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Abstract

This review article describes recent advances in the elaboration of graphene-based colloidal
nanocomposites through the use of graphene or graphene oxide in heterophase polymerization
systems. Two main routes are reviewed: latex blending and in situ polymerization. In the first
strategy, a segregated network is formed by confining the graphenic fillers in the interstices
between the latex particles during the drying process. The morphology of the network
depends on the relative dimensions of the fillers and the latex particles and on the interfacial
interactions. The various approaches used to promote latex/graphene interactions via charge
attractions or pi stacking are reviewed. The second method relies on the in situ formation of
polymer latexes in the presence of graphenic fillers using emulsion, miniemulsion or
suspension polymerization processes in the presence or absence of stabilizer. The use of
graphene oxide as Pickering stabilizer and the effect of the dimensional characteristics of the
graphene sheets on particles morphology are also discussed. At last, a brief discussion of
mechanical and electrical properties of graphene-latex nanocomposites with regards to the
characteristics of the filler and the latex-graphene relative dimensions is given to provide

insight into the main requirements of graphenic fillers with respects to various applications.

Key words: graphene, (reduced) graphene oxide, heterophase polymerization, electrical,

mechanical properties
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1. Introduction

1.1.  Brief Historical Background

Graphene is a pure carbon compound that is virtually transparent and completely flexible. At
only one-atom thick, it is also the thinnest material ever created. Graphene is considered as
the fundamental building block for graphitic materials of all other dimensions. It can be
wrapped up into zero-dimensional (0D) fullerenes, rolled into one-dimensional (1D)
nanotubes and stacked into three-dimensional (3D) graphite. Long-range m-conjugation in
graphene yields extraordinary thermal, mechanical, and electrical properties, which have long
been the interest of many theoretical studies and more recently became an exciting area for
experimentalists. Although graphene has been the subject of theoretical studies for more than
60 years, historically, graphene became well-known when Nobel prize was awarded to Prof.
Andre K. Geim and Prof. Konstantin S. Novoselov, at the University of Manchester, UK, and
the Institute for Microelectronics Technology, Chernogolovka, Russia for their experimental
studies on graphene sheets that were isolated from graphite using adhesive tape.' Since this
breakthrough, increasingly more researchers have started experimental studies on graphene
characterizations and applications. In particular, one promising application of graphene is in
polymer nanocomposites, in which nanoscale fillers are incorporated into a polymer matrix.
Pristine graphene as well as graphene derivatives such as graphene oxide and functionalized
graphene oxide have been explored, all aiming at enhancing the final properties of the
composite material in terms of conductivity, mechanical properties and other functional

properties such as gas barrier properties.

1.2. Scope and Previous Reviews

Graphene is un-doubtfully one of the most remarkable substances ever discovered. Graphene
can be prepared with unique purity and exhibits some remarkable properties: in particular a
highly efficient electrical conductivity combined with an extremely fast charge transport and
an extraordinary strength. These properties make graphene-based products potentially useful
in a wide range of applications like in electronics (high speed transistors, one electron
transistors) and in materials science (composite materials). Given its many attractive features,
it is not surprising that graphene has become a very hot topic for scientists these last ten years.
Since the Nobel Prize awarded to A. K. Geim, K. S. Novoselov in 2010, the number of

articles and patents on graphene and graphene-related materials has shown uninterrupted
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growth. According to a recent report from Thomson Reuters, there are no signs that research
on graphene is slowing. Similarly, and for the same reasons, the number of review articles
dealing with graphene has also increased. These reviews cover a wide range of topics
including synthesis (using physical, chemical or electrochemical approaches),” exfoliation
methods,” surface modification,” physical properties,” and the elaboration of composite
materials.® Moreover, it may be noted that these topics are strongly interconnected, and are
consequently often covered all together in a single article.”

Early studies on graphene-based composite materials mainly focused on the preparation of
intercalated or exfoliated nanocomposites. The properties of graphene-based nanocomposites
have often been reported to be superior to those of clay or carbon nanotubes (CNTs) polymer
composites. Indeed, although CNTs show comparable mechanical properties to graphene, the
later exhibits superior thermal and electrical conductivity properties. Such outstanding
properties are most often ascribed to a strong graphene platelets / matrix interface and the
establishment of a 3D graphene network. Various processing routes such as melt intercalation,
solution blending or in situ intercalative polymerization have been explored to get optimized
dispersion of graphitic fillers into polymer matrices and improve filler/matrix interactions.
Among them, the use of polymer latex particles has received increasing attention. Polymer
latexes are produced by polymerization in dispersed media (e.g., emulsion, miniemulsion,
suspension® and dispersion polymerizations) where the most important technique is emulsion
polymerization. Emulsion polymerization offers significant advantages as compared to bulk
or solution polymerization owing to the better control of heat and viscosity of the medium
along with the possibility of increasing the molecular weight of the polymer chains without
affecting the rate of polymerization. In the last twenty years, polymerization in dispersed
media have proven highly suitable for the production of polymer/inorganic particles to
generate a variety of composite colloids.” These can be further processed into films with
improved mechanical, thermal or barrier properties compared with their pure-polymer
counterparts. Although graphene 1is technically not an inorganic compound, their
incorporation into latex suspensions involves similar concepts. The topic of graphene-based
colloidal materials has been briefly addressed by Thickett et al.'” in an extensive review
covering the functionalization of graphene oxide (GO) by controlled radical polymerization
and its subsequent incorporation into polymeric materials. The elaboration of GO-based
composite particles through colloidal templating or the use of GO as a colloidal surfactant in
emulsion or miniemulsion polymerization processes were also reviewed in this article but

only marginal attention was paid to the latex blending strategy and to the final materials
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properties. In situ emulsion polymerization techniques and latex blending were also briefly
mentioned in some other review papers® "% %! byt again in a non-exhaustive way.

The present review intends to give the current state-of-the-art developments in the synthesis
of graphene-based nanocomposites using latex technology (section 4 and 5) with a focus on
the preparative methods and processing. Then an emphasis on the structure-property
relationships will be presented in section 6. As a starting point, graphene specifications and
general considerations on polymerization in dispersed media will be briefly described in the

following sections.

2. General considerations on graphene fillers

The formal definition of graphene is a two-dimensional monolayer of carbon atoms closely
packed in a honeycomb lattice (Figure 1a). Graphite comprises a large number of graphene
monolayers stacked into a three-dimensional structure and Few Layer Graphene (FLG) is
defined as stacks of 2 to 20 graphene layers (Figure 1b). Graphene has a theoretical Van der
Waals (VdW) thickness of 0.34 nm, and is the thinnest two-dimensional nanofiller reported so

2
far.”®

a b c
' o bond 7 bond

Figure 1. a) Graphene structure, b) stacking of graphene layers and c) distribution of ¢ and &

bonds on the graphene structure. Reproduced from ref. ' with permission from Intech.

Within graphene, one c-orbital and two in-plane m-orbitals of carbon are associated with sp”
hybridization.13 The 7 bonds, available both above and below each graphene layer (Figure
Ic), can overlap with those from neighboring carbon atoms. The c-electrons are tightly bound
and cannot significantly contribute to electrical conductivity, but the = and n* orbitals can

. . . . . 14
behave like valence bands and conduction bands and induce planar conduction mechanism.
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Graphene also exhibits an extremely high aspect ratio usually 10* or higher, and high intrinsic
flexibility.

To be used in composite elaboration, graphene has to be produced in rather large amounts.
Thus, techniques such as adhesive tape peeling, epitaxial growth and chemical vapor
deposition are inadequate. For composite elaboration, graphene fillers are produced through
two main processes using graphite as raw material. First, a multistep chemical process that
takes advantage of the fact that oxidized graphite is more easily exfoliated that pristine
graphite. After oxidation, the graphite oxide suspension is easily exfoliated using mechanical
or ultrasound methods into graphene oxide (GO). However, as GO is non conductive, a
reduction step is required to recover electrically conductive properties. Second, liquid phase
exfoliation is a mechanical process that consists in peeling graphite flakes in suspension using
ball milling. While enabling to produce larger amounts of graphene, these elaboration
processes make trade-offs in graphene surface quality (presence of surface defects) and

graphene stacking (FLG).

2.1. Production of graphene fillers through Hummer’s method

The most popular method used to produce graphene is a three-step process: i) oxidation of
graphite, ii) exfoliation of graphite oxide into GO, and iii) reduction of GO. This method is
often called “Hummer’s method” after his work'> on graphite chemical oxidation. In 1958,
Hummer performed the oxidation of graphite with potassium permanganate and nitric acid in
concentrated sulfuric acid. Since, various solvents'® have been used such as water,'’
acetone,'® N-methylpyrrolidone (NMP)'** or tetrahydrofuran (THF).*' The oxidation time
and the amount of oxidants influence the size of GO sheets.”> After the oxidation step,
exfoliation into GO is performed through ultrasonication. The surface of the GO exhibits

oxygen-containing moieties such as carboxylic, hydroxyl and epoxy groups (Figure 2).
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HOOC, COOH COOH OH

COOH COOH

Figure 2. Scheme of oxygen-containing moieties on the surface of GO. Reproduced from ref.

 with permission from Scientific & Academic Publishing.

As GO is dielectric, a reduction step is performed after exfoliation to recover electrical
conductivity properties. The reduced compound is called reduced graphene oxide (RGO).
Various techniques have been developed to perform the reduction step. The chemical
reduction using hydrazine is the most common route, but hydrazine toxicity has prompted
researchers to develop new reducing agents, such as sulfur compounds,** hydroxylamine® or
vitamin C?® to obtain graphene suspensions in water. When using organic solvents,
solvothermal reduction in NMP*’ or via gamma-ray radiation”™ have been proposed. To
counteract the restacking of RGO during reduction’, surfactants or polymeric stabilizers may
therefore be added for further stabilization. For example, Stankovich et al.*’ used sodium
poly(styrene sulfonate) (PSSNa) to stabilize GO platelets during reduction with hydrazine.
The reduction of GO can also be achieved thermally, at high temperatures (1050 °C), or
electrochemically.Sb The reduction process influences the final electrical properties of the
graphene sheets®”. Cheng et al*' reviewed the impact of various non chemical GO reduction
processes on sheet resistance (Figure 3) and showed that the sheet conductance of pristine
graphene cannot be fully recovered after reduction. Defects on the RGO surface such as non-
conjugated sp’ carbon atoms represent most of the defects at the surface of RGO and
remaining oxygen-containing groups affect the final electrical properties. Note that these
remaining defects could facilitate further RGO functionalization and dispersion with

polymers. **
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Figure 3. Impact of the GO reduction process on the sheet resistance. Reproduced from ref. *!

with permission from Elsevier.

Hummer’s method typically enables the production of RGO with a lateral size between 200
nm and a few um and comprising 1 to 10 graphene layers. As an alternative to Hummer’s
method, liquid phase exfoliation, presented below, enables the production of few-layer
graphene (FLG), which consists of 2 to 20 layers of graphene stacked together and exhibiting

micron scale lateral size.

2.2. Production of graphene fillers through liquid phase exfoliation of graphite

Liquid phase exfoliation aims at producing FLG through direct exfoliation of graphite flakes.
Contrary to Hummer’s method, neither oxidation nor reduction steps are needed. However as
strong VAW interactions bind graphene layers together, the exfoliation of graphite in solution
requires high-energy input. Sonication and ball milling in water or organic solvent have been
studied for this purpose. Sonication has been demonstrated as a decent exfoliation procedure
in a liquid with a surface tension similar to that of graphite. Scission induced by sonication
can break large crystallites into smaller crystallites and vibration can chip off thin 2D
nanosheets from the outer surfaces of layered materials.® To minimize the energy cost
associated with exfoliation, graphite can be sonicated in organic solvents with surface energy
close to that of graphene such as NMP.> The addition of an intercalation compound, like in
potassium-intercalated graphite, KCg,>* can also help the exfoliation of graphite and favor
high concentrations of graphene in suspensions.”> The introduction of positive or negative
charges between the graphite layers can promote exfoliation and stabilization of the sheets in

organic or aqueous media. For instance, small molecules, such 1-pyrenecarboxylic acid, can
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interact with graphene via m-m stacking.’® The use of surfactant can be efficient’’ to produce
FLG suspensions with micron-size graphene (lateral) and typical graphene concentrations
around 1 mg mL™". For instance, Guardia et al.*® used an non-ionic surfactant (Tween-80),
Lotya et al.*’ chose sodium dodecyl benzene sulfate (SDBS) and Lee et al.** combined SDBS
with fluorinated intercalation compounds.

In ball-milling, graphite flakes is added to a liquid medium and injected in the rotating reactor
containing milling beads (usually zirconia) in close-pack circuit. The high shear energy of the
ceramic beads produces the exfoliation and break of the graphite flakes. Similarly to
sonication, considerations on surface energy can be taken into account to stabilize the graphite
and the resulting graphene flakes. Low yield was observed in dimethyl formamide (DMF)*®
while Knieke ez al.*' proposed to produce FLG in water using SDS as surfactant leading to
FLG suspensions (around 1 mg mL™") with micron-size lateral dimensions and low number of
stacked layers.

Compared to Hummer’s method, the liquid phase exfoliation process requires less toxic
chemical products but a large amount of graphite flakes. Hummer’s method is multistep while
liquid phase exfoliation is rather straightforward and regarding dimensional specifications of
FLG, thicknesses are of similar order of magnitude while lateral size is smaller for the
mechanical method. It is worth noticing that both Hummer’s method and liquid phase
exfoliation can be performed in water phase, meaning that these processes are well

compatible with further composite latex elaboration.

2.3. Properties of graphenic fillers

Ideal graphene exhibits exceptional mechanical,* optical,43 electronic,* and thermal
properties.” However in composite elaboration, non-ideal graphene is used. The word
“graphene” is often used as a generic term to qualify graphenic compounds such as FLG or
RGO.* Table 1 highlights the differences in terms of properties between a graphene
monolayer, which can be almost considered as a “model material” and FLG that is closer to a
“real material” that can be produced under industrial conditions. Values for the intrinsic
conductivity of graphene monolayers are largely documented in the literature and have been
reported to be around 10’-10° S m™ for in-plane conductivity. It was demonstrated that in-
plane conductivity decreases with increasing the number of graphene layers due to
overlapping of the non-hybridized p, orbitals perpendicular to the sheets. The addition of one

layer to a monolayer was found to divide by half the conductivity while further addition had a



Polymer Chemistry

lower influence.*” Thus the intrinsic conductivity of FLG is expected to be around 10°-107 S
m™. An increase of the number of graphene layers will also induce a decrease of the elastic

modulus, thermal conductivity and a small increase of the opacity.

Table 1. Physical properties of a graphene monolayer and FLG.

Properties Monolayer graphene Few-Layer Graphene (FLG)
Elastic modulus 1 TPa™® 0.5 TPa ¥

Thermal conductivity 5.110° W mK"'* 5-2510' W mK™"*
Electrical conductivity 10’ Sm™>! 10%-10’ Sm™ ¥

Optical properties 2.3 % of opacity > 16 % of opacity”>

2.4. Surface Functionalization of Graphenic Fillers

Current methods for graphene production lead to graphene layers with so-called defects.
Defects are structural imperfections and chemical impurities randomly distributed on the face
or edges of the graphene sheet.>* These defects reduce the intrinsic electrical properties but
can also provide additional reactive sites for further graphene functionalization. In addition,
the graphene edges are considered to be more reactive than the inner surface faces.* Finally, a
graphene sheet exhibits reactive sites on its edges and defects (Figure 4). It is also expected
that zigzag edges will display higher reactivity compared to armchair ones. However, it is
technically challenging to control the edge structure, so, in practice, graphene contains a
combination of both types of edge configurations (combined edge), which makes it difficult to

> Numerical simulations™ indicate that hydroxyl,

control the functionalization process.
carboxyl, or other groups can easily be attached to vacancy-type defects. The same holds true
for graphene edges that are normally saturated with hydrogen.”’

airmchair

combined edge

Figure 4. Scheme representing the reactive sites on graphene sheets. Reproduced from ref. 4

with permission from the American Chemical Society.
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In brief, the functionalization of graphene sheets might result from unpaired electrons
enhancing the reactivity there and leading to a chain reaction from the initial point of attack.”®
Due to the presence of unpaired electrons available on the graphene, the carbon compounds
are currently used as trapping agent.””® In fact, radical polymerizations of vinyl monomers
are remarkably retarded in the presence of nano-carbons, such as carbon black, carbon
nanotubes, and fullerene, because initiator radicals and growing polymer radicals are readily
trapped by these nano-carbons.®"*

GO had also been used for trapping of polymer radicals for functionalization with styrene, for
example, as described by Beckert ef al.”* The presence of radicals can also interact with the
polymer initiators during in situ polymerization in the presence of nano-carbon compounds. It
was reported that during the polymerization initiated by conventional radical initiators in the
presence of carbon black, a part of the polymer formed is grafted onto the carbon surface. The
percentage of grafted polymer is however less than 10%. Most of trapped radicals are initiator
fragments instead of polymer chains.’ The retardation or inhibition of the polymerization,
due to the presence of nano-carbon compounds, strongly depends on the nature of the
monomers.** An inhibition was first observed in the polymerization of styrene with carbon
black. In fact, the growing polymer chains are more reactive toward the carbon black surface
than the initiator fragments and the growth of polymer is stopped prematurely during this
induction period. Whereas, in the case of methyl methacrylate or vinyl acetate polymerization,
a marked retardation of the polymerization was visible due to the predominant reaction of the
initiator fragments with the carbon black surface. The possible interactions of the graphene
surfaces with the initiators and monomers can create a modification of the polymerization
rate. Furthermore, the presence of radicals on the graphene surface can lead to the creation of
covalent bonds between the graphene platelets and the growing polymer without upstream
functionalization of graphene platelets.

Graphene and FLG can be functionalized through covalent and non-covalent (VdW,
electrostatic, n-m stacking) approaches.”*®® Non-covalent approaches involves, for instance,
the use of end-functionalized polymer chains with pyrene groups to favor m-m stacking
interactions with graphene platelets.* ®” In the covalent method, the carboxylic and hydroxyl

66,68,69

groups can be used for functionalization through, for instance, amination,’

esterification,”’ isocyanate-grafting’* or polymer grafting.”

11
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3. General Features of Polymerization in Heterogeneous Dispersed Media

Heterophase polymerization systems can be defined as two-phase systems in which the
resulting polymer and/or starting monomer are in the form of a fine dispersion in an
immiscible liquid medium called the “polymerization medium”, “continuous phase” or “outer
phase”. Even if oil-in-water (o/w) systems are greatly preferred on an industrial scale, water-
in-oil (w/o) systems can also be employed for specific purposes. Heterogeneous
polymerization processes can be classified as emulsion, miniemulsion, suspension, dispersion
or precipitation systems according to the initial state of the polymerization mixture, the
kinetics of polymerization, the mechanism of particle formation and the size and shape of the

final polymer particles. As heterophase polymerization processes are central to this review

article, they will be briefly described below.

3.1. Suspension Polymerization

Suspension polymerization is essentially a bulk polymerization in which the reaction mixture
is suspended as droplets in an aqueous continuous phase.”* Therefore, the initiator, monomer
and polymer must be insoluble in water. The suspension mixture is prepared by addition of a
monomer solution containing dissolved initiator into the pre-heated aqueous suspension
medium. Droplets of the organic phase are formed and maintained in suspension by the use of
(1) vigorous agitation throughout the reaction and (ii) hydrophilic macromolecular stabilizers
dissolved in water (i.e., low molar mass polymers such as poly(vinyl alcohol), poly(N-
vinylpyrrolidone) or hydroxymethylcellulose). Each droplet acts as a small bulk
polymerization reactor in which the normal kinetics apply. Polymer is produced in the form of
beads whose average diameters are close to those of the initial monomer droplets (0.01 to 2
mm) even if inadvertent droplet breaking and coalescence widen the bead size distribution.
Polymer beads are easily isolated by filtration provided they are rigid and not tacky.
Therefore, the suspension polymerization process is unsuitable for preparing polymers that
have low glass transition temperatures (Tg). It is widely used for styrene (St), methyl
methacrylate (MMA), vinyl chloride and vinyl acetate (VAc) monomers which corresponding

polymers display high Ts.

3.2. Emulsion Polymerization

12
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Emulsion polymerization is an important industrial process for the production of latex paints,
rubbers, coatings and adhesives.” In “conventional” emulsion polymerization, polymer
particles are formed by starting with an insoluble (or scarcely soluble) monomer emulsified
with the aid of a surfactant present at a concentration above its CMC. The monomer is
originally distributed between coarse emulsion droplets, surfactant micelles and the water
phase (where a small proportion of monomer is molecularly dissolved). The initiator is
soluble in water (although partially water-soluble initiators which partition between the oil
and aqueous phases, like for instance 2,2'-azobis(isobutyronitrile) (AIBN), can also be used),
which leads to a very different particle formation mechanism compared with suspension
systems.

Polymerization starts in the aqueous phase by the formation of free radicals through the
initiator thermolysis and the addition of the first monomer units. These oligomeric radical
species are rapidly captured by the monomer-swollen micelles, where propagation is
supported by absorption of monomer diffusing from the monomer droplets through the
aqueous phase to maintain equilibrium. Therefore, stabilized nuclei are produced to give
primary particles, which grow gradually until the monomer is completely consumed. The
number of primary latex particles formed, and the time during which they grow, determine the
final particle size. Polymer particles synthesized by emulsion polymerization generally have
final diameters in the range of 50-600 nm, i.e., considerably smaller than those made by
suspension polymerization.

In emulsifier-free polymerizations, the polymerization is carried out in the same manner as
described above, except that no surfactant is used. Nucleation occurs by oligoradical
precipitation into unstable nuclei, which collide to form larger particles. Polymerization takes
place mainly within these monomer-swollen particles and particles grow similarly to
conventional emulsion polymerization. Quite recently, it has been shown that inorganic solids
can be exploited to replace surfactants, leading to the formation of inorganic-armored latexes.
This solids-stabilized emulsion polymerization process has been successfully implemented

76,77 7879 and iron oxide.*°

using a large variety of inorganic particles such as silica, clays,
Polymers prepared by emulsion polymerization are used either directly in the latex form or
after isolation by coagulation or spray drying of the latex. They are used as binders in paints,
adhesives, paper coatings, carpet backings, water-based inks, non-woven textiles, and related
applications. They are also used as supports for medical diagnostics. Critical parameters in all

these applications are the particle size, the presence of appropriate end groups on the particle

13
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surface (for covalent bonding of targeted molecules in biomedical applications or for adhesion

to a given substrate in coatings), and the stability of the colloidal suspension.

3.3. Miniemulsion Polymerization

Miniemulsion polymerization is conceptually similar to a suspension polymerization, but
employs much smaller monomer droplets which lead to polymer particles in the submicron
size range.®' Ideally, every monomer droplet is directly converted into a polymer particle,
with negligible exchange of species between particles. Due to the small droplets size, the
initiator can be either oil- or water-soluble.

In a first step, miniemulsion droplets of 50-300 nm are formed by applying high shear (via a
high pressure homogenizer or ultrasound) to a system containing the dispersed phase, the
continuous phase, a surfactant, and a hydrophobe. The hydrophobe acts as an osmotic
pressure agent for preventing the interdroplet mass transfer phenomenon known as Ostwald
ripening. Polymer particles are obtained by direct conversion of monomer droplets, with their
final size tunable by controlling the shearing conditions and therefore the initial droplet size.
One of the main advantages of miniemulsion polymerization is its versatility; it is for example
applicable to non-radical polymerizations, and the encapsulation of resins, liquids and a
multitude of preformed particles. Armored structures have also been recently attained via the

polymerization of Pickering stabilized miniemulsion droplets®®’

(which will be hereafter
referred to as “Pickering miniemulsion polymerization™) following the discovery of Ramsden

and Pickering that finely-divided insoluble solid particles can efficiently stabilize emulsions.**

3.4. Precipitation and Dispersion Polymerization

In precipitation polymerization, the reaction mixture is initially homogeneous like in solution
polymerization, but it acts as a precipitant for the growing polymer. The initially formed
macromolecules therefore collapse and coagulate to create particle nuclei, which gradually
flocculate into irregularly shaped and polydisperse particles. This process is for example used
for the synthesis of polytetrafluoroethylene (PTFE) in water and polyacrylonitrile (PAN) in
bulk.

In dispersion polymerization, the polymerization medium is not a precipitant but a poor
solvent for the resulting polymer.85 Thus, the macromolecules swell rather than precipitate,
and the polymerization proceeds largely within these individual particles to generate more

monodisperse products than in precipitation systems. To ensure particle stability,

14
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macromolecular stabilizers have to be used (as in suspension polymerization). The diameters
of the polymer particles are in the 0.5-10 pm range, which is generally much larger than in
emulsion polymerization, although small polymer particles (100500 nm) can also be

obtained by employing reactive stabilizers or block copolymers.

4. Graphene-based Nanocomposites via Physical Blending

Composite materials produced by blending latexes with fillers are environmentally preferable
to solvent-based alternatives as no volatile organic substances are released during film
formation. In addition, compared to melt processing or solution blending, enhanced properties
at lower filler content can be reached as a result of the excluded volume created by the
polymer particles that forces the fillers into interstitial spaces between the polymer particles
during drying. This process leads to a specific arrangement of the fillers into the polymer
matrix defined as the “segregated network™ and has been explored to fabricate graphene-
based composites. The morphology of the segregated network naturally depends on the
relative dimensions of the latex and the filler. If the lateral size of the graphenic filler (Wrgo)
is smaller than the latex diameter (diex), @ segregated network with a morphology driven by
the latex particles is obtained, #8890 ; o 3 cellular morphology with graphene walls and

polymer cells as illustrated in Figure 5.

RGO sheets

g i \
Hot
pressing

S

Figure 5. Scanning electron microscopy (SEM) image of the cross-section of a polystyrene

(PS)/RGO composite blend (diaex = 3 pm and wrgo = 1 pm). Adapted from ref. ¥ with
permission of the Royal Society of Chemistry.

15



Polymer Chemistry

It is worth noticing that contrary to clay fillers - also widely explored to produce latex-based

composites - graphenic fillers are compliant sheets that commonly adopt wavy or wrinkled

91

structures” once dispersed in a polymer matrix. Thus, when graphene fillers are few times

larger than the latex particles, the graphene sheet tends to wrap the polymer particle so that a

86-87,88,92,93,94,95

cellular morphology is also expected as illustrated in Figure 6.

Figure 6. SEM image of PS/RGO composite (djaex = 3 um and wrgo = 200 nm to few pum)
showing that graphene sheets are compliant and tend to wrap the polymer particles.

Reproduced from ref. > with permission from Elsevier.

Finally, if the lateral size of the graphenic filler is strongly larger than the latex diameter, a

segregated network also forms even though the large graphene sheets tend to link or wrap

96,97,98,99

several latex particles together as illustrated in Figure 7. With fillers carrying such

high aspect ratio, self-alignment might occur at high filler content, due to steric hindrance of

the wide graphene sheets as observed by Yousefi ez al.'”

Figure 7. SEM image of PS/RGO composite (djaex = 150-200 nm and wrgo = several um)
showing graphene sheets wrapping and bridging several latex particles. Reproduced from ref.

% with permission from Elsevier.
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Many kinds of conductive composite particles have been fabricated through self-assembly
mechanism, promising to provide a facile and versatile way to the assembly of small particles,
and to control the functionality in such colloidal systems. Two main strategies have been
reported in literature: i) GO is blended with the latex followed by reduction to recover the
electrical properties, or ii)) RGO or pristine FLG is blended with the latex, i.e. the reduction
step (if needed) occurs prior to the blending step. Both strategies have drawbacks and
advantages. On the one hand, GO is hydrophilic and is highly negatively charged due to the
presence of oxygen functional groups such as phenolic hydroxyls and carboxylic acids on the
surface and edges. GO sheets can be dispersed in water and can be easily mixed with a latex
leading to a stable suspension but the reduction step is critical as RGO is hydrophobic and
hardly stable in water. The reduction step tends to destabilize the suspension, so the filler
distribution and the composite morphology have to be secured during this step. On the other
hand, using directly RGO or pristine FLG prevents the need of a reduction step, but again to
secure the composite morphology, the blending step needs specific conditions. Thus, the main
challenges in producing efficient graphene-based composites through latex blending lie on
two key factors: first secure the cellular morphology and second perform high reduction level
of GO (if GO is used as intermediate compound).

In their review article on graphene-polymer nanocomposites for structural and functional
applications, Hu et al.® focused on the choice of the polymer matrix. Benefiting from almost
infinite choices of monomers, oligomers, and chemistries available, polymer matrices can be
precisely tuned and controlled to exhibit the whole spectrum of physiochemical properties.
Among the large variety of polymeric matrices for advanced nanocomposites; elastomers,
thermoplastics, epoxies, block copolymers, and hydro/aerogels are used widely due to their
unique physical and chemical properties, which can be tailored to various applications and
specific needs. For example, elastomers are highly stretchable polymers consisting of lightly
cross-linked long chains. In contrast, epoxy resins contain rigid segments and are very heavily
cross-linked so that their mechanical strength, stiffness, as well as their brittleness, are
extremely high. Thermoplastic polymers exhibit lower mechanical properties but can be
reinforced by crystalline domains, and are not chemically cross-linked so they can be
processed, shaped, melted, and recycled. Therefore, the choice of polymer matrix also impacts
the final properties of graphene-based composites. The following section is arranged into sub-
sections differentiating the thermoplastic from the cross-linked matrices. The discussion
focuses on the ability to enhance the filler distribution in the polymer matrix and secure the

cellular morphology but also on the reduction level of GO if used as intermediate compound.
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In addition, conductivity is a valuable qualitative measure of the two factors combined, i.e.
the conversion of GO to RGO and filler spatial distribution. The enhancement of conductive

properties and functional properties will be further discussed in Section 6.

4.1. Thermoplastic Polymeric Latexes blended with GO Suspensions

As GO is hydrophilic and easily dispersible in water, nanocomposites fabrication through
latex blending could be a rather straightforward process. However, the reduction step could be
critical in terms of suspension stability, morphology control but also reduction efficiency.
Wang et al.'”" noticed through Raman spectra analysis that the presence of the polypropylene
(PP) latex gave rise to a slight decrease in the reduction efficiency of GO in their RGO/PP
composites prepared by mixing the PP latex with an exfoliated GO aqueous dispersion and
subsequently reduced the GO nanosheets in the presence of hydrazine followed by filtration.
During the reduction step, hydrophilic GO became hydrophobic RGO as a result of the
disappearance of oxygen-containing groups from the surface. Despite this drastic interfacial
change, the final microstructure could be secured by tuning an adequate interaction between
the filler and the latex particles to form a precipitate or coagulant exhibiting a composite
microstructure. In most of the works reviewed hereafter, the final composite material was
obtained through drying or filtration followed by hot compression molding of the solid parts.
For instance, Long et al.®” used poly(N-vinylpyrrolidone) (PVP)-grafted PS microspheres to
secure GO on the surface via hydrogen bonding. SEM observations supported the hypothesis
that the affinity between the GO sheets on PVP- grafted PS microspheres was strong enough
to immobilize the GO sheets during the mild chemical reduction by a vitamin C solution. The
final composite was obtained after hot pressing and its conductive properties were studied
(Figure 8). XPS and conductivity measurements demonstrated that thermal reduction occurred
during the hot pressing step; however the effectiveness was lower than chemical reduction.
This process simplification paid the price of yielding a composite conductivity (0.5 S m ™" for
2 vol%) that was not as high as that for PS/RGO composites prepared with the vitamin C
reduction (4.6 S m ™' for 2 vol%).
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Figure 8. Scheme illustrating the preparation of PS/RGO composites with an ordered three-
dimensional microcellular network by mixing GO sheets and PS microspheres, followed by
GO reduction with vitamin C and hot pressing. Reproduced from ref. ®” with permission from

the Royal Society of Chemistry.

Li et al.’’ fabricated graphene-based PS nanocomposites by mixing PS latex stabilized by
SDBS with an aqueous dispersion of GO without any additional stabilizer. The mixture was
intentionally coagulated with sodium chloride in order to produce composite micro-particles
containing both the polymer beads and the GO sheets. Then, these micro-particles underwent
in situ reduction into RGO using hydrazine hydrate (Figure 9). The final composite was
obtained after drying the micro-particles, followed by hot pressing. XPS elemental analyses
showed that performing the reduction step after the co-coagulation step was more efficient
than the contrary. This was attributed to the fact that for the RGO-PS composite in which GO
was reduced before co-coagulation, the graphene nanosheets tend to form a restacked
structure as PS nanospheres are not adsorbed onto their surfaces. The glass transition
temperature of the nanocomposites slightly shifted to a higher temperature with increasing
graphene loading suggesting that the thermal stability of the nanocomposites was improved.
In addition, the introduction of graphene resulted in a sharp decrease in the area under the
damping peak, indicating that the segmental mobility of the PS chains during the glass

transition was significantly limited and obstructed by the presence of graphene.
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Figure 9. Scheme illustrating the preparation of PS/RGO composite microparticles by mixing
GO and PS dispersions, followed by GO reduction with hydrazine hydrate. Reproduced from
ref. °7 with permission from Springer.

Yousefi et al.'®

produced RGO/polyurethane (PU) composites. A GO dispersion was mixed
with an aqueous PU emulsion to obtain a homogeneous colloidal dispersion of GO and PU,
which was then chemically reduced. The resulting dispersion was stable for several months
without any graphene aggregation, whereas the reduction of bare GO dispersion in the
absence of PU resulted in significant agglomeration. It was hypothesized that the PU particles
were adsorbed onto the RGO surface leading to a uniform, protective PU layer on the surface
of the RGO sheets.

To secure the final segregated network morphology, self-assembly strategies have been
reported with increasing complexity to favor interactions between the latex surface and the
GO surface. The self-assembly process was driven by mutual electrostatic interactions
between GO and polymer nanospheres but also chemical compatibilisation or surface
functionalization have been explored.

As described earlier, GO in water is negatively charged; methods have been developed to
render the surface of the latex positively charged to favor electrostatic self-assembly. For
instance, some authors add cationic surfactants to cover the latex surface. Surfactants can be

either non-ionic or ionic and adsorb onto the interfaces to stabilize hydrophobic particles
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suspended in water, but the use of cationic surfactants induces the presence of positive
charges on the surface of the latex. Zhang ef al.'® produced core—shell structured particles
using GO as a shell material with poly(methyl methacrylate) (PMMA) latex with the use of a
cationic surfactant: cetyl trimethylammonium bromide (CTAB). The GO-PMMA particles
showed better thermal stability than that of the pure PMMA particles.

With a similar goal, another approach consists in using a cationic initiator. Pham ez al.”
prepared PMMA latex by surfactant-free emulsion polymerization using a cationic free
radical initiator which creates the positive charges on the surface of the PMMA particles. In
contrast, the GO sheet is highly negatively charged. The zeta potential (ZP) of the PMMA
latex and the GO dispersion was found to be 34.9 mV and —43.4 mV, respectively. After
hydrazine reduction, the PMMA-RGO precipitate was filtered. The size ratio allowed the
RGO sheet to interpose itself between several PMMA particles. SEM images showed that
crumpled and wrinkled RGO sheets were uniformly distributed in the PMMA matrix. The
improvement in thermal stability of PMMA-RGO composites can be attributed to the
formation of a high aspect ratio, inflammable RGO network in the polymer matrix, which acts
as a barrier inhibiting the emission of the decomposition products during combustion.
Significant enhancement in the storage modulus in both glassy and rubbery regions was
observed. Moreover, a surfactant-free process was used resulting in high electrical properties.
Another strategy relies on grafting functional groups on the latex surface to render the surface
positively charged. Wu et al’® grafted amine groups on the surface of PS nanospheres leading
to surface charges switching from positive (zeta potential = + 26 mV) to negative (zeta
potential = —29 mV) with increasing pH value from 2 to 11. When added to the GO
suspension, spontaneous coagulation occurred at pH=4 while at pH=10, no aggregation
occurred indicating that the electrostatic interaction was the driving force. In addition, at
pH<I, no large aggregates were observed possibly due to protonation of GO. This result
suggests that the mutual assembly should be triggered under weakly acidic medium. The
resulting coagulum was filtered and reduced using hydrogen iodide (HI) solution, and finally
made into films through hot compression molding. SEM images showed graphene sheets
covering polymer spheres and linking neighboring spheres to form a 3D graphene framework
in the coagulations. The hot-press process was found to be critical to generate compact
junction contacts between RGO sheets in the 3D architecture.

Zhao et al.”’ synthesized positively charged polystyrene latex (PS+) through dispersion
polymerization in an ethanol/water medium by using methacryloxyethyltrimethyl ammonium

chloride as co-monomer. Due to the electrostatic adsorption and m—m interaction, GO
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nanosheets gradually wrapped the surface of the cationic PS particles. For a pH range from 2
to 11, GO nanosheets presented negative charges (ZP = -44 mV to -53 mV) which may derive
from the ionization of the corresponding carboxylic acid,'® while the surface charge of the PS
particles switched from positive (ZP = +41 mV) to negative (ZP = -54 mV) with a maximum
ZP =+60.5 mV at pH 5. As the self-assembly could only be triggered when PS and GO were
oppositely charged and considering that a higher ZP value results in a more stable aqueous
dispersion, the chosen experimental conditions were: pH 5, ZPps = +60.5 mV and ZPgo = -
552 mV. SEM observations of a fracture surface showed a honeycomb-like 3D
microstructure consisting of adjacent individual RGO sheets. The electrical conductivity of
the composites increased significantly from 8.39 10™* to 15.7 S/m when the RGO content
increased from 0.02 to 0.81 vol%.

Gudarzi et al.'"™ used acrylic acid as a hydrophilic monomer to form a polar shell at the
surface of PMMA latex particles prior to the addition of GO suspension. Due to the strong
bond between polar segments of polymer chains and oxygen groups of graphene, strong
interfacial interaction was guaranteed, which rendered the colloidal polymer as both a
stabilizer and compatibilizer. The resulting composite colloids remained stable during GO
reduction, due to the molecular level dispersion of graphene in the resulting polymeric
composite. XRD analyses confirmed that the presence of polymer particles prevent RGO from
restacking after drying. Enhancement in modulus and hardness was measured and a notable
shift of T, toward higher temperatures was observed with addition of RGO. This latter was
attributed to interaction at the molecular level and quite possibly formation of the hydrogen
bonding among oxygen containing groups in the structure of graphene and polymer particles’

surface.

Hydrophilic shell Strong interface

Figure 10. Scheme illustrating the formation of polymer/GO composites via latex blending

and subsequent casting resulting in the creation of a high GO/polymer interfacial area.

f 104

Reproduced from re with permission from Elsevier.
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Jiang et al.”® prepared positively charged PTFE latex by grafting a polycationic polymer,
polyethyleneimine (PEI). This procedure led to an increase in ZP from -20.7 mV (PTFE latex)
to +25.6 mV (PEI grafted PTFE latex). PTFE/graphene composites were produced by an
electrostatic self-assembly process where well-dispersed GO sheets having a negative charge
were mixed with the positively charged PTFE latex followed by chemical reduction and hot
sintering. The composites displayed higher mechanical properties but reduced ductility than
pure PTFE. At 2 wt%, the electrical conductivity of the composite exceeded 1.5 S m™. A
higher wear resistance but a lower friction coefficient was observed for the composite
compared to pure PTFE.

Fan et al.*® explored the electrostatic self-assembly process one step further by producing
positively charged GO by formation of an amide bond between PEI and GO in addition to the
common negatively charged GO suspension. With these two GO suspensions, PS
microspheres were wrapped by GO sheets via layer-by-layer (LbL) assembly of oppositely
charged GO sheets. The deposited GO was then reduced, and composite films with a
graphene conductive network were prepared by hot pressing. Improvement in thermal
stability has been observed.

Some authors also considered the addition of a third component with conductive properties.
For instance, Tang et al.”® proposed the use of CNTs as an aid to induce self-assembly of GO
on PS microspheres. In this approach, GO was found to be an effective surfactant that could
stabilize CNTs in water to yield a homogenous black dispersion. On the one hand, GO was
used as an alternative stabilizer to otherwise insulating surfactants and wrapped PS
microspheres acting as “nano-walls” to prevent CNTs from diffusing into the PS microsphere,
in particular during hot pressing. GO was then reduced to conductive graphene to electrically
connect with CNTs. On the other hand, CNTs on RGO served as effective spacers to prevent
graphene from re-stacking even though at high filler concentration, re-stacking of RGO was
observed. XPS results showed that most of the oxygen-containing groups were removed by
the HI reduction process. The conductivity of the composite containing both CNTs and RGO
was higher than that of the composites containing CNTs or RGO as the sole fillers, and
enhancement of tensile modulus and strength was observed.

Zhang et al.'®

reported the synthesis of a conductive assembly consisting of PS microspheres,
RGO, and Ag using silver nitrate (AgNO;) as precursor. GO-coated PS microspheres were
first prepared by hydrophobic and m—r interactions between GO and the PS microspheres.

Due to the presence of hydroxyl groups, the surface of GO-coated PS microspheres possessed
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a certain amount of negative charges that was favorable for Ag" adsorption. GO and Ag" were
then simultaneously reduced. TEM and SEM observations showed a thin layer of RGO on the
surface of PS microspheres, and some Ag nanoparticles stuck on the RGO, though partial
convolution of RGO sheets on the PS microspheres led to some aggregated Ag nanoparticles.
Higher thermal stability was observed.

Finally in another approach, Yang et al.'® grafted atom transfer radical polymerization
(ATRP) initiator molecules onto the GO sheets by reaction of 2-bromo-2-methylpropionyl
bromide with the hydroxyl and amine groups. Poly(dimethylaminoethyl methacrylate)
(PDMAEMA) chains were subsequently grown from the functionalized GO sheets by in situ
ATRP at 60 °C using N,N,N’,N’,N’’-pentamethyldiethylenetriamine (PMDETA) as a ligand
and CuBr. The resulting PDMAEMA -functionalized GO sheets could be readily exfoliated in
water at pH 1, and were further decorated with poly(ethylene glycol dimethacrylate-co-
methacrylic acid) (P(EGDMA-co-MAA)) particles which adsorbed on their surface via H-
bonding interactions, therefore highlighting the ability to control morphology. However as no
reduction was performed, one can question the influence of grafted polymer chains on the

conductive properties of such RGO.
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Figure 11. a) Scheme illustrating the grafting of PDMAEMA on GO sheets and their
decoration by polymer particles. b) Transmission electron microscopy (TEM) and ¢) SEM
images of exfoliated GO decorated by P(EGDMA-co-MAA) latex particles. Reproduced from

ref. '% with permission from the American Chemical Society.
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4.2. Thermoplastic Polymeric Latexes blended with RGO or Graphene Suspensions

As discussed in Section 2, the reduction process does not fully reduce GO to graphene; this
intermediate material is commonly referred to as RGO. As a consequence, the conductive

1."" showed that

properties of graphene are not fully recovered in RGO. Moreover, Wang ef a
in GO/latex composites, the presence of the latex particles can give rise to a slight decrease in
the reduction efficiency of GO. Thus, in order to favor high conductivity in the final
composite, synthetic routes directly using graphene or RGO reduced prior to the latex blend
step, have been explored. In this case, the challenge is that (contrary to GO) graphene and
RGO are not stable in water without the aid of stabilizers. However, the presence of foreign
stabilizers may also affect the conductivity of the nanocomposites by reducing charge
transport within the conductive network. The planar aromatic structure of graphene can
interact with surfactants with a hydrophobic tail containing planar or nearly planar polycyclic
structures, unsaturated bonds and/or aromatic rings where strong n-m interactions are possible.
A quite straightforward approach is to use SDBS surfactant as it is commonly used to
stabilize carbon-based fillers, in particular graphene and RGO. Mechrez et al.'’” produced
polyacrylate/graphene nanocomposites by dispersing graphene nanosheets in an aqueous
dispersion of a commercial polyacrylate latex with SDBS surfactant followed by a
microfiltration process. Ghislandi et al'® mixed a PP latex with a graphene dispersion
stabilized by SDBS to a final filler content between 0.1 wt % and 10 wt %. Each mixture was
freeze-dried and then hot pressed into films. In these two studies, water was rapidly extracted
from the system in order to preserve the high dispersion level of the nanofillers within the
polymer matrix successfully leading to conductive properties. However a cellular morphology

was not reported. Besides, Noél et al.™

produced poly(methyl methacrylate-co-n-butyl
acrylate) (P(MMA-co-BA))/graphene nanocomposites using a surfactant-free latex mixed
with a graphene suspension stabilized by SDBS. No coagulation was observed and free
standing films could be obtained by natural water evaporation at 40°C. TEM observations
showed that a cellular morphology was obtained and highly conductive properties were
reached.

To better secure the cellular morphology, other stabilizers such as polymeric stabilizers have
been explored. Polymeric stabilizers can be either non-ionic or ionic, and create physical or

chemical interactions with carbon-based fillers, thus contributing to their stabilization through

electrostatic or steric mechanisms. For instance, PVP is a stabilizer containing hydrophilic
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pyrrolidone moieties, and a polyvinyl hydrophobic backbone. It can thus adsorb on
hydrophobic surfaces and promote steric stabilization in aqueous solutions. Arzac et al”
produced a conductive composite by emulsion mixing. The composite morphology exhibited
armored polymer particles with RGO platelets weakly bonded to the polymer, probably by
hydrogen bonds formed between the polar polymeric particles and the hydrophilic
(pyrrolidone) part of PVP adsorbed at the RGO surface. An electrical conductivity of 0.236 S
m ' was achieved for 0.9 vol% RGO.

Yoonessi et al.* prepared graphene/polycarbonate (PC) nanocomposites by latex blending
and solution blending. The latex blending was performed by mixing a PC latex (from Sabic)
with PVP and a graphene suspension stabilized with a non-ionic surfactant. Conductive
graphene nanoparticles were positioned on the polycarbonate microsphere (Figure 12). An
electrical conductivity of 10° S m ~' was achieved for 0.55 vol% RGO and enhancement of

tensile modulus was observed.

Figure 12. SEM images of graphene/PC composite materials containing a) 0.55 vol% and b)
1.1 vol% of graphene. Reproduced from ref. * with permission from the American Chemical

Society.

In work by Pinto e al.'®, graphene nanoplatelets (GNP, commercial grade) were directly
dispersed in a poly(vinyl acetate) (PVAc, commercial grade) latex without using additional
surfactants or dispersants. The stability and non-agglomeration (Figure 13) of the composite
dispersions were attributed to interaction of the graphene nanoplatelets with the protective
colloids originally present in the commercial latex (typically poly(vinyl alcohol) (PVA) and
hydroxyethylcellulose (HEC)). Improvement in adhesive bond strength was observed.
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Figure 13. Cryo-SEM images of GNP/PVAc composite suspensions obtained by blending a
PVAc latex with a) 0.3 wt% and b) 2 wt% of GNP. Reproduced from ref. '* with permission
from the Society of Chemical Industry.

Ju et al.'® prepared partially charged RGO sheets by controlled chemical reduction of
graphite oxide. After reduction, RGO showed the partial survival of polar groups including
carboxylate anions and hydroxyl groups and the surface of the graphene sheets was
consequently negatively charged (ZP = -36.01 mV). Then, positively charged PS beads of
different sizes were prepared by emulsifier-free emulsion copolymerization with calcium
stearate. After mixing, self-assembled hybrid spheres agglomerated and were deposited by
spray-coating. SEM images showed that the polymer spheres were successfully decorated by
graphene nanosheet. When reducing the diameter of cationic polymer spheres from 5 pum to
600 nm, graphene sheet could adhere on several polymer spheres rather than wrapping each
sphere, resulting in ligament formation between neighboring spheres. The decrease of PS
beads diameter induced an increase of conductivity, suggesting that the number of ohmic
contact would be a critical factor determining electrical conductivity.

Polyelectrolytes can also be used as stabilizers. These are polymers containing multiple
ionizable groups, which stabilize particles by electrostatic interactions. For instance,
poly(styrene sulfonate) (PSS) is a polyelectrolyte composed of repeat units similar to the
chemical structure of SDBS, and can effectively stabilize graphene platelets in water. Syurik
et al"" reduced GO-sheets with hydrazine in the presence of PSS to produce graphene
covered with PSS (PSS-graphene) after filtration and drying. For the preparation of the
composites, the PSS-graphene was dispersed in water and mixed with PS or PP latexes prior

to freeze-drying and compression molding. The lower melt viscosity and the crystallization of
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the PP caused predominantly non-isotropic orientation of the GR nanofillers while isotropic
orientation was observed in the RGO-PS composite. This morphology was confirmed by
conductivity measurements in direction parallel and perpendicular to the sample top surface.
To improve interaction between the filler and the polymer matrix, some authors have explored
reactive interactions such as copolymerization or cross-linking. Spasevska et al.''* produced
waterborne P(MMA-co-BA)/RGO composites in which the polymer nanoparticles were
functionalized with OH groups by introducing the functional comonomer 2-hydroxyethyl
methacrylate (HEMA) in the monomer mixture. The blending technique was based on an
emulsion mixing process, during which a water dispersible polyurethane cross-linker
(containing free isocyanate functionalities on both chain ends) was added (Figure 14). The
cross-linker bonded covalently to the polymer and the RGO to form a single complex hybrid
structure. The bonding was established through spontaneous NCO reaction with OH
functionalities present on both the surface of RGO platelets and the surface of the polymer
nanoparticles. Higher amount of cross-linker promoted partial encapsulation of polymer
particles by the RGO sheets, by bending the RGO sheets around the particles, creating more
organized structure. The composites containing 1 wt% of RGO and medium amount of cross-
linker showed the maximum electrical conductivity achieved in this study (0.1361 S m™) and
a highly homogeneous distribution of RGO thus a kind of optimum combination of RGO and
cross-linker amounts. When a higher amount of cross-linker was added, it was hypothesized
that part of it remained free and was incorporated into the composite matrix, decreasing the
conductivity and influencing the morphology. By decreasing the cross-linker content, the
RGO platelets were randomly oriented in the matrix, less bended and more aggregated. It was
hypothesized that the amount of cross-linker used was not enough to bind with the individual
RGO sheets, which promoted aggregation between the non-bonded sheets. Consequently, the
electrical conductivity of these composites dropped significantly. The composites, despite
covalent bonding of the RGO sheets in the composite matrix, showed electrical conductivity

properties and increase of Young’s modulus was observed.
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Figure 14. Scheme illustrating the reactive emulsion mixing procedure reported by Spasevska
et al. using a water dispersible cross-linker to covalently bind OH-functionalized polymer
nanoparticles and RGO platelets. Adapted from ref. ''* with permission from the Royal
Society of Chemistry.

Jiang et al.'®

reported a one-step covalent functionalization and simultaneous reduction of
GO with hydroxyethyl acrylate (HEA), resulting in graphene functionalized with double
bonds. The functionalized graphene was used to covalently attach PMMA particles to the
edges of graphene sheets (Figure 15a). This polymerization step is rather close to the in situ
polymerization approaches described later in Section 5. Here, the PMMA particles acted as
chemical compatibilizers (Figure 15b) effectively preventing filler agglomeration and
markedly improving their dispersion in the PMMA matrix during the subsequent melt
processing. The strong chemical interaction between the functionalized graphene sheets and
the PMMA matrix, combined with the good dispersion in PMMA matrix enhanced the barrier
effect of graphene. Improvement in thermal stability was observed. A shift in the glass
transition temperature of PMMA towards higher temperatures was observed after
incorporation of functionalized graphene, and was attributed to the restriction of polymer’s
chain motions, which indicates a strong interfacial interaction between the functionalized

graphene sheets and the PMMA chains due to the formation of covalent bonds. Improvements

of mechanical properties were reported.
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Figure 15. a) Scheme illustrating the synthesis of functionalized graphene (FGN) and b)
schematic representation of the procedure used to prepare PMMA/FGN composite by in situ
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emulsion polymerization followed by melt blending. Reproduced from ref. with

permission from Elsevier.

In a last example, Tchernook et al.'™* studied a semi-crystalline system wherein aqueous high
molecular weight linear polyethylene “nanocrystal”/graphene composite dispersions were
produced in situ by ethylene insertion polymerization in water or alternatively via a post-
polymerization technique. The precipitates were dried and melt processed prior to
characterization. RGO was used without any prior compatibilizing surface modification. The
small size of the polyethylene nanocrystals enabled a homogeneous distribution of graphene
throughout the polymer matrix. High conductivities and low percolation thresholds were

measured and were attributed to the morphology of the composites.

4.3. Cross-linked Polymer Matrices

Self-assembly approaches have been explored by several authors for cross-linked polymeric
systems, in particular for natural rubbers (NR). NR latexes consist of particles of cis-1,4-
polyisoprene core and phospholipids—protein shell without any specific electrostatic charges

on the surface.'” Similarly to thermoplastic-based systems, either GO or RGO can be used
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during the blending step. However, in many applications, conductivity is not of primary focus
and property enhancement also deals with water permeability and mechanical properties; thus
no reduction is needed and the use of GO is quite straightforward. For instance, Matos et al.”?
simply mixed a GO dispersion with a NR latex prior to curing at 70 °C. For comparison
purposes, the same authors also fabricated RGO-NR systems. To do so, GO was reduced and
dispersed in water with CTAB prior to NR latex blending step. As unfilled NR, the
biodegradability of graphene-based composites was verified. Regarding the swelling
behavior, all the nanocomposite samples absorbed less solvent than the pure rubber and the
more concentrated the nanocomposites were, the less solvent was absorbed. The degradation
temperature of the GO-NR nanocomposites was quite similar to the one of the unfilled
polymer, indicating that the presence of GO did not affect the thermal stability of the rubber.
But in nanocomposites with RGO, a lower degradation temperature compared to pure NR was
observed. This was associated with the presence of CTAB, which decomposes in the range
260-310 °C. To prevent the drawback of the presence of surfactant, Li ez al.''® proposed to
prepare graphene-NRL composites by using ammonia as stabilizer. Ammonia diffused
completely during the final heat vulcanization. First ammonia was added to pre-vulcanized
NR latex and RGO suspensions prior to mixing. During this ionization stage, both NR
particles and graphene sheets were negatively charged (the negative charges being balanced
by ammonium counter-ions). The electrostatic repulsion between NR particles and graphene
sheets enabled the homogenous dispersion of graphene sheets in the NR matrix. During the
drying process, with the evaporation of water and ammonia, the viscosity increased fixing
likewise the RGO sheets in the system while heat curing cross-linked the different NR
particles together. An increase of 9% in tensile strength of the RGO-NR composite without
compromising the elongation at break was observed. In addition, the glass transition
temperature shifted toward a higher temperature, which was attributed to physical cross-
linking of graphene.

Zhan et al.''” and Yan et al.''® prepared NR-based nanocomposites by direct blend of GO
suspension with NR latex followed by chemical reduction and vulcanization. The mixture
underwent coagulation and was dried prior to final processing. The final composite was either
processed by static hot pressing or twin-roll mixing, followed by hot pressing. This latter
process is commonly used in natural rubber industry, however it tends to destroy the
segregated network morphology. Static hot pressing is therefore preferred to preserve the
peculiar morphology (Figure 16). XPS, SAXS and NMR analyses showed that the RGO

platelets affect the vulcanization process of natural rubber. In particular, polysulphidic sulphur
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species were more prevalent in the samples with segregated morphology and increasing the
RGO content reduced the presence of these species. The composites with a conductive
segregated network displayed excellent water vapor barrier properties and good mechanical
properties, enhancement of tensile strength but decrease of the strain at break. In another
work, Zhan et al.'"® mixed a GO suspension and NR latex prior to chemical reduction and co-
coagulation using formic acid to form composite particles. After filtration, the final composite
was prepared in an open twin roll mill with addition of pure NR and curing agents. This
process produced much better dispersion and exfoliation of RGO in the NR matrix and
contributed to an increase in the tensile strength compared to the direct twin roll mixing of
RGO and NR. Among three different carbonaceous fillers (carbon black, multi wall carbon
nanotube, and RGO), GE was found to be the best one for reinforcing the NR. With the
introduction of GE, the crosslink density increased and swelling ratio decreased. Potts et al.'*
also studied the two-roll mixing process. In this study, a latex premixing step was performed
prior to the two-roll mixing step. Large property improvements were observed in these latex
premixed nanocomposites compared to composites simply processed by the two-roll mixing

process. This was attributed to a more uniform dispersion of the RGO platelets, coupled with

a larger accessible interfacial surface area.
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Figure 16. Scheme illustrating the preparation of RGO/rubber composites with a conductive
segregated network of RGO by self-assembly in latex and static hot-press. Reproduced from

ref. °* with permission from the Royal Society of Chemistry.
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Luo et al."*' proposed a similar electrostatic self-assembly approach by reducing GO in the
presence of a cationic polymer poly(diallyldimethylammonium chloride) (PDADMAC),
which allowed introducing positive charges on the surface of graphene nanosheets. The
positively charged PDADMAC-functionalized graphene was subsequently assembled with
negatively charged NR latex particles. Vulcanizing agents were then added and the mixture
was freeze-dried and hot molded. As the rubber melt upon cooling, graphene could only be
positioned at the surface of the resulting dense packing of micrometer size latex particles.
This morphology was confirmed by SEM observations. When the graphene content was over
0.42 vol%, the tensile strength and elongation at break of graphene/NR nanocomposites
decreased gradually, which was attributed to the rigid 3D graphene networks that can cause
the brittleness and ultimate failure of the composites as stress concentrative points. Thus, high
nanofillers loading could lead to processing difficulties and loss of mechanical strength for
rubber materials.

Along with NR matrices, some authors have studied other cross-linked systems. In Xing et al.
work,'?* styrene butadiene rubber (SBR) latex was mixed with aqueous GO suspension prior
to co-coagulation using saturated sodium chloride solution to form aqueous suspension of
GO-SBR particles that was further reduced using hydrazine. After filtration, the curing agents
were added on an open twin-roll mill. Enhanced mechanical properties, low heat buildup,
improved wear resistance and thermal stability, as well as good gas impermeability and
electricity conductivity were observed. Mao et al.'* fabricated GO/SBR microparticles, in
which the GO sheets are trapped in a well-dispersed state throughout the SBR matrix, by
combining the latex compounding and spray drying methods. A GO suspension mixed with
SBR latex was fed to an air atomizing spray drier. The vast expansion of water molecules
during evaporation prevented the GO sheets from aggregating, and the GO sheets were well
isolated by the SBR particles. The spray dried GO/SBR powder was collected and
mechanically blended with vulcanizing agents on a two-roll mill. A shift in T, towards higher
temperatures was attributed to the exfoliation of GO sheets in the SBR matrix and the strong
interface between the rubber molecules and the GO sheets, which lowered the mobility of the
molecular chains. By combining latex compounding and spray drying, the reinforcing
efficiency of GO was enhanced through the excellent dispersion of GO sheets in the matrix

and the strong GO—matrix interface. Tian ef al.'**

produced composites based on carboxylated
nitrile rubber (XNBR) latex particles and GO. A cellular morphology driven by hydrogen

bonding interaction between XNBR and GONS during latex mixing was observed. In situ
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thermal reduction of GO in the GO-XNBR composites was experimented and showed a
moderate reduction efficiency. The final composites exhibited low DC conductance but high
dielectric constant and low dielectric loss.

Yousefi et al'® studied GO composite with epoxy matrix by directly mixing a GO
suspension with waterborne epoxy system followed with and without a chemical reduction
step. After addition of hardener, the mixture was evaporated at 60 °C. The reduction
mechanism of GO using hydrazine was studied and it was concluded that the reduction
process did not proceed completely. Some nitrogen atoms were immobilized on the RGO
surface in the course of reduction. These immobilized nitrogen atoms are highly reactive and
could penetrate into epoxy molecules upon the introduction of graphene sheets. In this case,
GO sheets act as an intermediary and carry the immobilized nitrogen on their surface,
allowing it to react with the epoxy molecules. Through this mechanism, a covalent bond can
possibly evolve between the epoxy molecules and RGO sheets upon in situ reduction. In
addition, with the abundance of aromatic rings in GO, RGO and epoxy, one may expect
epoxy and GO interact with each other through non-covalent m—m stacking mechanism.
However, a lack of m-m stacking in the composites was observed and is likely due to the
hindrance in spatial freedom of epoxy molecules due to the presence of covalently grafted
molecules. Addition of GO or RGO into the epoxy matrix improved the Young’s modulus,
the thermal stability and the tensile strength of the composites, with RGO exhibiting a more

pronounced effect.

5. Graphene-based Nanocomposites via in situ Polymerization

The in situ polymerization route to graphene-based nanocomposites involves the
polymerization of hydrophobic monomers in the presence of preformed graphene nanosheets.
In situ polymerization can be performed in homogeneous conditions (e.g., bulk/solution) or in
a heterogeneous environment using one of the four main processes depicted in Section 3. To
avoid any ambiguity in the definition of the polymerization type (as sometimes occurs in
literature), the present article will use the term "miniemulsion" whenever miniemulsion
droplets are formed in the presence of a hydrophobe employing high energy mixing devices
(like ultrasonication of high pressure homogenizers), and subsequently polymerized using
water- or oil-soluble initiators. The term "suspension" will be used when regular stirrers are

employed in combination with organo-soluble initiators.
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Contrary to the latex blending strategy in which graphene, GO and RGO are equally
applicable, in situ polymerization studies almost exclusively employ GO nanosheets due to
their surfactant-like behavior.'™ '**'?” Indeed, GO platelets can efficiently stabilize emulsion
or miniemulsion droplets, which can be subsequently converted into composite latex particles
of similar size through droplet nucleation using either emulsion, suspension or miniemulsion
polymerization processes (referred to as Pickering emulsion, Pickering suspension or
Pickering miniemulsion polymerizations, respectively).

As an alternative, hydrophobized GO sheets previously dispersed into the monomer phase can
be encapsulated by miniemulsion polymerization using molecular surfactants as stabilizers. It
has also been shown that composite particles can be formed via conventional soap-free
emulsion polymerization even if the original graphene platelets do not have the ability to
stabilize the monomer droplets. At last, GO (or graphene) can also be combined with
surfactant in conventional emulsion or miniemulsion polymerization processes. Since these
approaches can be applied to different polymerization techniques, the sections in this part are
structured by polymerization type and contain description of the relevant processes introduced

above.

5.1. Emulsion Polymerization

Emulsion polymerization in the presence of GO nanosheets and surfactants

The first report on the synthesis of graphene-based composite materials through conventional
emulsion polymerization can likely be attributed to Ding et al.'*® Intercalated nanocomposites
based on GO and PS were successfully obtained by polymerizing St in the presence of GO at
60°C using potassium persulfate (KPS) as initiator and sodium lauryl sulfate (SLS) as anionic
surfactant. Confinement of the polymer chains between the graphene layers was proven by
wide angle X-ray diffraction (WAXD), differential scanning calorimetry (DSC) and thermal
gravimetric analyses (TGA) which all indicated strong affinity of the polymer for the GO
surface and successful intercalation. However, since the latex was coagulated before
characterization, no information was given on particle morphology. Following a very similar

procedure but with a non-ionic surfactant, Zhang et al.'”

reported in situ emulsion
terpolymerisation of St, n-butyl acrylate (BA) and MMA in the presence of GO and a small
amount of acrylic acid (AA) as a fourth monomer. TEM, high-resolution electron microscopy
(HREM) and WAXD analyses all indicated an exfoliated morphology. Drying of the latex

suspension produced films exhibiting enhanced thermal stability and more favorable
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flammability properties with only 1wt% of GO (compared to GO-free analogues). The
presence of graphite sheets hindered the diffusion of volatile decomposition products within
the nanocomposite by promoting char formation, which resulted in a 45% decrease of the heat
release rate and a reduction in total smoke production and smoke release rate as demonstrated
by cone calorimetry. Unfortunately again, no information was given on particle morphology.

In the same year, Wang et al."" described the synthesis of similar intercalated PMMA/GO
nanocomposites with improved electrical and mechanical properties. More recently, Hu et
al.! reported in situ emulsion polymerization of St in the presence of GO and SDS, followed
by reduction with hydrazine hydrate to recover electrical properties. TEM showed the
formation of PS spheres around 90—150 nm in diameter attached to the edges of the graphene
nanosheets (Figure 17a). This morphology was tentatively ascribed to SDS adsorption on the
oxygen-containing functional groups present at the sheet edges and subsequent nucleation of
the adsorbed micellar aggregates. However, work by Glover et al.'** showing that SDS does
not adsorb onto GO sheets (due to electrostatic repulsions between the negatively-charged
SDS head groups and thellcarboxylate groups of oxidized graphene) casts doubt on this
proposed nucleation mechanism. GO is however known to contain residual un-oxidized sp*-

13 onto which SDS may adsorb (as reported by Hsieh et al,134’135),

hybridized domains
offering an alternative adsorption theory which might explain the observed morphology. The
obtained products were dispersed in toluene (a good solvent for PS) and no precipitation of
the GO was observed after 96 hours, suggesting covalent attachment of some polymer chains
to the GO surface. The composite material again displayed a significant improvement in
thermal behavior compared to the pure polymer, with an increase of the onset of the thermal
degradation temperature of 80 °C (Figure 17b) and a significant increase in 7g (8°C). A
similar improvement in thermal properties was attained in a comparable PMMA/graphene

nanocomposite system reported by Kuila et al.'*
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Figure 17. a) TEM image of GO/PS nanocomposites obtained by in situ emulsion
polymerization showing preferential nucleation of PS particles on the edges of the GO sheets
and b) TGA analysis showing an increase of the onset of the thermal degradation temperature
of the nanocomposite compared to neat PS. Reproduced from ref. ! with permission from

Elsevier.

The ability to tune the latex particle size by varying the GO content was highlighted by
Kattimuttathu ez al."*® The hydrodynamic diameter (Dy,) of the resulting composite particles
decreased from 292 nm to 88 nm with increasing GO content from 0.1 wt% to 1 wt% (based
on monomer), and was significantly smaller than that of the blank latex (D, = 539 nm)
synthesized under the same conditions in the absence of GO. Although this article
indisputably showed an effect of GO on the final latex particle size, atomic force microscopy
(AFM), SEM and TEM did not clearly support the authors’ claims of the presence of the GO
sheets at the particle surface, instead showing smooth elongated monodisperse latex particles
without clear evidence of GO sheets being located there. Indeed, the latter had an average size
of 280 £ 30 nm as determined by dynamic light scattering (DLS), whose size was of the same
order of magnitude or larger than the latex particles size. Unless those large sheets were
capable of wrapping around the latex particles (which seems unlikely for the very small
particles), they should have been visible in the TEM images either as latex-decorated GO
sheets or as rough latex particles. The fact that we cannot see them despite their potential to
decrease the final particles size raises serious question about the exact mechanism of particle

formation, considering in particular that surfactant was also used in conjunction with GO.

Emulsion polymerization in the presence of GO nanosheets as the sole stabilizer
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Apart from the combined use of GO and surfactants in conventional emulsion polymerization,
there are also a few reports in which GO was used as the sole “surfactant”. The first example
of graphene-based colloidal nanocomposites involving graphene as the sole stabilizer was

1.7 who used exfoliated GO sheets with lateral dimensions of

reported by Thickett et a
approximately 200 nm to form graphene-armored latex particles through conventional
surfactant-free emulsion polymerization of St using KPS as thermal initiator. The nanosheets
were obtained by a modified Hummer’s method (see Section 2.1), and was used at
concentrations above a certain threshold in order to efficiently stabilize the latex particles.
TEM images revealed rough particle surfaces indicating the presence of adsorbed GO sheets
(Figure 18a). Interestingly, the presence of just 0.11 wt% GO (relative to St) decreased the
particle size from 850 nm in the GO-free system to 259 nm. However, the system then
behaved unexpectedly for higher GO contents or for higher initiator concentrations, with the
formation of micron-sized aggregates of GO sheets and polymer latex particles (Figure 18b).
This intriguing result was attributed to GO instability at high ionic strength (as an increase in
GO content itself or in the initiator concentration both constitute an increase of ionic
strength). A certain minimum ionic strength was required to create "unstable" precursor
particles and promote heterocoagulation between the destabilized GO sheets and the growing
oligomers, but too high an ionic strength led to GO destabilization and ill-defined
morphologies. In addition to demonstrating good stabilizing properties, GO was also shown to
behave as a radical inhibitor resulting in limiting conversions. This is consistent with the high
concentration of phenolic hydroxyls in the GO structure, which are known to be efficient

radical scavengers as mentioned earlier in Section 2.4.

INCREASED GO LOADING

Figure 18. a) TEM image of GO-armored PS particles obtained via emulsion polymerization

of St in the presence of 1 wt% of GO (relative to monomer) at low initiator concentration
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([KPS] = 2 mM), and b) Morphological change observed upon increasing GO loading.

Reproduced from ref. *7 with permission from the American Chemical Society.

In the same period, Yin et al."*® also reported the successful formation of GO-coated PS
particles using GO platelets with lateral dimensions between 400 nm and 1 pm through
surfactant-free emulsion polymerization. Since the GO platelets did not have the ability to
stabilize the emulsion droplets, the polymerization should be regarded more as a
polymerization performed in the presence of GO platelets than as a true "Pickering" emulsion
polymerization. The resulting PS microspheres were nevertheless covered with wrinkled GO
sheets indicating high affinity of GO for the latex particles. It was proposed that the PS
oligomers formed in the early stages of the polymerization adsorbed on the GO surface
through n—m interactions, which was confirmed by Fourier-transform infrared (FTIR), WAXD
and TGA analyses. The presence of adsorbed PS chains promoted subsequent
heterocoagulation of the hydrophobized GO sheets with themselves or with primary latex
particles, resulting in the formation of armored latexes whose stability was ensured by the
negatively-charged GO. Although the GO content was significantly higher than in the earlier

work by Thickett et al."’

, the authors did not report any stability issues as long as the pH
value was sufficiently high (i.e., above 4) to ensure sufficient electrostatic repulsions. It is
noteworthy that Thickett et al. did not indicate the pH value, which may therefore have
contributed to the intriguing results, which were observed at higher GO contents.

With the aim of producing exfoliated PS/GO nanocomposites, Yeole ef al.'® recently
developed a method based on the combined used of reversible addition fragmentation chain
transfer (RAFT) polymerization and surfactant-free emulsion polymerization. The carboxyl-
bearing RAFT agent dodecyl isobutyric acid trithiocarbonate (DIBTC) was first attached to
the GO sheets via esterification with the surface hydroxyl groups. The resulting RAFT-
functionalized GO particles were then used as seeds in soap-free emulsion polymerization of
St using KPS as initiator and styrene sodium sulfonate (SSNa) as auxiliary comonomer. The
use of an auxiliary comonomer has often been reported in the literature as an efficient mean to
promote the adhesion of solid particles to the surface of latex particles in soap-free emulsion
polymerization processes stabilized by inorganic particles.”””® Although GO is technically not
an inorganic compound, SSNa likely played a similar role here: increasing the affinity of the
growing oligoradicals for the GO surface via 0000000000 0n0 0000000000, thus

allowing the polymerization to effectively take place on the sheets surface. In the present
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example, the anchored RAFT agent also played an important role in promoting

polymerization from the GO surface.

Pickering emulsion polymerization

There is to our knowledge only one report that falls into the category of Pickering emulsion
polymerization.'* In this example, St droplets were emulsified in the presence of small GO
sheets as the sole stabilizer (with lateral dimensions around 200 nm) and subsequently
polymerized at 25°C using KPS and sodium thiosulfate (Na;S,0;3) as redox initiator. The
emulsion stability was strongly influenced by pH, with unstable emulsions obtained for low
(< 2) or high (> 9) pH values, respectively. Subsequent polymerization of the Pickering
emulsion generated large PS particles with a wrinkled surface texture, which was attributed to
phase separation between GO and PS (Figure 19). Even though this has not been raised in the
article, incomplete monomer conversion and residual monomer evaporation during sample

preparation may have also contributed to the observed morphology.
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Figure 19. a) TEM and b) SEM images of PS/GO composite particles synthesized by
Pickering emulsion polymerization at pH 3 using KPS/Na;S;0s as redox initiator.
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Reproduced from re with permission from Springer.

Emulsion polymerization in the presence of graphene

Due to its absence of surface charge, graphene is less suited than GO for the generation of
hybrid latexes since interaction with the latex particle surface is more difficult. Despite this,
Hassan et al.'*' reported the synthesis of graphene comprised of a few layers from thermally
expanded graphite, and its subsequent use in emulsion polymerization. The expanded graphite

was exfoliated in an SDS solution by ultrasonic treatment resulting in FLG with on average
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3-10 layers and relatively few defects. In situ emulsion polymerization of St was performed at
70 °C using KPS as initiator, sodium hydrogen carbonate as buffer and SDS as additional
surfactant. The resulting composite material was characterized by TEM showing the presence
of PS latex particles decorating the surface of the large graphene sheets, but the colloidal

stability of the resulting hybrid suspension was not stated.

5.2. Miniemulsion Polymerization

A substantial number of studies have employed GO platelets in miniemulsion polymerization
systems, and can be classified into three categories. The first category comprises of GO-
armored latexes in which a species other than GO is used as stabilizer. The second category
comprises of GO-armored latexes in which GO acts as the sole stabilizer. In this case,
miniemulsion droplets are formed by adding the monomer to an aqueous dispersion of GO
and applying ultrasound to the resulting suspension. The stability of the droplets is maintained
by the presence of the GO sheets and by the use of a hydrophobic species that suppresses the
molecular diffusion between droplets. Ideally, each droplet is then nucleated to produce a 1 to
1 particle copy, thereby forming the graphene-armored latex. The third category is GO-
encapsulated latexes, in which miniemulsion polymerization is exploited to physically entrap
GO inside polymer particles. Using miniemulsion polymerization for this purpose is simpler
than employing a conventional emulsion approach since it avoids the often-complicated

nucleation step. All these strategies are described in the following paragraphs.

Miniemulsion polymerization using GO together with surfactants

Although less common than Pickering systems, miniemulsion polymerizations have
sometimes been conducted in the presence of both GO and surfactant.'**'* In these examples,
the GO sheets do not participate in the stabilization of the miniemulsion droplets, with the
surfactant instead performing this function. Following this approach, Etmimi ez al.'* prepared
P(St-co-BA)/GO nanocomposite latexes containing exfoliated GO nanosheets. TEM showed
the formation of 80-200 nm latex particles connected to one another by the GO platelets
(which appeared as dark lines in the images). This morphology is on the whole similar to that
reported above in conventional emulsion polymerization.'*' The strategy was extended by the
same team by treating the nanocomposite suspension with hydrazine hydrate to reduce the

functional groups of GO." The presence of the surfactant maintained a stable suspension that
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could be processed into a composite film exhibiting enhanced water barrier properties

compared to the neat polymer film and to the same film loaded with GO platelets.

Pickering miniemulsion polymerization

The first use of a true Pickering miniemulsion polymerization process for the synthesis of
latex particles armored with nanosized GO sheets was reported by Che-Man ez al.'* in 2013.
Relying on the ability of GO nanoplatelets to act as a surfactant in mixtures of hydrophobic

o 103,146,147
liquids and water, ™

the authors described the formation of St miniemulsion droplets
stabilized by GO sheets using HD as hydrophobe. A mixture of monomer, GO suspension
(with GO sheets of different size), initiator (AIBN) and HD was sonicated 10 minutes before
polymerization. The nanoscale GO sheets were prepared from graphite nanofibers of diameter
approximately 100 nm, thus ensuring the absence of very large sheets. Varying the
ultrasonication time during the exfoliation step enabled control over the final sheet diameter,
which varied from 20 to 180 nm as estimated by DLS. Three different sheet sizes were tested
at increasing loadings (1 to 5 wt%) for their ability to stabilize the miniemulsion at 10 wt%
monomer content. Only the small GO sheets at the highest loading allowed efficient
stabilization. Fixing this ratio between GO and monomer, the stability of systems containing
different monomer contents was then tested. The miniemulsion with intermediate monomer
content of 7.5 wt% exhibited superior stability compared to smaller (5 wt%) or higher (10
wt%) contents. As the ratio of GO to St remained constant, this result was tentatively
attributed to insufficient amounts of GO sheets to cover the total droplets surface area for low
monomer contents, and to the presence of free GO sheets located in the aqueous phase for too
high concentrations, which would decrease droplet stability. TEM, SEM and DLS all
indicated the formation of large PS beads coated with GO sheets with a broad particle size
distribution (PSD). Their diameters increased from approximately 150 to 460 nm with
increasing monomer conversions (Figure 20), suggesting progressive particle aggregation due
to limited miniemulsion stability. Crumpled particles of highly irregular and nonspherical
shape were obtained at low conversions due to the evaporation of unreacted styrene during
sample preparation. This is consistent with the droplet nucleation mechanism of miniemulsion
systems. Interestingly, GO underwent a partial reduction during the polymerization (shown by
zeta potential measurements, X-ray photoelectron (XPS) and FTIR spectrocopies), which may

also explain the decrease in stability of the miniemulsion over time.
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Figure 20. Top: TEM and bottom: SEM images of polymer/GO composite particles obtained
at 19% (a and d), 47% (b and e) and 90% (c and f) of monomer conversion during Pickering
miniemulsion polymerization of St using GO as solid stabilizer. Scale bars: 2 um for a, b, ¢

145
f.

and f and 500 nm for d and e. Reproduced from re with permission from Wiley

Periodicals.

The influence of various parameters such as monomer polarity, pH value and ionic strength
on the miniemulsion stability and composite particle size was subsequently studied in more
detail.'"*!'** Apolar monomers such as lauryl methacrylate, benzyl methacrylate and St
allowed the formation of more stable miniemulsions compared with more polar monomers.
These could be successfully polymerized without significant formation of coagulum and/or
phase separation, giving particles with diameters in the range 200-1000 nm with rough
surface morphologies.'*® The amphiphilicity of GO could also be tuned by adjusting the pH
value or the ionic strength of the aqueous solution. While pH had only a minor effect on
miniemulsion stability and final particle size, increasing ionic strength compressed the
electrical double layer, which made the GO sheets more hydrophobic. This promoted their
adsorption at the oil/water interface resulting in better colloidal stability.'*

Very recently, the Pickering miniemulsion polymerization technique was taken a step further
to generate hollow hybrid capsules consisting of a cross-linked polymer shell and a GO
coating.™® In this work, micron-sized droplets stabilized by nanometric GO platelets (with

lateral dimensions of around 30 nm) were generated by ultrasonication using St as monomer,
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HD as inert liquid core material, divinylbenzene (DVB) as cross-linking comonomer and
AIBN as initiator. The droplets were subsequently polymerized at 70 °C (strategy depicted in
Figure 21a). The role of the HD was to act as a “templating” liquid for the nanocapsule
formation. In this commonly applied strategy for obtaining nanocapsules, the polymerization
of the monomer(s) commences at the droplet surface and proceeds inwards. After complete
monomer consumption, the templating liquid (which is present at much higher concentration
than those used for hydrophobes in normal miniemulsion systems) remains in the particle core
and can be removed to furnish the hollow particles. In this example, remarkably stable and
robust hollow capsules (the capsules could withstand multiple centrifugation/steps without
collapsing) with an exceptionally thin shell, were obtained at an HD load of around 50 % w/w
(Figure 21b) whereas lower loadings generated porous particles. Interestingly, the suspension
remained colloidally stable after chemical reduction with hydrazine hydrate, suggesting that
some oxidized groups were retained on the GO surface (i.e., incomplete reduction). This
hypothesis was indeed confirmed by zeta potential measurements, which showed that the

particles retained a strong negative charge (ZP = -40 mV).

1) Emulsification 2) Polymerization
Phase separation b

Monomer

Cross-linker

Hydrophobe

Initiator

Hollow GO-polymer
hybrid capsule
GO.nanosheets GO-stabilized
in water

emulsion droplet

Figure 21. a) Scheme illustrating the procedure used to create hollow GO-polymer hybrid
capsules via Pickering miniemulsion polymerization and b) TEM (top) and SEM (bottom)
images of the hollow capsules (scale bars= 1 um). Reproduced from ref. ' with permission

from the Royal Society of Chemistry.

GO encapsulation by miniemulsion polymerization
The encapsulation of GO within latexes is achieved by functionalizing the GO surface to

make it more compatible with the monomer phase. The ‘“compatibilized” GO then
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preferentially resides inside the monomer droplets rather than at their surface. If
compatibilization is performed using a species that is capable of controlling the subsequent
polymerization, such as a surface-bound RAFT agent, the added benefit of molar mass control
can in addition be imparted to the polymer latex.

With the aim of encapsulating GO sheets in polymeric particles, Etmimi ez al.">! reported the
synthesis of polystyrene/GO nanocomposites via RAFT polymerization in miniemulsion. GO
modification was carried out via esterification of the surface hydroxyl groups with dodecyl
isobutyric acid trithiocarbonate (DIBTC). The RAFT agent-grafted GO was dispersed in
water, mixed with the oil phase composed of the monomer (St), the initiator (AIBN) and the
hydrophobe (hexadecane, HD) and sonicated to allow effective swelling of the GO platelets
with St. The oily phase was then diluted with an aqueous solution of SDBS, and sonicated
further to form a miniemulsion before polymerizing at 75°C. TEM showed the formation of
stable monodisperse PS/GO composite latexes with encapsulated GO sheets. SEC analysis of
the PS chains after cleavage from the GO surface showed a good control of the
polymerization (P ranging from 1.6 to 1.2), with better control attained at the highest GO
(and therefore RAFT agent) content. The resulting polymer/GO nanocomposites presented
enhanced mechanical and thermal properties compared to the neat polymer.

In a related study conducted by the same research group,'>* P(St-co-BA)/GO nanocomposites
were prepared using 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS)-functionalized
GO sheets. The GO sheets were dispersed in the monomer phase and the mixture was
(mini)emulsified using SDS as surfactant and HD as hydrophobic co-stabilizer. Comparing
the results obtained under the same conditions but using un-modified GO sheets, the authors
showed that only the AMPS-functionalized GO sheets could be successfully encapsulated
(Figure 22).
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Figure 22. TEM images of P(St-co-BA)/GO nanocomposite latexes made by miniemulsion
polymerization with 1 wt% (relative to monomer) of a) unmodified GO and b) AMPS-
modified GO. The left image shows that most of the GO sheets have not been encapsulated by
the copolymer shell whereas the AMPS-functionalized GO sheets have been successfully

encapsulated. Reproduced from ref. '>* with permission from the American Chemical Society.

5.3. Suspension Polymerization

Similarly to miniemulsion polymerization, in suspension polymerization, each monomer
droplet can be considered to be a batch reactor. Suspension polymerization differs however
from miniemulsion polymerization in the size and stability of the monomer droplets.
Miniemulsion polymerization takes place in relatively small, submicrometer-size droplets,
whereas suspension polymerization occurs in significantly larger (typically from 1 um to 1
mm diameter) droplets. In suspension polymerization, droplets are generally stabilized against
coalescence using water-soluble polymeric stabilizers (often referred to as protective colloids)
or colloidal inorganic powders used as Pickering dispersants. The utilization of graphene
sheets as solid stabilizers appears therefore quite natural in this case.

Several authors have reported the free radical polymerization of coarse emulsion droplets
stabilized by GO sheets using AIBN as initiator.**!3*+13%156 1y these examples, the mixture of
monomer, GO suspension and AIBN was emulsified using ultrasound to promote GO
exfoliation and create emulsion droplets which were subsequently polymerized. Although
droplets were small (< 1 micron) and were dispersed by ultrasonication (typical of Pickering
miniemulsion polymerization), the absence of added Ostwald ripening retardant meant that
droplet coalescence was not prevented. This process is therefore more appropriately defined
as a Pickering suspension-like polymerization process. Both PMMA/GO"? and PS/GO">*!>>
156 composites were synthesized by this approach. In the case of PMMA, it was found that a
minimum concentration of GO (i.e., typically 4 wt% based on monomer) was necessary to
stabilize the monomer/water interface, and hence the resulting polymer particles (Figure 23).
Indeed, unstable latexes were obtained for lower concentrations. The final composite polymer
particles displayed a broad size distribution (with diameters ranging from 0.1 and 0.8 pm) as
expected for suspension polymerization. The GO sheets also had a broad lateral size
distribution, resulting in various hybrid morphologies as shown in Figure 23. While large GO
sheets could wrap individual latex particles resulting in a partial coverage (Figure 23b),

smaller sheets formed an armored morphology with a rough texture (Figure 23a). Very large
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sheets with lateral dimensions higher than the latex diameter could stabilize two or more
particles simultaneously (Figures 23c and 23d). Similar results were obtained for the PS/GO

nanocomposites.

GO >4 wt%
=
MMA
AIBN  ¢u=m Somcatlon E

5m
T 76°C. 5 1
i Water
Figure 23. Left: Scheme illustrating the Pickering suspension-like polymerization process

GO <4 wt%

used to synthesize PMMA/GO composite particles, and right: TEM micrographs showing
various arrangements of the GO sheets at the polymer particles surface depending on their
lateral dimensions. Reproduced from ref. '** with permission from the Royal Society of

Chemistry.

In a related work which applied vigorous agitation at 2000 rpm instead of ultrasound to

disperse the droplets, Dao et al."’

reported the successful formation of graphene-coated
PMMA latex particles through Pickering suspension polymerization. Graphene was rendered
water-dispersible by reaction of its epoxy groups with potassium 2-aminoethanesulfonate.
The resulting aqueous dispersion was then mixed with MMA containing AIBN to form
graphene-stabilized monomer droplets under vigorous agitation, which were subsequently
polymerized at 70 °C. SEM showed the formation of rough particles tightly wrapped in the
sulfonated graphene sheets. Their diameter decreased from around 220 nm to 60 nm with

increasing graphene content, highlighting the high stabilizing efficiency of the surface-
modified graphene.

5.4. Other Related Approaches
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There are in the recent literature a few systems that do not follow any of the procedures
described so far. These are microemulsion and precipitation polymerization systems. The
principles of precipitation polymerization have been described in section 3.4 and will not be
repeated here. As regards microemulsion polymerization, it begins in a thermodynamically
stable emulsion of nanometer-size droplets spontaneously formed in the presence of high
concentrations of surfactants. It thus does not require the high shear conditions generally
applied in the formation of (mini)emulsion or suspension droplets and allows the elaboration
of very small (in the order 5-50 nm) polymer particles.

Patole et al.'>®

carried out in situ microemulsion polymerization of St in the presence of
thermally expanded graphene (EG) using AIBN as initiator, SDS as surfactant and 1-pentanol
as co-stabilizer. Thermally expanded graphene consisting of 1-10 layers of graphene with
micrometric lateral dimensions was first sonicated in the presence of SDS and 1-pentanol.
The monomer and the initiator were next introduced into the graphene dispersion and the
mixture was sonicated for an additional 4 hours at 0 °C before starting polymerization at 85
°C (Figure 24a). Electron microscopy analyses (TEM and SEM) showed the presence of
anchored PS particles on both sides of the graphene sheets (Figures 24b and 24c). It was
argued that the SDS-stabilized microemulsion droplets underwent frequent collisions with the
graphene flakes, promoting anchoring of the PS particles on the sheet surface and
displacement of the SDS molecules at the contact region. Charge repulsions between the
hydrophilic ends of SDS adsorbed on both the graphene sheets and the monomer droplets
were overcome by the kinetic energy of Brownian motion of both species, resulting in
reversible interactions. The resulting PS/graphene nanocomposites formed conductive films
with high flexibility. In a subsequent work,'” the graphene sheets were combined with CNTs
with the aim of further improving the mechanical properties of the composite materials by
forming an interconnected nanocomposite network in which the nanotubes bridged the gap

between the large graphene sheets.
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Figure 24. a) Scheme illustrating the multi-step process used to form PS/graphene
nanocomposites by in situ microemulsion polymerization and b, ¢c) SEM and TEM images of
the resulting composite particles showing the formation of PS latexes on the surface of the

graphene flakes. Reproduced from ref. '*® with permission from Elsevier.

Applying a precipitation polymerization process in a water/methanol mixture, Thomassin et
al.'® formed PMMA/GO nanocomposites. The amphiphilic properties of the GO sheets drove
them to the interface of the PMMA particles during the polymerization reaction, leading to the
formation of an armored morphology as attested by TEM and SEM. It was argued that this
morphology was favored by in situ grafting of PMMA chains to GO resulting in enhanced
hydrophobicity. The average particle size decreased with increasing GO content, providing
additional evidence that the sheets participated in latex stabilization. After drying and
compression molding, the GO sheets formed a regular honeycomb pattern within the polymer

matrix.

6. Properties of Graphene-Latex Nanocomposites

The primary goal of incorporating inorganic materials into polymer latexes is to improve the
performance of the resulting materials. Even low inorganic contents can impart marked
improvements in material properties, such as greater mechanical strength and durability,

lower liquid and gas permeability, and electrical conductivity. The following section will
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describe the functional properties of materials formed from graphene-based nanocomposite
latexes. The influence of physical properties and morphology of the precursor hybrid latexes
will be emphasized. In their review focusing on graphene-based nanocomposites (not
specifically latex-based), Potts er al.%¢ reported the rheological, electrical, mechanical,
thermal, and barrier properties of these materials, and how each of their properties is
dependent upon the intrinsic properties of graphene and graphene-related compounds and
their state of dispersion in the matrix. Trends that are observed in generic graphene-based
nanocomposites are naturally also observed in graphene-latex nanocomposites. The following
section will focus on the specific advantages and challenges of graphene-latex
nanocomposites for material applications. Fabrication of composites through the latex route
has been widely used in clay-polymer composites for mechanical enhancement for high
durability coatings for instance and gas barrier for packaging applications and graphenic

fillers are good candidates to fulfill similar property enhancements.

6.1. Mechanical Properties

Jiang et al.”® showed that graphene acts as the primary load-bearing component in graphene-
polymer composites, which enhances mechanical properties such as hardness, tensile modulus
and yield strength. Several authors have reported increases in tensile modulus with increasing

100112 and cross-linked”"2*'#1% matrices.

graphenic filler content both in thermoplastic
Contrary to clay fillers, graphenic fillers are flexible sheets that commonly adopt wavy or
wrinkled morphologies®' once dispersed in a polymer matrix, which may effectively reduce
modulus values as crumpled platelets would tend to unfold rather than stretch in-plane under
an applied tensile stress.

In rubbery systems, the addition of fillers also modifies the overall mechanical properties
which can be considered as a positive or a negative effect depending on the targeted
application. Indeed, while addition of filler induces an increase of tensile modulus, it can also
induce a decrease of tensile strength and elongation at break. For instance, Luo et al.'*!
observed that when graphene content is over 0.42 vol.%, the tensile strength and elongation at
break of graphene/NR nanocomposites decrease gradually. This was ascribed to the rigid 3D
graphene networks that serve as non-elastic reinforcement (stress concentrative points)

causing the brittleness and ultimate failure of the composites. Additionally, they also reported

that high nanofiller loadings could lead to processing difficulties in that the inferior molecular
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contact between vulcanization agents and NR chains - a consequence of the low blending

temperature - may affect the cross-linking of NR, thus reducing the mechanical strength.

6.2. Barrier Properties

The incorporation of graphene and GO-derived fillers can significantly reduce gas permeation
through a polymer composite compared to the neat matrix polymer.'*’ The lower permeation
can be attributed to the lamellar structure of the fillers, which creates a ‘tortuous path’ for
diffusing species, thus inhibiting molecular diffusion through the matrix. The chemical nature
of the graphene-based filler also has an important influence on the extent to which different
molecules are denied passage through the material. Matos et al.”? performed swelling
experiments with RGO-rubber and GO-rubber composites and pure rubber in three solvents
with different polarities. All the nanocomposite samples absorb less solvent than the pure
rubber. The RGO composite swelled more than the GO composite in xylene, while the
behavior in water was the opposite. In isopropyl alcohol (intermediate polarity), the two types
of composites behaved similarly. The more polar GO is highly suitable for preventing the
permeation of apolar species, whereas the less polar RGO filler is more effective in blocking
diffusion of polar molecules. Permeability can therefore be tuned for specific applications by

controlling the level of reduction of the GO sheets, since this determines the GO/RGO ratio.

6.3. Electrical Conductivity Properties

As more graphene filler is added to a polymer matrix, the composite transitions from insulator
to conductor due to the formation of an interconnected graphene network which is
intrinsically conductive. The electrical conductivity of graphenic nanocomposites has raised
particular interest for applications such as electrostatic discharge and EMI shielding
protection, gas sensors and fuel cells. The development of flexible electronic devices has led
to a demand for coatings with tailored electrical and functional properties. For these
applications, the challenge is to reach the highest conductivity at lowest graphene content so
that desirable mechanical properties such as flexibility are not reduced.

161 §5 very helpful for describing the properties

A model referred to as the “percolation theory
of graphene-latex composites, particularly for understanding electrical properties.'® The
percolation threshold is defined as the theoretical graphene fraction needed to obtain the first

continuous graphene path through the polymer matrix. Conductivity undergoes an abrupt
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increase at this graphene content, and conductivity can therefore be used to define the
percolation threshold.

Below the percolation threshold, the fillers embedded in the composite form “finite clusters”
(since they are not completely interconnected), and at or above the percolation threshold they
form “infinite” or “percolating clusters.” Percolating clusters comprise of a continuously
connected backbone decorated with dangling side branches of graphene. As expected, only
the backbone carries current when a voltage is applied, since the side branches do not form a
continuous path. The percolation threshold can also be estimated by mechanical means, but
these methods less accurate since the mechanical response is also influenced by the graphene
branches (rather than just the continuous backbone). Moreover, considering that a smaller
filler-filler distance is required for electrical conductivity (ca. 5 nm for tunneling effect) as
compared to that required to impede polymer mobility (few tens nm for mechanical bridging
through the interphase), the percolation threshold for electrical conductivity should be slightly
higher than for mechanical percolation.'®'**'®> No&l e al.'® compared the influence of
graphene on mechanical and electrical properties in graphene-based composites elaborated
through latex blending. It was found that the percolation threshold determined through the
analysis of conductivity properties was of same order of magnitude but more precise than the
percolation threshold determined through the analysis of mechanical reinforcement.

Several parameters can influence the conductive properties of graphene-latex composites.®
The most critical parameters are dimensional parameters such as the aspect ratio (and

196167 (with a higher aspect ratio leading to a higher conductivity)

aggregation) of the graphene
and the latex-graphene relative dimensions.'®'®*!®° For the latter parameter, the number of
possible percolating paths decreases with increasing latex diameter, thus a lower percolation
threshold is expected for larger latex beads. Moriarty et al.'®® verified this effect using carbon
black (CB)-filled composites. Monodisperse copolymer latex particles, each with a different
particle size, were prepared. The percolation threshold decreased from 2.7 to 1.1 vol % CB as
the polymer particle size increased.

The choice of polymer can also influence the conductive properties. Kim et al.'” studied the
mechanical and electrical behaviors of carbon black-latex composites prepared at room
temperature from polymer matrices exhibiting different Tgs. Composites made using
polymers with higher room temperature modulus (due to higher Tg) exhibited a lower
percolation threshold and higher electrical conductivity. When the modulus of the polymer is

high, the latex particles tend to maintain their original shape during the coalescence process.

In this case, carbon black particles are more effectively forced into the interstitial space
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between the polymer particles to form a continuous network at lower concentration. In
contrast, lower modulus polymer particles are easily deformed around CB particles,
effectively separating them from one another.

The quality and orientation of the graphene nanosheets are other factors impacting the
electrical properties. Wrinkled, folded, or otherwise non-ideal platelet conformations can raise
the electrical percolation threshold'”" in addition to the presence of isolating polymer or other
molecules covering the fillers. Alignment of the filler plays a major role in the onset of
electrical percolation: when the platelets are aligned in the matrix, the percolation threshold
decreases significantly in the direction of the alignment (in plane) compared with the

1.'% showed that the conductivities of the latex-based

perpendicular direction. Yousefi et a
composites containing 0.5 wt% RGO were almost identical in the in-plane and perpendicular
directions, showcasing an isotropic behavior and confirming homogeneous and random
dispersions of RGO. With higher graphene contents of 2 and 5 wt%, however, conductivity in
the in-plane direct increased to several orders of magnitude higher than in the perpendicular
direction. The significant anisotropy in electrical conductivity in composites with high RGO
contents is associated with the alignment of graphene sheets so that conductive networks are
preferentially formed along the plane direction whereas fewer conductive paths are present
through the thickness. This suggests the existence of self-alignment in composites of over 2
wt% graphene.

All these parameters can be used to optimize the conductive properties of the final
composites. In antistatic coatings applications for example, the minimum required
conductivity lies around 102 S m™ while for conductive inks for electronics, the targeted
conductivities are 10-10* S m™.

Despite this ability to tune conductivities, one question remained outstanding until recently: is
it possible to determine the maximum conductivity reachable in graphene-latex composites?

To address this question, Ghislandi et al.'®®

produced graphene powder compacts using
compression molding, and graphene paper films through filtration on a polyamide membrane.
The amount of effective charge carriers (graphene fillers) contributing to the overall
conductivity is much lower for composites than for powder compacts or paper film due to the
much lower filler content in the same corresponding volume. In order to compare the
conductivity levels reached in composites to conductivity levels reached in compacts and
paper films, the “effective density” of the composite materials has been defined by
multiplying the volume fraction of the filler (vol.%) by its density. Figure 25 gathers

conductivity versus effective density data for 35 papers comprised of graphene-latex
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composites: 24 produced through physical blends and 11 synthesized via in situ
polymerization. The dimensional characteristics of the composites are given in the right side
of the Figure. The latex diameters ranged from few tens of nanometers to a few microns, but
were mainly around a few hundred nanometers. The graphene lateral size ranged from a few
tens of nanometers to several microns. Finally, it is worth noticing that in most studies the

graphene lateral size was larger than the latex diameter.
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Figure 25. a) Conductivity measurements versus effective density for graphene-latex
composites, graphene compacts and paper films, and b, ¢, d) dimensional characteristics of the

£ 108

35 composites that were used to generate Figure 25a. Adapted from re and supplemented

by literature data with permission from Elsevier.

As expected, conductivities matching that of pure particles (10”-10° S m™ for graphene'’)

were not reached in composites, due to inevitable filler-filler contact resistance. For most
composites, the conductivity level is adequate for applications such as antistatic coatings and
for half of the samples, conductivity reaches the requirements for electronic conductive inks.
The results for the graphene compacts and paper film suggest that the maximum conductivity
reachable at such low effective densities lies around 10* S m™. Taking into account the varied
synthesis methods and dimensional characteristics, the conductivity results shown in Figure

25 are fairly consistent with a conductivity model based on the percolation theory.
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Composites elaborated through in situ polymerization exhibit lower effective densities than in
the physical blends due to lower filler contents. Some physical blending procedures provide

access to high conductivities.”®'®?

7. Conclusions and Outlook

Heterophase polymerization techniques are widely used for the synthesis of high performance
polymeric materials with applications including paints, coatings, inks, adhesives, synthetic
rubber, biomedical applications and many others. There are also industrially relevant tools for
the production of graphene-based nanocomposites. As emphasized in this review, one of the
main advantages of heterophase polymerization is the possibility to tailor both surface and
volume properties. This allows the elaboration of polymer/graphene nanocomposites in a
simple manner by the physical blending of preformed latex particles and graphenic fillers.
The segregated network morphology of the final composite blend is secured by electrostatic
or 7 stacking interactions between the graphenic fillers and the latex particles. The majority of
studies in this area have not involved “pristine” graphene, but rather carbon materials
produced by the reduction of GO because of the proven scalability and ease of these methods.
However, recent studies have shown that graphite can be exfoliated in liquid media into few-
layer or even monolayer graphene and with further development, such methods may be
scalable. Consequently, FLG, GO and RGO can be indifferently used for latex blending. The
second reviewed method is in situ polymerization. All three main heterophase polymerization
processes (i.e., emulsion, suspension and miniemulsion polymerizations) have been reported
with more or less success using almost exclusively GO nanosheets as graphenic filler (with
the exception of two papers). Indeed, as alluded to above, GO is hydrophilic and is known to
disperse well in water. Its hydrophilicity is mainly attributed to the ionizable edges.
Furthermore, its basal plane is composed of hydrophobic un-oxidized benzene rings, which
confers it an amphiphilic character. This amphiphilicity drives the GO platelets to solid/liquid
or liquid/liquid interfaces allowing in situ stabilization of latex particles or miniemulsion and
suspension droplets with subsequent formation of armored particles and a variety of hybrid
morphologies depending on the sheet lateral dimensions and the size of the latex particles.
Other heterogeneous polymerization approaches like microemulsion or precipitation
polymerizations have also been investigated but these studies are still marginal. The Pickering

miniemulsion polymerization approach also proved efficient for the synthesis of hybrid
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capsules consisting of a cross-linked polymer shell and a GO coating opening the door to
exotic structures, which are novel building blocks for the elaboration of complex
multifunctional materials.

When elaborating composite materials from building blocks, the morphology of the building
block itself is a parameter to consider. In particular the size ratio between the latex diameter
and the graphene sheet lateral size influences the final morphology. For graphenic fillers
smaller or slightly larger than the latex particles, a cellular morphology is expected. If the
lateral size of the graphenic filler is strongly larger than the latex diameter, a segregated
network is also obtained but self-alignment might occur at high filler content, due to steric
hindrance of the wide graphene sheets. Several parameters were shown to influence the
mechanical and electrical properties of graphene-based latex nanocomposites. In particular,
storage modulus was shown to increase as the filler concentration increased and the
percolation threshold decreased as the latex particle size increased. However no work so far
reports the effect of the size distribution of graphene sheets on properties while Thickett et
al.’’ reported that the synthesis of GO is not yet highly reproducible in terms of size
distribution. Moreover the use of GO induces the need for a reduction step that has been
shown not to fully recover the conductive properties. Moreover, the presence of the latex
particles can give rise to a slight additional decrease in the reduction efficiency. Thus, in order
to favor higher conductivity in the final composite, the use of pristine graphene sheets in the
composite elaboration or the development of more efficient reduction processes are potential
future improvements still to be explored.

Work on graphene/polymer latex nanocomposites is in its early stages and there is still
considerable work that needs to be done to optimize their synthesis, microstructure and
physical properties. Nevertheless, property enhancements of graphene-latex nanocomposites
have been well demonstrated and the maturity of latex industry for low cost and large-scale
production should favor their transfer to the marketplace in applications such as electronics

devices, energy storage, sensors, electromagnetic shielding and biomedical applications.
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9. List of Abbreviations

AA
AFM
AIBN
AMPS
APS
BA

CB
CMC
CNTs
CTAB
CVD
DIBTC
DLS
DSC

Dy
DMF
DVB
EG

EI
FLG
GNS
GO
HD
HEA
HEC
HEMA
HI
HREM

acrylic acid

atomic force microscopy
2,2'-azobis(isobutyronitrile)
2-acrylamido-2-methyl-1-propanesulfonic acid
ammonium persulfate

n-butyl acrylate

carbon black

critical micelle concentration

carbon nanotubes

cetyl trimethylammonium bromide
chemical vapor deposition

dodecyl isobutyric acid trithiocarbonate
dynamic light scattering

differential scanning calorimetry
dispersity (previously polydispersity index)
hydrodynamic diameter

dimethyl formamide

divinylbenzene

expanded graphene

ethyleneimine

few-layer graphene

graphene nanosheets

graphene oxide

hexadecane

hydroxyethyl acrylate
hydroxyethylcellulose

hydroxyethyl methacrylate

hydrogen iodine

high-resolution electron microscopy
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FNG
FTIR
GNP
KPS
LbL
MLG

MMA
NMG

NMP
PMDETA
NR
OP-10
PAN
PANI

PC
PDADMAC
PDMAEMA
PEI
PMMA
PP

PPy

PSD
PSSNa
PTFE
PVA
PVAc
PVP
RAFT
RGO

St
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functionalized graphene

Fourier-transform infrared

graphene nanoplatelets

potassium persulfate

layer-by-layer

multilayer graphene

methyl methacrylate

nanosized multilayer graphene
N-methylpyrrolidone
N,N,N’,N’,N”’-pentamethyldiethylenetriamine
natural rubber

poly(ethylene oxide)octylphenyl ether surfactant with 10 oxyethylene
polyacrylonitrile

polyaniline

polycarbonate
poly(diallyldimethylammonium chloride)
poly(dimethylaminoethyl methacrylate)
polyethyleneimine

poly(methyl methacrylate)

polypropylene
polypyrrole

particle size distribution

sodium poly(styrene sulfonate)

polytetrafluoroethylene

poly(vinyl alcohol)

poly(vinyl acetate)

poly(N-vinyl pyrrolidone)

reversible addition fragmentation chain transfer polymerization
reduced graphene oxide

styrene
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SBR styrene-butadiene rubber

SDBS sodium dodecyl benzene sulfonate
SDS sodium dodecyl sulfate

SEM scanning electron microscopy
SSNa sodium styrene sulfonate

TEM transmission electron microscopy
TGA thermal gravimetric analysis

T, glass transition temperature

THF tetrahydrofuran

VAc vinyl acetate

Vdw Van der Waals

WAXD wide angle x-ray diffraction

XPS X-ray photoelectron spectroscopy
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