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ABSTRACT

Graphene materials, exhibiting outstanding mechanical properties, are excellent
candidates as reinforcement in high-performance polymer nanocomposites. In
this dissertation, advanced atomic force microscopy (AFM) techniques are
applied to study the nanomechanics of graphene/polymer nanocomposites,
specifically the graphene/polymer interfacial strength and the stress transfer at
the interface.

Two novel methods to directly characterize the interfacial strength between
individual graphene sheets and polymers using AFM are presented and applied
to a series of polymers and graphene sheets. The interfacial strength of
graphene/polymer varies greatly for different combinations. The strongest
interaction is found between graphene oxide (GO) and polyvinyl alcohol (PVA), a
strongly polar, water-based polymer. On the other hand, polystyrene, a non polar
polymer, has the weakest interaction with GO. The interfacial bond strength is
attributed to hydrogen bonding and physical adsorption.

Further, the stress transfer in GO/PVA nanocomposites is studied quantitatively
by monitoring the strain in individual GO sheet inside the polymer via AFM and
Raman spectroscopy. For the first time, the strains of individual GO sheets in
nanocompaosites are imaged and quantified as a function of the applied external
strains. The matrix strain is directly transferred to GO sheets for strains up to
8%. At higher strain levels, the onset of the nanocompaosite failure and a
stick-slip behavior is observed. This study reveals that GO is superior to pure
graphene as reinforcement in nanocomposites. These results also imply the
potential to make a new generation of nanocomposites with exceptional high
strength and toughness.

In the second part of this dissertation, AFM is used to study the structure of silk
proteins and the morphology of spider silks. For the first time, shear-induced
self-assembly of native silk fibroin is observed. The morphology of the Brown
Recluse spider silk is investigated and a novel silk/GO nanocomposite is
proposed.

Finally, the growth, capacitance and frequency response of vertically oriented
graphene sheets prepared by radio frequency plasma-enhanced chemical vapor
deposition and used in electric double layer capacitors (EDLC) are presented.
These capacitors exhibit the highest frequency response observed, to date, for
carbon based materials, providing EDLC suitable for AC filtering. The results
also suggest mechanisms other than surface area are operative in the double
layer charge storage, such as a stronger polarization from graphene edges and
vacancies.
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Chapter 1 Introduction

The concept of nanomaterials was first suggested by Nobel Laureate in
Physics, Professor Richard Feynman, in his legendary speech, “There's
Plenty of Room at the Bottom” in 1959 [1]. Since then, nanomaterials with
feature sizes ranging from one nanometer to several hundred nanometers
have been actively and extensively investigated [2]. These materials exhibit
intriguing and distinctly different properties from the corresponding bulk
materials, arising from their microscopic size and their highly reactive

surfaces and interfaces [2,3].

Numerous nanomaterials have been fabricated and developed using
metals, semiconductors, ceramics, polymers, composites, and biomaterials.
These materials are utilized in many applications such as electronic circuits,
biomedical implants, energy storage layers, and liquid or gas filters [4]. This

dissertation will be focused on nanocomposite materials and biomaterials.

1.1 Research objectives

1.1.1 Nanocomposites

Multifunctional materials with novel properties are desirable for many
applications. For example, aircraft and spacecraft require a lightweight shell
with high strength, large stiffness, and high resistance against abrasion,

impact, and corrosion [5]. Individual materials of metals, ceramics, or



polymers cannot possess all these properties, but the composite, combining
two or more individual materials, can synergistically achieve better

performance [5].

A polymer composite, fabricated by introducing a stronger or stiffer
material (filler) into a continuous polymer matrix, typically shows improved
properties compared to the pristine polymer. As indicated in Figure 1.1 [6],
polymer composites possess comparable strength to ceramics and metals,
but have much less density. The combination of lightweight and high strength
provides broad applications of polymer composites to many fields including,
but not limited to, aerospace, aircraft, automotive, sporting goods, and
biomedical industries. One highlighted example is the newly developed
Boeing 787 Dreamliner jet, which is composed of 50% polymer composites. It

is the most fuel-efficient airliner produced to date [7].
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Figure 1.1: The yield strength of materials plotted against materials density [6].

Once the incorporated filler has one dimension below 100 nm, the
composite is termed, a ‘nanocomposite’ [8]. As revealed by experimental
studies, when the finite-sized filler approaches a single polymer coil, a strong
interaction with the polymer matrix can be induced, which gives rise to
remarkable mechanical properties [9]. Compared to traditional polymer
composites, enhancement of mechanical performance can be achieved in
nanocomposites, using fillers of carbon black, carbon nanotubes, and layered
silicates. Moreover, these nanocomposites exhibit improved properties in

electric conduction, heat transfer, and gas diffusion barriers [10-12].



This dissertation focuses on mechanical properties of polymer
nanocomposites using graphene as fillers. The specific goal is to explore the

nano-mechanical mechanisms in polymer nanocomposites.

1.1.2 Biomaterials

In addition to fabricated nanostructures, nanomaterials have also been
discovered in biological systems. The very long timescale of the evolutionary
process has lead to a much higher level of structural optimization in
biomaterials than many synthetic materials [13]. Hence, certain properties of
biological materials can exceed artificial materials. For example, seashell
nacre and bones are recognized for their hardness, strength and toughness,
and are superior to the best man-made ceramics and composites [14-16].
Dragline silks exhibit a unique combination of high tensile strength and

toughness [17]. Moreover, some silks are even tougher than steel [17].

The benefits of studying biological materials are numerous. First, we can
utilize biological templates to make nanomaterials [ 18 ]. Second, the
understanding of biological nanomaterials can guide the fabrication of
synthetic materials, which is known as bio-mimicking. Further, biological

materials can be used as constituents for the synthesis of novel materials.

In this dissertation, silk from silkworms (Bombyx mori) and brown recluse
spiders (Loxosceles) were studied, and proposed as the matrix for

nanocomposites.



1.1.3 Graphene

Graphene is a two-dimensional sheet of sp’ bonded carbon atoms
arranged in a honeycomb structure. It can be considered as the building
block of all other graphitic allotropes with different dimensions (Figure 1.2)
[19,20]. Although the use of graphite can be dated to 4,000 years ago [21],
the first isolation of free-standing single-layer graphene was achieved by
separating graphene from graphite using micromechanical cleavage,

developed by Novoselov and Geim in 2004 [19].

Graphene exhibits remarkable properties, including high fracture strength
(130 GPa) [22], large Young’'s modulus (1.0 TPa) [22], good thermal (5000
W/(m-K)) [23] and electrical (6000 S/cm) [24] conductivities, enhanced
surface area (maximum theoretical value of 2630 m?/g), gas impermeability
[25], and biocompatibility [26], plus fascinating quantum-Hall effects [27]. This
implies the great potential of graphene in various applications, such as
structural nanocomposites [28-30], ‘paper-like’ materials [31,32], catalyst
supports [33], electronic [34,35], photonic and optoelectronic devices [36],

and energy storage layers for batteries and supercapacitors [37,38].

In this dissertation, the focus is on the graphene-filler reinforcement of
polymer nanocomposites. In Chapter 8, the function of graphene-sheets as

electrodes is studied for supercapacitors.



Figure 1.2 Graphene, the building block of graphitic allotropes, can be wrapped
to form 0-D buckyballs, rolled to form 1-D nanotubes, and AB stacked to form
3-D graphite [20].

1.2 Work scope and organization

The focus of this dissertation is to investigate the interfacial bonding
strength between graphene fillers and the polymer matrix, and the load-
transfer-process between them. In Chapter 2, the background and current
development of graphene-based polymer nanocomposites is presented. In
Chapter 3, the procedure of preparation for graphene and graphene
nanocomposites is described, in detail. Chapter 4 focuses on the
nanocomposite interfaces and discusses two novel methods based on atomic

force microscopy (AFM) to measure the interfacial bonding strength between



graphene and the polymer matrix. Chapter 5 highlights the mechanical
response of graphene inside a polymer to external loading. Strain mapping as
a function of loading is provided at the nanometer scale. Finally, conclusions

and future work are presented.

In Chapter 7, the research is extended to biological protein polymers—silk.
AFM investigations of the structure and morphology of silk from silkworms
(Bombyx mori) and recluse spiders (Loxosceles) are addressed, with the
most recent achievements using silk and the graphene as nanocomposites.
Chapter 8 explores the function of vertically oriented graphene on Ni
substrates used as electrodes for electrical double layer capacitors (EDLC).
Specifically, the growth process of vertically-oriented graphene and the
enhanced capacitance and the excellent dynamic response of graphene-

based EDLC are presented.



Chapter 2 Background and literature

2.1 Mechanical properties of polymer nanocomposites

2.1.1 Reinforcing fillers

Nanosized particles have more advantages than conventional fillers [47].
As shown in Figure 2.1, exfoliated nanosized fillers provide a large
surface/interface area per unit volume, strengthening the interfacial
interaction between the fillers and the polymer matrix. The surface area per
unit volume increases with decreasing filler size. Second, a lower
concentration of filler is needed to achieve high levels of strength and
stiffness (30-80 vol% for conventional composites vs. less than 5% for
nanocomposites), which significantly reduces the cost and weight of the
nanocomposites. Third, the interfacial properties of nano-structured particles
are much stronger with the bulk material, due to the more reactive surface.
Hence, they will impart substantially new properties to nanocomposites,
compared to the conventional composites made from the same composition.
Additionally, the dispersed nanosized particles, especially sheet-like fillers,

offer other useful functions, such as gas diffusion barrier properties.

Nanofillers include layered silicate clays [39-41], carbon nanofibers [42-
44], carbon nanotubes [11,45,46], graphite nanoflakes [47,48], and the newly

developed graphene [28,49].
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Figure 2.1: Nanosized exfoliated fillers are able to provide large surface areas.

2.1.2 Micromechanics modeling of composites

The properties of bulk composites have been successfully predicted by
conventional micromechanic models [50]. These conventional composite
models have the following basic assumptions: (i) linear elasticity for both
fillers and the polymer matrix; (ii) identical fillers have the same symmetry,
shape, size, and aspect ratio; and (iii) perfect bonding interfaces between
filler and polymer without any interfacial slip, de-bonding or matrix cracking

[51].

The mechanics of nanocomposites are still under research. Some

micromechanics models, such as the Halpin-Tsai model [52,53], the Mori-



Tanaka model [54], and the rule of mixture [55], show consistence with

experimental results [21,56-59].

2.1.2.1  Halpin-Tsai Model

The Halpin-Tsai model [562,53] is a well-known composite theory to predict
the tensile modulus of composites. Assuming that graphene acts as a
rectangular plate with width (W), length (L), and thickness (f), the Halpin-Tsai
equations for randomly oriented graphene fillers in nanocomposites can be

expressed as follows [52,53,60]:

1+ E 1420,V
E, =E(L)xgm +§'(”’*17L‘L)><Em
8 1-n,V, 8 1-n,V,

where n is defined by,

(E,/E,)-1
N, =-——
_(E,/E,)-1
Y (E,IE,)+2
and,
W+L
&= :

t

Ec is the Young's modulus of the composite, V; is the volume fraction of
the fillers, and Erand E,, are the modulus of the fillers and the polymer matrix,

respectively. The parameter ¢ depends on the geometry of the fillers and the

loading direction.
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For oriented graphene fillers, a description of Halpin-Tsai model is
provided, as follows, for reinforced nanocomposites with unidirectionally

oriented fillers [59,61}:

1+&n,V,
) = Ealr—]
1-n,V,
(E,/E,)-1
M = ~.z
(E,/E,)+¢&
&=2L,/3t,

where E is the Young's modulus of the nanocomposites with fillers

aligned parallel to the surface of the film.

2.1.2.2 Mori-Tanaka Model

The stifiness of composites reinforced by ellipsoidal fillers can be
described by a model proposed by Mori and Tanaka [54), which was
subsequently modified by Tandon and Weng [62]. This mode! has been
employed to estimate the modulus of graphene-reinforced nanocomposites

[68,63-65]. The longitudinal modulus (E;) and the transverse modulus (E.) of

composites with unidirectionally aligned fillers is given by:

B 4,
E, A,+V,(4 +2v,4,)

E, _ 24,
E, 24, +V,[-2v, 4, +(1-v, )4, +(1+V,) A, 4,]

m

where V;, E;, and v, are the concentration of fillers, Young's modulus, and

Poisson’s ratio of the matrix, respectively; and Ay, A,...As are components of
11



the Eshelby tensor [66], depending on the fillers’ aspect ratio and the elastic

modulus of the matrix [62].

2.1.2.3 Rule of mixture:

The composite modulus E, can also be estimated by using a modified rule

of mixture for sheet-like fillers, shown as [55]:

E. =V,E,(MRF)+(1-V,)E,

_In(m+1)
u

1 VfG
u=— |—————-
a\E,(1-V,)

where E¢ is the Young's modulus of the composite, V; is the volume

MRF =1

fraction of the filler, E; and E,, are the modulus of filler and the polymer matrix,
respectively, MRF stands for the modulus reduction factor, a is the inverse

aspect ratio of the dispersed filler and G is the shear modulus of the matrix.

Other models have been developed to predict the mechanical properties
of composites, including the Hui-Shia model [55], Laminate model [51], and

the Takayanagi model [67].

The numerical calculation is used as another approach to reveal the
nanocomposite mechanical properties. For example, molecular dynamic

simulation, Monte Carlo simulations, density functional theory, and continuum

12



models of finite element analysis have been applied to study polymer

nanocomposites [68-71].

2.2 Graphene and graphene oxide for structural

applications

Compared to other nanosized fillers, graphene has many advantages.
First, single-layer graphene has a Young's modulus of 1 TPa and an ultimate
strength of 130GPa, which is the strongest material ever discovered [22].
Figure 2.2 compares the Young’s modulus and densities of graphene to other
materials [6,72]. The most recent study estimated the Young’s modulus of
suspended graphene to be approximate 2.4 TPa [73]. Second, the high
aspect ratio of exfoliated graphene sheets offers the maximum area of
surfaces/interface per unit volume to couple with polymer molecules. Third,
appropriate graphene sheets can produce exfoliated nanocomposites, rather
than immiscible or intercalated nanocomposites made of clay or graphite
platelets [72]. Also, graphene materials are easy to disperse in polymers and

can be made cost effectively.

13
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Figure 2.2 Young's modulus as a function of density for graphene, compared to
other materials. The axes are logarithmic. The graphene density in this chart
was determined to be 2200 kg/m" [6,72].

2.2.1 Synthesis of graphene materials

The synthesis of graphene can be achieved by four different approaches:
(1) micromechanical cleavage, also known as scotch tape method [19,74]; (2)
substrate-based methods, e.g. chemical vapor deposition (CVD) and epitaxial
growth [75-78]; (3) reduction of graphene oxide from natural graphite flakes

[79,80}; and (4) direct exfoliation of graphite [19,45].

Micromechanical cleavage, CVD, and epitaxial growth can produce large-
size and defect-free graphene sheets which are widely used for fundamental

studies and electronic applications. The first monolayer graphene was

14



obtained by micromechanical cleavage from highly oriented graphite flakes
[19]. Later, the CVD method was developed to prepare graphene on metal
substrates through the saturation of carbon from hydrocarbon gas at high
temperature [75,81,82]. Finally, the epitaxial growth of graphene was
obtained by heating silicon carbide (SiC) in vacuum. This process removes
the surface silicon atoms by evaporation and the remaining carbon atoms
reconstruct to form graphene [76,77,83]. However, the low throughput,
complexity, and high cost make these methods inefficient for the fabrication
of polymer nanocomposites which requires a large amount of graphene

sheets.

The method of chemical exfoliation and reduction from natural graphite
turns out to be the only cost efficient approach to produce graphene in large
quantities [84]. In this technique, graphite is oxidized using strong oxidizing
agents to form graphite oxide. The oxide keeps the layered structure as
graphite, but, has an expanded interlayer spacing of 0.6-1 nm dependent on
the water content, compared to the graphite interlayer spacing of 0.34 nm
[85-88]. The oxidation process induces large amounts of hydroxyl, carboxyl,
carbonyl and epoxide functional groups bonded to the basal plane [79]. As a
sequence, graphite oxide is strongly hydrophilic and can be easily exfoliated
to be graphene oxide (GO) using water or organic solvents. A stable colloidal

dispersion can be formed [89,88] after ultrasonication or vigorous stirring.

The reduction of GO to graphene can then be accomplished using
chemical reagents or heating. The chemical reduction is achieved by adding

reduction reagents into the GO dispersion [88]. The appropriate reagent

15



candidates include hydrazine, dimethylhydrazine, sodium borohydrate,
hydroquinone, ascorbic acid, and glucose [21,89,90]. Moreover, thermal
treatment is another widely used method of reduction. The first GO reduction
was obtained in a furnace at 1050 °C [79,80]. This initiated fast development
of thermal reduction techniques, including low-temperature, microwave, and
solvothermal reduction. These advances enabled reduction in vacuum and
even in polymers [91-97]. The graphene produced by the reduction method
usually exhibits wrinkles and contains more vacancy and defects than the
pristine graphene. This modified graphene is called ‘functionalized graphene
sheets (FGS) [79] or ‘chemically modified graphene (CMG) [ 98 ].

‘Functionalized graphene sheets (FGS)' is used throughout this dissertation.

Single- and multiple-layer graphene can be prepared by exfoliation of
graphite powders in organic solvents with similar surface energies as
graphene, such as N-methyi-pyrrolidone (NMP) and N,N-dimethylformamide
(DMF) [99,100]. The solvent-graphene interaction compensates the energy
required to exfoliate graphite. Avoiding oxidation and reduction processes,
graphene obtained by this method is defect-free. Unfortunately, the direct
sonication method shows a low efficiency to produce single layer graphene.
To improve the efficiency, graphite intercalation compounds (GICs) and
expanded graphite (EG) were used as the starting materials [101,102].
Moreover, appropriate surfactants, polymers, organic molecules, and
structured solvent mixtures can further improve the exfoliation of graphene
and stabilize graphene dispersions by introducing repulsive steric forces

[103-106].

16



There are many trials to fabricate graphene using other procedures, such
as arc discharge [107,108)], chemical conversions [109,110], reduction of CO
[111], unzipping carbon nanotubes [112,113], electrochemical exfoliation
[114-116], thermal quenching of graphite [117,118], superacid dissolution
[119], and supercritical fluid exfoliation {120,121]. Figure 2.3 shows a block
diagram which summarizes the different approaches to produce graphene or

functionalized graphene starting from graphite [65].

Figure 2.3 Techniques for the production of graphene or modified graphene
starting from graphite or graphite oxide (GO) [Modified from reference 21]

17



2.2.2 Functionalized graphene sheets and graphene oxide

GO and FGS differ from pristine graphene in atomic structure. The
structure of GO basal planes and edges are decorated by oxygen-containing
functional groups such as epoxide, hydroxyl, carbonyl, carboxyl [122-125]. In
FGS, residual groups and lattice defects have been discovered as the origin
for the wrinkling morphology of the sheet. Figure 2.4 and Figure 2.5 show the
atomistic model of GO and FGS [79,124,125], respectively. Consequently,
the surface functional groups and the disrupted sp® carbon bonds cause
different mechanical properties between pristine graphene and graphene
oxide. The structural distortion reduces the elastic modulus of GO and FGS,

but measurements still reveal the high value of 207-250 GPa [126,127].

FGS and GO are widely used as fillers in the research of graphene-based
nanocomposites. The reasons are manifold: (i) the pristine graphene is hard
to produce in a large amount. As discussed in section 2.2.1, FGS and GO
can only be synthesized in large quantities by chemical reaction. (ii) The low
surface energy of graphene makes them aggregate in solvents, preventing
the homogeneous dispersion of graphene sheets. This hydrophobic nature
also results in poor wetting in polymer matrices, which causes the weak
interfacial bonding in nanocomposites [128]. FGS and GO are less likely to
restack or aggregate, due to the repulsion by functional groups at the basal
plane. Thus, the dispersion and wettability in solvents are greatly improved. It
needs to be emphasized that GO is strongly hydrophilic, ready to disperse in

water as well as in many organic solvents. The dispersion of GO in several

18



different solvents will be shown in Chapter 3. And (iii) the functional groups
on FGS and GO provide reactive sites to modify surface chemistry, which can

be used to tailor the nanosheet properties [129].

(b)

Figure 2.4: (a) A side view of atomic structure of GO. The functional sites such
as epoxy and hydroxyl groups are attached on both sides. The typical
thickness of GO is 0.7-1 nm depends on the water content. (b) The top view of
GO. Red balls represent oxygen atoms and the grey balls represent hydrogen
atoms [79]. (c) Simulated TEM image of GO with oxygen atoms randomly
connected to both sides [125).

19



(b)

Figure 2.5: (a) and (b) Atomistic model of the functionalized graphene sheets
(FGS) from reduction of GO. The reduction process leaves vacancies and
partial functional groups on the carbon grid, which induces wrinkles and bent
sheets of FGS [79]. (c) Atomic resolution TEM image of a FGS membrane. The
defect free graphene area is indicated by the light-grey color. Contaminated
regions are shaded in dark grey. Biue regions are disordered carbon network
or remnant oxidation sites. Red areas are ad-atoms or substitutions. Green
areas indicate isolated topological defects. Yellow represents holes. Scale bar
1 nm. [124]

20



2.2.3 Mechanical properties of graphene-based polymer

nanocomposites

The dispersion of graphene into a polymer matrix can improve matrix
properties, including the vyield strength, modulus, thermal stability,
conductivity, impact resistance and barrier performance [21, 130, 131].
Appendix A summarizes the mechanical properties of graphene reinforced
polymer nanocomposites from the open literature. The enhancement
significantly varies from polymer to polymer, which could be affected by the
level of exfoliation and dispersion, the functionalization of surface, the

graphene loading, the sheets size and the preparation methods.

2.3 System requirements for mechanical reinforcement

There are four crucial requirements for nanocomposites to achieve
efficient reinforcement. a large aspect ratio, homogeneous dispersion,
unidirectional alignment of fillers, and strong filler-matrix interfacial strength

[45].

The aspect ratio of fillers determines the surface area to couple with the
matrix. A complete exfoliate is required to maximize the aspect ratio of

graphene, making full use of the surface area.

Graphene sheets need to be uniformly dispersed in a polymeric matrix to
achieve efficient load transfer. The homogenous dispersion results in a

uniform stress distribution, while the aggregated fillers may act as stress-
21



concentrators, deteriorating the mechanical properties of nanocomposites.
The exfoliation and dispersion of GO and FGS in solvents and polymers will

be presented in Chapter 3.

The alignment of the fillers affects the stiffness of nanocomposites,
because the resultant nanocomposites have anisotropic mechanical

properties. The detailed effect will not be addressed in this dissertation.

The most important requirement for the enhancement of mechanical
properties is that the external stress is efficiently transferred to the graphene.
This requires a strong interfacial interaction between fillers and the matrix. At
present, the detection and characterization of interface mechanical properties
within nanocomposites is very challenging. This work will focus on probing
the interface coupling strength and the stress transferred through the

interface from the matrix to the reinforcement filler (GO).

22



Chapter 3 Sample Preparation and
Characterization

This chapter first describes the preparation and characterization of
graphene oxide and functionalized graphene sheets ( FGS ) and then
describes the dispersion of graphene oxide and FGS in a variety of solvents.
The third part will introduce the AFM applications of nanocomposites. Some

imaging modes used in this work will be introduced and examples presented.

3.1 Preparation and characterization of graphene oxide

and graphene sheets

3.1.1 Oxidation of graphite

The graphite oxide was prepared by the Hummers method [87]. The
experimental process is shown in Figure 3.1. First, 4 g sodium nitrate (purum
p.a., 299.0%, Fluka, St. Louis, MO) were added to 184 ml sulfuric acid
(Certified ACS Plus, 96.1 wt%, Fisher Scientific, Pittsburgh, PA) and stirred
until completely dissolved. Natural graphite flake (Grade 3243, 99.5%, Asbury
Carbons, Asbury, NJ) was added under vigorous stirring to avoid
agglomeration. The solution became dark. After the graphite was well
dispersed, 24 g of potassium permanganate (Certified ACS, 99.7%, Fisher
Scientific, Pittsburgh, PA) was added slowly while stirring. During this process,

the temperature can rise rapidly, creating severe effervescence. Then the

23



permanganate was added slowly enough to keep the temperature below
100 °C. The suspension became thicker, turning from a black to dark brown
slurry (Figure 3.1 (a) and (b)). After completion of the reaction, the slurry was
cooled overnight. Then 400 ml of de-ionized water was slowly added to the
very acidic solution, leading to an increase of temperature. After the
temperature decreased to room temperature, 80 mi of 10% hydrochloric acid
(prepared from 37% hydrochloric acid, Certified ACS Plus, Fisher Scientific,
Pittsburgh, PA) and 200 ml of 3% hydrogen peroxide (prepared from 30%,
Certified ACS, Fisher Scientific, Pittsburgh, PA) were added to reduce the
residual permanganate and manganese dioxide. The graphite oxide slurry
was still strongly acidic and was washed using de-ionized water repeatedly
until the pH value was almost neutral. Figure 3.1 (¢) shows the solution after
washing, in which the GO slurry precipitated to the bottom of the beaker.
Note that the volume of the slurry is much larger than before the reaction.
The graphite oxide slurry was then filtered to remove excess water (Figure
3.1 (d)). The resulting paste-like graphite oxide was heated to obtain graphite

oxide flakes. The dried graphite oxide flakes are shown in Figure 3.1 (e).
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Figure 3.1: Preparation of graphite oxide by the Hummers method. (a) The
oxidation of graphite; the thermometer was used to monitor the temperature. (b)
The mixture after reactions became thicker. (c) The graphite oxide precipitated
to the bottom of the beaker. (d) The graphite oxide slurry was filtered to remove
excess water. (e) Dried graphite oxide flakes.

3.1.2 Preparation of functionalized graphene sheets

Thermal treatments were used to exfoliate and reduce graphite oxide
flakes to graphene. The schematic of experimental setup was shown in
Figure 3.2 (a); 2 g graphite oxide flakes were placed in a crucible and then
set on a Bunsen burner (see Figure 3.2 (b)). After about 30 seconds, the
graphite oxide flakes exfoliated in the crucible, producing an audible popping
sound. As seen from Figure 3.2 (c), the crucible was full of black, ash-like
material. The material, after exfoliation, is fluffy and the volume is significant

increased.

25



Figure 3.2: Graphite oxide flakes were reduced to functionalized graphene
sheets using a thermal treatment. (a) A schematic of the experimental setup. (b)
Graphite oxide in a crucible. (c) Graphite oxide flakes exfoliated to
functionalized graphene sheets inside the crucible.

3.1.3 Characterization

The schematics of the molecular structure and the corresponding
samples’ pictures during the preparation are shown in Figure 3.3. Native
graphite features ABA stacking of graphitic layers with an inter-planar
distance of 0.34 nm (Figure 3.3 (b)). After oxidation, the distances between
layers increase due to the attached oxygen-containing functional groups
(Figure 3.3 (c)). The graphite layers separate after thermal exfoliation,

producing functionalized graphene sheets (Figure 3.3 (d)).
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Figure 3.3: (a) Schematics of the atomic structure of materials during the
preparation process. (b) Native graphite features stacked graphitic layers. (c)
During oxidation, functional groups insert into graphitic layers, increasing the
interlayer distance. (d) The thermal treatment exfoliates and reduces graphite
oxide to functionalized graphene sheets.
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The materials and samples were examined under a scanning electron
microscope (SEM). Figure 3.4 shows the morphology of the natural graphite
flakes before oxidation, graphite oxide after oxidation and FGS after thermal

exfoliation and reduction.

The starting material, natural graphite flakes, have thick layers and sizes
ranging from 10 ym to 100 um (see Figure 3.4 (a) and (b)). Figure 3.4 (c) and
(d) show the edge of a graphite oxide flake under SEM. Compared to the
edge of the starting graphite flakes (Figure 3.4 (b)), the edges of graphite
oxide are more irregular, amorphous, and have expanded thicknesses.
During oxidation, oxygen-containing functional groups such as hydroxyl and
epoxy intercalated into galleries between graphitic planes and bonded to the
carbon backbone on graphitic layers, increasing the lamellar spacing. The
expanded distances between graphitic layers were also confirmed by the X-
ray diffraction (XRD) pattern of the graphite oxide (see the insert in Figure 3.4
(d)). The native graphite has a peak at 20 = 26.6°, corresponding to the (002)
interlayer distance of 0.34 nm [80]. After oxidation, the 26.6° peak
disappeared and a new peak at the position of 20 = 11.4° was observed,
which corresponds to an expanded interlayer spacing of around 0.78 nm. The
increased distances between graphitic layers also significantly facilitate the

exfoliation of the graphite oxide.

Comparing the edges of graphite oxide flakes and FGS after thermal
treatments, the materials after exfoliation and reduction showed further

expanded interlayer spacing, as shown in Figure 3.4 (e) and (f). Large
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volumes of vacancies were created during the exfoliation, which was

consistent with the volume expansion shown in Figure 3.2 (c).

(a) graphite (b) graphite

(c) graphite oxide

Figure 3.4: SEM images showing the morphology of (a) and (b) the starting
materials: natural graphite flakes, (c) and (d) graphite oxide flakes (insert: the
XRD of graphite oxide flakes), (e) and (f) functional graphene sheets.
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During thermal exfoliation, the functional groups that are attached to the
graphitic layers decompose and produce gases, CO; and H;O, which build up
pressure between adjacent graphitic layers. Exfoliation occurs when the
pressure exceeds the van der Waals attraction between graphitic layers [80].
Since this process removes partial functional groups, it reduces the graphite
oxide at the same time, producing functionalized graphene sheets (FGS)
[79]. The graphene sheets used in this dissertation are FGS with different

carbon-to-oxygen ratios.

Different thermal approaches to reduce graphite oxide to graphene were
tried. Table 3.1 lists the atomic carbon-to-oxygen ratio (C:O ratio) of
graphene sheets from different thermal reduction methods. The C:O ratios
were determined via elemental analysis (Galbraith Laboratories, Inc.,
Knoxville, TN). Before reduction, the graphite oxide flakes have a carbon-to-
oxygen ratio of around 2. The thermal treatments increase the carbon-to-
oxygen ratio to different levels, depending on the temperatures used in
processes. The time length and the environment of the thermal treatments
influence the reduction of the graphene oxide [97]. The in-situ reduction of
graphene oxide in polymers was also confirmed by AFM images (details are

provided in Appendix B).
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A

Native grah| Raw material -
powder

Graphite oxide Graphite after oxidation 58.26 4174 1.9

Graphene-1 Heated in a crucible on a 74.21 2579 29
lab gas flame

Graphene-2 200°C, 10min, in an oven 81.22 18.78 58
Graphene-3 250°C, 10min, in an oven 79.95 20.05 53
Graphene-4 300°C, 10min, in an oven 83.8 16.2 6.9
Graphene-5 400°C, 10min, in an oven 78.59 21.41 4.9
Graphene-6 Heated in a preheated 89.53 10.47 11.4

container; onaH, and O,
torch

Table 3.1: The atomic carbon-to-oxygen ratio (C:0) of FGS after different

approaches of thermal reduction. All the reduction processes were carried out

in air.

3.2 Dispersion of graphene oxide and FGS

The exfoliation and the homogenous dispersion of FGS inside the polymer
matrix are very important to the mechanical properties of nanocomposites.
Increasing the degree of exfoliation increases the interfacial area available to
the matrix. The homogenous dispersion also helps the distribution of external
stress. On the other hand, the aggregation of sheets leads to a decrease of

the surface area and causes stress concentrations in the neighboring matrix
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which may initiate crack growth in the matrix. Previous researchers have
worked on understanding the mechanism for dispersion [100,103, 132].
Effects of solvents, functionalization of sheets, and pH values on dispersion
were reported [133-135]. In this section, the exfoliation and dispersion of GO

and FGS in different solvents are presented.

3.2.1 Dispersion of graphene oxide in solvents

The oxidation process increases the distances between graphitic layers,
which significantly reduces the attractive van der Waals forces between the
layers [136]. The increased lamellar spacing in graphite oxide allows
exfoliation into single-layer sheets in solvents easily by ultrasonication. The
functional groups on the basal plane make GO hydrophilic and help to

stabilize the sheets in water.

Dried graphite oxide flakes were weighed and exfoliated acoustically in
water using a Microson XI.2007 tip sonicator (Microson, Farmingdale, NY)
with a power of 100 W for 1 hour in ultrapure water (Millipore Synergy
ultrapure water system, Millipore, Billerica, MA) at 1 mg/mL. This produced
thick and dark dispersions of single layer graphene oxide (GO) sheets. When
diluted to a concentration of 0.1 mg/mL, the suspensions were light brown
and clear, without any visible particles. These uniform and stable dispersions
were able to keep for days. Figure 3.5 (a) shows the homogenous dispersion
of GO in water with different concentrations. In comparison, a good
dispersion of GO and a bad dispersion of graphene in water are shown in

Figure 3.6. The good dispersion (Figure 3.6 (a)) has a homogenous color,
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while aggregations of graphene are observed in the bad dispersion (Figure

3.6 (b)).

The degree of GO exfoliation can be evaluated by AFM images. For AFM
investigations, the GO dispersions were diluted to a concentration of
0.1 mg/mL and spin-coated onto freshly cleaved mica or HOPG substrates.
As shown in Figure 3.7 (a), the topography of GO sheets is flat. The
histogram analysis on the height indicates the thickness of the GO sheets is
around 1 nm, suggesting complete exfoliation of graphite oxide into single-

layer GO sheets (Figure 3.7 (b)).

Exfoliation and dispersion of graphite oxide were also tried in several
other solvents, including dimethylformamide (DMF, Acros, Morris Plains, NJ,
Extra Dry, 99.8%), N-methyl-2-lpyrrolidone (NMP, Acros, Morris Plains, NJ,
99%), dimethylacetamide (DMAc, Aldrich Chemical Co., Milwaukee, WI, 99%)
and tetrahydrofuran (THF, Acros, Morris Plains, NJ, Anhydrous, 99.9%), as
shown in Figure 3.5. Among these solvents, water, DMF, NMP, and DMAc
produced successful and homogenous dispersions which can be identified by
their uniform dark color. However, THF is not a suitable solvents for GO.

Sediments of GO were observed at the bottom of the bottle.
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(b) DMF
] ( DMAc (d) NMP (e) THF

Figure 3.5: Pictures of GO dispersed different solvents (a.1) 0.5 mg/mL in water,
(a.2) 0.1 mg/mL in water; (b.1) 1 mg/mL in DMF, (b.2) 0.1 mg/mL in DMF; (c)
0.1 mg/mL in DMAc; {d) 0.1 mg/mL in NMP; (e) 1 mg/mL in THF.
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Figure 3.6: A comparison of a good dispersion and a bad dispersion. The good
dispersion, (a) GO in NMP shows a homogenous color, while aggregations of
graphene are observed in the bad dispersion (b, FGS in water).

3.85 nm

He:ight (l‘m']) | O nm

Figure 3.7: AFM topography of GO sheets spin-coated on a mica surface shows
individual, flat, single-layer graphene oxide; insert: the histogram of the
topography image. The thickness of GO sheets is about 1 nm.
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3.2.2 Dispersion of functionalized graphene sheets in

solvents

Using the same method, exfoliated FGS were dispersed in some organic
solvents, including DMF, DMAc, THF and Meta-Cresol (m-Cresol), as shown
in Figure 3.8. Thermal exfoliation removes partial functional groups and leads
to a more hydrophobic surface, which does not allow FGS to be stabilized in
water. For organic solvents shown in Figure 3.8, the dispersions of FGS in
DMF, DMAc and m-Cresol display homogenous colors, indicating uniform
dispersion. However, in the case of THF, although dark and uniform
dispersion was obtained, some precipitates of FGS at the bottom or on the
wall of the bottle were observed, implying that only part of the FGS was
dispersed. The reason is that thermal exfoliation may reduce FGS to different
degree, so the FGS obtained are the mixture of graphene sheets with

different levels of oxidation.
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(a) DMF (b) DMACc
(c) Meta-cresol ) (d) THF

Figure 3.8: Pictures of FGS dispersed in DMF, DMAc, Meta-cresol and THF.

To reach a stable dispersion of graphene in liquids, the attractive
interlayer potential should be balanced by a repulsive potential. Many
methods to provide this repulsive potential have been explored in literature,
including using acids, macromolecules, bimolecules, surfactants, and
functionalization [103,105,134,135]. By immersing in solvents, the attractive
potential energy between layers can be significantly reduced compared to

that in a vacuum [136]. Coleman et al. [100,103, 137] showed that by
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matching the refractive indices of the material and the solvents, the attractive
potential may approach zero. Based on this criterion, solvents with a surface

tension of around 40 mJ/m? were suggested for the dispersion of graphene.

Table 3.2 lists the surface tension values of the solvents used. The results
from Figure 3.5 and Figure 3.8 suggest DMF, DMAc and NMP gives better
dispersion than THF which has a lower surface tension, consistent with the

conclusion from Coleman et. al. [100,137].

Table 3.2: Solvents and the surface tension values [138,139].

The degree of FGS exfoliation was evaluated by AFM images. The FGS
dispersion was diluted to 0.1 mg/mL and then spin-coated onto freshly
cleaved mica substrates. Figure 3.9 shows the AFM topography of FGS
sheets. In great contrast to smooth and flat GO, FGS is wrinkled, crumpled,

and rough because of the vacancies and defects left by decomposition of
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functional groups in the thermal reduction process [79,80]). Some FGS sheets

contains multiple layers, which suggests they are not fully exfoliated.

Onm 41 nm

Figure 3.9: (a) AFM topography of FGS sheets spin-coated on mica shows a
wrinkled, rough surface; (b) 3-dimension representation of a FGS sheet.

3.3 Preparation of polymer and polymer

nanocomposites

Films of neat polymer were prepared by dissolving the polymer as
received, in suitable solvents. To prepare polymer nanocomposite films
containing GO, polymers were dissolved in a GO suspension of the suitable
solvents. For example, polyetherimide (PEIYGO nanocomposite films and
poly(methyl methacrylate) (PMMA)/GO nanocomposite films were prepared
by dissolving PEl or PMMA in a DMF-based GO suspension; polyvinyl
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alcohol (PVA)/GO nanocomposite films were prepared by dissolving PVA in
aqueous dispersions of GO. Usually the solutions, after adding polymers,
were subjected to vigorous stirring and then ultrasonication to produce
homogenous mixture of polymer and GO so that GO sheets can be dispersed
uniformly in the polymer. Figure 3.10 displays the homogenous dispersion of
GO in PVA using water as the solvent, and GO in PMMA using DMF as the

solvent. The concentration of GO in polymer is 0.1 wt%.

To cast films, the solutions of polymers or polymer nanocomposites were
poured over clean glass plates and placed in a dry box with air flowing
through at a temperature of 22 °C and 4% relative humidity. The films were
left in the dry box for at least 12 hours. The resulting fiims were 0.1-0.3 mm
thick. As shown from Figure 3.11, the neat PVA film (a) is transparent. After
mixing 0.01 wt% GO the film becomes dark in color (b) and tumns to black
when 0.1 wt% GO is incorporated (c). To test the mechanical properties, the
GO nanocomposites were cut to dog-bone-shape pieces. The stress-strain
curves were obtained using a MTS 810 Material Test System [140,141]. The

specimens before and after the stress-strain tests are shown in Figure 3.11

(@).
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(a) 0.1 Wt% GO/PVA (b) 0.1 wt% GO/PMMA

Figure 3.10: Pictures of polymer / GO mixture: (a) homogenous dispersion of
GO in PVA using water as the solvent; (b) the dispersion of GO in PMMA using
DMF as the solvent.

Figure 3.11: (a) a neat PVA film; (b) 0.01 wt% GO/PVA nanocomposite; (c)
0.1 wt% GO/PVA nanocomposite; (d) GO/PVA nanocomposites before (i) and
after (ii) stress-strain tests.
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3.4 Atomic force microscopy characterization of

nanocomposites

Atomic force microscopy (AFM), using a sharp probe scan across a
surface, is one of the most important surface characterization methods that
can provide three-dimensional information of samples. AFM is an effective
technique in the identification of graphene [142], but, the application of AFM
on nanocomposites has not yet been fully explored. In fact, in addition to
morphology information, a variety of material properties can be detected by

AFM, such as electrical, magnetic and mechanical properties [22,143-146].

Comparing to other imaging techniques, AFM has obvious advantages.
Both fillers and polymer are transparent and thus gives a really poor contrast
for optical microscope images. Some fillers even have sizes below the
resolution of aoptical microscopy. SEM needs conductive coatings on
nanocomposite surfaces, which usually cover a lot of surface information.
The samples for TEM observations are extremely hard to prepare. Most
importantly, none of these techniques are able to measure the mechanical

properties from the nanometer scale.

In this section, a brief introduction of AFM is presented, then AFM
techniques to detect fillers on surface are demonstrated. Going beyond the
surface, we also explore techniques to probe fillers embedded and within the

polymer matrix.
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3.4.1 A brief introduction of AFM

The diagram in Figure 3.12 illustrates the AFM principle. A special probe
made by an elastic cantilever with a sharp tip on the end is used in AFM to
detect the interactions between the tip and the sample surface. The
interactions act on the tip and result in bending of the cantilever. A laser
beam is reflected from the back of the cantilever onto a quadrant-photodiode.
Any changes in the bending of the cantilever can be measured by monitoring
the photodiode signal. As a result, the tip—sample interactions are measured
by the cantilever deflection. When scanning, the raster movement is realized
by a piezoelectric actuator which either moves the sample or moves the AFM
probe across the scanning surface. The photodiode senses the force
between the tip and the surface. The feedback control loop feeds the signal
from the photodiode back to the piezoelectric actuator so as to maintain a

fixed force between the tip and the sample [143,144].
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Figure 3.12: A schematic of the principle of atomic force microscopy (AFM).

Quadrant
Laser photodiode

probe Sample holder
holder

Figure 3.13: Pictures of an AFM (NTEGRA Prima Scanning Probe Laboratory,
NT-MDT, Zelenograd, Russia) used in this work.
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3.4.2 Visualizing objects on the surface

There are two primary techniques used in AFM—static mode and dynamic
mode. Both modes are able to provide topography information of samples

and are widely used in the characterization of nanomaterials.

In the static mode (sometimes also called ‘contact’ mode), the tip and
sample are in direct contact throughout the scanning. Hooke's law is used to
describe the cantilever. The deflection of the laser beam from the cantilever is
proportional to the vertical forces. In static mode scanning, the vertical
force/deflection is kept constant via a feedback loop by vertically moving the
scanner. The position of the scanner is recorded to form the topography of
the sample surface (Figure 3.14 (a)). As an example, we display a contact
mode image of stacking layers of GO on a mica surface in Figure 3.14 (b).
Static mode is a quick and easy mode to get topography/morphology

information of samples.
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Figure 3.14: (a) The principle of static mode [147}; (b) The contact mode
topography of stacking layers of GO on a mica substrate.
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The vertical forces between tip and sample in static mode in air
environment can easily disrupt, displace and destroy samples, especially in
some biological samples, e. g. proteins or biomaterials. In these applications,
dynamic mode is used since the vibrating tip provides a gentle and

nondestructive detection.

In dynamic mode, the tip oscillates at or near the resonance frequency.
Two major modes were developed: tapping mode and noncontact mode. In
the tapping mode, the oscillating probe is brought into intermittent contact
with the sample. The feedback loop adjusts the piezoelectric scanner to
maintain constant oscillation amplitude of the AFM probe (Figure 3.15 (a)).
The scanner position, the cantilever's oscillation amplitude and the phase
relative to the drive signal are recorded. While in the noncontact mode, the
AFM tip works in the attractive van der Waals region [149] and rarely touches
the sample. The interactions between tip and sample are minimized in this
mode. A gentle noncontact topography image of silk proteins self-assembled
to fibrils is shown. (Figure 3.15 (b), details about this work are present in

Chapter 7)
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Figure 3.15: (a) The principle of dynamic mode [147]; (b) the noncontact mode
was used to image silk proteins. The topography shows silk proteins
assembled to nanofibrils on a mica surface.
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3.4.3 Visualizing sheets embedded at the composite

surface

Other than the surface morphology, AFM is able to offer other information,
like mechanical properties and the chemical composition, of samples. It can
also detect objects below the sample surface. Nanocomposite samples with
all the fillers embedded on the surface were constructed. The schematic of
the sample is shown in Figure 3.16 (see Chapter 4.2 for details about the
preparation method). The topography of the sample should be flat. A series of
AFM techniques will be shown below to differentiate the fillers from the

surrounding polymer matrix based on different contrast mechanisms.

Height

—

Figure 3.16: Schematic of a nanocomposite with all the fillers embedded on the
surface. Note that the topography of this sample is flat.
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3.4.3.1 Lateral Force Microscopy (LFM)

In static mode, when the scanning direction is perpendicular to the
longitudinal axis of the cantilever, the lateral forces coming from the friction
between the tip and the sample cause cantilever twisting. This twisting can be
measured from the horizontal displacement of the deflection on the
photodiode. By measuring the twisting, the friction force distribution on the
sample surface can be obtained simultaneously with the topography. The

principle of LFM is shown in Figure 3.17.

This mode allows distinguishing areas with different friction and different
chemical components even when the surface is flat. As an example, a
sample in which GO sheets were embedded inside a polyvinyl alcohol (PVA)
polymer (Figure 3.16) was examined. The results are shown in Figure 3.18.
As expected, a smooth surface was obtained; the GO sheets in the PVA
matrix cannot be immediately recognized. In contrast, the LFM image of the
same area (Figure 3.18 (b)) offers large contrast between GO and PVA due
to the difference in tip friction between GO and PVA. After calibration, the GO
(bright areas) has a lower friction than the PVA matrix (dark areas), which
can be explained simply by the surface smoothness since GO is atomically
smooth. Due to the contrast mechanism, sheets deeper inside the polymer

and below the surface cannot be detected by LFM.
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Figure 3.17: (a) The principle of the friction mode; (b) Lateral deflection of the
cantilever are recorded.

(a) Topography (b) LFM
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———
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Figure 3.18: Sample of GO sheets embedded inside a PEl polymer. (a) The
height image shows a flat surface. (b) The corresponding friction mode image
at the same area as (b) reveals the sheets hidden in the topography image.
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3.4.3.2 Force modulation microscopy (FMM).

Mechanical properties are important for understanding the reinforcing
mechanisms of nanocomposites. Force modulation microscopy (FMM) is an
imaging mode able to detect variations in the mechanical properties, such as
surface stiffness and adhesion, of the sample surface. It has been used to

map the distribution of materials in composite systems [148].

FMM is an ac contact technique where the scanner vibrates in the vertical
direction at a frequency of tens of kHz when the tip is kept in contact on the
sample surface in the contact mode with constant cantilever deflection. Under
this vertical vibration, the tip on the sample surface does not remain static,
but also vibrates. The amplitude of tip vibration depends on the sample local
stiffness. On a soft material, the tip indents deeper into the sample at the
modulation frequency, inducing a small tip amplitude. In contrast, the tip
modulation amplitude would be larger on a hard material. Thus, the
magnitude of this amplitude indicated the local sample stiffness. The contrast

mechanism of FMM is shown in Figure 3.19 (a).

FMM is an important technique in detecting graphene nanocomposites.
The difference in the stiffness of graphene and polymers offers clear contrast
for FMM images. As an example, Figure 3.19 (b) exhibits the topography and
the corresponding FMM image of a GO/PVA nanocomposite as described in
Figure 3.16. As LFM, FMM reveals the sheets hidden in the topography
image, since GO sheets are much stiffer than the surrounding polymer. Stiff

GO sheets induce higher cantilever amplitude and thus are shown as the
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brighter areas in FMM. The difference between FMM and LFM is that FMM
provides contrast even when the sheets are slightly below the surface, giving

the tip modulation amplitude is large enough.

(@) Topography

Tip position

Cantilever deflection
MWW WY

Stiffness
R

Figure 3.19: (a) The principle and contrast mechanism of FMM [159]; (b) FMM
image and the corresponding topography image of a GO/PVA nanocomposite.

3.4.3.3 Phase Imaging

In dynamic mode, the tip is oscillating with intermittent contact with the
surface. The interactions between tip and the surface lead to the phase shift
of cantilever oscillations relative to the piezodriver oscillations (Figure 3.20

(a)). This phase shift depends on the material characteristids, e.g. the
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chemical components, the stiffness, the elasticity, surface adhesion and so
on. This is a complicated, nonlinear process that even today is not fully
understood [149], but phase imaging can be helpful to distinguish different
materials in samples. Similar to phase in the dynamic mode, phase from the
FMM mode is correlated to the local elasticity of sample and is able to detect

materials with different stiffness [145,150,151].

A topography image and the corresponding phase image from a GO/PVA
nanocomposite are demonstrated in Figure 3.20 (b). Note the line across the
GO sheet as indicated by the arrow. This could be a wrinkle caused by
oxidation. In topography image, it is difficult to identify the GO and the wrinkle,

while phase image gives great contrast.
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Figure 3.20: (a) The schematic of the phase imaging mechanism. (b) and (c),
Topography and phase image of a GO/PVA nanocomposite. The phase imaging
helps to distinguish GO from the polymer matrix.
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3.4.4 Visualizing sheets below the composite surface using

Atomic Force Acoustic Microscopy (AFAM)

Historically, the applications of AFM are limited to surface probing.
Features below the surface are not accessible using the conventional AFM
modes. The development of atomic force acoustic microscopy (AFAM) and
uitrasonic force microscopy (UFM) extended detection into the subsurface,
Imaging that can look relatively deep into samples can be helpful in

visualizing the nanostructures inside nanocomposites [152-155].

In AFAM, the tip is in contact with the sample surface as in the contact
mode. The sample is coupled with a transducer which emits acoustic waves
(frequency of MHz, much higher than the resonant frequency of the cantilever)
through the sample. The acoustic waves induce out-of-plane vibrations of the
sample surface which are transmitted into cantilever and excite resonances in
the cantilever through the tip-sample coupling. The resonance frequency
depends on the stiffness of tip-sample contact and on the contact radius,
which in turn are a function of Young’s modulus of the sample and the tip, the
tip radius, and the force exerted by the tip [156-160]. The cantilever amplitude
on the excitation frequency near the resonance is recorded as the AFAM
images, as shown in Figure 3.21. AFAM images reveal the sample surface
elasticity distribution. Since the acoustic waves are transmitted throughout
the sample, the images are able to reveal information from beneath the

surface [155,156].
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An AFAM image of a graphene-PMMA nanocomposite is shown in Figure
3.22. The nanocomposite was prepared by mixing graphene oxide dispersion
and the polymer solution followed by the film-casting method described
above. Note that in this sample graphene oxide sheets are randomly and
homogenously distributed throughout the bulk polymer. The ultrasonic
transducer was operated at a frequency of f = 2.14 MHz. The topography
image is virtually featureless, except for some white dots which may due to
sample contamination. No sheet is identifiable (Figure 3.22 (a)). In great
contrast, AFAM (Figure 3.22 (b)), conducted at the surface, clearly imaged
the embedded sheets (the brighter areas). The fact that some of the sheets
are in fact located well below the surface is further corroborated by the friction
image shown in Figure 3.22 (c). Some of the sheets (highlighted by yellow,
dashed circles) do not show any contrast in this image, which proves that the
surface material in this case is in fact polymer. Notably, some of the sheets
visible in the AFAM image (Figure 3.22 (b)) appear like slim lines rather than
extended sheets. Most likely, these signals represent sheets that are oriented

normal with respect to the surface.
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Figure 3.21: Schematic of the principle of AFAM. The contact stiffness is
measured by the vibration of the cantilever. The contact region can be modeled
using a spring constant and a damping constant. The probed volume depends
on the contact radius a [160].
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Figure 3.22: (a) Topography image showing a flat surface; (b) Ultrasonic
amplitude at the surface, clearly imaging many sheets (brighter areas); (c)
Friction image provides very weak contrast for sheets located at the surface
(indicated by green and blue ellipses). Many sheets, however, which show up
in the ultrasonic contrast (b) do not appear in the friction image (c) at all
(sheets indicated by yellow, dotted ellipses). Using the AFAM image, the
positions of some sheets can be identified in the topography image (a) (green
ellipses).
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3.4.5 Force spectroscopy

Force spectroscopy can be used to study the surface forces, including
attractive, repulsive forces and adhesive interactions between the tip and
sample [161,162]. This technique is used to estimate probe forces during

scanning.

During a force measurement, the scanner in the Z direction extends and
retracts. The deflection of the cantilever as the tip contacts and separates
from the sample during the extension and retraction is recorded and plotted
as a force curve. A typical force curve and the corresponding tip-sample
interaction are shown below in Figure 3.23 (a). The X axis represents the
position of the scanner and the Y axis means the deflection of cantilever. The
force curve can be transformed into descriptions of the vertical force as a
function of the tip-sample distance by multiplying the deflection by the spring
constant of tip. In this dissertation, the AFM tip force is calculated through

force curves. The details are shown in Chapter 4.
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Figure 3.23: A typical force curve with the corresponding tip-sample distance.
Adopted from [147] A. Tip is far away from the surface; B. During approach to
the surface, the tip jumps into contact with the surface due to van der Waals
attraction; C. Tip contacts surface. Further approach makes the cantilever
bends upward; D. The scanner retracts. The adhesive forces make tip stick on
the surface. E. The tip pulls off from the surface.

3.5 Raman spectroscopy characterization of

nanocomposites

Raman and IR are two spectroscopy techniques widely used to analyze
chemical composition, structure, and bonding. Both Raman and IR
spectroscopy are capable of detecting the vibrations of atoms in molecules or
crystal lattices, but rely on different selection rules. A vibration is IR-active if
the dipole moment is changed during the vibration and it is Raman-active if
the polarizability is changed during ihe vibration [163]. In general, vibrations
are strong in Raman spectra if the bond is covalent, while strong in IR if the

bond is ionic. Since carbon-based materials, such as graphene and carbon
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nanotubes, consist of spz-hybridized covalent bonds, Raman has become a

powerful technigue to study graphene-like materials [164,165).

3.5.1 Raman spectroscopy

The Raman effect is an inelastic scattering of photons by molecules.
When a laser beam is incident on a sample, the photons interact with the
sample molecules and some light is scattered. Most of the scattered light
maintains the original wavelength (Rayleigh scattering); however, a small
fraction of scattered light has wavelengths different from that of the incident
light, generating frequency-shifted Raman scattering. If the scattered photon
has a lower frequency than the incident photon, the scattering is a Stokes
process. If the scattered photon has a higher frequency, then it is an anti-
Stokes process. The frequency change of the scattered light is determined by
the vibrational modes of the molecules in the sample. Therefore, the
frequencies of the peaks in Raman spectra give information about the energy

of the phonons, and consequently the structure of the materials [163].

The Raman spectroscope used in this dissertation is a Renishaw inVia
dispersive Raman comprised of three laser sources and a charge-coupled
device (CCD) detector, see Figure 3.24. The laser used for the
nanocomposite sampies is 633 nm He-Ne laser. The laser power was
controlled below 1 mW to avoid thermal reduction of graphene oxide. A 50 x

(100 x) microscope objective with N.A. of 0.75 (0.98) was used to focus the
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incident laser light on to the surface. The backscattered light was collected by

the microscope objective.

microscope diftraction
grating ¢ CCD camera

holographic

Figure 3.24: Schematic of the Renishaw in Via Raman spectrometer [166].

3.5.2 Raman spectrum of graphite, graphene, GO and FGS.

Raman spectroscopy is used to investigate the structures and properties
of carbon materials, including highly oriented pyrolytic graphite (HOPG),
diamond, amorphous carbon, carbon nanotubes, fullerenes and graphene.
Each of carbon’s structural arrangements exhibits a characteristic Raman

spectrum [164-168].

Figure 3.25 shows the Raman spectra of natural graphite, HOPG, GO,
FGS and vertically oriented graphene grown by chemical vapor deposition
(see Chapter 8). A representative Raman spectrum of pure graphene from

literature [169] is also included for comparison.
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Figure 3.25: Raman spectra of native graphite, HOPG, GO, FGS and CVD-grown
graphene. The spectrum of pure graphene is adopted from 169.
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The peak at around 1350 cm™ is assigned as the disorder-induced ‘D’
peak. This peak is not present in the Raman spectra of pure graphene and
HOPG, but appears in the spectra of all disordered forms of carbon. The D
band originates from the ‘breathing modes’ of sp? atoms (Figure 3.25 (a)) in
hexagonal rings and is excited by defects such as vacancies, grain

boundaries and impurities.

The G peak has a position around 1585cm™, which corresponds to in-
plane lattice vibration. This peak is the Raman signature for sp? carbon and
indicates the crystalline nature of the material. Pure graphene and HOPG,
which are without defects, show only the G peak in the first-order Raman
spectrum (see Figure 3.25). Compared to other graphitic materials, GO
sheets present an up-shifted G peak due to the oxidation process [170]. The

G peak shifts back after reduction in FGS.

The 2D band (sometimes also noted as G’), with a the position of around
2700 cm™, is also a characteristic peak of crystalline graphite. This peak is
related to a second-order double resonance (DR) process which involves the
coupling of the photon and phonon [165]. The frequency of this band is about
twice the frequency of the D band. The 2D peaks from GO and FGS are very
weak. HOPG and natural graphite show broader 2D peaks than pure

graphene due to the stacking layers [169].

Raman spectroscopy has wide utilization in the characterization of
graphene [171]. It has been used to identify the number of layers and the

stacking order in graphene sheets [165,169,172)], to measure the thermal
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conductivity [23], and the mechanical properties of graphene {73,173}, and to

characterize the structure, defects, and doping of graphene [165,174].

in this dissertation, the Raman peak shift of graphene oxide upon applying
external strain is measured. Since the frequencies of the Raman bands are
directly related to the inter-atomic distance, the change of frequency provides
a way to measure the strain in graphene [171]. The details will be presented

in Chapter 5.
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Chapter 4 Characterization of

graphene/polymer interfacial strength

The graphene/polymer interfacial strength plays an important role in
mechanical properties of graphene-based nanocomposites. To make full use
of graphene’s outstanding mechanical properties, the interfaces should be
strong enough to transfer stress from the matrix to the fillers. However,
measurements of the interfacial strength are quite challenging for such small

nanoscale objects.

In this chapter, we will describe two novel methods to directly characterize
the interfacial strength between individual single-layer graphene sheets and
polymers using AFM. We have applied these methods for a serial of polymers
and for graphene sheets with different degrees of surface functionalization.
The interfacial strength of polymer/graphene varies greatly for different
combinations. For example, the strongest interactions are between GO and
polyvinyl alcohol, a strongly polar, water-based polymer. On the other hand,
polystyrene, a non polar polymer, has the weakest interactions with GO. This

is attributed to the hydrogen bonding and physical adsorption at the interface.
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4.1 Interface in nanocomposites

As introduced in Chapter 2.3, interfacial interactions or bonding between
filer and the polymer are extremely important to the mechanical
performances of structural composites, which are becoming even more
critical in nanocomposites as the available interfacial area is increased by the
dispersion of nano-sized fillers [9,175]. In particular, to take full advantage of
the exceptional stiffness and strength of graphene sheets, polymer molecules
must adhere to the graphene sheets strongly so that the load acting on the

matrix is transferred to the sheets across the interface.

Therefore, a fundamental understanding on the properties of interface
between graphene and polymer is essential for the understanding of
nanocomposite mechanical properties. For example, a weak filler-matrix
adhesion can lead to a relatively low strength and stiffness, but improve
toughness, because the debonding at the interface can generate voids and
cracks on the one hand while absorbing the impact energy on the other hand

[51,176].

4.1.1 Mechanisms of interfacial adhesion

In general, interfacial adhesion in a composite can be attributed to five
main mechanisms [51]. Adsorption and wetting due to the physical attraction
(mainly van der Waals attraction) is the first mechanism. When fillers and
polymer molecules are brought sufficiently close together, the van der Waals

attraction can give strong adhesive forces between them. The chemical
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bonding is of particular importance for interfacial adhesion. A chemical bond
is formed between a chemical group on the filler surface and a compatible
chemical group in the matrix. The strength of the bond depends on the
number and type of bonds. The third mechanism is the diffusion of polymer
molecules. Polymer molecules may diffuse and entangle with fillers. One
example would be the entanglement of CNT and polymer molecules [177].
Electrostatic attraction is one another mechanism, if both fillers and polymers
contain surface charge. Although this affect is unlikely to make a major
contribution to the final adhesion strength, it has influence on the fabrication
process in which solvents are present. Mechanical knitting is also a
mechanism for surface adhesion, which happens by mechanical interlocking

of two rough surfaces although the strength is unlikely to be high.

In reality, however, the prediction of the interfacial adhesion is very
difficult. The actual interface has a complicated chemical and physical
structure, and depends on the atomic arrangement, the molecular
conformation, and the chemical properties of both fillers and polymer [51]. In
addition, researchers suggested that when there is a strong interaction
between the polymer and fillers, the polymer layer in the proximity of fillers
will have a higher density and higher modulus (this special layer of polymer is
called ‘interphase’ in some literature) [178-180]. This multi-phase system
adds complexity to the estimation of interface strength. Therefore, methods
and techniques to measure the strength of interfacial bonding are imperative

in this field.
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4.1.2 Measurements of interfacial strength

Although the role of the interface to the properties of composite is well
known, the measurements of interfacial strength have been very difficult and
challenging [51]. Especially for nanocomposites the difficulties have been
tremendous [181], due to the experimental obstacles in handling and seeing
the nanosized fillers. Methods used to measure the interfacial strength in
conventional composites, single fiber test, three-point bending test [51,182],
are not suitable for nanocomposites. Many methods have been proposed to
measure the interfacial strength in nanocomposites, however, without

satisfaction.

4.1.2.1 Direct methods

(A) Single molecular adhesion study using AFM

The use of AFM to characterize the interaction between polymer
molecules and filler surfaces by measuring the force profiles between a
polymer functionalized tip and the substrate in a liquid cell is presented in
Figure 4.1 [183]. This method is able to determine the adhesion strength
quantitatively. However, the liquid environment makes the obtained values

not accurate for a nanocomposite system.
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Figure 4.1: Schematic of a single molecular adhesion measurement by AFM.

(B) Filler pull-out method:

In this method, a single filler (mainly carbon nanotubes) was pulled from a
polymer matrix using an AFM tip (Figure 4.2), to obtain a quantitative
estimate of the interfacial strength [184,185]. Unfortunately, this method is

limited to fiber-like filler and hard to apply to sheet-like fillers.

Figure 4.2: Pull-out of a carbon nanotubes bundle using an AFM tip [184].
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4.1.2.2 Indirect methods

Due to the difficulties in giving direct values of the interfacial strength,

most methods were developed indirectly to the strength.
(A) Stress-strain on bulk materials

Interfacial properties are determined indirectly by comparing the
mechanical properties of bulk nanocomposites at the macroscale [21]. The
enhancements in mechanical properties (mostly by stress-strain
measurements) were correlated to filler-matrix interfacial strength. However,
these macroscale materials may fail by matrix or filler failure instead of at the
interface. The evaluations of interfacial strength from this method are not

accurate.
(B) SEM/TEM observation

SEM and TEM observations to the fracture surface of nanocomposite or
in-situ  observation of fracture mode, e.g. crack propagation, in
nanocomposites are used to evaluate the interfacial strength [29,186,187]. By
observing the morphology and appearance created on the fracture surface,
generalized statements regarding the strength of the interface have been

made.
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Figure 4.3: SEM images comparing the fracture surface of (a) EG-PMMA and (b)
FGS-PMMA. The pulled-out FGS have residual polymer adhering to the filler,
indicating the interface strength is strong. In contrast, the cavities in (a)
suggest poor bonding [29].

(C) Raman spectroscopy

Raman spectroscopy has been used to study the load transfer efficiency
in nanocomposites [188,189]. By straining the nanocomposites and observing
the shifts in Raman peaks, the deformation (like strain) of the fillers and the
load transfer at the interface were estimated. More discussion about this

method will be given in Chapter 5.
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Figure 4.4;: Raman peak shift were monitored as a function of applied strain
[188].
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(D) FTIR spectroscopy

FTIR has been extensively used to study chemical bonds and adsorption
of polymer molecules on filler surfaces [190]. The types of chemical
interactions on the interface can be determined, however, without a direct

value of the bond strength.

At this point, it is important to have some measure of the relative
interfacial strengths of different filler-matrix systems and, to the best of our
knowledge, no test provides a value in this respect. This chapter will describe
two new methods based on AFM that have been developed to characterize

the interfacial strength between graphene oxide sheets and polymers.

4.2 Experimental details

GO was produced using the Hummers' method described in Chapter 3.1.
After ultrasonication, the GO colioidal suspension was diluted to 0.1 mg/mL
and spin-coated at 2000 RPM for 3 min onto freshly cleaved mica and HOPG

substrates.

The samples were examined using a NTMDT NTEGRA Scanning Probe
Laboratory AFM (Zelenograd, Moscow, Russia). BudgetSensors SiNi
triangular cantilevers were used (spring constant 0.27 N/m, tip radius of
curvature r <15 nm, Sofia, Bulgaria) in contact mode. For tapping mode,
ACTA silicon cantilevers (APPNANO, Santa Clara, California) with a typical

resonance frequency of f= 300 kHz, a radius of curvature of r < 10 nm, and a
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spring constant of k = 40 N/m were used. FMM mode scan was conducted
using TETRA18 tips (spring constant 5.0 N/m, tip radius of curvature r <10
nm, M2N Inc, Korea). In some images, the slow scanning axis is indicated by
a green arrow with the letter ‘S'. Similarly, the direction of the fast scanning

direction is indicated by a yellow arrow with the letter ‘F’.

The polymers used in this study included polymethyl methacrylate
(PMMA), polyvinyl alcohol (PVA), polyetherimide (PEl) and polystyrene (PS).
Their structures are shown in Figure 4.5. PVA powder (Mowiol 4-88,
molecular weight of 31,000; Sigma-Aldrich Chemistry, St. Louis, MO) was
dissolved in deionized water at a concentration of 20 wt%. PMMA (molecular
weight of 120,000; Sigma-Aldrich Chemistry, St. Louis, MO) was dissolved
using DMF as the solvent at a concentration of 20 wt%. DMAc was used to
dissolve PEI (Ultem 1000, kindly provided by Professor David Kranbueht and
Professor Robert Orwoll from Chemistry Department at The College of
William and Mary) with a concentration of 20 wt%. PS (molecular weight of
230,000; Sigma-Aldrich Chemistry, St. Louis, MO) was dissolved in toluene at
a concentration of 20 wt%. The polymer films were made by the solution-cast
method described in Chapter 3. The PVA and PS films were dried at around

50 °C. The PMMA and PEI films were dried at 90 °C.
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Figure 4.5: Molecular structures of (a) poly(methyl methacrylate), PMMA, (b)
polyvinyl alcohol, PVA, (c) polystyrene, PS, and (d) polyetherimide, PELl.

4.3 Folding-up method

4.3.1 Principle

In AFM, the lateral forces exerted by the tip on the sample in contact
mode imaging are substantial and can be adjusted by the tip vertical force
[191]. During experiments, a defined amount of force is applied to the AFM
probe when scanning GO sheets on a surface. When a small vertical force is
used, the AFM tip gently touches the surface and follows the topography of
the surface, see the schematic in Figure 4.6 (a). When above a certain force
level, the forces are capable of inducing structural modifications to samples;

the tip folds up, or moves the sheets [191], as illustrated in Figure 4.6 (b).
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During this folding up process, the AFM tip exerted enough force to break

down the interfacial attraction between GO and the substrate.

(a) low vertical force

scanning

Graphene Oxide

cross-section

(b) high vertical force
" AFM

A {
M K Graphene oxide

Substrate

W, —— S

cross-section

Figure 4.6: (a) The AFM tip scans the surface with a low vertical force (b)
Nlustration of the folding process with a high vertical force: (1) the tip first lifts
a part of the sheet (green) off the substrate (grey), then bends the sheets (2),
and subsequently, folds the sheet on top of itself (3) [191].The simulated AFM
cross-sections of the sheet in both situations are included.

4.3.2 Results and discussion

Figure 4.7 shows an AFM topography image of the same single-layer GO
on HOPG surface imaged at a low vertical force, F, of 10 nN (a) and at a
larger vertical force of 22nN (b). (The details about the probe force
calculation are provided in Appendix B.) The sheet is complete and flat at first

and has undergone a folding process due to the force. The orange, dashed
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line in Figure 4.7 (b) is the footprint of the sheet in (a) which was manually
added to (b) to depict the folding area. The sheet is missing some area in the
upper right corner; while next to the ‘missing’ areas, increased topography
(highlighted by the blue, dashed line) was observed. The missing areas and
the increased topography are mirror images, supporting the claim that we
have folded the sheet, as illustrated in Figure 4.6 (b). In some cases, the tip
folds the sheet several times during one contact mode scan, as shown in
Figure 4.8. The cross-sections of the sheet before and after folding are
displayed in Figure 4.7 (c); they are consistent with what was expected
(insert). Note that the AFM profiles are greatly exaggerated in the the z-

direction.

Based on geometric criteria, a quantitative method to characterize the
degree of induced folding and deformation was developed. The folded areas
were calculated first by subtracting the areas of folded sheet from that of the
complete sheet. As illustrated in Figure 4.7 (d), the values of ‘average folded
width’ were obtained by normalizing the total folded (or deformed) area to the
length of the sheet along the slow scan direction, since the edge in this
direction has positions where the AFM tip first contacts the sheet durng
scanning, see Figure 4.7 (e). AFM images are collected as the tip moves
across a plane line-by-line. The direction of the tip movement is referred to as
the ‘fast scan direction’. The direction perpendicular to the fast scan direction

is referred to as the ‘slow scan direction’.
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Figure 4.7: (a) AFM topography image of a single-layer GO on a HOPG surface
imaged at a low vertical force F = 10 nN. (b) The same sheet after imaging at a
larger vertical force F = 22 nN. Green and yellow arrows: fast and slow
scanning directions, respectively. (c) The topography cross-sections in (a) and
{b). Insert: cartoons of estimated AFM topography. (d) llfustration of the
calculation of average folded width. (e) Schematic of fast and slow scanning
directions. The AFM probe first contacts one edge of the sheet.
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Figure 4.8: The AFM probe folded a GO sheet several times during one contact
mode scan. The folding events are highlighted by blue arrows. Green and
yellow arrows: fast and slow scanning directions, respectively.

Measurements were conducted using varying probe forces from 14 nN to
32 nN on mica and HOPG substrates. Figure 4.9 plots the relationship of the
average folding width as a function of the applied probe forces. For both
substrates, the induced folded width grows strongly with increasing vertical
force. However, systematically higher forces are necessary to induce the
same degree of deformation when the sheets are on mica rather than on
HOPG. Therefore, the interactions between GO and mica are more

significant than that between GO and HOPG.
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Figure 4.9: The average folded width of GO on mica and HOPG as a function of
the applied probe forces. Quantitative analysis of this process shows that GO
interacts more strongly with mica than with HOPG.

Mica consists of silicate sheets which are negatively charged due to the
deprotonation of hydroxyl groups on the basal surfaces [192]. The high
surface energy of mica allows complete wetting of GO solvents (especially
water) on the surface, leading to intimate contact of GO with the atomically
smooth silicate layer. This contact causes van der Waals attraction to
produce a strong adhesion between the GO and mica. In addition to van der
Waals attraction, the functional groups on GO and mica surfaces are able to
form hydrogen bonds. On the other hand, HOPG has a very low surface
energy and, thus, is hydrophobic. Therefore, the interaction of GO and the
planar sp’ carbon of the HOPG surface may be dominated solely by the van

der Waals forces.
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The folding-up method can be applied straightforwardly on polymeric
substrates with atomically smooth surfaces. Furthermore, this technique can
be used to evaluate the interfacial strength between GO and any material
surface by manipulating the sheets on them. In addition, this method can be
applied to other nanocomposites systems, e.g. clay nanocomposites. The
disadvantage of this method comes from the elaborate experimental and
image analysis process (see Appendix B). Due to this disadvantage, a
second method which allows the user to quickly evaluate the interfacial

strength is presented.

4.4 Peeling-off method

4.4.1 Principle

In this method, the sheets were first sandwiched between two different
materials. After separating these two materials, observations of the surface to
which the graphene sheets were prone to adhere were made. The one more

graphene sheets adhere to has a stronger interfacial strength.

The details are described in Figure 4.10. GO sheets were first spin-cast
on a bottom material. Then a polymer solution or melt (the top layer) was
added. The sample was heated to evaporate the solvent (at a range from
50 °C to 90 °C depending on the solvent used). After solidification, the
attached polymer film (top layer) was then peeled off from the bottom material

and mounted under the AFM with the surface that was previously in contact
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with the bottom material facing upward for scanning. The surfaces of both the
top material and bottom material were checked for the presence of GO

sheets.

Two different situations are shown in Figure 4.10: all sheets stick to the
substrate material (Figure 4.10 (3A and 4A)), or all sheets stick to the
attached polymer material (Figure 4.10 (3B and 4B)). In the former case (3A
and 4A), the sheets remain on the substrate after peeling off the layer of the
attached polymer, so that the surface of the peeled-off polymer shows
patterns of imprints (negative topography) left by GO sheets. The surface of
the substrate still retains GO sheets, showing positive topography. This
scenario means that the interfacial strength of the GO/polymer is weaker than
that of the GO/substrate. In the latter case (3B and 4B), all the sheets stuck
to the attached polymer materials. Two featureless surfaces were found: an
‘empty’ substrate and a flat polymer film with embedded sheets. This
scenario implies that the polymer-graphene interfaces have a stronger
interaction than the substrate-graphene interfaces. Using AFM imaging, the

particular scenario that occurs for a given material can be determined.
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Figure 4.10: lllustration of the “peeling-off’ method to evaluate the interfacial
strength in nanocomposites.

4.4.2 Results

This method has been applied to four polymers (PMMA, PVA, PEIl, and
PS) and to graphene sheets with different degrees of surface
functionalization. The results show that graphene/polymer interactions vary

greatly for different systems.
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Freshly cleaved mica (or HOPG) was used as the bottom material for two
reasons. First, they produce an atomically smooth surface on polymer films,
which is important for AFM scanning and second, GO/mica systems were
found to have stronger interfacial strength than GO/HOPG systems from
previous studies. This allows us to use mica and HOPG as a ‘ruler’ to

calibrate GO/polymer interfacial strength.

4.4.2.1 Comparison of GO/polymers and GO/mica

First, a comparison of the interfacial strength in GO/polymer with the
GO/mica was made. Polymer solutions were poured onto mica substrates
that had been spin-coated with GO sheets. The results of PMMA films peeled
off from mica surfaces are shown in Figure 4.11. The AFM topography shows
that the mica surface was covered by GO sheets after peeling off the PMMA
film, producing the positive topography. Consequently, depressions were
observed on the peeled-off PMMA surface, as shown in Figure 4.11 (b),
which were suspected to be imprints left by the sheets on the mica substrate.
Figure 4.11 (c) shows the corresponding cross-sections through a sheet on
both images. Both the positive and negative topographic features are about
1 nm in thickness, corresponding to the thickness of a single-layer GO sheet.
This further proves that the depression areas in the PMMA surface were
induced by GO sheets. Hence, peeling off PMMA from mica corresponds to
scenario A described in Figure 4.10. The adhesion of the GO sheets to the
mica surface indicates that the GO/PMMA interfacial strength is weaker than

the GO/mica system.
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Figure 4.11: PMMA film peeled off from the mica substrate spin-coated with GO.
(a) the AFM topography of the mica substrate after peeling shows positive
topography; (b) the PMMA surface shows negative topography, coming from
imprints left by GO sheets; (c) the cross-sections taken in the (a) red line and
the (b) blue line, showing the depth of the imprint is around 1 nm, which
corresponds to the thickness of a single-layer GO sheet. (d) A 3-dimensional
presentation of (b).
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Among the polymers tested, GO/PS and GO/PEI have similar results to
GO/PMMA when compared to GO/mica. GO sheets were found adhered to
the mica surface and left imprints on the surface of these polymer films.
Figure 4.12 shows the topography and the corresponding LFM from the same
area of a PS film peeled off from mica. The topography of PS demonstrated
GO imprints as seen in Figure 4.11 (b). Note that LFM gives a uniform signal
across the whole PS surface, except where some contaminants are located
(indicated by arrows). LFM records the friction force between the probe and
the surface. This uniform color of LFM further proves that no GO sheet was
left on the PS surface and the nature of the imprint areas is PS polymer as
well. The results of GO/PEI peeled off from mica are described in Appendix B.
Therefore, GO/PMMA, GO/PS, and GO/PEI have interfacial strength weaker

than GO/mica.

13.4 nm 0.244 nA

(a) topogaphy

Figure 4.12: PS film peeled off mica substrates spin-coated with GO. (a) AFM
topography image of PS surface, showing imprints left by GO; (b) the
corresponding lateral force microscopy (LFM) image. The positions of the four
contaminants {(arrows) prove (a) and (b) are the same area.
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In contrast, the largest interactions between GO and PVA, a strong polar
polymer, were observed. The surface of a PVA film peeled off from mica
which was spin-coated with GO was examined. The topography (Figure 4.13
(a)) shows the surface is flat without any impressions, which corresponds to
the case of scenario B described in Figure 4.10 (3B and 4B). To confirm the
presence of GO sheets embedded in the polymer surface, the FMM mode
(an AFM mode sensitive to the local stiffness, see Chapter 3.4.3.2) was
conducted to survey the surface. The FMM result is shown in Figure 4.13 (b).
On a dark background, brighter areas were observed which are induced by
stiffer materials. This indicates GO sheets were embedded in the PVA matrix.
The results revealed that the interfacial strength between GO and PVA are

stronger than that between GO and mica (GO/PVA > GO/mica).

In summary, GO/PVA has a stronger interfacial strength than GO/mica,
while the other three polymers, PMMA, PEI, and PS show weaker interfacial

strength than GO/mica.
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(a) topography

Figure 4.10 !

Figure 4.13: PVA film peeled off from GO spin-coated mica substrate. The AFM
topographic image does not exhibit GO sheets (a), but the FMM image reveals
the GO hidden in the topography (b).

4.4.2.2 Comparison of GO/polymers and GO/HOPG

The interfacial strength of GO/PMMA, GO/PS, and GO/PEI, which are

weaker than GO/mica, were then compared to GO/HOPG.

The results of PMMA films peeled off from HOPG surface spin-coated
with GO sheets are shown in Figure 4.14. The lateral sizes of the HOPG
layers are smaller than the layers of mica. Consequently, the HOPG surface
is composed of steps and edges, which are transferred to the PMMA film. It
needs to be emphasized that no imprints from GO on topography image were
observed. On the contrary, some GO sheets can be barely identified
(highlighted by arrows in Figure 4.14). To verify the presence of GO, the

tapping mode was conducted and the phase image from tapping mode is
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shown in Figure 4.14 (b), which clearly dispiays GO sheets embedded on the
surface. At the same time, no GO sheet was found when we examined the
HOPG surface. Therefore, it can be concluded that GO sheets have an
affinity to PMMA over HOPG, that is, the interfacial strength of GO/PMMA is

stronger than GO/HOPG.

nm

Figure 4.14: PMMA film peeled off from GO spin-coated HOPG substrate. (a)
The AFM topography of PMMA. Insert: topography of HOPG surface. (b) Phase
image from tapping mode reveals GO sheets. Dash lines show a step molded
from the HOPG surface and prove that (a) and (b) are from the same area.

PS films peeled off from HOPG were examined, as displayed in Figure
4.15. The imprints displayed in the topography indicate that no sheets
adhered to the PS surface. The LFM image further proves the claim, since
the PS surface and the imprints area show the same color. The results
suggest that the GO/PS combination has an extremely low interfacial strength,
even weaker than GO/HOPG which is dominated only by van der Waals

attraction.
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The objects with huge topography at the bottom of the image come from
dips in the HOPG surface. The high frequency feature at the top of the image

is an image artifact coming from the noise of the AFM feedback.

32 nm

(a) topography
/

nm

Figure 4.15: PS film peeled off from GO spin-coated HOPG substrate. (a) The
AFM topography. (b) The corresponding LFM image.

The results of PE! films peeled off from HOPG were displayed in Figure
4.16. The imprints are observed in the topography; they were left by the GO
sheets on the HOPG surface. Interesting, some GO flakes attached to the
PEI surface were found, as indicated by the yellow arrows. The LFM image
also suggests the presence of GO on the surface. FMM was conducted again
on the sample. The resuilts are shown in Figure 4.16 (c) and (d). FMM reveals
GO sheets which are invisible in the topography (highlighted by green
ellipses). Imprint areas show no contrast in FMM to the surrounding PEI,
indicating that they are polymer as well (highlighted by the blue ellipse).
Therefore, it is conciuded that interfacial strength between GO/PEI should be

comparable to GO/HOPG. However, we still found that the number of imprint
91



areas is more than the number of GO sheets adhered to PEIl, so the

interfacial strength of GO/PEI is slightly lower than GO/HOPG.

20.7 nm 0.108 nA

Figure 4.16: PEI film peeled off from GO spin-coated HOPG substrate. (a) and
(b), The AFM topography and corresponding LFM image. Yellow arrows

indicate GO flakes attached to the PEI surface. (¢) and (d) The topography and
the corresponding FMM image. Green ellipses show GO invisible in topography.
Blue arrows are contaminants on the surface.

In comparisons to the interfacial strength of GO/HOPG, it is concluded
that GO/PMMA > GO/HOPG, GO/PEI ~ GO/HOPG, GO/PS <GO/HOPG.
With regard to interfacial strength comparison between GO/PVA and

GO/HOPG, the GO/PVA has a stronger interface than the GO/HOPG by
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combining the facts that GO/PVA > GO/mica and GO/mica > GO/HOPG. We
also kept polymer films on substrates for different lengths of time to examine
the effect of contact time on the interfacial strength, but we found no influence

of the contact length of time. The results are shown in Appendix B.

In summary, these polymers can be sorted according to their interfacial
strength with GO in the following order: GO/PVA > GO/PMMA > GO/PE! >

GO/PS.

4.4.2.3 Interfacial strength of FGSs/polymers

Similar tests were also conducted to compare the interfacial strength
between thermal reduced graphene, FGSs (the subscript 5 means the C:0O
ratio is 5) and polymers. Figure 4.17 shows a PMMA surface peeled off from
a mica surface which was spin-coated with FGSs. Interesting, FGSs sheets
show affinity for PMMA over mica, indicating that interfacial strength varies
greatly for different types of graphene. More resuits about polymer and FGS5

interfacial strength are provided in Appendix B.
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(a) topography

0nm 79 hm

Figure 4.17: PMMA surface peeled off from a mica surface spin-coated with
FGS;s. FGS;s adheres to PMMA rather than to mica, suggestmg that there is
stronger adhesion between PMMA and FGS:;.

4.4.3 Discussion

Considering the adhesion mechanisms between GO and polymers,
hydrogen bonding may be the dominant reason accounting for stronger
interfacial strength between GO/PVA and GO/PMMA [29,61,193,194]. To be
specific, the GO/PVA system possesses a higher hydrogen bonding ability
than the GO/PMMA [195]. In research using the same GO content, the
reported d-spacing in GO/PVA nanocomposites was systematically higher
than in GO/PMMA nanocomposites, which suggests a better dispersion, and
thus, a stronger interfacial adhesion between GO/PVA than GO/PMMA [195].
This is consistent with the peeling-off results. Putz et. al. explained that in the
GO/PVA system, the hydrophilic PVA chains not only create networks of
hydrogen bonds with the GO surface, but also strengthen the bond network
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with the covalent C-C bonds in the polymer. For the GO/PMMA system,
PMMA molecules serve only as hydrogen bond acceptors via their ester
functional groups on the side chains of the molecules. Consequently, the
extent of hydrogen bonding is significantly lower than hydroxyl groups in PVA
which can act as both hydrogen-bond acceptors and donors. The
hydrophobicity of the methyl groups of the methacrylate side chains would

further limit the weak interactions between PMMA and GO [195].

(a) (b)m
()"‘}‘Lb 1 H’o (‘
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" ]
O/H H-. H /O \0/

Figure 4.18: The hydrogen bonding model proposed in GO/PVA and GO/PMMA
nanocomposites [195]. Atoms engaged in hydrogen bonding are highlighted by
red with the bonds denoted by the dashed lines.

With regards to GO/PS and GO/PEI! systems, increases in the glass
transition temperature of both PS/graphene and PEl/graphene
nanocomposites were reported, which suggest a bonded region of polymer
chains (‘interphase’) near the filler surface [196-199]. However, the nature

and the strength of the bonding are still unknown.
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The physical adsorption can also contribute to interfacial adhesions.
Although is may be negligible compared to hydrogen bonding in GO/PVA and
GO/PMMA systems, it can be dominant at the interface of GO/PE! and

GO/PS.

When two surfaces are brought together (Figure 4.19 (a)), according to

the Dupré equation, the interfacial energy is [136]:

Yo =V +7, W,

where y,; and y, are the surface energies of materials 1 and 2,
respectively, and Wy, is the work of adhesion (the work required to separate
materials 1 and 2). In the case of GO being transferred from one material
(such as a substrate) to another material (such as a polymer film), as
described in Figure 4.19 (b), the difference in work of the adhesion of two

interfaces, substrate/GO and polymer/GO, can be written as [136]:

W posi60 = Wasico =¥ poy = Vs = ¥ potyico = Vsubio) = 2(\/7poly760 - \/7:,417760 )

where ypoy and ysp are the surface energies of the polymer and the
substrate. The ypayco @and ysuwwco are the interfacial energies between the

polymer and GO and between the substrate and GO, respectively.

The difference in the work of adhesion finally depends on the difference in
the surface energies of the substrates and the polymer. Contact angle
measurements were conducted to determine the surface energies. The

details about the contact angle measurements are provided in Appendix B.

26



The surface energies of the materials are listed in Table 4.1. For PVA, PMMA
and mica, the surface energies cannot provide avreasonable explanation.
This further suggests that mechanisms other than physical adsorption are
operative. The measured surface energy of HOPG is larger than PS, which is
consistent with the peeling-off results. However, the measured surface
energies of PEl and HOPG are different, while the peeling-off results show
that GO can stick to both sides. We also found that the values of surface
energy from literatures span a wide range, which suggests that predicting the
interfacial strength from surface energies is difficult. Apparently, the peeling-

off experiment provide a better way to compare interfacial strength.

Figure 4.19: (a) Schematic of two materiais being brought together, (b)
interfacial adhesion decides to which side GO sheets tend to adhere.



GO - 62 [200]

PVA - 37-110 [201,202]
mica - 70-140 [203]
PMMA 45.74+1.9 36-45 [202,204]
PEI 448425 45-50 [205,206]
HOPG 405422 18-40 [207-209]
PS 276+2.9 25-41 [202,210]

Table 4.1: Surface energies of mica, HOPG, GO and polymers. Unit: mJ/m?%

The above adsorption mechanism assumes intimate contact between
polymer and GO at the interface, which may not be the case for the GO/PS
combination. PS is a non-polar polymer, while GO is highly polar due to the
functional groups. Moreover, the solvent used to cast PS films, toluene
(surface tension of 27.9 mJ/m? [138]), is not compatible with GO. These two
reasons could further lead to the extremely weak interfacial strength of

GO/PS.
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For interactions between FGS and polymers, in addition to the hydrogen
bonding and physical adsorption, the mechanical knitting and interlocking
with polymer chains can also play a role due to the wrinkled and crumpled

surface of FGS [29].

4.4.4 Conclusions

In this chapter, the folding-up method and the peeling-off method were
described to directly characterize the interfacial strength between individual
single-layer graphene sheets and polymers using AFM. These methods were
applied to a series of polymer systems and suggest that the interfacial
strength varies greatly for different combinations. For GO, which has a C:0
ratio of 2, the strongest interactions were between GO and polyvinyl alcohol,
a strongly polar and water-based polymer. Polystyrene, a non polar polymer,
has the weakest interactions with GO. The interfacial strength appears to be
hydrogen bonding and physical adsorption. For GO/PVA and GO/PMMA
nanocomposites, the hydrogen bonding networks between polymer
molecules and the GO surface play an important role in determining the
strength. For GO/PElI and GO/PS systems, the physical adsorption
dominates the interfacial strength. To further understand this behavior, the
surface energies of the materials were determined by contact angle

measurements.
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The results support that these methods are capable of qualitatively
characterizing the interfacial strength directly at the nano-sized fillers within a
macromolecular material. An important application will be the matching of
polymers and fillers by optimizing the interfacial interactions. One could use
this method to select a polymer that optimizes the interfacial strength for a
particular graphene, or to vary the surface chemistry of graphene, such as
functionalization or the carbon to oxygen ratio, to fit a particular polymer. This
method can be applied to other nanocomposite systems, such as
nanocomposites using clays as fillers, allowing for the determination of the
strength between fillers and polymers. This information is paramount for
achieving a fundamental scientific understanding of the relationship of fillers’

chemistry, polymers’ chemical structures, and the strength of their interfaces.

After knowing the interfacial strength, the following questions arise: Can
the load be sufficiently transferred to GO through hydrogen bonding to
increase the tensile strength? Is there evidence of stress transfer and what
are the values? To answer these questions, in the next chapter, we will
present the response of GO sheets to external strains and demonstrate the

stress transfer in GO/PVA nanocomposites.
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Chapter 5 Stress transfer revealed
by mapping nano-scale strain

in nanocomposites

The positions and strains of individual graphene oxide (GO) sheets
embedded in poly vinyl alcohol (PVA) matrix were imaged and quantified as a
function of the applied external strain using atomic force microscopy. The
level of stress transfer between GO sheets and the PVA matrix in the
nanocomposites were determined by measuring the strains of GO. The stress
transfer and the initiation of the failure were also confirmed by Raman
spectroscopy. Virtually complete stress transfer from the PVA matrix to the
GO sheets has been observed at a matrix strain of up to 8%. At higher strain
levels, the onset of the nanocomposites failure and a stick-slip behavior were
observed at the interface. The strong interfacial strength suggests GO is a
more appealing material than pure graphene in nanocomposites and implies

the potential to make high strength GO nanocomposites.

5.1 Introduction

One of the most difficult problems in the physics of polymer
nanocomposites is the measurement of the extent and efficiency of stress
transfer through the interface between fillers and matrix [181]. This

information are is very important because an efficient matrix-to-filler stress
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transfer will be essential to take advantage of the unparalleled strength and
Young's modulus of graphene in polymer nanocomposites. In Chapter 4, two
novel methods to characterize the interfacial strength between graphene and
polymers were presented. Among the polymers examined, graphene oxide
(GO)/polyvinyl alcohol (PVA) nanocomposites show the strongest interfacial
adhesion. In this chapter, the stress transfer through the interface will be
explored and some key questions in nanocomposites [181] will be addressed.

For example:

1. Can the load be sufficiently transferred from PVA to GO through the

hydrogen bonding network to increase the tensile strength?
2. Is there evidence of stress transfer and what are the values?

3. What experimental techniques can be developed to measure the stress

transfer at the nanoscale?

Evaluation of the stress transfer in nanocomposites has been a very
challenging task. Mechanical tests, like stress-strain curves, on the
macroscopic nanocomposites are unable to evaluate the stress transfer that
occurs at the filler—matrix interface, because bulk materials fail by a

combination of interface failure and matrix (or filler) fractures.

This approach is to address this problem by directly monitoring the strain
of fillers in a nanocomposite under loading. If an efficient stress transfer

occurs at the interface, strain and deformation of fillers should be observed.
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On the other hand, failure of the interface leads to slip at the interface and no

strain of fillers.

The strategy is to employ advanced AFM and Raman spectroscopy. High
resolution images of fillers in nanocomposites were obtained using FMM. The
dimensions of fillers as a function of loading levels can be obtained directly
from the AFM images. Raman spectroscopy was used to evaluate stress

transfer by monitoring the extent of peak shifts under strain.

Raman spectroscopy has been previously used to study the load transfer
in carbon fiber composites [ 211], carbon nanotubes nanocomposites
[188,189], and graphene nanocomposites [2127214]. Although Raman peak
shifts are able to identify whether stress transfer takes place at the interfaces,
the disadvantage is that it does not tell how well the stress is transferred. In
this study, this disadvantage can be complemented by combining results from
AFM. The Raman peak shift can be converted to strain of fillers so that the

stress transfer can be identified.

For the first time, the strain of individual, single—layered GO fillers in a
loaded polyvinyl alcohol (PVA) matrix was imaged. This chapter will
demonstrate that stress can be effectively transferred from PVA to graphene
oxide through the interface. Raman spectroscopy was carried out
independently to confirm the stress transfer. The Raman peak shift is
correlated with the strain of GO sheets. For GO/PVA nanocompaosites, the
level of stress transfer at interfaces and the mechanical properties were

estimated.
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5.2 Sample preparation

The graphite oxide was prepared from native graphite powder (Asbury
Carbons, Asbury, NJ, grade 3243, 99.5%) using the Hummers' method, as
described in Chapter 3. The solvent cast method was used to make the
polyvinyl alcohol (PVA) films. The PVA solution was prepared by dissolving
powder PVA (Mowiol 4-88, Molecular weight of 31,000; Sigma-Aldrich
Chemistry, St. Louis, MO) into deionized water with the weight percentage of

20%.

GO/PVA nanocomposites with GO sheets embedded at the surface of the
polymer were made. The sample preparation is described in Figure 5.1.
Single-tayer GO sheets were first spin-coated on a freshly cleaved mica
substrate with the dimensions of 1 cm by 6.5 cm. The PVA solution was cast
on the sample surface. Then the samples were heated at 50 °C to remove
the water in the PVA. After 20 minutes, a stripe of PVA film with the
dimensions about 0.7 cm by 6 cm was solidified on mica surface. The PVA
films were peeled off the mica surface, so that polymer films with an

atomically smooth surface and the embedded GO sheets were obtained.

Fine lines vertical to the long edge of the sample were manually marked
using a Sharpe permanent pen on PVA films before film peeling. These lines
served as markers to calculate the local strain in the nanocomposite and to
identify scanning locations in the following experiments (the details are
provided in Appendix C). After the polymer films were peeled off, they were

examined under an optical microscope using differential interference contrast
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(DIC) mode to see whether there were mica debris attached to the PVA
surface. Clean regions without any mica debris were chosen as AFM

scanning areas.

(A) Spin-Coating Sheets {B) Adding PVA Polymer
Graphene

i Oxide {GO) PVA
AR

’
/
(C) Peeling Off PVA (D) Smooth Surface  /

h —d”—“

Figure 5.1: Preparation of GO/PVA nanocomposite samples where GO sheets
are embedded directly at the surface. The films have an atomically smooth
surface.

The AFM (NT-MDT, NTEGRA Prima, Zelenograd, Russia) Force
Modulation Microscopy (FMM) was used to detect the graphene oxide
embedded in the PVA. The tips were BudgetSensors (Sofia, Bulgaria) SiNi
triangular cantilevers with a force constant of 0.27 N/m, a radius of curvature
of 15 nm, and a resonance frequency of 30 kHz. The frequency of the sample
modulation was 15 kHz. In order to reduce the drift issue in the AFM images,

a piezoelectric scanner with closed-loop circuit was used.
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Raman spectroscopy (Renishaw, inVia, Gloucestershire, U.K.) with a
633 nm He-Ne laser was used to investigate the graphitic deformation of
graphene oxide during applied matrix strain. The power of the laser was
controlled below 1 mW to avoid reduction of graphene oxide. An objective
with a numerical aperture of 0.75 was used. The positions of the G peak were

obtained by fitting peaks using the Lorentz function.

A tensile stretching stage was designed to work in conjunction with the
AFM and Raman. The schematic and photo of the stretching stage are shown
in Figure 5.2. This stretching stage allows us to apply external strains to
nanocomposites at varying degrees using the side screw. For AFM
investigations, the GO/PVA nanocomposite samples were initially examined
in the unstressed (relaxed) state. After applying strain, the samples were kept
at rest overnight untii the polymer reached equilibrium. The FMM
measurements were then conducted on the same sheets when the sample
was in tension. Four levels of matrix strain (5%, 7%, 10%, and 30%) were
applied to the sample during AFM measurements. For the Raman
investigations, the GO/PVA samples were stretched step by step from
unstressed state (0% strain) to 20% matrix strain. Raman spectra were
obtained at the same position at every strain level during the increments of

applied tensile force.
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Figure 5.2: Schematic of the tensile stretching stage (Designed by Laura E.
Rickard).The nanocomposite sample was fixed on both sides. The strain was
controlled by the side screw.

5.3 AFM results

All the GO sheets in the sample were embedded at the PVA matrix
surface and oriented parallel to the surface. A representative topography and
a FMM image of a GO/PVA sample are shown in Figure 5.3. As previously

depicted, FMM images clearly identify the brighter regions as GO sheets.

1067



Figure 5.3: The topography (b) and FMM (c) image scanned at the same area of
a GO/PVA sample. The circles in (b) and (c) highlight the same sheet in two
images.

5.3.1 Imaging of GO strain

FMM scanning of the nanocomposite sample at the same spot when it
was relaxed and under strain are shown in Figure 5.4. The same set of GO
sheets was identified from both situations by comparing the images. Figure
5.5 (a) and (b) show the FMM images of the same set of sheets in the
relaxed state and under the tensile strain of 5%, respectively. The tensile

strain was applied horizontally, indicated by the arrow.

To compare the images explicitly, the GO sheets in the figures were
colored. For each image, a threshold was set to differentiate GO sheets from
the background. All the pixels having the value above the threshold value
were treated as GO sheets and colored, while the pixels having values below

the threshold value were viewed as background. The details about image
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treatment are provided in Appendix C. Figure 5.5 (c) and (d) show the images
after coloration. In the images, green areas in (c) and red areas in (d) present

GO sheets before and under the strain, respectively.
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Figure 5.4: lllustration of the AFM scanning setup. The AFM tip scans the same
sheet when sample is relaxed and strained.
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Figure 5.5: (a) FMM image of relaxed GO/PVA nanocomposite. (b) FMM image
of the sample under 5% matrix strain; the arrow shows the direction of the
tensile stain (horizontally). (c) and (d) Coloration of GO sheets in (b) and

(c)after image treatments.
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To determine the strain of each sheet under tensile stretching, the images
before and under stretching were superimposed. The superposition images of
Figure 5.5 (c) and (d) were shown in Figure 5.6 (a), in which two images were
merged and aligned along the right-hand-side edge of the center sheet
(indicated by the arrow in the figure). The image shows that the distance
between GO sheets generally expanded along the X direction and decreases
along the Y direction, which suggest that the distances between sheets along
the strain direction increased when the matrix strain is applied and decreased
along the direction perpendicular to the strain, due to the shrinkage of PVA

polymer along the Y axis when it was stretched along the X axis.

The strain of each GO sheet was determined by comparing the
dimensions of each pair of sheets before and after applying matrix strain.
Figure 5.6 (b) displays the merged images of some individual sheets which
were aligned by the right-hand-side edge. The superposition of green
(unstressed sheet) and red (strained sheet) produces the yellow area which
represent the overlapping regions. More importantly, the extra red areas on
the left-hand side of the sheets were observed, which indicates that the sheet
has been elongated in the horizontal direction. after applying the strain to
matrix. This phenomenon suggests that GO was deformed and the stress

was transferred from the matrix to the GO sheet.
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Figure 5.6: (a) Color superposition of Figure 5.5 (c) and (d); the arrow indicates
the sheet used to align the two figures. (b) Color superposition of individual
sheets which are aligned along the right-hand-side edges.

5.3.2 Calculation of the GO strain

To estimate the strain of GO sheets, a bounding box which is the smallest
rectangle containing the sheet was used to describe the dimension of each
sheet. This process was done using home-made scripts in Matlab (see
Appendix C). As an example, a figure is shown after generating bounding
boxes in Matlab (Figure 5.7). The length of each bounding box along the
strain direction was defined as the length of the sheet and used to calculate
the strain, as indicated by the arrows in Figure 5.7. The strain was calculated

using:
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e=(I-1,)/1, where | is the length of sheet after applying strain; /, is the

original sheet length.

Figure 5.7: Bounding boxes of GO sheets. The arrows indicate the length of
bounding box, which is used to calculate GO strain.

The histogram of the strain of 30 GO sheets under 5% matrix strain is
shown in Figure 5.8. All sheets display strain, with the mean value of 4.9% +
0.4% (the standard error of mean), comparable to the applied matrix strain

(5%), which indicate that the stress is fully transferred to the GO sheets.

The strain of GO was measured for two other matrix strains of 7% and
10%. The mean values of the strain of GO sheets are shown in Table 5.1.
The strain of GO sheets was 6.8% compared to the 7% matrix strain,
indicating virtually complete stress transfer at this level of strain. However,
the GO strain began to decline when the matrix strain was increased to 10%.

At this level, the GO displayed an average strain of 7.4%, which means the
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level of the stress transfer efficiency decreased at this point. This suggests
that the nanocomposite failure began to occur at some point between 7% and

10% matrix strain.
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Figure 5.8: Histogram of the GO sheets’ strain under 5% matrix strain for 30
sheets.
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Matrix Strain 5% 7% 10%

GO Strain 49+04% 6.8+0.7% 74+1.7%

Table 5.1: strain of graphene oxide sheets for three different levels of matrix
strain.

5.4 Raman results

To confirm the stress transfer, in situ Raman spectra measurements of
the GO/PVA nanocomposite sample were conducted as a function of the
external tensile strain. Shifts of G and 2D peaks' positions have been

reported due to strain applied to graphene [212-219 ].

5.4.1 G peak shift as a function of matrix strain

Figure 5.9 shows the Raman spectra of pure matrix PVA, GO embedded
in PVA sample without strain and with 7% matrix strain. The peaks at the
1430 cm™ and 1730 cm™ came from the CH, bending mode and the carbony!
stretch of the matrix PVA [220]. Excluding the peaks from PVA, the GO/PVA
sample shows the Raman characteristic of disordered single-layered
graphene oxide with two strong D and G bands, corresponding to the
breathing mode and the in-plane vibrational E;; mode of hexagonal graphitic

lattice [170], as described in chapter 3. The intensity ratio of D to G peak
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(Ioflg) for the unstrained GO was found to be around 1.3 and remained
approximately the same under every matrix strain levels. This suggests no
detectable change in the defect density of the GO sheets. Careful
examination of the G peak found that the position of the G peak shifts to a

lower frequency when the sample was subjected to the external strain.
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Figure 5.9: Raman spectra of pure PVA polymer compared to GO/PVA under 0
and 7% matrix strain. The peak positions were magnified in the right figure,
showing the shift in G peak.

The G peak position as a function of the applied matrix strain was plotted
in Figure 5.10. Under less than 8% matrix strain, the G peak generally shows
a linear red shift with the increase of the strain. This red shift is induced by
the elongation of the carbon sp? bonds, which weakens the bonds and lowers

the vibration frequency. This was previously reported in graphene under
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tensile strain [215-219]. The shift in terms of the strain is around 0.6 cm™"/%,
much lower than the reported values of graphene which are in the range of
-5 cm /% to —-60 cm™'/% [212-219). Frank et. al. [221] reported that the G
peak shift rate under strain is proportional to the materials’ tensile Young's
modulus. It was observed that graphitic materials having higher Young's
modulus showed a larger G peak shift rate. Therefore, the smaller G peak
shift rate observed here is probably due to GO's Young’'s modulus which is
five times weaker than that of pure graphene [22,126,127]. Another possible
reason accounts for such a small shift rate is the defect sites on the GO
structure. The atomic carbon to oxygen ratio of GO sheets is 2. Such a high
level of oxygen means a large portion of the carbon sp? bonds are replaced
by carbon sp® bonds which bend instead of stretching when the external

stress was applied and, as a consequence, buffer the external stress.

The splitting of G peak under strain into G* and G mode was observed for
graphene and macroscopic graphene oxide papers [217,222]. However, we
did not observe such splitting of G peak from GO/PVA nanocomposites, since
the width of the G peak did not show systematic broadening as the external

strain increase.

Second, Figure 5.10 also shows G peaks return to higher frequencies
when the matrix strain exceeds 8%, indicating the initiation of the failure of
stress transfer. This is consistent with the AFM results which suggest the
failure at the matrix strain between 7% and 10%. As the strain further
increases, a stepwise peak shift was observed shown as the dash lines. This

means a stick-slip behavior occurs at the interface. As the interface slip
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occurs, the red-shift of G peak stops and the relaxation of stress allows the G
peak to return to a higher frequency. This process is similar to the behavior of

graphene slippage in polymers observed in previous reports [212,213].
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Figure 5.10: Position of the Raman G band as a function of the external tensile
strain. The dash lines are a guide for the eye. The G peak initially exhibits red-
shift and as slipping occurs shows a stick-slip behavior.

5.4 2 Discussion of Raman results

Raman has been used to study the load transfer from polymer to pure

graphene. Young et.al. reported interfacial stress transfer of an individual
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graphene sandwiched between in SU-8 epoxy resin and polymethyl
methacrylate (PMMA) [212]. They found graphene slips when the strain is up
to 0.4%. In another system where graphene sandwiched between two layers
of epoxy, they reported the uniform strain of the perfect graphene up to 0.6%
[213]. These results indicate a relative weak level of adhesion between
polymer and graphene, suggesting that only van der Waals interaction at the
interface was active and insufficient to achieve effectively load transfer. A
strain of 7% was also reported to induce debonding of graphene platelets (3—
4 graphene layers) in polydimethyl-siloxane nanocomposites {214]. However,

the Raman spectra were reported to have blue-shifted peaks.

In this work, the red shift of the G peak indicates that the matrix strain is
directly transferred to GO sheets in PVA for strains of up to 8%. This value is
ten times higher than the value reported for graphene/epoxy interface [213]
and twenty times higher than the value of graphene/polymer (graphene
sandwiched between PMMA of SU-8 epoxy) interfaces [212]. This high level
of effective stress transfer between GO and the PVA matrix is due to strong

interfacial bonding, attributed to both chemical and physical attractions.

It is suggested that chemical bonding occurs in the GO/PVA interfacial
interactions, manifested as the integrated effect of hydrogen bonding
between oxygen-containing groups (e.g., hydroxyls, carboxyls and epoxides)
of the GO sheets and the hydroxyl groups of the PVA chains. The presence
of hydrogen-bonded crosslink between GO and the PVA matrix, and between
the PVA molecules, has been confirmed by many reports [61,193,223—-226].

Also, heating in the preparation process was proven to facilitate chemical
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reactions at the GO and PVA interface [223,227]. Covalent bonds like ester

linkage in GO/PVA nanocomposites have also been reported [227].

At the same time, the physical adsorption between GO and PVA can also
play a role in the interfacial strength. The polar OH-groups on the PVA chains
endow the polymer with excellent wetting properties. Due to the functional
groups on GO surface, GO also possesses good compatibility with water, the
solvent used to dissolve the PVA. The excellent wetting properties of both the

surface of GO and PVA leads to a strong physical adhesion.

A variation of the achieved load transfer for different GO sheets from 6%
to 8% was observed. This can be attributed to the property variations within
the GO sheets. The reaction to produce GO sheets by the Hummers’ method
is difficult to control, rendering the GO heterogeneous [228]. Variations in the
number of the functional groups and correspondingly the interfacial strength,

may occur to different GO sheets.

5.5 Discussion

Both AFM and Raman results indicate that the GO was significantly
strained in the GO/PVA nanocomposites. These results are of significance for

the use of GO sheets in hanocomposites.

This study reveals that the strain of GO can be up to 8% and the first
report of the strain for graphene oxide in a nanocomposite. The strain of
graphene has been reported up to 0.4% in a polymer nanocomposite, after
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which, graphene siips in the polymer. Assuming a linear relationship between
stress and strain in these ranges, Young’s modulus of 207 GPa for GO [127],
and Young’'s modulus of 1 TPa for pure graphene [22], the reinforcement
provided by GO is estimated at about 16.5 GPa, which is 4 times higher than
the reinforcement offered by graphene (4 GPa). Although graphene is stiffer
than GO, this study reveals that GO is more useful when used as

reinforcement in structural nanocomposites.

The fact that GO sheets were strained in PVA suggests that the stress
transfer efficiently occurs at the interface for GO/PVA nanocomposites.
Complete stress transfer can happen up to 8% strain, after which the
interface slips. Hence, the yield strength of GO/PVA can be estimated. The
Young's modulus of GO/PVA nanocomposites using Halpin-Tsai model and
Rule of Mixtures (introduced in Chapter 2) were estimated, assuming an
optimized nanocomposite with fully dispersed and well-aligned GO in PVA.
The Young’'s modulus of GO and PVA are 207 GPa [127] and 2 GPa [61],
respectively. The thickness and length of GO are 1 ym and 1 nm. Thus, the
yield strength was calculated by multiplying the estimated Young's modulus
by the strain 8%. The values from the models were compared with the
measured values from literature (for details, see Appendix A) and shown in
Figure 5.11. The estimated values are much higher than the values reported
in the open literature. The reasons leading to a lower strength are many. First,
the matrix PVA and graphene fillers have different properties from lab to lab.

Second, the dispersion and alignment of fillers in matrix are non-ideal. Still,
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we see there is much potential to improve the mechanical properties of

GO/PVA nanocomposites.
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Figure 5.11: Comparisons of yield strength estimated from models (Halpin-Tsai
model and Rule of Mixture) and from literature [59,61,193,224,229-232].

Third, the interface bonding between GO and PVA is strong enough to
sustain at least 8% of fillers’ strain. If the stress transfer from the matrix to the
GO sheet takes place through a shear stress at the filler-matrix interface and
the strain is uniformly distributed on the filler, then the forces due to the shear
stress at the interface are balanced by the force due to the tensile stress in

the filler. This leads to an estimation of the shear stress of interface, r, at
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around 18.6 MPa from the equation 7 = £ E t/] where ¢, is the filler strain,

E,is Young's modulus of the filer (207 GPa for GO), ¢+ and [ are the

thickness and size of the filler (thickness of 1 nm and size of 1 ym for the
GO). This value is much higher than the value estimated previously for
graphene/polymer (PMMA and SU-8 epoxy sandwich) interface of around

2.3 MPa [212].

Furthermore, the strength of GO sheets can be estimated from the strain.
Assuming a linear relationship between the stress and strain, then the stress

of GO under 8% strain is estimated to be 16.5 GPa from the equation
o =g;,E;, where g0 is the strain of GO, Egp is Young's modulus of GO

(207 GPa). This result implies that the ultimate strength of GO is higher than
16.5 GPa which is already three times higher than the value of stainless steel
(2-5 GPa). The ultimate strength of GO is also much higher than the ultimate
strength previously reported for GO papers (less than 300 MPa), a material
by stacking GO sheets together, [31,222, 233, 234] which means the
mechanical properties of GO papers were controlled by the interlayer bonding

rather than GO sheets themselves.

This strongly suggests that the AFM-based strain mapping method is an
effective method to evaluate the efficiency of stress transfer. The
disadvantage of this technique is that the experiments and data analysis are
elaborate. it is difficult to get the strain of fillers along the whole strain
spectrum. However, as seen from Figure 5.10, AFM and Raman can be

complementary to each other. In later experiments, the strains of fillers under
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a certain matrix strain can be obtained from AFM, which can be correlated
with the peak shift in Raman at the same matrix strain. Then the peak shift
under other matrix strains can be easily converted to filler strains, so that how

well the stress is transferred can be evaluated directly from Raman.

5.6 Failure mechanism

There are two possible failure mechanisms in nanocomposites: the
interface is not strong enough to sustain the shear force and slip occurs or
fracture of the reinforcing GO sheets occurs so the load cannot be transferred
to stiff fillers. The stick-slip behavior of interface revealed by the Raman
spectra suggests the possibility of the first mechanism, the failure of interface.
To check whether the fracture of GO fillers is also the underlying mechanism,
scanning were conducted to a GO/PVA sample strained up to 30%. This is
shown in Figure 5.12 (a). The perfect match of the fracture line (Figure 5.12b)
indicates that the two pieces were originally one sheet. The fracture of GO
suggests that the interface strength between some GO sheets and PVA are
even stronger than the fracture strength of GO. Combined with previous
results, the fracture of GO is believed to occurr at a point between 8% and
30% of PVA strain. Not all the sheets show fragmentations, which indicates
the strength of the interface varies among GO sheets. Hence, both failure
mechanisms (slip of interface and fracture of fillers) occur to the GO/PVA

nanocomposite.
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Figure 5.12: (a) FMM images of GO/PVA nanocomposite strained up to 30% (b)
Hlustration of the fracture of two graphene oxide sheets in (a).

5.7 Conclusions

In this chapter, experimental techniques combining AFM and Raman
where developed to measure the stress transfer in nanocomposites at the
nanoscale. For the first time, the strain of monolayer GO reinforcement
sheets in nanocomposites was obtained and the stress transfer at the
interface was determined. For GO/PVA nanocomposites, virtually complete
stress transfer from the PVA matrix to the GO sheets has been demonstrated
at strains of up to 8%. A stick—slip behavior was observed at the interface for

larger strains by Raman spectroscopy. This study reveals GO is better than
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pure graphene when used as a reinforcement filler in nanocomposites, due to
the stronger interfacial strength. The stronger interfacial strength is attributed
to the presence of reactive functional groups on GO surfaces which allow the
formation of both physical and chemical bonding at interfaces and suggests
GO is an excellent reinforcing filler in polymer nanocomposites for structural

applications.

This study also proved the utility of AFM techniques to study
nanocomposites with high resolution. Not only the level of stress transfer can
be obtained, the distribution of stress across the sample can be derived if
combined with further computation methods like digital image analysis {235]

and finite element analysis [236].
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Chapter 6 Conclusions and future work

6.1 Conclusions

This dissertation is the first study to reveal the nano-mechanics of
graphene polymer nanocomposites by: 1. developing new techniques to
characterize the filler-matrix interface in nanocomposites from the nanoscale,
which is critical to understanding the mechanisms of nanocomposites; 2.
demonstrating the strain of individual, single-layer GO in polymer matrix and
evaluating the stress transfer in nanocomposites from the nanoscale, which
have been technique hurdies to systematically understand nanocomposites;
3. applying advanced AFM techniques to study graphene polymer

nanocomposites and imaging the response of fillers to the external strains.

In studying the interfacial strength of GO and polymers, the newly
developed folding-up method and peeling-off method for a series of polymers
were applied and the interfacial strength was found to vary greatly for
different combinations. For GO, which has a C:O ratio of 2, the strongest
interactions between GO and polyvinyl alcohol were found. Polystyrene, a
non polar polymer, has the weakest interactions with GO. For the four
polymers examined, sorting them according to the interfacial strength with
GO gives the order of PVA>PMMA>PEI>PS. This suggests the interfacial
strength is from the hydrogen bonding and physical adsorption. For GO/PVA

and GO/PMMA nanocomposites, the hydrogen bonding networks between
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polymer molecules and GO surface play an important role in determining the
strength. For GO/PEI and GO/PS systems, the physical adsorption most
likely dominates the interfacial strength. To further understand this behavior,
the surface energies of the materials were determined by contact angle

measurements.

Stress transfer in GO/PVA nanocomposites was then studied.
Experimental techniques combining AFM and Raman were developed to
measure the stress transfer in nanocomposites at the nanoscale. For the first
time, the positions and strains of individual graphene oxide (GO) sheets in
nanocomposites were imaged and quantified as a function of the applied
external strain. The level of stress transfer between GO sheets and PVA was
determined. Virtually complete stress transfer from the PVA matrix to the GO
sheets has been observed at strains of up to 8%. At higher strain levels, the
onset of the nanocomposites failure and a stick-slip behavior were observed
at the interface. The study reveals GO is better than pure graphene when
used as reinforcing filiers in nanocomposites. The stronger interfacial strength
is attributed to the presence of reactive functional groups on GO surfaces
which allow the formation of both physical adhesion and chemical bonding at
interfaces and suggests GO is an excellent reinforcing filler in polymer
nanocomposites for structural applications. These results also imply the

potential to make high strength GO nanocomposites.
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6.2 Future work

6.2.1 Filler-matrix interface properties

Based on the newly developed methods, the factors affecting the filler-
matrix interfaces in nanocomposites can be thoroughly studied in the future.
For example, the influence of the wetting ability, solvent concentrations and

fabrication temperatures on the interfacial strength can be studied.

Further, in order to understand the nanocomposites behavior, the
relationship between the interface and the macroscopic properties of
nanocomposites should be established. This requires more studies and

analysis on the macroscopic nanocomposites.

6.2.2 From 2D’ to ‘3D’

At present, samples in a '2D' fashion were prepared, in which graphene
sheets are embedded at the surface of the polymer composite only. These
samples are made to investigate the fillers in a controlled orientation and
well-known position. In the next step, ‘3D’ composites are made by mixing
graphene into the polymer, such that the sheets have random positions and
orientations inside the matrix. Although these composites are more difficult to
study, they represent a realistic material. Advance AFM techniques, like

atomic force acoustic microscopy, are required to study such systems.
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6.2.3 Nano-mechanisms of nanocomposites

In Chapter 5, we studied the strain of fillers in nanocomposites under
external load. However, the details about how a nanocomposite responds to
an external load at the nanoscale are still unknown. The stress distribution
and the failure mechanisms are still unclear. Computation approaches, like
digital image analysis and finite element analysis, can be combined with AFM
images to provide more insight into the mechanical response of

nanocomposites.

6.2.4 Oriented nacre-like nanocomposites

The orientation of graphene sheets has a significant impact on the
mechanical properties of nanocomposites. Alignment of sheets allows more
load to be transferred and results in a larger improvement in the mechanical
properties. The next step in fabricating nanocomposites would be controlling

the orientation and realizing the alignment of sheets in nanocomposites.
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Chapter 7 Native silk—Biological

nanomaterials

7.1 Introduction to silk

Natural silk has outstanding mechanical properties, which combine high
tensile strength, high breaking strain and toughness [237,238] in a
biodegradable and biocompatible fiber. This confluence of desirable
properties makes silk a promising material for many engineering and

biomedical applications [239].

This chapter includes two parts. First the structure of silk protein and self-
assembly of natural silk from silkworms was studied. Then, natural silk
produced from the Brown Recluse spider (Loxosceles) with a unique ribbon
morphology was studied and the preliminary results of incorporating silk and

graphene oxide together is presented.

7.2 Single-molecule characterization of native silk

The mechanical properties of silk result from the sophisticated hierarchical
structure of silk fiber [239]. The semicrystalline folding structure of silk protein

is responsible for the high tensile strength and toughness, while the

" Part of this chapter was previously published in: Greving, |., Cai, M., Volirath, F., Schniepp, H. C. Shear-
induced self-assembly of native silk proteins into fibrils studied by atomic force microscopy.
Biomacromolecules, 13, 676~82 (2012).
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amorphous phase may increase the breaking strain. Therefore, the structure
of proteins and the fiber architecture play important roles in determining the
mechanical properties of silk. The most obvious evidence is that the artificial
silks are weaker and more brittle than their natural counterparts due to the
change of protein composition and fiber architecture in the fabrication of

artificial silks [240-244].

However, there is hardly any literature about the structure of native silk,
which may be due to the difficulties in obtaining the samples and imaging
such a soft material. The most relevant work found in this respect is a single-
molecule AFM study of native Bombyx mori silk fibroin (SF) by Inoue et al.,
who suggested a rod-like shape for SF [245]. However, the model that Inoue
et al. developed is based on contact-mode AFM images that were acquired in
air, where the van der Waals attraction between tip and sample lead to
significant lateral forces that are strong enough to frequently displace, deform,
and disrupt proteins. The data reported by Inoue et al. is likely significantly
distorted through limitations of the imaging approach. Thus, a much gentler
imaging technique is required to reveal the intrinsic structure of native silk
protein. In 7.2.2, the application of the AFM non-contact mode to study the
structure of soft protein molecules is described. In this chapter, using high
resolution nondestructive imaging techniques, native SF from the Bombyx
mori silkworms at molecular resolution are imaged and néw structural

information about SF is discovered.

The hierarchical structure of the silk fiber is closely related to its function

and has been studied. In a silk fiber, highly repetitive amino acids in the
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primary sequence of the silk proteins are assembied into B-sheets and a-
helical structures [237,246,247]. Researchers have also found evidence for
larger structural building blocks of the fibers, so-called nanofibrils, with
diameters in the range 20-170 nm [248-250]. Such nanofibrils consist of
bundles of even smaller nanofibrils with diameters of 5-15 nm [239,251].
However, there is no direct experimental evidence supporting the existence
of such 5-15nm nanofibrils. Moreover, the assembly of silk fibers from the silk
dope is an extremely complicated, multiscale process, in which the individual,
aqueously dissolved protein molecules are exposed to shear and flow-
elongation. This process is challenging to study experimentally. In 7.2.3, for
the first time shear flow using a spin process was incorporated in the sample

preparation and observed shear-induced self-assembly of native SF.

7.2.1 Sample preparation

Glands were obtained from dissection of Bombyx mori silkworms (Figure
7.1-1). After glands were separated from silkworms, they were immersed in
deionized water immediately (Figure 7.1-2). The sericin coating was removed
from each gland carefully under an optical microscope (Figure 7.1-3 and 4).
Then, the gel like silk was left in deionized water at 6 °C to homogenize
overnight. A stock solution of native silk fibroin (SF) was obtained (Figure 7.1-

5).
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1. Starting from a 2. Dissection to get a
silkworm pair of glands from a
silkworm
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Figure 7.1: Preparation of the silk fibroin stock solution.
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For AFM sample preparation, the obtained SF stock solution was diluted
to a ratio of 1:10 and 1:1000 using picopure water (Synergy Millipore, Billerica,
MA; resistively of 18 MQ-cm at 25 °C). All samples were prepared using
freshly cleaved, atomically smooth mica sheets as substrates. The protein
was deposited on substrates from the diluted solutions in two different ways.
To observe the structure of the protein in unsheared samples, a droplet of
diluted solution was placed on the mica surface and kept under humid
atmosphere for 30 min. Afterward, the mica was gently flushed with deionized
water and dried with nitrogen gas. In this process, great care was taken to
avoid any shearing or stirring of the solution. For sheared samples, a shear
flow was created in the SF solutions by spin-coating a 20 ul droplet on the
substrate at 2000 rpm for 2 minutes using a WS-650SZ Spin Processor
(Laurell Technologies Corporation, North Wales, PA). After the samples were

dry, they were ready for AFM examination.

AFM measurements were conducted at room temperature. In order to
minimize tip-sample interactions and to avoid deformations of the soft protein
molecules, scanning was carried out in non-contact mode [252]). The AFM
probes used were ACTA silicon cantilevers (APPNANO, Santa Clara,
California) with a typical resonance frequency of f = 300 kHz, a radius of
curvature of r < 10 nm, and a spring constant of kK = 40 N/m. To obtain high
resolution images, ultra-sharp tips with a radius of curvature r < 5nm
(APPNANO, ACTA-SS silicon cantilevers) were used. The non-contact mode

images were obtained using tip vibration amplitudes of less than 50 nm.
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The volume analysis of proteins was estimated from the images using the
software ScanHaSee [253] and Matlab {254]. After each topography image
was flattened, it was imported into ScanHaSee. A threshold was set to
separate objects from substrates (Figure 7.2 (a) and (b)). Pixels representing
substrates were set to zero (see the cross section in the insert of Figure 7.2
(b)). Then the image (b) was processed in Matlab to calculate the volumes of

proteins.

(a) original (b) proteins (c) substrate

200 nm
——

Figure 7.2: (a) An original image shows silk proteins on a mica surface.
This image was separated into two images, representing proteins (b)

and substrate (c). Note that the values of the pixels in the substrate in (b)
are zero. Insert in (b): cross section of the dash line shows all the
background values are zero.

Two techniques were used to estimate the volume of proteins by home-
made scripts in Matlab. In the first technique, the total volume was obtained
by adding up the volume per pixel calculated from multiplying the z value
(height in physical units, like nm or uym) of the pixel and the physical area of a
pixel. However, this method may overestimate the volume of small objects in

AFM due to the tip-broadening effect (Figure 7.3 (a)). The second method
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alleviates this broadening effect [255]. In this technique, a threshold was first
placed at half the height of the objects. The volume above the threshold is
taken directly from the AFM data and mulitiplied by two to estimate the

volume of the entire object.

(a) (b)

threshold - -

total volume=2+volume of blue

Figure 7.3: (a) Hlustration of the tip broadening effect in AFM. When the
size of object is comparable to the size of AFM tip, the object often
appears wider than the actual size [256]. (b) lllustration of the volume
estimation method based on the half height method [255].

7.2.2 The structure of native silk fibroin

Figure 7.4 shows noncontact mode AFM images of a sample prepared
from a 1:1000 diluted stock solution. The images show small, isolated objects
of different sizes. The smallest objects have a round shape with diameters of
15-25 nm, determined from the full width at half-maximum (FWHM) of the
topography cross sections (see Figure 7.4 (e.2)).These objects are most

likely individual SF molecules. The larger objects (highlighted by arrows in
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Figure 7.4) are clusters of several smaller, round subunits. It is suspected

that these bigger molecules consist of several proteins.
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Figure 7.4: (a)-(e.1) Non-contact mode topography images with different
magnifications from native SF molecules deposited on a cleaved mica
surface from a 1:1000 diluted solution without shear. Individual,
globular proteins and protein clusters were observed. Grey arrow: a
single protein; green arrow: a cluster consisting of 2 subunits; blue
arrow: 3 subunits; red arrow: 4 subunits. (e.2) The cross-section of a
single object in (e.1). The diameter of molecule was determined from the

FWHM of the cross section.
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Statistical analysis of the height and volume of the SF molecules was
carried out for 91 single SF and 85 clusters consisting of 2-4 subunits. The
histogram of height is shown in Figure 7.5 (a). Single molecules feature a
relatively broad distribution around 0.6 nm, whereas clusters consisting of two
or three subunits exhibit a narrower distribution centered around 1.3 nm. The
height does not increase with the number of subunits, which suggests that

the clusters are formed on the substrate upon adsorption.

The histogram of volumes determined from AFM topography scanning is
shown in Figure 7.5 (b). The volume increase with the number of subunits in
each cluster, but not linearly. Objects having only one subunit show an
asymmetric histogram dominated by small particles with volumes of less than
500 nm°. However, the volume of a subunit in clusters has a symmetric
distribution centered at 750 nm®. (The volume of a subunit in clusters was
obtained by dividing the volumes of clusters by the number of subunits in
each cluster, for details see ref 240.) The protein volumes were estimated by
a second method based on half height of the objects (details described in
7.2.1). A much smalier value of about 315 nm® was obtained, which is a

factor of two smaller than the volumes obtained from (b).
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Figure 7.5: (a) Histogram of the height of proteins and protein clusters
determined from AFM topography data. (b) and (c), Histogram of the
volumes of proteins and protein clusters determined by two techniques,
see details in 7.2.1. Singles: objects having one subunit; doubles:
clusters having 2 subunits; triples: clusters having 3 subunits;
quadruples: clusters have 4 subunits.

The volume of one subunit estimated from singles is different from the
value estimated from protein clusters. The native silkworm silk fibroin (SF)
consists of three proteins with different molecular weights (MW): heavy chain
fibroin (350 kDa), light chain fibroin (25 kDa), and so-called P25 (30 kDa)
[257]. Based on the molecular weight, we calculated the volumes of single
proteins, which are 415 nm® for a heavy chain fibroin, 35 nm?® for a light chain,

and 30 nm? for a P25 fibroin. A single light chain or P25 fibroin can be
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detected by AFM, but inaccuracies due to the tip-broadening effect [256] and
expanded effective tip-sample interaction area [258]. Therefore, the volume
estimation from these two small size fibroins would be much larger than
expected. It is suggested that single, round objects are individual proteins,
which can be a heavy chain, a light chain or a P25 fibroin. In the clusters,
each subunit likely corresponds to a heavy chain. However, light chains and
P25 fibroin may be mixed in, which are not recognizable in topography, but

still contribute to the volume of subunit.

When the protein concentration was increased to 1:10, a complete,
homogeneous coverage of small proteins on the surface was found, as
demonstrated in Figure 7.6. The diameters of proteins are in the range of 20-
25 nm, similar to the values obtained from the low concentration samples.
The arrangement of proteins appears completely random, uncorrelated, and

unorganized.
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Figure 7.6: Noncontact mode AFM topography images of silk protein on
a mica substrate from a 1:10 diluted solution.

In these unsheared samples, the protein was randomly distributed on the
substrate. At the lower concentration of 1:1000, individual protein molecules
of globular shape were observed on the surface, along with clusters that most
likely formed on the substrate upon adsorption. These findings are in clear
contrast to the only other AFM work on native silk proteins in the literature by
Inoue et al. [245], who found rod-like structures of 60 nm length under similar
conditions. The discrepancy is easily explained by the fact that inoue et al.
used contact-mode AFM, which is known to disrupt, displace, and distort
biomolecules during imaging. Our data taken in noncontact mode thus

represents the protein structure without comparable artifacts.
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7.2.3 Self-assembly of protein into fibrils

The same 1:10 silk solution used in Figure 7.6 was spin-coated on a mica
surface. In contrast to the randomly distributed proteins in Figure 7.6,
significant self-assembly of silk proteins in the sheared samples was found,
as shown in Figure 7.7. Straight nanofibrils on a dark background were
observed. The structure in the background of Figure 7.7 looks very similar to
Figure 7.6 and consists of homogenously distributed, randomly positioned
protein molecules. The bright nanofibrils on the surface protrude from the
background by about 2-4 nm and they are breaking, branching and forking in

some areas.

The higher magpnification images in Figure 7.7 (c) and (d) reveal that each
nanofibril exhibits a ‘beads on a string’ morphology. The ‘beads’ have
diameters of around 20-25 nm and are thus likely single silk proteins. A
phase image corresponding to the noncontact mode topography image in
Figure 7.7(c) is shown in Figure 7.8. The majority of the sample consists of
unorganized, round protein molecules (highlighted in the green box).
However, ellipsoid-shape, anisotropic proteins were observed in the fibers
(highlighted in the bilue boxes). The length of protein molecules along the
direction of the nanofibrils is smaller than the observed width of the proteins

perpendicular to the fibril axis.
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Figure 7.7: Noncontact mode AFM topography images of a sample
prepared by spin-coating a 1:10 silk solution. The images show self-
assembly of silk protein into linear, shear-like structure.
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Figure 7.8: Noncontact AFM phase image of the same sample shown in
Figure 7.7(c). The background (highlighted in the green box) features
unorganized, round protein molecules. The light, blue boxes highlight
areas in the nanofibrils, featuring anisotropic conformation of the
proteins [240].

AFM image at different locations on the sample showed the orientation of
nanofibrils is highly correlated with the radial direction of the sample. As
shown in Figure 7.9, the direction of the fibers is perpendicular to the spinning
axis of the sample during spin-coating. This demonstrates that the observed

protein self-assembly is shear-induced through spin-coating.
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Figure 7.9: The image in top right corner shows a photograph of the
sample, a square mica slide is mounted on a metallic puck. The rotation
axis of the spin-coater is indicated by the light blue star. Five AFM
images grouped around the photo were taken at the indicated positions.
All the fibrils are perpendicular to the spinning axis, in radial direction.

When proteins from a 1:1000 silk solution are deposited on mica under
shear, another mode of protein seif-assembly on the substrate was observed,
shown in Figure 7.10. The majority of proteins are organized into sparsely

distributed, contorted nanofibrils, which have different sizes and shapes.
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Figure 7.10: Noncontact AFM images of silk deposited from an aqueous
1:1000 solution by spin-coating. The proteins self-assemble into wiggly
nanofibrils.

Figure 7.11 shows noncontact AFM topography and phase of a nanofibril
at a higher magnification. The structures resemble random coils. The string-
like morphology of these assemblies suggests that they were not formed on
the surface, but in solution upon application of shear. Also, these nanofibrils
have a diameter on the order of 8 nm and an apparent height of about 0.6 nm.
This indicates that the protein undergoes conformational changes during the
spin-coating process. A periodic structure along the direction of the
nanofibrils was observed, hinting at a smaller level of structural organization.
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Figure 7.11: A high resolution scanning of a nanofibrils. (a) topography
image; (b, c) phase images.

The mechanism of both forms of assembly is currently unknown. The
straighter, thicker nanofibrils from the 1:10 concentration may be formed
through attractive interactions between single proteins. In that case, attractive
forces between proteins may deform the protein molecules and thus account
for the observed anisotropy. For the lower 1:1000 concentration it is
hypothesized that the conformational change might have been possible due
to unfolding of the silk protein (loss in structure) at low concentrations.
Further investigation is required to determine the influence of the substrate on

the formation of the structures.
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7.3 Silk ribbon from Brown Recluse spiders

Most spiders and silkworms produce cylindrical, fiber-like silks [259,260].
When these silks were investigated by AFM, they need to be fixed in a resin
[261]. Brown Recluse (Loxosceles) spiders produce silk with unusual ribbon-
like morphology that is more easily investigated by AFM. At present, very little
is known of the morphology and properties of this silk type. This section will
investigate the morphology of silk produced by recluse spiders, including
man-pulled silk and natural-produced silk, using scanning electron

microscopy (SEM) and atomic force microscopy (AFM).

7.3.1 Morphology of pulled silks

Silk from a CO, anesthetized female, Loxosceles spider was reeled
manually from its spigot. After being deposited on a glass substrate, the silk
was observed under SEM (Figure 7.12). A thin gold layer (20 nm) was
deposited on the sample surface to make it conductive. These silk strands
are not flat on the substrate, and rolled up into cylindrical tubes with varying
diameters of 200 to 400 nm. This rolling-up is attributed to tension during the
pulling process. A gentle pulling technique is needed to reduce the tension

and promote pulled ribbons to lay flat on the surface.

The pulled silks are fragile and brittle. The electron beam of SEM (5 kV)
induced defects and holes in the silk, as indicated by the blue circle in Figure
7.12 (c). The globular features observed in (b) and (d) were suspected to

have come from the gold layer, but not the natural feature of silk.
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300 nm

Figure 7.12: SEM morphology of manually pulled silks showing ribbons
rolled up to cylinders due to tensions during the pulling process.

7.3.2 Morphology of naturally produced silks

As a comparison, naturally produced silk was also observed under SEM.
Figure 7.13 revealed that the silk strands consist of long, thin ribbons. The
ribbons have a tendency to roll into a cylinder, as indicated by the blue
arrows. The widths of the fibers ranged from 3 pym to over 10 pm. Two
possible reasons may account for the variation. First, a visible ribbon may
consist of several silkks stacked together. Second, the variations in the size

and maturity of spiders may have resulted in ribbons of different sizes.

150



This ribbon-like silk is suspected to be caused by the shape of the
Loxosceles spigot. Previous research revealed that the spigot has a
longitudinally ridged top with an elongated slit instead of the circular opening

seen in orb-weaving spider spigots. [259,260].

Figure 7.13: SEM morphology of natural-produced silk collected from
the nets. The silks are consisted of long, thin ribbons.

AFM scanning was conducted to discover the detailed morphology of
ribbons. Natural silk was collected on a substrate by passing the substrate
through the spider cage. The collected silk can adhere to the substrates due
to the electrostatic [259] or van der Waals forces [260]. Three different

substrates: glass, mica, and polydimethylsiloxane (PDMS) were tried.
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As seen from Figure 7.14, silk ribbons only adhered to the glass and mica
surfaces well in several places. Most silks entangled with each other and
formed clumps or strands. Wrinkling was observed as well, as indicated by
the arrows. The green dash lines in Figure 7.14 (b) depict the edges of a flat

ribbon. AFM scanning was conducted on flat regions like these.

100um
L

Figure 7.14: Optical images of silk collected on a glass substrate.
Clumps and strands of silk ribbons entangled with each other were
observed. Arrows indicate the wrinkles. The edges of a flat ribbon are
highlighted by the green lines.

The AFM topography image of a flat ribbon is shown in Figure 7.15 (a)
with a 3D visualization in Figure 7.15 (b). The images reveal that the ribbon is
very flat in the middle and thickened at the edge, a pattern similar to previous
observation [260]. A cross section (blue dashed line) of the ribbon, shown in
the insert of Figure 7.15 (a), indicates that the ribbon is extremely thin and
wide, having a thickness of around 40 nm and a width of about 8.5 ym. This

corresponds to an aspect ratio of 200:1.
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Not all the ribbons lie flat on the surface. Some ribbons were wrinkled, as
shown in Figure 7.16 (a) and (b). Figure 7.16 (c) shows two flat ribbons

crossing each other.

Figure 7.15: AFM topography images of a flat ribbon on a glass
substrate (contact mode).

0O nm 140nm 0nm 318nm Onm 159nm

Figure 7.16: More AFM contact mode images showing the morphology
of ribbons on glass substrates.
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We concluded that PDMS is the most efficient substrate for silk collection.
As shown in Figure 7.17, although rolled-up silks and silk strands were
observed; many silk strands lie flat on the surface. Some ribbons were
wrinkled along the ribbon axis (b), while some wrinkling was observed
perpendicular to the ribbon axis (c). Several intersecting ribbons are shown in

(d).

The detailed topographies of ribbons on PDMS are demonstrated in
Figure 7.18. The ribbons have nanometer scale ripples on the surface. A kink
was also found for the ribbon in (b). Tapping mode images of a PDMS
substrate (not shown here) shows the surface of PDMS is quite flat without
ripples. The ripples on the silks may be due to the surface pre-strain when
the silk strands adhere to the substrates. It also indicates that the adhesion
between silk and PDMS is strong enough to sustain the strains. The strong
adhesion is attributed to an intimate contact between the soft PDMS and silk
surface, which is large and smooth. FMM was also conducted to the test the
mechanical properties of the ripples, which showed that the rippled regions

are softer than the other areas (Figure 7.18 (e.2)).
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Figure 7.17: Optical images of silk collected on a PDMS substrate.

155



9nm

nm

nm
59nm

nm nA

Figure 7.18: (a)-(d) AFM contact mode topography images of silk
ribbons on PDMS substrates. (e.1) Topography of the ripples on the silk
with the corresponding FMM images in (e.2).
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The AFM forces used in contact mode can damage the soft biomaterials.
A gentle tapping mode was carried out on the ribbons. The ribbon structure
appears to be tented: higher in the middle and lower at the edges (Figure
7.19 (a)). Higher magnification scans revealed that the surface of the ribbons
is covered by small dots of diameter around 20nm {(Figure 7.19 (b)). The
phase image in Figure 7.19 (c.2) exhibits a fibrous-like texture parallel to the
ribbon axis. The function and origin of these dots and fibrous texture are still
unknown. Knight and Volirath have proposed that the ribbons are formed by
nanofibrils, which are oriented nearly parallel to the long axis of the ribbon

and consist of numerous fine filaments {260].
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Figure 7.19: Tapping mode images of silk ribbons. (a) — (b) the
topography images; (c.1) topography image and (c.2) the corresponding

phase image.
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7.4 Silk/GO nanocomposites

In this section, a novel nanocomposite is proposed using silk as the matrix
and graphene oxide (GO) as the filler. Both silks and GO are well-known for
their outstanding mechanical properties. Hence, combining them may yield a

new nanocomposite that is super strong and biocompatible.

A silk/GO nanocomposite is presented here. After silks were collected on
substrates, GO sheets were spin-coated on the silkks from GO-water
dispersions. Two concentrations of GO suspensions were used, 0.1 mg/mL

and 0.02 mg/mlL.

Figure 7.20 presents a ribbon on a mica surface following spin-coating
0.1 mg/mL GO. Adjusting the image contrast, GO sheets were found
accumulating along the edge of the ribbon, as highlighted by the blue arrows
in Figure 7.20 (a.2). A high magnification scan on these GO-accumulated
areas demonstrated that GO sheets tiled up and stacked into layers (Figure
7.20(c)). The mechanism for this accumulation is still unknown. It may be
induced by the electrostatic attractions between GO and the silks, since the
dry silks are highly electrostatic [2569] and GO sheets also carry negative
charges on the surface. FMM mode was conducted on the ribbon surface and
found the ribbon was fully covered by GO sheets, which-show bright contrast
in Figure 7.20 (c.2). Edges of some GO sheets closed to the ribbon edge are

highlighted in Figure 7.20 (d).
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Figure 7.20: (a.1) and (a.2) the same area with different contrast
showing ribbons and GO sheets, respectively. Scale bar: 5 um. (b) A
higher magnification scan of regions outside the edge of ribbon,
showing GO accumulated along the ribbon. Scale bar: 1 pm. (¢.1) and
(c.2) are height and corresponding FMM images on the surface of
ribbon. The bright regions in {c.2) indicate the ribbon surface is fully
covered by GO. The edges of some GO sheets are highlighted by the
blue lines in (d). Scale bar: 1 pm.

A lower concentration of 0.02 mg/mL GO-water dispersion was spin-
coated on collected silk on a glass substrate (Figure 7.21). Among these
images, (a) and (b) were obtained using the FMM mode, and (c) was
obtained using contact mode along with the lateral force mode. None of the
topography images show GO sheets. Compared to the surface roughness of
the ribbon, GO sheets, which are only 1 nm thick, are completely hidden from

the topography. FMM, which is sensitive to the samples’ local stiffness, and
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LF, which is able to distinguish between different compositions, are of great

help to indicate the presence of GO sheets on the surface.

(a.1) Height (a.2) FMM

(a.3) FMM (phase)

1T um
_—
0 nm 143 nm OnA 0.856 nA 0 deg 12.8 deg

(b.1) Height (b.2) FMM
16.2nm X

T um
— 0nm

(c.1) Height
2 um 27 nm

0nm

Figure 7.21: AFM scanning of GO spin-coated silks. (a.1-3) Topography
image with the corresponding FMM amplitude and phase images; (b)
Topography and FMM images of another area; (c) Topography and
corresponding LF images.

161



The attraction between GO and the silk ribbon proves that the
incorporation of GO and spider silk to make nanocomposites is feasible.
Further investigation will be needed to mix them homogeneously and to study

the mechanical properties of this novel nanocomposite.

7.5 Conclusions and future work

In this chapter, the molecular structure of native silk proteins from Bombyx
mori silkworms was studied first. In the unsheared condition, the protein was
randomly distributed on the substrate, and individual protein molecules of
globular shape and clusters of proteins were observed. When the protein
solutions were sheared, two interesting modes of protein organization that
were dependent on the concentration were found. At the higher 1:10
concentration, part of the protein on the surface was shear-aligned into
nanofibrils. At the lower 1:1000 concentration, the protein on the surface
assembled morphologies of thin, randomly coiled strings with a diameter of

about 8 nm.

In the second section, the morphology of a unique ribbon-like silk
produced by the Brown Recluse (Loxosceles) spider was investigated by
AFM. Both pulled silk and naturally collected silk were studied. The silk
ribbons have a width of 7-10 nm and thickness of 40 nm. Gentle tapping

mode images revealed that the ribbons are covered by small beads of
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diameter around 20nm and exhibit a fibrous-like texture parallel to the ribbon

axis.

Finally, GO sheets were deposited on the silk ribbons to demonstrate a
novel nanocomposite using protein polymer as matrix and GO as the filler.
Further experiments will be needed to study the mechanical properties,

adhesion, and mechanics of the silk/GO nanocomposite.
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Chapter 8 Vertically oriented graphene for

electric double layer capacitors’

8.1 Introduction

Electrical double layer capacitors (EDLC), also known as ultracapacitors
or supercapacitors, store charge by forming a double layer at the interface of
the electrodes and electrolyte [262]. Comparing to conventional dielectric
capacitors, EDLCs are able to store more energy density due to the thin
double layers which have the typical thickness of a few nanometers [262].
Although EDLCs have lower energy density than batteries or fuel cells,
EDLCs have higher power capability, better reliability and longer lifetimes
[262,263]. To improve the energy storage capability, high surface area
conductive materials are usually used as the electrode. Activated carbon (AC)
with a specific surface area in the range of 1000-2000 m?%g is widely used in
current EDLCs [262,264,265). Recently, the development of graphene,
composed of single layer of carbon atoms, leads to research of graphene as
the electrodes for EDLCs. Graphene has a theoretical surface area as high
as 2630 mg. Combined with its high in-plane electrical conductivity,
graphene-based materials are promising candidates for the electrode in

EDLCs.[266,267,268])

* Part of this chapter was previously published in: Cai, M., Outlaw, R. A., Butler, S. M., Miller, J. R. A
high density of vertically-oriented graphenes for use in electric double layer capacitors. Carbon 50,
5481-5488 {2012).
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An important requirement for capacitors used for power leveling and ripple
filtering is quick response in absorbing and releasing power [262]. At present,
this is primarily performed by aluminum electrolytic capacitors which are
voluminous, bulky circuits that fail irreparably. EDLCs had been incapable of
filtering 120 Hz {269,270]. The typical EDLC’s resistance—capacitance (RC)
time constant is ~ 1 second, far greater than the 8.3 ms period of a 120 Hz
cycle. Also, efficient filtering requires capacitors to have an impedance phase
angle at 120 Hz close to -90°, but for most EDLCs it is near 0°, thus acting
like a resistor rather than a capacitor [269]. Low impedance phase angles are
a result of the porous morphology in the electrodes, which lead to distributed
charge storage with a transmission line electrical response [265,271,272].
Although graphene-based materials show much higher doubie layer
capacitance [266,267,273,274], the inherent porosity limits efficient 120 Hz
filtering. The first graphene-based EDLC capable of high frequency operation
that showed efficient filtering of 120 Hz alternating current was reported in
2010 by Miller et al. [269,275]. Recently, thin film electrochemically reduced
graphite oxide electrodes showed similar performance, but, with much thicker
films (20 pm) [276]. Electrodes using carbon black demonstrated an RC time

constant of 354 us [277].

In this chapter, the electrical response of EDLC fabricated using
electrodes with a high density of vertically—oriented graphene sheets grown
on Ni substrates synthesized by radio frequency plasma—enhanced chemical
vapor deposition (RF-PECVD) is prsented. The graphene films exhibit high

surface area (>1100 m?/g) and a more vertical and open geometry that allows

165



high electrolyte ionic conductivity. Coupled with the high electron transport of
the graphene sheets, the resulting capacitors provide an ultra-fast dynamic
response. To study the influence of surface area upon the capacitance,
samples with taller sheets and increased surface area were prepared and

their capacitances were measured.

8.2 Experimental details

8.2.1 Sample fabrication

Nickel substrates (75 pm thick, 1.9 cm diameter) were ultrasonically
cleaned in acetone and ethanol, and blown dry with moisture-free air and
then installed in the vacuum chamber on a tungsten wire/Al,O; plate
resistance heater. A two-hole stainless steel mask was placed concentrically
on top of the substrates to define the graphene growth region (1.27 cm
diameter), shown in Figure 8.1. The heating stage was placed in the center of
a stainless steel vacuum growth chamber (Figure 8.2). The details of the RF-
PECVD vacuum system are shown in Figure 8.2 and were previously
reported [278,279,280]). The system was initially evacuated to a pressure <
5 mTorr to begin deposition. Previous mass spectrometer experiments using
the turbo pump to evacuate the RF-PECVD system to ~ 1x10® Torr showed
a leak free background pressure consisting predominantly of water. However,
since no difference in the resulting films was observed with the higher initial
base pressure, subsequent evacuation was performed by only the trapped
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rotary vane pump. Upon reaching steady state pressure, hydrogen and argon
were admitted to the chamber. The Ni substrates were initially plasma-etched
for 10 minutes in a total pressure of 100 mTorr compri'sed of 40% argon and
60% hydrogen to remove surface contamination. The Ni substrates were then
heated to 720 °C (steady state temperature) in 60 mTorr of hydrogen. The
growths were conducted using 40% methane and 60% hydrogen at a total
pressure of 100 mTorr and 1000 W plasma power for periods of time up to 40
minutes. During the growths, the stainless steel mask and the substrates

were held at a potential of 0 V.

Samples with increasing surface area were prepared by adjusting the
growth time from 10 minutes to 40 minutes in 5 minute increments. To obtain
the thickness information, vertically—oriented graphene sheets were also
synthesized on Ni coated Si (100) substrates that were cleaved after

graphene deposition to expose the cross-section of the films.
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