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Cellulose nanocrystals (CNCs) have received considerable attention over the last ten 

years because CNCs can be produced from renewable materials such as straw, wood, 

cotton, and sea animals (tunicates). CNCs are slender rods with high aspect ratios (10-

100) and the final dimensions of the CNCs depend on the starting material. CNCs are 

one of the strongest and stiffest organic materials, with an estimated tensile strength 

(TS) of 7.5 GPa and theoretical calculations estimate the tensile modulus (E) of CNCs 

at 168 GPa. In addition, composites incorporating CNCs have been fabricated from a 

variety of matrices and CNCs increase the E significantly and to a lesser extent the TS. 

Improvement is dependent on many variables, but good dispersion of the filler in the 

matrix is critical. 

A copolymer of poly(vinylidene fluoride) (PVDF), poly(vinylidene fluoride-

co-hexafluoropropylene) (PVDFHFP), has gained popularity over the years in the area 

of lithium ion battery technology, mainly, as an electrode binder, but also as a polymer 

electrolyte separator. However, the mechanical properties of neat PVDFHFP do not 



 

meet the standard requirement for commercial separators, namely the low E. In this 

work, novel PVDHFHFP/CNC nanocomposite films were fabricated and 

characterized. It was found that incorporation of CNCs improves the E and TS. The 

improvement in mechanical properties of PVDFHFP upon addition of CNCs makes 

PVDFHFP a more suitable candidate for polymer separators in lithium ion batteries. 

Separators for Li
+
 batteries are most commonly polyolefins (e.g., polyethylene or 

polypropylene). Thus, the second part of this project focused on incorporation of 

CNCs into high density polyethylene (HDPE).     
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Chapter 1: Introduction

Polymer composites have been used for many years in a variety of industrial 

applications from the aerospace industry to architectural coatings [1,2]. A polymer 

composite is defined as a homogenous material (on a macro scale) containing two or 

more components, a continuous component termed the matrix and a dispersed 

component referred to as the filler [1]. The industrial-composite age began in 1907, 

when H. Lebach produced an acid resistant storage tank from phenolic resin filled 

with asbestos [1]. From there, the composite industry grew to enormous proportion 

and as of 2007 the aerospace composite industry alone was estimated at $7 billion [3]. 

The most common aerospace filler as of 2006 was carbon fiber, which was estimated 

at 75% of the total aerospace composite market and demand for carbon fiber was 

projected to reach 100 million pounds in 2010 [3,4]. 

1.1 Traditional Fiber Fillers   

Traditional industrial fiber fillers include carbon fiber, aramid fiber (Kevlar®), and E-

glass fiber. One fiber that has changed an entire industry is Kevlar®, in that prior to 

the development of Kevlar® airplane manufacturers relied on metals such as 

aluminum to produce wings and tails [5]. But the success of Kevlar®, led to the 

development of other fiber based fillers with extreme success in all types of industries. 

With the advent of carbon fiber/epoxy composites plane parts became lighter. Indeed, 

manufacturing marvels such as the F/A 18 has been manufactured from an ever greater 

percentage of carbon fiber/epoxy composites since first produced [6]. In fact, the F/A 
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18 c/d was produced using about 10% carbon fiber/epoxy whereas the carbon 

fiber/epoxy content in the F/A 18 e/f increased to about 20% [6]. Using aligned 

fibrous fillers allows for stress transfer along the fiber axis so that toughness, strength, 

and stiffness can be greater for the fiber composite compared to the neat matrix. In 

addition they are lighter than metal reinforcements [5].   

1.2 Nanofillers (NFs)           

Within the last ten years, attention has turned to nanofillers (NFs). NFs come in a wide 

variety of forms, such as, silicates [7], metal oxides [8], carbon nanotubes [9], carbon 

nanofiber [10], and cellulose nanocrystals (CNCs). NFs such as carbon nanofiber and 

carbon nanotubes can increase the conductivity of thermoplastic matrices drastically 

[9,10]. Also, many NFs improve the mechanical properties of the matrix and require 

less filler to achieve that increase compared to composites fabricated using traditional 

fillers [11]. Some NFs have properties that are size dependent, such as semiconductor 

nanoparticles which have band gaps that are dependent on the diameter of the 

nanoparticles.  

Polysaccharide based NFs offer a renewable source of filler and examples are 

CNCs, starch nanocrystals and microfibrillated cellulose (MFC) [12,13]. These NFs 

are produced from potato or corn starch, wood, cotton, or even straw. Material 

renewability has become more of a concern over the last ten years and these NFs could 
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possibly be produced from waste such as paper waste, woody biomass, or even yard 

waste.  

The first part of this project was the fabrication of poly(vinylidene fluoride-co-

hexafluoropropylene) (PVDFHFP)/CNC nanocomposites (NCs) followed by 

characterization in terms of mechanical and electrical properties. After 

characterization, CNC/PVDFHFP NCs were considered as potential polymer 

separators in lithium ion (Li
+
) batteries. Currently, neat PVDFHFP does not meet the 

standard requirement for separators in Li
+ 

batteries because it has a low tensile 

modulus (E) [14]. But incorporation of CNCs was shown to improve the E drastically, 

thereby making PVDFHFP/CNC composites more suited toward separator 

applications. The primary objective for CNC filled PVDFHFP was to follow up on 

previous research at Entek Membranes in Lebanon OR, which indicated that 

PVDFHFP coatings on Teklon Gold LP improved polymer separator shutdown 

performance. CNC/PVDFHFP solutions were prepared for Teklon coating, however, 

the opportunity to use the equipment at Entek never materialized. Mock Teklon 

coating experiments were carried out using a solution containing CNCs and 

PVDFHFP and the % mass increase for coated Teklon was ~10% with minimal 

decreases in porosity. Separators for Li
+
 batteries are most commonly polyolefins 

(e.g., polyethylene or polypropylene). Thus, the second part of this project focused on 

incorporation of CNCs into high density polyethylene (HDPE).     
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Chapter 2: Literature Review 

2.1 Cellulose/CNC Background 

Cellulose is a linear polymer composed of glucopyranose rings linked in a β (1→4) 

fashion and is ~70% crystalline depending on the source from which is extracted 

(Figure 1) [15].  

Cellulose is the most abundant natural polymer on the planet and thus is a renewable 

source of filler. Cellulose is a major component of wood (50%), cotton (90%), hemp 

(77%) and straw (45%) and a minor component in some algae, marine animals 

(tunicates) and bacteria [15,16]. Anselme Payen was one of the first to report the 

extraction and purification of cellulose in 1838 [16]. From there, numerous reports on 

the structure, reactivity and applications appeared in the literature [16]. In addition, 

cellulose and cellulose derivatives are widely used today in a variety of applications 

from the paper industry to food science [15]. The simple repeat unit shown in Figure 1 

is not the entire picture however, and Figure 2 shows a 3d depiction of the crystalline 

and amorphous domains of cellulose, which collectively are called an elementary fibril 

[16].  

Figure 1: chemical repeat unit of cellulose [16]. 
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The dashes within each elementary fibril are cellulose chains and looking from the top 

down gives the picture at the left. This image shows the extensive inter and intra 

molecular hydrogen bonding in cellulose. This extensive hydrogen bonding gives rise 

to high axial tensile stiffness and insolubility of cellulose.  

In the 1950s, Ränby was the first to report that sulfuric acid hydrolysis of 

cellulose fibers produced colloidal suspensions [17]. These particles were later termed 

CNCs. Ränby found that the turbidity of the suspensions was dependent upon the pH 

and the number of washings with distilled water. Since then extensive research has 

been carried out on the physical and chemical properties, and applications of CNCs. 

The reason incorporation of CNCs within a host matrix is desirable is that CNCs 

should reinforce the matrix thereby increasing strength, stiffness, and toughness [16]. 

CNCs are one of the strongest and stiffest of organic materials, with an estimated 

tensile strength (TS) of 7.5 GPa and theoretical calculations estimate the tensile 

modulus (E) of CNCs at 168 GPa. Recently, using Ramen spectroscopy, the tensile 

modulus of cotton CNCs was determined to be 105 GPa [16]. The estimated extension 

to break for CNCs is low, however, at 2%, but CNCs have high surface areas (~250 

Figure 2: 3D depiction of the cellulose amorphous and crystalline domains 

[11,16]. 
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m
2
/g) and dimensionally CNCs are long, thin rods with high aspect ratios (~10-100) 

[16]. Lastly, the mechanical properties of CNCs are comparable to carbon fiber, 

Kevlar and steel wire. Table 1 compares typical mechanical properties of common 

materials to CNCs. 

 

Table 1: mechanical properties of CNCs compared to other common materials
1
. 

        Material E(GPa) TS (GPa) density (g/mL) 

    Carbon fiber 127 4 1.8 

    Kevlar® fiber 75-160 2.5 1.4 

    Steel wire 210 4 7.8 

    Cotton CNCs 105 7.5 1.6 

    1. Adopted from [11,15,16]. 

     

2.1.1 CNC Production 

CNCs are essentially hydrolyzed cellulose fibers and can be produced, for example, by 

acid hydrolysis of microcrystalline cellulose (MCC), although a wide variety of 

cellulose sources can be used [16]. The aspect ratio (L/d = ρ) of the final CNCs 

depends on the cellulose source [16]. For instance, CNCs derived from sea animals, or 

tunicates, have the largest ρ (100) whereas CNCs derived from wood have the lowest 

ρ (20) [16]. As shown in Figure 3, acid hydrolysis helps to disrupt the 

amorphous/crystalline interface and subsequently dissolve the amorphous regions of 

the MCC due to greater solvent accessibility in the amorphous regions. Subsequent 

salt removal via centrifugation and dialysis produces the CNCs.   
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Acid hydrolysis is usually performed using aqueous HCl or H2SO4. Using the former, 

surface charge must be introduced after hydrolysis whereas the latter produces surface 

charges during hydrolysis via sulfate ester groups giving sulfate cellulose nanocrystals 

(S.CNCs) (Figure 4). When using HCl, carboxyl groups can be introduced after 

hydrolysis onto the surface of the CNC using a regioselective carboxylation reaction 

incorporating a 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO)/NaBr/NaOCl catalyst 

system giving carboxylated cellulose nanocrystals (C.CNCs) [16,18]. 

Figure 3: CNC production using acid hydrolysis. 

 

Figure 4: CNC production using sulfuric acid. 
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2.1.2 S.CNC Nanocomposites  

Nanocomposites (NCs) incorporating CNCs have been fabricated using a variety of 

matrices; for instance, poly(vinyl alcohol) (PVA) and poly(vinyl acetate) [19-21], 

water-borne polyurethane (WBP) [22], polypropylene (PP) [23], starch [24], 

poly(acrylic acid) (PAA) [25], polyethylene oxide (PEO) [26] and low density 

polyethylene (LDPE) [27]. CNCs sometimes increase the E and TS significantly 

relative to the neat matrix and this behavior is observed for WBP, starch, PVA and 

PAA CNC composites. Improvement of the TS is related to interfacial adhesion (IA) 

between the matrix and filler and the large increases in the TS in WBP, starch, PVA 

and PAA CNC NCs is presumably due to the strong hydrogen bonding between 

cellulose and WBP, PVA, starch and PAA. In contrast Menezes et al. [27] produced 

LDPE/CNC NCs via acid chloride modification of CNCs with fatty acid chlorides 

(Figure 5), but the E and TS are relatively unchanged compared to the neat matrix and 

unmodified CNC/LDPE NCs.  
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Through contact angle measurements, Menezes et al. [27] show that the 

hydrophobicity of the modified CNCs increases with increasing length of the fatty 

acid chloride chain compared to unmodified CNCs. Overall, dispersal of CNCs within 

LDPE should improve relative to the unmodified CNCs via reducing the hydrophilic 

character of CNCs, however the lack of improvement in E and TS could be attributed 

to poor IA due to the sulfate ester groups (still present) at the surface in the modified 

CNCs, or to weak IA between the grafted fatty acid chains and LDPE.    

The increase in the E is dependent on many variables, but good dispersion of 

the filler in the matrix is critical. In addition, this increase is typically accompanied by 

a drastic decrease in the strain at break (εb) due to the brittle nature of CNCs. For 

example, the εb in neat WBP as measured by Cao et al. [22] was 1000 % but after the 

addition of 30 % by weight flax CNCs the strain to break decreased by about 10 times. 

If high filler loading is desirable, one way to improve the strain to break in CNC 

polymer composites is to add a plasticizer such as poly(ethylene glycol) or glycerol. 

However, at low CNC loading the E, TS and toughness should increase with a 

minimal decrease in εb.  

Figure 5: Acid chloride reaction with CNCs. 
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2.2 PVDF Overview 

The beginning of the fluoro-polymer age began in 1938 with the accidental discovery 

of poly(tetrafluoroethylaene) (PTFE) by Dr. Roy Plunkett working for a subsidiary of 

DuPont [28]. However it took about 10 more years for PTFE to be produced 

industrially, under the trade name Teflon®. In 1965, Arkema become the first 

company to produce poly(vinylidene fluoride) (PVDF, Figure 6) on an industrial scale 

marketed under the trade name Kynar® [29].  

Since then many fluoropolymers have been developed for a wide range of 

applications, for instance, the aerospace industry, architectural coatings, 

semiconductor manufacturing and even photovoltaics [2,28-30]. These applications 

exploit the high strength of the carbon-fluorine bond, which gives rise to the 

unprecedented chemical and weathering resistance of fluoro-polymers [2]. PVDF is 

now used extensively in semiconductor manufacturing as piping and storage of high-

purity chemicals [2]. PVDF is preferred for chemical handling due to the higher 

crystallinity of the homopolymer compared to PVDF copolymers and the higher 

crystallinity of PVDF insures that chemical leaching is minimal [2]. A copolymer of 

PVDF, poly(vinylidene fluoride-co-hexafluoropropylene) (PVDFHFP, Figure 7), has 

Figure 6: repeat unit of PVDF. 
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gained popularity over the years in the area of lithium ion battery technology mainly, 

as an electrode binder, but it has also been studied as a polymer electrolyte separator 

for Li
+
 batteries [31-36].  

The major attraction of PVDFHFP compared to PVDF is the lower crystallinity of 

PVDFHFP which should allow for greater electrolyte uptake and solubility. 

There are three common phases of PVDF as well as PVDFHFP, α, β, and γ; 

the most common, is the α phase which is the phase obtained under regular processing 

conditions [37]. The β phase content is critical in terms of piezoelectric and 

pyroelectric properties of PVDF and copolymers [2,37]. The F atoms in the β phase 

are oriented on one side of the C backbone so that the net dipole of individual polymer 

chains is non-zero, whereas the F atoms in the α phase alternate along the C backbone 

thereby eliminating the net dipole of individual polymer chains [2]. The β phase is 

obtained by solution casting from a highly polar aprotic solvent (e.g., 

hexamethylphosphorictriamide) or tensile strain at elevated temperatures to an α phase 

film [37]. Although, solvent polarity alone does not dictate which phase will be 

obtained from solvent casting and mixtures of the crystalline phases can be obtained 

[38]. Whichever method is used to produce the β phase the sample must be poled to 

Figure 7: repeat unit of PVDFHFP. 
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produce maximum net polarization and the magnitude of the piezoelectric coefficient 

is directly related to the net polarization. Most commonly a thermal poling process is 

employed and consists of (1) placing electrodes on the material via vapor deposition or 

coating, (2) application of a DC electric field (>50 MV/m) at the electrodes and (3) 

heating the material to 100 °C [37]. 

2.2.1 PVDFHFP Nanocomposites (NCs) 

PVDFHFP NCs incorporating inorganic NFs are abundant in the literature [10,31,33-

36,38-40], but PVDFHFP NCs fabricated from organic NFs are lacking. In addition, 

most reports focus on Li
+
 battery separator applications as will be discussed in section 

2.4. However, a few reports indicate that incorporation of NFs lead to improvement in 

the mechanical properties of PVDF and PVDFHFP, namely toughness, TS and E [39-

40]. Shah et al. [38,39], produced PVDF nanocomposites incorporating nanoclays 

which showed a large increase in toughness relative to the neat matrix. Furthermore 

Kelarakis et al. [40], indicate that modified nanoclays improve the toughness of 

PVFDHFP as well. In both cases, the increase in toughness was attributed to PVDF or 

PVDFHFP intercalation between nanoclay sheets which was verified via increasing 

separation (d-spacing) of the nanoclay sheets upon NC fabrication [40]. Carbon 

nanofiber/PVDF NCs showed increased crystallinity, E and electrical conductivity 

relative to neat PVDF [10]. In addition, Costa et al. [10] show that carbon nanofiber 

causes increased nucleation of PVDF thereby leading to increased crystallinity. 
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2.3 Polyethylene Overview  

In 1933, Reginald Gibson and Eric Fawcett while working for Imperial Chemical 

Industries discovered polyethylene (PE) [41]. PE is now used extensively in a wide 

range of applications from cases for electronic devices to garbage bags. PE can be 

melt extruded, injection molded, and blow extruded. In addition, PE can be processed 

so that crystallinity is maximized or minimized depending on the application. PE also 

finds wide use as wire jacketing due to the high resistivity (~10
14 

Ωm) and exceptional 

durability of PE.   

2.3.1 Polyethylene Nanocomposites 

Due to the hydrophilic nature of CNCs attempts to incorporate CNCs into commonly 

used yet hydrophobic polymers (e.g., polyethylene (PE) and polypropylene (PP)) is 

inherently difficult and are limited to cellulose fiber (CF) or involve the incorporation 

of surface modified or surfactant coated CNCs [23,27,42,43]. The relevant PE NCs are 

CNC/LDPE NCs which were briefly discussed in section 2.1.2 and these types of 

composites are not abundant in the literature [27]. Previous attempts, however, 

incorporated cellulose fiber (CF) into LDPE and CNC/LDPE NCs are approached in a 

similar manner, namely, the reaction of fatty acid chlorides with the primary hydroxyl 

group of CFs or CNCs (Figure 5, page 8) [42,43].  

In terms of improvement in mechanical properties, acid chloride reactions on 

CNCs or CF seem to improve dispersal within the matrix but this does not result in 
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improvements in the mechanical testing data. For instance, the E and TS are relatively 

unchanged compared to the neat LDPE and non-grafted CNC/LDPE NCs. In addition, 

the strain at break (εb) decreases drastically for all modifications except for stearic acid 

chloride modified CNC/LDPE NCs [28]. The lack of improvement for stearic acid 

chloride CF/LDPE NCs was attributed to a decrease in the degree of polymerization 

(DOP) of the CNCs due to HCl formation upon reaction with fatty acid chlorides 

(Figure 5, page 8) [42]. Decreasing DOP means that the ρ of the CFs has decreased 

relative to the neat fibers, and thus improved dispersal within the matrix is achieved at 

the expense of the reinforcing affect of CFs. On the other hand, CNCs are more 

resistant to the reaction medium than CFs which explains the higher εb for stearic acid 

chloride modified CNC/LDPE NCs.  

Other possible routes to surface modification could be accomplished by (1) 

reacting carboxylated CNCs (C.CNCs) with an amine containing an aliphatic side 

chain (e.g., octadecylamine) and using N-Ethyl-N′-(3-dimethylaminopropyl) 

carbodiimide hydrochloride (EDC) as a coupling agent (Figure 8); (2) using a 

compatibalizer such as maleic anhydride grafted PP (MAPP); or (3) surfactant coating 

of CNCs [21,44,45].  
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Protocol (1) has not been used to produce CNC composites but EDC is a costly 

reagent (~$12/g) and separation of fatty acid amines requires excessive Soxhlet 

extractions with CHCl3, acetone, and ethanol or methanol. Protocol (2) was used to 

produce wood/HDPE composites with increased mechanical properties and has not 

been used to produce CNC/HDPE composites [45]. The major problem with 

compatibilization is that the unreacted compatibilizer is not compatible with HDPE 

because water will react with the compatibilizer to hydrolyze the maleic anhydride 

groups to carboxylic acids. Protocol (3) was used by Ljungberg et al. [23] and 

surfactant coating of CNCs followed by freeze drying and redispersal of the CNCs 

produced a stable solution of CNCs in toluene. Subsequent compression molding 

produced CNC/PP composite films with improved mechanical properties relative to 

neat PP. However, Ljungberg et al. [23] did not report on the reproducibility of 

improvement in those mechanical properties. The inherent difficulty in fabricating 

CNC composites from PP or PE warrants strict statistical analysis of mechanical 

testing, since non-uniform and inconsistent properties inherent in NCs in general can 

lead to localized improvement of mechanical properties.  

Figure 8: aqueous EDC coupling reaction of C.CNC with octadecylamine 

(R=C18H37); EDC = N-Ethyl-N′-(3-dimethylaminopropyl) carbodiimide 

hydrochloride, NHS = N-Hydroxysuccinimide. 
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2.4 Polymer Separators for Li
+
 Batteries 

Polymer separator membranes in Li
+
 batteries provide protection against electrode 

contact leading to electrical shorts, dendritic growth of Li metal and thermal runaway, 

all of which lead to dangerous batteries. In addition, membrane separators provide the 

porous structure by which the charge-discharge process is made possible. The first 

polymer separator developed for Li
+
 was based on polyethylene oxide (PEO) but 

lithium ion transport was limited at room temperature due to Li
+
 encapsulation by 

PEO, but at higher temperatures Li
+
 transport improved [46]. However, the low E of 

PEO did not meet the requirements for the fabrication process of polymer separators. 

Commercially available separator membranes for Li
+
 batteries, for example, Teklon 

from Entek, Celgard, and Tonen from Exxon Mobil are microporous polyolefins 

composed of polyethylene (PE), polypropylene (PP), ultrahigh molecular weight 

polyethylene (UHMWPE) or a combination of PP and PE [14]. These polyolefins 

combine processibility with mechanical stability. PP, PE and UHMWPE separator 

films are produced via extrusion followed by winding into rolls for easy transport of 

the finished films. The winding process requires relatively high TS (~100 MPa) at 

least in the machine direction, but the key feature is that the material does not elongate 

during the winding process and a maximum strain of 2% at a stress of 10 MPa is 

sufficient for most production lines [14]. According to Arora and Zhang [14], a more 

relevant material property is the E but accurate measurement of E is difficult due to 

the difficulty in determining the yield point, the point at which strain becomes 
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irreversible. Table 1 summarizes some key design features that separators must meet 

so that battery performance and battery fabrication are not limited by the separator. 

Table 2: some basic requirements for polymer separator membranes for Li
+ 

ion 

batteries
1
. 

     Feature Requirement 

  Porosity > 35%; low internal resistance 

Elongation < 2% at 10 MPa in machine direction 

  Thickness 15-50 μm depending on application 

   Shutdown 140 °C; pore closure 

   1. Adopted from [14]. 

2.4.1 Polymeric Separator Research 

Although commercial separators are typcally polyolefins, many other polymeric 

composite materials have been considered as separators in lithium ion batteries, for 

instance PEO, poly(methyl methacrylate), PVDF, and poly(acrylonitrile) [31]. As 

mentioned in section 2.2, in the last 5 years PVDFHFP composite electrolytes have 

received considerable attention as polymer separators for Li
+
 batteries. Xie et al. [33], 

combined PVDFHFP and micron sized alumina using evaporative phase inversion 

techniques, whereby PVDFHFP is dissolved in a non-solvent/solvent mixture (e.g., 

ethanol and acetone, respectively) and subsequently evaporated to produce the final 

composite film. This method produced porous films due to the evaporation of the 

solvent prior to the non-solvent. Films produced in this manner, had electrolyte soaked 

room temperature conductivities (ζ) about 5 times higher than control films at 10% 

filler loading. The increased ζ was attributed to increased porosity and thereby 
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increased electrolyte uptake upon the addition of micron-sized alumina particles. 

Stephan et al. [34] took a different approach, they combined lithium bis 

perfluorosulfonyl imide, PVDFHFP and micro or nano sized AlO(OH)n in the casting 

solution so that the final composite film could be referred to as a solid state composite 

electrolyte, since the lithium salt was incorporated into the casting solution. Stephan et 

al. [34], found that incorporation of nano or micron sized AlO(OH)n increased the 

room temperature conductivity of the composite films by several orders of magnitude 

relative to the control at 18 % filler loading. The increase in conductivity was 

attributed to Lewis acid-base interactions between Li
+
 and the filler (AlO(OH)n). Kim 

et al. [35], used traditional phase inversion techniques whereby PVDFHFP and the 

filler (TiO2) are dissolved in a good solvent (e.g., N-methyl-2-pyrrolidone (NMP)) and 

then placed in a water bath to remove the NMP. In addition for comparison, Kim et al. 

produced films via solvent casting under vacuum in NMP. It was found that phase 

inversion produced films with greater electrolyte uptake than solvent casting under 

vacuum due to the higher porosity of the films produced via phase inversion and all 

composite films produced from phase inversion techniques had electrolyte soaked 

conductivities > 1mS/cm at room temperature. Another approach adopted by workers 

at Telcordia (formerly Bellcore), involves the use of a plasticizer (e.g., di(n-

buytl)phthalate (DBP)) in the casting mixture that upon extraction in diethyl ether 

creates a porous network which facilities electrolyte uptake [36]. Using this approach 

and filling PVDFHFP with a variety of modified micron sized SiO2 particles, 
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Walkowiak et al. [31], achieved increases in electrolyte soaked conductivity about 10
4
 

times that of neat PVDFHFP. Table 2 summarizes the techniques used to fabricate 

composite films described in this section (2.4.1). 

Table 3: summary of methods used to produce polymer electrolyte composite films. 

Method Solvent
2
/nonsolvent  Solvent removal Plasticizer Electrolyte uptake 

Traditional PI
1 

Active/water Dipping in water  None Soaking after casting   

Evaporative PI Active/ethanol Evaporation None Soaking after casting 

Telcordia   Active/none Evaporation DBP/ether
3 

Soaking after casting 

Solid state   Active/none Evaporation None In casting solution 

       1. PI = phase inversion; 2. Active solvents include acetone, NMP; 2. Used to extract DBP   

2.5 Nanocomposites (NCs) Processing 

2.5.1 Solution Based 

A solution based route which produces CNC composites from hydrophobic matrices 

would prove useful because solution based methods should be the easiest route to 

improved dispersal within the matrix. One way to approach the problem is to find 

solvent systems which allow the dissolution of CNCs and the polymeric matrix. 

PVDFHFP composite films as described in section 2.4.1 can be fabricated using 

solvent casting techniques (Table 2) from a wide variety of solvents (e.g., NMP, 

tetrahydrofuran, DMF). In addition, Viet et al. [47], have re-suspended freeze dried 

S.CNCs in N,N-dimethylformamide (DMF) and dimethyl sulfoxide (DMSO), although 

significant aggregation was observed via dynamic light scattering (DLS). The 

hydrodynamic radius (HR) was measured by DLS and increased in the order, DMF > 
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DMSO > H2O [47]. The increase in HR was attributed to increased aggregation upon 

re-dispersal in DMF and DMSO. However, this seems like a promising route since 

PVDFHFP NCs and PVDFHFP films have been produced from DMF and N,N-

dimethylacetamide (DMAc) [10,40,48]. This indicates that solvent casting could be a 

viable option to produce PVDFHFP/CNC NCs.   

2.5.2 Extrusion/Melt Mixing  

PVDF and PVDFHFP can be melt-mixed or extruded and a variety of composites have 

been fabricated using these techniques. Shah et al. [10] and Kelarakis et al. [40] 

produced PVDF and PVDFHFP nano-clay composites, respectively via melt mixing 

and extrusion. In addition, Menezes et al. [27] produced LDPE/CNC NCs via melt-

mixing and extrusion. The inherent difficulty in using melt mixing/extrusion to 

produce CNC composites is that thermal degradation of CNCs is increased in the 

presence of O2 (g), but melt mixing under an inert atmosphere (e.g., N2(g)) should 

decrease thermal degradation.    

2.6 Mechanical Property Improvement    

Important to the field of composite science is the prediction of improvement in 

mechanical properties (e.g., tensile, shear, or storage modulus) upon the addition of 

filler. There are at least two models that have been proposed in the literature, one is 

percolation theory (PT), the other is an amalgamation of the concentric cylinder model 

(CCM) and 2D mean field theory (MFT), and the latter models have been called the 
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Nairn model (NM), in this report [11,23,49]. PT approaches the incorporation of the 

filler as an interconnected network spanning the entire width of the matrix, above a 

certain volume fraction of filler. This critical volume fraction is the basis of PT and is 

called the percolation threshold (Vf,t, Figure 9), which is related to the ρ of the filler 

and the ρ can be determined using atomic force microscopy (AFM). According to 

Favier et al. [49], the ρ is related to the percolation threshold or the critical volume 

fraction for percolation to occur via the following relationship,  

           
 

 
                                                                                                                          

For CNCs produced from MCC this occurs at about 2.5 % by volume or 2.1% by 

weight. PT relates the modulus of the composite (Ec) to the matrix and filler moduli, 

Em and Ef, respectively, in the following manner, 

    
                         

 

                 
                                                                    

 

Figure 9: simplified (2D) depiction of the percolation threshold. 
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where Vf is the volume fraction of filler in the composite and η is related to the 

percolation threshold (Vf,t). For Vf < Vf,t, η = 0 and for Vf > Vf,t, 

      
       

      
 
 

                                                                                             (3),  

where b has been determined to be 0.4 [49].  

The NM, on the other hand, is derived from shear lag theory and takes the 

reduction in Ef due to interfacial phenomena into account. The NM uses the results of 

the CCM for the composite axial and transverse tensile moduli (  
       

   

respectively) and the axial shear modulus (  
 ):  

  
     

                                                                                                              (4), 

  
      

  
 

     
  

    

     

                                                                                                               

  
       

  
 

  
     

   
    

   

                                                                                                                     

where Em is E of the matrix, Vf is the volume fraction of filler within the matrix,   
   

and   
  are the effective axial tensile modulus and the effective axial shear modulus of 

the filler, respectively.   
  and    

 are given as follows, 

  
         

      

  
                                                                                                            , 
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where EA is the axial E of the filler, rf is the radius of the fiber (here the filler is 

modified as a cylinder) and Dt is the composite interfacial shear stiffness between 

matrix and filler. The new term is β in equation 7 and is given according to the 

following relation, 

   
 

    
 

                

      
   

 
 

   
 
         
      

   
      

   
      
    

                    

where Gf  and Gm are the filler and matrix shear moduli, respectively and α is a 

dimensionless constant (0.009). The tensile modulus of the composite is assumed to be 

isotropic in plane and 2D MFT is used after determining the composite properties 

given in equations 4-6. The MFT equations for a 2D isotropic composite with Vf = 1, 

are as follows: 
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where   
     

  and   
  are determined from equations 4-6, respectively, θA is Poisson’s 

ratio of the filler and θ’A is determined from the following relationship, 

  
   

     

  
                                                                                                                                      

where EA and ET are the axial and transverse tensile moduli of the filler, respectively. 

The first step in using the NM was to acquire data for the matrix and filler 

properties presented in the above equations and the properties are given in Table 4. 

Table 4: filler (CNC) and matrix properties. 
 

     Parameter Value Reference 

Gm 
 

0.204 GPa [54] 

Gf 

 
5 GPa [27] 

Ef 
 

110 GPa [15] 

Em 
 

0.56 GPa this work 

Dt 
 

1200 GPa/mm Fit 

rf 
 

4.0 nm [15] 

ρ 
 

26 [15] 

ET 

 
8 GPa [11] 

θA 

 
0.25 [11] 

 

Then, the effects of interfacial phenomena and filler aspect ratio were taken into 

account by calculating the stress transfer rate (β; equation 8). Once β was calculated, 

the   
  and    

 were calculated using equations 7 and 8. Thirdly, following the work of 

Hashin, the   
     

  and    
  were determined using equations 4-6 [11]. Lastly, using 
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MFT 2D averaging with Vf = 1, the in-plane composite tensile modulus (Ec) was 

determined using equations 9-11.         

Chapter 3: Materials and Methods   

3.1 Materials 

PVDFHFP pellets (Mw=400,000) and microcrystalline cellulose (MCC) (Avicel 

PH101, average particle size 50 µm) were purchased from Sigma-Aldrich, USA. N,N-

dimethylacetamide (DMAc), 98% w/w sulfuric acid and acetone were purchased from 

Mallinckrodt chemicals. Selectipur LP30 electrolyte was purchased from Merck and 

standardized 10 mM HCl and 10 mM NaOH were purchased from VWR. All reagents 

were used as received.   

3.2 S.CNC Production 

20.0 g of MCC was hydrolyzed using 492.0 g of 64% w/w H2SO4 by heating at 45 °C 

for 1 hour while stirring. After hydrolysis, the reaction mixture was diluted to 1 L, 

cooled to room temperature and then centrifuged at 3500 relative centrifugal force 

(rcf) for 1 hour. Collected pellets from centrifugation were diluted with DI water and 

dialyzed against DI water for 3-5 days. When the conductivity of the DI water stopped 

increasing the CNC solution was removed from dialysis and sonicated for 1 hour and 

then vacuum filtered to 0.7 μm through glass filter paper.  

3.3 S.CNC Characterization 
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3.3.1 Conductometric Titrations 

~ 20 mg of S.CNCs were titrated using standardized 10 mM NaOH by adding the 

necessary amount of CNC aqueous dispersion. Then 500 µL of standardized 10 mM 

HCl and 20 mL of DI water were added to the CNC dispersion prior to titrating. 

Titrations were carried out by adding 50 μL aliquots of standardized 10 mM NaOH to 

the acidified CNC dispersion and recording the conductivity after the addition of each 

aliquot.  

3.3.2 CNC Images 

AFM images were obtained using a Bruker Dimension Digital Instruments 3200 

scanning probe microscope. Samples on mica substrates were prepared from the 

aqueous CNC solutions (0.001 % wt/wt).   

3.4 PVDFHFP/S.CNC Composites 

3.4.1 CNCs in N,N-Dimethylacetamide (DMAc)  

S.CNCs were dispersed in DMAc by adding an equal amount by weight of DMAc to 

an aqueous S.CNC solution. After the addition of DMAc, water was removed by 

rotary evaporation and a concentration of 0.75% S.CNCs in DMAc was used to cast 

all composite films.  

3.4.2 PVDFHFP/S.CNC Composite Film Preparation 
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Control PVDFHFP films were cast from PVDFHFP in (1:1) acetone/DMAc at a 

concentration of 5% by weight using circular petri-dishes (diameter = 70 mm). The 

appropriate amounts of S.CNCs in DMAc and 5% by weight PVDFHFP in 

acetone/DMAc were mixed in circular petri-dishes (diameter = 70 mm) and dried 

under vacuum at 70 °C for 24 hours to obtain a composite film (~150 mg) and 50 °C 

under vacuum for 4-5 hours prior to tensile testing. Acetone was used to reduce the 

amount of DMAc that had to be evaporated. 

3.4.3 Electrical Measurements 

All electrical measurements were carried out using a Solartron Analytical impedance 

analyzer (Hampshire, UK.) consisting of a Solartron 1260 Impedance Gain-phase 

analyzer and an SI1287 Electrochemical interface.  

Electrolyte soaking experiments were carried out by soaking the samples in 

Selectipur® LP30 (conductivity = 10 mS/cm at 25°C) in a dry-box for 24 hours, 

sandwiching the films between two aluminum blocking electrodes (d = 1.25 cm) and 

measuring the impedance using impedance spectroscopy (IS) from 10-100 kHz with 

an AC amplitude of 100 mV. The conductivity (ζ) of the film with the highest filler 

loading for S.CNCs (20%) was calculated from the measured impedance (Z’) at Z” = 

0 via,  

ζ   
 

 ′ 
                                                                                                                                    , 
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where t is the film thickness and A is the area of the blocking electrodes. 

The capacitance was measured using IS by sandwiching 4 films between two 

Al blocking electrodes (d = 1.25 cm) and sweeping the frequency from 100 Hz to 100 

kHz with an AC amplitude of 2 V. The relative permittivity (ε’) of the control and 

composite samples were calculated from the measured capacitance using the following 

relation,   

   
      

 
                                                                                                                                    

where A is the cross sectional area of the Al blocking electrodes, εo is the permittivity 

of free space (8.85 pF/m) and t is the thickness of the film separating the electrodes. 

Also, tan δ was calculated from the real and imaginary parts of the relative 

permittivity, ε’ and ε”, respectively, from the following relationship, 

      
  

  
                                                                                                                                       

3.5 HDPE/S.CNC Composites 

3.5.1 Gel-Based Processing 

HDPE/S.CNC composites were fabricated via a gel procedure. This procedure consists 

of concentrating a S.CNC solution to ~3 % by weight via rotary evaporation and 

subsequent addition of acetone (excess) causes the S.CNCs to gel. The gel was 

centrifuged at 3500 rcf for 100 minutes to avoid loss of S.CNCs. After centrifugation, 
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the acetone supernatant was decanted and HDPE was added to the S.CNC gel. The 

S.CNC gel and HDPE powder were mixed thoroughly and after the addition of 

acetone (~100 g) the HDPE/S.CNC gel was centrifuged for 30 minutes at 3500 rcf. 

The HDPE/S.CNC gel was removed from the centrifuge tube and dried at 50°C under 

vacuum for 18 hours prior to melt mixing. 

3.5.2 Brabender Melt Mixing and Compression Molding 

After drying the HDPE/CNC gel, 20.0 g of the powder was added to a Brabender melt 

mixer and mixed for 3 minutes at 50 RPM and 150°C under a flow of N2(g). After melt 

mixing, 5.0 g of the processed composite was compression molded in a stainless steel 

mold for 3 minutes at 150 °C and 1500lbs. Before compression molding, the sample 

was heated on the platen at 150 °C for 5 minutes. Table 1 shows the sample codes 

used and indicates which samples contained compatabilizer; 1% compatabilizer was 

used per CNC mass and was added to the Brabender with the HDPE/S.CNC powder.  

Table 5: HDPE/S.CNC composite sample IDs and treatments 

      

  
Sample ID Compatabilizer 

 

  
5% none 

  

  
5%M MAPE 

  

  
10% none 

  

  
10%M MAPE 

   

3.5.3 Staining of HDPE/S.CNC Composites 
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An aliquot of HDPE/S.CNC composite sample was soaked in aqueous berberine 

chloride solution (1 ppm) for 2 hours. After soaking in berberine solution, each sample 

was observed under a Nikon microscope equipped with a mercury lamp. 

3.6 Static Tensile Testing  

Static tensile testing was performed by Jie Ding (MS student in Wood Science) using 

an Instron tensile testing machine (Norwood, MA) with an extension rate of 5 mm/min 

and dog-bone samples with dimensions of 0.05 mm x 30 mm x 15 mm for PVDFHFP 

composites and 1 mm x 30 mm x 15 mm for HDPE composites. The steel mold used 

for the HDPE samples had an additional plate inserted into the bottom (1 mm thick) to 

increase the amount of samples that could be produced per batch. The toughness (T) of 

the PVDFHFP composite films were determined by numerical integration of the 

stress-strain curves via,     

                                                                                                                                          

where ζ is stress, ε is strain and the limits of integration are from ζ = 0 to ζ = ζb.   

3.7 Thermal Analysis 

Differential scanning calorimetry (DSC) was used to determine the % matrix 

crystallinity (Xc) of the control and composite samples using Al pans and a TA 

Instruments DSC model 2920 (New Castle, DE). DSC runs were performed over a 

temperature range of 30 °C to 160 °C using a scan rate of 10 °C/min and ~5 mg 
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samples for PVDFHFP/S.CNC composite films. The enthalpy of melting (ΔHm) was 

determined from DSC scans using TA Universal Analysis 2000 software. Xc was 

calculated using the following relationship,  

    
   

     
 
   

  
                                                                                                               

where ΔHm,0 is the standard enthalpy of melting for PVDFHFP (104 J/g) and Wm is 

the weight fraction of matrix in the composite sample [48]. 

Chapter 4: Results 

4.1 S.CNC Characterization 

4.1.1 Conductometric Titrations 

A conductometric titration curve is shown in Figure 10 for S.CNCs and the amount of 

surface sulfate ester groups was determined to be 0.23 (0.02) mmols/g. 
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The amount of excess HCl was determined by finding the intersection of the line with 

a negative slope and the line fitting the flat region of the graph. The amount of 

ROSO3H plus excess HCl was determined via the intersection of the line with a 

positive slope and the line fitting the flat region. The actual equivalence point of the 

S.CNCs was determined by subtracting the two intersection points.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      

 4.1.2 CNC Images 

Figure 11 shows an AFM image of the S.CNCs from water and the ρ determined from 

the height image was 26 (±4).  

 

 

 

 

Figure 10: conductometric titration curve of S.CNCs. 
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4.2 PVDFHFP/S.CNC Composites  

4.2.1 Tensile Testing 

Figure 12A shows stress-strain curves for PVDFHFP and composite thin films and an 

obvious trend is that the composite tensile modulus (Ec) increases as filler loading 

increases and this is expected since PVDFHFP is a soft matrix and CNCs are a rigid 

filler. 

 

 

Figure 11: AFM height (left) and deflection (right) images of S.CNCs 
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Indeed, Figure 12B shows that the E increases for all filler loadings studied. The 

increase in the E seen for PVDFHFP/CNC composites arises from the reinforcing 

effect of CNCs on PVDFHFP. Different behavior is observed for carbon nanofiber 

filled PVDF in that E does not increase with increasing filler loading, rather E 

increases drastically at low loading (0.5%) and then remains constant [10]. An 

explanation is that the higher aspect ratio of carbon nanofiber (400) compared to 

CNCs leads to agglomeration of carbon nanofiber at a lower filler loading than CNCs. 

According to Costa et al. [10], filler incorporation can occur in the amorphous and 

crystalline domains of the polymer and the reinforcing effect would be greater in the 

amorphous domains than the crystalline domains thereby increasing stiffness. Figure 

13, shows experimental data for the Ec, the calculated Ec using equations 2 and 9 and 

table 4 indicates the values used for parameters in equations 1-12. 

Figure 12: (A) stress-strain curves for PVDFHFP and PVDFHFP/CNC 

composites; (B) Ec dependence on CNC content (error bars = ±1 stdev). 
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The NM fits extremely well for all filler loadings (solid line Figure 13) studied and is 

in contrast to well known PT (dashed line Figure 13), which as seen diverges at low 

filler loadings. PT over predicts the Ec since it does not take matrix/filler interactions 

into account. The β term (Equation 8) in the NM is essentially a stress transfer rate 

that accounts for matrix/filler interfacial interactions [11]. Interfacial interactions tend 

to reduce Ef and Equation 7 accounts for the reduction in Ef thus giving an effective Ef 

(Ef
*
). The Ef in PT could be reduced as well but there is no theoretical background for 

such a reduction as in the CCM. The Ef
*
 of the NM, illustrates the importance of 

interfacial interactions on the improvement of the Ec. According to Moon et al. [11], 

the value of Dt indicates the perfectness of the matrix filler interface and when Dt = ∞ 

(dotted line Figure 13) the interface is flawless and the last term in the denominator in 

equation 6 is 0. A Dt = 0 implies an incompatible interface that cannot facilitate stress 
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transfer so that the reinforcing effect of the filler is negligible. Determining Dt is 

difficult experimentally because fibers of different ρ of the same type would be 

required and the varying ρ of CNCs even from the same source would compound the 

difficulty. However given experimental data for E and a ρ, the value of Dt can be 

obtained by treating Dt as a variable used to fit the data, as was done in this work. As 

shown in Figure 13 and Table 4, the value determined for Dt using a numerical fitting 

method was 1200 GPa/mm which is well above that determined for carbon fiber in an 

epoxy resin [11].  

Figures 14A and 14B show the calculated toughness using equation 1 and the 

experimentally determined strain at break (εb). The εb decreases drastically for the 

highest filler loading studied (20%) but increases slightly for the 5% sample. 

However, the 5% sample shows an almost two-fold improvement in toughness and the 

difference is statistically significant compared to the control (t-test p-value < 0.01).  

Figure 14: (A) Toughness and (B) εb for PVDFHFP and PVDFHFP composites. 
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Further increases in the Ec (Figure 12B) are accompanied by a decrease in the εb and 

thereby toughness decreases (Figure 14). The large decrease in the εb at 20% CNC 

loading may be related to filler agglomeration. The major consequence of filler 

agglomeration is crack initiation at low stresses and rapid crack propagation through 

the agglomerates. The affect of filler loading on the tensile strength (TS) is shown in 

Figure 15 and in general increases up to 1.7 times that of the neat polymer at 20% 

filler loading. 

The increase in TS for all the composite samples is statistically significant compared 

to the control (t-test p-values < 0.03). In general, the improvement in mechanical 

properties seen as a result of the addition of hydrophilic CNCs to hydrophobic 

PVDFHFP without CNC modification is surprising and in contrast to other trends seen 

for hydrophobic polymers such as polyethylene and polypropylene [23,27]. The effect 

may possibly be due to dipolar interactions between the CNCs and the CF3
 
and CF2 

Figure 15: TS as a function of filler loading (weight %). 
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moieties in the polymer matrix. Further investigations are required to elucidate these 

relationships. 

4.2.2 Thermal Analysis 

Matrix crystallinity (Xc) decreased with increasing S.CNC loading with the exception 

of the 20% CNC sample. The increase in Xc for the 20% sample may be due to 

agglomeration, which would decrease the amount of matrix phase in contact with the 

CNC surface (Figure 16B).  

The melting temperature of the composite samples showed variable behavior which is 

difficult to explain (Figure 16A). There have already been significant differences from 

the expected behavior in this system and the melting temperatures likewise do not 

seem to give consistent results. One issue is that while several samples where 

measured on the DSC, they all came from the same batch, so further investigations are 

Figure 16: Thermograms (A) and (B) Xc for PVDFHFP and PVDFHFP/CNC 

composites (weight %). 
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required to determine the average behavior of this system. The decrease with CNC 

content (up to 15% CNC) suggests a change in polymer morphology due to the 

presence of CNCs. The exact nature of these changes requires further research, but 

may also be related to dipolar interactions between PVDFHFP and CNCs. If 

PVDFHFP is interacting with the CNC surface, it may be less available for 

crystallization. The control sample exhibits multimodal melting behavior in that the 

onset of melting is at 120 °C and this behavior is seen only in the control and 10% 

S.CNC composite sample. As reported in section 3.4.2, the casting solution was a 

mixture (1:1) of acetone and DMAc to reduce the amount of DMAc that had to be 

evaporated. It has been reported that films cast from neat acetone and neat DMAc give 

the α and γ phases, respectively [48].  However, this multimodal melting behavior is 

also observed for TiO2 nanoparticle filled PVDFHFP cast from neat NMP and was 

attributed to a mixture of α and γ phases being present [35]. The similar behavior 

observed here for PVDFHFP/S.CNC NCs is likely due to the α and γ phases being 

present as well. The two phases should not be soluble in one another and thus will give 

different melting points on the DSC.   

4.2.3 Relative Permittivity 

In an attempt to better understand the nature of the interactions between CNCs and 

PVDFHFP, the relative permittivity (ε’) for the control and composite samples was 

calculated from the measured capacitance (C) using equation 10. 
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Figure 17 shows the ε’ from 0.1 to 100 kHz and it is observed that the ε’ of the 

composite films increased with filler loading.  

If one considers the contributions to the ε’ as given by the Debye equation (DE) [51],  

 
    

    
    

 

   
       

  

   
                                                                                            

the trends in ε’ for PVDFHFP composites can be better understood. Where N is the 

number of dipoles per unit volume, k is Boltzmann’s constant, T is absolute 

temperature, μ is the dipole moment, αe and αa are the electronic and atomic 

polarization, respectively and ε0 is the permittivity of free space (8.85 pF/m). 

Considering terms in the DE, the αe term for PVDFHFP can be neglected based on the 

Figure 17: semi-log plot of the ε’ of PVDFHFP and PVDFHFP composites. 
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measured frequency range (0.1-100 kHz) and αa because molecular vibrations occur in 

the infrared range (1 THz). However, αe for CNCs is currently unknown, but may be 

significant. The surface of the CNCs consists of negative charges and counterions.  

Thus a number of polarizable species are conceivably present on the S.CNC surface 

and these species are incorporated into the composite film with the S.CNCs. Further, 

the DE is limited experimentally to ideal gases due to the lack of attention to 

intermolecular interactions. However, the DE offers a qualitative view into increases 

in the ε’ of the composite samples [51]. Interactions of PVDFHFP and CNCs cannot 

be ignored since dipolar interactions of the primary hydroxyl or sulfate ester moieties 

with the CF2 moieties could create an environment for the polar phases of PVDFHFP 

to form (β or γ phase). Costa et al. [10], however, show that for the β phase ε’ does not 

decrease as drastically with increasing frequency compared to that shown in Figure 17 

for 20% filler loading. Looking back to the DE, the actual number of dipoles (N) is 

increasing with CNC content thus ε’ also increases. Figure 18 shows the ε’ and the 

dissipation factor (tan δ) plotted versus filler loading at 100 Hz and 100 kHz. 
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The behavior of ε’ versus S.CNC loading seen here is similar to that observed for 

barium titanate (BT)/PVDFHFP NCs in that the ε’ increases with increasing filler 

loading and the increases in ε’ for PVDFHFP/S.CNC composites are comparable to 

that achieved using high ε’ BT at the same filler loading [52,53]. In addition, the 

behavior shown here for tan δ is drastically different for PVDFHP/S.CNC NCs 

compared to BT/PVDFHFP NCs in which tan δ decreases with increasing filler 

loading, indicating that the charged species present in S.CNC/PVDFHFP NCs are 

increasing tan δ at low frequency. Overall, at low frequencies (< 5 kHz), it seems that 

the charged S.CNC surface contributes to increases in (1) the orientational polarization 

of the composite films compared to the control thus contributing to the increased ε’ 

values and (2) increased ionic polarization which causes tan δ to increase drastically at 

those same frequencies (Figure 17B). An indication that ionic polarization is 

increasing tan δ at 100 Hz is given in Figure 17B, because the tan δ values at higher 

Figure 18: ε’ (A) and tan δ (B) dependence on volume fraction of 

S.CNCs at 100 Hz (solid) and 100 kHz (dotted).  
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frequency (100 kHz) at which ionic polarization does not occur are about equal for all 

samples.  

 4.2.4 Conductivity Measurements  

Considering the trend in TS shown in Figure 15, the 20% sample was selected for 

electrolyte soaking experiments due the improvement in the TS compared to neat 

PVDFHFP, although, the TS of the 20% composite sample is well below that of the 

standard value for commercial separators (100 MPa) [14]. Figure 19 shows the 

calculated conductivity of the 20% sample and the control using equation 11 along 

with % electrolyte uptake and the measured film thickness. 

 

Figure 19: Conductivity of electrolyte soaked composite and neat 

polymer results. 
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The error in conductivity for the PVDFHFP control comes from the large percent 

relative standard deviation (RSD = standard deviation/average) in measured thickness 

for the control film (~25%). The error in thickness is due to the measurement 

technique which measurements were taken using a handheld micrometer. Although the 

porosity of the both samples was minimal (<1%), the large error in the thickness for 

the control leads to inconsistent porosity and thus electrolyte uptake and conductivity 

are inconsistent. However, the 20% S.CNC sample shows improved error in thickness 

(RSD ~8%) so that the electrolyte uptake is more consistent and hence the error in the 

measured conductivity is lower. Figure 19 indicates that the addition of S.CNCs does 

not affect electrolyte uptake compared to the control even at 20% S.CNC loading. 

4.3 HDPE/S.CNC NCs 

4.3.1 Introduction 

As discussed in section 2.4, commercial separator membranes in Li
+
 batteries are 

composed of polyolefins so an attempt to incorporate CNCs into HDPE was made. 

The inherent difficulty in fabricating these types of composites is illustrated in section 

2.3.1 and ways to improve dispersal of CNCs within hydrophobic matrices was 

discussed in section 2.3.1 as well.    

4.3.2 HDPE/S.CNC Objectives 

The following were some objectives for HDPE/S.CNC composites,  
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 Combine HDPE and S.CNCs with minimal thermal degradation of S.CNCs 

 Develop a simple method to determine dispersion quality 

 Produce composites with optimum dispersion quality 

4.3.3 Coupling Agent Reaction 

Although extensive FTIR studies were performed on various samples in various stages 

of the process, no evidence could be found for a reaction product between MAPE and 

CNCs. It seems that the approach presented here was unsuccessful in attaching the 

compatibilizer to the CNC surface.  

4.3.4 Tensile testing 

Due to the failure of the produced composites to meet expectations and the objectives, 

all the results presented here are preliminary. Future work should incorporate a 

different approach, but the results reported here are to aid future researchers. The 

results for the TS and E for HDPE/S.CNC composites indicate that even upon the 

addition of compatibilizer (MAPE) the E and TS remain relatively equal to that of the 

control. Indeed, Figure 20 illustrates that CNC addition using the protocol presented in 

section 3.5 had little or no effect on the E and TS. As explained in section 2.1.2, 

improvement in mechanical properties is dependent on how well the filler is dispersed 

within the matrix and apparently the method used to disperse CNCs within HDPE was 

not adequate. 
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In addition, the εb for all filler loadings is shown in Figure 21 and as expected the εb 

decreased for all S.CNC loadings and treatments studied.  

 

Figure 20: TS (A) and E (B) for HDPE/S.CNC composites. 

 

Figure 21: strain at break (εb) for HDPE/S.CNC composites.    
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The major reason for the lack of improvement in mechanical properties upon the 

addition of filler is that the CNCs are agglomerated within the matrix. This is 

demonstrated in the micrograph in Figure 22. The CNCs are agglomerated such that 

the agglomerates are no longer nano-sized, but are micro to macro-sized. In addition, 

the ρ of the CNCs has been reduced to that of particulate fillers. 

Chapter 5: Conclusions 

5.1 PVDFHFP/S.CNC NCs 

As shown in Figures 12B and 14A, the increase in the modulus and toughness of the 

5% composite film could prove useful in a variety of applications. One application 

would be separators for Li-ion batteries but further studies are needed on porous films. 

Also additional testing to determine the shutdown performance and dendrite resistance 

 

Figure 22: HDPE/CNC composite stained with 

berberine chloride. The dye adheres only to the 

CNCs which appears white in the image. 
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would help to evaluate the suitability of these composites for battery applications. The 

low TS in comparison to ultra-high molecular weight polyethylene may be detrimental 

to the use of these films in commercial Li
+
 batteries produced by high speed winding 

[29]. Porous films would be expected to show even lower mechanical properties than 

the films studied here. However, additional testing is needed to evaluate how the 

presence of pores will affect the properties. Most studies of Li
+
 battery separators 

focus on increasing the conductivity of separator films rather than mechanical property 

improvement as mentioned in section 2.4.1. However, the use of films for separators 

does require that some minimal criteria of mechanical properties be met. This study 

demonstrates that it is possible to increase and control the mechanical properties of 

PVDFHFP films using S.CNCs, but the utility of this new knowledge requires further 

study before any commercialization potential can be evaluated. 

5.2 HDPE/S.CNC NCs 

Further work is still required to achieve optimum dispersion of S.CNCs within HDPE. 

The approach presented here apparently failed to couple the compatibilizer to the 

S.CNC surface. Future work could focus on a dual coupling reaction using C.CNCs, 

whereby the C.CNCs are reacted with a long chain aliphatic primary amine (e.g., 

stearamine) as shown in Figure 8 followed by reaction with a fatty acid chloride (e.g., 

stearic acid chloride) as shown in Figure 5 (not necessarily in that order). This 

coupling procedure although lengthy and difficult, would reduce the C.CNC surface 
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charge or eliminate it as well as decrease the amount of primary hydroxyl groups at 

the surface thereby rendering the CNC surface less hydrophilic. 
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