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Nanoscale Mechanics of Graphene and Graphene Oxide
in Composites: A Scientific and Technological Perspective

Vincenzo Palermo,*

Graphene shows considerable promise in structural composite applications
thanks to its unique combination of high tensile strength, Young’s modulus
and structural flexibility which arise due to its maximal chemical bond
strength and minimal atomic thickness. However, the ultimate performance
of graphene composites will depend, in addition to the properties of the
matrix and interface, on the morphology of the graphene used, including the
size and shape of the sheets and the number of chemical defects present.
For example, whilst oxidized sp? carbon atoms and vacancies in a gra-
phene sheet can degrade its mechanical strength, they can also increase its
interaction with other materials such as the polymer matrix of a composite,
thus maximizing stress transfer and leading to more efficient mechanical
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1. Introduction

One of the most celebrated qualities of
graphene, in both scientific papers and
general media, is related to its mechan-
ical properties. The hyperbolic definition
“stronger than steel” has been often used
for graphene, creating great expectations
amongst laymen and industrial stake-
holders.ll The first commercial products
using graphene composites further rein-
forced this hype by showing adverts where
graphene-based tennis rackets were used
to pierce metallic fences or shoot tennis

balls faster than a fast racing car.”?
Amongst the possible breakthrough
applications of graphene, structural rein-
forcement in composites is often chosen
as one of the most “mature” and prom-
ising, given that several products are
already available on the market.l3] How-
ever, the performance of real, macroscopic
graphene-based composites is still orders
of magnitude lower than that of the claimed properties of gra-
phene.*3! This disparity between the great hype surrounding the
ideal performance of graphene and the reduced performance
observed in the current generation of real products may hamper
the success of graphene as a new technology. It is difficult, thus,
to foresee if graphene will become a truly disruptive technology
in this field or just give an incremental advantage as compared to
the existing materials already used for structural reinforcement.
We do not have a definitive answer to this question, but in
the following sections we attempt to clarify the main challenges
that need to be solved to exploit the full potential of graphene
in composites materials: starting from some recent results pub-
lished on the topic, we will discuss the importance of sheet size
and shape, including how to correctly define it and its effect on
materials performance on mesoscopic scale. We will also see
how the performance of the material is influenced by the chem-
ical properties of the sheet, where the presence of defects or
chemical groups affects material failure, fosters interaction with
the matrix, or allows an efficient dispersion of the graphene into
the composite. Finally we will use all these topics to discuss how,
and if, this extraordinary material will be used in the near future.

reinforcement. Herein, we present an overview of some recently published
work on graphene mechanical properties and discuss a list of challenges
that need to be overcome (notwithstanding the strong hype existing on this
material) for the development of graphene-based materials into a successful
technology.
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2. Strong but Flexible

A single, defectless sheet of graphene has a tensile strength

DOI: 10.1002/adma.201505469 of =100 GPa and a Young’s modulus of =1 TPa.>® Graphene
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thus can be considered ideally as the strongest material known,
though not the stiffest, as both diamond and carbyne have
higher moduli. However, it is found when graphene is trans-
lated from a single-sheet to macroscale applications that the
latter, graphene-based materials still do not do not outperform
steel (strength =1 GPa and Young’s modulus =200 GPa, respec-
tively). The reasons for this underperformance of graphene on
the bulk scale are primarily due to the crucial role of graphene
defects and aggregation.

The outstanding mechanical properties of graphene are due
to the high stability of the sp? bonds which form the graphene
lattice. These bonds oppose strongly changes in length and
angle, yielding a very high tensile energy when strained. Con-
versely, the bending of a graphene sheet does not lead to a sig-
nificant deformation of these bonds, at least for the nanometric
radii of curvature that are of practical interest. Thus the energy
needed to bend graphene is much smaller than the energy
needed to stretch it for a given degree of deformation.”®l It is
this combination of high axial, tensile stiffness and strength
coupled with a very high flexibility (due to the atomically thin
thickness) that makes 2D materials, and especially graphene,
unique. The first measurements of graphene Young’s modulus
and strength!® took full advantage of these properties; a tip of
an atomic force microscope (AFM) was used to nano-indent
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suspended graphene sheets from which a graphene breaking
strength =130 GPa was obtained (assuming zero bending
rigidity). Even if these early measurements tended to overesti-
mate the real tensile strength,!'% a value of about 100 GPa can
be assumed for perfect graphene.l’!

Besides nano-indentation, graphene can also withstand large
pressure differences due to its strength and flexibility and thus
can behave as a unique gas separation barrier that is just one
atom thick. Bunch et al.l'l suspended single graphene sheets
over silicon micro-chambers. When the external pressure was
varied respect to that in the cavity, the sheets sustained a pres-
sure difference up to 90 KPa for many hours, bulging outward
(or inward) without breaking. Graphene was used in this way to
create the world’s thinnest balloons.

An impressive demonstration of graphene’s properties was
recently obtained by cutting single layers of graphene in shapes
inspired by Japanese kirigami (i.e., a variation of origami that
includes cutting of the paper). These shaped layers could be
stretched up to 240% of their initial length, bent using the radi-
ation pressure of a laser beam or twisted with a magnetic field
without breaking (Figure 1a,b).1?l The strength/flexibility com-
bination was also key to produce suspended multi-layer gra-
phene membranes that could survive the impact of high-speed
microbullets, demonstrating a specific penetration energy for

Figure 1. Published examples on the high mechanical properties of graphene at the nanoscale. a,b) Kirigami structure of monoatomic graphene in its
original (a) and highly stretched state (b). Scalebars are 10 ym. Reproduced with permission.['l Copyright 2015, Nature Publishing Group. c) Few-layers
of graphene after being hit by a silica micro-bullet. Reproduced with permission.['l Copyright 2014, The American Association for the Advancement of
Science. d,e) Modeling of the catastrophic failure of graphene under indentation (d) or tensile strain (e). Scalebars are 5 nm. Reproduced with permis-
sion.['% Copyright 2015, Royal Society of Chemistry. f) Modeling of GO plasticity when subjected to biaxial tension. Grey, red and green beads represent
carbon, oxygen and hydrogen atoms, respectively. The dark-blue arrows highlight the locations where epoxide-to-ether transformations occurred. g) A
schematic representation of the epoxide species formed. The formal charges indicated on the drawing should not be taken literally. Reproduced with
permission.['¥l Copyright 2014, Nature Publishing Group.
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multilayer graphene =10 times larger than the one of macro-
scopic steel sheets (Figure 1c).l!]

The mechanical behavior of graphene and graphene oxide
(GO) at the nanoscale has been also intensively studied using
atomistic modeling!'” (Figure 1d,e), or correlating mechanical
properties with structure and geometry of chemical bonds at
atomic scale (Figure 1f,g),""1¥ as described in more detail in
following sections. However, there is still no practical way to
exploit in full the (nanoscale) mechanical properties of gra-
phene in (macroscopic) graphene-based composites.

3. The Importance of Flake Size in
Graphene-Based Composites

In order to achieve good mechanical reinforcement in gra-
phene-polymer composites, the mechanical stress applied to
the composite needs be transferred to the graphene sheets via
the polymer matrix. The stress transfer from the matrix to the
sheet is traditionally modelled using shear lag theory."” This
theory states that the stress transfer occurs via the shear forces
generated at the interface between the polymer matrix and the
reinforcement. Accordingly, consider Figure 2a: as a load is
applied to the composite, the polymer matrix begins to deform
around the graphene sheet. This deformation creates a shear
force between the polymer and graphene concentrated at the
ends of the flake, which then generates a strain within the gra-
phene itself. This strain builds up going from the ends of the
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graphene towards the center of the flake. The strain increases
until the strain in the flake is the same as that within the matrix,
ie., when shear deformation (and stress) at the interface has
dropped to zero as the two materials are equally deformed. The
mechanical reinforcement arises in the composite due to the
significant difference in Young’s modulus between the polymer
and the graphene; since both are at the same strain then the
stress in the graphene is much greater than that in the polymer.

If the graphene is sufficiently large along the load direction,
it can be assumed that its degree of reinforcement is equivalent
to that of an infinitely long flake. However, if the flake is very
short, then there is not sufficient length for the shear forces
to develop a significant strain, and hence stress, within the
graphene (Figure 2b). Thus a very short flake can never give
any mechanical enhancement to the composite, regardless of
how high its intrinsic elastic modulus. This issue with length
is widely known in conventional fiber composites, where for
example, the mechanical reinforcement is much higher for
continuous carbon fibers than for short, chopped fibers.

It is conventional to define a critical length or aspect ratio
above which the degree of reinforcement is independent of
length and beneath which the end effects begin to dominate.
This critical length, [, is given as two times the length required
for the internal strain in the flake to reach 90% of that in the
matrix (Figure 2b). I, is larger in case of poor stress transfer
(i.e., low interaction) between the sheet and the matrix.l'>1°)
The strain within single graphene sheets!'”"! or even in
compositesi?? can be measured and mapped using Raman

a)
- =)
Strain in
b) T [ ) s e
matrix

Strain in flake

[

SMALLER LATERAL SIZE

Figure 2. a) Cartoon showing the strain transfer between a polymer matrix and embedded 2D nano-reinforcement. b) Schematic representation of
the strain applied in sheets of different length (red curves), as compared to the average strain present in the polymer matrix (dashed line). c—e) GO
sheets with lateral size spanning from =100 nm to =100 pum, as visualized on different scales using scanning probe microscopy. Reproduced with

permission.?’l Copright 2009, American Chemical Society.
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microscopy; for graphene an optimal length of 10 [, = 30 pm
would be needed for good reinforcement assuming classical pol-
ymer matrix and interaction. Crucially, this length is one order
of magnitude larger than the lengths of the graphenes typically
obtained by exfoliation of graphite by ultrasound®! or shear.?!

This experimentally measured critical length is also much
longer than that known for other materials. It is possible to
calculate the interfacial shear stress of the polymer-graphene
interface from the in situ Raman measurements and it is found
to be about 10% of that found for other carbon-polymer inter-
faces, such as for carbon fibers. The reason for this low value
in graphene composites is that non-functionalised, atomic flat
graphene does not have either the functional groups or defects
to give the chemical interactions or mechanical lock-in seen in
other carbon materials."” Thus either routes to produce large
sheets or highly functionalized sheets are required. An addi-
tional challenge with the latter is that bulky functional groups
increase the cross-sectional area of the graphene and thus
reduce its effective strength and Young’s modulus.

Even the measurement and definition of sheet lateral size is
not straightforward. Modeling of sheet size and shape distri-
butions are not only important for mechanical reinforcement,
but also to assess the electrical properties and conductivity in
composites, as for example in conductive graphene inks!?¥l or
thin layers,?¥ or gas barriers,?! which are all promising appli-
cations of graphene and other 2D materials.

Unfortunately, exfoliation always yields a polydispersed range
of nanosheet thicknesses and lateral sizes. When characterizing
these 2D sheets, their average size are commonly reported with
the corresponding standard deviation, often assuming that
their size follows a symmetric “Gaussian” (i.e., “normal”) distri-
bution. Conversely, experimental evidence shows that the size
and shape distributions of these materials are non-Gaussian,
and should be modelled using asymmetric distributions, simi-
larly to that conducted with polymers.[2¢]

4. Chemical Defects at the Nanoscale Control
the Mechanical Properties at the Macroscale

It is possible to obtain large quantities of monoatomic, soluble
nanosheets with tunable length up to 100 um (Figure 2c—e) by
chemical oxidation of graphite, yielding GO.?”) GO is obtained
by oxidation and exfoliation of graphite with strong oxidants,
typically a mixture of sodium nitrate, sulphuric acid and potas-
sium permanganate, which create in solution a highly reactive
dimanganese heptoxide (Mn,0;) that can attack the stable lat-
tice of graphene.

The high processability of GO is due to the presence of
many hydrophilic moieties on its surface (carboxyl, hydroxyl or
epoxy groups) that make it water-soluble and also hinder sheet
restacking. However, the presence of these groups destroys the
excellent electrical properties of graphene, and also degrades its
mechanical properties.

Due to its high defective nature, GO has long been the
underdog of the graphene family. However, this prejudice
is now being challenged and GO is used for many inter-
esting potential applications.*?8l For example, GO is an excel-
lent material for processing into high ordered structures.

Adv. Mater. 2016, 28, 6232-6238
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Xin et al. recently spun GO sheets of different sizes into coag-
ulated fibers. The inner fiber structure consists of large-sized
graphene sheets forming a highly ordered arrangement inter-
calated with small-sized graphene sheets filling the space and
microvoids. The optimized graphene fiber, subjected to thermal
annealing at 2850 °C, possessed thermal and electrical conduc-
tivities of up to 1290 W m™! K~! and 2.21 x 10°> S m™, respec-
tively.2l Alternatively, GO can be used as a precursor for foams
that have a very low specific density, high surface areal®” and in
some cases, reversible compressibility.3!]

Electrochemical approaches have also been used to
enhance the chemical reactivity, and thus the exfoliation, of
graphene in solution. Such approaches have obtained a high
degree of exfoliation of graphite in few minutes by using
electrolyte solutions less troublesome than the strong acids
required for GO production via the Hummers’ method.233 A
main advantage of electrochemical exfoliation is that it allows
to fine-tune the sheet oxidation, giving sheets that are larger
and more soluble than those obtained by ultrasound exfolia-
tion, but have less defects than the GO sheets produced by
the Hummers’ method. (For a systematic comparison of soni-
cation, chemical and electrochemical exfoliation techniques
see ref. [32]).

While the oxidized sp* carbon atoms and vacancies present
on the graphene sheets act as defects, degrading its mechanical
strength, they also increase its interaction with other materials.
For example the groups control the interaction between the gra-
phene and the polymeric matrix of a composite, maximizing
strain transfer and thus reducing the critical length, I, needed
to achieve mechanical reinforcement. Efficient reinforcement
in graphene-based composites requires thus a fine tuning of
sheet size, shape, number and surface chemistry.[!”]

4.1. Role of Atomic Vacancies on the Fracture Strength
of Graphene

Graphene oxide sheets with defects are more rugged and struc-
turally robust than expected. Thermal and electrical transport
in graphene is very sensitive to presence of defects (e.g., dis-
ruptions in the sp?-bonding network). Conversely, its mechan-
ical properties can better tolerate defects and imperfections;
the breaking strength of graphene in presence of isolated sp?
defects is =14% smaller than in perfect graphene. Instead, in
case of several missing carbon atoms, nanometer-sized voids
are formed in the lattice, resulting in a quick drop in stiffness
and strength.3+3]

The presence of atomic vacancies decreases the ideal
mechanical strength 0 of perfect graphene or other 2D mate-
rials (for graphene =100 GPa) by triggering a brittle crack prop-
agation. Even in high-quality graphene obtained by chemical
vapor deposition (CVD), grain boundaries between different
crystalline domains will trigger fracture in tensile loading with
the onset of crack nucleation near 5-7 Stone-Wales defects.!'"]
Under tensile loads, the uniform stress field applied to the gra-
phene sheet provides a driving force for the catastrophic propa-
gation of crack after its nucleation (Figure 1d,e). The effective
strength of highly defective graphene (or GO or other 2D mate-
rials) is difficult to evaluate, because it depends not only on the
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amount of defects or atomic vacancies present in the lattice, but
also on how they are grouped together at the nanoscale.

By applying quantized fracture mechanics! the strength
o' as a function of the number n of atomic vacancies and
their spatial arrangement for a defective 2D material can be
predicted.¢!

If we consider an ideal strength of graphene of 100 GPa, a
conventional GO thickness of 0.75 nm and a nearly identical
fracture force for graphene and GO, we obtain an upper limit
of ol =100x0.34/0.75=45 GPa, valid for GO without any
holes. We shall then consider the presence of nearly circular
holes in the GO layer of =5 nm? (as estimated experimentally
by TEMP’)), giving thus n = 190. A smaller value of =1.7 nm?
(as estimated by Raman spectroscopy?®l) would give n = 67.
Assuming circular holes we have:®]

o}”_ajﬁ”\/(u;\/ZJ/(nz\/Zj (1)

obtaining a fracture strength o, =18 GPa for voids of
=5 nm? and ¢, =20 GPa assuming voids of =1.7 nm?”. These
numbers are lower, but comparable to those measured experi-
mentally by AFM indentation of GO (24.7 GPa)B3% and of highly
defective, plasma treated graphene (30 GPa).

Defects are not always undesirable, as in some cases they
can improve the mechanical properties of GO due to mechani-
cally activated chemical reactions. For example, the surprising
plasticity and ductility of GO observed in AFM nano-indenta-
tion experiments was found to be due to an epoxide-to-ether
transformation (Figure 1f,g).1

Upon mechanical strain, an epoxide ring-opening reaction
takes place through cleavage of the C-C bond (Figure 1g),
differently from the most thermodynamically favorable C-O
bond-cleavage. In this way, it is possible to tune the mechan-
ical properties of GO sheets by transforming epoxide groups in
more stable ether groups. While the defect-free C-C bonds of
graphene give brittle failure, the cyclic epoxide groups on GO
dissipate strain energy and can thus hinder crack propagation,
making GO more ductile.

4.2. Processing of Graphene Sheets in Composites

In graphene-based materials, the mechanical failure of the
sheet itself is only one of the possible issues. A macroscopic
composite, made of billions of graphene sheets embedded in
a polymer matrix, can break down also due to poor interaction
between graphene and the matrix; this leads to sheet pull-out,
or to poor, irregular dispersion of the sheets into the matrix,
with the formation of large graphite-like aggregates that act as
macroscopic defects in the material. For this reason, the typical
performance of graphene-based (macroscopic) composites is
two orders of magnitude worse than the one of (nanoscopic)
graphene [4535,3840)

Processing the graphene sheets in a polymer is often one
of the most challenging steps in the creation of a composite.
The graphene sheets will tend strongly to re-aggregate, stacking
over each other due to their planar shape and to the presence
of strong m—r interactions between different sheets. For this
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reason, as well, chemical functionalization is key to promote
a uniform distribution of the sheet in the matrix, avoiding re-
aggregation and thus ensuring uniform mechanical properties
at the microscale.[*1:42]

Processing techniques such as blending in solution, co-
extrusion, three-roll milling or simple mechanical mixing are
currently used to disperse graphene in polymer matrices, but
optimal conditions depend on the graphene type used, the
polymer matrix and the final application targeted by the com-
posite. An ideal technique to ensure uniform distribution of the
graphene sheets in the polymer relies on surface functionaliza-
tion of graphene with groups able to trigger polymerization.[*’!
In this way the sheets are dispersed into the monomers, and
polymer chains grow directly from the surface of the sheet,
ensuring good dispersion of the sheets in the matrix, negli-
gible aggregation and a high degree of interaction between
the polymer and the sheet.?”! As example, this powerful in
situ approach allowed the production of elastomeric polyure-
thane (PU) nanocomposites by polymerization of diisocyanate
with functionalized graphene nanosheets dispersions in poly-
ether polyols,*! or electrodes for capacitors by oxidative poly-
merization of polypyrrole on GO and electropolymerization
of polyaniline on GO paper.*4

Such approaches have the advantage of avoiding high shear
forces, which may reduce the graphene size, produce compos-
ites with a very high graphene loading and give a high degree
of graphene alignment.

4.3. Conclusions: Perspectives of Graphene Applications in Bulk
Composites

It is difficult to summarize the status and perspectives of
graphene-based structural composites, given the huge range
existing of target applications (structural reinforcement, elec-
trical conductivity, gas barrier, etc.), starting materials (gra-
phene, GO, graphite nanoplatelets, other 2D materials, etc.)
and possible polymer matrices (thermoplastics, thermosets,
elastomers, etc.).*”] However, some general challenges that
should be overcome to improve the use of 2D, e.g., graphene,
sheets in 3D structural composites shall be singled out by the
great mass of published data available at the moment.
Successful development of graphene-based reinforced com-
posites into a widespread technology will require progress in:

1) Metrology — 2D nanosheets are a completely new class of ma-
terials, and require new ways to define and quantify average
flake size, shape, concentration and density of (typically oxi-
dative) defects present at chemical level.*®! Several works are
already addressing this issue by proposing new concepts for
characterization and classification of 2D materials.2647]

2) Modeling — completely new concepts should be developed
to model the mechanics of 2D nanosheets reinforced 3D
composites. Mechanical behavior under stress and electrical
fields, interaction between adjacent sheets, etc., should be
better understood to estimate the final level of performance
that shall be achieved by such novel 2D-reinforced 3D com-
posites, and how to reach this performance. Even if most
work on graphene modeling is focussed on charge transport

Adv. Mater. 2016, 28, 6232-6238
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Figure 3. The typical hype curve for new technologies. The (indicative)
placement of different nano-materials is also indicated, according to the
authors’ opinion.

in highly ordered systems (e.g., graphene nanoribbons),
several computational and theoretical models are already
used to study more realistic and disordered materials.>1948]

3) Chemistry — a fine control of the surface chemistry of the
nanosheets will be required to tune the density and nature
of chemical defects, to maximize the interaction between
the sheets and the polymer matrix and hence ensure uni-
form dispersion in the composite and efficient stress transfer
between the different phases of the composite material with
moderate intrinsic flake strength reduction.

A commonly used way to describe the evolution of new
technologies is the so-called “Gartner curve” (Figure 3).*! For
any new technology, an initial stage of fundamental research
is followed by a peak of hype, where many disruptive applica-
tions seem possible with the new technology. Yet, when the
first applications face competition from the already established,
optimized and cheap technologies, many of the possible appli-
cations result to be impossible, uneconomic, non-competitive
or simply too late to market to have a real impact; thus many
early adopters give up and move to other newer and more fash-
ionable topics. In a few, lucky cases, though, some of the tested
applications yield the creation of new products, able to occupy
niche markets or to create new ones. With time, production
techniques are optimized, cost decreases, quality increases and
the new technology eventually becomes dominant.

Graphene and other nano-materials have been positioned
in the Gartner curve, as shown in Figure 3. It is easy to dem-
onstrate that new, 2D materials beyond graphene (e.g., boron
nitride, transition methal dicalchogenides, phosphorene, etc.)
are still in the ramp-up part of the hype curve. This is the same
position, for example, where the Gartner puts other emerging
technologies such as 3D bioprinting or quantum computing.*’]

“Older” materials such, as for example, carbon nanotubes
(CNT), are much past the hype peak. CNT are currently used
on a moderate scale in composites and batteries, to enhance
electrical conductivity, and also in transparent displays. They
continue to be intensively studied for application in digital elec-
tronics, (see as example recent work published by IBM research
labs)PP® where they have a clear advantage on graphene due to

Adv. Mater. 2016, 28, 6232-6238

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advmat.de

their finite bandgap and high aspect ratio and thus low percola-
tion threshold. This is the same position where Gartner locates,
for example, hybrid cloud computing or augmented reality.[*’]
Graphene can be placed (in our opinion) still high on the
hype curve, together with “hot” technologies such as internet-
of-things or consumer 3D printing.[*) Many possible applica-
tions of graphene in different fields are still very promising,
even if critical points on the disparity between graphene actual
production compared to market request have recently been
raised.”!! Overall, the real evolution of graphene technology will
depend on how effectively the research community will be able
to face the challenges in metrology, modeling, processing and
chemical tunability that we have briefly described in this review.
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