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Synergistic effect

Featuring exceptional mechanical and functional performance, MWCNTs and graphene (nano)platelets (GNPs or
GnPs; each platelet below 10 nm in thickness) have been increasingly used for the development of polymer
nanocomposites. Since MWCNTSs are now cost-effective at US$30 per kg for industrial applications, this work
starts by briefly reviewing the disentanglement and surface modification of MWCNTs as well as the properties of
the resulting polymer nanocomposites. GNPs can be made through the thermal treatment of graphite intercalation
compounds followed by ultrasonication; GNPs would have lower cost yet higher electrical conductivity over
1,400 S cm™! than MWCNTs. Through proper surface modification and compounding techniques, both types of
fillers can reinforce or toughen polymers and simultaneously add anti-static performance. A high ratio of
MWCNTs to GNPs would increase the synergy for polymers. Green, solvent-free systhesis methods are desired for
polymer nanocomposites. Perspectives on the limitations, current challenges and future prospects are provided.

1. Introduction

Since covalently bonded macromolecules were first identified as “a
polymer” by Staudinger et al. in 1920 [1], polymers have demonstrated
increasing importance in a broad range of research fields and industrial
sectors. However, most pristine polymers lack either stiffness or ductility,
let alone electrical and thermal conductivity; their mechanical properties
in many cases are unsatisfactory in comparison with metals or ceramics.
Therefore, polymer nanocomposites have been developed by com-
pounding fillers into host polymeric matrices. Polymer nanocomposites
containing graphene nanoplatelets (GNPs; each below 10 nm in thick-
ness) and MWCNTs are widely researched for many applications. Poly-
mer/GNP nanocomposites are popular in research fields and industrial
sectors such as antibacterial, photocatalytic and wastewater treatments.
Polymer nanocomposites containing MWCNTs and GNPs are researched
towards applications for lithium-air batteries, supercapacitors, wearable
devices, adsorption of organic compounds, polyelectrolyte complex
membranes, electromagnetic interference shielding, medical hydrogels,
and so on [2-6]. Recently reported polymer/GNP/MWCNT
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nanocomposites can be utilized in many areas, including but not limited
to aerospace, flame retarding and electromagnetic interference shielding
[7-13].

Based on the rule of mixtures (details to be discussed in Section 2.2),
the fillers utilized should have high stiffness and aspect ratio. Under
mechanical stress, these fillers share a fraction of load through stress
transfer across the interface, hence improving the mechanical properties
of the matrices. Micron-sized fillers such as metallic fibres and ceramic
particles at 15-60 vol% are often needed to improve the properties of
host polymers. Using nanofillers often results in a much lower filler
fraction usually below 2 vol% for significant improvements to the matrix
polymers. Of all the nanofillers reported to-date, graphene and CNTs
have attracted extraordinary interests. According to the Clarivate Ana-
lytic database, the numbers of publications by keywords of “graphene
composites”, “CNT composites” and “graphene CNT composites” reveal
growing trends over the past 20 years (Fig. 1a&b). Similar numbers of
publications are seen for two groups of nanocomposites respectively
containing graphene and CNTs from 2010 to 2013, but since 2014 gra-
phene composites have attracted far more interests. Noteworthy is that
the studies of polymers containing MWCNTSs and graphene appear to
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List of symbols and abbreviations

2D Two dimensional
3D Three dimensional
CNTs Carbon nanotubes

SWCNTs Single-walled carbon nanotubes
MWCNTs Multi-walled carbon nanotubes

CVD Chemical vapour deposition

GIC Graphite intercalation compound
GO Graphene oxide

GNPs Graphene nanoplatelets

min Minute

have just started, and these should be more extensively investigated in
the years to come [14-22].

Since reported by lijima et al. in 1991 [23,24], CNTs have been on the
forefront of polymer nanocomposite research. The tubes have covalently
bonded structure, high stiffness and strength yet certain flexibility. More
importantly, CNTs have higher thermal and electrical conductivity than
conventional filler such as carbon fibre and glass fibre; these unique prop-
erties make CNTs superior. The team led by Liqun Zhang at Beijing Uni-
versity of Chemical Technology have conducted extensive research of using
MWCNTs for elastomers. They found that MWCNT bundles with the same
alignment, orientation and reasonable surface defects for each tube can be
directly incorporated into an elastomer matrix through melt compounding,
inducing a relatively uniform filler dispersion and strong interfacial in-
teractions due to silane-coupling. The resulting nanocomposites demon-
strated high mechanical properties, thermal conductivity and antistatic
performance. Through further scale-up, the nanocomposites demonstrated
the most optimized comprehensive performance for automobile tyres, e.g.
fuel efficiency and fatigue resistance [25].

Graphene, as first mechanically exfoliated from graphite by Geim and
Novoselov in 2004 [26], is a single atomic layer of sp2 hybridized carbon
atoms arranged in a hexagonal lattice. In a graphene sheet, each carbon
atom contributes three of its four outer-shell electrons by hybridizing to
form o-bonds with three adjacent atoms in the sheet. The remaining
electron contributes to a conduction band that extends over the whole
sheet, which provides graphene with semi-metallic characteristics,
explaining high stiffness, strength and electrical and thermal conduc-
tivity [27-31].

Referring to graphene that is oxidized by strong oxidizers and acids,
graphene oxide is electrically insulating; it is prepared from graphite
oxide consisting of carbon, oxygen and hydrogen in varying
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concentrations. Reduced graphene oxide means graphene oxide that is
reduced by chemical reactions or thermal treatments, to remove oxygen
atoms and to partially recover the conduction band over each sheet.
Chemically modified graphene means graphene that is modified by
chemical reactions, to obtain solubility or compatibility with polymer or
other specific functions; chemically modified graphene in many cases is
actually surface-modified, partially oxidized graphene. Other derivatives
of graphene may include few-layer graphene and multi-layer graphene.

Few-layer graphene is actually graphene (nano)platelets (GNPs or
GnPs; each platelet below 10 nm in thickness). We now distinguish
graphene nanoplatelets and nanosheets. Graphene nanosheets usually
refer to monolayer or few-layer graphene who must have large lateral
dimension, in comparison with the small lateral dimension of GNPs. In
polymer processing, GNPs would be preferred over graphene nanosheets
because (i) nanosheets are difficult to exfoliate and disperse in polymer
melts and (ii) such a large lateral dimension cannot be fully utilized for
reinforcement or toughening.

Single-layer graphene has properties that approximate single-walled
carbon nanotubes (SWCNTs). However, the high manufacturing costs
make both SWCNTs and graphene (US$700 per gram and US$1,000 per
gram) unideal for polymer processing and the composite industry.
Instead, multi-walled carbon nanotubes (MWCNTSs) and GNPs, having far
lower manufacturing costs (US$30 per kilogram and potentially
US$10-20 per kilogram) yet satisfactory mechanical and functional
properties, are suitable to engineering applications.

The dispersion as well as the orientation of GNPs is one of the major
aspects that determine the physical and mechanical properties of the
resulting polymer nanocomposites. Since polymers and GNPs have vastly
different composition and properties, GNPs tend to stack in all polymer
matrices, leading to poor dispersion. These platelets generally need to be
exfoliated with relatively uniform dispersion in the matrices, and
orientation is preferred in some cases. Theoretical research shows that
the aligned graphene sheets in an epoxy matrix can markedly increase
the electrical conductivity from 3 x 102 t0 7.5 x 10°°S.cm ™! [32].
Kandare et al. prepared an epoxy/GNP/carbon fibre laminate where
GNPs were aligned in the matrix, delivering a 55% higher
through-thickness electrical conductivity in comparison with a car-
bon/epoxy laminate [33].

Without relatively uniform dispersion and controllable interaction
with the matrices, however, MWCNTs and GNPs would contribute little
to the resulting nanocomposite performance. Since the dispersion and
interfacial interactions are mainly determined during the preparation, we
will briefly review three common preparation methods, i.e. in-situ poly-
merization, solution mixing and melt compounding. An extensive review
was provided by Kaseem et al. [34].

500

Number of publicaitons

—a— Graphene + CNT composites

300 -

1 1 1 1
2017 2018 2019 2020 2021
Year

(b)

Fig. 1. (a) Number of publications by keywords “carbon nanotubes”, “graphene” and “composites” in the title search in 2012-2021 (Clarivate Analytic database; as of
July 2021), and (b) publications for “carbon nanotube graphene composites” from 2017 to 2021.
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Fig. 2. Ashby plot of Young's modulus against tensile strength for polymer composites and nanocomposites, reprinted with permission from Ref. [54], copyright

2018 Science.

1.1. Preparation of polymer nanocomposites

In-situ polymerization is especially effective in dispersing nanosheets
such as GNPs in polymer matrices. The first step is to disperse nanofillers
uniformly in monomer solution. After applying heat or radiation,
monomers polymerize in the presence of nanofillers. The polymerization

may increase the interlayer spacing of nanosheets, thus promoting their
exfoliation and dispersion [35]. In-situ polymerization is widely
researched for epoxy, poly (methyl methacrylate), polystyrene and
polyvinyl acetate [36-38]. However, it is not suitable for other polymers,
such as elastomers which must have high molecular weight, because
nanofillers may cause a steric effect of preventing the growth of
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Fig. 3. (a) Effect of particle size on tensile strength for polymer composites, reprinted with permission from Ref. [62], copyright 2001 Elsevier, (b) comparison of
interparticle distance between the micron-sized filler and the nano-sized filler, and (c) comparison of total particle surface, reprinted with permission from Ref. [63],

copyright 2010 Elsevier.
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long-chain molecules in polymerization.

Solution mixing can effectively promote the dispersion of nanofillers
within polymers by using a proper solvent. However, this method is not
suitable to some thermoplastics such as nylon. Different to in-situ poly-
merization, solution mixing usually needs to dissolve a polymer in a
solvent together with nanofillers [39-41]. This method can provide
better filler dispersion in the matrix compared with melt compounding
[42]. Through mechanical stirring and ultrasonication, nanofillers
should achieve relatively uniform dispersion within a polymer solution.
After evaporating the solvent, polymer chains may wrap around the
fillers embedding those fillers within the matrices [43].

In comparison with in-situ polymerization and solution mixing, melt
compounding is more favoured in industry due to cost-effectiveness.
Fillers are directly mixed with molten polymers by high-degree
shearing which can shear-split those aggregated nanoparticles or
stacked nanosheets into smaller bundles [44,45]. The commonly used
facilities include (i) two-roll mills and internal mixers for elastomers [46,
471 and (ii) extrusion and injection moulding facilities for thermoplastics
[48]. Since no solvent is involved in melt compounding, this method has
become the most practical approach for the mass production of polymer
nanocomposites [49-52]. However, melt compounding may cause
damage to the fillers’ aspect ratio, especially CNTs whose length could be
severely reduced [53].

1.2. Why chooses nanomaterials

The Ashby plot in Fig. 2 compares the mechanical properties of
polymer nanocomposites based on MWCNTs and GNPs with those con-
ventional composites, i.e. glass fibre reinforced plastic (GFRP) and car-
bon fibre reinforced plastic (CFRP). It is seen that the mechanical
properties of both MWCNT and GNP nanocomposites are rated between
CFRP and polymers. The comparison applies to those recently reported
[54-57]. Although the nanocomposites have lower mechanical strength
than CFRP, the former have higher fracture strain. MWCNT fibres made
by dry spun have higher mechanical properties than carbon fibres,
indicating that MWCNT fibres have potential to compete with carbon
fibres in the near future due to their ultralight yet super strong structures.

So why the nanosized fillers provide polymers with exceptional
reinforcing or toughening performance? Filler size was reported for a
direct impact on the mechanical behaviour of composites [58-61].
Fig. 3a shows the increment of tensile strength with the reduction of
particle size at the same filler fraction [62]. Both the surface-to-surface
interparticle distance and the total surface area of fillers pose a direct
impact on the strengthening performance of fillers for polymers [63]. The
following equations are proposed to highlight the superiority of nano-
particles over conventional micron-sized fillers. In a given volume, the
total number N of spherical fillers is Eq 1

_Vxa )

T4 3
3EXT

where V is the total volume, a is the particle fraction, and r is the particle
radius. Assuming the same number of identical cubes which exactly fill
up the volume V, the lateral size L of the cubes is Eq 2

4
L=rx\|—n 2
3a

The surface-surface interparticle distance of adjacent nanoparticles
AL is the difference between the lateral size of the cube and the diameter
of the particle Eq 3:

[4 /4
AL=rx \|—m—2r=rx 3—”72 3)
3a 3a

And the total particle surface area S in volume V is Eq 4
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For cylindrical fillers such as MWCNTs, the total filler number N is Eq
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where V is the total volume, a is the MWCNT fraction, r is the radius of

each MWCNT, and h is the MWCNT length. By assuming trivial end

surface, the total external MWCNT surface area S in a volume V is Eq 6
2

S=27r x hx — 22 _ 2y ®)

TxXrrxh r

For 2D fillers such as GNPs, the total filler number N is Eq 7

_Vxa
T rxt

(7)

where V is the total volume, a is the GNP fraction, r is the lateral size of
GNPs, and t is the thickness. By assuming trivial thickness, the total GNP
surface area S in a volume V is Eq 8

S:2><r2><V

X a a
rrxt t

14 (8

The calculated data by Equations (3) and (4) are plotted in Fig. 3b&c,
where the surface-surface interparticle distance in composites obviously
reduces with the fractions, and the interparticle distances in nano-
composites are substantially lower [62]. With such low interparticle
distances, nanoparticles at a substantially low fraction can interact with
each other far more efficiently than microparticles, to reinforce the ma-
trix or initiate those matrix toughening mechanisms such as shear
banding. In Fig. 3b, the total surface area of nanoparticles increases
significantly with volume fractions compared to those in composites,
implying that nanoparticles are able to interact with the matrix far more
efficiently to promote matrix deformation for absorption of fracture en-
ergy [62]. As a result, nanocomposites should demonstrate a much
higher reinforcing or toughening effect at a low particle fraction than
conventional composites. In Fig. 3c, the total surface area of nano-
particles increases significantly with the volume fractions in comparison
with micron-sized fillers, which provides more-interface interactions
between the filler and the matrix in the case of uniform dispersion. Thus,
nanoscale fillers can share more mechanical loading from the matrix,
implying a stronger reinforcing or toughening effect [63].

In summary, these mathematical models provide theoretical support
to selecting nanoscale fillers over their micron-sized peers. Nanofillers
are now competing with and have potential to replace some conventional
fillers in engineering practice.

2. Carbon nanotubes

Carbon nanotubes (CNTs) have seamless hexagonal honeycomb lat-
tices similar to graphene, and their unique cylindrical structure can be
treated as rolled-up graphene sheets. CNTs are usually considered as one-
dimensional materials. According to the number of cylinder walls, CNTs
are classified into single-walled CNTs (SWCNTs) and multi-walled CNTs
(MWCNTSs).

SWCNTs each have a diameter of 1.0 + 0.2 nm [64,65]. Each MWCNT
has two or more concentric cylindrical shells which coaxially form
around a central hollow core by van der Waals forces between adjacent
shells, with an average inter-sheet distance of ~0.34 nm similar to
graphite. The outer diameter of MWCNTs ranges 5-50 nm and their
length ranges from 100 nm to several centimetres depending on the
preparation conditions [66,67]. The cylindrical, multi-layer structure of
MWCNTs makes them good candidates to bridge polymer macromole-
cules in host matrices and thus to improve the performance of the
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Fig. 4. (a and its insert) pristine MWCNTs, (b) black arrows indicate that side wall has been damaged, (c) open end cap of a modified MWCNT, (d) circles indicate the
defects on the modified MWCNTs, (e) white arrows indicate the side wall edge, and (f) side wall is partially destroyed, reprinted with permission from Ref. [72],

copyright 2018 Elsevier.

resulting nanocomposites [68]. Hence, incorporating MWCNTs into
polymers has drawn considerable attention in both academia and in-
dustry. However, the challenge of dispersing as-produced MWCNTs in
polymers has severely tarnished the expected reinforcing performance.
This is mainly due to both densely entangled bundles and poor in-
teractions between MWCNTs and the host matrices [69]. Approaches to
solving the problems are discussed below.

2.1. Disentanglement and surface modification of MWCNTs

Commercially available MWCNTs usually hold in large bundles by
van der Waals forces, and each bundle contains fifty to a few hundreds of
individual tubes [70]. If directly mixing raw MWCNTs (heavily entan-
gled) with pristine polymers, these bundles would act as defects causing

stress concentration within polymer matrices, which would obstruct the
expected mechanical and electrical performance of the resulting nano-
composites. Thus, it is essential to disentangle MWCNTs before com-
pounding with polymers. In this regards, there are four most commonly
used methods: ultrasonication, calendaring, ball milling and stirring.
Similar to conventional polymer composites where compatibility is
key to the performance [71], chemical surface modification aims to build
up covalent bonds between organic molecules and MWCNTs. Direct co-
valent and defect surface modification are the two most widely used
approaches: the direct covalent approach turns sp? bonds into sp® bonds
making MWCNTs insulative due to loss of 7-conjunction, and the defect
surface modification creates carboxylic (-COOH) and hydroxyl (-OH)
groups by acidic oxidation. TEM micrographs in Fig. 4 display the
structure of MWCNTSs before and after chemical oxidation. The dark lines
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Fig. 5. Schematics of MWCNT nanocomposites with different filler orientations: (a) aligned, (b) randomly oriented in-plane, and (c) 3D randomly oriented, reprinted

with permission from Ref. [87], copyright Royal 2020 Society of Chemistry.

marked by white arrows refer to the edges of nanotube sidewalls
(Fig. 4e). This lattice fringe displays a 0.34 nm interlayer spacing of
nanotube sidewalls. The dark lines observed in Fig. 4e are disappeared in
Fig. 4f due to the chemical oxidation which has turned the crystalline
sidewalls into amorphous [72]. The chemical surface modification con-
verts the hydrophobic MWCNT surface into hydrophilic, which improves
their dispersion status in some solvents and polymer matrices but reduces
their conductivity [73,74].

Surface modification by physical means such as surfactant adsorption
aims to change the surface condition of nanotubes without damaging
their structure [75-77]. Polymer wrapping uses macromolecules such as
poly (p-phenylene vinylene) or polystyrene to wrap around the MWCNT
sidewalls by van der Waals and z—z stacking, which are effective in
improving the dispersion of MWCNTs in polymeric matrices [78].
However, the wrapped polymers can severely reduce the conductivity of
MWCNTs. Meanwhile, the surfactant adsorption approach uses surfac-
tants, such as octyl phenyl ether (Triton X-100) or dodecyl trimethyl
ammonium bromide, to reduce the surface tension of MWCNTSs, which
prevents them from aggregating [79]. Noteworthy is that these surfac-
tants are suitable to certain polymers but not to others.

2.2. Mechanism of MWCNTs reinforcing polymers

Theoretical studies have been undertaken since early 90s to under-
stand the reinforcing mechanisms of fibre-reinforced polymers, which
provided guidance to the development of polymer/MWCNT nano-
composites [80-88]. Among these sophisticated mechanisms/models, we
summarized two most relevant — the rule of mixtures and the Halpin-Tsai
model — to discuss the strengthening effect of MWCNTs in polymer
nanocomposites.

The rule of mixture model is the simplest, which considers that (i) the
matrix is isotropic and elastic and (ii) MWCNTs are elastic and they can
align and extend along the entire specimen. Assuming that the MWCNTs
are well attached to the system with stress applied in the tube alignment
direction, both matrix and fillers can be equally strained. In this case, the
nanocomposite tensile modulus Y, in the alignment direction is obtained
by Eq 9:

Yo=Y =Y,V + 7Y, ©
where Y., Y, Y, and Vy are nanocomposite modulus, filler modulus and
matrix modulus and filler volume fraction, respectively [80].

However, this model is not appropriate for those fillers which are
much shorter than the specimen, especially nanoscale fillers such as
MWCNTs. Therefore, we shall take into account the matrix-filler stress
transfer. Under loading, the maximum stress transferred to the fillers is
described by the interfacial stress transfer z. Since the stress scales with
filler length L the stress transferred at certain critical length [. should be
sufficient to break the filler. The critical length for a hollow cylinder is Eq

10:
D?
75}

7D

=22
where o7 and 7 are the fibre strength and interfacial stress transfer, and D
and D; are the filler external and internal diameters. From the equation,
we can see that oy increases with I, which means long fillers carrying
loads more efficiently than short fillers. This concept first raised in the
Cox-Krenchel model was further modified to calculate the modulus of a
composite with aligned fillers Eq 11 [80]:

(10)

Yo=(nY; = Yu) Vs + Y., an
wwhere 7 is the length efficiency factor Eq 12 and Eq 13,
Tanh(a-1/D
= ——a,(l/D/ ) (12)
-3Y,
— m 1
=\ 2vmy, (13)

From the equation, the length efficiency factor approaches 1 when I/
D > 10, which indicates that the fillers having a high aspect ratio (length-
to-width ratio) would perform better in the composites.

In other cases where fillers are not aligned within the matrix, the
modulus can be concluded as Eq 14:
Yo= (oY = Yu) Vs + Yo as
where 19 is the orientation efficiency factor. As shown in Fig. 5, for
aligned fillers, 5y equals 1; for fillers aligned in a plane, 7 equals 3/8; and
for randomly oriented fillers, 7, equals 1/5 .

A similar equation can be derived to compute composite strength. For
very long aligned fillers (I >~10L,), the strength is obtained by Eq 15:
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Table 1
Mechanical properties of polymer/MWCNT nanocomposites.
Matrix Filler Type Filler Fraction Young's Modulus Tensile Strength Young's Modulus (GPa) and Tensile Strength (MPa) and Ref.
(Wt%) (GPa); polymers (MPa); polymers increment (%); composites increment (%); composites
Polyester Pristine 0.05 2.32 25.5 2.39 (3.0%) 27.0 (5.9%) [94]
MWCNTs
Polyimides Pristine 2 1.37 45.8 1.65 (20.4%) 73.6 (60.7%) [95]
MWCNTSs
Epoxy Pristine 0.5 2.90 60.9 3.13 (7.93%) 67.9 (11.5%) [96]
MWCNTSs
PC Pristine 2 1.38 66.5 1.57 (13.8%) 79.6 (19.7%) [101]
MWCNTs
PA Modified 8 1.86 57.0 2.84 (52.7%) 62.0 (8.8%) [102]
MWCNTSs
PMMA Pristine 10 2.07 12.8 3.65 (76.3%) 23.9 (86.7%) [103]
MWCNTs
PP Pristine 8 0.81 29.4 1.19 (46.9%) 31.9 (8.5%) [104]
MWCNTSs
HDPE Pristine 25 0.75 26 1.18 (57.3%) 34 (30.8%) [105]
MWCNTSs
.= (af - om) Vi+ 0 (15) competitive candidate or even replace continuous carbon fibres if these

where ¢, is the composite strength, o is the filler strength, and oy, is the
matrix strength. Similar to modulus, the composite strength reduces
when fillers become shorter. For medium-length fillers (I >I.) the com-
posite strength is Eq 16:

0= (7]56/' - O"") Vf +0n (16)

where 7, is the strength efficiency factor, given by ns=(l-l./2D). When
1 > I, the fillers break under applied stress. When [ < [, stress applied to
the system cannot be sufficiently transferred to the fillers; on the con-
trary, fillers are pulled out from the matrix. If this is the case, then the
strength is Eq 17:

o.=(tl/D—0,)V;+on a7

This equation describes the situation where fillers are pulled out of
the system; thus, the strength is controlled by the interface strength
between the filler and the matrix, instead of the filler strength.

The Halpin-Tsai model is a well-known model developed basically for
continuous fibre composites. In aligned fibre composites, the Halpin-Tsai
model describes modulus of elasticity as Eq 18 [89-91]:

" (1-nvy)
where ¢ = 2I/D and Eq 19

RS

_ 19
=y v, 11 (19)

And for randomly oriented composites, it is written as Eq 20 and 21

Y, 8|1-nV; 811 —n Vs
Y /Y, —1 Y, /Y, — 1

Where 1, ://— and ;= //7 @2n
Yy /Y + & Yy /Yo +2

The Halpin-Tsai model is precise for composites at low filler fractions,
but it lacks accuracy for composites having high filler fractions [92,93].

In summary, both models show that those fillers having a high aspect
ratio and strong interfacial strength are advantageous for composite
reinforcement. These have provided a solid theoretical support to
selecting MWCNTs as the fillers for polymers. However, MWCNTSs belong
to the short-fibre category, and this limits their performance as flexible
fillers within host matrices. Nevertheless, MWCNTs may become a

nanotubes can be assembled through a macroscopic scale. The reinforc-
ing mechanisms of different filler geometries in polymer matrices are
extensively reviewed by Coleman [80] and Dimitrios [66].

2.2.1. Mechanical properties

Cost-effective MWCNTs can dramatically improve the mechanical
behaviours of host polymers. This section examines the influence of
various parameters (such as polymer matrices, MWCNT modifications,
filler fractions and fabrication methods) on the mechanical properties of
the resulting nanocomposites.

In Table 1, the structure of host polymers poses a direct impact on the
dispersion and performance of MWCNTs. For thermoset polymers such as
epoxy resin, polyester resin, polyimides and vinyl ester resin, MWCNTs in
many cases provide remarkable enhancement of the mechanical prop-
erties. As reported by Shokrieh et al, a polyester/MWCNT nano-
composite at 0.05 wt% showed a 3.0% improvement of Young's modulus
and 5.9% for tensile strength [94]. A polyimide/MWCNT composite at
2 wt% was reported for 20.4% and 60.7% improvements in Young's
modulus and tensile strength [95]. In Ting et al. work, an epoxy/MWCNT
nanocomposite at 0.5 wt% demonstrated fair mechanical properties in
comparison with neat epoxy (7.93% higher for Young's modulus and
11.5% for tensile strength) [96]. In addition, the surface modification of
MWCNTs by coating with nickel-doped Fe3O4 nanocrystals led to mi-
crowave absorption [97].

The difference in the mechanical property improvements is explained
below. Since pristine MWCNTs have high aspect ratio, smooth surface
and vastly different composition to polymers, these tubes reaggregate
themselves in matrices during solidification. Introducing functional
groups onto MWCNT surface can largely enhance the interaction be-
tween MWCNTs and the polymer matrices, which should prevent the
reaggregation.

In addition to surface modification, fabrication methods also affect
the performance of the resulting nanocomposites. For thermoplastic
polymers such as polyethylene (PE), high density polyethylene (HDPE),
polyvinyl chloride (PVC), polymethyl methacrylate (PMMA) and poly-
propylene (PP), melt compounding is more cost-effective than solution
mixing. As listed in Table 1, at high filler fractions (>5 wt%), melting
compounding can effectively disperse MWCNTs into thermoplastic
polymer matrices to attain significant mechanical property improve-
ments. However, it is worth noting that the improvements are rather
limited for HDPE nanocomposites in some cases [98], because the high
crystalline structure of HDPE limits the dispersion of pristine MWCNTs in
the matrix.

According to the data in Table 1, MWCNTs improve the mechanical
properties of plastic matrices, whilst their reinforcing efficiency may be
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Table 2

Electrical conductivity of polymer/MWCNT nanocomposites.
Matrix Filler type Fraction (wt%) Fabrication method Composite Conductivity (S- em ™) Ref.
Epoxy Pristine MWCNTs 0.5 In-situ polymerization 1.0 x 10°° [100]
Epoxy Modified MWCNTSs 0.5 In-situ polymerization 3.2 %1072 [99]
SBR Pristine MWCNTSs 10 Melt compounding 2.4 x107° [106]
PC Modified MWCNTSs 2.5 Melt compounding 7.3 x 1072 [107]
PA Modified MWCNTs 8.0 Solution casting 6.0 x 10! [102]
PP Prinstine MWCNTSs 1.8 Melt compounding 8.3 x 1073 [108]
PMMA Pristine MWCNTs 2.2 in-situ polymerization 1.0 x 107! [109]
HDPE Pristine MWCNTs 4.5 Melt compounding 1.0 x 107* [110]
PLA & HDPE Pristine MWCNTSs 1 Melt compounding 1.0 x 10°° [111]

limited for brittle polymers. The mechanisms and properties for various
polymer/MWCNT composites are extensively discussed in Kumar's re-
view in 2020 [60].

2.2.2. Electrical properties

As one class of the most electrically conductive nanoscale fillers,
MWCNTs are able to alter the insulating nature of various polymers. The
network formed by MWCNTs provides a free path for electron transport
even at a low fraction to make polymers conductive. However, the con-
ductivity is influenced by many factors. This section aims to discuss the

influence of MWCNTs on the electrical conductivity of the resultant
polymer nanocomposites.

In Table 2, thermoset polymers, e.g. epoxy and styrene-butadiene
rubber (SBR), have shown interesting electrical performance once com-
pounded with either pristine or modified MWCNTs. An epoxy/modified
MWCNT nanocomposite at 0.5 wt% demonstrates higher conductivity
than the unmodified one (i.e. 103S.cm ! vs 10°° S-cm’l) [99,100].
This means that at low filler fractions, the modified MWCNTs are more
likely to form conductive network than pristine MWCNTSs within polymer
matrices. From our perspectives, this is likely because (i) although the
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Fig. 6. Key characteristics of the most common graphene production methods in a scale of 0-3: G refers to the graphene quality, C refers to the cost of production (a
low value corresponds to high cost of production), S refers to the scalability, P refers to the purity, and Y refers to the yield of each preparation route. Reproduced with

permission from Ref. [120]. Copyright 2015, Nature Publishing Group.
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pristine tubes are more conductive than the modified ones, the former
cannot well disperse in the matrix and (ii) the modified tubes can rela-
tively well disperse in the matrix to create conducting networks.

According to the data listed in Table 2, the modified MWCNTSs pro-
vide polymers with enhanced electrical conductivity at low filler frac-
tions such as 0.5 wt%. However, considering the cost of modification, in
particular for those involving solvent, we recommend using over 5 wt%
of pristine MWCNTs.

3. Graphene and derivatives

Monolayer graphene has an electrical conductivity of ~6000 S/cm,
whilst graphene (nano)platelets (GNPs or GnPs; each platelet below
10 nm in thickness) have an electrical conductivity of 1460 S/cm [112,
113]. Noteworthy is that the first value was measured on a single gra-
phene sheet, but the second one was measured on a thin film consisting of
many GNPs where inter-sheet contact resistance reduces much of the
conductivity. Monolayer graphene has Young's modulus over 1 TPa and
tensile strength around 130 GPa [114], and GNPs have Young's modulus
0.8-1 TPa and tensile strength around 101 GPa [115]. Although the
monolayer graphene has higher electrical conductivity, but in terms of
mechanical performance, these two types of fillers have no much dif-
ference. More importantly, GNPs would be a cost-effective candidate for
mass production and polymer industry [116-119].

3.1. Synthesis of graphene

The key characteristics of the most common graphene production
methods are graphically illustrated in Fig. 6. Among all six methods, the
mechanical exfoliation, chemical vapour deposition (CVD) and graphene
oxide reduction methods are briefly discussed below, as details of these
methods are available in Raccichini's review [120].

3.1.1. Mechanical exfoliation

In 2004, Geim and Novoselov proved the existence of graphene —
monolayer graphite by using mechanical exfoliation [26]. By using
scotch tapes, they peeled off thin layers from highly oriented pyrolytic
graphite, and these thin flakes were proved to be either monolayer or
few-layered graphene [26]. Graphene obtained by this method is nearly
perfect in comparison with the reduced GO, and it has no metal residue in
comparison with the graphene synthesized by CVD. However, the low
production rate limits its application.

3.1.2. Chemical vapour deposition
Chemical vapour deposition (CVD) is widely used in the semi-
conductor industry to produce thin films. Somani et al. first prepared
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monolayer graphene thin films by CVD in 2006, where camphor was used
as a precursor on Ni foils to form graphene [121]. Since then, CVD has
been increasingly employed for large-scale fabrication of graphene films.
In general, there are three common approaches: thermal CVD,
plasma-enhanced CVD and thermal decomposition [122]. The advantage
of each method is briefly summarized below.

The thermal CVD procedure aims to precipitate monolayer carbon
from a metal substrate (nickel in most cases) which contains dissolved
carbon [123,124]. The thickness and crystalline arrangement of the
graphene film can be controlled by cooling rate and carbon concentra-
tion. Due to its high efficiency and stability, this method is usually used as
a benchmark for comparison with others.

The plasma-enhanced CVD has the advantages of shorter deposition
time (below 5 min) and lower operation temperature (650 °C versus
1000 °C for the thermal CVD) [123,124]. The plasma electric field de-
termines the graphene growth direction, and thus it can control the
thickness of a graphene film. There are three main parts in the experi-
mental setup of plasma-enhanced CVD, including gas, a plasma generator
and a vacuum heating chamber.

In the thermal deposition method, graphene is grown directly by
annealing a SiC substrate under ultrahigh vacuum at 1200 °C, where
silicon atoms sublimate and leave carbon atoms to self-assemble into
honeycomb lattice [123-125]. The annealing time and temperature
determine the thickness. This method is the most attractive to the
semiconductor industry, because no transfer is required thus retaining
high structure integrity. Nevertheless, this method is associated with
high operating temperature and costs.

In conclusion, the thermal CVD method is the most efficient to pre-
pare graphene of large lateral dimension. In comparison with the me-
chanical exfoliation, CVD can produce larger graphene thin films and
needs less preparation time. Graphene fabricated via all CVD methods is
advantageous of high structure integrity over rGO. Nevertheless, there
are challenges yet to be solved, including removal of metal impurity and
prevention of graphene winkles on thin films.

3.1.3. Graphene oxide and reduced graphene oxide

Graphene oxide (GO) is a single layer of graphite oxide which was
first made by adding graphite into a mixture of potassium chlorate and
fuming nitric acid in 1859. In 1898 Staudenmaier et al. improved this
work by combining concentrated sulphuric acid with fuming nitric acid
and adding potassium chlorate step by step.

Hummers et al. in 1958 summarized previous work and reported the
most commonly used method: utilizing KMnO4 and NaNOs together with
concentrated HySO4 to oxidize graphite [126,127]. Graphite oxide shows
light brown colour and can attain complete exfoliation and fairly uni-
form, stable dispersion in water and some organic solvents, due to the

(b)

Fig. 7. High-resolution transmission electron microscopy (HR-TEM) micrographs of microwave-reduced GO nanosheets. (a) single-layer chemical reduced GO pre-
senting high density of defects. The red arrow denotes a hole; the blue arrow indicates an oxygen functional group. Bilayer (b) and trilayer (c) MW-rGO showing highly
ordered structure. Scale bars, 1 nm, reprinted with permission from Ref. [131], copyright 2016 science group.
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presence of epoxide, hydroxyl and carboxylic groups on graphene sheets.
Those functional groups make GO hydrophilic in comparison with pris-
tine graphene. However, these groups also make GO electrically insu-
lating due to the presence of numerous defects which disrupt the sp?
network [128,129]. Although GO is favoured in the laboratory devel-
opment of electrode materials, it may not suit polymer composite/pro-
cessing industry because of relatively high cost as well as low or no
electrical conductivity.

To restore graphitic properties, GO is often reduced to graphene-like
sheets through chemical means. Protic solvents (e.g. water or alcohol) are
used to disperse GO by using sonication or stirring to produce a stable
colloid which is then reacted with chemicals such as hydrazine, hydro-
quinone, UV-irradiated TiO,, etc., resulting in chemically reduced GO
(rGO). The add-on cost of chemicals and toxic emissions likely make this
chemical reduction method less favoured in polymer processing and
composite industries. As a result, thermal and microwave reduction
methods were developed afterwards.

By heating GO at 1000 °C within inert gas for 30 s, the thermal
reduction method is able to remove those hydroxyl and carboxyl groups
on GO surface. GO in this process can be expanded by hundreds of times
and turned into highly winkled rGO [130]. This method does not require
extra chemicals, but the resulting wrinkled structures can severely
damage the structural integrity of graphene sheets, leading to lower
mechanical properties than those obtained from the chemical reduction
method.

Using microwave irradiation is an alternative for thermal reduction
which reduces operation cost. In a typical process, GO was exposed under
a microwave energy of 1000 W for 1-2 S to remove the oxygen-con-
taining groups [131]. The microwave-reduced GO has highly ordered
structure in comparison with chemical reduced GO as shown in Fig. 7.
However, in comparison with thermal reduction, the microwave radia-
tion is less efficient in mass production due to the limitation of device
output. Nevertheless, the comparison should be verified by the data of
electrical conductivity, as TEM is limited to localized characterization.

3.2. Graphene nanoplatelets

Graphene (nano)platelets (GNPs or GnPs, few-layer graphene) each
have a thickness of below 10 nm. Having far lower preparation costs than
monolayer graphene, GNPs contain only 7 wt% oxygen and have
exceptional mechanical performance (Young's modulus 0.8-1 TPa, ten-
sile strength around 101 GPa) and high electrical conductivity and
thermal conductivity, i.e. 1450 S/cm and 1500-5000 W/m-K [132,133].

GNPs can be synthesized via various methods, such as chemical
reduction of slightly oxidized graphite and thermal or microwave
expansion of graphite intercalation compounds (GICs). GICs have
chemically reactive molecules intercalated between the layers (stages).
Upon heating, the intercalated chemicals dramatically vaporized and
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of a matrix, reprinted with permission from Ref. [50], copyright 2014 Elsevier.

expanded a GIC into a worm-like product consisting of loosely stacked
graphene layers [115].

The number of layers in each graphene nanoplatelet is critical to the
physical and mechanical properties of the resulting polymer nano-
composites. The model developed by our team [50] illustrates the effect
of platelet thickness on the number of platelets and their total surface
area in a given volume of a matrix.

The total number of GNPs (N) in a given volume of a composite is Eq
22 and 23:

N=V/v (22)

v=IXwXt (23)
where V and v are the nanocomposite and GNPs volumes, respectively,
while [, w and t are the length, width and thickness of each graphene
nanoplatelet, respectively. Assuming that the volume percentage of GNPs
in the nanocomposite is %, thus N can be updated as Eq 24:

N=(pxV)/(100 x I xwxt) 24

The total surface area of GNPs (S) inside the nanocomposite can be

computed as Eq 25
S=2xIxt+ 2xIxw+ 2xwxt) XN (25)

Assuming that: (i) the volume of the nanocomposite is 10 pm3, (ii)
GNPs are at a percentage of 1 vol%, (iii) each platelet is a rectangular
cuboid of 1 x 1 pm, the total number of GNPs equals Eq 26:

(10 x 10° (nm®) x 1

N= 26
100 x 1 x 1000 (nm) x 1 x 1000 (nm) x t (nm) (26)
The total surface area of GNPs is Eq 27:

S=(2x1x1000x 1 x 1000+ 4 x 1000 x 1) x N 27)

In Fig. 8, both the GNP number and the total surface area reduce
dramatically when the thickness increases from 1 to 10 nm, demon-
strating the necessity to keep the thickness as low as possible. It is also
essential to delaminate these nanoplatelets in polymers.

As the expanded product was reported for low specific surface area
[134], it was treated in organic solvent such as acetone by ultrasonication,
to produce GNPs. Their thickness was measured as 2-5 nm [133], and so
each platelet should consist of 2-5 layers of graphene due to wrinking.
However, monolayer graphene might exist when GNPs are dispersed in
epoxy. N-methyl-2-pyrrolidone (NMP) was reported as the best solvent to
create GNPs through 30-60 min of ultrasonication below 30 °C [135]. The
controlled, relatively low temperature is essential during the sonication
[115]. As illustrated in Fig. 9, after thermal expansion, long-chain ami-
ne-end molecules can be grafted onto the GNP surface, to significantly
improve the exfoliation and dispersion of GNPs in epoxy.



X. Suetal

.

Nano Materials Science xxx (xxxx) xxx

Commercial GIC Thermal treatment Dispersed in NMP
at 700°C and sonicated

OH

m-GnP Adding J2000 GnP

Fig. 9. Schematic of covalent modification of graphene nanoplatelets, reprinted with permission from Ref. [135], copyright 2014 Elsevier.

Microwave radiation can also be used to produce GNPs. Naeem et al.
reported a facile, green and novel approach to preparation of epoxy/
graphene nanocomposites [136]. The approach involves microwaving a
commercial graphene precursor and mechanically stirring to produce
GNPs in hot epoxy, without the need for organic solvents and external
surfactants. Containing single-layer graphene, the resultant GNPs are
4.17 £ 0.63 nm in thickness and 1.00-4.77 pm in lateral dimension. The
platelets provided epoxy with remarkable improvements of mechanical
and functional properties, e.g. a 175% increment of critical strain energy
release rate at 1.03 vol% of graphene, a 14.9% increment of Young's
modulus at 1.55 vol%, and a percolation threshold of electrical con-
ductivity at 0.85 vol%. As the measurement of fracture toughness is
highly sensitive to crack sharpness [137], an instantly propagated crack
was introduced to each compact tension specimen. The glass transition
temperature of epoxy was enhanced from 85.4 to 100.0 °C at 1.03 vol%.

Although the mechanical performance of GNPs is slightly lower than
monolayer graphene [138], GNPs are much cheaper. Based on the
quotation from Asbury Carbons, the price of GICs is at US$ 4 per kg,
depending on the quantity quoted. After expansion and ultrasonication,
the total cost of GNPs was estimated to be US$ 10-20 per kg [133]. This
makes GNPs more favourable as a class of nanofillers than monolayer

graphene for polymer composite and processing industries. In 2018, our
team extensively reviewed the fabrication and application of GNPs
[138].

3.3. Polymer/graphene nanocomposites

Superior to MWCNTSs, graphene (nano)platelets (GNPs or GnPs; each
platelet below 10 nm in thickness) feature extraordinary specific surface
area. By grafting functional groups on their surface, the relatively inert
surface of GNPs can be fundamentally changed, thus improving their
dispersion in and enhancing interactions with the polymeric matrices.
With a sufficient number of platelets relatively uniformly dispersed in
polymer matrices, continuous networks were created for low percolation
thresholds of electrical conductivity in many cases [139,140]. This sec-
tion will examine the influence of GNPs and the composite preparation
methods.

3.3.1. Mechanical properties

The effect of GNP surface modification on thermoset polymers is
discussed below. The modified GNPs are well known for improving the
stiffness and fracture toughness of epoxy, because GNPs were modified

Table 3
Mechanical properties of polymer/GNP nanocomposites.
Matrix Filler Type Filler Fraction Young's Modulus Tensile Strength Young's Modulus (GPa) and Tensile Strength (MPa) and Ref.
(wt %) (GPa); polymers (MPa); polymers increment %; composites increment %; composites
SBR Pristine 5 0.89 2.16 1.31 (47.2%) 5.86 (171.3%) [144]
GNPs
Nylon Pristine 0.3 0.92 55.17 0.83 (-9.8%) 63.56 (15.2%) [150]
66 GNPs
PVA Reduced GO 0.1 1.74 65.7 2.69 (54.6%) 75.0 (14.2%) [146]
PMMA Modified 2 1.05 13 1.25 (19.0%) 22(69.2%) [151]
GNPs
HDPE Pristine 1 N/A 22 N/A 23 (4.5%) [152]
GNPs
PC Pristine 7 2.45 58.0 3.65 (49.0%) 62.5 (7.8%) [153]
GNPs
PS Reduced GO 0.1 1.80 48 2.29 (27%) 50 (4.2%) [154]
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Table 4
Electrical conductivity of GNPs-containing nanocomposites.
Matrix  Filler type Filler Fabrication Conductivity Ref.
fraction approach (S-em™)
(vol%)
Epoxy  Pristine 0.8 In-situ 5.1 x 107* [155]
GNPs polymerization
Epoxy  Modified 0.8 In-situ 1.4 x 1072 [155]
GNPs polymerization
Epoxy  Pristine 0.5 In-situ 38 x 10713 [147]
GNPs polymerization
EPDM  Pristine 26.7 Melt 41 %1078 [50]
GNPs compounding
HDPE Modified 2.5 In-situ 1.02 x 1077 [148]
GO polymerization
Nylon  Reduced 1.66 Melt 5.5 x 107° [149]
6 GO compounding
PVDF Pristine 16.1 Solution 5.1 x 1073 [156]
GNPs blending

either with molecules whose structure was similar to epoxy or with CNTs,
thus potentially promoting the exfoliation and dispersion [116,119,133,
135,141,142]. Noteworthy is that the chain length of the molecules
grafted on nanosheets may pose a remarkable effect on the resulting
composites [142] Under loading, the grafted molecules can firmly lock
GNPs with host polymer chains to facilitate stress transfer across the
interface. The surface modification of GNPs is extensively reviewed by Yu
et al. [143].

Apart from the surface modification, the preparation method is
important to the morphology and properties of the resulting composites.
In Table 3, an increment of 47.2% in Young's modulus was attained for a
styrene-butadiene rubber (SBR)/GNP nanocomposite at a filler fraction
of 5 wt%, which was prepared by melt compounding [144]. In-situ
polymerization is often used to prepare elastomer nanocomposites. It is
advantageous to preventing GNPs from restacking within the matrix.
Introducing functional groups onto the platelet surface can improve the
compatibility for the composites, making GNPs a promising candidate for
elastomer reinforcement. However, some challenges remain. Elastomers
require high molecular weight to attain sufficient elongation, but in-situ
polymerization may limit the growth of long-chain molecules due to the
steric effect posed by nanosheets during fabrication.

Similar to thermoset polymers, both the surface modification and
preparation methods are vital for thermoplastic polymers. Maccaferri
et al. reported an industry-friendly approach to preparing nylon/GNP
composite nanofibers by electrospinning, where an increment of 59% in
Young's modulus and 85% in tensile stress were reported at 1.5 wt%
[145]. Pristine GNPs were found to pose a remarkable effect on the fibre
diameter, and a phenomenological model was used to investigate the
GNP contribution. Noteworthy is that the most cost-effective approach —
melt compounding — was used to prepare certain nanocomposites listed
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in Table 3. An extensometer indispensable in tensile testing measures the
change of gauge length in the middle region which has a constant cross
section area along the sample length. The calculation of Young's modulus
must be made by using the slope in the initial straight portion of a
stress-strain graph, and the strain range used for the slope must be re-
ported. Statistical analysis should be undertaken for the data. However,
these important experimental requirements are often neglected in some
studies, causing unexplainable testing results, such as reduction in
modulus albeit increase in strength for polymer/graphene
nanocomposites.

From our perspective, surface modification of GNPs could further
enhance these improvements but the modification must be conducted in
a way acceptable to thermoplastic processing industry. It is worth noting
that chemical modification usually causes irreversible damage to the
graphitic structure of GNPs. Thus, a non-covalent approach was proposed
by Wang et al. who wrapped the rGO surface with poly (sodium 4-styre-
nesulfonate). This method prevents the agglomeration of rGO in a PVA
matrix without causing damage to the filler structure [146]. A 54.6%
increase in Young's modulus was made at 0.1 wt% and 14.2% in tensile
strength were obtained at 0.1 wt%, due to the strong physical molecular
interactions between PVA and rGO.

3.3.2. Electrical properties

Table 4 reveals the effect of GNPs and GO on the conductivity of
different polymer matrices. For thermoset polymers such as epoxy and
SBR, the filler surface modification poses an obvious effect on the con-
ductivity of final composites at low fractions. An epoxy/modified GNP
nanocomposite at 0.5 vol% displays higher conductivity than neat epoxy,
ie.3.8x10713S.cm 1vs3.39 x 107 S.cm™! [147]. This is because the
surface modification significantly improves the filler dispersion and
promotes the formation of conductive network. Although the modified
GNPs have lower electrical conductivity, the resulting nanocomposite
has a higher electrical conductivity due to relatively uniform dispersion
than the unmodified one. However, it is not clear whether surface
modification is still highly effective to thermoset polymers containing
high fractions of GNPs.

For thermoplastics, both surface modification and composite prepa-
ration are essential. In 2018, Cruz-Aguilar et al. investigated the effect of
graphene oxidation on the HDPE conductivity. An HDPE/highly oxidized
graphene nanocomposite at 1.0 wt% and 5.8 wt% shows conductivity of
9.09 x 10°°S.cm ! and 1.02 x 1077 S-cm ™! respectively [148]. We
conclude that the resulting nanocomposite conductivity should directly
relate to the oxidization level of conductive fillers and that it is vital to
strike a delicate balance between the filler dispersion and conductivity. It
is worth noting that nylon/rGO nanocomposites fabricated by melt
compounding exhibited antistatic performance. The electrical conduc-
tivity of the nanocomposites increases with filler fractions, with a
conductive network of rGO observed at 1.66 vol% [149]. The comparison

Table 5
Comparison of mechanical properties for polymer nanocomposites.
Matrix  Filler Type Filler Fraction Young's Modulus Tensile Strength Young's modulus (GPa) and Tensile strength (MPa) and Ref.
(wt %) (GPa); polymers (MPa); polymers increment %; composites increment %; composites
Epoxy Pristine GNPs 3.0 1.48 46.46 1.64 (10.8%) 49.78 (7.1%) [157]
Epoxy Pristine 3.0 1.48 46.46 1.69 (14.2%) 54.48 (17.3%) [157]
MWCNTs
PVA Modified 0.5 0.0166 19.11 0.0329 (98.2%) 34.60 (81.1%) [158]
MWCNTs
PVA Graphene 0.3 2.32 25.3 5.82 (150.9%) 63.0 (149.0%) [159]
oxide
PES Pristine 1.0 0.045 1.70 0.067 (48.9%) 2.38 (40.0%) [160]
MWCNTs
PES Graphene 1.0 1.16 30.79 1.95 (68.1%) 55.73 (81.0%) [161]
oxide
HDPE Modified 2.5 0.75 26.5 1.15 (53.3%) 34.5 (30.2%) [105]
MWCNTs
HDPE Prinstine GNPs 10 0.96 27.2 1.49 (55.2%) 33.4 (22.8%) [162]
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reveals that the nanofillers have potential to replace conventional
micron-sized antistatic agents (such as stainless-steel fibres) in the ther-
moplastic processing industry.

In conclusion, according to the data listed in Table 4, the surface
modification of GNPs and GO is indispensable in most cases, since it can
significantly improve the filler dispersion and thus enhance the resulting
nanocomposites’ conductivity. However, over-modified filler surface
damages the structure integrity of the fillers and severely reduces their
conductivity, which would subsequently reduce the conductivity of the
resulting nanocomposites. Hence, a balance is needed between the
structure integrity and the quantity of defects for surface modification.
On the other hand, fabrication methods significantly influence the
dispersion of GNPs and GO in polymers and determine the performance
of the resulting nanocomposites. Therefore, extensive investigation is
needed to cost-effectively disperse GNPs in polymers, to pave a way for
the scaleup production of these polymer nanocomposites.

4. Comparison of nanocomposites containing MWCNTs and
graphene

4.1. Mechanical properties

Although graphene (nano)platelets (GNPs or GnPs; each below 10 nm
in thickness) can be dispersed in polymers effectively by simple mixing,
the filler reinforcing effect in many cases may not be as effective as
MWCNTs. As listed in Table 5, an epoxy/MWCNT nanocomposite at 3 wt
% was reported to have an increment of 17.3% in tensile strength and
14.2% in Young's modulus over neat epoxy [157]. However, an epox-
y/GNP nanocomposite at the same filler loading demonstrated less im-
provements — 7.1% and 10.8%. This is because the cylindrical structure
of MWCNTs has more interactions with the matrix through both large
tube surface and mechanical interlocking with polymer chains.

Graphene oxide (GO) has been proved advantageous for compound-
ing with hydrophilic polymers. By functionalizing the surface of
MWCNTs with PVA, Yadav et al. found that MWCNTs at 0.5 wt%
improved the tensile strength and Young's modulus of neat PVA by 81.1%
and 98.2%, respectively [158]. In contrast, Kashyap et al. reported that
GO at 0.3 wt% significantly increased the tensile strength and Young's
modulus of neat PVA by 149.0% and 150.9% [159], which was
contributed by the hydrophilic nature and high surface roughness and
specific surface area of GO.

GNPs showed promise in forming composites with poly (ether sul-
fone) (PES). A PES/MWCNT nanocomposite at 1.0 wt% demonstrated an
increment of 40.0% in tensile strength and 48.9% in Young's modulus
[160]. However, a PES/GO nanocomposite at 1 wt% revealed an 81.0%
increment in tensile strength and a 68.1% increment in Young's modulus
[161]. From our perspectives, the lower performance of PES/MWCNT
nanocomposite is probably caused by the entanglement of MWNCTs in
the matrix. More research is clearly needed as the reported modulous of
neat PES is substantially lower than the literatrue.

Lin et al. prepared nanocomposites by an environmentally friendly
approach — melt compounding where no solvent was needed. The tensile
strength and Young's modulus of a HDPE/GNP nanocomposite at 10 wt%
were improved by 22.8% and 55.2% [162], whereas at 2.5 wt% the
HDPE/MWCNT nanocomposite demonstrated 30.2% and 53.3% im-
provements in tensile strength and Young's modulus [105]. This may
indicate that the melt compounding method is not highly effective in
disentangling and dispersing MWCNTSs in HDPE.

To conclude, both MWCNTs and GNPs can improve the mechanical
properties of most polymers. MWCNTs are able to enhance the me-
chanical properties more effectively as long as they are relatively uni-
formly dispersed in thermoset matrices such as epoxy via in-situ
polymerization. GNPs should be preferred if they can be directly exfoli-
ated in thermoplastic matrices such as polycarbonate via melt com-
pounding. This is likely because (i) at high fractions GNPs are less
susceptible to agglomeration than MWCNTs and (ii) the layered structure
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Table 6
Comparison of electrical conductivity for polymer nanocomposites.
Matrix  Filler type Filler Preparation Conductivity Ref.
fraction method (S-em™)
(Wt%)

Epoxy  Pristine 1.5 In-situ 1.0 x 107° [167]
MWCNTs polymerization

Epoxy  Pristine 1.2 In-situ 1.0 x 107* [167]
GNPs polymerization

PES Modified 20 Solution mixing 4.5 [165]
MWCNTs

PES Reduced ~0.2 Solution mixing 9.6 x 10°° [164]
GO

PS Pristine 10.0 Melt 1.3 [166]
MWCNTs compounding

PS Pristine 10.0 Melt 7.07 [166]
GNPs compounding

PANI Modified 5.5 In-situ 1.6 x 107! [168]
MWCNTs polymerization

PVC Pristine 0.5 Solution/melt 1.0 x 1077 [169]
MWCNTs mixing

PVC Ball milled 1.0 Melt 4%x107 [170]
graphene compounding

can readily form oriented percolation networks to transport kinetic en-
ergy. Utilizing both MWCNTs and GNPs may create an obvious synergy
for polymers, as to be discussed in the following sections.

4.2. Electrical properties

The electrical conductivity of nanocomposites depends on the prop-
erties of the matrix, the properties and dispersion of the filler, and their
interface. The filler dispersion is critical to the electrical conductivity of
the resulting nanocomposites, because nanofillers usually aggregate,
agglomerate or form clusters due to their high specific surface area. The
formation of a conductive network is a prerequisite for anti-static or
electrically conductive nanocomposites. Table 6 compares the electrical
conductivities of a number of polymer nanocomposites respectively
containing either MWCNTSs or GNPs.

As reported by Ivanov et al., the exceptional aspect ratio of MWCNTs
greatly promoted the electrical conductivity of PLA. A PLA/MWNCT
nanocomposite at 6 wt% exhibited a conductivity of 2.1 x 10~*S-cm™,
in comparison with 8.4 x 107° S.cm™! for a benchmark PLA/GNP
nanocomposite [163]. This is likely because the melt extrusion method
was effective in disentangling MWCNTs but not in exfoliating those
stacked GNPs sheets.

The electrical conductivity of a PES/rGO nanocomposite at about
0.2 wt% was found to be 9.6 x 107 ®S-cm™! [164], much lower than that
of the PES/MWCNT nanocomposite, 4.5 S« cm ! at 20 wt% [165], likely
due to the low conductivity of rGO. A different conclusion was found for
PS nanocomposites. An electrical conductivity of 7.07 S-cm™! was re-
ported for a PS/GNP nanocomposite at 10 wt%, but it was dropped to
1.3S-cm ! for a PS/MWCNT nanocomposite [166]. These extraordinary
conductivity values need to be reproduced by other groups. The result
was explained as MWCNTs at high fracitons can more readily aggregate
during the melt compounding procedure than GNPs.

The remaining Table 6 includes the conductivity values of the
nanocomposites based on polyaniline (PANI) and polyvinyl chloride
(PVC). In comparison with GNPs, MWCNTs have shown overall better
performance at low filler fractions (<10 wt%); MWCNTs may have ob-
tained relatively uniform dispersion within polymer matrices, forming an
effective conductive network. At higher fractions, MWCNTSs can readily
reaggregate. Due to relatively low lateral dimension, GNPs are less effi-
cient at low fractions than MWCNTs. But at high fractions GNPs are less
susceptible to agglomerate, which may lead to higher performance in
improving electrical conductivity than MWCNTs. Many more studies are
needed to compare MWCNTs with GNPs regarding their dispersion in
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Table 7
Properties and synergy rates of polymer/MWCNT/graphene nanocomposites.
Matrix ~ MWCNT: graphene mixing Filler fraction (wt Preparation method Young's modulus Tensile strength Conductivity Ref
ratio %) (GPa) (MPa) (S-em™)
Synergy rate Synergy rate
PP 11 1 Melt compounding 1.82 (10.6%) 40 (14.3%) 6.3 x 10710 [174]
PMMA 1:2 3 Supercritical fluid Assisted 2.85 (2.7%) 63.0 (20.0%) 2x107° [180]
processing
PMMA 1:1 3 Supercritical fluid Assisted 3.00 (8.1%) 60.0 (14.3%) 3x10°8 [180]
processing
PMMA 21 3 Supercritical fluid Assisted 2.80 (0.9%) 56.5 (7.6%) 1x1077 [180]
processing
Epoxy 1:1 0.5 Mechanical blending 3.1 (33.6%) 66.2 (21.4%) N/A [177]
Epoxy 4:1 0.8 Mechanical blending N/A N/A 6x 1078 [181]
Epoxy 1:4 0.8 Mechanical blending N/A N/A 8 x 107 [181]

matrices and the mechanical and functional properties of the resulting
nanocomposites.

5. Synergistic effects in polymer/MWCNT/graphene
nanocomposites

A synergistic effect is generally defined as a hybrid improvement
which cannot be achieved by each phase working alone. Many studies
have proven that such an effect does exist in composites containing
micron-fillers. MWCNTSs and graphene nanoplatelets (GNPs; each platelet
below 10 nm in thickness) have recently shown significant synergistic
effects on enhancing the properties of polymer nanocomposites
[171-173]. Ping et al. evaluated the synergy of MWCNTs and rGO for
polypropylene (PP) by the following equation Eq 28 [174]:

2Pc¢ — (Pc + Pg)

x 100
Pc + Pg

Synergy (%) = (28)

where P¢g, Pc and Pg represent the mechanical properties of three
nanocomposites: PP/MWCNT/rGO, PP/MWCNT and PP/rGO.

In Table 7, a PP/MWCNT/rGO nanocomposite at a hybrid filler ratio
of 1 exhibits synergy rates of 14.3% and 10.6% for tensile strength and
Young's modulus, respectively. When NBR was utilized as a host matrix
to compound with different ratios of MWCNTs to GNPs [175], synergy
rates of 56% and 52% were observed for tensile strength and Young's
modulus respectively at a mixing ratio of 1:3. Similar results were
confirmed by Chatterjee et al. who proved that MWCNTs usually play a
major role in an epoxy/MWCNT/GNP nanocomposite [176]. By
increasing the MWCNTs to GNPs ratio, MWCNTSs should have more op-
portunities to work as the bridges connecting and kniting GNPs into
conductive junctions within polymer matrices. At the same time, GNPs
work as the seperators to prevent MWCNTs from entangling with each
other during preparation. Although the hybrids have displayed signifi-
cant synergistic effects, appropriate molecular interactions between
MWCNTs and GNPs upon surface modification may lead to higher per-
formance from our perspectives. Noteworthy is that the polymer struc-
ture can significantly affect the synergistic effect of hybrid fillers. It is
important to choose an appropriate hybrid filler ratio for different
polymers.

Fig. 10. SEM micrographs of (a) MWCNTs, (b) GNPs and (c) MWCNT-GNP hybrids, reprinted with permission from Ref. [177], copyright 2013 Elsevier.
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Strength/Stiffness

Structural applications

High strength/stiffness/toughness
Light weight

CNT/Graphene
preforms (fabrics)

Graphene
aerogels

High thermal conductivity/stability
Anisotropic properties/CTE control

Thermal management

Energy transfer

Fig. 11. A schematic summarizing various MWCNT and GNP composites with anticipated enhanced properties for the prospective applications along with six key

parameters, reprinted with permission from Ref. [54], copyright 2018 Science.

To build bonding between MWCNTs and GNPs, Li et al. reported a
chemical vapour deposition (CVD) method to grow MWCNTSs on the GNP
surface [177]. In Fig. 10, the GNP surface is densely covered with
MWCNTs. These hybrid fillers were dispersed in epoxy resin by using a
three-roll mill. As a result, the 0.5 wt% nanocomposite showed a 21.4%
synergy rate for tensile modulus and 33.6% for Young's modulus at a
hybrid filler mixing ratio of 1. Noteworthy is that syngas production was
used for one-pot synthesis of CNT/graphene hybrids [141], although
these have not yet been compounded with any polymer. From our per-
spectives, the dispersion and interaction of these hybrid fillers in a matrix
could be improved with surface modification.

The synergistic effect not only enhances the mechanical and electrical
properties of polymer nanocomposites, but also improves the thermo-
mechanical properties and electromagnetic shielding ability. As reported
by Manoj et al., both GNPs and MWCNTs upon surface modification were
mixed at ratios (1:1, 1:3 and 3:1), and then the hybrid fillers were added
into epoxy via solution mixing. By thermogravimetric analysis, a
maximum gain of 20% was reported for the sample with a filler ratio of
3:1 in comparison with solo filler nanocomposites [178], which proved
that the synergistic effort can significantly boost the thermomechanical
properties of thermoset polymers such as epoxy.

On the other hand, Meenakshi et al. fixed the mixing ratio of GNPs to
MWCNTs at 1, and utilized solution mixing to prepare polyurethane
nanocomposites for electromagnetic shielding [179]. A nanocomposite
at 10 wt% exhibited excellent electromagnetic interference shielding up
to —47 dB.

These research outcomes have proved the significance of synergy for
hybrid fillers in polymer nanocomposites. However, more comprehen-
sive and extensive studies are needed to address the following questions:
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Whether surface modification is vital for both fillers? What is the influ-
ence of polymer structure on the dispersion of hybrid fillers? And how to
reduce the cost of hybrid fillers for industry?

6. Prospect and challenges of carbon-based nanofillers for
polymers

The size and geometry of MWCNTs and graphene (nano)platelets
(GNPs or GnPs; each platelet below 10 nm in thickness) make them ideal
in reinforcing or toughening polymers and providing them with new
functionalities. Due to zero toxicity rating in CHEMWATCH, GNPs hold
promise for polymer processing and composite industries. Based on our
communications with Shandong Dazhan Nano Materials CO. and Asbury
Carbons™, the market prices for MWCNTs and GNPs are approximately
US$ 30 and potentially US$ 10-20 per kg. High performance and
reasonable costs make these carbon nanofillers competitive. Neverthe-
less, the following challenges need to be addressed.

(i) Disentanglement and modification of MWCNTs. Harsh conditions
such as long-time milling, sonication and chemical oxidization
often break MWCNTs into short rods, severely reducing the
bridging effects of MWCNTs within matrices. Investigation is
needed to strike a balance between surface modification and
fragmentation.

(ii) Reaggregation. Melt compounding is preferred in thermoplastic
processing industry, but the reaggregation/entanglement of
MWCNTs constantly occurs, compromising the composites' prop-
erties especially at low filler fractions. Filler surface modification
works for thermoplastic/’MWCNT nanocomposites to some
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degree, but it is not highly effective for thermoset polymers such

as epoxy resins, as reaggregation often occurs during curing.

(iii) Interface. The interface between MWCNTs and polymeric matrices
determines the dispersion of MWCNTs and their interactions with
polymers, dominating the resulting nanocomposite properties.
Three issues are described below:

e How to produce a sufficient number of reactive sites on the
MWCNTSs' side walls without causing much damage to the filler?
The organic molecules grafted on MWCNTs have three ways to
interact with matrix molecules, i.e. covalently bonding, molec-
ular entanglement and 7—z interaction; of these, it is not clear
which one is the strongest, whether a strong interface is really
needed, and what is the effect of interfacial strength on the
nanocomposites' properties.

Instead of interacting with host polymer matrices, the grafted

molecules might interact with each other and cause severe

reaggregation of MWCNTSs. Thus, the surface modification must
be carefully designed, conducted and examined.

Weaving MWCNTSs into micron size fibres is a relatively new research
direction. MWCNT fibres and fabrics in future may by sufficiently cost-
effective to replace conventional fillers for electrostatic discharge
applications.

On the other hand, graphene nanoplatelets (GNPs) are favoured due
to potential cost-effectiveness, and their average thickness is determined
by the oxidation and intercalation process of graphite as well as the
subsequent expansion/exfoliation conditions. When GNPs are mixed
with a polymer, platelets may either stack themselves, aggregate or form
clusters even though they may readily exfoliate in another polymer
matrix; once stacked, GNPs may perform similarly to graphite which is
known for lubrication. This challenge must be addressed altogether with
the following issues.

(i) Lateral dimension and thickness control. GNPs with low thickness
could lead to better mechanical properties and electrical/thermal
conductivity for the resulting polymer nanocomposites. However,
the oxidization and exfoliation procedures often reduce the lateral
dimension.
Control of surface modification. Thermal shock or microwave
expansion followed with ultrasonication is the most common way
to prepare GNPs. The number and locations of epoxide groups
produced during the preparation are vital to the interface strength
and thus the resulting nanocomposite properties. It is not clear
whether the atmospheric conditions pose a detrimental impact on
the number and locations. New inexpensive methods are needed
to produce GNPs having a tuneable quantity of surface functional
groups.
Thermal conductivity control. The thermal conductivity of polymer
nanocomposites may not increase linearly with GNPs as theory
predicted [182], to which interface modification causes uncer-
tainty. Thermal transfer relates to phonon energy movement
which is limited by filler—filler and filler—polymer interfaces. It
requires further studies to establish the relationship between
thermal conductivity and interface modification.

(iv) Solvent-free synthesis of polymer/graphene nanocomposites.
Green, facile preparation methods are urgently needed, since
solvent is not tolerated in most polymer processing and composite
industrial sectors. Within this context, our team reported a gra-
phene precursor which in epoxy at 200 °C is able to directly
exfoliate into three classes of GNPs: (i) large, single-layer gra-
phene, (ii) medium sized sheets with 5.2 4+ 1.95 nm in thickness
and (iii) smaller 0.5-1.0 nm thick sheets of 200-500 nm in lateral
dimension, with a Raman Ip/Ig ratio of 0.177. Platelet films of
~10 pm in thickness have an electrical conductivity of
978.65 + 79.44 S/cm. A percolation threshold of electrical con-
ductivity is observed at 0.80 vol% for epoxy/GNP

(i)

(iii)
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nanocomposites. At 1.03 vol%, the nanocomposite has a fracture
energy release rate of 850.78 + 58.00 J m~2 corresponding to an
increase of 170.6% over neat epoxy [147].

Recent progress of synthesizing various hybrids of MWCNTs and
GNPs would provide an opportunity to translate their exceptional prop-
erties into a variety of engineering applications. MWCNTs are able to
bridge individual platelets and provide efficient transfer routes for stress,
electrons and phonons. Thus polymer/GNP/MWCNT nanocomposites
demonstrate higher performance in comparison with two-phase nano-
composites: i.e. polymer/MWCNT and polymer/GNP. The mixing ratio of
MWCNTs to GNPs determines the synergy rate, and the interface between
filler and matrices may significantly enhance the performance of polymer
nanocomposites. The challenges are to identify the best mixing ratio and
to investigate the influence of interface modification on the synergy and
the various properties of polymer nanocomposites.

It can be envisioned that, if carefully designed and optimized, poly-
mer/MWCNT/GNP nanocomposites should not only provide support to
or even replace those polymer/carbon fibre composites but also create
new functionalities, such as stimuli-responsiveness, energy storage and
conversion elements, real-time structural health monitoring, sensing and
vibrational damping in composites. A range of perspective applications,
including structural applications, multifunctional nanocomposites, elec-
trical and thermal management, energy-absorbing nanocomposites and
self-stiffening nanocomposites with the required properties, are sum-
marized in Fig. 11 along with six key parameters, including strength/
stiffness, lightweight, interface, energy transfer, conductivity and
dispersion in the nanocomposite design and manufacturing.

7. Conclusion

MWCNTs and graphene (nano)platelets (GNPs or GnPs; each platelet
below 10 nm in thickness) are proper candidates for the development of
polymer nanocomposites. Increasingly more interests are attracted in
both academia and industry for cost-effectively combining MWCNTs and
GNPs to create synergy for polymers. In comparison with GNPs, MWCNTSs
in most cases have shown strong reinforcement for polymers at low filler
fractions (<10 wt%) where these tubes may remain relatively uniform
dispersion and form an effective conductive network. At higher fractions,
MWCNTs may readily reaggregate and form large agglomerations.
Binding MWCNTs with GNPs at a mixing ratio of 1:1 has shown a sig-
nificant synergistic effect on reinforcing polymer, in comparison with
two-phase nanocomposites. In summary, high structural integrity,
reasonable market price and availability for facile surface modifications
make MWCNTs and GNPs promising candidates for polymer
nanocomposites.
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