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Abstract

Thanks to their intrinsic properties, multifunctionality and unique geometrical features, two-

dimensional nanomaterials have been used widely as reinforcements in polymer 

nanocomposites. The effective mechanical reinforcement of polymers is, however, a 

multifaceted problem as it depends not only on the intrinsic properties of the fillers and the 

matrix, but also upon a number of other important parameters. These parameters include the 

processing method, the interfacial properties, the aspect ratio, defects, orientation, 

agglomeration and volume fraction of the fillers. In this review, we summarize recent advances 

in the mechanical reinforcement of polymer nanocomposites from two-dimensional nanofillers 
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with an emphasis on the mechanisms of reinforcement. Model, bulk and hybrid polymer 

nanocomposites are reviewed comprehensively. The use of Raman and photoluminescence 

spectroscopies is examined in light of the distinctive information they can yield upon stress 

transfer at interfaces. It is shown that the very diverse family of 2D nanofillers includes a 

number of materials that can attribute distrinctive features to a polymeric matrix, and we focus 

on the mechanical properties of both graphene and some of the most important 2D materials 

beyond graphene, including boron nitride, molybdenum disulphide, other transition metal 

dichalcogenides, MXenes and black phosphorous. In the first part of the review we evaluate 

the mechanical properties of 2D nanoplatelets in “model” nanocomposites. Next we examine 

how the performance of these materials can be optimised in bulk nanocomposites. Finally, 

combinations of these 2D nanofillers with other 2D nanomaterials or with nanofillers of other 

dimensions are assessed thoroughly, as such combinations can lead to additive or even 

synergistic mechanical effects. Existing unsolved problems and future perspectives are 

discussed. 

Keywords: mechanical properties, two-dimensional materials, nanocomposites, graphene, 

boron nitride, molybdenum disulphide 
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1. Introduction 

Since its isolation in 2004 in Manchester 1, graphene, the first two-dimensional (2D) material, has 

been studied extensively and utilised in different fields, including electronics, photonics and 

composites, as a result of its impressive intrinsic properties 2. The very interesting research on 

graphene-related materials has motivated researchers to explore further the large family of 2D 

materials, such as hexagonal boron nitride (h-BN) 3, transition metal dichalcogenides (TMDCs) of the 

type MX2 4, transition metal carbides, nitrides, or carbonitrides (MXenes, where M = transition metal 

and X = C or N 5) and black phosphorus (BP) 6, as shown in Figure 1. The majority of these 2D 

materials display impressive and sometimes unusual mechanical, electrical and optical properties in 

comparison to their three-dimensional (3D) counterparts as a result of their atomic thinness, high 

specific surface area and electron confinement in 2D sheets 7. For example, graphene with hexagonal 

sp2 hybridized carbon atoms in its structure, alongside its zero band gap, shows excellent electron 

mobility of 250,000 cm2/V s along with a very high thermal conductivity of around 5000 W/mK 8, 9. 

On the other hand, monolayer MoS2 and BP are semiconductors while h-BN is an electrical insulator. 

Amongst the long list of exceptional properties and numerous applications of 2D materials, their 

mechanical properties and the corresponding reinforcement in the field of polymer nanocomposites 

are very appealing to both academia and industry, as in many cases they can be readily incorporated 

into polymers using established manufacturing processes 10-12. The majority of 2D materials possess 

high in-plane stiffness and strength resulting from their strong covalent bonds 13, 14. For example, 

graphene has in-plane stiffness of the order of 1 TPa resulting from its sp2 hybrid bonds 15, 16. Similarly, 

h-BN displays good mechanical properties with a stiffness up to 90% of graphene 17, while the stiffness 

of MoS2 is about 300 GPa 18. The direct transfer of these properties into nanocomposites, however, 

presents challenges. The first is the importance of the lateral size and aspect ratio of 2D nanofillers. 

To achieve high levels of mechanical reinforcement in polymer nanocomposites by 2D materials, 

flakes with large lateral sizes (>30 μm) are favoured, given that in order to obtain good reinforcement, 
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the flake length should be ~10 the critical length, according to the shear lag theory developed initially 

for fibres 19, 20. Large flakes, however, have a high probability of containing a large number of defects 

and these defects will unavoidably degrade the mechanical properties of the 2D nanosheets. It is also 

very challenging to prepare nanosheets of consistently large lateral dimensions via bulk-scale 

production methods. A number of top-down exfoliation and bottom-up synthesis methods have been 

proposed to produce high quality 2D materials while also achieving a high production yield 21. 

Additional challenges include obtaining a homogeneous distribution of the flakes, the unavoidable 

damage of the flakes during melt processing and the increase of melt viscosity at higher filler content. 

Nevertheless, the incorporation of 2D nanosheets can not only lead to considerable improvements in 

the mechanical properties, but also attribute good thermal, electrical and optical properties. It is highly 

desirable, therefore, to make a comparison between different fabrication strategies, different nanofiller 

combinations and their reinforcement mechanisms in polymer nanocomposites in order to understand 

how to the maximise the level of reinforcement and hence target a wide number of applications. 

Due to the increasing interest in graphene and graphene-based nanocomposites, a large number 

of reviews have been published on the mechanical properties of graphene-based nanocomposites 16, 22, 

23. There are other reviews upon the mechanical properties of 2D materials 13, 14, 24, and perspective 

articles about the emerging trends and challenges of polymer nanocomposites with 2D materials 10, 11. 

Here, we go beyond the scope of these earlier reviews and examine the mechanisms of mechanical 

reinforcement of polymers by 2D nanomaterials with a particular focus upon the range of 2D materials 

beyond graphene. We focus on the study of model composites in order to understand the mechanical 

characteristics of 2D monolayers and evaluate their combination with nanomaterials of different 

dimensions in hybrid nanocomposites, as illustrated in Figure 1. In Section 1, a brief introduction is 

given of 2D nanomaterials and polymer nanocomposites. In Section 2, the various preparation methods 

(including top-down and bottom-up) of a number of 2D materials are discussed along with their 

intrinsic mechanical properties. In Section 3, a series of model nanocomposites based on 2D materials 
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are reviewed. The use of Raman spectroscopy and photoluminescence (PL) spectroscopy is examined 

in detail as both techniques can offer invaluable information in the characterization of the mechanical 

properties and of the nanoscale reinforcement. The mechanical properties of bulk nanocomposites 

based on different 2D nanosheets are reviewed in detail in Section 4, with an emphasis on graphene, 

h-BN, TMDCs and MXenes nanocomposites. Hybrid nanocomposites based on 2D nanosheets 

(including 2D-2D, 2D-1D and 2D-0D composites) are thoroughly discussed in Section 5. Finally, 

future perspectives for the field of mechanical reinforcement of polymer nanocomposites reinforced 

with 2D materials are discussed in Section 6. 

Figure 1. Illustration of mechanical reinforcement in a polymer matrix from two-dimensional 

nanofillers, including graphene, BN, TMD, MXene, BP and COF (covalent organic frameworks).
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2. Two-dimensional materials: preparation and mechanical properties

2.1. Preparation 

During the past decades, various methods have been used to prepare 2D materials in order to 

explore their fundamental mechanical, electrical and optical properties, and to promote their use in 

numerous applications. These approaches can be divided into two categories: top-down and bottom-

up. Here we summarize recent advances in the preparation of 2D materials with a highlight on their 

applications in polymer nanocomposites.

2.1.1 Top-down methods

Top-down methods include the preparation of 2D materials through the exfoliation of their bulk 

crystals. During the exfoliation process, the interlayer attraction is overcome by external mechanical 

or electrochemical forces. The two major methods are mechanical exfoliation and liquid exfoliation. 

Mechanical cleavage is the simplest way to produce multilayer and monolayer 2D materials 1, 25. In 

2004, using highly-ordered pyrolytic graphite (HOPG), the Manchester group were the first to 

mechanically exfoliate graphite to monolayer graphene 1. High-quality monolayer nanosheets can be 

obtained by repeating this exfoliation process several times. This method has been used widely to 

exfoliate a number of 2D materials beyond graphene, given its simplicity, applicability and the 

resulting large-area and high-quality samples 26. It does, however, come with certain disadvantages. 

For example, it is very difficult to control the size and shape of the flakes. Most importantly, it is 

impossible to achieve high-yields to meet practical requirements for the development of applications 

such that material produced by this process is only suitable for research studies. 
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Figure 2. Liquid exfoliation methods for the preparation of graphene and related 2D nanosheets, 

including mechanical force-assisted, oxidation-assisted and intercalation-assisted exfoliation. 

Reproduced with permission from 11. Copyright 2018 Elsevier. 

Liquid-phase exfoliation is one of the most promising methods for the high-yield production of 

2D materials 21, 27, 28. 2D materials with layered bulk crystals can be exfoliated in an appropriate liquid 

phase. Mass production can be achieved by the liquid exfoliation method in an inexpensive and 

relatively simple way. Exfoliated 2D materials can be processed directly by solution blending for 

applications in polymer nanocomposites. The method follows three successive steps: dispersion, 

exfoliation and purification. Liquid exfoliation processes can be classified into three distinct types: 

mechanical-, intercalation-, and oxidation-assisted methods. Mechanically-assisted methods include 

sonication, shear mixing, and ball milling. Sonication was first employed in the exfoliation of graphite 

flakes 29 and leads to the rupture of large flakes and the formation of kink band striations on the surfaces 

of the flakes. Cracks form along these striations and together with intercalation of solvent, lead to the 

unzipping and peeling off of thin graphite strips that are exfoliated into graphene 28. The key point for 

efficient exfoliation is matching the surface energy between the layered materials and the solvents. 

Low boiling-point or volatile solvents are preferred to facilitate post-processing. Solvents also play an 

important role in the stabilization of exfoliated 2D sheets to prevent their agglomeration. This method 

has been applied widely to various layered materials beyond graphene such as h-BN and TMDCs 30. 
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Liquid-phase exfoliation also presents some drawbacks such as the low yield of monolayer flakes and 

their small lateral sizes (nanometres or no more than a few microns). 

Shear-force-assisted liquid exfoliation was developed to improve the productivity of the method 

31. Typically, shear is generated by a rotor-stator mixer or even a kitchen blender 32. This method is 

highly promising for the production of 2D materials on an industrial scale. Alternatively, mechanical 

forces can be generated by ball milling 33. This method suffers seriously, however, from the production 

of flakes with very small lateral size (in the order of nanometres) and a key restriction on the 

applicability of these methods is the achievable flake size.

For the production of large flakes, ion intercalation-assisted liquid exfoliation has been proposed 

34. This method relies on the intercalation of cations into the interlayer space of layered structures to 

enlarge the interlayer distance and weaken the interlayer forces. Reactions between the cations and the 

solvents can produce hydrogen gas to further facilitate the exfoliation. This method has been 

successfully applied to exfoliate graphene and TMDCs with large lateral sizes of tens of micrometres 

34, 35. One disadvantage of this method is the poor control of the ion intercalation process. This results 

in the insufficient or excessive intercalation of ions, and more post-processing is then required. 

Furthermore, it is more time-consuming compared to mechanical force-assisted liquid exfoliation as 

ion intercalation takes place over longer periods 7.

In oxidation-assisted liquid exfoliation for graphene oxide (GO) 36 and selective etching-assisted 

liquid exfoliation for MXenes 7, the oxidation or etching stages are a pre-treatment of the bulk crystals. 

Oxidation generates functional groups on the surfaces of graphene. These functional groups can 

enlarge the interlayer spacing of the graphite and weaken the van der Waals (vdW) interactions. 

Exfoliation is then obtained by sonication so that monolayer or multilayer GO can be produced. This 

method is effective for the preparation of GO, but it is not applicable to other materials. Selective 

etching-assisted liquid exfoliation has been used for the exfoliation of MXenes. In contrast to most 

layered structures connected by weak vdW bonds, the Mn+1Xn (n = 1, 2, or 3) layers in MAX phases 
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are connected by the A layers (elements of group ⅢA or ⅣA). The covalent bonds mean that stronger 

forces are required to exfoliate MXenes from their bulk crystals. Gogotsi et al. 37 were the first to 

exfoliate MXenes from their MAX phases successfully. They fabricated 2D nanosheets composed of 

Ti3C2 layers by exfoliating TiAlC2 in a hydrofluoric acid (HF) solution without causing damage to the 

remaining structure. The lateral size of nanosheets from this method is a few hundred nanometres, 

small enough to limit the reinforcement efficiency of individual nanosheets in polymer 

nanocomposites, especially at low filler contents. 

2.1.2 Bottom-up methods

Bottom-up methods such as chemical vapour deposition (CVD) can be employed to grow large 

area, high quality 2D materials from the deposition of gaseous reactants onto a suitable substrate 38, 39. 

A substrate such as Cu or Ni 38 is put into a chamber and the gas molecules come into contact with the 

substrate. Reactions between gaseous reagents then take place, to create the target material as a thin 

film on the substrate. Factors such as the temperature, pressure, substrate, growth time and the catalyst 

have to be optimized to synthesize high-quality thin films 40. Li et al. 41 produced centimetre-scale 

monolayer and bilayer graphene on copper foil using methane. The CVD method has been applied to 

produce numerous other 2D materials 42. To upscale the CVD method, roll-to-roll (R2R) processes 

have been used for graphene 43. 2D materials are grown on moving copper foils and then are transferred 

from the growth substrate to polymer substrates. Overall, the CVD process is advantageous in terms 

of the capability of preparing large-size high-quality 2D materials. It displays some problems, 

however, compared to the top-down methods. It is more expensive due to the specific experimental 

conditions such as high temperature and inert atmospheres. Additionally, 2D materials produced by 

CVD need to be transferred to different substrates for further applications. 

2.2. Mechanical Properties
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The mechanical properties of 2D materials constitute one of the main reasons for their immense 

interest from academia and industry. The mechanical properties of 2D materials have already been 

reviewed in terms of elastic properties, interfacial behaviour, failure mechanisms, characterization 

methods and coupling properties (including electromechanical, optomechanical, and 

thermomechanical properties) 13, 14, 24. In this section, we will summarize the intrinsic stiffness, strength 

and toughness of a range of 2D materials.

2.2.1. Stiffness and strength

Experimentally, atomic force microscopy (AFM) nanoindentation has been used extensively to 

characterize the elastic properties of 2D materials due to its ability to probe the mechanical properties 

of individual nanosheets 15. As shown in Figures 3a to 3d, monolayer or multilayer 2D membranes are 

suspended over circular holes on substrates and are indented by AFM tips at their centre 15. Load-

indentation depth curves are then obtained and the Young’s modulus of 2D membranes E2D can be 

extracted by fitting the experimental data with an analytical model such as, 

𝐹 = 𝜎2𝐷
0 (𝜋𝑎)

𝛿
𝑎 + 𝐸2𝐷 𝑞3𝑎

𝛿
𝑎

3
 (1)

where F is the applied load, 𝜎2𝐷
0  is the pre-stress already in the membrane before any displacement, δ 

is the displacement at the centre of the membrane, q is a dimensionless parameter depending on the 

Poisson’s ratio, and a is the radius of the membrane. Under the elastic deformation assumption, the 

strength of 2D membranes, 𝜎2𝐷 at failure can be estimated using 15

𝜎2𝐷 =
𝐹𝐸2𝐷

4𝜋𝑅

1
2

 (2)

where R is the radius of the tip. The 3D Young’s modulus E and breaking strength σ can be obtained 

after taking into consideration the thickness of the membranes. It should be noted that many authors 

have used simplified equations based on the Schwerin-type point-load solutions 44, such as Eq. (1). 

However, more thorough analyses, such as the one from Jin et al. 45, suggest that these equations are 
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over-simplified and using them to extract the mechanical properties from indentation testing of free-

standing membranes can result in significant errors. Additionally, the easy slippage between layers in 

multilayer samples brings further complications. An important detail that needs to be considered is 

that the AFM nanoindentation technique focuses on very small areas of the nanosheets, so that there 

is a low probability of encountering defects 46. 

Figure 3. (a-d) AFM indentation method for the measurement of stiffness and strength of graphene. 

Reproduced with permission from 15. Copyright 2008 AAAS. (e, f) Variations of Young’s modulus 

and breaking strength with layer number of graphene (G) and BN. Reproduced with permission from 

17. Copyright 2017 Nature Publishing Group. (g) Young’s modulus of various 2D materials. 

Reproduced with permission from 47. Copyright 2018 AAAS.
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More recently, in situ tensile tests have been applied to measure the elastic properties of 2D 

materials 48-50. To conduct an in situ tensile test, monolayer 2D materials are prepared and transferred 

onto a push-to-pull micromechanical device. The displacement-controlled tensile test is carried out in 

a scanning electron microscope (SEM) and the mechanical properties can be assessed from the load-

displacement curves. Quite importantly, this method can apply a uniform loading to the 2D material 

plane and the corresponding elastic properties can be directly determined. The Young’s modulus, 

tensile strength and elastic strain of monolayer graphene 48 and Ti3C2Tx 49 have been determined using 

this method.

The buckling method is another highly useful and interesting method that can be used to measure 

the stiffness of 2D films or nanosheets 51. This technique is based upon the buckling instabilities that 

form when a stiff material is deposited (or coated) as a thin film under compressive strain onto a soft, 

thick substrate. Using the well-established mechanics of buckling 52, 53 and by observing the periodicity 

and spacing of the wrinkles that are formed, the elastic modulus of a nanosheet (or film) (Efilm) can 

then be calculated based on the relationship between the ripple period (λ) and the flake thickness (h): 

𝐸film =
3(1 ― 𝜈2

f )𝐸s

8𝜋3(1 ― 𝜈2
s )

𝜆
ℎ

3
 (3)

where Es is the modulus of the substrate (assuming there is no slippage between the substrate and the 

nanosheet) and νf and νs are the Poisson’s ratio of the flake and the substrate, respectively. Recently, 

the buckling method has been applied to TMDCs for the measurement of Young’s modulus of thin 

films and the elastic moduli determined show good agreement with the values extracted from AFM 

indentation 54. It should be noted that the buckling test is not able to determine the strength of 2D 

materials, given that delamination invariably takes place before fracture. Additionally, the buckling 

method can sometimes be unreliable, as plate mechanics might not apply to certain 2D materials with 

relatively weak vdW interlayer interactions 55, 56.

The Young’s modulus (~ 1 TPa) and breaking strength (~ 130 GPa) of monolayer graphene 

(assuming a thickness of 0.335 nm) were first reported by Lee et al. 15. High-quality monolayer 
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graphene synthesised by CVD was also investigated by AFM indentation and found to have modulus 

and strength values similar to mechanically-exfoliated material 57. It is generally accepted that the 

strength of graphene decreases with an increase in number of layers 17, 58. The hypothesis for the 

degradation of the strength of graphene is based on the fact that the interactions between layers 

influence the load distribution and lead to weakening. The onset of interlayer slippage coincides with 

the formation of kinks in the graphene. Each slippage step corresponds to a certain part of the interface 

overcoming energy barriers to go from the initial energy minimum state to the adjacent energy 

minimum state 58. Once interlayer slippage occurs, the stress distribution between individual layers 

becomes unequal. The layer under the highest stress fails first, causing premature failure of the 

multilayer material and lowering the material strength. It should be noted that the stacking between 

graphene layers plays a major role in controlling the effective strength of the material. As expected, 

noncommensurate stacked systems show a lower interlayer shear strength which leads to earlier 

slippage and a greater drop in the effective strength, compared with commensurate stacked systems. 

From another aspect, if the external load can be applied evenly to each layer, there is no reason that 

the breaking strength of a multilayer would differ from a monolayer.

Among various graphene-related materials (GRMs), graphene oxide is one of the most popular 

materials for reinforcement in polymer nanocomposites. GO consists of a hexagonal carbon network 

having both sp2- and sp3- hybridized carbon atoms. The basal plane is decorated with hydroxyl and 

epoxide groups, while the edges contain carbonyl and carboxyl groups. The Young’s modulus of 

monolayer graphene oxide (GO) was measured experimentally to be 210 ± 25 GPa 59. The significantly 

lower stiffness of GO, compared to monolayer graphene, can be attributed to the transformation of the 

original sp2-bonded carbon atoms of graphene into sp3-bonded atoms via covalent bonding with 

oxygen. 

Similar to graphene, h-BN displays a honeycomb structure consisting of sp2-bonded boron and 

nitrogen atoms that leads to excellent mechanical properties. Falin et al. 17 reported a Young’s modulus 
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of 865 ± 73 GPa and a breaking strength of 70.5 ± 5.5 GPa for h-BN, properties that make it an 

appealing alternative to graphene in polymer nanocomposites. Most importantly, the Young’s modulus 

and tensile strength of h-BN do not deteriorate with an increase of the number of layers due to strong 

interlayer interactions (Figure 3e and f). This can be attributed to the difference in the electronic 

characteristics of graphene and h-BN (semi-metallic and insulating, respectively). 

The Young’s modulus and breaking strength of mechanically-exfoliated monolayer MoS2 have 

been measured to be 270 ± 100 GPa and 22 ± 4 GPa, respectively 18 and the Young’s modulus of 

mechanically-exfoliated multilayer MoS2 was measured to be 330 ± 70 GPa 60. High-quality, CVD-

grown MoS2 was found to have a similar modulus value (264 ± 18 GPa) 61. The mechanical properties 

of other TMDCs including WS2 
61, MoSe2 

62, WSe2 63 and MoTe2 64 have also been measured 

experimentally (Table 1). The Young’s modulus and tensile strength of the TMDC sulfides tend to be 

similar but both decrease when the S is replaced by Se or Te (Table 1) 65. 

Lipatov et al. 47 measured the Young’s modulus and intrinsic strength of monolayer Ti3C2Tx 

MXene to be 330 ± 30 GPa and 17.3 ± 1.6 GPa via AFM indentation (Figure 3g). The modulus value 

is lower than that derived from theoretical calculations (500 to 600 GPa) 66, most likely due to the 

monolayer containing defects as a result of solution processing. Interlayer sliding is suppressed as a 

result of the hydrogen bonding between Ti3C2Tx layers, leading to any increase in layer number not 

degrading mechanical properties 47. The mechanical properties of Nb4C3Tx were measured recently 

with values of Young’s modulus of 386 ± 13 GPa and strength of 26 ± 1.6 GPa being reported 67. It 

should be noted that these values are amongst the highest for solution-processed 2D materials other 

than graphene, which makes MXenes promising candidates for applications in structural composites.

The mechanical properties of black phosphorus (BP) have been investigated using both 

nanoindentation and buckling. The Young’s modulus and breaking strength of monolayer BP were 

found by nanoindentation to be 58.6 ± 11.7 and 27.2 ± 4.1 GPa in the zigzag direction, 4.79 ± 1.43 and 

2.31 ± 0.71 GPa in the armchair direction 68. Similar results were obtained from the AFM indentation 
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of BP nanoribbons by Chen et al. 69. The Young’s modulus of few-layer BP was determined using the 

buckling method to be 93.3 ± 21.8/35.1 ± 6.3 GPa (zigzag/armchair) 70. 

Reduced values of stiffness and strength have been observed resulting from the presence of 

defects and wrinkles. Structural defects, such as vacancies, grain boundaries and dislocations are 

ubiquitous in 2D materials and have significant effects on their mechanical properties 71. Zhao et al. 72 

reported, through the use of in situ Raman mapping, that the intrinsic strength for large, mechanically-

exfoliated monolayer graphene flakes can drop to around 10 GPa as a result of the presence of defects. 

In the AFM indentation tests of h-BN grown by CVD, poorer elastic properties were determined 

compared to the values for mechanically-exfoliated samples and theoretical calculations. This was 

attributed to the presence of vacancy defects 73. Out-of-plane deformations of 2D materials, such as 

ripples, wrinkles and crumples may be produced naturally during the preparation of 2D materials 74 

and they can modify the mechanical properties of the materials 75. For example, Ruiz-Vargas et al. 75 

indented wrinkled graphene using AFM and found that the in-plane stiffness was softened significantly 

by out-of-plane wrinkles.

It should be noted that there are contradictory findings in the literature where the presence of 

defects and the variation of grain boundary angles has been reported to lead to an increase in the 

modulus and tensile strength. The work of Lopez-Polin et al. 76 showed a higher stiffness for graphene 

samples that were bombarded with Ar+ ions when the mean distance of such vacancy defects was up 

to 5 nm (a defect density of 0.2%). For higher defect densities, the elastic modulus decreased once 

again, while according to continuum mechanics the strength of the graphene sheets also decreased with 

the presence of defects (regardless of the density). The authors explained the increase of stiffness with 

an increase in defect density on the basis of the thermodynamic theory of crystalline membranes; the 

defects suppress the flexural modes with longer wavelengths that do not contribute to a decrease of 

E2D, leading to an effective increase. Grantab et al. 77 used molecular dynamics (MD) and density 

functional theory (DFT) modelling to understand the effect of grain boundaries on the mechanical 
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properties of graphene. According to the authors, and quite counterintuitively, as the grain boundary 

angle and hence the defect density increases, the stress and strain at failure of monolayer graphene 

increases. This comes as a result of the decrease of the initial length of the critical bonds toward the 

sp2 carbon-carbon bond length and the level of pre-existing strain within the critical bonds of the seven-

membered rings. As expected, fracture mechanics (Griffith’s theory) was unable to account for these 

observations since continuum theories ignore the presence of atomic bonds. There is no clear 

consensus on the effect of defects on the strength and stiffness of graphene membranes, even if the 

majority of experimental studies have reported a decrease in their values as a result of the presence of 

different types of defects. All these findings are summarized in Table 1. 

Table 1. Young’s modulus and tensile strength of 2D materials measured from different 
experiment methods. (F: few-layer; /: armchair/zigzag directions.) 

Material Layers
Young’s modulus

(GPa)
Strength

(GPa)
Method Ref.

Graphene 1 1000 ± 100 130 ± 10 Nanoindentation 15

Graphene (CVD) 1 1000 ± 50 103-118 Nanoindentation 57

Graphene (CVD) 1 920 50-60 In situ tension 48

1 160 35 Nanoindentation 75Graphene 
(Wrinkled) 1 60-299 – Interferometry 78

1-3 207.6 ± 23.4 – Nanoindentation 59GO
1 150 ± 30 4.4 ± 0.6 Nanoindentation 79

h-BN 1-9 865 ± 73 70.5 ± 5.5 Nanoindentation 17

h-BN (CVD) 2 223 ± 16 – Nanoindentation 73

1 270 ± 100 22 ± 4 Nanoindentation 18

1 210 ± 50 26.8 ± 5.4 Nanoindentation 80

5-10 330 ± 70 – Nanoindentation 60

MoS2

3-11 246 ± 35 – Buckling method 54

MoS2 (CVD) 1 264 ± 18 – Nanoindentation 61

WS2 3-8 330 ± 70 – Buckling method 54

WS2 (CVD) 1 272 ± 18 – Nanoindentation 61

1-2 177.2 ± 9.3 4.8 ± 2.9 Tension test 62MoSe2

5-10 224 ± 41 – Buckling method 54

WSe2 5-12 167.3 ± 6.7 12.4 Nanoindentation 63
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2.2.2. Toughness

Toughness is another key parameter for the application of 2D materials in nanocomposites. 

Unlike strength that characterizes the fracture of defect-free materials, toughness describes the failure 

of materials with pre-existing cracks. The fracture toughness is, therefore, more frequently used for 

engineering materials such as composites and the failure mechanisms of 2D materials can be divided 

into brittle failure, ductile failure and phonon instability. 

Figure 4. (a) Suspended monolayer graphene over a tension stage for fracture toughness measurement.  

Scale bar, 5 μm. Reproduced with permission from 81. Copyright 2014 Nature Publishing Group. (b) 

Crack propagation in monolayer MoS2 with line defects. Reproduced with permission from 82. 

Copyright 2016 American Chemical Society.

4-9 163 ± 39 – Buckling method 54

MoTe2 F 110 ± 16 5.6 ± 1.3 Nanoindentation 64

F 27.2 ± 4.1/
58.6 ± 11.7

2.31 ± 0.71/
4.79 ± 1.43

Nanoindentation 68

F 27.38 ± 2.35/
65.16 ± 4.45

– Nanoindentation 69

BP

F 35.1 ± 6.3/
93.3 ± 21.8

– Buckling method 70

Ti3C2Tx 1-2 330 ± 30 17.3 ± 1.6 Nanoindentation 47

Ti3C2Tx 1 484 ± 13 15.4 ± 1.92 In situ tension 49

Nb4C3Tx 1 386 ± 13 26 ± 1.6 Nanoindentation 71
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In situ tensile tests within an SEM chamber were first used to characterize the fracture behaviour 

of graphene 81. As shown in Figure 4a, a pre-cracked graphene monolayer was stretched in a tension 

stage and the stress-strain curve was used to evaluate the fracture behaviour. According to Griffith’s 

theory of brittle fracture 83, the critical stress for the initiation of fracture σc is given as 𝜎𝑐 =

2𝛾𝐸 𝜋𝑎0, where a0 is the initial crack length, γ is the surface energy and E is the stiffness of the 

material. The critical stress intensity factor KIC ( = 𝜎𝑐 𝜋𝑎0), and the strain energy release rate GC ( =

𝜎2
𝑐𝜋𝑎0 𝐸) are generally used to characterize the fracture toughness 84. The average values for graphene 

are KIC ≈ 4 MPa m1/2and GC ≈ 15.9 J m-2, which implies that graphene is a brittle material since the 

product 𝜎𝑐 𝑎0 remains constant around an average value of 2.25 MPa m1/2. Recently, it has been 

shown that the propagation of cracks in graphene can be monitored by the use of in situ Raman 

mapping 85. Multilayer graphene exhibits a larger fracture toughness (12.0 ± 3.9 MPa m1/2) than 

monolayer resulting from different fracture mechanisms 86. The cracks propagate along different 

directions and form rough edges in multilayer graphene. A higher energy is therefore required for crack 

propagation. In addition, recoverable interlayer slippage leads to a driving force relaxation and elastic 

strain energy dissipation. Polycrystalline graphene also shows higher fracture toughness compared 

with the single-crystal graphene 87, 88. The grain boundaries in polycrystalline graphene lead to 

complex crack propagation paths and higher energy dissipation while the stress is less concentrated at 

the crack tip due to the larger deformation area. 

For monolayer h-BN, the value of KIC (8.7 MPa m) is similar to that of graphene, while the value 

of GC (86.35 ± 45.22 J m-2) is one order of magnitude higher than both its energy release rate for brittle 

Griffith fracture and that for graphene 89. This is the result of its asymmetric edge elastic properties, 

crack deflection and branching occuring repeatedly at the crack tip and edge swapping during crack 

propagation, that toughens the material and enables stable crack propagation. Wang et al. 82 observed 

the transition from brittle to ductile fracture in MoS2 with an increase in defect density. The tensile 

strength of moderately-defective MoS2 is larger than that of graphene. This is because line defects in 
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MoS2 influence crack propagation as shown in Figure 4b, while holes in graphene have no effect on 

the crack propagation. 

Different strategies have been used to improve the fracture behaviour of 2D materials. The 

fracture toughness of multilayer graphene was increased from 16 to 39 J m-2 through chemical 

functionalization 90. Apart from the distinct crack propagation in multilayer samples, oxygen groups 

induce local strain fields, thus a higher energy is required for crack growth. Secondly, defect 

engineering, such as inducing high-density defects, can lead to the transition from brittle to ductile 

fracture in graphene and MoS2 82. Finally, kirigami-type structures have been found to undergo large 

strains without fracture, as ripples in a kirigami structure can stiffen the nanosheets significantly 91. 

3. “Model” nanocomposites 

To achieve mechanical reinforcement in bulk polymer nanocomposites, 2D nanosheets need to 

be dispersed into the matrix and the stress transferred from the matrix to the 2D nanosheets via an 

interfacial shear force when the composites are subjected to external loading. Since the elastic modulus 

of 2D nanosheets is much higher than that of the polymer matrices, it means that in a uniform strain 

situation, a much larger stress can be sustained 92. It is difficult, however, from the study of bulk 

polymer nanocomposites to extract conclusions regarding the reinforcing mechanisms originating 

from individual monolayer or few-layer 2D materials due to a number of complexities. These include 

agglomeration and orientation of the fillers, the formation of filler folds or loops during processing 

and the size distribution of the fillers. In order to fully understand and model the stress transfer 

mechanisms originating from the geometric characteristics and the intrinsic mechanical properties of 

2D materials, researchers have devised the study of “model” polymer nanocomposites where 

individual flakes are sandwiched between two polymer layers. Studies on model nanocomposites can 

provide guidance on how to balance different factors, such as the lateral dimensions of the flakes, the 

layer number, any chemical functionalization and the effects of defects or wrinkles, to achieve optimal 
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mechanical reinforcement of polymers using 2D nanosheets. There are some reports in which flakes 

are deposited on top of a flexible polymer substrate and strain is subsequently applied to the polymer 

beam. These studies are also very helpful to achieve a detailed understanding of the stress transfer 

mechanisms.

3.1. Theories of reinforcement in polymer matrix: the shear-lag theory 

The ultimate mechanical performance of polymer nanocomposites depends not only upon the 

mechanical properties of the incorporated 2D nanosheets, but is also subject to the interfacial 

interaction between the nanosheets and the matrix. A strong interfacial interaction means that the stress 

in a matrix can be transferred efficiently to the nanosheets via shear and reinforcement can thus be 

achieved. The stress transfer mechanism from a matrix to 2D nanosheets can be described using shear-

lag analysis 93 based upon elastic deformation with no interfacial sliding. When a strain is applied to 

the matrix with shear modulus Gm, the strain in the 2D nanosheet εf can be calculated from

𝜀f(𝑥) = 𝜀m 1 ―
cosh 𝑛𝑠

𝑥
𝑙

cosh 𝑛𝑠 2
 (4)

where εm is the strain in the matrix, l is the length of the nanosheet at the x direction, s ( = 𝑙 𝑡) is the 

aspect ratio of the flake, 𝑛 = 2𝐺m

𝐸f

𝑡
𝑇
 is the shear-lag parameter describing the interfacial shear stress 

transfer efficiency, Ef is the Young’s modulus of the filler and t and T are the thicknesses of the 

nanosheet and the surrounding matrix. 
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Figure 5. (a) Illustration of stress transfer from a matrix to 2D nanosheets through shear at the fibre-

matrix interface. The distortion of the stress lines comes as a result of the differences in the Young’s 

modulus between the matrix and the fibre. (b-e) Variations of strain transfer efficiency with lateral size 

of 2D nanofiller. When the lateral size is large, strain transfer efficiency from the matrix to 2D 

nanosheet is high; when the lateral size reduces to the critical length lc, only strain at the centre position 

of the nanosheet equals to strain in the matrix; as the lateral size continues to decrease, the strain 

transfer efficiency is poor. Reproduced with permission from 10. Copyright 2016 Wiley-VCH Verlag 

GmbH & Co. KGaA.

When strain is applied to a nanosheet, the strain begins at the edges and extends to match the 

strain level of the matrix at a certain distance away from the filler edge; 90% of this distance is defined 

as the critical length lc, as seen from Figure 5b. Only the central part of the flakes delivers effective 

reinforcement, while the critical length region reinforces the composite relatively poorly. The 

maximum strain in the graphene occurs at the centre of the flake where x=0 and the maximum 

interfacial shear stress occurs at the edges. The lateral size of the nanosheet is therefore an important 
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parameter. When the lateral size is large, efficient stress transfer and mechanical reinforcement can be 

achieved; as the lateral size decreases, insufficient stress transfer takes place, as seen from Figure 5c 

to 5e. To achieve good mechanical reinforcement, the size of the nanosheets needs to be about 10lc. 

Moreover, mechanical reinforcement also depends on the strength of the interface, the interfacial shear 

strength. The interfacial shear stress τ is given by

𝜏(𝑥) = 𝑛𝐸f𝜀m
sinh 𝑛𝑠

𝑥
𝑙

cosh 𝑛𝑠 2
 (5)

which shows that the interfacial shear stress increases with an increase of the applied strain. When the 

interfacial shear stress surpasses the interfacial shear strength, sliding occurs as a result of the failure 

of the interface and stress will only be transferred by friction. This will result in poor stress transfer 

and insufficient mechanical reinforcement. The onset of interfacial sliding can be obtained by setting 

the maximum shear stress equal to the interfacial shear strength τc which corresponds to a critical strain 

applied to the substrate 20: 

𝜀c =
𝜏c𝑙
𝛽𝐸f

coth (
𝛽𝑙
2 )  (6)

where β = 𝑘m 𝐸f, km is the effective stiffness of the substrate. This strain cannot be directly 

measured and the interfacial shear strength can be determined from the measurements of the plateau 

strain at the centre of the flake p, given that the sliding zones develop from the edges and approach 

the centre:

𝜀p =
𝜏c𝑙
2𝐸f

 (7)

It can be realised from Eq. (7) that the level of stress transferred from the matrix to the nanofiller can 

be improved by increasing the lateral size of the nanosheets and by having a high interfacial shear 

strength (e.g. by chemical functionalization). 

3.2. Model monolayer nanocomposites 
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In order to understand the mechanics of reinforcement it is desirable to know the distribution of 

strain in the 2D nanofillers. The strain in the nanosheets, the stress transfer mechanisms and the 

mechanical reinforcement can be evaluated using Raman spectroscopy and photoluminescence (PL) 

spectroscopy as strain induces changes in phonon frequencies and band gaps. This can offer invaluable 

information with regards to both the mechanical properties of the 2D nanosheets and their polymer-

based nanocomposites.

Raman spectroscopy has been widely used to study model nanocomposites under strain. The 

strain induces shifts in the characteristic Raman bands of 2D materials, such as the G 94-96 and 2D 97-99 

bands of graphene, the G mode of h-BN 100, the 𝐸1
2g and 𝐴1g modes of MoS2 101-104 and WS2 105-107, 

and the A1g mode of Ti3C2Tx 108. The shifts of phonon modes are generally proportional to the applied 

strain and this allows the determination of strain in 2D nanosheets. The mode-specific Grüneisen 

parameter is calculated based on the following expression for either uniaxial or biaxial strain for a 

specific phonon mode 95

𝛾m = ―
1

𝜔0
m

∂𝜔m

∂𝜀  (8)

where the strain 𝜀 = 𝜀𝑥 + 𝜀𝑦; for uniaxial strain, 𝜀𝑥 = 𝜀 and 𝜀𝑦 = ― 𝜈𝜀 where ν is the Poisson’s 

ratio; 𝜔0
m is the m mode frequency at zero strain. 

The strain in graphene can be monitored by observing the 2D band shifts of a monolayer deposited 

onto a flexible polymer substrate. Reported values of the rate of band shift are found to vary as a result 

of slippage 109 or wrinkling 110 and a value of around −60 cm-1/% for uniaxial strain has been regarded 

as a reference for good stress transfer 95. Gong et al. 19 studied stress transfer in a graphene/SU-

8/polymethyl methacrylate (PMMA) model composite under uniaxial tension using the Raman 2D 

band shift. Monolayer graphene (tens of micrometres in lateral dimensions) was exfoliated from 

graphite and the Raman spectra at the centre of the nanosheets were obtained. For strains under 0.4%, 

the 2D band shift is −50 cm-1/% and the shear-lag theory works well. The interfacial shear stress was 
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calculated to be around 2.3 MPa. For strains above 0.4%, interfacial sliding occurs as shown in Figure 

6a and the interfacial behaviour can no longer be predicted by the shear-lag theory. The interfacial 

shear stress drops to about 0.3−0.8 MPa. These values are relatively low compared to the values of 

carbon fibre composites (~ 20−40 MPa) 111, as adhesion between graphene and the matrix is relatively 

poor. Subsequently, Young et al. 112 used Raman mapping to capture the strain distribution in 

monolayer graphene embedded between SU8 and SU8/PMMA. For strains under 0.6%, the 2D band 

shift is −61 ± 2 cm-1/% and the strain distribution is homogeneous. For strain above 0.6%, the strain 

distribution becomes inhomogeneous due to the formation of cracks that are also responsible for the 

poor interfacial shear strength (~0.25 MPa). Jiang et al. 20 later studied the interfacial shear behaviour 

in a graphene/PET system. For strains from 0 to 1.2%, the 2D band shift was found to be of the order 

of −52.5 cm-1/%. In this case, at low strain levels, above 0.3% interfacial sliding occured and a 

nonlinear shear-lag theory was proposed to describe the stress transfer mechanism (Figure 6b). 

According to this theory, the onset of interfacial sliding can be predicted by setting the maximum shear 

stress equal to the interfacial shear strength. In their experiments, the interfacial shear strength was 

found to range from 0.7 MPa for a specimen with a length of 12.4 μm to 0.5 MPa for a specimens with 

a length of 17.2 μm, assuming E2D = 350 N/m. The maximum strain that could be transferred from the 

substrate to graphene was in the range of 1.2−1.6%. Anagnostopoulos et al. 113 investigated how 

doping and edge effects (bond length and angle and edge chirality) affect stress transfer in a 

graphene/SU-8/PMMA system. The lateral size of graphene was of the order of tens of micrometres. 

It was found that the stress transfer may deviate from the shear-lag theory near the edges (~2 μm), 

induced by residual stress and doping. According to the authors, the overall length for efficient load 

transfer was estimated to be ~4 μm, meaning that for flakes that are simply supported on a substrate, a 

length of ~8 μm is needed for efficient loading. The interfacial shear strength was about 0.4 MPa. The 

morphology of the flake under study in the specific investigation makes the interpretation of results 

challenging as the short width of the flake leads to the maximisation of the interfacial shear stress 
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under strain at a very short length, within the spatial resolution of the Raman measurements (of the 

order of 1-2 μm). Additionally, the mechanical exfoliation process and the subsequent deposition on 

substrates (with varying degrees of roughness) can lead to high levels of residual stresses. There is a 

caveat that the lateral strain of graphene is often not 𝜀𝑦 = ― 𝜈𝜀 in a specimen under uniaixal strain. 

Where the strain of a substrate is fully transferred to graphene, its lateral strain is either determined by 

the Poisson’s ratio of the substrate, or zero (e.g. during flexure of a thin beam). This results in 

complexity in obtaining strain from the shift of the 2D mode, whereas the G mode with clearer 

mechanical meaning may be a better alternative. A number of key factors such as the interfacial shear 

stress have been quantitatively determined through these studies, along with the intrinsic mechanical 

properties of the nanosheets, which are helpful for the optimization of the mechanical reinforcement 

in bulk polymer nanocomposites. 

Figure 6. (a) Raman 2D peak shifts of graphene with applied uniaxial strain under loading and 

unloading. For strains higher than 0.4%, interfacial slippage occurs. Reproduced with permission from 

19. Copyright 2010 Wiley-VCH Verlag GmbH & Co. KGaA. (b) Experimental (dots) and nonlinear 

shear-lag theory prediction (lines) values of strain distribution from edge to centre of graphene under 

different loading conditions. Reproduced with permission from 20. Copyright 2013 Wiley-VCH Verlag 

GmbH & Co. KGaA.
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Stress transfer from the polymer substrate to 2D nanosheets has also been studied for other 

materials 107, 108. Wang et al. 107 followed the stress transfer of a WS2/SU8/PMMA model composite 

under uniaxial tension through monitoring the downshift of the Raman 𝐸1
2g mode. The strain 

distributions in an uncoated WS2 nanosheet at 0% and 0.55% are shown in Figure 7. At 0% applied 

strain, the centre of the flake is under 0% strain while the edge of the flake is under compression, as a 

result of the specimen preparation procedure. At 0.55% applied strain, the strain builds up from the 

edges and reaches about 0.55% strain towards the centre of the flake. This means that stress can be 

transferred from the substrate to the nanosheet effectively. The shear stress at the edges of the 

nanosheets was calculated to be about 1.1 MPa, which is similar to the values for graphene but 

significantly lower than that of the carbon fibres in composites (20-40 MPa). For monolayer WS2 

coated with an SU8 layer, a crack was observed at the middle of the flake upon the application of 

0.55% strain. This result, using the modulus of WS2 ( 272 GPa), suggests that the fracture strength 

of this monolayer WS2 flake was of the order of 1.5 GPa. Liu et al. 108 studied interfacial stress 

transfer in Ti3C2Tx MXene-polymer composites. The strain distributions and interfacial shear stresses 

of a monolayer flake are illustrated in Figure 7d and 7e. At 0.2% and 0.4% strain, the strain 

distributions still follow shear-lag behaviour and the shear stress at the edge is estimated to be 2.0 and 

4.0 MPa, respectively. It was concluded that Ti3C2Tx MXene flake with a length of >10 μm and a 

thickness of 10s of nanometers would be a good candidate for mechanical reinforcement in polymer 

matrices.
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Figure 7. (a, b) Strain distributions in uncoated WS2 nanosheets at 0% and 0.55% applied strain. (c) 

Strain distributions along the white dashed lines in (a) and (b), where the points represent experimental 

values and the dashed lines represent values calculated from shear-lag theory. Reproduced with 

permission from 107. Copyright 2020 IOP Publishing Ltd. (d) Strain distributions and (e) interfacial 

shear stresses of a monolayer Ti3C2Tx flake under 0.2% 0.4% strain. Reproduced with permission from 

108. Copyright 2022 American Chemical Society.

The stress transfer from a matrix to 2D nanosheets with a direct band gap can also be studied by 

photoluminescence (PL) spectroscopy 114-116. Liu el al 114 followed the strain transferred from PDMS 

to MoS2 by PL mapping as shown in Figure 8a and 8b. It was found through the observation of PL 

peak shifts that about 10% of the applied strain can be transferred from PDMS to MoS2. Finite element 
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modelling further showed that an increase in substrate modulus will improve the stress transfer under 

the same interfacial conditions. This is in good agreement with observations from a number of 

experimental investigations on graphene-polymer nanocomposites reported in the literature, where it 

was concluded that an increase of the modulus of the matrix leads to an increase in the effective 

graphene modulus within the composite 16. In a recent study, the stress transfer mechanism from a 

polymer matrix to monolayer MoS2 was studied in detail through strain-dependent PL spectroscopy 

115. With increasing strain, the strain distribution in monolayer MoS2 can be described by shear-lag, 

partial-debonding and total-debonding models. It was concluded that the shear-lag model 

overestimates the strain in the flake when slippage takes place, as shown in Figure 8c and 8d. 

Additionally, any errors originating from the incorrect use of the shear-lag model will increase with 

loading, as a result of the slippage length increasing further with loading.

Figure 8. PL A exciton (a) intensity and (b) peak mapping of MoS2 with applied strain increasing from 

0 to 4.8%. (Scale bar, 4 μm). Reproduced with permission from 114. Copyright 2014 Nature Publishing 

Group. Strain distribution in monolayer MoS2 at (a) 0.46% and (b) 0.67% strain. Both shear-lag model 
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and partial-debonding model were used to fit the experimental results. Reproduced with permission 

from 115. Copyright 2023 Elsevier. 

The geometry of 2D materials and their orientation with the loading direction can affect the stress 

transfer from matrix to the inclusion 117-119. Manikas et al. 117 studied the transfer of stress from a 

PMMA substrate to graphene ribbons aligned to the loading direction. In this way, truly axial 

deformation was achieved, and the effect of off-axial shear was avoided. The authors derived an 

inverse length parameter that governs the stress transfer process. The transfer lengths were in the range 

of 500 to 1000 nm, which are lower than cases of randomly oriented 2D materials with irregular shapes. 

Out-of-plane deformations such as wrinkling and crumping often occur during the preparation of 2D 

materials. These out-of-plane deformations can affect stress transfer and the level of mechanical 

reinforcement. Li et al. 120 studied the stress transfer mechanisms from a PET matrix to wrinkled 

monolayer CVD graphene using Raman spectroscopy. The microsctructure of CVD graphene consists 

of islands where the inside of the island is flat while the material separating the flat graphene is 

wrinkled graphene. Strain increases towards the centre of each separated area as shown in Figure 9a. 

The observed 2D band shift of the wrinkled part is −12.8 cm-1/% is therefore about 75% lower than 

that of the flat part (−60 cm-1/%). In subsequent studies 121, 122, it was found that wrinkling will not 

affect the stress transfer in a composite significantly if the flake is not delaminated from the matrix 121. 

Moreover, small amplitude wrinkling can improve the stress transfer efficiency of few-layer flakes 

due to a higher interfacial shear stress 122. In a recent study, the difference between strain relaxation in 

graphene and MoS2 was investigated by Yu et al. 123. Monolayer graphene and MoS2 were deposited 

on a PDMS substrate and AFM was used to extract the spacing between wrinkles. According to the 

authors, at lower strain, the 2D nanosheets prefer to delaminate to generate new wrinkles; at higher 

strain, the 2D nanosheets prefer to slip to enlarge the existing wrinkles as shown in Figure 9b. 

Furthermore, MoS2 is able to sustain a larger strain before relaxing and the maximum interfacial 
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friction of MoS2 on PDMS (7.7 ± 2.5 MPa) is higher than that of graphene (3.8 ± 0.8 MPa). This is 

because the interfacial adhesion energy between MoS2 and PDMS is stronger compared to the 

graphene counterpart. It should be noted that the PDMS substrate was described by the manufacturer 

as a gel with adhesive properties, which most likely resulted in higher values of  interfacial adhesion 

and friction. In another study, Zhang et al. 124 studied the strain relaxation of WS2 on a PDMS substrate 

using PL spectroscopy. It was found that the formation of wrinkles depends on the orientation between 

the flake edge and the tensile axis; when an edge of the flake is parallel to the tensile axis, the wrinkles 

are distributed uniformly.

Figure 9. (a) Strain transfer from a substrate to a wrinkled graphene nanosheet. Reproduced with 

permission from 120. Copyright 2015 American Chemical Society. (b) Mechanism for the formation of 

wrinkles in 2D nanosheets: slip to enlarge existing folds and delamination to generate new folds. 

Reproduced with permission from 123. Copyright 2020 American Chemical Society. Strain 

distributions in (c) pristine graphene and (d) oxidized graphene at different applied strain. Reproduced 

with permission from 125. Copyright 2016 American Chemical Society.
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As a result of the weak vdW forces between the 2D nanosheets and the matrix, interfacial slippage 

occurs at a relatively low strain, especially when the length of the flakes is lower than the critical length 

and the 2D nanosheets are not able to reinforce efficiently. Non-covalent or covalent bonds between 

the nanosheets and substrate can be used to improve the interfacial shear strength 125-127. Wang et al. 

125 studied the effects of functionalization on the stress transfer and mechanical properties of a 

graphene/PMMA model nanocomposite as shown in Figure 9c and 9d. On one hand, it was found that 

the interfacial shear strength quadrupled to 1.7 MPa compared to pristine graphene. On the other hand, 

the functional groups induced defects in the graphene and in turn, the defects degraded the mechanical 

properties of graphene. Therefore, a balance needs to be kept between the degree of functionalization 

and the increased interfacial shear strength. The effect of chemical functionalization on the interfacial 

stress transfer and mechanical properties of model composites based on 2D nanosheets is a field which 

can provide important information regarding the reinforcement mechanisms of different nanosheets 

and there is plenty of scope for future investigations. 

3.3. Model few- and many-layer nanocomposites

In contrast to monolayer 2D nanosheets, few-layer and multi-layer nanosheets are most 

commonly used as fillers in polymer nanocomposites. In this case the strain is transferred from the 

matrix to the outer layer of the nanosheets, and then transferred to the inner layer via shear forces. 

Therefore, in addition to the interfacial shear strength, the interlayer interactions also play an important 

role in controlling effective reinforcement from 2D nanosheets. This section focuses upon the studies 

of few-layer 2D nanosheets, where it is easy to identify contributions from interlayer stress transfer 

and interactions. 

Gong et al 128 studied the behaviour of monolayer and few-layer graphene/polymer model 

composites under axial tension with an emphasis on the effect of layer number on mechanical 
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reinforcement. Firstly, it was found that the 2D band shift of uncoated bilayer graphene (−31 cm-1/%) 

is much lower compared with the coated bilayer graphene (−53 cm-1/%) and coated or uncoated 

monolayer graphene (−59 cm-1/%). This implies that interlayer stress transfer is relatively poor in 

graphene. Reduced interlayer stress transfer can further be realised from the behaviour of the coated 

monolayer, bilayer, trilayer and multi-layer graphene composites where the 2D band shifts are −52 

cm-1/%, −53 cm-1/%, −43 cm-1/%, −8 cm-1/%, respectively, as seen from Figure 10a. 

Figure 10. (a) Raman 2D shifts of monolayer, bilayer, trilayer and multilayer graphene in a 

polymer/graphene/polymer model composite. (b) Variations of effective elastic modulus of graphene 

with layer number. Reproduced with permission from 128. Copyright 2012 American Chemical Society. 

(c) Interfacial shear stress of graphene-polymer and graphene-graphene. Reproduced with permission 

from 129. Copyright 2020 Nature Publishing Group.

The 2D band shift is related to the effective Young’s modulus of 2D nanosheets as
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𝐸R = 𝐸g
∂𝜔2D ∂𝜀

∂𝜔2D ∂𝜀 ref
 (9)

where ER is the Young’s modulus derived from Raman spectroscopy, Eg is 1.05 TPa, and 

∂𝜔2D ∂𝜀 ref is −60 cm-1/% 23. This means that monolayer and bilayer graphene have similar values 

of effective Young’s modulus, and a further increase of layer numbers will degrade the effective elastic 

modulus (as a result of insufficient interlayer stress transfer efficiency, 0.6–0.8) of graphene as shown 

in Figure 10b. 

Interfacial stress transfer for both mechanically-exfoliated and CVD-grown bilayer graphene 

deposited on a PMMA/SU8 substrate have been studied using Raman spectroscopy as shown in Figure 

10c 129. The interfacial shear stress between the graphene and polymer was found to be about 0.45 

MPa, whereas the maximum interfacial shear stress between the graphene layers was only about 0.13 

MPa and this value dropped to zero (adhesion being lost, leaving only friction) with an increase in 

strain. This means that the interfacial interactions within graphene are relatively weak and interlayer 

stress transfer is poor. Interestingly, in this study, the interlayer strain that was transferred from the 

bottom to top graphene layers is only about half of the interfacial strain that was transferred from the 

polymer substrate to the bottom graphene layer. In a recent study, it was found that stress can be 

transferred within few-layer graphene with a ladder-like morphology effectively as all the layers 

adhere to the surrounding polymer and interlayer slippage is suppressed 130. 

In contrast to graphene, the effective Young’s modulus of h-BN does not decrease with increasing 

layer number and this suggests a major advantage in using h-BN in polymer nanocomposites 100, 131. 

Androulidakis et al. 100 studied the stress transfer in a few-layer h-BN /SU-8/PMMA system. The 𝐸+
2g 

and 𝐸―
2g (𝐸+

2g mode is perpendicular to the applied strain and 𝐸―
2g is parallel to the applied strain) 

band shifts are −8.3, −7.7, −9.8 cm-1/% and −24.2, −23.7, −27.1 cm-1/% for the number of layers 

ranging from 2 to 4 (Figure 11a and 11b), respectively. This shows that the layers are strongly bonded 

Page 35 of 108 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
6 

20
24

. D
ow

nl
oa

de
d 

on
 2

02
4-

06
-2

7 
 7

:0
2:

56
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D4NR01356E

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr01356e


35

and few-layer h-BN is strained as a whole unit, contrary to what is observed in graphene, as a result of 

the high sliding energy of h-BN, a finding identical to that concluded from AFM indentation 

experiments 17. Moreover, the interlayer stress transfer efficiency of h-BN was determined to be 0.99 

as shown in Figure 11c, which is much higher than graphene (0.6-0.8) 131. These findings indicate that 

multilayer h-BN can be considered to be more effective than multilayer graphene for the reinforcement 

of polymers. In another study, the interlayer stress transfer efficiency of few-layer MoS2 was derived 

through layer-dependent PL spectroscopy as shown in Figure 11d 115. The value of interlayer stress 

transfer efficiency was in the range of 0.76–0.86, higher than the value of graphene but lower than that 

of h-BN. The Raman peak shifts of few-layer BP were observed by Li et al. 132 for BP nanosheets 

sandwiched between PMMA and SU8 and subjected to uniaxial strain. The Raman shift rate of the B2g 

mode was −11 cm−1/% strain whereas the strain transfer coefficient was not confirmed.

Figure 11. Raman G peak shifts of (a) bilayer and (b) four-layer h-BN under uniaxial tension. 
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Reproduced with permission from 100. Copyright 2018 American Physical Society. (c) Raman G band 

shift rate of h-BN as a function of layer number. Reproduced with permission from 131. Copyright 2021 

IOP Publishing Ltd. (d) Evolution of the PL A peak of monolayer, bilayer and trilayer MoS2 with 

strain. Reproduced with permission from 115. Copyright 2023 Elsevier.

The parameters governing interfacial and interlayer stress transfer mechanisms of 2D materials 

within a polymer matrix are summarized in Table 2. Firstly, the interfacial shear strength values for 

different 2D materials in combination with different polymers (SU8, PMMA and PET) generally fall 

within the same order of magnitude. This is not surprising since interfacial stress transfer takes place 

primarily through van der Waals interactions and the effect of polymer or nanosheet chemical structure 

appears to be minimal. Secondly, chemical functionalization and wrinkled structures are effective 

ways to improve the interfacial shear strength at the expense of degrading the intrinsic mechanical 

properties of 2D materials. A balance should therefore be achieved between an increased shear strength 

and the degraded mechanical properties. Thirdly, the interlayer stress transfer efficiency plays a vital 

role in reinforcing polymer nanocomposites with 2D nanofillers in view of the fact that monolayer 

materials are not likely to be used commercially to reinforce bulk nanocomposites.

Table 2. Parameters related to interfacial stress transfer from polymers to 2D materials. (f-
graphene: functionalized graphene; w-graphene, wrinkled graphene.)

2D materials Layers Polymer Applied strain 

(%)

Interfacial shear 

strength (MPa)

Critical 

length (μm)

Interlayer transfer 

efficiency

Ref.

Graphene 1 SU8/PMMA 0.4–0.6 0.3–2.3 3 – 19

Graphene 1 PET 1.2–7.0 0.46–0.69 – – 20

Graphene 2 SU8/PMMA 0.4 0.15 – 0.6–0.8 128

Graphene 1 SU8/PMMA 1.6 0.2–0.5 10 – 133

2 SU8/PMMA 1.5 0.2–0.5 15–22 –

3 SU8/PMMA 1.6 0.2–0.5 22–30 –

Graphene ribbon 1 PMMA 1.0 0.3 0.5–1 – 117
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w-Graphene 3 SU8/PMMA 0.8 0.75 ≥20 – 122

f-Graphene 1 PMMA 0.6 1.7 5.4 – 125

WS2 1 SU8/PMMA 0.35–0.55 1.1–1.5 4 – 107

Ti3C2Tx 1 PMMA 0.4 3–4 – – 108

h-BN 50 PMMA 0.1–0.3 3.8–9.4 6 0.99 131

MoS2 1 PMMA 0.7 0.26–0.28 9 – 115

2 PMMA 0.9 0.24–0.29 14 0.86

3.4. Stacking, scrolling and folding in model nanocomposites

Compared to the top-down methods for the preparation of 2D nanosheets, one major advantage 

of the bottom-up CVD synthesis method is that the process is highly controllable. The continuous 

stacking of CVD grown nanosheets onto highly-ordered layered structures provides opportunities to 

model and study experimentally the mechanical properties of nanocomposites containing numerous 

nanosheets. Further processing of the stacked nanocomposites, such as cutting, scrolling and folding, 

can modify their mechanical performance 134-137. Stacked CVD graphene-based laminates and scrolled 

fibres were firstly studied by Vlassiouk et al. 134 and then by Liu et al. 135. Vlassiouk et al. 134 fabricated 

(graphene/PMMA)16 (subscript represents layer number) laminates and subsequently scrolled the 

laminates into fibres. The addition of 0.13 vol% of graphene increased the PMMA modulus by a factor 

of three, but the strength increased by only a quarter. This corresponds to an effective modulus and 

strength of 1.2 ± 0.5 TPa and 11 ± 6.7 GPa according to the rule of mixtures, indicating effective 

stiffness reinforcement but poorer strength reinforcement. The enhancement is due to polymer 

orientation at the interface instead of efficienct load transfer between graphene and PMMA. The 

effective strength of graphene in the fibres was calculated to be 19 ± 9 GPa, (a reduced value due to 

defects in the fibres from and fracture of the nanosheets during scolling). This indicates that the 

theoretical and experimental values of the strength of graphene of about 130 GPa cannot be easily 

realised in practical applications such as nanocomposites. Liu et al. 135 fabricated very similar 
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(graphene/polycarbonate (PC))8 up to (graphene/PC)320 laminates and fibre structures as shown in 

Figure 12, with the graphene volume fractions ranging from 0.003 to 0.185%. The effective modulus 

of graphene was estimated to be in the order of 360 GPa and 500 GPa for the laminates and fibres, 

respectively. The atomic thinness of monolayer CVD graphene and its extremely large aspect ratio 

maximize the reinforcement. These highly interesting studies demonstrate sophisticated methods to 

prepare nanocomposites with uniformly-distributed nanosheets to take advantage of the unique 

properties of monolayer 2D nanosheets and approach the theoretical modulus values. It is possible that 

such nanocomposite assemblies might in the future be used for structural and functional applications 

but it should be noted that at present, the stacking process is time-consuming which makes it difficult 

to produce and use such assemblies used in bulk, practical applications. The development of the R2R 

process mentioned in Section 2.1.2 or an automated CVD transfer process may be promising routes to 

upscale this family of model nanocomposites. In a recent study, a scalable manufacturing approach, 

the float-stacking strategy, was proposed to fabricate graphene/PMMA laminates 138. The 

graphene/PMMA membrane was initially floated on a water-air interface after etching the copper foil. 

Then, the membrane was stacked layer-by-layer by a roller, followed by a hot-rolling mill process to 

fabricate the laminate. Using this method, monolayer graphene was well-aligned in the polymer matrix 

and the effective Young’s modulus of graphene was calculated to be 1.09 TPa. According to the 

authors, the heat-treatment eliminated wrinkles and voids on the surface and interlayer and increased 

the conformal contact of graphene and PMMA; this maximized the reinforcing efficiency of graphene. 

It should be noted though that the specific work has received considerable criticism from Ruoff and 

coworkers 139  who argued that the reported enhancement in the Young’s modulus and strength of the 

graphene-reinforced laminated was mainly result of the heat treatment rather than the actual presence 

of graphene. In the same work, it was mentioned that the hot rolling process introduces a considerable 

amount of cracks and defects in graphene, which should reduce its reinforcing efficiency.  
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Figure 12. (a) Stacking and cutting of layered graphene/PC composites. (b) Scrolling of layered 

graphene/PC composites. Reproduced with permission from 135. Copyright 2016 AAAS.

    

4. Bulk nanocomposites 

4.1. Preparation

Even though the intrinsic mechanical properties of 2D materials are excellent both in their 

monolayer and few-layer forms, it is challenging to achieve their full potential in the mechanical 

reinforcement of polymer nanocomposites. The mechanical performance of the final nanocomposites 

depends strongly on the dispersion and orientation of the 2D materials in the matrix, and a 

homogeneous distribution of the fillers can improve the mechanical behaviour significantly. A number 

of approaches have been proposed to prepare high-performance nanocomposites, including physical 

mixing, in situ polymerization, layer-by-layer (LBL) assembly, evaporation, filtration and freeze 

casting.
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4.1.1 Solution casting 

The solution casting of 2D materials with polymers is a simple and versatile process and is used 

widely for the preparation of 2D polymer composites. Solution casting starts with the dispersion of 2D 

nanosheets and the polymer in separate solutions and the two are then blended. The solvent is finally 

removed by evaporation but the complete removal of solvents is required as the presence of solvents 

can lead to degradation of the ultimate properties of the nanocomposites. Solution casting has been 

reported for graphene 140, TMDCS 141 and MXenes 142. A typical example is the work of Eksik et al. 

143 who prepared MoS2/epoxy nanocomposites containing 0.2 wt% MoS2 using solution casting as 

shown in Figure 13. The bulk MoS2 was exfoliated to monolayer and few-layer flakes via sonication 

in 1-vinyl-2 pyrrolidone. The epoxy was then added to the solvent and after a series of mixing steps 

the epoxy-MoS2 nanocomposite was produced. It was found that low nanofiller loading fractions can 

improve the mechanical properties of the epoxy composites significantly. The fracture energy 

increased from 230 J m-2 for the epoxy matrix to 600 J m-2 and the fracture toughness increased from 

~1 MPa m1/2 to ~ 1.6 MPa m1/2. Despite its simplicity, solution casting has a number of drawbacks. 

The use of toxic solvents can pose environmental hazards. Achieving a homogeneous dispersion of 

high-content fillers (e.g., over 10 wt%) in the matrix through simple mixing is difficult. Additionally, 

controlling the orientation of the fillers within the matrix presents a significant challenge. Finally, for 

thicker nanocomposites, sedimentation of the fillers is also an issue that also needs to be considered. 
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Figure 13. Solution casting method for the preparation of MoS2/epoxy composites. Reproduced with 

permission from 143. Copyright 2014 American Chemical Society. 

Mechanical mixing, utilising high shear forces to disperse 2D materials in the matrix, is an 

alternative method to prepare polymer nanocomposites 144, 145. Compared to solution casting, this 

method can avoid the use of toxic solvents and is more suitable for large-scale production. One 

example of a mechanical mixing process is the three-roll milling technique, in which shear forces 

generated by rollers can disperse 2D materials such as graphene 144, 145, hybrid MoS2/h-BN 146 and 

MXene nanoplatelets 147 in the matrix. The drawbacks of mechanical mixing include difficulties in 

dispersing high filler contents homogeneously as a result of viscosity increase and a possible reduction 

in filler lateral size due to high shear forces.

4.1.2 Melt mixing 

Melt mixing is another popular method that is commonly preferred by industry for the dispersion 

of nanofillers within thermoplastics 148-153. The fillers are introduced into the polymers when the 

polymers are in a molten state, and then shear forces are exerted via rolls or screws to blend the 
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compounds. Sheng et al. 149 produced Ti3C2 MXene/thermoplastic-polyurethane (TPU) 

nanocomposites by melt mixing as shown in Figure 14a. Multilayer Ti3C2 MXene nanosheets were 

prepared by the selective etching-assisted liquid exfoliation method. A polyethylene glycol (PEG) 

aqueous solution was then added to the Ti3C2 MXene suspension and then mixed with molten TPU 

and PEG so that TPU/Ti3C2 nanocomposites were formed. The tensile strength of the composites was 

improved over that of the matrix by 47.1% to 20.6 MPa with 0.5 wt% Ti3C2. Problems associated with 

melt mixing include the high viscosity of some polymers or polymer/filler blends, which hinders the 

dispersion of fillers 154. High mechanical forces are required in this case to improve the efficiency of 

the dispersion, but this can lead to wrinkling or crumpling of the fillers and sometimes fragmentation 

of the fillers into smaller sizes, all of which reduces their reinforcing capabilities 152. The use of 

elevated temperatures during the melt mixing process can lead to disruption or decomposition of any 

functional groups in fillers. 

Figure 14. (a) Melt mixing method for the preparation of MXene/TPU composites. Reproduced with 

permission from 149. Copyright 2019 Elsevier. (b) Puff-pastry preparation inspired pressing-and-

folding method and illustration of this method for the fabrication of a GNP/LLDPE composite film. 

Reproduced with permission from 155. Copyright 2018 America Chemical Society.
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A press-and-folding (P&F) method inspired by puff-pastry preparation has been used to fabricate 

2D nanosheets/polymer nanocomposites. Santagiuliana et al. 155 prepared graphene nanoplatelets 

(GNPs)/linear-low density polyethylene (LLDPE) composite films using the P&F method illustrated 

in Figure 14b. The GNPs were added to the middle of two LLDPE films to form a sandwich structure. 

The sandwich structure was then hot-pressed and folded twice and the P&F process was repeated 

several times to prepare the composites. The mechanical properties of the composites improved 

significantly with the increase of the number of P&F cycles due to a more homogeneous distribution 

of the GNPs in the composites. For example, the elastic modulus reinforcement was more than doubled 

after 500 P&F cycles compared to the unmodified nanocomposite. This study shows that P&F is an 

effective method to improve the dispersion of nanofillers in nanocomposites and therefore optimise 

their mechanical properties.

4.1.3 In situ polymerization

In situ polymerization, involving 2D nanosheets being mixed with monomers in solution or in 

emulsion state, is an effective approach for preparing well-dispersed polymer nanocomposites 156, 157. 

The monomers can enter the interlayer space between 2D nanosheets before polymerization, leading 

to intercalation polymerization. This method displays some advantages over mixing with a polymer as 

it allows the homogeneous distribution of fillers in polymers and simultaneous exfoliation of the 

multilayer nanosheets. Tong et al. 157 prepared Ti3C2Tx MXene/polypyrrole (PPy) composites via in 

situ polymerization as shown in Figure 15. The Ti3C2Tx nanosheets were exfoliated by etching-assisted 

exfoliation in an HF solution and the pyrrole monomers were added to the solution. Ti3C2Tx/PPy 

composites with the nanosheeets well-aligned in the in-plane direction were obtained via centrifuging 

and drying in vacuum. A characteristic of in situ polymerization is the significant viscosity increase at 

relatively low filler contents (compared to solution blending or melt mixing), leading to processing 

difficulties (less efficient mixing) and agglomeration. As a result, a relatively low content of filler 
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(commonly less than 3 wt%) can be incorporated via in situ polymerization and the fact that it is a 

time-consuming process, hinders the full potential of its application for nanocomposites 158. 

Figure 15. In situ polymerization for the preparation of Ti3C2Tx/polypyrrole (PPy) composites. 

Reproduced with permission from 157. Copyright 2018 Elsevier.

4.1.4 Layer-by-layer assembly

Layer-by-layer (LBL) assembly was initially used for the fabrication of polymer films driven by 

ionic interactions 159. Different forms of driving force have been utilised to assist the assembly process 

such as electrostatic attraction, hydrogen bonding, coordination bonding and charge transfer 

interactions 160. The method has been applied widely to prepare nanocomposites based on graphene 

and graphene oxide nanosheets 161, 162. Xiang et al. 163 prepared multilayer graphene/polymer 

composites through LBL assembly as shown in Figure 16. The substrate was coated with 

polyethylenimine (PEI) primer layer and the graphene was stabilized with polyvinylpyrrolidone 

(PVP). The substrate was dipped firstly into poly(acrylic acid) (PAA), and hydrogen bonds formed 

when the substrate was dipped into the PVP-stabilized graphene solution. Multilayer 

graphene/PAA/PVP composites were produced by repeating this process. The elastic modulus of the 

polymer was improved from 1.41 to 4.81 GPa with the addition of 3.9 vol% of graphene nanoplatelets. 

Overall, the LBL technique is a versatile approach to assemble 2D nanosheets with a controlled 
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distribution and alignment; however, novel strategies need to be explored for the improvement of the 

assembly efficiency. Overall, LBL assembly constitutes a scalable and highly-promising process to 

incorporate 2D materials into polymer nanocomposites.

Figure 16. Layer-by-layer assembly for the preparation of graphene/polymer composites. Reproduced 

with permission from 163. Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA.

4.1.5 Other methods

Other strategies have been proposed to disperse 2D nanosheets into polymers such as vacuum 

filtration and freeze casting 164. These methods show huge potential for the assembly of 2D nanosheets 

in polymers, as they can usually achieve an excellent distribution of nanofillers. Putz et al. 165 prepared 

GO/PVA and GO/PMMA nanocomposites with over 50 wt% filler using vacuum filtration as 

illustrated in Figure 17. The fabricated films displayed a high degree of order and good mechanical 

properties. For example, the Young’s modulus of GO/PVA films reached 36.4 GPa with 50 wt% filler 

due to the formation to hydrogen bonds. Disadvantages include the long times needed to prepare the 

nanocomposites via evaporation, while the precise control of layered and ordered structures is still 

difficult.
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Figure 17. Vacuum filtration for the preparation of GO/PVA and GO/PMMA nancomposites. 

Reproduced with permission from 165. Copyright 2010 Wiley-VCH Verlag GmbH & Co. KGaA.

4.2. Mechanisms of Reinforcement 

4.2.1 Analytical model 

In Section 3.1, we showed that shear-lag theory and interface slippage can be used to describe 

stress transfer from a matrix to 2D nanosheets. This means that continuum mechanics can be used to 

analyse the model nanocomposites with fillers of atomic thickness 23. Opposing views have been 

expressed in the literature suggesting that polymer nanocomposites should be treated as molecular 

composites considering the nucleation and molecular confinement originating from nanoparticles, 

especially using carbon nanotubes 166. Indeed the micromechanical theories are not able to account for 

the contribution of such factors. The application of classical composite micromechanics seems, 

however, to be able to model the mechanical properties of numerous polymer nanocomposites based 

on a wide range of 2D materials, particularly at low filler loadings 16. 

When subjected to uniform homogeneous strain, the rule of mixtures can be used to describe the 

Young’s modulus of the bulk nanocomposites Ec as
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𝐸c = 𝐸f𝑉f + 𝐸m𝑉m  (10)

where Ef, Em are the Young’s modulus of the filler and the matrix, Vf, Vm are the volume fraction of 

the filler and the matrix (𝑉f + 𝑉m = 1), respectively. Because of its simplicity, this equation has been 

applied widely to describe reinforcement from 2D nanosheets. Significant effects such as the 

orientation, the aspect ratio and the agglomeration of the fillers, on the mechanical reinforcement are 

ignored though and that is why a number of modifications for rule of mixtures have been proposed.

By taking the orientation and the aspect ratio of the fillers into consideration, Eq. (10) can be 

modified as 

𝐸c = 𝜂o𝜂𝑙𝐸eff𝑉f + 𝐸m𝑉m  (11)

in which Eeff is the effective modulus of the fillers, 𝜂o is the Krenchel orientation factor and 𝜂l is the 

length factor both of which take values from 0 to 1. The Krenchel orientation factor depends on the 

flake alignment while the length factor is dependent on the aspect ratio of fillers and interfacial shear 

strength. For aligned fillers (ηo = 1), when a strong interface (ηl  1) between the filler and the matrix 

is formed, the effective elastic modulus will be high and good mechanical reinforcement can be 

achieved. Otherwise, small aspect ratios, random distribution and low interfacial shear strength will 

have a negative effect upon the performance of nanosheets in polymer composites. The value of the 

orientation factor for two-dimensional nanofillers with a random distribution is 8/15 167, 168, while in 

the case of one-dimensional nanofillers (i.e. carbon nanotubes) the random orientation factor equals 

1/5 23. Given that the majority of polymer nanocomposite manufacturing methods lead to randomly 

oriented fillers, this is an vivid indication why the random orientation for 2D nanofillers produces 

better-performing nanocomposites compared to random 1D nanofillers. The spatial orientation of 2D 

nanofillers in a polymer matrix can be quantified through the use of polarized Raman spectroscopy 167, 

169. As illustrated in Figure 18a, GO nanoplatelets are randomly distributed in epoxy and PMMA with 

𝜂o= 8/15, while GO nanoplatelets tend align in the plane of PVA film.
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Figure 18. (a) Krenchel orientation factors of GO/PVA, GO/epoxy and GO/PMMA nanocomposites. 

Reproduced with permission from 167. Copyright 2016 Elsevier. (b) Variations of agglomeration factor 

with GO and BwGO (the functional groups of GO were partially removed by base wash) filler 

loadings. Reproduced with permission from 170. Copyright 2018 Elsevier.  

Meanwhile, agglomeration is very important in controlling mechanical properties. The rule of 

mixtures will fail to describe the behaviour of polymer nanocomposites if agglomeration is extensive, 

especially at high loadings. Li et al. 170 proposed to include an agglomeration factor ηa to the modified 

rule of mixtures to account for the effect of agglomeration on the modulus of composites such that: 

𝐸c = 𝜂o𝜂l𝐸eff𝜂a𝑉f + 𝐸m𝑉m  (12)

If no agglomeration takes place during the preparation of composites (𝜂a = 1), the effective volume 

fraction of fillers will be high and good stress transfer can be obtained. Otherwise, an increase in 

agglomeration will degrade the reinforcement significantly. The agglomeration factor generally 

decreases with an increase in filler loading. Even though BwGO (the functional groups of GO were 

partially removed by base washing) shows a better dispersion at low loadings, its agglomeration factor 

declines faster compared to that for GO due to the reduction of the number of functional groups (Figure 

18b). Following the shear-lag theory in Section 3.1, the length factor can be determined by
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 𝜂l = 1 ―
tanh 𝑛𝑠 2

𝑛𝑠 2
∙  (13)

Recently, Young et al. 171 evaluated the effect of aspect ratio, order of alignment and Young’s 

modulus of nanosheets on the efficiency of reinforcement, based on the shear-lag theory and the rule 

of mixtures. Substituting Eq. (13) into the expression for the modulus of fillers

𝐸f = 𝐸eff𝜂o 1 ―
tanh 𝑛𝑠 2

𝑛𝑠 2
 (14)

For flexible matrices (small ns), Eq. (14) is expressed as

𝐸f ≈ 𝐸eff𝜂o
𝑛𝑠 2

2

3
 (15)

Then, inserting the equations 𝑛 = 2𝐺m

𝐸f

𝑡
𝑇
 and 𝐺m = 𝐸m

2(1 𝜈) into Eq. (15), the Young’s modulus of 

the filler becomes

𝐸f ≈ 𝜂o
𝑠2

12
𝑡
𝑇

𝐸m

(1 + 𝜈)
 (16)

Quite interestingly, this equation predicts that the modulus of fillers is proportional to the modulus of 

the matrix and indepedent of the modulus of the nanofiller. Substituting Eq. (16) into Eq. (10), the 

following equation can be obtained

𝐸c ≈ 𝐸m 1 ― 𝑉f +
𝑠2

12
𝜂o

(1 + 𝜈)𝑉2
f  (17)

This expression reveals that the modulus of the final composites is independent of the modulus of the 

nanofillers, while it is dependent on the modulus of the matrix, the aspect ratio and the volume fraction 

of the fillers. As can be seen from Figure 19a, Eq. (17) works well for a number of polymer matrices 

with varying degrees of stiffness. Additionally, the modulus of the nanofillers derived from Raman 2D 

modes show good agreement with the theoretical predictions after using the equation 𝐸R = 𝐸gr

∂𝜔2D ∂𝜀 ∂𝜔2D ∂𝜀
ref

 as stated in Section 3.3.
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Figure 19 (a) Variation of the modulus of graphene nanoplatelets (GNPs) with the modulus of the 

matrices (dots: experiment data; blue line: theory predictions from Eq. (16) and Eq. (19)). Reproduced 

with permission from 171. Copyright 2018 Elsevier. (b) Three stages for the reinforcement of GNPs on 

elastomers. Reproduced with permission from 153. Copyright 2019 Elsevier.

More recently, the effects of the volume fraction of the fillers on the mechanical reinforcement 

of elastomers were studied further and the concept of a mechanical percolation threshold volume 

fraction Vp was proposed, above which the stiffness increases significantly from the interaction of 

neighbouring fillers, while below Vp, the rate of increase is much smaller as a result of the contributions 

of individual fillers 153. For volume fractions of filler (Vf) below Vp, the shear-lag interfacial parameter 

t/T can be approximated to be equal to Vp and the following equation is obtained by substituting Eq. 

(16) into Eq. (10) 

𝐸c 𝐸m = 1 +
𝑠2

eff
12

𝜂o

(1 + 𝜈)
𝑡
𝑇 ― 1 𝑉f  (18)

where seff is the effective aspect ratio of the filler. For filler volume fractions above Vp, the following 

equation can be obtained after substituting t/T with Vf

𝐸c 𝐸m = 1 ― 𝑉𝑓 +
𝑠2

eff
12

𝜂𝑜

(1 + 𝜈)𝑉2
f  (19)

According to Eqs. (18) and (19), the reinforcement process can be divided into three stages with 
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increasing filler loading as shown in Figure 19b. For the first stage of reinforcement (Vf < Vp), there is 

no interaction between individual fillers and the interfacial parameter t/T is proportional to Vp. For the 

second stage (Vf > Vp), the interaction between fillers starts to increase and the reinforcement is 

quadratically related to the volume fraction, as described by Eq. (19). For the final stage of 

reinforcement, at the highest levels of filler content, agglomeration occurs and the reinforcing 

efficiency is reduced, as can be seen from the reduction of the effective aspect ratio. The good 

agreement between the theory and experimental data in Figure 18c validates the accuracy of Eqs. (18) 

and (19) in the prediction of mechanical reinforcement of elastomers. 

4.2.2 Semi-empirical model 

There are some limitations and uncertainties about the use of rule of mixtures for the estimation 

of Young’s modulus of polymer nanocomposites. As a result, other models have been proposed to 

evaluate the modulus enhancement of composites such as the semi-empirical one of Halpin-Tsai 172. 

For well-aligned nanofillers, this model provides the Young’s modulus in the longitudinal direction

 𝐸∥ and the transverse direction 𝐸⊥as 

𝐸∥ =
1 + 𝜉𝜂∥𝑉f

1 ― 𝜂∥𝑉f
𝐸m   (20)

𝐸⊥ =
1 + 2𝜂⊥𝑉f

1 ― 𝜂⊥𝑉f
𝐸m  (21)

Where

𝜂∥ =
𝐸f 𝐸m ― 1
𝐸f 𝐸m + 𝜉

   (22)

𝜂⊥ =
𝐸f 𝐸m ― 1
𝐸f 𝐸m + 2

 (23)

in which 𝜉 is the geometry fitting parameter, which is related to the aspect ratio of fillers (ξ=2s for 

the well-aligned case). When 𝜉→0, the reinforcement is not effective enough; when 𝜉→∞, the 

reinforcement is highly effective and Eqs. (20) and (21) transforms to the rule of mixtures. For the 2D 
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random distribution of the fillers, the Young’s modulus of the composites is given as 173

𝐸c =
3
8

1 + 𝜉𝜂∥𝑉f

1 ― 𝜂∥𝑉f
+

5
8

1 + 2𝜂⊥𝑉f

1 ― 𝜂⊥𝑉f
𝐸m  (24)

in which ξ = (2 3)𝑠. 

Generally, low filler loadings can reinforce polymer nanocomposites effectively, while the use of 

fillers at high contents decreases the reinforcing efficiency due to the tendency of the fillers to 

agglomerate. With the current progress in preparation strategies that are presented in literature, 

polymer nanocomposites with well-dispersed fillers at high contents have been successfully fabricated 

and very large improvements of the mechanical properties of a wide range of polymers have been 

reported. 

4.3. Mechanical Properties

As can be understood from the previous sections, a number of factors can affect the reinforcing 

efficiency and the final mechanical performance of the bulk nanocomposites; these include the aspect 

ratio, the orientation, the agglomeration and volume fraction of the fillers, the interfacial interaction 

between the fillers and the matrices and the modulus of the matrix. Considering the large family of 2D 

materials, it is highly desirable to investigate the levels of mechanical reinforcement that can be 

obtained from different 2D nanosheets. A large number of polymer nanocomposites based on different 

2D nanofillers are reviewed in the following section. 

4.3.1 Graphene nanocomposites

Graphene is quite arguably the most widely studied two-dimensional material due to its 

exceptional intrinsic properties and, as a result, numerous investigations have used graphene-related 

materials for the development of multifunctional polymer nanocomposites. A number of graphene-

related materials have been used to reinforce polymers, ranging from graphene nanoplatelets of various 

thicknesses, lateral sizes and types of functionalization, to graphene oxide (GO) and reduced GO 
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(rGO). These GO-based materials display poorer mechanical properties but their functional groups can 

provide enhanced interfacial adhesion 174. Wang et al. 175 studied the mechanical reinforcement of a 

PVA matrix by GO and rGO. The composites were prepared by the solution casting method and the 

stress-strain curves of GO/PVA and rGO/PVA composites are shown in Figure 20a and 20b. In terms 

of GO, 4 wt% GO provided the optimal reinforcement and the tensile strength of the matrix was 

improved to 55 MPa. On one hand, the presence of the functional groups of GO can lead to enhanced 

interfacial interactions between GO and the matrix. On the other hand, the ultimate performance of 

GO-based composites is not as good compared to ones based on rGO because the intrinsic mechanical 

properties of GO are relatively poor. In terms of rGO, it can be seen that 0.5 wt% provided optimum 

reinforcement where the tensile strength of PVA is more than tripled from 23 to 72 MPa. A further 

increase in loading degraded the tensile strength of the composites. This means that a low-content of 

rGO is more efficient in mechanical reinforcement due to its excellent mechanical properties, and the 

degradation in mechanical properties with a higher rGO content is possibly the result of agglomeration. 

Figure 20. Variations of stress-strain curves with filler loading for (a) GO/PVA and (b) rGO/PVA 

nanocomposites, respectively. Reproduced with permission from 175. Copyright 2011 Wiley-VCH 

Verlag GmbH & Co. KGaA.

In addition to the effects of functionalization and agglomeration, it is interesting to examine the 

relationship between the effective mechanical reinforcement and modulus of the matrix. Papageorgiou 
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et al. 16 extracted the Young’s modulus Ef (using Eq 10) of GNP, GO and rGO from a large number 

of polymer nanocomposites with various values of matrix stiffness, as shown in Figure 21. As an 

update, the data released after 2017 (derived from Table 3) are added to Figure 21. Even though 

considerable scatter exists in the data as a result of numerous factors including orientation, 

agglomeration, aspect ratio, filler functionalization etc., the Young’s modulus of graphene-based 

nanocomposites was found to increase linearly with the increase of the modulus of the matrix. For soft 

matrices, the low shear modulus of the polymers leads to ineffective stress transfer between the filler 

and the matrix and subsequently poor mechanical reinforcement. This is why the exceptional 

properties of 2D materials cannot be fully realised in elastomers even though the apparent percentage 

(%) increases over those of the elastomer matrix are usually impressive even at low filler contents. 

This conclusion is important for the study of the mechanical reinforcement from graphene in polymer 

nanocomposites and provides guidance for the application of other 2D nanosheets in polymer 

nanocomposites. 

Figure 21. Variations of the Young’s modulus of (a) GNP, (b) GO and (c) rGO with the modulus of 
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matrices. The red dots correspond to new data published after 2017 and provide an update to the 

previous figure presented in 16. Reproduced with permission from 16. Copyright 2017 Elsevier. 

Fracture toughness is another important mechanical property affected by the addition of 

nanofillers to composites 176, 177. Tang et al. 178 investigated the effects of nanofiller dispersion on the 

fracture toughness of graphene/epoxy nanocomposites prepared by solution casting. Ball milling was 

used to generate high shear stress to prevent agglomeration and improve dispersion of reduced GO 

(rGO) nanosheets, while the samples not processed by ball milling were found to be poorly-dispersed. 

It should be kept in mind, however, that high-energy milling procedures over long time periods can 

lead to a significant reduction of the aspect ratio of the fillers and as a consequence to poorer effective 

mechanical properties. The fracture toughness of the poorly-dispersed and well-dispersed composites 

was found to be increased by about 24% and 52%, respectively, upon the addition of 0.2 wt% rGO, as 

shown in Figure 22a. This study shows once again the importance of the dispersion of fillers in the 

improvement of the fracture toughness of composites. To further promote the dispersion of fillers, 

carboxyl terminated butadiene acrylonitrile (CTBN) was used and the effects of CTBN on the 

mechanical and thermal properties of graphene/epoxy nanocomposites were studied 179. The addition 

of CTBN can supress the debonding between the flakes and the epoxy. Compared to the neat epoxy, 

the fracture toughness of the CTBN/epoxy composites was improved by ~70% with 10 wt% CTBN. 

The optimal loading of graphene was achieved at 3 wt% loading for which the fracture toughness of 

the epoxy was more than doubled. The mechanisms whereby the GNPs can affect crack propagation 

are illustrated in Figure 22c: (1) crack deflection and layer breakage; (2) separation between GNP 

layers; and (3) crack penetration and layer breakage.
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Figure 22. (a) Variations of KIC of rGO/epoxy nanocomposites with rGO loading. Reproduced with 

permission from 178. Copyright 2013 Elsevier. (b) Effects of CTBN and GNP on the fracture toughness 

of epoxy composites. (c) Crack propagation in GnP-5 flakes. Reproduced with permission from 179. 

Copyright 2016 Elsevier.

Another intriguing concept for the utilisation of the geometry of the 2D fillers is the fabrication 

of nacre-type composites 164. Nacre has high strength and toughness, which has been attributed to its 

hierarchical structure and abundant interfacial interactions. This has motivated researchers to construct 

nanocomposites with nacre-like microstructures to improve their mechanical properties 164. Compared 

to graphene, GO is more advantageous in the improvement of tensile strength as the surface functional 

groups enable the formation of strong interlayer bonds. Li et al. 180 prepared GO/PVA composites with 

nacre-like structures using solution casting, while rGO/PVA composites were prepared by the 

reduction of the original GO/PVA composites (Figure 23a). The stress-strain curves of the composites 

fabricated are shown in Figure 23b. The Young’s modulus and tensile strength were found to be 11.4 
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GPa and 118.0 MPa for GO/PVA nacre-composites, significantly higher than the values of 4.1 GPa 

and 67.1 MPa for the neat GO films. The tensile strength increased to 188.9 MPa and the Young’s 

modulus decreased slightly to 10.4 GPa for rGO/PVA composites. The improvements in mechanical 

properties are thought to be due to the formation of hydrogen bonds and the hierarchical structure 

between the GO (or rGO) and PVA. When the composites are subjected to tension, the weak vdW 

bonds will break first and with an increase in loading, and the hydrogen bonds will also break. More 

energy is required to fracture the composites with enhanced hydrogen and oxygen bonds and therefore 

tensile strength is improved. In summary, a hierarchical structure and strong interlayer bonds are two 

key factors that can be tuned to improve the mechanical properties of the nanocomposites. Different 

methods such as vacuum filtration and freezing have been used to prepare polymer nanocomposites 

based on graphene derivatives 165, 181.

Figure 23. (a) Preparation of GO/PVA and rGO/PVA composites with nacre-like structures. (b) Stress-

strain curves of GO films, GO/PVA and rGO/PVA composites. Reproduced with permission from 180. 

Copyright 2012 Wiley-VCH Verlag GmbH & Co. KGaA.

Table 3. Mechanical properties of polymer nanocomposites based on graphene. (*when more than 
one optimum filler fractions are mentioned, they correspond to the optimum filler fractions for 
improvement of modulus, strength and toughness, sequentially.)

Increase (%)Filler Matrix Processing 
Method

Matrix 
modulus 
(GPa)

Optimum filler 
fraction* Young’s 

modulus
Tensile 
strength

Fracture 
toughness

Ref.
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f-rGO PMMA In situ 
polymerization

3.12 1 wt% 42 15 – 182

f-GNP PMMA Solution casting 1 2 wt% 24 20 – 183

GO PMMA Vacuum filtration 0.67 75 wt% 1019 1116 – 165

rGO Epoxy Solution casting 2.91 0.2 wt% 6 7 51 178

GNP Epoxy Solution casting 3.75 3 wt% – – 109 179

GO Epoxy Solution casting 3 0.1, 0.5, 1 wt% 12 13 63 184

GO Epoxy Solution casting 1.92 0.75, 0.5 wt% 40 3 – 185

GO Epoxy Solution casting 2.62 0.5 wt% 31 52 – 186

rGO Epoxy Solution casting 2.62 0.5 wt% 28 31 – 186

rGO Epoxy Solution casting 1.82 0.3 wt% 47 47 – 187

rGO Epoxy Freeze casting – 1 wt% – – 314 188

f-GNP Epoxy Solution casting 3.35 2 wt% 71 23 124 189

GNP Epoxy Solution casting 2.89 78 wt% 411 – – 190

GNP Epoxy Solution casting – 5 wt% – – 51 191

GO PVA Vacuum filtration 2.6 50 wt% 1300 186 – 165

GO PVA Vacuum filtration 2.1 5, 3 wt% 190 69 – 192

f-rGO PVA Solution casting 2.34 1 wt% 82 48 – 193

GO PVA Solution casting 0.12 3 vol% 990 166 – 194

rGO PVA Solution casting 1.74 0.1, 0.3 wt% 55 48 – 195

f-GO PLA Solution casting 1.9 0.2, 0.2, 0.6 
wt%

19.2 58 384 196

f-GO PS Solution casting 1.45 0.9 wt% 57.2 69.5 – 197

GO PS/
PMMA

In situ 
polymerization

2.24 0.25 wt% 14 11 – 198

GNP PVC Solution casting 0.8 2 wt% 58 130 – 199

rGO PP Melt mixing 1.02 0.42 vol% 74 75 – 200

f-GNP PI In situ 
polymerization

2.3 3 wt% 610 84 – 201

f-GO PI In situ 
polymerization

0.55 1 wt% 257.2 58 – 202

GO PVDF Solution casting 1.4 2 wt% 192 92 – 203

f-rGO PVDF Solution casting 1.0 5, 1 wt% 585 317 –
GO CS Solution casting 1.32 1 wt% 64 122 – 204

GO CS Vacuum filtration 2.4 95 wt% 842 391 – 205

GNP HDPE Melt mixing 0.95 10 wt% 56 23 – 206

GNP PEEK Melt mixing 3.61 10 wt% 44 – – 207

GNP PA6 Melt mixing 1.2 20 wt% 412 54 – 208

GO Silk Layer by layer 9.5 23.5 vol% 1426 200 – 209

Page 59 of 108 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
6 

20
24

. D
ow

nl
oa

de
d 

on
 2

02
4-

06
-2

7 
 7

:0
2:

56
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D4NR01356E

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr01356e


59

GNP Cellulose Vacuum filtration 0.945 50 wt% 137 33 – 210

f-GNP ABS Solution casting 0.21 1 wt% 60 18 107.1 211

rGO ANF Vacuum filtration 1.57 50 wt% 125 -19 – 212

a PLA, polylactic acid; PS, polystyrene; PVC, poly(vinyl chloride); PP, polypropylene; PI, polyimide; PVDF, 
polyvinylidene fluoride; CS, chitosan; HDPE, high-density polyethylene; PEEK, poly(ether ether ketone); PA6, 
polyamide 6; GF, graphene fluoride; ABS, acrylonitrile butadiene styrene, ANF, aramid nanofiber. 

4.3.2 Boron nitride nanocomposites

    As mentioned earlier, h-BN nanosheets possess excellent mechanical properties as their Young’s 

modulus is similar to that of graphene. Furthermore, it has been confirmed by AFM indentation 17 and 

Raman spectroscopy 100 that the increase of layer number to about ten does not degrade their 

mechanical properties due to strong interlayer interactions; h-BN nanosheets therefore show excellent 

potential in the mechanical reinforcement of polymer nanocomposites. However, the small lateral size 

of liquid exfoliated h-BN flakes and their poor interfacial shear strength with polymers hampers the 

realisation of their full potential. Zhi et al. 213 exfoliated boron nitride nanosheets (BNNSs) in N,N-

dimethylformamide (DMF) and prepared BNNS/PMMA nanocomposites by solution blending. It was 

found that the Young’s modulus of the PMMA was improved from 1.74 to 2.13 GPa with the addition 

of 0.3 wt% BN nanosheets and the tensile strength was improved by 11%. 

In order to enhance the mechanical performance of BN-based composites, different surface 

functionalization strategies, including physical and chemical functionalization 214, have been applied 

in a number of studies. For example, Kim et al. 215 functionalized the BNNSs non-covalently with 1-

pyrenebutyric acid (PBA) molecules and prepared BNNS/epoxy nanocomposites by solution blending, 

as seen from Figure 24a to 24d. Compared to the neat epoxy, the addition of 0.3 wt% BNNSs led to 

an improvement of Young’s modulus and tensile strength from 2.7 to 3.3 GPa and from 46.7 to 71.9 

MPa, corresponding to increases of 21% and 54%. Significantly, the fracture toughness of the 

composites was improved from 0.7 to 1.5 MJ m-3. These significant improvements in the mechanical 

properties were attributed to the increased surface area and good stress transfer, as π-π interactions 

were established between the PBA molecules and BN nanosheets. In another study, the effects of non-
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covalent functionalization on the storage modulus of h-BN /bisphenol E cyanate ester (BECy) 

composites were investigated, as shown in Figure 24e 216. At 10 vol% loading, dopamine-treated h-

BN composites show better reinforcement than pristine h-BN; while at 15 vol% loading, the 

performance of dopamine-treated h-BN samples was worse compared to pristine h-BN. The storage 

modulus of the composites at 25 ℃ was improved significantly from 2.0 to 7.1 GPa with 15 vol% of 

untreated h-BN. This shows the importance of controlling the degree of functionalization and the 

loading of fillers, as discussed in Section 3.2. There is a balance between the effect of improved 

dispersion as well as the better interfacial interactions upon the ultimate mechanical properties of 

nanocomposites, due to functionalization of the nanofillers. 

Figure 24. (a-d) Non-covalent functionalization of h-BN and solution blending for the preparation of 
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h-BN/epoxy composites. Reproduced with permission from 215. Copyright 2013 Wiley-VCH Verlag 

GmbH & Co. KGaA. (e) Variations of storage modulus at 25 ℃ of BNNS/BECy composites with 

nanoparticle loading. Reproduced with permission from 216. Copyright 2015 American Chemical 

Society. (f) Stress-strain curves of BNNS/PVA composites. Reproduced with permission from 217. 

Copyright 2012 American Chemical Society.

Covalent functionalization has been used to improve the mechanical performance of h-BN-based 

nanocomposites. Sainsbury et al. 217 covalently functionalized BNNSs and prepared hydroxyl-

functionalized BNNS (OH-BNNS) and isocyanate-functionalized BNNS (i-BNNS). The stress-strain 

curves of such BNNS/PVA composites are shown in Figure 24f. Compared to the neat PVA, the 

Young’s modulus and tensile strength of the OH-BNNS/PVA composites were respectively increased 

from 0.4 to 1.1 GPa and from 30 to 49 MPa with only 0.1 wt% filler. Several factors contributed to the 

improvements in the mechanical properties of the nanocomposites. The lateral size of the exfoliated 

BN nanosheets was as large as 2 to 3 μm which is beneficial for stress transfer, while the covalent 

functionalization and the uniform alignment promoted the performance of the h-BN nanosheets in 

matrices. Recently, Liu et al. 218 covalently functionalized BNNSs using (3-aminopropyl) 

triethoxysilane (APTES) and fabricated APTES-BNNS/epoxy nanocomposites by solution blending. 

Compared with the neat epoxy, the storage modulus of the nanocomposites filled with 10 wt% of 

APTES-BNNSs at 35 °C was increased from 1.5 GPa to 4.3 GPa. 

Apart from surface functionalization, different preparation and alignment approaches have been 

used to fabricate BNNS-based composites displaying homogeneous dispersion. Hu et al. 219 prepared 

h-BN/epoxy nanocomposites via hot pressing the mixture of BNNS and epoxy at 150 ℃ and under a 

pressure of 10 MPa. This fabrication strategy was found to improve the orientation of BN in an epoxy 

matrix significantly. For the neat matrix, the elastic modulus, tensile strength and fracture toughness 

were measured to be 0.6 GPa, 23.6 MPa, and 0.87 MJ m-3. The maximum fracture toughness was 
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found to be 1.1 MJ m-3 at 10 wt% h-BN loading, showing an increase of 33%; while the maximum 

tensile strength was 39.3 MPa with 30 wt% of h-BN nanosheets. Finally, the Young’s modulus 

increased by more than 600% to 4.63 GPa with 50 wt% of aligned h-BN in comparison to the value of 

1.48 GPa obtained from 50 wt% randomly oriented h-BN, as shown in Figure 25a. As can be seen 

from the evaluation of individual mechanical properties as a function of filler loading, the tensile 

strength and fracture toughness are prone to be affected by the agglomeration of BNNSs and therefore 

reach their maximum values at lower loadings compared to Young’s modulus. In another interesting 

study, a magnetic field was used to align BN nanosheets in epoxy matrix 220. The effects of alignment 

on the Young’s modulus of the epoxy composites with 20 wt% h-BN are shown in Figure 25b. 

Compared to the modulus of neat epoxy at 2.7 GPa, vertically-aligned composites (VmhBN-epoxy, z 

direction) show the highest elastic modulus at 4.55 GPa, while randomly-distributed (RmhBN-epoxy) 

and horizontally-aligned (VmhBN-epoxy, x-y direction) composites show similar modulus values 

(3.45 and 3.52 GPa). Overall, high degrees of orientation, induced by compressive or magnetic forces 

have been demonstrated to improve the mechanical properties of nanocomposites reinforced with 

BNNS effectively. 

Figure 25. (a) Variation of the Young’s modulus of the h-BN/epoxy nanocomposites with h-BN 

content. Reproduced with permission from 219. Copyright 2018 Elsevier. (b) Variation of the Young’s 

modulus of h-BN/epoxy nanocomposites with the orientation of h-BN. Reproduced with permission 
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from 220. Copyright 2013 American Chemical Society.

Table 4. Mechanical properties of polymer nanocomposites based on boron nitride. 

Increase (%)Filler Matrix Processing 
Method

Matrix 
modulus 
(GPa)

Optimum filler 
fraction* Young’s 

modulus
Tensile 
strength

Fracture 
toughness

Ref.

BN PMMA Solution casting 1.74 0.3 wt% 22 11 – 213

BN PMMA Solution casting 2.2 3 wt% 132 – – 221

f-BN PMMA Hot pressing 0.739 0.5 wt% 8.7 – 69.6 222

f-BN Epoxy Solution casting 2.749 0.3 wt% 21 54 107 215

BN Epoxy Hot pressing 0.64 50, 30, 10 wt% 623 66 30 219

BN Epoxy Solution casting 2.7 20 wt% 68.5 – – 220

BN Epoxy Solution casting – 2 wt% – – 121 223

BN Epoxy Freeze casting – 2.08 vol% – – 600 224

f-BN PVA Solution casting 0.378 0.1 wt% 186 66 191 217

BN PVA Solution casting 2.5 0.12, 0.05 vol% 36 33 – 225

BN PVA Solution casting 1.52 0.5 wt% 39 27 – 226

BN PVA Vacuum filtration 0.053 27 vol% 1221 83 – 227

f-BN PVA Solution casting 0.18 0.2 wt% 73.6 109.3 – 228

f-BN PVA Vacuum filtration 0.4 60 wt% 1800 110 – 229

BN PVC Solution casting 2 0.12 vol% 37.5 60 – 230

f-BN PS Melt mixing 2.01 30 wt% 23 82 – 231

f-BN PU Solution casting 0.19 0.1 wt% 17 118 233 217

BN PE Solution casting 0.4 5 wt% 64.1 26 – 232

BN UHMW
PE

Solution casting 3.01 11 wt% 152 – – 233

BN PVDF Electrospinning 0.002 1 wt% 200 900 2614 234

f-BN PVDF Electrospinning 0.87 30 wt% 24 151 – 235

BN PDMS Solution casting – 28.6 wt% – 75 36 236

f-BN SBR Mechanical 
mixing

0.002 90 phr 653 145 – 237

BN PA66 Melt mixing 2.6 20 wt% 92 4 – 238

BN PEN Solution casting 2.637 5, 2 wt% 11 16 – 239

BN ANF Vacuum filtration 2.81 70 wt% 31.9 61.6 – 240

a PU, polyurethane; PE, polyethylene; UHMWPE, ultrahigh molecular weight polyethylene; SBR, styrene butadiene 
rubber; PA66, polyamide 66; PEN, polyarylene ether nitrile. 
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4.3.3 TMDC-based nanocomposites

TMDCs possess interesting mechanical properties and apart from their high values of elastic 

modulus, TMDCs show good compatibility with polymers. It has been found that stress can be 

transferred to few-layer TMDCs effectively so that they can be considered as mechanical-reinforcing 

agents in polymer nanocomposites. Riaz et al. 241 compared the role of MoS2 nanosheets (MNSs) and 

MoS2 quantum dots (MQDs) in the mechanical reinforcement of an epoxy resin. It was found that 

MQDs were more effective in reinforcing epoxy nanocomposites as shown in Figure 26a and 26b. 

With the addition of 0.2 wt% MQDs, KIC and GIC of epoxy were improved by 81% and 151%, higher 

than the counterpart of MNSs. Compared to the MNSs, the MQDs showed excellent dispersion and 

better interfacial interactions with the epoxy resin as illustrated in Figure 26c. As a consequence, the 

MQDs were able to fill the cavities in the matrix and improve the mechanical and interfacial properties. 

Figure 26. (a) KIC and (b) GIC of neat epoxy, epoxy/MNSs (EMNS) and epoxy/MQDs (EMQDs) 

nanocomposites. (c) Interfacial interactions of EMNS and EMQDs. Reproduced with permission from 
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241. Copyright 2021 Elsevier.

Poor interfacial strength between the matrix and the TMDCs restricts the reinforcing efficiency 

of the nanofiller. Non-covalent functionalization can therefore improve the interfacial interactions and 

hence the mechanical properties of the nanocomposites 242-244. Feng et al. 242 prepared 

MoS2/poly(ethylene oxide) (PEO) nanocomposites via solution blending. The exfoliation and non-

covalent functionalization were conducted in a pluronic aqueous solution assisted by sonication. It was 

found that the addition of 0.9 wt% MoS2 increased the Young’s modulus of the neat PEO (0.84 GPa) 

by ~90%. The mechanical reinforcement in terms of the elastic modulus of the matrix showed good 

agreement with the Halpin−Tsai model in the case of the random distribution of 2D nanosheets. This 

improvement was attributed to the good interfacial interaction and gradient interfaces between the 

MoS2 and PEO (due to non-covalent functionalization). The use of the surfactant during the exfoliation 

procedure improved the effective volume fraction of the MoS2 nanosheets. Wang et al. 244 prepared 

lipoic acid-functionalized MoS2/nylon-6 (PA6) composites via in situ polymerization. It was found 

that the elastic modulus and tensile strength of the pristine PA6 were enhanced by about 80% (to 2.45 

GPa) and 78% (to 80.6 MPa), respectively, upon the addition of 1.0 wt% functionalized MoS2. The 

weak van der Waals interfaces were modified by the chemical bonds, which led to an improvement in 

interfacial stress transfer. The in situ polymerization method is known to make the distribution of fillers 

more homogeneous 156, 157 in the case of MoS2 nanosheets, although its use is generally limited by its 

restriction to low filler contents. 
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Figure 27. (a) Tensile modulus for the PVA composites based on MoS2 (PM) and WS2 (PW). 

Reproduced with permission from 245. Copyright 2014 Royal Society of Chemistry. (b) Variation of 

facture toughness of WS2/Epoxy composites with volume fraction. Reproduced with permission from 

246. Copyright 2017 American Chemical Society.

In addition to MoS2, other TMDCs such as WS2 245, 246 and MoSe2 247 have also been used as 

reinforcing agents in polymer composites. For example, Kim et al. 245 compared the mechanical 

reinforcement of MoS2 and WS2 in a PVA matrix. The MoS2 and WS2 nanosheets were fabricated via 

intercalation-assisted liquid exfoliation (their lateral sizes were quite small, of the order of 50-200 nm), 

and the composites were prepared by solution blending. The variation of tensile modulus with volume 

fraction is shown in Figure 27a, where PM and PW represent the MoS2- and WS2-based PVA 

composites. Despite the small lateral size of the nanosheets it was found that the addition of 2.0 wt% 

WS2 increases the elastic modulus of the composites by 52% from 1.93 GPa to 2.93 GPa, while the 

introduction of 0.9 wt% MoS2 led to an increase of the modulus by 65% from 1.93 GPa to 3.18 GPa. 

This difference is due to the fact that the interactions between the MoS2 and PVA are stronger than the 

interactions between the WS2 and PVA, since more S-H-O bonds were formed between MoS2 and 

PVA (confirmed by Fourier-transform infrared spectroscopy (FTIR)). Sasu et al. 246 functionalized 

WS2 with polyethyleneimine (PEI) to increase its compatibility with an epoxy matrix and fabricated 
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WS2/epoxy nanocomposites by solution casting. It was found the fracture toughness of the polymer 

was improved by about 83% with the addition of 0.25 wt% WS2-PEI nanosheets as shown in Figure 

27b. The compressive and flexural strengths were improved significantly (43% and 65%, respectively). 

In summary, thanks to their excellent mechanical properties and good affinity with the matrices, 

TMDCs are effective in improving the mechanical performance of polymer composites. More research 

needs to be conducted in the near future to improve production yields, increase the lateral size of 

processed flakes and to functionalize TMDC nanosheets chemically (especially covalently) in order to 

achieve a higher reinforcement efficiency.

Table 5. Mechanical properties of polymer nanocomposites based on TMDCs. 

Increase (%)Filler Matrix Processing 
Method

Matrix 
modulus 
(GPa)

Optimum filler 
fraction* Young’s 

modulus
Tensile 
strength

Fracture 
toughness

Ref.

MoS2 Epoxy Solution casting 3.45 0.2 wt% 9 33 66 143

f-MoS2 Epoxy Solution casting – 0.25 wt% – – 81 248

MNQs Epoxy Solution casting – 0.2 wt% – – 81 241

f-WS2 Epoxy Solution casting – 0.25 wt% – – 83 246

MoS2 PVA Solution casting 3.4 3, 3, 2 wt% 42 56 300 141

f-MoS2 PVA Solution casting – 2 wt% – 57 – 249

f-MoS2 PVA Solution casting 1.93 0.9 wt% 65 – – 245

f-WS2 PVA Solution casting 1.93 2 wt% 52 – – 245

MoS2 PVA Solution casting 2.8 0.25 wt% 14 18 – 250

MoS2 PEO Solution casting 0.27 2 wt% 111 – – 251

f-MoS2 PEO Solution casting 0.84 0.9 wt% 88.1 53.3 – 242

f-MoS2 PA6 In situ 
polymerization

1.36 1 wt% 80 78 – 244

f-MoS2 PE In situ 
polymerization

0.515 1.23 wt% 56.5 114 – 252

f-MoS2 PE In situ 
polymerization

0.48 1.53 wt% 90 72 – 253

f-MoS2 PE In situ 
polymerization

0.515 0.47, 1.02 wt% 61 105 – 254

MoS2 PS Melt mixing 3.8 0.002 wt% –2 27.5 100 255

f-MoS2 PI Solution casting 2.5 1 wt% 43 47 – 256
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f-MoS2 PP In situ 
polymerization 

0.85 0.52 wt% 61.2 11.4 – 257

f-MoS2 WPU Solution casting 0.12 4 wt% 85 140 – 258

MoS2 CS Solution casting – 0.5 wt% – 207 – 259

f-MoS2 PVDF Solution casting – 7 wt% – 61.5 – 260

MoS2 CN Solution casting 4.1 6 wt% 100 74 – 261

a WPU, waterborne polyurethane; CN, cellulose nanofibril. 

4.3.4 MXene-based nanocomposites

Another 2D nanofiller that can be used for the mechanical reinforcement of polymers is MXene 

nanosheets. Because of their excellent mechanical properties and strong interfacial interactions, 

MXenes have been used to create multifunctional polymer nanocomposites. Liu et al. 262 prepared 

Ti3C2Tx/epoxy nanocomposites via solution blending as illustrated in Figure 28. Ti3C2Tx MXene was 

mixed with the curing agent, methyltetrahydrophthalic anhydride (MTHPA), which facilitated the 

formation of strong chemical bonds and promoted the dispersion of the MXene. With the addition of 

0.2 wt% MXene, the elastic modulus and tensile strength were improved from 2.6 to 3.5 GPa and 

70.5 to 106.4 MPa, respectively. The flexural modulus and flexural strength were improved from 2.6 

to 3.5 GPa and 119.1 to 157.0 MPa, respectively. These enhancements were comparable to the 

findings for graphene and graphene oxide, making MXenes attractive in the development of polymer 

nanocomposites with good mechanical properties. 
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Figure 28. Preparation process of Ti3C2Tx/epoxy nanocomposites. Reproduced with permission from 

262. Copyright 2020 Elsevier.

As a result of the presence of abundant surface functional groups, MXenes have been combined 

with various polymers, such as PVA 263, waterborne polyurethane (WPU) 264, 265, cellulose nanofiber 

(CNF) 266, 267 and aramid nanofiber (ANF) 268, 269 to fabricate bioinspired nanocomposites with nacre 

structure. Cao et al. 266 prepared d-Ti3C2Tx/CNF nanocomposites with a nacre structure using vacuum 

filtration (Figure 29a and 29b). The stress-strain curves are shown in Figure 29c, and the optimal 

mechanical performance was achieved at 50 wt% Ti3C2Tx content. The fracture toughness of the 

composites was improved by ~360% from 3.2 ± 0.2 MJ m-3 to 14.8 ± 0.4 MJ m-3. Meanwhile, both the 

elastic modulus and tensile strength show improvements, increasing from 1.4 ± 0.1 to 3.8 ± 0.3 GPa 

and from 49.3 ± 4.8 to 135.4 ± 6.9 MPa, respectively. The improvement in mechanical properties is 

induced by the formation of abundant hydrogen bonds, as a number of terminal groups exist on d-

Ti3C2Tx nanosheets, while hydroxyl groups are present on the CNFs. In addition, a synergistic effect 

was observed due to the formation of a “brick-and-mortar” layered structure. With tensile loading, 
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interlayer hydrogen bonds will break and the d-Ti3C2Tx nanosheets will slide over each other. The 

presence of CNFs reduces the slippage of nanosheets and delays crack propagation at higher loadings. 

As a result, a high tensile strength was observed. In another study, the tensile strength of Ti3C2Tx/CNF 

nanocomposites prepared using a similar method was as high as 416 MPa with 60 wt% Ti3C2Tx after 

vacuum pressing as shown in Figure 29d and the Young’s modulus increased to 46.5 GPa with 90 wt% 

Ti3C2Tx 267. Overall, as mentioned earlier, the excellent intrinsic mechanical properties and surface 

functional groups make MXenes very attractive candidates for the mechanical reinforcement of 

nanocomposites. 

Figure 29. (a) Natural nacre with a “brick and mortar” structure. (b) Vacuum filtration for the 

preparation of Ti3C2Tx/CNF composites. (c) Stress-strain curves of Ti3C2Tx/CNF composites with 

different Ti3C2Tx contents. Reproduced with permission from 266. Copyright 2018 American Chemical 

Society. (d) Variations of tensile strength of Ti3C2Tx/CNF composites with different CNF content. 

Reproduced with permission from 267. Copyright 2019 WILEY‐VCH Verlag GmbH & Co. KGaA.

Page 71 of 108 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
6 

20
24

. D
ow

nl
oa

de
d 

on
 2

02
4-

06
-2

7 
 7

:0
2:

56
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D4NR01356E

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr01356e


71

Table 6. Mechanical properties of polymer nanocomposites based on MXenes. 

Increase (%)Filler Matrix Processing 
Method

Matrix 
modulus 
(GPa)

Optimum filler 
fraction* Young’s 

modulus
Tensile 
strength

Fracture 
toughness

Ref.

Ti3CN Epoxy Solution casting 4.5 90 wt% 182 – – 142

f-Ti3C2Tx Epoxy Solution casting 2.6 0.2, 0.2, 1 wt% 35 51 107 262

Ti3C2Tx Epoxy Solution casting 3.62 5 wt% 21 – – 270

f-Ti3C2Tx Epoxy Solution casting – 0.5 wt% – – 70 271

Ti3C2Tx Epoxy Freeze casting – 0.6 wt% – – 710 272

f-Ti3C2Tx Epoxy/
PE 

Solution casting 3.24 1 wt% 17 56 – 273

Ti3C2Tx WEP Solution casting 0.45 2 wt% 94 40 – 274

TSAC PMMA Solution casting 0.289 0.3 wt% 396.5 88 – 275

Ti3C2Tx PVA Vacuum filtration 1 40 wt% 270 203 – 263

Ti3C2Tx PVA Solution casting 2.21 0.6 wt% 27 24 – 169

Ti3C2Tx PVA Solution casting – 10 wt% – 205 346 276

f-Ti3C2Tx PVA Solution casting 3.56 2 wt% 64 67 – 277

Ti3C2Tx PVC Solution casting 0.024 10 wt% 177.47 173.55 – 278

Ti3C2Tx PANI Vacuum filtration – 87.5 wt% – 670 – 279

Ti3C2Tx CNF Vacuum filtration 1.4 50 wt% 171.4 174.6 362.5 266

Ti3C2Tx CNF Vacuum filtration 8.25 90, 40 wt% 467 131 – 267

Ti3C2Tx CNF Vacuum filtration 5.8 50, 40 wt% 21 24 – 280

Ti3C2Tx ANF Vacuum filtration – 10 wt% – 20 – 268

Ti3C2Tx ANF Vacuum filtration 6.2 40, 10, 10 wt% 123 19 13 269

f-Ti3C2Tz PLA Solution casting – 1 wt% – – 144.3 281

Ti3C2Tx PP Melt mixing – 2 wt% – 35.3 – 282

Ti3C2Tx TPU Melt mixing – 0.5 wt% – 47.1 – 149

Ti3C2Tx WPU Vacuum filtration 2.53 80wt% 211 232 297 264

Ti3C2Tx WPU Solution casting – 0.5 wt% – 20 – 283

Ti3C2Tx NR Vacuum filtration 0.00055 6.71 vol% 15000 700 – 284

Ti3C2Tx Nafion Solution casting 0.1046 10 wt% 66 51 – 285

a WEP, waterborne epoxy; PANI, polyaniline; NR, natural rubber. 

4.3.5 Black phosphorus nanocomposites
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The anisotropic mechanical properties of BP make it an interesting nanofiller for the development 

of polymer nanocomposites. A major disadvantage of BP nanosheets is their instability in air which 

can restrict the manufacturing methods. Different strategies have been proposed to prepare air-stable 

BP nanosheets 286-290. Chemical functionalization is an effective strategy to improve both the air 

stability and mechanical reinforcement from BP nanosheets. Qiu et al. 288 prepared BP/polyurethane 

acrylate (PUA) composites using solution blending. The BP nanosheets were functionalized using 

cobaltous phytate to improve their air-stability. It was found that 3 wt% functionalized BP can increase 

the storage modulus of the nanocomposites at 25 ℃ by 75% compared with the neat matrix (1.9 GPa). 

The tensile strength of the composites was improved by 60% to 21.1 MPa. Moreover, the BP 

nanocomposites were stable after being exposed to environmental conditions for 4 months. Ni et al. 

287 prepared BP/PVA nanocomposites via solution casting and the lateral size of the BP nanosheets 

was in the order of 200 to 300 nm. The formation of P-O covalent bonds, confirmed by both Raman 

spectroscopy and X-ray photoelectron spectroscopy (XPS), stabilised the BP nanosheets and improved 

the mechanical properties of the nanocomposites. The Young’s modulus of the pure PVA was doubled 

from 5.6 GPa to 11.4 GPa with the addition of 3.1 wt% nanosheets. The tensile strength was improved 

by ~88% from 168 MPa to 317 MPa. Moreover, the BP/PVA composites were stable after being 

exposed to environmental conditions for one year. Overall, chemical functionalization can not only 

stabilise BP nanosheets, but also improve the mechanical reinforcement due to strong interfacial 

interactions between the functionalized BP nanosheets and polymer matrices.

Protective layers have been utilised to fabricate air-stable BP nanosheets for the reinforcement of 

polymer nanocomposites 289, 290. Qiu et al. 289 modified few-layer BP nanosheets by polyphosphazene 

(PZN) functionalization and fabricated BP/epoxy nanocomposites (Figure 30). The sandwich-like 

PZN-BP-PZN structure, shown in Figure 31, was formed through direct polymerization and the BP 

nanosheets were found to be stable in air due to the wrapping of the PZN hybrids. The hybrid structures 

also prevented BP nanosheets from agglomeration within the nanocomposite, as confirmed by TEM 
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images. Meanwhile, the mechanical properties of the epoxy composites were improved significantly 

with a small loading of BP nanosheets. For instance, the storage modulus of the composites at room 

temperature was improved by ~130% with 1 wt% of PZN-functionalized BP nanosheets. This was 

attributed to the excellent mechanical properties of BP nanosheets and good interfacial interactions 

between the PZN-BP-PZN and epoxy matrix. 

Figure 30. Preparation of PZN-functionalized BP nanosheets and BP/epoxy nanocomposites. 

Reproduced with permission from 289. Copyright 2019 WILEY‐VCH Verlag GmbH & Co. KGaA.

 

Overall, even though air instability may hinder the applications of BP nanosheets, it has provided 

opportunities for researchers to explore different strategies to fabricate air-stable BP nanosheets. These 

strategies promote the interactions between BP nanosheets and matrices, prevent BP nanosheets from 

agglomeration and therefore improve the final mechanical performance of the nanocomposites. 

Table 7. Mechanical properties of polymer nanocomposites based on black phosphorus. 

Increase (%)Filler Matrix Processing 
Method

Matrix 
modulus 
(GPa)

Optimum filler 
fraction* Young’s 

modulus
Tensile 
strength

Fracture 
toughness

Ref.
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f-BP Epoxy Solution casting – 1 wt% – 71 – 291

f-BP Epoxy Solution casting – 1 wt% – 27.2 – 292

f-BP Epoxy Solution casting – 1 wt% – 56 – 293

BP PVDF Solution casting 1.46 2.5 wt% 56.8 – – 286

BP PVA Solution casting 5.6 3.11 wt% 104 88 – 287

BP PVA Solution casting 0.88 5 wt% 101.5 131.2 – 294

f-BP TPU Solution casting – 0.5 wt% – 27.6 – 295

f-BP TPU Solution casting – 0.5 wt% – 55 – 296

f-BP NFC Vacuum filtration – 25 wt% – 312 – 297

f-BP PLA Solution casting – 1 wt% – 11 – 298

a NFC, nanofibrillar cellulose.

4.3.6 Other nanocomposites

Polymer composites based on other 2D nanosheets such as covalent organic frameworks (COFs) 

299-303 and metal organic frameworks (MOFs) 243, 304-306 have also been investigated. Mu et al. 299 

prepared COFs/TPU nanocomposites, where the bulk COFs were exfoliated into nanosheets via a ball-

milling method. The exfoliated nanosheets were mixed with the TPU and subsequently hot-pressed 

into nanocomposite films. It was found that the addition of 3.2 wt% COFs gave the optimal 

reinforcement, whereby the elastic modulus and tensile strength of the composites were improved by 

45% and 64%, respectively. A good dispersion of COFs was reported as no obvious agglomeration 

was seen in SEM images. The interaction between the COFs nanosheets and TPU matrix was strong 

due to the formation of hydrogen bonds. In summary, strong interlayer interactions and good 

compatibility with matrices can improve the mechanical properties of composites based on COFs and 

MOFs to a certain extent. However, their relatively-poor intrinsic mechanical properties will hinder 

their further applications and hybrid structures or combinations with other fillers might be needed to 

achieve good reinforcement at low filler contents. 

Table 8. Mechanical properties of polymer nanocomposites based on COFs and MOFs. 

Increase (%)Filler Matrix Processing 
Method

Matrix 
modulus 
(GPa)

Optimum filler 
fraction* Young’s 

modulus
Tensile 
strength

Fracture 
toughness

Ref.
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COFs TPU Solution casting – 3.2 wt% 45 64 – 299

COF TPU Solution casting – 3 wt% – 69.6 – 307

f-COFs CS Solution casting 0.0123 1.6 wt% 94.3 27.9 – 300

f-COFs PLA Solution casting – 1 wt% 68.6 – – 302

COF PEG Solution casting 0.36 50 wt% 154 116 – 303

MOF Epoxy Solution casting 1.56 1.2 wt% –6 34 – 308

MOF PI In situ 
polymerization

17.8 3 wt% 85 35 – 309

f-MOFs PLA Solution casting 3.5 2 wt% 14 17 – 243

f-MOFs PLA Solution casting – 5 wt% – 47 – 306

5. Hybrid nanocomposites

Two or more nanofillers can be incorporated into a single matrix to improve the mechanical 

performance of polymer nanocomposites, leading to additive or synergistic effects. These synergistic 

effects are usually related to the creation of various interfacial bonds between the filler and the matrix 

that induce a significant improvement in the mechanical properties. Unlike the weak van der Waals 

bonds, the presence of both covalent and non-covalent bonds such as hydrogen bonds, ionic bonds and 

π-π interactions between the filler and the matrix can improve the interfacial shear strength and hence 

the stress transfer efficiency. The combination of these bonds within a composite can improve the 

mechanical performance synergistically. A number of papers have reported synergistic improvements 

of various properties of nanocomposites as a result of combinations of nanofillers with different 

geometries (2D, 1D, 0D and their combinations). There is therefore an opportunity to improve the 

mechanical properties of nanocomposites using hybrid fillers for the creation of different types of 

chemical bonds and constrain the movement of the macromolecular chains of the matrix effectively. 

In this section, we will review the combination of 2D fillers with fillers of different dimensions 

including 2D-2D, 2D-1D and 2D-0D and their additive or synergistic effects upon the mechanical 

reinforcement of nanocomposites. 

5.1. 2D-2D nanocomposites 
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The exceptional multifunctional properties of different types of 2D nanosheets have led to a large 

number of publications dealing with the preparation and properties of 2D-2D hybrid nanocomposites 

146, 310-322. The intrinsic mechanical properties of hybrid nanosheets can lead to reinforcement of the 

composites, most commonly as a result of additive effects. More importantly, the use of hybrid 

nanosheets can promote uniform dispersions or the formation of ordered, stacked structures that are 

known to lead to improved stress transfer efficiency. 

Cui et al. 311 prepared PS and polyamide 6 (PA6) composites reinforced with graphene 

nanoplatelets and h-BN nanosheets by hot pressing at 180 ℃ under 15 MPa pressure. The Young’s 

modulus and hardness of the composites were characterized by nanoindentation. In terms of PS 

composites, the Young’s modulus was only increased slightly from 4.32 to 4.7 GPa upon the addition 

of 20 wt% graphene (PSG20) or BN (PSB20) nanosheets. The addition of 1.5 wt% h-BN to PSG20 

(PSG20-B1.5) improved the Young’s modulus of the composites significantly from 4.7 to 6.3 GPa as 

shown in Figure 31a. According to the authors, the h-BN nanosheets were located between the 

graphene interspaces as illustrated in Figure 31b. This improved stress transfer efficiency from the 

matrix to nanosheets was the result of more interfaces being involved in stress transfer. Furthermore, 

the h-BN nanosheets were stacked on graphene nanosheets, which helped reduce stress concentrations 

and modified the crack propagation mechanism. These two factors synchronously improved the elastic 

modulus of the composites significantly. In another study, f-BNNS and Ti3C2Tx MXene were 

introduced into a polybenzimidazole (PBI) matrix through ball milling as illustrated in Figure 31c 319. 

With the addition of 25 wt% f-BNNS/ Ti3C2Tx, the yield and ultimate tensile strengths of the 

composites were improved by 61.1 % and 39.8% to 175.5 MPa and 189.6 MPa, respectively. The 

synergistic effect originates from the interaction between the f-BNNS and Ti3C2Tx, which not only 

prevents agglomeration but also facilitate the formation of bridge connections between the fillers. 

These studies show that the use of hybrid nanosheets can further improve the mechanical properties of 

composites compared with the use of individual types of nanosheets. 
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Figure 31. (a) Variation of the Young’s modulus of PS and PA composites with the addition of 

graphene and BN. (b) Scheme for the stacking of graphene (s-GH) and BN (s-BN). Reproduced with 

permission from 311. Copyright 2015 American Chemical Society. (c) Preparation process of PBI-

based composite films. Reproduced with permission from 319. Copyright 2019 Elsevier. 

Wan et al. 317 demonstrated the synergistic effect between GO and MoS2 for the the toughening 

of TPU nanocomposites. The GO/MoS2/TPU composites were prepared by a filtration method, 

creating a nacre-type structure. The corresponding stress-strain curves for different contents of MoS2 

were obtained as shown in Figure 32a 317. The TPU content was kept constant at 10 wt%. Compared 

with GO/TPU composites, the tensile strength and fracture toughness both increased with the addition 

of MoS2 nanosheets and reached their maximum values at 4.4 wt% of MoS2, as shown in Figure 32b 

and 33c. The tensile strength was improved by 40% from 166.7 MPa to 235.3 MPa. Additionally, the 
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toughness (determined from the area under the stress-strian curve) was more than doubled from 3.3 

MJ m-3 to 6.9 MJ m-3. The fractured morphology of rGO/MoS2/TPU composites is shown in Figure 

32d. According to the authors the application of an external load will result in the slippage of GO 

nanosheets and the formation of cracks due to the breakage of hydrogen bonds. The friction between 

GO and MoS2 leads to the movement of MoS2 nanosheets. Due to the excellent lubrication properties 

of layered MoS2, more energy is required for crack propagation as the crack is deflected, and the 

toughness is enhanced. The incorporation of MoS2 at loadings beyond 4.4 wt% degrades the tensile 

strength and toughness probably due to the restacking of the nanosheets. Recently, ultra-tough 

nanocomposites based on rGO+MXene 323, and rGO+BP 324 have been reported from the same group. 

Except for the toughening mechanism described above, the synergistic effects between covalent bonds 

and π-π interactions play an important role in the improvement of tensile strength. These studies 

demonstrate a promising strategy for the improvement of both the tensile strength and toughness of 

nanocomposites.

Figure 32. (a) Stress-strain curves of GO/MoS2/TPU nanocomposites. 1 to 5 represent GO film, 
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GO/TPU, rGO/TPU, GO/MoS2/TPU, and rGO/MoS2/TPU composites, respectively. Dependence of 

the (a) Tensile strength and (b) toughness of the composites with the loading of MoS2. (d) Fracture 

surface of the rGO/MoS2/TPU composites. Reproduced with permission from 317. Copyright 2015 

American Chemical Society.

In summary, the use of hybrid nanosheets shows huge potential in the improvement of mechanical 

properties of nanocomposites due to additive or synergistic effects. The good mechanical properties 

and unique characteristics of diverse 2D nanosheets can be combined together to reinforce 

nanocomposites. To achieve additive or synergistic effects, it is important to promote homogeneous 

dispersion of hybrid nanosheets; otherwise, agglomeration phenomena may degrade the mechanical 

performance of the hybrid nanocomposites. 

Table 9. Mechanical properties of hybrid 2D-2D nanocomposites. *when more than one optimum 
filler fractions are mentioned, they should correspond to the optimum filler fractions for improvement 
of modulus, strength and toughness, sequentially.

Increase (%)Filler 1 Filler 2 Matrix Processing 
Method

Matrix 
modulus 
(GPa)

Optimum hybrid 
filler (f1/f2) 
fraction* Young’s 

modulus
Tensile 
strength

Fracture 
toughness

Ref.

GO GNP Epoxy Freeze casting – 5 wt% – – 81.4 325

GP GNP PP Melt mixing 0.6 3/20 wt% 285 17 – 310

GNP BN PS Hot pressing 4.32 20/1.5 wt% 46 – – 311

rGO BN PVA Solution casting 2.3 0.8, 0.8, 1.6 
wt%

22 18 100 312

GO BN PU Solution casting 0.03 0.5 wt% 140 85 – 314

GNP BN PVDF Solution casting – 2.5/30 wt% – 63 – 315

f-GO f-BN PU Solution casting 0.05 3 wt% 76 62 – 316

f-GO f-BN TPU Solution casting 0.036 10 wt% 2729 381 – 326

GNP MoS2 PVC Melt mixing 0.0388 2/2 wt% 566 38 – 318

GO Ti3C2Tx EAA Solution casting 0.1 10 wt% 354 78 – 327

GO Ti3C2Tx PI Solution casting 11 1/0.3 wt% 18 54 – 328

GO f-BP PVA Solution casting – 25 wt% – 114 236 329

GO Clay UP Solution casting 3.27 1 wt% 93 130 – 330
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BN MoS2 Epoxy Solution casting 0.34 0.25, 1 wt% 58 95 – 146

BN MoS2 PU Solution casting 0.3 0.5 wt% 80 – – 331

f-BN Ti3C2Tx PBI Solution casting 2 25 wt% 97 39.8 – 319

MoS2 WS2 PLA Solution casting 0.01 1/1 phr 47 86 58 321

MoS2 Bi2Se3 Epoxy Solution casting – 1 wt% – 31 – 322

b EAA, poly (ethylene-co-acrylic acid); UP, unsaturated polyester.
b GP, graphite platelet.

5.2. 2D-1D nanocomposites 

The addition of 1D nanomaterials to composites based on 2D nanomaterials has been widely 

explored in an attempt to improve their mechanical performance. Several 1D nanomaterials possess 

excellent mechanical properties and good compatibility with polymer matrices. For example, the 

Young’s modulus and tensile strength of carbon nanotubes (CNTs) were measured to be 1 TPa and 

100 GPa 332. Even though the elastic modulus of nanofibrillar cellulose (~150 GPa) is relatively low 

compared to CNTs, there are abundant hydroxyl groups on its surface which is beneficial for the 

formation of strong interfacial bonds with other fillers or matrices 164. Therefore, 1D nanofillers can 

not only improve the mechanical properties of composites due to additive effects, but also promote the 

dispersion of 2D nanosheets in matrices and therefore lead to additional synergistic effects. 

Carbon nanotubes are extensively used in hybrid nanocomposites, such as in combination with 

graphene 333-336, BN 337-342, MoS2 343-345 and MXenes 346-348. Li et al. 333 prepared epoxy composites 

based on GNPs and CNTs. They compared the mechanical properties of the composites containing 

only GNPs or CNTs, and GNPs+CNTs (a mixture of GNPs and CNTs) or CNTs-GNPs (CNTs grown 

on GNPs), as seen from Figure 33a to 33d. It was found that the combination CNTs-GNPs not only 

gave the highest elastic modulus and tensile strength, but also the highest fracture strain. With the 

addition of 0.5 wt% CNTs-GNPs, the elastic modulus and tensile strength of the composites were 

improved by 40% and 36% respectively as shown in Figure 33f and 33g. Meanwhile, the fracture strain 

was not reduced in contrast to the other three cases where the fracture behaviour was degraded severely 
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(Figure 33h). These excellent mechanical properties were attributed to the formation of strong bonds 

between the CNTs and GNPs. The conjunction between CNTs and GNPs promoted the homogeneous 

distribution both nanofillers, and prevented both the GNPs from agglomeration and the CNTs from 

curling. This conjunction therefore promotes good stress transfer and hence the mechanical properties 

to be achieved.

Figure 33. (a-d) CNTs, GNPs, CNTs and GNPs, and CNTs on GNPs. (e) Stress-strain curves of the 

epoxy composites based on CNTs and GNPs. (f-h) Variations of elastic modulus, tensile strength and 

fracture strain of epoxy composites with GNP and CNT. Reproduced with permission from 333. 

Copyright 2012 Elsevier. 

CNTs can act as bridges to connect 2D nanosheets and improve load transfer. For example, Park 

et al. 341 fabricated PI composites based on h-BN nanosheets and CNTs. The BN-Fe-CNT hybrids 
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were formed and each part was connected by amide bonds as shown in Figure 34a. This improved the 

mechanical performance of the final composites significantly. As seen from Figure 34b and 34c, the 

elastic modulus of the composites was increased from 2.1 to 5.4 GPa with the addition of 2 wt% of 

nanofillers. The tensile strength was improved considerably from 67 MPa to 174 MPa. Such 

improvements can be attributed once again to the enhanced stress transfer due to the formation of 

interlinked nanofillers. These interconnected nanofillers reduce the curling of the CNTs and the 

agglomeration of the h-BN nanosheets. Overall, the good intrinsic mechanical properties and strong 

interactions with the 2D nanosheets, as well as polymer chains, make CNTs appealing in the 

fabrication of hybrid 2D-1D nanocomposites. 

Figure 34. (a) Interconnection of BN-Fe-CNT. (b, c) Variations of tensile strength and modulus of PI 

composites with O-BN, O-CNT and BN-Fe-CNT. Reproduced with permission from 341. Copyright 

2020 Elsevier.
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Recently, a liquid flow assisted method has been used to align 2D nanosheets in polymer 

nanocomposites 349. The dispersion of 2D nanosheets was achieved by the superspreading of the 

reaction solution with GO and sodium alginate (NaAlg) on the surface of polyacrylamide hydrogel. 

Gel-drying was then used to prepare the nanocomposites. Based on this process, polymer 

nanocomposites with NaAlg, PVA, GO, nanoclay, and CNTs (5:4:1:2:0.03 by weight) showed 

impressive mechanical properties with an elastic modulus of nearly 200 GPa, a strength of 1215 MPa 

and a toughness of 6.9 MJ m-3. This impressive mechanical performance was claimed to be because  

the aligned 2D nanosheets formed a critical interphase. This corresponds to the mechanism illustrated 

in Figure 19b, where the mechanical performance of the composites increases quadratically with the 

increase of filler loading due to strong interactions between the fillers and matrix. This study 

demonstrates a promising strategy for the alignment of 2D nanosheets in polymer nanocomposites. It 

shows that the tremendous potential of 2D nanosheets in the mechanical reinforcement of 

nanocomposites should be explored further.

Other one-dimensional materials, such as carbon fibres (CFs) 350-355 or glass fibers (GFs) 356, 

nanorods or nanowires (NWs) 357-361 and nanocelluloses 362-365 have also been incorporated into 

nanocomposites to improve their mechanical performance. For example, Papageorgiou et al. 351 

studied the additive effect of GNPs and CFs on the mechanical properties of PEEK composites. The 

Young’s modulus was improved from about 3.3 GPa to 4.5 GPa with the addition of 14 vol% GNPs. 

It was further improved to about 7 GPa with the addition of 34 vol% of a hybrid GNP/CF filler with 

the improvement being attributed to the additive effect of the presence of GNPs and CFs, in terms of 

their high values of elastic modulus. Furthermore, the high aspect ratio of GNPs restricted the 

movement of the macromolecular chains and promoted the stress transfer efficiency. Overall, the use 

of hybrid 1D and 2D nanofillers can improve the mechanical properties of composites due to additive 

effects. Synergistic effects can further contribute to the mechanical reinforcement. 
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Table 10. Mechanical properties of hybrid 2D-1D nanocomposites.

Increase (%)Filler 1 Filler 2 Matrix Processing 
Method

Matrix 
moduls 
(GPa)

Optimum hybrid 
filler (f1/f2) 
fraction* Young’s 

modulus
Tensile 
strength

Fracture 
toughness

Ref.

GNP CNT Epoxy Solution casting 2.2 0.5 wt% 40 36 – 333

GNP CNT Epoxy Mechanical 
mixing

– 0.5 wt% – – 76 366

GNP MWCN
T

UHM
WPE

Hot pressing 0.401 0.5 wt% 37.1 30.8 – 334

GO CNT PVA Solution casting 3.1 10/5, 6/3 wt% 106 80 – 367

GNP MWCN
T

Epoxy Solution casting 2.646 0.9/0.1 wt% 27.1 35.4 – 368

f-GNP f-CNT TPU Solution casting 0.0207 3 wt% 90 32 – 369

GNP CNT UHM
WPE

Hot pressing 0.59 0.3/0.1 wt% 37.3 33.4 – 335

f-GO f-CNT PI In situ 
polymerization

7.7 0.9/0.1 wt% 312 221 200 370

GO CNT PI Solution casting 2.47 1.1 wt% 94 118 138 371

GNP f-CNT PLA Melt mixing 1.5 0.5 wt% 66 44 – 372

GO CNT PS Hot pressing 0.967 1.02 wt% 19 64 – 336

BN MWCN
T

Epoxy Solution casting 3.25 0.5/0.3 wt% 38 25 – 337

BN f-CNT Nomex/
PTFE

Solution casting 5.2 0.5/0.5 wt% 37.5 22.7 – 338

BN CNT Epoxy Solution casting 2.03 7.6 wt% 37 300 – 339

f-BN f-CNT PI Solution casting 2.1 2 wt% 170 160 – 341

BN CNT HDPE Mechanical 
mixing

1.47 0.15/0.25 wt% 102 – – 342

MoS2 MWCN
T

Epoxy Solution casting 2.6 1 wt% 47.2 49.6 – 345

GO CF PU Solution casting 0.00314 1.1 wt% 648 46 – 350

MoS2 CF Epoxy Solution casting 1.25 0.8 wt% 53 77 – 355

GO SiC PPC Solution casting 3 3 wt% 183 46 – 359

f-BN Cu PVA Solution casting 1.33 10/0.1 wt% 303 123 – 361

GO CNC PVA Solution casting 0.86 5 wt% 320 124 159 363

BN CNC PVA Solution casting 2.3 3.2, 3.2, 0.8 wt% 49 42 100 365

f-BN/ 
Ti3C2T
x

Ag PBI Solution casting 2 50.5 255 104 – 373
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Ti3C2T
x

CNT TPU Hot pressing – 3 wt% – 79.5 – 348

Ti3C2T
x

CNT NBR Mechanical 
mixing

0.00078 21.1/2.9 vol% 429 146 – 347

Ti3C2T
x

f-CNT WPU Solution casting 0.044 0.95/0.05 wt% 69 25 – 374

Ti3C2T
x

MWCN
T

PVA Solution casting 2.23 0.6/0.6 wt% 52 48 – 375

Ti3C2T
x

MWCN
T

Epoxy Mechanical 
mixing

3 0.5/0.5 wt% 31 6 85 147

Ti3C2T
x

ATP Epoxy Solution casting 2.6 0.2/0.25, 0.2/1 
wt%

38 88 195 376

Ti3C2T
x

CF Epoxy Solution casting 2.6 2 wt% 46 100 216 377

Ti3C2 SAF PP Melt mixing 0.879 0.3/5 wt% 35.3 28.1 – 378

a PTFE, polytetrafluoroethylene; PPC, poly(propylene carbonate); NBR, nitrile rubber. 
b MWCNT, multiwall carbon nanotube; CNC, cellulose nanocrystal; ATP, attapulgite; SAF, short aramid fibre. 

5.3. 2D-0D nanocomposites 

Another strategy for improving the mechanical performance of 2D materials-based polymer 

nanocomposites is the introduction of zero-dimensional (0D) nanoparticles or nanospheres. Thanks to 

their spherical geometry, the combination of 0D and 2D nanofillers can create interlocking interfaces 

or core-shell structures that are more resistant to sliding or fracture. In addition, the presence of 0D 

nanofillers can inhibit the agglomeration of 2D nanosheets and promote homogeneous distributions in 

matrices. Different types of 0D nanoparticles such as SiO2 379-386, Al2O3 387-390, Ag 391, 392, Fe2O3 393, 

carbon black (CB) 394-396, nanodiamond (ND) 397-399, lignin 400, zinc ferrite (ZF) 401, and 

polyphosphazene (PZS) 402, 403 have been explored.

Silica nanoparticles are widely used in polymer nanocomposites considering their excellent 

mechanical properties (~ 150 GPa modulus) 404. Zhang et al. 384 prepared SiO2@ h-BN/PVA 

composites via two different methods: solution blending and vacuum filtration. The bulk h-BN was 

exfoliated into nanosheets by ball milling and the SiO2@h-BN hybrids were prepared by hydrolysis as 

shown in Figure 36a. For the solution casting method, the mixtures were poured into a mould and dried 
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for twelve hours; for the vacuum filtration method, the mixtures were filtered by a vacuum system and 

dried in a vacuum oven. The Young’s modulus and tensile strength were 1.8 GPa and 47 MPa for the 

neat PVA. It was found that composites prepared by vacuum filtration showed better mechanical 

performance due to a homogeneous distribution of fillers compared to the ones prepared by solution 

casting. On the other hand, the use of SiO2 improved the mechanical properties of the composites 

significantly. The Young’s modulus and tensile strength of the composites were improved to 4.2 GPa 

and 110 MPa with the addition of 14.5 wt% h-BN, while these properties were improved further to 5.9 

GPa and 156 MPa with the addition of 15.2 wt% SiO2@h-BN hybrids (14.5 wt% h-BN and 0.7 wt% 

SiO2). This further improvement in mechanical properties with the addition of SiO2 was attributed to 

a number of factors. As can be seen from Figure 36b more fillers and interfaces are involved in the 

crack propagation procedure with the addition of SiO2, which leads to an increase in the resistance to 

fracture. This study demonstrates that the synergistic combination of 0D and 2D nanofillers is another 

effective strategy to improve the mechanical performance of nanocomposites. 

Figure 36. (a) Preparation of boron nitride nanosheets and SiO2@BN bybrids. (b) Fracture behaviour 

of PVA composites with h-BN and SiO2@h-BN prepared by solution casting and vacuum filtration. 

Reproduced with permission from 384. Copyright 2018 Elsevier.
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The wrapping of nanoparticles with nanosheets to form a core-shell structure is an effective 

technique to improve the mechanical properties of nanocomposites 385. Zhou et al. 402 prepared 

PZS@MoS2 structures whereby polyphosphazene (PZS) spheres were synthesized with active 

hydroxyl groups on their surface. The MoS2 nanosheets were assembled onto the nanospheres to form 

core-shell structures using a hydrothermal process. The PZS@MoS2/epoxy nanocomposites were then 

fabricated using solution blending and this strategy improved the storage modulus of the composites 

significantly. With the addition of 2 wt% PZS and MoS2 (individually), the storage modulus was 

improved by 17.2 and 51.9% respectively. This means that the effective elastic modulus of PZS is 

relatively low compared to the value for MoS2. Surprisingly, the storage modulus of the composite 

was improved by 91% with the addition of 2 wt% PZS@MoS2as the hydroxyl groups in the 

PZS@MoS2 hybrids improved the interfacial adhesion between the filler and the matrix. In addition, 

the core-shell structure with high stiffness restricted the movement of molecular chains and so 

improved the storage modulus of the nanocomposites. 

An advantage of hybrid 2D-0D nanofillers is the formation of interlocking interfaces, which 

means that higher loading is needed to induce fracture failure. Zhang et al. 397 investigated the 

synergistic effect of GO and ND on the fracture toughness of epoxy nanocomposites. The NDs were 

processed by amine-terminated (3-aminopropyl) triethoxysilane and the GO nanosheets were 

processed by (3-glycidyloxypropyl) trimethoxysilane. Strong covalent bonds were formed between 

ND and GO as confirmed by XPS. The epoxy composites were prepared by the solution casting method 

and it was found that the flexural properties and fracture toughness of the composites were improved 

significantly as shown in Figure 37a and 37b. The strong covalent bonds between GO and ND improve 

the dispersion of NDs on GO nanosheets and prevents the GO nanosheets from agglomeration. Most 

importantly, the NDs play a crack pinning role in the enhancement of fracture toughness due to the 

formation of interlocking surfaces as shown in Figure 37c and 37d. More energy is required to 

overcome the locking surfaces for crack propagation and the fracture toughness of the composites is 
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therefore improved significantly.

Figure 37. (a) Flexural stress-strain curves of epoxy and its nanocomposites. (b) Variation of fracture 

toughness of epoxy/GO/ND composites with filler content. (c, d) Crack propagation in epoxy/GO/ND 

composites. Reproduced with permission from 397. Copyright 2017 Elsevier.

Table 11. Mechanical properties of hybrid 2D-0D nanocomposites. 

Increase (%)Filler 1 Filler 2 Matrix Processing 
Method

Matrix 
modulus 
(GPa)

Optimum hybrid 
filler (f1/f2) 
fraction* Young’s 

modulus
Tensile 
strength

Fracture 
toughness

Ref.

GO SiO2 Epoxy Solution casting 1.36 20, 10, 10 wt% 41 54 89 380

GO SiO2 Epoxy Solution casting 2.64 0.1 wt% 22.86 32.18 – 382

GO SiO2 Epoxy Solution casting 2.133 0.25 wt% 16 59 – 383

GO ND Epoxy Solution casting – 0.4 wt% – – 70 397

GO LM Epoxy Solution casting – 3.17 wt% – – 134 405

GO Al2O3 PU Solution casting 0.00018 10 wt% 211 41 – 387

rGO Fe2O3 PMMA In situ
polymerization

2 2/2 wt% 137.86 124 – 393
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BN SiO2 PVA Vacuum filtration 1.8 15.2 wt% 228 232 – 384

BN Ag Epoxy Solution casting 1.05 20, 5 wt% 33 20 – 391

f-BN ND Epoxy Solution casting 2.3 29 wt% 60 – – 398

BN Lignin PVA Vacuum filtration – 2.5 vol% – 33 – 400

BN Al2O3 PI Solution casting 1.23 20 wt% 17 – – 389

MoS2 ND PHBV Solution casting 0.5294 1/2 wt% 113 94 – 399

MoS2 SiO2 Epoxy Solution casting 1.18 3 wt% 46.5 68.7 – 385

MoS2 CB SBR Solution casting – 3 phr – 50 – 396

f-MoS2 SiO2 PAN Solution casting – 2 wt% – 42 – 386

Ti3C2T
x

ZHS Epoxy Solution casting 0.58 2 wt% 312 43 – 406

a PHBV, poly(3-hydroxybutyrate-co-3-hydroxyvalerate); PAN, polyacrylonitrile. 
b LM, liquid metal; ZHS, zinc hydroxystannate. 

6. Conclusions and Outlook 

The large family of two-dimensional materials displays a range of mechanical properties that can 

be used to tune the ultimate properties of model, bulk and hybrid polymer nanocomposites. In this 

present review we have evaluated the possibilities that arise from the use of 2D materials in the 

mechanical reinforcement of polymers. Despite the possibilities that the inherent properties of 2D 

materials can offer, the maximisation of their reinforcement efficiency in bulk polymer 

nanocomposites is still difficult. A number of issues arise from the preparation methods that can either 

lead to the fabrication of very small aspect ratio flakes, that suffer from interface slippage under stress, 

or flakes that display high defect densities, that are known to affect the intrinsic properties adversely. 

Simultaneously, the quality of exfoliated 2D materials that are available commercially is considered 

to be quite poor, and the batch-to-batch variation is high, identifying the need for the standardization 

in the fabrication and nomenclature of 2D and graphene-related materials. A step in this direction has 

been the publication of the ISO terminology for 2D materials (ISO/TS 80004-13:2017). 

With regards to model “sandwich” composites, it has been shown that the increase in the number 

of graphene layers leads to a reduction of the reinforcing efficiency of the material, since the interlayer 

van der Waals interactions are weak. For certain 2D materials, however, such as boron nitride and 
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molybdenum disulphide the strength and modulus of the nanoplatelets does not decrease with 

increasing layer number due to large positive sliding energies. If such materials can be produced in 

bulk quantities with large lateral dimensions, they might be considered to be promising alternatives to 

multilayer graphene in bulk polymer nanocomposites, while offering other multifunctional properties 

such as electrical insulation. Similarly, MXenes are a very interesting family of 2D materials that show 

good potential for polymer reinforcement as a result of their surface termination with various 

functional groups and their hydrophilic nature which contribute to a homogeneous dispersion and 

strong polymer/filler interfaces. Nevertheless, the use of harsh chemicals for the etching process during 

the production of MXenes raises concerns regarding safety and environmental impact and as a result 

more sustainable and less hazardous methods need to be developed for MXene synthesis to mitigate 

these issues. 

 We evaluated the use of Raman and photoluminescence spectroscopies for the study of the 

mechanical properties of 2D materials on the nanoscale, highlighting once again the importance of 

these particular techniques in the field. It should be also noted that classical micromechanical theories 

such as the shear lag theory predict the optimal reinforcement by using two-dimensional nanoscale 

specimens (model nanocomposites), under an assumption that there is no interfacial slippage. Under 

this scenario, the mechanical properties of bulk polymer nanocomposites can be very effectively 

modelled using composite micromechanics. 

The translation of the impressive intrinsic properties of 2D materials from model nanocomposites 

to bulk nanocomposites presents a number of challenges. The presence of defects arising from bulk 

exfoliation methods such as liquid-phase exfoliation or electrochemical exfoliation, limit the 

mechanical properties of the nanoplatelets. Similarly, wrinkles on the surface of the 2D nanoplatelets 

or loops/folds that are commonly present as a result of the high shear stresses developed during 

processing limit the effective aspect ratio of the flakes. Additionally, a homogeneous distribution of 

the 2D nanoplatelets is of utmost importance in order to maximise the mechanical performance of the 
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nanocomposites. Finally, the development of a strong filler/matrix interface is a critical parameter in 

nanocomposites and further research into the easy functionalization of flakes for enhancing the 

interactions between the components of the system needs to be performed. Nevertheless, 2D materials 

are still more effective than their 1D counterparts when oriented randomly (this is common during 

standard industrial mixing processes). The effective modulus of 2D materials drops to less than half 

when they are randomly oriented, compared to tubular or fibre-shaped materials where the effective 

modulus is reduced by a factor of 5. Quite importantly, polymers reinforced with 2D materials can be 

processed much easier than those with nanotubes or nanofibers, as they do not form highly complex 

entanglements that are very difficult to break down and increase the viscosity significantly. 

The advances in research upon 2D materials have opened up numerous prospects for the 

development of commercially-available polymer nanocomposites reinforced with 2D materials; the 

precise engineering of the structural characteristics, the aspect ratios and the surface chemistry of 2D 

materials along with progress in polymer processing hold the key for the further advances in this field. 
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