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One-step Fabrication of Robust Lithium Ion Battery Separators by 
Polymerization-Induced Phase Separation 

Alexander J. Manlya and Wyatt E. Tenhaeffa,b,* 

Conventional lithium ion battery separators are microporous polyolefin membranes that play a passive role in the 

electrochemical cell. Next generation separators should offer significant performance enhancements, while being fabricated 

through facile, low cost approaches with the ability to readily tune physicochemical properties. This study presents a single-

step manufacturing technique based on UV-initiated polymerization-induced phase separation (PIPS), wherein microporous 

separators are fabricated from multifunctional monomers and ethylene carbonate (EC), which functions as both the pore-

forming agent (porogen) and electrolyte component in the electrochemical cell. By controlling the ratio of the 1,4-butanediol 

diacrylate (BDDA) monomer to ethylene carbonate, monolithic microporous membranes are readily prepared with 25 µm 

thickness and pore sizes and porosities ranging from 6.8 to 22nm and 15.4% to 38.5%, respectively. With 38.5% apparent 

porosity and an average pore size of 22nm, the poly(1,4-butanediol diacrylate) (pBDDA) separator uptakes 127% liquid 

electrolyte, resulting in an ionic conductivity of 1.98 mS/cm, which is greater than in conventional Celgard 2500. Lithium ion 

battery half cells consisting of LiNi0.5Mn0.3Co0.2O2 cathodes and pBDDA separators were shown to undergo reversible 

charge/discharge cycling with an average discharge capacity of 142 mAh/g and a capacity retention of 98.4% over 100 cycles 

- comparable to cells using state-of-the-art separators. Moreover, similar discharge capacities were achieved in rate 

performance tests due to the high ionic conductivity and electrolyte uptake of the film. The pBDDA separators were shown 

to be thermally stable to 374°C, lack low temperature thermal transitions that can compromise cell safety, and exhibit no 

thermal shrinkage up to 150°C.

Introduction 

Lithium ion batteries (LIB) provide reversible electrochemical 

energy storage by shuttling lithium ions between two 

intercalation-type electrodes. The medium for ion transport is 

aprotic organic electrolyte, and thin polymeric separators 

physically separate the electrodes. Advances in LIB technology 

are necessary to meet society’s goals of further electrifying 

transportation and decarbonizing the electrical grid.1–3 

Throughout the history of LIB development, significant research 

and development effort has focused on advancing the cathode, 

anode, and electrolyte.4 While the separator is often considered 

a passive cell component, it too plays a critical role in 

determining the cost, reversibility, power density, and overall 

safety of LIB cells.5 

 State-of-the-art separators in commercial LIBs are 

microporous polyolefin membranes with thicknesses ≤25µm.6 

Fabricated from high-volume, commodity polyolefin feedstock, 

these separators are favored due to their low cost, chemical 

inertness, low density (limiting mass added to the cell), and 

sufficient mechanical properties.7 However, these separators 

account for roughly 15% of the material cost of commercial LIBs, 

making them the second most expensive component in LIB 

cells.8 For this reason, there is research underway to develop 

multifunctional separators, which can contribute to the 

chemical and physical stability of LIBs, rather than being purely 

passive.9–11 The surface energy of polyolefin separators is also 

non-ideal; the purely aliphatic, non-polar surface leads to poor 

wettability by highly polar electrolytes, limiting electrolyte 

uptake and ionic conductivity.12 Furthermore, polyolefin 

separators have insufficient safety features in high-voltage 

applications such as electric vehicles and stationary storage, 

due to thermal shrinkage and melting at modest 

temperatures.13–15 These factors motivate research for new 

polymeric materials for LIB separators. 

 When developing separators, it is necessary to carefully 

consider the fabrication process to achieve the desired polymer 

chemistry and physicochemical properties. Commercial 

polyolefin separators are fabricated by both wet and dry 

processes.6 In efforts to improve upon polyolefin separators, a 

myriad of other polymer chemistries have been explored, 

prepared through a diverse set of fabrication procedures. These 

methods have been reviewed in-depth over the last ten 

years.6,12,16,17 At the laboratory scale, the vast majority of 

microporous separators are fabricated from polymer solutions 

using pre-synthesized polymers and some method of phase 

inversion, including thermally-induced phase separation 

a. Materials Science Program, University of Rochester, Rochester, New York 14627, 
United States. Email: alexander.manly@rochester.edu 

b. Department of Chemical Engineering and Materials Science Program, University 
of Rochester, Rochester, New York 14627, Unites States. Email: 
wyatt.tenhaeff@rochester.edu 

Electronic Supplementary Information (ESI) available: [details of any supplementary 
information available should be included here]. See DOI: 10.1039/x0xx00000x 

Page 1 of 12 Journal of Materials Chemistry A



ARTICLE Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

(TIPS)18,19, evaporation-induced phase separation20,21, non-

solvent induced phase separation (NIPS)22–31, and other 

mechanisms.32–36 These methods are similar in that they require 

multiple processing steps, such as solution casting of a film 

followed by solvent extraction, which are both energy-intensive 

and time-consuming. The solvent must be thoroughly removed 

as it is often chemically unstable in the LIB cell. Furthermore, 

the solvent system and fabrication method must be tailored 

specifically to the chemistry and properties of the polymer, 

which serves as a roadblock for the modulation of separator 

properties. 

 In the polymerization-induced phase separation (PIPS) 

process, monomer and porogen precursors are chosen such 

that they are miscible and initially form a homogeneous 

solution. UV photopolymerization of the solution leads to 

polymer chain growth and network formation (if using 

multifunctional monomers), which reduces the polymer 

solubility and leads to spinodal decomposition of the solution 

into two continuous phases.37 At a sufficient molecular weight, 

network formation arrests the long-range diffusion of polymer 

chains, effectively freezing the separated phases and resulting 

in a monolithic polymer phase with a porous morphology.38 PIPS 

has deep roots in other areas of research, such as the 

fabrication of ion-exchange membranes and 

chromatography.39,40 However, it has only been employed a 

handful of times in the LIB literature. PIPS has been employed 

with epoxy chemistry to create microporous films for LIB 

applications.41,42 These studies show that reasonable ionic 

conductivities can be obtained, but often at the expense of 

mechanical properties. Furthermore, while the porous 

monoliths in both studies were designed for use in LIBs, their 

performance in LIB cells was not reported. PIPS has also been 

used in several attempts to create a structural solid battery 

electrolyte, wherein a mechanically strong polymer is chosen to 

provide strength, while the pore volume contains ionic liquids 

or polymer-ionic liquid mixtures to provide ion transport.43–45 

PIPS has been used to fabricate composite structural battery 

electrodes with aprotic liquid electrolytes. In these studies, 

carbon fiber electrodes are infused by PIPS precursor solutions 

which are then reacted by UV-initiated or thermally-initiated 

polymerizations.46,47 This results in a load-bearing polymer 

phase, and an ionically conductive liquid phase for ion 

transport. However, these systems still require a separator film 

between the negative electrode composites and other 

electrode.  

 In this study, we report the fabrication of microporous LIB 

separators using PIPS, outlined in Fig. 1. The novelty of this 

approach stems from the use of ethylene carbonate (EC) as the 

porogen. EC is an effective porogen in PIPS, rapidly undergoing 

phase separation due to its high dielectric constant and poor 

solvating power for polymers. It is also crystalline at room 

temperature, which leads to a reduction in phase separated 

dimensions. But EC is also an indispensable component of state-

of-the-art LIB electrolytes. Thus, using this approach, EC does 

not need to be extracted from the film, significantly simplifying 

the fabrication process. Furthermore, this PIPS system 

eliminates the use of solvents during fabrication, in constrast to 

more traditional laboratory methods. In essence, this process 

presents a pathway to one-step manufacturing of separators. 

We first explore the structure and properties of microporous 

separators prepared using the multifunctional monomer, 1,4-

butandediol diacrylate (BDDA), and EC. For this study, the EC is 

extracted through a solvent washing step to reveal the porous 

morphology of the separators. After thoroughly characterizing 

these membranes, EC-in-polymer separators were fabricated, 

where no post-processing is performed, and the film is instead 

assembled directly into lithium ion battery half cells for 

electrochemical performance characterization. Throughout the 

study, the commercial polypropylene (PP) separator Celgard 

2500 is used as a benchmark. These PIPS separators compete 

favorably with PP separators, and offer a platform for further 

materials development though the ready tunability of polymer 

composition and properties through photopolymerization. 

Experimental 

Materials and separator fabrication 

All chemical reagents and components were used as-received 

from the manufacturer, and stored as recommended. Technical 

grade 1,4-butanediol diacrylate (BDDA), ≥87% purity, and 

anhydrous ethylene carbonate (EC), 99% purity, were 

purchased from Sigma-Aldrich. 2-Benzyl-2-(dimethylamino)-4’-

morpholino butryophenone (Omnirad 369) was a gift from IGM 

Resins. Standard conductivity solutions made of aqueous KCl 

were purchased from Fisher Scientific. LiNi0.5Mn0.3Co0.2 

(NMC532) positive electrode used in this experiment were 

produced at the U.S. Department of Energy’s (DOE) CAMP (Cell 

Analysis, Modeling and Prototyping) Facility, Argonne National 

Laboratory. The cathode material was 90wt% NMC532, 5wt% 

Timcal C45 (conductive additive), and 5% Solvay 5130 PVDF 

binder. The coating thickness was 34µm and the areal loading 

Fig. 1 Outline of the fabrication of a porous monolith using monomer 1,4-butanediol 

diacrylate (BDDA) and porogen ethylene carbonate (EC). UV polymerization induces a 

microphase separation and results in a porous film that is incorporated into an 

electrochemical cell. 

Page 2 of 12Journal of Materials Chemistry A



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3  

Please do not adjust margins 

Please do not adjust margins 

density 9.12mg/cm2. The battery electrolyte was 1M LiPF6 in 3:7 

v/v ethylene carbonate/dimethyl carbonate, purchased from 

MTI Corporation. Celgard 2500 was a gift from Celgard. 

 PIPS precursor solutions were first prepared by mixing the 

appropriate amount of BDDA and EC in a scintillation vial, with 

0.1wt% of Omnirad 369 initiator. Samples are labelled as 

(p)BDDAXX, where XX is the mass percent of EC incorporated. 

This mixture was capped and sonicated for 20 minutes until a 

homogeneous solution is obtained. Three drops of the 

precursor solution were placed on a 2”x3” glass slide. A second 

glass slide was set on top of the solution to spread it out. This 

method resulted in films of 20-25μm in thickness. Thicker films 

were obtained using 50µm-thick pressure adhesive tape as 

spacers. The slides were then placed under a long-wave UV 

lamp (20mW/cm2) for 10 minutes, flipping the slides halfway 

through the cure. 

 After the cure, the slides were carefully separated using a 

razor blade. If removal of the porogen was required, the solid 

polymer film was placed in an acetone bath. The films were 

rinsed with fresh acetone three times to remove any residual 

EC, and dried on a clean aluminum pan at 70°C overnight. The 

films could then be cut or punched into whatever size or shape 

was necessary, and their thickness verified using a Pittsburgh 

digital micrometer. 

Compositional and physical characterization 

 Fourier transform infrared spectroscopy (FTIR). IR 

absorption spectra were obtained throughout the fabrication of 

the porous polymer: precursors before polymerization, after 

UV-initiated PIPS, and after washing and drying. Spectra were 

obtained on a Nicolet iS50 FT-IR using a single reflection Specac 

Golden Gate attenuated total reflectance (ATR) attachment. 

Sixty-four spectra were integrated at a resolution of 4cm-1.  

 Electrolyte uptake. The mass of dry separators (𝑚𝑠𝑒𝑝𝑎𝑟𝑎𝑡𝑜𝑟 ) 

was first measured. They were then soaked in battery 

electrolyte. The wet samples were dabbed so excess electrolyte 

on the surface of the sample was removed. Once the mass of 

the soaked sample was equilibrated, it was recorded. The 

difference between this wet mass and the dry separator mass 

was the mass of electrolyte taken up by the separator 

(𝑚𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 ). The electrolyte uptake could then be computed 

by: 

 % 𝑈𝑝𝑡𝑎𝑘𝑒 =
𝑚𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒

𝑚𝑠𝑒𝑝𝑎𝑟𝑎𝑡𝑜𝑟
 (1) 

This measurement was repeated with four separate samples for 

each material, and the results were averaged to reduce 

experimental error. 

 Thermogravimetric analysis (TGA). Thermal stability of 

samples was tested on a TA Instruments Discovery TGA under a 

nitrogen purge flow of 25mL/min, from 50-700°C with a ramp 

rate of 5°C/min. 

 Differential scanning calorimetry (DSC). DSC was 

performed on a TA Instruments DSC Q2000, using TZero 

aluminum pans and hermetic lids. Under a nitrogen purge of 

50mL/min, samples were ramped at 10°C/min from 0°C to 

200°C four times to ensure repeatability. 

 Thermal shrinkage. Separators were prepared using above 

methods, and punched into a circular shape. Celgard 2500 

samples were also punched into a circular shape. A digital image 

of each separator material was taken in front of a piece of paper 

with a known 5x5in area at room temperature, after heating to 

90°C for 30 minutes, and after heating to 125°C for 30 minutes. 

Computer vision analysis was used to compute the area of the 

separator materials for each image, enabling the quantitative 

comparison of separator areas before and after heating. This 

procedure was performed in triplicate to ensure consistent 

results. 

 Scanning electron microscopy (SEM). Observations were 

made using a Zeiss Auriga SEM/FIB at an accelerating voltage of 

3kV. Prior to observation, all EC was removed from the samples 

as described above, which were then sputter coated with gold 

on a Denton Vacuum DESK-II DC sputtering system. Samples 

were sputter coated for 60 seconds, leading to a coating of 

about 70Å. From the SEM micrographs, porosity estimates were 

obtained with a computer vision algorithm which detects the 

fraction of area occupied by pores in the sample image, using 

brightness thresholding and contour detection methods from 

the openCV Python library.48 SEM images with the detected 

contours overlaid are reported in Fig. S1. 

 Mechanical testing. Stress-strain curves were obtained 

using a TA Instruments RSA-G2 solids analyzer. Samples were 

cut to a 6x12mm rectangle, and their thickness was measured 

using a digital micrometer in order to know the cross-sectional 

area of the sample. Samples were clamped on each end with an 

initial gap of 5mm. Samples were equilibrated to 25°C, and a 

strain sweep was performed at a strain rate of 0.67%/s. 

 Contact angle measurements. Static water contact angles 

(WCAs) were obtained using a Biolin Scientific Theta Lite 

Tensiometer. Samples were laid flat on the bed, and a digital 

video was recorded as a single drop of was dispensed on the 

surface. A frame was chosen after the contact angle 

equilibrated. 

Electrochemical characterization 

 Electrochemical impedance spectroscopy (EIS). The ionic 

conductivities were determined using AC impedance 

spectroscopy. Polymer films were tested using a Swagelok T-

cell, where the film is held between two blocking stainless steel 

electrodes with a diameter of 3/8”. The inner cavity was then 

filled with battery electrolyte, ensuring full uptake, and the 

openings were tightly capped. These T-cells were constructed 

inside an argon-filled glovebox, but then removed for testing. 

The cells were placed inside a Tenney Jr. environmental 

chamber, and connected to a Solartron SI 1260 impedance 

analyzer using a two-electrode setup. Before each 

measurement, the cell was equilibrated to the desired 

temperature for 45 minutes. Sweeps were performed from a 

frequency of 1MHz to 0.1Hz, with an AC amplitude of 10mV. The 

ionic resistances were simply taken to be the real impedance 

intercept on the resulting Nyquist plot. In order to account for 

ohmic and contact resistances introduced by the Swagelok T-

cells, and increase confidence in reported ionic conductivities, 

measurements were performed on three different thicknesses 
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for each material. For Celgard 2500, membranes were layered 

to vary the thickness. The resistivity of each sample was then 

obtained by taking the slope of resistance*area vs. thickness. 

 The ionic conductivity of the battery electrolyte was 

measured using an Accument 2-cell conductivity probe 

connected to the same Solartron impedance analyzer inside an 

environmental chamber. This probe was first calibrated using a 

series of standard KCl solutions (447μS/cm, 1000 μS/cm, 8974 

μS/cm and 15000 μS/cm). 

 Arrhenius plots were obtained by performing the above 

measurements and analyses at 0°C, 10°C, 20°C, 25°C, 30°C, 

40°C, and 50°C. 

Construction of electrochemical half cells 

In order to test the separators, electrochemical half-cells were 

constructed using a CR2032 coin cell format, entirely in an 

argon-filled glovebox. The half-cell format was used to 

eliminate as many variables as possible. The negative electrode 

was fabricated by first cutting off a piece of lithium ribbon, and 

scraping off the oxide layer with a wire brush. The lithium was 

then rolled flat with a piece of PVC tubing, and punched to a 

diameter of 5/8” using a hollow punch. These operations were 

performed on top of a clean polypropylene sheet. 

 A piece of positive electrode material was cut off using 

scissors, placed inside a folded piece of weighing paper, and 

electrodes were punched out to a diameter of ½” using a paper 

punch. 

 The cell was constructed in the following order: the negative 

electrode cap was placed down, a wave spring placed inside, 

and a stainless-steel spacer placed on top of that. The lithium 

electrode was then centered on this spacer. Battery electrolyte 

was dropped onto the lithium, and the separator was placed on 

this electrolyte to allow wetting. Electrolyte was dropped on the 

positive electrode to allow wetting of the porous active 

material, and then set on top of the separator, being sure to 

center the positive electrode with the lithium, to ensure full 

overlap. The positive electrode cap was then pressed onto the 

negative electrode cap, and the full construction was crimped 

in a MTI MSK-160D electric crimper. The coin cells were then 

removed from the glovebox, wiped down with acetone, and 

labelled. 

Electrochemical cycling 

Cells were cycled at 30°C using a Neware battery testing system. 

Cycling procedures were adapted from Argonne National Lab’s 

published protocols for testing LIBs.49 The first step of all cycling 

was a formation step. This consisted of first applying a tap 

charge of 1.5V for 15 minutes. The cells were then rested for 6 

hours to allow for full electrolyte wetting and equilibration. The 

cells were then cycled twice at a C/10 rate.  

 The long-term performance of cells was tested by cycling 

the cells at C/3 for 100 cycles between 3V and 4.2V. The 

charging steps used a C/20 cut-off current while the discharge 

steps simply cut-off at 3V.  

 A rate performance test was performed by cycling at several 

current densities. After formation, cells were discharged to 3V 

for 5 cycles at the following rates: C/5, C/2, 1C, 2C, 3C and C/5 

again. After each discharge, the cells were charged to 4.2V with 

a C/5 cut-off current. Five cells were successfully cycled 100 

times for each material. 

Results and discussion 

 In the idealized PIPS process, an initially homogenous 

solution of monomer and porogen is made to phase separate 

through spinodal decomposition as the monomer is converted 

to polymer reducing its miscibility with the porogen.37,38 As this 

separator fabrication concept utilizes EC as both the porogen 

and electrolyte component in the assembled electrochemical 

cell, it is critical that EC does not participate in the 

polymerizations reactions that would immobilize it and/or alter 

its properties. FTIR spectra of the precursor solutions and 

polymeric materials in the PIPS process are provided in Fig. 2a. 

The spectra were normalized to the intensity of the carbonyl 

stretching mode of the acrylate group around 1720-1730cm-1 to 

observe relative changes in other chemical functionalities and 

components. The C=C stretch modes of BDDA at 1615cm-1 and 

1645cm-1 that are present in the precursor solution (BDDA/EC) 

essentially disappear completely after photopolymerization, 

while the other peaks in the fingerprint region of the spectra 

remain at the same wavenumber suggesting that only 

conversion of the acrylate double bonds has occurred. A small 

peak at 1450cm-1 emerges during polymerization and remains 

after the removal of porogen. This peak corresponds to the 

bending mode of the CH2 groups on the newly formed aliphatic 

Fig. 2 FTIR-ATR spectra normalized to the monomer carbonyl peak at 1720cm-1 showing 

(a) offset full spectra and (b) overlaid spectra in a key range illustrating the polymerization 

of BDDA and subsequent removal of EC. BDDA/EC is the precursor mixture, pBDDA/EC is 

the film after polymerization, prior to EC extraction with acetone, and pBDDA is the 

remaining polymer after EC extraction.
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polymer backbone.50 The fractional conversion of the double 

bonds was not quantified, but the resulting solid membrane 

becomes mechanically robust and insoluble in organic solvents, 

which is indicative of network formation. Fig. 2b shows that 

before and after polymerization, the high intensity stretch 

modes of the C=O carbonyl bonds in EC are unchanged. These 

peaks at 1775cm-1 and 1805cm-1 are split by Fermi resonance 

resulting from the short-range ordering of the strong carbonyl 

dipoles.51–53 Throughout the polymer synthesis these 

characteristic peaks remain unchanged, indicating that EC is 

inert and non-reactive throughout the PIPS process. If EC were 

to undergo a ring-opening polymerization reaction, the 

carbonyl stretch peaks would be expected to consolidate into a 

single peak at 1740cm-1, which is not observed.54 We also 

observed the complete disappearance of the EC carbonyl 

stretching peaks after the acetone washing of the polymer, 

indicating that EC was not incorporated or immobilized in the 

polymer chemical structure. Therefore, EC is a suitable porogen 

for PIPS. 

 An important feature of the PIPS process is the ability to 

readily tune the membrane structure through the precursor 

composition. The effect of the porogen concentration on 

membrane properties is clearly indicated through the digital 

photographs shown in Fig. 3a. Low EC concentrations resulted 

in lower porosity and smaller pore sizes, and the membrane is 

translucent. As the EC concentration increases in the 

polymerization solution, both the porosity and pore sizes 

increased, resulting in more scattering of light. Hence, the 

membranes become increasingly opaque. Image analysis of 

scanning electron micrographs in Fig. 3b-e was used to quantify 

percent apparent porosity and pore sizes in the membranes. 

The results are listed in Table 1, with a maximum average pore 

radius of 22nm and the apparent porosity of 38.5% obtained 

with the 60wt% EC composition. For context, these values are 

typical of commercial LIB separators, which can have porosities 

ranging from 34% to 85%, and average pore radii ranging from 

13.5nm to 32nm.5,55 The histogram plots in Fig. S2 show the 

distribution of pore radii. It was found that small pores 

dominate the collection of pores in all formulations, with slight 

shifting towards larger radii in the more-porous separators. 

Generally, LIB separators must have a pore size of <1µm in 

diameter to prevent small particles of active material from 

passing through the membrane.56 However, much smaller pores 

are advantageous because they enable the LIB to operate at 

higher currents while still suppressing lithium dendritic growth 

on graphite anodes by eliminating excess ion diffusion 

gradients.57 Thus, the length scale of the pores in pBDDA60 is 

ideal for LIB applications. 

 To assess the surface energy of the membrane, which is 

critical for compatibility with high polarity electrolyte solutions, 

static water contact angles (WCAs) were measured and 

provided in Fig. 3(f-i). Despite the invariant polymer 

composition, the WCA decreased from 57.8° (pBDDA30) to 

33.8° (pBDDA60); this effect is attributed to membrane 

porosity. During water contact angle experiments, it was 

observed that pBDDA30 and pBDDA40 did not uptake any 

water, while pBDDA50 was able to uptake some water, and 

pBDDA60 even more, which correlates with the membrane 

porosity. The decrease in contact angle is due to a transition 

from the Cassie-Baxter state to the Wenzel state as the pore size 

increases.58 

 pBDDA consistently shows a lower WCA than the 

commercial Celgard 2500 separator, which was measured as 

87.5°. Table 1 shows that the WCA in pBDDA30, which is highest 

of all the pBDDA samples, is still lower than that of Celgard 2500 

(Table 1). Despite the higher apparent porosity in Celgard, the 

pBDDA surface is more polar, forming stronger, longer-range 

interactions with polar solvents (and can undergo hydrogen 

bonding interactions with water). The polypropylene 

comprising Celgard 2500 is purely aliphatic and does not 

Fig. 3 (a) Digital images of microporous pBDDA separators fabricated with a range of porogen concentrations, after removing porogen (from left to right: pBDDA30, pBDDA40, 

pBDDA50, and pBDDA60. Corresponding SEM images and static water contact angle experiments of pBDDA films made with (b,f) 30% w/w EC, (c,g) 40% w/w EC, (d,h) 50% w/w 

EC, and (e,i) 60% w/w EC. All SEM images were taken at 50,000X magnification.
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possess these interactions. The greater polarity of pBDDA films 

is expected to be advantageous in LIB applications, promoting 

electrolyte uptake and facilitating Li+ transport.59,60 Indeed, it 

was found that liquid electrolyte was greater in pBDDA60 

(127%) than Celgard 2500 (98%). As expected, electrolyte 

uptake was directly correlated to porosity. This is illustrated by 

the observation that a 27% increase in apparent porosity from 

pBDDA50 to pBDDA60 resulted in a 90% increase in electrolyte 

uptake. 

 Ion transport is inextricably linked to the electrolyte uptake 

of the membranes. Electrochemical impedance spectroscopy 

(EIS) was employed to determine ionic conductivities of the 

electrolyte-laden separators. Because the Swagelok T-cell 

design introduces significant contact resistances, three samples 

of each membrane were prepared at different thicknesses. This  

allowed the contact resistance to be reliably quantified and 

provided a more robust measurement of the transport 

properties over a range of practical membrane thicknesses. The 

effective ionic conductivity in pBDDA60 at 25°C was found to be 

1.98±0.08mS/cm, which is slightly higher than for Celgard 2500 

(1.62±0.13 mS/cm). The greater electrolyte uptake in pBDDA 

compensated for its lower porosity relative to Celgard. As 

expected, pBDDA samples formulated with less EC resulted in 

lower ionic conductivities, below 1mS/cm, and thus will be less 

relevant for high power energy storage cells. The effective ionic 

conductivities reported for pBDDA separators fall within a range 

which is typical for non-woven monolayer microporous 

separators. Separators have been reported with ionic 

conductivity as low as 0.11mS/cm, and as high as 7.8mS/cm, 

though 0.5-3.5mS/cm is most typical, but can vary with the 

electrolyte utilized.17,56,61 A useful metric for characterizing and 

comparing LIB separators is  

 𝑁𝑀 =
𝜎0

𝜎𝑒𝑓𝑓
   (2). 

where 𝜎0 is the ionic conductivity of the liquid electrolyte, and 

 𝜎𝑒𝑓𝑓  is the effective ionic conductivity of the saturated porous  

membrane.55,62 This metric is ideal for LIB separator 

characterization as it controls for the electrolyte conductivity 

and correlates to the expected internal resistance expected 

when incorporated into an electrochemical cell. As NM 

approaches unity, the ionic conductivity of the wetted 

membrane approaches the ionic conductivity of pure 

electrolyte, and there is negligible added resistance from the 

membrane. Thus, a lower NM is preferred in LIB applications to 

minimize polarization effects at all temperatures. Using eq. 1, 

NM was calculated for all porous membranes characterized. For 

Celgard 2500, NM was measured as 5.9, while the more-

conductive pBDDA60 had a NM of 4.8. Despite having a lower 

porosity than Celgard 2500, the pBDDA60 sample exhibited a 

higher ionic conductivity/lower NM. This can be explained by 

surface energies considerations, where the interactions of 

pBDDA with the battery electrolyte solvent and salt are more 

favorable than for polypropylene of Celgard.  

 When compared to commercial separators, pBDDA60 has 

an exceptional MacMullin number. The NM of many commercial 

LIB separators are listed in Table S1. According to Landesfeind 

et. al the following separators have a NM greater than pBDDA60: 

(1) Celgard H2013, 2320, 2325, 3500, and C480, (2) PET 

membrane Separion S240P30, and (3) two unnamed HDPE 

membranes.63 Only non-woven PET membrane Freudenberg 

FS-3001-30 and Celgard 2500 were reported to have lower 

MacMullin number than pBDDA60, at 4.6 and 4.5, respectively. 

This Celgard 2500 measurements is in slight disagreement with 

our measurements. However, it should be noted that other 

studies have reported NM of 8.5, 13 and 18 for Celgard 

2500.55,62,64 Djian et. al also report MacMullin numbers > 4.8 for 

commercial separators Celgard 2400, 2730, and Solupor 

14P01A, 3P07A and 10P05A, while Patel, et. al report NM > 16 

for Hipore N962C, N720, and 6022.62,64 A general requirement 

for battery separators is to have a MacMullin number of <8, 

which is far exceeded by pBDDA60.7 

Fig. 4 presents the ionic conductivity of the liquid electrolyte 

as a pure solution and within the microporous separators. 

Confidence in these data points is illustrated by the shaded area 

behind them. The confidence intervals for less-conductive 

separators appear larger in Fig. 4 due to the logarithmic scale of 

the y-axis. The absolute confidence intervals reported in Table 

1 indicate that the error in conductivity measurements is 

consistent between the separators. The temperature 

dependence of ionic conductivity is similar among all of the 

separators and can be described by the Arrhenius relationship, 

which is a manifestation of the temperature dependence of the 

solvated ion diffusivities over this limited temperature range.65 

Activation energies of ionic conductivity were determined 

through linear regression of ln 𝜎𝑒𝑓𝑓  vs. 𝑇−1 and are tabulated in 

Table 1. The activation energy of the liquid electrolyte was 

found to be 13.8±0.3 kJ/mol. Nearly identical activation 

Table 1 Physical properties of pBDDA films fabricated with varying amounts of porogen and commercial polypropylene separator Celgard 2500. 

Sample Porosity 
Average Pore 

Radius (nm) 

% Electrolyte 

Uptake 

Conductivity 

@25°C (mS/cm) 

MacMullin 

Number 

Activation 

Energy (kJ/mol) 

Contact 

Angle (°) 

Modulus 

(MPa) 

pBDDA30 15.4% 6.8 45% 0.27±0.06 35.2 16.2±3.5 57.3 480 

pBDDA40 17.0% 9.1 50% 0.26±0.02 36.4 18.5±3.5 56.8 429 

pBDDA50 30.4% 17.2 67% 0.93±0.06 10.2 16.5±1.0 48.3 357 

pBDDA60 38.5% 22.0 127% 1.98±0.08 4.8 13.4±1.6 33.8 246 

Celgard 

2500 
55.0%† 32.0† 98% 1.62±0.13 5.9 13.4±1.1 87.5 

729(MD), 

273(TD) 

†Values reported by manufacturer 
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energies of 13.4+1.1 kJ/mol and 13.4±1.6 kJ/mol were found for 

the Celgard 2500 and pBDDA60 samples, respectively. This 

implies that (1) the mechanism for ionic conductivity is diffusion 

through the liquid electrolyte phase within the porosity of the 

microporous separators and (2) significant additional energetic 

barriers to electrolyte diffusion are not introduced by the 

separators. This is expected given the porous morphology 

characterized by SEM and is consistent with numerous previous 

studies. There appears to be a slight increase in activation 

energy in the less porous pBDDA membranes. This is likely 

explained by these membranes containing a small fraction of 

closed porosity, which requires another mechanism of 

transport, potentially through a gel phase between polymer 

chains. 

 The electrochemical performance of pBDDA membranes 

was assessed in NMC532/Li half cells and compared to the 

Celgard 2500 benchmark in Fig. 5 and 6. pBDDA60 was selected 

for this characterization as it has the highest apparent porosity 

and conductivity among all the separators. The 

charge/discharge capacities and coulombic efficiencies over 

100 cycles is provided in Fig 5. While cycling between 3.0 to 

4.2V, an average discharge capacity of 142mAh/g was achieved 

with 98.4% capacity retention over the 100 cycles. Given the 

similar ion transport properties and separator thicknesses of 

pBDDA60 and Celgard 2500, the near identical cycling 

performance with the two separator materials is expected. The 

stability over 100 cycles is strong evidence for the compatibility 

of pBDDA in modern LIB cells. The individual charge/discharge 

voltage profiles at cycles 1, 50 and 100 provide further evidence 

of the electrochemical stability. The voltage profiles in Fig. 5b-d 

are essentially identical for the two separators and show the 

sloping discharge to approximately 3.6V with little voltage 

hysteresis, which is typical of NMC532.66 Additional voltage 

excursions and/or capacity irreversibility signifying chemical 

instability or other side reactions are not observed. The 

coulombic efficiencies (CEs) on the order of 99% are typical for 

half-cell formats, where parasitic reactions on the Li metal may 

lead to lower CE than graphite anodes.67,68 Five cells were 

prepared and cycled using each separator material to improve 

statistical confidence in his comparison; the average discharge 

capacity and CE are plotted with the standard deviation in Fig. 

Fig. 4 Conductivity of Celgard 2500 and pBDDA samples as a function of temperature. 

Effective conductivity measurements were performed used 1MLiPF6 in 3:7 v/v EC/DMC. 

Confidence in conductivity measurements are illustrated as shaded backgrounds behind 

the data.

Fig. 5 NMC532/Lithium half-cells cycled at C/3. pBDDA60 separator was 28μm in thickness, and Celgard 2500 is 25μm in thickness. 1M LiPF6 in 3:7 EC:DMC used as electrolyte. 

Cycling done at 30°C. (a) Discharge capacity (circles) and coulombic efficiency (diamonds) are plotted over 100 cycles at C/3 rates after two formation cycles at C/10. Voltage vs. 

discharge capacity profiles are plotted for the (b) 1st, (c) 50th and (d) 100th cycle; inset shows the knee region of the curve to show that performance with both separators is 

nearly identical. 

 

Page 7 of 12 Journal of Materials Chemistry A



ARTICLE Journal Name 

8 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

S3. This data highlights that the observed cycling performance 

was highly reproducible over many attempts. 

 To understand the impact of the pBDDA separator 

properties on power performance of LIB cells, a rate test with 

incremented discharge currents was performed (Fig. 6). With 

Celgard 2500 separators, increasing the discharge current from 

C/10 to 3C resulted in a capacity drop from 143.5 to 

121.0mAh/g, or 15.7%. Using pBDDA, the cell exhibited a higher 

capacity which can be attributed to the separator having higher 

effective ionic conductivity, which reduces the area specific 

resistance, as well as random variations in electrode loading. At 

C/10, a discharge capacity of 151.3mAh/g is achieved, which 

decreases to 123.9mAh/g at 3C (18.1% drop). With both 

separators, the low rate (C/5) capacity recovers after the rate 

testing, suggesting that separators provide for efficient ion 

transport and undesirable side reactions at high rates are not 

observed. This is again illustrated by the voltage profiles in Fig. 

6b-g. The expected voltage profiles for NMC532 are obtained. 

The primary difference between Celgard 2500 and pBDDA60 

cells is that additional cathode utilization occurs with pBDDA, 

which can be attributed to the lower concentration polarization 

since it is slightly more conductive than Celgard. The voltage 

curve “knee” is delayed in the pBDDA cells suggesting a lower 

internal impedance and therefore voltage loss, allowing for a 

greater depth of discharge as the lithiated active material is 

depleted.5 CE dropped temporarily with each current increment 

due to increased polarization preventing the cell from 

experiencing the same depth of discharge as the previous rate. 

The CE then recovered on subsequent cycles. A CE of >100% was 

experienced when returning to C/5, as lithium ion reserve in the 

cathode were recovered due to a decreased polarization at the 

lower current density. During this return to a lower current 

density, the discharge capacities of both cells recovered fully. 

 It was finally demonstrated that PIPS can be used as a single-

step, solventless process to fabricate LIB separators. A coin cell 

was constructed using the same protocols as above, but 

polymer films were incorporated into the electrochemical cells 

immediately after polymerization. No purification or extraction 

steps were performed – the EC remained in the film. The battery 

electrolyte was dispensed onto the electrodes and allowed to 

Fig. 6 Results of rate test on NMC532/Li half-cells incorporating Celgard 2500 and pBDDA60 separators. The pBDDA separator was 25μm in thickness (a) Discharge capacities and 

coulombic efficiencies for all 32 cycles, including the formation step. Voltage curves for discharge of both cells are shown for the first cycle of each rate; (b) C/10, (c) C/5, (d) C/2, 

(e) 1C, (f) 2C and (g) 3C.

Fig. 7 NMC532/Lithium half-cell with 1M LiPF6 in 3:7 v/v EC:DMC, cycled at C/3 at 30°C. 

pBDDA60 separator was 50μm in thickness and incorporated into LIB half-cell without 

removal of ethylene carbonate to demonstrates single-step manufacturing capability. (a) 

Discharge capacity (circles) and coulombic efficiency (diamonds) are shown for 100 

cycles, and (b) voltage-discharge capacity curves are shown for cycles 1, 50 and 100.
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wet the separator when assembled. This dissolves the EC 

remaining within the as-prepared separator, yielding a 

microporous polymer membrane soaked in the LiPF6/EC/DMC 

battery electrolyte.  

The coin cell was cycled using the same aging protocol as the 

data in Fig. 5. Fig. 7a shows that this electrochemical cell cycles 

reversibly over 100 cycles. After 100 cycles, the cell started and 

ended with a capacity of 131.6mAh/g. This was accompanied by 

a slight rise and fall in capacity caused by the wetting of the 

cathode, and subsequent capacity degradation, which was also 

observed in cells incorporating the washed separators in Figs. 5 

and 6. The lower average capacity (134.2mAh/g) when 

compared to the cells in Figs. 5 and 6 is attributed to the greater 

thickness of the unwashed film. For ease of handling in a glove 

box, where the thick gloves limit hand dexterity, this film was 

fabricated at 50µm, which introduces a greater ionic resistance 

when cycling compared to that of the 28µm pBDDA60 film 

cycled previously. Fig. 7b shows the voltage-capacity curves of 

the cell at cycles 1, 50, and 100. Increasing overpotential as the 

cell is cycled is clearly observed in the space between each 

curve. This is typical battery degradation caused by the build-up 

of SEI, increasing the internal cell impedance. These results 

underscore the ability of this PIPS-based process to eliminate 

the need for any solvent in fabrication and processing by 

incorporating EC as porogen during polymer synthesis. 

 TGA was used to characterize thermal stability of the 

solvent-washed porous separators in order to avoid 

contributions from EC. Fig. 8a shows that the onset 

temperature for decomposition of BDDA is 374°C compared to 

375°C for Celgard 2500. Around 5% mass of the pBDDA sample 

remains beyond 500°C, which can likely be explained by β-

scission of the ester functionalities leading to residual carbon 

char.69 The thermal stability of both materials is adequate for 

LIB applications as the alkyl carbonate electrolytes decompose 

first at 190°C.70,71  

 Another important thermal consideration is phase 

transformations at lower temperatures. The differential 

scanning thermograms in Fig. 8b show that the PP of Celgard 

2500 undergoes a first-order melting transition, starting at 

about 150°C. pBDDA, on the other hand, lacks thermal 

transitions up to 200°C as expected for a highly crosslinked 

thermoset, suggesting that the separator will maintain its 

integrity at elevated temperatures. The melting of polyolefins is 

intended to serve as a safety mechanism to halt thermal 

runaway. Popular shutdown separators are tri-layer separators 

consisting of polypropylene and polyethylene (PE) in a PP/PE/PP 

orientation which act as a thermal fuse around 135°C when the 

PE layer melts, filling in the pores, resulting in a large increase 

in impedance.15 These types of separators are very useful in low 

voltage applications such as consumer electronics. However, it 

has been shown that under high-temperature and high-voltage 

conditions, such as in electric vehicles and stationary storage, 

the impedance increase is insufficient, and the relatively low 

melting temperatures of both PP and PE results in mechanical 

failure leading to electrode contact and/or decreases in 

impedance.13,14 Thus, separators with high thermal stability are 

desirable in these types of applications. The lack of a melting 

temperature suggests that pBDDA60 will maintain mechanical 

integrity under thermal abusive conditions, eliminating the 

separator as a mode of failure. 

 A similar safety concern is the thermal shrinkage of 

polyolefin separators. As a result of internal stresses originating 

from the uniaxial stretching step in manufacturing of separators 

such as Celgard 2500, the dimensions of these separators can 

shrink as the polymer softens at moderate tempuratures.14,15 

The shrinking of separators has obvious implications such as 

allowing contact between battery electrodes. Once again, this 

Fig. 8 Thermal characterization of pBDDA and Celgard 2500. (a) Thermogravimetric analysis from 50°C to 700°C at a ramp rate of 5°C/min. (b) Differential scanning calorimetry 

from 0°C to 200°C at a rate of 10°C/min, under nitrogen gas purge. (c) Digital images of Celgard 2500 (25µm) and pBDDA60 (19µm) at room temperature and after heating for 30 

minutes to 90°C, 125°C and 150°C. The percentages in the bottom right of the images represent the change in separator area. 
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failure mode is of greater concern in high power, high-voltage 

applications where a large amount of heat is generated and 

non-uniform heating is common.72,73 Thus, research is 

underway to develop thermomechanically-stable separator 

materials.74 Shown in Fig. 8c, it was found that PP separators 

begin to shrink long before melting temperatures of PP or PE. A 

1.8% area reduction was measured after 30 minutes held at 

90°C, 10.7% after 30 minutes at 125°C and finally a reduction of 

32.8% after 30 minutes at 150°C. The shrinkage of these PP 

separators was anisotropic, due to the anisotropic porous 

structure originating from the uniaxial stretch step during 

manufacturing. The shrinkage occurred along the machined 

direction (MD) axis. pBDDA60 exhibited no significant shrinkage 

at any temperature, underscoring the thermal and mechanical 

stability of pBDDA60. The thermal stability of pBDDA60 suggests 

this chemistry and process may be a good candidate for high-

power battery applications. Furthermore, if a shutdown feature 

is desired in a given application, the casting process for 

fabrication of pBDDA60 can be easily adapted towards coating 

a layer on top of a polyolefin film, or some other material, to 

make a bi-layer or tri-layer shutdown separator with superior 

thermo-mechanical stability.  

 Fig. 9 shows that mechanical properties of separators 

fabricated by PIPS was also a function of porosity. Lower 

porosity resulted in greater elastic moduli (Table 1) and overall 

strength. This result can be explained by the increasing polymer 

fraction of less porous samples resulting in a greater effective 

cross-section, and less internal shear stress. Celgard 2500 has 

anisotropic mechanical properties where the elastic modulus is 

much higher in the MD than the transverse direction (TD), a 

result of the pore-formation step during manufacturing. The 

stress-strain curves of Celgard 2500 in both the MD and TD (Fig. 

9) are consistent with the literature.75 When applied to LIB cells 

in a roll-to-roll process, Celgard 2500 is strained in this MD 

direction. Due to the method of fabrication outlined, pBDDA 

samples have isotropic mechanical properties. The modulus of 

pBDDA60 was 246MPa which is approximately equal to that of 

Celgard 2500 in the TD.  

 Prior studies have found that porous monoliths fabricated 

by PIPS yield low mechanical strength, but good elastic 

moduli.41,42 In LIB applications, the mechanical properties of 

separators play a relatively small role. Traditionally, the need for 

sufficient mechanical properties is derived from the 

manufacturing process of LIBs. Models have been developed to 

understand the stresses experienced by LIB separators during 

cycling and have found that these stresses are significantly 

lower than what is experienced during manufacturing. Thus, 

forces are well within what membranes fabricated by PIPS can 

withstand.76 

 The excellent thermal stabilities and mechanical properties 

of the pBDDA separators stems from the utilization of multi-

functional monomers. Photopolymerization of BDDA, which is a 

di-functional monomer, results in a high degree of polymer 

chain crosslinking. This crosslinking yields a highly desirable 

morphology by arresting phase separation during the early 

stages of spinodal decomposition, producing phase domain 

sizes on the order of just tens of nanometers. The crosslinking 

also effectively precludes phase transformations (melting) and 

increases polymer stiffness, suppressing chain mobility. Other 

multifunctional acrylate monomers – not limited to di-

functional monomers and BDDA – can also be used to generate 

separators by PIPS; the key is balancing the diffusion of the 

monomer/porogen system with the kinetics of polymerization 

(crosslinking) to achieve the ideal polymer morphology.77,78 

Another variable that can used to tune the separator 

properties is the choice of porogen. A key requirement is that 

the porogen remains inert during photopolymerization of the 

monomer(s). The physicochemical properties of the porogen 

will also influence the thermodynamics of phase separation via 

the interaction parameter between the monomer/polymer and 

porogen and the kinetics of spinodal decomposition, controlled 

primarily through the porogen diffusivity. These cooperative 

processes determine the domain size of the phase separation. 

Additional candidates for porogens include other common LIB 

electrolyte ingredients, such as propylene carbonate (PC), 

dimethyl carbonate (DMC), vinylene carbonate (VC), 

fluoroethylene carbonate (FC) and mixed solvent/salt systems. 

Conclusions 

In this work, we have demonstrated a simple, readily 

implemented process to manufacture microporous separators 

using rapid, UV-initiated PIPS. By tuning the precursor 

concentrations of the reactive multifunctional monomer to 

porogen (EC in this example), microporous separators with 

favorable properties (electrolyte uptake, ionic conductivities, 

thermal stability, etc.) are generated in a single processing step. 

The separators were incorporated into LIB half-cells (NMC532 

vs. Li) and were shown to cycle reversibly over more than 100 

cycles with 98.4% capacity retention with superior rate 

performance compared to commercial polypropylene 

Fig. 9 Stress-strain curves for pBDDA formulations and Celgard 2500 in the machine and 

transverse directions (MD and TD, respectively). Strain sweep was performed at a 

constant strain rate of 1%/second.
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separators. A cell was also successfully constructed and cycled 

without removal of the EC porogen, highlighting the potential 

for PIPS to be scaled as a fast, inexpensive, one-step LIB 

manufacturing process. The highly crosslinked polyacrylate 

chemistry was shown to undergo no phase transitions and was 

thermally and mechanically stable. Finally, PIPS promises to 

serve as a platform technology with which separator chemistry 

and properties can be easy tuned and modified to address 

current and future challenges in lithium ion batteries. 
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