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FABRICATION AND CHARACTERIZATION OF NOVEL MEMBRANES
FOR BATTERY SEPARATOR APPLICATIONS

With the prospering industry of electrical mobility, the need for high performance
batteries and energy sources is on the rise. The demand on efficient and safe batteries
has exponentially increased. In general, batteries consist of three main critical
components; anode, cathode and a separator. While anode and cathode are the active
parts in charge and power generation, battery separators are the non-active insulative
part. They are a porous structure that allows the passage of ions back and forth while
they are made of inherently electrically insulative materials that prohibits the contact
of the two poles preventing any short circuit possibility. Battery separators can be
made of several materials and substances and carries several key properties. They can
be made of any porous insulative material with defined pore size and porosity for their
intended application. Along their porous structure, they should carry high chemical
stability, strong integrity, and stability under elevating temperatures. Since there are
various reactions occuring inside a battery which may lead to increase in the cell
temperature, several approaches are used to fabricate battery separators with high
thermal stability and flame retardancy. Among these approaches, coating the separator
with inherently flame-retardant materials is a common method. Sodium alginate, as a
natural polysaccharide, that shows significant flame retardancy performance when
crosslinked with calcium. Cross-linked calcium alginate is reported to exhibit a
limiting oxygen index (LOI) of 34.

Several polymers are used to fabricate the battery separator. Ultra-high molecular
weight polyethylene (UHMWPE) is widely used in battery separator applications due
to its high mechanical strength and chemical stability. Film casting is a process widely
used to fabricate battery separators. In the wet process film casting, UHMWPE is melt-
mixed with a low molecular weight diluent (also called porogen) and casted through a
film die before its conveyed into stretching and extraction steps to obtain final porous
membrane. Another type of common separators is the nanofiber based. They can be
fabricated via several methods including centrifugal spinning, where a rotor is ejecting
the polymeric solution into fibers while rotating at very high speeds. The aim of this
thesis is to fabricate lithium and sodium ion battery separators with different
fabrication methods and enhance their thermal performance by coating them with
calcium alginate. Film casting and centrifugal spinning processes were used to obtain
two different membrane structures from two different polymers.

In film casting process, UHMWPE was mixed with paraffin oil (PO) then melt
extruded through a twin-screw extruder (TSE). 30% UHMWPE, 70% PO and 1%
antioxidant mixture was prepared. The temperature of the 6 heating zones and die was
held at 130, 140, 150, 160, 170, 180, and 180°C respectively. The screw rotating speed
was held constant at 35rpm. Melt blend was casted through a stripe die with a
thickness of 3 mm. The obtained sheets were hot pressed at 180°C and 8 tons of load
for 8 minutes then cooled down to room temperature. Final film thickness obtained
was in the range of 200-400um. Optimization experiments were conducted on the
samples to study the effect of different stretching ratios, the importance of extraction
step order, the effect of the constrained and non constrained uniaxial stretching, and
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the effect of heating distance between the sample and the stretching machine. It was
found that the extraction of the oil after stretching led to a smaller and more uniform
pore sizes in comparison to bigger pores formed when the oil was extracted before
stretching. Heating of the samples in the stretching machine was done with open
system using thermal irratiators. Distances of 13.5, 16.5, and 19.5cm were studied.
Heaters caused the film to melt fastly and close the pores formed at close distances
while at 19.5cm the heating wasn’t enough to initiate any pores. The films are then
stretched with a custom-made uniaxial stretching machine, where pore formation is
initiated. Two stretching ratios were applied; 2x1.5 and 4x1.5. Higher stretching ratios
showed closure of pores. The optimum parameters were found to be 1.5%2 constrained
stretching ratio with 16.5 cm heating distance and 110°C heating temperature. After
that three Samples (S1, S2, and S3) were fabricated and hot pressed into three
thicknesses of 280, 200, and 280um. These samples are then stretched and annealed to
obtain samples of three final thicknesses of 40, 60, and 80um. Finally, these samples
are immersed in n-hexane to extract the oil and obtain the desired porous structure and
the final membrane. These membranes are then put in a coin cell configuration and
tested for sodium ion (Na-ion) battery separator performance. The ionic conductivities
of S1, S2, and S3 samples are 0.09, 0.48, and 0.04mS/cm? respectively. S2 sample
showed better performance in comparison to other samples due to its higher porosity
and uniform pore distribution.

Nanofibrous membrane on the other hand was fabricated from thermoplastic
polyurethane (TPU) by centrifugal spinning process. TPU was dissolved in
dimethylformamide (DMF)/acetone mixture and spun into nanofibers. Optimization
of the process was done by altering the polymer concentration, solvent ratios, needle
diameter (gauge), and rotating speeds. The optimum nanofibers were obtained at 10%
TPU dissolved in 2:1 DMF/acetone ratio with 30G needle diameter and 13,000 rpm
rotating speed. Obtained nanofibers were treated with sodium alginate which was then
crosslinked with calcium chloride (CaClz). After Calcium Alginate (Ca-alg, CA)
treatment, the samples were hot pressed at 120°C and 8 tonnes of load for 2 minutes.
Treatment with CA enhance the thermal performance of the separators. The obtained
coated nanofibrous membranes are then put into coin cell configuration with 1M LiPFe
and 1M NaClO4 electrolytes and its performance were measured. These membranes
were tested for sodium ion (Na-ion) and lithium ion (Li-ion) batteries. The nanofibrous
membranes exhibited significant better performance when compared to the
commercial Celgard 2500 polypropylene (PP) separator. The ionic conductivities of
the neat TPU, pressed TPU, 0.5 TPU, and 2 TPU were 0.23, 0.67, 0.17, 0.16, and 0.05
mS/cm? respectively. The coated samples exhibited significantly larger ionic
conductivity numbers and less resistance values in comparison to the commercial PP
separator. In full cell configuration, where anode and cathode are used, the samples
exhibited the same trend with neat TPU performing better than other samples. The
ionic conductivities of the full cell samples were 1.53, 0.19, 0.05, and 0.03 mS/cm?
respectively. The drop in the ionic conductivities of the samples can be referred to the
effect of coating of the samples which lead to pore closure. This led to the domination
of the diffusion phenomena in the samples which was demonstrated by the straight line
in the Nyquist plot. In terms of thermal performance, significant enhancement was
achieved. On the other hand, when these samples were examined for Li-ion separator
tests, the ionic conductivities of Neat TPU, 0.5 TPU, 2 TPU, and PP separators were
0.10, 0.21, 0.09, and 0.07mS/cm? respectively. The 0.5 TPU sample showed the best
performance and proved that calcium alginate can enhance the chemical performance
of the separator. The coated samples showed 0% shrinkage in comparison to 63% and
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100% shrinkage of the neat TPU and commercial samples. The samples also showed
a significant fire retardation when exposed to flame source. A comparison between the
condition of the samples after 1 and 10 seconds was recorded. Neat and pressed
samples melted directly within the first seconds, while the treated 0.5 TPU and 2 TPU
samples kept their integrity. 0.5 TPU sample showed marks of burning and its color
started turning into brownish while the 2 TPU sample kept its initial state even after
10 seconds. The obtained results showed the high potential calcium alginate carries in
battery applications. Studies to enhance the ionic conductivities of the calcium alginate
can be conducted and better integrating methods can be proposed.
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PiL SEPERATOR UYGULAMALARI iCiN YENILIKCi MEMBRAN
YAPILARIN URETIMI VE KARAKTERIZASYONUOZET

Gelisen elektrikli mobilite endiistrisi ile birlikte, yiliksek performansh pillere ve enerji
kaynaklarina olan ihtiyagla birlikte verimli ve guvenli pillere olan talep her gegen gun
katlanarak artmaktadir. Genel olarak piller i¢ ana kritik bilesenden olusur; anot, katot
ve ayirict (separator). Anot ve katot sarj ve gii¢ Uretiminde aktif kisim iken, pil
separatorleri aktif olmayan yalitkan kisimdir. Iyonlarm ileri geri gecisine izin veren
gozenekli bir yapida olan seperatdr, dogasi1 geregi elektriksel olarak yalitkan
malzemelerden yapilmaktadir. Ana gorev olarak iki kutbun temasini engelleyerek
herhangi bir kisa devre olasiligini1 dnlemektedir. Pil separatorleri, gesitli malzeme ve
maddelerden Uretilebilir ve birkag temel 6zellik tasirlar. Amaclanan uygulama icin
gOzenek ve tammlanmis gozenek boyutuna sahip olan herhangi bir yalitkan
malzemeden yapilabilir. Go6zenekli yapilart boyunca yiiksek kimyasal kararlilik,
homojenite ve yiiksek sicakliga maruz kaldiginda biiziismeye karsi direng gosteren bir
Ozellik tasimalidir. Bir pilin i¢inde, hiicre sicakliginda artisa yol agabilecek ¢esitli
reaksiyonlar meydana gelmektedir, bu yiizden yiiksek termal kararliliga ve alev
geciktiricilige sahip pil separatorleri lretmek igin gesitli yaklasimlar kullanilir. Bu
yaklasimlar arasinda separatorii dogal olarak alev geciktirici malzemelerle kaplamak
yer almaktadir. Sodyum aljinat, kalsiyum ile c¢apraz baglandiginda 6nemli alev
geciktirici performans gosteren dogal bir polisakkarittir. Capraz bagli kalsiyum
aljinatin limiting oksijen indeksi (LOI) 34 olarak raporlanmustir.

Pil separatori Uretmek igin ¢esitli polimerler kullanilir. Ultra yiiksek molekiiler
agirlikli polietilen (UHMWPE), yiiksek mekanik mukavemeti ve kimyasal kararlilig:
nedeniyle pil separatdér uygulamalarinda yaygin olarak kullanilmaktadir. Film
dokumi, pil separatorlari Gretimi igin yaygin olarak kullanilan bir siiregtir. Islak islem
film dokiminde, UHMWPE, diisiik molekiiler agirlikli bir ¢0ziici (parafin yag,
dekalin, p-ksilen vb.) ile siispanse edilerek, 1s1 ve kesme kuvveti altinda karistirilir.
Daha sonra kalipta film seklini alan jel sogutulur. Cozlcinin sistemden
uzaklastirilmasi ile gozenekli bir film elde edilir. Bu noktada ¢dziicli hem proses ajani
hem de sistemden uzaklagsmasiyla gdzenek olusturucu bir eleman olarak ¢alisir.
Coziicliniin sistemden uzaklasmasi i¢in n-hekzan kullanilmaktadir. Kullanilan bir
diger seperator tipi ise nanofiber bazlidir. Bir rotorun, polimerik ¢ozeltiyi ¢ok yiiksek
hizlarda donerken nanolif olarak piiskiirttigii santrifiij egirme sistemi de dahil olmak
lizere cesitli yontemlerle dretilebilir. Bu tezin amaci, farkli imalat yontemleriyle bir
lityum ve sodyum iyon pil separatorleri iiretmek ve bunlari kalsiyum aljinat ile
kaplayarak termal performanslarmi arttirmaktir. iki farkli polimerden, iki farkli
membran yapist elde etmek igin film dokimii ve santrifiij egirme sistemleri
kullanilmistir. Film dokiim isleminde UHMWPE ve paraffin yag1 elle mekanik olarak
karistirillarak siispansiyon olusturulmus ve ardindan cift vidali bir ekstriidere
volumetrik beslenerek serit seklinde film yapisi elde edilmistir. %30 UHMWPE, %69
parafin yag ve %1 antioksidan karisimi hazirlandi. 6 1sitma bolgesi ve kalip sicakligi
strastyla 130, 140, 150, 160, 170, 180 ve 180°C'de tutulmustur. Vida doéniis hiz1 35
rpm'de sabit calisilmistir. Uretilen film, 3 mm kalmliginda 5 cm genisligindedir. Elde
edilen filmler sicak preste 180°C sicakliktai 8 ton ylikte 8 dakika preslendikten sonra
oda sicakligina sogutulmustur. Sicak pres sonrasi elde edilen son filmlerin kalinlig
200-400pum araligindadir. Farkli ¢ekme oranlarmin etkisini, ekstraksiyon adim
sirasinin onemini, kisith ve kisitlamasiz tek eksenli gekmenin etkisini ve sicak ¢ekme
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yapilan numunelerdeki rezistans ile numune arasindaki mesafenin {iriine etkisini
incelemek i¢in optimizasyon deneyleri yapilmistir. Cekim sonrasi yagin
ekstraksiyonunun, ¢cekim oncesi yag ekstraksiyonuyla, gozenek iliskisi incelenmistir.
Cekim sonras1 yag ekstraskyionunun yapildig1 iiretimde daha kigik godzeneklere,
homojen bir gézenek boyutuna ve yapisina yol actigi bulunmustur. Numunelerin
germe makinesinde 1sitilmasi rezistans kullanilarak agik sistem ile yapilmustir.
Numune ile rezistans arasindaki mesafeler sirasiyla 13,5, 16,5 ve 19,5 cm olarak
konumlandirilmistir. Rezistans ve numune arasi mesafe 13,5 cm iken yiiksek 1sidan
dolayi filmin yiizeyinde erime meydana gelmistir ve gozenek yapisini kaybetmistir.
Konumlandirma 19,5 cm'de yapildiginda gozeneklerin biiyiimesi ve gozenek olusumu
icin yeterli miktarda 1s1 saglanamamustir. Numunelere Iki farkli ¢ekme orani
verilmistir; 2x1.5 ve 4x1.5. Daha yiksek ¢ekme oranlar1 gézeneklerin kapandigini
gostermistir. Optimum parametreler, 16,5 cm rezistans mesafesi ve 110 °C rezistans
sicakligr ile 1,5x2 kisitli gekme orani olarak bulunmustur. Optimizasyon ¢aligmalari
yapildiktan sonra U¢ numune (S1, S2 ve S3) iiretilmis olup, 280, 200 ve 280 um'lik ¢
kalinliga sahip numune sicak prese tabi tutulmustur. Bu kalinlik farki, homojen
olmayan preslemeden kaynaklidir. Bu numuneler daha sonra ¢ekmeye maruz
birakilmistir ve ti¢ farkli kalinliga sahip (40, 60, 80pum) numune elde edilmistir. Son
olarak, bu numuneler, yag1 ekstrakte etmek ve istenen gozenekli yapiyr ve nihai
membrani elde etmek icin n-hekzan icine yatirilmistir. Bu membranlar daha sonra bir
hicre konfigirasyonuna yerlestirilerek sodyum iyon (Na-iyon) pil separatori
performansi test edilmistir. S1, S2 ve S3 numunelerinin iyonik iletkenlikleri sirasiyla
0.09, 0.48 ve 0.04mS/cm2 olarak dlgiilmiistiir. S2 numunesi, diger numunelere kiyasla
sayica daha fazla gézenek ve homojen gozenek dagilimina sahip oldugu i¢in daha iyi
performans gostermistir. Biitiin bu kosullar ve 6zellikler baz alindiginda daha efektif
gOzenek yapisina sahip membran elde edebilmesi i¢in, ¢ekme isleminin kapali
sistemde gergeklestirilmesi tavsiye edilmektedir.

Nanolifli membran ise santrifiij egirme sistemi ile termoplastik politretandan (TPU)
tiretilmistir. Nanolif Gretimi i¢in, TPU, dimetilformamid (DMF)/aseton karisimi iginde
¢Ozdiiriilmiistiir. Islemin optimizasyonu, polimer konsantrasyonu, ¢dziicii oranlari,
igne ¢ap1 ve santrifij hiz1 degistirilerek incelenmistir. Optimum nanolifler, 30G igne
capinda ve 13.000 rpm donme hizinda, 2:1 DMF/aseton oraninda ¢oziinmiis %10
TPU'da elde edilmistir. Elde edilen nanolifler, daha sonra 0.5%, ve 2% sodyum aljinat
cozeltilerin i¢inde daldirilmistir. Kuruduktan sonra numuneler, 10% lik kalsiyum
Klorir (CaCly) cozeltisi ile capraz baglanmistir. Kalsiyum Aljinat (Ca-alg, CA) ile
capraz baglanma isleminden sonra numuneler 120°C'de 8 ton yiikte 2 dakika sicak
preslenmistir. CA, Elde edilen kaplanmis nanolifli membranlar daha sonra 1M LiPFs
ve 1M NaClOs elektrolitleri ile pil konfigurasyonuna getirildi ve separator
performanslari 6l¢iilmiistiir. Nanolifli membranlar, ticari Celgard 2500 polipropilen
(PP) separator ile kiyaslandiginda énemli 6lclide daha iyi performans gostermistir.
Neat TPU, preslenmis TPU, 0.5 TPU ve 2 TPU'nun iyonik iletkenlikleri sirasiyla 0.23,
0.67, 0.17, 0.16 ve 0.05 mS/cm? idi. Kaplanmis numuneler, ticari PP separatoriiyle
kiyasla 6nemli Olciide daha biiyiik iyonik iletkenlik ve daha az direng degerleri
sergilemistir. Tam pil konfigtirasyonundaki numunelerin iyonik iletkenlikleri sirasiyla
1.53, 0.19, 0.05 ve 0.03 mS/cm? idi. Numuneler ise, Neat TPU'nun diger numunlerden
en ylksek performans gostermistir.  Numunelerin iyonik iletkenliklerindeki
gozlemlenen diisiis, gdzeneklerin kaplama esnasindaki kapanmasindan kaynaklidiri.
Bu, Nyquist grafiginde diz ¢izgi ile gosterilen numunelerde diflizyon fenomeninin
bariz bir sekilde yol agtigin1 gosterilmistir.
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Kalsiyum aljint membranlarin termal performans: bariz iyilestirme saglamistir.
Kaplanmis numuneler, Neat TPU ve ticari numunelerin %63 ve %100'luk blzilmesine
kiyasla %0'lik biiziilme gostermistir. Numuneler ayrica alev kaynagina maruz
kaldiklarinda tutusmada oOnemli bir gecikme gosterdi. 1 ve 10 saniye sonra
numunelerin durumu arasinda bir karsilastirma kaydedildi. Neat ve preslenmis
numuneler dogrudan ilk saniyelerde erirken, 0.5 TPU ve 2 TPU numunelerin
biitinligiinii korumustur. 0.5 TPU numunesinde yanma izleri ve baslangi¢ renginin
kahverengimsi bir renge doniistiigli gortliirken, 2 TPU numunesinde 10 saniye sonra
bile ilk durumunu korumistur. Elde edilen sonuglar, pil uygulamalarinda kalsiyum
aljinat pilin termal performansin1 gelistirecek Ozelliklere sahip oldugunu
ispatlanmigtir. Kalsiyum aljinatin iyonik iletkenliklerini artirmaya yonelik ¢aligmalar
yapilabilir ve daha iyi kaplama yontemleri énerilebilir.
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1. INTRODUCTION

Global demand for energy is increasing and the systems needed to supply and store
energy is getting more critical and essential. Energy storage systems are mainly
categorized into thermal, mechanical, and electrochemical systems. Thermal systems
uses heating and cooling to store and transfer energy like in heat storage tanks,
mechanical systems utilizes gravitaional energy as in hydraulic systems, and chemical
storage systems like batteries employing the properties of chemical elements to reserve
and supply energy [1]. The recent booming industry of electromobility (e-mobility)
accelerated the demand on high performance electrical energy storage systems. The
global sales of electric cars show an exponential increase in the global electric car
stock hitting 16 million cars in 2021 while it was less than hundred thousand in 2010,
spiking its global market share from 0.01% up to 8.57% [2]. To keep up with this high
demand, high-performance electrical storage systems are needed. Lithium-ion
batteries (LiBs) are the dominant storage energy system in various applications.
Electric vehicles are mainly powered with Li-ion batteries which are known for their
high performance, cycle-life, and relatively low cost as in our modern society it’s being
used in laptops and mobile devices [3]. This steady demand and the short supply
caused during the covid-19 pandemic also pushed the research toward sodium ion
batteries (NaBs) research as sodium is more abundant in nature (Na: more than 1% of
the crust, Li: 10-100ppm) which can lead to a relatively lower cost [4]. The main
obstacle for sodium ion batteries lies in their lower theoretical capacity along bigger
atomic size (Na*=1.02 A, Li*=0.76 A) which make them behind LiBs in terms of
energy density.

LiBs and batteries in general consist of three main components as shown in Figure 1.1;
negative charge electrode (anode), positive charge electrode (cathode), and a

separating layer soaked in electrolyte that separate the two poles (separator).
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Figure 1.1 : Li-ion battery components [5].

Battery separators are a crucial part of Li and Na-ion batteries structure, as they allow
the movement of ions while inhibiting short circuit formation employing their porous
structure, working as a physical and electronical barrier between the electrodes. From
a structural perspective, their porous structure should be designed in a way that they
allow the tiny ions to pass while preventing any other non-desired materials from
travelling through the separator. That makes the optimum pore size of the separator to
be in the submicron range with commercial ones in the range of 400nm [6].

To obtain maximum functionality and performance inside the battery, separators have
to carry several properties like being thin and light while exhibiting strong mechanical
capabilities. Also, because of the continuous contact with the liquid electrolyte, it
should manifest excellent chemical stability to achieve high safety level, since one of
the main concerns of the usage of LiBs is their explosion possibility [7]. Separators
have to withstand significant number of reactions that occur inside the battery. Defects
on the separators could cause the failure of the separator and induce a series of
unwanted incidents that could lead to devastating results. During the assembly process,
particulate matter in the air or stretching caused on the production line could lead to
these defects [8]. For that reason, standards recommend a high mechanical strength
above 98.04 MPa [9]. Also, as the reaction occurs during high load applications, the
heat increases, with some cases where the temperature of the surrounding environment
is also high, separators should withstand these high temperature variations manifisting

a high melt integrity with minimal shrinkage not more than 5% at 90°C [9]. In terms



of chemical activity, battery separators also need to be chemically stable and does not
react with other components as they should be electrochemically inactive to
accomplish best performance and longest cell life [7].

Separators can be classified based on the electrolyte used into ionic liquid electrolyte
separators, and polymer electrolyte separators. While they both accomplish the same
purpose, there are some differences in their composition and behavior. Gel polymer
electrolyte is a combination between a polymer matrix and an electrolyte forming a
gel-like structure [10]. lonic liquid separators use ionic liquid as an electrolyte without
utilizing the polymer as a scaffold to hold the electrolyte together and prevent leakage.
lonic liquid separators are the most common in LiBs. Dissolved lithium salts are used
to ease the movement of lithium ions back and forth between the electrodes and
through the separator [7].

Separators based on ionic liquid electrolytes for LiBs are made of various polymers.
They can be made of polyolefin separators which are the most common. These
separators are mainly made of polyethylene and propylene and possess high
mechanical strength with chemical stability [11]. Nanofiber separators are emerging
as they have large surface to volume ratio and can provide high electrolyte uptake [12].
Also ceramic separators are used in high temperature applications and are made of
materials such as aluminum oxide, silicon oxide, and lithium aluminum titanium
phosphate [13]. Glass fiber separators can be used also, although they are mainly used
in lead acid batteries as they are highly resistive to acid but they can function properly
in LiBs as they may have extremely high heat and thermal resistance [14].

There are several materials and polymers used in battery separators. The most common
and commercialized separators are made of polyolefins produced with film extrusion
technique. Polyolefin separators are typically made from either polyethylene (PE) or
polypropylene (PP) or a combination of the two. Porous polyolefin membrane can be
generally fabricated by sintering of the polymer powder, extrusion of the melt and
stretching (dry process), and extrusion of the melt followed by thermally induced
phase separation (TIPS) [15]. Dry process and wet process are the common methods
used to fabricate battery separators. Both processes have an extrusion and stretching
step in common, they differ in the precursor mixture fed to the extruder. In the wet
process a plasticizer/solvent is fed with the polymer and then extracted in the end of
the process while the dry process no solvent is used. The two processes carry their

advantages and disadvantages. In dry process, no solvent is used meaning less steps



and less material with no extraction is needed but in the same time slit-like pore shape
IS obtained. This porous structure makes the membrane better in dendritic growth
resistance but lowerelectrolyte holding capability. In the wet process, a plasticizer is
used to dissolve the polymer and is extracted by a non-solvent in the end. Pores formed
by this technique are spherical and interconnected with fibrous structure [16]. For wet
process, both semi-crystalline and amorphous polymer membranes can be fabricated
[16].

PP is a thermoplastic polymer with high mechanical strength and chemical resistance
and mainly produced through the dry process. Film casted PP is run through biaxial
stretching process where thin PP sheets are stretched in both machine direction (MD)
and transverse direction (TD) [17]. The microporous structure of PP separator is
dependent on creating a precursor sheet that have B-crystals then growing these
crystals by annealing the sample and finally stretching at high temperature below the
melting point to initiate pore formation and enlarging them [17]. PE on the other hand
is another polyolefin which have various applications and widely used in LiB
separators and fabricated through the wet process. In this process, the polymer is firstly
mixed with paraffin oil, antioxidants and other additives to prepare the resin. The resin
iIs then fed into the extruder and extruded through a sheet die before entering extraction
bath to extract the solvent. Polyolefins like PP and PE are known to be hydrophobic
with a lower electrolyte uptake and limited ability to maintain good contact with the
electrodes resulting in overall performance deterioration. But overall, polyolefin
battery separators are widely used and well-established technology in the field of
energy storage, and ongoing research is focused on developing new polyolefin
formulations and processing methods to improve their performance and safety in
emerging battery technologies.

Nanofiber mats are also used to fabricate battery separators. Several polymer-based
nanofibers have been investigated such as Polyvinylidene fluoride (PVDF), Polyimide
(P1), Polyamide (PA) and many others. These nanofibers can be fabricated with
different spinning techniques. The most common method to obtain nanofibers is
electrospinning where fibers are drawn by applying potential difference. Other
techniques like solution blowing and centrifugal spinning are less common but they
are getting more attention due to higher productivity and ease of operation. In solution
blowing, the nanofibers are obtained utilizing the drag force of compressed air, where

pressurized air is fed to a coaxial nozzle with polymer jet in the center. In centrifugal



spinning, the nanofibers are ejected by the centrifugal force from a high-speed rotating
nozzle. There are several studies on battery separators fabricated using these
techniques.

Therefore, designing and optimizing the separator is crucial to the performance and
safety of lithium and sodium-ion batteries. A well-designed separator can improve the
battery's energy density, cycle life, and safety, while a poorly designed separator can
lead to reduced performance, shortened lifespan, and even catastrophic failure. For
these reasons, the field of battery separators is always investigated, and the journey to
reach effective and high-performance batteries is forever lasting.

In our work, we investigated the fabrication of both film-based and nanofiber-based
polymeric battery separators. Surface and structural modifications were done to

enhance the chemical, and thermal properties of the separators.

1.1 Purpose of Thesis

This work aims to fabricate film casted and nanofibrous membranes and analyze their
performance for energy storage applications. In batteries, a separator is a membrane
that is used to allow the ions passage between the cathode and anode without causing
short circuit. This separator should carry several properties like high porosity, small
pore size, and good thermal and electrochemical properties.

The fabricated membranes were tested as separators for sodium ion (Na-ion) and
lithium ion (Li-ion) batteries. Full optimization of the process along altering the
surface properties of the nanofibrous membrane was done to examine the enhancement
of the surface properties of the separator. To accomplish better thermal properties,
coating with natural flame-retardent polysaccaride (calcium alginate) is used. It is

known for its inherent flame retardent properties.

1.2 Hypothesis

Paraffin oil works as a porogen and plasticiszer facilitating the pore initiation process
and easing of the processability of ulta high molecular weight polyethylene
(UHMWPE) which is known for its high viscosity. The cooling, heat stretching and
then extraction of the film will give a porous structure in the range of 100 nm which

is suitable for battery separator application while carrying the mechanical strength of



highly oriented films in comparison to other separators fabricated with different

means.

For the nanofiber-based membrane, calcium alginate (CA, Ca-Alg) coating layer was
applied to enhance the thermal properties of thermoplastic polyurethane (TPU). CA
is known to have a limiting oxygen index (LOI) of 34 which is high comparable to 19
of TPU. Thermal performance of separators carries a huge importance in separator
application owing to the enormous number of reactions occuring inside the battery

which lead to heating of the battery and in some cases explosions.

Also, a comparison between the properties of conventinally common microporous

stretched membrane with centrigally spun nanofibrous membrane is to be studied.



2. STRETCHED FILM CASTED MEMBRANE

2.1 Introduction

Membranes are porous structures that are made from different materials using distinct
techniques and are used in various applications. Due to the unique structure of the
membranes, they can be used as air filtration, distillation, and extraction. They can be
used to filter particulate matters providing fresh air like in face masks which was
intensively used during Covid-19 pandemic. Also, they can be used for water
purification application as in UF [18], MF [19], NF and RO processes [20]. On the
other hand, there is a huge role that membranes play in energy applications that doesn’t
cross people mind which is as separators between electrodes, prohibiting the electrons
from causing a short-circuit in the system [7]. Polymer-based membranes are a key
factor in the booming electro vehicle industry as it is used as a separator in Li-ion
batteries. These membranes can be fabricated on different scales and geometries with
different methods. They can be either flat sheeted or cylindrical. They can be
fabricated using electrospinning [21], centrifugal spinning [22], melt-spinning [23],
and film casting [24]. Membranes can be fabricated on different scales and geometries
with different methods. They can be either flat sheet or cylindrical according to the
production purpose. The main industrial process used for film production is by

extrusion.

Extrusion process goes back to the eighteenth century and was established in the 1930s
to become one of the most widely used processing technology in the plastics, rubber
and food industries [25], [26]. It is versatile, where a various of materials can be
produced in the same system. Melt extrusion is a process based on melting and shaping
polymers. Melt extrusion is a process used to formulate raw plastic pellets into desired
shape by melting the material by thermal and shear means and extruding it through a
die to give it the desired shape. Extruders have a very high productivity and capabilities
in comparison to other systems. The need for labor per unit is small which lowers their
overall cost. Also, they are classified to have high product quality with no effluents
and hazardous side products which make them extensively used in food and



pharmaceutical industries [27]. It is used in the pharmaceutical industry to achieve
optimum mixing of active materials with thermoplastic carriers, and binders [25]. In
the food industry, extrusion process carries a huge advantage over any other process.
Extruders are used in food applications like shacks, cereals, pasta, protein
supplements, and pet food [27]. A block flow diagram (BFD) of the extrusion process

Is shown in Figure 2.1.
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Figure 2.1 : BFD of the extrusion process.

Polymer extruders are machines consists of a hopper, a rotating screw inside a barrel,
and a die. The polymer pellets are fed through the hopper, melted by the heat of the
barrel, and the shear due to friction between pellets and the barrel [28]. Final melt is
then shaped through the die. Extruders are classified into different types and designs.
They can be classified by feeding type into filament fed, screw extruders (pellets fed),
and syringe extruders. One of the basic types of extruders is the ram extruder (Figure
2.2). Ram extruders are made of piston that presses melted polymer through the die. It
is used for polymers with very low flowability like UHMWPE and can cause

degradation to polymers as it needs longer time to heat each batch uniformly [28].
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Figure 2.2 : Ram extruder [28].



Other than ram extruders, the most common extruder type is the single screw extruder.
A schematic of the screw extruder is shown in Figure 2.3. Screw extruders can be

classified into single and twin-screw extruders. Each have their definitive usages and

applications.
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Figure 2.3 : Single screw extruder [29].

Single screw extruders (SSE) are extruders consisting of a single screw inside the
barrel used for melting polymers and incorporating additives to obtain a homogenized
melt. They are the most used types of extruders in processing polyethylene and many
other polymers [30]. The screw design of SSE consists of 3 main zones (Figure 2.4);
conveying zone where the feed (granular or powder) is conveyed before melting to
reach the melting zone. In the melting zone, the polymer is gradually melted until it
reaches the metering zone where only polymer melt is filling the gap between screw
helical channels and the barrel. Finally, this melt is pumped through the die. SSEs are
the oldest form of extruders and almost all polymers has been once passed through a
SSE [31].
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Figure 2.4 : Screw zones [31].

For processes that needs uniform mixing of polymers, twin screw extruders (TSE) are
used. They are known to be versatile in terms of ability to mix and compound materials
together. TSE originally used for kneading bread dough and conveying ceramics till
the first usage of TSE for polymers in 1930 [31]. TSEs consist of a double screw inside
the barrel. The screw can be co-rotating (rotating in the same direction), and counter-
rotating (rotating in opposite direction). They can be intermeshing where screw flights
go through the channel of the other screw, or they can be non-intermeshing where the
screw flights don’t engage with each other. The main difference between SSE and
TSE, is that TSE have modular design where the screw and barrel sections are
removable and can be changed according to the process which lead to fast modification
ability [31]. They are used for reactive extrusion processes like grafting and saline
functionality [30]. Visual illustration of the different screw geometries is shown in

Figure 2.5.
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2.2 Film Extrusion

Production of films using extruders can be done through either blown films, or cast
films. Blown films extrusion is commonly used to produce biaxially oriented film for
various applications. In this process, the polymer melt is pumped trough an annular
film die where it is blown upward by thermally-controlled air. The film is then
collapsed into sheet by the end of the bubble frame. An industrial film blown

machinery is shown in Figure 2.6.

Figure 2.6 : Film blowing machinery [30].

In film extrusion, the polymer melt is extruded through a sheet/slit die to obtain a
plastic film with various thicknesses and sizes making it more efficient in comparison
to the blown films. Films are considered As The film is travelling through the process,
it cools and solidifies. The film can be made from various types of plastic resins, such
as polyethylene, polypropylene, PVC, and others, depending on the desired properties
and application of the final product. Several polymer films are available with different
applications. They can be used for industrial packaging, food packaging, plastic bags,
constructional films, and many more. Figure 2.7 shows a simple scheme for a film

extrusion process.
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Figure 2.7 : Film casting Process scheme [32].

Casted films are also oriented in both machine and transverse direction. Rollers are
used to convey the film, control the thickness, and give orientation for the polymer
chains to achieve better optical, and mechanical properties. These casted films are
more optically transparent due to the higher cooling rate achieved by quenching films
between the rollers leading to a smaller crystalline structure. This results in better

tensile and optical properties.

2.2.1 Film dies

The circular profile coming out of the extruder is shaped into sheets/films through the
film die. Many factors affect the process flow. Nonhomogeneous velocity will vary
the thickness. Die design have several key elements; a distribution manifold, a die
land, and die lips as shown in Figure 2.8. T-slot and coat hanger dies are the most

common ones in film extrusion dies.

a) Feed b)

Distribution manifold

N

Figure 2.8 : Film die types a) T-slot and b) coat hanger dies used in film casting
[30].

These two dies differ mainly in their distribution method. In the T-slot die, the
manifold is straight so the polymer distribution is carried horizontally. T-slot dies are
considered to be simple and suitable for different resins with different melt viscosities

12



which make them preferrable and have relatively lower costs. Coat hanger dies on the
other hand provide more uniform distribution owing to their specific design. They
perform better than T-slots when dealing with high viscosity polymers. Unlike T-slot
dies, the cross-section and length of the manifold and the land of the die tapers
gradually to provide uniform distribution and pressure drop. These dies are optimized
according to the specific application and rheological properties of the polymer [30].
According to the desired film thickness and distribution, other pieces and fragments
like restrictor bars, relaxation chambers and adjustable die lips are integrated into the
design. Restrictor bars work as a controller to adjust polymer flow through the side of
the die by restricting the polymer flow through the mid part of the die channel
providing a fully uniform polymer flow throughout the die. Relaxation chambers are
added to release the excessive shear stress before polymer discharge. Adjustable die
lips are used to control the final thickness of the film coming out of the die. Figure 2.9
shows a detailed film extrusion die.

DELIVERY
FROM EXTRUDER

Figure 2.9 : Film extrusion die [33].

2.3 Membrane Fabrication Process

Membranes obtained from film extrusion can be fabricated through two main

processes as mention before; dry process, and wet process.

2.3.1 Dry process

Dry process is a solid-state process where the polymer is melted and shaped into film
structure though sheet die. The process depends on obtaining a row nucleated structure.
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Then these row nucleated structures are then annealed and stretched to initiate micro-
viods that after heat setting are stabilized to obtain a microporous structure. This row-
nucleated structure is formed due to the strain crystallization occurring during the
stretching between the die and the cast film. The control of the initial lamellar size is

the main challenge.

2.3.2 Wet process

Wet process is a process where the polymer is mixed with a diluent or plasticizer where
it helps in processing and pore formation of the extruded film and eventually being
extracted leaving a membrane with definite porous formation. This process is known
as thermally-induced phase separation (TIPS) method. In TIPS, the pore size can be
controlled in a versatile and easy way. The polymer is melted and blended with the
diluent until a homogeneous mixture is formed. The diluent normally is chemical with
low molecular weight and high boiling point. The mixture is conveyed to the die to
obtain the desired shape. After being casted, it’s cooled down inducing the phase
separation of the two phases due to thermal energy removal. Eventually, the diluent is
extracted with a suitable solvent. In this process, wide range of polymers can be used

despite their poor solubility.

2.3.2.1 Mechanism & thermodynamical consideration

To understand the thermodynamics that lie behind this phenomenon, phase-
equilibrium diagrams are used. In semi-crystalline polymers, the mixture follows
either a solid-liquid or a liquid-liquid phase separation according to the interaction
parameter (y) between the parts of the mixture in relation with melting temperature

according to the following equation;

Ty, =

RV, oy 1
AH,V, (Dq —x93) + ™
When the equation is plotted in terms of polymer fraction @, (@p=1-04) (Figure 2.10),
a depression curve is formed, where we can determine whether a mixture will follow

Solid-Liquid (S-L) phase separation or liquid-liquid (L-L) phase separation.
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Figure 2.10 : Interaction parameter correlated with temperature and polymer [34].

From Figure 2.10 we can understand that the higher the interaction parameter is, the
weaker the polymer-diluent interaction is and vice versa. As the interaction parameter
increases, the temperature where phase separation occurs increases. The determinant
factors of the phase separation that the mixture undergoes, are the polymer
concentration and the interaction parameter. S-L phase separation occurs when cooling
a system of strong polymer-diluent interaction. In semi-crystalline polymers, polymer-
diluent system undergoes L-L phase separation at low polymer concentration and S-L

phase separation at high polymer concentrations [34].

2.3.2.2 Miscibility of the systems

The miscibility of any two-component system is determined by Gibbs free energy of
mixing. AGmix and its second derivatives with respect to polymer volume fraction, @,
at a fixed temperature T and pressure P are the criterion for complete miscibility of

polymers.

AG iy < 0

9%AG,,;
—=] >0
a®1’ T,P

Where AG,pix = AHpie — TAS iy, With AH ;. and AS,,;, representing the entropy of
mixing. If one of the conditions is not met; phase separation would occur. The

possibility of the path a mixture would follow is shown in Figure 2.11. It can follow
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three main paths. It can follow a stable (miscible) path, or it could be partially miscible,
and finally it can be unstable meaning completely immiscible. Depending on the
polymer fraction and the solvent used, UHMWPE/mineral oil mixture could either
follow the stable (miscible) path, or it can be partially miscible where critical

temperatures are introduced and L-L phase separation occurs.

(a) (b) (a)
Unstable Partially miscible Stable
(immiscible) (miscible)

AGmi

BAGm..)
g,

|

o

a’AG"..) ___________ )
a ¢c: TP

»--v-- (0] SEE T

0 g ' 0 g 1 0 g

Figure 2.11 : Polymer/diluent thermodynamic miscibility curves [34].

2.4 Properties of UHMWPE

Ultra-high molecular weight polyethylene (UHMWPE) is a type of thermoplastic
polymer with a very high molecular weight, typically ranging from 3 to 6 million
g/mol. According to global standards it ranges above 3 million g/mol [ASTM D4020],
while on other standards it ranges above 3 million g/mol [ISO11542]. UHMWPE
exhibits a range of unique properties that make it suitable for a wide variety of

applications. Some of the key properties of UHMWPE include:

e High strength: UHMWPE is extremely strong, with a tensile strength of up to
4 GPa, making it one of the strongest polymers available [35].
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e High stiffness: UHMWPE has a very high modulus of elasticity up to 140 GPa
[35], giving it excellent stiffness and rigidity.

e Low coefficient of friction. UHMWPE has a very low coefficient of friction,
which makes it an ideal material for use in applications where low friction is

important, such as bearings and gears [36], [37].

e High abrasion resistance: UHMWPE is highly resistant to abrasion, making it
suitable for use in applications that involve sliding or rubbing contact, such as

conveyor belts and bushings [37].

e Chemical resistance: UHMWPE is resistant to many chemicals, including
acids, alkalis, and organic solvents, making it useful in chemical processing

and other applications that involve exposure to harsh chemicals [38].

e Biocompatibility: UHMWPE is biocompatible, meaning that it does not elicit
a significant immune response when implanted in the body. This property
makes it useful in medical applications, such as orthopedic implants [37].

e Low water absorption: UHMWPE has a very low water absorption rate, which
means that it is not affected by moisture or humidity to the same extent as other

materials [39].

Overall, UHMWPE's combination of high strength, stiffness, low friction, and
abrasion resistance, as well as its biocompatibility and chemical resistance, make it a
versatile material that can be used in a wide variety of applications, including medical

implants, ballistic armor, bearings, gears, and other industrial components.

2.4.1 Processability of UHMWPE

The processability of ultra-high molecular weight polyethylene (UHMWPE) can be
challenging due to its high molecular weight and long chain structure, which can make
it difficult to melt and process using traditional methods as most UHMWPE grades are
known to have zero melt flow rate, which means that the polymer doesn’t flow.
However, several processing techniques have been developed that enable the
production of UHMWPE parts and products. Some of the common processing
techniques used for UHMWPE include:
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1. Compression molding: This process involves heating UHMWPE powder and
pressing it into a mold under high pressure. This process can be carried in ram
extruders where the powder is extruded through a die. The resulting part has

excellent strength, stiffness and wear resistance [40].

2. Gel spinning: This process involves dissolving UHMWPE in a solvent, then
spinning it into fibers or films using a spinneret. The fibers are then stretched
and oriented to improve their strength and stiffness [41]. The main draw back
of this process is the hazardous and extra extraction step needed which rise

environmental considerations.

3. Melt processing: This process involves melting UHMWPE using high-
temperature and high-pressure conditions. Due to the extremely high viscosity
of UHMWPE, its powder is swelled and mixed with a low molecular weight
and high boiling point plasticizer [42]. The mixture can be extruded with twin-
screw extruder and the resulting material is molded into various shapes and

forms according to the used die.

While UHMWPE can be processed using these techniques, it's important to note that
the high molecular weight and long chain structure of UHMWPE can make it difficult
to process using traditional techniques. Careful consideration of processing conditions,
such as temperature, pressure, and processing speed, is needed to achieve the desired

properties in the final product.

2.4.2 UHMWPE miscible solvents and polymers

To evaluate the solubility of various polymers in various solvents, a solid-liquid
equilibrium (SLE) curve is necessary. When calculating the Solid-Liquid Equilibrium,
distinct thermodynamic models are employed for the different phases participating in
the process. While a state equation is utilized for the liquid and vapor phases, a distinct
model is employed for the solid phase, which can only be applied to solid phase
materials. A typical SLE curve is shown in Figure 2.12.
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Figure 2.12 : Typical SLE curve [43].

There are several diluents or solvents studied for UHMWPE. Liquid paraffin (LP)
constitutes of 60% of diluents investigated along DOP, toluene, xylene, and other
aliphatic and aromatic hydrocarbons [44]. In mineral oil/UHMWPE mixtures, it has
been shown that S-L phase separation occurs at all polymer concentration ranges but
it started following L-L phase separation transition at low concentration when PEO
was used as a second diluent along SiO; as an additive [45]. Several patents examined
the usage of mineral oils and paraffin oil to fabricate UHMWPE membranes [46]-
[48]. The miscibility of the polymer with the solvent can be enhanced by reducing
UHMWPE polymer size, chain entanglement degree of the UHMWPE grade, and
processing means [49].

2.4.3 UHMWPE pore formation mechanisms

UHMWPE derived membrane formation methods can be classified into two main
divisions. It can be either Solvent-free or it can be solvent-based. Figure 2.13 shows

theses formation methods.

Powder sintering

Solvent-free

UHMWPE Stretching
membrane
formation methods

Solvent-based TIPS

Figure 2.13 : UHMWPE membrane formation methods.
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Powder sintering is a solvent-free method where polymer powder is placed into a mold
with the desired shape and then partially or completely melt the powder. This methods
lacks pore formation control, as it hugely depends on the particle size used and the
uniformity of the diameter distribution of these particles [44]. Also, this method is
considered to have less porosity than membranes formed by other means like TIPS

and precipitation.

Despite this limitation, powder sintering is a popular method for ultrahigh molecular
weight polyethylene (UHMWPE) membrane formation, as it does not require complex
equipment or organic solvents. The structure and transport properties of these
membranes can be controlled by changing the sintering time, polymer molecular
weight, and sintering external pressure and temperature. UHMWPE powder sintering
methods have been proposed and typically involve mixing the powder with a liquid or
salt crystals before sintering. The resulting membranes have high mechanical strength
and water flux, but relatively low overall porosity compared to microfiltration
membranes obtained from other polymers. Additionally, UHMWPE membranes
prepared by powder sintering are several millimeters thick and have a wide pore size
distribution, which limits their separation performance in microfiltration processes.

Figure 2.14 shows powder sintering method.

UHMWPE
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Demolding

Figure 2.14 : Powder sintering mechanism [50].

Another solvent-free method is stretching. This method is widely used to fabricate
membranes of semi-crystalline polymers. Figure 2.15 show B-PP membrane prepared

by stretching with different ratios.
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Figure 2.15 : B-PP membrane prepared by stretching method [51].

Stretching method depends on the craze forming mechanism to initiate pore formation.
UHMWPE films that is used in this method are fabricated by hot pressing polymer
particles, skiving off the block [52], and calendaring [53]. Very few studies have been
investigated on solvent-free stretched membrane. Uehara et al prepared made a
comparison of membranes formed by stretching powder sintered and roll pressed
UHMWPE [54]. They obtained membranes of thickness as low as 8um after up to 8x8
draw ratio. They found that roll pressed samples showed better overall tensile strength.
In another study [55], they prepared UHMWPE membranes by a method called
environmental crazing where they stretched precursors films inside a water/oil

emulsion applying a tensile strain up to 250% achieving a porosity of 45%.

On the other hand, solvent-based membrane formation is mainly done by TIPS and its
alternatives. This method which was previously explained in detail is the main method
used to obtain UHMWPE membrane due to the uniformity and ability to control the
porous structure of the membrane. This process is dependent on several factors.
Molecular weight, solvent and polymer interaction, cooling rate, and the presence of
nucleating agents, etc. The main solvent used is liquid paraffin or paraffin oil along
some other less used solvents like soybean oil and Dioctyl Phthalate (DOP). The main
problem of using a solvent to produce these membranes, that even with a good
thermodynamic affinity toward PE, homogeneous mixture can’t be obtained easily
because of the high viscosity caused by the high MW of the polymer [44]. Significant
studies worked on combining TIPS process with stretching to obtain best porous
structure of UHMWPE membranes. Table 2.1 Summarizes the advantages and

disadvantages of each method.
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Table 2.1 : Comparison between UHMWPE preparation methods.

Method of Advantages Disadvantages
preparation
* A homogeneous solution is not * Low porosity
Powder necessary *  Wide pore size
sintering » Simple machinery design distribution
* No shrinkage « Difficulty to control the
* High mechanical strength (tensile) porous structure
* A homogeneous solution is not * high thermal shrinkage
Stretching necessary « Difficulty to control the
» High mechanical strength (tensile) porous structure
» High porosity * Low tensile strength
TIPS « Controllable porous structure * High shrinkage
* Ability to modify the structure * Low surface porosity
» High porosity » High shrinkage
TIPS &g Controllable pore structure * Homogeneity

stretchin . :
g Ability to modify the structure

2.4.4 UHMWPE membranes in literature

Since UHMWPE is known to be of the strongest commercial plastics. It has high
tensile strength, high chemical abrasion resistance with high puncture strength. Several
studies were conducted on obtaining microporous UHMWPE membranes with
different methods and mixtures. Binary or trinary polymer/diluent mixtures can be
used to control and obtain desired porous structure.

Jeon et. al. [56] fabricated a PE membrane using a ternary mixture of HDPE, soybean
oil (SBO), and DOP and examined the effect of droplet size on the pore formation.
They found that droplet size increased then decreased along increasing the oil content
and the phase transition temperature allowing them to control the pore size
accordingly. They were able to obtain pore sizes of 0.2, 0.6, and 1.2 um by altering the

polymer/diluent ratio and phase transition temperatures.

Zhao et. al. [57] prepared a membrane using UHMWPE/paraffin oil mixture and
studied their performance for li-ion battery separators. Their trials were done on 10,
20, 30, 40, and 50% UHMWPE mixtures. Low polymer concentrations membrane
showed weaker mechanical strength while high polymer concentrations mitigated the
porous structure and formed a rigid film. As with several other studies [3], [57], [58],

25-30% is found to be the optimum weight ratio for proper membrane with ideal
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porosity and mechanical strength. Their membrane also showed a good ionic
conductivity performance with 38% porosity.

The process to develop the properties of the membrane is continuous. UHMWPE are
known to be hydrophobic and of low thermal dimensional stability. Several studies
were conducted to enhance the surface properties of these membranes. Integrating
some chemical into the compound such as inorganic particles is one method. Hybrid
UHMWPE/SiO2 nanocmposites were used to increase the electrolyte uptake and the
thermal performance of the membrane [59]. 10% wt SiO2 nanoparticles increased the
overall porosity, double the electolyte uptake and the ionic conductivity, while keeping
almost the same mechanical performance of the membranes. Thermal shrinkage went
from the 30% level down to lower than 2%. In another work [60], Al203 nanoparticles
were used to overcome the low surface energy of UHMWPE membranes. They found
that membranes with alumina nanoparticles showed more homogenous pore structure
along better thermal shrinkage on elevating temperature while showing less ionic

resistivity.

Some polymer mixtures can also be used to modify the properties of the UHMWPE
membrane. A mixture of dfferent polyethylene (PE) grades or from another polymer
family can be used. Poly(4-methyl-1-pentene) (PMP) has a high thermal stability and
excellent permeability with a melting point around 230°C. UHMWPE/PMP blend was
prepared to fabricate a membrane for Li-ion battery separators [61]. Higher PMP ratios
increased the air permeability results significantly as the pore size and porosity also
went higher.

2.5 Experimental & Methods

2.5.1 Materials

In this study, Ultra High Molecular Weight Polyethylene (UHMWPE) with a
molecular weight of 5.5 million g/mol was used. AROMEL pharma grade paraffin oil
was used as a plasticizer. Antioxidant Irganox 1010 was used to stabilize extruding the

polymer.

2.5.2 Production of UHMWPE sheets
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The polymer/oil mixture was melt-mixed by Areka counter-rotating twin screw

extruder. The extruder (Figure 2.16) consists of 6 heating zones and a stripe die.

=8
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Figure 2.16 : schematic of TSE used.

UHMWPE powder was firstly mechanically mixed with paraffin oil then fed to the
TSE gradually. Processing parameters are shown in Table 2.2.

Table 2.2 : Processing parameters.

Feed composition 30% UHMWPE, 69% Paraffin oil, and 1% antioxidant
Heating zones 1 2 3 4 5 6 Die
Zone temperature (°C) 130 140 150 160 170 180 180
Screw speed (rpm) 35 rpm

The sheet was extruded through stripe die with a thickness of 3mm. Obtained samples
was hot pressed at 200C for 8 mins with 8tonn of force to reach sheet thickness of 300-
400um. These samples are then stretched below melting point then cooled down before
being washed in extraction bath. Three final samples were fabricated after the
optimization of the system. They all were prepared in the same means but with
different stretching ratios. The samples differ in the initial thickness before stretching
which is caused by non-uniform pressing of the hot press machine. The samples were
named as S1, S2, and S3. Weights of the samples before and after n-hexane extraction

was recorded to assure proper oil removal from the membranes.

2.5.2.1 Uniaxial stretching of the sheets
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The stretching of the film was done using home-made uniaxial stretching machine
shown in Figure 2.17. The machine consists of a sample holder, a stretching rail, a
heating source set at a known distance above the sample, and a thermocuple to measure

the temperature.

The hot-pressed samples are cut into 7cmx16cm rectangular samples and then
stretched. Since the heating source temperature isn’t controllable, a heating gradient
of 50-90 °C was used. Distances of 13.5, 16.5, and 19.5 cm are investigated between

the radiation source and the film.

Heating Source

|
AT AR premeroene

Distance
MD «— Sample
e

Figure 2.17 : Custom-made uniaxial stretching machine.

2.5.2.2 Extraction of the oil

Final stretched film samples are washed with n-hexane bath for 24h then for another
3h using ultrasonic to fully extract paraffin oil. Finally, the samples are taken out and
left to fully dry. Weight of the samples before and after extraction is recorded and the

weight loss is calculated to determine the efficiency of the extraction process
2.5.3 Characterization and analysis

2.5.3.1 Morphological analysis

The sample’s morphological Analysis was done using Scanning Electro Microscopy
(SEM). SEM is used to scan the surface of the sample and produce an image of its
topography and composition. An energized highly-accelerated electron beam is
produced from a heated filament and ejected toward the sample in a vacuumed
chamber. When the beam hits the sample, electrons are emitted while others are
scattered and deflected of the samples. These electrons are collected by image detector
where an image is formed based on the intensity of these electrons to produce a contrast

image revealing the topography of the sample.
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TESCAN VEGA 3 SEM was used with Au/Pd sputter coating, 2-5nm for 180s. Images
with magnifications in the range of 500x to 60,000x was taken with a voltage of 5-
10kV and 3.0 beam intensity.

2.5.3.2 Thermal analysis

Melting temperature and crystalllinity of UHMWPE gel and UHMWPE membrane
was analyzed using differential scanning calorimetry (DSC). The spanning range was

done between room temperature and 160°C with 10°C/min heating and cooling pace.

2.5.3.3 Electrochemical impedance spectroscopy (EIS)

EIS is a powerful, non-destructive in-situ and ex-situ technique used to characterize
electrochemical systems and their interfacial properties by sending an amplitude and
detecting the response. Reactions, electroactive species, mass transfer, charge transfer,
diffusion and the resistance are all measured [62]. These features responses are
mimicked and interpreted by electrical circuits and their elements like resistors,
capacitors and constant phase elements and whether they are in series or parallel.
While resistance is observed in DC circuits, impedance is its counterpart in AC circuits

that doesn’t follow Ohm’s law.

Tests were carried on SP-150 workstation in a frequency range of 10mHz-10kHz with
10mV amplitude. Three UHMWPE samples were prepared and tested in full cell
configuration using stainless steel spacer electrodes and 1.0 M sodium perchlorate
(NaCl04) in EC/DEC/PC (1:1:0.05 by volume) . The samples names are S1, S2 and
S3 according to their stretching ratios. Carbon cloth/separator/Sodium metal

configuration is shown in Figure 2.18.
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Figure 2.18 : Full cell configuration.
2.6 Results and Discussion

Samples obtained from the strip die tend to be thick white in color when cooled down
as shown in left side of Figure 2.19. The thickness of these sheets is in the range of 3-
5mm. These slabs are taken into hot press with consideration for the machine and
transverse direction for stretching and extraction process. On the right of Figure 2.19,

the pressed sample is shown.

Figure 2.19 : Stripe die slaps before (left) and after (right) hot press.
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Rectangular thin sheets are turned into final circular shape after hot press. Lack of
proper thin molds and imbalances in the hot press machine plates caused the loss of
the rectangular film shape and non-uniform thickness of the hot-pressed samples.
Overall hot-pressed samples had a thickness in the range of 200-400 um. First trials
were done to examine the film structure without applying any stretch. Figure 2.20a
shows extracted film with no treatments applied. The film didn’t show any porous
structure. While in some areas, surface deformation can be observed due to the
extraction of oil. Figure 2.20b shows that oil extraction without applying any form of
extraction causes some cracks on the film surface. For that reason, stretching is applied

before extracting the oil to obtain proper porous structure.
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Figure 2.20 : UHMWPE film; a) full film structure, b) aperture areas.

In order to determine proper stretching temperature range, DSC analysis was done on
the gel samples. It was found that stretching above melting point of PE (Tm=135°C)
lead to sample break and melting of the film which is known to be neck stretching.
This made the stretching window of the film lies below 135°C. The range that was
found according to the preliminery studies and literature [63] lies in the range of 90-
115°C as shwon in Figure 2.21.
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Figure 2.21 : DSC graph of the gel film.

After that, experiments were conducted to compare whether n-hexane extraction stage
should be carried before or after stretching of the samples. shows SEM images of the
samples. Figure 2.22 shows SEM images of the samples. Both samples were stretched
at 110°C with a stretching ratio of 700%. It can be seen in Figure 2.22a that slit-like
pores are formed with big diameter in the longitudinal direction up to 5 um. While in
Figure 2.22b and Figure 2.22c, it shows smaller pores in the range of 50-200nm with
higher overall porosity. Overall, extraction of the oil after the stretching process
resulted in smaller pore size, and more uniform distribution which corresponds to what
was found in another study [64]. Where 100-130nm pore size was obtained by
stretching before extraction process and 240-340nm from the extraction then

stretching process.
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Figure 2.22 : Effect of extraction step, a) extraction — stretching, b) stretching —
extraction, ¢) magnified image of b (500nm scale).

At higher stretching ratio up to 800%, the pores are closed and all chains are fully
extended as can be seen | n Figure 2.23a. While in Figure 2.23b and Figure 2.23c, the

pore structure is still intact and semi-porous membrane is achieved.

Figure 2.23 : Effect of stretching ratio (800% stretching ratio), a) extraction —
stretching sample, b) stretching — extraction sample, ¢) magnified
image of b (500nm scale).

It can be concluded from the previous figures that stretching the samples before
extraction of oil achieved better pore formation. Also the higher stretching ratios
(Figure 2.23) could achieve better chain orientation which in consequence are

preferrable to achieve higher mechanical strength [63]. For these reasons, all
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experiments were conducted by stretching the samples before dispatching them into n-
hexane extraction bath.

2.6.1 Constrained uniaxial stretching optimization

After the preliminary experiments, stretching of the samples was done using the home-
made uniaxial stretching machine. Since the home-made uniaxial stretching system is
based on open system design and thermal radiation heating is used, optimization of the
system was needed to determine optimum distance for thermal radiation heat to be
applied from. Also, determination of the stretch ratio limits in MD and TD is needed.
Firstly, proper stretching ratio was determined. It was found that with almost 100%
stretch ratio in MD and 50% in TD (Figure 2.25a), acceptable pore structure was
obtained. Upon further stretch of the sample, the pores started to take more of a linear
shape and the chains showed observable chain orientation toward highly oriented
shish-kebab formation (Figure 2.25b). All fabricated samples were stretched without
exceeding the 2x1 (MDxTD) stretch ratio. Later on, the distance between the thermal
irradiator and the samples was tested. Distances of 13.5, 16.5, and 19.5 cm was tested.
As can be seen from Figure 2.24, when distance was 16.5 cm (Figure 2.24b) optimum
mebrane was obtained. Shish kepap-formation with acceptable homogeneous pores
were acquired. The SEM image gained in Figure 2.24b looks typical to other
membranes fabricated by Wang et al and his group [65]. While for Figure 2.24a, the
pores almost vanished due to the excessive heat applied and melting of the film. In
Figure 2.24c, no pores can be observed at all. That was referred to the fact not enough
heat reached the membrane, so the chains crystals didn’t align properly and fibrils in

the amorphous region didn’t form.
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Figure 2.24 : Effect of heating distance on membranes with a) 13.5cm, b) 16.5 cm,
and c) 19.5cm distance between sample and the heat source.

After optimizing the proper distance and temperature needed to achieve best pore
structure, optimization of the stretch ratio to be applied is carried. Samples were
stretched in both MD and TD. The stretch ratio is denoted in MDxTD structure. Two
stretching ratios applied in which they are 2x1.5 and 4x1.5. The TD stretching was
held constant due to the machine limitations. The SEM images show that the 2x1.5
stretching ratio (Figure 2.25a) achieved acceptable pore structure with good porosity.
Upon further stretching in both MD and TD, formation of highly oriented shish kebab
is achieved and pores started to take more of a slit-like shapes (Figure 2.25b).

32



Figure 2.25 : Biaxial stretching, a) 2x1.5 stretch ratio, b) 4x1.5 stretch ratio.

These results lead to optimum of 2x1.5 stretching ratio, and a distance of 16.5 cm

between the heat source and the sample.

2.6.2 Membrane formation

After the preliminary studies, three samples (S1, S2, and S3) were fabricated and
studied under the same conditions excepet for the stretching ratio. The SEM images of
these membranes are shown in Figure 2.26. These sample were stretched under the
same conditions with same stretching ratio and heating distance. The difference is in
the precursor sample which lead to different porous structures and diffirent final
thicknesses. It can be seen that the sample with antixoidant (S1) in Figure 2.26a
showed more heterogeneuos structure and lead to breakage of some samples while
stretching. That could be referred to nonsufficient mixing in the extruder which lead
to film breakage yet a proper sample was obtained and characterized. S2 sample
(Figure 2.26b) shows a perfect porous structure with oriented lamellae structure. This
ordered structured is gained due to the high plasticization ratio (70% PQO) where the
slip of lamella is dominant [66]. Figure 2.26¢c shows S3 sample which carries the
highest thickness which is similar to other UHMWPE membranes in literature [65].

Table 2.3 summarizes the process conditins and obtained properties of the samples.
The weight drop after extraction with n-hexane shows variation in extraction
efficiency. This could be casued by various reasongs. Eventhough the inital or
expected concentration of the oil in the samples is aimed to be around 70%, the oil loss
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starts from the moment the sheet comes out of the dies and starts to coold down.

Because phase separation occur at lower temperatures in the wet process.

Ty

Figure 2.26 : Fabricated membranes, (a) S1, (b) S2, and (c) S3 membrane samples.

Table 2.3 : Fabricated membranes properties.

Sample Pre- Post- Stretching % weight
name stretching stretching  ratio MD/TD  drop (after
thickness thickness extraction)
Sl 280 40 3.75 53
S2 200 60 1.25 44
S3 280 80 1.85 42

S1 sample showed a degree of deformation and nonhomogeneous structure that could
be interpreted by the fact that it bared the higher MD/TD stretching ratio. even though
it has the least final thickness. This shows that the precursor condition is detrimental
for the final membrane structure. On the other hand, when smaller stretching ratios
were applied (S3) for the same initial thickness, the final thickness was relatively
higher and the pore structure and porosity of the samples are less in comparison to S2
samples.
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2.6.3 EIS

In terms of the chemical performance, the three seprators were characterized with full
cell configuration. Figure 2.27a shows the nyquist plot of the samples the x-intercept
of the curves denots the bulk (separator) resistance. Figure 2.27b shows the equivalent
circuit for the full cell system. In this circuit, anode region, electrolyte region, and
cathode region is considered. In the anode region, the movement of lithium ions is
impeded by resistance that occurs at the solid electrolyte interphase (SEI) and solid-
liquid (S-L) interface. This resistance can be characterized using a circuit model that
includes a constant phase angle element (Q2) in parallel with a mass transfer resistance
(R2), as well as a double electric layer capacitor (C1) in parallel with a charge transfer
resistance (R1) [67]. The ohmic resistance of the electrolyte with the porous structure
of the film is denoted by R3. Cathode region consists of a two parallel CPE and
resistance circuits. Which also refers to the S-L interface and lithium transmission
through passivation film [68]. The calculated ionic conductivities of the samples are
shown in Table 2.4. It can be seen that S2 has the higher ionic condutivity and least
resistance which is expected as Figure 2.26b shows that the sample had high porosity
with homogeneous structure, which led for better electrolyte uptake and ease of ion
transfer. S3 had the least ionic condutivity and highest resistance. This significant

increase is correlated to the significant larger thickness of the sample.
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Figure 2.27 : EIS analysis, a) Nyquist plot, b) proposed quivalent circuit.

Table 2.4 : lonic conductivities of the samples.

Sample  Thickness Bulk resistance lonic Conductivity
(um) (ohm) (mS/cm?)
S1 40 16.15 0.09
S2 60 4413 0.48
S3 80 69.38 0.04
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3. NANOFIBROUS MEMBRANE

3.1 Introduction

In the last decade with booming innovation technology, nanomaterials come among the top
research topics that hold a lot of potential to revolutionize our world. Nanostructures like
nanofibers, nanorods, and nanotubes has even found its road out of research centers into real-
life applications [69]. Nanofibers are one-dimension (1D) nanostructures with one of its
dimensions within the nanometer range. Nanofibers can be synthesized using different
techniques like phase separation, drawing, self-assembly, and electrospinning with the latter
being among the most popular ones. Electrospun nanofibers exhibit a high porosity, high
surface area to volume ratio and high versatility while the main drawback of the technique is
its low draw ratio [70]. Current research on nanofibers is concentrated on more complex
architectures like hollow, and porous nanofibers where they carry better porous connectivity,
higher volume to surface area ratio, and high versatility [71]. Hollow nanofibers can be obtained
by several methods as self-assembly [72], template synthesis [73], electrospinning [74], and
recently arising solution blowing [75]. Solution blowing utilizes pressurized air as the driving
force to eject nanofibers. This technique is cost-effective and carries the advantage of reaching
high throughputs suitable for industrial mass production. For hollow nanofiber production, a
coaxial spinneret is used where a path for two solutions to be spun is provided.

3.2 Nanofiber Production Techniques

3.2.1 Electrospinning

Electrospinning is the most common and widely used method in research and production of
nanofibers. It is a simple electrostatic technique. As shown in Figure 3.1, the system consists
of a syringe holding the polymer solution, a syringe pump to supply continuous feed, a power
supply to create voltage difference, and a collector to collect synthesized nanofibers. The

polymer solution under the force of voltage is elongated and thrust toward the collector in
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conical shape. The solvent is evaporated while the fiber jet is travelling from the nozzle toward
the collector. The fiber formation and diameter depend on several factors. The polymer
viscosity and spinnability, the feed rate, nozzle to collector distance, and the voltage supplied
[76].

Electrospun
Fibers

Polymeric Solution

| Syringe Pump |

Collecter
Al Foil

DC Supply

Figure 3.1 : Electrospinning system [77].

While in common electrospinning technique, the solution is dissolved in a solvent and then
evaporated, in melt electrospinning (Figure 3.2) the polymer is melted by heating resistance
around a metal syringe and without the use of any solvent under the force of electricity the
nanofibers are ejected. Melt electrospinning is known to be more environmental friendly
approach as it doesnt utilize additional solvents that could be released to the surrounding

environment.

Syringe

Heater

e = -

Voltage power +

Polymer melt

Polymer fiber

= =g

Voltage power =
Collector

Figure 3.2 : Melt electrospinning scheme [70].
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3.2.2 Melt blowing

The other method used to fabricate fibers and nanofibers is melt blowing. This method goes
back to the 1950s to the naval laboratories in the united states where the research was going to
collect radioactive particles un the upper atmosphere, then thermoplastic microfibers started to
be produced with this technique [78]. Through the years, the method was developed and
nanofibers with diameters below 100 nm range is fabricated through this technique [79]. A
schematic of the melt blown system is shown in Figure 3.3. In this system, a heated air is

pressurized through the die ejected the melt extruded thermoplastic fibers into the collector.

Heated air

Polymer
\

A
PN, —

~ DIXNXXTT
LAY

Screw extruder

\
7
!

Die body
Figure 3.3 : Melt blowing system [80].

Collector

3.2.3 Solution blowing

Solution blowing is similar to melt blowing where the driving force used to eject the fibers is
the pressurized air. But it differs in the polymer feeding state. In solution blowing, the polymer
is dissolved in a solvent and fed with a syringe pump to the nozzle, then pressurized air
discharge the polymer elongating the fibers and evaporating the solvent in the way toward the
collector. This method can be classified as a combination between melt blowing and
electrospinning techniques. In solution blowing, electricity can be introduced as a secondary
driving force along side the drag force. Air pressure is a key factor in this process [75]. Solution

blowing process scheme is shown in Figure 3.4
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Figure 3.4: Solution blowing system [81].

3.2.4 Centrifuge spinning

This technique depends on the centrifugal forces to obtain nanofibers insted of using voltage or
pressurized air. It consistes mainly of a motor-driven rotating spinneret about its axis. Which
when spinned with enough angular speed, the polymer will be ejected to the collector [82].
Scheme of the process is shown in Figure 3.5.

Collector Fil}\ers

Figure 3.5 : Centrifugal spinning [83].

3.2.5 Template synthesis

In this method (Figure 3.6), the nanofibers are synthesized using a specially designed template
or mold. The desired structure are obtained then using this template. Normally, the polymeric
solution is deposited on the template which is normally a porous metal oxide membrane. The
polymeric solution is pressurized through the metal membrane where solydifying solution is set

underneath. Nanofibers are then extruded from the nanopores of the template [84].
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Figure 3.6 : Template synthesis method [84].
3.2.6 Self-assembly

This method is classified as one of the bottom-up methods used to fabricate nanofibers. In this
method, polymer molecules arrange themselves in patterns and structures without forming
covalent bonds. Instead, these formations are hold by other forces like electrostatic forces and
hydrophobic forces [85]. Small nanofibers are fabricated with this technique. Nanofibers with
lengths of 100nm up few micrometers. The main drawback of this method is its low

productivity, complexicity and extremely time consuming [84].

3.2.7 Coaxial spinning

In the coaxial spinning of nanofibers, the polymeric solution is fed into a nozzle with two
outputs. In this process multiple materials can be released even in the precense of immiscible
solvents. The most common form nanofiber produced using this technique is known as core-
shell nanofibers where one polymer forme the core of the nanofiber and the other forms the
shell. Hollow nanofibers are another formed obtained by coaxial spinning process (Figure 3.7).

Where in hollow nanofibers, the inner fluid works as an immiscible template [86].
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Figure 3.7 : Coaxial spinning scheme [86].

3.2.8 Centrifuge Spinning Process

Centrifuge spinning is an old technique was used in fiber glass production. Where the melted
glass was coming to a hot rotor releases fiber glasses with diameters aroun 1 um. This happens
due to the centrifugal force casued by high speed rotation of the rotor where melt is elongated
and discharged outward forming fibers [87]. In terms of nanofibers, in centrifugal spinning, the
polymeric solution is pushed out of the rotating nozzle by the centrifugal force, where the
solvent evaporates and fibers are formed and collected around the collector [88]. Revolutions

up to 30000rpm is acieved and nanofibers of diameters below the 100nm range [89].

3.2.9 Working principle

Figure 3.8 shows a schematic view of the centrifuge spinning process used in this study.

Solution Feeding

Spinneret 3 Needle

- SN
Fiber ~ Q ‘/)}ﬁ\g

(- s
Vacuum

A
Collector

Figure 3.8 : Centrifuge spinning system [90].
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The polymer solution is fed into a motor-rotated spinneret that rotates around its axis, when the
limitation for fiber formation is overcome, fibers are ejected and formed. The limit is considered
to be the balance between the surface tension of the solution and the centrifuge force. When the
centrifugal forces are increased significantly, the fibers are broken and bead spraying started to
take place [90]. The fibers follows a twisted path lead by the centrifuge force before it faces the
air resistance along their way toward the vaccum-equipped collector. In some other systems,

air flow is used to directorate the path of fibers [91].

The stages a polymer solution follows in the centrifuge spinning can be summarized into three
stages. The first stage is where polymer solution is fed to the nozzle. As the material rotates
along with the spinneret, various forces such as friction, gravity, surface tension, and centrifugal
force come into play. However, it is primarily the surface tension and centrifugal force that
dominate the process, while the other forces can be considered negligible [87]. In the second
stage the polymer is expelled off the nozzle because of the centrifugal force. In the third and
finals stage fibers foolow a curved way reaching the collector while vaporating the solvent. The
movement of fibers in this stage is accounted to the force of inertia. The solidified fiber diameter

become less and less while travelling along the way as shown in Figure 3.9 I and II.

I 1L
fiber
spinneret collector
O‘ aterial
spinneret
collector

Figure 3.9 : Solution path during spinning I) material rotating with the spinneret, 1) fibers are
expelled toward the collector [87].

3.2.10 Process parameters

There are several factors comes into play when a solution is being spun and the fibers are

formed. They can be divided into material-related parameters, and process-related parameters.
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Material properties like surface tension, viscosity or concentration, and solvent ratio plays a
key role in the fiber formation. Process parameters includes; spinning speed, feeding rate,

needle gauge, and distance to collector.

The surface tension of the soluion increases the surface energy casuing droplet formation.
Increasing the centrifugal force will help connecting the beads and obtaining fiber structure. In
terms of viscosity, the higher the viscosity, the higher the force needed to eject fibers. The force
needed to prohibit tangling of molecules together sometimes can’t be achieved due to the high
viscosity of the material Several factors could affect the viscosity as temperature, and molecular
weigth of the polymer. Solvent ratio and type is also of great importance as it evaporates leaving
a solidifyied polymer fiber structure. The solvent type and ratio affects the evaporation rate

which in turn affect the final fiber diameter.

In terms of process parameters, spinning speed is the biggest player in fiber formation It’s the
driving force of the whole process. Low spinning speeds could lead to inadequate force to eject
fibers or connect the formed beads. Excessive speed could lead to breaking the fibers as they
overwhelm the surface tension of the solution. Feeding rate is directly related to the spinning
speed. Needle gauge is a detrimental factor in obtaining a beadless small diameter fibers. Large

guages results in drop formation while small gauges results in smaller final fiber diameters [87]

All these factors should be optimized and taken into precise consideration to gain optimum

nanofibers.

3.2.11 Literature Review

Nanofibers has been used in different fields for distinct purposes. They can be used in
electronics, biological and health care, energy, and environmental sectors [92]. PVP and
gallium oxide nanofibers were obtained by sol-gel method and were used in optoelectronic
devices exhibited excellent charge carrier mobility, significant fluorescence quantum yields,
and high thermal-chemical stability [93]. Electrospun PVC nanofibers loaded with some
chemicals showed powerful performance in detoxifying paraoxon (pesticide) [94]. Half of
currently used membranes are used in water and wastewater treatment applications as water
and air purifications are of the greatest demand. Membranes are defined as a polymer-based
barrier with a porous structure. Figure 3.10 shows a membrane in action separating some

contaminants.
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Figure 3.10 : Nanofiber membrane separating some contaminants [95].

Nanofiber mats compared to conventional fibers has much smaller pore size and distribution.
Also, dust capturing membranes are used to capture the particulates coming from natural
sources like soil or from coals. These particulates could lead to serious health issues. Due to the
small pore size of nanofibers, clogging of the filtration media and the drop in the air flow rate
is slowed down. These particles could then remove and the performance is recovered by back
flushing. This results in a high shelf life of nanofiber membranes [95]. With the high demand
on water, nanofibers flourish in the field of water filtration. PVDF nanofiber membranes were
exposed to plasma inducing copolymerization of poly(methacrylic acid) and compared to MF
membranes in terms of water flux. Electrospun nanofiber membranes exhibited flux up to
50,000 kg/hr*m? in comparison to less than 10,000 for the commercial PVDF MF membranes
[96]. Nanofibers perform better in air filtration applications and small fibers accomplish higher
efficiencies due to the interception and inertial impaction, which make them have lower

pressure drops in comparison to big fibers [97].

In environmental management strategies, sensors play a critical role in detection threats and
contaminations. Nanofiber-based sensors are gaining more popularity by the day. Many
pollutants that carry severe threats on livings exist in water. Nanofibers based sensors with their
molecularly imprinted nanoparticles is able to detect propranolol in tap water. Which is a
medicine that used for heart rate and blood pressure control [95]. Air pollution is another serious
issue of industrial cities and areas. The detection and filtration of particulate matter in theses
places is extremely important for the well-being of living and non-living matters. Greenhouse
gases, nitrogen oxides, and sulfur oxides cause severe environmental consequences. Detection
of NHsz and NO: in air was achieved by MoO3 electrospun nanofibers [98]. These nanofibers

were found to have critical and superior characteristics in comparison to normal film-structured
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membranes. The future sensors have to be more sensitive and able to detect broad range of

materials. For that reason, Nanofibers would enhance the performance of them.

He Lian and Zhaoxu Meng (2016) made a comparative study between melt and solution
electrospun fibers for drug loading applications [70]. They’ve made Curcumin-loaded poly (&-
caprolactone) (PCL) fibers using the two electrospinning techniques. PCL fibers are
biodegradable, biocompatible and has low melting points. This feature makes it among the best
polymers for encapsulating many drugs within wide range of temperatures. Curcumin, with its
excellent fluorescent ability is an anti-cancer drug. It also not affected by melt spinning
temperature and exhibits stable performance and easy to detect and follow. The melt spun fibers
showed a smooth surface and high crystallinity in comparison to the more porous and more
amorphous solution electrospun fibers. These differences showed a different in drug release
rate. The melt electrospun showed a more stable releast rate while the melt electrospun had a
high release rate with a burst behavior. They showed that along the no toxic solvent usage in
melt electrospinning, it also showed better properties that is more suitable for drug delivery
[70]. Zupancic et. al. studied the preparation of drug-loaded PCL nanofibers and their
antibacterial and drug-release abilities [99]. In this study, three types of drugs were used with
different activities in periodontal pathogens. PCL fibers were loaded with metronidazole
(MTZ), which is used in treatment of periodontal disease (bacteria in teeth root), and
ciprofloxacin (CIP), which has antibacterial activity. Electrospinning reduced the drug
crystallinity compared to the pure substances [99]. Nanofibers holds the potential for

controllable, efficient drug release applications.

Nanofibers can be used also in different parts of the batteries as they can be used in anodes,
cathodes, and separators. As carbon is the dominant component of the anode in lithium-ion
batteries, carbon-based nanofibers (CNFs) were investigated with various polymers. PAN-
derived CNF anodes [100], and PVVP-based CNF anodes were investigated [101]. Nanofibers
with their unique structure have been intensively studied for Li-ion battery separator purposes.
Battery separators need to have good chemical stability, good thermal stability, and adequate
mechanical performance. Several polymer-based nanofibers were investigated. PVDF
nanofibers were studied a lot for battery separators, whether only PVDF separators [12], or with
some addition of other inorganic nanoparticles like SiO2 [102]. Several other nanofibers like PI
and PAN were also studied [103].
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3.2.12 Thermoplastic polyurethane (TPU) nanofibers

Thermoplastic polyurethane (TPU) is a high toughness, high strength, with high durability and
wear resistance polymer. It attracts the scientific research as it’s also biodegradable and
biocompatible, several studies were conducted on TPU nanofibers for various applications
including medical [104], food [105], textile [106], and other industries [107]. 200-250nm TPU
fiber diameters were obtained using electrospinning for wound healing applications [108]. The
implementation of TPU nanofibers in energy applications is increasing. Several research papers
covered the usage of these nanofibers. Shehata et al prepared stretchable TPU/PVDF
nanocpomposite for piezoelectric energy harvesting applications [109]. The elastic nature of
TPU improves the mechanical strength of the composite which increases the the piezoelectric
response of the nanocomposite. TPU is also used in battery separators, particularly in flexible
batteries for wearable devices and other applications where flexibility and stretchability are
required. TPU is a versatile polymer that has good mechanical properties, chemical resistance,
and low permeability, which make it suitable for use in battery separators. Additionally, TPU
can be easily processed into nanofibers, which can further enhance the performance of the
battery separator. Tang et al used PAN nanofibers lack of elasticity by integrating TPU in the
structure, gaining a flexible structure even on high temperatures [110]. This combination made
the performance of the separator in LiB higher than the performance of the commercially
available Celgard 2400 separator. In another work [111], non-flammable TPU gel polymer
electrolyte (GPE) was fabricated without the usage of any flame retardent additives. PVDF-
HFP sandwiched TPU achieved significant flame retardency. It was found that LiPFs, the
common electrolyte used in LiBs, enhanced the TPU flame retardency ability due to the
protective layer formed on the TPU due to the side reactions occuring upon burning. Cone tests
has indicated that LiPFe encourages the creation of char in TPU, leading to a noteworthy
decrease in the Heat Release Rate (HRR) and Total Heat Release (THR) of TPU GPE. This
thermal insulation protective layer prevents TPU GPE from decomposing and catching fire. In
term of electrochemical performance, it was found that TPU based films manifest sufficient
ionic conductivity of 0.48 mS cm™, a capacity retention of 91% after 200 cycles, and high
lithium ion transport number (t+=0.68) [112]. ion transport number, also called the
transference number, is the fraction of the total electric current carried in an electrolyte by a
i

given ionic species i and is calculated by the following equation; t; = —. TPU nanofiber
tot
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combination with other polymers like PVVDF as a battery separator has been investigated in
several studies [113]-[115].

3.2.13 TPU surface modification

As TPU is considered to be a hydrophobic biodegradable polymer, with some commercial
grades are classified to be hydrophilic, it was mixed with starch to increase its hydrophilicity
aiming to enhance its cellular affinity [108]. In another work, hydrophobic TPU was coated
with collagen to enhance its cellular adhesion, where the water contact angle was dropped from
99.5° to 21-30° by crosslinking collagen using glutaraldehyde, CMC, and thermal crosslinking
[116].

Sodium alginate (Na-Alg, SA) is a natural bio-based polymer mainly used as a thickening agent
and stabilizer in the food industry [117], gel in the pharmaceutical industry[118], [119], and
thickening liquid dyes in the textile industry [120]. As it is a naturally occurring polymer, it is
biocompatible, non-toxic with a relatively low cost [118]. SA can be gelated by addition of
divalent ions like Ca?*, Ba?*, and Mg?*. SA is considered as a hydrophilic polymer which after
crosslinking with CaCly, it can provide significant thermal stability as the limiting oxygen index
(LOI) value of Calcium Alginate (Ca-Alg, CA) fiber is 34 [121]. Alginate worth investigating

its ability to modify surfaces and approach a hydrophilic, thermally stable structure.

Free standing TPU nanofiber as a battery separator and the analysis of its performance hasn’t
been thoroughly investigated. In our work, we investigated the performance of TPU nanofibers
in battery separators and applied crosslinked CA coating to enhance the performance of the
composite membrane. In this work, SA with different concentrations was used to enrich the
surface properties of centrifuge spun TPU nanofibers and obtain a better hydrophilic surface.

3.2.14 Flame retardancy mechanism

Flame retardancy of polymers can be divided into three main mechanisms;

1- Gas-phase mechanism where active radicals are captured to inhibit the chain branching

reactions during burning.

2- Condensed-phase mechanism where char formation is promoted on the surface of the

material working as a heat barrier.
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3- Diluting the fuel with non-flammable gases and cooling the system by endothermic

decomposition.

In opposite to most polysaccharides, calcium alginate is an inherently flame-retardant material
when corporated with divalent ions due to the production of inorganic particles and volatile
compounds dur ing combustion. The results obtained are referred to the formation of what is
known as char layer from the divalent ions which provide high thermal stability ofchar residues
[122]. Figure 3.11 illustrates the layers formed above the membrane. The char layer first covers

the membrane suppressing the flames and forming a barrier layer.

Char layer

i Coated TPU nanofibers

Figure 3.11 : Layers formed above nanofibers during pyrolysis.

The other mechanism that enhances the flame retardancy can be understood by the pathways
that alginates pyrolysis follows. Two main chemical pathways, where volatile compounds are
produced, is noted in Figure 3.12. The side reaction results in the production of furfural and

butanedione as volatile compounds.
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Figure 3.12 : Proposed pathways for alginate pyrolysis [122].
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Those compounds result in less production of flammable gases by the alginates, and diluting
the existing flammable gases. Thus, there was a significant delay in the ignition and propagation

of flames through the membrane.

3.3 Experimental & Methods

3.3.1 Materials

Desmopan 385e thermoplastic polyurethane (TPU) was used as the polymer precursor.
Dimethyl formamide (DMF, 99.9% purity, Merck) and Acetone (99.9% purity, Merck) were
the co-solvents for TPU with different ratios. The fibers produced were collected onto 13 gsm
Polypropylene (PP) spunbond support fabrics (Mogul Company). Sodium alginate (Isolab),
calcium chloride (CaCl,, food quality, Tekkim) and distilled water (DI) were used to achieve

calcium alginate crosslinking.

3.3.2 Methods

Solvent Preparation

TPU solution was prepared by dissolving TPU pellets in DMF/acetone at 70 °C by magnetic
stirrer. The solution was fed to the centrufuge nozlle using syringe pump with a feeding rate of
30ml/h. A total volume of 60ml was produced for each TPU sample. Both Sodium alginate

powder and cacium chloride was dissolved in DI by magnetic stirrer at room temperature.
Fabrication of nanofibers

TPU nanofibers were obtained by centrifuge spinning method. The system consists of motor-
rotated nozzle spinning fibers from the top of the machine. Ejected fibers are collected on a PP
substrate wrapped over a rotating vacuumed drum. Fibers are oriented toward the collector by
pressurized air of 2 bar. Collector speed of 200 rpm was hold constant throughout all sample

production.
Preparation of coated nanofibers

TPU nanofibers were coated with sodium alginate solution and then dried for 24 h. The coated
sample is then dipped into CaCl, coagulation bath for 10 minutes to accomplish full
crosslinking. The sample is then washed with DI and left to dry for another 24 h before being

sent to hot pressing machine.
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Working parameters & scheme

The scheme of the whole process is summarized in Figure 3.13. Firstly, the solution with
diesired concentration is prepared then spun in centrifuge spinning with desired rotation speeds.
After that, the nanofibers are dipped into SA solution and dried befor dipping again into CaCl;
solution. Dried samples are then hot pressed befor being sent into analysis and characterization
for its intended purpose. The working flow of the experiments is illustrated in Figure 3.13.

wt% & solvent ratio optimization Spinning at CS Neat TPU nanofibers Dipping in SA

10% Cadl, crosslinking

Final sample

Figure 3.13 : Working scheme.

All experimental parameters are summarized in Table 3.1.

Table 3.1 : Working parameters.

Parameter Working range
Concentration (wt%) 5%, 10%, 15%
Solvent ratio DMF:acetone 1:0,1:1,2:1,3:1
Needle gauge (G) 23G, 25G, 30G
Rotating speed (rpm) 8000, 10000
Sodium alginate concentration (wt%) 0,0.5,2
Hot press duration (minutes) 2,5

3.3.3 Characterization
Contact angle

The measurements were taken with Theta Lite optical tensiometer on Young-Laplace analysis

mode with distlled water as the liquid.

Porosity
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Custom-made lab-scale porosity device build on bubble point method was used with a very low
surface tension liquid to measur the pore size of the samples.

Dimensional stability

Coin cell size samples were cut and treated in an oven at 200°C for 2h. A reference commercial

PP separator sample was also used.
Flammability test

Flame tests were conducted by the following setup. Similar squared samples were cut and
exposed to fire source. The behavior of the samples was recorded in respect to time (1 second

and 10 seconds).

Figure 3.14 : Flammability test setup.

EIS

Electrochemical impedance spectroscopy (EIS) is a powerful, non-destructive in-situ and ex-
situ technique used to characterize electrochemical systems and their interfacial properties by
sending an amplitude and detecting the response. Reactions, electroactive species, mass
transfer, charge transfer, diffusion and the resistance are all measured [62]. These features
responses are mimicked and interpreted by electrical circuits and their elements like resistors,
capacitors and constant phase elements and whether they are in series or parallel. While
resistance is observed in DC circuits, impedance is its counterpart in AC circuits that doesn’t

follow Ohm’s law.
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Tests were carried on SP-150 workstation in a frequency range of 10mHz-10kHz for full cell
tests and 100mHz-10kHz for the symmetric separator cell. Both tests were conducted with
10mV amplitude. Five TPU samples were prepared and tested in configuration shown in Figure
3.15 using stainless steel (SS) spacer electrodes and 1.0 M sodium perchlorate (NaClOa) in
EC/DEC/PEC (1:1:0.5) by volume). Full cell samples consists of carbon
cloth/separator/Sodium metal. Figure 3.15 shows the configuration of both symmetric and full

cell samples.

(a) (b)

J ————— +side
3 =
- Spacer "

< - Scparator

Spacer x2 — .
— — sodium metal
6 » Spring
—— Spacer
> -side @ —* Spring
o N

» +side

— Spacer

» Carbon cloth

» Separator

Figure 3.15 : Coin cell configuration, (a) symmetric cell, (b) full cell.

3.4 Results & Discussion

To achieve the best performance out of the nanofibrous mmebranes, optimum morphological
structure should be accomplished. Minimum attainable bead-less fiber diameter is the main
goal. For that reason, concentration of the polymer, solvent ratio, needle gauge, and rotating
speed optimization must be done. After that, hot press temperature and duration along SA

concentration optimization was conducted

3.4.1 Concentration optimization

In the concentration trials, the DMF:Acetone ratio was chosen as 3:1. Beads and droplets in the

structure decreased with the increasing concentration in the productions. However, the fiber
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diameters increased considerably. Fibers with a diameter of approximately 200 nm were
obtained with 5wt.% concentrated TPU solution, while fibers with a diameter of approximately
800 nm were obtained with 15wt.% TPU solution. At the same time, the standard deviation
between fiber diameters was too high. For this reason, the solution of 10wt% concentration had

a negligible amount of bead with the thinnest fiber diameters (342 nm) was chosen.

Figure 3.16 : SEM images of the TPU nanofibrous mats according to effect of solution
concentration a) 5wt.%, b) 10wt.%, c) 15wt.%, and d) fiber diameter
distribution.

3.4.2 Solvent optimization

On the next phase, the DMF:Acetone ratio was changed to further reduce the beads in the fibers.
Firstly, only DMF as a solvent was used. Significant bead formation occurred and minimal fiber
density gained as show in Figure 3.17. For that reason, acetone was used as a co-solvent to

accomplish better fiber formation.

Figure 3.17 : TPU dissolved in 100% DMF solvent.
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The acetone ratio in the solvent was changed to examine the morphological changes of the
fibers. It is obviously seen that as acetone ratio increased, the beads in the structure decreased.
However, due to the increase in viscosity, the fiber diameters also increased. For this reason,
the DMF:Acetone ratio (2:1) was chosen, where the minimum bead and the thinnest fiber
diameters (484 nm) were obtained. Figure 3.18 shows the change in bead formation with solvent
ratio change and fiber diameter drop with the increment of acetone ratio.

SN e

i o S T e

DMF Concentration

Acetone Concentration

Figure 3.18 : SEM images of the TPU nanofibrous mats according to effect of different
DMF:Acetone ratio a) 1:1, b) 2:1, and c) 3:1.

3.4.3 Needle (gauge) optimization

In order to obtain completely bead-free fibers, we reduced the diameter of the needle, that is,
we used large gauge needles. With the decrease in the needle diameter, the beads completely
changed into fiber form. However, there was no significant change in fiber diameters. There
was only an increase of 75 nm between the fibers produced with the 23G needle and the fibers
produced with the 30G needle. This increase in fiber diameter can be neglected as the overall
production efficiency is higher with 30G needles [123]. The fiber diameter distribution of the

samples can be seen in Figure 3.25.
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Figure 3.19 : SEM images of the TPU nanofibrous mats according to effect of needle gauge,
a) 23G, b) 25G, ¢) 30G, and d) fiber diameter distribution.

3.4.4 Rotating speed

As the nozzle rotation speed increases, the air friction force also increases, resulting in a more
thinning of the polymer jet coming out of the needle tip [124]. For this reason, increasing the
nozzle rotation speed from 8000 rpm to 13000 rpm in the study provided the finest bead-free
fibers with a diameter of 305 nm. Figure 3.20 shows the fibers obtained with different rotating

speeds.

a) 8000 rpm, and b) 13000 rpm.
3.4.5 Alginate treatment

CA coating was applied to the produced optimum TPU nanofibrous mat by using different
ratios of SA. 0.5%, 2%, and 5% were tried. As the SA ratio increased, the space between the
fibers began to close. On the other hand, more SA ratio formed a film closing the pores, so the
5wt.% SA ratio was not reported. The best rate in which small pores were formed was chosen
as 2wt.%. With the SA coating, the fibers became almost 3 times thicker. In this way, the pores



became smaller (Figure 3.21 : SEM images of the TPU nanofibrous mats according to effect of
SA concentration a) Owt.%, b) 0.5wt.%, c) 2wt.% and d) fiber diameter distribution.Figure
3.21).

a) Owt.%, b) 0.5wt.%, c) 2wt.% and d) fiber diameter distribution.

3.4.6 Hot press

Treated and non-treated samples were exposed to a hot-pressing machine. Variation of
temperature was applied and the final samples were examined. Duration of pressing was varied
between 2 and 5 minutes. Temperature of pressing set between 60, 100, and 120°C. The force

was held constant at 8 tons.

Firstly, while holding time constant at 2 minutes, samples were pressed with 60, 100, 120°C.
Figure 3.22 shows the SEM images of the samples. It can be seen that the sample pressed at
60°C only showed fiber bonding due to the force applied leading to pore closure without any
melting due to the heat applied. The sample pressed at 100°C showed a better fiber structure
with few poins starting to melt. At 120°C, the showed some film formatin and more bonding of

the nanofibers.
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100°C

Figure 3.22 : Hot press temperature optimization.

After that, the duration was increased to be 5 minutes and the samples were pressed at 100, and
120°C. As showin in Figure 3.23, the samples pressed at 120°C showed a film structure in
comparison to the samples pressed at 100°C.

8 ton, 5mins

100°C

Figure 3.23 : Hot press duration optimization.

The samples are then hot pressed after treatment with CA (Figure 3.24), and later on samples

were all carried at 120°C for 2 minutes and 8 tonn of force.
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120 °C, 8 ton

Figure 3.24 : Treated sample hot press.

If we make a comparison between the hot press SEM images of the treated and non-treated
samples, observable thermal enhancement can be seen. Non-treated fibers pressed at 120°C, 8
ton for 2 and 5mins almost got stick to each other closing any observable existed pores. While
treated fibers sustained better shape under the heated press and exhibited better thermal stability

preserving its porous structure.

An overall comparison of all produced samples with the fiber diameter range obtained is shown
in Figure 3.25. The fiber diameter of 10wt.% concentration sample, which is the concentration
that the work was carried on, was about 300nm. After doing a full optimization proces, almost
the same fiber diameter range was preserved while eliminating all kind of beads formed on the

nanofibers. That was done by altering the rotation speeds, the solvent ratio and the needle gauge.
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Figure 3.25 : Fiber diameter distributions of the optimization study; (a) solution, (b) solvent,
(c) needle gauge, (d) rpm, (e) SA coating.

3.4.7 Contact angle

Neat as produced TPU nanofibers have a contact angle of 94° similar to the degree reported in
other works [116]. After pressing the nanofibers at 120°C for 2 minutes using hot pressing

machine, the contact angle showed an increment up to 150°. This significant increase is due to

60



the reduce of the pore size inhibiting water droplets from passing. Samples of membranes
treated with 0.5, and 2% cross-linked calcium alginate showed observable drop of the contact
angle to 31° and reached zero degree after 5 minutes. These results showed that calcium alginate

can provide notable raise the hydrophilicity of the treated surface.

a) v NeatTPU |b) B rresseatru

107° 150°

-

o) - 05TPU  [g) -

2TPU
31° 31°

Figure 3.26 : Contact angle of TPU samples, a) Neat TPU, b) pressed TPU, c) 0.5 TPU, d) 2
TPU.

3.4.8 Porosity

Porosity measurement were taken for samples before and after pressing, different concentration
treatments. As expected, porous structure with large pore size is found in neat TPU nanofiber.
The mean pore size was found to be 5.4 um with maximum pore of 11.5 um. The mean pore
size dropped to 2.7 um after pressing the sample in the hot press machine at 120°C for 2
minutes. The drop in pore size is anticipated as the nanofibers will be partially melted and
softened which leads to bonding of nanofibers, reducing the porosity of the membrane [125].
Sodium alginate treated samples shows a smaller pore size distribution. The reason for that is
that calcium alginate coats the nanofibers increasing its initial diameter as shown in previous
SEM images. While %0.5 alginate didn’t show a significant drop in the pore size, %2 showed

more uniform pore size structure with mean pore size of 2.3 um.
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Figure 3.27 : Porosity of TPU membranes.

3.4.9 Electrochemical performance

The electrochemical analysis carried demonstrates the performance difference between the
samples. The Nyquist plot of the impedance for the separators along Celgard PP separators is
shown in figure asds. The Intercept of the curves with x-axis on the Nyquist plot shown, denote
the bulk resistance (Rp) of the separators or membranes [126]. The equivalent circuit used is
shown in the graph which consists of a constant phase element, a Warburg impedance element,
and resistances. The absence of the semi-circle and exhibition of straight lines indicates that
capacitive behavior is dominant and ion transfer is happening through diffusion phenomena
which means less charge transfer resistance is occurring [127]. The summary of the values
obtained for each sample is shown in table asddsa. It can be seen that neat TPU sample exhibited
an ionic conductivity of 0.23 mS/cm? which tripled after hot pressing the sample. This
increment could be referred to the fact that the thickness of the membrane dropped after hot
press which led to a significant drop in the resistance. Also, hot pressing the sample lead to a

more uniform thickness throughout the sample.
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Figure 3.28 : EIS of SS/separator/SS system in 1M NaClOg4 electrolyte.

Table 3.2 : lonic conductivities of different TPU samples in symmetric Na-ion cell.

Sample Thickness Bulk resistance lonic Conductivity
(um) (ohm) (mS/cm?)
Neat TPU 40 8.479 0.23
Pressed TPU 35 2.59 0.67
0.5TPU 60 16.8 0.17
2TPU 70 21.7 0.16
PP 25 21.84 0.05

The full cell configuration results are shown in Table 3.3. While the nyquist plot obtained from

AC impedance measurment along the proposed equivalent circuit is shown in Figure 3.29. The

proposed circuit was explained in the previous chapter.

Table 3.3 : lonic conductivities of different TPU samples in full Na-ion cell.

Sample Thickness Bulk resistance lonic Conductivity
(um) (ohm) (mS/cm?)
Neat TPU 40 2.107 1.53
Pressed TPU 35 14.43 0.19
0.5 TPU 60 71.01 0.05
2 TPU 70 73.77 0.03
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Figure 3.29 : EIS of Anode/separator/cathode system, a) nyquist plot, b) equivalent circuit.

TPU samples show a significance performance in the sodium ion battery. This could be referred
to the fact that neat TPU membranes showed a small fiber diameters with high porosity which
facilitate higher electrolyte uptake easing the movement of the sodium ions and in the same
time causing less ion resistance. While whenm the samples are pressed, the nanofibers are fused
together and bonded making them having better stability but in the same time significantly
dropping the porosity which led to the drop in the ionic conductivity. Coated samples with
calcium alginate exhibited higher observable resistance. Since the pore size is of great
importance for ion transportation and due to the bigger diameter size of Na-ions, the coated
samples showed this jump. Since the diameter of the semicircle is known to be as the charge

trasfer resistance (Rct), the depressing of the semi-cricle for 2 TPU sample could be referred to
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the effect of higher calcium alginate presence decrewasing the overall charge transfer

resistance.

Table 3.4 summarizes the results obtained from Li-ion coin cell analysis. The Neat TPU sample
showed better ionic conductivity (0.1mS/cm?) than the commercial separator (0.07 mS/cm?)
although its bulk resistance is higher. The reason lies in the fact that it had bigger thickness
which in turn lead to better electrolyte retention ability. 0.5 TPU sample exhibited the higher
ionic conductivity performance among the samples with 0.21 mS/cm? and the least bulk
resistance even though it has the largest thickness. This difference could be explained by the
fact that thicker separators holds better electrolyte increasing the ionic conductivity, but in the
same time drop of the bulk resistance signifies that calcium alginate in small concentration

facilitates easier movement of the ions.

Table 3.4: lonic conductivities of different TPU samples in symmetric Na-ion cell.

Sample Thickness Bulk resistance lonic Conductivity
(um) (ohm) (mS/cm?)
Neat TPU 40 20 0.10
0.5TPU 70 16.75 0.21
2 TPU 65 35.57 0.09
PP 25 16.75 0.07

3.4.10 Thermal shrinkage

Thermal shrinkage of the samples was measured to simulate the how the separator would act
under high heat condition. Dimensional thermal stability was conducted by putting the samples
inside the oven at 200°C for 2h. It was found that neat TPU nanofibers showed a 63% shrinkage
as shown in Figure 3.30a. Since the melting point of TPU is around 145°C, the shrinkage
occurred is considered to be normal. Hot pressing of the samples significantly enhanced the
dimensional stability performance. This is due to the fact that upon hot press, melted nanofibers
partially melt leading to bonding of the nanofibers which eventually lead to better integrity of
the membrane against harsh thermal conditions [125]. For the CA treated sample, 0% shrinkage
happened. That emphasize the huge role CA plays in enhancing the thermal performance of the
membrane as proposed. CA coating gives the fibers higher crystal structure which make their
mechanical performance under high state of heat way better than neat TPU nanofibrous

membranes. Commercial Celgard 2400 separator totally collapsed after conducting the tests.
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Figure 3.30 : Dimensional stability tests, (a) Neat TPU, (b) 0.5 TPU, (c) 2 TPU, (d)
commercial.

3.4.11 Flammability

The possibility of the sample to catch fire was measure by flame test according to the setup
explained previously. Figure assaas shows the sample structure after 1 and 10 seconds of
exposing to heat. It can be seen that neat TPU (figure asd a) directly shrinked and melted which
is expected due to its low melting point. The hot-pressed sample, although it had better
mechanical integrity when it was exposed to heat in the dimensional stability, it acts as neat
TPU and melts in the same manner. CA treated sample (figure ¢ and d) shows better
performance against the hot flames. 0.5CA treated sample started to burn after 10 seconds
without starting to melt while for the 2CA sample, no flame or color change occurred. The
sample showed significant resistance to the flames. That shows that CA coating had

accomplished its intended purpose by suppressing the flames.
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Figure 3.31 : Flammability tests after 1 and 10 seconds, (a) Neat TPU, (b) Pressed TPU, (c)
0.5 TPU, (d) 2 TPU.
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4, CONCLUSIONS AND RECOMMENDATIONS

UHMWPE membranes were successfully fabricated. The results of the full cell
prepared showed that fabrication of UHMWPE with the proposed method is
achievable. Since UHMWPE’s viscosity is very high, processing the polymer through
the available film die (0.1-0.5mm lips) was unproductive. Lubricants and processing
aids were used yet the issue continued to happen. It’s recommended to use coat hanger
die with adjustable lips that could ease the flow of the viscous polymer through the
film die. A mold could be used in the hot press stage to obtain a film with uniform
thickness which will definitely lead to a more precise control of the membrane and
gain mor homogeneous structure. Closed system heating is advisable in the stage of
uniaxial stretching, where the thermal heat can be controlled precisely and any heat

loss can be avoided.

The TPU nanofibrous membrane gained remarkable thermal properties when coated
with calcium alginate. It exhibited outstanding performance in both dimensional
stability and flammability tests. This shows that coating TPU nanofiber with inherently
flame-retardant biopolymers have the potential in enhancing the thermal properties of
nanofibers. On the other hand, in the electrochemical tests, neat TPU nanofibers
exhibited better performance in comparison to the coated samples. While higher
calcium alginate showed smaller charge transfer resistance with the 0.5% sample. The
interaction mechanism between sodium-based electrolyte and alginates needs to be
further investigated. A comparison study in the performance of TPU nanofibers for
both sodium and lithium ions could be done. Electrospraying of SA could be done to
mitigate the effect of pore closure happens due to dip coating on the drop of TPU
electrochemical performance. the Usage of commercial electrodes and cycling the
battery would help in examining the exact electrochemical performance of the
membranes and their cycling capacity. If the samples hold high cycle life, TPU
nanofibers and alginate coatings holds the potential for a marked performance in

metal-ion battery applications. The obtained results showed the high potential calcium

69



alginate carries in battery applications. Studies to enhance the ionic conductivities of
the calcium alginate can be conducted and better integrating methods can be proposed.
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