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Abstract: Two-dimensional (2D) nanomaterial-reinforced
polymer composites exhibit superior properties and mul-
tifunctional applications. Compared to lower dimensional
nanomaterials such as nanotubes and nanoparticles, 2D
nanomaterials show a larger surface area. The large sur-
face area makes 2D nanomaterials more effectively restrict
the mobility of polymer chains and yields better rein-
forcing efficiency than the lower-dimensional nanomaterials.
To gain an in-depth understanding and extend the applica-
tions of polymer composites reinforced with 2D nanomater-
ials, this paper reviews the progress in the fundamentals
of synthesis and applications of such composites. The moti-
vation and improvement of adding 2D nanomaterials to
polymer materials are introduced first, followed by the
synthesis approaches and the properties of typical 2D nano-
materials, including graphene, boron nitride nanosheet,
and molybdenum disulfide nanosheet. Based on the proper-
ties of 2D nanomaterials, polymer composites reinforced
with different types of 2D nanomaterials are designed for
structural application, thermal dissipation application,
tribological application, three-dimensional printing com-
posite structures, and strain sensing application. Afterwards,
the significance of reinforcement—matrix interaction and its
improving approach are reviewed. The current progress
envisions that polymer composites reinforced with 2D nano-
materials can be used in the fields of aviation and aerospace
for improving radiation shielding capacity and nanomedical
engineering.
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Abbreviations

2D two-dimensional

3D three-dimensional

BNNS boron nitride nanosheet
GO graphene oxide

HPAM hydrolyzed polyacrylamide
PEO poly(ethylene oxide)

PET polyethylene terephthalate
PLA Polylactic acid

PMMA polymethyl methacrylate

PS polystyrene

PUB polyurethane binder

PVA polyvinyl alcohol

PVDF poly(vinylidene fluoride)

rGO reduced graphene oxide

SU-8 epoxy-based photoresist

UHMWPE ultra-high molecular weight polyethylene

1 Introduction

Various types of nanomaterials have been used to modify
the properties of polymer materials in previous research
because pristine polymer materials lack high mechanical
properties [1,2], thermal conductivity [3], and thermal
stability [4]. Compared with conventional fibers, adding
nanomaterials to polymer materials gives polymer com-
posites better mechanical properties [5-7] and thermal
and electrical conductivity [8,9]. Hence, polymer compos-
ites reinforced with nanomaterials have broad applica-
tions in practice such as military equipment [10,11], safety
[12], protective clothing [12,13], automotive [14,15], aero-
space [14-16], electronics [14,15,17], optical devices
[14,16], medical devices [14], and constructions and build-
ings [18]. For a detailed discussion of the application of
2D nanomaterials for military equipment and protective
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clothing, the reader is advised to refer to a recent review
article [19]. It is reported that the lower dimensional nano-
materials (i.e. nanotubes [20—24] and nanoparticles [25-28])
can improve the properties of the polymer. However, two-
dimensional (2D) nanomaterials (i.e. nanosheets) exhibit a
larger surface area than lower dimensional nanomaterials.
The larger surface area provides more robust interfacial
properties between 2D nanomaterials and polymer mate-
rials than those between lower dimensional nanomaterials
and polymer materials. Therefore, 2D nanomaterials show a
better reinforcing efficiency in properties of polymer mate-
rials than that of lower dimensional nanomaterials. For
example, the thermal conductivity of pristine epoxy is
increased by 133, 217, and 339% with the addition of 3 vol
% (a volume fraction of 3%) boron nitride nanoparticles,
boron nitride nanotubes, and boron nitride nanosheets
(BNNS), respectively [29]. With the addition of 2D nano-
materials to polymer materials, the polymer composites show
excellent performance and broad applications in practice.
The polymer composites exhibit advanced properties
after curing owing to the admixture of 2D nanomaterials
with polymer materials [30-34]. The mechanical properties
[35-37], optical properties [38-40], thermal conductivity
[41-43], electrical conductivity [37,44,45], and corrosion
resistance [46,47] of polymer materials can be boosted
by adding proper 2D nanomaterials. For example, with
the addition of 0.3 wt% BNNS to polymethyl methacrylate
(PMMA), the elastic modulus and the strength of PMMA
are increased by 22 and 11%, respectively [35]. Besides, the
transition temperature of PMMA is increased from 69 to
72°C [35]. The improvement made by 2D nanomaterials
in the properties of polymer composites is dependent on
the advanced physical properties of the 2D nanomaterials.
2D nanomaterials such as graphene and BNNS possess
higher mechanical properties, thermal conductivity, and
thermal stability than pristine polymer materials. Hence, it
is expected that adding these 2D nanomaterials to polymer
materials will improve the properties of polymer compos-
ites. However, the reinforcing efficiency of 2D nanomater-
ials in the properties of polymer composites is significantly
dependent on the interfacial interaction between 2D nano-
materials and polymer materials. For example, the inter-
face between BNNS and polymer materials accounts for the
thermal conductivity of polymer composite [48]. Defects
(e.g. voids and pores) at the reinforcement—-matrix interface
lead to ineffective thermal conduction in polymer compos-
ites [49,50]. To improve the interfacial interaction between
2D nanomaterials and polymer materials, the functionaliza-
tion of 2D nanomaterials is adopted. The functionalized
2D nanomaterials present significant improvements in the
properties of the polymer composites [34,51-57]. With the
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development of nanotechnology, various types of 2D nano-
material-reinforced polymer composites are being designed
and manufactured. These multifunctional polymer compos-
ites can be used in different fields. To utilize these polymer
composites efficiently to meet the practical demands, it is of
interest to specify their properties and applications.

This article aims to review the properties and appli-
cations of polymer composites reinforced with 2D nano-
materials. The applications of different types of 2D
nanomaterial-reinforced polymer composites are sum-
marized. We selected widely used 2D nanomaterials, such
as graphene, BNNS, and molybdenum disulfide (MoS,)
nanosheet, as the typical materials. For these typical 2D
nanomaterials, scalable synthesis is of great interest for
practical application. Two types of synthesis approaches
(i.e. the bottom-up approach and the top-down approach)
were developed to produce the 2D nanomaterials. Based on
these two approaches, different exfoliation techniques were
used to prepare the nanomaterials on a large scale. Due to
the development of synthesis techniques and the superior
properties of 2D nanomaterials, 2D nanomaterials are widely
used in practice for structural engineering, thermal dissipa-
tion, three-dimensional (3D) printing techniques, and strain
sensing. In view of the fact that the interface between
the reinforcement and matrix influences the properties of
polymer composite reinforced with 2D nanomaterials, the
significance of the reinforcement-matrix interaction is dis-
cussed. The effect of the functionalization of 2D nanomater-
ials on the improvement of the properties of the polymer
composites is evaluated. The comprehensive knowledge of
the fundamentals and the application of 2D nanomaterials in
reinforcing polymer materials accelerates the development
of reinforced composites. This development is of interest in
terms of overcoming the shortcomings of the existing mate-
rials in engineering.

2 Fundamentals of the synthesis
and physical properties of 2D
nanomaterials

2.1 Synthesis of 2D nanomaterials

The synthesis of 2D nanomaterials can be divided into the
bottom-up approach [58-61] and the top-down approach
[62-65]. The bottom-up approach involves chemical/phy-
sical vapor deposition, molecular beam/atomic layer epi-
taxy, and chemical synthesis. This approach requires harsh
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reaction conditions and shows a low production rate in the
fabrication of 2D nanomaterials [66—68]. The top-down
approach involves chemical exfoliation and physical exfo-
liation. This approach is capable of producing scalable 2D
nanomaterials in ambient conditions [67]. To have a com-
prehensive understanding of the synthesis approaches of 2D
nanomaterials, a summary of different synthesis approaches is
presented in Table 1. As the top-down approach is straight-
forward, cost-effective, and productive, this approach is widely
used to fabricate 2D nanomaterials [69-71], which involves
mechanical exfoliation, liquid-phase exfoliation, and electro-
mechanical exfoliation.

Graphene is one of the most prevailing 2D nano-
materials; it was first synthesized by exfoliating oriented
pyrolytic graphite in 2004 [78]. As exfoliation methods
are productive and low cost, various types of exfoliation
methods such as mechanical exfoliation [79,80], liquid-
phase exfoliation [81,82], and electrochemical exfolia-
tion [83-85] have been proposed to prepare graphene.
The schematics of mechanical exfoliation are shown in
Figure 1. The peel force in Figure 1(a) and shear force in
Figure 1(b) are applied to the layer of graphene to over-
come the van der Waals interaction between adjacent
graphene [80,86]. As a result, the single layer of graphene
is obtained by micromechanical cleavage [78,87,88] and
balling milling methods [89,90]. The liquid-phase exfolia-
tion is also an efficient way to synthesize 2D nanomaterials.
For example, after the dispersion of graphite in organic
solvents, the ultrasonication process is performed. The
shear force induced by ultrasonication is applied to the
bulk graphite. Due to the existence of cavitation in the bulk
graphite, some voids in the bulk graphite are expanded
under external shear force. As a result, graphene is exfoliated
from bulk graphite [81,82]. Figure 2 shows the mechanism of
electrochemical exfoliation for preparing graphene in the
(NH,),SO, aqueous solution [91]. By applying a constant
bias voltage to the graphite electrodes, the water is reduced,
creating hydroxyl ions in the electrolytes at the edge and the
boundary of graphite, as shown in Figure 2(a) and (b). As a
result, oxidation resulting from the attack of hydroxyl
ions leads to expansion of the edge and boundaries of
the graphite. This expansion allows SO?  anions and
water molecules to penetrate into the adjacent layer
in graphite, as shown in Figure 2(c). Furthermore, the
oxidation of SO~ anions and water molecules yields
gaseous products such as SO, and O, [92,93], which
overcomes the weak van der Waals interaction between
the adjacent graphene layers in the graphite. Therefore,
graphene is exfoliated from bulk graphite by this electro-
chemical process, which is confirmed by experimental
measures and observations [91].

Table 1: A summary of the bottom-up approach and top-down approach for synthesizing 2D nanomaterials

Top-down approach

Bottom-up approach

Synthesis

Physical exfoliation

Chemical synthesis Chemical exfoliation

Molecular beam/atomic layer

epitaxy

Chemical/physical vapor

deposition

approaches

(a) The top-down approach is able to address the precise locations and

sizes of nanosheets [74]

(a) The resolution of nanosheets can be controlled to distinguish the angstrom-level

difference [72]

Advantages

(b) The top-down approach is simple, straightforward, and cost-

effective [69-71]

(b) The stacking number of nanosheets can be controlled by the bottom-up approach [73]

(a) The sizes of nanosheets prepared by the top-down approach are limited

by the size of the starting materials [75]

(a) The bottom-up approach is slow, laborious, and expensive owing to the requirements of
aggressive reaction conditions (e.g. high energy, reduced atmosphere, and long reaction

period) [74,75]

Limitations

(b) The stabilization of nanosheets prepared by the top-down approach is

low, resulting in restacking of nanosheets [73,77]

(b) It is less precise to place nanosheets prepared by the top-down approach in the expected

location [76]
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Figure 1: Schematics of mechanical exfoliation to obtain a single layer of graphene by applying (a) peel force and (b) shear force.

BNNS, as an analog of graphene, is termed “white gra-
phene” because of its white appearance [94]. The available
exfoliation methods for preparing BNNS are mechanical
exfoliation, liquid-phase exfoliation, and electrochemical
exfoliation. The first isolation of BNNS was exfoliated by
mechanical cleavage in 2008 [95]. Following this, different
types of mechanical exfoliation techniques were developed.
Figure 3 shows the mechanisms of exfoliating BNNS by ball
milling [96]. Ball milling is a shear force-dominant process
used to exfoliate BNNS from bulk boron nitride materials.
When the metallic balls, grinding media, and bulk boron
nitride materials are placed in the rotating shell, the bulk
boron nitride materials are splintered by the shear force
and peel force created by the metallic rotating balls
[97,98]. As a result, the van der Waals interaction between
adjacent BNNS in bulk boron nitride materials is overcome,
which yields one-atom-thick BNNS. To avoid damage to the

(a)

structure of BNNS, the exfoliation method is improved by
adopting controllable balling, small milling media, and
appropriate milling media types as lubrication during the
milling process [99]. In addition, atomic force microscope
tips are employed to delaminate the multilayers of boron
nitride flakes based on mechanical exfoliation. Further-
more, a mechanochemically delaminated method and ion
intercalation—assisted electrochemical exfoliation are used
to prepare BNNS.

Transition metal dichalcogenide nanosheets, including
MoS, nanosheet and tungsten disulfide nanosheet, can also
be synthesized by mechanical exfoliation. However, as
mechanical exfoliation uses a decent microscope and adhe-
sive tape to prepare nanosheets, it cannot produce 2D nano-
materials on a large scale [100]. The liquid-phase exfoliation
method, in contrast, can be used to produce 2D nanomater-
ials on a large scale; however, this exfoliation method shows
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Figure 2: Electrochemical exfoliation of graphene in (NH,),SO, aqueous solution. (a) The bias voltage is applied on the graphite electrodes
in the (NH,),S0, aqueous solution. (b) The attack of ions results in the expansion of graphite on the edge and boundary, which allows S02~
anions, water molecules, and gas to penetrate into the adjacent layer in graphite. (c) The penetration of ions, water molecules, and gas in
graphite overcomes van der Waals interaction between interlayers of graphite, which yields graphene.
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Figure 3: Schematics of exfoliating BNNS from hexagonal boron nitride under (a) peel force and (b) shear force created by the metallic balls

in the rotating shell.

a significant overlap in the transition metal dichalcogenide
flakes and the in-plane resistance of transition metal dichal-
cogenide film [100,101]. Hence, neither mechanical exfolia-
tion nor liquid-phase exfoliation is widely used for the
synthesis of transition metal dichalcogenide nanosheets.
Instead, the molecular beam epitaxy, chemical vapor deposi-
tion, and chemical vapor deposition-related methods are
used to prepare transition metal dichalcogenide nanosheets.
Chemical vapor deposition is one of the most practical
methods for synthesizing transition metal dichalcogenide
nanosheets such as molybdenum disulfide (MoS;) nanosheets
[100,102]. In contrast to molecular beam epitaxy, the ultrahigh
vacuum chamber is not required in chemical vapor deposi-
tion. Hence, the chemical vapor deposition is cheap and com-
patible with the existing synthesis process [100,103]. The first
report on synthesis based on chemical vapor deposition
yielded multilayers of MoS, nanosheet [104]. To control the
thickness of the MoS, nanosheet, chemical vapor deposition
using sulfur and molybdenum oxide powders is used to yield
the growth of the MoS, nanosheet on the SiO, substrate
[105,106]. The principle for synthesizing MoS, nanosheet
using chemical vapor deposition is presented in Figure 4.
Before the synthesis of the MoS, nanosheet, the reduced gra-
phene oxide (1GO) solution is spined on the surface of the

(a) (c)

SiO, substrate, as shown in Figure 4(a). Subsequently, the
SiO, substrate with rGO solution is dried in a furnace at
50°C, as shown in Figure 4(b). The SiO, substrate is then
placed in a furnace with sulfur (S) powder and molybdenum
oxide (MoOs) powder at 650°C in a nitrogen environment, as
shown in Figure 4(c). In Figure 4(c), the S powder and MoO;
powder are placed in two separate ceramic vessels. At the
temperature of 650°C, the S vapor is carried by the nitrogen
gas to react with the MoO; powder, yielding volatile suboxide
MoOs_, compound. SiO, substrate is placed on top of the
ceramic vessel with the MoO; powder and faced with the
MoO; powder. Hence, the volatile suboxide MoOs_, com-
pound can react with the S vapor on the surface of the SiO,
substrate. As a result, the reaction product (i.e. MoS, film)
grows on the surface of the SiO, substrate.

2.2 Structures and properties of 2D
nanomaterials

The structures and properties of typical 2D nanomaterials
are significantly different, which results in different applica-
tions of polymer composites reinforced with 2D nanomaterials.
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Figure 4: The principle of chemical vapor deposition for synthesizing MoS, nanosheet based on the reaction between sulfur (S) and molyb-
denum oxide (M0Os) at elevated temperature. (a) The rGO solution is spun on the surface of the SiO, substrate. (b) The rGO solution is dried in
a furnace at 50°C. (c) The sulfur (S) powder and molybdenum oxide (MoOs) powder are put in a furnace at 650°C in a nitrogen environment.
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Figure 5: The in-plane structures of (a) graphene, (b) BNNS, and (c)
MoS, nanosheet, and the lateral structure of (d) graphene, (e)
BNNS, and (f) MoS, nanosheet.

Figure 5 shows the in-plane structure and lateral structure
of graphene, BNNS, and MoS; nanosheet. Graphene is struc-
turally similar to BNNS, as shown in Figure 5(a)-(d), and
the boron—nitrogen bonds in BNNS are polarized, offering a
partial ionicity [107]. Hence, the boron atoms and nitrogen
atoms are partially charged. The partially charged atoms in
BNNS exhibit electrostatic interaction with polymer mate-
rials, while the carbon atoms in graphene exhibit no partial
ionicity. The presence of van der Waals interaction and
electrostatic interaction between BNNS and polymer mate-
rials is advantageous as it allows the BNNS to form robust
interfacial interaction with the polymer materials [33]. As a
result, BNNS shows more robust interaction with polymer
materials than graphene [108]. Besides, for the multilayered
BNNSs, the interlayer interaction between adjacent BNNSs
differs from graphene. It is reported that the interlayer shear
modulus and bending rigidity of multilayered BNNSs are
approximately three times as large as those of graphene,
which is attributed to the robust interlayer interaction between
polarized boron and nitrogen atoms restricting the interlayer
shear sliding of multilayered BNNSs [109,110]. For MoS,
nanosheet, its in-plane structure is similar to that of BNNS
and graphene. However, the lateral structure of MoS,
nanosheet is totally different from BNNS and graphene.
BNNS and graphene possess flat planes in the lateral
view, while MoS, nanosheet presents a sandwich structure
in the lateral view, as shown in Figure 5(d)—(f). The Mo-
atom layer is sandwiched by two S-atom layers forming
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the weak sandwich structure [111]. The S—Mo-S sandwich
structure is assembled due to van der Waals interaction.
The weak interlayer interaction between sandwich struc-
tures results in relative sliding between the layers [111,112].

The physical properties of graphene, BNNS, and MoS,
nanosheets are different, as presented in Table 2. These
three types of 2D nanomaterials show excellent thermal
stability, as indicated by the oxidation resistance in Table 2.
Young’s modulus of graphene and BNNS are comparable;
they are larger than that of MoS, nanosheet. However,
Young’s modulus and tensile strength of MoS, nanosheet
are still much higher than those of conventional materials
(e.g. steel). The thermal conductivity of graphene is superior,
as presented in Table 2. Hence, graphene is a good candidate
for improving the thermal dissipation of polymer materials.
However, the bandgap of graphene is close to zero, indi-
cating that it is electrically conductive. Hence, graphene
cannot be used in the thermal dissipation of electronics,
where dielectricity of reinforcement is required. Instead,
BNNS with a high value of bandgap indicates its insulating
characteristic. In addition, the bandgap of MoS, is tunable
under mechanical strain. Hence, the electrical conductivity
of MoS, nanosheet can be modulated due to the changing
strain of the nanosheet [113]. MoS, nanosheet’s coupling of
electrical conductivity with mechanical properties provides
the potential for developing a polymer composite sensor
reinforced with this nanosheet.

3 Applications of polymer
composites reinforced by 2D
nanomaterials

3.1 Structural application

2D nanomaterials (e.g. graphene [119,120], BNNS [121],
and MoS, nanosheet [122,123]) exhibit excellent tensile
strength and Young’s modulus. With the addition of
BNNS to polymer materials, it is expected that the tensile
strength and Young’s modulus of polymer materials can be
significantly improved. The simple estimation of Young’s
modulus of 2D nanomaterial-reinforced polymer compos-
ites is shown in equation (1).

Ec = EyWn + ERWR, €y

where E. is Young’s modulus of the polymer composite,
E., is Young’s modulus of the matrix, E; is Young’s mod-
ulus of reinforcement, V,, is the volume fraction of the
matrix, and Vg = 1 — Vyy is the volume fraction of the
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Table 2: Properties of graphene, BNNS, and MoS, nanosheet
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Properties Graphene [114] BNNS [114] MoS, nanosheet [115-118]
Oxidation temperature in air (°C) ~600 ~840 ~1,100

Young’s modulus (TPa) 11 0.81-1.3 0.26-0.4

Thermal conductivity (W m K™ 2,600 400 ~52

Bandgap (eV) ~0 5.5-6.0 1.8

nanofiller. This simple model for estimating Young’s
modulus can be used to determine the upper bound of
Young’s modulus of a polymer composite reinforced with
2D nanomaterials. The lower bound of Young’s modulus
of a polymer composite reinforced with 2D nanomaterials
is calculated by equation (2).

EuEr

Fo= — MR ___
EMVM + ERVR

o)

The excellent reinforcing efficiency of 2D nanomater-
ials in the static mechanical properties of polymer mate-
rials, as shown in Table 3. Specifically, with the addition
of 2D nanomaterials, the improvement of Young’s mod-
ulus and tensile strength of polymer materials are in the
range of 14-71 and 11-130%, respectively. For PVA, the
addition of graphene shows better reinforcing efficiency in
Young’s modulus than that of BNNS and MoS, nanosheet,
while the addition of MoS, nanosheet to polymers shows
better reinforcing efficiency in tensile strength than that of
graphene and BNNS. The improvement of Young’s mod-
ulus of the polymer composites is attributed to the intrinsic
superior Young’s modulus of these 2D nanomaterials. With
the addition of a reinforcement that has a higher Young’s
modulus than that of the matrix, the polymer composites
gain a higher Young’s modulus than that of the matrix
materials. The tensile strength of polymer composites rein-
forced with 2D nanomaterials is attributed to the efficient
stress transfer at the reinforcement—matrix interface [129].
Specifically, nanosheet adsorbs polymer chains and restricts
the motion of polymer chains due to the interfacial inter-
action between nanosheets and polymer materials [130].

Therefore, the tensile strength of polymer composite rein-
forced with 2D nanomaterials is significantly improved.
Furthermore, adding nanosheets to polymer materials
reduces the formation of microscale voids in polymer
materials. Voids in polymer materials evolve into defects
under tension, which weakens the tensile strength of pris-
tine polymer materials [131]. However, adding 2D nano-
materials to polymer materials yields densified structures.
It is reported that there are microscale voids in pristine
poly(ethylene oxide) (PEO), whereas there is no visible
microscale void in PEO reinforced with MoS, nanosheet
under the same magnification. The experimental observa-
tion indicates that adding MoS, nanosheet to PEO refines
the microstructure and reduces the defects in PEO compos-
ites [132]. The scanning electron microscope figures are
provided in ref. [132]. As a result, the tensile strength of
the polymer composite is significantly improved. While the
reinforcing efficiency of 2D nanomaterials in static mechan-
ical properties of polymer composites is very good, the reinfor-
cing efficiency of 2D nanomaterials in the dynamic properties
of polymer composites is not studied in the aforementioned
research. The dynamic properties of polymer composite are
very important because the resistance of polymer composite
to dynamic loads exhibits good durability and impact protec-
tion in case of a car crash, bird striking of the plane, ship
collision, etc. Hence, the dynamic properties of 2D nanoma-
terial-reinforced polymer composites are reviewed.

2D nanomaterials are added to fiber-reinforced polymer
composites for improving the dynamics properties of polymer
composites [133,134]. The fiber-reinforced polymer composite
is widely used in automobiles, planes, ship structures, etc.,

Table 3: Mechanical improvement of polymer materials reinforced by typical 2D nanomaterials

Polymer materials 2D nanomaterials (weight fraction)

Young’s modulus (improvement)

Tensile strength (improvement)

Epoxy [124] Graphene (2%)

UHMWPE [125] Graphene (1%)

PMMA [35] BNNS (0.3%)

PVA [126] Graphene (0.4%)

PVA [127] BNNS (0.8%)

PVA [128] MoS, nanosheet (0.25%)

2 GPa (58%)
1.24 GPa (44%)
2.13 GPa (22%)
8.2 GPa (71%)
2.69 GPa (17%)
3.2 GPa (14%)

55 MPa (130%)
22.2 MPa (76%)
~42 MPa (11%)
110 MPa (16%)
91 MPa (18%)
127 MPa (18%)
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due to its lightweight characteristic and high mechanical
performance [135,136]. However, the fiber-reinforced polymer
composites (e.g. carbon fiber-reinforced epoxy composite)
show brittle nature. As a result, the carbon fiber-reinforced
epoxy composite, for example, shows a sharp drop in stress—
strain curves with low-energy absorption capacity [137]. This
brittleness of polymer composite decreases impact protection
of polymer composite structures in case of the aforemen-
tioned car crash, bird striking of the plane, ship collision,
etc. 2D nanomaterial-reinforced polymer composite exhibits
excellent fracture toughness [137,138], which makes 2D nano-
materials attractive candidates for improving the impact
resistance of fiber-reinforced polymer composites. It is
reported that the mode II interlaminar fracture toughness
of carbon fiber-reinforced epoxy composite is increased by
46.7% with the addition of 2% (weight fraction) nanosheets
owing to the crack deflection when the cracks encounter the
nanosheets [139]. With the improvement of 2D nanomater-
ials in the fracture toughness of polymer composite, the
impact protection of composite structures made of carbon
fiber-reinforced polymer composites can be significantly
increased. The picture of 2D nanomaterial-reinforced
polymer composite structures is shown in Figure 17 in
ref. [140].

3.2 Thermal dissipation

The development of miniaturization has required high
thermal dissipation of various products (e.g. the battery
units in electric vehicles and central processing units in
smartphones and tablets) in the pursuit of high perfor-
mance, reliability, longevity, and safety [141-143]. How-
ever, the materials used for thermal transport in electric
vehicles and smartphones exhibit low thermal conduc-
tivity. The thermal conductivity of most polymer mate-
rials ranges from 0.1 to 0.5 W m™' K™ [144]. Various types
of 2D nanomaterials show the potential to improve the thermal
transport of polymer materials, owing to their superior thermal
conductivity and thermal stability [145-147]. Furthermore, 2D
nanomaterials form efficient heat-conducting paths across
polymer materials at low volume fractions due to the large
surface area of the 2D nanomaterials [148]. One typical
example is graphene, which has superior thermal conduc-
tivity and thermal stability, as presented in Table 2. It is
worth noting that graphene presents a zero value at the
bandgap, indicating that it is an excellent electric conductor.
Adding excellent electric conductors such as graphene to
polymer materials can increase the electrical conductivity
of polymer composites. Hence, graphene-reinforced polymer
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composites are unsuitable to be used in electronics, as it is
necessary to avoid short circuits. However, BNNS displays
electrical insulation, thermal stability, and good thermal
conductivity [149]. Hence, it is a perfect candidate for
improving thermal transport in electronics and electric
vehicles.

The thermal transport of polymer composites rein-
forced with 2D nanomaterials has been studied in previous
studies [150,151]. The picture of 2D nanomaterial-rein-
forced polymer composite products for thermal manage-
ment is shown in Figure 5 in ref. [152]. It is reported that
the conductivity of epoxy is increased from ~0.2to ~1.5 W
m~' K™ by adding graphene at a proportion of 2.8 vol%
[150]. The thermal conductivity of these polymer compo-
sites is significantly dependent on the polymer materials
due to the high content of these polymer materials in
the composites. As a result, the thermal conductivity of
epoxy composite reinforced with graphene is still much
lower than that of graphene with thermal conductivity of
2,600 Wm ™ K™ To take advantage of the thermal con-
ductivity of 2D nanomaterials, the proportion of 2D nano-
materials should be increased. By increasing the amount
of 2D nanomaterials in polymer composites, the thermal
conductivity of polymer composites will be significantly
increased. For example, the in-plane thermal conductivity
of BNNS-reinforced poly(diallyl dimethyl ammonium
chloride) is increased from ~0 to 220 Wm™ K™ when the
proportion of BNNS content is increased from 0 to 90%
[152]. In the existing literature, it is reported that the
ordered alignments of reinforcement in polymer signifi-
cantly optimize the heat transfer from the 2D nanopaper
to shape memory polymer resin [153]. For further improve-
ment of the thermal conductivity of polymer composites,
BNNSs, for example, are aligned to form linear densely
packed boron nitride structures in polymer materials, as
shown in Figure 6. The linear densely packed boron
nitride structure-reinforced polymer composite trans-
ports the heat in the polymer materials through the
thermal conduction routes. However, the thermal dissipa-
tion of 2D nanomaterial-reinforced polymer composites
has some limitations. The limitations of two-dimensional
nanomaterials in thermal dissipation include the aniso-
tropic thermal conductivity, the interfacial thermal resis-
tance, and the interfacial phonon scattering induced by
defects and mismatches at the reinforcement—matrix inter-
face. While the linear densely packed boron nitride struc-
tures in the polymer can effectively increase the thermal
transport along the thermal conduction routes, as shown
in Figure 6, the thermal conductivity in the direction of
perpendicular to the thermal conduction routes is still very
low. It is expected that a network structure can be inserted
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Figure 6: Schematic illustrations of thermal conduction routes in polymer composites reinforced by (a) randomly distributed BNNS and (b)
oriented linear densely packed BN structure. The larger arrows indicate that the thermal conduction is more efficient than that of the smaller

arrows.

into polymer composite so that the thermal conductivity of
polymer composite is significantly increased in different
directions. Besides, the efficient thermal conduction at the
interface between two-dimensional nanomaterials and polymer
restricts the improvement of two-dimensional nanomater-
ials in the thermal conductivity of polymer composite. It is
reported that an abrupt temperature drop occurs across
the interface between graphene and PMMA [154], indi-
cating inefficient thermal transport across the reinforce-
ment-matrix interface. This inefficient thermal transport
is mainly due to the interfacial thermal resistance between
graphene and PMMA, which significantly decreases the
improvement in the thermal conductivity of polymer com-
posites reinforced with 2D nanomaterials. Furthermore,
the weak interfacial interaction between 2D nanomaterials
and polymer materials leads to defects and mismatches at
the reinforcement-matrix interface. The defects and mis-
match act as the phonon scattering decrease the thermal
conductivity of polymer composites [33,155,156]. This lim-
itation can be solved by improving the interfacial interac-
tion between two-dimensional nanomaterials and polymer
through the functionalization of 2D nanomaterials.

3.3 Tribological application

Polymer materials such as epoxy are widely used in auto-
mobile, aerospace, marine, etc. [157]. It is not uncommon
that the contact between two moving surfaces of struc-
tures in engineering leads to friction and wear of polymer
materials, which results in friction heat build-up due to
the high sliding between contacted surfaces and struc-
tural damage in the structures [158,159]. To reduce the
friction heat and avoid structural damage, it is necessary

to mitigate the coefficient of friction and improve the
thermal conductivity and the mechanical properties of
polymer composites [160,161]. 2D nanomaterials exhibit
high mechanical properties, thermal conductivity, and
low friction, making 2D nanomaterials an attractive solid
lubricant. The picture of 2D nanomaterial working as a
lubricant for machine element is provided in Figure 1 in
ref. [162]. In the existing literature, it is reported that the
addition of 2 wt% BNNS to polyimide and the addition of
0.5 wt% BNNS to epoxy reduce the wear rate of polymer
composites by 83 and 33%, respectively [163,164]. The
addition of 0.5 wt% BNNS to epoxy shows a 17% reduc-
tion in the coefficient of friction [163]. Compared to the
fiber reinforcement (e.g. glass fiber) and particle reinfor-
cement (e.g. silicon carbide particles), 2D nanosheets
possess lower density than the fiber reinforcement and
particle reinforcement [165]. As a result, 2D nanosheets
can be well dispersed in polymer composites. Besides, 2D
nanomaterials show better compatibility with polymer
materials than that of fiber reinforcement and particle rein-
forcement [159]. Hence, the stress transfer and thermal con-
duction at the interface between 2D nanomaterials and
polymer materials are efficient, which significantly improves
the mechanical properties and thermal conductivity of
polymer composites. Unlike one-dimensional nanomaterials
(e.g. carbon nanotubes (CNTs) and boron nitride nanotubes),
multilayered 2D nanomaterials due to agglomeration show
weak van der Waals interaction between adjacent layers. As
a result, the shear sliding between interlayers of 2D nano-
materials occurs easily. The easy shear sliding between the
large smooth surfaces of multilayered 2D nanomaterials
exhibits the self-lubricant characteristic, which is beneficial
to reduce the coefficient of friction of polymer composites
[166,167]. The low coefficient of friction of polymer composites
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can reduce the build-up of the friction heat and the frictional
force, which is of interest to avoid structural damage. Hence,
2D nanomaterials are very attractive to improve the tribolo-
gical performance of polymer composites.

2D nanomaterials working as solid lubricants for
improving the tribological performance of polymer mate-
rials are desirable to be highly durable, easy to deliver to
the contact interfaces, and environmentally insensitive
[166]. Graphene, BNNS, and MoS, nanosheets are highly
durable 2D nanomaterials under thermal conditions and
loadings because of their high thermal stability and
mechanical properties, as shown in Table 2, and chemical
inertness. The durability of 2D nanomaterials is helpful
to maintain the tribological performance of 2D nano-
material-reinforced polymer composites. Due to the
good dispersion and ultrathin shape of 2D nanomaterials
in polymer composites, 2D nanomaterials can easily enter
the contact area of sliding surfaces [168]. However, the
friction and wear of graphene, BNNS, and MoS, nanosheet
are influenced by environmental humidity. It is reported
that the friction and wear of graphene decrease when the
environmental humidity increases [169,170]. The reduc-
tion of friction and wear of graphene in high environ-
mental humidity is attributed to the repair of the bond
broken area. Specifically, water molecules disassociate
and yield hydrogen radicals and hydroxyl radicals. These
radicals react with the carbon dangling bonds and repair
the damaged graphene [170]. As a result, graphene main-
tains its function as a lubricant. BNNS shows similar
dependence on the environmental humidity to graphene
[171]. However, the friction and wear of MoS, nanosheet
increases when the environmental humidity increases. The
rising of friction and wear of MoS, nanosheet is due to the
accelerated oxidation on the surface of MoS, nanosheet in
water molecules. Besides, the occupation of the wedge-
shaped cavities of MoS, nanosheet increases the adhesion
force on the sliding surfaces [171]. Hence, graphene and
BNNS are proper candidates for improving the tribological
performance of polymer composites in humid environ-
ments, while MoS, nanosheet is a proper candidate for
improving the tribological performance of polymer com-
posites as a dry lubricant.

3.4 Three-dimensional printed composites

The 3D printing technique is a promising method for pre-
paring composite structures owing to its reliability, auto-
mated construction, simple fabrication, and low cost
[172-175]. To maintain the shape stability of 3D-printed
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polymer composites and avoid their collapse, 2D nano-
materials (e.g. graphene) are added to improve the vis-
cosity of polymer composites. When 2D nanomaterials are
added to polymer materials, a robust interfacial interaction
between 2D nanomaterials and polymer materials forms.
The motion of polymer chains is restricted by 2D nano-
materials. As a result, the viscosity of polymer materials is
increased by adding 2D nanomaterials [176]. Concurrently,
these composites show a shear-thinning behavior. The
shear-shinning behavior means that the viscosity of com-
posites decreases with the increasing shear rate. It is
reported that hydrolyzed polyacrylamide (HPAM) rein-
forced by graphene-based nanosheet shows a lower vis-
cosity than the initial viscosity of pristine HPAM when the
shear rate is increased [176]. Due to the reduced viscosity
of polymer composites at a high shear rate, the polymer
composites reinforced with 2D nanomaterials assure a
smooth printing process during its flow in the extrusion
nozzle. Furthermore, the viscosity of polymer composites
can be reduced by heating the print head and the nozzle
plate [176,177]. In addition to the printability and shape
stability of 3D-printed polymer composites, adding 2D
nanomaterials to polymer materials can also improve the
mechanical and thermal conductivity of 3D-printed com-
posite structures, as mentioned in Secs. 3.1 and 3.2, respec-
tively. The picture of 3D-printed mechanical gear with 2D
nanomaterial-reinforced PLA is provided in Figure 1 in
ref. [178].

3D-printed polymer composite can prepare oriented
2D nanomaterials in polymer materials [178,179]. The
oriented 2D nanomaterials create a thermal conduction
route for thermal dissipation in polymer composite. Based
on the extrusion method, the 2D nanomaterials are aligned
along the printing direction [180]. The 2D nanomaterials
are oriented due to the shear force in the printing process,
which aligns the 2D nanomaterials along the same direc-
tion, as presented in Figure 7 [178]. First, GO solution is
sprayed on the surface of the glass substrate to form a GO
membrane, as shown in Figure 7(a). Subsequently, PLA
solution is cast onto the GO membrane to obtain PLA/GO
membrane, as shown in Figure 7(b). Following this, the
PLA/GO membrane is peeled off from the glass substrate
and scrolled to obtain the scrolled PLA/GO membrane, as
shown in Figure 7(c) and (d). The interface between GO
and PLA membranes is strong due to the hydrogen bond
interaction between them, which ensures that the GO/PLA
membrane can be peeled off from the glass substrate
smoothly without deteriorating the GO/PLA interface. Finally,
the scrolled PLA/GO membrane is added to the PLA to be
printed using the 3D printing technique, which yields the
oriented PLA/GO membrane in 3D-printed composite.
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Figure 7: Schematic diagram of making highly oriented 2D nanomaterials for 3D printed composites. (a) Graphene oxide (GO) solution is
sprayed on the surface of the glass substrate to form a GO membrane. (b) Polylactic acid (PLA) solution is cast on the surface of GO solution
to form PLA/GO membrane. (c) PLA/GO membrane is scrolled. (d) Unoriented scrolled PLA/GO membrane is transferred to oriented scrolled
PLA/GO membrane in 3D printed composite. (e) 2D nanomaterials are oriented in the 3D printed structures.
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Figure 8: Schematics of measuring the current-voltage curves of
MoS, film/PET composite sensor at (a) relaxed state and (b)
stressed state. dy and d,, + Ad, are the tunneling gap between MoS,
films at the relaxed and stressed states, respectively. R, and R, +
AR, are the resistance of the MoS, film/PET composite at relaxed
and stressed states, respectively.

3.5 Strain sensor application

A strain sensor is a widely used sensor that identifies and
responds to mechanical motion, exchanging this motion
with an electrical signal based on the electrical resistance
of polymer materials [181]. However, the low sensitivity of
polymer materials to small mechanical strain restricts the
applications of strain sensors [182,183]. 2D nanomaterials

are attractive candidates for improving the sensitivity to
applied strain and the functionality of polymer sensors.
The sensitivity of the strain sensor is defined as the gauge
factor. It is reported that the graphene-based thermo-
plastic polyurethane shows a gauge factor of 35.7 at the
applied strain higher than 60% [184]. This value is much
higher than that of carbon nanotube-based thermoplastic
polyurethane. It is reported that carbon nanotube-based
thermoplastic polyurethane shows a gauge factor of 7.08
at the applied strain of 100% [185]. Figure 8 shows the
process of making MoS, nanosheet-reinforced polymer
composite sensor and the electrical response of the compo-
site strain sensor to the mechanical deformation. First, the
gold electrodes are deposited on the flexible substrate,
which is made of polyethylene terephthalate (PET). The
MoS, nanosheet is then encapsulated by SU-8 (epoxy-
based photoresist) polymer to obtain the composite sensor.
The composite sensor is stressed due to bending deforma-
tion, which increases the tunneling gap in the MoS,
grain (made of nanosheet-reinforced polymer) from
do to do + Ady, as shown in Figure 7(a) and (b). As
a result, the potential barrier for electrons passing
through the tunneling gap is increased, which sup-
presses the current, indicating that the resistance of
the composite sensor is increased from Ry to Ry + ARp.
The relationship between the average tunneling gap
and the resistance is determined by the tunneling and
destruction model [186,187], which is calculated by
equations (3) and (4).
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where R is the resistance between grains, h is the plank’s
constant, L is the grain number, A is the effective area of
the grain, d is the average tunneling gap between grains,
D is the number of the current path through the grains, m
is the mass of an electron passing through the tunneling
gap, and ¢ is the potential barrier between adjacent
grains [188]. The resistance of the composite sensor can
be quantified based on the measurements of the current
and voltage at different levels of stress. The results indi-
cate that composite reinforced with MoS, nanosheet exhi-
bits outstanding piezoresistive properties, which couple
electrical properties with mechanical properties. More-
over, when 2D nanomaterials are added to polymer mate-
rials, the composite sensor shows better durability due to
improved mechanical properties. It is reported that the
polymer composite remains intact even under a high-
stress level beyond 14 MPa due to the improvement of
the 2D nanomaterial in the mechanical properties of
MoS,-reinforced SU-8 polymer composite [188].

In addition to the strain sensor made of MoS,-based
polymer composite, there are strain sensors made by
BNNS-based polymer composites [184] and graphene-
based polymer composites [189,190]. For example, it is
reported that a self-powered strain sensor made of gra-
phene-based ecoflex composite film is obtained due to the
thermal gradient between human skin and the ambient
environment, which can bear 1,000 cycles of repetitive
strains and show a strain resolution of 0.125% with response
time in 0.6 s [191]. Figure 9 shows the schematic of the self-
powered thermoelectric device made of graphene-based eco-
flex composite. When the heater and cooler are applied on
the heating side and cooling side, respectively, the thermal

®

Heating Ecoflex Acrylic Cooling
N_

(A,

Figure 9: Schematic of the self-powered thermoelectric device made
of graphene-based ecoflex composite film for measuring the output
voltage and current under the thermal gradient (AT=T7,-T,). Ty
denotes the temperature at the point of the heating side; T, denotes
the temperature at the point of the cooling side.
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gradient (AT = T, — T,) across graphene-based ecoflex com-
posite film is obtained. As a result, the graphene-based eco-
flex composite film yields voltage and current due to the
thermal gradient between human skin and the ambient
environment. Specifically, under the thermal gradient of
AT = 145K, the graphene-based ecoflex composite film
yields direct current output with the voltage of ~0.48 mV
and the current of ~130nA [191]. In view that the voltage
yielded by the self-powered thermoelectric device is depen-
dent on the thermal gradients between human skin and the
ambient environment and is independent of the level of the
strain of the graphene-based ecoflex composite film, the
level of the strain of the graphene-based ecoflex composite
film can be related to the current yielded by the self-powered
thermoelectric device under a certain thermal gradient. The
measurements show that the current yielded by the thermo-
electric device is decreased as the strain of the composite
film is increased under external loading because the elec-
trical resistance of the composite film is increased with the
stretching of the composite film. Compared to carbon
nanotube-based ecoflex elastomer composite film, the
graphene-based ecoflex composite film yields a large cur-
rent-voltage signal owing to the excellent thermoelectric
performance of graphene. The large current—voltage signal
indicates that the thermal gradient between human skin and
the ambient environment can be efficiently used for the self-
powered strain sensor. The picture of 2D nanomaterial-rein-
forced polymer composite for the ultrasensitive self-powered
strain sensor system is provided in Figure 5 in ref. [191].

A strain sensor made of 2D nanomaterial-based polymer
composite is promising for use in different fields [181,192-196].
For example, structural health monitoring is a very important
application of strain sensors. Infrastructures (e.g. dams,
bridges, and buildings) are vulnerable to external loads
and environmental conditions such as humidity, wind
loads, and temperature variations [181]. These harsh con-
ditions cause unpredictable and invisible structural defects
in the infrastructures. As these defects develop, the infra-
structures are endangered. A composite sensor can help to
detect the invisible structural deterioration more efficiently
and repair the structure.

4 Reinforcement—matrix interface

4.1 Influence of reinforcement—matrix
interface on properties of composites

The interfacial interaction between the reinforcement
and matrix has a significant influence on the mechanical
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properties [197-199], thermal conductivity [154], thermal
stability [200], and other aspects of composites [201,202].
It is reported that an abrupt temperature drop occurs
across the interface between graphene and PMMA [154],
indicating inefficient thermal transport across the reinfor-
cement-matrix interface. This is mainly due to the inter-
facial thermal resistance between graphene and PMMA.
Furthermore, the weak interfacial interaction between 2D
nanomaterials and polymer materials leads to defects
and mismatches at the reinforcement-matrix interface.
The defects and mismatches act as the phonon scattering
[33]. As a result, the thermal conductivity of polymer
composites is significantly decreased [155,156]. In addi-
tion to defects at the interface, graphene could contain
Stone-Wales defects that are similar to those found in
CNTs. In a previous study, it was shown that any two
defects could interact between them when the CNT is
loaded in tension or torsion, although the significance
of the interaction diminishes with separation distance
[203,204]. How the defects in graphene interact among
themselves when the graphene is loaded in tension or
torsion and how these interaction mechanisms affect
the interaction of the graphene with the polymer matrix
at the interface are still not well understood. It is reported
that stress transfer between graphene and polymer mate-
rials under tension is reduced due to the deterioration of
the reinforcement-matrix interface [205]. As a result, the
load-carrying capacity of reinforcement (i.e. graphene)
with high mechanical properties cannot be used fully.

The interfacial interaction between reinforcement and
polymer materials also has a significant influence on the
glass transition temperature of polymer composites. Due
to the weak interfacial interaction between BNNS and
polymer materials, the motion of polymer chains in the
polymer composites cannot be effectively restricted. The
loosened polymer chains lead to a reduction in the glass
transition temperature of the polymer composites. As a
result, the thermal stability of the composites is reduced
[200]. While BNNS shows excellent thermal stability, the
interface between BNNS and polymer composite can be
deteriorated due to thermal-induced deformation. It is
reported that the thermal-induced deformation of BNNS
is irreversible at elevated temperatures [206]. This irrever-
sible deformation of BNNS is due to the mismatch of
thermal expansion between BNNS and substrate materials.
As a result, the irreversible deformation of BNNS in inter-
facial sliding at the interface between BNNS and substrate
materials. The interfacial sliding at the interface between
BNNS and substrate materials inevitably reduces the rein-
forcing efficiency of BNNS in the mechanical properties of
BNNS-based polymer composite.
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4.2 Improvement of the
reinforcement—matrix interface

As the reinforcement—matrix interface governs the mechan-
ical, thermal, and electrical properties of polymer compos-
ites, it is necessary to enhance the interfacial matching and
strength between 2D nanomaterials and polymer materials
[207]. This interfacial interaction is closely related to the
adhesion energy between the materials [150], which is
contributed by weak nonbonded interactions such as the
van der Waals interaction and electrostatic interaction. To
improve the interfacial adhesion energy between 2D nano-
materials and polymer materials, one approach is to add
functional groups onto the surface of 2D nanomaterials. Due
to the functionalization of 2D nanomaterials, there are
robust hydrogen bonds forming between 2D nanomaterials
and polymer materials. Functionalization on the surface of
2D nanomaterials can be divided into two types, which are
physical functionalization and chemical functionalization.
The physical functionalization on the surface graphene and
BNNS is not very common because the foreign materials
have a weak nonbonded interaction with graphene and
BNNS [208]. However, the foreign materials have a robust
covalently bonded interaction with nanomaterials (e.g.
nanotubes and nanosheets). These surface modification
on nanotubes and nanosheets yields significant improve-
ment in the physical properties of polymer composites
[107,209,210]. Table 4 presents the improvement of func-
tionalized 2D nanomaterials in the properties of polymer
composites. For example, functionalized graphene causes
a large restriction on the mobility of PMMA chains. As a
result, the glass transition temperature of PMMA is increased.
In addition, Young’s modulus and tensile strength of func-
tionalized graphene-reinforced PMMA are increased by 80
and 20%, respectively [54]. Furthermore, the functionaliza-
tion of graphene shows significant improvement in viscosity
[176], thermal conductivity [211], and sensitivity to mechan-
ical motion of polymer composites [56]. These improvements
are beneficial for the application of polymer composites rein-
forced with graphene in practice. The functionalization on
the surface of BNNS is different from that on the surface of
graphene because of the partial charges on the boron and
nitrogen atoms. Specifically, the positively charged boron
sites are reactive to nucleophilic groups (e.g. hydroxyl groups
and amino groups), while the negatively charged nitrogen
sites are attractable by electrophilic ones (e.g. hydrogen)
[107]. With the functionalization on the surface of BNNS,
the mechanical properties of the composite can be signifi-
cantly increased. It is reported that an addition of 0.1%
weight fraction of BNNS functionalized by hydroxyl groups
increases the elastic modulus of the composite by 186% [212].
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Table 4: Improvement of functionalized 2D nanomaterials in the properties of polymer composites

Reinforcement Content (wt%) Matrix Improvement in properties of composites
GO 0.05 PMMA Glass temperature is increased by 30°C [54]
Young’s modulus is increased by 80% [54]
Tensile strength is increased by 20% [54]
0.5 PUB Thermal conductivity is increased by 62% [211]
Oleylamine-BNNS 0.1 PVDF Young’s modulus is increased by 823% [57]
Tensile strength is increased by 343% [57]
4 PVDF The sensitivity of the sensor is increased by 10% [57]
Cetrimonium bromide-MoS, nanosheet 3 PS Flammability is reduced by 20% [114]

Storage modulus is increased by 84% [213]

In contrast, an addition of the same amount of pristine BNNS
increases the elastic modulus of the composite by 20% [212].
While the surfaces of graphene and BNNS are covalently
functionalized by hydroxyl, carboxyl, etc., to improve the
interface between graphene (or BNNS) and polymer, it is
hard to modify the surface of MoS, nanosheet by chemical
functionalization. To modify the surface of MoS, nanosheet,
the physical functionalization can be adopted. The physical
functionalization on the surface of MoS, nanosheet makes
MoS, nanosheet dispersed well in organic solvents and aqu-
eous solution. Hence, the functionalization of MoS, nanosheet
shows excellent reinforcing efficiency in thermal stability and
fire resistance of MoS, nanosheet-reinforced polymer compo-
sites [213]. Specifically, the addition of 3% weight fraction of
MoS, nanosheet functionalized by cetrimonium bromide in
polymer reduces the flammability of polymer by 20% com-
pared with the pure polymer. Besides, the storage modulus
of polymer material is increased by 84% with the addition
of 3wt% cetrimonium bromide functionalized MoS,
nanosheet. The functional groups on the surface of 2D
nanomaterials form robust hydrogen bonds with polymer
chains. Thus, the adhesion energy between 2D nanomater-
ials and polymer materials is increased. In addition, these
functional groups give a wrinkled structure to 2D nanoma-
terials, which allows mechanical interlocking with the
polymer chains and improves the interfacial interaction
between the reinforcement and the matrix [56,214].

5 Prospects

5.1 Hybridization of 2D nanomaterials

The application of 2D nanomaterials overcomes a lot of chal-
lenges in engineering. 2D nanomaterials show diverse char-
acteristics and have diverse applications in engineering, as

discussed in Section 3. However, one of the characteristics of
the 2D nanomaterial contradicts another characteristic. For
example, graphene is one of the widely used 2D nanomater-
ials with high thermal conductivity [114]. Hence, graphene is
an attractive additive to thermal management materials.
However, the nature of the electrical conductivity of gra-
phene restricts the application of thermal manage materials
containing graphene in electronics because the electronics
are required to be electrically insulating to avoid short cir-
cuits. Besides, BNNS exhibits high thermal conductivity and
good electrical insulation [114]. However, BNNS is hard to be
dispersed in polymer materials due to its hydrophobicity
and agglomeration, which reduces the thermal conductivity
of BNNS-reinforced polymer composites. To make the per-
fect 2D nanomaterials for fulfilling the demand of thermal
management materials in electronics, it is proposed to hybri-
dize different types of 2D nanomaterials so that the shorting
comings of the individual 2D nanomaterial can be overcome
and the advantage of the individual 2D nanomaterial can be
maintained. Specifically, the hybridized graphene/BNNS
shows good solubility and dispersion, and high thermal
conductivity [215]. Concurrently, the presence of BNNS
hinders the electron transmission between graphene [216].
As a result, the hybridized graphene/BNNS exhibit high
electrical insulation and thermal conductivity.

5.2 Flash synthesis of 2D nanomaterials

2D nanomaterials synthesized by top-down approach
consume a large amount of solvents and energy to exfoliate
from bulk materials (e.g. bulk graphite and hexagonal
boron nitride), while the bottom-down approach yields a
small amount of 2D nanomaterials and takes a lot of time
[153]. Flash Joule heating is a promising method to synthe-
size 2D nanomaterials. This method can turn the solid waste
containing prerequisite elements (e.g. carbon and silicon) to
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flash 2D nanomaterials [218-220]. For example, the solid
waste containing the carbon element like rubber tires is
compressed between two electrodes in a ceramic tube
without requiring the furnace or solvent. The carbon source
in the solid waste is turned to flash graphene by heating to
3,000 K in 100 ms during the high voltage electric discharge
from a capacitor [217]. This synthesis needs no furnace, no
solvent, or no purification process, which is a sustainable,
environmentally friendly, and straightforward approach.
Currently, this flash synthesis is widely used in producing
graphene. With the development of the flash synthesis, it
envisions to be used to synthesize other types of 2D nano-
materials in the future.

5.3 Integration of exfoliation and
functionalization of 2D nanomaterials

It is discussed in Section 4 that the functionalization (i.e.
modification) of 2D nanomaterials improves the interfa-
cial interaction between 2D nanomaterials and polymer
materials, which significantly improves the mechanical
properties, thermal conductivity, viscosity, and fire retar-
dance of 2D nanomaterial-reinforced polymer composites.
In the existing literature, the exfoliation and functionali-
zation of 2D nanomaterials are performed individually,
as discussed in Secs. 2 and 4. To simplify the preparation
of functionalized 2D nanomaterials, the exfoliation and
functionalization of 2D nanomaterials can be performed
simultaneously [107]. It is reported that the ultrasonica-
tion-based exfoliation method is used to prepare BNNS.
The boron—nitrogen bonds are broken under ultrasonica-
tion. As a result, the hydroxyl group is formed on the
boron sites in water [221]. Besides, in the electrochemical
exfoliation, the degree of functionalization of graphene
can be controlled by tuning the electrochemical exfoliation
of graphene, which can control the number of defects on
the surface of graphene [222].

5.4 Promising applications

With the development of technologies in aviation and aero-
space, interplanetary travel can be realized in the future.
However, space radiation (e.g. thermal neutron radiation) is
certain to cause damage to spacecraft made of lightweight
polymer composites [223]. It will be necessary to integrate
radiation shielding material into polymer composites to
improve the radiological tolerance of spacecraft. Polymer
composites will be required to have superior load-carrying
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capacity and resistance to thermal and radiation attacks
[224]. However, polymer materials possess low glass trans-
mission temperature and radiation shielding capacity, indi-
cating that spacecraft made of ordinary polymer composite
will not be able to resist thermal and radiation attacks. 2D
nanomaterials that exhibit multifunctional properties (e.g.
high mechanical properties and thermal resistance) are pro-
mising in terms of improving the performance of polymer
composites in the space environment. For example, the
mechanical properties [55,223,225], thermal resistance [55],
and shielding capacity [223,225] of polymer materials can be
improved by adding BNNS. With the addition of BNNS to
polymer materials, neutron radiation can be effectively
shielded against, owing to the existence of 1°B atoms in
BNNS. °B means boron-10, which is a stable isotope of
boron with a mass number of 10. The °B atoms have a
high thermal neutron capture cross section. As a result,
the neutrons can be absorbed by and react with the '°B
atoms, producing free electrons [226]. This reaction trans-
forms thermal neutron radiation into free electrons. Hence,
the attack of thermal neutron radiation on spacecraft is
expected to be reduced by 2D nanomaterial-reinforced
polymer composites.

2D nanomaterials can also be used in nanomedical
engineering (e.g. wound dressings, tissue engineering
materials, and bioelectronic devices) [227]. With the devel-
opment of nanobiotechnology, polymeric nanosheets with
tens-of-nanometer thickness are fabricated. The polymeric
nanosheets exhibit tunable flexibility, molecular permeability,
and free-standing characteristic without being restricted by
the substrates. These features make polymeric nanosheets
attractive to be used to regenerate and maintain tissues and
organs. It is reported that polymeric nanosheets are used
to repair tissue defects, which reduces the inflammatory
response or postsurgical tissue adhesion [228]. Besides, 2D
nanomaterial-based polymer composite is used in bone
tissue engineering. These types of artificial tissues lead
to fast tissue regeneration [229]. The incorporation of
2D nanomaterials in biocomposites significantly improves
the mechanical supporting capacity and biocompatibility
of bone tissue and promotes cell adhesion and osteoblast
differentiation [229,230]. Using the artificial tissues made
of 2D nanomaterial-based biocomposite overcomes the pro-
blems in traditional bone grafting techniques (including
autograft, allograft, and xenograft [231]), such as donor
site pain, inflammation, graft rejection, hematoma forma-
tion, and pathogen transmission [232]. In the future, it is
expected that 2D nanomaterial-based biocomposites can be
used to fabricate implantable electronic devices and to con-
nect to the living tissues for monitoring health status or
providing health care.
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6 Conclusion

The synthesis and properties of typical 2D nanomaterials,
applications of polymer composites reinforced with 2D
nanomaterials, and the prospects of 2D nanomaterials
and polymer composites have been reviewed in this
article, which is summarized as follows:

1) The mature synthesis strategies, including top-
down and bottom-up strategies, yield high-quality and
scalable-production 2D nanomaterials. The typical three
types of 2D nanomaterials (i.e. graphene, BNNS, and MoS,
nanosheet) exhibit higher tensile strength and Young’s
modulus than the traditional materials such as fibers. At
the same time, these three types of 2D nanomaterials
show unique characteristics. Graphene shows larger tensile
strength and Young’s modulus than BNNS and MoS,
nanosheet, but BNNS has large thermal conductivity and
low electrical conductivity. Hence, BNNS is a good candi-
date for improving the thermal dissipation of electronic
systems. While MoS, nanosheet shows lower mechanical
properties and thermal conductivity than graphene and
BNNS, MoS, nanosheet is a good additive for developing
strain sensors because its tunable bandgap value can effec-
tively couple the electrical conductivity and mechanical
properties.

2) Due to the properties and uniqueness of typical 2D
nanomaterials, including graphene, BNNS, and MoS,
nanosheet, it has been shown to be beneficial to adapt
2D nanomaterials to develop advanced polymer compo-
sites with improved structural performance, thermal dis-
sipation of electronic systems, capability for 3D printing,
and sensitivity of strain sensor.

3) The reinforcement-matrix interaction in polymer
composites is of interest in terms of stress transfer and
thermal transport, which significantly influences the per-
formance and application of polymer composites rein-
forced with 2D nanomaterials. In terms of improving the
interfacial interaction between 2D nanomaterials and
polymer materials, the functionalization of 2D nanomater-
ials is effective in increasing the adhesion energy between
the reinforcement and matrix owing to the formation of
hydrogen bonds at the reinforcement-matrix interface.

4) With the development of 2D nanomaterials, it is
expected that different types of 2D nanomaterials will
be used to enhance the radiation shielding capacity of
polymer materials in the fields of aviation and aerospace.
Besides, it is expected that 2D nanomaterials can be used
to repair tissue defects, promote bone tissue regenera-
tion, and fabricate implantable electronic devices for pro-
viding health monitoring and health care in nanomedical
engineering.
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