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With the profuse amount of discovered two-dimensional (2D) materials and the improvements in their synthesis and 

handling, the field of 2D heterostructures is gaining an increased interest in the recent years. Such heterostructures not 

only overcome the inherent limitations of each of the materials, but also allow to realize novel properties by their proper 

combination. The physical and mechanical properties of graphene confer it a prominent place in the area of 2D 

heterostructures. In this review, we will discuss the evolution and current state in the synthesis and applications of 

graphene-based 2D heterostructures. In addition to stacked and in-plane heterostructures with other 2D materials and 

their potential applications, we will also cover heterostructures realized with lower dimensionality materials, along with 

intercalation in few-layer graphene as a special case of heterostructure. Finally, graphene heterostructures produced by 

liquid phase exfoliation techniques and their applications to energy storage will be reviewed. 

1.�General introduction 

Graphene is an atomically thin single layer of carbon atoms 

covalently bound in a honeycomb lattice, and the basic 

building block of graphite. This structure confers to graphene 

some exceptional characteristics, including its mechanical 

strength and flexibility, high charge carrier mobility, high 

optical transparency and a work function that can be tuned by 

electrostatic or chemical doping.1 However, it was not until 

2004 when a method was developed to exfoliate graphite into 

single graphene layers by simply using adhesive tape.2 

Although obtained by this simple method, this work 

demonstrated changes in the resistivity by a factor of 100 by 

electrostatic doping at low temperatures, and carrier 

mobilities up to 104 cm2V-1s-1. Within a few weeks, another 

group independently reported the growth of ultrathin graphite 

films on SiC, providing a method for the growth of graphene at 

large scales.3 These groundbreaking works set the focus on 

graphene, the first 2D material ever obtained. Very soon other 

elaborate methods were developed to produce graphene. 

These include the already mentioned epitaxial growth on SiC; 

chemical vapor deposition (CVD) on several metal catalysts 

using a wide range of gaseous, liquid and solid precursors;4 

exfoliation and reduction of graphite oxide;5 and several liquid 

phase exfoliation techniques.6 

However, the limitations of graphene soon became evident. 

Among these, probably the most important issue is the lack of 

a bandgap in its electronic structure.
2
 This has prevented the 

efficient use of graphene for several electronic and 

optoelectronic applications. As a consequence of these 

limitations, interest in new families of 2D layered materials has 

emerged in recent years.
7
 The most remarkable of these, given 

their technological importance, is hexagonal boron nitride (h–

BN),
7,8

 a layered insulator with a structure similar to that of 

graphene, as well as the family of transition metal 

dichalcogenides (TMDs) from the group VI,
7,9

 which are 

semiconductors with bandgaps between 1 and 2 eV. 

Interestingly, 2D heterostructures can be made by combining 

graphene with one or more of these materials, as illustrated in 

Figure 1. Such heterostructures not only serve to overcome 

the inherent limitations of each of the materials,
10

 but novel 

properties can be realized by their proper combination. For 

the sake of brevity, from now on the term heterostructure in 

this text will refer to a heterostructure of graphene with other 

materials, unless otherwise noted. 

In this review, we will describe the evolution and the current 

state in the synthesis and applications of graphene-based 

heterostructures. After a brief introduction in section 2 to 

some of the already synthesized 2D materials, section 3 will 

cover the existing methods to synthesize thin-film 

heterostructures of graphene with other 2D materials, along 

with their properties and potential applications. 

Heterostructures with lower dimension materials and those 

obtained by intercalation in bi- to few-layer graphene will also 

be addressed in this section. Section 4 will be devoted to 

heterostructures processed in liquid solutions, which we will 

denote hybrid composites. As will be shown, the importance of 

liquid processed composites resides in the large throughput 

obtained, along with their convenience for applications related 
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with energy production and storage.�

2.�Brief introduction to non-graphene 2D 

materials 

As general overviews to graphene can be found in different 

articles of this volume, here we will briefly introduce only 

other 2D materials that are commonly employed in 

heterostructures with graphene. Less than one year after their 

groundbreaking work on the mechanical exfoliation of single-

layer graphene,2 the same group reported the stability of 

many other layered 2D crystals at room temperature.7 Some of 

the materials thinned down to single or few layers in this 

pioneer work included h–BN, some TMDs and Bi2Sr2CaCu2Ox, a 

high temperature bulk superconductor. As in the case of 

graphene, the obtained 2D crystals are the building blocks of 

layered materials held together by weak van der Waals 

interactions. The methods to obtain isolated single layers have 

greatly evolved since these first attempts, both for top-down 

exfoliation techniques and for bottom-up approaches. 

Currently there exist a wide range of techniques to produce 2D 

materials, the choice of which depends on the specific 

material, and on the required applications. The most common 

synthesis methods include bottom-up approaches, such as 

CVD, chemical vapor transport (CVT) or other physical 

deposition methods (molecular beam epitaxy (MBE), 

magnetron sputtering or physical vapor deposition);11,12 and 

colloidal growth.13 Top-down approaches other than 

mechanical exfoliation are also widely extended, commonly 

involving exfoliation in some liquid medium and sometimes 

assisted with chemical reactions.14 Interestingly, most of these 

mentioned methods can be adapted to the production of 

heterostructures with graphene. 

Simultaneous to the evolution of synthesis techniques, the 

amount of discovered and produced 2D materials have 

significantly increased during the last decade,14–16 with the 

new materials covering an extensive spectrum of electronic 

properties that vastly expand the potential applications from 

those expected for the original graphene. Among the family of 

2D materials there are insulators, such as h–BN;8 

semiconductors covering a wide range of band gaps, such as 

MoS2
9 or phosphorene;17 zero-gap semiconductors such as 

graphene; metals, such as NbS2
18 or the unstable 1T phase of 

some TMDs;19 and superconductors, such as NbSe2,20 FeSe21 or 

Bi2Sr2CaCu2O8+x.
22 Molecular nanosheets are also an emerging 

new class of 2D materials with a great potential in 

heterostructures,23,24 which will be briefly introduced in 

section 3.2.5 of this review. Structures of some of the most 

representative 2D materials are shown in Figure 2. Among the 

different 2D materials, there are truly atomically thin ones, as 

is the case of graphene or h–BN, and those whose structure 

comprises a few atomic layers, such as the case of TMDs, or 

with a crumpled structure, as in the case of phosphorene. 

However, in either case the estimated thickness is below or 

around 1 nm. Although non-layered 2D materials, such as 

WO3, PbS or ultrathin metal films, are out of the scope of this 

review, recently they have been attracting an increasing 

interest for their wide range of applications.
25

 

Owing to their technological importance, h–BN and the family 

of TMDs are among the most prominent and studied layered 

materials. Boron nitride can present several crystalline forms, 

the most stable being the hexagonal boron nitride, often 

abbreviated as h–BN. h–BN possess a hexagonal lattice 

analogous to that of graphene, although with boron and 

nitrogen atoms respectively occupying the two inequivalent 

sublattices (Figure 2b). Owing to the ionic nature of the 

bonding of the B and N atoms, h–BN is an insulator with a 

large band gap of ~ 5.97 eV, in contrast with the gapless 

nature of graphene. The lattice constants of graphene and h–

BN are also quite similar, with a lattice mismatch of only ~ 

1.8%. As we shall see in the following sections, this mismatch 

induces some interesting changes in the electronic structure of 

graphene when it is in the proximity of h–BN. 

The family of the TMDs present the general form MX2, where 

M is a transition metal, commonly from the groups IV-VI, such 

as W and Mo, and X is an element from the group of the 

chalcogens, usually S and Se, and to a less amount Te. These 

materials are composed of a 3-atom layer of the form X–M–X, 

with a plane of hexagonally packed metal atoms separating 

two planes of chalcogen atoms. The bonds formed between 

the metal and the chalcogen are predominantly covalent. 

Depending on the geometrical coordination of the metal 

atoms, the structures of the TMD present two different 

polymorphs known as 2H (trigonal prismatic) or 1T 

(octahedral). The electronic properties of TMDs cover a wide 

range from metals to insulators. From here we will mostly 

focus on the group VI of TMDs (MoS2, WS2, MoSe2, and WSe2) 

for which the 2H is the thermodynamically stable coordination 

(Figure 2c).
26

 In the 2H configuration these TMDs are 

semiconductors, covering a range of gaps between 1 and 2 eV, 

while they are metallic in the less stable 1T polymorph. 

Although the bandgap is indirect in the case of the bulk 

materials, it becomes a direct when they are thinned down to 

single layers. The direct bandgap, along with their high 

absorption coefficients (> 10
7
 m

-1
),

27
 make TMDs interesting 

materials for optoelectronic applications. 

3.�Graphene-based heterostructures 

3.1.� Thin film graphene heterostructures 

As mentioned in the introduction, the extraordinary properties 

of graphene are not exempt of some drawbacks, in most cases 

related with the absence of a bandgap.
2
 Considering the wide 

range of existing 2D materials, and with some of them 

exhibiting complementary properties, their integration into 

heterostructures is interesting and promising.
10

 

Heterostructures can vastly increase the potential of such 

materials, bringing unique functionalities for such thin 

materials. The properties of the different materials in the 

heterostructures can be combined to produce all-2D devices 

with new and interesting properties and applications, including 

novel electronic and optoelectronic devices.
28

 Among the most 
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significant properties that graphene can contribute for 

heterostructures are its high conductivity and carrier mobility, 

along with its transparency and mechanical flexibility.
29

 

Given the layered nature of most of the 2D materials, the most 

evident and feasible way to construct such heterostructures is 

by artificially stacking layers of the different materials.
10,28

 Van 

der Waals 2D layered materials present a high anisotropy 

between the in-plane and out-of-plane directions, with strong 

covalent bonds within the layer but weak van der Waals 

interactions between the layers. As already seen, this weak 

inter-layer interaction is essential to isolate single layers by 

exfoliation,
7
 but also permits the stacking of completely 

different materials without restrictions arising from the 

mismatch in their crystal lattices.
28

 This allows the fabrication 

of virtually any kind of vertical heterostructures by 

mechanically piling up the different layers in the desired 

sequence.
10

 As we will see in the following sections, the fast 

advance in the processing of 2D materials has provided an 

easy way to produce quite complex vertical heterostructures 

with diverse functionalities. Routes to synthesize such 

heterostructures by avoiding mechanical stacking are being 

pursued at the same time, in order to achieve high 

throughputs required for their mass production.
28

 

Lateral, in-plane heterostructures in which one-dimensional 

junctions are created between the different materials (Figure 

1), are also interesting.
30–32

 This kind of heterostructures opens 

the possibility to obtain ultimately thin devices. However, the 

development in this case has been slower than for vertical 

heterostructures. There are two main reasons for this. The first 

and foremost is the lack of a straightforward method to 

produce such lateral heterostructures, similar to that of 

mechanical stacking for vertical heterostructures. Thus, all of 

the existing methods rely on the bottom-up synthesis of at 

least one of the materials. The second reason arises from the 

necessity to realize in-situ processing techniques, in which one 

of the materials starts to grow from the edge of the other. This 

can result in damage of the original material, requiring the 

development of synthesis techniques compatible for all the 

involved materials. Nonetheless, as will be seen in the 

corresponding section, some interesting advances have been 

realized in the last years and a few in-plane graphene-based 

heterostructures have being reported. Although in most cases 

the heterostructures present a small overlap in the junction, 

some cases of truly 1D stitching have been observed at the 

interface between graphene and h–BN.
33–35

 

  

3.2.� Stacked van der Waals graphene heterostructures 

3.2.1.� Synthesis methods: mechanical stacking vs. direct growth 

Mechanical stacking of 2D layered materials was first 

demonstrated in 2010 by Dean et al. for the production of 

graphene FET devices supported by h–BN.
8
 The process started 

with the mechanical exfoliation of a thin film of h–BN onto the 

target substrate, along with the exfoliation of the graphene on 

a PMMA thin membrane. Graphene was then carefully aligned 

with the h–BN, and both were brought into contact with the 

aid of a micromanipulator (Figure 3a). By repeating this 

procedure it is possible to stack an arbitrary number of 

additional layers of different materials,
36–41

 thus increasing the 

complexity and the functionality of the potential 

heterostructures that can be assembled (Figure 3b). However, 

this method is likely to introduce some contamination to the 

interface of the stacked layers, due to the processes involved 

during the transfer of the different layers.
42

 The presence of 

these contaminants has a negative effect on the quality of the 

heterostructure.
41

 Almost pristine interfaces could be realized 

after annealing the heterostructure at moderate temperatures 

(300�C), which induces the aggregation of most of the 

contaminants into small delimited regions of the interface.
41,43

 

However, even these low temperatures may result in 

permanent damage for certain heterostructures.
44

 The 

methods for mechanically stacking 2D materials have evolved 

through the years by exploiting the van der Waals interactions 

existing between them, resulting in different dry transfer 

methods. In dry transfer methods the first exfoliated flake is 

employed to progressively pick up the rest of the exfoliated 

layers that will conform the final heterostructures (Figure 

3c).
44–47

 This method results in cleaner interfaces between the 

stacked layers by avoiding a direct contact of the interface 

surfaces to polymers or solvents. It should still be noted that 

these surfaces are in general exposed to ambient conditions 

during the exfoliation and stacking, leading to the unavoidable 

presence of water, hydrocarbons and other kinds of 

contamination.
48

 Transfer in inert atmosphere can however be 

realized in the case of materials unstable in air, such as 

NbSe2.
49

 Currently employed stack techniques allow the 

realization of highly oriented heterostructures with 

misalignments of the lattices below 2�, with enough precision 

to fabricate artificial stacks of Bernal-stacked bilayer 

graphene.
50

 Moreover, van der Waals interactions between 

the layers can also assist to increase the degree of alignment 

of the heterostructures, by adjusting the relative angle to the 

most stable configuration.
51

 In this sense, recent works have 

demonstrated the self-alignment of large flakes of dry-

transferred graphene on h–BN by annealing at temperatures 

over 100 �C in Ar or Ar/H2 (Figure 3d).
51,52

 The misalign angle 

ends up being below ~ 0.7� after the annealing, producing 

highly aligned heterostructures.
51

 Although 0� is the most 

stable configuration, flakes initially twisted by ~ 20� tend to 

rotate to 30� during the annealing.
52

 The thermal self-

alignment is driven by the minimization of interaction energy 

between the layers, so it is expected to be also present for 

other different layers, and in fact has been successfully tested 

for graphene-on-graphene stacks.
51,53

 Solely relying on the van 

der Waals interaction between the different 2D layers, the dry-

stacking methods can result in a low transfer yield. The 

transfer process can be improved by exploiting the different 

thermal coefficients of the polymers employed for the 

transfer, and those of the 2D layers.
43

 Recently, a new 

technique has been developed to exfoliate and transfer large-

area single-layer TMDs onto several substrates.
54

 A thin film of 

Au is evaporated on top of the bulk TMD and then peeled with 

a thermal release tape. The large affinity between the Au film 

and the chalcogen ensures the peeling of only the top layer of 
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the TMD, allowing to obtain large, isolated single layers with 

lateral sizes up to a few hundred microns. The optical and 

electronic quality of these samples rival those obtained by 

other exfoliation techniques, while the size and homogeneity 

obtained are far superior.
54

 

The use of layers exfoliated from the bulk materials make the 

mechanical stacking methods appropriate for fast prototyping 

of layered heterostructures without the need to develop 

methods to directly grow 2D versions of the materials. Another 

advantage of these approaches is that a lattice match between 

the two materials forming the interface is not required, and 

thus completely different materials can be piled up together 

without any restriction. Moreover, control of the relative 

rotation between the different layers can be attained with a 

high precision,
50

 allowing the fine tuning of the properties of 

the heterostructures. Consequently, these methods have been 

widely used for fundamental studies to produce a vast amount 

of different heterostructures, such as several kinds of TMDs 

with graphene, including MoS2
44,55–57,27,58–62

 and WS2;
44,27,63

 the 

mentioned case of h–BN and graphene;
8,44,36–38,40,41,45,63–67

 

mixed heterostructures containing graphene, h–BN and 

TMDs;
65,66

 and graphene heterostructures with other 

materials.
44,57

 

Although quite convenient from the point of view of basic 

research, mechanical stacking methods are not yet suitable for 

production of graphene heterostructures at industrial scale. 

Efficient fabrication methods that can be easily scaled-up to 

mass production are thus required. Methods for the direct 

growth of graphene heterostructures have been developed, 

aimed to increase the productivity. At the same time, direct 

growth methods can provide much cleaner interfaces than 

those obtained in mechanical stacked samples, especially 

when two-step growth approaches are employed. Direct 

bottom-up growth methods have already been reported for 

the synthesis of h–BN on top of graphene
68,69

 and of graphene 

on h–BN;
70–84

 of several TMDs on graphene, including 

MoS2,
69,85–96

 WS2,
97–100

 MoSe2,
101

 WSe2,
69,90,102,103

 NbS2
18

 and 

NbSe2;
104

 of successive stacks of different TMDs on 

graphene;
105

 and of other materials such as GaSe,
106,107

 non-

transition metal chalcogenides
108–110

, single layers of metal 

oxides such as ZnO,
111

 or perovskites
112

 on graphene. Most of 

those methods to synthesize heterostructures have evolved 

along with the possibility to synthesize isolated layers of the 

respective materials by CVD or related methods. In the 

following sections, some of these methods will be covered in 

more detail. 

 

3.2.2.� h–BN/graphene heterostructures 

Apart from methods based on mechanical stacking, several 

procedures have been developed for the growth of h–BN on 

graphene. A few methods have been reported for the direct 

synthesis of h–BN on graphene.
68,69

 Liu et al. reported the two-

step synthesis of h–BN on graphene.
68

 First graphene is grown 

on a Cu foil by CVD at 950 �C using hexane as the carbon 

feedstock. The h–BN was then grown on the graphene by a 

second CVD with ammonia borane as the precursor. The 

thermal decomposition of the ammonia borane at 1000 �C 

results in a film of h–BN almost homogeneously covering the 

graphene. However, Raman spectroscopy reveals that 

graphene is damaged during the second CVD. 

The synthesis of graphene on h–BN is more widely studied 

than the opposite, as the h–BN is better able to resist the 

second CVD growth compared to graphene, and such a 

structure is more useful from the point of view of 

applications.
70–74,76–84

 In early attempts to grow single-layer 

graphene/h–BN heterostructures, graphene was grown on an 

epitaxial h–BN film on Ni(111) by exposure to large amounts of 

benzene at 800 �C.
70

 More recent works show the CVD growth 

of multilayer graphene on h–BN flakes
71

 and of single-layer 

graphene on CVD-grown h–BN,
74,75

 both conducted at 1000 �C 

by using CH4 as the carbon feedstock (Figure 4a,b). The growth 

of graphene by CVD using CH4 usually requires a catalytic 

surface to decompose the CH4 molecules, with the growth 

being self-limiting as the graphene starts to cover the catalyst. 

The mechanisms for the growth of graphene on h–BN are not 

completely clear yet, but most probably involve some catalytic 

transparency of thin h–BN layers when supported on a surface 

such as Cu.
75,84

 Even though, the growth procedures should 

require certain adjustments with respect to the growth on 

catalytic substrates, such as increases in the feedstock partial 

pressures, processing temperatures and growth times.
77

 

Molecular beam epitaxy (MBE) growth of graphene on 

exfoliated h–BN has also been demonstrated at temperatures 

of 930 �C, although the quality of the graphene is not as good 

as in the case of CVD methods.
72

 The temperature of the CVD 

synthesis can be decreased with plasma enhanced CVD (PE-

CVD), which also makes unnecessary the use of a catalyst to 

decompose the CH4 molecules. The use of PE-CVD allows the 

growth of graphene on exfoliated h–BN using CH4 as feedstock 

at temperatures as low as 500 �C.
78

 However, these 

procedures usually result in small graphene grains with sizes 

well below 1 µm. Graphene can also be synthesized on h–BN 

by LPCVD using a liquid precursors.
77,83

 By using h–

BN/Cu(111)
77

 and h–BN/Rh(111)
83

 as the growth substrates, 

Roth et al. demonstrated that graphene can be grown with 3-

pentanone at ~ 830 �C and ~ 880 �C respectively by LPCVD. In 

the case of h–BN/Rh(111), a two-step LPCVD procedure was 

used to first decouple the h–BN from the substrate, resulting 

in a flatter surface.
83

 In both cases, the graphene is completely 

aligned with the underlying h–BN, even though the lattice 

mismatch existing between them (~ 1.8 %) (Figure 4c,d).
77,83

 

Graphene/h–BN heterostructures have also been obtained by 

the confined growth of graphene in the space between Ni(111) 

and a CVD-grown disoriented h–BN layer (Figure 4e).
82

 The 

growth of the graphene in this case is done by LPCVD at a 

relatively low temperature (540 �C), using ethylene (C2H4) as 

the carbon feedstock. Song et al. have recently developed a 

procedure for the growth of patterned graphene on h–BN by 

using PMMA seeds as nucleation points for the graphene and 

benzoic acid as the precursor (Figure 4f-h).
84

 The growth of 

patterned heterostructures can be interesting for upscaling 

the growth of 2D-based electronic circuits. 

The use of h–BN as a substrate for graphene originates from 
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the limitations arising from using commonly employed 

substrates, such as SiO2. These limitations include the surface 

roughness of the substrate, the presence of charge traps and 

surface optical phonons, and other inhomogeneities.
8,113,114

 All 

of these have a negative impact on the performance of 

graphene-based electronic devices. The benefits of h–BN as a 

substrate compared to SiO2 include its chemical inertness, and 

its ultra-flat surface free from dangling bonds and of charge 

impurities.
8
 Recent LEEM based studies have determined that 

for misoriented lattices there is no electronic coupling 

between graphene and h–BN.
115

 Thus, the band structure of 

graphene in the proximity of the Dirac point is not perturbed. 

As already mentioned, mechanically exfoliated h–BN
7
 was first 

employed as a substrate for graphene in 2010.
8
 Graphene on 

h–BN has proved to be much flatter than on SiO2 (Figure 5a), 

with a surface roughness similar to those measured for 

graphene on other atomically flat substrates such as mica or of 

freshly cleaved graphite, and without surface charge 

inhomogeneities (see Figure 5b,c).
8,113,116

 This is accompanied 

by an improvement of the electronic properties of graphene, 

with the mobility increasing roughly an order of magnitude 

and almost no doping induced from the substrate, as shown in 

(Figure 5d).
8,64,116–118

 Taking a step forward, the electronic 

properties of graphene can be further improved by 

encapsulating it between h–BN layers, attaining mobilities over 

10
5
 cm

2
 V

-1
 s

-1
 at room temperature.

36,119
 It should be noted 

that the mobilities achieved on SiO2 rarely exceed values of 2 × 

10
4
 cm

2
 V

-1
 s

-1
.
2,8

 By optimizing the transfer process of the 

layers, mobilities up to 1.5 × 10
5
 cm

2
 V

-1
 s

-1
 have been realized 

on exfoliated graphene at room temperature, and of ~ 5 × 10
5
 

cm
2
 V

-1
 s

-1
 at temperatures below 20 K.

44
 In the case of CVD 

graphene, carrier mobilities have been reported as large as 3.5 

× 10
5
 cm

2
 V

-1
 s

-1
 (1.6 K), and of 3 × 10

6
 (1.8 K) after 

optimization of the transfer.
67

 Graphene encapsulated in h–BN 

layers shows ballistic transport at micrometer scale, for 

distances of ~ 1 µm at 200 K and of more than 28 µm at 

temperatures below 2 K.
36,44,45,67

 Furthermore, encapsulation 

with h–BN layers protects the graphene against the 

environment. Thus, devices show similar behavior in air and in 

vacuum,
119

 while the chemical stability of h–BN preserves the 

integrity of graphene under extreme environments, such as 

oxidizing atmospheres at high temperatures.
120

 Encapsulation 

with 2D materials can also be used as a general way to protect 

other 2D materials in harsh conditions, as shown in the 

decreased damage in graphene-encapsulated 2D materials 

exposed to the high energy electron beams of TEM.
121,122,23

 As 

we will cover in following sections, h–BN has also proved to be 

an efficient ultrathin dielectric gate
36,123

 and a capable thin 

tunnel barrier in the fabrication of vertical 2D 

heterostructures, with the barrier thickness going down to a 

single layer.
40,124

 

Apart from the aforementioned increase of the carrier mobility 

of graphene, h–BN has demonstrated to be an ideal substrate 

to realize some of the most exotic properties of graphene. 

These include fractional quantum Hall states and broken 

symmetries,
125–127

 long-distance spin transport over lengths of 

20 µm
128

 and quantum spin Hall states,
129

 among many others. 

Furthermore, specific effects dependent on the stacking angle 

arise from the small lattice mismatch between the graphene 

and the h–BN. The presence of h–BN induces a periodic 

potential characterized by a Moiré pattern, which can be 

imaged by STM and AFM (Figure 6a-c).
52,78,130

 For a relative 

orientation (�) between the h–BN and the graphene, the 

wavelength of the formed superlattice is given by � =

	
����	


������	������	���	�/�
, where �  is the lattice constant of 

graphene and � the lattice mismatch with the h–BN.
130

 The 

superlattice is oriented by an angle ��	 with respect to the 

graphene, given by the expression ���	� = 	
��� �

����	����
. As 

reflected in the expression, �  depends on the relative 

orientation of the graphene and the h–BN (�), being 0� when 

both materials are oriented.
130

 The presence of this periodic 

potential can significantly alter the electronic properties of 

graphene. One of the effects of the small lattice mismatch is 

the possibility to open a bandgap in the graphene.
131

 Transport 

measurements indicate that the periodic potential induced by 

the lattice mismatch of h–BN and graphene can open a 

measurable bandgap at the main Dirac point of the latter of ~ 

27 meV when both are highly aligned (Figure 6d,e).
132

 The 

magnitude of such bandgap decreases as the lattices misalign, 

being absent in highly twisted heterostructures.
116,132

 Recently, 

an even larger bandgap (~ 160 meV) has been observed by 

ARPES for aligned graphene on h–BN.
133

 The bandgap arises 

from an asymmetry between the two sublattices of graphene 

when is placed near the h–BN.
116

 However, the lattice 

mismatch between h–BN and graphene reinstates the 

symmetry on a spatial average, and hence no bandgap should 

be observed. In this sense, a gap has not been observed on 

other works by STS,
116,130

 or in ARPES for aligned graphene 

grown on h–BN/Cu(111)
77

 and on h–BN decoupled from 

Rh(111).
83

 The experimental discrepancies probably arise from 

the strain-induced increase of the level of commensuration 

observed for small misalignment angles, which leads to a 

global disappearance of the symmetry on the graphene 

sublattices.
134

 These commensurate areas have been observed 

to disappear when graphene is encapsulated in h–BN, leading 

to the vanishing of the bandgap (see Figure 6f).
134

 On the other 

hand, recent experiments have shown that the 

commensuration level can be increased by low temperature 

annealing in Ar/H2 due to an increase of alignment.
51

  

Another effect of the superlattice periodic potential caused by 

the h–BN is the emergence of different sets of Dirac cones. A 

set of first-generation Dirac cones (FDC) appears at the same 

energy level of the original Dirac cone in the center of the six 

nearest superlattice Brillouin zones (SBZ). These have been 

reported by ARPES both on aligned and misaligned 

graphene/h–BN.
133,135

 A set of secondary Dirac cones (SDC) 

also appear in highly aligned heterostructures on the edges of 

the SBZ, both on the valence and conduction bands of 

graphene (Figure 6e). The presence of the SDC have been 

observed by STS (Figure 6g),
130

 transport 

measurements
52,78,132,136

 and ARPES
133

. The energy difference 

of the SDCs with respect to the original Dirac cone increases 

with the misalignment of the graphene and h–BN (Figure 
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6g,h).
52,130

 This, along with weaker interaction between 

graphene and h–BN at large misorientation angles makes it 

difficult to observe the SDCs for misaligned samples.
135

 ARPES 

measurements have determined the existence of a bandgap of 

~ 100 meV for the SDCs in highly aligned heterostructures, 

similar to that observed for the original Dirac cone (Figure 

6i,j).
133

 The modification of the band structure of graphene 

with superlattices is interesting from the viewpoint of 

applications, as it allows the tuning of the electronic properties 

of the heterostructures. For example, anisotropic graphene 

heterostructures can be realized, as the additional Dirac points 

induce an anisotropy in the velocities of the charge carriers in 

graphene.
130

 The presence of the satellite Dirac points have 

been observed to cause Fabry-Pérot resonances, indicating the 

possibility to confine electrons by engineering the periodic 

potential caused by the h–BN.
137

 

 

3.2.3.� TMD/graphene heterostructures 

Heterostacks of graphene and TMDs can be obtained by the 

general mechanical stacking methods covered in section 

3.2.1.
44,55–57,27,58–63

 Here, we will briefly introduce other 

synthesis methods and some of the most relevant kind of 

heterostructures that have been realized up to date. Several 

TMDs have been successfully grown on graphene.
18,69,85–105

 

Apart from the mechanical stacking, the most widespread 

methods to synthesize graphene/TMD heterostructures rely 

on the CVD synthesis of the TMD over the graphene. Usual 

temperatures to grow high-quality graphene by CVD (> 1000 

�C) can damage the TMD. This, along with the need of a metal 

catalyst surface to grow graphene, makes this approach more 

prevalent than the growth of the graphene on the TMD. The 

most studied TMD to date is MoS2, and hence the literature of 

MoS2 grown on graphene outnumbers that of other 

TMDs.
69,85–96

 One of the earliest reported attempts to grow 

few layer MoS2 on graphene was by Shi et al.,
85

 using 

ammonium thiomolybdate ((NH4)2MoS4) deposited on the 

graphene (Figure 7a). The growth was done by the sequential 

decomposition of (NH4)2MoS4 at 400 �C in the presence of 

hydrogen. However, this approach is complicated and requires 

several steps. Besides, the control on the number of layers is 

not assured, while the MoS2 is composed of randomly oriented 

small crystals. Using copper hexadecafluorophthalocyanine 

(F16CuPc) as a seed promoter, Ling et al. demonstrated that it 

is possible to grow MoS2 on exfoliated graphene by APCVD at 

the relatively low temperature of 650 �C (Figure 7b).
86

 By using 

higher temperatures for the graphene substrate (~ 960 �C), it 

has been demonstrated the growth of MoS2 on graphene by 

APCVD without promoters (Figure 7c,d).
87,94

 Given that the 

graphene is obtained by CVD, it should be noted that large 

scale heterostructures are also possible. The orientation of the 

MoS2 coincided in this case with that of the graphene 

template, indicating heteroepitaxial growth (Figure 7d). This 

method has also been used on graphene nanoribbons, 

allowing the growth of nanoribbon heterostacks of 

MoS2/graphene with both partial and total MoS2 coverages.
88

 

The use of low pressures during the CVD also allows the 

rotationally commensurate growth of MoS2 on epitaxial 

graphene (EG) at 800 �C (Figure 7e,f).
93

 Control of the 

orientation results essential, as the electronic structure of 

TMDs/graphene depends on the relative orientation,
138

 as in 

the case of graphene/h-BN. 

For the CVD growth of MoS2 on graphene, the most used 

precursors are S and MoO3, although Cl-based compounds can 

also be used as the Mo feedstock.
139

 MoO3 is located on the 

hot area of the furnace and usually close to the substrate, 

while S is placed upstream on a colder area (< 200 �C), and 

both are carried to the growth area by a stream of either Ar or 

Ar/H2. Thus, the precursors can be changed for the growth of 

different TMDs, e.g. using WO3 and Se instead of MoO3 and S 

respectively, to obtain WSe2. In this way, WS2 has been 

epitaxially grown on CVD graphene as well as on EG on SiC 

using WO3 and S as precursors (Figure 7g).
98,99

 Kim et al. 

developed a slightly modified approach in which a thin film of 

WO3 deposited on SiO2 is put in direct contact with the 

graphene during the growth process.
99

 By using Se, the CVD 

growth of MoSe2
101

 and of WSe2
69,102

 on graphene has also 

been demonstrated. Direct growth of a thin film of NbS2 has 

been also achieved on graphene using NbCl5 and S as 

precursors (Figure 7h).
18

 In this case, graphene proved to be a 

critical factor to favor the lateral growth of the NbS2 

nanosheets. 

In the previously mentioned works the TMD is grown either on 

exfoliated graphene or on already synthesized graphene in a 

different process. It is interesting to grow the heterostructures 

sequentially, without the need to remove the sample from the 

processing chamber between the growths of the different 

materials. In this sense, Shi et al. have reported the production 

of MoS2-graphene heterostructures in a two-step CVD.
91

 First, 

graphene is grown on Au using CH4 at ambient pressure, and 

then a subsequent step was conducted at low pressure for the 

growth of MoS2 from MoO3 and S (Figure 8a). However, the 

MoS2 grains are randomly oriented with respect to the 

underlying graphene, as opposed to other works (Figure 8b). 

The two-step CVD growth of heterostructures is still 

interesting in terms of processing at large scales and to obtain 

cleaner heterostructure interfaces. Although scarce, other 

methods apart from CVD have been reported for the growth of 

TMDs on graphene, such as MBE,
92,96

 sulfurization of deposited 

metal
89,95

 and metal-organic CVD (MOCVD).
103

 

The possibility to control the orientation of TMD grains grown 

on graphene
87,93

 allows to manipulate and restrict the kind of 

grain boundaries formed in the TMD (GBs).
140

 This results 

interesting to obtain more reproducible heterostructures, 

while also opens the opportunity for the tuning of their 

electronic properties in a similar way as for graphene/h–

BN.
140,141

 The oriented growth of TMDs has also been used to 

visualize the crystal orientation and grain structure of the 

underlying graphene (Figure 8c).
94

 This is done by comparing 

the relative orientation of MoS2 grains across the surface, 

which allows the mapping of the crystal structure of the 

underlying polycrystalline graphene given the existing epitaxial 

relation (Figure 8d,e). As the MoS2 nucleation is promoted at 

the grain boundaries of the graphene, this technique also 
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allows their direct visualization. 

An improvement in the stability in air of TMDs directly grown 

on graphene has been observed without the need of 

encapsulation.
99

 This is attributed to the strong interlayer 

interaction and to the higher crystallinity of the TMD crystals 

synthesized on the graphene. On the other hand, an 

enhancement of the electronic properties of graphene has 

been observed when using some TMDs as substrate, although 

the performance is below that attained for h–BN 

substrates.
59,142

 Some other reports indicate that the structural 

defects on the crystal structure of the TMDs can have a 

negative impact on the electronic properties of the supported 

graphene.
143

 When enclosed between h–BN and a TMD (either 

MoS2 or WS2), graphene presented high carrier mobilities up 

to 6 × 10
4
 cm

2
 V

-1
 s

-1
 (Figure 8f).

44
 However, encapsulation 

between flat layered oxides (such as mica, BSCCO or V2O5) 

resulted in graphene mobilities of only ~ 10
3
 cm

2
 V

-1
 s

-1
. 

 

 

3.2.4.� Applications 

a)� Optoelectronics 

Among the many applications of graphene-based 

heterostructures, the most interesting ones are those in the 

field of optoelectronics. Optoelectronic devices are electronic 

devices with the potential to interact with electromagnetic 

radiation, mainly in the visible region of the spectrum. These 

devices are mostly used to control, detect or generate light. 

Graphene can interact with light with a broad range of 

wavelengths, with a wavelength independent adsorption of ~ 

2.3 % of the incident light in the visible and infrared range for a 

single-layer.
29

 This, along with its high response speed and 

carrier mobility, and its flexibility, are interesting properties for 

optoelectronic applications. However, the lack of a bandgap 

also translates into optoelectronic devices with very poor 

characteristics due to the short lifetime of the exciton 

separation.
29

 On the other hand, most TMDs are direct-

bandgap semiconductors when thinned down to single layers, 

also exhibiting large optical absorptions (> 10
7
 m

-1
).

27
 

Moreover, the interaction of graphene with the TMDs can be 

used to modify their electronic and optoelectronic 

properties,
144,145

 which opens new ways to realize 

optoelectronic devices. In the following sections we will show 

some recent results of graphene heterostructures with 

application in optoelectronics. In most of these 

heterostructrures, the TMD is used as the optical active 

material. 

 

b)� Broadband ultrafast photodetection and light harvesting 

Photodetectors are devices designed to convert optical signals 

to electric signals. This is generally conducted in three steps, 

with the light generating charge carriers, which then need to 

be separated and carried to each electrode as a photocurrent. 

The efficiency of a photodetector is usually expressed by the 

external quantum efficiency (EQE) (sometimes expressed as �), 

a parameter that represents the fraction of incident photons 

that are converted in photocarriers. Another commonly 

employed parameter is the responsivity, R, a measure of the 

electrical output per optical input and with units of AW
-1

. The 

responsivity and the EQE are related by the expression 

� = 	�	
�

� 
, with !  being the elementary charge and ℎ#  the 

energy of the incident photons. 

Stacks of CVD-grown graphene with TMDs have been 

extensively studied to produce highly sensitive 

photodetectors. One of the approaches to make 

graphene/TMD photodetectors is to use the TMD as a 

photogate, with the photocurrent flowing through the 

graphene. In this way, Roy et al. fabricated photodetectors by 

stacking single-layer graphene on few-layer MoS2 (5 to 10 

layers) (Figure 9a).
55

 The transfer characteristics of the 

graphene is influenced by the underlying MoS2, which screens 

the gate for gate voltages (VG) larger than the MoS2 threshold 

voltage (VT) (Figure 9a). Upon illumination for VG < VT, a gate-

dependent photocurrent (IP) is observed in the graphene due 

to the injection of photoelectrons from the MoS2. At low 

illumination powers (~ 1 – 6 mW m
-2

) these devices show high 

responsivities of 5 × 10
8
 AW

-1
 and 10

10
 AW

-1 
at RT and at 130 K 

respectively, with a calculated external quantum efficiency 

(EQE) of ~ 32 % at 130 K.
55

 A higher recombination induced by 

the increase of electron-hole pairs results in decrease of 

responsivity with increasing illuminating power, to values of ~ 

6 × 10
7
 AW

-1
 at 130 K for a power of 400 mW m

-2
. The 

responsivity also decreases for thinner MoS2 flakes,
55

 with 

similar works showing maximum responsivities for single-layer 

MoS2 of ~10
7
 AW

-1
 for 10 mW m

-260
 and of 10 AW

-1
 for a 

power of 2.2 W m
-2

.
146

 The trapped holes in the MoS2 also 

induce a slower response of the devices, with values over 10
3
 

s.
55

 As we shall see later, this persistent photocurrent can be 

used to produce memory devices (see Figure 9b).
55

 

Another kind of photodetector relies on the encapsulation of 

one or several TMD with graphene
27,58

 (Figure 9c). In this case, 

the TMD is used as the absorption layer, while the graphene 

layers act as the top and bottom electrodes, owing to its 

transparency and good electronic properties. If a bias is 

applied between the two graphene layers or they are doped 

differently (either chemically or by an electric gating), the 

photocarriers are extracted from the TMD as a photocurrent. 

The generated photocurrent is observed only when the areas 

in which all the layers overlap are illuminated (Figure 9d).
27

 It is 

worth noting in these vertical devices that the direction of the 

photocurrent is the same as that of the built-in electric field 

generated by the gate voltage or by doping the graphene 

layers. Thus it is possible to modulate the photocurrent with 

the gate, and hence these devices can be operated at zero bias 

voltage (Figure 9d).
27,58

 This greatly reduces the dark current 

that originates from biasing the device, decreasing the power 

consumption of the devices. The transparency of the graphene 

electrodes allows for it to cover the active areas of the device. 

Thus, the collection of the photocarriers can be done vertically 

instead of the lateral collection occurring with lateral metal 

contacts. The charge extraction is then faster, which decreases 

the number of carriers lost due to recombination. This can be 

seen in the responsivity increase reported for MoS2/WSe2 

stacks with (~ 10 mAW
-1

 at 920 Wcm
-2

) compared to without 
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(~ 2 mAW
-1

 at 100 Wcm
-2

) graphene electrodes.
147

 This fast 

extraction, along with the high mobility of graphene, also 

results in ultrafast photodetectors. Response times of 5.5 ps 

have been reported on graphene/WSe2/graphene 

photodetectors by Massicotte et al.,
148

 which is comparable to 

that of graphene. These devices present IQE values exceeding 

70 % in thin WSe2 devices (3 layers) and low dark currents, 

although the EQE is low (7.3 %) due to the low optical 

absorption. Consequently, the EQE can be increased for thicker 

TMD (up to 50 nm), with reported values up to 27% (MoS2),
58

 

33% (WS2)
27

 and 34% (MoS2/WSe2 junction).
147

 In the case of 

thin TMDs, responsivities of 2.5 AW
-1

 and 3.5 AW
-1

 have been 

demonstrated in the case of single- and double-layer WS2, 

respectively.
149

 Interestingly, these values were obtained 

under ambient conditions for a large illumination power (~ 10
4
 

Wcm
-2

). Introducing a relatively thick h–BN tunnel barrier 

between the MoS2 and graphene have recently proved to be 

an effective method to decrease the dark current in 

photodetectors (Figure 9e).
150

 Photodetectors with 

responsivities as high as 180 AW
-1

 were fabricated by using a 7 

nm thick h–BN layer, with relatively fast response times of ~ 

0.25 s. 

Configurations in which one of the graphene electrodes is 

replaced by a metal have also been tested. In these 

configurations, the TMD makes a Schottky contact with 

graphene and an almost ohmic contact with the metal (Figure 

9f,g).
58

 An increment of the photocurrent and of the EQE can 

be observed in this configuration compared with the 

conventional one, which in the case of MoS2 implies an 

increase from 27% to 55 %.  

Recently, ultrafast photodetection has also been 

demonstrated on h–BN/graphene/h–BN heterostacks on top 

of a photonic integrated circuit, and with a top electrolyte gate 

(Figure 9h).
151

 The large mobility attained by encapsulating the 

graphene in h–BN (up to 60000 cm
2
V

-1
s

-1
) resulted in response 

times as short as 3 ps. The use of the integrated waveguide 

and the top gate allows responsivities up to 0.36 AW
-1

, which 

is a 3-fold increase with respect to previous graphene 

photodetectors integrated in a waveguide.
151

 

The optical properties of the graphene heterostructures can be 

also applied for light harvesting, transforming the incident light 

into an electric current. Heterostructures containing TMDs 

have become an attractive alternative to traditional 

semiconductors, owing to their bandgaps in the visible range 

of the electromagnetic spectrum, their high optical absorption 

coefficients, and the relative accessibility and abundance of 

their compounds. The efficiency of ultrathin graphene-based 

photovoltaic devices cannot directly compete with that of 

much thicker devices based on conventional semiconductors 

(e.g. 1 µm thick GaAs based solar cells),
152

 but the power 

densities can be 3 orders of magnitude higher than in 

conventional solar cells.
152

 Some recent attempts have shown 

photoelectric conversion efficiency of 3.3 % under solar 

simulator (AM 1.5) illumination for few-layer graphene/WS2 

heterostructures with an Al bottom electrode.
153

 By inserting a 

MoS2 film in a graphene/Si Schottky junction solar cell, Tsuboi 

et al. have shown conversion efficiencies up to ~11 % under 

AM 1.5 illumination.
154

 

�

c)� Light emission 

Graphene heterostructures are also being studied for light 

emitting diodes (LED) applications. Such LED devices operate 

by the recombination of electron and holes in the junction of 

the different layers of the heterostructure. These typically 

contain a tunnel junction, which in most of the cases is made 

of h–BN. The main role of graphene in these cases is to inject 

electrons and holes into the active junction area. Withers et al. 

demonstrated the possibility to produce highly efficient proof-

of-concept LEDs composed of mechanically stacked 2D layers 

(Figure 10a).
155

 The band structure of such LEDs is tailored by 

inserting a TMD layer between two graphene electrodes. Two 

additional layers of h–BN serve as tunnel barriers between the 

graphene and the TMD, with the latter acting as a quantum 

well (QW). When a large enough bias is applied between the 

graphene layers, holes and electrons are tunneled into the QW 

(Figure 10b). For h–BN thicknesses of 2 layers or more, the 

lifetime of the injected carriers is long enough to form excitons 

that then recombine emitting photons (Figure 10c,d). The 

wavelength of the emitted photons can be tuned by selecting a 

specific TMD. Also, several QW can be piled up to increase the 

efficiency of the LEDs. The EQE achieved at low temperatures 

(below 150 K) is ~ 1 % for single QW and up to ~ 8.4 % for 

devices with four QW, which is comparable to the values of 

organic LEDs. However, the efficiencies for MoS2 or MoSe2 

QWs decrease when increasing the temperature. The 

efficiency at room temperature can be increased by using 

WSe2, whose electroluminescence shows an opposed 

temperature dependence to that of Mo-based TMDs due to 

the opposite orientation of the spin in the valence and 

conduction bands on WSe2, which makes the lowest-energy 

exciton dark (Figure 10e).
156

 This allows the production of LEDs 

with efficiencies of ~ 5% for a single QW at room temperature 

and with current densities up to 1000 A cm
-2

, a 250 fold 

increase compared to MoS2 QWs.
156

 Interestingly, the 

presence of point defects on the TMD can be exploited to 

further tune the properties of the 2D LEDs. The defects act as 

single-photon sources,
157

 emitting spatially localized 

electroluminescence tuned by adjusting the vertical bias on 

the heterostructure (Figure 10f).
157–159

 The 

electroluminescence from the defect-bound excitons present 

narrow emission lines, located at energies below those of the 

intrinsic excitons.
158

 

 

d)� Increasing the efficiency of optoelectronic devices 

Being extremely thin, the interaction of light with graphene 2D 

heterostructures is lower than in bulk 3D devices. Methods to 

increase the amount of absorbed or emitted light by 2D 

heterostructures without increasing their thickness are of a 

great importance. The coupling of 2D heterostructures with 

photonic integrated circuits, such as photonic crystal cavities 

or waveguides (Figure 9h), can greatly enhance the light 

adsorption
151,160

 or emission.
161

 In this sense, integration of a 

LED with a photonic crystal cavity have shown a 4-fold 
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enhancement of the electroluminescence, producing a linearly 

polarized emission along the cavity mode.
161

 The interaction 

with light has also been improved through the use of 

plasmonic nanoparticles. An example of this is the observed 

enhancement in the light absorption induced by Au 

nanoparticles (5 – 10 nm) deposited on 

graphene/WS2/graphene heterostructures, which result in an 

increase of the photocurrent by a factor of 10.
27

 

 

e)� Memory devices 

One of the strategies to produce memory devices is based on 

using a floating gate structure. The basic mechanism relies on 

modulating the conductivity of a channel by adjusting the 

charge stored in an electrically isolated gate. Bertolazzi et al. 

realized a nonvolatile cell from a graphene/MoS2 

heterostructure.
56

 The device is composed of a FET with a 

MoS2 channel and graphene contacts. A floating gate is placed 

on top of the channel, consisting of few-layer graphene 

electrically isolated from the rest of the device by a HfO2 

dielectric layer (Figure 11a). The polarity of the voltage applied 

to the floating gate electrode will make that electrons tunnel 

from the MoS2 channel into the floating gate (positive voltage, 

program state), or in the reverse direction (negative voltage, 

erase state). This will induce a shift of the threshold voltage in 

the transfer characteristics, with ratios of current for the 

erase/program states of ~10
4
 (Figure 11b,c). As the induced 

shift depends on the amount of charge stored on the floating 

gate, multiple levels could be used to store information 

instead of just two. The charge retention of the memory 

proved to be enough for a few hours, with the device retaining 

an erase/program ratio of ~10
3
 within 1 h (Figure 11c). 

Independently, Choi et al. realized a similar structure but using 

a h–BN barrier.
65

 The h–BN barrier allowed for similar 

erase/program ratios that are maintained without significant 

losses for at least 1400 s. The performance of such memories 

are comparable or even better than those of organic 

memories.
56,65

 More recently, a new concept for a two-

terminal floating memory without a gate electrode has been 

proposed.
162

 It consists of a MoS2 channel, a graphene floating 

gate and an h–BN barrier (Figure 11d). By applying drain 

voltages larger than the operational ones, the graphene can be 

charged or discharged by tunneling through the h–BN from the 

top electrodes. Erase/program ratios as high as 10
9
 can be 

obtained by adjusting the h–BN thickness, with retention times 

over 10
4
 s (Figure 11e). The absence of the gate in these 

devices also allows easy production of flexible devices. 

By taking advantage of the light sensitivity of some 2D 

materials, light programmable memories can be also realized. 

Roy et al. demonstrated the operation of one of those 

memories, consisting of a graphene FET on top of a multilayer 

MoS2, assembled by exfoliation and stacking techniques 

(Figure 9a).
55

 These devices revealed a sensitivity to light, 

which induces variations in the drain-source currents. These 

variations do not completely disappear with the light source, 

and instead present logarithmic relaxation times for periods of 

~ 100 s (Figure 9b). A similar kind of programmable memories 

have been studied, consisting of graphene FETs supported on 

h–BN.
163,164

 In this case, illumination of the graphene/h–BN 

heterostructure under an applied gate voltage induces an 

electrostatic doping of the graphene due to defect charge 

migration on the h–BN (Figure 11f).
163

 

 

f)� Graphene as electrode for FETs and logic gates 

Given its outstanding electronic properties, graphene can act 

as an ideal contact to other 2D materials. Thus, as we have 

seen, in many heterostructures graphene plays the role of 

electrode. An example of this is the use of graphene in highly 

sensitive MoS2-based NO2 gas sensors.
165

 The ability to tune 

the work function of graphene with a gate results in the 

possibility to adjust the Schottky barrier with other 

materials.
166–168

 This allows the formation of almost ohmic 

contacts of graphene with TMDs, as opposed to the case of 

junctions of TMDs with metals. Based on this, graphene can be 

employed to substitute metal electrodes for conventional 

devices with other 2D materials, such as TMD-channel FETs 

and in more complex logic gates.
166,167

 In these devices, 

graphene is used as an ohmic contact to the TMD channel (e.g. 

MoS2), and also as an electric contact for the top gate. This 

allows the fabrication of electronic circuits entirely using 2D 

materials. The devices with graphene contacts outperformed 

those with conventional metal contacts, with a tenfold 

increase in the measured carrier mobility.
166

 Interestingly, the 

actual processing techniques for 2D materials allow for 

fabrication of all-2D circuits with these geometries at large 

scales. This have been demonstrated by making, devices 

including isolated FETs and transistors integrated into logic 

gates.
166

 Techniques to realize 1D contacts can also be applied 

to such heterostructures, which is expected to improve 

performances.
45,169

 

 

g)� Vertical and tunnel FETs 

The lack of a band gap in graphene results in FETs with low 

on/off ratios, rendering them inadequate for implementation 

in integrated circuits. To overcome this limitation, graphene 

can be stacked with other 2D materials to fabricate ultrathin 

vertical FETs (VFET), in which the current flows in the vertical 

direction through the different layers. The VFET structure 

proposed by Britnell et al. is composed of a vertical 

heterostructure of two graphene electrodes separated by a 

thin h–BN insulating barrier (Figure 12a,b).
40

 The device was 

prepared by the stacking of mechanically exfoliated flakes, 

which are then encapsulated in h–BN. A tunnel current is 

observed when applying a bias voltage between the two 

graphene layers. This current can be modulated by shifting the 

graphene bands with a gate voltage. The weak screening of the 

gate produced by the bottom graphene layer results in the 

band structure of both layers being mainly aligned, while the 

bias can control the difference in the chemical potential. The 

band structure of graphene is crucial for the VFET to work 

efficiently, as it allows for large shifts of the bands with the 

applied gate voltage. Given the small thickness of the VFET, 

the transit time is expected to be of only a few femtoseconds. 
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An on/off ratio of 50 was obtained at RT, higher than those 

usually achieved for planar graphene FETs at RT (< 10). The 

performance of the VFET can be increased by using a TMD 

barrier instead of h–BN. Due to the smaller bandgap of the 

TMD, the changes in the Fermi level of the graphene induced 

by the back gate are now of the order of the barrier height. 

The gate can then switch the device between an off state 

governed by tunneling, and an on state governed by 

thermionic transport.
63

 This results in a further increase of the 

on/off ratios, with reported values at RT of 10
4
 for an MoS2 

barrier (6 layer thickness),
40

 and of 10
6
 for WS2 (4-5 layer 

thickness).
63

 By using graphene as the conducting channel and 

MoS2 as barrier for the contact with electrodes, devices with 

on/off ratios up to 100 can be obtained that maintain most of 

graphene mobility.
170

 

By increasing the applied bias voltages, the tunnel current in 

VFETs with an h–BN barrier have been observed to achieve a 

relative maximum (Figure 12c).
171–174

 This maximum is 

followed by a region showing negative differential 

conductance (NDC), with peak to valley ratios of ~ 4 for 

temperatures < 10 K (Figure 12c). This behavior is a due to 

resonant tunneling occurring due to the control of the energy 

shift of the bands of the graphene layers with the gate and the 

bias voltages. The performance of the resonant tunnel VFET 

can be increased by aligning the two graphene layers, resulting 

in tunneling with energy and momentum conservation and 

with NDC persisting at RT.
50,172

 One of the important uses of 

devices with NDC is the fabrication of high-frequency 

electronic oscillators. A schematic of a high-frequency 

oscillator made with the resonant VFET coupled to an 

inductor-capacitor circuit can be seen in the inset of (Figure 

12d).
172

 The circuit is able to generate oscillations in the MHz 

range (Figure 12d), although the short transition times in the 

femtosecond range potentially allows to reach the THz regime. 

Graphene can also be used as the electrode of TMD-based 

resonant tunnel diodes. TMD resonant tunnel diodes have 

been realized by the sequential CVD growth of WSe2 and MoS2 

or MoSe2 on epitaxial graphene.
105

 Such TMD resonant tunnel 

diodes achieved a NDC of 2.2 at RT. 

 There exists another VFET configuration in which a TMD is 

vertically contacted by a graphene electrode, while the other 

contact is a metal electrode (Figure 12e). Such VFETs do not 

rely on tunnel currents, but on the Schottky contact between 

the graphene and the TMD. When a metal and a 

semiconductor are brought into contact, either an ohmic 

contact or a Schottky barrier is formed. In the latter case, a 

rectifying behavior can be observed. In the case of graphene-

semiconductor junctions, the low density of states of graphene 

allows the tuning of the height of the Schottky barrier by the 

application of a gate voltage.
166,167,175

 As already mentioned, 

the contact can then be tuned from almost ohmic to rectifying, 

for low and high Schottky barriers respectively. Such kind of 3-

terminal variable barrier devices, sometimes known as 

barristors, allow a high modulation of the vertical current. By 

adjusting the thickness of the TMD, VFETs with on/off ratios at 

RT of ~ 1500 (~ 30 nm MoS2 and Ti contact),
57

 3 × 10
4
 (~ 11 

nm WSe2 and Pt/Au contact),
176

 and of 10
5
 (~ 30 nm MoSe2 

and Au/Ti contact) have been realized (Figure 12e,f).
177

 As 

opposed to the tunnel VFETs, here the TMD layer acts as a 

semiconducting channel instead of as a barrier. Thus, the 

obtained current densities are in general superior to those of 

tunnel-based VFETs, with values that that can go up to 3.5 × 

10
5
 A cm

-2
.
57

 By replacing the back gate employed in these 

devices with an ion-gel gate, the voltage operation of the 

VFETs can be lowered to values below 3 V.
178

 This result is 

essential for the operation at low power consumption. 

Integration of several of these VFETs into logic gates can be 

easily realized. As such, logical inverters with gains up to 2 

have been demonstrated by combining a p-type (e.g. WSe2 or 

Bi2Sr2Co2O8) and a n-type (e.g. MoS2) VFET in series (Figure 

12g).
57,178

 

 

h)� Transparent and flexible electronics 

Owing to their optical, mechanical and electrical properties, 2D 

heterostructures of graphene are an interesting option for 

integration into transparent and flexible electronic devices. 

Here we will briefly describe some examples of 2D devices 

mounted on flexible substrates that have been already 

developed, although more detailed discussions can be found in 

ref. 
179

 for 2D materials in general, and in ref. 
180

 for graphene. 

Different kinds of photodetectors have been demonstrated on 

flexible substrates, such as PET.
27,146

 Although their 

performances are not better than on SiO2, this is partially due 

to a performance increase on SiO2 due to the interference of 

light.
27

 However, heterostructures on PET can endure bending 

tests for up to 1000 cycles without any sign of fatigue (Figure 

13a,b).
146

 LEDs based on graphene/h–BN/TMD/h–

BN/graphene heterostructures have been also realized on PET, 

without any evident lost on the performance under an uniaxial 

strain of ~ 1 %.
155

 FETs with MoS2 channel, graphene gate and 

h–BN dielectric gate were demonstrated on flexible 

substrates.
66

 These devices showed mobilities (27 cm
2
V

-1
s

-1
) 

only slightly lower than on a rigid SiO2 substrate (45 cm
2
V

-1
s

-1
). 

The performance was unaltered under uniaxial strains of up to 

1.5 %, while for larger strains the performance decrease due 

damage on the bulk metal electrodes. Flexible floating-gate 

memories have been demonstrated on PET and PI/PDMS 

(Figure 13c).
162

 The erase/program ratio on these memories 

decreased from 10
9
 on the rigid substrate to ~ 10

4
, but was 

able to work for strains up to 19 %. As the last example, a 

transparent tunnel VFET on PET has been realized, performing 

similar to that on a rigid substrate under strains of ~ 4 %.
63

 

Overall, most of the 2D heterostructures presented in the 

previous sections can be integrated into flexible substrates, 

which is interesting for emerging fields in wearable electronics. 

However, further advances are yet required with respect to 

the fabrication or even the direct synthesis of the flexible 

heterostructures by low temperature growth techniques. 

 

i)� Spintronics and superconductivity 

Graphene is an interesting material for spintronics, with spin 

diffusion lengths and lifetimes at RT rivaling those of other 

materials. However, the spin-orbit coupling in graphene is very 
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weak, as opposed to the case of certain TMDs. Interestingly, 

the spin-orbit coupling in graphene can be enhanced by the 

presence of nearby TMD layers.
181–183

 This enhancement 

enables the electric-field modulation of spin currents on 

graphene, while its electronic quality is still preserved. These 

works are expected to pave the way for future high quality 

graphene-based spintronic circuits. Graphene has also been 

employed to realize superconductive states on NbSe2,
49,104

 

which is highly unstable in air. Encapsulating by graphene (top) 

and h–BN (bottom) protected NbSe2 from ambient 

degradation, allowing to achieve a superconductive state with 

a Tc ~ 2 K.
49

 

 

3.2.5.� Vertical heterostructures with other 2D materials: 

Synthesis and applications 

Some reports have been published on vertical 

heterostructures of graphene with other types of metal 

chalcogenides, mainly GaSe. GaSe is a layered semiconductor 

with a bandgap of ~ 2.1 eV for single layer thickness. This gap 

is direct independent of the number of layers, making it a 

promising material for optoelectronic applications. GaSe has 

been grown on graphene by vapor-phase deposition at 

temperatures of 750 �C and at low pressures
106

 and by MBE at 

400 �C.
107

 An epitaxial relation has been observed between the 

GaSe and the graphene, although the relative orientation 

observed depends on the growth conditions. The GaSe shows 

misalignments of ~ 10� in the vapor-phase deposition 

growth,
106

 while no misalignment or rotations of 30� were 

observed in the case of the MBE synthesis growth.
107

 

Photodetectors have been realized by drop casting a solution 

of GaSe nanosheets on graphene.
184

 Such photodetectors 

show responsivities between 10
2
 and 3 × 10

5
 AW

-1
 for 

illumination powers of 10
2
 and 10

-2
 mWcm

-2
 respectively 

(Figure 14a). However, photodetectors prepared by 

mechanical stacking of exfoliated GaSe thin layers showed 

lower efficiencies than for WS2 photodetectors.
27

 

Non-transition metal chalcogenides have also been 

synthesized on graphene. The epitaxial growth of single to 

few-layers of semiconducting α-In2Se3 on graphene by physical 

vapor deposition has been achieved using In2Se3 powder as 

precursor (Figure 14b).
109

 The orientation of In2Se3 crystals is 

also determined by that of the underlying graphene, reflecting 

the epitaxial growth. The study of α-In2Se3 heterostructures 

may be interesting for optoelectronic applications, as it shows 

a higher photosensitivity than MoS2.
109

 Bi2Se3 and Bi2Te2Se, 

both topological insulators, are another example of non-

transition metal chalcogenide that have been synthesized on 

graphene (Figure 14c).
108,110

 The thin layers of Bi2Se3 show 

defined orientations on the graphene, indicating the epitaxial 

growth.
108

 Vertical tunnel devices have been fabricated by 

mechanically stacking a Bi2Se3 flake on graphene, with the 

tunnel transport occurring through the interface at low 

temperatures.
185

 Spintronics devices have been demonstrated 

by heterostructures of graphene with other topological 

insulator, Bi2Te2Se.
110

 A spin polarized current can be 

efficiently injected in the graphene, owing to the strong spin-

orbit coupling with the Bi2Te2Se. In general, thin layers of non-

transition metal chalcogenides are currently far less explored 

than in the case of TMDs, although their exotic properties 

open new possibilities for their integration in heterostructures. 

Another interesting approach is the integration of graphene 

with organic materials or metal-organic hybrids. Covalent 

organic frameworks (COF) are porous periodic frameworks 

composed of covalently bonded light-weight elements.
16

 COFs 

can be semiconducting and photosensitive, and can exhibit 

relatively large mobilities. Their integration in practical devices 

is however difficult, as usual synthesis processes produce bulk 

powder without control on the pore structure. However, 2D 

COFs have been synthesized on graphene, showing improved 

crystallinities with respect to their respective bulk phase 

(Figure 14d).
186,187

 Given their porous nature, the study of 3D 

heterostructures of graphene and COFs is applicable for 

applications such as gas absorption and storage. However, 2D 

heterostructures with COF remain largely unexplored. 

Graphene has also been used to protect 2D sheets of 

conjugated polymers from high energy electron beams by 

encapsulation.
23

 Recently, it has been shown that carbon 

based nanomembranes can be used to fabricate graphene 

vertical heterostructures, providing an easy and flexible 

method for the functionalization of graphene and the 

engineering of its electronic properties.
188

 Heterostructures 

with pentacene thin films, another organic material, have also 

been studied. Pentacene is a flexible p-type semiconductor, 

with a low cost of fabrication. Therefore, it is widely used on 

organic thin-film transistors, although it presents a low 

mobility (~ 1 cm
2
V

-1
s

-1
). So far, barristors composed of vertical 

heterostructures of graphene and pentacene have been 

reported with on/off ratios of ~ 10
4
.
189,190

 Integration of such 

devices into flexible substrates have shown high stability for 

strains up to 4 %.
190

 Recently, Seo et al. have demonstrated a 

method to produce p-n junctions on graphene by selective 

doping with 6,13-bis(triisopropylsilylethynyl) (TIPS) 

pentacene.
191

 As-deposited TIPS-pentacene does not induce a 

large doping in graphene FETs. However, the FET 

characteristics showed n-type doping after laser irradiation, 

due to the oxidation of the TIPS-pentacene (Figure 14e). The 

level of doping can be adjusted by the irradiation time or the 

intensity. By spatially controlling the exposure to the laser, p-n 

junctions with arbitrary shapes can be patterned on the 

graphene.
191

 Self-assembly is also used to produce thin films of 

organic molecules on graphene, such as perylene-3,4,9,10-

tetracarboxylic dianhydride (PTCDA),
192

 oleylamine
193

 or 

phthalocyanine (Figure 14f).
194

 Such molecules present 

ordered patterns and relatively strong interactions with the 

graphene,
194

 and can be employed to modify its electronic 

properties.
193

 By adjusting the temperature of the graphene 

during the epitaxial deposition of certain molecules, it is 

possible to obtain ultrathin organic heterostructures with a 

precise control on the number of layers and the crystallinity of 

the deposited molecules.
195

 By the successive growth of layers 

of different organic molecules, ultrathin vertical p-n junctions 

can be easily produced, showing a good rectifying behavior 

and with a photoresponsivity of ~ 0.37 mAW
-1

.
195
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Perovskite materials are those that share the structure of 

CaTiO3. Due to their remarkable optical properties, layered 

inorganic-organic perovskites have attracted a recent interest 

for their application in photovoltaic applications.
112

 Thus, 

studies on their integration with other 2D materials, especially 

graphene, have been rising for the last few years.
112,196

 Niu et 

al. have demonstrated the direct growth of a perovskite 

(methylammonium lead halide)/graphene heterostructures 

(Figure 14g).
112

 Their method consists of the PVD growth of 

PbI2 nanoplatelets on the graphene, followed by the 

conversion into perovskite by the reaction with CH3NH3I. 

Cheng et al. have devised a similar method in which PbI2 

crystals are mechanically exfoliated and deposited on the 

graphene.
196

 Encapsulation with 2D materials is also essential 

to protect the perovskite, which is unstable in ambient 

conditions.
196

 Patterning the 2D substrate before the growth 

of the perovskite allows to obtain patterned 

heterostructures.
112

 Vertical heterostructures of perovskite 

encapsulated by two graphene electrodes show photocurrents 

on the overlapping areas, with responsivities of ~ 950 AW
-1

 

and response times of a few tens of ms (Figure 14h).
196

 

 

3.3.� In-plane heterostructures with 2D materials 

While vertical heterostructures of 2D materials can be 

prepared by physically stacking the different layers, the 

fabrication of in-plane heterostructures with truly 1D contacts 

require more advanced synthesis methods. Advances on the 

synthesis procedures have allowed the development of such 

in-plane heterostructures of graphene with other 2D materials. 

The combination of metal, semiconductor and insulator 2D 

materials as in-plane heterostructures, is interesting for the 

development of continuous, single-atom thick, in-plane 

integrated circuits with ultimately thin contacts.
31

  

Probably one of the first examples of synthesis of such in-plane 

heterostructure is that of h–BN and graphene in-plane hybrid 

sheets simultaneously grown during a single CVD process with 

CH4 and ammonia borane as precursors.
197

 The resulting 

sheets consisted of randomly located patches of both h–BN 

and graphene, and with thicknesses from a single to a few 

layers. This method produces hybrid sheets with a fixed ratio 

of the graphene and h–BN, but does not provides control in 

the size or shape of the domains and their interfaces. To 

obtain controlled in-plane heterostructures, two-step growing 

processes were developed in which the materials are grown at 

different stages. In-plane heterostructures of graphene and h–

BN with controlled shape and sharp interfaces can thus be 

produced by patterning a CVD-grown graphene layer and then 

selectively growing the h–BN by a second CVD,
30

 or in the 

opposite order (Figure 15a).
32,33

 The direct growth of elaborate 

2D graphene-based devices, such as multi-terminal transistors 

or band pass filters, are possible with this approach. Even 

though there is a slight mismatch on the crystal lattice of 

graphene and h–BN (~ 1.7 %), STM and HR-TEM studies 

indicated that it is possible to achieve a seamless stitching at 

atomic scale between both (Figure 15b).
33–35

 The two lattices 

are then oriented, with the junctions corresponding 

predominantly to zigzag edges. TEM inspections also showed 

evidences of hybridization, with bonding occurring between 

the N atoms of the h–BN and the C atoms of the graphene.
35

 

These findings agree with DFT calculations, which show that 

zigzag junctions are more energetically favorable than 

armchair junctions, while there is not a large energy difference 

between C-N and C-B bonds and hence the kind of 

hybridization responds to the edge termination of the h–BN 

layer.
33,198,199

 In-plane hybrid sheets can also be obtained on 

dielectric SiC(0001) surfaces by a two-step growth processes.
34

 

A h–BN layer is firstly grown by CVD on the SiC, while a 

subsequent annealing step at high temperatures introduces 

some graphene regions. The orientation of the hybrid sheet 

obtained in this way is completely determined by that of the 

underlying SiC. In-plane graphene/h–BN junctions have been 

recently reported to grow in a TEM chamber (Figure 15b).
35

 

Graphene grows from the edge of h–BN layers supported on 

graphene by the supply of carbon atoms from residual 

hydrocarbons in the chamber. Graphene islands can also be 

grown on holes performed on the h–BN by the electron beam, 

opening the possibility to produce quantum confined 

heterostructures with a high control.  

In-plane heterostructures of graphene with some TMDs have 

been recently realized, although the works are yet scarce 

compared to the case of h–BN.
200–203

 In all of them, patterned 

heterostructures are obtained by pre-patterning the first 

material (either the graphene or the TMD) and then growing 

the second material by CVD (Figure 15c). A perfect planar 

stitching of the layers have not been realized so far, with TEM 

measurements showing an overlapping in the junction with 

sizes going from a few nm to some tens of nm.
200,201

 Evidence 

of weak van der Waals interaction in the overlapped region 

instead of covalent bonding between the two materials has 

been reported, owing to the large lattice mismatch between 

the two lattices.
200

 Consequently, no relation between the 

orientation of the two lattices have been reported, indicating 

that the edges simply act as nucleation centers but the growth 

is not epitaxial (Figure 15d,e).
200,201

 However, good ohmic 

contacts between the graphene and the TMD have been 

reported, making this a perfect method to integrate graphene 

as electrode for 2D devices.
201,202

 This, along with the 

scalability of the employed methods for the CVD synthesis, 

allows for the fabrication of high quality devices at large scales, 

including FETs, diodes, and NAND, NOR and inverter gates 

(Figure 15f,g).
200,201

 

  

3.4.� Heterostructures with lower dimensionality materials 

In this section we will discuss heterostructures of graphene 

with lower dimensionality materials. Carbon nanotubes (CNTs) 

are one-dimensional structures composed of carbon atoms, 

and with a structure similar to that of graphene. Graphene 

heterostructures with CNTs have been prepared, either by 

deposition of aligned CNT arrays on the graphene,
204

 or by the 

CVD synthesis of graphene on a Cu substrate covered by 

functionalized CNTs (Figure 16a).
205

 In these structures, the 

CNTs are connected to the graphene sheet either by covalent 
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or π–π bonds. The presence of the CNTs provides a 

reinforcement to the graphene, and hence the name “rebar” 

graphene given sometimes to the heterostructure, from 

“reinforcement bar”. The rebar graphene is strong enough to 

endure free-standing handling, with the possibility to realize 

polymer free transfer from the Cu, or to use it as a holder for 

TEM specimens (Inset of Figure 16a). A further reinforcement 

can be attained by performing a second CVD with Fe particles 

deposited on the rebar structure.
206

 Rebar graphene with h–

BN nanotubes have been also demonstrated, showing 

mechanical properties similar to those of the CNT rebar.
207

 

Other than for reinforcement, heterostructures of graphene 

with CNTs have been applied to electronic and optoelectronic 

devices. Broadband photodetectors composed of graphene 

and single-wall CNTs (SWNT) films showed responsivities of 

120 AW
-1

, with expected values ~1000 AW
-1

 for lower 

illumination powers (Figure 16b).
208

 The fabrication consists of 

coating a SiO2/Si substrate with a thin SWNTs network film and 

then transfer the graphene and fabricate the electrodes. As 

graphene retains its mobility almost intact, the response time 

of these photodetectors can be as low as ~100 µs. Owing to its 

flexibility and transparency, graphene heterostructures with 

SWCNTs have also been used as electrode in CNT-based 

flexible electronics.
209

 The heterostructure was used for 

making the drain, source and gate electrodes of FET devices, 

for which the channel is a SWNT network. The whole device 

showed on/off ratios up to 10
5
 and mobilities of 40 cm

2
V

-1
s

-1
, 

which were stable for strains up to 20 %. 

Heterostructures of graphene with zero-dimensionality 

materials have also been realized, posing a special interest for 

the increase of sensitivity of photoactive graphene devices. 

The responsivity of a purely graphene photodetector is usually 

~10 mAW
-1

. By depositing a thin film (~80 nm) of PbS quantum 

dots (QD) on bilayer graphene, photoresponsivities up to 10
7
 

AW
-1

 have been reported by Konstantatos et al. (Figure 16c).
210

 

This ranks among the highest sensitivities reported for a 

graphene based photodetectors. The improvement in the 

responsivity is due to generation of photocarriers in the PbS 

QDs and transferred to the graphene, along with the high 

carrier mobility of the graphene channel. The response times 

are however comparatively long, in the scale of seconds. The 

attained EQE is also of only 25 %, although it can be increased 

to values of 80 % by using a top gate to direct the generated 

photocarriers to the graphene channel in a more efficient 

way.
211

 These devices can also be realized on flexible PET 

substrates and still maintain their efficiency after bending tests 

of 1000 cycles (Figure 16d).
212

 Apart from these, there exist 

theoretical and practical studies about the possibility to 

assemble more exotic heterostructures.
213,214

 

 

3.5.� Intercalation  

Intercalation of foreign species in the space between layers is a 

procedure employed for a wide range of layered materials and 

intercalants. A recent comprehensive review on the 

intercalation on 2D materials can be found in ref. 
215

. Here, we 

will introduce some of the most pertinent results on the 

intercalation of double- and few-layer graphene supported on 

a substrate. Intercalation of atomic or molecular species on 

the interlayer spaces of graphite, named graphite-intercalation 

compounds (GIC), is widely used to modify its physical and 

electrical properties. The space existing between the layers 

can also be used as a nanoreactor to produce reactions that 

require extreme pressures.
216

 The van der Waals interaction 

between the layers provides in localized areas of high 

pressures, which are able to induce chemical reactions 

between intercalated molecules. Intercalation of FLG has also 

led to the realization of magnetic,
217,218

 and 

superconducting
219,220

 2D states for FeCl3 and Ca as 

intercalants, respectively. 

Intercalation of FeCl3 in BLG and FLG have been widely 

investigated as a way to decrease the sheet resistance while 

keeping a high optical transmittance (Figure 16e-g). It is 

generally conducted by chemical vapor transport, with the 

graphene and the FeCl3 kept in separated zones of a glass 

ampoule sealed in vacuum.
217,221

 A differential of 

temperatures is then applied to the ampoule, with the 

graphene area being in the hot zone (~340 – 350 �C), while the 

FeCl3 is maintained at a lower temperature (~290 – 320 �C). 

The intercalation usually requires a few hours to complete 

(~10 h), after which the ampoule can be brought to room 

temperature. By using this setup, Zhan et al. demonstrated the 

FeCl3 intercalation in exfoliated graphene flakes with 

thicknesses of 2, 3 and 4 layers.
221

 The intercalation can be 

homogeneous and show a high stability in air, with no 

evidence of degradation occurring for as long as 1 year in the 

best reported cases.
221–223

 Intercalation is stable in air even 

under high humidity conditions for a few weeks (relative 

humidity up to 100 %), or at temperatures of 150 �C for 

periods of hours.
224

 The charge transfer of the graphene can 

be monitored by Raman spectroscopy, which shows a 

stiffening of the G and 2D bands indicating a p-type doping of 

the graphene layers (Figure 16f).
221,222

 Calculations from 

Raman results provide an estimated shift of the Fermi level of 

~ 0.9 eV, corresponding to a hole density of ~ 5.8 × 10
14

 cm
-2

 

for the stage-1 intercalated samples.
222

 These values are on 

the same order of magnitude to those obtained from 

conductivity measurements (~ 5.8 × 10
14

 cm
-2

).
223

 After the 

intercalation, the 2D band of few-layer graphene can be fitted 

by a single Lorenztian,
222

 indicating a decoupling between the 

layers induced by the increase of the inter-layer distance. This 

decoupling has been corroborated by observing the 

Shubnikov–de Haas oscillations of the longitudinal resistance 

in a perpendicular magnetic field of intercalated BLG,
217

 while 

partial decoupling has been observed in the case of FLG due to 

unintentional deintercalation in the two upper layers of the 

stack during the processing.
223

 The different environments to 

which the layers are exposed for thicknesses of 3 and more 

layers is evidenced by the splitting of the G band into two 

modes (Figure 16f).
221,222

 The mode at lower wavelengths (G1) 

arises from the surface layers (top and bottom), while the 

mode at higher wavelengths (G2) corresponds to inner layers 

surrounded by FeCl3 on both sides (Figure 16e).
221

 By 

decreasing the intercalation time, selective intercalation of 
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FeCl3 between some of the layers in FLG has been recently 

reported,
225

 which could result in the opening of a bandgap 

owing to the vertical electric field caused by the asymmetrical 

doping. 

In terms of electronic properties, the hole doping caused by 

the FeCl3 intercalation on few-layer graphene leads to a 

decrease of the sheet resistance. Pristine, single-layer 

graphene has a high optical transmittance (~ 97.7 %), but its 

sheet resistance is high (usually over 1000 Ω/sq for undoped 

single layer graphene) for the use of graphene as transparent 

electrode. Sheet resistance in FLG is still of a few hundred of 

Ω/sq. After intercalation with FeCl3, FLG shows a decrease of 

the sheet resistance to values as low as 8.8 Ω/sq at room 

temperature for a thickness of 5 layers.
223

 Interestingly, the 

intercalation does not severely decrease the optical 

transmittance of the FLG, that retains a value of 84 % at 550 

nm compared with the 88.5 % for pristine 5 layers. These 

values can compete with those of ITO, with transparencies of 

90% and sheet resistances between 10 to 50 Ω/sq (Figure 16g). 

The relatively low temperatures employed for the intercalation 

and the inherent mechanical properties of FLG, allow for their 

use as flexible and transparent substrates, which provides a 

clear advantage compared with the rigid ITO. Overall, FeCl3-

intercalated FLG is an interesting alternative material to the 

commonly employed ITO for diverse optoelectronic 

applications.  

Another materials have been intercalated into substrate 

supported FLG, one of the most promising being Li. In-situ 

measurements on electrochemical intercalation of Li on FLG 

have recently been demonstrated to n-dope the FLG and 

decrease its sheet resistance (Figure 16h).
226

 Remarkably, the 

intercalation of Li also increases the optical transmittance of 

the FLG. On relatively thick flakes of 19 layers, optical 

transmittances up to 91.7% have been attained, with sheet 

resistances as low as 3 Ω/sq (Figure 16i). The small size of a Li 

atom make it also convenient as an intermediate for the 

intercalation of larger atoms, such as Ca.
219,220

 A detailed 

revision of graphene heterostructures for Li-ion batteries will 

be carried on in the section 4. 

4.� Solution-processed heterostructures 

4.1. Scalable exfoliation of 2D materials 

Layered 2D materials can be produced by a variety of 

techniques as discussed in the previous sections, and while the 

material created by both micromechanical exfoliation and CVD 

are of high quality and large crystal size, these production 

methods lack scalability and remain costly, preventing their 

use for many applications. Wet chemical processes, such as 

liquid phase ultrasonication and electrochemical intercalation, 

can currently produce large volumes of dispersed monolayer 

and few layer flakes of various 2D materials, cheaply and with 

the potential for scale-up.
14,227–233

 These liquid-based 

exfoliation techniques allow the easy creation of thin films, 

coatings, or additives consisting of a large number of 

nanosheets, which is ideal in applications such as energy 

generation and storage. These different scalable liquid phase 

exfoliation techniques can be visualised schematically in 

(Figure 17). 

The first large scale method of liquid exfoliation of 2D 

materials was for graphene oxide (GO), where graphite is first 

treated with strong oxidising agents such as sulphuric acid and 

potassium permanganate, which increases the hydrophilicity 

of the graphite. This increased hydrophilicity allows the 

graphite layers to be easily intercalated by water and 

separated by mild ultrasonic treatment, producing flakes down 

to monolayer thickness and hundreds of nanometres in lateral 

dimension in concentrations up to 1 mg/ml.
234

 Intercalation of 

ionic species, typically by electrochemical methods, into a 

variety of layered species beyond simply graphite leads to 

increased interlayer spacing and the subsequently weakened 

interlayer coupling allows the material to be easily 

exfoliated.
229

 The resulting dispersion can also be stabilized by 

surfactants. Intercalation can also produce large quantities of 

monolayer flakes with dimensions of a few hundred 

nanometres. Ultrasonic treatment in specially chosen solvents 

can lead to direct exfoliation of many 2D materials.
235–237

 The 

ultrasonic sound waves produce cavitation bubbles, causing 

the 2D material to break up into individual nanosheets. Each of 

these techniques is able to produce large volumes of 

exfoliated nanosheets dispersions which can subsequently be 

processed to form a variety of devices. Although the quality of 

such exfoliated material is typically lower than that produced 

using mechanical cleavage or CVD, it is sufficient for a wide 

range of applications, particularly when different 2D materials 

are combined to form hybrid nanocomposites. 

 

4.2. Formation of graphene-based hybrid composites 

There has been an enormous effort focused on exploiting the 

many beneficial properties of 2D materials including graphene, 

however typically what is desired for the best device 

performance is a variety of properties from different materials. 

This has led to the exciting area of hybrid composite research; 

where multiple 2D materials are mixed together to 

synergistically improve the performance over any single 

component. This typically involves the addition of highly 

conductive graphene-derivatives to mixtures of other layered 

materials to increase the conductivity, while simultaneously 

altering the morphology and surface area of the resultant 

hybrid. The most common example of these hybrid 

composites, due to its applicability for electrical devices, is the 

TMD/graphene hybrid composite. Such composites of TMDs 

and graphene allow the conductivity of graphene to be 

exploited, while maintaining the unique chemistry of the 

TMD.
238–240

 Of these TMD/graphene composites studied so far 

the most common, due to its relative abundance and ease of 

production, is the MoS2/graphene hybrid composite, which 

can act as a proxy for the performance of many similar TMDs. 

However, different TMDs, as well as other layered materials, 

have also gained interest for use in graphene based 

composites and these will be discussed in further detail later.  
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These hybrid composites can be produced by several methods. 

The simplest is to exfoliate each of the individual 2D materials 

separately and then mix the dispersions together. This can be 

achieved by producing exfoliated dispersions of a selected 

material and then generating a film either by filtration onto a 

membrane or drop-casting directly onto the desired substrate. 

An example of this mixing procedure to form a MoS2/graphene 

composite is shown schematically in (Figure 18a) and an SEM 

image showing the resultant layered composite structure is 

shown in (Figure 18b).
241

 This procedure has the benefit of 

being very simple and easily scalable. However, the interaction 

between each material typically occurs only when the solvent 

is removed from the dispersion, causing the mixture of flakes 

to form a composite film. By varying the relative ratio of each 

component it is possible to tune the properties of the laminar 

structure that is produced using this technique, to optimise 

performance for the desired application.
242–245

  

Hydrothermal synthesis is another process that is widely used 

to produce these hybrid nanocomposites. The hydrothermal 

growth process typically involves the addition of an aqueous 

dispersion of chemical precursors in a sealed vessel, which is 

then heated (~200 °C) in an autoclave to form the desired 

crystalline material.
246–249

 Solvothermal growth is similar 

except that instead of water, a non-aqueous solvent is used. 

This in situ growth process allows for a close interaction 

between the different materials, with crystals of MoS2 being 

able to be grown directly on the surface of a graphene 

supporting layer to form the hybrid composites. Figure 18c 

shows schematically the process to hydrothermally produce a 

GO/MoS2 hybrid composite structure.
250

 This was achieved by 

first taking Li-intercalation exfoliated MoS2 and mixing by 

ultrasonication with a GO dispersion, before treating at 180 °C 

for 24 h. This was then chemically reduced by N2H4·H2O at 90 

°C for 12 h followed by freeze-drying to produce a porous 

structure. Due to the high temperatures that the dispersions 

are exposed to, the interaction between the MoS2 and GO is 

strengthened, leading to good structural stability and fast 

charge transport. This freeze-drying process also allows for the 

formation of a highly porous 3D aerogel structure, which 

maximises available surface area. The formation of such a 

porous structure avoids the common drawback of solution 

exfoliated processes, which is the restacking of the exfoliated 

material which reduces available surface area and overall 

performance of subsequent devices. Figure 18d shows an SEM 

image illustrating this high porosity of the resulting 

MoS2/graphene composite structure, where the ratio of 

MoS2:graphene is 80:20. This simple and scalable procedure 

allows the formation of a unique 3D structure where the 

relatively larger graphene sheets are decorated with smaller 

MoS2 nanoflakes. This nanostructured morphology, with its 

high surface area conductive network of exfoliated material, is 

ideal for many applications, but in particular for 

electrochemical energy storage.
251

  

 

4.3. Hybrid composite supercapacitors 

2D materials are excellent candidates for electrochemical 

energy storage due to their high available specific surface area 

and versatile electronic structure. Electrochemical energy 

storage, such as lithium ion batteries or supercapacitors, are 

widely used in portable electronic devices, electric 

transportation, and even grid scale systems. The application of 

graphene in energy storage technology has been investigated 

widely due to the many excellent properties such as 

mechanical strength, high specific surface area (2675 m
2
/g) 

and high electrical conductivity.
252–254

 Similarly-structured 

layered TMDs, particularly MoS2, have so far attracted less 

interest but are gaining increased popularity for integration 

into energy generation and storage devices due to similarities 

with graphene.
255,256

 Despite the increasing interest in the 

electrochemical properties of MoS2 the fundamental charge 

storage processes are still not well established, with some 

disagreement between reports of its electron transfer 

characteristics and pseudocapacitance.
257–259

 Hybrid 

composites consisting of multiple 2D materials are gaining 

increased interest for applications in energy storage and 

generation. This is due to the beneficial synergy that occurs 

when the high conductivity of graphene, can be used to 

enhance the intrinsic charge storage properties of another 

material, such as MoS2. Examples of such hybrid composites 

include graphene/metal oxides
243,260–262

 as well as 

graphene/TMD composites which will be discussed in further 

detail here.
242,244,245,250,263–273

 

Electrochemical supercapacitors, sometimes referred to as 

ultracapacitors, have attracted increasing attention for their 

rapid charging capabilities, very long cycle lifetime and wide 

operating temperature range.
274

 The charge storage 

mechanism in supercapacitors consists of a combination of 

electric-double layer capacitance (EDLC), where electrolyte 

ions accumulate at the electrode interface, as well as 

pseudocapacative ion absorbance or intercalation where rapid 

redox processes can occur. As no chemical reactions are 

typically occurring during the charge/discharge of the device, 

supercapacitors can operate on very short time scales (i.e. high 

power density) with very long cycle lifetimes. Supercapacitor 

devices consist of two electrodes (either symmetrical or 

asymmetrical) separated from each other and filled with an 

electrolyte solution. An ideal electrode material is one that has 

both high conductivity and surface area to maximise the 

amount of charge stored in the double layer at the interface. 

This makes exfoliated graphene an ideal electrode material, 

with several reviews previously discussing the benefits of 

graphene for supercapacitor applications.
254,275,276

  

The formation of hybrid composites of graphene with other 2D 

materials allows the optimisation of their performance by 

tuning the conductivity and morphology of the composite 

structure. Figure 19 shows an example of a graphene/MoS2 

composite supercapacitor device created using solution based 

exfoliation processes.
245

 Commercially available graphene 

powder was first ultrasonicated to produce a stable dispersion, 

and a dispersion of MoS2 was similarly produced by solution 

exfoliation (seen in Figure 19a). These dispersions were then 

mixed and filtered to create thin (~500 nm) flexible films as 
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electrodes in a symmetrical supercapacitor arrangement using 

an aqueous electrolyte. Figure 19b-d shows a schematic of the 

coin-cell architecture that was used to test the composite 

films, and demonstrates the flexibility of the thin film 

electrodes. The use of this coin-cell structure allows for a real-

world investigation of the performance for possible 

commercial applications.
277

 When tested using an aqueous 

electrolyte (Na2SO4) it was found that the graphene by itself 

exhibits moderate performance and behaved as an ideal 

double-layer capacitor, as established in literature.
254

 On the 

other hand, MoS2 suffered from high internal resistance due to 

its semiconducting nature and so produced a lower 

capacitance. However, as seen in Figure 19e, when the 

graphene and MoS2 dispersions were combined in a 1:3 ratio 

the performance was significantly enhanced over either 

individual component. This was attributed to a combination of 

physical interaction between the two different materials, as 

the smaller MoS2 flakes could coat and prevent restacking of 

the larger graphene sheets, as well as the increased 

conductivity that occurs due to the network of graphene flakes 

and the ion adsorption pseudocapacitance that occurs due to 

the MoS2.
245

 It has also been observed that with repeated 

charge/discharge cycling the measured capacitance can 

increase over time, due to the repeated intercalation/de-

intercalation of the electrolyte ions (Na
+
) into the composite 

film, leading to increased active surface areas with 

time.
245,278,279

  

Maximising the electrode surface area and preventing 

restacking by creating a porous 3D structure is another route 

to increase device performance. Figure 19f,g shows the 

morphology of a MoS2/graphene aerogel structure produced 

by hydrothermal synthesis, illustrating the high available 

surface area. Aerogel structures are ideal for energy storage 

applications as they provide increased active surface area by 

forming a large interconnected network of 2D 

materials.
269,280,281

 This aerogel structure allows the high 

specific surface areas of many 2D materials to be more 

properly exploited, but also suffers from issues with long term 

stability.
282

 The relative charge/discharge behaviour of this 

MoS2/graphene aerogel electrode when tested in a 

supercapacitor device (Figure 19h), showed that the composite 

electrode outperformed either of the single component 

devices. This 3D structured electrode demonstrated both high 

capacity and stability with extended cycling due to the flexible 

nature of the graphene, showing that 3D hybrid composite 

structures are an ideal electrode morphology for 

electrochemical energy storage.
270

 

Naturally occurring MoS2 exists in the stable 2H phase (Figure 

2c), which possess a trigonal prismatic lattice arrangement and 

is semiconducting, as discussed previously. This can be 

distorted, typically through charge injection by intercalation 

from lithium ions, to form the metallic 1T phase which has an 

octahedral arrangement.
283,284

 For energy storage applications, 

where conductivity of the electrode material is vitally 

important, it is beneficial to increase the percentage of the 1T 

polymorph present in the electrode material. The synthesis of 

a hybrid composite aerogel structure consisting of a mixture of 

MoS2 in both the metallic 1T and semiconducting 2H phase, 

combined with reduced graphene oxide (rGO) is shown in 

(Figure 20).
268

 This mixture of crystal lattice structures is 

important as the metallic 1T phase has already been shown to 

provide improved electrochemical charge storage properties 

due to a combination of its conductivity and the ability of the 

exfoliated and restacked MoS2 sheets to intercalate various 

electrolyte ions.
285

 The 1T/2H-MoS2/graphene composite 

structure was produced by forming MoS2 in situ through the 

reduction of phosphomolybdic acid hydrate 

(H3PMo12O40.xH2O) in the presence of a sulphur precursor (L-

cysteine). These precursors were combined with a GO 

dispersion and underwent hydrothermal treatment (180 °C for 

12 h), followed by freeze drying to make the aerogel shown in 

(Figure 20a). In this work the in situ growth of the MoS2 

directly onto the GO produces a strong interaction between 

the two materials, allowing for not only a robust 3D structure 

to be formed but also beneficial electrochemical performance. 

By maximising the interaction between the different materials 

in the heterostructure composite the charge transfer between 

the two is also maximised, leading to beneficial performance. 

These 3D networks of 2D materials are ideal for supercapacitor 

applications and (Figure 20b) compares the relative energy 

storage performance of the rGO aerogel by itself to the 

composite structure, clearly the composite performance is far 

superior to the single component. Hybrid composites made by 

simply mixing commercial MoS2 powders with rGO were also 

produced (rGO-MoS2-p, green curve) and compared to the in 

situ co-synthesised composite (rGO-MoS2-co, blue), as well as 

MoO2/graphene composites co-synthesised without the 

sulphur pre-cursor (rGO-MoO2, red). From the results shown in 

(Figure 20b) the superior performance of the in situ grown 

MoS2 can clearly be seen, illustrating the increased 

capacitance that can be achieved due to the close interaction 

between the two different materials. The high stability of this 

in situ produced composite structure was also demonstrated 

by measuring the change in capacitance with repeated cycling 

with very little degradation in performance over 50,000 cycles, 

better than either the rGO or MoS2 single component 

electrodes which reduced dramatically after 13,000.  

The interaction between different 2D materials present in a 

hybrid composite can have an enormous effect on the 

electrochemical energy storage performance and requires 

further investigation. It has been shown that the interaction 

between rGO and MoS2 in a hybrid composite can even lead to 

a phase transition of the MoS2 lattice, shown schematically in 

Figure 20c, from the 2H to the 1T phase.
286

 Mahmood et al. 

demonstrated that when MoS2, produced by ultrasonication of 

bulk MoS2 powder, was mixed with a dispersion of GO and 

then heated to 200 °C for 12 h under vacuum before filtering 

to form a composite structure a unique interaction occurred. 

This procedure also thermally reduces the GO layers forming 

rGO. The hybridisation between the MoS2 and rGO nanosheets 

during the high temperature treatment forms a unique 

interlayer coupling, where negative charge was transferred 

from the GO into the MoS2 lattice leading to the observed 

phase transition. Evidence of this phase transition can be seen 
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in the TEM image shown in Figure 20d. The MoS2 lattice in 

direct contact with the rGO at the interface shows an 

octahedral orientation, indicative of the 1T phase, while layers 

that are not in contact show the typical 2H trigonal prismatic 

lattice structure. The transfer of negative charge from the GO 

into the closest MoS2 layer destabilises the 2H crystal lattice 

and favours the octahedral coordination.
287

 Typically the 1T 

phase is metastable, reverting to the lower energy 2H phase 

over time. However, DFT calculations indicated that the 

interaction between the 1T-MoS2 and graphene are enhanced, 

providing a higher energy barrier for the 1T-to-2H transition 

allowing the unstable 1T phase to exist at the interface.
286

 As 

discussed previously the presence of this 1T-MoS2 phase can 

greatly improve the energy storage properties of a 

supercapacitor device, and so the presence of this mixed 

phase is beneficial for energy storage applications.
285

 This 

increased performance of the 1T phase is related to the charge 

storage mechanisms present, which are a combination of 

proton intercalation in between layers of MoS2 and adsorption 

of the protons onto the surface of the layers. Figure 20e 

demonstrates the enhanced electrochemical charge storage 

behaviour that occurs from producing a rGO/MoS2 composite 

(2D RM Hybrid) when compared to only bulk or exfoliated 

MoS2 (2D MoS2), in agreement with the previously shown 

examples. The high density of exposed redox active edge and 

pore sites on the composite surface provide a large number of 

active sites for charge storage, in the form of proton 

adsorption (MoS2 + xH
+
 + xe

-
 �� HxMoS2), to occur.

286
 The 

peaks present in the curve in Figure 20e indicate that some 

Faradaic reactions are occurring, and these have been 

attributed to the adsorption/desorption of protons, as the 

electrolyte used was H2SO4, at the interface. 

 

4.4. Hybrid composite batteries 

4.4.1. Lithium ion batteries 

Lithium ion batteries (LIB) are another key energy storage 

technology for which composites of 2D materials can produce 

large improvements in performance. LIBs are rechargeable 

energy storage devices which function by shuttling lithium ions 

between a negative electrode (anode) and a positive electrode 

(cathode). Unlike supercapacitors, which are of interest due to 

rapid charge/discharge times, LIBs are able to provide a 

sustained current output over a long time (i.e. high energy 

density) but suffer from fatigue with repeated use. The typical 

anode in commercial LIBs consists of a graphite electrode, 

however graphite anodes suffer from a low theoretical 

capacity (372 mAh/g) as well as susceptibility to structural 

damage with continued lithium intercalation/de-intercalation 

with repeated charge/discharge cycle.
288

 Graphene has already 

begun to attract attention for use in LIBs due to the increased 

performance that occurs when reduced to nanoscale 

dimensions, which produces increased capacity (600-1000 

mAh/g) and mechanical flexibility to resist deformation.
289,290

 

Interest has also been extended to TMDs, where higher 

capacities (~670 mAh/g) have been measured.
291–293

 Sulphide 

containing materials are of particular interest due to the 

difference in the lithium storage mechanism, unlike graphite 

where the ions are simply intercalated between the carbon 

layers, the majority of intercalated lithium is stored through a 

conversion reaction with the sulphide, forming Li2S. This allows 

between 2-6 electrons per single transition metal compared to 

only a single electron for a simple intercalation reaction.
294

 As 

with supercapacitors there is also increasing attention focused 

on improving the performance (up to 1675 mAh/g) through 

the creation of graphene/MoS2 hybrid 

composites.
250,263,264,266,295

 By creating these hybrid composites 

of nanoscale 2D materials it is possible to achieve the desired 

high capacity along with long-term cycling stability. As with the 

other nanostructured composites containing graphene, the 

carbon can provide a highly conductive network providing 

both a conductive pathway within the composite, along with a 

physical prevention of material re-agglomeration and 

restacking.  

 One method for achieving maximum surface area, while 

preserving the close interaction between the composite 

materials, is through direct growth, typically via hydrothermal 

chemistry, of MoS2 onto a graphene support.
267–272

 By 

maximising the connectivity between the different materials 

that make up the composite it is possible to ensure rapid 

charge transfer kinetics as well as structural stability to 

compensate for the volume changes that occur when the 

lithium ions are intercalated. By creating a graphene aerogel 

structure that acts as both a highly conductive and flexible 

backbone as well as a porous structural support which can be 

‘decorated’ with MoS2 it is possible to create a highly efficient 

LIB electrode. This has been shown by Lee et al., where 

chemically synthesised MoS2 is added to a dispersion of GO 

before hydrothermal treatment (80 °C for 6 h) to form a 

hydrogel, which is then dried and compressed to form an 

aerogel paper, shown schematically in Figure 21a.
269

 The MoS2 

chemical synthesis process, instead of forming stacked laminar 

sheets leads to the growth of ‘nanoflowers’ and the 

introduction of these into the GO structure leads to the 

formation of pores that are ideal for lithium intercalation. The 

electrochemical performance of this hybrid structure, which 

can be seen in Figure 21b, shows the high capacity of the 

electrodes even at high current density and illustrates again 

how the composite material (MoS2 Graphene Aerogel Paper, 

MGAP) outperformed both the pure MoS2 as well as the 

simple mixture of the MoS2 and GO without the hydrothermal 

treatment (MrGO) at low current density. As the current 

density was increased the other composites produce higher 

capacitance, however, with repeated cycling this was found to 

decrease significantly, while the MGAP composite retained its 

performance. SEM images show the morphology of the 

compressed aerogel paper electrode are shown in Figure 

21c,d, and a photograph illustrating the flexibility of the paper 

electrode material in Figure 21e, indicating its applicability for 

flexible energy storage devices. 

In the case of GO there is typically a negative surface charge 

due to the presence of oxygen functional groups on the 

surface and this prevents the use of typical molybdenum oxide 

ions (MoO4
2-

) being used to couple to the surface due to 
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electrostatic repulsion. To overcome this and ensure that MoS2 

can be easily directly grown onto GO while remaining in an 

aqueous dispersion several researchers have attempted to 

functionalise the GO using cationic surfactants to neutralise its 

surface charge.
247,296

 As the surface charge on GO is strongly 

affected by the pH it is also possible to tune this charge by 

altering the acidity of the dispersion. By carefully controlling 

the pH it was demonstrated by Teng et al. that it is possible to 

selectively grow MoS2 nanosheets on GO using hydrothermal 

synthesis, leading to vertically aligned MoS2 sheets for use in 

LIBs.
271

 In this work, shown schematically in Figure 21f, the 

MoS2 nanosheets are directly coupled to the oxygen atoms 

present on the surface of the GO by hydrothermal synthesis. 

This leads to perpendicular alignment of the MoS2 which helps 

to prevent restacking of the composite structure, thereby 

maximising available surface area, as well as ensuring high 

structural stability during the cycling process. The GO 

backbone structure provides a conductive pathway for charge 

and lowers the diffusion distance required for the electrolyte 

ions. Similar to previously discussed work (section 4.3), the 

MoS2 sheets here are significantly smaller in diameter (100 

nm) than the GO sheets, and this small size is preferential due 

to the shorter diffusion lengths required for the lithium ions as 

well as promoting the electrode/electrolyte interface. The 

cycling performance of this MoS2/graphene electrode is shown 

in Figure 21g, along with comparison to pure MoS2 and rGO 

electrodes. The initial capacity of the composite electrode is 

higher than either of the singular component electrodes (1160 

mAh/g), and during initial cycling the composite and pure 

MoS2 electrodes undergo an increase in capacity. This is 

attributed to an increase in the available surface sites with 

repeated cycling, and matches what has been observed 

previously for supercapacitor devices. After ~20 cycles the 

pure MoS2 electrode undergoes a rapid decline in capacity, 

due to the combination of its low conductivity and inability to 

withstand the repeated volume changes. The composite 

however displays negligible capacity loss over 150 cycles, 

indicating the greatly enhanced stability and capacity of an in 

situ grown MoS2/graphene composite.  

 

4.4.2. Sodium ion batteries 

Additional to the well-studied MoS2/graphene Li-ion systems 

there has also be a recent increase in interest in sodium ion 

battery (SIB) systems using these hybrid composites.
244,267,297

 

This increased interest is driven by the relative abundance 

combined with worldwide distribution of sodium reserves. 

Sodium intercalation chemistry is also very similar to lithium, 

making it simple to transition to as an alternative material. 

However, as the radius of Na
+
 ions are ~55% larger than Li

+
 this 

means electrode materials must be able to withstand much 

greater physical deformation during charge/discharge cycles. 

An example of one MoS2/GO composite paper film for use in 

SIBs, where bulk MoS2 powder was first exfoliated using 

ultrasonication in acidic media and combined with a GO 

dispersion, is shown in Figure 22a,b.
244

 This procedure, similar 

to the others discussed, produces a laminar structure where 

the large GO sheets are interleaved with smaller MoS2 flakes, 

providing a robust electrode architecture ideal for reversible 

storage of the large sodium ions, as shown schematically in 

Figure 22c. The incorporation of GO into this composite was 

found to have a non-linear effect on the measured 

conductivity of the resultant composite due to the established 

percolation theory that describes the formation of a single 

conductive pathway that can form when a conductive additive 

is inserted into an insulating matrix.
244,298

 The 1
st

 and 2
nd

 cycles 

of sodiation and de-sodiation are shown in Figure 22d for a 

60% MoS2/graphene composite reaching a capacity of 230 

mAhg
-1

 and a Coulombic efficiency of 99%. The high 

irreversible capacity observed during the first cycle is 

attributed to the formation of the solid electrolyte interphase 

(SEI) layer typically observed in such battery systems. As the 

ratio of MoS2 exceeded 40% the electrochemical behaviour 

was dominated by the sodium interaction with MoS2 over that 

of the GO, indicating the ratio of each material in these 

composites is of importance. The mechanical strength of these 

composites were also investigated, as 2D materials are of great 

interest for flexible energy storage due to their flexibility,
299

 

and the composite was found to be able to withstand 2-4 MPa 

of uniaxial tension. The electrochemical intercalation and de-

intercalation of sodium ions that occur during 

charge/discharge cycles also lead to phase transitions of the 

MoS2, as seen previously in the case of lithium, due to charge 

transfer from the sodium ions, as shown schematically in 

Figure 22e. This has been investigated, on the atomic-scale, to 

better understand this transition and was shown to occur in 

discrete stages where depending on the degree of 

intercalation the transition is reversible.
300

 During the charge 

cycle the sodium ions first intercalate into alternating layers of 

the MoS2, as all the layers are intercalated the large degree of 

strain on the lattice induces a glide of the sulphur atoms along 

the interlayer atomic plane causing the phase transition from 

2H-to-1T.
287,300

 The partially intercalated MoS2 layers, with 

distinct combinations of both 1T and 2H regions are shown in 

Figure 22f, along with a cross-section in Figure 22g showing 

the intercalated sodium ions (blue circles). Properly 

understanding the structural changes that occur within the 

MoS2 layers when intercalation occurs is important for the 

design and optimisation of composite devices for use in energy 

storage. 

 

4.5. Other TMDs for energy applications 

 As discussed above so far the vast majority of hybrid 

composites that are present in the literature are combinations 

of MoS2 and graphene derivatives (graphene, GO and rGO). 

However, other TMDs have also been investigated for use in 

hybrid composites for applications in energy storage. Each of 

the most commonly used TMDs has previously been compared 

for their energy storage performance and due to differences in 

density, electronic structure, toxicity, as well as ease of 

production each are suited to different applications.
256,301

 An 

example of the different capacitive performance for several 

TMDs, without the use of any carbon additives is shown in 
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Figure 23a-c.
256

 The different TMDs investigated were MoS2, 

WS2, TiS2, and MoSe2 (crystal structures shown in Figure 23a) 

and each were prepared by ultrasonication. A photograph of 

the dispersions is shown in Figure 23b. From the comparison 

of the capacitive performance (Figure 23c) the best performing 

material was TiS2, which can be attributed to its metallic 

electronic structure. The use of TiS2 compared to other TMDs 

has already been demonstrated to provide improved 

performance for energy storage applications.
302

 This 

demonstrates that depending on the particular application 

careful thought must be given to which TMD will work best. 

Hybrid graphene-based composites of different TMDs have 

also been recently investigated, with WS2/rGO
248

 as well as 

MoSe2/rGO
303

 composites each produced from hydrothermal 

synthesis showing improved capacitive performance (Figure 

23d,e). The superior performance of WS2/graphene
304

 and 

MoSe2/graphene
305

 composites for LIB applications are also 

shown in Figure 23f,g, showing that as well as increased 

energy storage these composites provide improvements in 

cycle stability and device lifetimes. Each of these examples 

shows the universality of the improved performance that 

occurs when hybrid graphene based composites are compared 

to single component materials. The addition of a highly 

conductive yet flexible network is ideal for these applications. 

The use of in situ growth processes has also shown to provide 

improved performance for different material combinations as 

the strengthened interaction between the different materials 

leads to increased charge transfer and mechanical robustness.  

 

4.6. Phosphorene/graphene hybrid composites 

 Recently some groups have begun to investigate graphene 

based composites with more exotic layered 2D materials, and 

one example of this that shows particular promise for energy 

storage applications is graphene/phosphorene composites. 

Phosphorene, which is exfoliated black phosphorous (BP), has 

already been demonstrated to be suitable for the same 

scalable liquid based exfoliation techniques that are applicable 

for TMDs.
306–308

 Phosphorene possesses high p-type carrier 

mobility (>1000 cm
2
 V

−1
 s

−1
) and a tuneable direct band gap in 

the range of 0.3-2 eV making it of great interest for many 

electronic applications.
308

 The layered structure of 

phosphorene can be seen in Figure 24a along with an SEM 

image of bulk BP before exfoliation. By dispersing this BP in 

suitable solvents, such as n-methylpyrrolidone (NMP), it is 

possible to create stable dispersions (shown in Figure 24b) of 

few-layer BP, which is often referred to as phosphorene. TEM 

images of the structure of these exfoliated few-layer 

phosphorene flakes (Figure 24c-f) show the ordered lattice 

array.
309

 Typically phosphorene is considered highly unstable 

in air and degrades quickly; however, the process of solution 

exfoliation in NMP leads to a coating of residual solvent 

molecules which protect the phosphorene flakes from 

oxidation.
308

 This allows the solution exfoliated phosphorene 

flakes to be used in a much larger range of applications, 

including when exposed to aqueous solutions. This solution 

exfoliated phosphorene can also be combined with GO 

dispersions and used to create hybrid composite papers 

through vacuum filtration, such as seen in Figure 24g.
310

 To 

produce these papers dispersions of GO and solution 

exfoliated BP were combined and then filtered to produce the 

thin, flexible membrane. This membrane was subsequently 

thermally reduced (300 °C for 1 h) to produce an 

rGO/phosphorene composite (PG) and also compared to a 

membrane that underwent spark plasma sintering (300 °C, 10 

MPa) (PG-SPS). The cross-section SEM images (Figure 24h-i) 

show that the PG-SPS sample is significantly denser than the 

thermally reduced sample (PG), attributed to a reduction in 

oxygen and water content. These phosphorene/graphene 

composites were then characterised for use in LIBs and the 

measured specific capacity, with increasing current densities, 

for both membranes is shown in Figure 24j. The PG-SPS 

electrode displayed a high reversible specific capacity (1302 

mAhg
–1

) and displayed superior cycle lifetime illustrating the 

enhanced performance of these phosphorene based 

composite.  

 Phosphorene/graphene composites can also be used for 

SIBs and a schematic showing the process of sodium 

intercalation (sodiation) and de-intercalation (desodiation), 

where the sodium ions attach directly to the phosphorene 

flakes is shown in Figure 24k. Phosphorus can react with 

sodium and lithium form Na3P and Li3P respectively, with a 

high theoretical specific capacity of 2,596 mA h g
−1

, which is 

significantly larger than other SIB materials currently 

available.
311

 Phosphorene/graphene composites created by 

mixing ultrasonicated dispersions of both graphene and 

phosphorene in NMP, were characterised during 

electrochemical sodium intercalation by Sun et al.
311

 During 

sodiation there was a significant volume expansion (~160%) 

and to ensure long cycle lifetime the use of smaller 

phosphorene flakes relative to the size of the graphene, similar 

to the results seen from the TMDs discussed previously, was 

suggested to be key. This provides an elastic ‘buffer’ space in 

between the small phosphorene flakes that are sandwiched 

between larger graphene flakes, this also minimises diffusion 

length for both electrons and sodium ions. The relative 

electrochemical performance for different ratio 

graphene/phosphorene composites is shown in Figure 24l, 

where the ratio between the graphene and phosphorene is 

presented as a carbon/phosphorous (C/P) ratio. The 

charge/discharge cycling showed that composites with a C/P 

ratio of 2.78:1 (blue line) and 3.46:1 (green line) maintained 

the highest capacity after 100 cycles. As the graphene by itself 

is electrochemically inactive for sodium the lower C/P ratios 

also provide the highest measured capacities. This work and 

the previous example both demonstrate that hybrid 

composites of phosphorene/graphene are promising 

candidates for future studies into energy storage. The 

graphene provides elastic, highly conductive buffer layers that 

can allow for large volume expansion while maintaining a 

preferential pathway for electrons generated during 

charge/discharge allowing the capacity of the phosphorene to 

be exploited. 
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4.7. Hybrid composites for catalytic hydrogen evolution 

As well as energy storage technologies, such as 

supercapacitors and batteries, hybrid composites of 2D 

materials are ideal for catalytic energy production, such as 

catalytic hydrogen evolution (HER) reactions.
312

 

Electrocatalytic production of hydrogen, through splitting of 

water, is a vitally important component of renewable energy. 

An ideal catalyst for HER should minimise the required 

overpotential required for hydrogen production, and the best 

materials for this currently are the platinum group metals. The 

volcano plot showing the relative catalytic performance of a 

variety of noble metals, as well as TMDs and graphene/TMD 

composites is shown in Figure 25a, where ∆GH and j0 are the 

Gibbs free energy of hydrogen evolution and current density 

respectively. The performance of the TMDs can be seen to 

approach that of the far more expensive noble metals (Pt & 

Pd). MoS2 in particular has been investigated for catalytic HER 

previously due to calculations and experimental results which 

show that the active sites on the MoS2 are the edges while the 

basal plane remains catalytically inert.
239,313–315

 Thus, 

exfoliated nanosheets of MoS2 are an ideal catalyst for this 

application due to the high density of edge sites.  

Hybrid composites consisting of nanostructured MoS2 

supported on conductive graphene based materials provide 

performance benefits due to the utilization of the high specific 

surface area combined with electrical conductance of the 

supporting material. Such hybrid composites where rGO 

sheets have been decorated with MoS2 created through a one-

step solvothermal reaction in dimethylformamide have been 

demonstrated previously.
316

 During this process a precursor 

((NH4)2MoS4) was reduced to form MoS2 on the surface of the 

GO, while reducing the GO to form rGO by reacting with 

hydrazine. This procedure forms rGO sheets which are 

uniformly decorated with MoS2 nanoparticles, and it was 

observed that the MoS2 selectively formed in contact with the 

rGO sheets, with minimal formation of nanoparticles freely in 

solution. This mechanism behind this selective growth was 

attributed to the interaction between the oxygen functional 

groups present on the GO surface, in agreement with the 

previously discussed work,
271

 providing control over the 

heterostructure morphology. The catalytic performance of the 

individual components was poor while the hybrid composite 

displayed excellent catalytic activity, approaching that of 

theoretical maximum of platinum. This high catalytic 

performance was attributed to the strong electronic coupling 

between the small MoS2 nanosheets and rGO sheets, which 

maximises the availability of catalytically active edge sites, in 

agreement with previously observed increases when 2D 

materials are combined to form a synergistic composite 

structure. 

The combination of metal nanoparticles into a composite 

TMD/graphene structure can also be used to further improve 

the catalytic efficiency, as demonstrated by Toth et al., and 

shown in Figure 25b-d.
317

 To measure the catalytic activity and 

fundamental electrochemical properties of a graphene/MoS2 

heterostructure a ‘sandwich’ was created at the interface 

between two immiscible liquids. This liquid/liquid interface has 

been widely used in electrochemistry to investigate the 

properties of a material free from the interference that may be 

caused by interaction with a solid substrate.
318,319

 This 

interface also allows for the formation of films of material to 

be studied at a highly reproducible, molecularly sharp, and 

defect free focal plane and this has been demonstrated for a 

wide range of particles with different shapes and aspect 

ratios.
320

 By creating a range of different composite structures, 

shown schematically in Figure 25b, using CVD grown graphene 

as a supporting layer combined with either vertically aligned 

CVD grown MoS2 (vMoS2) or ultrasonication liquid exfoliated 

MoS2 (eMoS2) it was possible to investigate the behaviour of 

these composites at the liquid/liquid interface. This 

MoS2/graphene sandwich could then be decorated with metal 

nanoparticles (Pd, Pt, Au or Ag) that were grown directly onto 

the heterostructure at the liquid interface by reducing metal 

salts present in the electrolyte solutions. This asymmetrical 

decoration, or Janus functionalization, can be used to tune the 

properties of different 2D materials and change their 

properties.
321

 The catalytic performance of these ‘sandwiches’ 

are shown in Figure 25c where the catalytic performance of 

the MoS2/graphene composite is again greatly increased over 

the single component films, this can be enhanced further by 

the deposition of these metal nanoparticles. The most active 

composite structure was the vertically aligned CVD grown 

MoS2, due to the high density of exposed edge sites, combined 

with graphene and palladium nanoparticles (vMoS2/Gr/Pd, 

shown in green). The capacitance of these composite 

‘sandwich’ films was also measured, after transferring them 

onto a supporting substrate, shown in Figure 25d-e, again the 

vMoS2/Gr/Pd composite exhibited superior performance. This 

increased capacitance was attributed to a high available 

surface area, and the ability to provide large amounts of active 

surface sites for the electrolyte ions (Li
+
) to adsorb/intercalate 

into the MoS2 surface. This work demonstrates a unique 

architecture to characterise the fundamental electrochemical 

behaviour of MoS2/graphene heterostructure composites for 

both HER and capacitive energy storage. 

5.�Summary 

In this review, we have overviewed the research on the graphene-

based heterostructures which are prepared either by dry methods, 

such as mechanical stacking and CVD, or by wet methods, such as 

liquid-phase exfoliation and mixing processes. These 

heterostructures are composed of graphene with other 2D 

materials or with lower dimensionality materials, which are stacked, 

connected or intercalated in graphene material. Integration into 

heterostructure give us a new opportunity to bring out new 

functionalities due to synergetic effects which can be enhanced by 

van der Waals interaction. The integration also allows to overcome 

the drawbacks of graphene, such as the lack of a bandgap, and of 

other 2D materials, such as the low mobility of TMDs. Even though 

research of such heterostructured materials mainly started at the 

beginning of this decade, advances have been quite fast, relying on 

the accumulated knowledge on the synthesis and handling of 2D 
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materials. These advances have allowed to fabricate almost any 

kind of heterostructure at the laboratory scale, with prototypes 

showing functionalities than in some cases approximate or even 

exceed those of current technologies. Also, there is still space for 

new 2D layered materials to emerge, which will definitely enrich 

the field of heterostructures. Finally, tailored physical properties 

and designed geometrical structures may be obtained by an 

appropriate selection of the preparation methods and materials. 

With further development of the production methods of graphene 

and other 2D materials as well as their heterostructures, advances 

are expected to develop these unique materials into practical 

applications in a wide variety of fields, including electronics, 

photonics, sensing technologies and production and storage of 

energy. 
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Figure 1. Schematic overview of the different kinds of graphene heterostructures introduced in in this word 
(top), along with the methods usually employed to fabricate them. 
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Figure 2. Chemical (top) and band (bottom) structures of some of the most representative 2D materials. (a) Graphene, 
(b) h–BN, (c) MoS2. Band structures adapted from ref. 10 with permission from The Royal Society of Chemistry. 
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Figure 3. (a) Schematic of the alignment and stacking of a graphene flake on h–BN with the aid of a micromanipulator. (b) Sectional 
STEM image and schematic of a heterostructure fabricated by the sequential stacking of graphene and h–BN layers. (c) Schematics 
for the polymer-free stacking of 2D materials aided by van der Waals interactions. In this case, graphene is picked up by an h–BN 
flake, and then both are transferred onto another h–BN flake to encapsulate the graphene. (d) AFM image showing the rotation of a 
graphene flake on h–BN after annealing at 400�C. (a) Adapted by permission from Macmillan Publishers Ltd: Nat. Nanotechnol. (ref. 
11), copyright 2010. (b) Reprinted by permission from Macmillan Publishers Ltd: Nat. Mater. (ref. 25), copyright 2012. (c) From ref. 
29. Reprinted with permission from AAAS. (d) Reprinted figure with permission from ref. 36. Copyright 2016 by the American 
Physical Society. 
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Figure 4. (a) Schematics of the growth of single-layer graphene on h–BN by CVD. (b) STM image of the graphene grown on h–BN, 
showing a Moiré pattern with a period of 0.55 nm. Size of the area is 10 × 10 nm2. Inset is the FFT of the image. (c, d) LEED patterns 
taken from a layer of h–BN on Cu(111) (c) and after the growth of graphene (d). (e) Schematics representing the growth of graphene 
in the space between Ni(111) and a disoriented h–BN layer. (f) Schematics of the growth of patterned graphene/h–BN heterostacks 
on Cu foils from PMMA seeds. (g, h) SEM images showing patterned domains. (a, b) Reproduced with permission from ref. 59. 
Copyright 2013, John Wiley and Sons. (c, d) Reprinted with permission from ref. 62. Copyright 2013 American Chemical Society. (e) 
Reprinted with permission from ref. 67. Copyright 2015 American Chemical Society. (f-h) Reprinted with permission from ref. 69. 
Copyright 2016 American Chemical Society. 
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Figure 5. (a) Surface roughness of graphene on SiO2 and on h–BN with different thicknesses. (b,c) Charge density for graphene on h–
BN (b) and graphene on SiO2 (c). (d) Transfer characteristics of a single-layer graphene FET on h–BN (red) and on SiO2 (blue). (a) 
Adapted by permission from Macmillan Publishers Ltd: Nat. Nanotechnol. (ref. 11), copyright 2010. (b,c) Adapted with permission 
from ref. 102. Copyright 2011 American Chemical Society. (d) Reprinted with permission from ref. 103. 
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Figure 6. (a-c) Moiré patterns observed by STM for graphene on h–BN and dependence on the relative orientation between both. 
The relative orientations are 21� (a), 7� (b) and 0� (c). (d) Measured bandgaps for graphene deposited on h–BN as a function of their 
relative orientation. λ is the wavelength of the Moiré pattern. (e) Schematics of the band structure of graphene (top) and of 
graphene on top of h–BN (bottom), showing the opened band gap (∆) and the appearance of secondary Dirac points. (f) Longitudinal 
resistivity at different temperatures of graphene supported on h–BN before and after (inset) encapsulation with h–BN. After the 
encapsulation the resistivity does not increase at lower temperatures, evidencing the disappearance of the gap. (g) STS dI/dV curves 
for graphene on h–BN with two different Moiré wavelengths (9.0 nm black curve, 13.4 nm, red curve). The arrows indicate the 
position of the SDCs. (h) Energy difference between the SDCs and the original Dirac point respect to the Moiré wavelength. (i, j) 
ARPES measurement of graphene on aligned h–BN. (i) Band gap of the Dirac point, observed after doping the sample with rubidium 
so the gap appears in the ARPES. (j) Band gap at the SDCs. (a-c) Adapted with permission from ref. 102. Copyright 2011 American 
Chemical Society. (d, e) From ref. 115. Reprinted with permission from AAAS. (f) Reprinted by permission from Macmillan Publishers 
Ltd: Nat. Phys. (ref. 117), copyright 2014. (g, h) Reprinted by permission from Macmillan Publishers Ltd: Nat. Phys. (ref. 113), 
copyright 2012. (i, j) Adapted by permission from Macmillan Publishers Ltd: Nat. Phys. (ref. 116), copyright 2016. 
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Figure 7. (a) AFM phase image of MoS2 grains grown on graphene/Cu. (b) Optical image of MoS2 grown on exfoliated graphene/SiO2 
by using a seed promoter. (c, d) SEM image (c) and selected area diffraction (d) of MoS2 growth on graphene by CVD. Bottom of (d) 
shows an atomic model schematic of MoS2 grown on graphene determined by the SAED. (e, f) AFM image of MoS2 grown on EG (e) 
and the grain orientation extracted from it (f). (g) SEM image of WS2 flakes grown on EG. (h) SEM image of an NbS2 grain grown on 
graphene by CVD. (a) Adapted with permission from ref. 70. Copyright 2012 American Chemical Society. (b) Reprinted with 
permission from ref. 71. Copyright 2014 American Chemical Society. (c, d) Adapted with permission from ref. 72,79. Copyright 2015 
& 2016 American Chemical Society. (e, f) Reprinted with permission from ref. 78. Copyright 2016 American Chemical Society. (g) 
Adapted with permission from ref. 83. (h) Reproduced from ref. 14 with permission from The Royal Society of Chemistry. 
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Figure 8. (a) Schematics for the two-step CVD growth of MoS2 on graphene. (b) SEM image of the as-grown MoS2/graphene on Au by 
the two-step CVD. (c-e) Determination of the grain structure of graphene by growing oriented MoS2 grains on it. SEM images 
showing a large region containing several domains (c) and enlarged images of some grains (d,e). The numbers represent the relative 
orientations of the grains. (f) Transfer curve of a graphene FET supported on MoS2 and encapsulated with an h–BN layer serving also 
as dielectric gate. Inset shows an image of the device. (a,b) Reproduced with permission from ref. 76. Copyright 2015, John Wiley 
and Sons. (c-e) Adapted with permission from ref. 79. Copyright 2016 American Chemical Society. (f) Adapted with permission from 
ref. 28. Copyright 2014 American Chemical Society. 
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Figure 9. (a) Transfer curve of graphene on MoS2 with (red) and without (black) illumination. Inset is a schematics of the 
device. (b) Dependence of the photocurrent on the gate voltage for the device shown in (a). Shaded regions correspond to 
illumination periods. (c) Schematics of a photodetector composed of WS2 encapsulated with graphene electrodes and h–BN. 
(d) Photocurrent maps taken on the device shown in (c) for different gate voltages and without applied bias. Signal is only 
observed in the region were the layers overlap. (e) Schematic of the MoS2/h–BN/graphene photodetector with the h–BN 
tunnel barrier to decrease the dark current. (f,g) Schematic of a single-gated graphene/MoS2 with a metal electrode (f), and 
laser power dependence of EQE for different excitation wavelengths (g). (h) Schematic of a photodetector composed of 
graphene encapsulated in h–BN, and coupled to a silicon waveguide. Right bottom inset: dependence of the response time of 
the graphene autocorrelator to the excitation power. (a,b) Adapted by permission from Macmillan Publishers Ltd: Nat. 
Nanotechnol. (ref. 39), copyright 2013. (c,d) From ref. 42. Adapted with permission from AAAS. (e) Reprinted with permission 
from ref. 128. Copyright 2017 American Chemical Society. (f,g) Reprinted by permission from Macmillan Publishers Ltd: Nat. 
Nanotechnol. (ref. 43), copyright 2013. (h) Adapted with permission from ref. 129. Copyright 2015 American Chemical 
Society. 
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Figure 10. (a) False colored STEM image of a LED composed of a heterostructure with a WS2 QW separated by h–BN 
layers from the graphene electrodes. (b) Band structure of a LED composed of a single QW for zero (top), 
intermediate (middle) and high (bottom) applied bias. (c,d) Optical images of a working LED composed of a single QW 
in the off (c) and on (d) states. (e) Electroluminescence of heterostructure LEDs with WSe2 (top) and MoSe2 (bottom) 
QWs measured at several temperatures, evidencing the increased electroluminescence with the temperature for the 
heterostructures with the WSe2 QW. (f) Localized electroluminescence from defects on WSe2 on a LED 
heterostructure. (a-d) Adapted by permission from Macmillan Publishers Ltd: Nat. Mater. (ref. 133), copyright 2015. 
(e) Reprinted with permission from ref. 134. Copyright 2015 American Chemical Society. (f) Reprinted with permission 
from ref. 136. Copyright 2016 American Chemical Society. 
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Figure 11. (a) Schematics of a floating-gate memory, with a graphene electrode, a MoS2 channel and a graphene floating-gate. 
(b) Transfer characteristics of the device in (a) collected in two different sweep directions for the gate. The hysteresis is a 
consequence of the charge accumulated in the graphene floating-gate. (c) Time dependence of the drain currents in the 
program and erase states. (d) Schematics of a two-terminal memory consisting of a MoS2 channel and a graphene floating gate 
separated by h–BN. (e) Time dependence of the program and erase states in device shown in (d). (f) Transfer characteristics of 
a memory based on the light-induced doping of graphene on h–BN. The red trace is the pristine device, while the subsequent 
traces were collected after photodoping with different applied gates. (a-c) Reprinted with permission from ref. 40. Copyright 
2013 American Chemical Society. (d,e) Reprinted with permission from ref. 140. (f) Reprinted by permission from Macmillan 
Publishers Ltd: Nat. Nanotechnol. (ref. 141), copyright 2014. 
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Figure 12. (a) Schematics of a graphene field-effect tunnel transistor (top) and band structure for zero gate and zero bias 
between the two graphene layers (top), for an applied gate (middle) and for applied bias and gate (bottom). (b) Tunneling current 
of a device such as that of (a) for different gate voltages. (c) Bias dependence of the current density of a tunnel VFET for large 
applied bias, and for different applied gates (+40, 0 and -40 V for the red, green and blue curves respectively). (d) Schematics of a 
RF oscillator fabricated with a resonant VFET, and resonant frequency dependence on the inductance of the LC circuit. (e,f) 
Schematics (e) and I-V characteristics of a graphene/MoSe2/Ti vertical heterostructure. An on/off ratio of 10

5
 is achieved by 

tuning the gate voltage from +50 to -50 V. (g) Output and gain of an inverter device by combining n-type (graphene/MoS2) and p-
type (WSe2) vertical FETs. (a,b) From ref. 24. Reprinted with permission from AAAS. (c,d) Adapted by permission from Macmillan 
Publishers Ltd: Nat. Nanotechnol. (ref. 147), copyright 2014. (e,f) Reprinted from ref. 149, with the permission of AIP Publishing. 
(g) Reproduced with permission from ref. 150. Copyright 2016, John Wiley and Sons. 
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Figure 13. (a) SEM image of graphene/MoS2 phototransistors on flexible PET. Inset: photograph of the sample. (b) Time traces 
of the drain current with light on and off measured before (top) and after (bottom) a bending test of 1000 cycles. (c) Flexible 
memory composed of a graphene heterostructures supported on PET, and strain dependence of the on and off currents. (a,b) 
Reproduced with permission from ref. 124. Copyright 2014, John Wiley and Sons. (c) Adapted with permission from ref. 140. 
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Figure 14. (a) Schematics of a graphene/GaSe FET, and photoresponsivity dependence on the laser power intensity. (b) SEM 
image of In2Se3 flakes grown on graphene. (c) Optical image of Bi2Se3 grown on graphene. (d) STM image of COFBTA-PDA on 
graphene/Cu. (e) Schematic for laser writing of p-n junctions on TIPS-pentacene/graphene, and mapping of Raman G band 
wavelength after writing “UI”. (f) STM image of an assembled film of phthalocyanine on graphene/Cu(100), showing a 
boundary of different assembled regions. (g) False colored SEM image of a perovskite grown on graphene. (h) I-V curves with 
and without external illumination, of a device consisting of a perovskite encapsulated in two graphene electrodes. (a) Adapted 
with permission from ref. 156. (b) Reprinted with permission from ref. 94. Copyright 2013 American Chemical Society. (c) 
Reprinted with permission from ref. 93. Copyright 2010 American Chemical Society. (d) Adapted with permission from ref. 159. 
Copyright 2014, John Wiley and Sons. (e) Adapted with permission from ref. 162. Copyright 2014 American Chemical Society. 
(f) Reprinted with permission from ref. 164. Copyright 2013 American Chemical Society. (g) Reproduced with permission from 
ref. 97. Copyright 2015, John Wiley and Sons. (h) Adapted with permission from ref. 166. Copyright 2016 American Chemical 
Society. 
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Figure 15. (a) SEM images of patterned h–BN/graphene in-plane heterostructures. Graphene circles (left, scale 50 µm) and lines 
(right, scale 10 µm) on h–BN. (b) Lateral growth of graphene from an N-terminated edge of h–BN in a TEM chamber. Left and right 
sides correspond to before and after the graphene growth. (c) SEM images of patterned in-plane MoS2/graphene heterostructures. 
Inset shows the result for larger Mo pressure, resulting in some MoS2 grains growing also on top of the graphene. (d, e) False colored 
DF-TEM of polycrystalline MoS2 grown from an edge of graphene (d), and the correspondent diffraction pattern showing the single 
crystal nature of the graphene (e). (f, g) In-plane logic circuits made from stitched graphene and MoS2. (g) Logic inverter from two n-
type graphene/MoS2 lateral transistors. (a) Adapted by permission from Macmillan Publishers Ltd: Nat. Nanotechnol. (ref. 169), 
copyright 2013. (b) Adapted with permission from ref. 172. (c) Reprinted with permission from ref. 175. Copyright 2016 American 
Chemical Society. (d,e,g) Adapted by permission from Macmillan Publishers Ltd: Nat. Nanotechnol. (ref. 174), copyright 2016. (f) 
Adapted with permission from ref. 173. Copyright 2016, John Wiley and Sons. 
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Figure 16. (a) TEM image of a graphene/CNT heterostructure (rebar). Top inset: schematic of the heterostructure. Bottom inset: 
handling of a free-standing heterostructure. (b) Responsivity of a graphene/CNT heterostructures for different light 
wavelengths. (c) Illumination power dependence of responsivity for a graphene transistor with a PbS deposited film. (d) 
Responsivity of a graphene device with deposited PbS before and after a bending test of 1000 cycles. (e) Schematics of FeCl3 
intercalation in double- (top) and triple-layer (bottom) graphene. (f) Raman spectra of pristine graphene (dotted lines) and that 
intercalated with FeCl3 (continuous lines) for different flake thicknesses. (g) Sheet resistance versus optical transmittance of 4L 
and 5L graphene intercalated with FeCl3, compared with those of ITO and CNTs. (h) Sheet resistance versus number of layers for 
few-layer pristine graphene and after different stages of intercalation with Li. (i) Sheet resistance versus optical transmittance 
at 550 nm of Li-intercalated few-layer graphene compared with values for CNTs, ITO and acid-doped graphene. (a) Adapted by 
permission from Macmillan Publishers Ltd: Nat. Commun. (ref. 177), copyright 2013. (b) Reprinted with permission from ref. 
181. (c) Adapted by permission from Macmillan Publishers Ltd: Nat. Nanotechnol. (ref. 183), copyright 2012. (d) Reproduced 
with permission from ref. 185. Copyright 2012, John Wiley and Sons. (e) Adapted with permission from ref. 192. Copyright 
2010, John Wiley and Sons. (f) Adapted with permission from ref. 193. Copyright 2011 American Chemical Society. (g) 
Reproduced with permission from ref. 194. Copyright 2012, John Wiley and Sons. (h,i) Reprinted by permission from Macmillan 
Publishers Ltd: Nat. Commun. (ref. 197), copyright 2014. 
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Figure 17. Overview of liquid exfoliation techniques. (a) Crystal structure of a bulk layered 2D materials (MoS2) along with a 
photograph showing the bulk MoS2 powder. (b) Schematic showing two common liquid exfoliation techniques, direct 
ultrasonication in solvent, and ion intercalation. Both of these techniques are easily scalable and able to produce large amounts 
of exfoliated dispersed 2D materials. (c) Crystal structure of solvent-stabilised exfoliated MoS2 along with a photograph showing 
a MoS2 dispersion prepared by ultrasonication in NMP. 
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Figure 18. Comparison of hybrid composite synthesis procedures. (a) Schematic illustration showing the formation of a graphene 
nanosheets (GNS) and MoS2 composite by first mixing with ultrasonication and then forming a film by vacuum filtration. (b) SEM 
image showing a cross-section of the resultant MoS2-graphene hybrid composite with a laminar structure. (a,b) Modified from 
Hu et al.211 (c) Schematic illustration showing the formation of a MoS2/GO hybrid composite aerogel through hydrothermal 
self-assembly. (d) SEM image showing the morphology of the resulting MoS2/GO porous aerogel composite. Inset shows a 
photograph of the composite structure, the ratio of MoS2:GO is 80:20. (c,d) Adapted with permission from ref. 220. Copyright 
2016 American Chemical Society. 
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Figure 19. Examples of MoS2/graphene hybrid composite supercapacitors. (a) Photograph showing a dispersion of exfoliated 
MoS2 flakes along with a schematic (b) showing the exploded view of an assembled symmetrical coin-cell supercapacitor. 
Photographs (c,d) show the MoS2/graphene composite electrodes formed after filtration onto a supporting polymer 
membrane. (e) Comparison of the electrochemical performance of the single component MoS2, graphene, and the 
MoS2/graphene composite illustrating the increased capacitance. Low (f) and high magnification (g) SEM images showing the 
morphology of a MoS2/graphene aerogel structure. (h) Comparison of the supercapacitor charge/discharge behaviour again 
demonstrating the enhanced performance of the MoS2/graphene composite. (a-e) Adapted with permission from ref. 215. (f-
h) Adapted from ref. 240, Copyright 2016, with permission from Elsevier. 
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Figure 20. Hybrid composites of mixed 1T-2H phase MoS2/graphene for supercapacitors. (a) SEM image showing the 
morphology of a rGO-MoS2 composite that was formed by hydrothermal co-synthesis. The MoS2 is a mixture of both 1T 
and 2H phases. (b) Comparison of the electrochemical capacitance for each of the single component electrodes as well as 
the composite material demonstrating the enhanced performance of the co-synthesised composite which has the mixed 
phase structure. (c) Schematic diagram showing a MoS2/graphene heterostructure formed via hydrothermal synthesis 
illustrating the phase transition that occurs for the MoS2 directly in contact with the rGO. The charge storage mechanism 
is also illustrated where the MoS2 hybrid undergoes reversible proton (H+) adsorption. (d) Cross sectional HAADF-STEM 
image showing the interface between the MoS2 and rGO layers, where the layer directly in contact shows a 1T 
arrangement while those away from the interface are 2H. (e) Comparison of the electrochemical capacitance for the 
composite compared to the bulk and exfoliated pure MoS2 illustrating the enhanced capacitance of the hybrid structure. 
(a,b) Adapted with permission from ref. 238. Copyright 2016 American Chemical Society. (c-e) Adapted with permission 
from ref. 256. Copyright 2016, John Wiley and Sons. 
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Figure 21. MoS2/graphene hybrid composites for lithium ion batteries. (a) Schematic illustration showing the procedure for the 
formation of a highly porous MoS2/GO aerogel structure, along with the lithium intercalation pathways demonstrated. (b) Charge 
storage capacity for the single component and MoS2/GO hybrid aerogel structure with increasing current densities. (c, d) Cross-
section SEM images showing the morphology of the compressed MoS2/GO aerogel electrode, illustrating the laminar structure 
which is ideal for ion intercalation. (e) Photograph demonstrating the flexibility of the MoS2/GO hybrid composite electrode, 
indicating its suitability for flexible energy storage. (f) Schematic illustration showing the synthetic procedure to form a 
perpendicularly aligned MoS2/rGO hybrid composite structure. (g) Comparison of the cycling performance (current density of 0.1 
A.g

-1
) of the single MoS2 and rGO electrodes to the hybrid composite material. Both single component electrodes suffer from 

poor stability and low capacity, while the composite has both high capacity and stability. (a-e) Modified from ref. 239 with 
permission from The Royal Society of Chemistry. (f-g) Adapted with permission from ref. 241. Copyright 2016 American Chemical 
Society. 
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Figure 22. MoS2/graphene hybrid composites for sodium ion batteries. (a) Schematic diagram illustrating the synthesis of 
MoS2/rGO composite paper. (b) Photograph of a large area composite paper electrode formed by vacuum filtration. (c) 
Plot demonstrating the process of intercalation and de-intercalation of sodium ions into the composite structure. (d) 
Graph showing the electrochemical performance of the MoS2/rGO (60% MoS2) composite for sodium intercalation/de-
intercalation over the first two cycles. (e) Schematic showing the phase transition that occurs in 2H-MoS2 when sodium 
ions (Na

+
) are intercalated, forming 1T-MoS2. (f) High-angle annular dark-field (HAADF) image showing the different 

domains of 1T- and 2H-MoS2 formed after sodium intercalation. (g) Annular bright field (ABF) cross-section image showing 
the sodium ions (blue circles) intercalated between the layers of MoS2. (a-d) Adapted with permission from ref. 214. 
Copyright 2014 American Chemical Society. (e-g) Adapted with permission from ref. 270. Copyright 2014 American 
Chemical Society. 
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Figure 23. Hybrid composites of other TMDs. (a) Structure of the four most popular TMDs investigated for energy storage 
applications along with a photograph (b) of ultrasonication exfoliated dispersions of these materials. (c) Comparison of the 
electrochemical charge storage performance for each of these TMDs without any additives. Plots demonstrating the enhanced 
capacitance of a WS2/rGO (d) and MoSe2/rGO (e) hybrid composite compared to the single components. Plot showing the 
increased capacity and increased cycle lifetime of MoS2/graphene and WS2/graphene composites (f), and a MoSe2/rGO 
composite (g) for use in lithium ion batteries. (a-c) Adapted with permission from ref. 226. (d) Adapted with permission from 
ref. 218. Copyright 2013 American Chemical Society. (e) Adapted from ref. 273 with permission from The Royal Society of 
Chemistry. (f) Adapted from ref. 274, Copyright 2015, with permission from Elsevier. (g) Adapted from ref. 275 with permission 
from The Royal Society of Chemistry. 
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Figure 24. Phosphorene/graphene hybrid composites for energy storage. (a) Schematic and SEM image of the layered 
structure of black phosphorous. (b) Photograph showing a stable dispersion of ultrasonication exfoliated phosphorene. (c-f) 
TEM images showing the exfoliated structure and atomic lattice of exfoliated phosphorene. Scale bars 100 nm (c), 500 nm 
(d), 2 nm (e), 1 nm (f). (g) Photograph showing a flexible GO/phosphorene hybrid composite paper electrode. (h,i) SEM 
cross-section images showing the structure of the phosphorene/graphene composite (PG) paper, and that after spark 
plasma sintering (PG-SPS). (j) Comparison of the lithium-ion rate capability for the PG and PG-SPS composite electrodes 
with different current densities. (k) Schematic showing the process of sodiation/desodiation into a graphene/phosphorene 
composite. (l) Comparison of the charge storage capacity of hybrid composites containing different graphene (C) and 
phosphorene (P) ratios with repeated cycling. (a-f) Adapted with permission from ref. 279. (g-j) Adapted with permission 
from ref. 280. Copyright 2016, John Wiley and Sons. (k,l) Adapted by permission from Macmillan Publishers Ltd: Nat. 
Nanotechnol. ref. 281, copyright 2015. 
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Figure 25. MoS2/graphene composites for catalytic HER. (a) ‘Volcano’ plot showing the relative catalytic performance of the noble 
metals (Pt, Pd) compared to the TMDs (MoS2, WS2), and hybrid composites (MoS2/graphene). (b) 3D illustration of the sandwich of 
vertically grown MoS2 (vMoS2), monolayer graphene and deposited metal nanoparticles. (c) Comparison of HER activity 
demonstrating the improved performance of the vMoS2/Gr/Pd sandwich composite over the other configurations. (d) Plot 
comparing the capacitance of the sandwich structures after transfer to a supporting substrate, the composite vMoS2/Gr/Pd 
structure again displays the highest capacitance and cycling stability. eMoS2 stands for liquid-phase exfoliated MoS2. (a) 
Reproduced with permission from ref. 282. Copyright 2016, John Wiley and Sons. (b-d) Modified with permission from ref. 287. 
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