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Graphene and water-based elastomer
nanocomposites — a review
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Water-based elastomers (WBEs) are polymeric elastomers in aqueous systems. WBEs have recently con-
tinued to gain wide acceptability by both academia and industry due to their remarkable environmental
and occupational safety friendly nature, as a non-toxic elastomeric dispersion with low-to-zero volatile
organic compound (VOC) emission. However, their inherent poor mechanical and thermal properties
remain a drawback to these sets of elastomers. Hence, nano-fillers such as graphene oxide (GO), reduced
graphene oxide (rGO) and graphene nanoplatelets (GNPs) are being employed for the reinforcement and
enhancement of this set of elastomers. This work is geared towards a critical review and summation of
the state-of-the-art developments of graphene enhanced water-based elastomer composites (G-WBEC),
including graphene and composite production processes, properties, characterisation techniques and
potential commercial applications. The dominant production techniques, such as emulsion mixing and
in situ polymerisation processes, which include Pickering emulsion, mini-emulsion and micro-emulsion,
as well as ball-milling approach, are systematically evaluated. Details of the account of mechanical pro-
perties, electrical conductivity, thermal stability and thermal conductivity enhancements, as well as multi-
functional properties of G-WBEC are discussed, with further elaboration on the structure—property
relationship effects (such as dispersion and filler—matrix interface) through effective and non-destructive
characterisation tools like Raman and XRD, among others. The paper also evaluates details of the current
application attempts and potential commercial opportunities for G-WBEC utilisation in aerospace, auto-
motive, oil and gas, biomedicals, textiles, sensors, electronics, solar energy, and thermal management.

1. Introduction

Elastomers are a set of polymers that exhibit viscoelastic
characteristics, with high elongation at break and low Young’s
modulus.”? These distinctive properties coupled with their
ease of processing and low-cost make them viable option for a
wide range of applications.?
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WBEs are group of liquid-based elastomeric systems in
aqueous (water) dispersions. This is in contrast to their con-
ventional solvent-based elastomer (SBE) formulation counter-
parts. WBEs have been observed to possess outstanding
characteristic properties in contrast to SBEs, such as (i) low to
zero volatile organic compounds (VOCs) emission, (ii) low to
zero toxicity and (iii) low flammability.*”

Thus, WBEs are ‘greener’ (eco-friendly)® and advantageous
towards occupational health and safety compared to SBE for-
mulations, which are known for high VOCs emissions, flamm-
ability and toxicity. Hence, the use of SBE is currently limited
due to several government regulations’ in a bid to cut-down on
its environmental pollution impacts, therefore creating the
need for the formulation of WBEs. Thus far, natural rubber
latex (NRL)*™® and its synthetic based form cis-1,4 polyiso-
prene (IPR)'"* remain the most widely studied WBEs, fol-
lowed closely by formulations of water-based polyurethanes
(wPU)."> However, it is important to state that studies on
water-based IPR (WIPR) are still not widely explored, compared
to its solvent-based brands. Other forms of WBE, such as
water-based silicone (wSi) and styrene-butadiene-rubber
(WSBR), have also been reported,'®'” but remain largely unex-
plored. Nevertheless, the vast majority of WBE are still at a
developmental phase. These include the recently reported
water-based  ethylene-propylene-diene-monomer (WEPDM
Trilene® T65) and similar latex formulations, such as polyacry-
late rubber (ACM) and nitrile rubber (NBR) elastomeric
systems by manufacturers.

On the contrary, the applicability of WBEs is presently con-
strained mostly due to their (i) poor mechanical properties, (ii)
poor thermal properties and (iii) poor chemical (weatherabil-
ity) properties™® compared to their SBE counterparts.

This thus necessitates the need for the development of
WBE composites in order to ensure proper utilisation of this
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set of elastomers in various (emerging) technological appli-
cations. To this effect, several filler materials have been
employed for the improvement of WBE properties, such as cell-
ulose nanocrystals®'® and silica.>"® Graphene is currently the
strongest known material with superior mechanical properties
(~1 TPa elastic modulus, ~130 GPa tensile strength and
fatigue-life of >10° cycles at 71 GPa mean stress and stress
range of 5.6 GPa),”>*' outstanding thermal conductivity
(~5300 W m™' K '),** remarkable electronic properties
(~200 000 cm® V' 5" electron mobility)**** and extraordinary
electrical conductivity (~6000 S cm™').*> Consequently,
employing graphene nanofillers for the reinforcement of
water-based elastomers will possibly improve their poor
mechanical, thermal and chemical properties, as well as
induce electrically conductive networks within the elastomeric
chains. Thus, this leads to the development of a multifunc-
tional high-performance WBE composite that meets several
engineering applications.

Several reviews have documented the use of graphene nano-
fillers, such as graphene oxide (GO), reduced graphene oxide
(rGO) and graphene nanoplatelets (GNPs), in conventional
elastomer reinforcements,?® % as well as other carbon-based
materials, such as carbon-nanotubes (CNTs), carbon black and
graphite.”® However, to date, there is no existing specific
review on G-WBEC, possibly because this set of elastomers is
still largely undergoing industrial development. Hence, the
number of articles on this topic has seen an increase only in
recent years, which is a strong indication that this is still an
area of emerging research.

This review is focused on exploring specific developments
on graphene enhanced WBE nanocomposites, with greater
emphasis on their production techniques, properties, charac-
terisation and potential applications.

2. Graphene

Graphene, a monoatomic layer of graphite, is currently con-
sidered as the material for a wide range of robust disruptive
technology. Hence, it has continued to attract wide attention
from both academia and industry. Since its first isolation 17
years ago by Andre Geim and Konstantin Novoselov,*® gra-
phene (now widely referred as the building block of carbon-
aceous materials, such as CNT, fullerenes and graphite) has
continued to provoke endless innovation in various areas of
technology, such as composites,*'*> quantum computation,*?
sensors,  electronics,  supercapacitors and  medical
applications.* > However, it is worth noting that pristine gra-
phene can not be stably dispersed in water*® and is unfunctio-
nalized as it lacks reactive groups, which should enhance its
reactivity as pointed out by Liu et al.®’ In addition, its low-
throughput and expensive nature®® presents it as a complex
material for integration into matrices, such as polymer compo-
sites. In lieu of these challenges, other derivatives of graphene,
such as graphene oxide (GO), reduced graphene oxide (rGO),
few-layer graphene (FLG) and graphene nanoplatelets (GNPs),

This journal is © The Royal Society of Chemistry 2021
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are currently being utilised for
reinforcement.

GO is graphene that has been chemically functionalised
with oxygen-containing groups (possessing high oxygen
content at ~2-3 carbon-oxygen ratio).>® Hence, it is character-
ised by being reactive and hydrophilic, as such can easily be
integrated into WBE matrices. Also, its reduced form (rGO)
still has a higher degree of dispersibility and reactivity com-
pared to pristine graphene. On the contrary, graphene-based
materials (such as FLG and GNPs) comprise multiple graphitic
sheets of 2->10, which are mostly non-oxygenated, unlike GO
and rGO. However, FLG and GNPs can also be subjected to
various sets of functionalisation depending on the required
application. The bulk (multilayer) nature of this set of gra-
phene derivatives, coupled with their possession of intrinsic
properties of graphene, such as high electrical conductivity in
contrast to GO, presents them as viable nanofillers for WBE
nanocomposite production. On the other hand, FLG and GNPs
are typically seen to possess poor dispersibility, which results
in their agglomeration in the polymer matrix. As a result, they
offer inhomogeneous reinforcement and require an additional
dispersion medium for homogeneous integration into polymer
matrices. The remarkable properties of graphene, as estab-
lished by experimental investigations, are briefly summarised
in Table 1, and fully discussed under section 2.1.

polymer composite

2.1. Intrinsic properties of graphene

An experimental investigation conducted by Lee et al. showed
that monolayer graphene possesses ~1 TPa elastic modulus
and ~130 GPa tensile strength.>* This was found to be in
agreement with the theoretical results later obtained by Liu
et al. (~1 TPa elastic modulus and ~110 GPa tensile
strength),’® as well as mechanical characteristics (elastic
modulus) previously reported for other carbonaceous
materials, such as those for graphite’ and single walled
carbon nanotube (SWCNT).*> Also, a recent report by Cui
et al.®® showed that graphene is capable of withstanding
extreme fatigue conditions of >10° cycles at a mean stress of 71
GPa. Thus, graphene is currently viewed as the material for the
revolution of the future composite industry via outstanding
mechanical reinforcement, resulting in high-performance
composites as initially investigated by Stankovich et al,*
among others.

Table 1 Some notable properties of graphene determined via experi-
mental investigation

Properties Experimental values Ref.
Mechanical Elastic modulus ~1 TPa 20
Tensile strength ~130 GPa
Fatigue resistance 10° cycles at mean 21
stress of 71 GPa
Thermal Thermal conductivity ~5300 Wm ' K™* 22
Thermal stability ~2600 K 39
Electrical Electrical conductivity 6000 S cm™" 25

This journal is © The Royal Society of Chemistry 2021

View Article Online

Review

In addition, graphene remains the most thermally conduc-
tive material to date, capable of attaining ~5300 W m™" K *
conductivity value, as measured by Balandin et al.>* via Raman
optothermal probe for a monolayer graphene. However, this is
in contrast to the low conductivity values reported for other
carbonaceous materials.*> Nevertheless, the attained experi-
mental value of ~5300 W m™~" K" is still well below the theore-
tical predictions of ~8000 W m™" K™* and ~10 000 W m™" K"
reported by Nika et al**** and Evans et al,'® respectively.
Also, a report by Kim et al.*® indicates that monolayer gra-
phene can withstand >2600 K temperature, thus demonstrat-
ing stronger thermal stability of graphene compared to those
of metals. Furthermore, several experimental’>° and
theoretical*>>*? studies have shown that factors, such as the
grain-size, defect concentration, orientation, edge roughness,
and impurities, tend to affect the graphene thermal conduc-
tivity. Hence, this remains an area of potential investigation
towards harnessing the enormous thermal conductivity of gra-
phene. Additional details on the graphene thermal conduc-
tivity can be accessed via previous reviews.**>%3%33

To date, graphene remains the most conductive material
ever measured with an electrical conductivity of about
6000 S cm™'.>® This is due to the relativistic behaviour of elec-
trons found in graphene AB sub-lattices, which are capable of
tunnelling through potential barriers. Several studies demon-
strate that the electrical conductivity of graphene is directly
proportional to temperature variations, but inversely pro-
portional to its thickness (layers), implying that the electrical
conductivity tends to increase with a rise in temperature, but
drops with an increase in the number of layers.>*™® Also,
factors such as the orientation,”” functionalisation®®°° and
lateral size®® have been noted to offer a wide disruption to the
electrical conductivity of graphene.

Some other properties of graphene include its outstanding
barrier properties, being capable of stopping difficult-to-block
gases, such as helium, especially when employed as a nanofil-
ler in polymer composites. For instance, a recent study by
Raine et al. noted a drastic reduction in the permeability of
supercritical fluids, such as hydrogen sulphide (H,S) and
carbon dioxide (CO,).°" Also, studies by van Rooyen et al.®®
showed that graphene is capable of reducing the helium (He)
permeability by 88%-96% when used as a nanofiller in a
polymer matrix. Several other studies have also reported the
remarkable barrier characteristics of graphene across various
gaseous particulates, such as oxygen,®>®* nitrogen, methane,*
water vapour®”®” and fuel-vapour transmission.®® The avail-
able results thus demonstrate the great prospect of graphene
as a barrier membrane in various industrial separation
applications.

Additionally, several reports have shown that graphene pos-
sesses strong biomedical characteristics,’””’> which are prom-
ising for the development of future medical therapeutics and
drug delivery systems,”>”® diagnostics,””””® tissue and organ
engineering,”® biosensing®>®" and antimicrobial systems.®*"*>
However, the graphene antimicrobial mechanism remains a
contentious issue,**®® and is thus still subject to further inves-
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tigation. Also, a majority of the current biomedical studies on
graphene are based on the GO and rGO derivatives, possibly
due to their oxidative stress features, which show strong rele-
vance in biomedicine. Notwithstanding, a recent study by
Lebre et al. shows that pristine graphene can trigger epigenetic
changes in tissues via sustained induced innate immunity.®”
This report thus suggests the efficacy of graphene in bio-
medical systems.

Furthermore, studies on the chemical reactivity of graphene
shows that monolayer graphene sheets are about 10 to 14 times
more reactive compared to double or multilayer graphene.®®%°
Great changes in the chemical reactivity of graphene have been
widely observed for its electron transfer (n—r) interactions with
aryl diazonium salts,***° and for radical addition reactions with
compounds, such as benzoyl peroxide®® and perfluorinated
alkyl groups,”* thus paving way for its facile tailored functionali-
sation. In addition, graphene edges are observed to be more
reactive than its basal sheet.”>** Apart from the aforementioned
reactions, which are majorly based on covalent chemistry,*”**
graphene also undergoes non-covalent reaction with solvents,
such as ionic liquids and polymers,”>™’ thus providing an
opportunity for its wide range functionalisation and potential
applications. Additionally, a theoretical study on graphene
nanoribbons has shown that the reactivity of the armchair and
zigzag oriented graphene is not directly proportional.
Consequently, while the armchair increases in width, the zigzag
structure decreases and vice versa.’® However, the mechanism
behind this claim remains largely unverified.

2.2. Properties of graphene-based materials

The GO graphene derivative is a functionalised form of gra-
phene. Hence, it is reactive and can easily disperse in water
and polymer matrices (being hydrophilic) due to its possession
of most functional groups, such as hydroxyl (-OH) and epoxy
groups on its “basal planes” and carboxyl (-COOH) or carbonyl
functional groups on the film edges,*' depending on the addi-
tives utilised in the functionalisation. The ease of dispersibility
and exfoliation of GO into single sheets (monolayer GO) in
various solvents makes it a viable nanofiller for polymer com-
posites.”® Furthermore, the presence of these oxidative func-
tional groups renders GO as a poor electrical conductor with
lower thermal stability,>®°° as well as resulting in poor
mechanical strength and inferior electrochemical electron
transfer in GO-based graphene. Hence, to recover most pro-
perties of graphene, such as its conductivity, GO is mostly sub-
jected to reduction process via either chemical,'®® thermal'®*
or electrochemical®® means, which yields the so-called rGO.
The rGO exhibits moderate electrical conductivity with a
reduction in solubility compared to GO.>10*103

On the other hand, GNPs have been described by several
authors as one with layers >10. However, there is still a lot of
discrepancy on this subject matter, as several authors try to
offer their own definition. For instance, Jang and Zhamu
described GNPs as single-layer and multi-layer graphene deriva-
tives."® This account was later modified by Bianco et al., who
referred to GNPs as graphite nanoplatelets, and multi-layer gra-
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phene (MLG) as those with 2-10 layers,*® which Wick et al.'%
later referred to as FLG. This was further explained in the study
conducted by Papageorgiou et al., where the authors tried to
provide some clarification on the subject, referring to FLG as
those with the number of layers at between 2-5.2® However, one
remarkable fact to consider, based on previous reports in litera-
ture, is that GNPs are materials whose thicknesses lie below
100 nm. Thus, in this context, it might not be necessary to tie
its nomenclature to the number of layers as it is clearly dis-
tinguishable from graphite, which is bulk 3D material. Also,
based on the nomenclature released in 2017 by the
International Organization for Standardisation (ISO), graphene
and its derivatives were classified based on their constituent
layers:'%° single layer graphene (SLG) referred to as graphene, 2
layers referred to as bilayer graphene (BLG), while 3-10 layers
were referred to as FLG. Accordingly, Ye and Tour'% suggested
that GNPs are derivatives with layers beyond 10, which are
usually obtained from the AB Bernal stacking of layers at room
temperature. Nevertheless, this did not dispute the fact that gra-
phene material nomenclature remains a task yet to be unra-
velled, especially in terms of the product characteristic uniform-
ity; hence, the demands for a unique synergy amongst research-
ers and manufacturers in order to bridge the gap.

GNPs are usually produced via exfoliation techniques,
achievable via thermal expansion or shear force applications,
which weakens the van der Waals forces of attraction binding
the graphene layers together,'® similar to those employed for
GO exfoliation. However, GO can best be classified as an oxida-
tively (chemically) functionalised graphene derivative'®”'®
which are mostly assembled as monolayers,'*® unlike GNPs
that comprise layers >10 (ref. 38) and are typically non-oxyge-
nated. The exfoliation can be via application of heat, shear
mixing, sonication, ball milling,"*® and by using carbondiox-
ide, organic solvents and iron(u) acetate, which aids in the pro-
duction of thick GNPs. Hence, it is being used for the wide-
scale production of graphene,'® especially for applications
such as fillers in polymer composites.

2.3. Production of graphene

Graphene production for composites design and formulation
is currently based on three broad routes, which are the wet-
chemical route, liquid-phase route and gas-phase route. These
routes can also be described as top-down approaches, and
their graphene products are applicable for polymer composites
development. Fig. 1 provides a general representation of gra-
phene materials produced through these techniques.

2.3.1. Wet-chemical route

GO production. The GO route is a chemical process widely
employed for the intercalation of bulk graphite, and its sub-
sequent exfoliation into graphene sheets through chemical oxi-
dation. This technique, which can also be referred to as wet-
chemical synthesis,'*® is mostly based on procedures, such as
Brodie’s,’*! Staudenmaier’s'*> and the widely acclaimed
Hummers’ method.'”® Hummers’ approach is considered as
less toxic and facile compared to the earlier methods. It can be
utilised via various modifications, as demonstrated by

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Typical examples of graphene materials produced through different techniques: (a—e) graphene materials produced via wet-chemical route, (a)
scanning electron microscopy (SEM) and (b) atomic force microscopy (AFM) micrographs of GO sheets (reprinted with permission from ref. 110.
Copyright 2010 American Chemical Society), and (c) aberration-corrected transmission electron microscopy (TEM) micrograph of rGO (insert: TEM
image of partly folded rGO sheets on a TEM grid) prepared through GO route (reprinted with permission from ref. 111. Copyright 2010 American
Chemical Society), (d and e) graphene materials produced via electrochemical exfoliation, TEM micrographs of (d) anodic exfoliates and (e) cathodic
exfoliates (reprinted with permission from ref. 112. Copyright 2015 Elsevier); (f-1) graphene produced via liquid-phase route, (f) TEM micrograph of gra-
phene nanosheets prepared using a high-shear mixer (reprinted with permission from ref. 113. Copyright 2014 Nature Publishing Group), (g) AFM
micrograph of FLG sheets prepared using a kitchen blender (reprinted with permission from ref. 114. Copyright 2014 Elsevier), (h) SEM micrograph of
graphene flakes prepared via sonication exfoliation in NMP (reprinted with permission from ref. 115. Copyright 2014 American Chemical Society), (i and
j) AFM micrographs of liquid-exfoliated graphene dispersed in water via sonication (reprinted with permission from ref. 116. Copyright 2013 Royal
Society of Chemistry), (k) SEM micrograph of graphene flakes produced via jet cavitation (reprinted with permission from ref. 117. Copyright 2017 Taylor
& Francis), () AFM micrograph of graphene prepared via ball-milling (insert: high resolution TEM (HRTEM) image highlighting folded edge) (reprinted
with permission from ref. 118. Copyright 2013 Royal Society of Chemistry); and (m) TEM micrograph of graphene flakes produced using the gas-phase
technique (insert: HRTEM highlighting flake edge) (reprinted with permission from ref. 119. Copyright 2009 Royal Society of Chemistry).

102,124,125

different research groups. The approach also leads to GO reduction. Due to the need to harness the remarkable

the production of oxygenated graphene with dominant
hydroxyl, carboxyl and epoxide groups (Fig. 2). Current efforts
are geared towards achieving the large-scale commercial pro-
duction of GO by exploring various processes, such as
microbial oxidation,'*®'*” electrochemical oxidation,*®*%°
3% and hydrothermal oxidation."*" A recent
review by Brisebois and Siaj"** provided a clear state-of-the-art

account on GO production processes.

thermal oxidation

This journal is © The Royal Society of Chemistry 2021

electrical properties inherent in graphene for specific appli-
cations, most of the oxygenised functional groups in GO (such
as the -OH, -C-O-C and -COOH groups) are partly sacrificed
via various processes, such as chemical'® or thermal'*?
reduction routes (Fig. 3), thus giving rise to the reduced form
of graphene oxide (rGO).>*'0%134-13¢

Electrochemical exfoliation. Electrochemical synthesis is cur-
rently being explored as one of the easy routes to scale up gra-

Nanoscale, 2021, 13, 9505-9540 | 9509
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Fig. 2 GO synthesis via modified Hummers' method, highlighting the controlled species of functional groups that can be achieved by employing

this wet-chemical process.'?*

Functional groups at
the interior of the
aromatic domains

Reduction by AA acid

Functional groups at
the edges and at the
defected domains

@ Carbon atoms
@ Oxygen atoms

@ Hydrogen atoms

Fig. 3 Schematic description of rGO production from GO using ascorbic acid (vitamin C), showing the removal of the functionalised oxygen
species originally dominant in GO. Reprinted with permission from ref. 103. Copyright 2018 Elsevier.

phene production due to its ease of processing, good-scalabil-
ity, fast-delivery, safe and eco-friendly nature based on the
available literature reports.'*>"'*® 1377142 This method is similar
to the GO route (earlier discussed), as it also employs aqueous
acidic solutions (Fig. 4a), such as H,SO, and H3PO,. However,
it is worth noting that ionic liquids, such as inorganic salts,"*®

9510 | Nanoscale, 2021,13, 9505-9540

aqueous and non-aqueous liquids,"** are widely employed
here as electrolytes.>®'*%14*13 Hence, this technique is not
heavily reliant on strong chemicals, as obtainable in the GO
wet-chemical process. Electrochemical synthesis is usually con-
ducted via two different ways, cathodic-reduction and anodic-
oxidation,'*® which respectively leads to the production of

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Illustration of graphene production via different exfoliation techniques: (a) schematic description of the electrochemical exfoliation mecha-

nism of graphene using an inorganic salt-based aqueous electrolyte solution, such as (NH,4),SO,. Reprinted with permission from ref. 138. Copyright
2014 American Chemical Society. (b) Description of the graphene production process via sonication exfoliation (highlighting the effects of sonication
time on the graphene sheets). Reprinted with permission from ref. 115. Copyright 2014 American Chemical Society. (c) Highlighting the shear exfo-
liation mechanism of graphene production (graphene sheets being dispersed via translational and rotational lateral exfoliation). Reprinted with per-
mission from ref. 114. Copyright 2014 Elsevier. (d) Schematic of graphene production using ball-mill (highlighting ball-milling of graphite powder
using NaSO, as a dispersant). Reprinted with permission from ref. 144. Copyright 2014 Royal Society of Chemistry. (e) Jet cavitation mechanism of
graphene sheet exfoliation via micro-jets induced shear force. Reprinted with permission from ref. 145. Copyright 2014 Royal Society of Chemistry.
(f) Representation of the atmospheric pressure MPR gas phase system utilised for graphene production. Reprinted with permission from ref. 146.
Copyright 2008 American Chemical Society.

2.3.2. Liquid-phase route. Liquid-phase exfoliation (LPE)
employs mainly organic, ionic and non-ionic solvents for the

unfunctionalized graphene sheet and functionalised electro-
chemical graphene oxide (EGO)."*” A drawback to this techno-

logy includes the expensive nature of ionic liquids and use of
strong electrolytes.'** A review by Low et al."** provides a more
succinct account of this technique.

This journal is © The Royal Society of Chemistry 2021

exfoliation of graphene via sonication,'">'*”"**® high-shear,"*?
and ball-milling exfoliation,"”*"®" as well as microfluidisation
(jet-cavitation)''”**>'%3 technique, which is closely associated
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with high-shear exfoliation. These approaches involve the com-
bination of both mechanical and chemical or electrical energy.
LPE techniques are generally viewed as the most facile and
eco-friendly routes towards the large-scale and low-cost pro-
duction of graphene-based materials.

As a non wet-chemical route, LPE leads to the production of
mostly monolayer and multilayer graphene sheets,'®® which
are highly conductive with inherent properties of pristine
graphene.?®?>3%163166 1 this technique, graphite precursors
undergo intercalation within the dispersed liquid medium,
which results in the breakdown of the van der Waals forces
binding the graphitic layers together, exfoliating into graphene
sheets.

Sonication exfoliation. Sonication exfoliation utilises ultra-
sound to break down the weak van der Waals bonds tying
the Bernal-stacked graphitic layers, and thus the exfoliation
of the layers in a solvent. Subjecting these weakly exfoliated
layers through centrifugation completely separates the gra-
phitic layers into distinct graphene sheet dispersions.
However, care must be taken in order to avoid inducing so
much stress on the n-n covalently bonded graphene struc-
ture, which might result in induced defects.'*>*** Also, soni-
cation has been observed to encourage the generation of
graphene rich in carboxyl and ether/epoxide functional-
groups.”™® Ultrasonication is usually conducted via two
major routes: bath-sonication'>® and horn (tip/probe) soni-
cation™? (Fig. 4b). A horn sonicator generates ~10-fold of
the power compared to a bath sonicator. Hence, the horn
sonicator has been noted to be more efficient and less time-
consuming. However, bath sonication is favoured for exfolia-
tion of mild homogenous systems, while horn sonication is
mostly utilised for multi-layered systems, such as pristine
graphite.'®’

High-shear exfoliation. Exfoliation by high-shear mixing uti-
lises mechanical shear to break down bulk graphite into gra-
phene sheets within a suitable dispersing medium (such as
organic or inorganic solvenst and ionic liquids) (Fig. 4c). Here,
the rate of exfoliation largely depends on several factors, such
as the dispersing liquids surface-energy, viscosity, and
density, as well as the shear processing conditions like shear-
speed, time, mixer head and rate of centrifugation employed.
This technique is considered as largely facile and scalable.
Hence, it is being vigorously explored for large-scale graphene
production. On the contrary, despite the remarkable merits of
this technique, graphene produced via this method can suffer
induced stresses because of the shear localisation within the
rotor-stator or rotating blade cavity. Fabrication of a special
shear-mixer for graphene exfoliation, capable of achieving full
scale turbulence within the entire high-shear regions by over-
coming high-shear localization, will possibly help to amelio-
rate this challenge.'®®

Ball-mill exfoliation. Ball-mill exfoliation (BME) is currently
gaining wide attention due to its possibility of generating a
shear-force dominated mill for the facile breakdown of the n-=n
stacked graphitic sheets van der Waals forces.'®® BME provides
an easy route towards the rapid exfoliation of graphite, and
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hence, the high graphene production scalability compared to
other LPE techniques. BME works in principle through the
generation of shear and collision forces, which leads to ball-
milling (grinding) of the graphite powder, by overcoming the
van der Waals forces binding the graphitic layers together
through edge-opening,''® resulting in its intercalation and
exfoliation (Fig. 4d). Subjecting the resultant exfoliated graphi-
tic-sheets to centrifugation leads to their full exfoliation and
separation into graphene sheets/nanoplatelets (GNPs)."”® BME
is generally carried out through two different paths: wet ball-
milling*>'®®  (employing liquid solvents) and dry ball-
milling, utilising either planetary or stirred-media ball-
mill technology. The impacts of collision force remain a
source of concern for this technology due to the possibility of
fragmentation and basal-defects inducement at high-energy
milling since the prevention of grinding media collision is
inevitable.'®®172

Jet-cavitation. In view of the aforementioned challenges,
several studies are currently exploring other LPE techniques,
such as jet-cavitation or micro-fluidisation, which involves the
use of high-pressurised fluids'’? to break down graphite flakes
and exfoliate the graphitic layers into graphene sheets dis-
persion (Fig. 4e). This is basically conducted through electro-
hydraulic pump suction and compression motions. Fluids,
such as water'”* and surfactants, as well as supercritical fluids
like CO,,"”> are mostly employed in jet cavitation. Although
this technique achieves high shear-rate without shear localis-
ation, its limitation includes the possibility of microfluidic
channel blockage, especially for graphite flake sizes exceeding
100 pm.'”?

2.3.3. Gas-phase route. Presently, the gas-phase route is
also widely explored for the production of high-quality gra-
phene sheets,"’®'”” having been first introduced in 2008 by
Dato et al."*® Some studies indicate that this approach report-
edly leads to the production of high-quality, ordered and
stable graphene sheets.''*'7®

Gas-phase graphene (GPG) production is largely achieved
using microwave plasma reactors (MPR) (under atmospheric
pressure) (Fig. 4f). Here, the carbon-precursor is first intro-
duced into the MPR chamber, followed by precursor decompo-
sition by MPR generated Argon plasma, even without the need
for substrates,'*® solvents or catalysts. Hence, the gas-phase
route can be considered as facile and more eco-friendly since
it generates only gases (such as H, and CO) as by-products.'”®
It is worth noting that the deployment of gas-phase graphene
for various applications, such as composites reinforcement, is
still largely underexplored. However, the continual growth in
lab-scale production of GPG will perhaps pave the way to its
wide range applications in the future.'”® In addition, unlike
other graphene production routes (such as LPE and wet-chemi-
cal routes that results into high-throughput production), GPG
currently achieves low production yield, which remains an
unresolved obstacle to the growth of this technology. A simpli-
fied comparison of the various graphene processing routes
and their achievable graphene characteristics are provided in
Table 2.
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Table 2 Comparison of wet-chemical, LPE and gas-phase graphene production routes and their associated graphene properties

Technique Graphene property Merits Demerits
Wet- GO route a. Oxygen-functionalised hydroxyl, a. High-throughput graphene production a. Employs mainly
chemical carboxyl, carbonyl and epoxide strong chemicals
route groups
b. Highly insulating b. Facile synthesis of oxygenised graphene b. High-volume of
toxic chemical wastes
c. Disordered structure c. Possibility of achieving covalently c. Involves multiple
functionalised graphene processing steps
d. Can easily be functionalised or d. Scalable
reduced
Electrochemical a. Electrochemical functionalised
exfoliation GO (EGO) via anodic oxidation; with
sp® defect
b. Monolayer graphene via cathodic
reduction; wrinkled
Liquid- Sonication exfoliation a. Monolayer, few-layer and a. High-throughput graphene production a. Employs mainly

phase route multilayer graphene
b. Conductive

c. Functionalised or non-
functionalised graphene

b. Possibility of achieving various forms of
non-covalent graphene functionalisation
c. Facile and scalable

ionic and organic
solvents

b. High-cost of ionic
liquids

c. Possibility of liquid

waste generation

d. Possibility of disordered graphene

High-shear exfoliation;
ball-mill exfoliation

a. Monolayer, few-layer and
multilayer graphene

b. Conductive

c. Functionalised or non-
functionalised graphene

d. Possibility of fractured graphene
a. Monolayer, few-layer and
multilayer graphene

b. Conductive

Jet-cavitation

Gas-phase Microwave plasma a. Monolayer, few-layer and
route exfoliation multilayer graphene

b. Conductive
2.4. Global graphene production and supply

A recent report indicates that the global production capacity of
graphene is most likely up to 2.5 kilotonnes per annum since
2018, with demand currently accumulated to ~400 tonnes per
annum (well above the previous estimate of ~50 tonnes per
annum) (Fig. 5)."”® Thus, this is a clear indication that the gra-
phene production supply currently outstrips its demand;
hence, a great advantage for its application for industrial
product development, such as G-WBEC formulations.

A study by Doscher et al. also pointed out that the existing
global supply of graphene majorly hinges on factors, such as
stable demand growth (expected to be stronger as its industrial
application increases), possibility of global production capacity
stagnation (need for improved and low-cost production
methods), gradual fall in the cost of production (mainly depen-
dent on the production volume), pricing strategy (dependent on
economic pressure or conscious efforts towards market shares
capitalisation), grade improvement (consistency in the quality
of produce), as well as market consolidation. In addition, it is
worth noting that the supply inconsistency and lack of stan-
dards in graphene manufacturing remain a critical factor
restricting its industrial advancement.'”® This can be enhanced

This journal is © The Royal Society of Chemistry 2021

a. Facile and scalable a. Low-throughput
production
b. Generation of

carbon monoxide gas

b. Possibility of large-scale production of pure
and highly ordered graphene sheets

c. No chemical or liquid solvent required;
hence, it is eco-friendly as there is no liquid
waste to the environment

possibly via the development of a graphene innovation ecosys-
tem and the provision of an adequate innovation support.'”®

Also, graphene materials (such as GNPs), which are typi-
cally employed for large-scale applications, are presently
priced at a cost of 100-700 € per kg, while GO-based graphenes
(GO and rGO) are currently sold at higher costs of ~2500 € per
kg. However, experts estimate that the cost of GNPs will fall to
~20 € per kg by 2022 (about 60% reduction in cost against the
earlier estimate of ~50 € per kg predicted to be achieved by
2025). This is a clear indication of the rapid progress in the
graphene production capacity, being far below the earlier esti-
mate of ~50 € per kg, initially projected as the most sustain-
able price for the large-scale utilisation of graphene. In
addition, more progress is expected down the line as the price
of high-quality GNPs are expected to drop further by 2030 to
~25 € per kg, while lower-grade flakes are expected to drop
below 8 € per kg for massive industrial uptakes.'”®

2.5. Toxicity and environmental impact of graphene materials

The utilisation of strong chemicals in most graphene material
production methods remains a demanding challenge to the
environment. For instance, the use of H,SO, and hydrazine in
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Fig. 5 2020 graphene materials industrialisation roadmap (experts estimate between 2018 and beyond). The specific progress analysis is highlighted

in red colour, purple colour indicates the critical challenges, other colours indicates future actions and estimations.

GO and rGO synthesis have been widely criticised, as these
reagents pose a serious ecological threat to humans, terrestrial
and aquatic environments. Thus, they could trigger freshwater
eco-toxicity, cancer effect on humans, as well as NO, emis-
sions.'®® In addition, the utilisation of organic solvents, such
as sodium dodecylsulphate (SDS) and sodium dodecylbenzene-
sulphonate (SDBS) in FLG/GNPs production,'>"***'®® remains
a possible cause for human'®" and environmental concern.
Hence, there is urgent need to harness more eco-friendly sol-
vents and techniques in graphene materials production. This
have been demonstrated in few reports using safe and eco-
friendly routes like thermal reduction process and non-hazar-
dous substances, such as ascorbic acid (vitamin C)'** and
glucose'® for rGO synthesis, and thus eradicating the harmful
environmental impact of toxic reagents like hydrazine.

On the other hand, the available studies on the dermal tox-
icity of graphene-based composites demonstrate that graphene
does not induce toxic effects to the human skin. For example,
a study on polypropylene-fumarate/polyethylene glycol-GO
(PPF/PEG-GO) nanocomposites showed no induced toxicity on
exposure to human dermal fibroblast."®* Also, a study on GO-
coated cotton fabric exhibited no irritation to skin tissues
(demonstrated on rabbit skin), even though it was able to inac-
tivate 98% of bacteria within <4 hours exposure.'®! Similarly,
another report employing polyvinylpyrrolidone-coated GO
(PVP-GO) on human immune cells (in vitro), such as macro-
phages, T lymphocytes and dendritic cells, showed that the

9514 | Nanoscale, 2021,13, 9505-9540
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PVP-GO composite exhibits good immunological biocompat-
ibility effects.'®® This is in agreement with a recent in vitro
study on skin irritation, where Fusco et al.'®' demonstrated
that graphene materials (GO, rGO and FLG) do not induce
skin irritation upon exposure to reconstructed human epider-
mis based on the SkinEthic™ test. However, skin irritation
was observed for FLG processed with organic solvents, such as
sodium dodecyl sulphate (SDS).'®' On the contrary, a similar
in vitro study on the toxicity of graphene materials on HaCaTs
human skin keratinocytes indicates that GO and FLG were
able to induce slight differential effects on the HaCaTs
cells.’®® Thus, this demonstrates a direct correlation with
recent results obtained by Pulingam et al., where a similar
study on HaCaT cells showed that the GO toxicity effects on
skin cells are majorly dose-dependent and appears to be negli-
gible at <100 ug ml~" concentration.'®’

In addition, a recent cytotoxicity study (conducted via both
in vitro and in vivo) on G-WBEC utilising the FLG/natural
rubber (FLG-C-NR) nanocomposite revealed that graphene
incorporation within the NR matrix does not compromise its
biocompatibility, as no sign of toxicity, nor skin irritation was
observed for up to 48 hours exposure.'®® However, the majority
of the available literature results suggests that graphene tox-
icity (as well as its susceptible environmental effects) is largely
attributable to the overall nature of the surface chemistry
(functionalised sites, especially the reactive oxygen species
dominant in the derivatives, such as GO), particle size,

This journal is © The Royal Society of Chemistry 2021
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number of layers, concentration of the graphene
material,'®'°° and the processing techniques employed in the
graphene production."®’

Notwithstanding, the available experimental data is still a
subject of debate and divergence of opinion, as there appears
to be significant gaps in the literature yet to be filled."** Also,
there seems to be limited studies on the toxicity of pristine gra-
phene, as well as GNPs, since most of the available investi-
gations are generally focused on GO-based graphene. However,
the issue of graphene toxicity as it is today can better be
described as a “double-edged sword of risks and exploitable
opportunities”, as graphene materials (such as GO) have been
found to exhibit antimicrobial and anti-cancer properties.'>
Thus, graphene materials could find a wide range of appli-
cations in biomedical engineering.

Furthermore, the end-of-life cycle (carbon footprint) of gra-
phene-based composites, such as G-WBEC, is envisaged to
occur through either particle emission, or leaching via
landfills."®""** However, experts suggest that the mass transport
of graphene flakes through the rubber matrix is unlikely, con-
sidering the large size nature of graphene flakes and their non-
volatility."”* In addition, there are concerns around organic pol-
lutant emission through the weathering of rubber composites
being ascribed to graphene. Nevertheless, this remains yet to be
investigated.'”" However, a preliminary study on the enzymatic
biodegradation of GO and rGO-based graphene (in the presence
of veratryl alcohol) using lignin peroxidase (LiP) (an enzymatic
discharge of white rot fungus) showed that LiP is capable of
degrading these graphene materials efficiently. Hence, the
abundance of white rot fungus in nature means that there is
high potential for the efficient degradation of graphene'®* at
end-of-life without posing a significant environmental risk. In
addition, there appears to be no available study on the environ-
mental risk associated with G-WBEC, possibly because of their
widely acclaimed eco-friendly nature. Yet, there is need for
multi-scale investigation for a better understanding of graphene
materials, as well as the G-WBEC end-of-life cycle mechanism.

Finally, the concern about toxicity and the end-of-life cycle
impact of graphene materials remains a puzzle yet to be fully
resolved. A recent expert analysis anticipates the issue of gra-
phene material toxicity to be fully resolved by 2025, while its
end-of-life cycle impact in terms of the carbon footprint on the
environment is expected to be addressed in the years ahead
from mid-2030 and beyond (Fig. 5).'”® Although these con-
cerns are presently seen as both justified and perceived issues,
they remain one of the major obstacles limiting the massive
deployment of graphene materials in various products. Hence,
resolving this challenge would possibly trigger a tsunami in
the demand for graphene materials for large-scale industrial
applications, being that graphene-based systems appear prom-
ising for the replacement of more toxic products that are pre-
sently widely available in the market.'”® Because this challenge
of graphene toxicity and its end-of-life environmental concern
scenarios to humans, terrestrial and aquatic habitats remains
yet to be unravelled, this topic would continue to be an issue
of controversy. Hence, there is a need for a coordinated, multi-
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centred and collaborative investigation towards unravelling
this challenge facing graphene industrialisation.

3. Graphene enhanced water-based
elastomer composites (G-WBEC)

The performance of WBE is still riddled with inefficient engin-
eering properties, as they have been found to possess poor
mechanical and thermal properties, as well as high suscepti-
bility to water and chemical attacks.® Thus, WBE performs
poorly compared to traditional SBE. Therefore, there is a need
to improve the properties of WBE in order to ensure their
applicability as high-performance engineering elastomers.
Several filler materials have been employed for the
reinforcement of WBE. For instance, Lin et al'®® used cell-
ulose-nanofibers for the reinforcement of wPU. They found an
improvement in both Young’s modulus and tensile strength,
while the elongation at break was found to decrease with a rise
in the cellulose nano-fibre content. Also, Lei et al.® recently
employed office-waste processed cellulose nanocrystals for
wPU reinforcement, and achieved better thermal stability with
~2-20 °C delay in the degradation temperature. Similarly,
Zhang et al.'®® achieved better hardness, thermal stability and
improved water-resistance for silica-reinforced wPU. Likewise,
a significant increase in both soft-segment and hard-segment
glass-transition temperatures (T,) were observed in the zinc-
oxide reinforced wPU nanocomposite, as the ZnO content
increased from 0-5%,"®” while a ~14.9 MPa rise in the tensile
strength was observed for 1 wt% clay reinforced wPU.'%® A
similar improvement in the mechanical properties and
thermal stability has also been widely reported for NRL and
IPR through reinforcement with fillers, such as silica,'?*%?
starch,>®® calcium carbonate,”** clay,”®® and cellulose nanofiber.”*®
Nevertheless, carbonaceous materials (such as carbon black
and CNTs) are largely being employed for WBE reinforcement
with greater improvement in both mechanical and thermal pro-
perties, such as those reported for NRL and IPR-based elasto-
meric composites.*” ' Apart from improving on the mechani-
cal and thermal properties of the WBE, CNTs also aid in trans-
forming the originally insulating elastomers into electrically con-
ductive films,>"*>" unlike other organic nanofillers discussed
earlier. For instance, Kuan et al.>** reported a ~26 °C difference
in the thermal stability improvement and 370% tensile strength
enhancement for the multiwalled CNTs/wPU composite.
However, with the discovery of graphene, more studies are
now focusing on its application for the engineering of high-
performance and multifunctional elastomer composites. This
is largely due to its unrivalled mechanical, thermal, and elec-
trical properties, coupled with its high surface-to-volume ratio
and low cost of the parent material (graphite)*!® compared to
CNTs*" and other known materials. Hence, recent studies
have shown the possibility of graphene utilisation as a nanofil-
ler for WBE reinforcement. Although pristine graphene is not
being employed due to its inertness and high hydrophobicity
to water, graphene derivatives (such as GO and rGO*'®72%%) are
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mostly utilised for WBE composites design due to their easy
interaction with polymeric molecules. On the contrary, the use
of a GNP derivative for WBE composites formulation remains
virtually non-existent at present. The reason for this poor use
of GNPs in WBE is not yet properly understood, although it
might be due to its hydrophobic nature, unlike GO and rGO
graphene-based materials.

In addition, apart from graphene/NRL composite formu-
lations that have been widely investigated, a study on gra-
phene-based wIPR composite formulations appears to be vir-
tually unavailable. A recent patent by Leng et al>**' on gra-
phene/polyisoprene latex composites remains the only visible
work highlighting the use of graphene in wIPR reinforcement.
In fact, work on synthetic polyisoprene graphene composites is
majorly concentrated on the t¢rans-1,4 polyisoprene isomer,
which is not relevant for elastomeric applications. The cause
of this under-utilisation of graphene in wIPR reinforcement
remains a question yet to be unravelled, and hence presents
an opportunity for more research in this area of study.

3.1. G-WBEC production techniques

The preparation of graphene-elastomer composites takes into
consideration certain processing factors, such as the time dur-
ation and cost of the production technique. However, each
technique employed infers special dispersion characteristics
and thus, a distinct form of resultant nanocomposite.?®
Hence, achieving a homogenous dispersion of the filler-matrix

Va7
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blends will ensure a proper load transfer within the WBE
matrix.’® Two major routes are currently being explored for the
preparation of G-WBEC: emulsion mixing (solution blending)
and in situ emulsion polymerisation.”’®*'” In addition, ball-
milling is currently being investigated for G-WBEC processing.
Fig. 6 gives a brief description of these techniques being
exploited for G-WBEC production.

3.1.1. Emulsion mixing (blending). This technique involves
the integration of an aqueous polymer (such as WBE) and gra-
phene dispersion. Subsequently, the elastomer and graphene-
dispersion mixture is thereafter blended together via stirring,
ultrasonication or shear mixing using either high-shear or low-
shear. The resultant hybrid-system is possibly degassed (in
order to remove the available bubbles usually trapped within
the mixture) and cast into films or mould. Thereafter, it is sub-
jected to drying for water evaporation, leaving behind the gra-
phene-elastomer nanocomposite film,!¢>19:222

Depending on the graphene derivative employed in the
process, surfactants or surface modifications are mostly
employed in preparing GNPs dispersions prior to blending
(emulsion mixing), while aqueous GO dispersions are normally
reduced to rGO after the blending process.”’® Post-blending
reduction of the GO will no doubt ensure a properly dispersed
filler-matrix system due to the predominant GO hydrophilic
functional groups. On the contrary, pre-functionalisation of
GNPs prior to emulsion-mixing will also aid in its dispersion
within the elastomeric matrix since GNPs are not mostly hydro-

. . WBE dispersion/
(a)  Emulsion mixing WBE I_JI]: Graphene ) Graphene mixing by
technique dispersion either stirring v
sonication or high-shear
m WBE monomer/

() tnesibu o WBE  |db[ Graphene |y Graphene Polymerisation .
polyrrferlsatlon W— mixing by either via initiator
techniaue stirring, introduction

sonication or
high-shear
f Z § % WBE dispersion/
Ball-milli WER h Graphene mixing via
(c) Ba -mifiing ] - BE Graphene |—y o ball-milling using F——))
technique dispersion .
planetary or stirred
media
G-WBEC K Water evaporation/ Casting/ 5 A
curing = moulding (— Degassing ¢

Fig. 6 Schematic representation of the steps involved in G-WBEC production techniques: (a) emulsion mixing technique, (b) In situ polymerisation

technique, and (c) ball-milling technique.
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philic in aqueous systems. Though the reduction of GO to rGO
can also be realised prior to blending with WBE, contrary to
post-blending reduction process. However, this mostly leads to
certain degree of rGO gel-like agglomerates formation in
contact with WBE dispersion, majorly due to rGO hydrophobic
nature. Hence, the choice of GO reduction strategy largely
depends on the research question and applicability. As pre-
sented above, Fig. 7a shows the process of GO integration with
wPU and its subsequent reduction to rGO; Fig. 7b highlights
the rGO/WPU nanocomposite molecules interfacial interaction,
while Fig. 7c illustrates the aqueous GNP/polymer dispersion
interactions. The evaporation of water can be conducted under

(a) '

GO Dispersion

PU Latex in Water

PU latex with hydrophilic and
negatively charged surface groups

(b)

o
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atmospheric conditions or under high temperature using a
vacuum oven. After evaporation, cured composite films can be
utilised for extrusion (melt moulding), compression moulding,
blow-moulding, or injection-moulding.>'®*'® This technique
can also be referred to as solution or latex mixing process.
However, WBEs are devoid of solvents, unlike most solution/
latex-based elastomer formulations.

Emulsion mixing is widely explored for graphene-elastomer
nanocomposites processing. This is possibly due to it being
facile and requiring less processing time. It also provides the
opportunity to tailor the polymer properties prior to mixing.***
On the other hand, a major limitation of this technique is the

Evaporation

PU

Ancr
Drying

Composite film

Hybrid
latex

Fig. 7 Schematic description of emulsion mixing: (a) highlights emulsion mixing process of rGO with the wPU latex, (b) describes the mechanism of
rGO interaction with wPU molecules. Reprinted with permission from ref. 219. Copyright 2012 Royal Society of Chemistry. (c) lllustration of the emul-
sion mixing of GNPs with aqueous polymer dispersions. Reprinted with permission from ref. 216. Copyright 2016 Wiley-VCH Verlag GmbH & Co.

This journal is © The Royal Society of Chemistry 2021

Nanoscale, 2021,13, 9505-9540 | 9517


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1nr01324f

Open Access Article. Published on 10 May 2021. Downloaded on 4/9/2026 12:13:38 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

possibility of graphene flake re-agglomeration upon water
removal (evaporation).”® To solve this problem, several studies
have suggested blending by hetero-coagulation or self-assembly
via electrostatic impulse through which the hybrid dispersion
can be separated into aqueous and composite phases.'’”***
However, the coagulation process, which is mostly used for latex
elastomers (such as NRL), requires the use of flocculants, such
as HCL>*® which might introduce some chemical residues
within the fabricated G-WBEC. Spasevska et al. employed emul-
sion mixing for graphene/polymer composite processing with
the aid of an aqueous polyurethane cross-linker, and achieved a
14-fold increase in the elastic modulus with significant electri-
cal conductivity characteristics.”>® A similar study utilised this
technique and achieved significant improvement in the gas
barrier permeability of the rGO/NRL composite.”*® Also, Iliut
et al. employed this technique in developing rGO/wWPU and rGO/
NRL composites, and achieved a >50% rise in the elastic
modulus with some increase in the elongation to break at
0.1 wt% graphene loading of wPU and NRL elastomers.”'® In
addition, recent report by Bernard et al. achieved an increase of
about 200% and 300% in the elastic modulus and tensile
strength, respectively, with a rise of 38% in the thermal conduc-
tivity and 43% reduction in flammability*** for the GO/wPU
composite prepared via emulsion mixing. Therefore, this tech-
nique, which can also be described as latex technology
process,?*"?*” remains the most viable, scalable and environ-
mentally friendly option for G-WBEC production.

3.1.2. In situ polymerisation. The quest to overcome
agglomeration challenges in emulsion mixing and ensure stron-
ger covalent bonding of the graphene/polymer interface might
have perhaps led to the exploration of in situ polymerisation.>*®
This technique involves the synthesis of graphene and WBE via
in situ polymerisation. Conventionally, emulsion polymerisation
starts with the surfactant emulsification of the hydrophobic
monomer, and thus the introduction of a water-soluble phase.
Initiator thermolysis and the addition of the first monomer
units in the aqueous phase lead to the generation of free rad-
icals, which triggers polymerisation.>!” However, this is not the
case for WBEs since they are already hydrophilic, so it does not
necessarily require surfactant emulsification. Therefore, WBE
reinforcement with graphene nanofillers for composite formu-
lation is a more facile and direct approach, as graphene deriva-
tives (such as GO) are already hydrophilic, except for rGO and
GNPs, which might require the use of surfactant stabilisers.

The in situ polymerisation synthesis is mostly supported by
sonication, which assists in breaking the monomers into
small-droplets. This technique offers an opportunity for the
proper dispersal of graphene flakes within the polymer matrix
prior to polymerisation, and thus better dispersion.>'®**®
Hence, this majorly results in an improved mechanical prop-
erty of the composite. In addition, this method creates the
space for the development of more homogeneous graphene/
elastomer composites with unique morphologies,*'® unlike the
emulsion mixing technique. Several numbers of studies have
demonstrated the use of an in situ polymerisation technique
for G-WBEC production. Hu et al. employed this technique for
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the processing of the rGO/wPU nanocomposite, and noted
good dispersibility and stability of rGO with a consistent
increase in the mechanical property for 2 mass% rGO loading,
as well as improvement on the flame retardancy and smoke
suppression.”*° Also, the study by Lee et al.>*° on GNSs/wPU
via in situ emulsion polymerisation produced well-dispersed
graphene flakes within the wPU matrix with an observed
improvement on the mechanical and electrical properties of
the wPU. It is interesting to note that the graphene nanosheets
(GNSs) reported in these studies are no other derivative, but
rGO. However, this shows that GO and rGO are the most
widely studied graphene derivatives with this technique.

The in situ polymerisation technique can also be modified
into other forms of formulation processes, such as mini-emul-
sion polymerisation (which employs high-shear to breakdown
monomers into very small droplets),>*® microemulsion poly-
merisation (involves the addition of >10 wt% surfactant and
co-surfactants into aqueous monomer dispersions, and thus
reduces their interfacial surface energy)**> and Pickering poly-
merisation (which involves the use of oil-phase systems, such
as para-xylene).>** Fig. 8 provides a brief description of the
in situ polymerisation process. Details about these procedures
have been documented in the study by Arzac et al.>'® and
Bourgeat-Lami et al.”"”

However, it is worth noting that a series of drawbacks exist
while employing this technology. For instance, the technique is
not viable for the production of NRL/graphene nanocomposites
since NRL exists mainly as a one-part elastomeric dispersion,
and hence requires no initiator to blend with graphene fillers
with the exception of its synthetic IPR.*** Also, this method
tends to encourage the sticking of graphene flakes within the
polymer macromolecular-chains, resulting in a restricted inter-
connecting network formation, and thus leading to poor electri-
cal conductivity.”®® On the contrary, it offers a great mechanical
property advantage. A comparative study between emulsion
mixing and in situ polymerisation techniques has been investi-
gated by Arzac et al, where the authors concluded that emul-
sion mixing favours electrical conductivity, but is poor in the
mechanical property reinforcement (mostly due to weakly
bonded graphene flakes). In contrast, in situ polymerisation was
reported to yield a strong covalent bond between the graphene
fillers and polymer molecules, thus resulting in a decrease in
the electrical conductivity.>*®

3.1.3. Ball-milling. The available reports show that remark-
able results can also be achieved by employing the ball-milling
technique in processing graphene/elastomer composites.>*>>*
However, it is worth noting that the utilisation of this tech-
nique for the production of G-WBEC remains heavily under-
utilised. Nevertheless, this technique is quite promising for
G-WBEC production since it can be employed via either wet or
dry mode. The wet-mode can easily be adapted for graphene
incorporation into WBE with efficient milling control; hence,
the possibility of obtaining improved exfoliation and dis-
persion of graphene flakes within the elastomeric matrix.

This technique has been employed specially for the proces-
sing of GNP-based polymer composites, as demonstrated for

This journal is © The Royal Society of Chemistry 2021
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Fig. 8 Schematic description of in situ polymerisation of the sulfonated graphene oxide (SGO)/wPU nanocomposite.

the GNP/TPU**® and GNP/V-PDMS composite formulations.>*®
Thus, the results obtained by Xu et al.?®** and those by Chen
and Chen**® indicate that this technique offers a great mechani-
cal property advantage in elastomeric composites compared to
other known techniques, such as the emulsion mixing (high-
shear and sonication) method. Therefore, it infers that ball-
milling is worth employing for G-WBEC processing, especially
where good mechanical property enhancement is desired.
Nevertheless, the challenge of high compression forces
(impact or contact forces) remains one of the major drawbacks
to this technology, as these forces easily result in the crumpling
of graphene flakes, thus affecting their efficient dispersion
within the elastomeric matrix. Therefore, there is a need to fine-
tune the processing parameters by ensuring efficient shear-
force dominance over compressive forces during milling,>*”
which will possibly lead to further improvement in the general
property of the composite, particularly its electrical property.
Finally, in addition to the merits and demerits of any
specific technique, as summarised in Table 3, it is also necess-
ary to consider the application or research interest, while
choosing a technique to employ in the G-WBEC formulation.

OH - “CH,CH,SO:Na
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3.2. Properties and characterisation of G-WBEC
Studies conducted so far show that graphene is capable of
improving the properties of elastomers of water-based origin.
This improvement is majorly observed in the areas of mechani-
cal and thermal properties, as well as the induction of electri-
cal conducting channels within the elastomeric matrix.
Furthermore, the properties of G-WBEC are observed to be
highly dependent on:

« Processing technique

+ 9% graphene loading

+ Graphene derivative

 Functionalisation

« Nature of the elastomeric material

 Processing conditions employed

« Rate of graphene dispersion within the elastomeric matrix

For instance, Kinloch et al.**” recently noted that nano-
material dispersion within a composite matrix is highly reliant
on the desired property in terms of application. Thus, high-
filler loading in the direction of the load is mostly desired in
mechanical property enhancement, which is contrary to the

Table 3 Brief summary of the effects of emulsion mixing, in situ polymerisation and ball-milling techniques in G-WBEC production

Processing technique Merits

Demerits

Emulsion mixing + Good filler/matrix interface

« Unrestricted network interconnection

« Excellent electrical property

» Low-cost and facile process

« Excellent filler/matrix interface
« High mechanical properties

» Moderately cost-effective

» Good mechanical property

« Facile processing

+ Higher-scalability

In situ polymerisation

Ball-milling

This journal is © The Royal Society of Chemistry 2021

» Lack of excellent dispersion
» Moderate mechanical property

* Restricted interconnected network formation

» Moderate electrical conductivity

+ Multi-step process

« Possibility of graphene flake crumpling

« Possibility of poor filler dispersion

» Moderate electrical property

» Moderately expensive nature of ball-mill machine
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electrical property improvement, where the low-filler loading
concentration is mostly desired in order to achieve a random
percolated network. However, the microstructures required for
achieving multifunctional properties remain rather compli-
cated.”®” Consequently, the combination of these aforemen-
tioned factors determines to a great extent the graphene/WBE
matrix interface reinforcement, which in effect, regulates the
behaviour of the formulated composite material as highlighted
in Tables 4-6. Again, it is important to note that apart from
relatively few works focusing majorly on the mechanical,
thermal, and electrical properties of G-WBEC, there tends to
be no significant study yet on the barrier and weatherability
properties of this set of composites.

Additionally, to date, wPU and NRL dominate this area of
research, followed slightly by wSi. This is possibly because
NRL remain the major non-synthetic source of WBE, while
wPU and wSi currently remain the most widely developed syn-
thetic WBEs compared to other groups of WBEs, which are
largely still at the formulation and developmental stage.
Hence, there exists a huge vacuum in this area of study.
Another hurdle yet to be addressed in this area of research is
the issue of poor industrial scalability of this set of compo-
sites, mainly due to the low industrial throughput of gra-
phene-based materials production and their associated cost as
required for WBE reinforcements.

3.2.1. Mechanical properties. The impact of graphene
nanofillers on WBE has been shown to improve their elastic
modulus, tensile strength and elongation to break. For
instance, Kim and Kim achieved about a 623% increase in the
wPU modulus at 1 wt% GO reinforcement, with ~105.4% and
~43.16% reduction in elongation to break and tensile strength,
respectively (Fig. 9a).*® Similarly, Zhou et al reported a
~1245.36% increase in the modulus of poly(3,4-ethylenediox-
ythiohene):poly(styrene sulfonic acid)-modified wPU with a
~330% reduction in the elongation to break at a rGO loading
of 1 wt% (Fig. 9b).>*° Furthermore, up to a 706% rise in the
wPU tensile strength was reportedly obtained in a previous
study by Hu and Zhang at a 2% mass loading of rGO.**° In
addition, a recent study by La et al noted about a 10-fold
increase in the abrasion resistance, as well as a ~400%, 200%
and 30% increase, respectively, for the elongation to failure,
tear strength and tensile strength of the GNP/NRL compo-
site.>*® However, it is worth noting that a majority of the
results obtained so far (using GO and rGO) were largely
achieved through emulsion mixing or in situ polymerisation.
Notwithstanding, similar studies have shown that the ball-
milling technique is also a promising approach towards realis-
ing the good mechanical property reinforcement in G-WBEC,
especially where GNPs are being employed.>*>**¢

However, achieving these improvements is not a straight-
forward approach. The final product depends largely on the for-
mulation processes as outlined earlier, which largely determines
the rate of graphene dispersion and consequent load transfer
within the elastomeric matrix. Hence, obtaining a simultaneous
improvement in the elastic modulus, tensile strength and elonga-
tion to break remains a herculean task because an increase in
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the modulus (as the % graphene loading increases) possibly
leads to a reduction in the tensile strength and elongation to
break, and vice versa, as highlighted in Table 4. Thus, more
effort should be concentrated towards developing a complemen-
tarity of properties, which is largely application-dependent.

Nevertheless, apart from the tensile-test analysis, some
other tests have also shown the reliability of graphene in the
mechanical property improvement of WBE. For instance, a
recent study by Kale et al. achieved a ~0.22% improvement in
the abrasion resistance of wPU through the 0.2 wt% loading of
silica-functionalised GO.>*' Some other tests that have proven
the mechanical property enhancement of elastomeric systems
with graphene include: (i) a fatigue study of graphene/NRL,>**
(ii) puncture investigation of graphene/NRL,>** and (iii)
dynamic mechanical analysis of graphene/wPU composites.***

The above mechanical test investigations are clear indi-
cations that graphene nanofillers can serve not only for the
improvement of the elastic modulus and tensile strength, but
can also boost the abrasion resistance of WBE. Also, graphene-
based materials offer a greater possibility for the enhancement
of the tear strength, fatigue life, puncture, creep, flexure and
impact resistance of WBE. However, it is worth noting that the
mechanical tests conducted on WBE so far remain limited,
with a majority of the tests focusing mainly on tensile tests.
Hence, to ensure the reliability of G-WBEC, there is a need to
explore various sets of mechanical tests in future studies.

3.2.2. Thermal properties. The introduction of graphene
nanofillers into WBE has been demonstrated to significantly
boost their thermal stability, as well as thermal conductivity.
However, the studies so far (as summarised in Table 5) show
that no significant work has been conducted on the thermal
conductivity of G-WBEC formulations, with the exception of
graphene/NRL based composites. The reason for this vacuum
is yet unknown, although the performance of graphene
materials in the thermal stability enhancement of WBE has
been quite remarkable. For instance, the integration of 2 phr
value of few-layer graphene-sheets (FGS) into the wPU emul-
sion resulted in a ~24.7 °C rise in the decomposition tempera-
ture at 50% weight loss,>*® while a study by Kale et al*'!
showed a ~44.48% rise in the decomposition temperature of
wPU at 0.2% GO-silica reinforcement (Fig. 10).

Also, studies by Lim et al.>*® and Potts et al.>** showed that
an increase of up to 36.42% and 39.49% in the thermal con-
ductivity of NRL is realisable through 0.1 phr and 5 wt% rGO
reinforcement, respectively. In addition, a similar investigation
by George et al.>*” demonstrated the possibility of achieving a
~483% rise in the thermal conductivity of NRL at 1.5 phr
loading of FLG. Some other results obtained through similar
studies are highlighted in Table 5.

3.2.3. Electrical conductivity. Employing graphene in WBE
generates electrically conductive channels within the elasto-
meric network. Thus, this demonstrates the possibility of
developing the smart electronic materials of the future.
Available studies have shown that it is possible to achieve sig-
nificant electrical conductivity in WBE using graphene, as
highlighted in Table 6. Equally, investigation by Yousefi

This journal is © The Royal Society of Chemistry 2021
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Table 5 Thermal properties of G-WBEC prepared using different graphene-based materials and their associated production routes

% Graphene  Processing
Elastomer  Graphene derivative loading technique Thermal stability Thermal conductivity = Ref.
wPU FGS 2 phr Emulsion mixing ~24.7 °C increase in the NA 245
(sonication) decomposition temperature (at
50% weight loss)
wPU GO 2 wt% Emulsion mixing ~18.6 °C increase in the NA 248
(sonication) decomposition temperature
wPU GO 1.2-2 wt% Emulsion mixing 21 °C increase in the 0.1Wm™ K;38% 222
(high-shear) decomposition temperature increase
wPU Allyl isocyanate 1 wt% Emulsion mixing ~23.8 °C increase in the NA 244
modified GO (iGO) decomposition temperature (at
30% weight loss)
wPU- PDMS-modified GO 0.1% In situ 25 °C increase in the NA 250
acrylate polymerisation decomposition temperature (at 5%
weight loss)
wPU OH-functionalised 2 wt% In situ ~1200% improvement in the flame NA 251
GO (fGO) polymerisation retardancy
wPU Silica modified GO 0.2 wt% Emulsion mixing ~44.48 °C increase in the NA 241
(GOoSsy) decomposition temperature (at
10% weight loss)
NRL FLG 1.5 phr Emulsion mixing NA 0.379Wm™' K 247
(483% increase at
23 °C)
NRL GO 5 wt% Emulsion mixing 9.1 °C increase in the NA 256
decomposition temperature
NRL rGO 0.1 phr Emulsion mixing NA 0.236 Wm™ K 246
(36.42% increase at
40 °C)
NRL rGO 5 wt% Emulsion mixing NA 0219 Wm™' K 224

NA: not available.

(39.49% increase)

Table 6 Electrical properties of G-WBEC prepared using different graphene-based materials and their associated production routes

Graphene Percolation Electrical conductivity
Elastomer Graphene derivative loading Processing technique threshold increase (S em™) Ref.
wPU GNSs (rGO nanosheets) 2 wt% In situ polymerisation ~2 Wt% 6.146 x 107*° 229
wPU FGS 2 phr Emulsion mixing 2 phr ~1.039 x 1077 245
(sonication)
wPU rGO 2 wt% Emulsion mixing 0.078 vol% ~4x107* 219
(magnetic stirrer)
wPU GNSs (rGO nanosheets) 2 phr Emulsion mixing NA ~1.31x107° 249
(sonication)
wPU/PEDOT: GO 1 wt% Emulsion mixing NA ~5.7 239
PSS
NRL GNP NA Emulsion mixing NA ~3.54x107" 257
NRL FLG 1.5 phr Emulsion mixing NA 2.75x107° 247
NRL TRGO-B (prepared by 4 wt% Emulsion mixing NA 107" 258
Brodie’s method)
NRL TRGO dispersed in SDS 3 phr Emulsion mixing NA ~107° 254
NRL rGO (GO in situ reduction 5% Emulsion mixing NA ~1x1072 256
with hydroiodic acid)
NRL rGO (GO in situ reduction 5 vol% Emulsion mixing 0.31 vol% 4.93 107" 259
with hydroiodic acid)

PEDOT:PSS = poly(3,4-ethylenedioxythiohene):poly(styrene sulfonate); TRGO-B = thermally reduced graphite oxide produced by Brodie method;

NA: not available.

et al.>™ showed that an increase of ~4 x 10°* S em™" in the
conductivity of wPU is realisable using 2 wt% rGO (Fig. 11).
Also, Zhou et al.>*° reported an increase of ~5.7 S ecm™" in the
wPU/poly(3,4-ethylenedioxythiohene):poly(styrene
acid) conductivity, achieved at 1 wt% rGO loading.

sulfonic

9522 | Nanoscale, 2021, 13, 9505-9540

Remarkably, a majority of the available studies so far tend
to focus more on rGO-based graphene materials in contrast to
GO and GNPs. The reason for this might be because of the
poor conductivity nature of GO and the dispersion challenges
associated with GNPs within polar-based systems, such as

This journal is © The Royal Society of Chemistry 2021
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Fig. 9 Mechanical properties of Graphene/wPU composites, (a) GO/wPU. Reprinted with permission from ref. 238. Copyright 2013 Springer-Verlag.
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Fig. 10 Thermogravimetric analysis (TGA) of graphene-based PU com-
posites, wPU/GOSI (GO-silica), wPU/GO and wPU/SiO, composites.
Reprinted with permission from ref. 241. Copyright 2019 Elsevier.

WBE. Nevertheless, the mechanism of the electrical conduc-
tivity inducement of WBE with graphene-based materials
remains largely unknown.

3.3. Structure-property relationship characterisation

Microscopy techniques, such as SEM and TEM, are notably
employed for the structural and morphological characteris-
ation of graphene/elastomer composites. Although other tech-
niques, such as AFM and optical microscopy (OP-M), can also
be utilised in graphene-composites analysis, they are however
predominantly used in graphene materials analysis.

However, a majority of the available reports on G-WBEC
employ SEM and TEM for the surface morphology characteris-
ation of the composites. Tian et al. recently utilised SEM and
TEM in dispersion analysis of rGO/wPU composites. The result
obtained by Tian et al. (Fig. 12a-h) showed a well-dispersed
graphene sheet structure for both GO (Fig. 12a) and nitrogen-

This journal is © The Royal Society of Chemistry 2021
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of ¢ against log (p — po). where p. is the percolation threshold.
Reprinted with permission from ref. 219. Copyright 2012 Royal Society
of Chemistry.

functionalised rGO (Fig. 12b), unlike the smooth structured
wPU (Fig. 12c) and the wrinkled rough surface structure
observed for the rGO/wWPU composite (Fig. 12d-g), which is
attributable to well-dispersed graphene sheets within the elas-
tomeric matrix.>®® Also, the TEM image in Fig. 12h is an indi-
cation of the continuous graphene network structure within
the elastomeric matrix. Thus, it provides details about the
reinforcement pattern of G-WBEC, which has a resultant
effect on the property of the composite in terms of either
mechanical, electrical or thermal characteristics. Similar
reports, such as those on GO-silica/wPU,**' functionalised-
GNPs/wPU acrylate*®' and GO-microcapsules/wPU,**” also uti-
lised SEM and TEM for the surface structural and morphologi-
cal analysis of the materials.

Additionally, an earlier report by Choi et al.>**> showed that
OP-M can be utilised in the analysis of graphene/wPU compo-
sites. Nevertheless, obtaining detailed information from OP-M
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Fig. 12 SEM micrograph of (a) GO, (b) nitrogen-functionalised rGO (n-rGO), (c) pure wPU; and n-rGO/wPU composite at (d) 1 wt% loading, (e)
5 wt% loading, (f) 9 wt% loading, (g) 12 wt% loading; (h) TEM micrograph of the n-rGO/wPU composites at 5 wt% n-rGO loading. Reprinted with

permission from ref. 260. Copyright 2017 Elsevier.

requires an expert-eye, as the results appear to lack detail and
clarity. In 2016, Tliut et al.>'® employed AFM to study the struc-
ture and morphology of G-WBEC (Fig. 13). The authors noted
poor dispersibility of the GO sheets within the wPU matrix,
which is contrary to the strong rGO sheets interaction with the
wPU matrix (Fig. 13e and f).

Furthermore, X-ray diffraction spectroscopy (XRD) can be
employed to establish the rate of graphitic sheet exfoliation
(whether the reinforcement is based on monolayer or multi-

9524 | Nanoscale, 2021,13, 9505-9540

layer stacks) within the composite matrix, which also provides
significant information about any defect presence within the
elastomeric matrix structure. This is achieved through changes
in the peak intensity, which gives an indication of the gra-
phene sheet interplanar spacing (d-spacing). An earlier report
by Raghu et al. showed that there tends to be sharp diffraction
peak patterns in wPU, which tend to flatten upon graphene
introduction (Fig. 14), as the nanofiller % loading tends to
suppress the wPU hard segments.”*® Thus, this provides a

This journal is © The Royal Society of Chemistry 2021
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Fig. 13 AFM micrographs of: (a) small GO sheets, (b) large GO sheets, (c) pure natural rubber latex (d) pure wPU, (e) GO/wPU, and (f) rGO/wPU.?*8

Intensity
. T
E

J ®)

(c)

1 L 1 1 1 1

5 10 15 20 25 30
20 (°)

Fig. 14 XRD pattern of the graphene wPU composites: (a) wPU, (b) gra-
phene/wPU (3 wt% loading), and (c) graphene/wPU (at 6 wt% loading).
Reprinted with permission from ref. 249. Copyright 2008 Wiley-VCH
Verlag GmbH & Co.

strong indication of the graphene dispersion within the elasto-
meric matrix, as well as a proper understanding of the compo-
site property characteristics.

Besides XRD, another non-destructive analytical technique
(such as Raman spectroscopy) is tauted as the most reliable
structural characterisation tool for graphene-based nano-
composites due to its ability to assess the interface load trans-
fer efficiency of graphene nanofiller sheets.”®” Thus, Raman

This journal is © The Royal Society of Chemistry 2021

seems to provide a greater understanding of the rate of filler
dispersion within the elastomeric matrix, as recently demon-
strated by Bernard et al.>**> The authors employed Raman to
establish the uniformity of a homogenous dispersion of GO
across various surface structural locations of a wPU composite,
with the D and G bands maintaining close consistency in the
wavenumber and peak intensity, as presented in Fig. 15.

4. Potential industrial applications of
G-WBEC

The utilisation of WBE, such as NRL, wPU and wSi, cuts across
various industrial sectors; for instance, building, textiles, and
medical industries (Fig. 16), which tend to expand in the
nearest future with the arrival of newer WBE formulations like
wEPDM.

However, the introduction of graphene nanofillers with its
attendant property enhancement features is currently attract-
ing special attention. As graphene integration into WBE is
expected to widen the WBE areas of application into high-per-
formance and multifunctional engineering elastomers, that
can be broadly employed in a wide range of sectors. Although
there are no developed industrial products yet, G-WBEC can
be employed in various areas of applications, such as multi-
functional and non-functional coatings as highlighted in
Fig. 17.

4.1. Aerospace

Employing G-WBEC in aircraft coatings can help induce smart
features, like triggering the self-de-icing of the aircraft parts

Nanoscale, 2021,13, 9505-9540 | 9525
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under extreme low temperature conditions. This is achievable
by utilising the electrical conductivity property inherent in gra-
phene elastomeric composites. Also, the G-WBEC coating can
help sustain the life-span of an aircraft under high tempera-
ture conditions (by taking advantage of the high thermal stabi-
lity and conductivity of graphene), as well as offer anticorrosive
properties to the metallic parts under corrosive environments.

G-WBEC coatings are also capable of offering strong elec-
tromagnetic interference (EMI) shielding in surveillance air-
crafts (having achieved about 32 dB attenuation in the gra-
phene-nanosheet/wPU composite at ~7.7 wt% graphene
loading),>®* as well as offering lightweight gain and resultant
lesser fuel consumption. In addition, G-WBEC can be
employed in the production of enhanced and sustainable air-
craft interior fixtures and fittings.

9526 | Nanoscale, 2021, 13, 9505-9540

4.2. Maritime

G-WBEC is promising for maritime transport, as it can be uti-
lised as antifouling and anticorrosion coatings>**>®* in marine
vehicles, such as ships, yachts, boats, and submarines, with
the possibility to offer multifunctional properties, such as the
requirement for de-icing and EMI shielding,*®* as well as the
functional interior decor of the marine vehicles like conductive
screen coatings.

4.3. Automotive

The automobile industry is another major sector for G-WBEC
applications in the areas of lightweight gain, smart interior fix-
tures, energy efficiency and unmanned (driverless) vehicles,
with anti-scratch coating and de-icing capabilities. G-WBEC
coatings can be employed in automobile engines and exteriors,
as well as interior fixtures (Fig. 18), with great possibility for
structural health monitoring in next generation automobiles.

4.4. Textiles and paper

Multifunctional G-WBEC are suitable materials for the next-
generation of thermal wears®®® that can offer switching func-
tions. Employing G-WBEC in textiles has the capability of pro-
viding camouflaging functions that can be utilised in high-tech
military operations. Thus, G-WBEC offers the opportunity for
strong and smart e-textile clothing,**”>’° leathers and papers
that can be employed in body temperature/health monitoring.
In addition, G-WBEC offers great prospect for the development
of multifunctional fabric and paper filters for various appli-
cations, such as shoe fabric and sole coatings. A recent study by
Shaun et al. on GO/wWPU composite demonstrated that develop-
ing a wearable e-textile with strain sensing and high-elastic
capability is achievable.>”® Also of note is the high level of wash-
ability that can be achieved in such G-WBEC textile materials.

4.5. Electronics

The conductive coatings of G-WBEC possess great potential
for the production of the next-generation smart electronic

This journal is © The Royal Society of Chemistry 2021
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systems that can be employed in the development of foldable
electronic devices, touch screens, nanopositioners and multi-
functional integrated circuits. That are applicable in both con-
sumer products, household gadgets, and high-tech electronic
systems. Such studies are already being undertaken at the lab-
oratory scale for application in sectors such as EMI shielding
and transparent flexible heaters.?”*"2”3

4.6. Biomedicals

In biomedicals, G-WBEC can be readily employed in pharma-
ceuticals in the development of nanobots for on-target drug
delivery and tumour therapy.>’* There is also the prospect of
applying G-WBEC for tissue regenerations, for stronger and
high throughput healing and repairs,””” as well as the possi-
bility for neurovascular regeneration, as recently demonstrated
by Lee et al.*”® using the graphene/wPU composite.

4.7. Sensors

Several reports have demonstrated the ability of graphene to
achieve remarkable sensitivity in several materials, as recently
documented by Miao et al.?’” As such, G-WBEC possesses
great prospect for the development of the next generation of
gas-sensors, bio-sensors, chemical sensors, and pressure
sensors, as well as EMI shielding systems,'*?%*27%278 with out-
standing performance capabilities.

4.8. Building and construction

Due to the need to reduce the carbon footprint, as well as
achieving high standard in building and construction indus-
tries, employing G-WBEC coatings can help reduce or perhaps
eradicate the effect of combustion, as graphene possess excel-
lent fire-resistant properties. Also, G-WBEC can offer stronger

9528 | Nanoscale, 2021, 13, 9505-9540

coatings in buildings, ponds, drainages, tunnels and tubes by
serving as anti-corrosion,”®® antibacterial,””® self-healing (anti-
scratch) coatings,>*®?%® as well as water-resistant liners*®"' and
fire-resistant®®® systems for possible cladding application.
Additionally, there is great possibility of employing G-WBEC
as multifunctional smart materials for wall interiors and
exteriors, as well as roof tops, woods, concretes and paper
coatings.

4.9. Packaging

G-WBEC can also be tailored for the development of breath-
able coatings, which can help forestall the massive occur-
rence of food wastage across the world, through safer preser-
vation, by ensuring breathability, thus increase the lifespan
of the food product as well as its nutritious content. Guan
et al®® achieved a ~80% reduction in the oxygen per-
meability and <67% moisture absorption for a functionalised
graphene-oxide/styrene-acrylic emulsion-based composite,
which demonstrates its strong applicability for use in food
packaging products. Also, integrating the antibacterial pro-
perties dominant in GO into WBE, such as wPU>* and
WwIPR, will assist to ensure high level of food packaging safety
in effect.

4.10. Thermal management

Due to the outstanding thermal properties of graphene, G-
WBEC can offer a high degree of stability when employed as a
heat sink,>®*%® and fire-resistant films, in systems such
as electronic devices, aircraft and automobile engines, includ-
ing industrial heating systems. For instance, graphene
has been employed in developing fire resistant based-
elastomeric systems, such as those based on graphene/wPU
composites.>>*?!
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4.11. Oil and gas

Elastomeric protective coatings are essential for the oil and
gas industries in the areas of corrosion protection in seawater
(off-shore environments), fire-resistant coatings, as well as
abrasion and ozone resistant coatings.”®”**®* WBEs, such as
wEPDM, could offer remarkable protection in the development
and repairs of oil and gas pipe installations, including steel
riser pipes, offering stronger protection to splash zones, field
joints, clamps and guides points.*®” Employing G-WBEC
offers a possibility for the development of multifunctional
coatings for the prospective real-time monitoring of pipelines,
storage tanks, and other oil and gas installations, in both off-
shore and on-shore environments.

4.12. Solar energy harvesting and supercapacitors

Although this area of graphene prospect is still not widely
explored at the moment, a great opportunity exists by integrat-
ing graphene into WBE for the production of high-performing
polymer solar cells.”® Thus, recent reports indicate that as a
highly transparent and conductive material, graphene is
capable of serving as a hole transport layer’®® and a solar
absorber®®' in photovoltaics and solar energy harvesting
systems, as well as high-performing and flexible micro-super-
capacitors with up to 200 W ecm™ power density.>*> Hence,
this indicates that the G-WBEC coatings offer great prospect
for the future of energy harvesting, solar thermal and photo-
voltaics industry.

5. Conclusions and outlook

In conclusion, this review provides a summary of the recent
developments on graphene-based materials, G-WBEC pro-
duction methods, its characterisation techniques, properties,
and potential areas of application. Techniques, such as ball-
milling, jet-cavitation, and electrochemical exfoliation, are
observed to possess a strong potential for the facile high-
throughput production of quality graphene.

Promising G-WBEC production technologies, such as emul-
sion mixing (blending), and in situ polymerisation systems like
Pickering, micro-emulsion and mini-emulsion polymerisation,
as well as ball-milling strategies were also reviewed in this
study, providing details on the differences existing between the
various pathways. Both techniques are observed to offer strong
potential for the development of G-WBEC with outstanding
mechanical, electrical and thermal properties. Hence, overcom-
ing poor mechanical and thermal properties inherent in WBE
enhances their potentials for deployment as high-performing
multifunctional elastomeric engineering materials.

The emulsion mixing technique seems to be more facile
with less time consumption compared to the in situ polymeris-
ation process. The study also offers a critical review on the
structure-property relationships of G-WBEC, analysing the
impact of the graphene filler dispersion and filler-matrix inter-
face on the composite material via techniques, such as
Raman, XRD, and electron microscopy techniques. The ana-
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lysis so far indicates that poor graphene dispersion, agglom-
eration and poor filler-matrix interface impact negatively on
the final product (composite), as this results in a poor load
transfer and poor percolated network within the elastomeric
matrix, leading to a reduction in the mechanical properties
and low electrical conductivity, as well as poor thermal stabi-
lity and conductivity. Hence, to overcome these challenges,
there is need for proper fine-tuning of the production pro-
cesses and possible surface functionalisation of the graphene
derivatives. The available results also indicate that achieving
simultaneous improvement in the properties is not yet a possi-
bility, thus more efforts are to be geared towards an appli-
cation specific property, while compromising on other associ-
ated properties.

Furthermore, there is a need for the real-time analysis of G-
WBEC properties during production, as there appears to be no
available literature in this regard. The available data also
suggest that NRL and wPU remain the most widely studied
WBE, with wPU being the most formulated synthetic WBE. In
addition, studies on wSi and wSBR are largely limited, while
other WBE such as wEPDM remain unexplored. Also, the exist-
ence of graphene based wIPR composite formulations remain
largely elusive, as there appears to be no significant literature
on such composites. However, significant work exists on gra-
phene/NRL based composites. The reason behind the under-
utilisation of graphene in wIPR reinforcement remain yet to be
understood, hence an indication that there exists a vacuum yet
to be filled in this area of research. Development of graphene/
wIPR composites will possibly lead to the production of more
durable and enhanced rubber composites, contrary to what is
currently obtainable with NRL. Being that IPR chemical com-
position can easily be modified and tailored to particular
characteristics unlike NRL.

With the continual paradigm shift towards utilisation of
WBE due to their eco-friendly nature, developing G-WBEC
offers a reliable solution towards offsetting the poor mechani-
cal and thermal properties inherent in pristine WBE. For
instance, graphene has been shown to improve the tensile
strength and elastic modulus of WBE from ~7-706%, and
~10-1245%, respectively, as well as an improvement in the
thermal stability with an increase of ~9.1-44.48 °C increase in
the thermal decomposition temperature achieved. In addition,
the study has shown that an increase of up to ~38-483% in
thermal conductivity, as well as ~3.54 x 107'*-5.7 S cm™*
increase in the electrical conductivity of WBE have been
achieved through graphene materials incorporation, which are
critical for the technical and multifunctional applications of
this set of elastomeric materials. Nevertheless, it is worth
noting that graphene addition does not actually lead to a sim-
ultaneous improvement in the properties, nor give the same
level of enhancement, since some properties might get worse.
For instance, the available results indicate that there is a
greater tendency for a gradual drop in elongation to break with
an increase in the graphene loading, and there might also be
unsatisfactory drop in tensile strength. Hence, there is a need
for a proper optimisation of each kind of G-WBEC formu-
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lation, which is largely dependent on the intended specific
application.

G-WBEC exhibits cumulative properties for potential appli-
cations in both general purpose and high-tech multifunctional
engineering systems, in sectors such as aerospace, maritime,
automotive, textiles and paper, electronics, biomedicals,
sensors, building and construction, packaging, thermal man-
agement, oil and gas, solar energy harvesting, as well as super-
capacitors. Finally, there is a need for clear synergy between
academia and industry with regards to graphene and WBE for-
mulation and production, in order to effectively harness the
enormous commercial potentials inherent in G-WBEC.
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