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Abstract  

 

Polyvinylidene Fluoride (PVDF) is one type of semicrystalline fluoropolymers 

that has been widely used in automotive and chemical industries, semiconductor, 

biomedical and sensor applications; owing to its superior chemical resistance, 

excellent mechanical properties and unique electronic properties. Polymeric 

composites containing nanoscale fillers, such as graphene, carbon nanotube 

(CNTs) or nanoclay often render polymers with interesting mechanical, structural, 

electrical, optical and many other functional properties. The objective of this work 

is to improve mechanical and functional properties of PVDF by the advantageous 

introduction of CNTs. Studies will focus on the preparation methodology of 

PVDF/CNTs composites with uniform morphology, the interaction between 

CNTs and polymer matrix and surface treatment of CNTs.  

 

The surface properties of CNTs often play an important role in determining the 

performance of polymer/CNTs composites. Therefore, in the first study, we 

focused on studying the surface functionalization of CNTs. Controlled thermal 

annealing in air was employed in order to oxidize CNTs. It was found that longer 

time/higher temperature can effectively increase the oxygen content in CNTs. 

Shorter duration/higher temperature annealing results in more C-O-C groups than 

longer duration/lower temperature annealing, while the latter yields more C=O 

groups. The mechanism of CNT surface functionalization by air annealing was 

proposed. 

 

In the following work, PVDF/CNTs composites with well dispersed and 

distributed CNTs were fabricated using both solution mixing and melt extrusion 

strategies. The introduction of low content of CNTs lead to an unusual 

observation of large enhancement in ductility; while marginal increase were 

observed for Young’s modulus and tensile strength. Systematic characterizations 

lead to the conclusion that the unexpected phenomenon is correlated with the 

change of polymorphs because of the existence of CNTs.  Mechanism of phase 
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transformation and pinning effect are proposed to further elucidate the 

phenomenon.  

In the third study, we explore the possibility using PVDF and its CNTs 

composites for oil/water separation applications. PVDF and PVDF/CNTs aerogel 

were fabricated through a vapor induced phase inversion process. Contributed by 

the hierarchical micro-nano structure that is tailorable by PVDF concentration, 

both surfactant-free and surfactant-stabilized oil-in-water emulsion could be 

effectively separated by the fabricated PVDF aerogel simply under gravity, with 

good flux and high filtrate purity up to 99.99%. PVDF aerogel also exhibited 

moderate oil absorption capacity and almost instantaneous oil up-taking when 

tested using various types of oil. Furthermore, PVDF aerogel is highly stable 

towards concentrated alkaline solution owing to its superhydrophobicity, and 

shows good reusability in both oil/water separation and oil absorption. The 

influence of introduction of CNT on the mechanical and porous microstructure 

was examined. With 0.1 wt. % CNTs, the mechanical performance could be 

improved without impairing the surface properties of aerogel.  

 

In the last part of this thesis, the findings are summarized and potential future 

works are suggested.  
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Chapter 1 Introduction  

 

This chapter begins with the background and the hypothesis statement of the 

thesis, followed by the objectives and the scope of work. In the third section, 

the structure of the thesis is outlined. Main findings and promising outcomes 

are briefly summarized at the end of this chapter.  
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1.1 Background and Hypothesis 

 

Polymer composites, combining the merits of light weight of polymer matrix and 

mechanical or functional properties of filler, are becoming increasingly important in our 

daily life and the technological fields.
1-5

 Although polymer composites have been studied 

for a long time, the emergence of new generation of carbon based nanofillers, such as 

fullerene, carbon nanotube and graphene, has reanimated this research topic. Because of 

the unique size scales and morphology, polymer composites with these kinds of filler 

often display exceptional mechanical, thermal, chemical, electrical, optical and many 

other properties.
6-9

 For example, owing to the large aspect ratio, CNTs are superior 

conductive fillers compared with the traditional conducting fillers and show a much 

smaller electrical percolation. Furthermore, the high thermal conductivity of CNTs make 

them promising for thermal management applications.  

Among the outstanding properties that have been realized in polymer nanofiller 

composites, the mechanical performance remains utmost important during practical 

application. Numerous works have been carried out to investigate the applications of 

these nanofillers in reinforcing polymer matrix, which include both thermoplastics and 

thermosets.  Even so, the full potential of the mechanical properties of these ultra-strong 

nanofillers are far from being realized. Often, the reported mechanical data are inferior to 

the predicted values due to various reasons. Taking CNT for example, its dispersion is 

one of the most fundamental issues that determine the performance of the nanocomposite. 

CNTs are prone to aggregation due to Van der Waals force among CNT. Without an 

effective strategy for homogeneous dispersion of CNTs in polymer matrix, the 

mechanical and functional properties of composites remained non-optimal. Another 

common issue is the affinity between fillers and matrix. Due to the weak adhesion 

between the two components of composites, fillers are likely to slip or pull out, resulting 

in a failure in load transfer.  

Furthermore, the complexity of polymer nanofiller composites not only comes from the 

two parent components, but also from the interphase created in the system. The 

interphase may have limited influence on composites at low filler content. With volume 

growth of interphase resulting from more filler addition, properties of composites could 
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be altered greatly. If the volume of interphase increases to a critical value, the interphase 

could become the matrix as the majority component of the composite. Therefore, a good 

predictability of polymer composites properties depends on accurate determinations of 

dispersion state, affinity, filler induced interphase and many other  factors. Only when the 

mechanism is clearly elucidated, polymer composites with specifically tailored properties 

can be manufactured reproducibly.   

In this work, PVDF/CNTs composites with different structures with uniform morphology 

were prepared by specifically designed routes. Both mechanical and functional properties 

of composites were investigated. To improve the dispersion of CNTs in solvents and 

polymers, a facile and environmental friendly approach was also employed to surface 

functionalize CNTs. It is hypothesized that by appropriate pretreatment and mixing 

strategy, CNTs could be well dispersed in PVDF to achieve enhancement of both 

mechanical and functional properties.  

 

1.2 Objectives and Scope 

 

In this work, surface functionalization of CNTs and its oxidation mechanism will be 

examined first and then PVDF/MWCNTs composites are prepared and studied. The 

objective is to develop composites with uniform morphology and investigate the 

influence of CNT on the composite performance, both mechanically and functionally. 

Studies will be focused on how CNTs alters the micro/nano structure of PVDF and the 

corresponding mechanical and functional properties.  

 

1.3 Dissertation Overview 

 

The thesis is outlined as follows:  

 

Chapter 1 provides the outline, goals and scope of this work.  

 

Chapter 2 reviews the literature on PVDF/CNTs composites and CNTs functionalization 

methods. It begins with the theoretical prediction of CNTs reinforced system in 
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mechanical properties, various CNTs enhanced polymeric materials and previous work 

on PVDF/CNTs composites. In the second section, previous works on the surface 

functionalization of CNTs including both physical and chemical functionalization are 

discussed. The third part talks about materials possessing techniques and special surface 

properties required for oil/water separation. Important characterization techniques and 

analyzing methods on PVDF and CNTs are also introduced in this chapter. 

 

Chapter 3 introduces an environment friendly method for surface functionalization of 

CNTs. By thermal annealing in air at relatively low temperature range, CNTs could be 

functionalized with oxygen containing groups on the surface, which enables improved 

dispersion of CNTs in many organic solvents. The influence of temperature and annealing 

duration on the oxygen concentration and nature of functional groups were systematically 

studied. This chapter is completed with the mechanism of functionalization of CNTs with 

various functional groups and their potential applications.  

 

Chapter 4 studies the influence of CNTs on mechanical performance of PVDF. With low 

content of CNTs loading, the ductility of PVDF was significantly enhanced. Structural 

change and phase transformation induced by CNTs were examined. By characterizing the 

phase change and structural evolution during deformation, the mechanism behind the 

improved ductility is proposed.  

 

Chapter 5 presents the fabrication of PVDF aerogel with both superhydrophobicity and 

superoleophilicity. The porous three dimensional PVDF aerogel can effectively separate 

water-in-oil mixture with or without surfactant. The mechanisms of formation of PVDF 

aerogel and the outstanding selective oil separation property were proposed. Furthermore, 

CNTs reinforced PVDF aerogel was prepared and studied in terms of the microstructures, 

and the mechanical and the surface properties.   

 

Chapter 6 draws conclusions for the works completed for this thesis. Additionally major 

contributions are highlighted and possible future works are proposed.  
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1.4 Findings and Outcomes 

 

This research led to several novel outcomes: 

 

1. Established an economical, green and effective method to functionalize CNTs.  

2. Proposed CNTs oxidation mechanism in air.  

3. Developed a facile method to fabricate PVDF/CNTs composite with well dispersed 

CNTs.  

4. Illustrated the effects of CNTs on the mechanical properties of PVDF/CNTs 

composite via phase transformation and CNTs pinning effects. 

5. Established novel method on fabricating superhydrophobic/oleophilic PVDF aerogel 

and CNTs/PVDF aerogel composite aerogel by vapor induced phase inversion 

technique.  
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Chapter 2 Literature Review  

 

This chapter comprises three sections. The first section reviews the 

mechanical properties and fabrication approaches of polymer/CNTs 

composites. In the second section, methods to surface functionalize CNTs 

are reviewed and summarized. Finally, hydrophobic/oleophilic materials 

and aerogel are introduced.  
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2.1 Polymer/CNTs Composites 

 

As early as 4000 BC, straw has been used as filler to prepare pristine composite materials. 

In the past few decades, many types of fillers such as glass fiber, graphite, and carbon 

black, have been utilized to manufacture polymer matrix composites with huge success. 

Carbon nanotube, ever since its discovery about two decades ago, has been extensively 

explored to reinforce polymer matrix contributed by its exceptional mechanical 

performance. Depending on the morphology, carbon nanotube can be categorized into 

single walled carbon nanotube (SWCNT) and multi walled carbon nanotube (MWCNT). 

Both of them possess outstanding mechanical properties. Early calculations predicted that 

the Young’s modulus of carbon nanotube to be around 1 TPa, regardless of the type or 

diameter of the nanotube.
1
 Experimentally, mechanical property of individual MWCNT 

was measured by stress-strain test, giving a modulus of 0.27-0.95 TPa, elongation at 

break of 12 % and strength of 11-63 GPa, the mechanical performance of some tubes are 

plotted in Figure 2.1. SWCNT has also been tested with the same method, yielding a 

modulus of 0.32-1.47 TPa, elongation at break of 5.3 % and strength of 10-50 GPa.
2
 

Besides the striking mechanical performance, CNTs also possess unique optical, 

electrical, thermal properties, making it suitable candidate for making advanced polymer 

composite materials.  

 

 

 

             Figure 2.1 Stress–strain curves for individual MWNT.
3
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2.1.1 Mechanical Properties of Polymer/CNTs Composites 

 

To effectively reinforce polymer matrix with tubular fillers, for example, carbon 

nanotubes and carbon fibers, several basic requirements should be met. The aspect ratio 

of nanofiller is primarily important. According to the well-known mixtures rules
4
, if the 

filler is long enough, well bonded to polymer matrix, and is equally strained as matrix in 

the direction of stress, the composites tensile modulus Yc can be formulated as, 

                                              𝑌𝑐 = (𝑌𝑓 −  𝑌𝑚) 𝑌𝑚 + 𝑌𝑚                                                      (2.1) 

where Yf, Ym and Vf are fiber modulus, matrix modulus and fiber volume fraction, 

respectively. The above equation illustrates a quite ideal condition that the fiber length is 

equivalent to specimen length. For shorter fibers, an interfacial stress transfer τ and a 

critical length lc has been proposed. Under a specific interfacial stress transfer, the fiber 

with this critical length can be broken. For a hollow cylinder reinforcing filler, if σf is 

fiber strength, D is external fiber diameter and Di is the internal diameter, the critical 

length
5
 can be formulated as,  
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                                                           (2.2) 

From another point of view, Cox
6
 proposed that the composites modulus can be described 

using a length efficiency factor ηl that,  

                                               
mfmf YVYYYc  )( 1                                                     (2.3) 

Where                                     
Dla

DlaTanh

/

)/(
11




                                                      (2.4) 

And,  

                                                 
ff

m

VY

Y
a

ln2

3
                                                                (2.5) 

As can be estimated from equation (4), the length efficiency factor is close to 1 when l/D 

is larger than 10 and high aspect ratio of fillers is preferred.
7
  

The ability to transfer interfacial stress from matrix to filler significantly affects the 

mechanical performance of polymer nanocomposites. From equation (1), it can be 

expected that less transfer of interfacial stress will lead to a higher value of critical length. 

When the filler length is smaller than the critical length in system, stress cannot be 
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effectively transferred to the filler. As a result, the filler will be pulled out from the 

polymer matrix rather than being stretched to break. Under this situation, it is the 

matrix/filler interface strength, rather than the filler strength, that determine the 

composite strength. The composite strength could be described by another formulation 

that,  

                                                 
mfmc VDl   )/(                                                (2.6) 

where σc   and   σm are the strength of composite and matrix, respectively.               

In addition, nanofiller dispersion is a very important issue in preparing uniform polymer 

carbon nanotube composites. A good dispersion not only helps to effectively transfer load 

to the fillers but also leads to uniform stress distribution and stress concentration.  

Modulus and ductility are the two most important parameters to assess the mechanical 

properties of polymer composites. Usually, after the introduction of carbon nanotubes, 

whether it is single-walled or multi-walled, the composites will become stiff and brittle, 

i.e. having an increase in modulus and decrease in ductility. The situation of simultaneous 

increase in modulus and ductility is rare and the case of increase in ductility but decrease 

in modulus is even rarer. Typical mechanical performance of successfully prepared 

polymer/CNTs composites displays obvious increase in modulus but certain extent of 

decrease in elongation at break. Shown in Figure 2.2 is the typical tensile test stress-strain 

result of prepared nylon 6/CNTs composites. 

 

Figure 2.2 Stress-strain profiles of SWNT/nylon-6 composite fibers at different SWNT loadings. 

The curves are labeled with the percentage of SWNT in polymer matrix.
8 
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Meincke also prepared nylon 6/MWCNTs composites, which achieved an enhancement 

of modulus from 1.6 to 4.2 GPa with 12.5 wt. % filler loading; however, the ductility 

decreased largely from 40 to 4 %.
9
 Similar work has also been done by Zhang and his 

collaborator who prepared nylon 6/MWCNTs composites that gave a three times 

increment in modulus from 0.4 to 1.24 GPa and the elongation at break decreased from 

150 to 110 %.
10

 Polypropylene/SWNTs composites were prepared with low filler loading, 

modulus has been elevated from 0.85 to 1.19 GPa with CNT loading of 0.75 wt. % and 

the ductility was lowered from 493 to 402 %.
11

 Sandler manufactured nylon 

12/MWCNTs composite fibers with modulus of 47 MPa and ductility of 160 %; while the 

values of pure polymer are 22 MPa and 400 %, respectively.
12

 In a previous report on 

poly(ethyleneimine)/CNTs composites, a large increase in modulus was attained, from 

0.3 to 11 GPa, accompanied by a decrease in ductility from 4 to 1 %.
13

 Table 2.1 

summarizes typical mechanical properties of representative CNTs reinforced polymers.  

 

Table 2.1 Mechanical properties of polymer/CNTs composites from tensile tests.   

Matrix Weight % Method 
Tensile strength/ 

Modulus 
(% increase) 

Strain at break 

(% increase) 
Ref. 

PS 0.50 Solution Mixing 100/100 -50 
14

 

HDPE 1.00 Melt Extrusion 20/50 -50 
15

 

LDPE 1.00 Melt Blending 15/70 -5 
16

 

PP* 0.75 Shear Mixing 15/40 -17 
11

 

PMMA 0.10 Solution Mixing 0/60 -30 
17

 

PC 1.00 Solution Blending 15/30 -80 
18

 

PVA 0.80 Solution Mixing 45/80 -30 
19

 

PAN 5.00 Electrospinning 75/70 -75 
20

 

Nylon 6 1.00 Melt Spinning 100/150 -50 
8
 

PU 0.50 Solution Mixing 60/260 -30 
21

 
* For PP, PVDF and nylon 6, the filler is SWCNTs, other systems are with MWCNTs.  

Many studies used CNTs to reinforce PVDF to prepare high performance composite 

materials.
22-25

 Usually, the introduction of CNT increases modulus and tensile strength of 

PVDF composite at the cost of reducing the elongation at break. For instance, Amit et al. 

reported PVDF composites reinforced with MWCNTs (functionalized by methyl 

methacrylate) via a solution casting method.
22

 The modulus and tensile strength of the 

PVDF/MWCNTs composites progressively increased with the increase of CNT loading 
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up to 5.0 wt. %, with the elongation at break decreased by about 30%. Huang et al.
23

 

prepared PVDF/MWCNTs composites with 0.1 wt. % CNT, achieving an increase of 

modulus (from 1.46 to 1.61 GPa) and tensile strength (from 4.2 to 4.5 MPa); however, 

with a decrease of elongation at break from 8.5 to 7.3 %. In another study conducted by 

Tang et al.,
24

 the prepared composite with 0.5 wt. % CNT loading in PVDF gained a 

slight enhancement in modulus and tensile strength, but the elongation at break decreased 

severely from 250 % of that of neat PVDF to around only 30 %.  Even when metal 

particles were deposited onto the surface of CNT, which is claimed to be able to 

remarkably improve the ductility, the elongation at break could not match that of neat 

PVDF.
24

 Besides PVDF, the compromise between strength/modulus and ductility is 

frequently required in various other polymer/CNTs systems, such as polystyrene, 

polyethylene, polypropylene, poly (methyl methacrylate), polycarbonate, poly (vinyl 

alcohol), polyacrylonitrile, polyamide, polyurethane, and epoxy.
14, 18, 26

 

Interestingly, counterintuitive results have also been documented in the system of CNT 

reinforced PVDF. Chang et al.
25

 reported PVDF/MWCNTs composites with largely 

decreased tensile strength and Young’s modulus with 3 wt. % CNTs, but with an 

increased elongation at break from 3.6 to 7.9%, compared with that of neat PVDF. The 

discrepancy among these works is partially due to different composites fabrication 

procedures as well as poor wetting between the fillers and highly fluorinated matrix. On 

the other hand, the polymorphic transformation in PVDF caused by fabrication 

techniques also plays important roles.  

 

2.1.2 Approaches to Fabricate Polymer/CNTs Composites 

 

To fully make use of advantages of CNTs in polymeric composites, it is important to 

ensure that carbon nanotubes are well dispersed in polymer matrix. Several approaches 

have been developed to facilitate the dispersion of CNTs; for instances, solution blending, 

melt compounding and in situ polymerization.  

Solution blending is the most frequently used method to manufacture polymer/CNTs 

composites. The procedures of solution blending include three main steps: dispersion of 

nanofiller in appropriate solvent, mixing of filler and polymer matrix and evacuation of 
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the solvent. The main advantages of solution processing are that no complex procedures 

or equipment are required, and the satisfactory dispersion of filler could be obtained. 

Many research groups used this method to achieve good dispersion of CNTs in polymer 

matrix, even when the filler loading is very high.
27-31

  In most cases, mechanical stirring, 

bath or probe sonication are used to aid the CNT dispersion in solvents. For example, 

Ruan et al.
31

 prepared polyethylene/CNTs composites by firstly dispersing CNTs in 

xylene with magnetic stirring and ultrasonic, followed by mixing of CNT/xylene and 

polyethylene/xylene. After solution casting, polyethylene/CNTs composites are obtained.   

Sometimes, to ensure good dispersion of CNTs in solvents, surfactants (e.g. sodium 

dodecylsulfate)  would be used.
32, 33

 In the work of Probst et al.
32

, CNTs were dispersed 

in sodium salt of decylbenzenesulfonic acid (NaDDBS) before being added into 

poly(vinyl alcohol) matrix. With the help of surfactant, CNTs are fully suspended during 

the fabrication process. Polymer solutions instead of pure solvents have also been used to 

help dispersion of CNTs.
34, 35

 One problem of organic solvent processing is that it is not 

environmentally friendly as it uses large amount of organic solvents, which should be 

avoided in industrial production. Moreover, many polymers are insoluble in common 

organic solvents.  

In contrast to solvent processing, melt processing is solvent free and has potential to be 

scaled up to industrial level for production of composites
36

. Polymers can be processed 

with melt processing method above the glass transition temperature for amorphous 

polymers and above melting point for crystalline polymers. It is particularly useful for 

polymers that cannot be processed with solvent. Many polymer/CNTs composites with 

satisfactory filler dispersion have been prepared via melt processing.
9, 10, 37-41

 Due to the 

lacking of suitable solvents, Liu et al.
10

 fabricated nylon 6/CNTs composites by melt 

compounding nylon 6 and CNTs using twin screw mixer at 250
o
C with screw speed of 

100 rpm. TEM shows that very good CNTs dispersion was achieved in polymer matrix. 

To disperse CNTs well into polymer matrix, master-batch composite with high filler 

loading is often used and they are mixed with calculated amount of neat polymers to 

obtain the final composites with specific filler loadings. In some cases, to guarantee the 

dispersion of filler and the uniform composition of the final composites, the combined 

method comprising both solution mixing and melt processing is used.
42, 43

 The melt 



Literature Review  Chapter 2 
 

14 
 

processing conditions need to be optimized as too high rotation speed or temperature may 

induce the degradation of polymer matrix. Furthermore, large shear stress during 

extrusion can significantly cut down the aspect ratio of CNTs.  

Apart from the above two methods, in situ polymerization represents another method that 

has also been used to prepare polymer composites.
44

 Based on this method, CNTs will 

firstly be dispersed in monomer solutions, followed by monomer polymerization. The 

merit of this strategy is that it helps the formation of strong covalent bonding between 

functionalized nanofiller and polymers that facilitate load transfer from macromolecules 

to CNTs. Another advantage is that polymer composites with higher CNTs loadings can 

be fabricated using this approach.  

Before polymerization, CNTs are firstly functionalized by various methods to endow 

CNTs with functional groups that can react with the monomers. Cheng et al.
45

 prepared 

PANI/CNTs hybrid materials via reaction of plasma treated CNTs and monomers. In this 

work, plasma had been used to produce reactive radical groups on the surface of 

nanotubes, which led to chain growth starting from the CNT surface. Nylon/CNTs hybrid 

material has also been fabricated by in situ polymerization. For example, Qu et al.
46

 

prepared nylon 6 functionalized carbon nanotubes by ring-opening polymerization of 

caprolactam in the presence of thionyl chloride attached carbon nanotubes.  

 

2.2 Surface Functionalization of Carbon Nanotubes 

 

The realization of numerous properties of CNTs in polymer depends critically on 

effective dispersion of the nanotubes. However, CNTs are usually entangled with each 

other and form an interpenetrating network, which is the main obstacle to give good 

dispersion. On the other hand, due to the inert chemical nature of CNT, it hardly interacts 

with polymer molecule and is again unfavorable to load transfer and achievement of 

other properties. Thus, functionalization of carbon nanotube has been adopted to address 

these problems. Numerous approaches have been employed to functionalize CNTs, the 

details can be found in several review papers.
47-49

 Based on the connection of introduced 

materials/groups with CNTs, i.e. covalent and noncovalent, CNTs functionalization can 

be broadly classified into two groups, namely, physical and chemical functionalization.  
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2.2.1 Physical Functionalization 

 

Physical functionalization of CNTs utilizes only physical interactions without formation 

of covalent bonding. For example, the CNT suspension can be achieved by polymer 

wrapping. Gomulya et al.
50

 functionalized single walled CNTs with long alkyl chain 

polyfluorene derivatives, making the separation and individualization of CNTs possible. 

Molecular dynamics simulations showed that the long alkyl tails on polyfluorenes binds 

strongly to the CNT walls with diversified geometries. Successful functionalization was 

confirmed by the high mobility functionalized CNTs based transistors. Before this study, 

Akazaki et al.
51

 managed to extract right and left handed semiconducting SWNTs, aided 

by a designed copolymer constituting of polyfluorene and chiral bulky moieties. The 

effective separation of different kinds of CNTs depends on the physical functionalization 

of nanotubes caused by cooperative effect between degree of chirality and polymer 

conformation.  

 

 

 

Figure 2.3 Schematics of CNT functionalization using non-covalent methods (A: polymer 

wrapping; B: surfactant adsorption; C: endohedral inclusion).
52

 

Various surfactants have been used to physically functionalize CNTs, such as non-ionic 

surfactants, anionic surfactants and cationic surfactants.
53-57

 It is believed that the 

application of surfactant on CNTs reduce the surface tension, thus blocking aggregations. 

In addition, surfactant functionalized CNTs helped suppress the Van der Waals 

interactions between tubes, contributing to their good dispersion. Endohedral inclusion of  

guest atoms/molecules in CNTs is also one of the physical methods to functionalize CNT. 

This methodology is based on the assumption that guest atoms/molecules can be inserted 

into the inner tubes via capillary effect.
58

 The hybrid materials fabricated via this 
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approach effectively integrate properties of two original ingredients.  The main physical 

functionalization approaches are illustrated in Figure 2.3.  

Physical functionalization is advantageous in some aspects. The most important one is 

that the CNT crystalline structure is not impaired during the functionalization process, 

which helps to conserve the intrinsic properties of CNTs.  Secondly, although in some 

cases the synthesis of guest molecules is far from simple, physical functionalization 

process itself is not complicated compared to chemical functionalization method; which 

will be discussed in the next section.  

 

2.2.2 Chemical Functionalization 

 

 

               Figure 2.4 Surface functionalization of carbon nanotubes.
59

 

By chemical functionalization, CNTs are functionalized/linked with other atoms or 

molecules with covalent bonding. Following the formation of covalent bonds, nanotube 

structures are disrupted, resulting in the transformation of sp
2
 to sp

3
 of carbon atoms. 

Since CNTs are structurally stable and inert, the first step of chemical functionalization of 

CNTs usually involves strong oxidants or corrosive chemicals, such as concentrated acids, 
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radicals and etc. The mixture of acids comprising of nitric and sulfuric acids with specific 

ratio are frequently used as chemical functionalization agents. The treatment with mixed 

acids introduce large amount of carboxylic and hydroxyl groups onto CNTs, which helps 

to enhance CNT dispersability in various polar organic solvents and aqueous medium. 

Building on the foundation of abundant chemistries involving COOH and OH, CNTs 

with these groups are easy to be further functionalized via methods such as acylation or 

esterification. Masahito Sano
60

 fabricated an interesting CNTs ring by firstly oxidizing 

CNTs with HNO3/H2SO4 and then reacting them with 1,3- dicyclohexylcarbodiimide 

(DCC). It was believed that the CNTs, after acid oxidation, possess abundant carboxylic 

acid groups at the two ends of nanotubes. With the presence of DCC, COOH at two ends 

underwent condensation reaction and form anhydride. Note that oxidation using 

concentrated acids is very detrimental to CNT structure. Therefore, it is crucial to 

carefully control the reaction durations and temperature to avoid extensive disruption to 

CNT properties. Shin
61

 studied the influence of reaction time on the structure of CNTs 

and  found that after 12 h treatment with strong acids, most of the CNTs turned into 

amorphous carbon. Traditional method that uses liquid phase acid to boil CNTs usually 

requires excess amount of acid, and the required subsequent washing step to remove 

residual acid is also tedious, which limits its large scale industrial production. To tackle 

these problems, Ming et al.
62

 modified this approach using acid vapor under high 

temperature and pressure rather than liquid acids. Under this condition, the nitric acid 

vapor is highly efficient in oxidizing CNTs. Results showed that as little as 0.5 ml 

concentrated nitric acid was sufficient to functionalize one gram of CNTs, largely 

reducing the required acid dosage compared to conventional method. The reduced 

amount of acid also simplifies the subsequent washing step.  

Contributed by its high reactivity, different radicals have also been used to chemically 

functionalize CNTs; and were proved to be feasible.
63-68

 For example, by heating succinic 

or glutaric acid acyl peroxides, radicals can be generated and they can attack CNTs in 

situ.
69

 CNT functionalization were also achieved by the photolysis of perfluoroazooctane 

wherein perfluorooctyl radicals are generated, resulting in perfluorooctyl functional 

groups which are attached on the sidewall of CNTs.
70

 Apart from strong acids and 
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radicals, many other chemical agents have also been used to functionalize CNTs.
71-83

 A 

summary of CNT chemical functionalization is provided in Figure 2.4.  

 

2.3 Materials for Oil/Water Separation  

 

Industrial waste water from petrochemical, textile, leather, steel and food manufacturing 

contains excessive amount of oil and many other hazardous materials, which poses a real 

and serious threat to both human beings and environment.
84, 85

 Historically, oil spillage 

events have taken place and gave huge and lasting effects to the surrounding biosphere. 

For instance, the BP oil disaster occurred in April 2010 discharged 4.9 million barrels of 

oil into Gulf of Mexico, even more than during Ixtoc I oil spill which is also considered 

as one of the largest oil spill in the history.
86

 To tackle this issue, novel materials that can 

selectively absorb water (oil) and/or repel oil (water) are highly desirable.  

 

2.3.1 Hydrophobic/hydrophilic Surfaces 

 

Materials that can successfully separate oil and water are either hydrophobic/oleophilic or 

underwater oleophobic. The wettability of material is determined by two main factors, 

surface free energy (surface tension) and microstructure of the surface (roughness).  

Materials with higher surface free energy are easily wetted by liquid, such as glass and 

metals. Polymers usually have low surface free energy between 25 and 100 mJ/m
2
, 

making them more difficult to be wetted. Introduction of other elements into polymer 

alters the surface free energy. For example, the replacement of hydrogen by fluorine in 

aliphatic polymers reduces the surface tension while some other elements, such as 

nitrogen, oxygen, iodine, bromine and chlorine enhance it.  

The state of a drop of liquid on the flat surface (Figure 2.5a) can be described by Young’s 

equation:  

                                                  γSV=γSL+γLV cosθ                                                           (2.7) 

                                                    cosθ = 
γSV−γSL

γLV
                                                              (2.8) 

where γSV, γSL and γLV are respectively surface tension of solid-vapor, solid-liquid and 

liquid-vapor interface. The lower the theta value, the better is the wettability. When θ = 

https://en.wikipedia.org/wiki/Oil_spill
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0
o
, liquid is spread out completely on the surface; when θ = 180

o
, liquid is completely 

repelled and form sphere on the surface.  

 

 

Figure 2.5 Schematic illustration of droplet on different kinds of surfaces. (a) flat surface (b) 

Wenzel regime surface and (c) Cassie–Baxter regime surface.
84

  

To describe the drop on rough surface, Wenzel proposed the Wenzel equation (Figure 

2.5b) 
87

:  

cos θr = r 
γSV−γSL

γLV
                                                        (2.9) 

where r is the roughness ratio, defined as the ratio of true area of the solid surface been 

wetted to the apparent area. Wenzel equation indicates that on rough surface, the real 

solid-liquid interfacial area is larger than the apparent area, enhancing the actual 

hydrophobicity or hydrophilicity.  That is, when θ < 90
o
, θr decreases as roughness 

increases, the surface is easier to be wetted; when θ > 90
o
, θr increases as roughness 

increases, the surface is more difficult to be wetted.  

Cassie and Baxter developed Wenzel’s theory illustrating the condition that the liquid 

cannot fully wet the solid surface with vapor still trapped inside (Figure 2.5c).
88

 This 

frequently occurs when the surface is coved by micro or nano protrusions. They 

hypothesized that the surface cannot be wetted solely by liquid made of two different 

materials with fraction f1 and f2. So,                                                                                                                    

 cos θr = f1cosθ1+ f2cosθ2 (2.10) 

where θ1 and θ2 are material 1 and 2 while f1 + f2 =1. This equation is also applicable to 

porous materials, for which the real surface of solid consists of solid and air. In this case, 

water droplet cannot completely fill in all the pores on the surface, leaving large amount 

of air trapped in the cavities. Thus, the apparent interfacial surface area is actually 

covered by both solid and air.  
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Since the contact angle (θ2) between air and water is 180
o
, the above equations can be 

rewrite as:  

 cos θr = f1 cos θ1-  f2  (2.11) 

According to Young’s equation, if the surface free energy of solid is between that of 

water and oil, the solid surface may exhibit both hydrophobic and oleophilic properties. 

From Wenzel’s equation, superhydrophobicity and superoleophilicity can be achieved by 

proper manipulation of the surface roughness.  

In early studies on hydrophobic/oleophilic materials, metal meshes with pores have been 

used as the skeleton. After surface functionalization, usually by polymer coating, 

superhydrophobicity and superoleophilicity could be achieved on metal structures. For 

example, Wang et al.
89

 fabricated superhydrophobic TPU film covered on copper mesh 

for oil/water separation. First, fibrous TPU with bead on the fibers were electrospun on 

the copper mesh collector. After functionalized with hydrophobic nanosilicas, the film 

becomes superhydrophobic. Test shows that this TPU porous film can successfully 

separate water/oleic acid mixture. Feng et al.
90

 described a spray and dry method to 

prepare PTFE on stainless steel film exhibiting both superhydrophobicity and 

superoleophilicity. A 156
o
 contact angle and 4

o
 sliding angle of water were achieved. 

Furthermore, the coating film possessed high hardness.  It was believed that the unique 

coated PTFE structure contributed to these properties. This film was efficient in 

separating diesel/water mixture.  

 

 

 

Figure 2.6 Images showing the interaction between the coated mesh and toluene and water.
91
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Colin et al.
91

 fabricated superhydrophobic copper mesh with water contact angle between 

152 and 167
o
 by coating rough silicone elastomer on the copper surface. By capturing 

using ultra-high speed video, they observed that toluene droplet could penetrate the film 

very quickly while the water droplet bounce back, see Figure 2.6. The designed filtration 

system can separate hexane, petroleum ether and toluene from water efficiently.  

Except metal meshes, textiles, such as polyester textile and cotton fibers, can also be used 

for separation applications.
92-97

 Compared with metals, textile materials have advantages 

of low price and better flexibility. They also show high stability under conditions of high 

temperature, high humidity, corrosive solutions or mechanical abrasion.   

 

 

 

Figure 2.7 Removal of collection oil from water using superhydrophobic sponge.
98

 

Three dimensional porous materials with high elasticity, high absorbing and large surface 

area have also been used for the oil/water separation. Zhu et al.
98

 fabricated 

superhydrophobic polyurethane sponge by coating one layer of superhydrophobic 

polysiloxane on polyurethane sponge via a facile solution immersion method. The sponge 

exhibits superhydrophobicity with the polymer coating and selectively absorbed oil with 

high capacity from the water surface, shown in Figure 2.7. The oil can be recovered by 

simply squeezing the sponge. Furthermore, this kind of sponge is mechanically stable, 

thus enabling reusability. Similar strategy to fabricate three dimensional porous materials 

was also employed in other studies.
99-102
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To remove oil from emulsions with droplet size as low as several micrometers or even 

nanometers, filtration system with very small pores is necessary. Zhang et al.
85

 prepared a 

superhydrophobic/superoleophilic PVDF membrane via a modified phase inversion 

process. Because of the unique partially connected spherical nanoparticles, the membrane 

was able to separate both surfactant free oil/water mixture and surfactant stabilized 

emulsions with high flux.  

 

 

 

Figure 2.8 a) Schematic illustration on the PAA-g-PVDF membrane b) image of an as-prepared 

PAA-g-PVDF membrane. c) Cross-section and d) top-view SEM images of the membrane. 

Images of an underwater oil droplet (e) and a water droplet on the membrane (f).
103

 

Except from superhydrophobic/superoleophilic surfaces, underwater superoleophobic 

materials can also be employed for oil/water separation.
104-107

 Compared with 

superhydrophobic/superoleophilic materials, the superoleophobic materials have the 

additional advantageous of antifouling from oils. Jin and coworkers
103

 reported the 

preparation of superhydrophilic and underwater superoleophobic PVDF membrane. 

PVDF molecules were first grafted with PAA, followed by a phase inversion processes of 

the copolymer. The product was spherical particles with a skin layer composed of PAA 
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extending outward, thus displaying both superhydrophicility and underwater 

superoleophobicity. The fabricated membrane was capable of separating oil from water in 

both surfactant free and surfactant stabilized oil-in-water emulsions. 

 

2.3.2 Polymeric Aerogel 

 

As one kind of solid materials, aerogel is unique in many aspects. In fact, aerogel has 

been considered as a new state of matter, on top of solid, liquid and gas.
108

 According to 

IUPAC, aerogel is a gel comprised of a microporous solid within which the dispersed 

phase is a gas. The definition of aerogel is evolving during the last century since the first 

invention of this type of interesting porous materials.
109

 This is because of the fact that 

many new forms of aerogel have been discovered and new features relating to all aspects 

of this material are taken into account. Initially, it was thought that aerogels can only be 

made from the sol-gel process. However, recent report on preparing CNT aerogel 

demonstrated that sol-gel process can also be avoidable.
110

 In spite of the difficulty to 

give a universally accepted definition, all these aerogels have some common material 

characteristics. Structurally, all aerogels are gel-like with hierarchical structure and pores.  

Aerogels have different properties compared with that of their bulk form, (regardless in 

solid, liquid or gas form) such as low thermal conductivity, high sound insulation, high 

surface area, and so on. For example, SiO2 aerogel can be as transparent as glass, 

thermally conductive as  polystyrene and with large surface area as that of charcoal.
111

 

Contributed by the many unique properties of aerogels, they have found extensive 

applications in supercapacitor
112

, buildings
113, 114

, drug delivery
115

, energy applications
116

 

etc.  

Generally, the fabrication of aerogels consists of three steps: (i) solution-sol transition, (ii) 

sol-gel transition (gelation) and (iii) gel-aerogel transition (drying). For drying methods, 

supercritical drying, freeze drying and ambient drying are frequently employed.
111, 117

 In 

freeze drying, the liquid is firstly frozen, followed by sublimation, which avoids the 

liquid/gas boundaries. This economical method is easy to operate and environmentally 

friendly; hence many aerogels have been prepared using freeze-drying.
118-120
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From the perspective of composition, aerogels can be classified into single-component 

aerogels and composite aerogels. Single-component aerogels mainly include oxide 

aerogels, organic aerogels, carbon aerogels and chalcogenide aerogels; while composite 

aerogels mainly include multi-composition, micro/nano composite and gradient aerogels. 

Oxide aerogels have been studied since the very beginning and are most thoroughly 

investigated. For oxide aerogels, many commercial applications have been proposed or 

employed.
121

 However, these aerogels are mechanically brittle, preventing them from 

more practical applications. As a result, stronger polymeric aerogels with many 

interesting properties increasingly gain attention in recent years. Generally, polymeric 

aerogels are aerogels with polymeric framework. In a typical sol-gel process involved in 

fabricating inorganic aerogel, the molecular precursors are transformed into cross linked 

structure before drying, leaving behind solid porous structures. Similarly, polymeric 

aerogel are obtained either by polymerizing monomers into cross linked network or 

transformation from liquid to solid phase aided by physical phase inversion.
116, 122

 For 

example, by cross linking polyamic acid with triamine, polyamide gel could be 

obtained.
123

 Graphene/PVDF organogel was obtained by mixing PVDF and graphene in 

DMF/water solution followed by heat treatment at 160 
o
C, before cooling to room 

temperature. After solution exchange in water and drying process, PVDF aerogel could 

be obtained.
124

  

To optimize various material properties of polymeric aerogels, such as mechanical 

properties, electrical and thermal properties, many types of fillers have been used. By 

incorporating carbon nanofiber (CNF) into polyvinyl alcohol (PVA) aerogel,
125

 both 

storage modulus and loss modulus of the pure polymer aerogel can be enhanced, 

indicating successful reinforcement. Simultaneously, the introduction of CNF also 

reduces thermal conductivity and surface area. Cellulose/graphene oxide aerogel were 

also prepared,
126

 the results showed that with 0.1 wt. % graphene oxide, the compression 

strength and Young’s modulus were increased by 30 and 90%, respectively. Qi et al.
127

 

fabricated electrically conductive cellulose with conductivity as high as 2.2ⅹ10
2
 S cm

-1
, 

with 10 wt. % CNTs loading. The Young’s modulus can reach approximately 90 MPa. 

Wang et al.
128

 also prepared cellulose/CNTs aerogel, achieving an improvement in 

compression strength by 25 % with 10 wt. % CNT loading.  
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2.4 Materials  

 

Poly (vinylidene fluoride) (PVDF) powder was purchased from Alfa Aesar and multi-

walled carbon nanotubes with average diameter of 10 nm and average length of 1.5 μm 

was purchased from Nanocyl, Belgium. The surface area is 250-300 m
2
/g. Sulfuric acid 

with concentration 95-97% and nitric acid with concentration 69-70% were purchased 

from Honeywell. Analytical grade ethanol, acetone, chloroform and N, N-

Dimethylformamide (DMF) and hexane were purchased from Sigma Aldrich. HPLC 

grade toluene and analytical grade cyclohexane were bought from Merck. HPLC grade 

chlorobenzene was bought from Alfa Aesar; dichloromethane and dimethyl sulfoxide 

(DMSO) was purchased from TEDIA. The FuelSave 95 gasoline and diesel were 

purchased from Shell.  

 

2.5 Characterizations  

 

2.5.1 Scanning Electron Microscopy (SEM) 

 

Compared with optical microscopy, SEM has a higher contrast and observation field size 

and it is the most direct evidence of material micro- or nano- structure. The surface 

topology and composition information of materials can be obtained from SEM images. 

Principally, SEM produces the image by collecting the electrons from the surface atoms 

during the interaction of the sample with electron beams. Three main signals generated 

include secondary electrons, back-scattered electrons and characteristic X-rays. In most 

cases during SEM imaging, the secondary electron imaging (SEI) was created by 

collecting the secondary electrons. SEI can have a very high resolution, making the 

observation of structure down to 1 nm possible. Additionally, back-scattered electrons 

imaging and characteristic X-rays can be used to identify the distribution and abundance 

of different elements in the samples.  

SEM has been frequently used to examine the morphology of polymer nanocomposites. 

Figure 2.9 shows a SEM image of polymer/CNTs composites with and without the 

surfactant. It is clearly observed from Figure 2.9 (a) that in the presence of surfactant, 

https://en.wikipedia.org/wiki/Secondary_electrons
https://en.wikipedia.org/wiki/Backscatter
https://en.wikipedia.org/wiki/Energy-dispersive_X-ray_spectroscopy
https://en.wikipedia.org/wiki/Secondary_electrons
https://en.wikipedia.org/wiki/X-ray
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excellent CNT dispersion was achieved. Figure 2.9 (b) shows that CNTs without 

surfactant is prone to aggregate.  

To obtain high quality SEM images, the samples are supposed to be electrically 

conductive to prevent electron induced charging. Since CNTs are high in electrical 

conductivity, good SEM images of pure CNTs samples can be obtained, especially when 

the CNTs are on conductive substrates. However, when it comes to polymer composite, it 

is necessary to perform a gold or platinum coating before the SEM operation, due to the 

nonconductive nature of most polymers. As a result of the surface coating, the nano 

fillers under SEM are larger than their real size. To examine the morphology of polymer 

composites, such as CNT distribution or dispersion, a fractured surface is normally 

observed. For polymers with glass transition temperature below room temperature, cryo-

fracture in liquid nitrogen is necessary to prevent any stress induced morphology 

transformation.  

 

  

Figure 2.9 SEM photographs of carbon nanotubes on fracture surfaces of the composite samples:  

(a) with C12EO8 and (b) without C12EO8.
129

 

 

2.5.2 Transmission Electron Microscopy (TEM) 

 

Similar to SEM, transmission electron microscopy (TEM) also generates images after the 

beam electrons interact with samples. The difference is that the sample is thin enough for 

the beam electrons to pass through. The interaction with sample atoms leads to the 

change of beam electron directions according to a scattering angle that is depending on 

the density and thickness of samples. TEM Image with different brightness could be 

generated by collecting the scattering signals. Different from SEM, surface coating is not 
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required for TEM. However, due to the weak penetrability of beam electrons, the 

thickness of sample must be very thin, preferably around 50 to 100 nm. Polymeric 

samples are usually needed to be sectioned by microtome or cryo-microtome (for 

polymers with glass transition temperature below room temperature). Furthermore, 

because of the fragile nature of polymeric and biological samples, low working voltage 

and short focusing/imaging process is recommended. High voltage and long retention of 

electron beam can damage the sample.  

Compared with SEM, TEM has much higher magnification. TEM has high resolution 

down to 0.1 to 0.2 nanometer, making the investigation of small structures composing of 

only a row of atoms possible. More importantly, inner structure and crystalline lattice can 

be observed with TEM, which SEM is not capable of. Figure 2.10 shows the difference 

between SEM and TEM in probing the influence of oxidation time on the structure 

transformation of CNTs. With SEM it is seen with the extension of reaction time, CNTs 

adhere to each other and become mud-like. Meanwhile, TEM shows more amorphous 

carbon is created with the increase of oxidation time. Both SEM and TEM can be 

employed to study the CNT dispersion in various polymer matrices. Actually, SEM and 

TEM are usually used together to fully characterize the sample morphology and 

interfaces.  

 

Figure 2.10 MWCNT functionalized by HNO3/H2SO4 at 100 °C. SEM image after (a) 1 h 

treatment; (b) 12 h treatment and (c) 24 h treatment. Scale bars are 1 μm; TEM image after (d) 1 h 

treatment; (e) 12 h treatment; and (f) 12 h treatment.
61
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2.5.3 Differential Scanning Calorimetry (DSC) 

 

Differential Scanning Calorimetry (DSC) is a frequently used thermal analytical 

technique to study polymer materials. It measures the difference in heat flow between the 

sample and reference, as a function of time. During heating, the heat difference will be 

compensated by the heating wire that located under both the reference and sample cells. 

By recording the heating power difference of two heating wire, DSC curves could be 

obtained. Typical DSC curves have y axis of endothermic or endothermic rate and x axis 

of temperature or time. Many thermodynamic or kinetic parameters, such as specific heat 

capacity, reaction heat, phase transition heat, phase diagram, reaction and crystallization 

rate, crystallinity in polymers and material purities can be measured. DSC has wide 

measurement range and requires very little amount of samples.  

 

 

Figure 2.11 DSC curves of PVDF with different filler loadings.
130

  

DSC has been used to determine the glass transition temperature for amorphous polymers 

and melting/crystallization temperatures for semi-crystalline polymers. Three peaks are 

frequently seen in DSC curves for PVDF. As shown in Figure 2.11, the peak around 150 

o
C results from imperfect crystals, and the melting of gamma phase PVDF leads to a peak 

around or slightly above 170 
o
C that depends on molecular weight of the PVDF used.

130
 

Many publications have mistakenly assigned the γ peak to β phase fusion 
131

. Ince-

Gunduz and Gregorio have explained the origin and evolution of this mistake
130, 132

. In 
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fact, the melting peaks of α and β phase PVDF are overlapped in DSC, which is several 

degrees lower than that of γ phase.  

 

2.5.4 Fourier Transform Infrared Spectroscopy (FTIR) 

 

Fourier Transform Infrared Spectroscopy (FTIR) is a technique that collects the infrared 

spectrum of samples. When molecules are exposed to infrared light, if the radiation 

energy is equivalent to the energy difference between the ground state and the excited 

state of sample, the sample molecules can absorb the radiation energy and transit to the 

excited vibration. The absorption of energy leads to the reduction of radiation intensity, 

which can be detected and recorded to give the FTIR spectrum after a series of 

mathematical calculation. Both stretching vibration and bending vibration of molecules 

can be detected, which comprises of symmetric stretching vibration, asymmetric 

stretching vibration, in-plane bending vibration and out-of-plane bending vibration.  The 

common wave length used in in FTIR is between 2.5~25m, corresponding to 4000~400 

cm
1

 in FITR spectrum.  

FTIR is a useful tool to investigate different crystals in PVDF. α, β and γ phases of PVDF, 

each one has its own characteristic peaks in FTIR. A list of absorption peaks for different 

crystals
130, 132-134

 is provided in Table 2.2. It is noted that both peaks at 840 and 1234 cm
-1

 

are observed for both β and γ phases. In addition, the peak of β at 510 cm
1

 and the peak 

of γ at 512 cm
1

 are very close to each other. Confusion could arise if these two peaks are 

not examined carefully. The β phase is important since it is responsible for the 

piezoelectricity; it is required to obtain the weight percentage of this phase in many cases. 

The β phase fraction can be calculated according to the following equation: 

                                                                  F(β) =
Aβ

1.26Aα+Aβ
                                      (2.12) 

where Aα and Aβ are adsorption bands of α and β at 532 and 840 cm
-1

, respectively.  
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Table 2.2 FTIR absorption peaks of different PVDF phases.  

Phase Peak Wavenumber (cm
-1

) 

α 408, 532, 614, 764, 796, 855, 976 

β 445, 510, 840, 1234 

γ 431, 512, 776, 812, 833, 840, 1117, 1234 

 

2.5.5 X-ray Diffraction (XRD) 

 

The structure of crystalline materials can be studied by X-ray Diffraction (XRD). Since 

crystals are composed of unit cell which is a set of atoms with regular arrangement, when 

the distance between atoms has the same magnitude as the wavelength of the incident 

beam of X-ray, the scattered X-ray interfere with each other as they leave the crystal. The 

interference intensity of X-ray in a specific direction is closely related to the crystal 

structures. Therefore, the X-ray pattern reveals the inner atom arrangement of the 

materials. The lattice spacing and the wavelength of incident beam is described by 

Bragg’s Law,  

 2d sinθ = nλ (2.13) 

where d and λ are the distance between atomic layers and wavelength of incident X-ray 

beam, respectively. θ is the complement angle of incident angle and n is an integer.  

 

Figure 2.12 XRD patterns of neat PVDF.
135
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XRD has been used to determine the polymorphism of PVDF. Figure 2.12 shows a 

typical XRD pattern of pure PVDF,
135

 in which the peak at 17.6
o
 belongs to α phase 

crystal, peaks at 18.5, 20.1 and 25.6 are attributed to α/γ phases and the peak around 20.5 

to 22
 o 

may come from the combination of polar β and γ phases, respectively. The 

determinations of each crystal are slightly different among the literature. For example, 

Gregorio et al.
132

 claimed that the peak of around 17.6
o 
is common to both α and γ phases 

while the peak at 20.26
 o 

is exclusively originated from β crystal. The difference is due to 

the fact that the peaks of each crystal are very close to each other and overlap in some 

cases. Besides, the crystallization of γ phase often leads to the formation of α crystal and 

makes the differentiation of γ and α crystal characteristic peak impossible.  

 

2.5.6 Mechanical Test 

 

The mechanical performance of PVDF and its CNT composites are examined by tension 

and compression testing. During tensile testing, the sample is subjected to a controlled 

tension force until it fails by fracture. Ultimate tensile strength, elongation at break, 

Young’s modulus and yield strength can be obtained by tensile testing. By calculating the 

strain ε and stress σ according to the following equations, a stress-strain curve is given 

during the testing:  

                                                      ε= 
ΔL

𝐿0
=

𝐿−𝐿0

𝐿0
                                                          (2.14) 

                                                          σ=  
𝐹𝑛

𝐴
                                                                  (2.15) 

where L0 is the initial length, L is the final length and ΔL is the change in length. F is the 

tensile force and A is the cross-sectional area of the specimen.  

Uniaxial tensile testing is applicable to isotropic materials, while biaxial tensile testing is 

usually needed to test anisotropic materials, such as many composites systems. Because 

CNTs are well dispersed in the polymer matrix, sample prepared in this work can be 

considered as isotropic materials.  

The samples for tensile test are prepared following standardized geometry, which has two 

shoulders at two ends and a gauge in between. The dimension of the sample tested in this 

work is based on the ASTM D638-V and listed in the table below:  
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Table 2.3 Standard dimension of tensile testing.  

Measured Parts Standard (mm) 

Width of Narrow Section 3.18 

Length of Narrow Section 9.53 

Width Overall 9.53 

Length Overall 63.50 

 

During compression testing, the samples are subjected to compressive force. Similar to 

tensile testing, a stress-strain curve will be plotted during testing. Besides that, the 

compression strength and Young’s modulus could be calculated. The samples tested by 

compression testing have a column shape with diameter 42 mm and height around 

3.6~3.8 mm. At least five samples are tested for each composition to guarantee the 

reliability of the statistical value. The universal testing machine is used to perform both 

the tensile and compression testing.  

 

2.5.7 X-ray Photoelectron Spectroscopy (XPS) 

 

X-ray photoelectron spectroscopy (XPS) is a technique used to analyze the material at 0 

to 10 nanometers from the surface. The principle of XPS is based on the photoelectric 

effect. That is, electrons can be emitted upon the exposure to light. In XPS, the X-ray 

beam irradiates the material; by collecting the data of kinetic energies and numbers of 

emitted electrons, XPS spectrum could be obtained. The binding energy of material can 

be calculated from the following equation:  

                                      Ebinding = Ephoton - （Ekinetic + φ）                                     (2.16) 

where Ebinding, Ephoton and Ekinetic are bingding energy, X-ray photon energy and kinetic 

energy of emitted electrons, respectively. φ is a parameter related to spectrometer and 

sample material.  

XPS can provide information about the elemental composition and concentration of 

compounds, chemical state, molecular structure and chemical bonding. Since X-ray beam 

only penetrates very thin top layer of material surface, XPS can be regarded as a non-

destructive technique. 
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Figure 2.13 XPS analyses of the MWCNTs: (a) XPS survey scan spectra; (b) variations in 

surface atom percentage of C1s, O1s and O/C ratio as a function of treatment durations.
136

 

The elemental composition change during functionalization of CNTs can be studied by 

XPS. XPS is commonly used to investigate the electronic structure and functional groups 

of various carbon materials, such as graphene oxide
137-141

 or carbon nanotubes
142-146

. The 

functionalization of CNTs usually introduces new elements to the CNTs and this could be 

monitored by XPS. The compositional variations caused by different acid treatment times 

are illustrated in the XPS profile in Figure 2.13(a). As seen, the oxygen peak increases 

with increased reaction durations. The percentage of carbon, oxygen and carbon/oxygen 

ratio can also be calculated from the XPS, which is summarized in Figure 2.13 (b). From 

high resolution XPS spectra, elements with different binding energies can also be 

differentiated, from which the percentage of various groups can be obtained.
145

  

 

2.5.8 Raman Spectroscopy 

 

Raman spectroscopy is a useful tool to characterize crystalline and electronic structure of 

carbon nanotubes. When incident light radiates on the sample, scattered light is produced. 

Most of the scattered light has the same frequency as the radiation source, which is 

known as elastic scattering or Rayleigh scattering. Due to the interaction between the 

incident light and molecules, a small fraction of the scattered light shifted in energy and 

frequency, which is called inelastic scattering or Raman scattering. Raman spectroscopy 

collects information of molecular vibration and rotation through inelastic scattering. By 

https://en.wikipedia.org/wiki/Inelastic_scattering
https://en.wikipedia.org/wiki/Raman_scattering
https://en.wikipedia.org/wiki/Inelastic_scattering
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plotting the scattered light intensity as a function of the energy difference between 

incident photon and Raman scattered photon, which is also equivalent to the molecular 

vibrational energy, the Raman spectrum is obtained.  

 

 

 

Figure 2.14 Typical Raman spectra of MWCNTs. 

Figure 2.14 is a typical Raman spectrum of MWCNTs. The D band around 1350 cm
-1

 is a 

disorder induced band. Acid oxidation or other chemical functionalization that modify 

CNT structure may increase this band. Besides, this band is also sensitive to amorphous 

carbon on CNT surface.
147

 The second band around 1580 cm
-1

 is related to the sp
2
 carbon 

of CNTs. The intensity ratio of D to G peak ID/IG that dividing the band area or height of 

D band over G band is usually used to analyze the structures.  ID/IG is found to increase as 

more defects exist in the CNTs.61, 148
  

 

2.6 Summary  

 

CNTs have been widely used to reinforce various polymers. The usually seen 

phenomenon with the introduction of CNTs is the enhancement of modulus and yield 

strength and simultaneous suppression in ductility. Generally speaking, there are three 

different strategies to fabricate polymer/CNTs composites: solvent blending, melt 

compounding and in situ polymerization. Most of the previous works on PVDF/CNTs 
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composites required tedious surface functionalization of the CNTs; and limited 

enhancement of mechanical properties were achieved at the expense of decreased 

ductility. Furthermore, there is very limited discussion across the literature on the effect 

of polymorphism toward performance of PVDF/MWCNT composites. All these issues 

will be discussed in the thesis.  

 

Surface functionalization of CNTs has been reviewed in this chapter. There are basically 

two types of methods, physical and chemical functionalization, based on the connection 

with CNTs after the functionalization process. Both methods have their advantages. The 

physical method can well reserve the physical properties of CNTs while the chemical 

approaches facilitate further surface modifications. In chapter 3, we report a facile 

method to surface chemically functionalizes CNTs that can be well controlled to avoid 

significant damage to the CNTs wall.  

 

Materials with special surface properties, such as superhydrophobic/superoleophilic and 

underwater superoleophobic membranes, can be used for oil/water separation. Besides, 

porous 3D materials can also separate oil/water mixtures by two consecutive steps, 

selective absorption and mechanical compression. Aerogel is one kind of highly porous 

material. Combining the hydrophobic feature of PVDF owing to it chemical structure, 

PVDF aerogel is promising to be used for both separation and absorption applications. 

The superhydrophobic/superoleophilic PVDF aerogel are fabricated and investigated in 

the thesis.  
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of Physical Chemistry C, 2013, 117, 8522-8529. 

  



Surface Functionalization  Chapter 3 

45 
 

Chapter 3 Surface Functionalization of Carbon Nanotubes  

 

Despite extensive study on carbon nanotube (CNT), the proliferation of its 

real applications has been hindered by its dispersibility in various organic 

or inorganic media. Very often complex surface functionalization processes 

are required to endow CNTs with enhanced dispersibility. Hence, facile, 

high-yield, and scalable functionalization methods for CNT for better 

dispersion are highly desirable. Thermal annealing is sometimes adopted for 

purification of CNT, however limited discussion has been devoted to its 

functionalization effect and surface chemistry, which directly determine CNT 

dispersibility. In this work, via controlled mild thermal annealing, enhanced 

dispersion of functionalized CNTs was achieved in different organic solvents, 

including ethanol, dimethyl formamide, chloroform and acetone. Such 

enhancement had been studied through qualitative (dispersion and 

sedimentation, TEM) and quantitative analyses (XPS, Raman) of 

morphological structures and chemical states of thermally functionalized 

CNTs. The analyses reveal that under mild thermal annealing conditions, the 

surface oxidative reactions of the CNT can be well controlled, with minimal 

damage to the graphitic structure of the CNT. A plausible functionalization 

mechanism involving ether and quinone functional groups is proposed. The 

advantages of thermal annealing toward enhanced dispersion are further 

demonstrated by employing the functionalized CNT in poly (vinylidene 

fluoride) (PVDF) composite and drop-cast conductive CNT pattern.   
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3.1 Introduction 

 

In the past two decades, carbon nanotubes (CNTs) as a quasi-1D material have been 

extensively investigated because of their unique and outstanding mechanical, chemical, 

electrical, electronic, and thermal properties. Their applications include, but not limited to, 

composite materials, sensors, photovoltaic devices, actuators, transistors and energy 

storage devices 
1-3

. However, due to the typical high aspect ratio (>100) and existing Van 

der Waals forces between CNTs, they usually form highly entangled bundles 
4
. Such 

entanglement of CNTs causes poor dispersion in any solvent and seriously hinders their 

potential applications. Multiple strategies have been explored to disperse CNTs in various 

solvents via covalent and non-covalent modifications. Oxidation by strong acids is often 

a common and effective chemical modification, which introduces polar surface functional 

groups, e.g., carboxylic, hydroxyl, and ketone groups, to render good dispersion in 

mainly aqueous medium 
5, 6

. Despite the effectiveness of acid/chemical oxidation, the 

drawbacks of this approach are obvious. It requires usage of large quantity of strong acids, 

which limits industrial scale production and causes pollution. Another method is non-

covalent physical wrapping of polymers on the surface of CNTs, which can also improve 

CNT dispersion 
7, 8

. Unlike oxidation, physical wrapping does not directly introduce new 

functional groups on CNTs. The polymer chains usually interact physically with CNTs to 

form a supramolecular structure. However, these physically wrapping polymers have to 

be specially designed and involves tedious synthesis steps, again limiting its practicality. 

Thermal annealing is widely adopted to process carbon materials, contributed by its 

simplicity, scalability and environmental friendliness 
9, 10

. It is known that annealing at 

high temperature in inert atmosphere generates more graphitic CNTs by removing 

dangling bonds and functional groups; while annealing at low temperature in oxidative 

gas (e.g., air or ozone) could have multiple effects on CNTs structures 
11, 12

. Yang et al. 

functionalized MWCNTs in air at 500 
o
C and demonstrated enhanced catalytic 

performance for wet air oxidation of phenol contributed by introduced oxygen containing 

functional groups 
13

. Li et al. 
14

 and Seo et al. 
15

 reported improved electric double layer 

capacitance of MWCNTs thermally annealed in air, contributed by the increased surface 

area. Kung et al. 
16

 and Zeng et al. 
17

 studied the effects of heat treatment in air toward 
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field emission of MWCNTs. They found lower onset emission voltage and enhanced 

emission current with thermal annealing, which were claimed to be the results of 

selectively opened CNTs tips and increased surface area. We would like to highlight that 

most of the previous works on thermal annealing of CNTs focused on CNT based device 

performance, paying little attention to fundamental relationship between surface 

chemistry during thermal functionalization, as well as the dispersion behaviour in organic 

solvents. In this work, by controlling the thermal annealing conditions, we studied the 

effects of relatively mild annealing in oxidative atmosphere toward MWCNTs dispersion. 

Under the controlled conditions, the structural integrity of the CNT was maintained 

during our mild thermal annealing, at the same time promising high functionalized CNT 

yield. We propose a new mechanism that involves the formation of oxygen-containing 

surface ether C-O-C and quinone C=O functional groups, which directly helps to enhance 

the CNT dispersion. 

 

3.2 Experiments  

 

3.2.1 Air Annealing 

 

Figure 3.1 Schematic illustration of air annealing process of CNTs and their dispersion states in 

organic solvent before and after treatment.  
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Annealing process was performed in a Thermal Gravimetric Analyser (Q 500, TA 

Instruments). Raw CNTs without any pre-treatment were placed in a platinum boat and 

were heated to the pre-set temperature between 450 and 550 °C at 5 
o
C/min with an air 

flow rate of 5 ml/min. A simultaneous flow of N2 at 50 ml/min was used. A schematic 

illustration of the process is given in Figure 3.1.  

 

3.2.2 Dispersion of Air-Annealed CNTs in PVDF 

 

Calculated amount of CNTs was processed with high power sonication (ultrasonic 

processor VCX 130, SONICS) for 5 mins in DMF. After that, dissolved PVDF in 50 ml 

DMF was mixed with CNTs solution by magnetic stirring for 1 hour and bath sonication 

for 1 hour. The uniform PVDF/CNTs/DMF solution was dried at 100 
o
C in hotplate and 

120 
o
C in vacuum oven overnight.  

 

3.2.4 Characterizations 

 

The morphology of CNTs was studied using transmission electron microscope (TEM) 

(Carl Zeiss Libra 120 Plus). The fractural morphology of prepared composite samples 

was studied by field emission scanning electron microscope (FESEM) (JEOL JSM-

7600F). SEM samples were prepared by firstly immersing the PVDF/CNT composites 

inside liquid nitrogen before fracturing them, and then the fractured surfaces were coated 

with platinum for 45s before SEM observation. Compositional analysis of CNTs was 

carried out using an X-ray photoelectron spectroscopy (XPS) equipped with an Axis 

Ultra spectrometer (Kratos Analytical). A monochromatic Al Kα X-ray (1486.7 eV) 

operating at 15 kV was used as the source. Raman spectra were recorded by a Witec 

Alpha 300 SR spectrometer with an Argon ion laser (488 nm, 20mW) as the excitation 

source. For each sample, five Raman spectra were recorded at difference sample 

locations. To test the electrical resistivity of thermally annealed CNTs, 0.5 mg CNTs 

were dispersed in 10 ml ethanol and drop cast at 50 
o
C on glass with patterned ITO 

electrodes. The electrical measurement was done by Hewlett Packard 4140B pA 
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Meter/DC Voltage source. The I-V curves were measured over a range of 0.2 to -0.2 V, 

with a step of 0.01 V in normal ambient. 

 

3.3 Results and Discussion 

 

 

 

Figure 3.2 TGA curve of raw CNTs. 

Figure 3.2 shows the TGA curve of CNTs in air and the decomposition of CNTs can be 

roughly divided into four steps. Before 500 
o
C, there is no obvious change for CNTs. The 

minor weight cut-off is due to the elimination of moisture and some other adsorbed 

materials. Slow oxidation might occur within this temperature range. Between 500 to 550 

o
C, weight decreases apparently but the decomposition rate is quite slow. High 

temperature before 550 
o
C is promising in functionalizing CNTs without serious 

decomposition. Between 550 and 700 
o
C, CNTs were quickly transformed into ash; 

beyond 700 C there is only metal oxide left. In order to verify the hypothesis of air 

annealing, a trial sample of CNTs were treated at 650 
o
C. Due to the high decomposition 

rate, the temperature was increased to a set value and stopped without any isothermal 

annealing process. 
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Figure 3.3 TEM images of a CNT sample air annealed at 650 
o
C with different 

magnifications. 

Figure 3.3 (a) shows the TEM images of trial sample treated at temperature up to 650 
o
C. 

Compared with the rather clean surfaces of raw CNTs, the CNTs from trial sample 

appear to be attached to each other after high temperature treatment, although the 

truncation effect is not obvious. From the high magnification picture in Fig. 3.3 (b), the 

crystalline structure of CNT walls were seriously damaged and large amount of 

carbonaceous carbon was attached onto both the inner and outer surface of CNTs. This 

indicates the air is very aggressive to CNTs at this temperature. Dispersion test showed 

raw CNTs begins to sediment simultaneously after the sonication stops. In fact, the raw 

CNTs form flocculated structure and cannot be uniformly dispersed even with sonication. 

By contrast, the trial sample can be stable for months without obvious sedimentation. 

Based on TGA analysis and preliminary study, a suitable temperature range was set 

between 350 and 550 °C for detailed study. In fact, it is not difficult to understand that 

oxidation can only occur above a critical temperature and accelerates as temperature 

increases. Furthermore, too high the temperature leads to excessive oxidation of CNTs in 

a short time and results in excessive weight loss and hence low yields. For example, 

CNTs treated at 650 °C led to 59% weight loss, i.e., low yield.  

Figure 3.4 (a) shows the weight loss of various thermally treated samples. At 350 
o
C, the 

residue mass is almost constant from 30 to 120 mins of annealing durations, suggesting 

that CNTs are insensitive to oxidation at this temperature. Higher annealing temperature 
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expectedly leads to higher oxidation rate. For heating above 400 
o
C, the weight loss 

increases with longer annealing duration. When treated at 450 
o
C for 30 mins (A3), 96.4 

wt. % CNTs were obtained.  With prolonged annealing duration to 60 (B3), 90 (C3) and 

120 mins (D3), the residue mass decreased to 95.8, 93.8 and 91.9%, respectively. At 

fixed 60 mins annealing duration, the residue mass for samples treated at 400, 450, 500 

and 550 
o
C are 98.0, 95.8, 74.1 and 34.7 wt. %, respectively. The oxidation is greatly 

accelerated at 90 min@550 
o
C annealing and almost no carbon-based material remained, 

leaving behind only metal oxide based catalytic materials (C5 and D5). 

With successful thermal functionalization, the introduced oxygen-containing groups on 

CNTs are able to form hydrogen bonding with polar solvents (e.g. ethanol), leading to 

enhanced dispersibility of CNTs. However, samples annealed at 350 
o
C with different 

durations (A1, B1, C1 and D1) were poorly dispersed (Figure 1b), indicating ineffective 

functionalization. Minimal weight loss and no clear improvement of dispersibility were 

observed for the samples annealed at 400 
o
C from 30 mins to 120 mins (A2, B2, C2 and 

D2). Samples annealed at 450 
o
C with shorter duration (A3: 30 min and B3: 60 mins) 

also could not be dispersed well in ethanol. Nevertheless, the fact that better dispersibility 

of CNTs followed by extended annealing duration (C3, 90 min and D3, 120 min) 

suggested that certain amount of oxygen-containing groups had formed on CNTs at 450 

o
C. All four samples annealed at 500 

o
C (A4, B4, C4 and D4) showed satisfactory 

dispersibility in ethanol. High enough annealed CNT yields were also achieved under this 

temperature, i.e. 85.0, 74.1, 67.6 and 62.7 wt. % respectively for annealing duration from 

30 to 120 mins. The yield is much higher than that of similar previous work that 

employed air as to purify CNTs, which is believed to be contributed by much milder 

oxidation with minimal air flow rate in this study 
18

. Higher annealing temperature at 550 

o
C is much more effective in oxidizing CNTs. Samples treated at this temperature with 

short duration of 30 or 60 mins (A5 and B5) showed very good dispersibility. However, 

the annealing yield is low, which were 42.0 and 34.7 wt. %. The structural integrity of 

CNTs annealed under these conditions had been compromised. Longer annealing 

durations (C5: 90 min and D5: 120 min) led to formation of metal oxide based residue, 

which is impossible to be dispersed in ethanol. Besides ethanol, representative organic 
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solvents with different polarity, i.e., acetone, chloroform and DMF were also 

found to be able to disperse well the thermally functionalized CNTs. 

 

 

 

Figure 3.4 The residue masses at different annealing conditions (a) and digital photographs 

of 1-week CNTs dispersion samples, prepared by sonicating 0.5 mg CNTs in 10 ml ethanol for 

60 mins (b). Labelled on glass vials are the sample codes corresponding to different thermal 

functionalization conditions. 
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From the dispersion test, annealed samples A4 (30min@500 
o
C) and D3 (120min@450 

o
C) showed that their conditions are optimal, contributed by the combined high yields and 

excellent dispersibility of CNTs. To examine their surface morphologies, TEM (shown in 

Figure 3.5) was employed. Comparing with that of raw CNTs, it can be seen that samples 

A4 and D3 have similar overall morphology with subtly rougher surfaces (Figure 3.5 b 

and 3.5 c inset images). The defects and particles generated on the CNTs surface 

evidenced the successful functionalization via thermal annealing. The weight losses for 

both samples are less than 15%, mainly attributed to the evaporation of moisture and 

elimination of amorphous carbon, while not including the oxidative gasification of 

carbon atoms. These results again demonstrate that controlled thermal annealing can 

facilely functionalize CNT at high yield and achieve excellent dispersion in organic 

solvents, without excessively damaging the integrity of the graphitic structure. 

Conventional CNT functionalization using boiling acids severely damages the graphitic 

structure of the CNTs, creating a relatively thick amorphous layer on outer surface of 

CNTs 
19

. Such amorphous layer adversely affects the thermal stability and electrical 

properties. Obvious structural damage because of the rapid and excess oxidation at this 

temperature could be observed in sample B5 (Figure 3.5 d). It is well accepted that the 

CNT tips, as well as bends and kinks within the tubular structures, bear more strain and 

are more prone to be attacked upon oxidation. Thus, CNT surfaces are likely to be 

opened or cut at these positions, leading to shorter tubes with varied curvatures. No 

obvious CNTs fragmentation effect or curvature changes was observed from our TEM 

images, which is believed to be caused by the mild oxidative condition used in this work. 

Nevertheless, the CNT surface of sample B5 is thinner than that of raw CNTs, indicating 

that the outer layers of CNTs have been 'etched off' via oxidation. 
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Figure 3.5 TEM images of (a) raw CNTs and annealed CNTs under different conditions: (b) A4, 

30min@500 
o
C (c) D3, 120min@450 

o
C and (d) B5, 60min@550 

o
C. The insets are enlarged 

images showing structural changes after thermal functionalization; in which CNT surface of 

sample A4 and D3 are well preserved while that of B5 is clearly damaged.  

The effect of thermal functionalization toward the surface chemistry of CNT was further 

investigated by Raman spectroscopy. It is well known that Raman effect is sensitive to 

any chemical modifications of CNT, such as any introduced defects and new functional 

groups 
14, 20, 21

. Raman spectra were collected from groups with fixed annealing duration 

(A1, A2, A3, A4 and A5) and temperature (A3, B3, C3 and D3), as shown in Figure 3.6. 

The peak called D band around 1350 cm
-1

, representing sp
3
 carbon atoms, is closely 

related to the integrity and intactness of the graphitic structure. The intensity of D band 

increases with the increase of defects sites, impurities, and the amount of amorphous 

carbon 
22

. The peak at 1570 cm
-1 

is called G band, which comes from the conjugated 
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carbon atoms of sp
2
 hybridization. The ID/IG intensity ratio is a frequently used indicator 

of defects on CNTs. When temperature increased from 350 to 450 
o
C, ID/IG values of A1, 

A2 and A3 also increased slightly, indicating very minor oxidation. It is known that 

thermal annealing has dual effects toward CNTs structure. On one hand, CNT can be 

oxidized and new defects sites formed, contributing to the D band. On the other hand, 

amorphous carbon on the CNT surface can be effectively eliminated, reducing the 

intensity of D band. It is believed that the amorphous carbon was largely reduced in A4 

sample, which effects overwhelmed that of the newly formed defects, leading to an 

eventual suppressed ID/IG value. Similar phenomenon was also reported by other group 
18

. 

The large increase of ID/IG value from A4 to A5 is caused by the extensive oxidation that 

created plenty of dangling oxygen-containing groups. Same trend was also observed 

when CNTs were annealed at fixed temperature and varied durations. Slight increase of 

ID/IG value was observed for A3 and B3 samples, as compared with that of raw CNTs. 

The ID/IG value declined firstly before increasing again, indicating simutaneous 

elimination of amorphous carbon and creation of new functional groups. 
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Figure 3.6 Raman spectra of raw CNTs and annealed samples. (a) CNTs are annealed for 30 

mins at different temperatures, (b) CNTs are annealed at 450 
o
C for different durations. The 

curves are nomalized with the G band as the reference, so the ID/IG values can be easily compared. 

The ID/IG values of each samples are included inside the right-hand-side brackets. 

XPS is a useful tool to study the elemental compositions and functional groups on CNTs, 

either qualitatively or quantitatively 
23-26

. Figure 3.7 (a) shows the C1s and O1s XPS 

spectra of raw CNTs and representative annealed samples. The oxygen content found in 

raw CNTs is believed to be due to impurities or catalyst residues. The oxygen content 

increases after thermal annealing; explaining the enhanced dispersibility of CNTs in 

organic solvents as more hydrogen bonding is formed. The total oxygen contents of a 
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series of selected samples are summarized in Table 3.1. The oxygen contents are 5.56, 

7.37, 7.42 and 12.93% for samples A3, A4, D3 and A5, respectively; showing a gradual 

increasing trend at higher temperature/longer duration. 

 

Figure 3.7 XPS spectra of raw CNTs, sample A4 (30mins@500°C) and A5 (30mins@550°C) (a) 

and deconvoluted high resolution XPS C1s spectra of raw CNTs (b1) A4 (c1) and A5 (d1); the 

corresponding O1s are given in (b2), (c2) and (d2), respectively. The oxygen contents for raw 

CNTs, A4 and A5 are calculated to be 5.53, 7.37 and 12.93 %, respectively.  
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The deconvoluted C1s and O1s spectra are shown in Figure 3.7 (b-d). The C1s peak for 

raw CNTs and annealed CNTs can be deconvoluted into and fitted by two sub-peaks. The 

major peak with a binding energy at 284.8 eV corresponds to sp
2
 hybridized carbon 

atoms of the graphitic structure in the CNTs, while the minor peak at 285.8 eV is 

assigned to sp
3
 hybridized carbon atoms bonded to oxygen 

27
. The sp

2
 hybridized carbon 

contents are calculated to be 84.71 82.52, 81.41, 80.25, 76.25% for of raw CNTs and 

annealed samples A3, D3, A4 and A5, respectively (Table 3.1). There is only a small 

reduction of sp
2
 carbon content in the annealed samples. Correspondingly, the O1s 

spectra can also be fitted into two peaks. The lower binding energy peak at 531.9 eV is 

assigned to be quinone groups (C=O); and the other peak at 533.2 eV belongs to ether 

groups (C-O-C) 
28, 29

. Closer examination of the functional group ratios summarized in 

Table 3.1 further reveals that increasing annealing temperature has larger influence on 

contents of C-O-C and C=O functional groups than that of increasing annealing duration 

(C1s Table 1). Data derived from O1s spectra in Table 3.1 show that the relative contents 

of -O- (related to C-O-C) and =O (related to C=O) are very different when annealed at 

450, 500, and 550 
o
C. It is important to note that higher annealing temperature has clearly 

favoured the formation of ether groups (C-O-C) at the expense of quinone groups (C=O). 

For example, the C-O-C group percentage of sample A3 annealed at 450 
o
C is 16.40%. It 

increased to 23.13 % and 45.27% in samples A4 and A5, which were annealed at 500 and 

550 
o
C, respectively. It is also noted that samples A4 (30min@500°C) and D3 

(120min@450°C) have almost the same total oxygen content, i.e., 7.37 and 7.42 %. 

However, the C-O-C to C=O ratio in sample A4 is 0.30 while that in D3 is 0.23. These 

observations indicate that shorter duration/higher temperature annealing leads to more C-

O-C groups than longer duration/lower temperature annealing, while the latter yields 

more C=O groups. Different from thermal annealing, oxidizing CNTs in strong acids 

leads to other types of functional groups. Apart from the main peak of graphitic sp
2
 

around 284.8 eV, acid treated CNTs also comprises of C-OH and COOH 
23, 30

, which are 

absent in our thermal annealed samples. The absence of these two functional groups is an 

important reason that thermally annealed CNTs has poorer dispersion in aqueous medium 

(compared with acid-treated CNTs), despite well dispersed in organic solvents. 
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Based on Raman and XPS analyses, we hereby propose a plausible reaction mechanism 

that involves the formation of surface ether and quinone groups on CNTs during thermal 

annealing, which are illustrated in Figure 3.8. To form C-O-C group, the first and also the 

determining step is the 1, 4 peroxidation. After that, the  electrons in the two adjacent 

C=C bonds rearrange and simultaneously form single bonds with the two oxygen atoms, 

while the -O-O- bond breaks homolytically. On the other hand, the formation of C=O 

groups begins with a 1, 2 peroxidation on the graphitic ring, and this is followed by 

simultaneous homolytic breaking of C-C and O-O bond, leading to the formation of two 

quinone groups. It is seen in XPS analysis that lower temperature is less favourable in 

generating C-O-C groups, i.e. less favourable to 1, 4 peroxidation. This is reasonable as 

the activation energy for 1, 4 peroxidation in the planar graphitic ring is higher than that 

of 1, 2 peroxidation. 

 

Figure 3.8 The proposed mechanisms of CNT surface functionalization via thermal annealing. 

The top part shows the formation of ether functional group, while the bottom part shows the 

formation of quinone group. 

Enhanced dispersion of CNTs in organic solvents directly indicates the potential of 

readily incorporating the thermally functionalized CNTs into polymer matrices using 

conventional solution blending approach. To demonstrate such application, we compared 

composites with annealed CNTs and the raw CNTs dispersed in a PVDF matrix. Figure 

3.9 compares the morphologies of the cryo-fractured morphologies of PVDF composites 

containing annealed CNT sample (sample D3) and raw CNTs (both 0.2 wt. %), prepared 
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by using DMF as the solvent. It can be seen that raw CNTs formed distinct and large 

aggregations in the polymer matrix (Figures 3.9 a and b), while annealed CNTs of sample 

D3 were individually separated and well dispersed throughout the polymer matrix 

(Figures 3.9 c and d). Achieving such a good dispersibility of CNTs in a polymer matrix 

is non-trivial and often requires lengthy and laborious treatment procedures that have 

poor scalability such as specialized grafting 
31, 32

. 

 

 

Figure 3.9 FESEM images showing the cryo-fractured morphologies of PVDF/CNTs composites 

with 0.2 wt. % (a, b) raw CNT and (c, d) annealed sample D3. 

Good CNTs dispersion, with minimal structural damage, is particularly important for the 

applications of CNTs as conductive coating or circuitry. Inkjet printing represents one 

patterning technique that has been employed to fabricate conductive CNT films 
33-35

. 

Despite the efforts, the difficulty to prepare uniformly dispersed CNT printing solution 

hinders this application. Previous works mostly used acid treated CNTs or surfactant to 

improve dispersion; however, these methods suffer from process complexity and 

compromise of electrical conductivity. To demonstrate the feasibility of using thermally 

functionalized CNTs as printing ink, ethanoic solutions containing annealed CNTs were 

drop-cast onto ITO patterned glasses, and electrical conductivity was tested. The 
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resistivity of 10 µL of annealed CNTs at 30min@ 500
o
C and raw CNTs without any 

treatment on ITO patterned glass are shown in figure 3.10. As shown also in the top-left 

inset are the optical microscopy images of samples with different ink volumes. It clearly 

shows that raw CNTs aggregated after the evaporation of solvent, and they stayed 

electrically insulated from each other on the ITO patterned glasses, due to the poor 

dispersion of raw CNTs and poor wetting to the substrate. The conductivity test shows 

that the pattern formed by raw CNTs is insulating until the feeding volume increased to 

30µL. By contrast, the thermally functionalized CNTs exhibited good pattern uniformity 

and obvious electrical conductivity, contributed by the oxygen-containing groups 

introduced during thermal annealing that enabled the good dispersion of CNTs in organic 

solvents and enhanced wetting to substrate. Again, it is shown that mild thermal 

annealing of CNT ensures the elimination of amorphous carbon, introducing functional 

groups and intactness of graphitic structures, which are critical in ensuring the high 

conductivity. 

 

 

 

Figure 3.10 I-V curve of drop-cast raw CNTs and thermally functionalized CNTs (A4, 30 min@ 

500
o
C) on ITO patterned glass. The drop volume is 10 µL. Top-left inset shows raw CNTs (left) 

and air annealed CNTs (right) with different volumes (10, 20, 30 and 50 µL) drop-cast on ITO 
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patterned glass. Bottom right inset shows the schematic of electrical testing of drop-cast CNTs 

pattern.  

3.4 Conclusion 

 

In this work, controlled mild thermal functionalization of CNTs was carried out and 

shown to be an effective route for surface modification of CNTs. This is a facile method 

which leads to high yield of annealed CNTs as high as 90%. After annealing at optimal 

temperature and duration, enhanced dispersion was demonstrated for the annealed CNTs 

in various organic solvents including ethanol, dimethyl formamide, chloroform and 

acetone. It was also shown that the controlled thermal annealing caused minimal damage 

to the graphitic structures of CNTs, as concluded from both Raman and TEM analysis. A 

plausible functionalization mechanisms related to surface chemistry is hereby proposed 

based on detailed Raman and XPS spectroscopic analyses, i.e. thermal annealing 

introduced uniform surface ether C-O-C and quinone C=O groups on CNT surface. We 

further demonstrated that thermal annealing is scalable and the resultant CNTs can be 

readily used for preparing CNT/polymer composite and fabricating printed electronics. 

This facile and scalable treatment process for CNTs opens up a lot of opportunities of 

wide range of applications that require uniformly dispersion CNTs within an organic 

media. 
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Chapter 4 Mechanical Properties of PVDF/CNTs Composites 

 

The reinforcement of mechanical properties of polymeric materials is often 

important to widen the applications; however, it remains a technical 

challenge to effectively increase toughness without degrading stiffness and 

strength of the polymers. In this work, by a facile methodology combining 

solution mixing and melt blending, poly (vinylidene fluoride)/multi-walled 

carbon nanotubes (PVDF/MWCNTs) composite with exceptionally enhanced 

ductility and toughness are prepared. With only 0.2 wt. % CNT loading, the 

elongation at break has increased from originally 138% to almost 500%, 

while toughness improved by as much as 386%, without compromising the 

stiffness and strength. Note that raw CNTs are directly dispersed in the 

matrix without any surface modification. In order to elucidate this novel 

enhancement of ductility of PVDF/MWCNTs composites, we carried out 

detailed analyses based on results from ultra-small-angle X-ray scattering 

(USAXS), cryo-fractured surface morphology, differential scanning 

calorimetry (DSC), and Fourier transform infrared spectroscopy (FTIR). It 

is proposed the enhanced ductility to be contributed by a synergistic 

combination of “void pinning effect” of CNT, as well as the formation of γ 

phase polymorph as the interphase in the PVDF/CNTs composites.  
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4.1 Introduction 

 

Poly (vinylidene fluoride) (PVDF) has received much research attention in the past few 

years for its unique piezoelectric and pyroelectric properties.
1, 2

 Owing to its excellent 

mechanical properties, thermal and chemical resistance, PVDF has also been utilized as 

structural material in architectural, automotive, and chemical processing industry.
3-5

 In 

view of the widening applications of PVDF, it is highly desirable to improve its 

mechanical properties by employing facile and scalable methods. Carbon nanotube 

(CNT), contributed by its excellent functional and mechanical properties, represents one 

type of nano-fillers that has been extensively explored to reinforce polymer matrices.
6
 

In this study, we report the fabrication of highly ductile PVDF/MWCNT composites 

prepared via a facile method combining solution mixing and melt extrusion. Excellent 

dispersion of raw MWCNTs in PVDF was achieved without the need of any surface 

functionalization of CNTs. Contrary to the usual cases; in our work, substantial 

enhancement in ductility by 400% in the PVDF/MWCNT composites with little change 

of modulus and yield strength were achieved. Seeing the counterintuitive enhancement of 

ductility observed in these PVDF/MWCNT composites, we carried out investigation on 

contributing mechanisms by characterizing systematically the void formation, interphase 

formation, phase transition during deformation, as well as filler-induced PVDF crystal 

polymorphism with and without the presence of MWCNTs during deformation. 

 

4.2 Experiments 

 

4.2.1 Sample Preparation  

 

To identify the appropriate method to fabricate PVDF/CNTs composites with uniform 

morphology, three approaches were employed in this study. First, melt extrusion was 

used to prepare PVDF/CNTs composites. Initially, the CNTs powder and PVDF powder 

were pre-mixed before extrusion. After 10 mins extrusion at 190 
o
C, the products were 

hot pressed into thin films with 0.2 mm thickness. Solution blending was also used to 

prepare PVDF/CNTs composites. CNTs dispersed in acetone were processed with high 
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power sonication (ultrasonic processor VCX 130, SONICS) in 50 ml acetone for 5 mins 

by cooling using ice-water bath. At the same time, PVDF was dissolved in acetone. 

Afterwards, the two solutions were mixed by magnetic stirring for 1 hour and bath 

sonication for 2 hours. PVDF/CNTs can be obtained by casting the mixed solution in the 

petri-dish and evacuating the solvents. After that, the obtained products were hot pressed 

into thin films with 0.2 mm thickness. In the third approach, CNTs with calculated 

contents (0, 0.1, 0.2, 0.5 and 1.0 wt. %) were processed with high power sonication in 50 

ml acetone for 5 mins with ice-water bath. After that, dissolved PVDF in 50 ml acetone 

was mixed with CNTs solution by magnetic stirring for 1 hour and bath sonication for 2 

hours. The uniform PVDF/CNTs/acetone solution was subjected to solvent evaporation at 

room temperature, followed by drying in vacuum oven at 60 
o
C overnight to completely 

evacuate the residue solvent. The products obtained were extruded at 190 
o
C, 80 

rad/minute for 10 mins. The obtained composites were then pressed into thin films with 

thickness around 0.2 mm by hot-press at 240 
o
C for further characterizations. To study 

the interfacial strength between CNT and polymer matrix, the as prepared 

PVDF/MWCNTs composite were Soxhlet extracted in boiling acetone for 72 h using the 

method described previously 
7
 before examining with an electron microscope. Specific 

section of stretched PVDF and its composite samples were etched in mixed solution of 

sulfuric and phosphorus pentoxide to investigate the structural evolution under strain.  

 

4.2.2 Characterizations 

 

The morphology of prepared samples was studied with a field emission scanning electron 

microscope (FESEM). SEM samples were prepared by firstly immersing samples inside 

liquid nitrogen to prepare cryo-fractured surface and then coated with platinum for 45 s 

before investigated by JEOL JSM-7600F. Mechanical properties were tested with 

Microtester Instron 5848. Attenuated total reflectance - Fourier transform infrared 

spectroscopy (ATR-FTIR) spectra were recorded by PerkinElmer Frontier FT-NIR/MIR 

spectrometers. Spectra were obtained with resolution of 2 cm
-1

 and 16 scans. X-ray 

diffraction (XRD) was performed on a Bruker AXS D8 advance X-ray diffractometer 

using Cu Kα radiation. Differential scanning calorimetry (DSC) was performed from 50 
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to 200 
o
C with a heating rate of 10 

o
C/min by TA Instruments 2010. Ultra small X-ray 

scattering (USAXS) experiments were carried out by a modified Xeuss system of 

XENOCS with a semiconductor detector (Pilatus 100K, DECTRIS, Swiss) attached to a 

multilayer focused Cu Kα X-ray source (GeniX3D Cu ULD, Xenocs SA, France), 

generated at 50 kV and 0.6 mA. The wavelength of the X-ray is 0.154 nm. The beam was 

collimated with a two scatterless slits systems mounted 2.4 meters away from each other. 

The distance between the sample and detector is 6450 mm, with exposure time of 600 s 

and beam size of 0.6*0.6 mm
2
. 

 

4.3 Results and Discussion 

 

 

 

Figure 4.1 FESEM images of the cryo-fractured surface of PVDF/MWCNTs composites 

prepared from solution blending (A, B) and melt extrusion (C, D) with CNTs loading 0.2 wt. %.  

Figure 4.1 shows the cryo-fracture surfaces of PVDF/MWCNTs composites prepared 

from solution blending and melt extrusion. With only solution blending, the CNTs cannot 

be well distributed in the polymer matrix, some regions possessing higher concentration 

CNTs than others, see Figure 4.1A. From enlarged image in Figure 4.1B, however, we 

observe that most of the tubes are individually dispersed. It suggests that the high power 

sonication is very effective in dispersing the CNTs in acetone. Due to the difference 
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between the density of CNTs and PVDF solution, CNT separation phenomenon occurs 

during solvent evaporation process. Accompany by heating induced polymer solution 

flow, the poor CNT distribution may happen. The method using melt extrusion only form 

CNT aggregates with diameter in several micrometers (Figure 4.1 C and D) although it 

seems that the aggregated particles are quite well dispersed, indicating melt extrusion 

only is not capable of individually dispersing CNTs.  

 

 

Figure 4.2 FESEM images of the cyro-fractured surface of (a) raw PVDF and PVDF/MWCNTs 

composites with CNTs loading of (b) 0.1 (c) 0.2 (d) 0.5 and (e) 1.0 wt. %, respectively.  

A uniform dispersion was obtained by the third strategy, see Figure 4.2. Overall, uniform 

dispersion of raw CNTs was achieved in all samples prepared by our method. Such 

excellent dispersion of untreated MWCNT in a polymer matrix is rarely seen in literature. 

The internal morphology of the composites is important because it directly determines the 

mechanical and many other physical properties. Aggregation of CNTs could severely 
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deteriorate the mechanical performance of final products due to undesirable localized 

stress.  

 

Table 4.1 Summarized mechanical data of PVDF/CNTs composites. 

CNT 

Content 

(wt. %) 

Young’s 

Modulus 

(MPa) 

Yield Stress 

(MPa) 

Elongation at 

Break (%) 

0 504 (15)
a
 47.5 (1.0) 128 (81) 

0.1 457 (38) 46.0 (1.7) 411 (89) 

0.2 491 (23) 45.8 (0.8) 483 (24) 

0.5 532 (17) 46.6 (0.3) 361 (101) 

1.0 551 (24) 47.3 (1.0) 113 (85) 

a: 
Values in parenthesis are the standard deviation. At least five samples for each composite 

condition were tested. 

Table 4.1 shows the mechanical data obtained from tensile test of neat PVDF and its 

CNTs composites. It is seen that, for the modulus, there is a slight initial decrease 

followed by an increase after the introduction of CNTs into PVDF. The yield stresses of 

all composite samples are marginally lower than that of the neat polymer. Interestingly, 

the elongation at break has increased to 411, 483 and 361% for samples with 0.1, 0.2 and 

0.5 wt. % CNT, as compared with that of neat polymer. Such substantial improvement of 

ductility without compromise in modulus and strength has never been reported previously 

in CNTs reinforced polymers. 

Figure 4.3 (a) shows representative stress-strain curves of neat PVDF and composite with 

0.2 wt. % CNT content. The elongation at break of neat PVDF is 128 %, while that of the 

composite sample increased to 483%. The peak in the stress-strain curve around 230 % is 

due to non-equilibrium necking during the stretching process. As a result of greatly 

increased ductility and comparable modulus and strength, the toughness of the composite 

samples (defined as the area under stress-strain curve) has significantly increased. The 

bar diagram in Figure 4.3 (b) shows the toughness increments of all CNTs composites as 

compared with that of neat PVDF; the normalized increment of tensile toughness of 

composite with CNT loading of 0.1, 0.2 and 0.5 wt. % are 291, 386 and 298 %, 
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respectively. With as low as only 0.2 wt. % pristine CNTs, the tensile toughness almost 

quadrupled. This is non-trivial and exceptional, requiring further research effort to 

investigate the underlying mechanism. Nevertheless, with further increase of CNTs up to 

1.0 wt. %, toughness decreased due to the poorer dispersion of CNT at higher loading 

that leads to decreased elongation at break. 

 

 

 

Figure 4.3 (a) Typical tensile test curves of neat PVDF and PVDF/CNTs composite sample with 

0.2 wt. % CNTs and (b) tensile toughness improvements of composites compared with neat 

PVDF. 

The reinforcement effect of CNTs on polymer modulus/strength is widely reported and 

discussed. However, CNTs induced improvement of ductility is very rare in the literature. 

The understanding of the mechanism behind the enhanced ductility is highly desirable for 

both academic interests and practical applications. It is well accepted that plasticizer or 

debonding/cavitation can both contribute to increased ductility.
8-10

 The plasticizer effect 

may originate from solvent, moisture, or low molecular weight additives. In our work, 

since the fabrication processes employed for neat PVDF and PVDF composite samples 

were the same, the possibility of solvent plasticizing effect is eliminated. TEM image that 

shows the morphology of composite sample after tensile test reveals that most of the 

CNTs are not de-bonded from PVDF matrix. In addition, FESEM images of cryo-

fractured surface of tensile deformed sample in the transverse direction shows that even 

after stretching, the polymer matrix is still well coated on the surface of CNTs, further 

eliminating debonding as the factor. A previously reported simulation study on CNTs 

reinforced polymers stated that the stress-strain curve can be very sensitive to any 
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debonding process and its occurrence would lead to a stress downturn or strain 

softening.
11

 However, no such strain softening was observed in our tensile testing results, 

which again eliminates the possibility of debonding induced ductility.  

 

 

 

Figure 4.4 USAXS scattering patterns of (a1) neat PVDF, 30 % strain; (b1) composite sample 

with 0.2 wt. % CNTs, 30 % strain; (a2) neat PVDF, 60 % strain; (b2) composite sample with 0.2 

wt. % CNTs, 150 % strain and FESEM of necking section of (c) neat PVDF and (d) composite 

sample with 0.2 wt. % CNTs. To enable a clearer observation of morphological profile, both neat 

PVDF and composite sample are etched in oxidative solution of P2O5/H2SO4 before doing SEM. 

The arrows indicate the uniaxial stretching direction.   

Aravind et al.
10

 prepared thermoplastic polypropylene with incubated pre-existent 

submicrometer voids and found that the voids growth resulted in the formation of energy-

absorbing crazes, which could delay the fracture of polymer. In order to fully understand 
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the effect of voids toward the mechanical properties of the PVDF/CNTs composites 

during stretching, in-situ USAXS analysis was carried out and the results are shown in 

Figure 4.4. It is seen that both neat PVDF and PVDF/CNTs composites possess abundant 

micrometer sized voids after tensile deformation, evidenced by the strong X-ray 

scattering intensity. This indicates that the exceptional ductility in our PVDF/CNT 

composite, which was not observed in neat PVDF, is not directly contributed by voids. In 

fact, as discussed earlier, CNTs debonding from the PVDF matrix after deformation is 

rarely seen, indicating negligible influence from debonding promoted voids formation, 

even if it takes place. In other words, CNTs do not cause the formation of voids in this 

study. It was also observed that when the deformation is small (Figure 4.4 a1 and 4.4 b1), 

microvoids in both samples align along the direction that is vertical to the stress direction. 

As the deformation increases (Figure 4.4 a2 and 4.4 b2), voids switched into the direction 

parallel to the stress in both neat PVDF and PVDF/CNT composites. Generally, 

microvoids are created with tips in the direction vertical to stress and develop along the 

stress direction. Despite that plenty of voids which are present in both neat PVDF and 

PVDF/CNT composite, we observed an obvious difference in the morphologies of 

necking section of the two deformed samples. It is seen that, from Figure 4.4 c and 4.4 d, 

the void size of neat PVDF is noticeably larger than that of PVDF/CNT composite. The 

size of the voids in neat PVDF are around 5 µm, while that of composite sample is 

several times smaller (1~2µm).  

The void growth behavior observed in both USAXS and SEM analysis suggest the role of 

CNTs in improving the ductility and toughness of PVDF composites via delaying the 

voids coalescence. The introduction of CNTs may hinder the development of voids, 

delaying them from further growth. Consequently, before the breakage, PVDF/CNT 

composites could absorb more energy, corresponding to enhanced ductility and tensile 

toughness. The difference in void growth found in neat PVDF and PVDF/CNTs 

composites is illustrated in Figure 4.5. For stretching of neat PVDF, perpendicular 

microvoids grow and realign towards the direction parallel to the stress direction (Figure 

4.5, corresponding to the transition from Figure 4.4 a1 and Figure 4.4 a2). Since there is 

no restriction, the propagating microvoids eventually coalesce with neighboring voids, 

forming larger voids and resulting in final failure. In the case of PVDF/CNT composites, 
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CNTs in the path of crack propagation can pin and impede the growth, which slow down 

the coalescence of microvoids. After the initial propagating microvoids encounter CNTs, 

the fusion of neighboring voids is hindered. At the same time, more CNTs may realign 

parallel to the stress direction and becoming more effective in hindering voids growth. As 

a result, the formation and growth of voids will be delayed, hence leading to enhanced 

ductility and toughness. 

 

 

 

Figure 4.5 Illustration of the proposed mechanism of CNT pinning effect. The breakage of neat 

PVDF is caused by void development and coalescence under stress, while the realigned CNTs in 

PVDF/CNTs composite pin and impede the coalescence of voids, delaying the failure.  

Apart from void pinning effect of CNTs, the complex polymorphs of PVDF with different 

crystalline structures have to be considered. Owing to the substantial difference in 

modulus and ductility among each crystalline phases, any variations in the ratio of PVDF 

crystal structures is expected to exert considerable influence on physical properties of 

PVDF composites.
12, 13

 There are altogether five forms of chain arrangements of PVDF, 

among which, α, β, and γ are the most frequently observed and studied. α phase is the 

most thermodynamically stable phase and with a chain conformation of TGTG’ (trans-
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gauche-trans-gauche); β phase has a chain conformation of TTTT (all trans) that is the 

main origin of the piezoelectric properties.
14

 For γ phase, it has a chain sequence of 

TTTGTTTG’ and is the transition state between α and β.
15

 To investigate the effects of 

PVDF polymorphs on enhanced ductility, ATR-FTIR, XRD, and DSC were carried out to 

understand the polymorphic transformation during the tensile stretching process. 

Figure 4.6 (a) and (b) shows the DSC curves of neat PVDF and its composites before and 

after tensile testing, respectively. Two peaks are found in the DSC curve of neat PVDF 

before deformation. The weak endotherm peak at lower temperature of 148 
o
C is due to 

imperfect crystals formed in the process of melt crystallization.
16

 The endotherm peak at 

161 
o
C is attributed to α phase melting. For composite samples at all CNT loadings, a 

new shoulder peak at higher temperature of 167 
o
C emerged, which is the melting peak of 

γ phase PVDF. As summarized in Table 4.2 are the melting points of each phase and the 

crystallinities of neat PVDF and composites, as obtained from DSC curves. Crystallinity 

was calculated by integrating the heat flow between 130 and 175 
o
C. The melting 

temperature of α phase barely alters with the increase of CNT loading, and is unaffected 

by tensile stretching. Melting temperature of γ crystallite remains comparable at different 

CNT contents. The crystallinities of as prepared PVDF composites, regardless of the 

different phases, decrease with the introduction of CNTs. However, the variations are 

very marginal. For example, the crystallinity of composite sample with 0.2 wt. % CNTs is 

only 0.5 % less than that of neat PVDF. The difference in crystallinity is even smaller if 

the contents of CNTs are taken into account. The slightly reduced crystallinity could be 

partially responsible for the moderate change of modulus of composites. Furthermore, 

since γ crystallites possess much lower elastic modulus than that of α and β phase,
17

 the 

existence of γ phase in composites may also affect the modulus. It is also seen from 

Figure 4.6 (b) that the γ phase melting peak disappears after stretching, indicating the 

transformation into other phases. 
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Figure 4.6 First heating DSC curves of PVDF/CNTs composites before (a) and after (b) tensile 

test and FTIR spectrum of PVDF/CNTs composites before (c) and after (d) tensile test. Curves 

from the bottom to top are spectrum of samples with 0, 0.1, 0.2, 0.5 and 1.0 wt. % CNT, 

respectively. 

Table 4.2 Summary of the melting temperature and crystallinity of α and γ PVDF before and 

after stretching, as determined by DSC. Enthalpy was calculated by integrating the heat flow 

between 130 and 175 
o
C by TA Analysis software and the fusion heat of 100 % crystallinity is 

102.5 J/g.
18

 

CNT content (wt. %) 0 0.1 0.2 0.5 1.0 

Tm(α/β) (
o
C) 

Before stretching 160.6 160.7 160.9 160.9 160.9 

After stretching 160.7 160.9 161.1 160.9 160.9 

Tm(γ)(
o
C) 

Before stretching _ 167.5 167.3 167.3 167.1 

After stretching _ _ _ _ _ 

Crystallinity 
Before stretching 34.0 33.0 33.5 33.2 32.5 

After stretching 34.7 36.6 35.6 34.7 38.8 
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FTIR is a useful tool that is frequently employed to differentiate each type of crystal in 

PVDF. Figure 4.6 (c) shows the ATR-FTIR spectra of as-prepared neat PVDF and the 

corresponding CNT composites. FTIR peaks at 855, 796 and 764 cm
-1

 belonging to α 

crystallite are clearly seen in the spectra of both neat PVDF and composites. With the 

increase of CNTs loading, absorption of α crystallite decreases gradually, indicating 

decreased α phase in the composites. There is one peak at 840 cm
-1 

with weak intensity 

observed in FTIR spectra for both PVDF and CNT composites. Since both β and γ phases 

may absorb at this wavenumber range, the origin of this peak cannot be determined at this 

point without further information. However, it is clear that a new peak at 833 cm
-1 

that 

exclusively belongs to γ crystallite
19

 emerged for the composite samples, which is absent 

in the spectrum of neat PVDF. Additionally, absorptions at 812 and 716 cm
-1

 also come 

from γ phase, although the peak at 716 cm
-1

 is relatively weak. The peak at 840 cm
-1

 is 

attributed to β crystallite and its absorption increases after CNTs were introduced (Figure 

4.6 c). This is consistent with other works that reported increased β phase after addition 

of nanomaterials into PVDF, such as nanoclay
20, 21

 and various types of CNTs.
22, 23

 The 

zigzag surface of CNTs is believed to match well with all-trans configurations, which are 

beneficial to β PVDF growth formation.
24

 This is further supported by simulation
23

 that 

showed all-T configurations (β phase) are more favorable to be adsorbed onto the surface 

of CNT compared with TGTG’ configuration. Molecules of α configuration are able to 

transform into β PVDF with the help of external energy input, for example via simple 

sonication. Since the γ phase is a transitional structure between α to β crystallite, it is 

reasonable that a portion of molecules on CNTs remain in γ configuration in the process 

of α/β transformation. γ PVDF is known to be crystallizing in the vicinity of the melting 

α phase.
25

 Contributed by the melt crystallization occurred during both the melt extrusion 

and hot press processes we used, γ phase PVDF would form in the composites.  

From Figure 4.6 (d), it can be seen that, after the tensile test, all the α PVDF peaks 

decrease while that of the β phase at 840 cm
-1

 increases markedly, owing to the α to β 

transformation induced by stretching.
26

 It is also noted that all absorptions of γ phase at 

840, 812 and 776 cm
-1

 disappear after the stretching, indicating transformation of γ phase 

during the tensile test, consistent with DSC results. The transformation of γ phase, which 

is only present in composites during stretching, was also evidenced by XRD. In another 
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words, based on the high similarity in chain configurations between β and γ PVDF, the γ 

PVDF transforms into β phase during stretching, similar to what was reported 

previously.27
 A separate simulation study28

 demonstrated that the phase transformation 

can be achieved in the way of interchain slippage, particularly along the molecule chain 

at the interface. As schematically illustrated in Figure 4.7, the γ phase slips into β phase 

under external load, where continuous slippage and transformation of γ phase create a 

plasticized zone around the β/γ phase interface in the vicinity of CNTs. This phase 

transformation induced plasticization leads to significant enhancement of ductility and 

absorb large amount of energy during stretching. On the other hand, the phase 

transformation induced plasticization reduces the stress transfer between the CNT and 

PVDF matrix and delay the fracture of CNTs, thus affect adversely to the performance of 

modulus and yield strength of the composites.  

 

 

Figure 4.7 Illustration of the proposed mechanism of polymorphic transformation-induced 

ductility. Under stress, the γ phase in PVDF/CNTs composite around CNTs transform into β 

phase, creating plasticization and resulting in enhanced ductility and toughness. 

The findings in this study show that CNT is not only able to reinforce polymeric matrix 

in terms of Young’s modulus and tensile strength; it can also remarkably enhance the 

ductility of the PVDF composites. With low CNT loading, remarkably enhanced ductility 

was achieved in this study. The function of CNTs in PVDF matrix is two-fold. Firstly, 

CNTs serve as sites for void pinning during the stretching process. Secondly, the 

introduction of CNTs creates an interfacial PVDF crystal γ phase between the nanotube 

surface and the matrix, which undergoes polymorphic transformation under stretching. 

The synergistic effect of void pinning and interfacial phase transformation leads to 

exceptionally improved ductility and toughness in PVDF/CNTs composites. 
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4.4 Conclusions 

 

In summary, exceptionally ductile PVDF/MWCNTs composites with excellent dispersion 

of raw CNT in PVDF matrix have been prepared via a facile method combining solution 

mixing and melt blending. The highly ductile PVDF/MWCNTs composites were 

achieved without compromising the yield strength and modulus. The mechanism of such 

unique and counterintuitive ductility change is systematically investigated using various 

characterization techniques. USAXS revealed that CNTs acts as void pinning sites that 

hinder the propagation of microvoids, preventing their further coalescence. Furthermore, 

the polymorphic transformation was found to be another main contributing factor. In our 

system, γ phase PVDF in as-prepared composite samples disappeared and transformed 

into β crystallite during the stretching, creating plasticized zone around CNTs. This 

plasticization led to significant increase of ductility and toughness of the resultant 

composites. These types of highly ductile PVDF/CNT composite with exceptional 

toughness are believed to be able to find wide potential for engineering applications. 
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Chapter 5 PVDF Aerogel and PVDF/CNTs Composite Aerogel 

for Oil/Water Separation and Fast Oil Absorption 

 

Highly porous poly (vinylidene fluoride) (PVDF) aerogel with 

superhydrophobicity and superoleophilicity was successfully prepared by 

vapor induced phase inversion process. The surface properties studied by 

contact angle show that PVDF aerogel is superhydrophobic, with a water 

contact angle of 151
o， and has almost instantaneous oil absorption. 

Contributed by the hierarchical micro-nano structure, both surfactant-free 

and surfactant-stabilized oil-in-water emulsion could be effectively 

separated by the fabricated PVDF aerogel simply under gravity , with good 

flux and high filtrate purity up to 99.99%. PVDF aerogel also exhibits 

moderate oil absorption capacity of 3~7g/g and high up-taking rate for 

various types of oil, suggesting that it is a promising material to be 

employed in various scenarios to absorb oils. Furthermore, PVDF aerogel is 

highly stable against concentrated alkaline solution owing to its 

superhydrophobicity. PVDF/CNTs composite aerogel has also been 

fabricated. With 0.1 wt. % CNTs, the compression strength and modulus can 

be largely improved, without impairing the surface properties.  
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5.1 Introduction 

 

Membrane with special surface properties has drawn increasing attention in both industry 

and academia in recent years. Surface with water contact angle large than 150 
o
 is 

superhydrophobic.
1
 In nature, many biomaterials have high to super hydrophobic 

surfaces, such as the lotus leaf, cabbage leaf and bird feathers.
2
 The morphological 

structure is critical in achieving superhydrophobicity. It has been discovered that the 

superhydrophobicity of lotus leaf is contributed by the numberless micrometer sized 

papillae accompanying with even smaller protrusions.
3
 This kind of hierarchical structure 

is believed to be able to trap large amount of air minimizing the real contact area between 

the surface and water. On this account, superhydrophobic surface has been endowed with 

self-cleaning, anti-icing, anti-sticking and anti-contamination properties.
4-7

 

Due to the outstanding performance in mechanical properties, heat and thermal 

resistance, as well as the inertness to most of organic or inorganic solvents, 

Polyvinylidene Fluoride (PVDF) based materials has been extensively used in membrane 

applications, such as top surface of raincoat, vehicles, outdoor conditioners, micro and 

ultrafiltration membranes.
8-10

 PVDF is a fluoropolymer with low surface energy, 25 

dynes/cm. Meanwhile, PVDF is intrinsically polar material because of partial 

fluorination, resulting in a lower contact angle (CA) around 70 
o
C compared with that of 

some polyolefin.
11

 In spite of this, PVDF superhydrophobic surface has been obtained by 

diversified strategies, such as plasma treatment
12

, electrospinning
13-16

, surface coating
17, 

18
, hybridization

19-22
 and chemical deposition

23, 24
. Recently, superhydrophobic PVDF and 

PVDF copolymer porous material were successfully prepared by introducing 

hydrophobic graphene inside via a phase inversion method.
25, 26

  Wenbin et al. fabricated 

both superhydrophobic and superoleophilic PVDF membranes by adding ammonia in the 

process of phase inversion facilitating the formation of PVDF clusters with special 

structures.  

In this work, we prepared PVDF aerogel through vapor induced phase inversion. The 

obtained aerogel is light in weight and possesses very porous structure. It is both 

superhydrophobic and superoleophilic that make it selectively absorb oil from water-in-

oil mixtures, with or without surfactant stabilization. The simple manufacture process 
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makes the method promising for the large scale production of this highly porous material 

which might be used for purifying oils from water in various circumstances.  

 

5.2 Experiments 

 

5.2.1 Sample Preparation  

 

To make pure PVDF aerogel, 10 wt. % PVDF in DMSO was firstly prepared by magnetic 

stirring. The transparent solution was then transferred into glass Petri dish with diameter 

60mm and height 15mm. Then the glass dish containing PVDF solution was put into a 

sealed container with 500 ml DI water inside. Three days later, after the water vapor 

induced phase inversion completed, the obtained PVDF/DMSO gel was repeatedly 

washed by water. After that, the PVDF hydrogel was dried by freeze drying. Similarly, to 

fabricate PVDF/CNTs composite aerogel, 20 wt. % PVDF/DMSO and CNTs/DMSO with 

calculated CNTs amount are prepared separately before mixing them together. Magnetic 

stirring and ultrasonication are employed to increase the uniformity of 

PVDF/CNTs/DMSO solution. After that, followed by phase inversion procedure in sealed 

container and freeze drying, PVDF/CNTs composite aerogel is obtained. The oil/water 

mixtures are prepared both with and without surfactant using various kinds of oils. The 

ingredient of surfactant free mixture and surfactant stabilized emulsions are listed in table 

5.1 and 5.2 following. The surfactant free oil/water mixtures are obtained by 60 mins 

sonication in bath sonicator while surfactant stabilized oil/water mixtures are prepared by 

3 hours vigorous magnetic stirring.   
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Table 5.1 Compositions of water-in-oil mixture with surfactant.  

Solvent Vol. 
Vol. 

(Water) 

Span 

80 

Hexane 50ml 0.25ml 0.125g 

Dichloromethane 50ml 0.25ml 0.125g 

Toluene 50ml 0.25ml 0.125g 

Chlorobenzene 50ml 0.25ml 0.125g 

Cyclohexane 50ml 0.25ml 0.125g 

Gasoline 50ml 0.25ml 0.125g 

Diesel 50ml 0.25ml 0.125g 

 

Table 5.2 Compositions of water-in-oil mixture without surfactant.  

Solvent Vol. 
Vol. 

(Water) 

Span 

80 

Hexane 180ml 20ml 0 

Dichloromethane 180ml 20ml 0 

Toluene 180ml 20ml 0 

Chlorobenzene 180ml 20ml 0 

Cyclohexane 180ml 20ml 0 

Gasoline 180ml 20ml 0 

Diesel 180ml 20ml 0 

 

5.2.2 Characterizations 

 

The morphology of prepared samples was studied by field emission scanning electron 

microscope (FESEM, JEOL JSM-7600F). The SEM samples were coated with platinum 

before observation. The contact angle of water and absorbing process of oil are studied by 

Contact Angle Data Physics OCA15Pro equipped with camera and video. The water 

content in oils is measured by CA-200 moisturemeter. The compression strength and 

modulus are measured by Mech Tester Instron 5567. Samples under test are in cylinder 
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shape with diameter 42 mm and height 3.6~3.8 mm. The strain rate is set to be 5 mm/min 

and at least five samples are tested for each data point. The water droplet in oil/water 

mixture without surfactant is studied by Olympus BX51 and the droplet size in surfactant 

stabilized mixtures is determined by Malvern Nanosizer. N2 adsorption/desorption 

isotherms were measured by micromeritics ASAP 2020.  

 

5.3 Results and Discussion 

 

The three main steps of our fabrication method of PVDF aerogel are illustrated in Figure 

1 (a). In the first phase inversion step, both solvents DMSO and non-solvent H2O would 

evaporate inside the water containing sealed container. With the increase of concentration 

of water than that of DMSO, PVDF solution gradually became gel. In a traditional sol-gel 

process used for fabricating inorganic aerogel, the molecular precursors are firstly 

converted into cross-linked structure, followed by drying to create a solid porous 

structure. Similarly, polymeric aerogel can be obtained either by polymerizing monomers 

into cross-linked network, or transforming the liquid to solid phase via physical phase 

inversion.
27, 28

 The latter method is adopted in this work because of its simplicity and 

tailorability of morphology. After PVDF/DMSO gel formed, subsequent solvent 

exchange by immersing inside water further replaced the DMSO with H2O. The final 

product i.e. PVDF aerogel was obtained after freeze drying. The sample appearances 

during each step are shown in Figure 1 (b). It is seen that the transparent PVDF/DMSO 

expectedly became opaque and white in color after DMSO was exchanged with non-

solvent, i.e. water. 
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Figure 5.1 (a) Schematic illustration of the formation of PVDF aerogel (b) Digital photo of 

different steps in fabricating PVDF aerogel.  

 

 

Figure 5.2 Photograph of PVDF aerogel on water with five cent Singaporean coin (diameter 

16.75mm, thickness 1.22mm, mass 1.70g) on top (a) and FESEM of PVDF aerogel with different 

magnifications.  
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PVDF aerogel has very low density around 0.2 g/cm
3
. Figure 5.2 (a) shows photograph of 

1 g PVDF aerogel floating on water with 1.7 g coin on topside. The low density is due to 

high porous structure. FESEM show that the PVDF aerogel are composed of spherical 

particulates with size of several micrometers that are partially connected with each other, 

leaving interconnected channels (or pores) from several micrometers to dozens of 

micrometers. The pore size is critical in separating surfactant stabilized oil/water 

emulsion which features with small droplets. It is believed many 

superhydrophobic/superoleophilic materials are incapable of removing oils from water in 

emulsified solution due to the oversized pores.
29

 Besides, the surface of those spherical 

structures is not smooth but covered by abundant nano protrusions pointing outwards, 

making it a coral-like structure. The sphere and nano protrusion are around 3 µm and 

100~200 nm, respectively. This kind of hierarchical structure is vital for the high 

hydrophobicity and superoleophilicity via enhancement of surface roughness.
30

 

 

 

 

Figure 5.3 Absorbing process of oil (a, 0.0ms; b, 16ms; c, 47ms) and contact angle of water (d). 

The volume of oil and water are 6 and 10 μl, respectively. The photos are captured by the camera 

attached with contact angle measurement system.  



PVDF Aerogel  Chapter 5 

92 
 

PVDF aerogel responds drastically different toward oil (toluene was used as oil) and 

water. As shown in Figure 5.3, as soon as oil droplet touched the surface, it penetrated the 

aerogel quickly. Within 47 ms, most of the oil was absorbed, demonstrating the 

superoleophilicity of the aerogel. By contrast, the aerogel has large water contact angle of 

151
o
, which is much higher than the contact angle on bulk PVDF film with smooth 

surface prepared by hot press (~70
o
). The water repellency of the aerogel was also 

evaluated based on water sliding angle, which was determined to be as low as 3
o
, 

indicating high water repellency as observed for lotus leaf and butterfly wings.
31

 It is 

understood that the surface properties of materials are governed critically by both surface 

free energy and roughness. The surface free energy is determined by the chemical 

structure of materials; while on the other hand, original surface wetting behavior can be 

enhanced by a rougher surface, i.e., hydrophobic/hydrophilic material possesses even 

higher degree of hydrophobicity/hydrophilicity with increased roughness. With a rough 

surface, the real solid-liquid interface is much larger than the apparent value.
32

 The 

remarkable oleophilicity and hydrophobicity of prepared PVDF aerogel are attributed to 

the hierarchical microstructure which traps air pockets, and a larger solid-liquid interface 

when water droplet deposits on the aerogel. Recent studies indicated that the boundary of 

water contact angle dividing hydrophobicity and hydrophilicity is 65
o
,
 
rather than 90

o
.
33, 

34
 Many materials previously regarded as hydrophilic could be made superhydrophobic 

by increasing the surface roughness.
35-37
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Figure 5.4 Optical images of oil/water mixture without surfactant before (a) and after (b) 

filtration and (c) filtrate purity of oil/water mixtures with various oils.  The scale bar is 100µm.  

To examine the separation capability of PVDF aerogel toward oil/water mixtures, a 

filtration system is set up with PVDF aerogel serving as the filter medium. The prepared 

emulsions were filtered through the PVDF aerogel and the filtrates were collected for the 

purity tests. Before the filtration, the water droplets in oil/water mixture were examined 

under optical microscope. Figure 5.4 (a) shows the typical appearance of water droplets 

in toluene. It was observed that water droplets with size between 10 ~ 50 μm were well 

distributed in continuous oil phase. The optical microscopic image of the filtrate is shown 

in Figure 5.4 (b), and there is no observable droplet, indicating successful removal of the 

water from toluene. The purity of filtrate, as determined by moisturemeter, could be as 

high as 99.97 %; which is comparable to, if not higher than the liquid chromatographic 
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grade. Considering the unavoidable absorption of atmospheric moisture during 

experiments, the actual filtrate purity could even be higher than measured value. Several 

other oil/water emulsions with hexane, dichloromethane, chlorobenzene, cyclohexane, 

gasoline and diesel as the continuous phase had also been tested, and the respective 

filtrate purities are listed in Figure 5.4(c). Despite the difference in filtrate purity that was 

dependent on the type of oil, all filtrates possessed oil phase of more than 99.9 % high in 

purity. For certain oils, including hexane, cyclohexane, gasoline and diesel, the filtrates 

possess purity that is even higher than 99.99 %.  

The difference in filtrate purities is believed to be closely related to the polarity of oils, 

i.e. oil with higher polarity has lower separation efficiency. The polarity of oils used in 

the study is as follows: hexane, cyclohexane < toluene < chlorobenzene < 

dichloromethane
38

; while the sequence of filtrate purity is hexane, cyclohexane > 

toluene > chlorobenzene > dichloromethane. It is expected that oil with higher polarity 

has stronger interaction with water, making the separation more difficult. Both gasoline 

and diesel are intrinsically mixtures of mostly short chain hydrocarbon alkyl; therefore 

they have similar polarity to hexane. In our experiments, filtrate purity using gasoline and 

diesel as the oil phase could be achieved as high as that of hexane. The flux of surfactant-

free emulsion separation is calculated to be ~1240 L/hm
2
. Similar fluxes were also 

witnessed for other oil/water emulsions. It was noted that the separation was driven only 

by gravity. There is no doubt that by increasing the oil/water emulsion volume (height) in 

the funnel (larger static pressure) or simply exerting external force (e.g., vacuum pump) 

could further increase the separation flux. The flux is also related to the thickness of the 

filter medium. It is envisioned that with reduced aerogel thickness, the separation 

efficiency can also be enhanced.  
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Figure 5.5 Size distribution of surfactant stabilized oil/water mixture before (a) and after (b) 

filtration and (c) filtrate purity of oil/water mixtures with various oils.   

Industrial waste effluent often contains various types of surfactants or dispersants. To 

investigate the effectiveness of PVDF aerogel in separating surfactant-stabilized 

emulsions, further tests involving surfactant in different oil/water mixtures were 

conducted. Firstly, the number and size of water droplets are investigated before and after 

the filtration. Figure 5.5 (a) shows the size distribution of water droplet in cyclohexane 

before the separation test, as determined by dynamic light scattering (DLS). It is seen that 

the size ranges from ~ 60 nm to 1 μm, with the majority centered at approximately 100 

nm. The emulsion was stable for 4 days without sedimentation or phase separation. After 

filtration of the surfactant-stabilized emulsion through the PVDF aerogel, no size data 

was measurable by DLS due to the lacking of water droplet in oil, indicating complete 
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removal of water from the emulsion. From the digital photos of the emulsions before and 

after filtration, as shown in Figure 5.5 (b), the milky solution became totally transparent 

as contributed by the complete removal of water. The filtrate purity of cyclohexane, as 

well as those of other oils is listed in Figure 5.5 (c). There was virtually no decrease in 

the filtrate purity after the introduction of surfactant with the values ranging from 99.86% 

of dichloromethane to all others that exceeded 99.9%. Nevertheless, it was observed that 

the separation flux of surfactant-stabilized emulsion was lower than those without 

surfactant. On top of the subtle change in separation performance among different 

batches of prepared aerogel, the flux for surfactant stabilized water-in-cyclohexene is 

calculated to be around 220 L/hm
2
. Comparable fluxes are obtained for the cases of other 

oils. This range of flux values was much lower than those of the separation of surfactant- 

free emulsion, partially due to increased viscosity after introduction of surfactant. 

Moreover, it is expected that higher energy is needed to ‘break’ the surfactant/oil 

interfaces, and this results in further decrease of the separation rate and flux. However, 

the flux is higher than typical values that were previously reported. Li et al.
39

 prepared 

cellulose hollow fiber ultrafiltration membrane for oil/water separation, achieving 

separation flux less than 10 L/hm
2
 under pressure of 0.1 MPa. Chakrabarty et al.

40
 

fabricated a variety of polysulfone membranes with separation flux less than 120 L/hm
2
 

under pressure of 103.4kPa. The much higher flux obtained with PVDF aerogel is 

believed to be ascribed to the superoleophilicity and high porosity. 

 

Figure 5.6 Separation flux and efficiency at different separation cycles. 
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To examine the reusability of PVDF aerogel in separating oil and water, the same PVDF 

aerogel was repeatedly used to separate surfactant-stabilized emulsion for 5 filtration 

cycles; using cyclohexene as the continuous oil phase. In each separation test, 100 ml 

emulsion was filtered through the aerogel; and the aerogel was vacuum dried before it 

was used for next filtration cycle. The separation flux and filtrate purity were measured 

for each cycle and the results are shown in Figure 5.6. The separation fluxes for 5 

filtration cycles are calculated to be 222, 232, 206, 222 and 214 L/hm
2
, respectively. 

Within experimental error, it can be regarded that there was no obvious decrease in the 

flux. On the other hand, high separation efficiency was observed for all 5 filtration cycles, 

with all purities of filtrated cyclohexane surpassing 99.99%. The results indicate that the 

aerogel can be used repeatedly without compromising its performance in oil/water 

separation.  

The sharp contrast of surface affinity between PVDF aerogel to water and oil, along with 

its unique 3D structure, suggest that the aerogel possesses high potential to be used for oil 

absorption. To evaluate the absorption performance, the up-taking capability of various 

oils by the aerogel was tested. The aerogel was immersed in oils for 1 h for complete oil 

up-taking. The absorption capacities of various oils by the aerogel were represented by 

the ratio of weight of aerogel after and before the up-taking. The calculated absorption 

capacities are compiled in table 5.3, that it can be seen that PVDF aerogel possesses 

moderate up-taking ability towards various oils with capacity of about 3 to 7 g/g.  

Table 5.3 Absorption capacity of PVDF aerogel for various oils. 

Oil Type Absorption Capacity (g/g) 

Hexane 3.10 

Toluene 4.17 

Gasoline 3.54 

Diesel 4.05 

Dichloromethane 6.78 

Chlorobenzene 5.58 

Cyclohexane 4.01 
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Figure 5.7 Change of absorption weight as function of time of PVDF aerogel in dichloromethane 

and hexane (a) and absorption capacity as function of number of cycles in dichloromethane and 

hexane (b).  

Apart from oil absorption capacity, other factors, such as oil absorption kinetics, 

reusability and the ease of oil recovery, are important considerations to access the 

suitability of a material for oil cleanup. Dichloromethane and hexane were used as the oil 

phases to examine the absorption rate and reusability. PVDF aerogel was weighed after 

immersion in oils for durations of 10s, 30s, 2 min, 5 min, 10 min, 20 min, 40 min and 60 

min. The absorption weights as a function of time are showed in Figure 5.7 (a). Minimal 

change is observed for the weight absorbed after 10 s and 60 mins, indicating a fast 
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absorption rate towards oils. Within 10 s, the aerogel absorbs up to 99.4 % of its capacity 

for dichloromethane and 102.3% for hexane, respectively. The fast absorption rate was 

ascribed to the superoleophilicity towards oils and the large surface area of PVDF aerogel.  

The reusability was also tested by repeated immersion-drying cycles of aerogel in oil; the 

oil uptake capacities after different absorption cycles are shown in Figure 5.7 (b). It can 

be seen that a decrease in absorption capacity for chloromethane was observed during the 

second uptake, which is believed to be due to solvation effect that induced shrinkage of 

the aerogel. The subsequent uptakes of dichloromethane by aerogel stabilized and the 

absorption capacity after 10 cycles was about 91 % of its first-cycle capacity. As for the 

case of hexane, the absorption capacity remained constant within 10 cycles, indicating the 

good structural stability of PVDF aerogel toward hexane. Looking at conventional natural 

absorbents used for cleanup of oil spillage, such as cellulose, wood waste, zeolite and 

cotton fibers, they often suffer from slow absorption rate, co-absorption of water and 

incurred deactivation of absorbents.
41, 42

 As for the PVDF aerogel, with its high 

absorption rate, good reusability and high selectivity towards oils, it exhibits great 

potential to be used for oil spillage remediation. Another advantage of PVDF aerogel is 

that it can be easily cleaned and regenerated by rinsing with common organic solvents.  

In fact, often in the real application involving oil/water separation, high amount/weight of 

solution and harsh environmental conditions would demand good mechanical properties 

of separation materials. The mechanical properties of porous aerogel is knows to be very 

different from that of bulk materials. In this regard, we studied the effect of polymer 

concentrations on the mechanical properties of the PVDF aerogel by compression test. 

The typical compressive stress-strain curves of PVDF aerogel of different PVDF 

concentrations are plotted in Figure 5.8 (a). Generally speaking, the stress-strain curves 

can be divided into two regions, with boundary at strain of around 30%. Before strain 

reaches 30%, the trend of the curves is not obvious due to the existence of tilt edge 

formed during the sol-gel process. After strain reached 30%, aerogels fabricated from 

higher polymer loading exhibited clearly higher compressive strength and modulus. 

Taking the compressive strength at 45% strain for example, the values increased from 

139 kPa by 66.2% to 231 kPa, when PVDF concentration increases from 8 to 20 wt. %; 
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while the elastic modulus increased from 665 to 1870 kPa, by an increment of 181 %. 

Detailed values are compiled in table 5.4.  

 

Figure 5.8 Stress-strain curves of aerogels prepared from PVDF solutions with concentration 8, 

10, 15 and 20 wt. % (a) and FESEM images of aerogel prepared from polymer loading of 8 wt. % 

(b), 15 wt.% (c) and 20 wt.% (d). 

The mechanical properties of PVDF aerogel are in turn critically determined by its 

microstructure. Using FESEM, the morphologies of aerogels prepared from different 

concentration of PVDF were observed, from 8 wt. % to 20 wt. % (corresponding to 

image b to d in Figure 5.8). It was observed that the micro-sized spherical particulate 

became larger with the increase of polymer concentration. For example, the spherical 

particulate size of 8 wt. % aerogel is around only 2 μm, while that of aerogel from 20 wt. % 

is 4 times larger. Furthermore, the spherical particulates are more packed with higher 

PVDF loading. It could be seen that the spherical particulates of aerogels prepared from 

higher PVDF loading have more contacting interfaces with neighboring ones. The above 

observed morphology is believed to have contributed to the superior mechanical 

properties. Nevertheless, despite the variations in PVDF structure, owing to the existence 

of air within porous structures, aerogels prepared from all polymer concentrations 

exhibited similar hydrophobicity and oleophilicity.   
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Table 5.4 Compressive strength and modulus of each aerogel prepared from different PVDF 

concentrations. To enable statistical reliability, 5 samples for each concentration were tested.  

Concentration Compressive Strength 

(Kpa)
 

Compressive Modulus 

(Kpa) 
8 wt.%

 139(6)
a 

665
b
(32)

 

10 wt.%
 157(2)

 
724(23)

 

15 wt.%
 217(20)

 
1296(75)

 

20 wt.% 231(7)
 

1870(27)
 

a
The value in the bracket is mean deviation, calculated according to the formula 𝑥 =

∑ |𝑥𝑖−�̅�|𝑛
𝑖=1

n
, 

where �̅� is the mean value and n is the sample number.  

b
The modulus E at strain of 45% is estimated by the formula E(45%) =

𝜎(46%)−𝜎(44%)

ε(46%)−ε(44%)
, where σ 

and ε are stress and strain, respectively.  

The chemical resistance of PVDF aerogel to alkali was also investigated. It is well known 

that PVDF is highly thermally stable, anti-oxidative, anti-radiative and anti-corrosive to 

most of the harsh chemicals, however, PVDF is vulnerable to the attack of concentrated 

alkali solution such as sodium hydroxide.
43

 Different from perfluoropolymer, PVDF has 

unsubstituted β-carbon in the molecular chain, which enables the E2 elimination reaction 

in the presence of alkali solution, involving elimination of HF and leaving polyene chain. 

Exposure to concentrated sodium hydroxide also creates hydroxide and carbonyl groups, 

seriously impairing the mechanical and other physical properties of PVDF.
44

 To evaluate 

alkali-resistance properties of PVDF aerogel, PVDF aerogel (10 wt.%) was immersed 

and kept in saturated sodium hydroxide solution at room temperature, and it was found to 

be intact after one year time. The excellent resistance to alkaline solution is believed to be 

made possible by the superhydrophobicity of the aerogel surface, which effectively limits 

any interaction between PVDF and sodium hydroxide molecules. This encouraging anti-

corrosion property of PVDF aerogel gives promise for it to be used in more complex and 

harsh operation conditions. It needs to be highlighted here that PVDF aerogel is also a 

non-crosslinked thermoplastic polymer that can be easily recycled, reused and reformed 

into any shape, thus greatly widening its applications.  
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Figure 5.9 Stress-strain curve (A) and Young’s modulus as well as compression strengths (B) of 

PVDF aerogel and of PVDF/CNTs composite aerogel. (a) Compression strength of PVDF aerogel, 

173 (66) MPa (b) compression strength of PVDF/CNTs composite aerogel, 307 (41) MPa (c) 

Young’s modulus of PVDF aerogel, 34.7 (18.5) MPa (d) Young’s modulus of PVDF/CNTs 

composite aerogel, 45.4 (23.8) MPa; the value in the bracket is standard deviation.   

The mechanical performances of PVDF aerogel and PVDF/CNTs composite aerogel 

were examined by compression testing. Stress-strain curve, compression strength and 

Young’s modulus are shown in Figure 5.9. It can be seen after introduction of 0.1 wt. % 

CNTs, the mechanical performance of PVDF aerogel are markedly enhanced. The 

compression strength and Young’s modulus increase by 31 and 77 %, respectively. The 

mechanical data reveal that the good dispersion and potential as strong fillers of CNTs 

have been well realized.  
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Figure 5.10 FESEM (a, b), water (c) and oil (d) contact angle of PVDF/CNTs composite aerogel.  

PVDF/CNTs composite aerogel displays a very different morphology compared with 

PVDF aerogel, shown in Figure 5.10. Partially connected micro particles that constitute 

PVDF aerogel cannot be seen. Instead, the composite aerogel is composed of more 

irregular shaped foam-liked structures which also connected with each other. It is noted 

that there are more interfaces between that the particulates; which is believed to 

contribute to the enhanced mechanical properties of composite aerogel. Besides that fact 

that spherical structures disappear after the introduction of CNTs, the particulates 

surfaces are far from smooth and covered with irregular nano-size protrusions, see the 

higher magnification SEM in Figure 5.10 (b). Furthermore, as indicated by the arrow, 

CNTs can be clearly observed in the composite aerogel. It is seen CNTs either protrude 

out from particulates or connect two neighboring particulates. The well dispersed CNTs 

can readily absorb energy under compression, leading to significantly enhanced 

compression strength and modulus.  

Figure 5.10 (c) shows that the water contact angle of composites is 142
o
, very close to 

that of PVDF aerogel. Within the experimental error, it can be regarded they are the same. 

Similar to PVDF aerogel, the composite aerogel absorb the oil very quickly; no contact 

angle could be obtained, shown in Figure 5.10 (d). This suggests the introduction of 

CNTs does not impair the surface properties of aerogel.  
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Figure 5.11 Nitrogen adsorption and desorption isotherms of (A) PVDF aerogel and (B) 

PVDF/CNTs composite aerogel.  

Nitrogen adsorption and desorption isotherms of PVDF aerogel and PVDF/CNTs 

composite aerogel are shown in Figure 5.11. Both PVDF aerogel and the composite 

aerogel belong to Type IUPAC IV isotherm characteristic. The BET surface area and 

average pore size radius of PVDF aerogel are 40.3 m
2
/g and 15.0 nm while that of 

composite aerogel are 56.5 m
2
/g and 19.1 nm. The increments are respectively 40.2 and 

27.3 %. The large variation in surface area and pore size is understandable considering 

the large morphology changes after the introduction of CNTs. It is reported that the 

surface aerogel slightly decrease after CNTs are filled in the cellulose aerogel.
45

  For 

example, with 3 and 10 wt. % CNTs loading, the surface area of PVDF aerogel decreases 
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from 163.2 m
2
/g to 159.1 and 140.4 m

2
/g. The different results come from the different 

effects of CNTs addition on the final morphology of cellulose and PVDF aerogel. 

Different from our prepared PVDF/CNTs aerogel, the cellulose/CNTs composite aerogel 

has very similar morphology to that of pure cellulose aerogel. The large change in the 

morphology between PVDF aerogel and composite aerogel indicates that the CNTs play 

an important role in the sol-gel process of PVDF/CNTs aerogel. One plausible 

explanation is that CNTs accelerate the crystallization behavior of PVDF. Similar results 

were reported in graphene oxide (GO) filled porous PVDF membrane. Zhao et al.
46

 

prepared PVDF/GO membrane with increased porosity and pore size than the pure PVDF 

membrane and they believed that the hydrophilic GO can facilitate the diffusion rate 

between solvent and non-solvent which is beneficial for the new morphology. Zhang et 

al.
47

 fabricated PVDF membrane filled with oxidized CNTs and GO and found that 

significant morphology change compared with that of neat PVDF membrane, which was 

also claimed to be due to the strong hydrophilicity of oxidized CNTs and GO. However, 

in this study, the CNTs used are actually hydrophobic, which can hardly accelerate the 

solvent/non-solvent exchange process. Instead, we believe that the existence of CNTs 

facilitates the crystallization of PVDF in the sol-gel process, benefitting the formation of 

larger pore size and leading to the resulting morphology.  

The porosity P of PVDF aerogel and composite aerogel can be calculated according to 

the following equation:  

                                                             P= 
𝑉−

𝑊

ρ

𝑉
                                                                (5.1) 

Where V, W and ρ are volume of aerogel, weight of aerogel and density of bulk PVDF or 

PVDF/CNTs.  

Considering the low concentration of CNTs (0.1 wt. %), the density of bulk PVDF and 

PVDF/CNTs can be regarded the same. Furthermore, there is no obvious volume change 

in the PVDF aerogel and composite aerogel. Therefore, in spite of the large difference in 

surface area, PVDF aerogel and composite aerogel possess very similar porosity.  

Although it is expected that more CNTs loading will further enhance the mechanical 

performance, our study on PVDF/CNTs composite aerogel with 0.2 wt. % and above 

show rather tortile shape instead of regular cylinder, making mechanical testing 
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impossible to be carried out. This might be due to higher CNT loading that leads to 

aggregation during the sol-gel process, further resulting in considerable torque during 

freeze drying because of different densities in various sections. It is expected that the 

section with higher density undergoes less shrinkage while lower density area has more 

shrinkage after drying.  

5.4 Summary 

A facile vapor induced phase inversion method was used to fabricate PVDF aerogel with 

unique hierarchical micro-nano structure. The superoleophilicity and 

superhydrophobicity were achieved without using any additives. This highly porous and 

light-weight PVDF aerogel is able to separate both surfactant-free and surfactant-

stabilized water-in-oil emulsion with high filtrate purity and separation flux. Emulsified 

water droplets with size as small as 60 nm can be effectively removed from continuous 

oil phase. Owing to its 3D structure, PVDF aerogel also exhibits promising absorption 

capacity towards various oil and almost instantaneous up-taking ability. Good reusability 

of aerogel for both oil/water separation and absorption of oil was demonstrated. The 

introduction of low loading content of CNTs can effectively enhance the mechanical 

performance compared with that of PVDF aerogel, without suppressing the surface 

properties. With the combinations of these good properties, it is envisioned that 

thermoplastic PVDF aerogel could find potential applications in both separation and 

absorption of oil under various scenarios. 
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Chapter 6 Conclusions and Future Recommendations  

 

 

Based on previous discussions on the respective three studies, the main 

findings and outcomes are briefly summarized in this chapter, which also 

includes the connection between each work. Some recommendations for 

future works have also been proposed.  
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6.1 Conclusions 

 

Three studies have been conducted to address the scope of this thesis, focusing on the 

fabrication and properties investigations of PVDF/CNTs composites. In view of the 

critical role of CNTs surface properties in manufacturing of uniform composite, which 

affects realization of full CNTs functions, the surface functionalization of CNTs was 

firstly studied. The mechanical properties of materials often lay the foundation for other 

advanced functional properties. Therefore, the influence of CNTs on the mechanical 

performance of PVDF is investigated. As one important fluoropolymer, PVDF is widely 

used in separation applications. The oil/water separation potential of PVDF and its CNTs 

composite counterpart were examined. Promising results and main contributions of this 

thesis are summarized as follows:  

 

(1) An environmental-friendly approach was established for the surface functionalization 

of CNTs. This is a facile method that leads to a high yield of treated CNTs up to 90%, 

with very little reduction of the sp
2
 graphitic carbon structure. The surface 

functionalization of both ether C-O-C and quinone C=O groups on CNTs surface 

enables the excellent dispersion of the treated CNTs in organic solvents including 

ethanol, acetone, chloroform and DMF.  

 

(2) The oxidation mechanism was proposed for elucidating the CNT oxidation in air 

condition. To formed C-O-C groups, representing the first and also the most crucial 

step is the 1, 4 peroxidation. After that, the  electrons in the two adjacent C=C bonds 

rearrange and simultaneously form single bonds with the two oxygen atoms, while 

the -O-O- bond breaks homolytically. The formation of C=O groups begins with a 1, 

2 peroxidation on the graphitic ring, and this is followed by simultaneous hemolytic 

breaking of C-C and O-O bond, leading to the formation of two quinone groups. 

 

(3) PVDF/CNTs nanocomposite with uniform CNTs dispersion and distribution were 

fabricated through a method of solution mixing and melt blending. The 

nanocomposites demonstrated significantly enhanced ductility and toughness at very 
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low CNTs concentration (0.2 wt. %), without compromising the yield strength and the 

modulus.  

 

(4) The mechanism behind the drastically enhanced ductility of PVDF/CNTs is 

illustrated. It is believed that the γ phase of PVDF transformed into β crystallite 

during the stretching process. The disassembly of γ phase and re-assembly into β 

crystallite create a plasticized zone around CNT. This plasticized zone leads to 

striking increase of ductility and fracture toughness of the resultant composites. 

Simultaneously, CNTs also hinder the propagation of microcracks via “pinning 

effect”, further preventing fusion of the macrocracks and therefore synergistically 

contributing to the enhanced ductility and toughness.  

 

(5) PVDF aerogel was prepared via a physical phase inversion process. The aerogel is 

both superoleophilic and superdrophobic owing to its unique hierarchical micro-nano 

structure. Both surfactant free and surfactant stabilized water-in-oil emulsions can be 

effectively separated with gravity as the only driving force. The PVDF aerogel also 

exhibits moderate oil absorption capacity and almost instantaneous oil up-taking 

when tested using various types of oil. 

 

(6) PVDF/CNTs composite aerogel is also prepared using the same methodology for 

producing PVDF aerogel. Both compression strength and modulus are enhanced with 

the introduction of low loading content of CNT without impairing the surface 

properties.  

 

 

6.2 Recommendations for Future Works 

 

6.2.1 Investigation of CNTs Induced Phase Transition in Other Polymer Systems  

 

In chapter 5, we have investigated the CNTs induced phase transition phenomenon. 

Along with the phase transition is the remarkable increase in ductility and toughness. 

This study indicates that an in-depth understanding of polymorphism and precise 
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manipulation of transformation between each phase might be valuable for many 

applications. In addition to PVDF, many polymers possess more than one crystalline 

structure, such as iPB (isotactic polybutene)
1
, s-PS (syndiotactic polystyrene)

2
, PTFE 

(poly(tetrafluoroethylene))
3
, ETFE(ethylene-tetrafluoroethylene)

4
, iPP (isotactic 

polypropylene)
5
, nylon 6

6
, poly (tetramethylene succinate)

7
. As a matter of fact, it is 

believed that most of the crystalline polymer can be polymorphic, only if the right 

crystallization condition is identified.
8
  

Previous studies discovered that the phase transition could be triggered by controlling the 

crystallization temperature and rate
9
, the thermal treatment

10
 or the use of external fields

6
. 

However, the effect of nanofillers, such as CNTs, toward the phase transition has not 

been systematically examined. Not only mechanical performance, many other physical 

properties can also be greatly affected by this kind of nanofiller induced (or promoted) 

phase transition. Therefore, additional studies could be performed on the nanocomposite 

polymorphism.  

 

6.2.2 Enhancement of the Mechanical Properties of PVDF Aerogel  

 

To facilitate the stress transfer between CNTs and PVDF aerogel matrix, CNTs can be 

chemically bonded with PVDF molecules. As early as in 1991, the generation of oxygen-

containing group in PVDF was reported 
11

. In the following two decades, several groups 

12-14
 deepened their understanding and found that hydroxyl groups can be produced in 

PVDF. Therefore, PVDF polymer chain can be functionalized with hydroxyl groups 

while CNT might be functionalized with carboxylic groups.  The PVDF containing 

hydroxyl groups can react with carboxylated CNT to form PVDF/CNT hybrid. The 

chemical bonding between CNTs and PVDF matrix is promising in enhancing 

mechanical properties of PVDF/CNTs composite aerogel. 

 

In addition to adding CNTs into PVDF aerogel, it is hypothesized that by crosslinking the 

PVDF molecules, both the mechanical properties and the durability can be further 

enhanced. In previous work, we have found that double bonds could be generated in 

PVDF polymer chain with alkali solution. The treated PVDF containing double bond can 
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be activated by organic peroxide, such as dicumyl peroxide, to promote/induce 

crosslinking. The reaction could be carried out by reactive extrusion.
15-17

  

 

6.2.3 Functionalize CNTs with Other Reactive Gases  

 

In Chapter 6, CNTs were surface functionalized through gas phase air annealing. 

Compared with the conventional liquid boiling approaches, gas phase reaction has the 

advantage of simple operation, high efficiency and low toxicity to environment. More 

importantly, the tedious purification procedures after functionalization, such as washing, 

filtration and drying process can be either avoided or simplified. In our work, oxygen is 

adopted as the reactive gas to oxidize the functionalized CNTs. Since many materials 

may have high oxidizing property, they might be used to functionalize CNTs or other 

carbon materials, such as graphene or carbon nanofibers. The gases may react with the 

carbon materials in the gas phase that contains, but not limited to ozone, NH3 gas, HNO3 

gas, HCl gas, CO (carbon monoxide), SOx (sulfur oxide), F2 (Fluorine), Cl2 (chlorine), 

Br2 (bromine), I2(iodine) , NOx (nitrogen oxide), H2 (hydrogen), C2H2 (acetylene) and 

other volatile organic compounds. The study by Ming and his colleagues
18

 indicates that 

system at high pressure may greatly reduce the amount of required oxidant and enhance 

the reactivity. Therefore, a higher pressure system may be employed involving many 

reactive gases.  

 

6.2.4 Modeling and Simulation 

 

Modeling and simulation is a beneficial commentary part to provide a more 

comprehensive understanding in atom or molecular scale. Quite a few simulation works 

have been performed on PVDF materials, most of which focus on the ferroelectricity. 

Using Monte Carlo computations, Kühn et al.
19

 showed that the typical dielectric and 

ferroelectric properties resulting from the dipole–dipole interaction and the coercive field 

increases if monolayer numbers decrease, which is consistent with experimental results. 

Zhu et al.
20

 investigated the origin of piezoelectricity in β phase PVDF using the energy-

minimization method in molecular simulation, and found that piezoelectricity is mostly 
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governed by the dimensional effect. Besides, polarization switching phenomena, the 

effect of doping on ferroelectricity and relaxation process of PVDF have also been 

studied in many simulation works.
21-23

 Many techniques have also been used to simulate 

CNTs filled polymer system, such as molecular dynamic approaches, micromechanical 

approach and multiscale modeling.
24

 In future work, simulation works could be 

performed to investigate the effect of the introduction of CNTs on the crystallization of 

different phases, the mechanism behind the phase transformation among different PVDF 

phase influence the ductility, modulus and yield strength, the effect of CNTs pinning 

effect on the mechanical response of composites, and so on. On top of that, simulations 

can also be expanded to model the attack of oxygen atom towards carbon atom on CNT 

wall and oil/water separation process on the surface of PVDF aerogel.  
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