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Abstract

Abstract
Graphene is the first 2D material consisting of carbon atoms densely packed into
planar structures. Graphene oxide (GO) is the intermediate derivative of chemicallyproduced graphene, which retains 2D basal plane structures but is also decorated
with functional groups along the basal plane and edges. This functionality allows
self-assembly of planar sheets into a paper-like material. However, formations of
both intrinsic defects within the sheet structures as well as larger scale extrinsic
defects in the paper are expected to significantly degrade mechanical performance.
Strength provides the most direct evidence of defect related mechanical behaviour
and is therefore targeted for understanding defect effects in GO paper. Such
evaluations are crucial both from a technological perspective of realizing designed
functions and from a fundamental interest in understanding structure-mechanics in
2D nanomaterials.

A complete strategy of performing mechanical testing at different length scales is
thus reported to provide a comprehensive description of GO strength. Both
conventional larger scale mechanical testing as well as novel smaller length scale
evaluations, using in situ atomic force microscopy (AFM) combined with scanning
electron microscopy (SEM) and optical microscopy as well as structural probing
using synchrotron FT-IR microspectroscopy, were applied to GO materials. Results
showed that large structural defects determined mechanical properties of GO papers
due to stress concentration effects whereas smaller scale intrinsic effects were
defined by interfacial defects and stress concentrations within sheets. Synchrotron
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FT-IR microspectroscopy provided molecular deformation mechanisms in GO paper,
which highlighted the interaction between in-plane C=C and cross-linking C=O
bonds. A comprehensive description of macroscopic GO paper using evaluations of
strength at the range of length scales studied was attempted, with a good correlation
between predictions and experimental observations. This thesis therefore provides a
hierarchical understanding of the defects impact on the strength of graphene-based
materials from the macroscale to the nanoscale.
.
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Chapter 1 – Introduction to the thesis
1.1.

Introduction

The strength of materials is critically defined by the size and distribution of defects
within the material. The classic work of Griffith [1] on the fracture of brittle
materials provided the relationship between the energy change of a brittle material
with the growth of a crack and the newly created surface energy. The resultant
failure strength of a brittle material was shown to be determined by the size and
distribution of the defects inside the material instead of the intrinsic strength that is
governed by atomic bonds. The defects within a material thus need to be
comprehensively studied when evaluating materials‘ mechanical properties. The
defects within crystalline materials can be catalogued by their dimensions, as shown
in Figure 1.1.

Figure 1.1 Defect definitions based on length scales.

The definition of a defect within a material can be made based on different length
scales. For example, the ultra-small size (10-14 ~ 10-10 m) electronic and atomic
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defects are commonly regarded as the point defects that disturb crystalline structures.
The larger scales, dislocations are linear defects through a crystal where
crystallographic alignment is lost whereas volume defects are three dimensional
aggregations of impurity atoms or vacancies in materials. Both of the line defect and
volume defect separates two different phases in material and form the interfacial
defect, which is significantly important in determining the mechanical properties of
crystalline materials. Griffith‘s pioneer work revealed the defects related mechanical
properties by extrapolating the strength of glass fibres with a range of diameters to
give an intrinsic strength of a material of about E/10, where E is the Young‘s
modulus of the material. Such descriptions highlighted the relationship between
atomic bonding, defects and stiffness in continuum materials. Nanoscale materials
are of particular interest for mechanical purposes as their dimensions challenge
theories developed for non-continuum materials. Graphene is perhaps one of the
most extraordinary nanoscale materials due to a truly 2D sheet-like structure. While
the mechanical properties of graphene is expected to be defined by the covalent
bonding between carbon atoms within the sheet, a host of defects exist within
graphene such as through missing carbon atoms within the sheet and at edge defects
as well as the increasing use of chemical functionalization to improve graphene
based manufacture. The effect of these defects on the resultant strength properties of
graphene and graphene derived materials remains elusive and is the focus of the
thesis.

Graphene is the name given to the first isolated two dimensional materials [2, 3]. In
graphene, carbon atoms are densely packed into hexagonal rings by forming sp2
hybridized bonds that extend to a honeycomb network in two dimensions. This
2
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chicken wire structural sheet is the building block of all the allotropes of the carbon
family. For example, graphene sheets can be stacked into three dimensional graphite,
rolled into one dimensional carbon nanotubes and wrapped up into zero dimensional
fullerenes, as shown in Figure 1.2. The discovery of graphene was ‗unexpected‘ and
upset the conventional viewpoint that two dimensional materials cannot exist in
natural world, due to theoretical proofs showing perfect 2D structure are
thermodynamically unstable at finite temperature, as reviewed in Ref [4], which
highlighted the original works of Landau [5] and Peierls [6] in 1930s.

Figure 1.2 Graphene is the basic building block for all the carbon materials across a
range of dimensionalities. Specifically, graphene sheets can conceptually form 0D
fullerenes, 1D nanotube and 3D graphite [4].

Although the isolation of graphene has been shown only a few years ago,
considerable interests in the properties of graphene have prompted vast studies into
this one atom thick sheet. Specifically, graphene exhibits extraordinary electronic
3
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[7, 8], mechanical [9], thermal [10], magnetic [11] and other physical and chemical
properties [6], which were considered theoretically over several decades ago but are
now being evaluated experimentally. These exceptional properties make graphene
not only a promising material for fundamental physics studies but also lead to a
significant amount of possible applications such as ultra-high frequency logical
devices [12, 13], clean energy applications [14, 15], transparent and flexible
conductor that can be used in touch screen [16], light panel and solar cells [17] and
superior performance composites [18].

Studies focussed on true two dimensional material first started as early as the 1960s
when scientists from different disciplines noticed single carbon atom layers, and
particularly ‗surface monolayer phases‘ through epitaxial growth on metal surfaces
[19]. Chemists additionally used graphite to produce graphite oxide platelets [20],
and physicists attempted micromechanical exfoliation using atomic force microscopy
cantilevers to abrade pre-patterned graphite to make thin graphite flakes [21]. The
thinnest flakes observed at that time were around 200 nm thick or the equivalent of
∼600 layers. However, the significant breakthrough was achieved in 2004 when
Geim and co-workers first experimentally isolated single layer graphene from
graphite using a table top simple fabrication setup, named the‗scotch tape micromechanical cleavage‘ method as shown in Figure 1.3. By repeatedly peeling off the
scotch tape, the thickness of the graphite flake can be thinned down to single or few
layer graphene, which was pinned onto the substrate by van der Waals forces. The
ease of the setup and lack of artifacts within graphene by the fabrication process lead
to an explosion of scientists‘ interest in fabricating graphene and exploring
graphene‘s intrinsic properties.
4
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Among those extraordinary physical properties, such as the observation of ambipolar
field effect [2], the quantum Hall effect at room temperature [7], extremely high
carrier mobility [2, 22, 23]; the ultra-high Young‘s modulus and intrinsic failure
strength of this one atom thick sheet highlights the importance of graphene‘s
mechanical properties that approach the theoretical value of the material [9]. The
‗intrinsic strength‘ is often cited and denotes the maximum stress required to fail the
material without any defects or flaws. For graphene based materials, sp2 hybridized
bond is considered as one of the strongest bond formed, which is attributed to both
of the overlapping sp2 orbitals and the delocalised π bonding from overlapping the
remaining p orbitals. The superior intrinsic strength of graphene is critical in a
myriad of applications since a strong and reliable mechanical behaviour is
fundamental for realizing their designed functions. For example, graphene based
actuator [13] needs to be robust during operation while, graphene touch screens [16]
need require durability while touching and folding. The high mechanical properties
of graphene additionally provide potential as reinforcements in graphene based
composites [18].

Figure 1.3 (a) Optical image of a large multilayer graphene flake with optically
enhanced contrast since the optical absorption of graphene is only 2.3 % [24]. (b)
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Atomic force microscope (AFM) topography image of graphene edge and (c) a
single layer graphene [2].

Despite the relentless pace of the scientific research on graphene, few actual
commercial applications based on graphene exist. This drawback is primarily due to
the difficulties in producing scalable large area, high quality and especially
monolayer graphene, because the properties of graphene are largely dependent on the
number of graphene layers and quality of the crystal lattice. So far, the highest
quality of graphene was produced by micro-mechanical exfoliation, but this method
has low throughput and the exfoliated graphene is randomly produced on a substrate
[2, 3]. Separation and transfer of the exfoliated graphene from the substrate is further
complicated by thick flake aggregation and sticky residuals, which make isolation
and fabrication of graphene into designed devices difficult [2, 3, 25, 26]. Therefore,
during the last few years, several other approaches have been developed to fabricate
graphene materials efficiently.

Four main approaches are commonly exploited in the literature to fabricate single
layer graphene sheets. The first is the chemical vapour deposition (CVD) method,
which requires the assistance of transition metal substrates, such as Ni [27] and Cu
[28] to act as catalysts for single layer growth of graphene on these metal substrates.
The CVD method makes the production of graphene scalable and can be linked up
well with the current semiconductor industry. The second approach is epitaxial
growth graphene on insulating substrate SiC [29], by which Si atoms desorb at high
temperature, leaving carbon atoms at the substrate‘s surface to form graphene. The
third approach is liquid phase exfoliation graphite in solvents [30]. This is typically
6

Chapter 1- Introduction to thesis

achieved by exposing fine graphite powder in organic solvents, such as DMF or
NMP to high intensity ultra-sonication to break the van der Waals forces between
graphite layers. The fourth method is the production of chemically derived graphene
in a solution based approach [20, 31], which makes the production scalable at a
reasonable cost and high yield. Moreover, the intermediate product of this approach,
graphene oxide (GO), which retains the chicken-wire basal plane structure of
graphene but is also decorated with functional groups, such as hydroxyl, carboxyl
and carbonyl groups along the basal plane and edges [32]. These functional groups
introduced into graphene provide chemical diversity and cause graphene oxide to
self-assemble into a hierarchical paper-like material that shows promise as
mechanical actuators [33, 34], energy generators [14, 15] and high performance
composite [18, 34], as shown in Figure 1.4.

7

Chapter 1- Introduction to thesis

Figure 1.4 (a) Optical image of GO sheets. (b) AFM image of GO edge, the inset is
the cross-section contour of GO sheet [35]. (c) SEM image of the cross-section of
GO paper displays the well stacked GO sheets. (d) Digital image of GO paper strip
[34].

The ranges of methods to fabricate graphene all have their own drawbacks, which
make the selection of a ‘best’ process unfeasible. For scotch tape micro-mechanical
cleavage methods, the production throughput is low and resultant graphene sheets
are difficult to transfer. Liquid phase exfoliation graphite in organic solvents method
is very difficult to control to produce monolayer graphene and the post-processing of
organic solvents can raise further environmental concerns. Substrate-based CVD
growth of graphene can overcome the size limitation of the other methods, but the
production of large scale single layer graphene is still a challenge, since the growth
conditions have to be carefully controlled to promote nucleation and single layer
8
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crystal growth while limiting the unwanted multilayer seeding and control/avoid
grain boundaries. Chemically derived graphene requires intensive chemical reactions
involving aggressive chemical agents, such as strong oxidants (sulphuric acid,
hydrogen peroxide), which leads to extensive modification of the 2D crystal
structure of graphene. The chemical treatment also leads to the introduction of a
range of chemical functional groups that degrades the performance of graphene and
the maximum sheet size. With all these concerns, the low cost and high throughput
chemical approaches is still a potentially ideal way to industrially fabricate graphene
and its derivatives, such as GO and GO assembles. Due to the structural changes of
GO during the oxidation process, such as introduced functional groups and atomic
defects within the basal plane, the mechanical properties of GO are degraded
accordingly [36]. Moreover, the mechanical properties of the GO sheets assembled
into larger macroscopic GO paper are expected to depend on extrinsic defects
formed during the processing of the layered nanomaterials as well as the intrinsic
defects within the individual GO sheets.

The intrinsic strength of micro-cleaved and presumably defect-free pristine graphene
has been previously studied by nanoindentation methodologies [9]. Experimental
results indicated consistency with theoretical simulations for perfect crystalline
graphene sheets and gave measured failure strength of 130 GPa and Young‘s
modulus of 1 TPa, compared with the failure strength and elastic moduli of most
metal or alloys are only several gigapascal and a few hundreds gigapascal,
respectively. However, as graphene exfoliated by ‗scotch tape‘ method is only ideal
for most fundamental research, the graphene produced by alternative approaches
always contain defects and flaws, such as functional groups and lattice disorder in
9

Chapter 1- Introduction to thesis

GO and its assembles. Therefore, a comprehensive understanding of the defect
effects in graphene and its derivatives is essential and crucial for developing
graphene based applications.

1.2.

Project aims

The aims of the project can therefore be summarized as:
1. Use a variety of methods to produce graphene and graphene derivatives with a
range of defects. Specifically, scotch tape methods to peel off highly oriented
pyrolytic graphite (HOPG) provide defect-free material whereas chemical and ion
beam methods will result in the manufacture of chemically induced defects in
derived GO and ‗nanoholes‘ in graphene respectively. Several characterization
methods will be used to identify and evaluate the as-produced graphene and GO
materials.

2. Mechanically test GO paper at a range of length scales extending from the macroto nano- scale to evaluate the influence of defects on size-dependent strength. Many
of these mechanical measurements require novel techniques to isolate graphene
material from the bulk and provide appropriate mechanical testing.

3. Understand the role of chemical interactions between sheets particularly for
chemically induced functionality in GO. This aim is particularly important for
industrial applications as GO is particularly effective for use in manufacturing
processes and to translate GO to bulk material developments. The bulk GO strength
must therefore depend on both the nanoscale interactions within the GO sheets and
10
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between GO sheets. To comprehensively understand the role of chemically
functionality within GO papers, synchrotron FT-IR microspectroscopy will be used
to probe chemical information while mechanical testing.

1.3.

Thesis overview

Chapter 2 will review the mechanical properties of graphene based materials, such as
pristine defect-free graphene, chemically derived GO and GO paper and other
graphene based materials. In Chapter 3, detailed information on the fabrication and
characterization methods used for graphene based material including focused ion
beam (FIB) assisted sample preparation and mechanical testing setups with
complementary synchrotron Fourier transforms infrared spectroscopy (FT-IR)
microspectroscopy. Comparison of as-fabricated GO paper and modified GO paper
from nano- to macro-scopic length scales will be discussed in Chapter 4. In Chapter
5, mechanical properties of GO paper micro-beams using nanomechanical testing
will be detailed. Synchrotron FT-IR microspectroscopy assisted in situ exploration of
deformation mechanism in GO paper will be described in Chapter 6. Chapter 7 will
discuss the mechanical properties of pristine graphene with ion beam induced
nanoscale defects. Chapter 8 will summarize main conclusions from this work and
suggest potential future inspiration.
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Chapter 2 – Literature review of the mechanical properties
of graphene based materials
2.1

Introduction

The graphene hexagonal lattice is composed of sp2 hybridized carbon atoms.
Specifically, each graphene lattice consists of two equivalent carbon atoms bonded
to adjacent atoms with ζ bonds and each atom in the lattice has a π orbital that
contributes to a delocalized network of electrons [1]. The resultant graphene sheet is
only one atom thick, yet still shows long-range crystalline order. Such a structure is
physically interesting and provides an example of a structure with potentially unique
mechanical properties of an atomically thin sheet. Specifically, the graphene sheet
appears to be a strictly 2D structure, but nanoscale roughness and the presence of
corrugations were also experimentally observed with a lateral size of about 10 nm
and a height of about 1 nm [1, 2]. This ‗intrinsic‘ elastic waviness has been proposed
as promoting stability for a 2D structural membrane and also contributes to its
extraordinary mechanical, electronic and other properties [1, 2].

In addition to natural corrugations, pristine graphene has been found to contain a
range of defects, including lattice defects such as pentagonal and heptagonal
disorders, vacancies, edges and adsorbed impurities [3, 4]. Fabricated graphene, as
opposed to naturally sourced graphene, contains a considerable amount of defects,
such as functional groups in chemically derived graphene, grain boundaries and
multilayer region in CVD grown graphene. These defects are expected to affect the
mechanical properties of graphene based materials and this literature review on the
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mechanical properties of graphene based materials is of particular importance to
comprehensively understand the effects of these defects for future work described in
the subsequent chapters of the thesis.

2.2

Intrinsic mechanical properties of pristine graphene

2.2.1

Early researches on the mechanical properties of exfoliated graphene

The mechanical properties of monolayer graphene, particularly Young‘s modulus
and failure strength, have been widely studied by both computational simulation [58] and experimental works following isolation of individual sheets [9-11]. Early
experimental mechanics were carried out by using AFM to indent individual
graphene sheet deposited onto the pre-patterned trenches, as shown in Figure 2.1.
Such an approach is dominant within the literature and first requires methods to
deposit samples of graphene onto patterned trenches followed by a mechanical test
that is effective at giving quantitative information on the properties of graphene. The
graphene deposition was critical in defining resultant mechanics with mechanically
exfoliating graphite across photolithographically patterned trenches to give
suspended stacks of graphene layers shown to be effective [10]. The deposited
graphite flakes ranged from a few micrometres lateral size and as thin as single
carbon atom layer. Optical investigations of the deposited graphene sheet on an
oxide layer of the silicon substrate was found to provide quantitative, as well as rapid
determination of the number of deposited layer such as few layer sheets exhibiting a
vivid light purple colouration [12]. Tapping mode AFM was further used for
imaging the deposited graphene sheets and measuring sample thickness with
nanometre resolution non-evasively. An improved and reliable complementary
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method for identifying these graphene sheets is Raman spectroscopy, which was
shown to accurately determine the number of graphene layers below the AFM
measured thickness limit of 2-3 nm [13, 14].

Figure 2.1 (a) SEM image of a graphene sheet suspended above a trench. (b) Optical
image of a suspended few-layer graphene sheet. (c) Schematic showing an AFM tip
is deflected while pushing down on a suspended graphene sheet [10].

The final step for evaluating deposited graphene mechanics was to employ
nanoindentation tests on these selected suspended graphene sheets to give forcedistance curves during external loading. The AFM tip and sample configuration is
shown in Figure 2.2.
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Figure 2.2 (a) Plot showing the deflection of the AFM cantilever with z-piezo
positioner displacement (previously defined in Figure 2.1) that is (b) subsequently
translated to applied force vs displacement of the suspended sheet [10].

Figure 2.2 (a) describes the forces acting between the AFM tip, measured from AFM
cantilever deflection in the vertical axis, as the tip is moved closer to the graphene
sample. The initial curve shows a rapid drop in the cantilever deflection towards the
sample as the AFM tip is attracted through van der Waals forces. Further movement
of the AFM tip towards the sample causes bending of the AFM cantilever away from
the sample as repulsion occurs between the AFM tip and sample, resulting in
deflection of the graphene in the trench. The force F applied to the graphene sample
by the AFM tip can be found by knowing both the deflection of the AFM cantilever
(dAFM) and the spring constant k of the AFM cantilever such that F = k ∙ dAFM. The
graphene deflection zgraphene is found from knowing the cantilever deflection and
the z-piezo displacement (Zpiezo) using:

Z piezo  d AFM  zgraphene
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The effective spring constant can therefore be extracted from the slope the
indentation force against displacement curves in Figure 2.2 (b). Previous work
highlighted a suspended graphene sheet spring constant of 1-5 N∙m-1 for a sample
thickness ranging from 2-8 nm [10]. The Young‘s modulus of the graphene material
has been further found by consideration of the experimental geometry as a doubly
clamped beam under tension with a centre contact point load where the effective
spring constant is:

k  16.23Ew(t / L)3  4.93(T / L)

Equation 2.2

where T is the tension in the beam, E is the Young‘s modulus of the sample and t, w
and L are the thickness, width and length of the graphene sample. This expression
above holds until the deflection moves beyond the linear Hooke‘s law regime due to
the stretching of the beam [15].

Figure 2.3 Plot of the spring constant vs w(t/L)3 for eight different samples. An
average tension and Young‘s modulus is extracted from the linear fit to the data. The
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dashed line is the fit to all data points, whereas the solid line is the fit for 7/8 of the
data [10].

In Figure 2.3, the plot shows variation in the spring constant of eight different
suspended graphene sheets versus the quantity of graphene described by the value
w(t/L) 3. The slope of the fitting gives Young‘s modulus of graphene of 0.5 TPa from
a fit of the data to Equation 2.2, compared to a value of 1.0 TPa for in-plane bulk
graphite [16].

2.2.2

Measurement of the elastic properties and intrinsic strength of single layer

graphene
The intrinsic mechanical properties of single layer graphene sheet have been
systematically studied by AFM indentation, inspired by previous studies on
nanoindentation of exfoliated graphene sheets [9]. Individual graphene sheets
suspended over circular pre-patterned holes and mechanically tested using AFM
nanoindentation were shown to be effective in measures the intrinsic mechanical
properties of graphene. The experimental setup can be approximated as a clamped
circular sheet, made of a linear isotropic elastic material, under central point loading
and has the following advantages:

(1) The sample geometry can be relatively

precisely defined and (2) the sheet is clamped around the entirely circular
circumference as opposed to two points in the case of nanotube [17] and graphene
strips clamped over trenches in previous studies. An example of the experimental
setup used to define individual graphene sheet mechanics is shown in Figure 2.4.
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Figure 2.4 Experimental setup used to measure the mechanical properties of
individual graphene sheets. (a) SEM image of graphene sheet deposited onto a
substrate containing circular holes with 1 μm and 1.5 μm diameters. Graphene sheets
provide both partially coverage (Area I) and full coverage (Area II) of the holes.
(Scale bar: 3 μm) (b) Non-contact AFM topography image of a suspended graphene
sheet with superimposed solid blue line indicating height profile along the dashed
line. The step height at the edge of the membrane is approximately 2.5 nm. (c)
Schematic of the AFM nanoindentation process applied to an individual graphene
sheet covering a circular hole and (d) AFM topographic image of a fractured
graphene sheet membrane following nanoindentation [9].

The experiments carried out to measure the intrinsic properties of graphene sheets
mechanically deposited onto a pre-patterned substrate are shown in Figure 2.4 (a).
Optical microscopy was used to find flakes of potential monolayer graphene, with
Raman spectroscopy confirming the resultant number of graphene sheets within the
suspended sheet. AFM imaging provided sample topography to confirm that the
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graphene sheets were in contact with the top of the substrate and 2 ~10 nm within the
hole of the patterned substrate, presumably driven by van der Waals attraction
between graphene sheets and the substrate as shown in Figure 2.4 (b). The
mechanical properties of the free-standing films were probed by indenting the centre
of each film with an AFM. The elastic response of the graphene under indentation
must be considered nonlinear because the stress-strain response must curve to a
maximum stress that defines the intrinsic strength of the material. The resulting
isotropic elastic response under uniaxial can be expressed as:

  E  D 2

Equation 2.3

where ζ is the symmetric second Piola-Kirchhoff stress, ε is the uniaxial Lagrangian
sample strain, E is the Young‘s modulus of the suspended graphene sheet and D is
the third-order elastic modulus of the sheet. The value of D is typically negative, so
the presence of the second-order term leads to a lessening of stiffness at high tensile
strains and an increasingly stiff response at high compressive strains. The maximum
point in the elastic stress-strain behaviour defines the intrinsic stress ζint and occurs
at ζint = –E2/4D with the intrinsic strain at maximum stress given as εint = –E/2D.
Experimental results therefore need to provide values of stress and strain of the
suspended graphene sample to allow determination of E and D.

The indentation process that causes graphene sheet deformation can be described by
combining two special cases: (1) the sheet has a large initial pre-tension as compared
to the additional induced stress at very small indentation depth, which gives an initial
linear indentation force-distance relationship; (2) the force is further expected to vary
23

Chapter 2- Literature review of the mechanical properties of graphene based
materials
as the cube of displacement when stress becomes much greater than the initial pretension. The sum of those two cases is employed to give the force-displacement
behaviour of the graphene sheet during indentation [9],

F 

2D
0

 
 
( a)    E 2 D (q3a)  
a
a

3

Equation 2.4

where F is applied indentation force, a is the diameter of graphene sheet, δ is the
deflection of the graphene sheet at the centre point,  02 D is the pre-tension in the
graphene sheet, E2D is the Young‘s modulus of graphene in 2D unit, ν is the sample‘s
Poisson‘s ratio (taken as 0.1665 for graphite in the basal plane [16]), and

q  1/ (1.05  0.15v  0.162 )  1.02 is a dimensionless constant. The above equation
can be least-squares fitted to the experimental indentation curve data, taking  02 D and
E 2 D as free parameters, as shown in Figure 2.5 (a). The consistency of the curve

fitting shown in Figure 2.5 (a) further verifies the appropriate use of this model to
describe deformation and failure of a suspended graphene sheet during indentation.
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Figure 2.5 (a) Loading/unloading curves and curve fitting to Equation 2.4 cubic
behaviour at high loads (inset) are exhibited. (b) A series of indentation tests provide
a histogram of graphene sheet Young‘s modulus and (c) graphene sheet pretensions.
Dashed lines in both plots represent Gaussian fits to data. The effective Young‘s
modulus and pre-stress were obtained by dividing the graphite interlayer spacing. (d)
Histogram and Gaussian distribution of the force required to fail individual graphene
sheets [9].

The indentation method was applied to a total of 67 graphene sheets and led to a
distribution of extracted  02 D and E2D values as shown in Figure 2.5 (b) and (c). The
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average value of E2D was found to be 342 ± 30 N/m. The Young‘s modulus values
obtained from a range of samples exfoliated from a range of sheets, using different
AFM indentation tips, substrate hole radii, indentation depths and indentation speed
were statistically indistinguishable. The pre-tension derived from nanoindentation
showed considerable variability (0.07 to 0.74 N/m) and is remarkably high, which is
even greater than the failure strength of some conventional materials.
The maximum stress required to fail a clamped, linear elastic, circular membrane
under a centre point indenter as a function of applied load from a continuum model
is given as [9]:

1

2D
 max

 FE 2 D  2
 

 4 R 

Equation 2.5

2D
where  max
is the maximum stress at centre loading point, R is the indenter tip radius.

This equation shows that the maximum strength is related to breaking force and
indenter tip radius. Suspended sheet strength therefore varies inversely to the
indenter tip radius. Previous experimental data for suspended graphene sheets was
used to fit Equation 2.5 to indentation force-displacement curves to give a mean
maximum strength of 55 N/m. However, the above equation ignores the nonlinear
elasticity, which leads to an overestimation of the strength. A series of numerical
simulations have been performed [9] to provide more detailed descriptions of the
deformation of graphene sheets under an indenter tip to determine the relationship
between the indentation breaking force and the third-order elastic constant, D2D. The
value of D2D was determined from experimental data by matching the predicted
breaking force with the mean value of the experimentally determined breaking force
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[9]. Therefore, the experimentally determined values of the second-order and thirdorder elastic stiffness for monolayer graphene can be found and have been previous
evaluated as E2D = 340 ± 50 N/m and D2D = -690 ± 120 N/m, respectively [9], with a
2D
maximum graphene sheet strength of  int
= 42 ± 4 N/m [9]. These values correspond

to graphene sheet Young‘s modulus of E = 1.0 ± 0.1 TPa and a third-order elastic
stiffness of D = -2.0 ± 0.4 TPa, assuming the thickness of a single layer of graphene
2D
is 0.335 nm. The corresponding maximum strength is thus  int
=130 ± 10 GPa at a

strain of 0.25. These experimental values are comparable to the mechanical
properties of other carbon nanomaterials. The in-plane modulus from bulk graphite
has been previously measured as 1.02 ± 0.03 TPa [16] and the elastic modulus for
both single wall carbon nanotubes (SWCNTs) and multiwall carbon nanotube
(MWCNTs) ranged from 0.27 TPa to 1.47 TPa, with a breaking strength recorded as
3.6 to 63 GPa [16, 18, 19]. More interesting, in situ tensile testing in a TEM reported
intrinsic strength of 150 ± 45 GPa for a defect-free MWCNT [20], which approaches
the theoretically strength for C-C chemical bonds. It is noted that the relationship
between the graphene sheet strength from nanoindentation and corresponding
2D
Young‘s modulus is  int
 E / 8 , which is similar to the relationship of theoretical

strength to Young‘s modulus obtained by Griffith [21]. The similarity between the
failure stress of suspended graphene measured from indentation and theoretical
values, including a narrow distribution of breaking forces as shown in Figure 2.5 (d),
suggests that the mechanically exfoliated graphene sheets are free of defects.
Therefore, the maximum strength and modulus are the intrinsic properties of this 2D
material.
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2.3

Mechanical properties of chemically derived graphene oxide (GO)

2.3.1

Mechanical properties of derived graphene and graphene oxide

Chemical manufacturing methods are commonly used to exfoliate graphene from
bulk graphite and are a more viable economic alternative to mechanical exfoliation.
An important product resulting from chemical modification of graphite is the
oxidation of graphene sheets to give a water dispersible intermediary of graphite
oxide. After oxidation, graphite oxide is a layered stack of GO sheets with AB
stacking and weak van der Waals forces, which can be further completely exfoliated
to GO sheets by additional mechanical energy [22]. The 2D structure of GO is
altered severely during oxidation process and causes considerable introduction of
defects, as shown in Figure 2.6.
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Figure 2.6 (a) A proposed schematic (Lerf-Klinowski model) of graphene oxide
structure [23]. (b) SEM image of GO sheets on a SiO2/Si substrate. (c) AFM
topography image of an individual GO sheet [22].

The in-plane GO structure mainly retains the 2D structure of graphene but is
decorated with functional groups, such as hydroxyl, carboxyl and carbonyl groups
along the basal plane and edges. These additional functional groups provide a
modified basal plane structure and lead to changes in mechanical properties, which
has been studied by both computational simulations [24, 25] and experimental works
[24, 26]. Mechanically properties of chemically derived graphene was firstly studied
by nanoindentation, as described in section 2.2.2 for pristine graphene, as shown in
Figure 2.7. The clamped sheet of individual GO bridging across a gap in a substrate
was mechanically deformed by centre point loading nanoindentation and gave a
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mean Young‘s modulus of 0.25 TPa with a standard deviation of 0.15 TPa. This
measured elastic modulus is about 75% lower than pristine graphene [9].

Figure 2.7 (a) AFM image of chemically derived graphene suspended over a trench.
(b) Deformation response of suspended single layer GO. (c) Force vs strain curve
extracted from (b) [26].

Further development of mechanical testing was developed using a combination of
AFM contact mapping and finite element methods (FEM). The advantage of this
combination is that, by using a range of contact mapping forces, AFM cantilever
applied on GO sheet, the Young‘s modulus and pre-stress of GO can be extracted
when a flexible indentation substrate is used [24]. The resultant effective Young‘s
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modulus of single layer graphene oxide was measured as 207.6 ± 23.4 GPa (E2D =
145.3 ± 16.4 N/m) for a sample thickness of 0.7 nm. This modulus value for GO is
significantly lower than cleaved pristine graphene, E = 1.0 TPa (E2D = 342 ± 30
N/m) and is expected to be due to the applied oxidation process, which introduced
hydroxyl groups into the basal plane as well as carboxyl and carbonyl groups at
plane edges. The basal plane sp2 hybridized carbon bonds are also expected to switch
to sp3 hybridized system via bonding with oxygen [27], with these introduced atomic
defects (functional groups, missing atoms and imperfect crystal structure, etc. )
significantly decreasing the mechanical properties of graphene oxide sheet compared
to the intrinsic properties measured for graphene.

Although the mechanical properties of GO has been negatively influenced by the
introduced atomic defects as discussed above, the absolute value of its Young‘s
modulus and failure strength is still superior to most conventional materials [28] and
shows vast potential in a range of applications. More importantly, chemically
derived GO is still a promising method for fabricating saleable and cost-effective
graphene based materials, and the diversity of chemical modification potential
available applied to the unique 2D planar structure [22-24].

2.3.2

Effects of base washing on the structure of as-produced graphene (aGO)

A recent discovery [29] has exhibited that graphene oxide sheets, as produced by the
modified Hummers method, is composed of functionalized graphene oxide sheets
decorated by strongly-bound oxidative debris (OD). These oxidative debris acts as a
surfactant to stabilize aqueous graphene oxide suspensions, as shown in Figure 2.8.
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Figure 2.8 Schematic showing the structure of aGO: large oxidatively functionalized
graphene-like sheets with surface-bound debris [29].

This is similar to the way in which polycyclic aromatic acids are found to stabilize
suspensions of oxidised multi-walled carbon nanotubes [30]. If a suspension of aGO
is treated with an aqueous solution of NaOH, a black aggregates precipitated out
(base-washed, bwGO) and cannot be re-suspended in water. The effect of treating
this aGO with a number of different concentrations of NaOH is demonstrated in
Figure 2.9.

Figure 2.9 Digital images of 0.5 mg mL−1 aGO suspensions in NaOH (concentrations
as marked) within 30 s of the addition of the NaOH (top), and after three hours
(bottom) [29].
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It is shown that at high concentration (1 M NaOH), the initially clear brown
suspension quickly turns into a black aggregation and an essentially colorless
supernatant solution, while at lower concentration (0.01 M) the GO darkens over
time to a stable black suspension. The aggregation of bwGO can be separated from
the supernatant by centrifugation and dried under vacuum to produce a black
powder. The supernatant liquid was dried to give a white powder, which contains
oxidative debris. The mass of bwGO was measured to be 64 ± 2 % of the mass of
aGO added, and independently, the mass of OD attributable to a 30 ± 9 % of aGO.
Therefore, it is concluded that that base washing process can significantly separate
the aGO into two parts, bwGO and OD, and that by mass they are present in a ratio
of roughly 2:1. This finding can be further verified by the thermogravimetric
analysis (TGA) of aGO, bwGO, and OD, as shown in Figure 2.10.

Figure 2.10 TGA in air of aGO and the two components after base washing; the
black precipitate (bwGO), and the remaining, water-soluble fraction (OD) [29].
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aGO shows an initial mass loss which is due to the absorbed water, a mass loss at
around 200 °C which has previously been attributed to the decomposition of
introduced functional groups, and a mass loss at around 600 °C which has been
explained by the burning of the damaged graphitic regions. The ratio of the mass loss
at 600 °C and 200 °C is roughly 2:1. In contrast, bwGO shows a significantly
reduced mass loss at around 200 °C and complete mass loss at around 600 °C;
relatively low-temperature mass loss at around 200 °C is observed for OD, but none
at around 600 °C, which suggests there are no graphitic regions in this fraction.

Therefore, the bath washing results suggest that the as-produced GO consists of
functionalized graphene-like sheets to which oxidative debris is strongly adhered.
The oxidative debris non-covalently attached to as-produced GO has important
effects for the synthesis and application of graphene based materials, and models for
the structure of graphene oxide need further studied.

2.3.3

Mechanical properties of graphene oxide paper (GO paper)

2.3.3.1 Mechanical properties of GO paper
The production of GO sheets exfoliated from bulk material and the usefulness of
their mechanical properties has driven the manufacture of larger GO materials
towards application. Most important is the production of a ‗paper-like‘ GO material
made by flow directed self-assembly of individual GO sheets as shown in Figure
2.11 [31-33].
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Figure 2.11 (a) Optical image of GO paper. (b) SEM image of the fracture crosssection area of GO paper. (c) X-ray diffraction pattern for two GO paper samples
obtained using Cu Kα radiation (dashed line) and synchrotron radiation (solid line)
as a source. (d) Infrared absorbance spectrum of multi-layered GO at room
temperature [31].

Structural analysis of GO paper using infrared spectroscopy in Figure 2.11 (d)
indicates the presence of oxygen functional groups on sheets basal planes (epoxides,
C-O-C, 1280-1320 cm-1 and ~850 cm-1) and edges (carbonyls and/or carboxyls,
C=O, COOH ~1500-1900 cm-1), which results in the hydrophilic behaviour of GO
materials that allow dispersion in water and manipulation through solution based
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methods. SEM imaging in Figure 2.11 (b) shows regular layer by layer
microstructure stacking of GO sheets throughout almost the whole cross-section of
GO paper. Critically, large voids (> 1 μm), irregular wrinkles and less densely
packed region (100 nm – 1 μm) can be clearly observed throughout the paper
material. The layered spacing of sheets in GO paper can be confirmed by X-ray
diffraction patterns (Figure 2.11(c)) as the peak in the spectrum of a typical GO
paper sample corresponds to the layer-to-layer distance (d-spacing) of about 0.83
nm. This measured spacing distance of adjacent GO sheet can be attributed to an
approximately one molecule thick layer of water that is presumably hydrogenbonded between the GO sheets. The presence of water molecular intercalated
between the GO sheets provides hydrogen bonding between adjacent GO sheets,
with previous work suggesting crosslinking by sheet edge-to-edge and face-to-face
interactions as shown in Figure 2.12 below [34].

Figure 2.12 2D schematic of GO paper with functional groups bonded together with
adjacent GO sheets through water assisted hydrogen bonding [34].

The assembled paper-like GO materials have been macroscopically tested under
tension to determine their resultant mechanical behaviour [31]. In a typical stress–
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strain curve, three stages of deformation were observed for GO paper: a
straightening regime where wrinkling and waviness in the paper are removed, linear
elastic deformation of the paper and, finally, a nonlinear plastic deformation regime
expected to be due to sliding between the individual sheets in the paper. However,
significant pull-out between sheets or bundle of sheets are not observed in the
fracture surface of the paper as shown in Figure 2.11 (b), thus demonstrating
relatively good material homogeneity and strong interlayer binding [35]. Tensile test
measurements of GO paper revealed a reasonably high tensile elastic modulus of 32
GPa, with an upper and lower value of 42 ± 2 GPa and 13 ± 3 GPa respectively, and
failure strength above 100 MPa. The variability in the measured mechanical
properties of GO paper are high but average values still exceed other paper-like
material, such as bucky paper [35], vermiculite [36] and graphite foil [37, 38] as
indicated in Figure 2.13.
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Figure 2.13 (a) Comparison of tensile strength ζ and Young‘s modulus E for a set of
paper-like materials. Note that the high and low values are shown in blue and red
colouration respectively. (b) Individual tensile stress–strain curves for a 5.2 μm thick
macroscopic GO paper. The deformation can be divided into three stages: ①
strengthening, ② elastic deformation, ③ plastic deformation. (c) Tensile stress–
strain curve for a GO paper (red) and reloaded fragment-sample (blue). (d) Tensile
stress–strain curve for a cyclically loaded GO paper. The solid line is the loading
curve and dash line indicates the release part of the test [31].

Cyclic loading measurements revealed that permanent plastic deformations were
introduced for GO paper even when they were loaded within the limits of the
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‗elastic‘ regime, as shown in Figure 2.13 (d). The process of cyclic loading and
unloading process of the GO paper resulted in a maximum increase of elastic
modulus of 20 % after five cycles. This self-reinforcing behaviour is well studied for
polymeric and fibrous materials [39], where tensile loading can lead to a better
alignment of polymer chains of fibres along the loading direction for enhanced
stiffness. Similarly, tensile testing GO paper is expected to lead to a better alignment
of the two dimensional GO sheets in the loading direction, which increases the
contact area and resultant interactions between the GO sheets for increased stiffness.
In addition to tensile tests, a series of bending tests were also performed on GO
paper with varying thickness to evaluate mechanical behaviour. A strip of GO paper
was bent to form a curve shape and compressed between two parallel plates until a
kink was formed, as shown in Figure 2.14. The radius of curvature for the GO paper
strip prior to the loss of structural stability (kink formation) was measured and used
to calculate an average normal strain value of ε ≈ 1.1 + 0.1 %, which is higher than
the tensile strain (0.6 %) recorded from tensile tests above. Therefore, GO paper was
shown to sustain more deformation during bending than in tensile loading.
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Figure 2.14 SEM images of GO paper strip bending between two parallel plates
showing (a) compression of the curved GO paper before kink formation and (b) the
onset of kink formation. The upper image was taken before kink formed and lower
image was taken when it lost structure stability. (c) The plot of radius of curvature at
which the strip formed kink during bending shows a linear relationship with
experimental data [31].

The variations in mechanical behaviour in uniaxial tensile testing and bending
indicate that the deformation mechanisms in GO paper are different in these
deformation modes. In uniaxial tensile test, the load is distributed equally across the
GO paper, which is transferred mostly through the shear deformation of the GO
sheets involving water-assisted hydrogen bonding and other inter-layer crosslinks.
For bending tests, the stress concentration appeared at the GO paper surface as the
outer surface bears a tensile stress that is transferred to GO sheets through both shear
deformation and pull-out of the adjacent GO sheets. The stress condition for the
inner GO paper surface is compressive, which leads to GO sheets shear deformation
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and wrinkling under loading. Therefore, the out-of-plane loading during kinking
demonstrates the compliance of the GO paper whereas in-plane loading along the
GO sheet gives increased stiffness.

In summary, the unique chemical structure of GO sheets promotes self-assembly
from suspension to a novel GO paper-like material, which exhibits layered
microstructure and superior mechanical properties compared with other paper-like
material. A range of mechanical tests highlight an average elastic modulus and the
highest failure strength of ∼ 32 GPa and ∼ 120 MPa respectively for GO paper.

2.3.3.2 GO paper modification for improved mechanical properties
The overall mechanical properties of paper-like material, and specifically GO paper
are determined by three key factors: (1) the mechanical properties of intra-layers
within the paper, defined by sp2 hybridized carbon covalent bonds and crosslinks at
GO sheet edges, (2) mechanical properties of inter-layer crosslinks that defines the
adhesion of adjacent GO sheets and (3) structural characteristics of the GO sheets
including their size, distribution within the paper, chemical crosslinks available at
the sheet surfaces and edges, amount of impurities and the degree of oxidation as
summarized in Figure 2.15. GO sheets are known to be highly ordered and stack
together layer by layer through both intra-layer and inter-layer crosslinks as shown in
Figure 2.15. This connection feature is vital to promote efficient load transfer
between the nanoscale GO sheets to determine the overall mechanical properties of
the paper. Specifically, the transfer of stresses in the paper occurs both through inplane intra-layer bonds of the GO sheets as well as from inter-layer crosslinks
between adjacent layers. The intra-layer carbon covalent bonds are much stronger
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than inter-layer crosslinks in GO paper and, therefore, the shear strength between
adjacent GO sheets (shear deformation of inter-layer crosslinks) limit the stress
transfer and determine the mechanical behaviour of GO paper. Many studies are thus
focused on improving inter-layer interactions and modifying crosslinks between GO
sheets using a diversity of functional groups, with the potential to engineering
interfacial properties towards fabricating high performance paper-like material as
described below.

Figure 2.15 (a) SEM images of cross-section of GO paper. (b) Analytical model
showing layered structures of GO sheets, intra-layer and inter-layer crosslinks. An
atomic representation of the bridging structure is also shown [34, 40].

1. GO paper modified by divalent ions (M-modified)
The presence of reactive carboxylic acid and hydroxyl moieties at GO surfaces and
edges have provided opportunities to chemically crosslink these functional groups to
improve stress transfer between GO sheets and enhance overall mechanical
properties of macroscopic GO paper. Mg2+ and Ca2+ have been shown to be effective
cross-linkers introduced due to their ability of binding to oxygen groups in GO
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material [41]. Tensile testing of GO papers modified with Mg2+ and Ca2+, were used
to provide stress-strain behaviour that showed three distinct deformation stages upon
loading, including initial loading, straightening followed by linear deformation, as
shown in Figure 2.16.

Figure 2.16 (a) Stress–strain curve of rinsed Ca-modified GO paper from tensile
testing. (b) Graphical comparison of the initial moduli (EI) of both unmodified and
M-modified GO papers. (c) Graphical comparison of the moduli in the straightening
region (Es). (d) Graphical comparison of the moduli in the linear region (EE) [41].

The initial moduli (EI) of M-modified samples are 70–200 % higher than that for
unmodified GO paper, indicating that M-modified papers are significantly stiffer
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than unmodified ones against initial loading due to the cations promoting
crosslinking between GO sheets in the paper. The module (Es) of the M-modified
samples during straightening, involving the structural sliding of the GO sheets to
overcome any physical wrinkling that results from the fabrication of the paper and to
achieve efficient interlocking geometry, are uniformly 30 ~ 40 % higher than the
unmodified paper except for the as-prepared Ca-modified sample, which shows
similar Es values as the unmodified paper. In the linear region, the M-modified
papers are 10 % stiffer than the unmodified paper. Significantly, the failure strength
of the Ca-modified GO paper was 54 % higher than that of the unmodified GO
paper. Most importantly, these increases in stiffness and strengths did not negatively
impact the native toughness of the GO paper as the ultimate strains of M-modified
papers were similar to the unmodified paper.
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Figure 2.17 Schematic models of M-modified graphene oxide paper structures: (a)
schematic model of the reaction between GO paper and MCl2 (M = Mg2+ and Ca2+).
(b) Proposed model for the enhanced mechanical properties of GO paper [41].

Experimental data [41] showed that alkaline earth metal ions interact with GO sheets
in two different binding modes. Firstly, M2+ ions bind tightly to carboxylic acid
groups at the edges of individual GO sheets, resulting in cross-linking of adjacent
sheets and improvements in stiffness and strength of the paper-like material.
Secondly, ions intercalated into the gallery region between two GO sheets, resulting
in an increased spacing distance. In Figure 2.17, the chemical model is consistent
with experimental observation where edge-bound metal ions can resist normal
deformations between sheets on the same plane during tensile loading, as shown in
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Figure 2.17 (b). However, the interactions between the intercalated metal ions and
the GO sheets become weaker due to increased sheet spacing and thus resist tensile
force poorly. The mechanical improvements of GO paper were also noted as being
achievable using only a small amount of divalent metal ions (less than 1 wt. %) to
enhance the modulus and tensile strength of unmodified GO paper significantly due
to the chemical crosslinking with the functional groups on GO sheets and
improvements on the inter-layer interactions.

2. GO paper modified by small molecules (glutaraldehyde, GA)
Previous studies show that chemically cross-linking with edge-bounded divalent
metal ions between adjacent GO sheets provides both a positive and negative
influence on the mechanical properties of GO paper. The intercalated ions trapped
between gallery regions are noted as increasing the spacing between GO sheets,
which lead to reduced sheet-sheet interactions despite ions increasing chemical
interactions. Small molecular crosslinkers, such as glutaraldehyde (GA) and water
molecules, can therefore potentially improve GO paper mechanics by incorporating
between adjacent GO sheets while minimizing the increase in interlayer spacing
[42]. The presence of hydroxyl and carboxylic moieties on the GO surfaces, shown
in Figure 2.18 (a), make chemical derivation of GO samples with these small
molecules possible. Specifically, GA molecules have been shown to covalently bond
at neighbouring GO sheets to strengthen the interlayer adhesion within the GO paper
in Figure 2.18.
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Figure 2.18 (a) Schematic model of a GO sheet showing possible oxygen-containing
functionalities, chemical structure of the GA molecule, and schematic of
acetalization of hydroxyl groups with aldehyde groups. (b) Comparison of FT-IR
spectrum for the GO paper and GA-treated GO paper [42].

The chemical modification of hydroxyl groups on the surface of GO sheets with
functionalities in small molecules, such as aldehyde groups of GA molecules
through inter-molecular acetalization shown in Figure 2.18 (b), provide improved
interaction between adjacent GO sheets. This improved interaction is expected to
enhance the mechanical properties of the GO paper. Resultant tensile stress-strain
curves for unmodified (pure) GO paper and GO paper modified with small
molecules including water and GA are shown in Figure 2.19.
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Figure 2.19 Mechanical properties of the unmodified (pure) and modified (treated)
GO papers: (a) typical stress-strain curves from tensile testing. (b) Summary of
Young‘s moduli and strength for tested samples [42].

The stress strain behaviour of GO paper in Figure 2.19 highlights the general
improvement in mechanical properties when using GA over unmodified paper. The
GA-treated GO paper has an average modulus of ∼30.4 GPa and a strength of ∼101
MPa. These values are, respectively, 190 % and 60 % higher than that of the asreceived unmodified GO paper (modulus ≈ 10.5 GPa, strength ≈ 63.6 MPa). The
enhancement of both stiffness and strength in paper arise from the improved loadbearing capabilities of GO sheets since the bounded GA molecules provided better
inter-layer interactions. In addition, the mechanical behaviour for unmodified GO
paper shows two stages, in which the gradient of the curve decreases obviously
beyond 0.3 %, while the stress-strain curve for GA modified GO paper is relative
uniform and almost linear with a maximum strain about 0.4-0.5 %.
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Figure 2.20 Schematic diagrams show fracture mechanisms for (a) as-received GO
paper and (b) GA-treated GO paper [42].

The variations in the stress-strain behaviour of GO paper and particularly the
improvement in resultant strength have promoted a drive to understand the strength
of GO materials. Figure 2.20 shows a proposed mechanism to describe the
microscopic structural deformation mechanisms during tensile testing of unmodified
and GA modified GO papers. For unmodified GO paper, inter-layer slippage occurs
easily to initiate critical micro-cracks that enlarge with increasing strain to promote
failure. The stronger inter-layer interaction for GA modified GO paper provides little
slippage and stabilises the critical microcracks through localization of additional
cracking.

3. GO paper modified by water content (Hydrogen bonding, H-bonds)
GO sheets contain chemical groups that are expected to be strongly influenced by the
humidity and water content and define resultant mechanical properties. For example,
when the relative humidity is increased from a negligible level to 100%, the GO
paper structure swells more than 70% due to the absorption of water [43]. The waterdependent properties of the GO paper can be explored by probing the hydrogen
bonding between the inter-layer water molecules and the epoxy and hydroxyl groups
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on individual GO sheets. Water molecules in GO paper for a number of distinct
structured depending on the amount of water available. At relatively low water
content, water molecules form hydrogen bonding with functional groups on GO
sheets, resulting in an increased spacing distance between sheets but also a stronger
inter-layer interaction. Further increases in water content results in saturation of all
the functional groups on GO sheets with existing water molecules, and excessive
water molecules trapped in the gallery region promoting relatively weakly bonding
with adjacent free (i.e. not bound to GO surfaces) water molecules. These hydrogen
bonding states are displayed in Figure 2.21 (a).

Figure 2.21 (a) Schematic showing various configurations of hydrogen bonds in the
hydrated GO paper. The horizontal grey lines denote the graphene sheet, while
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oxygen and hydrogen atoms are shown as red and white spheres, respectively. (b)
Variation of inter-layer distance as a function of water content for GO. (c) Statistics
for total interlayer spacing and number of hydrogen bonds in hydrated GO paper
(GO sheets with different chemical compositions were modelled and showed as
green and red lines) [43].

Molecular modelling has exploited the structural information in Figure 2.21 (a) to
provide information on the effects of water on the inter-layer spacing and number of
hydrogen bonds formed in the GO paper. An increase in the inter-layer spacing was
observed with increasing water content in Figure 2.21 (b) as progressively more
water molecules pack between the GO sheets. The resultant increase in the amount
of hydrogen bonds formed in the water network between the GO sheets is
additionally shown to increase as a result of more intercalating water indicated in
Figure 2.21 (c). Specifically, the GO sheet inter-layer distance increases from 0.51 to
0.90 nm as water content is increased from a negligible level to 26 wt. %, and the
total number of hydrogen bonds increases almost linearly with water content.
Additional simulation has identified the hydrogen bonded network shown in Figure
2.21 as falling into three further categories: (1) hydrogen bonds formed between
functional groups on the same GO sheet (intra-layer); (2) hydrogen bonds formed
between functional groups with two adjacent GO sheets (inter-layer) and (3)
hydrogen bonds formed between water molecules. This third category can be further
classified as hydrogen bonds formed between a water molecule and a functional
group and the bonds formed between any two water molecules.
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Figure 2.22 (a) Fraction of total hydrogen bonds contributed by the different
configurations. (b) Variation of the number of hydrogen bonds per water molecule as
a function of the water content for GO, the hydrogen bonds formed by water
molecules are further classified into the bonds between a water molecule and a
functional group and the bonds between any two water molecules [43].

The amount of hydrogen bonds in Figure 2.21 (c) can be examined in detail due to
the three subdivision classification, with results displayed in Figure 2.22. At low
hydration levels (0-3 wt. %), the hydrogen bonds between the hydroxyl and epoxy
functional groups (both intra- and inter-layer) dominate while hydrogen bonds with
water molecules become progressive more significant as the water content increases.
The simulated location of the hydrogen bonds is shown in Figure 2.22 (b) and
indicates hydrogen bonds primarily between water molecules form and epoxy or
hydroxyl functional groups on GO sheets at low hydration levels whereas increasing
water content causes hydrogen bonding progressively with excess water molecules
not interacting with GO sheets. Critically, accumulation of water molecules between
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GO sheets leads to a reduced number of inter-layer hydrogen bonds as shown in
Figure 2.22, and results in a larger interlayer spacing within GO paper. The hydrogen
bonds within the water-water network were further shown to be weaker than waterfunctional groups bonds, especially above water content of 15 wt. %, and thus
promote sliding between GO sheets during mechanical loading. However, both
experimental and simulation studies have indicated the presence of an optimized
water content condition (Figure 2.23) where water molecules bridge between
adjacent GO sheets by forming water-functional groups hydrogen bonds and
improving the inter-/intra-layer interactions, but are below an excessive threshold of
excessive and relatively weak water-water hydrogen bonds that increase the interlayer spacing distance. The elastic modulus of GO paper can therefore be explained
by consideration of the interaction between the GO sheets. Water molecules forming
hydrogen bonding crosslinks with functional groups on GO sheets provide increased
interactions throughout the paper to give an improved stiffness. Water content above
a threshold value (5 wt. % in simulation and 7-8 wt. % in experiments as shown in
Figure 2.23) provides excessive water-water hydrogen bonding that gives a drop in
elastic modulus due to a decrease in the interaction between GO sheets that
facilitates slippage between GO sheets.
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Figure 2.23 Plot of the Young‘s modulus of GO paper as a function of water content
from experimental and simulation studies [44].

4. Effect of GO sheet dimensions on GO paper mechanics
Many previous studies have focused on improving the interfacial interaction between
GO sheets by introducing chemical based crosslinkers, such as small molecules or
tailoring the water content to optimize the hydrogen network to strengthen GO
papers. However, the dimensions of GO sheets, such as the lateral size of individual
GO sheet, are expected to dictate the overall mechanical properties of GO paper. The
size of GO sheets have been previously classified into four broad descriptions of
small GO (S-GO), large GO (L-GO), very large GO (VL-GO) and ultra-large GO
(UL-GO) [34]. These GO sheet sizes were selected so that incremental increases in
area by almost an order of magnitude were available due to sheet area differences
ranging from 0.5 μm2 for small GO to 200-300 μm2 for ultra-large GO, as shown in
Figure 2.24.
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Figure 2.24 Area distributions of GO sheets of different size groups S-GO, L-GO,
VL- GO, and UL-GO (insets, typical SEM images used for measurements) [34].

The incremental changes in GO sheet area for the size classifications have been
shown to control the mechanical properties of resultant GO papers. Figure 2.25
shows the relationship between GO paper mechanics and sheet size, with both
increases in the Young‗s modulus and tensile strength of GO papers observed as the
sheet size increases. For example, GO paper composed of small GO sheets gave a
Young‘s modulus of 5-6 GPa and tensile strength about 40 MPa; whereas GO paper
composed of ultra-large GO sheets provided a measured increase in Young‘s
modulus and tensile strength increase to 14 GPa and the tensile strength increases to
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more than 90 MPa, both of which show a dramatic enhancement for varying the
size/area of GO sheets.

Figure 2.25 Mechanical properties of GO papers as a function of average GO area
[34].

A few explanations are thought to be responsible for these improvements. Firstly,
GO papers made from larger GO sheets have a more compact and aligned structure
than those with smaller sheets, which provide more sheets that aligned along the
direction of the applied load. Secondly, fewer defects or oxygenated functional
groups, which promote stress concentrations and inter-sheet sliding, were present in
the larger GO sheets for improved paper mechanics [43]. Finally, more efficient
stress transfer between sheets in the paper is expected when the GO sheet sizes
increase [43], as is found when increasing reinforcement length in fibre reinforced
composites [39].
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2.4 Mechanical properties of graphene based composites
Graphene–based materials have been used in polymer nanocomposites and show vast
potential for a variety of applications [28, 45]. The unique 2D structure of GO sheets
could provide higher aspect ratio and larger surface area than other reinforcements
such as CNTs and carbon fibres for potentially improved electrical, thermal and
especially mechanical properties. Mechanical performance particularly requires the
effective transfer of stresses between GO sheets in paper and polymer matrices have
been proposed as an effective method to improve such stress transfer in preference to
previous work that used small molecules at GO inter-layer. In the past few years,
researchers have made successful attempts to incorporate graphene based materials
into various polymer matrices such as polystyrene (PS) [46], PMMA [47], polyvinyl
alcohol (PVA) [48], polypropylene (PP) [49], epoxy [50], polyester [51] and
polycarbonate [52]. However, composite production has provided a number of
obstacles including the homogeneous dispersion of graphene based fillers in the final
composite, further functionalization of graphene based fillers to strengthen
interfacial adhesion and a general lack of understanding structure and properties of
GO-polymer interfaces. The current emphasis in the literature is perhaps on effective
production of composites, especially in relatively large volumes. While composites
have been prepared from graphite and exfoliated graphite by thermal [47] and liquid
intercalation [53] methods, graphene oxide has been consistently identified as a more
promising composite reinforcement due to improved processability by dispersing
GO within various solvents, as shown in Figure 2.26. Indeed, GO can be suspended
in a variety of solvents to give stable solutions for subsequent integrated into
polymer matrix by using techniques such as solution mixing, melt processing, and in
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situ polymerization [54, 55]. However, GO sheets are insulating and need to be
reduced by either thermal or chemical treatments if a targeted conductivity are
required for designed applications [46, 50].

Figure 2.26 Optical images of as-prepared graphene oxide dispersed in water and 13
organic solvents through bath ultrasonication (1h). Top: dispersions immediately
after sonication. Bottom: dispersions 3 weeks after sonication. Note: the yellow
colour of the o-xylene sample is due to the solvent [56].

Graphene based reinforced composite materials have shown dramatic improvements
in their mechanical properties such as Young‘s modulus and tensile strength.
Moreover, such remarkable enhancements are often observed at low loadings of
graphene based fillers due to the large interfacial area, high aspect ratio, and the
ultra-strong intrinsic mechanical properties of graphene based materials. As for other
composites, the mechanical properties of GO composites are largely dependent on
the reinforcement phase concentration and distribution in the polymer matrix,
interfacial bonding, and reinforcement phase aspect ratio. For example, as shown in
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Figure 2.27, at 0.7 wt. % loading, a solution-mixed PVA-GO nanocomposite showed
a 76 % increase in tensile strength and a 62 % increase in Young‘s modulus due to
effective load transfer to the GO filler via interfacial van der Waals interactions and
hydrogen bonding between GO sheets and polymer matrix [48]. Similar observations
were also found in GO/PVA nanocomposite films prepared by filtration [57].

Figure 2.27 Representative stress-strain behaviour of GO/PVA nanocomposites with
different GO weight loadings. With 0.7 wt. % GO sheets, the tensile strength of the
nanocomposite increased by 76 % from 49.9 to 87.6 MPa [48].

The interaction between GO and polymer matrices via the interface determines
effective load transfer and is potentially a key factor that determines the overall
performance of resultant nanocomposites. Covalent [58, 59], non-covalent
functionalization [60], electrochemical [61] and thermal treatments [50] of the
reinforcement has been investigated in order to compatibilize the filler with polymer
matrix for improved dispersion and interfacial bonding. Table 2.1 provides a
comprehensive summary of graphene based nanocomposites using polymer matrices
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to transfer stresses to the reinforcing sheet structures in the composite [28]. The
mechanical properties of graphene based nanocomposites are comparable with GO
paper detailed above with small reinforcement loading, as summarized in Table 2.1.

60

Chapter 2- Literature review of the mechanical properties of graphene based materials
Table 2.1 Mechanical properties of graphene based polymer nanocomposites [28].
Matrix

Filler type

Filler loading
(wt.%a , vol.%b)

Process

% Increase E

% Increase TS

Epoxy

EG

1a

Sonication

8

-20

[62]

EG

a

Shear

11

-7

[62]

Sonication and shear

15

-6

[62]

EG
PMMA

HDPE

0.1

solution

EG

a

EG

EG
GO
graphene

TPU

graphene
SulfonatedGraphene

PETI

21

[64]

Solution

133

[65]

b

Melt

8

[49]

b

Melt

26

[66]

Melt

8

[66]

5
3

3b

EG

EG

[63]

Solution

xGnP-15
xGnP
Parrafin coated
xGnP

87

Reference

a

3

S-EG
PVA

21

xGnP-1

UG
PPS

1

EG

Graphite
LLDPE

a
a

GNP
PP

1

% Increase
flexural strength

b

SSSP

60

[67]

a

Solution

200

[68]

30

Solution

22

[69]

4

[70]

2.5
15

a

Melt

100

a

Melt

33

a

Melt

-20

[71]

Melt

-33

[71]

3
3
4

a

4

[70]

a

Solution

76

[48]

1.8

b

Solution

150

[72]

5.1

b

Solution

0.7

200

[73]

a

Solution

a

In situ

39

[54]

In situ

42

[55]

1
5

10

a

75

EG: expanded graphite; xGNP: exfoliated graphite nanoplatelet; UG: untreated graphite; ultrasonicated EG)
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2.5

Conclusions

In summary, chemically derived graphene oxide is a saleable and economically
viable route for making graphene materials. Due to the oxidation process, GO
structure retains the 2D structure of graphene but also shows the diversity of
functional groups on the basal plane and edges. These introduced functional groups
acts as defects compared with exfoliated pristine graphene, thus shows a negative
impact on the mechanical properties of GO sheets. However, the decoration of these
reactive functional groups also facilitate the assembly of paper-like material, GO
paper, which demonstrates superior mechanical properties and promising application
potentials. One of the main challenges of introducing GO paper and graphene based
nanocomposites to the application market is to consistently improve their mechanical
properties and performance. A comprehensive understanding of interfacial properties
is crucial for improving and optimizing their mechanical properties, since the
relatively weak inter-layer interactions determine the overall mechanical
performance of both GO paper and graphene based nanocomposites.

In order to investigate the interfacial properties, both appropriate sample
preparations and experimental methodologies need to be developed for measuring
the mechanical properties of GO paper while monitoring interfacial structural
changes during the deformation. The inhomogeneous structural features in
macroscopic samples are relatively large and include defects such as large voids and
wrinkles in GO paper. However, small scale samples contain comparably smaller
defects such as atomic or nanoscopic defects, which are expected to have less of an
impact on mechanical properties when compared to larger samples. As a
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consequence, suitable mechanical testing and structural monitoring techniques
exploiting AFM and IR spectroscopy are used to evaluate intrinsic behaviour of GO
papers during mechanical deformation, which will be discussed in the following
chapters.
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Chapter 3 – Materials and methodology
3.1

Introduction

The study of the defect related mechanical properties of graphene based materials
requires both the fabrication of suitable materials and novel experimental
methodologies able to evaluate structure-mechanics relationships at various length
scales. Specifically, the fabrication of graphene based materials includes the making
of pristine graphene as inducing defects such as through the further production of
GO, as well as producing larger paper-like materials. To explore the effect of defects
on the mechanical properties of graphene based materials, novel tools to observe
defects, introduce defects and isolate specific length scales is also required.
Establishing experimental setups to incorporate different graphene based materials
for mechanical testing and additional chemical information for understand
deformation mechanisms is, indeed, perhaps the most challenging aspect of the
project. This chapter therefore firstly describes methods for sample fabrication in
details followed by material characterization approaches, progressing to novel
mechanical testing methodology.

3.2

Fabrication of graphene based materials

3.2.1

Fabrication of pristine graphene

The literature review in Chapter 2 described how pristine graphene was firstly
isolated by using a simple but effective micro-cleavage or ‗scotch tape‘ microexfoliation method. Fabrication of pristine graphene and inducing defects using the
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micro-cleavage method is followed, with specific descriptions of this table top
experiment given as:

(1) A silicon wafer (Graphene Supermarket, USA) was used with an oxide layer of
around 280 nm. The oxidized layer makes graphene layers identifiable from thicker
flakes under an optical microscope [1]. The wafer surface was cleaned with
sonication cleaner prior to graphene deposition using three cleaning liquids of
acetone (20 min), ethanol (20 min), followed by a exposure to piranha solution
(mixture of hydrochloric acid and hydrogen peroxide) for another 2 hours.

(2) A small piece of high oriented pyrolytic graphite (HOPG) was attached to a 15
cm length of scotch tape using tweezers. The tape was folded to sandwiched both
surfaces of the graphite flake between the sticky tape. The tape was then peeled
away from the graphite to leave cleaved flakes, typically with a metallic lustre, on
the tape surface.

(3) Tape contact and removal from the cleaved flakes was repeated 10 times until the
tape was covered with thin flakes. The metallic lustre of the flakes was absent after
this repeated cleaving process.

(4) The cleaved graphite flakes at the tape surface were subsequently contacted with
the surface of the silicon wafer. A soft object was placed onto the tape to allow
intimate contact between the tape and wafer.
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(5) The tape was peeled away from the silicon wafer using tweezers to ensure
deposition of graphene at the wafer surface. This peeling step was carried out slowly
over a time period of 60 seconds to avoid further damage of the potential graphene
lying on the wafer.

(6) Optical microscopy at 500 × and 1000 × magnification was used to identify
individual sheets of graphene amongst the graphene debris found on the silicon
substrate. The sheets were highly transparent, crystalline shapes with purple
colouration compared to the blank wafer as shown in Figure 3.1.

Figure 3.1 Optical images showing the micro-mechanical exfoliation of graphene
during (a) step 2 (b) step 3 (c) step 5 and (d) optical microscopy image of individual
graphene flakes on the silicon wafer surface.
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Confirming isolated single layer graphene sheets requires correct observation of
single layer sheets, characterised by a purple colouration using optical microscopy.
Although micro-mechanical exfoliation provided high quality graphene crystallites
typically up to 100 μm in diameter, which is sufficient large for most fundamental
research, the average size and location of exfoliated graphene were random as shown
in Figure 3.2.

Figure 3.2 Typical optical microscopy images of micro-exfoliated graphene sheets
on a silicon wafer surface. The red squared area represents the light purple
colouration characteristic of potential monolayer graphene. (Scale bar: 5 μm)

3.2.2

Fabrication of GO and GO paper

3.2.2.1 Fabrication of GO
GO was processed using typical solution based methods, which relies on the
chemical modification of graphite to produce a water dispersible graphite oxide
intermediary. Additional mechanical energy was further introduced to exfoliate AB
stacked (also known as Bernal-stacked, the third layer is exactly on top of the first
layer) graphite oxide to GO. GO is usually synthesized by either the Brodie [2],
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Staudenmaier, [3] Hummers [4], or some variation of these methods [5, 6]. In our
project, a modified Hummers method was used due to the strong oxidation ability of
potassium permanganate and sulphuric acid combination in a relatively short
timeframe. Figure 3.3 shows the schematic diagram of the fabrication route for
making graphene oxide.

Figure 3.3 Chemical routes to produce aqueous suspension of graphene oxide.
Graphite is first oxidised to synthesize graphite oxide. The graphite oxide become
increasingly water soluble relative to the graphite and is exfoliated by sonication to
give graphene oxide.

The experimental steps used to fabricate GO are as following:
(1) Natural graphite flakes with average size of 325 meshes, corresponding to 44 μm,
was selected for GO fabrication. A 1 g portion of graphite powder with 1 g of
sodium nitrate (NaNO3) was mixed with 50 ml of concentrated sulphuric acid
(H2SO4, 98 wt. %) in an ice bath for 60 min while stirring using magnetic stirrer.
This step was the pre-oxidation step and the temperature of the system was kept at 0
°C.
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(2) A 6 g portion of potassium permanganate (KMnO4) was slowly added over a 30
minutes period to the above mixture while keeping the mixture continuously stirred
to prevent the temperature from exceeding 5 °C. During this step, the strong oxidant
was added to the acid environment to form the active species, diamanganese
heptoxide [7].

(3) The resultant mixture obtained was further stirred at 0 °C for 90 min and then at
35 °C for 120 min to complete the oxidation process. As shown in Figure 73.4 (a),
the mixture showed a dark brown or even black colour.

(4) Deionized water (50 mL) was slowly dropped into the above solution to prevent
the temperature exceeding 45 °C over a period of about 30 min, and provided
dilution of the mixture. A final 100 mL aliquot of deionized water was added for
further dilution. The added water as regarded as the intercalants between graphite
layers to weaken the van der Waals attractions and formed a dark brown suspension.

(5) The suspension was mechanical stirred while dripping H2O2 (30 wt. %) until the
slurry turned golden yellow/orange, as shown in Figure 3.4 (b). Further stirring
without the addition of H2O2 for an additional 10 min gave a graphite oxide
suspension.

(6) The graphite oxide suspension was centrifuged at 4000 rpm for 45 min to
separate the solid material from liquid phase. The centrifuge speed of our equipment
was considered as limiting and resulted in an incomplete separation of solid phase at
the bottom of the centrifuge tube as shown in Figure 3.4 (c). The upper layer of the
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suspension

exhibited

a

light

yellow

colour

because

the

small

(light)

graphite/graphene oxide sheets dispersed in upper water layer. The bottom dark
brown suspension was finally collected and re-dispersed in water for sonication to
produce graphene oxide. The solid phase was carefully washed in 5 wt. % HCl and
deionized water several times to remove remnant salt until the suspension pH
reached 5 – 6.

(7) Colloidal dispersions of graphite oxide were exfoliated using a mild ultrasonic
cleaner (90 W, 15-20 min) to obtain graphene oxide suspension.
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Figure 3.4 Digital images of (a) the mixture of graphite flakes with KMnO4, NaNO3
and H2SO4 from step 3 (b) graphite oxide after the adding of H2O2 in step 5 (c)
centrifugation of graphite oxide suspension during step 6 and (d) resultant graphene
oxide suspension after sonication.

3.2.2.2 Fabrication of GO paper and modified GO paper
Separation of GO sheets from graphite oxide was a precursor step in order to
produce larger assemblies from the individual sheets. Specifically, the fabrication of
macroscopic GO paper formed from the assembly of individual GO sheets was the
principal aim of this experimental procedure. Two fabrication methods are presented
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based on previous literature [8-10] to give GO papers that are unmodified as well as
modified using chemical methods to improve the interactions between graphene
oxide sheets as highlighted in section 2.3.2.

(1) Fabrication of unmodified GO paper
The unmodified GO paper was prepared by filtration of the as-produced GO
suspension through a membrane filter (47 mm in diameter, 0.2 μm pore size) with
the assistance of vacuum pump as shown in

Figure 3.5 below. Filtration was

achieved by pouring the GO suspension as shown in Figure 3.4 (d) into the filter and
then vacuum pumped until the dried GO paper can be collected from filter.

Figure 3.5 Digital images of (a) GO paper filtration setup and (b) top view of
filtrated GO paper.

Filtration initially caused GO sheets to rapidly deposit onto the surface of the
membrane as the solution flowed through the filter. The resultant GO sheets were
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expected to randomly assemble into folded, crumpled, and wrinkled sheet structures.
Further filtration time caused clogging of the filter due to deposition of GO sheets at
the membrane pores, resulting in a significant drop in the flow of water that was
subsequently introduced to the filter. The filtration process required 24 hours to
several days and increased as the suspension amount increased. The filtrated GO
sheets assembled into a GO paper and was initially dried on the membrane in air for
24 hours after filtration completion followed by further drying using an oven at 60
°C for an additional 24 hours before further testing.

(2) Fabrication of modified GO paper
Chemical modification was applied to the GO paper to improve the resultant
mechanical properties as detailed in section 2.3.2.2. The principle of chemical
modification is to introduce crosslinkers to bond the individual GO sheets and
strengthen the inter-layer interaction. Two chemical modification methods were
exploited based on the use of divalent atoms and glutaraldehyde (GA). Production of
modified GO paper followed the preparation of unmodified GO paper as described
above. However, the fabrication provided further steps as show in Figure 3.6 to
introduce Ca2+ and GA into the GO paper.
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Figure 3.6 Schematic diagrams showing (a) the preparation of Ca2+ modified
graphene oxide papers using the continuous filtration method and (b) GA modified
GO paper.

For divalent ion modification of GO paper, the filtration process was carried out until
no visible water was present on top the filtrated membrane. An aqueous solution of
Ca2+ was added on top of the GO paper for GO sheets inter-layer/intra-layer
crosslinking, followed air and oven drying using the same procedure and condition
as the unmodified papers. The preparation of GA modified GO paper first required
fabrication of unmodified GO paper, as opposed to the in situ assembly of GO sheets
with divalent ions during the filtration steps, which were subsequently exposure to
GA vapours for 10 h at 37 °C for inter-layer crosslinking. Air and oven drying
following the same process as for the unmodified paper was again applied to give the
resultant modified paper.
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3.3

Methodologies

3.3.1

Characterization

Fabricated graphene based materials in this work require a range of characterization
techniques that are able to provide both structural and mechanical evaluations over a
range of length scales. The sections below give a comprehensive review of the
techniques exploited to achieve the structure-mechanical function evaluations of the
range of graphene materials, ranging from individual graphene sheets to macroscopic
paper materials.

3.3.1.1 Optical microscopy (OM)
Optical microscopy has been shown to be effective in characterizing individual and
multi-layer graphene samples [1, 11]. Thin graphene sheets on an oxidized silicon
substrate are sufficiently transparent with an optical path that changes their
interference colour with respect to a clean wafer. Previous work exploited the
advantage of the interference effect in optical microscopy and empirically
highlighted an optimal level of optical contrast between individual graphene sheets
at SiO2 surfaces with thicknesses of 300 nm [1] as shown in Figure 3.7.
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Figure 3.7 Optical images of deposited graphene on silicon layers with a range of
oxide layer thicknesses [1].

3.3.1.2 Scanning electron microscopy (SEM)
SEM is a microscope that uses the relatively short wavelengths of electrons, relative
to produce high resolution images by scanning samples with a focused beam of
electrons. The electrons interact with atoms on the sample, resulting in various
signals that can be detected to give information on the sample's surface topography
and composition. Secondary electrons (SE) scattered from the sample under the
primary scanning electron beam is the most common method for observing sample
structure at nanometre resolution. The number of secondary electrons is a function of
the angle between the sample surface and the primary electron beam. For example,
the emitted secondary electrons are relatively uniform on a flat surface but vary on a
tilted surface. Collecting secondary electrons when scanning the sample therefore
gives image contrast due to the tilt of the surface.
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GO paper consists of stacked GO sheets and forms a layer-by-layer structure through
vacuum filtration, with this layered microstructure observable by SEM in Figure 3.8.
Therefore, SEM is an effective tool to observe the topographic features of GO sheets
and GO papers. SEM was particularly useful in measuring sample geometry
including width and thickness for the calculations of stresses and strains in future
mechanical testing experiments. The SEM equipment used was a Quanta 3D SEM
(FEI, USA) as shown in Figure 3.8.

Figure 3.8 (a) Digital image of SEM equipment [12] and (b) typical SEM image of
GO paper using secondary electron imaging.

Imaging parameters including 10 kV for accelerating voltage, 10 mm for working
distance and 83 pA for current provided the best imaging quality for most SEM
operations.

3.3.1.3 Atomic force microscopy (AFM)
The fabrication of graphene requires suitable characterization techniques to confirm
the presence and quality of graphene and, ultimately, to perform quantitative
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mechanical testing. Atomic force microscopy is one of the most universal techniques
for providing dimensional information on nanomaterials and is a spatially highresolution scanning probe microscopy (SPM) using an optical setup as shown in
Figure 3.9 where a solid AFM tip scanning over a sample surface using piezoelectric
(PZT) positions cause a change in the van der Waals interaction between the tip and
sample. Resultant cantilever deflection is representative of the interaction changes
due to surface topography and is the core in providing a range of AFM imaging
modes. Tapping mode/semi-contact mode was used in our project and the AFM
cantilever was driven to oscillate near its resonance frequency. The interactions
acting on the cantilever when the tip came close to the surface caused the amplitude
of this oscillation to decrease. A semi-contact AFM image was therefore produced
by recording the force of the intermittent contacts of the tip with the sample surface.

Figure 3.9 (a) Schematic diagram of AFM and (b) digital image of the AFM (NTMDT NTegra, Rus.) used in this work.

The advantage of AFM over other forms of microscopy is the ability to provide
quantitative 3D topographic information at high spatial resolution. According to the
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atomic structure of graphene, single layer graphene is assumed to have a thickness
equal to the extension of its π orbital out of plane. AFM topography profiles, in most
cases, can therefore give a measurement of the graphene sheet thickness if the sheet
is attached to an atomically flat substrate.

Practically, OM provides large scale analysis in order to locate ‗potential graphene‘
regions from fabrication methods so that subsequent AFM imaging can confirm the
number of graphene layers present. The apparent graphene thickness measured using
AFM is rarely the exact interlayer spacing distance of 0.335 nm for graphite. Due to
the variability in preparation methods and laboratory conditions, many groups
reported graphene thickness variations from AFM imaging, ranging from 0.35nm to
1.6 nm [11, 13]. Figure 3.10 shows AFM topographic images of graphene and GO
sheets on silicon and mica substrate, both of which are atomically flat substrate, as
shown in Figure 3.10.

Figure 3.10 AFM topographic images of (a) exfoliated graphene on a silicon
substrate and (b) GO on a mica substrate.
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Variation in graphene thickness when using AFM imaging is due to the force
variations between AFM tip and the graphene sheet/substrate, which represents not
only the chemical and van der Waals force but also the distance between graphene
and substrate. This gap between the graphene sheet and substrate is unknown and
could be quite large even if the substrate surface is atomic flat. Therefore, it is
generally accepted that measuring the folded or overlapped region of the
graphene/GO sheets can give out the most reliable and precise thickness data [13].

3.3.1.4 Raman spectroscopy
AFM allows direct measurement of single and few layers graphene from topography
imaging but is low throughput and requires some interpretation of absolute thickness
values due to folds in the sheets from sample preparation and substrate issues [13]. A
fast and precise way for determining the number of graphene layers is thus quite
necessary and essential to explore and accelerate graphene research and application
processes.

Raman spectroscopy is a technique used to probe the vibrational, rotational, and
other low-frequency modes in a system [14]. Raman scattering depends upon the
polarizability of the molecules. For polarizable molecules, the incident photon
energy can excite vibrational modes of the molecules, yielding scattered photons
which are diminished in energy by the amount of the vibrational transition energies.
A spectral analysis of the scattered light under these circumstances will reveal
spectral satellite lines below the Rayleigh scattering peak at the incident frequency.
Such lines are called "Stokes lines". If there is significant excitation of vibrational
excited states of the scattering molecules, then it is also possible to observe
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scattering at frequencies above the incident frequency as the vibrational energy is
added to the incident photon energy. These lines, generally weaker, are called antiStokes lines. This shift in energy gives information about the vibrational modes in
the system.

Raman spectroscopy has been widely used for exploring the structure and electronic
properties of different forms of carbon, which provides significant information about
the defects (D band), in-plane vibration of sp2 hybridized carbon atoms (G band) and
the stacking order (2D band) of sp2 hybridized layer. During the last few years,
Raman spectroscopy has been shown to be a powerful tool not only for the
determination of the number of graphene layers, but also for understanding the
interaction between electrons and phonons in graphene layers [15-18].

Figure 3.11 Raman spectroscopy of graphene and graphene layers gives (a) the
resultant spectrum of 1, 2, 3 and 4 layers and (b) detailed 2D peak spectra [17].

The most prominent features in the Raman spectra of monolayer graphene are the G
band existing at around 1580 cm-1 and the 2D band (historically called G‘ band,
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since it is the second most apparent peak in graphite samples) at approximate 2700
cm-1 [15]. The G band originates from the in-plane vibration of sp2 hybridized
carbon atoms and the 2D band is due to a two phonon double resonance Raman
process [15]. A third feature band is also observed at about 1350 cm-1, which is not
Raman active for pristine graphene but can be attributed to the defects or the edges
of the graphene [16-18].

The positions and intensity ratio of these Raman peaks indicate the number of
graphene layers. The location of the G peak for single layer graphene is 3-5 cm-1
higher than for multilayer graphene, whereas the intensity has a linearity relationship
with the layer number. The 2D peak shows both a significant shape and intensity
changes as the number of layers changes. In monolayer graphene, the 2D peak
exhibits a sharp and single peak, whose intensity is around 2 -3 times of that of G
peak, while in bilayer graphene the 2D peak splits into four Lorentzian peaks with a
corresponding I2D/IG ratio decrease. These Raman peak features provide us with a
fingerprint method to identify the thickness and layer numbers of graphene sheets.

3.3.1.5 Fourier transforms infrared spectroscopy (FT-IR)
Fourier transforms infrared spectroscopy is also a spectroscopic technique that is
used to obtain an infrared spectrum of absorption, emission, and photoconductivity
of a sample. FT-IR exploits absorption of light at specific frequencies by molecules
that are characteristic of their chemical structure. Graphene oxide is chemically
similar to graphene and contains carbon sp2/sp3 hybridized bonds, which are strongly
Raman active. However, a number of chemical groups, such as hydroxyl, carboxyl
and carbonyl groups are significantly stronger in IR spectra, thus FT-IR is a stronger
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tool for studying GO and GO paper. The infrared light of the electromagnetic
spectrum is usually divided into three regions; the near-, mid- and far- infrared,
named for their relation to the visible spectrum. The mid-infrared is the region of
interest in our project and approximately 4000–400 cm−1 (2.5–25 μm) was used to
study the fundamental vibrations and associated rotational-vibrational structure of
GO and GO paper.

Absorption and transmittance spectroscopies are the mostly used modes in FT-IR
and typical absorption appears at resonant frequencies, which matches the transition
energy of the bonds that vibrate or rotate. A typical IR spectrum of GO/GO paper is
shown in Figure 3.12.

Figure 3.12 FT-IR spectrum for GO paper with absorption peaks labeled for a
number of functional groups.

The IR spectrum for GO shows bands of O-H (1400 cm-1), epoxide, C-O bending
and stretching (1300-1000 cm-1), C=O (1724 cm-1), aromatic C=C (1608 cm-1),
carboxyl C-O (1415 cm-1) and C-OH, COOH, H2O (>3000 cm-1). Therefore, the
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presence of these functional groups provides evidence of the successful decoration of
functional groups on the GO sheets [7] and also represents the chemical structure of
GO paper, from which we can probe its deformation mechanism by tracking the
changes of these IR peaks during mechanical testing.

3.3.1.6 Thermogravimetric analysis (TGA)
Water content in GO based materials, especially for GO paper, is crucial for
determining its mechanical properties as summarized in section 2.3.2.2.
Thermogravimetric analysis is commonly used to determine selected characteristics
of materials that exhibit either mass loss or gain due to decomposition, oxidation, or
loss of volatiles (such as moisture). In our project, TGA was able to measure the
changes in sample weight with the increasing temperature and therefore a useful
technique for evaluating the water content in GO paper. All TGA was performed
using commercial equipment (Q500, Perkin Elmer, UK), as shown in Figure 3.13
(a). Samples were placed in a platinum pan under nitrogen during TGA
measurements and heated at a relatively slow rate of 5 °C∙min-1 in order to minimize
the thermal vibration. The TGA instruments continuously weighed the GO paper
sample as it was heated to temperatures of up to 800 °C. With the temperature
increased, various components of the sample were decomposed (mainly water
content in our experiment) and the resultant mass change was measured. By taking
the real-time weight of the sample and dividing it by the initial mass, the mass
percentage loss can be found. The results from TGA can be presented by (1) the
weight loss percentage versus temperature or (2) rate of mass loss versus temperature
curve (differential TG curve), both of which are shown in Figure 3.13(b).
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Figure 3.13 (a) Digital image of TGA equipment and (b) measurement curve of GO
paper, the red curve represent the derivative of the weight loss plot.

Figure 3.13 shows a 17 % mass loss for GO paper when the temperature increases to
100 °C and the highest is at around 50 °C, with a further loss of more than 42 %
when the temperature reaches 200 °C. The mass loss below 100 °C is expected to be
due to removal of the intercalated water molecules between the GO sheets, which
bond through van der Waals and hydrogen bonding with the GO sheets. This
intercalated water is believed to play the major role in determining the mechanical
behaviour of GO paper, which will be detailed in the following chapters. The mass
loss at about 200°C is due to the decomposition of oxidative debris adhered at GO
sheets [19], as discussed in Section 2.3.2 of Chapter 2.

3.3.2

Fabrication of FIB-milled micro samples

Focused ion beam, also known as FIB, has been used in materials science as a
milling tool for patterning samples [20], fabricating ultra-thin specimen for TEM
observation [21] and producing micrometre-sized samples for mechanical testing in
the study of biological materials and synthetic materials, as highlighted recently [22].
FIB systems operate in a similar fashion to SEM systems but use a finely focused
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beam of ions (usually gallium) instead of electrons that can be operated at low beam
currents for imaging or high beam currents for accurate sputtering or milling. A
schematic showing the focussing of gallium ions in equipment systems containing
SEM electron imaging is shown below in Figure 3.14.

Figure 3.14 (a) Schematic graph of the FIB principle. (b) SEM image of prepatterned silicon substrate. (Scale bar: 5 μm)

As shown in the figure above, the gallium (Ga+) primary ion beam hits the sample
surface and sputters a small amount of material, which leaves the surface as either
secondary ions or neutral atoms. The primary beam also produces secondary
electrons. As the primary beam scans on the sample surface, the signal from the
sputtered ions or secondary electrons is collected to form an image. If the beam
current is low, the sputtered surface material amount is small and the FIB image can
achieve a higher spatial resolution, while a high beam current provides considerable
sputtering of surface material to achieve accurate patterning.

The ability of FIB to accurately mill out a sample from a certain area or volume
within the parent sample is particularly vital for the evaluating defect related
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mechanical properties of graphene based materials. Specifically, Figure 3.15
provides an SEM image of GO paper that exhibits defective features from the
vacuum filtration collection of GO sheets. Examination of regions of the GO
material, which are free from the macroscopic defects, thus requires FIB to mill out
suitable materials for subsequent structural and mechanical testing.

Figure 3.15 SEM image of cross-sectional area of GO paper with defects [8].

In our project, preparation and isolation of discrete volumes of GO paper was carried
out using similar methodology as previous literature on FIB milling biological
materials [22]. GO paper micro-beams were fabricated from the parent GO paper
using a FIB integrated within the scanning electron microscope, Quanta 3D, FEI. A
relatively small FIB current of 0.1-0.3 nA was used to avoid ion beam implantation
and damage of the GO samples during micro-beam fabrication. A series of FIBmilled GO paper micro-beams is shown in Figure 3.16.
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Figure 3.16 SEM image of FIB milled micro-beams within GO paper. (Scale bar: 10
μm)

The isolation of GO paper micro-beams is an important step in evaluating the defects
effects on mechanical properties, such as the impact of large voids and intercalated
water. In the process of FIB milling, the FIB parameters were carefully optimized,
thus the sample geometry can be accurately controlled and subsequent mechanical
testing performed on samples with known geometries and structures.

3.3.3

Mechanical testing

Graphene based materials are expected to contain a diversity of defects across a
range of length scales that influence resultant strength. Therefore, mechanical testing
approaches that are able to evaluate mechanical performance across these length
scales are required. In this section, three testing techniques are detailed, which
provide mechanical evaluations of graphene based materials at different length
scales.
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3.3.3.1 ‗Large scale‘ mechanical testing
The mechanical properties of macroscopic samples are often examined using simple
tensile testing procedures. Indeed, GO paper at the millimetre scale is considered to
be a relatively macroscopic sample and can therefore be examined using tensile
testing. Uniaxial tensile test is most commonly used for obtaining the mechanical
characteristics of material and the Young‘s modulus and failure strength can be
extracted from the resultant stress-strain curve. In our project, static mechanical
uniaxial in-plane tensile tests for GO paper materials were conducted with a
commercial microtester (Deben, 200 N tensile stage, U.K.) as shown in Figure 3.17.

Figure 3.17 Digital image of the microtester, with the arrows shows the components
of the tester.

This commercial microtester is user-friendly and the testing parameters can be easily
controlled. The loading speed used was 0.1 mm∙min-1 with a maximum force limit of
200 N. The sample gauge length usable was 10 mm with a maximum displacement
of 10 mm. Therefore, the microtester is suitable for samples with dimensions at the
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millimetre scale. It is noted that this microtester can be easily integrated with optical
microscopy or fitted into an SEM chamber for in situ mechanical observation.

3.3.3.2 Custom-built AFM as mechanical tester
Tensile testing of materials provides a simple stress state condition and is more
straightforward than mixed mode testing setups such as bending test. In order to
study the effects of defects in determining the mechanical properties of graphene
based materials from different length scales, these defects need to be observed,
considered and even introduced intentionally. However, the conventional mechanical
testing methods are usually designed for macroscopic samples, thus lack of
capability for dealing with microscopic samples, such as appropriate grips or clamps.
The force measuring resolution is also limited to milli-Newton level, which is
unsuitable for micro- or nano-mechanics. Therefore, mechanical tensile testing of
low dimensional samples is challenging due to the limitation of conventional
mechanical testing techniques. Practically, three main challenges in tensile testing of
low dimensional samples can be defined:

(1) The small samples need to be observed in order to manipulate and perform the
mechanical testing.

(2) A manipulation step to position and displace the sample during tensile testing
requires high spatial resolution movement.

(3) Accurate recording of applied force and the resultant sample deformation during
mechanical testing is needed for quantitative evaluations.
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Conventional mechanical testing techniques are limited for samples in small
dimensions as imaging and manipulation is of insufficient resolution. New testing
configurations therefore need to be developed to overcome the above challenges.
Both high magnification optical microscopy and SEM has been shown in this
chapter to be capable for providing high resolution images. Manipulation and
mechanical testing are perhaps more demanding but AFM provides conclusive
answers to both of these demands, including high spatial resolution manipulation of
nanoscale samples [22-24] and use of AFM cantilever setup as shown in Figure 3.9
as a force sensing tool [25].

A novel custom built AFM based mechanical test method is developed here and
applied to the GO paper micro-beam samples by incorporating the mechanical
testing ability of AFM cantilever with the imaging capabilities of high resolution
SEM in a vacuum chamber and OM in ambient condition. Figure 3.18 show digital
images of custom built AFM incorporated into SEM chamber and OM sample stage.
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Figure 3.18 Digital images of (a-b) custom built AFM system incorporated into the
SEM vacuum chamber and (c-d) sample stage of an OM.

(1) Configuration and working principle of custom built AFM
The AFM system was built using commercial components (Attocube GmbH, Ger.),
which provides conventional capabilities of an AFM, including imaging and force
spectroscopy. As is shown in Figure 3.18, the AFM is relatively compact and can be
easily incorporated into SEM chamber with the tip horizontal to the sample as
opposed to the tip vertical configuration in conventional setups. The horizontal tip
setup allows open access to the sample for additional top down probing using
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electron or optical microscopy whereas conventional AFM setups obscure top down
access. Horizontal tip alignment to enhance this open access is shown in Figure 3.19
below.

Figure 3.19 Schematic graph of the custom built AFM configuration, with the insert
indicating the horizontal tip alignment relative to the sample.

The FIB fabricated micro-beam samples were fixed to the AFM tip by first placing a
droplet of epoxy glue (Poxipol, Arg.) approximately 1-2 mm in diameter at the edge
of the AFM sample stage. A FIB flattened AFM tip was translated into contact with
the glue droplet and removed using the AFM xyz piezo-positioners in order to
deposit glue at the AFM tip apex. Subsequently, the AFM tip was moved into
contact with the free end of the sample and attached it firmly. During the translation
process, imaging either with an optical microscope or SEM was used to confirm the
attachment of the AFM tip to the sample. When the glue was cured completely
(curing time was depend on the testing conditions), AFM cantilever would retract
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from its original position and thus applied tensile stress to the sample until it failed.
In situ images were taken during the tensile testing process to ensure the bonding
between epoxy and sample was fixed and rigid.

Compared with optical photodiode system used in conventional AFM, optical
interferometry behind the AFM cantilever is employed in the Attocube AFM system
for higher cantilever deflection accuracy. Interference is the superposition of two or
more waves that result in a new wave pattern, which usually refers to the interaction
of waves that are correlated or coherent with each other. In our AFM system, two
reflected laser beams originating from the same source are generated by two
reflecting surfaces at the end of the fibre optical and the back of AFM cantilever as
shown in Figure 3.20,

Figure 3.20 Schematic diagram of the laser interferometer used in Attocube AFM
showing the reflection of laser light both at the end of the fibre optic detector and the
back of the AFM cantilever.

During the tensile test, a force is applied to the AFM cantilever, leading to a
corresponding cantilever deflection and the gap between AFM cantilever and fibre
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optic changes as well. The reflected laser from the back of cantilever will travel a
correspondingly longer path for tensile test (shorter path for compressive test), which
results in a progressively increasing optical path difference between two reflected
laser beams. Therefore, corresponding change in the interference signal from the
combination of these two reflected lasers is an indication of the AFM cantilever
deflection. Figure 3.21 shows the resultant interference signal for a typical tensile
test.

Figure 3.21 Detected laser signal during tensile testing, the micro-beam sample has
been aligned and pre-strained to ensure the tensile test was uniaxial.

Figure 3.21 shows sinusoidal curve originated from the interference of reflective
laser beams during a typical tensile test. This sinusoidal curve progressed with the
increasing cantilever deflection during testing until the sample failed at a critical
applied load, leading to a sudden change of laser intensity as the AFM cantilever
bounced back to its original position.
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(2) Data analysis principle
The GO paper samples were tensile tested by moving AFM probe away from the
original position as described above. The tensile stress applied to the sample beam
can be calculated using Hooke‘s law:



F k d

A wt

Equation 3.1

where F is the tensile force, A is the cross-section area, k is the spring constant of
AFM probe, d is the cantilever deflection, w and t are the width and thickness of the
beam sample.

When the AFM cantilever is translated away from the sample, the retraction distance
of piezo scanner X behind the cantilever is recorded by AFM. This translation causes
cantilever deflection and deformation of the sample. The retraction distance X is
therefore equal to the sum of the cantilever deflection d and the sample deformation
ΔL. Hence, the sample strain ε can be calculated using:



L X  d

L
L

Equation 3.2

where L is the original sample length and can be accurately measured before the
mechanical test by SEM image and analysis software (ImageJ, NIH, USA), ΔL is the
sample deformation and X is the retraction distance of AFM.
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Equations 3.1 and 3.2 indicate that determination of cantilever deflection d is
required to measure both the stress and strain behaviour of the sample during tensile
testing. A laser interferometer optical fibre situated behind the AFM cantilever was
used to accurately determine the AFM deflection. The collected laser intensity I is
defined by the intensity of two incident lights I1 and I2 as well as the optical path
length difference between the two, defined as 2(G+d) as shown in Figure 3.20.

I  I1  I 2  2 I1I 2 cos[

2



 2(G  d )]

Equation 3.3

where I is the signal intensity, I1 and I2 are the reflected laser intensities, G is the
original gap between AFM cantilever and fibre optic, G+d is the cantilever-fibre
optic distance as the tensile test proceeds, λ is the wavelength of the laser (1330 nm).
Therefore, the cantilever deflection d is calculated from,

d  arccos

I  I1  I 2 
G
2 I1I 2 4

Equation 3.4

The above equation can be applied to the collected laser intensity data to determine
AFM cantilever deflection.

(3) Data calibration principle
To minimize and eliminate system errors, such as the deformation of glue and
nonlinear laser intensity changes, a calibration approach is applied after each
mechanical test. A calibrated dataset with the same testing condition and parameters

105

Chapter 3- Materials and methodology

but without the sample was carried out by gluing the AFM tip to the rigid stainless
steel AFM sample holder substrate and retracting the AFM tip away from the
substrate. In this way, the AFM recorded retraction distance X is equal to the AFM
cantilever deflection d. Therefore, correction of data due to compliance of the glue
and the real sample deformation can be extracted by incorporating the calibration
dataset with the raw dataset [26].

3.3.3.3 Nanoindentation test
Nanoindentation is an analytical technique that has been successfully used to probe
the mechanical properties of pristine graphene [28] and other 2D materials [29]. The
nanoindentation test pushes the AFM tip towards the sample until contact is
achieved. Further movement of the tip into the sample is produced to a pre-set
indentation depth, followed by retraction of the tip away from the sample. The
extension of AFM piezoelectric scanner against the AFM cantilever deflection can
be plotted to give a characteristic nanoindentation curve as shown in Figure 3.22.

Figure 3.22 Schematic graph of a typical nanoindentation curve.
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Nanoindentation curves can be divided in four regions: the approaching line, the
contact point, the indentation region and the retraction region. The approaching line
is the zone in which AFM tip is away from the sample and does not experience any
interaction with the sample, as the stage 1 in Figure 3.22. Decreasing the gap
between AFM tip and sample surface provides increasing Lennard-Jones attractive
interactions and causes the AFM tip to jump into contact with the sample, shown as
stage 2 in Figure 3.22. Further movement of AFM tip into the sample, shown as the
increasing scanner extension, causes AFM indentation with the sample. A resultant
AFM cantilever deflection corresponding to the indentation force applied to the
sample can be observed as stage 3-4. The retraction region is followed as the AFM
tip reaches its pre-set indentation depth and moves the tip detached with the sample
surface, shown as stage 5-7 in Figure 3.22.

Nanoindentation is commonly performed by conventional AFM systems in a top
down configuration and has been used in our project to mechanically test monolayer
graphene sheet with and without defects. The graphene sheets were prepared by
micro-exfoliation method and deposited onto a pre-patterned silicon substrate, as
shown in Figure 3.23 (a).
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Figure 3.23 (a) OM image of deposited graphene sheet and (b) AFM topography
image showing graphene sheet covers the pre-patterned substrate (highlighted in
yellow circle). (Scale bar: 2 μm)

The fabricated suspended graphene sheet is then mechanically tested using AFM
nanoindentation and the sample geometry can be precisely defined by the prepatterned holes, as shown in Figure 3.23 (b). The detailed experiment process is,
(1) The graphene sheet was firstly scanned in semi-contact mode to obtain the
topographic image of target sample. In order to minimize the thermal drift of piezo
scanner and locate the sample position more accurately, each sample was scanned at
least 1 hour and decreased scanning area progressively.

(2) Switching AFM mode from semi-contact imaging mode to contact mode.
Moving the AFM tip to the geometric centre of graphene membrane within an error
of 50 nm and define the indentation parameters, such as indentation depth and time.

(3) Perform indentation test as discussed above and collect calibration data. It is
noted that the readout indentation depth also contains two components, which are the
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deformation of graphene sheet and deflection of AFM cantilever. A further
indentation test on rigid surface (sapphire sheet) was carried out to calibrate the
AFM cantilever deflection and extract the real sample deformation.

3.3.4

In situ FT-IR with mechanical testing

Tensile test based on the custom built AFM is a powerful tool for probing the
mechanical properties of low dimensional samples and has an open access
configuration that allows sample probing with additional techniques such as OM and
SEM. This advantage provides further opportunity to develop a novel technique that
combines potential structural evaluations as mechanical deformation of graphene
materials occurs.

GO and GO paper contains carbon sp2/sp3 hybridized bonds and other IR active
functional groups, such as hydroxyl, carboxyl and carbonyl groups, which have their
own fingerprint IR spectroscopic peaks. Therefore, understanding the role of these
functional groups during mechanical deformation requires a combined technique
involving both mechanical testing and chemical information monitoring, in our
project, FT-IR, to explore the chemical structural changes during mechanical
deformation.

The conventional FT-IR needs to be recorded several cycles to obtain one quality
spectrum for IR peak identification within a timeframe of several minutes. The light
source used in conventional FT-IR is globar, which is a silicon carbide rod that can
be electrically heated up to 1000 ~ 1650 °C to emit radiation from 4 to 15 μm
wavelength. However, for in situ mechanical testing in our work, the tensile tests
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completed at a relatively short timeframe, conventional light source is not enough for
recording quality IR spectrum at such a narrow timeframe during mechanical testing.
Therefore, a new light source with sufficient intensity for IR recording in short
timeframe and high signal-to-noise ratio for peak identification is required.
Synchrotron light source (Diamond Light Source, U.K.) thus is the ideal light source
for in situ IR microspectroscopy. A synchrotron light source is a source of
electromagnetic radiation (EM); it is usually produced by storage rings and other
specialized particle accelerators, typically accelerating electrons. Once the highenergy electron beam has been generated, it is directed into auxiliary components
such as bending magnets and insertion devices (undulators or wigglers) in storage
rings. Then the specialized beam will be transmitted to different beamlines for
different research purposes, specifically, the infrared beam B22 was used in our
work. The schematic graph of this novel technique, which combined custom built
AFM and synchrotron FT-IR, is shown in Figure 3.24.

Figure 3.24 Schematic graph showing the combination of custom built AFM as the
mechanical testing tool and the FT-IR as the chemical information monitor.
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As shown above, the custom built AFM was acting as a mechanical testing tool, in
which AFM cantilever attached with a FIB milled GO paper micro-beam and
performed tensile test as discussed in Section 3.3.3.2; the fibre optic recorded the
displacement of cantilever. The FT-IR is the chemical information monitor which
can provide chemical structure changes of GO paper during mechanical testing by
tracking the movement of bond peaks. The configuration of our experimental setup
is shown in Figure 3.25.

Figure 3.25 (a) Digital image showing custom built AFM placed on OM stage of
synchrotron FT-IR equipment and (b) the detailed setup of custom built AFM.

The custom built AFM was placed on the sample stage of FT-IR equipped with
synchrotron light source and the sample (GO paper) was mounted on the positioner
of AFM and attached with AFM cantilever with the assistance of OM. The procedure
of typical FT-IR monitored mechanical test is following: FT-IR spectrum at zero
strain was measured firstly prior to each in situ mechanical testing; the sample then

111

Chapter 3- Materials and methodology

stretched at constant displacement rate and paused after a certain piezo retraction
displacement, then the FT-IR spectrum was recorded within 30 seconds timeframe;
repeated the above step until the sample failed and the signal bounced back to a flat
line, as shown in Figure 3.21. A series of FT-IR spectra at different piezo retraction
displacements can be recorded during mechanical testing. Further data analysis [24,
25] can transfer piezo retraction to sample strain and linked with the corresponding
FT-IR spectrum at each strain point. Analyzing the position of chemical bond peaks
with different applied strain, the chemical structural changes during mechanical
deformation can be extracted, which will be detailed in Chapter 6.

3.4

Conclusions

In summary, the fabrication of graphene based materials and novel experimental
methodologies that are capable of investigating structure-mechanics relationships at
various length scales are both essential to study the defect related mechanics of
graphene based materials. In this chapter, the fabrication methods of graphene based
materials, such as exfoliated pristine graphene, chemically derived GO and its
layered assembles-GO paper were summarized following a range of characterization
techniques that are able to provide both structural and mechanical evaluations of asproduced graphene. Mechanical testing approaches incorporating samples in
different length scales are detailed, including the tabletop microtester (for testing
macroscopic GO paper in Chapter 4), custom built AFM system (Attocube AFM for
testing GO paper micro-beam in Chapter 4 and 5) and nanoindentation (for testing
monolayer graphene in Chapter 7). In order to evaluate the deformation mechanism
and the role of functional groups in determining the mechanical properties of GO
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paper, a combination of AFM system and in situ synchrotron FT-IR was highlighted,
which will be discussed in Chapter 6.
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Chapter 4 – Mechanical properties of graphene oxide paper
materials
4.1

Introduction

Tensile testing of graphene oxide paper represents the first, simplest step in
understanding mechanical properties of graphene based materials. GO paper is easily
produced from solution processing of individual monolayer GO sheets that readily
self-assembled into the macroscopic paper in a freestanding form [1, 2], as discussed
in Section 2.3.2. Indeed, graphene paper is notable in outperforming other paper-like
materials in terms of mechanical properties, combined with its unique thermal
stability [1, 3], biocompatibility [3] and can be further reduced to restore its
conductivity, which also demonstrates vast potentials as a promising candidate for
technological applications in different forms and length scales, such as building
blocks of electronic devices and solar cells [1-4]. The mechanical properties of the
GO paper are critical in these applications and thus need to be comprehensively
understood from different length scales.

The mechanical properties of GO paper are evaluated at length scales ranging from
the macroscopic to the microscopic in this chapter. Efforts to evaluate mechanical
properties at multiple length scales are expected to reveal critical components that
define overall mechanical behaviour in our graphene based materials. For example,
the microscopic mechanical properties of GO paper are expected to be dominated
more by intrinsic properties, including the sheets and their interaction with one
another, whereas macroscopic properties are potentially defined more by extrinsic
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factors including void formation from processing. Further exploration of intrinsic
GO paper behaviour is made using chemical modification of the paper using
established methods of Ca2+ ion and GA incorporation as discussed in section
2.3.2.2. Chemical modification is expected to improve the interaction between
individual sheets within the GO paper for improvement of intrinsic behaviour.
However, the dominance of intrinsic mechanical performance versus extrinsic effects
is currently unclear and will be evaluated using suitable mechanical testing
techniques ranging from conventional tensile testing to smaller scale AFM
methodologies [5], described in section 3.3.3.2.

4.2

Experimental

GO paper were fabricated as described in Section 3.2.2 of Chapter 3. The digital
image of as-produced GO paper and the AFM topographic image of individual GO
sheets are shown in Figure 4.1.

Figure 4.1 (a) The as-fabricated GO paper samples and (b) AFM topographic image
of GO sheets on mica substrate. (Scale bar: 2μm)
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The Ca2+ modified GO paper samples were prepared as detailed in section 3.2.2.2 of
Chapter 3. The GO paper samples were then cut into strips for macroscopic
mechanical testing or as a precursor material for smaller scale FIB fabrication for
micromechanical testing.

Two mechanical testing methods were employed to probe the mechanical properties
of GO papers at macroscopic and microscopic length scales. Macroscopic tensile
testing was performed by mounting a GO paper strip cut from the parent paper into a
commercial tabletop microtester by hand. The testing strip was cut directly from the
parent GO paper by using sharp razor blade. The dimensions of GO paper strip were
10.0 mm x 6.5 mm x 12.5 μm and were relatively easy to manipulate by hand. The
detailed description of microtester experiment is summarized in Section 3.3.3.1 of
Chapter 3. Specifically, the tensile tests were conducted in displacement ramp mode
with a pre-strain 0.01% and a ramp rate of 0.1mm∙min-1. Figure 4.2 shows the failed
GO paper strip mounted on the microtester after tensile test.

Figure 4.2 Digital image of GO paper strip after the tensile test, the red rectangle
highlight the GO paper strip.
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It is noted that only GO paper strips that failed at the suspended part away from the
clamp edges were considered as successful tests. Microscopic tensile testing was
performed by mounting the FIB milled GO paper micro-beam in Attocube AFM.
The detailed experimental process has been discussed in Section 3.3.3.2 of Chapter
3. Figure 4.3 shows the attachment of an individual GO paper micro-beam to the
apex of an AFM tip for subsequent mechanical testing.

Figure 4.3 Optical images showing an individual micro-beam attached to the AFM
tip. (Scale bar is 20 μm).

In situ OM images were taken during the tensile testing process to ensure the
bonding between epoxy and GO micro-beams was fixed and rigid; any tests showing
slippage between the micro-beam and glue were discarded. Correction of data due to
compliance of the glue is carried out by gluing the AFM tip to the rigid stainless
steel AFM sample holder substrate and removing the AFM tip, as carried out in
previous works [5, 6].
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4.3

Results and discussion

4.3.1

Mechanical properties of unmodified GO paper

A plot showing the typical tensile stress-strain curve of unmodified GO paper strips
in ambient condition is shown in Figure 4.4.

Figure 4.4 Tensile stress-strain curve for a macroscopic unmodified GO paper strip;
least-square fitting was used to extract the Young‘s modulus of macroscopic
unmodified GO paper.

As discussed in Chapter 2, the deformation process progresses through three stages.
The first stage ranging from 0 % to 0.3 % of approximate applied strain is identified
as the initial straightening of wrinkles and waviness within GO paper microstructure.
The sample exhibits relatively low stiffness during this first stage as misalignment of
the GO sheets within the paper is removed. The second stage of deformation is
characterized by a linear region in the stress-strain curve from 0.3 % to 0.8 %
applied strain, which occurs as the GO sheets and inter-layer crosslinks carry the
majority the applied load elastically. Least-square linear fitting is used to calculate
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the Young‘s modulus of GO paper at this second stage and gives an average Young‘s
modulus of macroscopic unmodified GO paper of 5.7 ± 0.2 GPa, which is slightly
lower than previous literature [1]. The different between the Young‘s modulus of the
GO paper here and previous work is expected to be due to variations in the physical
and chemical characteristics of GO paper, such as potentially smaller GO sheets in
the current work, due to the variety of fabrication methods employed [7-9]. The
final stage observed in a typical GO paper stress-strain curve is non-elastic
deformation due to micro-cracking and the sliding of adjacent GO sheets as the GO
paper sample deformed nonlinearly until it reaches its failure strength of 25 – 40
MPa. SEM images of the fractured GO paper shown in Figure 4.5 indicate relatively
flat fracture surfaces. Other paper materials, such as bucky paper, often have a
heterogeneous dispersion of the nanomaterial within the paper, which causes
distribution of stresses during loading and results in a heterogeneous fracture surface
[10]. The flat failure surfaces of GO paper therefore suggest GO paper exhibits
relative homogeneity including similar dispersion of GO sheets throughout the paper
and consistent inter-layer interactions compared with other paper-like materials as
mentioned in Section 2.3.2 of Chapter 2.
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Figure 4.5 SEM images of the fracture surface of GO paper strip. (Scale bar: 20 μm)

Mechanical properties of GO paper micro-beams were evaluated to understand the
effects of reducing length scale on resultant paper mechanics. In particular, the
reduced volume of micro-beams, FIB milled from dense regions of the GO paper
where larger scale defects are absent as described in Section 3.3.2, are expected to
have potentially improved strength as the amount of defects present in the sample are
reduced. The mechanical properties of the GO micro-beams were tensile tested using
AFM methodologies defined in Section 3.3.3.2. A typical stress-strain curve for an
individual unmodified GO micro-beam is shown below in Figure 4.6.
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Figure 4.6 Tensile stress-strain curve of an individual unmodified GO micro-beam.
Least-square fitting to give the initial linear region was used to extract the Young‘s
modulus of unmodified GO micro-beam.

The tensile testing curve for the GO paper micro-beam shows two distinct regimes
within the resultant stress-strain curve. In the first regime, ranging from 0 % to 1.20
% strains, the slope of the curve is relatively large and an efficient stress build up to
approximately 60 MPa is achieved. The tangential modulus in this regime is 7.43 ±
0.18 GPa. A second regime is identified in the stress-strain curve for GO above
strains of ~1.20 % corresponding to a decrease in the slope of the curve and a
resultant tangential modulus of 2.22 ± 0.09 GPa. The GO beam reaches its maximum
stress of 84 MPa while the total strain achieved was 2.89 %. Variations in the
tangential moduli of the micro-beams are representative of specific deformation
mechanisms in the GO paper. The initial modulus is expected to be due to elastic
deformation of the material whereas the lower tangential modulus describes plastic
deformation. A clear transition point from elastic to plastic deformation is shown in
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Figure 4.6 at strains of above 1% and denotes a loss in stress transfer efficiency
between the GO sheets within the paper, particularly overcoming inter-layer
interactions that result in expected sliding between adjacent GO sheets.

Comparing the mechanical response of macroscopic and microscopic unmodified
GO paper samples is important in understanding the role of length scales in tensile
testing. Macroscopic GO sample were notable in exhibiting three deformation stages
of initial straightening, linear deformation and plastic deformation whereas microscale mechanical testing revealed two deformation stages. The absence of an initial
region of sample straightening in the micro-beams suggests FIB selection of discrete
volumes provides a relatively good alignment of GO sheets within the sample. GO
paper micro-beam showed improved mechanical properties when compared to the
macroscopic samples. For example, the Young‗s modulus of GO paper increased by
approximately 30 %, from 5.7 GPa to 7.4 GPa and the failure strength increased
from 25-40 MPa to about 80 MPa, relative to the larger macroscopic samples. The
significant increase in strength and Young‘s modulus when examining smaller-scale
samples is of interest and indicates considerable limitations in mechanical
performance when GO structures become larger. The potential to transfer stresses
between GO sheets in the paper is a potentially critical mechanism in defining
overall mechanical performance and can be simply evaluated by chemical
modification of the paper, as reviewed in section 2.3.2.2. The ability to enhance the
interactions between GO sheets in macroscopic samples will therefore evaluate the
importance of the interfacial interactions between the GO sheets in overall paper
mechanical properties.
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4.3.2

Mechanical properties of chemically modified GO paper

Fabricated GO paper was chemically modified with Ca2+ ion and GA in order to
improve the adhesion between GO sheets within the paper as described in Section
2.3.2.2 of Chapter 3. GO paper exhibits layered microstructure and the intra-layer
carbon covalent bonds are much stiffer than inter-layer crosslinks. Therefore, the
shear strength between adjacent GO sheets is expected to dominate the stress transfer
and determine the overall mechanical properties of GO paper. The tensile behaviour
of the chemically modified GO paper was carried out using the sample conditions as
for the unmodified GO paper described above in Section 2.3.2.1. It is noted that
recording FT-IR spectrum in situ during mechanical deformation of GO paper, as
detailed in Chapter 6, required pausing of mechanical testing at 0.05 % strain
increments within a recording timeframe of 30 seconds. The tensile stress-strain
curves of three Ca2+ ion modified GO paper samples is shown in Figure 4.7, denoted
in different coloured data sets.

Figure 4.7 Tensile stress-strain curve of Ca2+ ion modified GO paper.
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As shown in Figure 4.7, the stress-strain curve for Ca2+ modified GO paper shows
three distinct deformation stages. The first stage is comparable to the initial
straightening region of unmodified GO paper, ranging from 0 % to 0.15 % strain,
with a maximum stress of around 30 MPa. This maximum stress in the first region is
similar to the failure strength of unmodified GO paper. However, the stiffness of
modified material material taken from the slope of the stress-strain curve is
considerably higher than for the unmodified paper, with least-square linear fitting
indicating a Young‘s modulus of 16 GPa. This enhancement of stiffness is due to the
improved intra-layer bounding between GO sheets and Ca2+ ions at the initial
loading stage as discussed in Section 2.3.2.2 (1). The second stage of elastic
deformation up to around 0.7% strain gives an average Young‘s modulus of Ca2+
modified GO paper of 8.78 GPa and maximum tensile stress of 80 MPa. The
decrease of Young‘s modulus in the second stage can be attributed to the trapped
Ca2+ ions in the gallery region, which lead to larger inter-layer spacing. These
trapped inter-layer ions cannot efficiently resist tensile loading at high stress stage.
The third deformation stage beyond the linear region is plastic deformation and
provides a marginal increase in the maximum stress to give strength above 112 MPa.
The three-stage deformation behaviour of the Ca2+ ion modified GO paper is
comparable to the unmodified GO paper, but the enhanced material stiffness from
chemical modification indicates an improved intra-layer interaction. Mechanical
improvements in the GO paper are therefore attributed to the introduced Ca2+ ion,
which binds tightly to carboxylic acid groups at the edges of individual GO sheets
and results in cross-linking of adjacent sheets for enhanced stiffness and strength.
Further evidence of mechanical improvement of GO paper from chemical
modification was explored by applying GA treatment to the GO paper as described
127

Chapter 4- Mechanical properties of graphene oxide paper materials

in section 2.3.2.2 (2). The tensile properties of the GA modified GO paper were
carried out using conventional testing as described in Section 3.3.3.1 to allow
comparison with the unmodified and Ca2+ modified GO papers. The resultant tensile
stress-strain behaviour of GA modified GO paper is shown in Figure 4.8. It is noted
that the drops in the testing curve is due to the pauses during the mechanical testing.

Figure 4.8 Tensile stress-strain curve of GA modified GO paper.

A three-stage deformation behaviour of GA modified GO paper is clearly observed
in Figure 4.8 above, suggesting initial straightening, elastic deformation and plastic
deformation mechanisms. The average Young‘s modulus for the second elastic
regime is notably as reaching 43.9 ± 2.7 GPa, which is the highest value we achieved
among the three different macroscopic GO paper samples. This Young‘s modulus is
due to the introduced GA molecules that strongly bind to both the inter-layer and
intra-layer GO sheets and strengthen the inter-/ intra-layer adhesion, which has been
addressed in Chapter 3.
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The comparison of Young‘s modulus and failure strength of macroscopic
unmodified, Ca2+ ion modified, GA molecular modified GO paper and microscopic
unmodified GO paper is shown below in Figure 4.9.

Figure 4.9 Summary of elastic moduli and failure strength of macroscopic
unmodified, Ca2+ ion modified, GA molecular modified GO paper and microscopic
unmodified GO paper.

As shown above, the macroscopic unmodified GO paper shows the poorest
mechanical properties, with a Young‘s modulus of 5-6 GPa and failure strength of
around 40 MPa. The macroscopic Ca2+ ion modified GO samples improve greatly on
the failure strength up to around 100 MPa but fewer improvement on the Young‘s
modulus. This result suggests that the introduced Ca2+ ion bind to the intra-layer GO
(in-plane adjacent GO sheets, as shown in Figure 2.14 of Chapter 2) but are also
trapped within the gallery region, which leads to a larger inter-layer spacing and poor
stress transfer efficiency. The microscopic GO paper sample exhibits the similar
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Young‘s modulus values as the Ca2+ ion modified macroscopic sample, which
indicates that both the improvement of GO sheets alignment and inter-layer
interactions can increase the strength and Young‘s modulus of the paper material.
GA modified macroscopic GO samples show the highest mechanical properties, with
a Young‘s modulus of 40 GPa and failure strength above 140 MPa. The introduced
GA molecule effectively reacted with the hydroxyl groups on the surface of GO
sheets through intermolecular acetalization, which significantly improved loadbearing capabilities of GO sheets since the bounded GA molecules provided better
inter-layer interactions [9]. Chemical modification of the GO paper therefore
highlights the importance of the interaction between GO sheets in the paper,
effectively interfacial defects, which strongly govern the resultant mechanical
response of the paper. The shear strength between adjacent GO sheets (inter-layer
interactions) limits the stress transfer and determines the overall mechanical
behaviour of GO paper. Therefore, such inter-layer interactions can be optimized and
tailored to strengthen or weaken GO paper to suit potential application requirements.
The use of crosslinkers, such as Ca2+ ions and small molecule of GA bind or react
with the functional groups on GO sheets to give interface controlled mechanics.
Additionally, the selection of smaller volumes of sample for subsequent mechanical
testing appears to improve both the strength, due to removal of larger defects when
selecting discrete regions using FIB, and Young‘s modulus as the alignment of
stacked GO sheets is better oriented with the applied load. Thus, the structural
properties of both the nanoscale sheets and their interaction with one another define
mechanical properties of the macroscopic paper. Molecular structures and their
influence on mechanical performance for these interfacial interactions and intrinsic
sheets behaviour will be explored in next few chapters, with the aim of providing a
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hierarchical description of mechanical properties across a range of length scales in
graphene based materials.

4.4

Conclusions

Macroscopic unmodified, Ca2+ ion modified, GA molecular modified GO paper and
microscopic unmodified GO paper samples were mechanically tested. The
unmodified GO paper micro-beams exhibited improvement in failure strength and
Young‘s modulus due to the better alignment of GO sheets and low defect
population within a microscopic volume. GA molecular modified GO paper shows
the best mechanical properties with failure strength above 140 MPa and Young‘s
modulus of ~ 40 GPa, which is attributed to the improved load-bearing capabilities
of GO sheets since the bounded GA molecules provided better inter-layer
interactions. The measurement in this chapter has shown that both the chemical
modification (Ca2+ ions and GA molecular) and physical modification (decreased
sample size) can tailor the mechanical properties of GO paper.
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Chapter 5 – Mechanical properties of GO paper microbeams using in situ nanomechanical tensile testing in
different environmental conditions
5.1

Introduction

The previous chapter highlighted the mechanical properties of GO paper samples
tested at a variety of length scales. Improving the mechanical properties of the GO
was found to occur when using small length scales where defects were absent by
selecting discrete volumes of material using FIB. However, the inherent material
properties of GO paper are critically dependent on the interfacial interactions, which
essentially act as defects to lower the mechanical properties of GO relative to
literature values for individual sheets. Chapter 2 highlighted the relationship between
the mechanical properties of GO paper and chemical treatments applied to GO
interfaces following self-assembling process. Chemical treatments were probed in
the previous chapter using Ca2+ ion and GA to modify inter-layer crosslinks.
Importantly, these chemical treatments changed GO mechanics and highlighted the
role of small molecules in controlling resultant mechanical behaviour. Testing GO
paper in laboratory conditions is therefore of critical interest as small molecules,
particularly water, are present in ambient conditions. Section 2.3.2.2 (3) has
highlighted a range of simulations that describe the role of water in GO and their
ability to promote inter-layer crosslinks. A two parameter relationship potentially
exists in GO where the inherent material mechanical behaviour is dependent both on
size effects, which dictates defects in the material, and water-controlled interfacial
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interactions. For defects, the relationship between defect structure and failure
behaviour of the inherent GO sheets assembled together within a GO paper remains
poorly understood. Previous works have measured the size-dependence strength of
nanomaterials, in particular for carbon and inorganic nanotubes, and described the
influence of corresponding defects using established fracture mechanics arguments
[1, 2]. The size of a crystalline material has been historically shown to control bulk
strength by Griffith [3] due to the statistical probability of finding a critical defect
within a structure. Thus, reducing the dimensions of a material decreases the
probability of a critical defect existing within the material‘s structure. Some works
have highlighted variations or modifications to the work of Griffith, most notably the
quantization of failure [4] and the insensitivity of biological materials to defects [5]
at small length scales.

The structure of GO has been previously established as exhibiting defects as
discussed in Section 2.3.1, but further complexity exists due to the interaction
between the defects within the individual GO sheets and interactions between sheets
from the presence of water molecules within the GO paper. The assessment of both
defect population in a GO material and dependence on water induced inter-layer
interactions require progress in experimental methods used to assess the strength of
the material. AFM is a testing technique with sufficient force range and resolution to
evaluate the inherent strength of GO paper. FIB milling is also able to select the
discrete volumes of the dense GO regions for subsequent mechanical tests.
Therefore, the volume of GO paper can be determined using FIB to control the size
of the sample, and thus the amount of defects in the GO structure, with AFM
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employed to determine the mechanical properties of this discrete sample volume
directly.

In this chapter, GO paper micro-beams were fabricated using FIB assisted milling to
selectively choose the dense region within the unmodified GO paper and AFM was
used to in situ mechanically test the microscopic samples in environmental
conditions containing water and an absence of water i.e. in air and high vacuum
respectively. The relationship between sample size-dependent defects, the role of
water on inter-layer interactions and resultant mechanical behaviour of the GO paper
micro-beams is thus detailed in this chapter.

5.2

Experimental

5.2.1

Preparation of GO paper and FIB milled micro-beams

GO sheets were synthesized using the modified Hummer‘s method following
mechanical cleavage of graphite oxide with the assistance of sonication. Figure 5.1
shows a semi-contact mode AFM image of the GO sheets on an atomically flat
silicon substrate.
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Figure 5.1 Semi-contact mode AFM image of GO sheet on an atomically flat silicon
substrate, with an individual GO sheet height profile along the white line shown in
the insert.

The step height of 0.8-1.2 nm when moving from the silicon substrate to the top of
the GO sheet corresponds to the thickness of GO monolayer, as previously reported
[6, 7]. Furthermore, the average dimension of the individual GO sheet is within the
range of 0.5-2 μm as indicated in the AFM images. A cross section of GO paper
assembled from these GO sheets is shown in Figure 5.2 and reveals a heterogeneous
structure of densely packed oriented GO sheets interspersed between voids of the
order of 10 μm in the sheet plane, but smaller void dimensions (1-5 µm) normal to
the sheet plane.

136

Chapter 5- Mechanical properties of GO paper micro-beams using in situ
nanomechanical tensile testing in different environmental conditions

Figure 5.2 SEM image of a GO paper cross-section area.

The mechanical strength of the GO paper is therefore defined both by the inherent
properties and the interactions between the GO sheets within the densely packed
regions and potential voids, which will act as stress concentration sites. In order to
isolate the inherent strength of the assembled GO sheets from these lower density
void regions, FIB-assisted milling was used to isolate discrete micro-beam volumes
of GO in the dense regions of the paper for subsequent mechanical testing. The
detailed fabrication method can be found in Section 3.3.2 Chapter 3. Resultant
micro-beam lengths and thicknesses were approximately 15.0 µm x 0.9 µm. Microbeam widths were varied from 3.8 µm to 15.0 µm in order to examine the effects of
size on resultant material strength, which is analogous to classical work of Griffith
on the relationship between fibre strength and diameter.

5.2.2

In situ mechanical tensile testing

Tensile testing of GO paper was performed using the Attocube AFM integrated into
an SEM chamber (vacuum testing) or optical microscope (air testing) for imaging.
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The testing process has been summarized in Section 3.3.3.2 of Chapter 3. Briefly,
GO paper micro-beam samples were fixed to the AFM tip containing epoxy glue
using the AFM xyz piezo-positioners to provide manipulation. Following glue curing
to secure the sample, the AFM tip was retracted from the GO paper micro-beam to
provide tensile testing. It is noted that imaging either with an optical microscope in
air or SEM in vacuum was used to confirm the attachment of the AFM tip to the GO
paper micro-beam. The AFM system was used to measure forces acting on the GO
micro-beam sample and the piezo-positioners used to apply small sample movements
to correct for drift. In situ images were taken during the tensile testing process to
ensure the bonding between epoxy and GO micro-beams was fixed and rigid; any
tests showing slippage between the micro-beam and glue were discarded.

5.3

Results and discussion

Uniaxial tensile testing of individual GO paper micro-beams was performed in air
and within the vacuum of the SEM chamber in order to assess the effect of water on
the strength behaviour of GO. We note that the tensile testing of micro-beams in air
is shown in the previous chapter and serve as a comparison for the vacuum testing.
Specifically, the presence of water has been previously shown to be dominant in
defining interactions between GO sheets [8-10]. The mechanical testing applied in
this work must therefore be sensitive to the variations in sheet interactions in air and
vacuum conditions, which may cause corresponding changes in the resultant sheet
tensile strength of the GO paper. In situ monitoring of the tensile testing to ensure
uniaxial deformation conditions was achieved using optical microscopy in air and
SEM in vacuum. Visualization of an individual GO micro-beam tensile tested to
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failure in vacuum is shown in Figure 5.3, whereas previous imaging in air is shown
in Figure 4.4 in Chapter 4.

Figure 5.3 (top) SEM micrograph of an individual GO paper micro-beam attached to
the end of an AFM tip; (bottom) the failed GO paper micro-beam after tensile
deformation.

The AFM used to mechanical deform the GO micro-beams allows the determination
of sample stress and strain through the recording of the force applied to the sample
and the corresponding sample displacement. Seven samples with a variety of widths
were tensile tested for both air and vacuum environmental conditions, resulting in a
total of fourteen mechanical tests performed in this work. Two typical mechanical
stress-strain tensile testing curves for GO micro-beams in air and vacuum are shown
in Figure 5.4.
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Figure 5.4 Typical stress-strain curves for individual GO paper micro-beams tensile
tested to failure in air and vacuum environments.

The tensile testing curve for GO in air shows two distinct regimes within the
resultant stress-strain curve. In the first regime, ranging from 0 % to 1.20 % strain,
the slope of the curve is relatively large and an efficient stress buildup to
approximately 60 MPa is achieved. The tangential Young‘s modulus in this regime
is 7.43 ± 0.18 GPa. We expect that the applied load is borne by the stacked GO
sheets through stress transfer across the hydrogen bonding interactions bridged
between the adjacent GO sheets [8, 9, 11]. A second regime is identified in the
stress-strain curve for GO in air above strains of ~1.20 % corresponding to a
decrease in the slope of the curve and a resultant tangential Young‘s modulus of 2.22
± 0.09 GPa. The GO beam reaches its maximum stress of 84 MPa while the total
strain achieved is 2.89 %. The decrease in stress buildup with strain for the GO
sample in this second regime denotes a loss in stress transfer efficiency between the
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hydrogen bonding interactions due to expected sliding between adjacent GO sheets.
We propose a mechanism of GO sheet sliding described by this second lower slope
due to inelastic deformation. This proposed sliding between GO sheets within the
second region for air testing is supported by simulation work [9]. The testing in
vacuum removes the ability of water to bind together GO sheets, which has again
been described [8-11], and we believe is observed experimentally in our work for the
first time. Thus, the mechanical testing technique is able to determine deformation
mechanisms within the GO paper. We additionally note that the second sliding
regime observed for air-tested samples in Figure 5.4 is absent in macroscopic tensile
tests [12]. We believe that our GO micro-beams are therefore exhibiting GO sheet
sliding in this second regime due to a relatively uniform and parallel alignment
between the GO sheets whereas corresponding GO sheet mis-alignment in
macroscopic tests limits sliding mechanisms.

The mechanical testing setup applied to tensile deformation of GO micro-beams in
vacuum clearly shows a characteristic change in behaviour when compared to air
testing in Figure 5.4. Specifically, the stress-strain behaviour is linear with a failure
stress and strain of 46.00 ± 0.25 MPa and 2.31 % respectively, resulting in a
calculated Young‘s modulus of around 2.12 ± 0.28 GPa. This tensile Young‘s
modulus for the GO in vacuum is the same, within error, as the tensile Young‘s
modulus for GO in air during the second regime that causes sliding between GO
sheets at relatively high material strain. We can therefore conclude that the
deformation behaviour of the GO micro-beams in vacuum is defined by sliding
between GO sheets during the application of an external force and denotes poor
stress transfer between the GO sheets.
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Figure 5.5 Plot of the failure strength of individual GO paper micro-beams with
beam width in air and vacuum environments, the dash line is the linear fit for data
points.

The strength for GO micro-beams tensile tested to failure in both air and vacuum
condition is shown in Figure 5.5. A general trend of an increase in the tensile failure
strength of the GO paper micro-beam with decreasing beam width is observed in
both testing conditions. In air, the highest tensile stress achieved for the GO paper
micro-beams is 130 MPa and the lowest failure strength is 33 MPa. Tensile testing
GO in vacuum provides a drop in the tensile strength relative to air testing, with
strengths ranging from 18 MPa to 66 MPa recorded for the largest and smallest beam
widths respectively. The average tensile strength of the GO paper is approximately
85 MPa in air but decreases significantly to 40 MPa in vacuum. The range of GO
tensile strengths in this work is comparable to existing literature [11, 12]. However,
the variation in failure strength of GO paper is less well documented but size
dependent strength is well known in brittle materials such as Griffiths‘ classic
experiments on glass fibres [3]. This size dependent behaviour is typically associated
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with the number of defects in a brittle material reducing as the size of the material
decreases, causing a corresponding increase in the resultant tensile failure strength.
Therefore, the increase in GO paper micro-beam failure stress is due to a decrease in
the population of flaws in smaller beam widths.

Further strength dependence in the GO micro-beams is observed due to the testing
conditions used. The failure strength of the GO is lowered when testing in vacuum
conditions when compared to air and the potential lack of water available in this
environment must be considered in any mechanism describing this strength
reduction. The mechanical properties of GO paper have been previously shown to be
controlled by hydrogen bond networks formed between the functional groups of the
GO, such as hydroxyl and epoxy groups on the basal plane with carboxyl and
carbonyl groups on the sheet edges, and bridging intercalated water molecules
between the GO sheets. The effects of water molecule-assisted hydrogen bonding
networks on GO paper mechanics have been highlighted as complex [8-12].
Specifically, water-molecules act as building blocks for hydrogen bonding between
GO sheets within a water content range. Water content increasing from 4 % to 7 %
has been highlighted as increasing the Young‘s modulus by more than 70 % from 23
GPa to 40 GPa [9]. Decreases in the strength of micro-beams GO when testing in
vacuum is therefore due to the lack of stress transfer between the GO sheets, which
promotes inter-sheet sliding. It is also noted that previous work validates
environmental dependent friction coefficients for diamond-like carbon films and
graphene, where ultrahigh vacuum results in low friction coefficients for enhanced
slippage between graphene sheets and material failure [13, 14].
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The variation in the strength of the GO micro-beams with size is constant for both air
and vacuum testing in Figure 5.5. This trend indicates that the size dependent
strength is a property of the micro-beam as both air and vacuum testing use microbeams fabricated from the same sample, and thus are effectively a constant structure
for all of the testing conditions. The absolute strength of the GO micro-beams is low
relative to the expected theoretical strength of individual GO sheets, and must
therefore be defined by defects between the GO sheets and not from defects within
the GO sheets. Indeed, while FIB is able to select volumes of GO without the larger
voids of the order of 1-5 µm for mechanical testing, smaller voids at interfaces
between GO sheets can also be observed in Figure 5.2. These smaller voids originate
from the wrinkling of the sheets and can be considered as defects within the microbeams. The size dependent strength of the GO micro-beams is governed by these
interfacial defects but the absolute strength of the micro-beams is still sensitive to the
stress transfer occurring across the interface. To explore the effects of defects on
tensile strength further, the size dependent tensile strength of GO paper was
characterized using a Weibull distribution, which is commonly used to quantify the
statistical nature of material strength. While relatively large amounts of data are
typically required for statistical relevance, Weibull theory has been shown to be
useful in describing the strength of nanomaterials where the amount of data is more
limited [15]. Specifically, a two-parameter Weibull distribution considering samples
of varying volumes can be applied to the strength of GO paper micro-beams using
the following [16]:


 V
P  1  exp    f /   
 V0
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where P is probability of failure for a sample volume V with a failure strength ζf. V0
is the sample volume at a small effective ―defect free‖ size. α is the scale parameter
denoting the mean GO micro-beam strength and β is the shape parameter describing
the strength distribution. The failure probability P can be considered as a constant for
the mean strength of the material . The Weibull equation can be rewritten as:

 1
ln  f     ln V  k
 

Equation 5.2

where k is a constant, V is the sample volume and ζf is the failure strength. A
Weibull plot is produced by plotting ln(ζf) against ln(V), where the slope determines
-1/β and the mean strength gives α.

Figure 5.6 Weibull plot for the tensile strength of GO paper micro-beams from
Equation 5.2 in air and vacuum testing environmental conditions. R2 correlation
coefficients for the Weibull plots are 0.68 and 0.58 for GO samples tested in air and
vacuum respectively.
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As seen in Figure 5.6, the strength data shows a fit with Equation 5.2, indicating that
the Weibull distribution is appropriate to describe the tensile strength distribution of
the GO paper micro-beams. The resultant shape parameter β and scale parameter α
for the GO micro-beams are listed in Table 5.1.

Table 5.1 Weibull shape and scale parameters of the strength distribution of GO
paper in vacuum and air.
Material type

Scale parameter (α)/ MPa Shape parameter (β)

GO paper micro-beam (air)

82.54

1.21 ± 0.3

GO paper micro-beam (vacuum)

37.46

1.34 ± 0.4

The scale parameter α is the mean of the strength distribution and is largest for GO
paper tested in air but lower in vacuum due to less effective stress transfer between
the GO sheets. The shape parameter β is representative of the defect distribution in a
material and, as the micro-beams in this work are structurally constant when testing
in different environments, are expected to contain similar interfacial defects. The
similarity of structure for all the tested GO micro-beams is confirmed as the β
parameter is similar for both the air and vacuum testing. This Weibull strength
analysis is therefore able to characterize structural features in the GO paper including
both the size and distribution of interfacial defects within the paper, as described by
values of β, as well as the effectiveness of the stress transfer between the GO sheets
in air and vacuum using the scale parameter α.
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5.4

Conclusions

In summary, GO paper micro-beams were prepared using FIB and their inherent
tensile strength tested in air and vacuum environments using in situ AFM techniques
in this chapter. The tensile strength of the GO micro-beam was observed to be
dependent on both the size of the micro-beams and the environmental testing
conditions. The failure stress of GO paper micro-beams tensile tested in air is higher
than those in the vacuum SEM chamber. This environmental dependent tensile
strength of GO paper is attributed to water promoting stress transfer between GO
sheets within the paper for higher strength during air tensile testing while vacuum
conditions remove water, leading to poor stress transfer between GO sheets and
potential interfacial defects in the GO paper for lower tensile strength results. A
failure strength size dependency was also identified, with the decrease in sample
width increasing the GO paper failure strength.

A two-parameter Weibull distribution is introduced to quantify this size dependency,
which is additionally attributed to interfacial defects between the GO sheets
determining GO paper failure strength. Thus, the mechanical testing technique is
able to quantify the variations in the deformation and failure of GO material due to
both physical effects from defects and chemical interactions through stress-transfer
enhancing hydrogen-bonding. A detailed study of this hydrogen-bonding determined
stress-transfer process will be discussed in next chapter by introducing chemical
structure evaluation technique, FT-IR microspectroscopy.
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Chapter 6 – Monitoring the deformation mechanism in GO
paper using in situ FT-IR combined with AFM testing
6.1

Introduction

The mechanical properties of GO paper micro-beams have been previously highlighted
in chapters 4 and 5 to depend on sample size and environmental conditions that dictate
interfacial interactions within the paper. Specifically, the failure strength of GO paper
micro-beams tensile tested in air is higher than in vacuum and increases as the sample
width decreases. These strength improvements can be attributed to the intercalated
water promoting stress transfer between GO sheets within the paper, effectively
reducing the influence of weak defective-like interfaces, and decreasing sample size
providing smaller critical defect sizes. As summarized in Section 2.3.2 Chapter 2,
previous studies examined interfacial properties and introduced functional groups,
specifically water-assisted hydrogen bonding and other crosslinks between GO sheets,
that played a key role in determining the mechanical properties of GO paper. Both
conventional macroscopic mechanical testing methods and computational simulations
were used to investigate the deformation mechanisms of GO paper. However, few direct
experimental works have attempted to consider the molecular level deformation
mechanisms both within the GO sheets as well as at the interfacial region between the
sheets during external loading. In Chapter 5, experimental mechanics were used to
deform discrete volumes of GO, isolated using FIB microscopy, to failure by using
AFM. This work applied strategies previously developed for determining specific
component mechanics in multi-phase systems, including individual nanofibers in bone
[1] and simple composite volumes in mineralized tissues [2], and is considered
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advantageous for understanding inherent GO paper behaviour as relatively small
samples prepared using FIB are devoid of large defects present when testing at the
macroscale. However, AFM mechanical testing of GO paper at small length scales
currently lacks the structural information previously examined in computer simulations
despite having sufficient force resolution to determine molecular mechanisms.

In this chapter, we attempt to describe the deformation behaviour of GO paper by
mechanically testing discrete volumes of GO while recording structural changes at the
molecular scale. Raman spectroscopy has been previously highlighted as providing such
structural information for graphene materials including determination of the number of
layers [3], the doping quality [4] and probing defects edges [5] but is limited in GO
studies where many of the functional groups i.e. hydroxyl, carboxyl and carbonyl
groups weakly scatter in Raman spectroscopy. FT-IR microspectroscopy is therefore
exploited here to provide molecular level deformation information for GO paper,
especially as many of these chemical functionalities in GO are strongly identifiable in
IR spectroscopy. As the inherent properties of the GO requires mechanical testing of
relatively small volumes, in situ FT-IR synchrotron microspectroscopy is exploited to
give unprecedented corresponding molecular level deformation information within this
small volume.

6.2

Experimental

6.2.1

Preparation of GO samples

The detailed preparation of GO paper and FIB milled micro-beams has been
summarized in Section 3.2.2 and 3.3.2 Chapter 3. Briefly, GO sheets were synthesized
using the modified Hummer‘s method following mechanical cleavage of graphite oxide
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with the assistance of sonication; GO paper was then prepared using vacuum filtration
and flowered by air drying. FIB was used to isolate discrete micro-beam volumes of GO
in the dense regions of the paper as described in Section 3.3.2 for subsequent AFM
mechanical testing.

6.2.2

Monitoring the molecular deformation mechanisms in GO paper under strain

AFM combined with synchrotron FT-IR microspectroscopy was used to apply force and
provide molecular information respectively as shown in the experimental setup of
Figure 3.23 in Section 3.3.4. The AFM provided mechanical deformation of the microbeam along the horizontal axis whereas the IR beam was incident normal to the paper
plane and polarized along the strain axis to give structural information within the microbeam along the deformation direction. A total of 4 GO micro-beam samples were
successfully tensile tested while recording the IR spectra during loading to failure.

6.3

Results and discussion

Figure 6.1 shows the optical images of an individual GO micro-beam tensile tested to
failure. We note that a successful test was when the micro-beam failed towards the
middle of its length and away from the bulk sample or contact with the AFM tip.
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Figure 6.1 Optical images showing an individual GO micro-beam before (top) and after
(bottom) tensile testing, with the inset showing the failed GO fragment attached to the
AFM tip. (Scale bar: 20 μm)

In order to acquire the in-depth information of chemical changes and high quality
spectra, the transmission mode of FT-IR was used. A typical FT-IR absorbance
spectrum in transmission for an individual GO micro-beam is shown in Figure 6.2 at the
start the mechanical testing step. The absorption peaks in the spectrum can be readily
identified and corresponds to a range of chemical bonds including edge carbonyls and
carboxyls C=O, COOH (1500-1900 cm-1), sp2-hybridized aromatic in-plane C=C
(~1500-1600 cm-1), epoxides C-O-C (~1250-1350 cm-1 and ~850 cm-1) and hydroxyls
groups, C-OH, COOH, H2O (>3000 cm-1), which provided evidence of the decoration
of functional groups in the GO sheets and trapped water between the GO sheets.
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Figure 6.2 FT-IR spectrum for an individual GO paper micro-beam at zero applied
strain.

Critically, the C=C and C=O absorption peaks were relatively sharp and distinctive
within spectra, and were therefore monitored during deformation of the GO microbeams. Figure 6.3 shows the C=C bond peak shift with applied strain for the GO microbeam samples.
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Figure 6.3 C=C bond peak shift with applied strain, the dashed line showing the linear
fitting of bond peak shifting rate with applied strain.

The plot shows the peak shifting to lower wavenumbers, indicated by a negative peak
shift, with applied strain. This downward shift is expected for the aromatic C=C bond
under the applied strain due to the elongation of bond distance. Similar downshift for inplane C=C bond have been observed in single layer graphene [6-8] and GO paper [9] by
Raman spectroscopy. The C=C peak shift was observed to decrease or, in some cases,
plateau with applied strain. This observation is indicative of a lack of force transfer to
the GO sheets with applied strain due to probable failure of the interaction between GO
sheets that causes subsequent sliding of sheets over one another. The interaction
between GO sheets appears to be variable as the applied strain provided a linear peak
shift ranging from 1-2 %. Least-squares estimation of the linear region was used to
quantitatively calculate the peak shifting rate of this bond red-shift, which gives a C=C
bond peak shifting rate of -1.92 ± 0.15 cm-1 per 1 % applied strain. This shifting rate is
comparable to observations made using Raman spectroscopy [6-8]. Figure 6.4 shows an
additional C=O bond peak shift found in GO with applied strain. The C=O peak shift
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with applied strain appears to show a more consistent behaviour, suggesting
homogeneous deformation across all samples, when compared to the C=C bond shifts in
Figure 6.3. Linear fitting was again used to provide a C=O bond peak shift of -2.24 ±
0.14 cm-1 per 1% applied strain.

Figure 6.4 C=O bond peak shift with applied strain, the dashed line showing the linear
fitting of bond peak shifting rate with applied strain.

It is noted that the observed C=C bond peak shift originated from the in-plane aromatic
vibrational carbon bonds, which is usually called G peak in Raman spectroscopy [10].
A recent study has developed a universal stress sensor for graphene and carbon fibres,
using the Raman G peak to assess the response of the application of applied strain [11].
The resultant phonon shift rate with axial stress was found to be around ~
5ω0−1 (cm−1 MPa−1), where ω0 is the G peak position at zero stress for graphene sheet.
Since the C=C bond peak represents the same chemical bond both in Raman and FT-IR
spectroscopy, it is reasonable to introduce this universal stress sensor in FT-IR
spectroscopic measurement. Taking the observed G peak shift value in our experiments,
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which is around 1.5-3.5 cm−1 to the above relationship. An estimated effective in-plane
stress applied on the GO sheets is about 470-1100 MPa, which is at least four times
larger than the nominal applied macroscopic stress.

Peak shifts with applied strain are indicative of structural changes occurring in the GO
micro-beams during mechanical deformation. The position of absorption peaks in the
FT-IR spectrum represent the vibrational energy of chemical bonds in systems, with
shifts of absorption peaks representing the vibrational energy changes in chemical
bonds. For mechanical testing, this energy change is the result of external applied strain,
which provides extra mechanical energy to the chemical bonds. The strain in bonds
from consideration of vibrational energy is described by Grüneisen parameters, which
evaluates the relationship between volume changes in a crystal lattice and
resultant vibrational properties of the lattice. Specifically, the magnitude of a bond peak
shift with applied strain is proportional to a Grüneisen parameter. Therefore the
introduction of Grüneisen parameters is able to link the measured bond peak shift to
chemical bond strain. Such an approach has been previously used to study the uniaxial
strain in single layer graphene by Raman spectroscopy [10]. The measured absorption
peak shift for the GO micro-beams is linked to the microscopic bond strain under
uniaxial tensile stress. Resultant peak shifts are due to bond deformation along the
external force direction and can be described using Equation 6.1 [10],

1
   0 (1  ) L   0 (1  ) L
2
1


  0 L   (1  )   (1  ) 
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where  is the FT-IR peak shift,  0 is the FT-IR peak position at zero strain, ν is
Poisson’s ratio of the GO and Grüneisen parameters linking phonon frequencies to
lattice strain stated as γ =1.99 and β = 0.99 from measurements in single layer graphene.
We note that  L in Equation (1) represents the GO lattice strain. However, the FT-IR is
polarized and probes C=C bonds along the strain axis only. The GO lattice strain can be
linked to the C=C bond strain with a simplified geometrical model considering the
lattice geometries and orientations. A schematic graph showing the GO lattice
orientations along the external strain axis is shown in Figure 6.5.

Figure 6.5 Schematic of the lattice orientations along the external load, (top) zigzagedge lattice orientation and (bottom) armchair-edge lattice orientation. Orientation is
determined by the edge type perpendicular to the external load.

Two lattice orientations have been considered in Figure 6.5 and three simplified
conditions assumed for linking the lattice strain with C=C bond strain. Firstly, the basal
plane of GO sheet retains the 2D structure of graphene, which mostly consists of sp2
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bonded carbon atoms and no structural distortions brought by the functional groups.
Secondly, two typical lattice orientations were considered with an equal distribution
between these two lattice orientations. Finally, the lattice is considered to be under
small strain during external loading, resulting in equal bond strain for the six carbon
atoms in each hexagonal ring of the GO paper. Therefore, for a zigzag-edge lattice
orientation as shown in Figure 6.5 (a), two equivalent C=C bonds lie parallel to the
external load, whereas four equivalent C=C bonds contribute to the lattice strain at a 60
angle to the loading direction. The relationship between zigzag-edge lattice strain and
C=C bond strain can be written as:

2
6

4
6

2
3

 zigzag   bond   bond cos 60   bond

Equation 6.2

Similarly, for an armchair-edge lattice orientation as shown in Figure 6.5 (b), two
equivalent C=C bonds are perpendicular to the external load and do not contribute to the
overall lattice strain. Four C=C bonds thus contribute equivalently to the lattice strain at
an angle of 30 to the loading direction. The relationship between armchair lattice strain
and C=C bond strain can be written as:

4
3
 armchair   bond cos30 
 bond
6
3

Equation 6.3

Since the GO paper is assumed to contain an equal distribution of zig-zag and armchair
lattice orientations, the relationship between GO lattice strain and C=C bond strain is
given as:
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1
2

1
2

 lattice  f1 armchair  f 2 zigzag   armchair   zigzag  0.622 bond

Equation 6.4

where f1 and f2 are the portion of the two lattice orientations in GO. Substituting lattice
strain with C=C bond strain thus gives:

1


  0.622 0 B  (1  )   (1  )   1.43 0 B
2



Equation 6.5

The molecular strain (  B ) of the C=C chemical bond can therefore be determined by
knowing the bond peak position at zero strain and solving Equation 6.5.

The C=C bond peak shifting rate with bond strain is calculated by substituting the bond
peak position at zero strain and the peak shift with applied strain for each test into
Equation 6.5. The linear region within Figure 6.4 shows the C=C peak shift with applied
strain and provides a calculated C=C peak shift with bond strain of -22.97 ± 0.33 cm-1
per 1% bond strain. This peak shift with C=C bond strain measured using the FT-IR in
our work is comparable to previous literature using Raman spectroscopy [6-8]. A
resultant plot of C=C bond strain, calculated using Equation 6.5, against applied strain
is shown in Figure 6.6.
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Figure 6.6 Plot of C=C bond strain with applied strain. The fit line shows the leastsquare estimation of bond strain rate with applied strain.

In Figure 6.6, the C=C bond strain is observed to be significantly less than the applied
strain, with a C=C bond strain of 0.077 ± 0.02% per 1% applied strain by linear fitting
of the data in Figure 6.6. This inefficient strain transfer to the GO sheets, demonstrated
by a small C=C bond strain with applied strain, suggests a further phase is straining
considerably during sample deformation. Therefore, examination of the edge linking
carbonyls C=O bonds is required to understand the origin of the deformation
mechanism within the paper. Previous studies have shown that oxidation of GO causes
decoration of the GO sheets with carboxyl and carbonyl groups. These carboxyl and
carbonyl groups functional groups at adjacent GO sheets present opportunities for
crosslinking through hydrogen bonding. Due to the directional filtration process, GO
sheets consisting of C=C bonds are mostly aligned perpendicular to the filtration
direction whereas C=O bonds in carboxylic acids will be oriented at an angle  relative
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to the C=C bonds. We therefore propose a mechanism to describe the transfer of forces
and resultant bond strains within the GO paper as shown in Figure 6.7.

Figure 6.7 Schematic model showing the coupling of a C=C bond with a C=O bond
oriented at an angle θ to the externally applied force.

A simplified spring model can be presented as shown in Figure 6.7 to illustrate the
interaction between C=C bond and C=O bond. Specifically, C=C and C=O bonds are
stated as two springs connected in series along the direction parallel to the applied
external force. According to Hooke’s law, the force is constant for two springs
connected in series, and the bond strain varies inversely with the force constant
according to:

F  kC C  C C  kC O  C O

Equation 6.6

where kC C and kC O are the force constants for C=C and C=O bond types and  C C
and  C O are the corresponding bond strains. The relationship between the bond strain
rate with applied strain can be stated as a function of the ratio between the force
constants of the C=C and C=O bonds using Equation 6.6 to give:
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d  C O
k
d  C C
 C C
d  applied kC O d  applied

Equation 6.7

Further modification of the above equation to incorporate the effect of the orientation θ
of the C=O bond relative to the C=C bond and their resultant force constant ratio gives:

d  C O
k
d  C C
cos   C C
d  applied
kC O d  applied

Equation 6.8

Therefore, a function that describes the C=O bond strain with applied strain can be
modelled with the relative angle between C=C and C=O bond as the variables,

d  C O
k
d  C C 1
 f (cos  )  C C
d  applied
kC O d  applied cos 

Equation 6.9

The ratio of force constants for C=C and C=O bonds can be extracted in Equation 6.9
by knowing the peak positions of these two bonds from the IR microspectroscopy.
Stiffer chemical bonds in a stretching vibrational mode will therefore appear at higher
wavenumbers in IR microspectroscopy. The C=C bond strain with applied strain is used
to define the relationship between C=O bond strain with applied strain as a function of
the relative bond angle using Equation 6.9.

Figure 6.8 shows the average relationship between C=O bond strain with the applied
strain against a range of C=C/C=O bond angles calculated using Equation 6.9 for all
experimental data. The change of C=O bond strain rate is shown to increase with the
bond angle and exhibits non-linear behaviour.
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Figure 6.8 Relationship between C=O bond strain per applied strain with relative angle
between the C=C and C=O bonds. Inset shows the magnified region from 10 to 40.

For C=C and C=O bonds in series, i.e.  = 0, the strain rate in the C=O bond with
applied strain is smallest. Increases in the C=O angle relative to the C=C bond, which is
assumed to lie in the direction of the loading axis, require an increased rate of C=O
bond strain with applied strain. The plot in Figure 6.8 also highlights the interaction
between the C=C and C=O bonds with lower and higher force constant respectively.
Specifically, the insert in Figure 6.8 shows the condition when the rate of C=O bond
strain is equal to the previous rate of C=C bond strain at a bond angle of 22. For bond
angles below 22, the C=O bond is stiffer than the C=C bond and therefore displays a
lower bond strain with applied strain as highlighted in the figure, which is physically
reasonable. A larger misalignment of C=O bonds relative to the C=C bonds thus cause
larger bond strains in the C=O bonds despite their force constants being larger.
Experimentally, the C=O absorption peak is previously observed in Figure 6.4 as
occurring at a higher wavenumber than the C=C peak and indicates an expected higher
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force constant. The increased wavenumber shift with applied strain shown for the C=O
band relative to the C=C further indicates that this stiffer C=O bond is also straining
more than the C=C bond with applied strain. We can thus conclude that a higher rate of
C=O bond strain compared to C=C bond strain can only occur if the C=O bonds are
position at angles greater than 22 to the C=C bonds in the graphene oxide paper.

The change in orientation of bonds during straining of the GO paper must be further
considered within the proposed bond deformation model. The C=O bond orientation
angle represents all of the bonds within the volume of the sample probed by the IR and
is due to either an average angle over a wider distribution of C=O bonds or the common
C=O bond angle in the GO material. The distribution of C=O bonds can be tested by
recording the bond angle distributions using bond peak full width at half maximum
(FWHM) broadening with peak intensity from FT-IR. A large distribution in the C=O
bond angles would be expected to cause peak broadening, and a resultant increase in the
FWHM, due to bonds aligned with the applied external force strain more than misaligned bonds with relatively large θ values. Figure 6.9 shows the C=O peak FWHM
with applied strain and highlights little variation in the FWHM during mechanical
deformation of the GO sample, suggesting a relatively small distribution of C=O bond
angles.
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Figure 6.9 C=O bond peak width with applied strain.

The C=O peak intensity with applied strain is additionally shown in Figure 6.10 and
exhibits little peak intensity variation. A constant C=O peak intensity indicates the
number of bonds evaluated within the plane of the FT-IR polarization during strain
remains constant during mechanical testing. This data indicates a static C=O structure
during mechanical deformation of the GO paper and suggests that the weak inter-layer
bonding is insufficient to cause bond orientation along the direction of the applied load.
Therefore, C=O IR absorption peak widths and heights are found to change little with
applied external strain, which suggests that the linking bonding structures between the
sheets show little reorientation and alignment during mechanical loading.
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Figure 6.10 C=O bond peak intensity with applied strain.

6.4

Conclusions

In summary, molecular level deformation mechanisms in GO paper were evaluated
using novel experimental techniques combining AFM, which provided tensile
deformation of the sample, and synchrotron-FT-IR microspectroscopy to probe resultant
bond strain. Results highlighted the interaction between in-plane C=C and cross-linking
C=O bonds within the GO paper from probing corresponding absorption band shifts
with applied strain. Investigations were able to provide evidence of weak bonding
between the sheet structures in GO paper and interestingly elucidated relatively large
C=O peak shift with applied strain. A bond organization model emphasized the
requirement for C=O bonds to be aligned at least 22 out of plane in order to satisfy the
observed experimental data. The improvement of GO paper mechanics therefore
requires enhancement in the force transferred between the C=C and C=O bonds
evaluated in this work so that larger C=C and C=O peaks shifts with external straining
are achieved.
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ion beam introduced nanoscale defects
7.1

Introduction

The effect of defects at progressively smaller length scales has been evaluated in
chapters 4 and 5, while the influence of the interfaces on stress transfer mechanisms
explored in the previous chapter. This nanoscale evaluation of GO paper highlighted
the interaction between in-plane C=C and cross-linking C=O bonds within the GO
paper from probing corresponding absorption band shifts with applied strain. Further
investigations were able to provide evidence of weak bonding between the sheet
structures in GO paper and interestingly elucidated relatively large C=O peak shift
with applied strain. The final length scale to consider in the structural hierarchy of
GO paper is the issue of defects on the GO sheet length scale, which is the effective
reinforcement in the GO paper. Defects at the range of length scales within the
graphene-based materials play different roles in determining materials’ overall
mechanical properties [1-3]. For example, relatively large structural defects (large
voids, waviness within macroscopic GO paper) determine the mechanical properties
of macroscopic GO paper samples by causing the stress concentration and leading to
the emergence of micro-crack [1], while the interface between GO sheets and water
assisted hydrogen bonding acting as interfacial defects and the resultant inter-layer
adhesion dominate resultant mechanical behaviour [2-3]. The monolayer graphene
sheet unit is perhaps the most challenging length scale to consider as the material
thickness is of the order a single atom. Measuring the mechanical properties of
graphene sheets thus require techniques capable of manipulating and testing this
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atom thin sheet. Pioneering works [4-6] as detailed in Chapter 2 have provided a
methodology to quantitatively measure the intrinsic properties of exfoliated graphene
using AFM nanoindentation on a suspended graphene sheet. The reported Young’s
modulus and failure strength of the pristine graphene was 1 TPa and 130 GPa,
respectively 4 . As a comparison, the Young’s modulus and failure strength were
also measured for CVD grown polycrystalline graphene [7] and chemically derived
GO and reduced graphene [8], which all contain different forms of defects. For
example, CVD synthesised graphene contains grain boundaries with atomic structure
near grain boundaries that are severely disordered from pentagonal and heptagonal
ring structures [7, 9, 10]. Further introduced functional groups and distorted sp2
structure can be observed in GO and reduced graphene [11]. As a result, the
measured mechanical properties of defective graphene materials are expected to
degrade due to the presence of defects [7, 8, 10]. These experimental studies have
provided the evidence that the defects can significantly influence their mechanical
performance, but correlations between structure and mechanical performance are
limited due to high resolution imaging required to observe the defects within
graphene sheets [7-10], as well as the need to quantitatively determine the size and
distribution of defects [9-12].

In this chapter, we report a quantitative mechanical testing to evaluate the influence
of defects on exfoliated graphene sheets. The approach here uses graphene as a
‘model’ sheet and intentionally introduces defect within a graphene sheet using FIBbased methods. FIB is advantageous as the introduced defect is controlled so that
accurate determination of the effect of a defect on graphene sheet mechanics can be
made. The defective graphene sheet can therefore be considered as a controlled
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analogy to a GO sheet, where defects are introduced in a more random manner due
to the chemical processing methods used. The mechanical properties of graphene
with introduced defects were measured using AFM nanoindentation tests as
described in Section 3.3.3 and the role of these defects in graphene was compared to
pristine defect-free graphene.

7.2

Experimental

7.2.1

Preparation of pristine graphene

A pre-patterned silicon substrate was fabricated using standard lithography and
received from the National Centre for III-V Technologies (University of Sheffield).
A silicon substrate with a 285 nm oxidized layer was patterned to arrays of 1.5 m
diameter circular holes as shown in Figure 7.1. The aim of using holes in the
substrate was to allow individual graphene sheets to bridge across the holes, with
subsequent AFM nanoindentation employed to measure resultant mechanical
properties as carried out in previous work [4]. The bridging graphene sheets would
also present a suitable configuration for inducing defects using FIB.
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Figure 7.1 Optical image of a silicon substrate with pre-patterned circular holes.
(Scale bar: 15 μm)

As discussed in Section 3.2.1 of Chapter 3, pristine graphene can be routinely
deposited onto silicon surfaces using the micro-cleavage exfoliation method [13].
This method was therefore followed and, briefly, a small piece of HOPG was laid on
scotch tape and thinned by folding repeatedly. The deposited graphite debris was
examined with an optical microscope to identify candidate graphene sheets with
potentially few layers by colour contrast [13]. Further identification of the number of
layers was confirmed by Raman spectroscopy [14]. Figure 7.2 shows the optical
image of the deposited graphene sheets on silicon substrate and the Raman
spectroscopy of the corresponding graphene sheets.
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Figure 7.2 Graphene layer identification using (a) optical microscopy (highlighted in
red square) and (b) Raman spectroscopy.

7.2.2

Fabrication of FIB induced defects graphene sheet

A single defect was introduced into a monolayer graphene sheet using FIB milling
with pre-defined dimension and position on graphene sheets. The FIB milling was
conducted using a dual beam scanning electron microscopy in which the SEM mode
was firstly used to locate the suspended graphene sheets and FIB controllably created
a circular hole defect within the sheet. Minimized FIB current of the instrument
(1pA) was used to precisely define the dimension and position of the nanoscale
defect. A schematic graph showing the dimension and position of the introduced
defect and SEM image of the as-fabricated defective graphene sheet are shown in
Figure 7.3 below.
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Figure 7.3 (a) Schematic of the FIB-introduced defect on suspended graphene; (b)
SEM image of exfoliated graphene with introduced defect, highlighted in red square.
(Scale Bar: 500 nm)

SEM imaging of the graphene sheet bridging the hole in the silicon substrate
indicated the presence of a FIB milled nanohole of 100 ± 15 nm in diameter, with a
location set at a quarter length along the diameter of substrate hole, which can be
observed and identified directly in Figure 7.3 (b).

7.2.3

Nanoindentation of defective graphene sheet

The mechanical properties including strength and Young’s modulus of graphene
sheets bridging across the holes in the silicon substrate were measured using
nanoindentation experiments based on AFM. In order to minimize the thermal drift
of the piezo scanner, the sample was scanned for at least 1 hour before indentation.
For indentation testing, each graphene sheet was scanned in semi-contact mode to
locate the geometric centre of the sheet accurately, which was the indentation point
during the mechanical test, as shown in Figure 7.4. The AFM tip was subsequently
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placed at the geometric centre of the sheet using the AFM x and y piezo positions,
within an estimated positional error of 50 nm, and then pushed the graphene sheet
with a displacement rate of 20 nm∙s-1 until failure of graphene sheet occurred. A
total of 5 isolated graphene sheets with introduced defect and 5 pristine graphene
sheets were tested using the AFM nanoindentation test.

Figure 7.4 Schematic of the side view of the nanoindentation test on a defective
graphene sheet.

The deflection of the AFM cantilever was recorded by the photodiode and can be
further translated to force-displacement curve by knowing the spring constant of the
cantilever. A force balance occurs during the nanoindentation testing, with equal
force acting on both the AFM tip and the graphene sheet. The force acting on the
AFM tip can be known from the AFM cantilever deflection δcantilever , measured from
the AFM system using an optical setup, by,

 cantilever  F / k
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where k is the spring constant of the AFM cantilever, which can be calibrated by
Sader’s thermal noise method 15 . Thus, the force acting on the AFM tip is
accurately

determined

from

the

AFM

cantilever

deflection

during

the

nanoindentation test. The deformation of the graphene sheet, δgraphene is the
difference between AFM piezo movement and the AFM cantilever deflection, which
can be written as,

 graphene   piezo   cantilever

Equation 7.2

Equation 7.1 is therefore used to calculate the force acting on the graphene sheet
whereas Equation 7.2 provides the displacement of the graphene sheet under this
corresponding applied force.

7.3

Results and discussion

Figure 7.5 shows the SEM image and AFM topographic image of the defective
graphene sheet.
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Figure 7.5 Images of a single graphene sheet with an introduced defect: (a) SEM
image with defect highlighted in red circle, (b) AFM topographic image, the dashed
blue circle represents the suspended graphene sheet and red circle represents the
fabricated defect, (c) height profile of the black dash line in (b), and (d) AFM image
of a fractured graphene sheet following nanoindentation.

The defective graphene covered the pre-patterned holes on silicon substrate to form
the suspended graphene sheet as shown in the SEM image of Figure 7.5 (a) and
AFM topographic images in Figure 7.5 (b). Figure 7.5 (c) shows the height profile of
the dash line that crossed the introduced defect in Figure 7.5 (b). It is noted that the
graphene adheres to the vertical wall of the hole for 8 ~12 nm, which can be
attributed to van der Waals attraction, as shown in Figure 7.5(c). The fabricated
defect can be further identified as a significant reduction in the height profile curve
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in Figure 7.5(c). After acquiring topographic AFM image of suspended defective
graphene sheet, the AFM tip was moved to the geometric centre of the sheet and
pushed down to perform nanoindentation test. The nanoindentation on pristine
graphene followed the same route as described above for defective graphene.
Representative nanoindentation force-displacement curves of pristine graphene and
defective graphene are shown in Figure 7.6.

Figure 7.6 Representative force-displacement curves of the (a) pristine graphene
sheet and (b) defective graphene sheet in AFM nanoindentation. The black square
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line represents the experimental curves and the red lines are fitting curves to
Equation 7.3.

A clamped circular sheet, made of a linear isotropic elastic material, under central
point loading is considered as the physical model for nanoindentation following the
mathematical model developed by C. Lee et al. [4]. Since there is no closed-form
analytical solution that accounts for finite deformation and pre-tension in a material
that has Poisson's ratio other than 1/2 [16, 17], the solutions of two special cases
were combined to give the expression for the force-displacement relationship. The
first case is when the sheet has a large initial pre-tension as compared to the
additional induced stress at very small indentation depth, which gives an initial linear
indentation force-distance relationship. The second case is valid when the force is
expected to vary as the cube of displacement when stress becomes much greater than
the initial pre-tension. Summing the contributions of these two cases to give the
force-displacement behaviour of the graphene sheet during indentation [4]:

F 

2D
0

 
 
( a)    E 2 D (q3a)  
a
a

3

Equation 7.3

where F is applied indentation force, δ is the deflection of the graphene sheet at the
centre point, ζ02D is the pre-tension in the graphene sheet, ν is the sample‘s Poisson‘s
ratio

(taken

as

0.165

for

graphite

in

the

basal

plane

[18]),

and

q  1/ (1.05  0.15v  0.162 )  1.02 is a dimensionless constant. The above equation
can be least-squares fitted to the experimental indentation curve data, taking ζ02D and
E2D as free parameters, as shown in Figure 7.6. The consistency of the curve fitting
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shown in Figure 7.6 further verifies the appropriate use of this quasi-empirical
polynomial form to describe deformation and failure of a suspended graphene sheet
during indentation. The nanoindentation test was applied to 5 individual pristine
graphene sheets and 5 defective graphene sheets, the fitted pre-tension ζ02D and
Young‘s modulus E2D were found by fitting Equation 7.3 to the indentation forcedisplacement curves with values summarized in Table 7.1 and Table 7.2. It is noted
that since graphene is a true 2D material, its behaviour under tensile loading is
properly described by a 2D stress ζ2D and Young’s modulus E2D with units of
force/length.

Table 7.1 Summary of the pre-tension (ζ02D) and Young‘s modulus (E2D) of pristine
graphene sheet from nanoindentation test.

2D

2D

ζ0
E

Test1

Test2

Test3

Test4

Test5

(N/m)

0.05

0.38

0.16

0.10

0.09

(N/m)

294.4

363.9

285.5

435.8

403.2

1856

1835

1662

1802

2007

Failure Load (nN)

Table 7.2 Summary of the pre-tension (ζ02D) and Young‘s modulus (E2D) of
defective graphene sheet from nanoindentation test.

2D

2D

ζ0
E

Test1

Test2

Test3

Test4

Test5

(N/m)

0.07

0.09

0.06

0.06

0.13

(N/m)

281.2

264.7

267.2

382.2

202.0

99

108

70

130

180

Failure Load (nN)

As shown in Table 7.1 and Table 7.2, the pre-tension of both defective and pristine
graphene sheets ranges from 0.05 N/m to 0.38 N/m, which is comparable and in
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good agreement with previous measurements [4, 7, 10]. The force required to fail the
defective graphene sheet is around 70-180 nN, which is significantly lower than that
the observed failure load in pristine graphene, around 1600-2000 nN. Images of
defective graphene before and after failure are shown in Figure 7.5 (b) and (d),
which highlighted no slippage between the graphene sheet at the periphery of the
substrate hole. The average 2

Young’s modulus of defective is 279.5 N/m, with a

standard deviation of 65 N/m, which is similar with value of the pristine graphene
measured as 356.6 ± 66 N/m. This measured 2

Young’s modulus of defective

graphene corresponds to 0.84 TPa in 3D assuming a thickness of graphene is 0.335
nm. Considering the experimental errors, such as the possible subtle slippage
between AFM tip and defective graphene sheet at large deflection [19] or plastic
deformation around the indenter [4], it is reasonable to conclude that and the
Young’s modulus of graphene sheets are independent of defects.

The failure strength of graphene sheets was evaluated by considering a clamped,
linear elastic, circular membrane under a spherical indenter as a function of applied
load and the geometry of indenter [4] using:

1

 2f D

 FE 2 D  2
 

 4 R 

Equation 7.4

where ζf 2D is the failure strength at the centre indentation point. This equation above
shows that the failure strength is related to failure load and indenter tip radius.
Specifically, the failure strength is proportional to the failure load and varies
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inversely with tip radius. In our test, the radius of the AFM tip is 35 ± 3 nm, as
shown in Figure 7.7 using SEM imaging to the end of the AFM tip.

Figure 7.7 High magnification SEM image of the AFM tip. (Scale bar: 200 nm)

Analysing all the measured data in Table 7.1 using Equation 7.4 yields an average
failure strength of 8.55 N/m, with standard deviation of 1.54 N/m. It is noted that this
value overestimated the failure strength since Equation 7.4 ignored nonlinear
elasticity [4, 10]. Despite this, the calculated failure strength is still much lower than
the failure strength of pristine graphene of 42 N/m or a comparable 3D strength of
failure 25.5 ± 4.6 GPa by considering the graphene sheet thickness [13]. The
summary of measured Young’s modulus and calculated failure strength of both
defective and pristine graphene is plotted in Figure 7.8.
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Figure 7.8 Summary of measured Young’s moduli and calculated failure strengths of
both defective and pristine graphene.

As is shown in Figure 7.8, the Young’s modulus of both defective and pristine
graphene shows similar values with an overlapping range from 280 to 400 N/m,
while the failure strength of pristine graphene exhibits severe degradation; the
average failure strength of defective graphene is only one fifth or one sixth of the
strength of pristine graphene. Therefore, the presence of introduced defects
significantly reduced the strength of pristine graphene. In conventional 3D materials,
the effect of defects on the mechanical properties, especially on the failure strength,
can be evaluated using the theory of failure mechanics, which was established by
Griffith based on the failure of brittle materials. Introducing Griffith theory of failure
mechanics to graphene is non-ideal as graphene may not conform to a continuum
material as considered by Griffith. However, the occurrence of brittle failure when
the decrease of strain energy exceeds the increase of surface energy of an
infinitesimal crack, resulting in crack propagation for material failure, is expected to
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be conceptually valid for graphene. Consideration of a graphene sheet as an elastic
body containing an internal crack of length 2a0 subjected to the external applied
load, F, at the boundary allows the failure strength ζf to be written as a function of
crack dimension a0:

f 

2 E
 a0

Equation 7.5

where γ is the edge free energy of graphene as 2D material, E is the Young’s
modulus of pristine graphene and a0 is the half length of the crack. Equation 7.5
assumes the graphene sheet deforms uniaxially under the AFM nanoindentation test
and, while the stress condition is expected to be complex around the indenting AFM
tip, a sheet straining uniaxially can be approximately correct when considering the
deformed sheet as a 1

‘string’ unit under a point load as shown in Figure 7.4. A

magnified SEM image shows the dimension of the introduced defect on graphene
sheet labelled with external load in Figure 7.9, assuming the graphene sheet is under
uniaxial tensile stress.
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Figure 7.9 SEM image of defect within a graphene sheet and an assumed uniaxial
loading condition induced by AFM nanoindentation.

The calculated strength of defective graphene sheets can be found by applying
Griffith theory. A comparison between this failure mechanics derived strength
described using Equation 7.5 and the experimentally determined strength using
Equation 7.4 can be thus made to assess the applicability of stress concentrations in
2D graphene sheets. The strength of a graphene sheet was calculated using Equation
7.5 and using an introduced defect half-length a0 of 55 nm taken from SEM images,
a Young’s modulus of pristine graphene of 1.0 TPa 4 and the edge free energy of
8.0 J/m2 as reported recently [20]. The resultant failure strength of graphene
calculated as 10 ± 0.6 GPa, which is one order of magnitude lower than the failure
strength of around 130 GPa as reported for pristine graphene [4]. The significant
degradation of failure strength indicates that the introduced defects can remarkably
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impact the strength of graphene negatively. As a comparison, the failure strength of
defective graphene obtained by fitting Equation 7.4 to experimental data is 25.5 ±
4.6 GPa, which is higher than the value derived from Griffith theory above. Some
mismatch between the calculated failure strength using Griffith theory and calculated
strength from Equation 7.4 is expected as the nonlinear elasticity of the material will
lead to an overestimation of failure strength using Equation 7.4. This overestimation
can be highlighted in the literature where, for example, the calculated failure strength
of pristine graphene is 164 GPa (equivalent to a 2D strength of 55 N/m) [4] obtained
from Equation 7.4 is higher than failure strength ranging from 98.8 to 130 GPa (33.1
to 42 N/m) as calculated from a combination of density function theory (DFT) and
finite element methods (FEM) [4, 7, 10, 12]. It is further noted that the employment
of Griffith theory in Equation 7.4 is an approximation as the real stress state in
defective graphene sheet is complex and is not expected to conform to a simplified
uniaxial tensile stress. Despite these simplifications, the failure strength obtained
experimentally shows similarity to the calculated failure strength, suggesting the
applicability of continuum based mechanics to 2D graphene structures.

7.4

Conclusion

In summary, defective graphene sheets were prepared using FIB milling applied to
exfoliated pristine graphene sheets positioned on a pre-patterned silicon substrate.
The fabricated defective graphene sheets were mechanically tested by AFM
nanoindentation and the resultant force-displacement curves used to extract the
mechanical properties, particularly the sheet strength as well as Young’s modulus, of
the defective graphene. The Young’s modulus of defective graphene was comparable
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to pristine graphene whereas the failure strength was significantly lower than pristine
graphene. However, similarities between the experimentally derived graphene failure
strength and Griffith theory incorporating the size of the defected into a calculated
failure strength was found. This result indicates that defects within graphene sheets
result in stress concentrations that lower strength, as for continuum materials. The
influence of the size of the defect on the strength reduction for single graphene
sheets appear to be broadly described by Griffith theory.

7.5
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8.1

Summary of thesis

In the first chapter, the need for research in the field of evaluating the defect related
mechanical properties of nanoscale materials, especially newly discovered 2D
graphene based materials, was established. Objectives of the project along with
thesis structure were defined. Chapter 2 reviewed existing literatures on the
mechanical properties of graphene based materials with emphasis on the range of
length scales considered. At the nanoscale, the intrinsic mechanical properties of
exfoliated pristine monolayer graphene were obtained, giving a Young‘s modulus of
1.0 TPa and failure strength of 130 GPa as found using AFM nanoindentation. The
effect of structural defects in graphene oxide including functional groups and
structure distortion from the oxidation process were highlighted as modifying
mechanical properties such as lowering the Young‘s modulus of graphene oxide
sheet to 0.25 TPa. Larger scale mechanical properties of GO paper, produced from
the assembling of stacked GO sheets, shows layer-by-layer microstructure and
exhibits considerable mechanical properties compared to other ‗paper-like‘
materials. The GO structure was also shown to provide potential routes for further
structural and chemical modification for improving its mechanical performance. The
literature review justified the importance of understanding the role of defects in
determining the mechanical properties of graphene based materials across a range of
length scales from relatively large scales, where extrinsic behaviour may dominate,
to the intrinsic mechanical behaviour of smaller length scales.
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Chapter 3 firstly summarized the fabrication of graphene based materials used in our
project, including micro-cleavage HOPG to produce pristine graphene, fabrication of
chemically derived graphene oxide by Hummers‘ method and the preparation of selfassembled GO sheets to GO paper. Secondly, characterization approaches were
discussed to evaluate the quality of as-produced graphene based materials, such as
OM, AFM, FT-IR and Raman spectroscopy. FIB was emphasised as a precise tool
for selectively modifying samples from patterning to selectively determining discrete
sample volume sizes for subsequent mechanical testing. Three mechanical property
testing methods covering different length scales were further detailed, including
micro-mechanical testing for relatively large sample sizes and nanoscale testing
using in situ AFM and nanoindentation based AFM, as well as corresponding data
collection and analysis for each technique. In order to evaluate the deformation
mechanism and the role of functional groups in determining the mechanical
properties of GO paper, the combination of AFM system and in situ synchrotron FTIR was highlighted.

The mechanical properties of graphene based materials containing defects across a
range of length scales have been systematically examined from Chapter 4 to Chapter
7 and is presented as a structural hierarchy as shown in Figure 8.1.
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Figure 8.1 Structural hierarchy showing the presence of defects within the graphene
based materials at a range of length scales: (a) digital OM image of GO paper, (b)
SEM image of the cross-section area of GO paper where large voids and wrinkles
can be found within the paper, (c) SEM image of a dense region within GO paper
showing the tightly stacked individual GO sheets, (d) schematic showing the
interfacial defects as intra-/inter-layer crosslinks and (e) schematic showing the
smallest length scale of an exfoliated graphene sheet with FIB milled defect
evaluated.

In Chapter 4, macroscopic unmodified, Ca2+ ions modified, GA molecular modified
GO paper and microscopic unmodified GO paper samples were mechanically tested.
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Both the chemical modification (Ca2+ ions and GA) and physical modification
(decreased sample size) were shown to tailor mechanical properties. The unmodified
GO paper micro-beams exhibited improvement on the failure strength and Young‘s
modulus due to the better alignment of GO sheets and low defects population within
a microscopic volume.

Chapter 5 progressed on evaluating both the size and

environmental dependency on the mechanical properties of GO paper micro-beam.
The failure stress of GO paper micro-beams tested in air was shown to be higher
than those in the vacuum chamber of the SEM. This environmental dependent tensile
strength of GO paper was attributed to water promoting stress transfer between GO
sheets within the paper for higher strength during air testing while vacuum
conditions removed water, leading to poor stress transfer between GO sheets and
interfacial defects in the GO paper for lower tensile strength results. The size
dependency was then quantified by using a two-parameter Weibull distribution,
indicating the hydrogen-bonding involved interfacial defects between individual GO
sheets determining GO paper failure strength. This hydrogen-bonding determined
interfacial stress transfer processes between GO sheets and was explored by a
combination of AFM and synchrotron FT-IR microspectroscopy to determine
structural changes during external loading in Chapter 6. Results highlighted the
interaction between in-plane C=C and cross-linking C=O bonds within the GO paper
from probing corresponding absorption band shifts with applied strain. Further
investigation provided evidence of weak bonding between the sheet structures in GO
paper and interestingly elucidated relatively large C=O peak shift with applied strain.
A bond organization model was proposed to emphasize the relative organization
between C=C and C=O bonds that defined mechanical resultant performance. In
Chapter 7, the mechanical properties of exfoliated pristine graphene with FIB
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introduced defects were measured by AFM nanoindentation. The failure strength
was shown to be highly sensitive to defects, with a significant reduction in strength
for defective sheets when compared to pristine graphene. This degradation of failure
strength indicated stress concentrations around introduced defects, which were
adequately described using conventional Griffith theory of fracture mechanics.

The thesis presents a description of the strength of GO paper across a range of length
scales. While each length scale is considered in isolation throughout the work,
approached to integrate mechanical behaviour across these length scales in a
comprehensive manner can be attempted. Specifically, the macroscopic GO paper
can be considered as a composite consisting of GO sheets as unidirectional
reinforcement with the softer ‗inter-layer spacing‘ as a matrix phase. The failure
strength of this GO paper composite can be simply evaluated using a rule of
mixtures:

 f  Vr r  Vm m

Equation 8.1

where ζf is the failure strength of the GO paper, Vr and Vm are the volume fractions
of sheet reinforcement and interface ‗matrix‘ phase, ζr and ζm are the failure strength
of reinforcement phase and matrix. The right side of Equation 8.1 is related to the
‗matrix phase‘ in GO paper composite, which is effectively the strength of hydrogenbonded network between the GO sheets and can be ignored as Vrζr >> Vmζm.
Equation 8.1 importantly assumes a ‗perfect‘ graphene paper, which consists of
pristine graphene sheets with perfect interfacial adhesion and transfer stress between
adjacent graphene sheets, as well as no large voids and misalignment within the
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layered structure. A best condition can be defined using Equation 8.1 using the
reported failure strength of pristine graphene (130 GPa) [1] and assuming a volume
fraction of graphene sheet reinforcement of 0.5 based on an inter-layer spacing
equivalent to the thickness of a graphene sheet [2]. The resultant failure strength of
this ‗perfect‘ graphene paper is about 65 GPa, which is three orders magnitude larger
than our experimentally measured value (40-150 MPa). This discrepancy can be
attributed to the presence of defects at different length scales within the paper
material. Equation 8.1 therefore requires modification to incorporate the range of
defects present across the length scales evaluated in this work to give:

 f  fVoids f Interfacial f DGV1 r

Equation 8.2

where three parameters fVoids, fInterfacial and fDG are introduced, denoting the factors
describing macroscopic voids, interfacial defects between sheets and defects within
the sheets respectively. In Chapter 4, the mechanical properties of large voidcontaining macroscopic GO paper with FIB selected GO paper micro-beam were
compared, with the resultant failure strength of micro-beams showed to be three
times larger than the macroscopic GO paper. Using this relationship, macroscopic
voids in the GO paper give a corresponding fVoids value of 1/3. According to our
work in Chapter 6, the interfacial interaction between GO sheets is relatively weak
and the stress/strain transfer efficiency factor fInterfacial can be stated as difference
between the bond strain to applied strain i.e. Perfect interfacial adhesion will provide
an isostrain condition where bond strain is equal to the applied strain and fInterfacial =
1. However, the interfacial bonding between GO sheets is imperfect, with the
discrepancy between in-plane C=C bond strain and applied strain giving the fInterfacial
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value of 0.077 ± 0.02 from Figure 6.6. Finally, the factor describing the effect of
defective individual graphene sheet, fDG, can be taken from Chapter 7 where the ratio
of failure strength between defective graphene and pristine graphene ranges from 1/6
(8.55 ± 1.54 N/m for defective graphene and 45 N/m for pristine graphene,
calculated based on Equation 7.4) to 1/13 (10 ± 0.6 GPa for defective graphene and
130GPa for pristine graphene, calculated from Griffith theory). The strength of the
GO paper incorporating the three defect factors cause Equation 8.2 to become:

1
3

1
13

 f   (0.077  0.02)  (

1
)  65GPa  95 350MPa Equation 8.3
6

The resultant calculated GO paper strength incorporating the presence of defects
across the structural hierarchy of the paper is similar to the measured failure strength
of macroscopic GO paper as discussed in Chapter 2 and Chapter 4. We can therefore
conclude that Equation 8.2 provides a robust description of GO paper strength by
incorporating the effect of defects on GO mechanical properties across the range of
length scales probed in this thesis.

In summary, the influences of defects across a range of length scales on mechanical
properties within graphene based materials have been systematically studied in this
thesis. Specifically, relatively large voids in macroscopic GO paper, interfacial
defects and hydrogen bonding in GO paper micro-beams and nanoscale defects in
monolayer graphene sheets all contribute to the lowering of paper strength to varying
degrees, as discussed from Chapter 4 to Chapter 7. Thus, these findings provide a
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hierarchical understanding of the impact of defects on the mechanical properties of
graphene materials from the macroscale down to the nanoscale.

8.2

Future work

The work presented in the thesis focused on the roles of defects within graphene
materials in determining their mechanical properties. However, the findings
summarized above also present a number of future opportunities. Specifically, the
combination of AFM and synchrotron FT-IR microspectroscopy provided evidence
that the interfacial inter-layer interaction is particularly critical in providing stress
transfer between the GO sheets and is expected to be controlled by the chemical
function groups between these sheets. GO papers have been shown to consist of GO
sheets with some degree of preferential orientation. Therefore, polarized IR
microspectroscopy can be introduced to examine the effects of external loading on
the ordering of chemical bonds in the material, as shown in Figure 8.2.
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Figure 8.2 Schematic showing the orientation of structure in GO paper relative to the
mechanical testing and IR axes.

Evaluating the sample with polarization along XZ and YZ planes can critically
provide direct evidence of structural changes in the GO paper and will also give
further understanding in the role of chemical functionality in the mechanics of GO
paper and define if these chemical groups undergo reorganization during mechanical
testing.

Finally, graphene and GO sheets can be added to polymer matrices as the
reinforcement phase in graphene-polymer nanocomposites. The 2D structure of
graphene/GO sheets can provide higher aspect ratio and larger surface area than
other reinforcements for more effective stress transfer between graphene/GO sheets
and polymer matrices, leading to better mechanical performance. However, the
deformation mechanism of these nanocomposites, especially the morphology and
chemistry changes during deformation are still unclear. The methodology we
developed in this thesis, such as the combination of mechanical tester and in situ
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spectroscopy tool (FT-IR and potential Raman spectroscopy) are considered to be
ideal in investigating the nanomechanics of graphene based composite materials.

8.3

References

[1] C. Lee, X. Wei, J. W. Kysar, J. Hone, Measurement of the elastic properties and
intrinsic strength of monolayer graphene. Science, 2008. 321(5887): p. 385-388.
[2] P. Nemes-Incze, Z. Osváth, K. Kamarás, L. P. Biró, Anomalies in thickness
measurements of graphene and few layer graphite crystals by tapping mode atomic
force microscopy. Carbon, 2008.46(11):p.1435-1442.

200

