to the liquid
electrolyte, boosting the ionic conductivity.5,7,8 High energy
radiation-induced oxidation is also a technique that has been
used to improve the surface properties of the separators.9

Several nonwoven membrane materials have also been
explored. Cellulose-based separators can exhibit excellent ionic
conductivities and thermal stability, but a challenge has been to
This journal is © The Royal Society of Chemistry 2024
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control porosity for longer-term cycling stability in a scalable
way.10 In addition, a multitude of separators developed via
electrospinning (such as PET, PAN and PI) have been explored.5

Novel separators have also shown the possibility to enhance
the performance of next generation batteries.11 For instance, by
increasing cycle life of Li-metal batteries by suppressing lithium
dendrite growth.12,13 A limitation with these studies is the use of
traditional liquid electrolytes that ultimately degrade over time
and where safety is still of concern. However, separators can
also play a role as mechanical support in so polymer or gel
electrolytes, since thin separators can be achieved while still
maintaining mechanical stability. Therefore, several studies
have infused polymer electrolytes into separators, displaying
better stability.14–17 For these applications, the dimensional
stability at high temperatures increases in importance, allowing
for safe high temperature operation.

A crucial aspect in the development of novel separator
materials, is the scalability of their production. For polyolen
separators, two production pathways have been established, dry
and wet processing. In wet processing, plasticizers are added to
PE and lms are biaxially stretched. Solvents are then used to
remove the plasticizers, and the lms are dried. Dry processing
involves extruding polyolen melts, annealing and uniaxially
stretching. Celgard's PP and trilayer PP/PE/PP separators (oen
used in literature) are made this way.18 This method is attractive
from a cost and environmental standpoint, since it doesn't
require solvents. Despite this, wet processing makes up
a majority of the market share thanks to the versatility of the
process. In addition to this, both the wet and dry processes may
require additional surface treatment steps to increase wetta-
bility and thermal stability.18,19 Therefore, developing novel
methods for separator production that are versatile but still
efficient and sustainable is highly attractive.

Bicontinuous polymer monoliths formed via polymerization-
induced phase separation (PIPS) are a promising alternative.
First developed for separation media, the principle behind PIPS
involves the mixture of monomers with porogenic solvents that,
when polymerized, phase separate to form a porous
structure.20–22 By tuning the monomer(s) and porogenic
solvent(s) structure and content, a wide variety of morphologies
and porosities can be achieved.23,24 In addition, the resin
mixture can be lled or infused into molds to achieve porous
monoliths in a wide variety of geometries. By using crosslinking
monomers, porous thermosets are obtained, which are known
for their high chemical and thermal stabilities.25

In the context of batteries, several electrolyte systems have
been developed using PIPS. Schulze et al. used PIPS to form
polymer electrolytes with a structural phase and an ion-
conducting phase.26 PIPS has also proven useful for creating
electrolytes with good mechanical properties for structural
power applications.27,28 Shirshova et al. has used it to form
a structural supercapacitor electrolyte with a porous epoxy
phase and an ionic liquid phase.29,30 In our research group,
structural battery electrolytes have been developed by
combining a dimethacrylate monomer with carbonate solvents,
forming a high modulus electrolyte that has been used in
structural batteries.31–36
This journal is © The Royal Society of Chemistry 2024
PIPS has also been used in developing new separator mate-
rials. Sakakibara et al. developed an epoxy-based separator
using low molecular poly(ethylene oxide) as a porogen.37 The
pore size was also engineered by introducing a block copolymer
surfactant. Li et al. used a similar system, but introduced
ceramic particles (LLTO) into the structure to increase ionic
transport properties.13 Recently, Manly et al. used UV-induced
PIPS to form acrylate-based separators with ethylene
carbonate (EC) as a porogen which could be used in a battery
without washing away any solvent, but thereby requires
production in inert conditions.38,39

In the present study, UV-induced PIPS is used to create
methacrylate-based thermoset membranes (TM). A scalable
process was developed in which UV-curing can be used in
a continuous fashion at ambient conditions. In a rst investi-
gation, a combination of tetraethylene glycol (TEG) and
propylene carbonate (PC) as cheap and recyclable porogens
were used. By using different combinations of these porogens,
a simple way of tuning the morphology of the TMs is shown.
The TMs also display high thermomechanical stability, with
a dimensional stability above 200 °C. In a second optimization,
the addition of a small amount of a thiol monomer is presented
to increase processability of the TMs. The toughness of the TMs
increased signicantly, making it possible to produce thin
membranes (<30 mm). The TMs are compared to a commercial
PE separator, displaying similar cycling performance in
symmetrical Li/Li cells and towards commercial electrodes.
2. Experimental
2.1. Materials

Bisphenol A ethoxylate dimethacrylate (Mn = 540 g mol−1) was
provided by Sartomer Company, Europe. Tris(2-(3-mercapto-
propionyloxy)ethyl)isocyanurate (TEMPIC) was provided by
Bruno Bock GmbH. Irgacure 651 (2,2-dimethoxy-1,2-
diphenylethan-1-one) was purchased from BASF. Tetra(-
ethylene glycol) (99%) was purchased from Aldrich. Poly(vinyl
alcohol) (PVA) (99+% hydrolyzed), propylene carbonate (PC)
(99.7%) was purchased from Sigma-Aldrich. Battery grade 1 M
lithium hexauorophosphate (LiPF6) in ethylene carbonate
(EC) : diethyl carbonate (DEC) (1 : 1 v/v) and lithium ribbons
(99.9%, 0.75 mm thick) were purchased by Sigma-Aldrich. A
commercial PE separator was used as reference material.
2.2. Membrane fabrication procedure

Prior to the fabrication, glass plates were coated with poly(vinyl
alcohol) (PVA) solution. A PVA solution was prepared by dis-
solving 1 wt% PVA in deionized water for 2 hours at 90 °C. The
glass was oxygen plasma treated for 2 minutes to increase
wettability and an applicator was used to apply a thin layer (50
mm) of the PVA solution. The glass plates were then dried at
120 °C for 1 h.

A precursor resin mixture was made by combining a xed
ratio of tetraethylene glycol (TEG) and propylene carbonate (PC)
with themonomer bisphenol A ethoxylate dimethacrylate (BMA,
Mn = 540 g mol−1) and the photo initiator Irgacure 651 (0.1 wt%
J. Mater. Chem. A, 2024, 12, 30442–30453 | 30443
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Table 1 Chemical compositions (w/w) of the thermoset membranes
synthesized in the study for full characterizationa

Sample TEG PC BMA TEMPIC

TEGPC-1-40% 0.2 0.2 0.6 0
TEGPC-1-50% 0.25 0.25 0.5 0
TEGPC-2-40% 0.27 0.13 0.6 0
TEGPC-2-50% 0.33 0.17 0.5 0
TEGPC-4-40% 0.32 0.08 0.6 0
TEGPC-4-50% 0.4 0.1 0.5 0
TEGPC-4-40%-10T 0.4 0.1 0.54 0.06
TEGPC-2-50%-10T 0.33 0.17 0.45 0.05

a Compositions of all formulations used in the initial screening test can
be found in Table S1.
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of monomer). In some cases, the thiol monomer tris(2-(3-mer-
captopropionyloxy)ethyl)isocyanurate (TEMPIC) was also
added. See Table 1 for the different compositions that were
investigated. The mixture was sonicated to remove bubbles.

Using a syringe, a few droplets of the mixture was applied to
the PVA-coated glass. Spacers were used to achieve the desired
thickness (Kapton foil for the 20 mm membranes, clear tape for
50 mmmembranes, and PTFE lms for 100, 250 and 500 mm). A
second PVA coated glass plate was added on top and the
mixture, and two clamps were added to each side. The samples
were cured using a FireJet FJ800 LED-UV lamp (60 W, 365 nm)
for 120 seconds. Thicker lms were ipped and cured for an
additional 120 seconds.

The TMs were subsequently submerged in deionized water
and gently detached from the glass plates. The TMs were kept in
deionized water at 50 °C for 2 h followed by at least 12 h in room
temperature to remove any residual solvent. Finally, the TMs
were dried under vacuum for 16 h at 120 °C.

2.2.1 Test series. The sample names are denoted as follows:
the rst number represents the TEG : PC ratio in the porogen
mixture. This is followed by the porogen content (wt%) in
relation to the monomer(s). Finally, the last number represents
the content (wt%) of thiol monomer (see Table 1).
2.3. Materials characterization

2.3.1 Fourier-transform infrared spectroscopy (FTIR).
Fourier-transform infrared spectroscopy (FTIR) analysis was
performed using a PerkinElmer Spectrum 100 in attenuated
total reection (ATR) mode equipped with a MKII Golden Gate
ATR accessory (Specac Ltd). Both precursor formulations and
TMs were studied. 16 spectra were recorded with a resolution of
4 cm−1. The conversion of the methacrylate groups on BMA
were followed by calculating the area under the peak at
1637 cm−1, corresponding to the double bond and normalized
based on the area of the carbonyl peaks.

2.3.2 Thermal analysis. The thermal properties of the TMs
were investigated using a DSC1 from Mettler Toledo. Approxi-
mately 10 mg of the dried TMs were added to an aluminium
pan. Under constant nitrogen ow (50 mL min−1), the pans
were initially cooled to 0 °C and subsequently heated to 200 °C.
This was followed by an additional cooling and heating cycle. A
30444 | J. Mater. Chem. A, 2024, 12, 30442–30453
cooling rate of 5 °C min−1 heating rate of 10 °C min−1. The
second cooling and heating cycle was used to determine
thermal transitions.

The thermal stability of the TMs was evaluated using ther-
mogravimetric analysis (TGA) on a TGA 1 from Mettler Toledo.
The TMs (10 mg) were heated from 30 to 600 °C at a heating rate
of 10 °C min−1 under nitrogen ow (50 mL min−1).

2.3.3 Thermomechanical analysis. The thermomechanical
properties of the TMs were tested using a DMA Q800 from TA
Instruments in tension lm mode using the ACS-3 cooling
accessory. TMs with 0.5 mm thickness (the commercial refer-
ence had a thickness of 0.02 mm) were clamped with a 10–
15 mm gap. A 0.1% oscillating strain was applied and the
samples and cooled to 0 °C and held isothermally for 5 minutes
before heating to 220 °C at a heat rate of 3 °C min−1. Duplicates
were made on all samples.

Uniaxial tensile tests were carried on a DMA Q800 from TA
Instruments set at 25 °C. Specimens that were 20 × 4 mm were
cut out from 100 mm thick TMs. Five specimens were tested for
each formulation. An initial gap of 7 mm was used and
a 10% min−1 strain rate was used. The Young's modulus was
calculated from the linear region up to 0.5%.

2.3.4 Scanning electron microscope (SEM). The micro-
structures of the TMs were characterized using the scanning
electron microscopy (SEM). A Hitachi S-4800 equipped with
a cold eld-emission electron source was used. For viewing the
cross-sections, the TMs were freeze-fractured by rst
submerging them in liquid nitrogen. All samples were coated
with Pt/Pd for 15 seconds using a JFC 1300 ne coater from
JEOL prior to analysis.

2.3.5 Electrolyte uptake. Inside an argon-lled glovebox,
pieces of dried TMs were weighed and submerged in liquid
electrolyte for 24 h. Aerward, excess electrolyte was removed
from the surface of wet TMs with a tissue and then weighed
again. Two to three measurements were performed for each
formulation. The electrolyte uptake was calculated using the
following formula:

Electrolyte uptake ¼ mwet �mdry

mdry

(1)

2.4. Electrochemical characterization

2.4.1 Electrochemical impedance spectroscopy (EIS). The
ionic conductivities were determined by performing electro-
chemical impedance spectroscopy (EIS). A VMP3 potentiostat
from Biologic was used and measurements were performed in
the frequency range 1 MHz to 1 Hz with an AC amplitude of
10 mV. To measure the effective ionic conductivity through the
TMs, 8 mm disks were punched out (250 mm in thickness) and
dried. Inside an argon-lled glovebox, the disks were soaked in
liquid electrolyte for 1 hour. The disks were then put into
a Swagelok cell in-between two stainless steel blocking elec-
trodes, one of which has an indent to allow excess liquid elec-
trolyte to ow out (see Fig. S1†). A Teon spacer with a thickness
of 100 mm was also used around it. When measuring the
effective conductivity through the reference, measurements
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Molecular structures of monomers and porogens used in the
present study.

Fig. 2 Process schematic of thermoset membrane fabrication.
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were made with 2 and 3 layers (due to the low thickness) and an
average was taken, inspired by previous studies.38,40 The ionic
conductivity of the liquid electrolyte was taken using the same
Swagelok cell but simply with a 100 mm Teon spacer. The
average of three measurements were taken.

2.4.2 Li/Li symmetrical cell cycling. Symmetrical lithium
metal pouch cells were manufactured inside an argon-lled
glovebox (<5 ppm O2, <5 ppm H2O). Li disks with a 14 mm
diameter were used, and 100 mL liquid electrolyte was added to
the separator/membrane. The cells were cycled inside a climate-
controlled room (22 °C) using a Neware battery testing system
with a current density of 0.5 mA cm−2 for 1 h charge followed by
1 h discharge.

2.4.3 Half-cell cycling. Pouch cells (7 × 7 cm) with lithium
iron phosphate (LFP) cathodes and a Li-metal anode were
assembled inside an argon-lled glovebox (<5 ppm O2, <5 ppm
H2O). First, Li metal ribbons were cut and polished with a wire
brush.

For capacity retention tests, LFP electrodes (1 × 2.1 cm) were
cut and a slightly oversized Li metal (1.2 × 2.3) was used. For
the long-term cycling tests, a 16 mm disk of LFP was used, and
an 18 mm disk of Li. First, the LFP electrode was placed inside
the pouch, and 100 mL of liquid electrolyte (LP40) was added to
wet the electrode. A separator/TM was then placed on top of the
electrode (2 × 3) and an additional 100 mL of liquid electrolyte
was added. Subsequently, the lithium metal was placed on top
and the pouch was vacuum sealed. The LFP electrodes were
purchased from Custom Cells Itzehoe GmbH and had an areal
capacity of 2 mA h cm−2, corresponding to an active mass
loading of 13.3 mg cm−2 (90% active mass).

For capacity retention tests, the cells were cycled inside
a climate-controlled room (22 °C) using a Neware battery testing
system in a potential range of 2.6 and 3.9 V vs. Li+/Li. Two
formation cycles at C/10 were followed by 5 cycles of C/5, C/2,
and 1C followed by an additional 5 cycles at C/5. 1C corre-
sponded to 150 mA g−1 based on supplier specications.

For long-term cycling, the cells were cycled using a VMP3
potentiostat from Biologic was used. Cells were cycled in the
potential range of 2.6 and 3.9 V vs. Li+/Li. Two formation cycles
at C/10 were followed by cycling at C/5 for the subsequent cycles.

3. Results and discussion
3.1. Separator manufacturing

When designing the manufacturing process and formulations
in this study, the scalability was of particular interest. Firstly,
the choice of bisphenol A ethoxylate dimethacrylate (BPA-DMA)
monomer stemmed from its combination of attractive proper-
ties, but also since it is produced at scale. The monomer has
also been used for both UV and thermally-initiated PIPS previ-
ously, showing promising performance as hybrid electrolyte.31,32

BPA-DMA contains a rigid aromatic structure which provides
high mechanical rigidity, an important property when
designing separators. The ethoxylate chains, provide some
exibility, which leads to the resin having a lower viscosity,
making it easier to work with. In addition, the ethoxylate chains
have the potential to interact with the liquid electrolyte,
This journal is © The Royal Society of Chemistry 2024
potentially increasing the electrolyte uptake. Finally, the use of
methacrylates instead of e.g. acrylates stems from the higher
glass transition temperature (Tg) typically seen for methacry-
lates, giving the separator a higher thermomechanical
stability.41 For polymerization-induced phase separation (PIPS)
the choice of porogen(s) are key for the pore structures that can
be obtained. Tetra(ethylene glycol) (TEG) has previously shown
to form large pore morphologies when combined with epoxy
systems.37 Propylene carbonate (PC) has also been used, but
generally leading to smaller pore size.29 Thereby, a combination
of these porogens were used to tune the morphology. Further-
more, both TEG and PC are considered safe and cheap
solvents.42,43 The high boiling points (240 °C for PC and 314 °C
for TEG) also makes recovery of the solvents by distillation of
the water during the washing process feasible.42,43 UV-curing is
also a scalable method which is suitable for manufacturing of
lms and coatings in a continuous process.44

Fig. 2 shows a process schematic. An initial mixture of
monomer, initiator and porogens is spread and sandwiched
between two glass plates with a spacer to control the thickness.
To ensure membranes with porous interfaces, a PVA layer was
coated onto the glass. This strategy was previously used by
Sakakibara et al. when making membranes from an epoxy resin
combined with polyethylene glycol 200 (PEG200), where the
polar hydroxyl groups on PVA was proposed to attract PEG200 to
the surface.37 They noted that when membranes were made
J. Mater. Chem. A, 2024, 12, 30442–30453 | 30445
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Fig. 3 FTIR spectra of TEGPC-4-40% before and after curing, and
after washing and drying the membrane. The peak at 1637 cm−1

represents the vinyl stretching mode. The peak at 1800 cm−1 repre-
sents the carbonyl stretching on PC.
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without coating the glass, a non-porous skin was obtained.
Interestingly, despite both changing polymer system (from
epoxy to methacrylate) and curing method (from thermal to UV-
curing), a similar non-porous skin was obtained for our system
as well (see Fig. S2†). Previous work on UV-driven PIPS has also
suggested asymmetric porosity when comparing the top and
bottom of the lm.45 For this study, symmetrical porosity was
observed when using PVA-coated glass as substrates.

The resin mixtures were rapidly cured (2 × 120 s) at ambient
conditions. An opaque lm was obtained, implying that a phase
separation had occurred. Fig. 3 shows the FTIR spectra of one
formulation, TEGPC-4-40%, before and aer curing. A clear
reduction of the vinyl stretching mode at 1637 cm−1 between
the resin and cured lm can be seen. A monomer conversion of
∼80% was calculated, similar to a previous study when using
the same monomer.32 The limited conversion is likely due to
vitrication occurring, due to the high Tg of the dimethacrylate,
lying far above the curing temperature. Unreacted monomer
could potentially affect the electrochemical stability of the
separator, and therefore a high conversion is preferred.
Fig. 4 (Left) Digital photographs of different porous membranes made us
SEM micrographs of the freeze fractured films of selected formulations,

30446 | J. Mater. Chem. A, 2024, 12, 30442–30453
However, since each monomer contains two methacrylate
groups, it is likely that a majority of the remaining unreacted
groups (∼20%) are on partially reacted pendant monomers
rather than free monomers.46,47 Aer curing, the membranes
detached from the glass plates in water and the porogens could
be washed away. Aer drying under vacuum, uniformly porous
membranes of different thickness were obtained, depending on
the spacer used during curing. The absence of the peak at
1800 cm−1 related to the C]O group in PC can be seen in Fig. 3,
and the disappearance of the peak at 3400 cm−1 related to the –
OH groups in TEG can be seen in Fig. S3,† showing that the
washing and drying process were successful i.e. no porogen was
trapped in closed voids.
3.2. Effect of porogen structure and content

A screening of various compositions was performed to see how
the effect of porogen content and ratio of the respective poro-
gens affected the morphology of the porous TMs, as seen in
Fig. 4. From this, two clear trends can be observed. Firstly, when
increasing the porogen content, the TMs become less trans-
parent, indicating that they contain larger pores in a dimension
that scatter light. This is an expected phenomenon, well in line
with literature.48,49 Secondly, the TMs become less transparent
when increasing the concentration of TEG in the composition,
indicating that larger pores are formed when using TEG as
a porogen compared to PC. This suggests that TEG is a rather
poor solvent for BPA-DMA compared to PC. Indeed, when
mixing BPA-DMA purely with TEG, an immiscible solution was
obtained already before curing. However, when combining the
two solvents in different composition, a variety of morphologies
could be obtained, some of which can be seen in the micro-
graphs in Fig. 4.

At the lowest porogen content (30 wt%) and TEGPC-1-30%,
a completely transparent lm is obtained which suggests that
no proper phase separation has occurred. When increasing the
TEG content to TEGPC-4-30%, a porous lm is obtained (see
micrograph in Fig. S5†). However, the porosity of all these
samples are too low to be of relevance as separator materials.
On the other hand, the highest porogen content (60 wt%)
results in brittle lms which fell apart when removing them
ing varying contents the porogens TEG and PC. (Right) Cross-sectional
showing a variation in pore size.

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Top view SEMmicrographs of the surface of (a) PE referencematerial (b) TEGPC-2-40% and (c) TEGPC-4-40% at 10 000×magnification.
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from the glass. These compositions could be useful for appli-
cations where high porosities are important, e.g. absorbants.
Ultimately, the compositions containing 40 and 50 wt% were
therefore used for further analysis as separator materials.

Although the cross-sectional micrographs seen in Fig. 4 give
a good indication of the morphologies of the different compo-
sitions relative to each other, it is important to note that they are
not fully representative of the true porosity. A previous study on
similar systems showed that the morphology of freeze fractured
samples, like the samples in this study, differed extensively
from cross sectional images of samples that have been broad
ion beammilled and then analysed with SEM.35 Furthermore, as
previously mentioned, the surfaces of the TMs are of vital
importance to ensure good ion transport at the interfaces.
Therefore, the surfaces of selected TMs were also examined
(Fig. 5). The surface of TEGPC-2-40% exhibits smaller pores
than TEGPC-4-40%, and both display uniformly distributed
pores that are similar in scale to the commercial PE reference.

3.3. Thermal and mechanical properties

Apart from the morphology, the thermal and mechanical
properties of the TMs are of signicant importance when
developing separator materials. The dimensional integrity of
the separator when the temperature increases is important
since it ensures that a short circuit does not occur. DSC
measurements were performed to examine the thermal behav-
iour of one the TMs, TEGPC-4-40%, compared to a commercial
PE reference. Fig. 6a shows a clear melting point at 141 °C
Fig. 6 (a) DSC thermograph with a heating rate of 10 °Cmin−1 and coolin
C min−1 of a representative thermoset membrane.

This journal is © The Royal Society of Chemistry 2024
during the heating cycle, typical for separators based on PE with
a high molecular weight.5 During the cooling cycle, a crystalli-
zation peak is seen at 116 °C. In contrast, no thermal transitions
can be observed within the measured range for TEGPC-4-40%,
due to its amorphous structure and the high crosslinking
density. This indicates that the integrity of TEGPC-4-40% is
maintained, even at temperatures up to 200 °C. This is also
higher than common commercial PP and PP/PE/PP separators
which have been analysed elsewhere.50 Previous studies have
also shown that, particularly when looking at larger battery
packs, the shutdown mechanism in PP/PE/PP separators is
insufficient for halting a thermal runaway. Therefore, it is
attractive to instead “close the gap” between the separator
shrinkage/melting temperature and the battery runaway
temperature (typically above 200 °C).50,51 The close relationship
between the separator breakdown temperature and thermal
runaway is further described by Feng et al.52 Fig. 6b shows the
thermal degradation of the separators using TGA analysis.
TEGPC-4-40% has a lower degradation onset point (337 °C) than
PE (459 °C), possibly due to the presence of heteroatoms in the
polymer structure of TEGPC-4-40%. However, the degradation
starts at a temperature that is higher than the battery runaway
temperature, and therefore considered sufficiently high.

To gain a better understanding of the mechanical integrity of
the separators, dynamic mechanical analysis (DMA) was also
performed on the reference PE separator and several formula-
tions of TMs. This is of particular relevance when characterizing
highly crosslinked materials, since typically a broad glass
g rate of 5 °Cmin−1 and (b) TGA thermograph with a heating rate of 10 °
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Fig. 7 DMA thermographs for thermoset membranes made with (a) different TEG content and (b) different TEG and total porogen content. The
PE reference is added for both the transversal (TD) and machine direction (MD).
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transition temperature (Tg) is obtained which are difficult to
determine using DSC. The storage modulus also gives an indi-
cation of the elastic modulus of the material. Fig. 7 shows the
PE reference exhibits a relatively high storage modulus at
ambient temperatures (above 1000 MPa). This is higher than
several other commercial separators that have been tested
previously.53 The separator also exhibits anisotropic properties,
with almost double the modulus in one direction. Accurate
determination of the modulus of the PE separator proved
difficult due to the low thickness (20 mm), with a large spread
between samples (see Fig. S6†). In all cases, however, the
storagemodulus decreases rapidly and a drop-off occurs already
at 115 °C, below the melting point of PE. In contrast, all TM
formulations exhibit a storage modulus above 100 MPa at 150 °
C, which is a good indication of maintained mechanical integ-
rity even at elevated temperatures.

Fig. 7a shows various compositions where the TEG content
has been varied, keeping a constant porogen content. In Fig. 7b,
the effect of increasing porogen content is instead displayed. In
both cases, the curves of the different compositions lie relatively
parallel, mainly shiing in storage modulus. This indicates that
while the different compositions affect the morphology, the
polymer network remains relatively unchanged. A clear corre-
lation between larger pore sizes (in Fig. 4) and a lower storage
modulus (or elastic modulus) can also be noted, well in line
Table 2 Physical and electrochemical properties of different compositio

Sample Storage modulus/MPa (25 °C) Electro

PE reference 1095 (TD) 103
TEGPC-2-40% 1320 85
TEGPC-4-40% 943 92
TEGPC-2-50% 594 128
TEGPC-4-40%-10T 799 88
TEGPC-2-50%-10T n.m. 125

a Calculated based on measured ionic conductivity of liquid electrolyte (E

30448 | J. Mater. Chem. A, 2024, 12, 30442–30453
with previous studies using PIPS.13,29,34,38 In Table 2, the storage
modulus at 25 °C of selected compositions are listed.
3.4. Ion transport properties

To study the ion transport properties through the membranes,
they were rst submerged in liquid electrolyte (LP40) to evaluate
their electrolyte uptake. Proper electrolyte uptake is essential for
ensuring high and uniform ion transport. The electrolyte
uptake is partly due to the affinity of the polymer to the polar
solvents in the electrolyte. The presence of polar ethoxylate
chains in BPA-DMA are expected to improve the affinity to the
electrolyte. However, a high crosslinking density generally
restricts solvent absorption, due to the restricted mobility of the
polymer chain. More importantly, the porosity plays a crucial
role in the electrolyte uptake, as it allows electrolyte to ll the
voids in the membranes. Table 2 indeed shows that the
formulations made with 40% porogen have a slightly lower
electrolyte uptake than the reference. However, when increasing
to 50% porogen, an electrolyte uptake above 120% by weight is
obtained.

The effective ionic conductivity (seff) of the electrolyte-soaked
separators is presented in Table 2. TEGPC-2-40% has a similar
seff to the PE reference, while TEGPC-4-40% displays a doubling
in seff. This large increase in seff is observed despite having
a lower electrolyte uptake, suggesting that the pore size and
shape lead to lower ionic resistance. TEGPC-2-50% displays the
ns of TMs and the commercial PE reference

lyte uptake/% Ionic conductivity/mS cm−1 (25 °C) NM
a

0.44 � 2% 10.9
0.48 � 2% 10.2
0.99 � 4% 4.9
1.4 � 9% 3.3

0.99 � 11% 4.9
1.4 � 6% 3.4

C/DEC 1 M LiPF6) – 4.9 mS cm−1.

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 Stress–strain curves of uniaxial tensile tests for TEGPC-4-40%
and TEGPC-4-40%-10T samples.
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highest seff at 1.4 mS cm−1, which is sufficient for high-power
applications. As seff is highly dependent on the liquid electro-
lyte conductivity, a more relevant comparison is the MacMullin
number, NM, dened as:

NM ¼ sliq

seff

(2)

where sliq is the liquid electrolyte conductivity and seff is the
effective conductivity through the separator. With this deni-
tion, the lower the NM is, the less the separator contributes to
increasing the ionic resistance. The NM of the PE reference is
around 11, close to previous literature values.40 TEGPC-4-40%
has a NM = 4.9, which is well below the target of NM < 8 set as
a general requirement.3 To validate this value, conductivity
measurements were also performed with an alternative liquid
electrolyte (EC/PC 1 M LiTFSI), giving the same NM (see Table
S2†). TEGPC-2-50% displays a NM of 3.3, which is below most
commercial battery separators. Landesfeind et al.40 determined
the NM of a large number of separators, where the highly porous
Celgard 2500 had anNM= 4.5. These results underline that TMs
with high ionic conductivity can be made, and that the TMs can
easily be tuned to t various needs, such as high-power appli-
cations where high ionic conductivity is required.

3.5. Effect of incorporating thiol monomer

The formulations using purely BPA-DMA as a monomer show
promising characteristics, such as high thermomechanical
stability and high storagemodulus. The compositions with larger
pores also display excellent ionic conductivities. However, the
formulations with the largest pores (TEGPC-4-40% and TEGPC-2-
50%) proved difficult to make thinner than 50 mm, as the lms
became too brittle. Ideally, the separators should be 25 mm to
become competitive with commercial separators.5 To counteract
this issue, the thiol co-monomer tris[(3-mercaptopropionyloxy)-
ethyl]-isocyanurate (TEMPIC) was introduced (see Fig. 1). Thiol–
ene photopolymerization has become an established alternative
to pure (meth)acrylate photopolymerization, exhibiting some key
advantages. Firstly, the addition of thiols oen leads to faster
reaction kinetics. The thiol–ene reaction also occurs via step-
growth propagation, as opposed to chain-growth, which delays
the gel point and generally leads to higher monomer conversion
and a more homogeneous polymer network.54,55 Incorporating
a small amount of thiol to methacrylate systems has also been
shown to be benecial in lowering shrinkage stresses during
polymerization as well as the thiol-ether linkage increasing
network exibility.56 Using TEMPIC combines the advantages of
thiol–ene reactions while the rigid core ensures that the modulus
remains high. Thiol–ene based polymers have also been
demonstrated to be chemically stable under the conditions
present in lithium-ion batteries.57–59

Initial tests were performed by replacing 5, 10 and 20 wt% of
BPA-DMA with TEMPIC. A clear increase in monomer conver-
sion was observed with TEGPC-4-40%-10T (containing 10 wt%
TEMPIC) exhibiting >90% conversion, compared to 80% for
TEGPC-4-40% (see Fig. S4†). Interestingly, despite a partial
change in the monomer and polymerization mechanism, no
signicant changes in morphology could be observed when
This journal is © The Royal Society of Chemistry 2024
varying the TEMPIC content (see Fig. S8†). As a consequence,
the electrolyte uptake and the ionic conductivity of formula-
tions containing TEMPIC are very similar to the same formu-
lations without TEMPIC (see Table 2). DMA data in Fig. S7†
shows a clear decrease in Tg upon increasing TEMPIC content,
due to the added exibility of the thiol-ether linkage. Never-
theless, the sample containing 10 wt% TEMPIC still displays
a Tg = 148 °C with a storage modulus above 10 MPa at 200 °C,
which is expected to be sufficient to maintain dimensional
stability. It should also be noted that the tan d peak is narrower
with the addition of TEMPIC (Fig. S7†), indicating that a more
homogenous polymer network is obtained.54,60 This is expected
to have a benecial effect on the mechanical properties.61

For TEGPC-4-40%, the addition of 10 wt% TEMPIC made it
less brittle and signicantly easier to handle. This is underlined
by preliminary uniaxial tensile tests were performed for TEGPC-
4-40% and TEGPC-4-40%-10T, shown in Fig. 8. A clear
enhancement in the tensile strength and elongation at break
can be observed. A rather large spread in elongation at break is
observed, which could be expected for thin porous materials
where crack initiation points are built into the material. The
enhancement of the tensile strength with the addition of
TEMPIC is likely due to multiple factors. The exible thiol-ether
linkage and more homogenous polymer network should
decrease brittleness. Rather surprisingly, the Young's modulus
also increases from 631 ± 45 MPa to 882 ± 21 MPa with the
addition of TEMPIC. For this, the pore homogeneity may also
play a role, although a deeper analysis of the morphology is
needed. Nevertheless, TEGPC-4-40%-10T exhibits excellent
mechanical properties, well above commercial requirements.3 A
consequence of the increased tensile strength and toughness
for TEGPC-4-40%-10T is also that lms could be made which
were 20–30 mm thin, making them more commercially viable.
3.6. Performance in Li/Li cells

For further electrochemical characterization, TEGPC-4-40% and
TEGPC-4-40%-10T were compared to the PE reference. Inspired
J. Mater. Chem. A, 2024, 12, 30442–30453 | 30449
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Fig. 9 Voltage profiles of Li/Li symmetrical cell cycling at 0.5 mA cm−1 (0.5 mA h cm−1) with PE reference and two thermoset membrane
formulations for (a) first 240 hours, (b) first 20 hours and (c) hours 220–240. The cells were stopped after 245 hours.
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by previous work which have shown that design of separators
can improve lithium plating, symmetrical Li/Li cells were con-
structed to analyse the plating efficiency of the separators.12,13,62

These tests are also useful to see if the TMs are sufficiently
mechanically robust to suppress short circuiting via dendrite
growth through the separator.

Fig. 9 shows the voltage proles for Li/Li cells containing
either TEGPC-4-40% or TEGPC-4-40%-10T compared to the
commercial PE reference. During the rst few cycles (Fig. 9b),
the initial overpotential is signicantly higher for TMs, partic-
ularly TEGPC-4-40%, but decreases rapidly before stabilizing
aer about 10 cycles. This has previously been attributed to SEI
formation,63,64 but could also indicate that there are some
residual impurities (moisture, monomer, etc.) le in the TMs.
The large difference between TEGPC-4-40% and TEGPC-4-40%-
10T is rather unexpected, but may be due to a combination of
Fig. 10 Cycling performance of LFP/Li half cells cycled from 2.6 to 3.9 V
test at different C-rates with 1C= 150 mA g−1. (b) Voltage vs. specific cap
12 and 17).

30450 | J. Mater. Chem. A, 2024, 12, 30442–30453
a thicker TM and lower monomer conversion. Such a high
initial overpotential could be problematic in full cells, and
would require several formation cycles. Aer stabilizing, all
three separators display stable overpotentials with a “peaking”
voltage prole which has been suggested to imply that minimal
dead lithium is formed.65 TEGPC-4-40% stills displays the
highest overpotential, 63 mV at the middle of the 10th cycle,
compared to 48 mV for TEGPC-4-40%-10T and 37 mV for PE
reference. The thickness of the respective TMs is one source for
the added overpotential, however, given their higher ionic
conductivity compared to PE this cannot be the whole expla-
nation. Another source of this overpotential may be the
different SEI formations, leading to a higher resistance. Fig. 9c
shows that the voltage proles remain stable over 200 hours,
but a slow transfer from a “peaking” voltage prole to a “arch-
ing” voltage prole seems to occur, indicating a built-up of dead
at 22 °C (cathode mass loading = 13.3 mA h g−1). (a) Capacity retention
acity at different C-rates, the final cycle of each step was taken (cycle 7,

This journal is © The Royal Society of Chemistry 2024
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lithium.65 This becomes even more clear in duplicate TEGPC-4-
40%-10T and PE reference cells that were cycled for 1600 hours
(Fig. S9†). These results indicate that the TM is sufficiently
mechanically robust to prevent internal short-circuiting via
dendrite growth when cycling at the set conditions 0.5
mA cm−1, 0.5 mA h cm−1 for 1600 hours. However, the plating
of lithium ultimately still leads to depletion of the liquid elec-
trolyte and likely growth of mossy lithium, as in the PE refer-
ence.64,65 Increasing the current density further is likely to speed
up this process, as shown in previous literature.65 To summa-
rize, the TMs seem to exhibit a slightly higher overpotential to
lithium, however it does not show signs of being more
susceptible to short circuiting compared to the PE reference.
Fig. 11 Cycling performance of LFP/Li half cells using a TEGPC-4-
40%-10T separator (green) or PE reference (red), cycled from 2.6 to
3.9 V at 22 °C. Two formation cycles at C/10 were followed by 50
cycles at C/5.
3.7. Performance in LFP/Li cells

To further test the compatibility of the TMs as separators, half
cells were constructed with lithium iron phosphate (LFP) elec-
trodes. Rather oen, a low cathode mass loading is used to test
of novel electrolyte or separator materials in literature, which
can overestimate rate capabilities and cycling stability.66 The
areal capacity of the LFP electrodes used in this study was
2 mA h cm−2 (mass loading: 13 mg cm−2) which is more
commercially relevant. Fig. 10a shows the capacity retention
when increasing the current rate from C/10 to 1C. The obtained
capacities at low C-rates are similar for both TMs and the PE
reference. At 1C, the discharge capacity drops to about
125 mA h g−1 for TEGPC-4-40%-10T and the PE reference cells.
TEGPC-4-40% shows a slightly lower capacity (115 mA h g−1) at
1C, which is likely due to the thickness of the TM. Nevertheless,
the TMs manage to maintain a reasonable capacity at 1C and
a 2 mA h cm−2, which corresponds to the rather high lithium
plating current rate of 2 mA cm−2.

Throughout the capacity retention test, the difference
between the PE reference and TEGPC-4-40%-10T are marginal
as demonstrated by the voltage proles at different C-rates seen
in Fig. 10b. Fig. S10† also shows duplicate cells that were con-
structed at another time point. The batch-to-batch difference is
larger than the difference between the different membranes,
indicating that particularly TEGPC-4-40%-10T is on par with the
reference material. Finally, when returning to a lower C-rate (C/
5), the capacity returns to 150 mA h g−1 which indicates that no
signicant irreversible capacity loss occurred during faster
charging. The low initial capacity of some of the TMs in
Fig. S10† indicates that the TMs are more sensitive to small
variations in the preparation conditions.

TEGPC-4-40%-10T and the reference were also used in an
LFP/Li half-cell that was cycled at C/5 for 50 cycles. Fig. 11 shows
the discharge capacity as a function of cycle number. The cells
showed similar initial capacity (150–155 mA h g−1), decreasing
steadily to 125–130 mA h g−1 over 50 cycles. The capacity
retention was similar, around 83% for TEGPC-4-40%-10T and
84% for the reference. Fig. 11 also shows that the coulombic
efficiency (CE) for most cycles is around 98%, which is rather
low, but not uncommon when using lithium metal as a counter
electrode.67 This is likely mainly due to degradation of the liquid
electrolyte and non-optimized experimental conditions (no
This journal is © The Royal Society of Chemistry 2024
additives used, CC/CC charging, etc.). Although similar, the CE
is slightly lower for TEGPC-4-40%-10T, which could indicate
some instabilities in this membrane. Since the difference is so
marginal, this is more likely due to residual contaminants from
the fabrication process. Further investigation into the long-term
stability is the subject of future work.

4. Conclusions

In the present study, the use of photopolymerization-induced
phase separation as a scalable process to produce
methacrylate-based thermoset membranes is investigated. A
combination of PC and TEG as safe and cheap porogens are
used. When increasing the TEG content and the total porogen
content, the pore size increases. By tuning the ratio between PC
and TEG, different morphologies are achieved. Due to the high
crosslinking density of the methacrylate thermoset, the
membranes display high thermomechanical properties. The
membranes maintain dimensional stability above 200 °C, well
above the temperature at which the commercial PE reference
starts to melt. The study also shows that the elastic modulus of
the membranes clearly decreases with increasing pore size and
the formulations with the highest pore size become brittle,
making it difficult to make thin lms (<50 mm). To counteract
this problem, a small amount of a thiol monomer (TEMPIC) was
added which signicantly increases the toughness of the
material and made it possible to produce thinner membranes.
An improvement of the Young's modulus is also achieved (880
MPa), above the industry requirement. The ionic conductivities
of the different membrane formulations were similar or better
than the commercial reference, with TEGPC-4-40%-10T dis-
playing a conductivity of 1 mS cm−2 and a NM = 4.9. Selected
membranes were tested in Li/Li symmetrical cells, showing
sufficient mechanical stability to avoid short circuits. A slow
overpotential build up due to electrolyte depletion was seen,
similar to the PE reference. LFP half cells with an areal capacity
of 2 mA h cm−2 were cycled at different C-rates, with TEGPC-4-
J. Mater. Chem. A, 2024, 12, 30442–30453 | 30451
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40%-10T displaying a similar performance to the PE reference.
In summary, this study contributes to further development of
thermoset membranes as battery separators by presenting
a scalable and efficient way to manufacture membranes using
photopolymerization-induced phase separation in ambient
conditions.
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