
ABSTRACT 

LUISO, SALVATORE. Separators and Electrolytes for Next Generation Li-Ion Batteries (Under 

the direction of Dr. Peter S. Fedkiw and Richard J. Spontak). 

 

The focus of this research is to understand the inherent features of separators for Li-ion 

batteries and enable the production of fiber-based separators, whose structures are significantly 

different from the coherent polyolefin-based membranes currently employed in these batteries. 

The first hypothesis of this work is that the structure of fiber mats plays a significant role in its 

performance as a separator in a Li-ion cell; specifically, processing conditions used in meltblowing 

polyvinylidene difluoride (PVDF), a polymer used in common Li-ion batteries, may be tuned to 

control the fiber-mat structure, affecting its end-use in batteries. The second hypothesis of this 

work is that a shear-spinning process from a PVDF solution to form a separator may be used to 

produce a unique mat structure by influencing the morphology of shear-spun particles that form 

the basis of the separator. 

Although significant research has been reported on electrospinning of PVDF, there are no 

studies reported known to us on the formation and characterization of PVDF meltblown mats 

because of technological barriers associated with meltblowing the polymer. We investigated the 

fundamental properties and characteristics of meltblown mats produced with an experimental 

grade of melt-blowable PVDF (Kynar® resin RC 10,287, Arkema, Inc.), with the objective of 

elucidating their structure-property-process relationships. With a Biax lab-scale equipment, we 

produced high-quality meltblown PVDF mats with low solid-volume percent (~ 22%), and an 

average fiber diameter varying from 2 to 6 µm. 

To elucidate the performance of meltblown PVDF as a separator in Li-ion batteries, we 

used a 1.2-m wide Reicofil R4 meltblown pilot line at the Nonwovens Institute at NC State to 

fabricate high-quality meltblown PVDF mats. The resulting mats showed an average pore size as 



small as 0.9 μm, and fiber diameter as small as 1.4 μm, yielding high surface area and high 

electrolyte uptake. The highest ionic conductivity of the electrolyte-infused mat was ~ 9.6 mS/cm 

(with 1M LiPF6 in EC/DMC 1:1 v/v) at room temperature, and the first-cycle capacity of a 

Li/LiCoO2 cell containing meltblown PVDF separators was 142 mAh/g (vs. 146 mAh/g for state-

of-art polyolefin separator). 

With the objective of investigating a new class of fibrous PVDF separators, we produced 

highly-branched, colloidal polymer particulates, called soft dendritic colloids, with a shear-driven 

polymer precipitation process. We show the morphology of the resulting PVDF particulates may 

be varied from fibrous to highly porous sheet-like particles depending upon the process conditions. 

Separators made with these particulates show low thermal shrinkage (5% at 90 ºC) and high tensile 

strength (<0.7% offset at 1000 psi), while the porosity (up to 80%) and particle surface area are 

responsible for high conductivity (1.2 mS/cm), electrolyte uptake (325%), and acceptable cell 

capacity (112 mAh/g in Li/LiCoO2 cell) with <10% loss after 50 cycles.  

We used meltblowing, electrospinning, and the high-shear precipitation process to 

fabricate PVDF separators with different fiber/pore diameter and distributions to draw correlations 

between the membranes’ morphology and the electrochemical performance in a Li/LiCoO2 cell. 

All samples showed the same trend, i.e. when the fiber/pore distribution was widened and/or pore 

size decreased, the capacity loss decreased and cycling stability increased. This effect was 

accentuated at C-rates higher than C/5, suggesting that the separator structure is a crucial factor to 

enable high-rate cycling of Li-ion batteries.  

This work shows that by using a technique that precisely fabricates fibrous or fibrous-like 

homogeneous mats, separators may be produced with an optimal structure to improve the cycling 



performance of Li-ion batteries by efficiently designing the network with a small average pore size 

and a wide-pore size distribution.   
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CHAPTER 1: Introduction 

In this research we aim to understand how alternatives to coherent membrane-type 

polyolefin separators can be developed from nonwoven or nonwoven-like processes using 

polyvinylidene difluoride (PVDF), a common binder material used in current Li-ion batteries. Our 

hypothesis is that meltblowing can be used to fabricate nonwoven PVDF mats and processing 

conditions can be tuned to affect the structure of the mats. We hypothesize that the structure of the 

fiber mats plays a significant role in the performance of the separator in a Li-ion cell. The second 

hypothesis is that a shear-spinning process may be used to produce a separator through control of 

the morphology of the web-forming PVDF particles and, therefore, the in-use separator 

performance in a cycled cell. 

In order to explore these hypotheses, a systematic approach was developed, and it is 

expanded upon in chapter 2 through 6 in this dissertation. A summary of each chapter follows. In 

Appendix A, we investigate a quasi-solid state electrolyte, a summary of which follows. In 

Appendices B, C, and D we present supplemental information for Chapters 3, 4, and 5, 

respectively. 

Chapter 2: Li-ion battery separators: recent developments and state-of-art 

(Luiso S., Fedkiw P.S., Curr Opin Electrochem, 2020, 20, 99–107) 

Li-ion batteries have received significant attention for their increasing ability to store 

energy. While the anode and cathode materials attract most scientific research, the separator, which 

is placed between the electrodes to prevent their physical contact and to store electrolyte, plays a 

critical role in a battery’s operation. With increasing energy density demands in Li cells, separators 

properties have been adapted to stricter requirements, such as high thermal and mechanical 

stability or high electrolyte wettability [1]. In general, modern Li-ion batteries are affected by three 
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major degradation modes: (1) dissolution of transition metals from positive electrodes; (2) 

chemical loss of Li+ ions; and (3) decomposition of solution components [2]. New battery 

separators and electrolytes need to address and possibly mitigate battery degradation by means of 

a reduced ionic resistance, improved network for an optimal lithium-ion flow, homogeneous 

structure, and possibly functionalized separators. 

In Chapter 2, we discuss current trends for Li-ion battery separators. We introduce and 

analyze the characteristics, performance and modifications of single- and multi-layer, ceramic-

based, and multifunctional separators. 

Chapter 3: Fabrication and Characterization of Meltblown Poly(Vinylidene difluoride) 

Membranes 

(Luiso, S., Henry, J.J., Pourdeyhimi, B., Fedkiw, P.S., ACS Appl. Polym. Mater., 2020, 2, 2849–

2857) 

Commercial separators are usually coherent continuous microporous membranes mainly 

made of polyethylene (PE) and/or polypropylene (PP). However, hydrophobic nonpolar 

polyolefins usually require surfactants to obtain good electrolyte wettability [3]. Nonwoven 

separators, in constrast, possess fibrous structures that allow a high electrolyte uptake with good 

structural cohesion due to strong fiber-fiber bonds within the mat. An advantageous manner to 

produce nonwoven separators would employ a meltblowing process, which is a well-developed, 

high-volume production technology to fabricate mats with randomly oriented and small-diameter 

(1-5 µm) fibers. Meltblown structures can be formed in several ways; today, there are mainly two 

processes: the Reicofil system and the Biax process. The Biax process uses a die with multiple 

rows of orifices each with a co-centric air stream where each fiber is enveloped by the air supply. 

Multiple rows are essential for high productivity despite a capillary density lower than the Reicofil 
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process, where instead the polymer melt is delivered to a single row of closely packed orifices and 

a high-velocity stream of heated air impinges on the collection of molten filaments as they exit the 

orifices. In the Biax process, the nozzles cannot be as closely packed as in the Reicofil system, and 

therefore to compensate for the fewer capillaries in a row, the Biax die uses multiple rows. 

Among other polymers, poly(vinylidene fluoride) (PVDF) is a promising material for 

battery separators due to high polarity, low degree of crystallinity, high dielectric constant, good 

chemical stability, and good electrolyte wettability owing to the presence of C–F group [4,5]. To 

be melt-blowable, polymer resins must have high melt-flow rates, but commercial PVDF resins 

did not possess this property until recently [6–8]. The technological barriers associated with 

meltblowing PVDF at reasonable processing temperatures include an inadequate melt flow rate, 

which cannot be overcome by increasing the temperature due to thermal decomposition and 

possible generation of hydrogen fluoride [9]. By means of specific chain-transfer agents in high 

levels during polymerization, melt-blowable PVDF has recently been developed (Kynar® resin RC 

10,287, Arkema, Inc.) [7]. These types of nonwoven structures are unobtainable with previous 

commercial PVDF because of the low-melt strength or low-extensional viscosity of the polymer.  

In Chapter 3, we report the fabrication of meltblown PVDF mats with a lab-scale Biax 

meltblowing apparatus. A full characterization is reported, including fiber and membrane 

characteristics of the resulting webs. Process-structure-properties relationships are discussed. 

Chapter 4: Meltblown PVDF as A Li-Ion Battery Separator 

(Luiso, S., Henry, J.J., Pourdeyhimi, B., Fedkiw, P.S., submitted ACS Appl. Polym. Mater., 

2021) 

Despite the simplicity of the Biax meltblown process on a small scale, the Reicofil system 

is dominant at the commercial scale and employed for the formation of microfibers for membranes 
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in a variety of applications, from barriers in the medical industry to filtration media. However, 

because the meltblowing equipment is not readily available at universities and PVDF resin was 

not melt-blowable until recently, researchers have used the electrospinning process to explore 

nonwoven PVDF battery separators [10]. In spite of promising results, the simplicity, and ability 

of electrospinning to produce functional nanofibers, electrospinning is inherently slow, expensive, 

and solvent intensive compared to meltblowing. Electrospun PVDF mats also often require a 

supporting matrix to use as battery separators because of their low mechanical strength. 

Meltblowing, however, has significant advantages over electrospinning, such as high processing 

speeds and solvent-free operation. Meltblowing also has the potential to fabricate unique 

structures, blends, and composites unobtainable by electrospinning. In particular, with the 

meltblowing process, it is possible to obtain desired structures in a controlled way, e.g. specific 

mat thickness, fiber diameter distribution, solidity, etc. [11]. 

In Chapter 4, we use a Reicofil meltblowing pilot-plant equipment to produce high-quality 

meltblown PVDF mats. We report the physical, chemical, and electrochemical properties of 

meltblown PVDF relevant to its use as a Li-ion battery separator. 

Chapter 5: Poly(Vinylidene difluoride) Soft Dendritic Colloids as Li-Ion Battery 

Separators 

(Luiso S., Williams A.H., Petrecca M.J., Roh S., Velev O.D., Fedkiw P.S., J Electrochem Soc., 

168 020517, 2021) 

A new method of fabricating nanofibrous material in which a polymer solution is injected 

into a sheared nonsolvent flow has shown that membranes fabricated with these materials may be 

produced in a continuous, scalable process using a laminar nonsolvent flow to elongate the 

polymer droplet into a fiber [12, 13], and the transition to a turbulent regime of the nonsolvent 
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alters the morphology resulting in highly branched soft dendritic colloids (SDCs) [14, 15]. The 

concentration of polymer in the injection solution dictates the morphology of the resulting 

particulates, from fibrous to thin nano-sheet (NS) morphologies. 

In Chapter 5, we show that PVDF SDC membranes produced by shear-driven polymer 

precipitation may be used as separators in Li-ion cells, resulting in good cycling stability and high-

rate capability. We also investigate how battery performance is effected by the particle 

morphology in the SDC-based separator resulting from the precipitation process. 

Chapter 6: An Optimal Structure for Li-Ion Battery Fiber-Based Separators 

(Luiso, S., Petrecca M.J., Williams A.H., Henry, J.J., Pourdeyhimi, B., Velev O.D., Fedkiw, P.S., 

in preparation for submission, J Electrochem Soc., 2021) 

Different raw materials, combinations thereof, or manufacturing processes have attracted 

the attention of literature studies on battery separators [16–21], several of which showed 

correlations between physical and electrochemical properties of the separators [6,20,22–25]. 

However, these have been single-case studies and, even though the chemistry and membrane 

fabrication are important, only a few works have focused on understanding the role of separator 

structure on their electrochemical performance. Different separator morphologies may be obtained 

in the shear spinning process through the solvent-nonsolvent interactions (Chapter 5), and in the 

meltblowing process by changing the controlled variables (Chapters 3 and 4). 

Nano-structured battery separators are attractive because of their high specific surface area 

and controllable compositions and pore structures. The fibrous network forms an interconnected 

nano- and microporous structure that provide both openness for enhanced lithium-ions transport 

and also tortuosity for Li dendrites suppression. While the trend of creating an efficient fibrous 

battery separator has moved toward the objective of achieving a pore size and distribution similar 
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to the well-established microporous membranes, i.e. small and uniform pore size, literature works 

do not clearly describe the effect that the pore network and distribution have on the electrochemical 

performance.  

In Chapter 6, we use meltblowing, electrospinning, and a high-shear precipitation process 

to fabricate PVDF separators with different pore sizes and distributions. Here, we show for PVDF 

separators made with these three processes, a decrease in pore size and a widening of pore-size 

distribution in separators made with the same process result in higher electrolyte uptake and ionic 

conductivity of the mats, and higher discharge capacity and rate capability when cycled in 

Li/LiCoO2 cells. 

Chapter 7: Recommendations 

We have demonstrated the possibility to melt-blow PVDF Kynar® resin RC 10,287 to 

produce a high quality mat. Fiber mats showed populations with 30-40% sub-micron fibers with 

diameters as small as <400 nm, but an investigation of the effect that different dies and capillary 

size have on the final mat structure would bring more insight on structure-property-process 

relationships and could possibly enable mats with smaller-diameter fibers. Li-ion batteries 

containing meltblown PVDF (Kynar® resin RC 10,287) separators showed long-term stability 

issues probably due to chain-transfer agents, additives and/or surfactants leached from the fibers 

and oxidized during battery operation. Meltblowing a higher purity PVDF resin would be 

worthwhile pursuing for solving cycling stability issues. 

The morphology of the membranes may be adjusted in other unexplored ways, such as 

layering or mixing together SDC particles with two or more morphologies, which would tailor 

these membranes to specific applications. The versatility of the shear-precipitation process allows 

for multiple polymer precipitation, which include the investigation of new solvent/non-solvent 
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combinations, and for incorporation of additives such as ceramic particles, for composite 

separators 

In Chapter 7, we discuss recommended future work to further explore the possibilities of 

using fiber mats as Li-ion battery separators with the objective of improving their performance 

during battery cycling operation. Unexplored ways of fabricating new particle morphologies are 

discussed and suggested experiments include the use of different dies and high-purity resins during 

meltblowing, 3D characterization of the fiber mat, and investigation of the effect that the β-phase 

has on separator performance. 

Appendix A: Lithium-ion conducting water-in-salt sulfonated pentablock polymer as a 

quasi-solid-state electrolyte 

(Luiso S., Quan T., Lu Y., Spontak R.J., Fedkiw P.S., Advanced Energy Materials, 2021, in 

preparation) 

Aqueous electrolytes are an attractive alternative to common organic electrolytes and their 

stability window may be expanded with high concentration of Lithium salt to create a water-in-

salt electrolyte (WiSE) [30]. The WISE is a liquid and in Appendix A we explore the use of 

midblock sulfonated pentablock co-polymer commercially known as Nexar® [26] as an ion 

conductive matrix in which to imbibe the WISE. The microphase-separated nanostructure of 

Nexar® allows for selective incorporation of polar electrolytes [27, 28] and ionic liquids [29] 

within the sulfonated microdomains of the polymer. Selective swelling of the sulfonated midblock 

provides nanoscale channels by which ions can transport, while maintaining structural integrity 

due to the elastomeric network, which is not possible with traditional polymer electrolytes.  

In Appendix A, we describe exploratory work of a Li-ion conducting WiSE sulfonated 

pentablock co-polymer, and we report cycling performance of a MoS3/LiMnO4 cell with the 
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WiSE-polymer quasi-solid-state electrolyte.  This work was carried out in conjunction with the 

Helmholtz-Zentrum Berlin für Materilien und Energie. 
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CHAPTER 2: Li-ion battery separators: recent developments and state-of-art 

Abstract 

Lithium-ion battery separators are receiving increased consideration from the scientific 

community. Single- and multi-layer separators are well-established technologies, and the materials 

used span from polyolefins to blends and composites of fluorinated polymers. The addition of 

ceramic nanoparticles and separator coatings improve thermal and mechanical properties, as well 

as electrolyte uptake and ionic conductivity. The state-of-art separators are actively involved in 

the cell chemistry through specific functional groups on their surface. Amongst the numerous 

properties, safety features and long-cycle life are high-priority requirements for next-generation 

Li-ion batteries. 

Introduction 

Owing to the demand for "green" products, Li-ion batteries have received considerable 

attention as an energy storage system [1,2]. Although the separator, which is placed between the 

anode and the cathode, is not directly involved in electrochemical reactions, its structure and its 

properties play an important role in cell performance. The primary purpose of the separator is to 

prevent the physical contact of electrodes while serving as the electrolyte reservoir to enable ion 

transport. Nowadays separators have new important requirements; for example, separators for 

electric vehicles or energy storage stations need high thermal and mechanical stability, together 

with a high electrolyte wettability [3]. Li-ion batteries experience critical issues when operated at 

extreme temperatures. The spatial and temporal fluctuations of temperature inside batteries 

originating from internal “hot spots” (regions of high current density) may result in internal short 

circuits and lead to thermal runaway [4]. Low temperatures (below 0 °C) are detrimental for Li-
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ion battery performances with a loss in power and energy capabilities or even damage in the 

structure of cells [5]. 

While separators may be divided into categories according to their structure (such as 

microporous membranes, nonwoven mats, gel-polymer electrolytes, and composite membranes 

[6]), new trends suggest a classification based on number of layers, ceramics addition, and surface 

modification [5,7–9]. This change is due to a shift of focus from obtaining a specific membrane 

morphology to implementing new desired properties, especially in terms of safety. The state-of-

art separators have a thickness less than 10 μm [1], and the risk of electrolyte degradation or 

dendrite formation is increased in batteries with high-energy density [2]. In general, modern Li-

ion batteries are affected by three major degradation modes: (1) dissolution of transition metals 

from positive electrodes; (2) chemical loss of Li+ ions; and (3) decomposition of solution 

components [9]. Large overpotentials prevent the theoretical voltage and specific capacity of the 

cell from being obtained and contribute to heat generation and lithium plating [10]. 

In this review, we discuss current trends for Li-ion battery separators. We introduce and 

analyze the characteristics, performance and modifications of single- and multi-layer, ceramic-

based, and multifunctional separators (Fig. 1). Table 1 summarizes pertinent information about the 

separators discussed in this review. 
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Table 1. Summary of literature results on Li-ion battery separator 

Material 

Ion 

Conductivity 

(mS cm-1) 

Thickness 

(µm) 

Thermal 

shrinkage 

Electrolyte 

uptake 

(wt%) 

Tensile 

strength 

(MPa) 

Preparation procedure 
Ref

. 

PP/PE 1.35 25 ~0%@150℃1 148 13 
Multilayer coextrusion and CaCO3 

template method 
21 

PP/PE 1.46 25 3%@150℃ 157 16 
Multilayer coextrusion and thermal 

induced phase separation 
20 

PP/Silica aerogel 0.63 31 25%@160℃ 346 N/R2 
PP separator coated with PVDF and silica 

aerogel slurry 
30 

PP/Silicone 0.25 N/R 1%@160℃ 96 N/R 
K2Cr2O7-activated PP in 

trichloromethylsilane atmosphere 
25 

PE/SnO2 0.72 N/R ~0%@130℃ 119 160 Binder assisted coating of SnO2 onto PE 24 

SiO2-grafted PE 0.84 15 4%@120℃ N/R N/R 

3-Methacryloxypropyltrimethoxysilane 

and 1,8-bis(triethoxysilyl)octane react 

withUVO-treated PE separator 

49 

PE/SiOxCyHz 0.36 12 10%@130℃ 105 N/R 
PE separator is treated with 

hexamethyldisiloxane/O2/Ar plasma 
50 

PP/PPTA 0.90 30 ~0%@200℃ N/R 35 
Poly-p-phenylene terephthamide is 

polymerized and cast on Celgard PP 
43 

PP/PDA/SiO2 0.55 N/R 22%@160℃ 130 N/R 
Celgard PP  soaked in dopamine, then 

silane (GPTMS) solutions 
26 

PP/PVDF/metal 

oxide 
1.69 35 18%@160℃ 218 N/R 

Celgard PP coated (doctor blade) with 

PVDF/metal oxide soln. 
27 

PE/PVDF/SiO2 2.50 20 3%@170℃ 380 11 
Layered electrospun PVDF/PE/PVDF 

solution with SiO2 
35 

PVDF/PMMA/SiO2 4.00 30 ~0%@150℃ 406 33 
Electrospun PVDF/PMMA/SiO2 

solutions are hot-pressed 
34 



 

HFP, hexafluoropropylene; PEGDMA, poly(ethylene glycol) dimethacrylate; PEEK, poly(ether ketone); PE, poly(ethylene); PP, poly(propylene); ALD, atomic layer 
deposition; PPTA, poly-p-phenyleneterephthamide; PDA, polydopamine; PVDF, poly(vinylidene fluoride); PMMA, poly(methyl methacrylate); TrFE, 
trifluoroethylene; PAN, polyacrylonitrile; MaLi2, maleic acid; P(MMA-ANEA), poly(methylmethacrylate-acrylonitrile-ethyl acrylate); EMITFSI, Lithium 
bis(trifluoromethanesulfonyl)imide/N-ethyl-N-methyl-imidazolium bis(trifluoromethanesulfonyl)imide; POSS, silsesquioxane; PVA, poly(vinylacetate), PU, 
Polyurethane; PI, polyimide. 
a~0 = ‘no visible shrinkage’. bN/R = ‘not reported’. 
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Table 1. Continued 

PVDF-TrFE/Al2O3 5.80 N/R N/R 320 3 
Polymer and Al2O3 electrospun together 

in methyl ethyl ketone 
13 

PVDF-HFP 0.81 N/R 3%@160℃ 75 33 
Electrophoretic deposition to bond 

separator and graphite anode 
12 

PVDF-HFP 1.08 N/R 5%@150℃ 188 16 
Electrolyte-soaked polymer creates inter-

particle chain structure 
16 

PVDF-HFP/PE 1.01 24 ~0%@150℃ 216 16 Hierarchical solvent liberation method 17 

PVDF-HFP/PAN 1.73 70 ~0%@150℃ 420 19 
Core-shell structure via co-axial 

electrospinning 
14 

PVDF-

HFP/Cellulose 
1.89 115 ~0%@200℃ 310 1 

PVDF-HFP, cellulose acetate in NMP 

cast on glass, treated with LiOH 
40 

PVDF-HFP/PE-alt-

MALi2 
1.90 50 N/R 110 N/R 

PE-alt-MALi2 embedded in PVDF-HFP 

with phase inversion 
46 

PVDF-HFP/SiO2 1.26 30 5%@160℃ 420 14 
Colloidal PVDF-HFP/SiO2 suspension 

cast on a metal plate 
33 

PVDF-HFP/Al2O3 1.24 42 ~0%@200℃ 240 N/R 
Al2O3 deposited with ALD on 

electrospun PVDF-HFP 
36 

PVDF-HFP/Al2O3 3.27 N/R ~0%@150℃ 115 23 
Instantly Reformed Gel with Direct Post-

Solidation 
19 

PVDF-HFP/Al2O3 0.05 40 4% @150 ℃ 372 18 
Phase inversion PVDF solution mixed 

with Al2O3 solution 
4 

PVDF-HFP/LLZO 0.74 25 ~0%@160℃ 251 18 
Post-solidation of LLZO incorporated in 

PVDF-HFP gel 
44 

PE/P(MMA-AN-

EA) 

/SiO2/Al2O3/EMITF

SI 

3.20 N/R N/R N/R 160 

Emulsion polymerization of 

MMA:AN:EA(4:2:1). Polymer and metal 

oxides in DMF are cast (doctor blade) on 

PE Celgard for phase inversion 

39 



 

HFP, hexafluoropropylene; PEGDMA, poly(ethylene glycol) dimethacrylate; PEEK, poly(ether ketone); PE, poly(ethylene); PP, poly(propylene); ALD, atomic layer 
deposition; PPTA, poly-p-phenyleneterephthamide; PDA, polydopamine; PVDF, poly(vinylidene fluoride); PMMA, poly(methyl methacrylate); TrFE, 
trifluoroethylene; PAN, polyacrylonitrile; MaLi2, maleic acid; P(MMA-ANEA), poly(methylmethacrylate-acrylonitrile-ethyl acrylate); EMITFSI, Lithium 
bis(trifluoromethanesulfonyl)imide/N-ethyl-N-methyl-imidazolium bis(trifluoromethanesulfonyl)imide; POSS, silsesquioxane; PVA, poly(vinylacetate), PU, 
Polyurethane; PI, polyimide. 
a~0 = ‘no visible shrinkage’. bN/R = ‘not reported’. 
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Table 1. Continued 

P(MMA-POSS) 3.41 220 N/R 275 N/R 
Phase conversion: polymer + vinyl-

trimethoxysilane/nonwoven 
18 

PEEK/PMMA 1.03 41 ~0%@150℃ 173 70 
Chloromethylated PEEK and PMMA tri-

layer electrospun and pressed 
51 

Tissue paper/Al2O3 1.64 48 ~0%@130℃ N/R 5 Al2O3 spray-coated on tissue paper 37 

PVA/SiO2 1.81 25 ~0%@170℃ 405 11 
Electrospinning of PVA and tetraethyl 

orthosilicate solution 
29 

PU/Graphene oxide 3.73 100 ~0%@170℃ 733 3 
Polyurethane and graphene oxide in 

THF/DMF are electrospun 
41 

Cellulose/glass fiber 1.14 20 ~0%@200℃ N/R N/R 
3-step filtration: layered fibrous 

cellulose/glass/cellulose 
22 

Cross-linked 

PEGDMA 
3.00 100 N/R N/R N/R 

PEGDMA, vinylsulfonic acid sodium 

salt, diethyl allylphosphate in UV 
52 

Fluorinated PI 1.50 35 N/R 620 32 
FPI made with polycondensation, cross-

linking 
15 



 

18 

 

Figure 1. Separator classification. Single- and multi-layer cartoon reprinted from [53], copyright 

2015, with permission from Elsevier; ceramic additives schematic reprinted from [33], copyright 

2018, with permission from WILEY; multifunctional schematic reprinted from [46], copyright 

2016, with permission from WILEY. 

Discussion 

Single- and multi-layer separators 

Because thick separators (>50 µm) decrease the areal power density, most commercial 

batteries have employed thin (<25 µm) polyolefin monolayer microporous separators, whose 

characteristics are good mechanical strength, excellent chemical stability, low cost, and 

advantageous thermal shutdown properties [11]. Mechanically and electrochemically stable 

polymers, such as fluorinated or aromatic polymers, have also been considered, as explained below 

[7]. Among other polymers, Poly(Vinylidene Fluoride) (PVDF) and its copolymers possess high 

polarity, low degree of crystallinity, high dielectric constant, good chemical stability, and good 
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electrolyte wettability owing to the presence of C–F group [5,7]. Han et al. [12] directly deposited 

a layer of PVDF-HFP (hexafluoropropylene) separator on a graphite anode through electrophoretic 

deposition in a surfactant-free colloidal system, resulting in a separator with high thermal stability 

(3% shrinkage at 160 °C for 5 h) and high mechanical strength (33 MPa). Although 

Poly(vinylidene fluoride-co-trifluoroethylene) has been rarely used in Li-ion batteries, its semi-

crystalline and non-reactive nature, flexibility, thermal stability, and piezoelectric properties, make 

it a promising candidate [13]. Electrospun core–shell fiber structure combining PVDF-HFP (for 

electrolyte stability) and PAN (for thermal and mechanical stability) resulted in a highly porous 

structure and excellent electrochemical properties, but with only 19 MPa for tensile strength [14]; 

whereas electrospun fluorinated polyimide separator has shown robust mechanical properties (~32 

MPa stress at break) after cross-linking with thermal annealing at 300 °C [15]. 

PVDF-HFP separators can be improved with an inter-particle chain structure [16]. First, 

the polymer is partially dissolved in acetone, cast on a substrate, and dried. Then, through an 

electrolyte soaking and drying procedure, both undissolved polymer particles and polymer chains 

rearrange toward a higher-density structure, and the particles are no longer visible. The prepared 

separator has a highly porous and polar structure, with 188 wt% electrolyte uptake. The 

interactions between solvents and non-solvents influence the formation of pores and phase 

transformation process [17,18], leading to different morphologies, such as sponge-like or finger-

like with an asymmetric distribution of pores [5]. With a similar concept, a separator can be 

prepared with two different solvents, such as N-methyl pyrrolidone (NMP) and acetone. The 

variation in solvent evaporation rate creates a hierarchical structure with high porosity, leading to 

enhanced ionic conductivity (Fig. 2). The authors attribute a near-zero capacity fading at 10C after 

1000 cycles to the increased Li+ transport channels due to the inter-island structure [17,19]. 
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Figure 2. Illustration and SEM image (a) and rate-capability measurements (b) of PVDF-HFP/PE 

separator enabled by dual-solvent hierarchical gas liberation. Reprinted with permission from [17], 

copyright 2018, ACS. 

Dual-layer Poly(Ethylene)/Poly(Propylene) (PE/PP) and tri-layer (PP/PE/PP) separators 

are advantageous to address safety issues that may arise from single-layer separators. A multilayer 

PE/PP separator made via a combination of multilayer co-extrusion and thermally induced phase 

separation shows high thermal stability with shutdown capability at wide temperature window 

[20]. Its highly porous structure provides enhanced electrolyte uptake and ionic conductivity. 

Similar to multilayer co-extrusion, a template method by use of CaCO3 can create a PE–PP 

multilayer separator with an adjustable thermal shutdown capability, with high thermal stability at 

160 °C [21]. A tri-layer structure of PP/PE/PP microporous membranes provides unique puncture 

strength (at least 300 g mil-1), and the low-melting PE layer acts as a thermal fuse, while the higher-

melting PP layers provide physical integrity above PE melting point [11,20]. To obtain a more 

homogenous distribution of current and fast migration of Li-ions between electrodes, other 

materials may be used in the layers, such as cellulose nanofibers and glass microfibers, which 

combine a nanoporous and a microporous structure [22]. The high and uniform porosity enhances 
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electrolyte uptake and improves the electrochemical performance, while a thermal annealing at 

200 °C for 30 min increases the thermal stability. 

Ceramics and other composite separators 

Ceramic coatings on the separator or the positive electrode has had some advantages in 

preventing internal short circuits due to metal particle penetration [23]. Electronic insulating metal 

oxides, such as SiO2, Al2O3 SnO2 [24], or silicone [25] can be included within the separator 

through sol-gel method [26], in situ deposition, film casting [27], or physical vapor deposition [28] 

on one or both sides of a polyolefin separator. The thin (as low as 2 μm) coating provides reduced 

shrinkage of the separator at shutdown temperatures, better cycling (in terms of C-rate capacities 

and cycle capabilities [6,26,27]), and improved electrolyte wetting because of the inorganic oxide 

ceramic phase [26,27,29]. The addition of hydrophobic-silica aerogel to a PP separator, for 

example, creates a highly porous structure, high affinity to liquid electrolytes, and provides a 

thermal insulation capability [30]. Additional thin ceramic layers on anodes can lower the risk of 

local particle penetration and of thermal runaway [31]. 

Complex coatings are becoming common. For example, it is reported [23] that the 

Sumitomo separator used by Panasonic and Tesla Motors involves a coating with ceramic particles 

as well as an aromatic polyamide to increase the penetration strength. Improved coatings should 

not impede ion flux, but improve penetration strength or combine chemically with lithium 

dendrites [32]. PVDF-HFP/SiO2 separator prepared in acetone, in a unique way without using a 

surfactant, exhibits high thermal stability (4.5% shrinkage 160 °C for 1 h), good mechanical 

strength (14 MPa), enhanced ionic conductivity (1.2 mS cm-1), and long cycle performance [33]. 

The authors claim that the improvement in Li+ transport efficiency indicates that the electrolyte is 

also absorbed by the SiO2 nanoparticles, which decrease the polymer crystalline phase (Fig. 3). 
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The combination of ceramic nanoparticles with nanofibers creates a unique environment with 

excellent properties. Poly(vinyl alcohol)/SiO2 membranes fabricated through sol-gel 

electrospinning are simple but effective separators [29], whereas a more complex electrospun 

PVDF/PMMA/SiO2 separator [34] has excellent mechanical (tensile strength ~33 MPa) and 

cycling properties (capacity retention 91% at 0.2C after varying-rate capability measurements). 

Electrospinning can create ultrathin and strong porous PVDF/PE/PVDF tri-layer separators [35], 

and the addition of silica nanoparticles results in an electrolyte uptake of 380 wt%, and an ionic 

conductivity of 2.5 mS cm−1. The sandwich-like structure delivers superior discharge capacity 

even at high current densities. Nanoparticles may also be deposited through atomic layer 

deposition (ALD) [36]. The resulting separator shows a 0% shrinkage at 200 °C and robust fire 

retardant capability, without compromising the cell performance. Paper-based separators are an 

interesting alternative to polyolefin membranes for more economically viable separators [37]. 

 

Figure 3.  Illustration of the difference in the amorphous and crystal phases of PVDF-co-HFP (a) 

and PVDF-co-HFP/SiO2 (b) separators. Reprinted from [33], copyright 2018, with permission 

from WILEY. 

Ionic liquid (IL) electrolytes are a safer alternative to existing organic electrolytes. A good 

compatibility between IL electrolytes and separator materials would increase the separator 

wettability, which is the current major drawback with these electrolytes [38]. A poly(methyl 
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methacrylate-acrylonitrile-ethyl acrylate) (P(MMA–AN–EA))-coated Celgard 2400 was 

investigated in Lithium bis(trifluoromethanesulfonyl)imide/N-ethyl-N-methyl-imidazolium 

bis(trifluoromethanesulfonyl)imide (EMITFSI) IL electrolyte [39]. When equal parts of SiO2 and 

Al2O3 are added to the separator, the improved bond strength of Si–O/Al–O cross-section points 

and the polymer network results in excellent thermal and mechanical stabilities. The authors report 

that chemical interactions between metal oxide nanoparticles and electrolyte provide a high ionic 

conductivity (3.2 mS cm−1), and high oxidation potential (5.7 V). 

 Organic materials, such as cellulose, are also used as fillers in polymers for the fabrication 

of composite separators due to increased ionic conductivity, electrolyte uptake, electrochemical 

performances, and abundance of raw material in nature [40]. Sometimes the use of inorganic 

materials as additives with polymers results in a non-uniform dispersion. Various particle surface 

modification techniques have been reported to solve this problem but the solutions are costly and 

time-consuming. Graphene oxide (GO) has high dispersion in polymer matrices due to its polar 

groups, and GO-modified polyurethane separators show high electrolyte uptake (733 wt%), high 

ionic conductivity (3.7 mS cm−1), and superior thermal stability (up to 300 °C) as compared to 

metal oxides fillers [41]. Urethanes and fluorinated polymers, when modified with charged 

functional groups, may potentially be used as matrices for solid electrolytes. Scientists have 

recently focused on decoupling ionic conductivity from polymer segment relaxation to explore 

new ion transport mechanisms for solid electrolytes [1,40]. The fibrillar units of poly-p-phenylene 

terephthalamide or LLZTO have been used to generate various migration routes for Li-ions 

between electrodes [42,43]. LLZTO, in particular, suppresses lithium dendrites growth by forming 

a highly ductile quasi-solid composite separator [44].  
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Multifunctional separators 

Traditionally, battery separators are chemically and electrochemically inert. However, a 

new conceptual framework for Li-ion battery design proposes that separators should actively 

participate in the cell chemistry, to enhance performance and enable additional features. 

Multifunctional chemically active separators may, for example, trap transition metal cations, such 

as Mn, attract acid species, or dispense Li ions, with significant battery performance benefits 

[9,45,46]. Keeping the surface of the graphite negative electrode free from Mn impurities during 

the cell formation cycles is essential for the creation of a SEI with superior properties (maximally 

ionically conducting, while electronically insulating) that enables an improved capacity retention 

and prolonged cell life [46]. 

Banerjee et al. [47] reported a separator made with PVDF-HFP matrix and a modified 

cross-linked styrene-divinylbenzene copolymer functionalized with disodium iminodiacetate 

groups. LiMn2O4/Graphite cells with the aforementioned separator showed no capacity loss at 55 

°C cycling even after saturation of the separator with Mn ions. The thin uniform SEI provides a 

uniform current distribution and reduced losses of Li+ ions, and the resulting smaller interfacial 

resistances increase the capacity utilization and improve the power performance of Li-ion batteries 

[48]. The same group [46] embedded a poly(ethylene-alternate-maleic acid) (PE-alt-MALi2) into 

a PVDF-HFP matrix with a phase inversion procedure. The separator not only (1) traps dissolved 

Mn ions (proved by elemental analysis on separator after use), but it also (2) scavenges hydrogen 

fluoride (FTIR showed a protonation of the Li carboxylate groups of the functional polymer due 

to HF), and (3) it’s a source of sacrificial Li+ ions. Multifunctional separators offer new 

possibilities to the incorporation of ceramics into Li-ion battery separators. SiO2-chemically 

grafted on a PE separator improves the adhesion strength, thermal stability (<5% shrinkage at 120 
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°C for 30 min) and electrolyte wettability as compared to the physical SiO2-coating on PE separator 

[49]. A surface-grafting method overcomes the issues of coating and improves the performances 

of conventionally polyolefin separators, but this technique is expensive and requires special 

equipment. Qin et al. [50] proposed a binder-free technique with reactive atmospheric pressure 

plasma containing Ar/O2/hexamethyldisiloxane to functionalize a PE separator with a thin layer of 

SiOxCyHz. The resulting polar functional groups on the PE substrate improve the wettability, 

electrolyte uptake, and ionic conductivity.  

While an increase in performance is always desirable, multifunctional separators can also 

add new features, like anti-shrinkage properties or flame-retardancy [50,51]. Amino functionalized 

poly(ether ketone) (PEEK) with anti-shrinkage property and thermal stability was used in the outer 

layers of a tri-layer separator, while PMMA was the intermediate layer [51]. The electrospun 

PEEK/PMMA/PEEK separator has high thermal stability (0% shrinkage at 150 °C), and high 

thermal shutdown window (100-270 °C). Cross-linked monofunctional sulfonate and phosphate 

species incorporated in a multifunctional oligomer separator introduce flame-retardancy feature 

(Fig. 4) and improve Li-ion transport properties [52]. 
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Figure 4. Flame retardant properties of electrolyte-imbibed multifunctional membranes compared 

to commercial separator: (a) Celgard, (b) cross-linked Polyethylene glycol dimethacrylate 

(PEGDMA), (c) multifunctional membrane, and (d) multifunctional membrane as a coating on the 

commercial separator. Reprinted with permission from [52], copyright 2018, ACS. 

Conclusions 

The separator has an active role in the cell because of its influence on energy and power 

densities, safety and cycle life. In this review, we highlighted new trends and requirements of state-

of-art Li-ion battery separators. In single- and multi-layer polyolefin or PVDF-based separators, 

the combination of different polymer layers, the use of fluorinated polymers, the two-miscible-

solvents and the solvent/non-solvent techniques are all beneficial to increase the properties and 
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performance of the separator. The addition of ceramic additives increases thermal and mechanical 

properties, but the traditional incorporation techniques do not provide additional functionality. 

Multifunctional separators, instead, offer a new range of possibilities when functional groups are 

incorporated in the separator, which is now chemically active and provides additional features in 

terms of safety and performance. Research needs to take into consideration both the market and 

safety needs. By nano-engineering the material network in a multifunctional separator, we would 

be able to create preferred pathways for ion transport in 3D structures that maximize both the Li 

ions motion and safety, and reduce degradation. 
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CHAPTER 3: Fabrication and Characterization of Meltblown Poly(Vinylidene difluoride) 

Membranes 

Abstract 

The meltblowing process may be employed to produce high volume of nonwoven 

Poly(Vinylidene difluoride) (PVDF)  mats with fine fibers that lead to small pores. Although 

significant research has been reported on electrospinning of PVDF, there are no studies reported 

on the formation and characterization of PVDF meltblown mats because of the technological 

barriers associated with meltblowing the polymer. We investigated the fundamental properties and 

characteristics of an experimental grade of melt-blowable PVDF (Kynar® resin RC 10,287, 

Arkema, Inc.) with the objective of elucidating the structure-property-process relationships of the 

melt-blown mats. We have produced high-quality meltblown PVDF mats with low solid-volume 

percent (as low as 22%), and an average fiber diameter varying from 2 to 6 µm. The 

electrochemical resistance and absorbance capacity (electrolyte uptake up to 200%) of meltblown 

PVDF make it suitable for battery separator applications. We show interactions of the meltblown 

PVDF with the electrolyte lead to a morphology change in the fibers and a 3% decrease in 

crystallinity. By using cutting-edge meltblowing technologies, meltblown PVDF could become 

the separator in next generation Li-ion batteries. 

Introduction 

Nonwoven mats are used in a broad range of applications, with medical, hygiene, 

automotive, wipes, filtration, geosynthetics and interlinings representing dominant markets [1]. 

Among the many processes to produce nonwovens, meltblowing is well-known for its high 

production of structures with fiber diameters as low as 1 µm or less (using emerging high- density 
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dies) [2,3]. Meltblown structures can be formed in several ways; today, there are two main 

processes (Fig. 1): 

a) Reicofil system based on Exxon-type die geometries [4,5] 

b) Biax FiberFilm die – The process is referred to as Biax, Multi-row or SpunBlown® [6,7] 

 

Figure 1. a) Schematic of the meltblowing process. Reprinted from ref. [2], Copyright 2013, with 

permission from Elsevier. b) Exxon type die with a bottom view of the spinneret, reprinted from 

ref. [8], Copyright 2016, with permission from Elsevier, and c) schematic of the die in a Reicofil 

meltblowing process. 

The Reicofil die geometry is dominant and employed for the formation of microfibers for 

membranes used in the medical industry as barriers, as well as filtration media and other 

applications. In the Reicofil technology, an extruder feeds a molten polymer to a melt-pump that 

precisely delivers the polymer to a row of fine orifices.  As the polymer exits the orifices, two 

converging, high-velocity streams of heated air [8] impinge on the molten filaments. The diameter 

a) 

b) c) 
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of the extruded filaments is attenuated by the air flow and fine fibers are formed. After the polymer 

threads are stretched by hot air, the resulting fibers are expanded into room temperature air. Due 

to the mixture of high-speed hot air and fibers with ambient air, fiber bundles move forward and 

backward (whipping).  These movements stretch the filaments due to so-called “form drag”. This 

form drag appears with every change in fiber direction, leading to a variability in the fiber diameter, 

and it is the most significant cause behind roping where one or more filaments are entangled, touch 

and form large fibers.  

Generally, fiber-diameter attenuation is achieved by three different forces: aerodynamic 

drag near the die, aerodynamic drag near the collector, and fiber elongation due to fiber vibration 

movements along the spin line; however, most attenuation occurs near the die, as reported by 

Bresee et al. [9] In the meltblowing process, the fibers are collected on a moving collector 

(conveyor belt or drum).  As the fibers exit the orifices and approach the collector surface, they 

slow down, go through bending instability, touch one another and form a bond at the contact points 

since they are not fully solidified. 

Filaments produced by the meltblowing process have generally low chain orientation. In 

addition, the fibers do not often crystallize until reaching the collector.  The processing conditions 

influencing the final properties of the meltblown fibers and webs include: melt temperature, 

throughput, die geometry, air flowrate and temperature, die-to-collector-distance (DCD) and 

collector speed.  By varying any of these parameters, the final properties of the fibers, such as the 

cross-sectional shape, diameter, morphology, and web structure can be changed. The process 

requires extremely low melt viscosities to form fine fibers. The die is the most critical part of this 

technology [10].  
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The fiber size for a given melt flow-rate (MFR, defined as the mass of polymer that flows 

in 10 minutes in a capillary with specific size, pressure, and temperature [11]) depends on the mass 

flow rate through the capillaries and speed of air impinging on the fibers. In general, lower 

throughput rates or higher MFR, barrel temperatures, and air velocities yield finer fibers. However, 

each polymer possesses a unique natural draw ratio, a physical quantity directly related to the 

extensional viscosity and creep behavior of the polymeric materials. In general, the natural draw 

ratio limits fiber attenuation to a maximum value that determines the final fiber size after the local 

whipping and further local stretching due to the various drag forces. The limitation of the natural 

draw ratio implies that in order to achieve ultrafine fibers (< 1 µm), the throughput must be further 

reduced.  To ensure that there is continuous flow in the capillaries would require a further decrease 

in the size of the capillaries and that, in turn, may require a low-melt viscosity. Current commercial 

systems use a capillary size of 300 to 500 µm while new high-density dies have smaller capillaries 

(180 to 250 µm).  

 

Figure 2. Schematic (a) and photograph (b) of the die in a Biax meltblowing process. Reprinted 

from ref. [8], Copyright 2016, with permission from Elsevier . 

The Biax process uses multiple rows of orifices with co-centric air stream where each fiber 

is enveloped by a co-centric air supply. The multiple rows are essential for high productivity 

a) 

b) 
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despite a capillary density lower than Reicofil (Fig. 2), which is potentially beneficial in terms of 

fiber formation and the evolution of the morphology in the fiber structure.  However, the nozzles 

can not be too closely packed and therefore, to compensate for the fewer capillaries in a row, the 

die uses multiple rows and can far exceed the throughput of the Reicofil system when four or more 

rows are used.  This may be advantageous to reduce the probablity of fiber entanglement since the 

fibers are further apart.   

Meltblowing produces mats with randomly oriented and small-diameter (1-5 µm) fibers. 

These features favor filtration applications [2,12,13]. The high specific surface area of the mats 

results in high filtration efficiency for particles from gas or liquid streams. On the other hand, to 

produce finer fibers, only polymers that have a reasonably low melt viscosity can be meltblown.2,14 

The material properties and the process variables are the parameters that affect the formation of 

meltblown fibers. Viscosity, MFR, elasticity and molecular weight belong to the former, while die 

and air temperature, air flowrate, polymer throughput, and die-to-collector distance (DCD) belong 

to the latter. The limiting factor is, however, the pressure in the die.  This becomes a bottleneck 

for high-viscosity polymers that are not appropriate for meltblowing. One way to overcome this 

problem is to increase the number of capillaries, or their diameters, or decrease the molecular 

weight of the polymer to decrease viscosity. 

The future of meltblowing resides in nanofiber materials, which are considered vital for 

the next generation of hi-tech nonwovens [3,10,12,13,15]. One process commonly cited in the 

academic literature for producing nanofibers is electrospinning, which uses electrostatic force to 

draw charged threads of polymer solutions to make nonwovens [16]. Melt processing, however, 

has significant advantages over electrospinning, such as high processing speeds and solvent-free 

operation. Meltblowing also has the potential to fabricate unique structures, blends, and 
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composites unobtainable by electrospinning. If meltblowing could be used to produce materials in 

the nanofiber range, it would provide a faster, easier, and less costly alternative to the 

electrospinning technique [17,18]. In particular, with the meltblowing process, it is possible to 

obtain desired structures in a much more controlled way, e.g. specific mat thickness, fiber diameter 

distribution, solidity, etc. [3]. 

Poly(Vinylidene difluoride) (PVDF) is a thermoplastic fluoropolymer produced by 

polymerization of vinylidene difluoride and is used in applications requiring high purity, such as 

batteries and sensors, as well as resistance to solvents and acids [15,19–21]. This is due to inherent 

PVDF properties, such as chemical and electrochemical resistance (including resistance to acids, 

oxidizing agents, solvents such as hydrocarbons, alcohols, alkyl and aromatic ethers, and aqueous 

salt), fire retardancy, higher melt temperatures than the more common polyolefins and polyesters, 

allowing for its use in high temperature applications, piezoelectricity and pyroelectricity [22–24]. 

Although significant research has been reported on the electrospinning of PVDF and use of the 

resulting (often post-treated) nonwoven mats as a separator in Li-ion batteries [25–31] and 

filtration media [32–34], there are no peer-reviewed publications on the formation and use of 

PVDF mats made by meltblowing. The technological barriers associated with meltblowing PVDF 

at reasonable processing temperatures include an inadequate melt flow rate, which cannot be 

overcome by increasing the temperature due to thermal decomposition and possible generation of 

hydrogen fluoride [35]. Extensive research has been done to synthesize branched polyolefins, such 

as polyethylene (PE) or polypropylene (PP), with a combination of low-shear viscosity (at low-

molecular weight) and high-extensional viscosity (melt strength) ideal for meltblowing [36-40]. 

On the other hand, PVDF with low-molecular weight, which is necessary for a high-melt flowrate, 

has low-melt strength [41,42]; in contrast,  high-molecular weight PVDF would require 
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temperatures close to its degradation to increase melt flowrate for melt-blowing. To overcome this 

problem, Hedhli et al. [41,43] showed specific chain-transfer agents added during polymerization 

increases the extensional viscosity in low-molecular weight PVDF but the resulting (unprocessed) 

polymer is strain-hardened due to long-chain branching.  

By means of specific chain-transfer agents in high levels during polymerization, melt-

blowable PVDF has recently been developed (Kynar® resin RC 10,287, Arkema, Inc.) [44]. This 

particular PVDF has low-molecular weight (15 to 100 kDa) and melt viscosities less than 1 

kilopoise (kP) at 230° C and 100 s-1 [45]. One use for the high melt flow PVDF is in the formation 

of very small diameters fibers, useful for meltblown nonwoven materials. These types of 

nonwoven structures are unobtainable with previous commercial PVDF because of the low-melt 

strength or low-extensional viscosity of the polymer.  

In this work, we report the fabrication of meltblown PVDF mats with a lab-scale Biax 

meltblowing apparatus. A full characterization is reported, including fiber and membrane 

characteristics of the resulting webs. Process-structure-properties relationships are discussed.  

Experimental 

An experimental grade of Poly(Vinylidene difluoride) (PVDF) Kynar® resin RC 10,287 

(Arkema, Inc.) was used in this work. The PVDF has low-molecular weight with melt viscosity of 

0.2 kP at 100 s-1 and 230°C, and is synthesized using emulsion polymerization, with a total amount 

of initiator between 0.05 to 2.5 wt%, and with 0.1 to 0.2 wt% fluorinated emulsifying agent 

(surfactant). The weight average molecular weight is between 15 and 100 kDa with a 2.0 poly-

dispersity index with no oligomers (<10 kDa) in the products [45]. One way to obtain a low 

molecular weight PVDF is by using a chain-transfer agent at high levels. Some useful chain-

transfer agents are C2 to C18 hydrocarbons like ethane, propane, butane, etc. The amount of chain-
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transfer agent is 0.2 to 10.0 wt%. Chain-transfer agents can be added all at once at the beginning 

of the reaction, in portions throughout the reaction, or continuously as the reaction progresses, 

depending on the desired properties of the final products. The reaction is started and maintained 

by the addition of an initiator, such as an inorganic peroxide [45]. 

Thermal Analysis 

We used Differential Scanning Calorimetry (DSC) and Thermal gravimetric Analysis 

(TGA) to determine the meltblowing temperature window (melting and degradation temperatures, 

respectively). The two techniques were both run in a nitrogen gas environment. DSC was also used 

to determine the PVDF crystallinity and interactions between PVDF and the electrolyte. The 

degree of crystallinity χc of PVDF is given by: 

*
100m

c

m

H

H



= 


 (1) 

where mH is the measured melting enthalpy and *

mH = 104.5 J/g is the melting enthalpy 

of PVDF with 𝜒𝑐=100% respectively [46]. 

Rheology 

 With steady and oscillatory shear experiments, we obtained viscosity curves using a TA 

DHR rheometer and an Instron CEAST, Smart Rheo 2000 – Dual Capillary Rheometer. Melt flow 

rate (MFR) was obtained with an Instron CEAST, 7026 Melt Flow Tester.  

Meltblowing Process 

PVDF Kynar® resin RC 10,287 was dried overnight at 70 ºC to avoid water vapor formation 

during meltblowing. We fabricated the webs using a Biax lab scale meltblowing set-up at the 

Nonwovens Institute at NC State University [47]. Polymer pellets were melted and pressurized 

using a single-screw extruder. The motor-driven screw transports the material through the extruder 

while three independently controlled heaters melt the polymer and maintain the desired 
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temperatures. The first heater is in the feed zone, where the polymer pellets are preheated at 180 

ºC before entering the transition zone, where the polymer is compressed and homogenized at 227 

ºC (second heater). The third heater is in the metering zone, where the polymer is transported at 

maximum pressure in the forward direction and a breaker plate filters out the impurities. In this 

zone, the polymer reaches its final temperature, 250 ºC. 

Once the melted polymer exits the extruder, it enters a melt pump that meters and delivers 

the polymer to the die assembly. The 12.5-cm long die had 12 row/744 hole capillaries of 230- m 

diameter. The fibers were collected as a mat on a rotating drum collector. Webs from the collector 

were wound onto rolls. 

Operating Conditions 

The process variables controlled were air pressure (in psi), polymer throughput measured 

in g hole-1 min-1 (ghm), and die-to-collector distance (DCD) in cm. Three values (low, medium, 

high) for each variable were chosen and a matrix of 27 samples was developed as a design of 

experiments (Table 1). The lowest throughput was split in 3 different values to obtain a web with 

no “shots” (large particles of polymer in the mat with diameter much greater than fiber diameter). 

The collector speed was kept at a value that resulted in a basis weight of 30 g m-2. The mats were 

calendered with a Klieverick belt Calender at 6 bar and 155 ºC to consolidate fiber-fiber bonds and 

decrease mat thickness.  
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Table 1. Design of experiments for meltblowing PVDF (Numbers listed in italic correspond to 

sample number. 

Microscopy 

To examine the fiber morphology, we sputter coated the samples with a thin layer of gold 

and analyzed them with a scanning electron microscope (Phenom Desktop SEM). Images were 

taken at 1500-2000X under a 5 kV accelerating voltage. We measured fiber diameters using Fiji 

(ImageJ) software, by taking at least 100 measurements from 5 different areas in each sample. We 

used a JEOL JSM-7600F SEM outfitted with a cryogenic transfer system and stage at -180 ºC 

(maintained by liquid nitrogen) to assess electrolyte absorption in the fibers. We kept the 

temperature of the experiments constant at -180 ºC with liquid Nitrogen. Light microscopy images 

were collected using an Olympus BX-60 microscope in the transmission mode on samples before 

and after wetting with electrolyte. 

Thickness and Solid Volume Percent 

 We used a Mitutoyo micrometer to measure mat thickness.  Solid volume percent   is 

calculated as: 

 
Throughput 

(ghm) 
0.09 0.11 0.14 0.17 0.254 

DCD 

(cm) 

Air pressure 

(psi) 
8 11 14 8 11 14 8 11 14 

35  1 2 3 4 5 6 7 8 9 

40  10 11 12 13 14 15 16 17 18 

45  19 20 21 22 23 24 25 26 27 
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fiber

100
W

t




 
=  
 

 (2) 

where W is the basis weight of the mat in g cm-2, t is the thickness in cm, and ρfiber is the density 

of the polymer in g cm-3. 

Tensile Strength 

Tensile strength was measured with an Instron 3400 (Mid-Range) universal testing 

system. Samples were cut in strip of 2.5 cm x 15 cm and placed between the machine clamps. 

We set-up the experiments to run up to ~6.8 kPa (100 psi) or until sample rupture. Sample peak 

loads and strains at break are reported.  

Capillary Flow Porosimetry 

The inter-fiber spacing (pore) size were analyzed with a capillary flow porosimeter from 

Porous Materials Inc. (PMI, Ithaca NY). Each sample was imbibed with a highly-wetting liquid 

(Salwick®, PMI, Ithaca, NY, USA) with a known surface tension of 20.1 dynes/cm. No visible 

contact angle was detected, so we assumed a contact angle of 0º for calculating pore diameter by 

using the Young–Laplace equation [48]: 
/

 4  /  
L G

D cos p= , where p is the extrusion pressure 

in MPa, D is the pore diameter in mm, γL/G is the surface tension of Salwick in N/mm, and θ is the 

contact angle of Salwick with the sample. This technique provides the pore diameter at the most 

constricted part of the pore, the bubble-point diameter (calculated from the pressure required to 

force the first air bubble out of the mat), as well as the pore diameter distribution. 

Electrolyte Uptake 

We measured electrolyte uptake to investigate a potential application of the meltblown 

PVDF as a Li-ion battery separator. We performed a preliminary experiment to assess wettability 

of the membrane by measuring the time for a mat to absorb a drop of electrolyte, and the time was 
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less than a second. We determined electrolyte uptake with Eq. (3) by weighing the separators 

before and after soaking for 10 min in a 1M LiPF6 Ethylene Carbonate/Dimethyl Carbonate 1:1 

wt% mixture. 

Electrolyte uptake 100a b

b

W W

W

 −
=  
 

  (3) 

where Wa and Wb are the weights of separator before and after soaking in the electrolyte. 

Results and Discussion 

Thermal and Rheological Properties 

Through DSC and TGA measurements, we found a melting temperature of 172 ºC and an 

onset of degradation at 280 ºC (Fig. 1, Appendix B). This is surprising considering that common 

PVDF resins tend to have decomposition onset temperatures at or above 350 ℃ [49,50]. 

We performed rheological experiments at temperatures between 200 and 260 ºC, i.e., above 

the melting point and below the onset of thermal degradation. The results (Fig. 3) revealed that the 

polymer is indeed melt-processable with a steady-shear viscosity at 200 ºC close to PP Metocene™ 

MF650W (from LyondellBassell), known to be suitable for meltblowing [51]. The viscosity curves 

were obtained by combining the results from steady shear, oscillatory shear and capillary viscosity 

experiments (see Appendix B). We were able to superimpose the data from these three experiments 

after applying the necessary correction, i.e. Cox-Merz rule for oscillatory shear and Bagley and 

Rabinowitz corrections for capillary experiments. The melt flow rate was 1316 g/10 min at 230 ºC 

(ASTM standard temperature [52]). The significantly low viscosity and high extensional viscosity 

(melt strength) are keys to melt-blow this polymer. We set the temperature of the meltblowing 

setup at 250 ºC to obtain a low fiber diameter, while avoiding degradation. 
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Figure 3. Rheological properties of Kynar® resin RC10,287 at different temperatures. 

Polymer crystallinity is an important factor in membranes, e.g., in battery separators a low 

crystallinity is desirable to facilitate the absorption and stability of liquid electrolyte [53,54]. The 

untreated polymer crystallinity was ~ 53%. However, the meltblowing process decreased the 

crystallinity to 48%, due to rapid re-crystallization of the fibers in the air stream, and introduced a 

new population of crystals in the crystalline part of the polymer, as shown by the appearance of a 

second smaller peak in the meltblown PVDF DSC results (Fig. 4a).  
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Figure 4. DSC first heat (a) and second heat (b) of Kynar® resin RC 10,287 raw, meltblown and 

meltblown after soaking in the electrolyte. 

By inspection, we noticed a change in the structure and optical properties of the polymer 

after soaking in electrolyte (1M LiPF6 EC/DMC). DSC was performed on meltblown PVDF after 

soaking in the electrolyte for nominally 15 minutes followed by overnight drying. The DSC results 

of the meltblown PVDF after soaking indicated a further decrease in crystallinity (~ 45%) and a 

change in the size of the two populations of crystals, noticeable by the shift of the peaks compared 

to the meltblown before soaking (Fig. 4a) [55,56]. This clearly shows interactions occurring 

between the electrolyte and the PVDF fibers, as discussed in the next paragraph. We presume that 

the new population of crystals is mostly present in the outer surface of the fibers, where the solvent 

was absorbed As seen in the second-heat curves (Fig. 4b), it is clear that the meltblowing process 

a) 

b) 
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introduced a second low-melting population of crystals. We speculate that the polymer shearing 

during meltblowing may have caused a phase separation. The second-heat DSC data from 

meltblown and electrolyte-imbibed meltblown mats are similar; hence, the polymer change in 

crystallinity and crystal size cause by the electrolyte are not permanent. 

SEM and Fiber Diameter 

 Cryo-SEM on PVDF fibers imbibed with EC/DMC solvent (soaked for 24 h) revealed that 

the liquid interacts with the fibers, and a thin layer of frozen liquid around the surface of the fibers 

is indicative of these interactions (Fig. 5). 

  

Figure 5. Cryo-SEM images of meltblown PVDF and EC/DMC at various locations (a), (b), (c), 

(d). Fiber mat before wetting with electrolyte (e). 

The liquid diffuses in the amorphous domains of the outer surface of the fibers up to a 

certain penetration depth. We speculate that the original population of crystals is confined in the 

core of the fiber (similar to the raw polymer), where the liquid is not able to penetrate, while the 

outer surface is less crystalline, thus allowing liquid absorption. Figure 3 in appendix B shows 

TEM diffraction patterns of a fiber cross-section that support this hypothesis. 
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The electrolyte modifies the morphology of the fibers by forming a gel-like structure in the 

outer surface. The electrolyte-imbibed fiber mat has three regions, liquid in the pores, fibers solid-

core and gel-like outer fiber surface. The liquid absorption makes the fibers swell and their 

diameter increases by 20-40% (not shown here). The entire mat quickly becomes (< 1 s) more 

homogeneous after adding electrolyte (Fig. 6). Even though there could be some evaporative loss 

of solvent trapped in the pores, the gel-like structure seems to be stable over time as assessed by 

visual examination of the electrolyte-imbibed mat.  

 

Figure 6. Optical images of meltblown PVDF mat before (a) and after (b) the addition of 

electrolyte. 

Fig. 7 shows representative SEM images of the fiber mats and the fiber diameter 

distributions for few samples of the group. We were able to obtain fibers with no “shots”. The 

diameter distributions of meltblown fibers vary with process conditions. Low throughput and high 

air pressure (as in sample 3) produce mats with low fiber diameter and a narrow distribution. High 

throughput and low air pressure (as in sample 7), produce mats with high fiber diameter and a wide 

distribution. 

50 µm 50 µm 

a) b)
) 
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Figure 7. SEM and fiber diameter distributions of samples 3, 7, 14, and 21 according to Table 1. 

By changing the die-to-collector distance (DCD), the mass flow rate of meltblown polymer 

(throughput), and the air pressure during the meltblowing process, as shown in Table 1, the average 

fiber diameter varied from 2 to 6 µm. In general, we observe that the fiber diameter decreases when 

 50 µm 

 50 µm 

 50 µm 

 50 µm 
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polymer throughput decreases or air pressure increases. This dependence mainly occurs because 

the drag force is higher than in the low air-pressure case, and the air is able to attenuate better the 

polymer filaments. Lowering the polymer mass flow rate decreases the fiber diameter because the 

same drag force from the air jet acts on a decreased polymer mass. In general, it is advised to 

balance the melt flow (pump pressure) with the air speed (air pressure). If the former is too high, 

the airflow is not able to attenuate well the polymer, if the latter is too high, the mat will present 

“shots”. The DCD does not have a significant influence on fiber diameter. The collector position 

determines the point at which the fibers impact the belt. If the collector is close to the die, the fibers 

impact the belt while still molten filaments, hence creating a low quality mat. If the collector is far 

from the die, the fibers impact the belt after the crystallization; hence, they will not create strong 

fiber-fiber bonds. In particular, PVDF resins crystallize very quickly, thus further thermal 

calendaring should be used to increase the strength of the bonds. 

The fiber diameter distribution can be controlled through the process parameters. 

Depending on the desired final application, we produce mats with a narrow distribution and low 

average fiber diameter or mats with a wider distribution. This is an important feature for 

membranes especially in filtration application. 

Thickness, Solid Volume Percent, Pore Size, and Electrolyte Uptake 

Fiber mats produced at low throughputs have a low fiber diameter that makes the fibers 

pack more closely. However, the solid volume percent must be low to enable efficient gas/ion 

transport for applications, but a low thickness is essential for membrane applications. The 

thickness was reduced from ~ 300 to ~ 65 µm by calendering the mats, which increases the solid 

volume percent. 
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It is challenging to measure the electrolyte uptake because of the nonwovens inherent 

capacity of holding liquid not just in their pores but also on the surface of the mat. To generate 

reproducible data, we took into account only the electrolyte that remains in the mat after pressing 

the separator in the cell. This is why the process of removing excess electrolyte from the mat 

surface is crucial. 

High throughput samples show a low surface area and a low solid volume percent but can 

have varied electrolyte uptake, with a high DCD resulting in low electrolyte uptake. The solid 

volume percent at high throughput is not affected significantly by other variables (Fig. 8a). Figure 

8b indicates approximately a linear relationship between electrolyte uptake and surface area 

(calculated from fiber diameter). At low throughput, a low air pressure gives high uptake, while at 

medium and high throughputs, a high air pressure is necessary to achieve a high electrolyte uptake. 

High throughput leads to high fiber diameter, low solid volume percent and low electrolyte uptake; 

this is in contrast with our expectations, suggesting that solvent-polymer interactions play an 

important role for the electrolyte uptake. Low/medium throughputs samples show the highest 

uptake and the highest surface area, with variable solid volume percent. If there were no uptake by 

the fibers, we would not find a dependence of surface are on electrolyte uptake seen in Fig. 8b. 

We may conclude fiber diameter (hence, surface area) has a more significant effect on electrolyte 

uptake than the solid volume percent because of the electrolyte absorbed in the gel-like region near 

the fiber surface. 
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Figure 8. Electrolyte uptake vs solid volume percent (a) and vs surface area (b) at different process 

parameters.  

Small fibers create small pores (Fig. 9), where the electrolyte is more easily held. However, 

in this case small fibers lead to a high solid volume percent, which could be detrimental for 

application as a separator for Li-ion batteries. On the other hand, small pores prevent micro-short 

circuits, which is a common problem in nonwoven battery separators. 

 

Figure 9. Pore size from porosimetry vs fiber diameter. 

Table 1 in appendix B, shows the tensile properties of the mats. The cross-direction peak 

load is in general half of that in the machine direction, while the strain at break is similar for both 

Low throughput 
Medium throughput 
High throughput 

Low throughput 
Medium throughput 
High throughput 

a) b) 
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directions. The samples at 30 g m-2 showed similar results (~ 1.0-1.4 kPa in machine direction), 

while the sample at high basis weight has a high strength at break, as expected. The relatively low 

values for tensile strength can be attributed to the weak fiber bonding. One way to overcome this 

is to optimize the calendaring process to create more contact points between the fibers. 

Conclusions 

We have demonstrated the possibility to melt-blow PVDF Kynar® resin RC 10,287 to 

produce a high quality mat. By changing the die-to-collector distance, throughput, and air pressure, 

fibers with diameters as small as 400 nm were produced with an average diameter as low as 2 µm. 

We have highlighted some relationships between the process parameters (throughput, air pressure, 

die-to-collector distance) and the mat properties (fiber diameter, solid volume percent, electrolyte 

uptake). Samples made at low throughput and low air pressure give high uptake, while at medium 

and high throughputs a high air pressure is necessary to achieve a high electrolyte uptake. The 

fiber surface area plays an important role to design a high-absorbent mat. The interactions 

occurring between the electrolyte and the PVDF fibers lead to a high uptake with small fibers, 

despite the increase in solid volume percent. The pore size was approximately proportional to the 

fiber diameter. The latter and its distribution are controlled by the process parameters. The 

interactions with the electrolyte decreased the crystallinity of the polymer and produced a gel-like 

structure in the fiber outer layers, thus generating a tri-region system. These interactions could be 

beneficial for an increased ion conductivity due to the increased electrolyte, and because of an 

increased stability of the system. 

Meltblown PVDF may be the basis for a successful nonwoven membrane in applications 

requiring good mechanical properties and resistance to chemical and thermal degradation, and the 
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meltblowing process has an advantage in comparison to electrospinning in terms of volume 

production and ease of manufacturing.  
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CHAPTER 4: Meltblown PVDF as A Li-Ion Battery Separator 

Abstract 

Among types of Li-ion battery separators, nonwoven mats have the advantage of low 

production cost, low mass, and high porosity. Nonwoven polyvinylidene difluoride (PVDF) shows 

promising results as a separator because of its chemical and mechanical stability and affinity for 

electrolytes commonly employed in Li-ion cells. We investigated the use of a melt-blowable 

PVDF (Kynar® resin RC 10,287, Arkema, Inc.) to produce meltblown PVDF mats, with the 

objective of elucidating their performance as a separator in Li-ion batteries. High-quality 

meltblown PVDF mats were produced with a 1.2-m wide Reicofil R4 meltblown pilot line at the 

Nonwovens Institute and subsequently consolidated through thermal compaction in a hydraulic 

press. The resulting mats showed high homogeneity (low roping and fiber entanglements), an 

average pore size as small as 0.9 μm, and fiber diameter as small as 1.4 μm, yielding high surface 

area and electrolyte uptake. After thermally compacting the nonwoven mat, the thickness and pore 

size decrease along with electrolyte absorbence and conductivity. The highest ionic conductivity 

of the electrolyte-infused mat was ~ 9.6 mS/cm (room temperature with 1M LiPF6 in EC/DMC 

1:1 v/v), and the first-cycle capacity of a Li/LiCoO2 cell containing meltblown PVDF separators 

was 142 mAh/g. In this work, we report the physical, chemical, and electrochemical properties of 

meltblown PVDF relevant to its use as a Li-ion battery separator. 

Introduction 

While significant research has focused on negative and positive electrode materials in 

rechargeable Lithium-ion (Li-ion) batteries, battery separators have only recently received more 

consideration from the scientific community. Commercial separators are mainly polyolefins, such 

as polyethylene (PE) or polypropylene (PP). However, nonpolar polyolefins are hydrophobic with 
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low surface energy and exhibit poor affinity to polar organic electrolytes used in Li-ion cells, and 

surfactants are needed to obtain good electrolyte wettability [1]. Nonwoven separators possess 

fibrous structures that allow a high electrolyte uptake with good structural cohesion due to 

intertwined fibers within the mat. Nonetheless, nonwoven battery separators produced with 

common high-production processes have shown lower performances than microporous polyolefins 

separators, which may be attributed to inadequate pore structure [2]. Among other polymers, 

PVDF is a promising material for battery separators due to high polarity, low degree of 

crystallinity, high dielectric constant, good chemical stability, and good electrolyte wettability 

owing to the presence of C–F group [3–5]. An advantageous manner to produce nonwoven PVDF 

separators would employ a meltblowing process, which is a well-developed, high-volume 

production technology. To be melt-blowable, polymer resins must have high melt-flow rates, but 

commercial PVDF resins did not possess this property until recently [6–8]. Researchers have 

successfully electrospun PVDF from solution with the goal of exploring it as a nonwoven battery 

separator [9]. Electrospun PVDF has attracted the attention of the scientific community as a 

separator in Li-ion batteries [10–15] and filtration media [16–18]. Table 1 summarizes reports on 

the use of PVDF in battery separators, and these studies are expanded upon below. Unless 

otherwise specified, the electrolyte used was 1M LiPF6 in EC:DMC (1:1 w/w). 

Electrospun PVDF was reported as early as in 2003 by Choi et al. [14], who found the 

nanofibrous polymer electrolyte consisted of a solid polymer phase with PVDF fibers partially 

swollen after electrolyte uptake. In this case, the electrolyte uptake was 260%, double that of 

commercial Celgard® membranes, and its ionic conductivity was 1.7 mS/cm at 20°C (vs. ~1 

mS/cm for Celgard®). Kim et al. [13] prepared thermally stable electrospun PVDF with an average 

fiber diameter of 0.5-1.4 µm, and an apparent porosity and a mean pore size of 80-89% and 1.1-
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4.3 µm, respectively. The resulting mats showed 350% electrolyte uptake (1M LiPF6-

EC/DMC/DEC 1:1:1 by weight), 1 mS/cm ionic conductivity at room temperature, and stability in 

a Graphite/LiCoO2 cell at 60 °C. The mat’s ionic conductivity and electrolyte uptake increased 

with a decrease in fiber diameter. Electrospun PVDF thermally-treated at 150-160°C showed 

increased mechanical properties (+44% Young’s modulus, +179% tensile strength, +35% 

elongation at break vs. untreated mats), despite the small fiber diameters (100-800 nm) [12,19]. 

The increased crystallinity and fiber diameter after thermal treatment were reported to be the 

reason for the improved physical properties. 



 

HFP, hexafluoropropylene; PP, poly(propylene); PVDF, poly(vinylidene fluoride); TPP, triphenyl phosphate; PMMA, poly(methyl methacrylate); PAN, 
polyacrylonitrile; TPU, Thermoplastic polyurethane; LAGP, lithium aluminum germanium phosphate; PEO, polyethylene oxide. 
aN/R = ‘not reported’. 
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Table 1. Summary of remarkable literature results on non-woven PVDF as separator in Li-ion batteries. 

Material 

Ion 

Conductivity 

(mS/cm) 

Porosity 
AFD 

(nm) 

Electrolyte 

uptake 
Remarks Ref. 

Celgard® 1.0 40% 
No 

fibers 
130% Made of PP - On the market now 

This 

work 

PVDF 1.0 80% 514 N/R Thermal treatment → High mechanical properties 12 

PVDF 1.0 80-89% 
450-

1038 
320-360% From high crystallinity → high thermal stability 13 

PVDF 1.7 83% 250 260% - 14 

PVDF N/D N/R 336 1200% Plasma pre-post-treatment 20 

PVDF 2.0 N/R 100-800 73% Thermal treatment → High mechanical properties 19 

PVDF-HFP 0.4 59% 1000 210% No improvements 21 

PVDF-HFP 2.3 N/R 1000 750% Activation with ionic liquid 22 

TPP@PVDF-HFP 0.4 N/R 900 N/D Flame-retardant properties 23 

P(VDF-HFP)/PAN 6.5 80% 400 475% Blend membrane of the 3 polymers 24 

PVDF/PMMA 3.5 77% 1000 330% High anodic stability 25 

PVDF/TPU 3.2 86% 570 342% High electrochemical stability 26 

PVDF-LAGP/PEO 10.9 93% 2400 831% In situ porosity generation 27 



 

HFP, hexafluoropropylene; PP, poly(propylene); PVDF, poly(vinylidene fluoride); TPP, triphenyl phosphate; PMMA, poly(methyl methacrylate); PAN, 
polyacrylonitrile; TPU, Thermoplastic polyurethane; LAGP, lithium aluminum germanium phosphate; PEO, polyethylene oxide. 
aN/R = ‘not reported’. 
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Table 1. Continued 

SiO2/PVDF 2.6 N/R N/R 370% SiO2 electrospraying and PVDF electrospinning 28 

SiO2/PVDF/PP 2.6 53-73% 312 237% - 29 

SiO2/Al2O3/PVDF 2.1 62% 3280 366% Melt-electrospinning 30 
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Safety of PVDF nonwoven battery separators may be improved by encapsulating a flame-

retardant agent inside a protective PVDF-HFP (hexafluoropropylene) [23] or by introducing a 

thermoplastic resin in the mat with a thermal shutdown function [20]. In the second case, Choi et 

al. [20] introduced PE chains on an electrospun PVDF mat through an ethylene plasma treatment; 

it’s among the earliest nonwoven separators to incorporate this kind of safety measure. An 

atmospheric-pressure plasma treatment improves the mat hydrophilicity, which strongly 

influences electrolyte uptake and overall safety of the cell [20]. Laurita et al. [19] performed a 

plasma treatment of a PVDF solution before electrospinning (the solution was plasma-exposed) 

and of the PVDF fiber web after electrospinning. Although the mechanical properties and 

electrolyte uptake significantly increased with the treatment (Young’s modulus from 9 to 32 MPa, 

tensile strength from 1 to 5 MPa, elongation at break from 80% to 130%, and electrolyte uptake 

from 500% to 1200%), the unknown cost of such a process seems impracticable. PVDF possesses 

relatively high crystallinity, and many researchers believe that high crystallinity results in 

decreased ionic conductivity due to the reduced migration rate of lithium ions in the crystalline 

phase [31]. One effective method for lowering the crystallinity of nonwoven mats is to use suitable 

PVDF co-polymers, such as electrospun PVDF-HFP [21], or modified PVDF [22]. For example, 

Cheruvally et al. [22] imbibed PVDF-HFP mats with a room temperature ionic liquid. The ionic 

conductivity was 2.3 mS/cm, but the capacity loss was significant in a Li/LiFePO4 cell at discharge 

rates higher than 1C. 

Electrospun PVDF has poor mechanical properties. In order to improve these properties, 

researchers have focused on composites and blends of PVDF, such as adding polyolefin supports 

and/or matrices [32,33], adding ceramic or colloidal particles to the PVDF spinning solution [34–

38], or electrospinning multiple polymers from the same solution [25]. Raghavan et al. [24] created 
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three-dimensional, layered-structured composite separators of electrospun PVDF-HFP and PAN 

(Polyacrylonitrile) with fiber diameters of ~400 nm and thicknesses from 25 to 50 µm depending 

on the separator’s layers. These authors claim the electrolyte uptake of 470% and ionic 

conductivity of 6.5 mS/cm were due to high porosity (>80%). Li et al. [25] fabricated electrospun 

PVDF/PMMA with 23% crystallinity, 77% porosity and 330% electrolyte uptake for 1 M LiClO4 

in EC/PC (1:1, v/v). The resulting ionic conductivity was 3.5 mS/cm and the oxidative stability 

was 5.1 V. The addition of inorganic particles into polymer membranes may reduce their 

crystallinity and improve the migration of lithium ions [31]. Inorganic particles or organic-

inorganic particles [39] may also improve wettability due to high polarity and increased surface 

area due to roughening [31]. PVDF-LAGP (lithium aluminum germanium phosphate) [27] 

modified with PEO (polyethylene oxide) shows high conductivity (10.9 mS/cm) and electrolyte 

uptake (831%), and cell-cycling stability. 

Composites and blends are often necessary when using PVDF in a nonwoven battery 

separator. Multilayer composite separators showed improved conductivity and mechanical 

properties when a dispersion of PVDF and ceramic particles (300 nm Al2O3 or 7 nm SiO2 

nanoparticles) was electrospun on polyolefin nonwoven separators (PP and PE) [29,33]. Yanilmaz 

et al. [29] prepared a SiO2/PVDF composite nanofiber-coated PP membrane by electrospinning 

SiO2/PVDF dispersions onto both sides of PP nonwovens. The resulting structures showed high 

ionic conductivity (2.6 mS/cm) and improved mechanical properties (+322% Young’s modulus, 

+77% tensile strength vs. freestanding nanofiber mat). With addition of 15% SiO2 nanoparticles 

(7 nm), the fiber surface roughness increased significantly, and the electrolyte uptake increased 

from 226% to 291%. The increase in fiber surface roughness and decrease in fiber diameter lead 

to an increase in fiber surface area and electrolyte uptake, due to PVDF-electrolyte interactions, as 
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we have shown in a previous work [6]. Zhu et al. [40] reported that PVDF forms a thin porous gel 

layer when cast-coated onto PP/PE spunbond nonwoven separators and soaked in 1M LiPF6 in 

EC/DMC/EMC 1/1/1 w/w/w, with a resulting surface pore size <100 nm and a conductivity of 0.3 

mS/cm. Cells (Li/LiFePO4) containing these PVDF-PP/PE separators showed lower voltage 

hysteresis between charge and discharge compared to Celgard® 2730, which the authors attribute 

to improved Li+ transference number in the PVDF-PP/PE separators. Alcoutlabi et al. [41,42] 

prepared an electrospun PVDF-CTFE (chlorotrifluoroethylene) coated Celgard® membrane. As a 

matrix, they used either single-layer PP membranes or trilayer PP/PE/PP membranes. A novel 

nozzle-less electrospinning equipment produced fibers with 130-nm nominal diameter with good 

adhesion between the separator and the electrode. Lee et al. [43–45] prepared similar mats, but 

mixed PVDF-CTFE with PVDF-HFP, while Zhu et al. [46] used a polyethylene terephthalate-

PVDF hybrid membrane to improve thermal and dimensional stability. 

Recently, variations of electrospinning have been considered to either increase rate of 

production [47] or avoid the use of solvents [30]. In the first case, a novel tip-induced 

electrospinning process uses multiple tips that are mechanically dipped into and removed from the 

polymer solution to seed small liquid spikes on the solution surface. A strong electrical field 

initiates and extends liquid jets from the top of these spikes to deposit nanofibers on the collector 

[47]. In the second case, melt-electrospinning was used with a low-viscosity PVDF to create a 

separator with a solvent-free process [30]. A novel and relatively unexplored high-volume 

fabrication method of nonwoven PVDF battery separators is the scalable nanospinning of sheared 

solutions, which produces hierarchically   structured   polymeric   microparticles   having branched 

nanofiber coronas with a dendritic morphology [48–53].  
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Despite promising results, the simplicity, and ability of the process to produce functional 

nanofibers, electrospinning is inherently slow, expensive, and solvent intensive compared to 

meltblowing. Also, as noted earlier, electrospun PVDF is not mechanically strong enough to use 

as a battery separator, and it often requires a supporting matrix. In a previous work, we showed 

the feasibility of meltblowing PVDF, and we reported mat characteristics and interactions with 

common organic electrolytes [6]. However, there are no studies to our knowledge reported on the 

use of PVDF mats as battery separators produced by the meltblowing process because of the 

complexity of the equipment required and of technological barriers associated with processing 

PVDF: its melt flow rate is inadequate at low temperature, and high temperature is not possible 

because of the generation of hydrogen fluoride. Melt processing of PVDF to form a battery 

separator has significant advantages over electrospinning, such as greater processing speeds and 

solvent-free operation, and meltblowing has the potential to fabricate unique mat structures that 

have mechanical strength to serve as a battery separator. 

In this work we use a commercially-scalable meltblowing pilot-plant equipment to produce 

high-quality meltblown PVDF mats. We report the physical, chemical, and electrochemical 

properties of meltblown PVDF relevant to its use as a Li-ion battery separator. 

Experimental 

We used an experimental grade of Poly(Vinylidene difluoride) (PVDF) Kynar® resin RC 

10,287 (Arkema, Inc.). The resin has low-molecular weight (15 to 100 kDa), melt viscosity of 20 

Pa∙s at 230° C at a shear rate of 100 s-1, and a 2.0 poly-dispersity index. Chain-transfer agents in 

high level during polymerization were used to create a polymer with high melt-strength and high 

extensional viscosity, ideal for a meltblowing process [6–8].  
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Meltblowing Process 

We described in a previous publication the details of the meltblowing process with the 

Reicofil and the Biax die geometry, and we showed that PVDF Kynar® resin RC 10,287 may be 

meltblown in a Biax meltblown [6]. In this work, we used a 1.2-m wide Reifenhauser-Reicofil R4 

Meltblown pilot line at the Nonwovens Institute at NC State University (Fig. 1, Appendix C) for 

meltblowing the same PVDF resin [54]. The die was a single row with 45 holes per inch, with 1.2 

mm die tip and 1.2 mm setback. The temperature in the first two extruder zones were 50 ºC and 

180 ºC, respectively, while the temperature was kept at 240 ºC elsewhere downstream, including 

the hot air jets that impinged upon the extruded melt. The process variables controlled were airflow 

rate (in m3 h-1), polymer throughput (in kg h-1), die-to-collector distance (DCD, in cm) and basis 

weight (BW, in g m-2). Based on our previous work [6], we designed experiments with the most 

significant combinations of these variables (Table 2). One production run for each cell entry in 

Table 2 was performed. 

Table 2. Design of experiments for meltblowing PVDF. Die-to Collector-Distance was 15 cm and 

Basis Weight was 40 g m-2 unless otherwise specified (Number(s) in cell correspond(s) to sample 

number). aDCD = 20 cm, bBW = 30 g m-2, cBW = 20 g m-2. 

Throughput (kg h-1) 11 36 46 69 

Air flow (m3 h-1)     

600  4   

800 6    

1000 7,8
c

 
   

1100  3 1
a

 5 

1200  
2
a,b
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Microscopy 

To examine the fiber morphology, we used a field emission scanning electron microscope 

(FEI Verios 460L). Images were taken at 1000-2500X under a 2 kV accelerating voltage. We 

determined fiber diameters, using Fiji (ImageJ) software, by taking at least 100 measurements 

from 5 different areas in each sample. We performed cryo-SEM measurements using a JEOL JSM-

7600F SEM outfitted with a cryogenic transfer system and stage (-180 ºC) to visualize fibers with 

and without absorbed liquid electrolyte. 

Thickness and solid volume percent 

 We used a Mitutoyo micrometer to measure mat thickness.  Solid volume percentage is 

calculated with Eq. (1): 

fiber

100
W

t




 
=  
 

   (1) 

where W is the basis weight of the mat in g cm-2, t is the thickness in cm, and ρfiber is the density 

of the polymer in g cm-3. 

Capillary Flow Porosimetry 

An in-plane porometer (Porous Materials Inc.) was used to analyze the pore size and 

distribution of the nonwovens mats. Samples were analyzed with a highly-wetting liquid 

(Salwick®) with a known surface tension of 20.1 dynes cm-1. We did not detect a visible contact 

angle, and a contact angle of 0º was used for calculating pore diameter by using the Young–Laplace 

equation [55]:
/

 4 /
L G

D cos p= , where p is the extrusion pressure in MPa, D is the pore 

diameter in mm, γL/G is the surface tension of Salwick in N/mm, and θ is the contact angle of 

Salwick with the sample. Porosimetry provides the pore diameter at the most constricted part of 

the pore, the bubble point diameter, as well as the pore-diameter distribution. 
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Fourier-Transform Infrared Spectroscopy (FT-IR) 

FT-IR measurements were performed with a ThermoFischer Nicolet™ iS50 FTIR 

Spectrometer with a wavenumber resolution of 2 cm-1 to determine the percentage of β-phase in 

the meltblown mats. Because of the absence of the γ-phase (no peak at 1234 cm-1), the percentage 

of β is [56]: 
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where, 
840I  and 

763I  are the absorbencies (peak areas) at 840 and 763 cm-1; 
840K  and 

763K  are equal 

to 7.7104 and 6.1104 cm2 mol-1. These data are reported in the Appendix C. 

Electrolyte Uptake 

Preliminary experiments revealed the PVDF mats absorbed electrolyte quickly (<1 s). We 

determined equilibrium electrolyte uptake with Eq. (3) by weighing the separators before and after 

soaking for 10 min in a 1M LiPF6 Ethylene Carbonate/Dimethyl Carbonate 1:1 v/v mixture. 

Electrolyte uptake 100a b

b

W W

W

 −
=  
 

 (2) 

where Wb and Wa are the weights of separator before and after soaking in the electrolyte, 

respectively. 

Ionic Conductivity 

After punching out disc samples (15.9 mm diameter) and measuring their thickness, in an 

Argon-filled glove-box we sandwiched the separators between stainless steel spacers and added 

50 µl of 1M LiPF6 in EC/DMC (1:1 v/v). We assembled the structure in a CR2032 coin cell and 

performed electrochemical impedance spectroscopy (EIS) measurements with a Bio-Logic VMP3 

16-Channel Potentiostat. The frequency sweep ranged from 500 kHz to 1 Hz with an amplitude of 
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10 mV. We measured the conductivity at high temperatures with a temperature-controlled 

chamber. The conductivity   is calculated with Eq. (4): 

ion

t

R A
 =


 (4) 

where  is the membrane thickness,  is the measured ionic resistance (high-frequency intercept 

of Nyquist plot), and A is the membrane area. 

Rate capability and cyclying performance. 

We assembled coin cells with a LiCoO2 cathode (Electrodes and More, Richardson, TX) 

and a Li metal anode, with 1 M LiPF6-EC/DMC (1:1 v/v) and performed chronopotentiometry 

measurements with the VMP3. We conditioned the cells by cycling them between 3 V and 4.20 V 

at a constant rate of C/20 for 5 cycles and thereafter cycled them at different C-rates at room 

temperature. A minimum of 3 replicas per separator were assembled into coin cells and cycled to 

assess reproducibility. 

Results and Discussion 

A high extensional viscosity, despite its low molecular weight, is a unique characteristic of this 

grade of PVDF that enabled meltblowing the polymer at high air flow rates (up to 1200 m3 h-1). 

This flow rate represents the upper limit for normal low-viscosity PP designed for meltblowing.  

The average fiber diameter ranged from 1.4 to 2.5 µm, with 30-40% sub-micron fibers (as low as 

400 nm) (Fig. 1). The fiber diameter of these mats are similar to current meltblown PP at similar 

throughput. Comparable results have been obtained in literature only with ad hoc modifications of 

the equipment/process [57–59] or with special in-house resins [60]. Our work, to our knowledge, 

is the first instance in which not only PVDF mats have been fabricated with an industrially-made 

resin on a large scale meltblowing equipment, but the meltblown PVDF mats have also shown 

such a low-fiber diameter. 

t
ionR
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Strong fiber-fiber bonds were formed during the meltblowing process, and the mat 

thickness varied from ~ 70 to 140 µm. Fig. 1 shows representative SEM images of the mats and 

the fiber diameter distributions. The distributions are surprisingly narrow, spanning only few 

microns in all cases, an essential feature for most membrane applications. The mats with the lowest 

average fiber diameter were obtained either by decreasing the polymer throughput or by increasing 

the airflow rate. However, the maximum airflow at a specific throughput is dictated by the 

extensional viscosity and natural draw ratio of the polymer. Lower throughputs require lower air 

flows to avoid fiber breakage. For example, samples 2 and 3 were made at 36 kg h-1 and at 1200 

and 1100 m3 h-1, respectively, and they show a similar average fiber diameter as samples 6, 7, and 

8, whose throughputs and airflows are lower. If throughputs and air flow are not balanced, a high 

instability leads to fiber roping, entanglements, and a wide-size distribution, as in case of samples 

6, 7, and 8, where throughputs were low with a high airflow, or in case of sample 4, where airflow 

was too low. All samples show a solid volume percentage of ~20%, suitable for battery separator 

applications. 
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Figure 1. SEM and fiber diameter distributions of meltblown samples. Numbers in figures 

correspond to entries in Table 2. 
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Cryo-SEM of meltblown mats imbibed with electrolyte revealed that interactions occur 

between the fibers and the electrolyte. In previous work [6], we reported on the absorption of 

electrolyte in the outer surface of the PVDF fibers, with a subsequent localized change in 

crystallinity. Depending on the fiber size, the solvent is absorbed differently across the fiber cross-

section because of the difference in crystallinity. Fibers with a diameter <1 µm show a cracked 

cross-section, indicating a deeper solvent penetration, while larger fibers show a rough and 

homogeneous cross section (Fig. 2). We believe crystalline and amorphous domains are distributed 

differently in fibers with different diameters. Results from Fig. 2 show that electrolyte penetrates 

deeper in small fibers (<1 µm), which suggest a more amorphous core compared to bigger fibers.  

 

Figure 2. Cryo-SEM images of meltblown PVDF in 1M LiPF6 EC/DMC electrolyte. Small-

diameter fibers are cracked and circled in red, larger homogeneous fibers are circled in blue. Dry 

fiber cross-sections are reported for comparison. 
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Pore Analysis, Electrolyte Uptake, and Ionic Conductivity 

The PVDF meltblown mats were pressed at 165 ℃ for 10-15 seconds and for 20-30 

seconds. Melt-pressing increases the solid volume percentage by decreasing the mat thickness. A 

low thickness (< 25 µm) is desirable for Li-ion battery applications. Melt-pressing the mats 

significantly reduces the pore size from ~ 11 to ~ 2 µm for the shorter pressing times and down to 

0.9 µm for the longer pressing times (Fig. 3). Although the fiber diameter is only slightly changed 

with pressing, the electrolyte absorbency is affected by partial melting of the polymer during the 

pressing operation. The PVDF fibers normally swell when immersed in electrolyte [6] due to liquid 

absorbed in the outer surface of the fiber. Melt-pressing for a short time does not allow the entire 

mat to reach high temperature, hence the fibers close to the mat surface that are partially melted 

will cool down quickly, increasing the amount of amorphous regions in the mat. Thus, the increase 

in fiber diameter after soaking in electrolyte for mats pressed for shorter times is higher (+42%) 

than for unpressed mats (+21%) because of a higher electrolyte absorbency. In contrast, melt-

pressing for a long time will keep the material at high temperature for longer time during cooling, 

and the slower rate of annealing increases the crystallinity and decreases the absorbency of the 

fibers. In this case, the fibers partial melting is prolonged and there is a 15% increase in fiber 

diameter (from 1.41 to 1.63 μm) in the dry samples (before wetting) (Fig. 3 row b and c).
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Figure 3. Pore and diameter distributions before and after soaking in 1M LiPF6 EC/DMC electrolyte of sample 7 (Table 2) unpressed 

(row a), melt-pressed for 10 s (row b), and melt-pressed for 20 s (row c). 
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The bubble-point diameter (an indicator of the largest pore diameter), and the mean-pore diameter 

for all samples pressed and non-pressed are shown in Fig. 4a. The pore size is determined by a 

combination of throughput and airflow; samples made at high throughputs (e.g., sample 5) or at 

low airflow (e.g., sample 4) show high bubble-point and mean-pore diameters. Most samples have 

a mean pore size between 10 and 14 µm, while the bubble-point diameter is generally low for 

samples at low throughputs (e.g., sample 6 and 7). Thermal compacting the samples reduces their 

thickness approximately 3-fold (Fig. 4b) from 110-160 to 40-50 µm; the bubble pore diameters 

vary significantly for the unpressed mats, but they are nearly all ~ 17 µm for the pressed mats. The 

mean pore diameter depends on fiber diameter and solid volume percent [61–63], and since the 

solid volume percentage is nearly constant for all pressed samples except for short-time-pressed 

sample 1 (essentially identical thickness, same basis weight and polymer density), the difference 

in pore size between pressed samples is due principally to the difference between their fiber 

diameter. The ionic conductivity is related to the electrolyte uptake, which is usually higher for 

unpressed samples because of the higher pore size and lower solid volume percentage. Samples 6 

and 7 (lowest throughputs and fiber diameters) showed low mean pore diameter (11 µm), highest 

thickness (~170 µm) and highest conductivity (9.6 mS/cm). After thermal compaction, the 

conductivity of most samples is ~ 0.5‒1 mS/cm, generally 2 or 3 times lower than for unpressed 

samples. 

Separators with varying requirements may be fabricated by appropriate choice of the 

processing conditions, and some generalizations can be made for the Reicofil equipment. For 

example, for separators requiring high conductivity without stringent thickness limitations, a low 

throughput (11 kg/h) and high airflow (800-1000 m3/h) produces mats with high porosity but still 

small fiber diameters. If there are stringent thickness limitations, one could either decrease the 



 

83 

basis weight (e.g., sample 8), increase both throughput and airflow (e.g., sample 2, this can only 

happen with polymers with high melt strength), or melt-press the samples for a short time (10 s). 

In the last case, a compromise between thickness, fiber diameter and conductivity is desirable, as 

in samples 1, 6, and 7. These samples have a low average fiber diameter and a wide-size 

distribution, which allowed them to cycle in a Li/LiCoO2 cell. In contrast, it was not possible to 

cycle samples with big fiber diameter (or big pore size) and/or narrow distribution because of 

internal cell failures (not shown here). Hence, we selected sample 1 and 6 (from Table 2) for cell-

cycling performance measurements. 
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Figure 4. Bubble point and mean pore diameters (a), thickness and ionic conductivity (after 

soaking in 1M LiPF6 EC/DMC) (b) of meltblown PVDF samples. Numbers at the top of each 

figure correspond to sample number (Table 2). 
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Cell-Cycling Performance 

The first-cycle capacity, obtained at a C/10 discharge rate (Fig. 5a), is similar for both 

meltblown PVDF separators and Celgard® 2500, a commercial PP separator. However, we noticed 

that, in most instances, cells with meltblown PVDF separators could not reach a full charge after 

assembling and cycling them at C/10 rate. Instead, the potential became stable at ~3.9 V for as 

long as current was applied. Nonetheless, after cycling the cells at C-rates higher than C/10, we 

were able to not only obtain full charge at those C-rates, but we could reach the upper cut-off 

voltage (4.2 V) even at low C-rate, e.g. C/20 (Fig. 5b). We interpret this as a sort of necessary 

activation step. Since this activation step was needed in almost all instances, we took SEM images 

of the separator after cycling to examine at possible morphological changes (Fig. 3, Appendix C). 

Results show that the fibers after use in a cycled cell are no longer smooth, but show a significant 

increase in roughness. We speculate that this morphological change is related to the activation 

step. There are new features present on the fiber surface that may be related to the interactions 

between the PVDF and the electrolyte6 and may be a reason of cycling instability, as discussed 

below. 

Only cells with samples 1, 3, 6, and 7 were able to completely charge (4.2 V upper cut-off 

voltage was reached). Because in preliminary experiments cells using sample 6 showed lower 

capacity loss compared to the other samples, we cycled sample 6 separators in Li/LiCoO2 cells for 

50 charge/discharge cycles at C/5 rate to determine if meltblown PVDF separators were capable 

of repeated, cyclic use. A constant capacity loss in the first 50 cycles was indicative of instability 

problems (Fig. 5d), while the coulombic efficiency remained high for the first 35 cycles but 

decreased afterwards. Possible morphological changes to the fibers and large pore size, which may 

permit electronic short, may be the reason of decrease in cycling capacity and columbic efficiency. 
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We believe that large pore size caused micro-shorts, especially in cells with sample 2, 4, 5, and 8, 

which were not able to completely charge. On the other hand, the activation step and fiber 

morphological changes suggest that material(s) has (have) leached from the PVDF fibers in the 

mat is (are) irreversibly oxidized in the cell before the battery is able to cycle. Because chain-

transfer agents, such as C2 to C18 hydrocarbons and alkyl and aryl esters, are used in high level 

(up to 30% of the total monomer) during polymerization, there are likely little amounts of residual 

monomer left in the PVDF resin [8]. The latter may also contain additives, such as low-molecular 

weight glycols, and other surfactants ((non-)ionic or (non-)fluorinated) to improve melt-

processability of the PVDF resin. Chain-transfer agents, additives, and surfactants are susceptible 

to oxidation and our electrochemical data suggest they remain in the Kynar® resin that we 

used.These residual components result in fiber morphological changes, separator activation step, 

and unstable cell capacity. 
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Figure 5. First-cycle capacity of Celgard® and unpressed meltblown PVDF (sample 6, Table 2) 

at C/10 rate (a), charge-discharge curves at of meltblown PVDF (b), and cycling stability at C/5 

of Celgard® (c) and of meltblown PVDF (d).  

Melt-pressing decreases the thickness of the separators, bringing it close to market 

requirements (15-25 [9,31]), but the process modifies irreversibly the fiber mat structure. As 

previously mentioned, both the pore size and the electrolyte uptake decrease after melt-pressing 

(Fig. 3), and these changes not only have an effect on the ionic conductivity (Fig. 4b), but also on 

cell performance, as discussed below. We performed rate capability experiments on sample 1 

(Table 2) before and after melt-pressing. Fig. 6 shows that cells with meltblown PVDF separators 

have good capacity retention at C/10 and at C/5, but show a significant loss at C/2, with subsequent 

instability during cycling. However, after melt-pressing, the cell capacity shows a significant loss 
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(40%) even at C/5. It is important to note that cells with pressed and unpressed separators show a 

similar capacity loss (~20%) at C/10 after rate-capability experiments, suggesting that the 

increased capacity loss at high C/rate for cells with melt-pressed separator is reversible. The 

interactions between the PVDF and the electrolyte play an important role in cell performance, 

because the mat conductivity is affected by the fibers absorbing the electrolyte according to their 

distribution of crystalline and amorphous regions (Fig. 2 and 4). Melt-pressing modifies the ability 

of the fibers to absorb the electrolyte (Fig. 3), which is reflected in the cell performance (Fig. 6). 

Moreover, the decrease in pore size leads to a decrease in the amount of electrolyte present, 

resulting in a decrease in local current density and an increase in electrode over-potential. The 

latter is clearly visible in Fig. 6, where the cell containing a melt-pressed sample reached the upper 

cut-off voltage at a lower capacity (hence faster) than the one with unpressed meltblown PVDF. 
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Figure 6. Charge-discharge curves and rate capability data of sample 1 meltblown PVDF before 

(a, c) and after melt-pressing (b, d).  

Conclusion 

We have shown it is possible to process PVDF Kynar® resin RC 10,287 in pilot-plant scale 

meltblowing equipment, and we obtained high-quality mats. By changing the process variables, 

we obtained an average fiber diameter as low as 1.4 µm, which is the lowest end of this technology 

at its current state. Fiber mats showed in general 30-40% sub-micron fibers with diameters as small 

as <400 nm. Melt-pressing the mats reduces the thickness and pore size, and increases the solid 

volume percentage. We have drawn some relationships between the process parameters and the 
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mat properties, including guidelines on obtaining specific desired separator properties. We 

reported the electrochemical properties and cycling performance of meltblown PVDF relevant to 

its use as a Li-ion battery separator. The cells containing meltblown PVDF separators showed a 

first-cycle capacity similar to Celgard®, with good rate capability up to 1C. Cycle-life experiments 

showed long-term stability issues for these separators probably due to large pore size that caused 

micro-shorts. The activation step necessary to completely charge the batteries and fiber 

morphological changes after cycling are most likely due to chain-transfer agents, additives and/or 

surfactants leached from the fibers and oxidized during battery operation.  

The meltblowing process is advantageous because of high-volume production, ease of 

manufacturing and small-diameter fibers. PVDF Kynar® resin RC 10,287 and the processing 

parameters employed in this work enabled continuous polymer processing from the Reicofil 

meltblown line; processing conditions outside the range reported in Table 2, continuous fibers 

could not be meltblown. As a result, candidate mats may be formed by meltblowing this polymer, 

however challenges remain to be addressed for their use in battery separator applications.  
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CHAPTER 5: Poly(Vinylidene difluoride) Soft Dendritic Colloids as Li-Ion Battery 

Separators 

Abstract 

As an alternative to Li-ion battery (LIB) microporous membrane separators that are 

typically comprised of polyolefins, other materials and separator morphologies may yield 

increased cell performance. Here, we present a new class of LIB separators poly(vinylidene 

difluoride) (PVDF)-based and highly-branched, colloidal polymer particulates, called soft 

dendritic colloids, that are produced by shear-driven polymer precipitation within a turbulent 

nonsolvent flow followed by filtration. We show the morphology of the resulting PVDF 

particulates may be modulated from fibrous soft dendritic colloids to thin and highly porous sheet-

like particles. The use of PVDF leads to low thermal shrinkage (5% at 90 ºC) and high tensile 

strength (<0.7% offset at 1000 psi), while the high porosity (up to 80%) and high particle surface 

area are responsible for high resulting conductivity (1.2 mS/cm), high electrolyte uptake (325%), 

and good cell capacity (112 mAh/g in Li/LiCoO2 cell) with <10% loss after 50 cycles. Because 

shear-driven precipitation with filtration is a facile and versatile process to make a new class of 

LIB separators with one single polymer without requiring post-processing and with characteristics 

similar to commercially available battery separators, soft dendritic colloids are promising 

candidates as separators for next-generation batteries. 

Introduction 

LIBs are an essential energy storage system for a variety of applications because of their 

high energy-storage capabilities and long cycle life, comprising a $30 billion market as of 2017 

[1–3]. The LIB separator market was $2.6 billion with a compound annual growth rate of 14% at 

the end of 2017, and it’s projected to reach $8 billion by 2030 [3]. The structure and properties of 
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the separator, which is placed between the anode and the cathode of the battery, play a critical role 

in cell performance. The separator must be chemically and electrochemically stable and is usually 

not ionically conductive by itself; the liquid electrolyte imbibed within it effects ion transport. 

Indeed, the wettability of the separator by liquid electrolyte is important to affect low-internal 

resistance and high-ionic conductivity [4]. A high wettability permits rapid absorption of the 

electrolyte in the separator during cell assembly. A desirable battery separator is characterized by 

low ionic resistance, mechanical and thermal stability, and high affinity and wettability by 

electrolyte [5]. While separators may be classified according to their structure [6], recent 

developments tend to classify them as single- or multi-layered, ceramic-based, or surface-modified 

separators [7]. Polyolefin monolayer microporous separators are the most widely used, but their 

hydrophobic surface with low surface energy exhibits poor affinity to polar organic electrolytes, 

and they need surfactants to obtain a high electrolyte wettability [8,9]. 

Relative to conventional microporous polyolefin separators, fibrous polymeric membranes, 

such as electrospun nonwovens, have the advantage of low mass and high porosity; in addition, 

the fibrous mat provides good structural cohesion due to its intertwined fibers [10-13]. Although 

most polymers used to make fibrous battery separators have resulted in lower cell performance 

(lower ionic conductivity and, hence higher resistance) than conventional microporous separators, 

PVDF shows promising results because of its high polarity and good chemical stability and affinity 

for electrolytes commonly employed in Li-ion cells, owing to the presence of C–F groups [14-21]. 

PVDF is often used as a copolymer with hexafluoropropylene (HFP) to decrease the degree of 

crystallinity, and hence increase electrolyte uptake and ionic conductivity, but may decrease the 

mechanical and thermal properties of the separator; it is often necessary to create blends and 

composites of PVDF [22-24]. Electronically insulating metal oxides, such as SiO2, Al2O3 and SnO2 
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[25], or silicone [26] may be incorporated in the separator to increase membrane and cell 

performance, but often with non-scalable or expensive techniques, such as sol-gel method [27], in 

situ deposition, film casting [14], physical vapor deposition [28], or electrophoretic deposition 

[29]. 

A different approach to improve PVDF-based membranes is to optimize their morphology, 

with scalable preparation processes and without the use of composites and blends. In previous 

work, we prepared PVDF membranes for the first time via meltblowing, a well-established mass-

production process for creating membranes with small pores, and we found that interactions 

between the PVDF fibers and electrolyte (1M LiPF6 in EC/DMC) increase uptake and conductivity 

[30]. Luo et al. [31] have prepared polyethylene/PVDF-HFP separators through a solvent 

liberation method. The variation in solvent evaporation rate between N-methyl pyrrolidone and 

acetone creates a hierarchical structure with high porosity and high ionic conductivity. The authors 

attribute a lower cell capacity loss using these membranes to an inter-island structure formed in 

the membrane during the processing steps [32]. With a similar idea, Ye et al. [33] improved PVDF-

HFP separators with an inter-particle chain structure. After casting the polymer from acetone and 

an electrolyte soaking and drying procedure, polymer chains rearrange toward a high-density and 

highly-porous structure. The interactions between solvents and non-solvents influence the 

formation of pores and phase transformation process [31, 34], leading to different morphologies, 

such as sponge-like or finger-like with an asymmetric distribution of pores [7, 21].  

A new method of fabricating nanofibrous material in which a polymer solution is injected 

into a sheared nonsolvent flow has shown that membranes fabricated with these materials may be 

produced in a continuous, scalable process using a laminar nonsolvent flow to unidirectionally 

elongate the polymer droplet into a fiber [35, 36]. Additionally, the transition of the nonsolvent 
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flow from laminar to turbulent regime alters the morphology of the resulting particulates and may 

produce highly branched soft dendritic colloids (SDCs), which are characterized by a corona of 

nanofibers surrounding the core of a particle [37, 38]. The concentration of polymer in the injection 

solution dictates the morphology of the resulting particulates, with a low concentration resulting 

in fibrous structures, a high concentration resulting in thin, nano-sheet (NS) morphologies, and an 

intermediate concentration with combined fibrous-NS morphologies; the concentration at which 

the morphology transition happens is polymer dependent. In this work, we show that PVDF SDC 

separators produced by shear-driven polymer precipitation can find application as efficient, 

versatile, and stable LIB separators. We also investigate how battery performance may be 

modulated by the particle morphology in the SDC-based separator resulting from the precipitation 

process. 

Experimental 

Materials 

We use polyvinylidene fluoride (PVDF, Sigma Aldrich, Mw = 530,000 Da), dimethyl 

sulfoxide (DMSO, Fisher Scientific) and ethanol (EtOH, Koptek) in this study. A Millipore 

vacuum filtration apparatus with a head diameter of 35 mm was used to filter particulate 

suspensions in EtOH. 

Fabrication of PVDF SDC Membranes 

PVDF pellets were dissolved in DMSO by heating at 110°C for 24 hours while stirred. 

Following dissolution, the PVDF solution was cooled to room temperature and injected at a rate 

of ~1 mL/s directly through a capillary into the shear zone of a colloidal mill (IKA Magic Lab) set 

to 20,000 rpm and filled with 500 mL of EtOH also at room temperature. The resulting PVDF 

SDC suspensions were then washed by centrifugation at 3.0 relative centrifugal force for 2 
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minutes, discarding  the supernatant, and re-suspending the concentrated particles in 40 mL pure 

EtOH using a Vortex mixer. This process was repeated a minimum of five times to remove DMSO. 

The suspension was then adjusted to 0.1 wt.% PVDF in EtOH and a known volume of suspension 

was deposited on a Durapore® filtration membrane (0.45 micron pore size) using a Millipore 

vacuum filtration apparatus. The suspension was vacuum filtered for 30 minutes, resulting in the 

formation of the membrane. Samples were removed from the filtration funnel, sandwiched 

between two glass slides, and placed in an oven at 70°C for 24 hours to remove residual ethanol. 

Microscopy and Tensile Strength 

The morphology of SDC particles and their membranes were analyzed by field emission 

scanning electron microscopy (FEI-SEM, Verios 460L). We performed tensiometry on the 

membranes using a universal testing machine (Instron 4593) with 15 mm x 10 mm samples of 

varying thickness (15-50 µm) and a crosshead speed of 15 mm/min. A minimum of 4 replicas per 

membrane were measured for reproducibility. 

Capillray Flow Porosimetry and Porosity 

The inter-fiber spacing (pore) size was analyzed with an in-plane porometer (Porous 

Materials Inc.). Each sample was imbibed with a highly-wetting liquid (Galwick®) with a known 

surface tension of 15.9 dynes/cm. No visible contact angle was detected, so we assumed a contact 

angle of 0º for calculating pore diameter by using the Young–Laplace equation:

/
4 /

L G
D cos p= , where p is the extrusion pressure in MPa, D is the pore diameter in mm, γL/G 

is the surface tension of Galwick in N/mm, and θ is the contact angle of Galwick with the sample.. 

This technique provides the population of pores with a specific diameter at every static pressure 

applied. By applying the same equations used to calculate the number average molecular weight 

(Mn), weight average molecular weight (Mw), and polydispersity index (PDI= Mw/Mn) to the 
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porosimetry results, we calculated the equivalent number average pore size (Pn), weight average 

pore size (Pw), and heterogeneity index (HG= Mw/Mn) [39]. Porosity was calculated as the 

complement of the ratio of geometrical density to fiber density: , where W is the 

basis weight (g/cm2), t is the mat thickness (cm), and  g/cm3 is PVDF density. A 

minimum of 4 replicas per membrane were measured for reproducibility. 

Thermal Stability 

The SDC membranes were placed in an oven at 90 °C for 1 hour, imaged, exposed to 130 

°C for 1 hour, imaged, and finally exposed to 150 °C for 1 hour, and imaged. The shrinkage of the 

membranes was determined using pixel analysis on ImageJ software. 

Electrolyte Uptake 

Because the uptake of electrolyte by the PVDF membranes was fast (<1 s), we did not 

perform rate-of-wettability measurements. We determined electrolyte uptake with Eq. (1) by 

weighing the separators before and after soaking in a 1M LiPF6 Ethylene Carbonate/Dimethyl 

Carbonate 1:1 by volume mixture for 10 min. A minimum of 3 replicas per membrane were 

measured for reproducibility. 

Electrolyte uptake   (1) 

where  and   are the weights of separator before and after soaking in the electrolyte. 

Ionic Conductivity 

We assembled CR2032 coin cells in an Argon-filled glove-box. The membranes were cut 

into disks (15.9 mm diameter). We measured the thickness of the separator and placed it between 

two stainless steel spacers to ensure symmetry of the circuit. We added 50 μL of 1M LiPF6 in 
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EC/DMC (1:1 by volume) and crimped the cells with a pneumatic crimper. We obtained ionic 

resistance by performing electrochemical impedance spectroscopy (EIS) with a Bio-Logic VMP3 

Potentiostat. The frequency sweeps ranged from 500 kHz to 1 Hz with an amplitude of 10 mV. 

The conductivity at high temperature was measured for 3 replicas per membrane with a 

temperature-controlled chamber. The conductivity    is calculated with Eq. (2): 

  (2) 

where  is the membrane thickness,  is the measured ionic resistance (high-frequency 

intercept of Nyquist plot), and  is the membrane area. 

Cell-Cycling Performance 

For rate capability and cycling, we used a LiCoO2 (Electrodes and More, Richardson, TX) 

cathode and Li metal anode, with 50 μL of 1 M LiPF6-EC/DMC (1:1 v/v) and characterized them 

with the VMP3 potentiostat. We pre-cycled (conditioned) the cells between 3 V and 4.2 V at C/20 

for 5 cycles and thereafter cycled the cells at C/10, C/5, C/2, and 1C rates at room temperature. 

The cycling stability was obtained by cycling the cells for 50 cycles at a C/5 rate. A minimum of 

3 replicas per separator were assembled into coin cells and cycled to ensure reproducibility. 

Results and Discussion 

Membrane fabrication 

At a concentration of 5 wt.% PVDF in the injection solution, the resulting particles have 

the characteristic highly branched, fibrous SDC structure (Fig. 1a, 1b, 1c).  An increase in the 

concentration to 12.5 wt.% PVDF in the injection solution results in the formation of thin, but 

highly porous nano-sheet (NS) particulates (Fig. 1g, 1h, 1i). Particle morphology affects 

membrane formation during the filtration step. As the concentration of PVDF increased from 5% 

to 10 wt.%, the SEM images reveal that the membranes transition from an entirely fibrous network 
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to a mixed-morphology to a nano-sheet morphology, with pore sizes ranging from 10 to 500 nm 

(Fig. 1c, 1f, 1i). At a PVDF concentration of 12.5 wt.%, the resulting particles are almost entirely 

sheet-like with few fibers present. Cross-sectional scanning electron micrographs revel that the 

membranes are of uniform thickness with a continuous pore network through the material (Fig. 1, 

Appendix D). SDC fibrous particles show a homogeneous, but wide distribution of pores (Fig. 1c), 

where pore size and distribution on the membrane surface and its cross-section are similar, as seen 

from Figs. 1 and 1-Appendix D. On the contrary, NS particles tend to assemble in a specific 

directional way, in which the nano-sheets are parallel to the membrane surface (Fig. 2). This 

organization creates a homogeneous, wide-pore distribution in the x-y direction (parallel to the 

membrane) but not in the z direction (perpendicular to the membrane), leading to a surface more 

porous than the compact cross-section. SEM images reveals that combination of fibers and nano-

sheets in the mixed-morphology create a disrupted pore network in all directions with, however, a 

narrow distribution (Fig. 1f).
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Figure 1. SEM images of particles and the surface features of membranes showing variation in particle morphologies, and membrane 

features at different magnifications of SDC fibrous (a, b, c), fibrous-NS intermediates (d, e, f) and NS membranes (g, h, i).
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The morphology transition is possibly a result of the increase in polymer solution viscosity 

requiring more energy for droplet deformation by the nonsolvent while maintaining a similar rate 

of polymer precipitation, resulting in the exfoliation of thin sheets at the solvent-nonsolvent 

interface. Regardless of the morphology of the resulting particulates, the PVDF suspensions can 

be filtered to form porous membranes with different thicknesses (15 µm minimum). 

 

Figure 2. SEM of membrane cross-sections and schematic of the formation of (a) fibrous SDC 

membranes at 5 wt.% PVDF in DMSO, and (b) the formation of NS membranes  at 12.5 wt.% 

PVDF in DMSO following solution injection into a turbulent EtOH flow. 

Thermal Stability 

The PVDF SDC membranes showed 5.1% shrinkage after being exposed to air in an oven 

at 90°C for 1 hour (5% shrinkage in Machine Direction for Celgard® 2500). The shrinkage 

measured at temperatures of 130°C and 150°C was 8.5% and 16.2%, respectively. The results 

shown in Figure 2-Appendix D indicate that the membranes are stable at high temperatures (no 

wrinkles or folding) and the shrinkage is within battery operation guidelines (5% at 90°C for 1 

hour) [40].  Similar membranes composed of layered nanofibers of materials of differing melting 

temperatures have been utilized as active shutdown materials with the low-melting point layer 

serving as a sacrificial, pore-filling material [41–44]. While SDCs membranes may be suitable for 

this purpose, we did not investigate layered separators in this study. 
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Mechanical Properties 

A typical stress-strain curve of a PVDF SDC fibrous-NS mixed-morphology shown in 

Figure 3 indicates mechanical properties similar to those displayed by electrospun mats with elastic 

response and brittle fracture [10]. The elastic modulus of the material was 347 MPa, with >30% 

strain before fracture and just 0.7% offset at 1000 psi (Yield stress is 5 MPa), which indicates these 

membranes are suitable for roll-to-roll manufacturing. We established that as the concentration of 

PVDF in the injection solution increases, the elastic modulus, tensile strength, and elongation at 

break of the resulting membranes increase (Fig. 3b), indicating that the membranes with more 

sheet-like particle morphology are more mechanically robust than those with fibrous morphology.  

 

Figure 3. Mechanical properties of PVDF SDC membranes. (a) Stress-strain curve of a 48-µm 

thick PVDF SDC membrane. (b) Elastic modulus, elongation at break, and tensile strength of 

PVDF SDC membranes dependent on the concentration of the injection solution for particle 

formation.  

The porosity of the SDC membranes is 70-80% (Table 2). This range of porosity is higher 

than commercially available microporous battery separators (Celgard® 2500 porosity is 55%) and 

is sufficient for obtaining a high electrolyte uptake and ionic conductivity while retaining 

mechanical integrity of the separator. Table 1 shows results for average pore size and heterogeneity 

of pore sizes for the SDC membranes. While it is often found in the literature that a small pore size 
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is preferable for electrochemical performance, we noticed that the heterogeneity of pore sizes 

(hence the pore-size distribution) also plays an important role. In particular, SDC fibrous 

membranes show the lowest pore size, but their pore-size distribution is wide (Heterogeneity index 

(HG)=1.42); their conductivity is the highest among the three morphologies, and cells built with 

SDC fibrous membranes retain a higher capacity during cycling, as discussed later. The NS 

morphology membranes show a higher average pore size but a comparable distribution with a HG 

index equal to 1.49. Indeed, their electrochemical performance is slightly lower than the fibrous 

morphology. The mixed-morphology membranes show a high average pore size and a narrow 

distribution, which seems to be detrimental for battery performance.  

Table 1. Number-average pore size (Pn), weight-average pore size (Pw), and heterogeneity index 

(HG= Mw/Mn) of PVDF SDC membranes.  

Morphology Pn (nm) Pw (nm) HG 

SDC Fibrous 233 331 1.42 

SDC Fibrous-NS 451 555 1.12 

NS 286 426 1.49 

Electrochemical Performance 

We observed that the fibers swell after imbibing the mat with liquid electrolyte. This is line 

with PVDF-electrolyte interactions we reported in a previous work (30). The electrolyte uptake of 

5% PVDF membrane samples was as much as 325%. The lower the fiber content in the 

membranes, the lower was the uptake at approximately the same porosity. The reason may be 

attributed to the absorption of electrolyte in the outer surface of the fibers and in the higher surface 

area of the fibrous membranes compared to the sheet-based membranes (Table 2) [30]. The ionic 
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conductivity of PVDF SDC membranes is also dependent on the concentration of PVDF in the 

injection solution (which modifies the morphology) as shown in Table 2.  

Table 2. Thickness and conductivity of PVDF SDC membranes from particles prepared at 

differing injection solution concentrations. 

Initial PVDF Concentration 

(wt.%) 

Porosity 

(%) 

Electrolyte Uptake 

(%) 

Conductivity 

(mS/cm) 

5% (Fibrous) 78 325 1.21 

7.5% (Fibrous) 77 250 0.78 

10% (Fibrous-NS) 67 234 0.51 

12.5% (NS) 76 238 0.56 

Celgard® 55 70 0.94 

As with electrolyte uptake, the hierarchically fibrous morphology enhances the resulting 

membrane conductivity. This is due to a higher surface area (and, speculatively, a greater fraction 

of amorphous phase [30]) of the fibrous mats compared to the NS structure, which leads to a higher 

electrolyte uptake (Table 2). The conductivity of SDC membranes is comparable to the 

commercial Celgard® membranes. At low temperatures, Celgard® has a slightly higher 

conductivity (except membranes with 5% initial PVDF concentration), but PVDF SDC and 

Celgard® have comparable conductivities at temperatures above 60 ºC, with PVDF showing 

stability up to 150 ºC, with a conductivity of 1 mS/cm (Fig. 4).  We recognize at high temperatures 

(>90 ºC), there is most likely a two-phase mixture within the coin cell. However, none of the cells 

lost their seal. We are also aware that typical batteries are not run at these high temperatures, but 

nonetheless these data help develop a better understanding of the SDC membranes. 
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Figure 4. Conductivity at different temperatures of PVDF SDC fibrous-NS membranes and 

Celgard® 2500. 

The electrochemical stability of the SDC membranes was assessed by measuring the 

potential at which a current of 10 µA/cm2 was observed in a cell containing stainless steel 

electrodes (Fig. 3, Appendix D) [45]. Although Celgard® has a higher oxidation limit (5 V), the 

limit for the PVDF SDC membranes (4.5 V) is sufficient to be compatible with most of the 

common materials used for lithium battery cathodes [46, 47].  

Charge-discharge curves were obtained using the SDC separators in Li/LiCoO2 coin cells. 

The first-cycle capacity was obtained at a C/20 discharge rate (Fig. 5a). With all separator 

morphologies, PVDF SDC membranes showed a capacity similar or superior to Celgard® 

separators in the first cycle, with NS membranes showing a capacity of 112 mAh/g. Charge-

discharge curves show that the cells containing fibrous PVDF SDC morphology have the highest 

capacity for each rate of discharge cycling (Fig. 5); however, these values are not significantly 

higher than those of cells containing separators with fibrous-NS or NS morphologies. The 

difference in capacity fade between cells containing separators with different morphologies 
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increases at rates higher than C/2. For example, cells containing SDC fibrous-NS separators show 

a significant capacity loss when switching from C/2 to 1C rate, and the loss increases with each 

subsequent cycle at 1C (Fig. 5). 

A range of pore sizes is always present in nonwoven separators. The SDC membranes with 

largest pores and narrowest distribution among the 3 morphologies (i.e. fibrous-NS) are less 

suitable as battery separators (Table 1). However, based upon the observations made with the SDC 

membranes with various morphologies, membranes with only small pores tend to have high 

resistance to the flow of liquids or ions; in this case small pores are mainly created by nanofibers, 

which weaken the web. The combined effect of large pores for strength and openness from 

microfibers scaffolding, the small average pore size from a nanofiber net, and the high number of 

pores for a high-porosity membrane provide a superior structure for a Li-ion battery separator [48]. 

PVDF SDC separators and Celgard® have a similar rate capability (max charge/discharge 

rate) up to 1C rate, and the capacity loss is <5% after cycling through C/10 to 1C. A major benefit 

of PVDF SDC membranes is the simple chemical composition and production process. By creating 

the right particle morphology of one single polymer, we are able to create a battery separator whose 

properties are similar or superior to commercial separators, which usually require additives or 

surfactants to increase their affinity with liquid electrolytes [8]. 
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Figure 5. First cycle capacity of Celgard® and PVDF SDCs membranes (a), charge-discharge 

curves and rate capability of cells containing Celgard® (b), PVDF SDC fibrous (c,d), fibrous-NS 

(e,f), and NS membrane separators (g,h).  
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To determine if these separators were capable of repeated cyclic use, 50 charge/discharge 

cycles were performed with cells containing PVDF SDC fibrous-NS (Fig. 6). Following 50 cycles 

of charge/discharge at a C/5 rate, the capacity of the cell decreased by ~10%, while the coulombic 

efficiency is higher than 95%, which is comparable to Celgard® (~1% capacity fade, 99% 

efficiency). This resiliency indicates that PVDF SDC membranes have long term chemical and 

electrochemical stability and can resist after 50 charge-recharge cycles. 

 

Figure 6. 50 Charge-discharge cycles of PVDF SDC fibrous-NS membrane separator (a) and 

Celgard (b) at C/5 rate in a Li/LiCoO2 cell with 1M LiPF6 in EC/DMC 1:1 %wt. 

The three different morphologies of SDC membranes have advantages in different 

properties. SDC fibrous morphology (obtained with a low PVDF concentration in injection 

solutions) have small mean-pore size, high surface area, high electrolyte uptake, and high rate 

capability. The closer the particles are to fibrous morphology, the lower the mean pore size is, but 
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the pore distribution is wider. The heterogeneity of pore sizes creates strong and highly-performing 

membranes, with high electrolyte uptake and conductivity. Even though the SDC fibrous mats 

showed the best electrochemical performance, all morphologies showed performance comparable 

to Celgard®.  

Conclusions 

Shear-driven polymer precipitation offers a new method of producing porous membranes. 

This method could be conveniently and efficiently adapted for producing battery separators not 

only because of the scalability of the process, but also the versatility by which nanofibrous and 

sheet-like particles can be produced from a variety of polymers. The ability to produce these 

extremely high aspect ratio particles from different polymers allows the facile formation of 

membranes with a network of fibers or sheets tortuous enough for high electrochemical stability 

in LIBs, but also porous enough for high conductivity. The cells containing fibrous membranes 

(low initial PVDF concentration) showed a high conductivity, high capacity, and high maximum 

charging rate, while the sheet-like membranes showed better mechanical properties. The 

morphology of the membranes determines the performance and can be adjusted to the specific 

application, e.g. by layering or mixing the two distinct morphology particles. The versatility of the 

process allows for multiple polymer precipitation and for incorporation of additives such as 

ceramic particles, for composite separators. However, we’ve shown that even with one single 

component the structure of the pore network is the key factor in making these membranes 

competitive LIB separators.  
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CHAPTER 6: An Optimal Structure for Li-Ion Battery Fiber-based Separators 

Abstract 

Lithium-ion battery separators are receiving increased consideration from the scientific 

community, but challenges remain on designing a structure that maximizes electrochemical 

properties, such as ionic conductivity and in-use cell discharge capacity and rate capability. While 

the trend of creating high-performing fiber-based or fibrous battery separators has moved toward 

achieving a small and uniform pore size, similar to well-established microporous membrane 

separators, we show here that not only the pore size but also the pore-size distribution has a 

pronounced effect on these electrochemical properties. This study compares nonwoven 

membranes with different pore sizes and distributions that are fabricated from a single polymer, 

poly(vinylidene fluoride) (PVDF), using three different techniques (meltblowing, electrospinning, 

and shear-spinning). We evaluate their performance as a separator in a Li-ion cell. While 

meltblowing is commonly employed for the production of commercial micro/nanofibers, 

electrospinning has been studied mostly in the academic literature. Shear-spinning is a new and 

novel method of fabricating nanofibrous material where, for this study, the morphology of the 

resulting PVDF membranes may be controlled from fibrous-like to nano-sheet-like with 

subsequent effects on the electrochemical properties. By comparing PVDF separators made with 

the same fabrication technique, we show that the smaller is the pore size and the wider the pore-

size distribution the higher are the electrolyte uptake and ionic conductivity of the mats, resulting 

in improved in-use discharge capacity and rate capability in Li/LiCoO2 cells. 

Introduction 

Lithium-ion battery (LIB) separators are one of the main components of a battery, but their 

chemical and electrochemical properties have been a subject of limited investigations relative to 
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the other constituents of the cell. Different raw materials, combinations thereof, and manufacturing 

processes for separators have attracted the attention of most literature studies [1–7]. Among them, 

several reports showed correlations between structural properties of separators, such as pore size 

and thickness, and electrochemical properties, such as electrolyte uptake/ionic conductivity of the 

membranes and discharge capacity/rate capability of Li cells assembled with those separators [5,8–

12]. However, these were single-case studies, and few focused on understanding the role of the 

separator pore network and its relation to its electrochemical properties. In this research, we focus 

on analyzing the relationships between the pore structure of poly(vinylidene fluoride) (PVDF)-

based membranes made with different processes to their in-use electrochemical properties, such 

as discharge capacity and rate capability of a Li-ion cell.  

The relationships between structural and electrochemical properties of battery separators 

have recently attracted the attention of the scientific community. Hierarchically-structured 

separators were prepared by Luo et al. [13] through a solvent liberation method and by Liu et al. 

[14] through a reformed gel with direct post-solidation procedure. By exploiting the difference in 

solvent evaporation rate between N-methyl pyrrolidone and acetone, both groups created 

separators with high porosity with resulting high ionic conductivity after electrolyte uptake. The 

authors claim that the inter-island and inner-bound structures of the separators cause low capacity 

loss in a LiFePO4/Li cell. Ye et al. [15] fabricated separators with a highly-dense and porous inter-

particle chain structure. The rearrangement of the polymer chains after electrolyte uptake is 

reported to create a microstructure that decreases thermal shrinkage and improves electrochemical 

properties. Different separator morphologies, such as sponge-like material with asymmetric 

distribution of pores [17], may be obtained not only with solvent-nonsolvent interactions [5,13,16], 

but also by changing the conditions used in the separator fabrication processes [7,12]. 
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Fibrous separators have been widely studied because their pore structure allows high 

electrolyte wettability, ionic conductivity, and cell-cycling performance [6,18,19]. Nano-

structured fibrous battery separators are attractive because of their controllable compositions and 

pore structures. A fibrous network forms an interconnected nano- and microporous structure that 

provides both openness for enhanced lithium-ion transport and mechanical strength for cell 

assembly. While the trend of creating a fibrous battery separator have largely sought to achieve a 

pore size and distribution similar to well-established microporous membranes, i.e., small and 

uniform pore size, a few outlier studies [20-24] suggest that a small pore size and a high porosity 

(reported as responsible for improved cycling performance in nonwovens) do not capture the effect 

that pore-size distribution has on the electrochemical properties. Lee et al. [20] reported the 

importance of correlating the separator pore structure to the electrochemical properties. The 

authors relate the ionic conductance and the rate capability (Li/LiMnO4 cells) to the normalized 

Gurley number [25], which in turn they relate to thickness and porosity. However, these 

correlations do not uniquely specify the electrochemical performance of fibrous-based separators, 

as other factors, such as pore-size distribution, must be considered. Ye et al. [21] decorated the 

surface of electrospun polyimide nanofibers with polyaniline to create a 3D hierarchical 

micro/nano-architecture. The presence of the so-called polyaniline nanowires decreased the 

average pore size, but also increased the electrolyte uptake, resulting in an improved conductivity 

and cell-cycling performance.  Sabetzadeh et al. [22] showed that an increased battery performance 

can be achieved when multi-scale porosity of the separator is present. These researchers introduced 

nanoporosity by means of phase separation in electrospun fibers, which increased conductivity and 

in-use capacity retention in a Li(Ni1/3Co1/3Mn1/3)O2/Li cell. A wide pore-size distribution is 

regarded as an improvement also by Jiang et al. [23], who introduced TiO2 nanotubes in a 
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poly(vinylpyrrolidone) matrix. After a treatment at 500 ℃, the separator presented nano- and 

meso-pores with a broad distribution, which improved ionic conductivity and battery cycling. A 

small average pore size is not sufficient to improve the electrochemical properties of LIB 

separators, and a broad pore distribution seems to have a beneficial effect. Zhai et al. [24] show 

that a tri-layered poly(m-phenylene isophthalamide) (PMIA)/PVDF/PMIA composite separator 

with a mean pore size of 0.85 μm (range 0.71-2.41μm) has superior conductivity, tensile strength, 

and cycling performance compared to single-layer PVDF (mean pore size=2.50 μm, range 2.09-

3.18 μm) or PMIA (mean pore size=0.53 μm, range 0.51-0.57 μm). A small mean pore size and a 

wide pore size distribution seem to be necessary for a high-performing LIB separator. 

In this study, we compare membranes with different pore sizes and distributions that are 

fabricated with a single polymer, PVDF, using three different techniques (meltblowing, 

electrospinning, and shear-spinning), and we evaluate their performance as separators in 

Li/LiCoO2 cell. Meltblowing is a process commonly employed for the production of commercial 

micro/nanofibers where the melted polymer is extruded through a die with fine capillaries, after 

which a jet of hot air impinges on the emerging polymer filaments to form fibrous webs. In a 

previous work, we demonstrated the feasibility of meltblowing PVDF and using the resulting webs 

as a battery separator [7,12]. Electrospinning has been widely used as a method to prepare a wide 

variety of functional fibrous membranes through the use of an electrical force. Shear-spinning is a 

novel method of fabricating nanofibrous material in which a polymer solution is injected into a 

sheared nonsolvent flow to create soft dendritic colloid (SDC) particles of various morphologies 

[26–28]. In a previous study [5], we showed that the morphology of PVDF membranes prepared 

by the shear-spinning technique may be controlled from fibrous to nano-sheet, with subsequent 

effects on the electrochemical properties. Here, we show that for PVDF separators made with these 
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three processes, a decrease in pore size and a widening of pore-size distribution in separators made 

with the same process result in higher electrolyte uptake and ionic conductivity of the mats, and 

higher discharge capacity and rate capability in-use in Li/LiCoO2 cells. 

Experimental 

Melblowing process 

For meltblowing, we used an experimental grade of PVDF Kynar® resin RC 10,287 

(Arkema, Inc.). The resin has low molecular weight (MW) (15 – 100 kDa), melt viscosity of 0.2 

kP at 230° C at a shear rate of 100 s-1, and a 2.0 poly-dispersity index (PDI) [12,29,30]. After 

drying the resin overnight at 70 ºC, we prepared meltblown mats using a 1.2-m Reifenhauser-

Reicofil Meltblown Pilot Line at the Nonwovens Institute at NC State University [31]. Based on 

our previous work [7,12], the temperatures of both the die and the impinging air jets were kept at 

240 ºC and samples were fabricated at a basis weight (BW) of 40 g/m2 with the following process 

variables (The designation M1, M2, and M3 are abbreviations for these conditions and referenced 

in the Results and Discussion section): 

M1. Throughput=46 kg h-1; airflow=1100 m3 h-1; die-to-collector distance (DCD)=20 cm 

M2. Throughput=11 kg h-1; airflow=1000 m3 h-1; DCD=15 cm 

M3. Throughput=36 kg h-1; airflow=1100 m3 h-1; DCD=15 cm 

Electrospinning process 

PVDF Kynar® resin 761 (MW=300 – 400 kDa, PDI=4.0) was obtained from Arkema and 

dissolved in a mixture of dimethylformamide (DMF) and acetone (7:3 v/v) at 12% or 16% 

concentration. We loaded the polymer solution in a 10 mL syringe with a 22-gauge needle and 

placed it on a precision syringe pump with a constant flow rate of 1.5 mL h-1. The nanofibers were 

collected on aluminum foil placed on an aluminum collector plate connected to the grounded 
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electrode. We fabricated electrospun PVDF mats at room temperature and 55 ± 5% relative 

humidity with the following process variables: 

E1. PVDF concentration=12 wt.%; voltage=15 kV; tip-to-collector distance (TCD)=15 cm; 

BW=100 g/m2 

E2. PVDF%=16 wt.%; voltage=15 kV; TCD=15 cm; BW=17 g/m2 

E3. PVDF%=12 wt.%; voltage=20 kV; TCD=10 cm; BW=150 g/m2 

High-shear precipitation process 

We dissolved PVDF resin (Sigma Aldrich, MW = 530 kDa, PDI=2.0) in dimethyl sulfoxide 

(DMSO, Fisher Scientific) by heating at 110°C for 24 hours while stirred. After cooling, we 

injected the PVDF solution at a rate of 1 mL/s into the shear zone of a colloidal mill (IKA Magic 

Lab) set to 20,000 rpm and filled with 500 mL of ethanol, as discussed in previous publications 

[5,26-28]. After centrifuging the resulting PVDF soft dendritic colloids (SDC) suspensions and 

recovering the solid, we re-suspended the particles in ethanol and repeated the process five times 

to remove residual DMSO. The final suspension was filtered to form a membrane (0.45 μm filter 

pore size), and the resulting membranes were dried in an air oven at 70°C for 24 hours. We 

produced the following samples of SDC membranes with a basis weight of BW=20 g/m2: 

S1. PVDF concentration in the injection solution=5 wt.% (fibers) 

S2. PVDF%=10 wt.% (fibers-nanosheets) 

S3. PVDF%=12.5 wt.% (nanosheets) 

Microscopy 

We used a field emission scanning electron microscope (FEI Verios 460L) under a 2 kV 

accelerating voltage to examine the membrane morphology. We calculated the average fiber 
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diameters by using Fiji (ImageJ) software after taking at least 100 measurements from 5 different 

areas in each sample.  

Thickness and Solid Volume Percent 

We measured the mat thickness with a Mitutoyo micrometer and calculated the solid 

volume percent s   by using Eq. (1): 

100s

fiber

W

t




 
=   
   

   (1) 

where W is the basis weight of the mat in g cm-2, t is the thickness in cm, and ρfiber is the density 

of the polymer (1.78 g cm-3). 

Capillary flow porosimetry 

We measured the pore diameter at the most constricted part of the pore (the bubble point 

diameter) as well as the pore-diameter distribution with an in-plane porometer (Porous Materials 

Inc.). A highly wetting liquid (Salwick®) with a known surface tension of 20.1 dynes cm-1 was 

used to wet the mats and no visible contact angle was detected (contact angle=0º). The pore 

diameter was calculated with the Young–Laplace equation [32]:  
/ co4 s / ,L GD p = where p is 

the extrusion pressure in MPa, D is the pore diameter in mm, γL/G is the surface tension of Salwick® 

in N/mm, and θ is the contact angle of Salwick® with the sample. 

Electrolyte uptake 

All PVDF mats absorbed electrolyte quickly (<1 s) and electrolyte uptake was calculated 

with Eq. (2) by weighing the separators before and after soaking for 10 min in a 1M LiPF6 ethylene 

carbonate (EC)/dimethyl carbonate (DMC) 1:1 v/v mixture: 

Electrolyte uptake   (2) 100a b
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W W
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where Wb and Wa are the weights of separator before and after soaking in the electrolyte, 

respectively. When soaking in electrolyte, the fibers swell and the mat undergoes volume 

expansion, which may vary with the density of its fibrous network. Non-uniform distribution of 

the fibrous morphology may cause significant variations in the uptake measurements. To reduce 

uncertainties and assess reproducibility, we removed the surface-bound electrolyte with wax paper 

and measured electrolyte uptake on at least 5 replicas. 

Ionic conductivity 

In an Argon-filled glove-box, we added 50 µl of 1M LiPF6 in EC/DMC (1:1 v/v) to 

punched separators (15.9-mm diameter), which were then sandwiched between stainless steel 

spacers and assembled in a CR2032 coin cell. We performed electrochemical impedance 

spectroscopy (EIS) measurements with a Bio-Logic VMP3 16-Channel Potentiostat. The 

frequency sweep ranged from 500 kHz to 1 Hz with an amplitude of 10 mV. The conductivity   

was calculated with Eq. (3): 

ion

t

R A
 =

 

   (3) 

where t is the membrane thickness, Rion is the measured ionic resistance (high-frequency 

intercept of Nyquist plot), and A is the membrane area. 

Rate capability and cyclying performance. 

We assembled coin cells with a LiCoO2 cathode (Electrodes and More, Richardson, TX) 

and a Li metal anode, with 1 M LiPF6 EC/DMC (1:1 v/v) and performed chronopotentiometry 

measurements with the VMP3 potentiostat. After conditioning the cells by cycling them between 

3 V and 4.20 V at a constant rate of C/20 for 5 cycles, we cycled them at different C-rates at room 

temperature. We refer to these experiments in the discussion section as rate-capability 

measurements. Capacity is calculated as %  from the first-cycle capacity, which corresponds to 
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100%. A minimum of 3 replicas per separator were assembled into coin cells and cycled to assess 

reproducibility. 

Results and Discussion 

Morphology, fiber and pore distributions 

Fig. 1 shows SEM images of representative meltblown PVDF mats prepared under the 

three processing conditions employed in this study, and their normal distribution curve-fits to the 

fiber-diameter data. Meltblown fiber diameters have been reported to be log-normally distributed, 

regardless of the mean fiber diameter [33-36]. However, the presence of a few large fibers in 

otherwise fine fibrous samples skews the distribution and increases their relative dispersity, 

leading to distributions that can be better approximated with normal curve fits [37].  

The fibers are smooth and featureless, but roping and entanglements of the fibers are 

present, especially with sample M1. The average fiber diameters are 1.7, 1.5, and 1.4 μm for 

samples M1, M2, and M3, respectively, with distributions spanning a few microns in all cases. In 

particular, sample M1 being meltblown with a high throughput and high airflow shows the widest 

fiber size distribution, with a standard deviation (SD) of 0.9 μm. The lower meltblowing 

throughput in preparation of sample M3 (compared to sample M1) produced a narrower 

distribution with a slight decrease of fiber diameter. If polymer throughput and air flow are not 

well balanced, a high instability of the melt exiting the die leads to fiber roping, entanglements, 

and a wide size distribution. A wide size distribution is not only easier to obtain, but it is also 

surprisingly beneficial for cycling stability, as we show later. 
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Figure 1. SEM images of meltblown PVDF sample M1 (a, with inset at higher magnification), (b) 

M2, (c) M3, and (d) resulting fiber diameter distribution. The distributions are well approximated 

as normal. 

In comparison to fibers in the meltblown mats, the fibers in electrospun PVDF mats do not 

have as smooth a surface (Fig. 2). The rapid evaporation of solvent during electrospinning is 

responsible for the small features visible on the fiber surface. Electrospun fiber diameters were fit 

to log-normal distributions as previously described [38-39]. The average fiber diameters are 

typically smaller (0.25-0.50 μm) than that of meltblown samples (1.4-1.7 μm). Sample E2 showed 

the largest average fiber diameter among the electrospun samples (0.51 μm) with the broadest fiber 

size distribution. We suggest this distribution results from sample E2 having the highest PVDF 

concentration in the electrospinning solution and the resulting viscosity did not allow the filaments 

to attenuate as much as in samples E1 and E3. On the other hand, samples E1 and E3 have similar 
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average fiber diameters (0.26 and 0.29 μm), with sample E3 showing the narrowest distribution 

with only 0.08 μm standard deviation. In the electrochemical properties section below, we show 

that the combination of small average fiber diameter and wide diameter distribution is the most 

suitable structure for obtaining the highest cell-cycling stability. 

 

Figure 2.  SEM images of electrospun PVDF sample E1 (a, with inset at higher magnification), 

E2 (b), and E3 (c); and resulting fiber diameter distributions (d). 

We have shown in previous work [12] that pore size is proportional to fiber diameter in 

mats. The shear-spun mats, however, do not all display fibrous morphology as discussed in our 

previous study [5]. Consequently, the comparison metric we employ here is pore size measured 

with capillary porosimetry rather than fiber diameter. Porosimetry fails to detect some of the 

narrow channels connecting the pores (typical of nonwovens) or overestimates their diameter, 

hence we do not place confidence in porosimetry data for meltblown and electrospun mats. Shear-
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spun samples, however, have a dense structure and porosimetry is an applicable technique. SDC-

based membranes differ from meltblown and electrospun mats because of their densely 

interconnected structure, as seen in Fig. 3. The fibrous morphology is created with a low 

concentration (5%) of PVDF in the injection solution, which allows the SDC particles to branch 

out freely during formation (Fig. 3a) [5].  At higher concentration (10%), the higher solution 

viscosity requires more energy to deform the polymer particles, leading to a mixed fibrous/nano-

sheet (NS) morphology (Fig. 3b). At 12.5% PVDF, the membranes are formed almost entirely by 

thin and highly porous NS particulates (Fig. 3c).  

Because the size of a SDC particles is not defined by one unique dimension (as they 

comprise highly branched fibers, nanosheets, and mixtures thereof), the pore network may have a 

Gaussian, Lorentzian or a mixed distribution [40]. Here, the pore size data were fit to Lorentzian 

distribution curves, as shown in Fig. 3d. The SDC-based membranes have a uniform thickness 

with a continuous pore network, with pore sizes ranging from 10 to 500 nm. The NS particles 

assemble parallel to the membrane surface to create a spatially homogeneous and wide-pore 

distribution (full width at half maximum, FWHM=65 nm), but with an average pore size (250 nm) 

higher than SDC fibrous membranes (170 nm). The latter also present a broad pore distribution 

(FWHM=42 nm) despite the high number of pores below 200 nm. The fibrous-NS morphology 

membranes show a relatively narrow distribution (FWHM=22 nm) with large pore size (520 nm), 

probably due to a disrupted pore network caused by the combination of fibrous and nano-sheet 

morphologies. 
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Figure 3.  SEM images of SDC PVDF sample S1 (a, with inset at higher magnification), S2 (b), 

and S3 (c); resulting pore diameter distributions (d). 

Electrochemical and mat properties 

Meltblowing produces samples with the lowest solid volume percent (<20%) among the 

three techniques (Table 1), followed by samples from shear-spinning (23-33%). The low solid 

volume percent is partly responsible for the high electrolyte uptake of meltblown samples (up to 

910%). In addition, absorption of electrolyte in the outer surface of the PVDF fibers plays an 

important role [7,12]. Because shear-spun samples have a lower basis weight but a greater 

thickness than electrospun samples, the solid volume fraction of electrospun and shear-spun mats 

are comparable. The lower the solid volume fraction of a mat, the higher is its ionic conductivity, 

with meltblown samples having conductivities at least four times higher than shear-spun samples. 

We note that the higher is the electrolyte uptake, the higher is the conductivity for each set of 
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separators (except sample M1, probably because the spatial non-uniformity of the fibrous network 

did not enable a uniform volume expansion during electrolyte uptake). 

Table 1.  Solid volume percent, electrolyte uptake, ionic conductivity, and thickness of PVDF 

separators made by meltblowing (M), electrospinning (E), and shear-spinning (S). 

 M1 M2 M3 E1 E2 E3 S1 S2 S3 

Solid Volume 

Percent 
18% 16% 18% 54% 27% 37% 23% 24% 33% 

Electrolyte uptake 740% 910% 705% 380% 475% 335% 325% 240% 235% 

Ionic conductivity 

(mS/cm) 
4.34 6.91 5.61 0.47 2.00 0.29 1.21 0.56 0.51 

Thickness (μm) 115 175 140 110 150 200 20 23 27 

 

Electrochemical stability of the in-use separators is assessed by cycling Li-ion cells 

containing the PVDF mats at different C-rates. We compared the electrochemical properties of 

mats fabricated with the same technique at comparable thicknesses. As shown in Fig. 4e-f, cells 

with meltblown sample M3 separators change in capacity with cycle number at low-discharge rate 

(C/10) and show significant capacity loss at higher discharge rates. Capacity retention after rate-

capability measurements is poor, and the cells have low coulombic efficiencies. Sample M2 has a 

similar average fiber diameter compared to sample M3, but a wider diameter distribution, and 

shows an improved cell cycling, with higher stability at high C-rates and higher capacity retention 

after cycling (Fig. 4c-d).   

The only significant difference between cells containing M2 and M3 samples is the fiber 

diameter distribution of the separators. However, initial low-rate cycling of cells with M3 shows 

significant capacity loss, change in capacity with cycle number, and low-coulombic efficiency. 

Sample M1 has the widest diameter distribution among the three-meltblown samples and provides 
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the best cycling performance. Fig. 4a-b show that discharge capacity values at C/10 and at C/5 

rates vary less and capacity loss is reduced in cells employing meltblown separator M1 compared 

to cells with samples M2 and M3. According to Table 1, thickness, ionic conductivity, electrolyte 

uptake, and solid volume percent are similar between sample M1 and M3, and comparable with 

sample M2. Without other significant differences, the distribution of fiber diameters is the effective 

factor influencing the cell behavior during cycling. Thus, we conclude that a broader diameter 

distribution in the separator is advantageous for battery cycling stability [22-24]. 
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Figure 4. Charge-discharge curves and rate capability of cells containing meltblown PVDF 

samples M1 (a, b), M2 (c, d), and M3 (e, f).  

Cells containing electrospun PVDF separators show better cycling performance than cells 

with meltblown samples (Fig. 5). This can be explained by the smaller average fiber diameter for 
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electrospun samples (0.25-0.50 μm) than the one for meltblown samples (1.4-1.7 μm), as shown 

in Fig. 1 and 2. Sample E3 was fabricated at higher voltage (20 kV) than samples E1 and E2 (15 

kV), which led to a narrower fiber diameter distribution. As seen with meltblown samples, cells 

containing electrospun PVDF separators with narrow fiber size distributions show significant 

capacity variation with cycle number and capacity loss at rates higher than C/5 (Fig. 5f). Sample 

E2 shows a wide diameter distribution and stable cycling at all C-rates, including 1C (not possible 

with sample E3). The capacity loss and the coulombic efficiency at low C-rates are both improved 

compared to sample E3. However, sample E2 not only shows a wide diameter distribution, but 

also a large fiber diameter (0.51 μm), double that of sample E1. Cells with sample E1 separator 

shows the best performance during cycling compared to cells employing samples E2 and E3. 

Indeed, cells containing sample E1 showed little or no capacity loss at C/10 and C/5, high and 

stable discharge capacity at all rates, and improved coulombic efficiency.  

Table 1 shows that samples E1 and E3 have lower ionic conductivities than sample E2, 

which has the highest electrolyte uptake. Nonetheless, cells employing sample E1, which has the 

widest diameter distribution, show the highest capacity retention. On the other hand, solid volume 

percent, mat thickness, and average fiber diameter affect electrolyte uptake and ionic conductivity, 

whose values are not necessarily reflected in cycling performance; for example, samples E1 and 

E3 have comparable uptake and conductivity but significantly different cycling performance. We 

conclude that the main factors influencing cycling performance for electrospun separators are the 

fiber diameter and its distribution. Low-capacity variation with cycling and low-capacity loss are 

achieved when the separator is fabricated with a low average fiber diameter (0.2-0.3μm) and a 

wide diameter distribution. 
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Figure 5. Charge-discharge curves and rate capability of cells containing electrospun PVDF 

samples E1 (a, b), E2 (c, d), and E3 (e, f).  

SDC-based membranes are relatively new and their emerging applications in 

electrochemical devices are just beginning to be explored; to our knowledge, the present work is 
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the first to evaluate their comparative performance. Cycling performance of SDC separators seem 

comparable or better than electrospun separators, and cells containing SDC samples show high 

coulombic efficiency and high cycling stability relative to electrospun samples (Figs. 5 and 6). 

Also, cells containing SDC separators showed discharge capacity as high as meltblown samples, 

but with higher stability compared to electrospun samples, which means that high-shear 

precipitation is able to create separators that are better performing than meltblown and electrospun 

separators.  

We fabricated the sample S3 with 10% PVDF injection solution, which created a 

fibrous/nano-sheet mixed web. This morphology formed a homogeneous pore network with large 

pore size (0.52 μm) and narrow distribution (FWHM=22 nm), as plotted in Fig. 3d. As shown for 

electrospun samples, cells containing separators with a narrow pore size distribution show higher 

capacity loss (in this case only at 1C rate) than cells with separators with wide pore size 

distribution. Cells employing sample S2 with a NS morphology show improved stability compared 

to cells with sample S3 (mixed morphology), with little or no capacity loss at C/10 and at C/5, and 

stable 1C cycling. Sample S1 with fibrous morphology shows the highest stability and best 

performance, with a discharge capacity at C/10 of 106 mAh/g (vs. M1=102 mAh/g and E1=86 

mAh/g) and capacity loss at 1C equal to 18% (vs. S2=23% and S3=35%). 
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Figure 6. Charge-discharge curves and rate capability of cells containing SDC PVDF samples 

S1 (a, b), S2 (c, d), and S3 (e, f). Re-printed with permission from (5), Copyright IoP Science. 
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By using one component (PVDF) and three different techniques to fabricate membranes 

used in this study, we were able to correlate the structural parameters of the separator mats to their 

electrochemical properties. Similar conclusions may be drawn for each of the three different 

techniques used to fabricate separators. The fiber diameter or pore distribution has a major 

influence not only on the mat’s physical and electrochemical properties, such as solid volume 

percent, ionic conductivity, and electrolyte uptake, but also and more importantly on in-use cell-

cycling stability and performance in a Li-ion cell. Meltblown samples had similar average fiber 

diameter but the wider fiber distribution of sample M1 compared to samples M2 and M3 decreased 

capacity loss and improved cycling stability. By comparing electrospun sample E1 with samples 

E2 and E3, we see that the combination of a wide-diameter distribution and a small pore size (<200 

nm) lead to the best cell-cycling performance; an improvement in discharge capacity values at all 

C-rates was observed. Finally, cells using the SDC mats, fibrous and nano-sheet morphologies, 

showed a similar cycling behavior as electrospun samples, suggesting that a key factor in designing 

an optimal structure for a Li-ion battery separator is the combination of a small pore size and a 

wide pore distribution, regardless of how the pore network is formed. 

Conclusions 

By using three different techniques, meltblowing, electrospinning, and shear-spinning, we 

fabricated PVDF Li-ion battery separators with varying fiber/pore diameters and distributions. We 

adjusted the processing conditions to ensure that the main difference between separators produced 

using the same technique was the average fiber/pore diameter and size distribution. All samples 

showed the same trend when in-use cycled in a Li-ion battery, i.e., when the fiber/pore distribution 

was widened and/or pore size was decreased, the capacity loss decreased and cycling stability 

increased. This effect was accentuated at C-rates higher than C/5, suggesting that this specific 
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separator structure is essential to enable high-rate cycling of Li-ion batteries. We also showed that 

shear-spinning produces separators with homogeneous and controlled structure, which combine 

the low-solid volume percent and low-capacity losses of meltblown mats with the cycling stability 

of electrospun samples.  

This work shows that by using a technique that fabricates homogeneous mats, separators 

may be produced with an optimal structure to improve the cycling performance of Li-ion batteries 

by designing the network with a small average pore size and a wide pore size distribution. 
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CHAPTER 7: Recommendations 

Die density and capillary size in meltblowing 

In this work, we investigated the use of nonwoven or nonwoven-like separators for Li-ion 

batteries and examined structure-property-process relationships using three processing techniques. 

We demonstrated the possibility to melt-blow PVDF Kynar® resin RC 10,287 to produce a high 

quality mat. Fiber mats showed 30-40% sub-micron fibers with diameters as small as <400 nm, 

but an investigation on the effect that different dies and capillary size have on the mat structure 

would bring more insights on structure-property-process relationships and could possibly enable 

mats with smaller-diameter fibers. In fact, changing the die density from 45 to 60 holes-per-inch 

not only will decrease the amount of roping, but will also change the membrane structure [1]. 

Roping is considered a defect in nonwovens and may influence the mat’s electrolyte uptake and 

lithium ion transport due to decrease of surface area. Cycle-life experiments of cells containing 

meltblown PVDF separators showed long-term stability issues possibly due in part to large pore 

size that caused micro-shorts. Capillary size has a strong influence on fiber diameter, especially at 

high throughputs. Using a die with capillary diameter lower than 0.3 mm (used in the Reicofil 

experiments), will enable throughputs lower than 11 kg h-1 (the lowest used in this work). As 

demonstrated in Chapter 3, the lower is the throughput, the lower are the fiber diameter and the 

pore size.  

Purity of PVDF Resin 

As explained in Chapter 4, chain-transfer agents in high level are added during Kynar® RC 

10,287 resin polymerization, and additives, such as low-molecular weight glycols and other 

surfactants, are reported to be added afterwards to improve melt-processability [2]. Chain-transfer 

agents, additives, and surfactants are susceptible to electrochemical reaction and we presume that 
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they are still residual in the resin we used. These components will leach out of the fiber mat and 

will electrochemically react, causing fiber morphological changes, separator activation step, and 

unstable capacity. Fabricating this PVDF resin with a higher purity without sacrificing melt-

processability properties would be not only be beneficial for battery operations in terms of 

coulombic efficiency and long-term cycling when using these nonwoven mats as separators, but 

would likely reduce capacity loss too. 

New morphologies and composites of SDC membranes 

In Chapter 5, we showed that a shear-spinning process may be used to control the 

morphology of the web-forming PVDF particles and, therefore, the cell-cycling performance using 

separators formed from them. The morphology of the membranes may be adjusted in other ways, 

such as layering or mixing together SDC particles with two or more morphologies, which would 

tailor these membranes to specific applications. The versatility of the process allows for multiple 

polymer precipitation, which include the investigation of new solvent/non-solvent combinations, 

and for incorporation of additives such as ceramic particles, for composite separators. The addition 

of ceramic additives increases thermal and mechanical properties of the mat, but the traditional 

incorporation techniques (Chapter 2) do not provide additional functionality. The SDC process 

could be used to fabricate multifunctional separators by adding to the injection solution reactive 

precursors (such as poly(ethylene-alternate-maleic acid or examethyldisiloxane) to form 

functional groups in the separator, which becomes chemically active and provides additional 

features in terms of safety and performance. Research on these membranes needs to take into 

consideration both the market and safety needs. By nano-engineering the material network in a 

battery separator, we could be able to create preferred pathways for ion transport in 3D structures 

that maximize the Li ions motion and reduce the chances of dendrite formation. To investigate the 
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3D structure of separators, nano-computed tomography or synchroton imaging of the separator 

alone or inside the battery could give insights not only on the 3D distribution of pores, but also on 

morphological changes and dendrites pathways after battery use. 

β-phase PVDF 

The crystalline phase with the largest polarization in PVDF is the β-phase [3], which is 

useful for pyro- and piezoelectricity. Obtaining β-phase PVDF requires solvent-casting, 

mechanical stretching of the α-phase PVDF, or polarization under high electric fields [4], but all 

of these methods usually are complicated to implement for large scale industrial processing [3]. 

Meltblown PVDF mats are produced from the melt, and the crystalline regions of the fibers are 

expected to be all α-phase PVDF [3]. However, as discussed in the Appendix C, meltblown mats 

surprisingly showed 55% β-phase content (through FT-IR), which decreases to 50% after melt-

pressing the mats. When the polymer filaments exit the die during meltblowing, they are quickly 

drawn by hot air jets. We believe that there is a specific moment when the outer surface of the 

fibers has solidified but the fibers are still being stretched. The fast re-crystallization of PVDF 

from the melt, together with the increase in polymer chain orientation due to filament stretching, 

produce a high content of β-phase [5,6]. Kundu et al. [7] showed that the higher is the content of 

β-phase in PVDF-based Li-ion battery separators, the higher is the polarity with subsequent fast 

lithium ion migration, and improved electrochemical performance, such as discharge capacity and 

capacity retention. An investigation of the effect that the β-phase content has on separator 

performance would lead to an improved design of experiments for additional meltblowing 

experiments. For example, the die-to collector distance could be increased during meltblowing to 

allow a higher fiber stretching, leading to a higher β-phase content. FT-IR, DSC, and X-ray 

diffraction characterizations on meltblown, electrospun, and shear-spun separators before and after 
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use in a Li-ion cell would elucidate whether the different β-phase content of the mats is responsible 

for different cycling behaviors of separators made with different processes and whether cycling 

the separators has an effect on the β-phase content. 
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Appendix A: Lithium-ion conducting water-in-salt sulfonated pentablock polymer as a 

quasi-solid-state electrolyte 

Introduction 

Lithium-ion batteries exemplify advancements in battery storage technology due to their 

impressive energy storage capacity and ongoing improvements in production costs. However, 

while most of the discussion related to lithium-ion batteries has focused on the anode and cathode 

materials, our focus here is on the separator. While the separator located between the anode and 

the cathode of the battery is independent of the electrochemical reactions that occur, its structure 

and properties play a critical role in the performance of the cells. While the cell is in use, the 

primary role of the separator is to allow lithium ions to pass through the electrolyte from anode to 

cathode. When the cell is not in use, the separator limits ion diffusion. Unfortunately, the liquid 

electrolytes often employed in conventional lithium-ion batteries are highly flammable at elevated 

temperatures and can undergo combustion within the cell. One promising route to address these 

concerns is the use of gel polymer electrolytes (GPEs). The field of GPEs is a rapidly growing area 

of materials research because of the negligible volatility and decreased hazard risk of GPEs 

compared to traditional liquid electrolytes, which contain toxic compounds and can combust. In 

the GPE design, liquid electrolytes are imbibed into a polymer matrix, which effectively entrains 

a liquid component while allowing it to remain functionally active, thereby presenting a 

methodology by which to design safe and efficient next-generation battery components. 

Their soft, elastomeric characteristics make thermoplastic elastomers (TPEs) possessing 

ionic (charged) blocks good potential candidates for a variety of electrochemical applications. In 

fact, TPEs have been tailored for ionic conductivity on the molecular scale. For instance, the 

sulfonation of the styrenic endblocks of conventional TPEs derived from poly[styrene-b-(ethylene-
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co-butylene)-b-styrene] (SEBS) copolymers has been accomplished on multiple occasions[1]. 

Elabd et al. [2,3] have reported promising results for these materials in both proton and lithium 

exchange membranes, due to the presence of bound –SO3 groups. Highly endblock-sulfonated 

poly[styrene-b-isobutylene-b-styrene] (SIBS) polymers, for example, achieve proton conductivity 

levels of ~0.1 S/cm [4]. However, polar organic electrolytes, as those used in batteries and fuel 

cells, compromise the physical cross-links of TPE membranes. These physical cross-links are the 

result of microphase separation of the thermodynamically-incompatible chemical sequences and 

are primarily responsible for endowing TPEs with their elastomeric characteristics. Realizing the 

shortcoming associated with endblock sulfonation, recent studies have examined similar 

functional groups attached to the midblock of TPEs. An approach that is now commercially 

available relies on sulfonating a styrenic midblock and replacing  the endblocks with one or more 

ionophobic blocks such as certain acrylics [5,6] or further substituted styrene [7]. An alternative 

approach to ionically functionalize the midblocks of TPEs is to retain styrenic endblocks and 

sulfonate the softer midblock. Vargantwar et al. [8] sulfonated butadiene units in a poly(styrene-

b-butadiene-b-styrene) (SBS) copolymer, whereas Xie et al. [9]quaternized the midblock of a 

chemically similar SBS copolymer. The sulfonated midblock approach has been repeatedly 

demonstrated to enhance the mechanical shortcoming of endblock-sulfonated TPEs and maintain 

comparable conductivity at similar sulfonation levels [10]. 

Addition of a midblock-selective liquid to a TPE yields a TPE gel (TPEG), and amphiphilic 

TPEGs containing a hydrophilic midblock have been successfully used as solar cell electrolytes 

after incorporation of photosensitive dye molecules. For example, TPEGs composed of 

poly[styrene-b-(ethylene oxide)-b-styrene] (SEOS)/ionic liquid [11] and NexarTM/H2O [12], each 

containing one of several Ru2+-based dyes, have achieved solar efficiencies of ~2.5% and ~7.0%, 
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respectively (Fig. 1a). The thermodynamic stability of these TPEGs also greatly enhances their 

operational lifetime (Fig. 1b) as compared to liquid-based electrolytes, which have a tendency to 

dissolve or degrade the cell sealant and leach into the environment over time. The production of 

polar and ionic TPEs and TPEGs also translates to intriguing material transport properties due to 

their favorable interactions with polar molecules and salts. 

 

Figure 1. Photocurrent-density as a function of voltage for Ru2+-dyed TPEGs: poly[styrene-b-

(ethylene oxide)-b-styrene]/ionic liquid (SOS/IL) and Nexar®/H2O (a), and a comparison of the 

stability in solar cell efficiency (η) between SOS/IL and its pure-IL analog (b) [11.12]. 

A midblock-sulfonated pentablock TPE commercially designated as NexarTM has proven 

particularly promising in this regard [13,14]. The chemical structure of NexarTM, a poly[tert-butyl 

styrene-b-(ethylene-alt-propylene)-b-(styrene-co-styrenesulfonate)-b-(ethylene-alt-propylene)-b-

tert-butyl styrene] pentablock polymer, is displayed in Fig. 2. In recent studies, NexarTM, in 

combination with a number of solvents and fillers, has been used as an electrically-induced 

actuator. Lee et al. have successfully incorporated a midblock-compatible sulfonated 
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montmorillonite [15] and ionic liquid [16,17] into NexarTM. Other efforts have incorporated 

ethylene glycol and glycerol into Li+-exchanged NexarTM resulting in a lower ionic concentration 

and consequently a slower mechanical response of the actuator, but with one of the highest overall 

actuations ever captured for an ionic polymer-metal composite [18,19]. The microphase-separated 

nanostructure of NexarTM allows for selective incorporation of polar electrolytes [12,18] and ionic 

liquids [19] within the hydrophilic sulfonated microdomains of the polymer. Selective swelling of 

the sulfonated midblock provides nanoscale channels by which ions can transport, while 

maintaining structural integrity due to the thermoplastic elastomeric network, which is not possible 

with traditional polymer electrolytes. 

 

Figure 2. Chemical structure of NexarTM. 

However, one drawback of using GPEs, specifically NexarTM, is that they are not as 

conductive as their liquid electrolyte counterparts. Aqueous electrolytes constitute a highly 

attractive alternative to common organic electrolytes. Mineart et al. [20] have demonstrated that 

NexarTM membranes with dispersed ion-rich micelles swell in water beyond 100% as the 

morphology converts to a highly disordered, but irreversibly connected, ion-rich channel network. 

In this work, the micelles along the diffusion direction connect as water enters the membrane, 

eventually connecting the hydrophilic pathways in a continuous network, which is likely more 

effective for ion transport. Dai et al. [21] demonstrated that the final morphology of the membranes 

after immersion in water is dependent on the casting solvent. If membranes are cast from 85/15 

w/w toluene/isopropyl alcohol (TIPA), the original irregular morphology cannot be well-defined 
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after water immersion, while for tetrahydrofuran (THF)-cast membranes, the morphology remains 

lamellar even after immersion in water. 

The stability window of water-based electrolytes is narrow due to water electrolysis. At 

low potential values (<3.0 V), hydrogen evolution occurs, which severely deteriorates the electrode 

and presents safety concerns [22]. Suo et al. [23] have reported the use of water-in-salt electrolyte 

(WiSE) to achieve a voltage window up to ~3 V using 21 m lithium bis(trifluoromethane 

sulfonyl)imide (LiTf2N) as the electrolyte in water. The WISE extends the operational voltage 

because all water molecules interact with Li+ ions.  Dubouis et al. [24] have established that 

hydroxyl groups are responsible for surface passivation by water reduction, which create a stable 

solid electrolyte interphase (SEI). The WiSE design enables the use of electrode materials that 

have been previously incompatible, such as MoS2, which has recently attracted considerable 

attention by the scientific community because Li ions easily intercalate in its structure [25,26]. 

Quan et al. [27] have observed that MoS3 electrodes can be used as anodes in WiSE Li-ion batteries 

and the cell is stable after 1000 cycles. 

In this work, we fabricate a Li-ion conducting WiSE sulfonated pentablock polymer and 

report the cycling performance of a MoS3/LiMnO4 cell with this quasi-solid-state electrolyte. We 

also examine the morphology of the polymer after different solvent-related templating and 

annealing procedures, as well as exposure to electrolyte at different concentrations. 

Experimental 

 Membrane preparation 

The NexarTM was provided   in   film   form   by   Kraton   Polymers   (Houston,   TX).   

These   ionomers   were   prepared   by   midblock-selective sulfonation  of  a  parent  pentablock  

copolymer  (with  corresponding   block   weights   of   15–10–28–10–15   kDa). Preparation 
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considerations and solvent templating of NexarTM films have been previously described in detail 

by Mineart et al. [28] and the method for fabricating these nanostructured materials will follow 

those guidelines. The first step of the process is dissolving NexarTM in either pure tetrahydrofuran 

(THF) solvent or an 85/15 w/w toluene/isopropanol (TIPA) cosolvent. The films were cast in 

Teflon molds, which are covered to limit the rate of solvent evaporation and left to dry for 48 h. 

Some of the resultant films were solvent-vapor annealed in THF for 24 h and subsequently dried 

under vacuum for 2 h at ambient temperature. After drying, the membrane was immersed in 

LiTFSI/H2O solutions varying in electrolyte concentration for 24 h. 

MoS3 anode preparation 

After dispersing 0.2 g of ammonium tetrathiomolybdate (NH4)2MoS4 in 200 ml of water, 

1 mol/L HCl was added drop-by-drop during stirring until the pH of the solution dropped below 

3. The solution was then stirred for another 2 h. The acidification of (NH4)2MoS4 can be described 

according to [29]: 

𝑀𝑜𝑆4
2− + 2𝐻+ → 𝑀𝑜𝑆3 + 𝐻2𝑆 

It is important to maintain a gas phase rich in H2S, since every uncontrolled loss of sulfur could 

promote an undesirable variation in the final product. The obtained product was collected by 

centrifugation and then washed several times with deionized water. After freeze-drying, it was 

annealed under argon at 200 °C for 2 h. 

Electrochemical measurements 

The anodes were fabricated by uniformly mixing and compressing LiMn2O4, carbon black 

and poly(tetrafluoroethylene) (PTFE) at a mass ratio of 8:1:1, and the cathodes combined MoS3, 

carbon black and PTFE at a mass ratio of 7:2:1. Electrolyte was not added to the electrodes but 

rather excess electrolyte was added to the separator by soaking NexarTM membranes in 21 m 
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LiTFSI/H2O for 24 h LiMn2O4/MoS3 coin cells were assembled and chronopotentiometry 

measurements were conducted with a VMP3 potentiometer. The cells were cycled between 0.7 

and 2 V at a constant rate of 0.1 A/g for 10 cycles and thereafter cycled at 1 A/g for 1000 cycles 

to assess cycling stability. A minimum of 3 replicas per separator were assembled into coin cells 

and cycled to assess reproducibility.  

Small-angle X-ray scattering (SAXS) 

We examine SAXS profiles collected from NexarTM at the Advanced Light Source 

(Argonne National Laboratory) under a variety of casting/exposure conditions to determine how 

the morphology is affected. The positions of the scattering peaks relative to q* provides 

information regarding the spatial symmetry of the morphology. 

Results and discussion 

Cyclic voltammetry (CV) data are measured at a scan rate of 1 mV/s Figure 3b displays 

one broad but distinct redox peak couple of lithiation/delithiation after the initial two cycles. In the 

initial cycles, the cathodic scan (i.e., battery charging) profile has a distinct peak at 1.8 V that 

disappears from the fifth cycle, implying an irreversible phase transformation of MoS3 during its 

lithiation during the initial cycles. The cathodic scan profile remains stable after 5 cycles, 

indicating the stabilization and reversibility of electrode materials after the initial transformation. 

In comparison, cells with glass-fiber separators (Fig. 3a) indicate a similar irreversible peak but 

with a broader area inside the curve, confirming that cells constructed with NexarTM possess a 

more capacitive-like behavior. The galvanostatic dis-/charge curve in Figure 4b shows a sloping 

voltage plateau at ~1.3 V (mid-voltage) during both charge and discharge, despite its appearance 

to be more sloped in the initial cycle. These observations, are in good agreement with the results 

of CV because it is clear that MoS3 first undergoes irreversible conversion and then remains stable. 
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Cells with glass-fiber separators show slightly different curves with a plateau on discharge from 

1.7 to 1.5 V. This is likewise in agreement with a more capacitive behavior of cells containing 

NexarTM. 

 

Figure 3. Cyclic voltammetry curves at initial cycles at 1 mV/s of the WISE-based LiMn2O4/MoS3 

with fiber-glass (a) and Nexar (b) separator. 
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Figure 4. Galvanostatic charge/discharge profiles of the WISE-based LiMn2O4/MoS3 with fiber-

glass (a) and Nexar (b) separator,  

The cycling stability of the full cell has been evaluated at high current density (1 A/g) for 

1000 cycles. The specific capacities of MoS3 are 156 mAh/g at 0.1 A/g and 82 mAh/g at 1 A/g for 

the first cycle. In comparison, cells constructed with glass-fiber separators reveal an initial specific 

capacity of 116 mAh/g at 0.1 A/g. Cells containing NexarTM achieve excellent cycling stability 

with a 75% capacity retention after 1000 cycles at 1 A/g, corresponding to a capacity decay rate 

of 0.025% per cycle. In contrast, cells containing glass-fiber separator cycled at rates 10 times 

lower (0.1 A/g) indicate a 59% capacity retention in 1000 cycles, corresponding to a capacity 

decay of 0.041% per cycle. The initial Coulombic efficiency of the cell is 90% for NexarTM and 

49% for glass-fiber, due to the irreversible phase transformation of MoS3 and the formation of SEI. 

After 10 cycles, the Coulombic efficiency increases to 96% and 82% for NexarTM and glass-fiber 

cells, respectively. It takes several cycles for the efficiency to stabilize at 99% for cells containing 
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either NexarTM or glass-fiber separators, with the latter taking longer. The completion of phase 

transformation and the formation of a stable and protective SEI is faster when NexarTM is used as 

the separator, most likely due to improved Li-ion diffusion through the quasi-solid-state-

electrolyte. 

 

Figure 5. Cyclic voltammetry curves at initial cycles at 1 mV/s of the WISE-based LiMn2O4/MoS3 

with fiber-glass (a) and Nexar (b) separator. 

The electrochemical measurements reported herein indicate very promising results for 

NexarTM -based separators in aqueous Li-ion batteries. As demonstrated previously, exposure of 

NexarTM to different casting solvents, solvent vapors and water can strongly impact the nanoscale 

morphology of NexarTM. As a preface, casting NexarTM from THF typically results in 

nonequilibrium coexisting morphologies consisting of hexagonally-packed ionophobic cylinders 

embedded in an ionophilic matrix and co-alternating lamellae, whereas casting from TIPA 

generated highly nonequilibrium morphologies that can be described as micellar with ionophilic 

cores and ionophobic shells. After solvent-vapor annealing in THF, both morphologies evolve 

toward a single equilibrium lamellar morphology. To identify these conditions as well as the 
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electrolyte concentration, we designate the specimens prepared here as (casting solvent)(solvent-

vapor annealing time, in h)/(electrolyte concentration, in m). As an example, TIPA24/21 refers to 

NexarTM cast from 85/15 w/w TIPA, subsequently subjected to solvent-vapor annealing in THF 

for 24 h and finally immersed in an aqueous 21 m LiTFSI solution for 24 h (the immersion time is 

held constant).  

A series of SAXS intensity profiles acquired from NexarTM specimens that correspond to 

limiting cases is presented as a function of scattering vector (q) in Figure 6. Two important pieces 

of information can immediately be gleaned from these data. First, the position of the first 

(principal) peak (q*, filled arrowhead) is sensitive to specimen history. A shift in q* to lower q 

corresponds to microdomain swelling. According to Bragg’s law, the microdomain period (D) is 

related to q* by D = 2 /q*, and values of D extracted from the profiles are included for color-

coded comparison in Figure 6. The dashed vertical line in this figure corresponds to the equilibrium 

morphology for NexarTM that was previously reported by Mineart et al. [30], indicating that most 

of the specimens examined here are swollen. The second characteristic of these profiles is that all 

but one exhibits higher-order scattering peaks (open arrowheads), indicative of long-range order. 

The positions of these peaks relative to q* provides information regarding the spatial symmetry of 

the morphology. Since these peaks are located at integer values of q*, we can conclude that all 

these morphologies are lamellar. However, the shoulder evident on the principal peak for the 

specimens that were solvent-vapor annealed for 24 h, along with the unaccounted peak in the 

vicinity of 0.32 nm-1 (stick arrowheads), indicate the existence of a second characteristic size scale. 

While this could reflect the presence of lamellae differing in size, it more likely corresponds to 

periodic perforations in the lamellae. Perforated lamellae have been previously identified 

experimentally and computationally in a wide range of block polymers. While ideal, single-grain 
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lamellae can provide continuous pathways for ion diffusion, real systems consist of grain 

boundaries and other defects that could hinder diffusion. Existence of perforated lamellae could 

overcome this drawback by providing additional diffusive pathways. 

 

Figure 6. SAXS profiles of color-coded specimens according to designations in the text. 

Additional SAXS profiles of NexarTM specimens after immersion in different electrolyte 

concentrations for 24 h are displayed in Figure 7 for films cast from TIPA and Figure 8 for films. 

cast from THF. In all cases except the TIPA0 series, a lamellar morphology develops due to 

extensive solvent-vapor annealing. The coexistence of a second structural detail differing in length 

scale is confirmed by a shoulder on the principal peak of several profiles, as well as the convoluted 

principal peak in the TIPA24 series. 
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Figure 7. SAXS profiles collected from TIPA-cast NexarTM, followed by solvent-vapor annealing 

in THF for 0 h (left) and 24 h (right) prior to immersion in aqueous LiTFSI solutions at different 

concentrations. 

 

Figure 8. SAXS profiles collected from THF-cast NexarTM, followed by solvent-vapor annealing 

in THF for 0 h (left) and 24 h (right) prior to immersion in aqueous LiTFSI solutions at different 

concentrations. 
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Values of the microdomain period extracted from these data are compiled in Figure 9 and indicate 

that most of the membranes undergo progressive swelling to saturation as the electrolyte 

concentration is increased. Specimens cast from TIPA display equilibrium swelling with little 

noise in the data, whereas THF-cast films show evidence of fluctuations. This mirrors previous 

studies wherein solvent-vapor annealing of TIPA-cast films generate highly-ordered lamellae in 

~4 min because they are so far from equilibrium, whereas the THF-cast films are much closer to 

equilibrium and require significantly more time to eliminate defects in their morphology. 

 

Figure 9. Values of the microdomain period extracted from the SAXS profiles in Figures 7 and 8 

(labeled and color-coded) and presented here as a function of LiTFSI concentration. The solid lines 

serve to connect the data. 

Conclusions 

We report the fabrication of a quasi-solid-state electrolyte by combination of WiSE 

electrolyte and a sulfonated pentablock polymer. We have also investigated the cycling 

performance of MoS3/LiMnO4 cells containing the WiSE-polymer separator. These cells exhibit 
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high specific capacity (156 mAh/g) and excellent capacity retention (75%) after 1000 cycles. 

During battery operation, MoS3 undergoes irreversible reaction that allows the cell to reach a 99% 

coulombic efficiency. Compared to glass-fiber, cells containing WiSE-NexarTM display a more 

capacitive behavior. Preliminary morphological studies confirm that the structure of the NexarTM 

membranes is sensitive to solvent-related processing and electrolyte immersion. This study 

promises the possibility to fabricate quasi-solid polymer electrolyte to enable good Li-ion diffusion 

for aqueous energy storage. 
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Appendix B: Fabrication and characterization of meltblown Poly(Vinylidene difluoride) 

membranes 

 
Figure 1. DSC (a) and TGA (b) of PVDF Kynar® resin RC 10,287. 

Rheological experiments 

Temperatures = 200/220/240/260 ºC 

Steady shear experiment 

Shear rate range  = 0.01 – 100 s-1 

Geometry: parallel plate 

Oscillatory experiment 

%strain = 10% 

Frequency (ω) range = 0.01 to 600 s-1 

Geometry: parallel plate 

Cox-Merz rule: η(ω) = η(�̇�) 

Capillary rheometry 

Shear rate range (s-1) = 100 - 10000 

Geometries (Length:Diameter): 5:1, 20:1, 30:1 

a) b) 
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End pressure effect 

We used equation 1 (Bagley corrections) to determine the true shear stress [1]. 

 
4( / )

P

L D e
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+
  (1) 

where, τ is the true shear stress, P is the test pressure, L/D is the die length to diameter 

ratio and e is the die-length correction. 

Non-homogeneous flow 

We used equation 2 (Rabinowitz corrections) to determine the true shear rate [1]. 
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where,   is the true shear rate, ap  is the apparent shear rate, and )(log
ap

d   / (log )d   

is the slope of the curve log ap  vs log , and τ is the true shear stress from equation 1. 

By superimposing the data from these three experiments we were able to create viscosity 

curves over a wide range of shear rates, i.e. from 0.01 to 10000 s-1. Figure 1 shows an example of 

the superimposition. 
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Figure 2. Viscosity curves from steady shear, oscillatory, and capillary rheometry experiments 

of PVDF Kynar® resin RC 10,287 at 200℃. 

Cristallinity across Fiber Cross-Section 

We soaked both the as-received PVDF pellets and the melt-blown PVDF membranes in 

1M LiPF6 EC/DMC battery electrolyte at room temperature for 4 weeks, while continuously 

stirring the solution. No visible dissolution of the membranes or the polymer pellets was detected. 

The fibers absorbed electrolyte and did not dissolve at room temperature. By visual inspection, the 

polymer pellets did not absorb electrolyte. Our explanation for this phenomenon is a change in 

crystallinity across the fiber cross-section: a highly-crystalline core prevents the fiber from 

dissolving. Moreover, because the difference in crystallinity between the polymer pellets (53%) 

and the fibers (48%) is small, the only difference in terms of crystalline and amorphous regions 

between the polymer pellets and the fibers is the presence of a second population of crystals in the 

fibers (visible in the DSC experiment). We used electron diffraction TEM to explore the change 

in crystallinity across the fiber cross-section1. We embedded the fiber mat in an epoxy resin and 

we used Focused Ion Beam etching to make a clean cut of the fiber cross-sections (Fig. 3a). We 
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examined the fiber mats with a Talos F200X TEM, and we used a bar across the fiber cross-

sections as a beam-stopper to cover the bright central beam spot so that more diffuse intensity 

spots could be captured. It was possible to notice a change in the diffraction patterns (in both 

intensity spots and concentric rings) while moving the bar across the fiber cross-section (Fig. 3 

b,c,d), meaning that there was a difference in crystallinity across the cross-section. Unfortunately, 

the bar was too large to be able to quantify the change in crystallinity.  

 

Figure 3. TEM image of fiber cross-section (a), TEM diffraction patterns at different positions 

of the beam-stopper bar (b), (c), and (d). Red arrows indicate diffraction intensity spot. 
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Table 1. Tensile properties of four representative meltblown PVDF samples. 

 Cross direction Machine Direction 

Sample 
Peak load 

(kPa) 

Strain at break 

(%) 

Peak load 

(kPa) 

Strain at break 

(%) 

3 0.62 11 1.52 8 

8 0.48 6 0.90 6 

12 (@ 40g m-2) 1.24 11 2.28 9 

18 0.62 9 1.34 6 
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Appendix C: Melt-blown PVDF as A Li-Ion Battery Separator 

FT-IR 

The β-phase of PVDF contains the largest spontaneous polarization, useful for pyro- and 

piezoelectricity. Among the 3 electroactive phases of PVDF (β, γ, and δ), γ and δ are rare and 

difficult to obtain, and to quantify the most electroactive phase (β) we need to look for peaks 

specific of β-phase. In the absence of a peak at 1234 cm-1, specific of γ-phase, we can assume that 

peaks at 763 and 840 cm-1 are specific of the β-phase [1]. As we can see from Fig. 1, the 

unprocessed polymer has the highest β-phase content (67%), which decreases after meltblowing 

(55%) and again after melt-pressing the mats (50%). The meltblowing process involves a fast re-

crystallization from the melt, which, together with the increase in polymer chain orientation due 

to filament stretching, keeps the β-phase content high [1,2]. We also noted a high retention of static 

electricity in the meltblown mats. Melt-pressing the polymer partially melts the fibers at their 

cross-section and the slow re-crystallization slightly decreases both β-phase content and static 

electricity retention. 

 

Figure 1. FT-IR spectra of unprocessed PVDF Kynar® resin 10,287, meltblown PVDF, 

meltblown pressed PVDF and their respective β-phase content. 
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Figure 2. SEM images at different locations of meltblown PVDF after cycling in a Li/LiCoO2 cell 

and vacuum-drying the mat. 
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Appendix D: Poly(Vinylidene difluoride) Soft Dendritic Colloids as Li-Ion Battery 

Separators 

  

Figure 1. Scanning electron micrographs of membranes’ cross-sections at different magnifications 

of SDC fibers (a, b), SDC fibers-NS intermediates (c, d) and NSs (e, f). 
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Figure 2. Thermal stability of 10% PVDF SDC membrane membranes following exposure to 

increasing temperatures.  The SDC fibers-NS intermediate membranes show that the PVDF 

membranes display minimal shrinkage following exposure at temperature far above polyolefin 

melting points. 

 

 

Figure 3. Oxidative limit for Celgard® and PVDF SDC Fibers-NS membranes. The oxidative 

limit of PVDF SDC membranes is below 10 μA/cm2 at 4.5 V, appropriate for commercial use. 

 

 

 

 

 


