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Graphene and other two-dimensional materials (2DMs) have attracted intensive interest for use in energy

storage and conversion systems because of their unique structure and remarkable properties. Although

significant progress has been made in this field, certain intrinsic limitations obstruct the achievement of

desired properties. 2D heterostructures, upon stacking or stitching different 2DMs in well-defined

sequences or patterns, could significantly entail drastic changes in their properties, and thereby

synergistically combine the merits of individual 2DMs while eliminating their related drawbacks. Herein,

we provide a topical review of recent advances in the preparation and characterization of 2D

heterostructures for energy-related applications. Firstly, an introduction is given to the definition and

importance of 2D heterostructures, followed by their typical categories of vertically stacked

heterostructures and horizontal in-plane heterostructures reported so far. Secondly, the state-of-the-art

synthesis approaches to fabricate 2D heterostructures, including mechanically aligned transfer, chemical

vapor deposition, liquid exfoliation and self-assembly, and layer by layer self-assembly, are introduced in

detail. Then, the current status of advanced characterization techniques like scanning probe-, electron-

diffraction-, X-ray-, and spectroscopy-based techniques that are critical for the accurate identification of

2D heterostructures and understanding of the performance-enhancing mechanisms of devices is

systemically summarized. Furthermore, recent applications of 2D heterostructures in energy storage
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(e.g., lithium/sodium ion batteries, lithium sulfur batteries, supercapacitors, andmicro-supercapacitors) and

conversion (e.g., hydrogen/oxygen evolution reactions and photocatalysis) are exemplified to highlight their

positive synergistic effect. Finally, future challenges and prospective solutions that may direct the growth of

2D heterostructures and their energy-related applications are proposed.
1. Introduction

The term heterostructure was initially dened, originating from
multiple heterojunctions, which commonly referred to the
interfaces that occur between any two layers or regions of
dissimilar crystalline materials with different properties.1 This
kind of engineered heterostructure has aided the realization of
some astounding applications and shows immense potential
that is yet to be tapped,2–4 and becomes very interesting in
particular when we reduce one of the dimensions to the nano-
scale. In this review, a 2D heterostructure refers to the system of
stacking or stitching two or more distinct two-dimensional
materials (2DMs) that form a well-dened interface/junction
called a heterointerface/heterojunction, which synergistically
combines the advantages of individual 2DMs while eliminating
their related drawbacks.

Discovered by the prestigious Nobel Prize awardees Novo-
selov and Geim, the synthesis of 2DMs started with the
mechanical exfoliation of graphite using scotch tape to obtain
monolayer and few-layer graphene.5 This method was simple
but it was the experiment that changed the course of scientic
research and ushered the era of intensive studies on graphene
and its unique properties.6 Within a short period of over
a decade, there are over 110 000 publications on graphene
recorded by the web of science. Currently, a large pool of other
2DMs have also been synthesized and their properties are being
explored intensively. Therefore, it is not difficult to imagine the
magnitude of research dedicated to 2DMs. One outcome of this
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47–21784
intensive research is the study related to the synthesis and
applications of 2D heterostructures.

The discovery of graphene and other 2DMs obtained from
metal oxides (MOs), transition metal dichalcogenides
(TMDCs),7 MXenes,8,9 phosphorene,10,11 etc. and the subsequent
study of stacking these 2DMs has made 2D heterostructures the
buzzword in the present scientic community. As we know,
individual 2DMs no matter how good they are tend to show
characteristic weaknesses in certain applications. But, as soon
as they are rationally stacked with two or more 2DMs, syner-
gistic effects become evident and as a whole, a robust material
with enhanced performance is observed. Owing to this,
a myriad of applications that include spintronics,12 supercon-
ductivity,13 catalysis,14 energy storage,15 and optoelectronics16

have been widely explored (Fig. 1).
This review will delve into the depths of 2D heterostructures

and provide a comprehensive overview of the main preparation
methods (e.g. mechanical exfoliation and aligned transfer,
chemical vapor deposition (CVD), liquid exfoliation and self-
assembly, and layer by layer (LBL) self-assembly), advanced
characterization techniques (e.g. scanning probe-based, elec-
tron-diffraction-based, X-ray based, and spectroscopy-based
techniques) that are useful for the accurate identication of 2D
heterostructures, and their applications in energy storage (e.g.,
lithium/sodium ion batteries, lithium sulfur batteries, super-
capacitors, and micro-supercapacitors) and conversion (e.g.,
hydrogen/oxygen evolution reactions and photocatalysis). Also,
the challenges that have not yet been overcome and some crit-
ical scope for future studies will be discussed. This review will
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Fig. 1 Scheme of the preparation, characterization, and applications of 2D heterostructures.
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distinctly consider only 2D heterostructures where alternate
stacking of individual 2DMs has been achieved giving rise to
a well-dened heterojunction/heterointerface involving strong
interactions. It is very different from conventional composites
to create individual 2DMs with nanoparticles or simply mix
different 2DMs existing as separate phases such that the degree
of synergy is quite limited. This difference and the added
advantages of 2D heterostructures will be discussed in detail
along with providing a toolbox for identifying them and
understanding mechanisms using several characterization
techniques in the subsequent sections. We focus on an impor-
tant emerging class of materials which holds great potential to
solve the related shortcomings of individual 2DMs and their
composites. We hope that this review will offer a clear bird's eye
view on the current status and future directions of 2D
heterostructures.

2. Importance of 2D heterostructures

The study of 2D heterostructures is of great importance because
individual 2DMs have certain intrinsic shortcomings that they
cannot overcome on their own. As a typical example, graphene
is a wonder 2D material with superior electrical conductivity17
This journal is © The Royal Society of Chemistry 2018
and mechanical strength18 that rivals metals and shows prom-
ising applications in electronics,19,20 transparent conducting
lms,21 and energy storage and conversion.8,22–24 But it is diffi-
cult for graphene to be directly used in transistors because it
doesn't have a bandgap. It is well known that graphene has
a Dirac cone band structure which gives it incredible charge
carrier mobility,25 but without a bandgap that transistor won't
switch off, making it impossible to apply graphene-based
transistors in logic gates.26 Several strategies have been
employed to create an articial bandgap in graphene. One
method is to apply electric elds perpendicular to the sheet
stacking direction, mechanically stress the material, and engi-
neer graphene nanoribbons.27 Although it was met with success
it comes nowhere near replacing the silicon-dominated
industry with such performance. Also, such a method cannot be
practically applied in real mass-produced devices. Similarly, for
energy storage devices, graphene with a large surface area and
superior conductivity offers a good solution for improving the
power density and energy density of supercapacitors compared
to the previously used nanocarbons.28 However, it is also
observed that graphene obtained from reduced graphene oxide
(rGO) with serious agglomeration doesn't show as high
conductivity and capacitance as pristine graphene.29–31
J. Mater. Chem. A, 2018, 6, 21747–21784 | 21749
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TMDCs are another class of 2DMs with wide-ranging appli-
cations, such as energy storage and optoelectronics. But the
solution processability of TMDCs presents a major challenge as
it is hard to obtain high quality depositions using scalable
solution-based methods, thus reducing electronic perfor-
mance.32 In TMDC-based energy storage devices, the initial
charge–discharge capacity is high, but they usually suffer from
poor structural stability during large ion intercalation and de-
intercalation.33 Also, monolayer to few-layer TMDCs are semi-
conducting in nature, which is a signicant drawback taking
into account electrode conductivity.34

It should be emphasized that the combination of graphene
and TMDCs in the form of heterostructures led to some
unprecedented observations in MoS2 electrodes for lithium ion
batteries (LIBs). As demonstrated by Chang et al., MoS2 and
graphene formed heterostructures, making it possible to vary
the interlayer spacing by changing the ratio of TMDC to gra-
phene, which in turn mitigated the volume change inherent to
TMDCs (Fig. 2a and b). It also facilitated the fast diffusion of
lithium ions along the 2D channels, leading to a great
improvement in electrochemical performance. Furthermore,
the power density was also signicantly enhanced due to the
Fig. 2 (a) The discharge and (b) charge process of a LIB with heterostructu
suppresses the volume change inherent to intercalation, thus improvin
represent pillaring molecules that are components of the heterostructur
heterostructures applicable for catalysis (red layer is graphene).37 Cop
interface.38 Copyright 2014, National Academy of Sciences. (e) Co–Ni n
bution of electron densities (red represents high and blue represents low

21750 | J. Mater. Chem. A, 2018, 6, 21747–21784
conductive nature of graphene.35 So it is quite evident that
forming 2D heterostructures can diminish the shortcomings of
individual 2DMs, and is particularly attractive for energy
storage application.

As another example, it is known that the mechanism of
catalytic activity of any material depends on the surface poten-
tial, relative position of conduction and valance bands, and
electron density (Fig. 2e).39 Of great importance is that 2D het-
erostructures could precisely tune these properties because the
electronic properties of 2DMs change when they are brought
into near proximity with each other. Also, the region between
two layers can act as a nanoreactor40 (Fig. 2d). More signi-
cantly, this concept can be extended to 2D heterostructures.
Furthermore, 2D heterostructures have also been the subject of
computational simulation. Computational analysis of MnO2/
graphene/MnO2 heterostructure shows an interfacial charge
transfer from graphene to MnO2, which induces half-metallicity
in the latter. Also, there is spin splitting at the Dirac point
creating a non-trivial gap between the opposite spin bands,
which is important in guiding research in spintronics.41

These are just a few examples of 2D heterostructure synergy
that can result from such a nanoscale architecture. By careful
red electrodes, showing the preservation of the interlayer distance that
g the cycling stability of LIBs. Black connectors between the layers
e.36 Copyright 2017, Nature Springer. (c) Schematic of graphene based
yright 2015, American Chemical Society. (d) Nanoreactor at the 2D
anocluster encapsulated by graphene layers, resulting in the redistri-
density).39

This journal is © The Royal Society of Chemistry 2018
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and rational rearrangement of the composition, ratio, order and
size of 2D heterostructures, more novel features could come to
light. Therefore, this calls for the urgent need to turn our
attention towards 2D heterostructures.
3. Types of 2D heterostructures

Before going into the details, it is of utmost importance to have
a basic understanding of the types of 2D heterostructures. This
is invaluable because the synthesis approach and the subse-
quent application can vary depending on the types of hetero-
structures. Typically, there are two broad categories of
heterostructures, corresponding to the wide domain of appli-
cations – vertically stacked heterostructures (Fig. 3a) and hori-
zontal in-plane heterostructures (Fig. 3b).

Vertically stacked heterostructures are those in which two or
more 2DMs have interfacial contact which may be either due to
strong (covalent) or weak (van der Waals) interaction. The
identier is the formation of a well-dened heterointerface
between the faces of different 2DMs. The order of stacking is
important because it may change the properties accordingly;
therefore, the properties can be tuned by rationally choosing the
stacking order. Ideally, any number of layers can be stacked in
any order, but as will be discussed in the subsequent sections
this has been a rather difficult task so far, and has been ach-
ieved by only mechanically stacking 2DMs. Horizontal in-plane
heterostructures have at least two different 2DMs stitched
together at the edge. This stitching is a result of strong bonding
between the atoms at the edge sites. In most cases, one 2DM is
grown at the edge site of another 2DM and the identier is
a well-dened heterojunction between the edges of different
2DMs. The term heterojunction may also be used instead of
heterointerface in the case of vertically stacked 2D hetero-
structures but in this review we will use heterojunction in
relation to horizontal in-plane heterostructures. Recently, other
Fig. 3 Schematic representation of 2D heterostructures, (a) a vertically st
heterostructure (with a heterojunction), (c) a special heterostructure wit
complex heterostructure (with both a heterointerface and a heterojunct

This journal is © The Royal Society of Chemistry 2018
heterostructures with unique designs have been reported,42 for
example, a vertically aligned 2DM on the surface of another
2DM (Fig. 3c). This can be considered a heterostructure because
there is a well-dened junction between the two materials,
which affects the properties in ways differing from conventional
composites as will be discussed further in the subsequent
sections. There are also possibilities of imagining new-genera-
tion heterostructures that may have unprecedented applica-
tions, as visualised in Fig. 3d.
4. Methods of synthesis

The surprisingly simple method of mechanically peeling 2DMs
out from their bulk layered parent materials also applies to
synthesizing 2D heterostructures of the highest quality. But as
will be discussed later, there are certain shortcomings related to
its scalability. Therefore, it is necessary to consider other
approaches like CVD and solution-based methods. As we know,
no method is completely versatile. Each has its own advantages
and disadvantages, and thereby the aim of this section is to
scrutinize and illuminate the strengths and weaknesses of each
method. The method used to obtain 2DMs determines their
morphology and structure, such as thickness, layer number,
lateral size, and grain boundaries, which consequently decide
other physiochemical properties like electronic band structure,
ion intercalation, and charge carrier mobility.43–46 In the
following, we begin with the method of mechanical exfoliation
that started this 2D revolution. A table considering several
aspects of different methods has been given for comparison of
the advantages and disadvantages, as shown in Table 2.
4.1. Mechanical exfoliation and aligned transfer

This method, involving mechanical exfoliation, controlled
transfer of a 2DM, and subsequently fabricating hetero-
structures, is also known as a deterministic placement
acked heterostructure (with a heterointerface), (b) a horizontal in-plane
h a vertically aligned 2DM on another 2DM, and (d) a new-generation
ion).

J. Mater. Chem. A, 2018, 6, 21747–21784 | 21751

http://dx.doi.org/10.1039/c8ta04618b


Table 1 Effect of different growth promoters on the morphology and
quality of 2D MoS2 films92

Growth
promotera

Vaporization
temperatureb (�C)

Approx. domain
size (mm)

Overall
quality

PTAS >600 60 Excellent
F16CuPc >430 60 Excellent
PTCDA >450 Continuous Good
CuPc >430 30 Good

a PTAS – perylene-3,4,9,10-tetracarboxylic tetrapotassium salt, F16CuPc –
copper(II) 1,2,3,4,8,9,10,11,15,16,17,18,22,23,24,25-hexadecauoro
29H,31H-phthalocyanine, PTCDA – 3,4,9,10-perylene-tetracarboxylic
acid-dianhydride, and CuPc – copper phthalocyanine. b Vaporization
temperature of the growth promoter.
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technique. Pioneered by Dean and co-workers,47 this method
was developed to place a graphene layer on hexagonal boron
nitride (h-BN). Prior to that a Si/SiO2 substrate was commonly
used to prepare graphene-based electronics. Due to the highly
disordered nature of such a substrate, the characteristics of
graphene material were far inferior to predicted values. Hence,
a suitable alternative was found in h-BN since its surface is
atomically smooth and is devoid of any dangling bonds or
charge traps. The observed properties of the graphene/h-BN
heterostructure in this study were indeed superior to prior
ndings.5,48–53 This is considered as the rst demonstration of
the promising application of 2D heterostructure. The method
used by Dean et al. has come to be known as the PMMA (poly-
methyl methacrylate) transfer method (Fig. 4a). The basic
strategy is to transfer a 2DM onto a hydrophobic polymeric layer
like PMMA coated over a Si/SiO2 substrate which is covered with
a water-soluble layer like poly-vinyl alcohol (PVA). Once the
transfer has taken place, the assembly is immersed in water,
leading to the dissolution of the water-soluble PVA layer. This
causes PMMA to oat in water with the graphene layer attached
to it. The PMMA layer can then be carried onto a glass slide. The
next step is to transfer that layer onto another 2DM that has
been mechanically exfoliated onto another substrate. It is
important to note here that this transfer process requires
Table 2 Comparison of different methods for obtaining 2D heterostruc

Method
Quality/defects/
impurities Number of layers

Hetero-
structur
yield

Mechanical
exfoliation and
aligned transfer

High quality,
mechanical defects,
polymer residues

Virtually any
number of layers

Low

CVD High quality, chemical
impurities, polymer
residues

2� few layers Moderat
to high

Liquid
exfoliation and
self-assembly

Unintentional
functionalization,
composites instead of
heterostructuresmay be
formed

Few layers and
more (LBL allows
a lower number
of layers)

High

21752 | J. Mater. Chem. A, 2018, 6, 21747–21784
precise alignment and control that cannot be done accurately by
hands. Therefore, the systems like optical microscopes for
locating andmicromanipulators for aligning the akes are used
in conjunction manually to carry out the task. The use of optical
microscopes andmicromanipulators is an essential step but the
process of separating the ake from its initial substrate may
vary. For example, a technique known as the wedging transfer
method (Fig. 4b) was used by Schneider et al.54 who used water
intercalation to transfer a ake sandwiched between a hydro-
phobic polymer and hydrophilic substrate. The intercalation of
water delaminates the polymer from the parent substrate,
making it oat. Later by using micromanipulators, it can be
placed on top of the target 2DM exfoliated onto another
substrate. Subsequently, the polymer is dissolved with acetone,
leaving us with the 2D heterostructure. There is yet another
method that uses a sacricial polymer of Elvacite, which is
melted away by heating the target substrate before placing the
transfer assembly onto it.55

One feature common to all the methods discussed above is
the use of a sacricial layer and wet chemistry. The use of
sacricial layers and other chemicals add another parameter to
the experiment, which somewhat reduces control over the
morphology and chemistry of 2D heterostructures. These might
be useful for certain applications while remaining an obstacle
for others. For instance, the wedging method mentioned above
can lead to the formation of wrinkles due to capillary forces.
While the wrinkled features are useful for applications like
energy storage or lasing,56 it is highly undesirable for certain
applications such as high-speed eld effect transistors (FETs),
optical switches and corrosion inhibition.57 Even though
control over wrinkles can be achieved by varying substrate
properties (hydrophobic substrate) as reported by Calado
et al.,58 it is still desirable to have dry techniques for faster
transfer and higher yield. One such method of PDMS dry
peeling was demonstrated by Castellanos-Gomez et al.59 In this
approach, they rst exfoliated a 2DM onto a PDMS layer. This
PDMS layer acts as a stamp for transferring the 2DM onto the
target substrate containing the target 2DM. Once the two come
in contact, the “PDMS stamp” can be gently peeled leaving
tures

e Typical
applications Cost

Type of
hetero-
structures Flake size/structure

Fundamental
research of all
types

Low Vertical Several to tens of
micrometers/at or
wrinkled akes

e Electronics,
optoelectronic,
spintronics

High Vertical and
in-plane

Continuous lms of
wafer size/at,
porous, complex

Energy
storage, energy
conversion

Low to
moderate

Vertical (in-
plane very
difficult)

Hundreds of
nanometers to
several
micrometers/at,
wrinkled, porous,
complex

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Schematic showing different mechanical transfer and aligning methods for creating 2D heterostructures: (a) PMMA transfer method, (b)
wedging method, and (c) van der Waals lift and transfer method.
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a heterostructure on the target substrate. It should be noted that
a 2D nanosheet will have strong van der Waals interaction with
another 2D nanosheet (Fig. 4c). The ease of peeling the polymer
depends on the adhesion strength between the 2DM and
This journal is © The Royal Society of Chemistry 2018
substrate. This van der Waals interaction can also be used as an
effective method for a dry peel-transfer method, which doesn't
bring polymer peeling into the scene.60 Everything in this
method is the same as the previous method except the fact that
J. Mater. Chem. A, 2018, 6, 21747–21784 | 21753
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h-BN mounted on PDMS is used as the “peeler”. Since h-BN
itself is atomically thin and can form a large contact area with
other 2DMs, it has strong van der Waals interaction with them.
Therefore, when pressed against another 2DM, it lis the
material off from the parent substrate. Subsequently, the other
2DM will also behave like h-BN in terms of van der Waals
interaction, leading to the formation of vertically stacked het-
erostructures. This method has been used to form hetero-
structures of h-BN and graphene,60 h-BN and TMDCs16 etc. It is
the cleanest method among all the methods discussed above
which leaves neither chemical nor polymer residue. At rst sight
it may appear that these methods could not possibly nd any
place in energy related applications. But it should be noted that
these methods can produce the highest quality heterostructures
with minimal defects and a simple morphology. This ultimately
makes mechanically stacked heterostructures an attractive
platform for studying the mechanisms of electrochemical
systems. This is discussed in Section 7.248

The choice of method depends on the end result that the
researcher expects to obtain or the properties that are to be
studied. If minimal contamination is required, then van der
Waals li and transfer is recommended. But this method is
time consuming. If the rapid production and higher yield of
heterostructures with an atomic level of atness is desired, then
PDMS based dry peeling is the method of choice. For studying
the lasing or energy storage mechanism of wrinkled hetero-
structures, the modied wedging technique should be chosen
since it allows a certain degree of control over wrinkle formation
and orientation.58 But it is a more complicated approach
compared to the others.

To summarize the above discussion, mechanically stacking
2DMs to obtain 2D heterostructures generally enables the
synthesis of a at morphology with high quality (low structural
defects)55 and having signicant changes to the properties like
carrier mobility and conductivity change47 whichmay be used to
study the mechanisms of energy storage devices. On the other
hand, it may also be used to create certain structural features
like wrinkles58 that may serve as a platform for studying lasing
and possibly energy storage systems. A more comprehensive
summary and comparison with other methods is presented in
Table 2.

Although these methods produce some of the highest quality
2D heterostructures and have aided the advancement of
fundamental science, the obvious drawback is that they are not
scalable for the mass production of the designed devices. To
achieve this we must look at the ways that can provide us rapid
production and high yield while maintaining the quality of such
2D heterostructures. The next section takes on one of the
challenges of the mechanical exfoliation technique – high yield
with good quality 2D heterostructures grown via the CVD
strategy.
4.2. CVD growth

CVD is a method for producing good quality 2DMs with a large
area (at least wafer size), making it an important method for
fundamental research. CVD growth is a big and vibrant eld in
21754 | J. Mater. Chem. A, 2018, 6, 21747–21784
itself of which 2D heterostructure synthesis is only a part. In
this section, specic focus will be given to studies that deal with
2D heterostructure synthesis rather than just 2DMs. Neverthe-
less, it is important to understand the parameters that affect the
growth of 2DMs in general by using this method for under-
standing the mechanism and optimizing heterostructure
synthesis, thus making it a good stepping stone to start off the
discussion.

4.2.1. Parameters of CVD growth. As the name suggests
CVD is a method of depositing chemical vapors on a substrate,
and therefore it goes without saying that the starting material
and substrate are both important parameters in the entire
process. And since vapors (gases) are involved, it is intuitive that
the temperature and pressure also play an equally important
role in the quality and rate of deposition. In this section, we will
discuss these parameters briey to get an idea about what
factors affect the nal properties of the lms obtained and
subsequently we will discuss how they are useful in preparing
2D heterostructures.

4.2.1.1. Starting material. The starting material, also known
as the precursor, is the chemical reactant, which decides to
a large extent how the nal lm will look like. It can be gaseous,
liquid or solid. A gaseous starting material is oen more
advantageous compared to solids and liquids in the sense that
they are easy to deal with and a steady ow can be ensured
throughout the process of CVD. This results in accurate control
of the morphology, structure and size of the nal 2DM. Liquid
and solid starting materials on the other hand are converted
into the vapour state by applying heat, and thus the concen-
tration of this vapour may vary depending on the physical
conditions to which it is subjected to. For example, the
temperature at the precursor source can greatly affect the
vapour pressure of solid material precursors.61 This can create
a concentration gradient in the span of CVD, leading to unde-
sirably non-uniform deposition.

It is quite fortunate that graphene can be grown from
gaseous precursors of CH4 and H2.62–65 But for TMDCs, a solid or
liquid state precursor is the trend.66–68 The role of the precursor
in determining the size of the 2D lm deposited is evident from
several studies. These studies suggest that a low nucleation
density is important for large size crystal growth.69,70 A method
demonstrated by Lee et al. used liquid MoO3 and solid sulfur
precursors to create a unique solution processed precursor
deposition.71 This resulted in a low super-saturation state of the
vapour reactants, which in turn reduced the nucleation density.
The as-obtained single crystals were as large as 400micrometers
and predominantly monolayers. The precursor also determines
the operating temperature. For instance, with a common
gaseous precursor CH4, the operating temperature is around
950 �C, while if benzene,72 naphthalene73 or pyridine74 is used,
the temperature may be reduced to less than 600 �C and even to
300 �C. By varying the ratio of precursors, a balance can be
struck between the growth and etching, resulting in a different
morphology and pattern of the nal lm.75 Another important
2DM, h-BN, which is a good dielectric and shows superior
mechanical properties also uses the sublimation of a solid
precursor like ammonia borane.76
This journal is © The Royal Society of Chemistry 2018
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Quite recently, the metal–organic CVD technique has been
demonstrated for the deposition of TMDCs.77,78 Metal–organic
precursors are solid77 or gaseous,78 but both of them are found
to be more advantageous for the growth of large scale and
uniform 2D TMDCs. Also, the composition and morphology of
the resulting 2D layers can be tweaked conveniently in this case.
These experiments also demonstrate the direct correlation
between the precursor control and resultant 2D layer.

4.2.1.2. Substrate. The substrate is an important parameter
in the CVD growth process because it affects not only the growth
of a 2DM but also its nal properties. A substrate may simply be
a platform for growing the material or may assist the process of
growth with catalytic effects. The most commonly used
substrates for graphene growth are copper (Cu),79–81 nickel
(Ni),82 and cobalt (Co),83 but Cu trumps the list due to its low
cost. A growth route utilizing van der Waals force instead of
catalytic growth was demonstrated by Hwang et al.84 The
substrate used was a metal-catalyst-free sapphire. A detailed
study by them has led to the understanding of the mechanism
of such a catalyst-free growth and the importance of other
parameters in conjunction with the sapphire substrate for the
optimal growth of graphene. Interestingly, substrate properties
have a profound effect on the number of layers and uniformity.
This inference comes from the study of graphene growth on
a Cu substrate with varied substrate conditions.85

TMDCs on the other hand are mostly grown on non-catalytic
Si/SiO2 substrates,71 allowing for the easy fabrication of elec-
tronic and optoelectronic devices. Apart from this, CVD on
sapphire, gold and silicon nitride substrates have also been
reported.86–88 The complete characterization of nucleation
centres of TMDCs grown on a Si/SiO2 substrate has led to some
important insights into the mechanism of growth.89 The growth
of TMDCs was carried out using the standard method that is
abundantly found in the literature.90 The investigation was
performed using aberration corrected transmission electron
microscopy (TEM) and energy dispersive spectroscopy (EDS)
mapping. It is revealed that the core–shell structure with
a MoS2–MoSe2 TMDC fullerene inside it acted as the nucleation
centre from where the monolayer grew (also known as the seed
structure). This mechanism was found to be independent of the
transition metal used, and thus can be extended to other
TMDCs as well. Another detailed study with a different route of
experimentation validated a similar seeding mechanism but
with nanoparticles instead of fullerenes.91 This illumination
about the mechanism may be used for substrate engineering to
grow TMDCs with varying physical and chemical properties.

Growth promoters or seeding promoters have proven to be
an effective way of synthesizing high-quality TMDCs, in partic-
ular MoS2. The substances used by Lee et al. were perylene-
3,4,9,10-tetracarboxylic acid tetra-potassium salt (PTAS), per-
ylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA) and rGO.90

This study systematically presents the effect of different growth
promoters on the formation of a monolayer, but does not
present a mechanism of how they work. Ling et al. took this one
step further by discussing the effect of concentration of these
growth promoters by varying the position of the substrate with
respect to the growth promoters.92 They also experimented with
This journal is © The Royal Society of Chemistry 2018
new aromatic growth promoters in different concentrations to
judge the optimal conditions. Table 1 lists the growth
promoters effective in producing large domain monolayers and
their effect on the nal lm morphology. Also, since the
smoothness of the substrate is emphasized in every CVD
experiment, it is expected that the substrate surfacemorphology
must play an important role in some aspects of the growth.
Indeed, it was observed that the nucleation and orientation of
the as-grown TMDC lm could be guided along the atomic level
terraces on the sapphire substrate on the c-plane.93 Density
functional theory and rst principles calculations have shown
that such effects on the nucleation and orientation of MoS2 on
a gold substrate94 and graphene on a Cu substrate95 are essen-
tially due to the facet-dependent binding energy of the 2DMs
concerned.

4.2.1.3. Temperature. The 2DM growth by the CVD process
is temperature dependent. This is evident from the observation
of temperature dependent nucleation and growth rate of gra-
phene on a Cu substrate. Higher temperature enables higher
growth rates while lowering nucleation density.96 Subsequently,
it affects the growth kinetics, which can be inferred from the
morphology study of the obtained graphene layers. Tempera-
ture also affects the doping of 2DMs. In fact, under the same
ow rates of NH3 and CH4, temperature overrides the doping
precursor parameter. A reduction in temperature by 100 �C
results in a ve-fold increase in dopant concentration.97 Simi-
larly, under lower temperature the growth rate of N-doped
graphene is lower, conrming the general trend of temperature
dependence of the growth rate.96

Temperature becomes an important parameter for the
TMDC growth via CVD because most common routes use solid
precursors. Temperature affects the saturation pressure of
sublimated solid precursors which may change the concentra-
tion of vapour. This can greatly inuence the growth rate and
quality. A systematic study of the effect of temperature on
various properties like the yield, number of layers, ake size and
ake shape provides some key insights into TMDC growth via
CVD.98 Interestingly, this experiment shows that temperature
can change the regime of growth from thermodynamic to
kinetic because it affects the sublimation speed and thus also
changes the concentration and diffusion of active species. It was
also observed that the monolayers were chemically unstable at
higher temperatures resulting in abundance of few-layer
growth. Not only the source temperature but also the substrate
temperature is important. For instance, it has been observed
that the reduction in substrate temperature results in lower
mobility of carbon adsorbed on a copper substrate and
decreases the lateral size of islands grown, leading to multilayer
formation.99

4.2.1.4. Chamber pressure. There are several types of CVD
processes, like atmospheric pressure CVD, low pressure CVD,
and ultrahigh vacuum CVD, categorized by pressure in the
growth chamber. Pressure directly controls the velocity of mass
transport. The lower the pressure, the higher the velocity of
mass transport. The advantage of operating at low pressure is
the higher degree of exposure that the substrate receives,
resulting in more uniform deposition. A direct relation between
J. Mater. Chem. A, 2018, 6, 21747–21784 | 21755
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the chamber pressure and nal morphology of h-BN grown on
copper foil was studied by Koepke et al.,100 who observed that
pressures lower than 2 torr resulted in uniform and highly
crystalline growth whereas higher pressure led to the formation
of amorphous non-uniform deposits although the growth rate
was higher in the latter case. Such a behaviour was attributed to
the incomplete thermolysis of the precursors at higher pres-
sures (Fig. 5).

4.2.2. CVD growth of 2D heterostructures. An important
part of 2D heterostructure fabrication is the ability to tune the
properties for different applications by varying external
parameters. However, one-step CVD growth doesn't allow the
precise control over spatial and size distribution. Particularly
for TMDC based heterostructures, there is a possibility of
contamination between the transition metal precursors which
hinders the achievement of a clear interface or boundaries.
Moreover, there might be some inherent problems in the
growth of specic heterostructures that might be overcome by
tweaking the parameters discussed above. For example, Gao
et al.101 reported a switching between graphene/h-BN vertical
and horizontal in-plane heterostructures by using temperature
as a switching parameter (Fig. 13a). This was a consequence of
h-BN etching by CO2 above a particular temperature (900 �C).
Though this method led to the discovery of never-seen-before
Fig. 5 Summary of CVD parameters and their effects on the different c

21756 | J. Mater. Chem. A, 2018, 6, 21747–21784
control over the type of heterostructure, it had a slow growth
rate. It is difficult to grow graphene on h-BN using CVD because
h-BN isn't a suitable substrate for the growth of graphene, using
the common gaseous precursors like CH4. This is due to the fact
that unlike Ni, Cu, and Co substrates, the CH4 decomposition
rate on hBN is lower. Also, h-BN is catalytically inert.102 By
rationally varying a parameter (in this case the precursor), Li
et al. used nickelocene to achieve 8–10 times faster growth rates
of graphene on h-BN.102 This was a consequence of Ni deposi-
tion on h-BN, providing a catalytic effect for fast decomposition
of the carbon precursor. These examples clearly show that the
parameters discussed in the previous sections allow control
over the fabrication of heterostructures using CVD.

There have been several reports about CVD being used as
a step in conjunction with other techniques such as mechanical
alignment to fabricate 2D heterostructures. There are still fewer
reports concerning all CVD-grown heterostructures mainly due
to the fact that not all 2DMs can be grown on top of one another.
The next section will be a discussion about several important
heterostructures fabricated using CVD techniques, and will
focus on the parameter dependent optimization and tuning of
heterostructure properties.

4.2.2.1. CVD growth of vertically stacked heterostructures. It is
easily noticeable that in vertically stacked heterostructures the
haracteristics of the as-grown films.

This journal is © The Royal Society of Chemistry 2018
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interlayer distance can be considered as another parameter for
varying the properties of the assembly. This has been substan-
tiated in a recent study by Xu et al.103 In this work the depen-
dence of indirect recombination in TMDC heterostructures of
CVD-grownWSe2 andMoS2 on the thickness of the insulating h-
BN layer between them has been studied. The h-BN layer
thickness has been adjusted by stacking multiple numbers of
monolayers. The results of this experiment clearly show that
dipole–dipole interactions between WSe2 and MoS2 are strongly
dependent on the insulating layer thickness while keeping the
input excitation constant. However, the method for stacking the
CVD-grown h-BN is the mechanical alignment technique and
not an all-CVD process. The one-step CVD growth was reported
as early as 2014 in which the authors suggested a temperature-
selective growth mechanism of WS2 on MoS2.104 In a one-step
process the simultaneous growth of both 2DMs takes place but
due to the difference of vapour pressure of each precursor the
nucleation rates differ. As a result, a vertically stacked hetero-
structure is formed. However, one-step CVD doesn't allow good
control over the size of 2D heterostructures, which is limited to
smaller than 20 mm ake size. To gain control over the size,
a two-step CVD growth was used. Again, in this experiment, the
temperature was an important parameter for the growth of
different kinds of heterostructures. Nevertheless, this attempt
makes a promising case for the fabrication of complicated
heterostructures.105

A quite unique method of growing well-dened hetero-
structures was demonstrated by Xue and co-workers,106 who
used a photo-resist with rectangular patterns before depositing
Mo over CVD-grown WS2 layers, resulting in impressively
ordered units of vertically stacked heterostructures. This work
demonstrates the fabrication of multiple electronic device
arrays using heterostructures grown on a single exible
substrate (Fig. 6d). Although the photodetection capability of
this assembly was modest, this could pave the way for creating
Fig. 6 (a) Schematic of a MoS2/WS2 vertical heterointerface phototran
vertical heterointerfaces on a PDMS substrate. (c) Optical image of a sing
MoS2/WS2 vertical heterointerface device arrays on the SiO2/Si substrate
CVD-grown graphene as an electrode and interconnects as well as contr
for the preparation of MoS2/WS2 vertically stacked heterostructures and
2014, American Chemical Society.

This journal is © The Royal Society of Chemistry 2018
ordered heterostructures that might nd applications in other
elds. Notably, not only the shape but also the stacking
sequence of different layers in 2D heterostructures can be
precisely controlled. This was demonstrated with MoS2/WS2
heterostructures with stacking sequences A–A and A–B medi-
ated by temperature,107 which gives the possibility of exibility
in fundamental studies as well as with different stacking
sequences. However, the number of layers in the stack is still
limited.

TMDC/TMDC materials are not the only important class of
heterostructures. A TMDC on graphene is also an interesting
heterostructure thanks to its metal–semiconductor interface
that enables the optoelectronic and electronic performance.
Although the most studied method for such an architecture is
mechanical exfoliation and alignment with applications
ranging from FETs to DNA hybridization,109–111 several CVD
techniques have also been reported. Most notable among them
is the large scale growth of MoS2 on graphene with an effective
device size of 4 cm2 and integration of several FETs on a single
substrate (Fig. 6a–e).108 They used a patterned mask to establish
graphene as an interconnect in FETs with properties superior to
metals (Fig. 6f).106 Even with the relative success of this class,
TMDC/graphene heterostructures have been marred with
certain limitations. The heterostructure area coverage remained
quite small compared to the ake size of the individual 2DMs.112

This hindered the successful integration of heterostructures
into commercially viable electronic devices. However, recently
there seems to be renewed hope. An all-CVD process was re-
ported by Chen et al. in which they synthesised a 1 cm2

continuous layer of MoS2 on graphene.113 Normally the MoS2
domain size grown on graphene is at a submicron level due to
the high temperature and longer duration required for MoS2
growth under which graphene tends to degrade. However, it was
observed that, with the introduction of H2, larger domains
could be obtained because H2 mitigated the reactive oxygen
sistor. (b) Photograph of arrays of devices fabricated from MoS2/WS2
le MoS2/WS2 vertical heterointerface device on the PDMS substrate. (d)
.106 (e) Optical micrograph of a large-scale chip of MoS2 devices using
ol devices and circuits using Ti/Au adjacent electrodes.108 (f) Schematic
corresponding fabrication of devices.106 Copyright 2016 and Copyright

J. Mater. Chem. A, 2018, 6, 21747–21784 | 21757
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evolved during MoO3 decomposition, which would otherwise
react with graphene and degrade it.

h-BN based vertically stacked heterostructures have exhibi-
ted many novel properties. For example, h-BN/graphene was
able to show Hofstadter's buttery and fractal quantum hall
effects,114 and WSe2/h-BN showed an interlayer electron–elec-
tron interaction and electron–phonon coupling,115 as well as
effective passivating properties.116 These studies used the
mechanical exfoliation technique but there have been reports
about combining it with CVD.117 To overcome the disadvantages
of this mixed method, an all-CVD process was developed by Fu
et al.116 Their detailed study demonstrates the growth of MoS2
on h-BN on a wafer scale (5.08 cm) and subsequent fabrication
of FET arrays.106 The key novelty of this work lies in the opera-
tion in the thermodynamic regime to control the epitaxial
alignment of the MoS2 layer, resulting in the seamless merging
of the grains to form a continuous and uniform lm.
Fig. 7 (a) Schematic diagram for step by step growth of a horizontal g
horizontal in-plane hetero-epitaxial growth of alternating graphene an
Complex horizontal in-plane heterostructures synthesized bymask assist
BN while lighter regions show graphene. Scale bars for (h–j) are 100,
Limited.

21758 | J. Mater. Chem. A, 2018, 6, 21747–21784
4.2.2.2. CVD growth of horizontal in-plane heterostructures.
Horizontal in-plane heterostructures come with their own
advantage of a larger, more vivid effective surface area, because
both 2DM faces are exposed, while still having a covalent het-
erojunction, allowing us to fabricate complex heterostructures
(Fig. 7h–j). Achieving lateral horizontal in-plane hetero-
structures is a much more complicated task than fabricating
vertically stacked heterostructures, because unlike their vertical
counterpart they require strict lattice matching and cannot just
use van der Waals interaction to sustain themselves. This
means that only bottom-up techniques can be used for their
synthesis. And even then, not all materials can be stitched
together because different 2DMs may have different lattice
parameters. Therefore, only a few combinations of 2DMs have
been tried so far. Out of the known bottom-up techniques, CVD
is the most popular and intensively studied approach. In this
sub-section, we will discuss the progress in achieving novel
horizontal in-plane heterostructures.
raphene–h-BN in-plane heterostructure. (b–g) Real time imaging of
d h-BN stripes.118 Copyright 2014, American Chemical Society. (h–j)
ed pattern etching and subsequent growth. Darker regions represent h-
50, and 10 mm, respectively.119 Copyright 2013, Macmillan Publishers

This journal is © The Royal Society of Chemistry 2018
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Graphene and h-BN have striking similarity in lattice constants
and structures;47 this not only helps h-BN to act as a superior
substrate for graphene but also makes it a suitable candidate for
forming horizontal in-plane heterostructures. The rst report of
such heterostructures was made by Ci et al.,120 who demonstrated
that separated graphene and h-BN domains had a unique band
structure and electronic properties in contrast to B- or N-doped
graphene. The method involved the introduction of ammonia
borane (with varying ratios to methane) into the usual CVD
growth of graphene on a copper substrate. This work paved the
way for more research and in 2 years a formation mechanism was
proposed. It was observed that when graphene was nucleated on
the edge sites of h-BN, horizontal in-plane heterostructures were
formed, while a nucleation on a copper substrate resulted in the
formation of a vertically stacked heterostructure. In this regard,
Gao et al.101 already demonstrated switching between vertical and
in-plane graphene/h-BN heterostructures in their experiment,
supporting the above-mentioned mechanism.121 It is noted that
this marks a milestone in our understanding about how such
heterostructures can be rationally controlled.

Compared to graphene/h-BN, TMDC/TMDC horizontal in-
plane heterostructures hold more promise for device application.
Generally, a one-step CVD process is employed when a single
chalcogen with differing transition metals is required. As dis-
cussed previously, the different growth rates of different chalco-
genides lead to the formation of heterostructures using one-step
CVD growth. In most of the reports for graphene/h-BN hetero-
structures, the interface was observed to be atomically sharp with
a width of around 1 nm;101,119,122–124 however, in TMDC/TMDC
horizontal in-plane heterostructures obtained by a one-step CVD
process oen mixed interfaces with a width of more than 30 nm
were observed. To create atomically sharp junctions, multi-step
processes have been explored in which focused ion beam
patterning of one type of TMDC promoted the growth of a second
TMDC on the active edge of the former (Fig. 8).125,126 It was
observed that the Se atoms of WSe2 at the edge were replaced by S
atoms and that marked the junction from where MoS2 grew.125 In
another study,126 focused ion beam etching was performed to
conrm that the edge sites were active for second TMDC growth,
and depending on the etching conditions there could be alloying,
partial coverage or complete coverage.

For both classes of horizontal in-plane heterostructures, the
substrate plays an important role. Sutter et al. showed that
a substrate good for growing high-quality graphene may not
necessarily be a good choice for growing graphene based hori-
zontal in-plane heterostructures (Fig. 7a–g).118 Hydrogenation
catalysts like Pt and Ni induce etching and reduce control over the
overall growth of heterostructures. This understanding may be
extended to TMDC based horizontal in-plane heterostructures.

Apart from the growth of whole 2DMs on the edge, the
substitution of atoms has been reported for forming in-plane
MoSe2/MoS2 heterostructures.127 With a variety of patterns
incorporated on a MoSe2 lm and subsequent conversion of
those patterns into MoS2, this work demonstrates the exible
designing capability of this method. This kind of conversion
process where the chalcogen can be replaced by other atoms has
been the inspiration of newer compositions such as MoTe2/
This journal is © The Royal Society of Chemistry 2018
MoS2 where the use of anchor atoms (e.g., Na atoms) has been
demonstrated to aid the substitution.128

To summarize the above discussion, the CVD growth of het-
erostructures depends on parameters like temperature, pressure,
starting material, substrate and interaction between 2DMs. It has
so far been the only growth technique that can achieve horizontal
in-plane heterostructures with high quality. However, care must
be taken to adjust parameters to avoid the formation of alloys
instead of 2D heterostructures. CVD growth not only enables the
fabrication of at continuous lms for electronic application, but
it can also be used to synthesize porous structures for energy
storage and conversion applications like supercapacitors,255

batteries257 and catalysis.215,256 This aspect will be discussed in
more detail in Section 6. A comprehensive summary and
comparison with other methods is made in Table 2. Additionally,
CVD growth is an important method for large scale uniform
coverage of 2D heterostructures over wafers which may be useful
for the integration of different applications on a single chip.
4.3. Liquid based techniques

For probing the depths of fundamental science and for elec-
tronic applications, CVD techniques are no doubt the best
choice since they give high quality, smooth and uniform lms.
But when it comes to addressing the ever-growing demand for
energy storage devices that require bulk electrodes to be built
from 2DMs, liquid based techniques (LBTs) prove to be a better
choice. Energy storage is not the only area where LBTs have
found application. In fact, LBTs have been observed to modify
electronic properties in a controlled manner.108

If there is any technique which possesses the ability to
realize the large-scale industrial production of energy storage
devices on virtually any surface, then it has to be LBTs. Fig. 9
stands testimony to this statement. So this topic is indispens-
able during the discussion about heterostructures. In LBTs, the
requirement of a large lm size (as in CVD) is relaxed. Here, the
primary focus is on increasing the yield and forming hetero-
structures at the ake level. In this section, we will focus on 2D
heterostructures that form well-dened heterointerface/junc-
tions and not just nanoparticles suspended in 2DMs. Under
LBTs, we have two types of approaches of (i) liquid based
exfoliation and self-assembly and (ii) LBL self-assembly.

4.3.1. Liquid exfoliation and self-assembly.While in a CVD
process, different 2DMs were stacked for tuning and discov-
ering new properties, in LBTs heterostructures serve another
purpose as well. Heterostructures have become invaluable in
liquids because 2DMs have a high surface energy and generally
tend to restack in different solvents. In energy storage and
catalytic application where a high surface area is the vital
parameter to improve the quality of electrodes, the restacking of
2DMs prohibits the access of a large proportion of active sites,
resulting in subpar performances. As discussed above, making
heterostructures mitigates the weakness of one 2DM and the
synergistic effect allows us to utilize the untapped potential of
two 2DMs or more.

The most widely studied heterostructure in the last decade
has been graphene/TMDC. Graphene provides a conductive
J. Mater. Chem. A, 2018, 6, 21747–21784 | 21759
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Fig. 8 (a) Schematic of the sequential growth of a monolayer WSe2/MoS2 in-plane heterostructure. (b) Optical image of WSe2 and MoS2, as
distinguished by their optical contrast. (c and d) STEM images of the WSe2/MoS2 in-plane heterostructure. (e) Junction model of the WSe2–MoS2
heterostructure.125 Copyright 2015, The American Association for Advancement of Science. (f) Optical and (g) SEM images showing partial filling
of WSe2 on the region over-etched by the focused ion beam after the second growth. (h) Optical images of WS2–WSe2 heterostructures. (i)
Photoluminescence spectra of the second TMDC material grown on the etched region corresponding to the circle marks in (h).126 Copyright
2016, American Chemical Society.
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framework and mechanical support while the TMDC addresses
several electrochemical problems by virtue of its excellent
chemical properties. Unlike CVD we do not need continuously
large 2DMs to form an interface; in LBTs we just need the
interface formation at the lowest ake size. The most common
route for achieving a graphene/TMDC heterostructure is highly
straightforward. In principle, graphene and TMDC monolayers
(or few layers) are obtained from different liquid phase
21760 | J. Mater. Chem. A, 2018, 6, 21747–21784
chemical exfoliation techniques, and then mixed following
certain procedures to obtain heterostructures of different
morphologies. There are several routes for obtaining these
2DMs. For graphene the most commonly used method is
a modied Hummers method,131 producing graphene oxide
(GO) which is subsequently reduced to form rGO. Another
promising method to obtain graphene is electrochemical exfo-
liation of graphite, which doesn't usually involve strong
This journal is © The Royal Society of Chemistry 2018
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Fig. 9 (a) Schematic of supercapacitors prepared by a solution-based method and printed on a t-shirt. Inset shows the material realized so far in
this direction.129 Copyright 2018, Wiley-VCH Verlag GmbH & Co. KgaA. (b) Zinc anode ink used for preparing hand-drawn electronics.130

Copyright 2018, Wiley-VCH Verlag GmbH & Co. KgaA.
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oxidation and complicated steps.132–135 To stabilize graphene,
a certain surfactant or polymer coating has been used.136 Simi-
larly, TMDC nanosheets have also been obtained from chemical
reactions137 or exfoliation of MoS2 bulk using intercalation.138

To build a heterostructure, two types of 2DMs may then be
mixed together in a suitable solvent with the assistance of
ultrasonication139 or via a hydrothermal process.140 The hydro-
thermal process uses a sealed autoclave in which the chemical
precursors are added and allowed to react at high temperatures,
generally between 180 and 200 �C. Higher temperature allows
greater interaction between the different 2DMs. The hydro-
thermal process is oen assisted by a stabilizing chemical (e.g.,
L-cysteine), which also acts as a sulfur donor in sulfur based
TMDCs leading to the formation of nanoplates on graphene
nanosheets (Fig. 10c and d).141 Besides this, there have been
reports of targeted growth of one 2DM on another using
microwave treatment.142 For instance, GO can interact strongly
with microwaves resulting in localized heating and reduction,
which generates hotspot areas on GO that improve the growth
kinetics of MoS2 and inhibits the restacking of multi-layer MoS2
nanosheets.143 The consequence is the formation of steps and
folded edges of MoS2 on rGO (Fig. 10a and b). It is interesting to
note that it is not necessary to start with TMDC nanosheets to
fabricate heterostructures. A functionalization followed by
reduction can achieve the same results of 2D heterostructures.
For example, Chang et al. demonstrated that a graphene basal
plane can be functionalized by MoO4

2�, which then was
reduced to MoS2 nanosheets using NH2CSNH2 in a hydro-
thermal process.144

An interesting study by Zhao et al.138 demonstrated the
formation of alternating stacks of 2DMs. This method was novel
This journal is © The Royal Society of Chemistry 2018
in the sense that it intercalated lithium (Li) species between the
layers of MoS2 that caused exfoliation, and subsequently the
addition of dopamine (DOPA)-HCl destabilized the dispersion
to form DOPA-intercalated MoS2. The reduction of DOPA during
polymerization resulted in the formation of graphene sand-
wiched between MoS2 layers (Fig. 11e–g).

Porosity is an important feature of energy storage systems
because highly nanoporous materials can accommodate more
ions per unit area of electrode.145 Therefore, it is desirable that
the porosity should be a controllable feature of 2D hetero-
structures via a liquid exfoliation and self-assembly process. It
has been validated that the porosity can be controlled by varying
the MoS2 content.146 Not only this, but also by using monolayer
dispersions of each 2DM, the interaction between them can be
signicantly enhanced and a better heterointerface can be
formed, thus greatly suppressing the restacking. In this case,
the freeze-drying process performed also helps to achieve
a better porous morphology with low agglomeration.147 It is
noticeable that most of the heterostructures discussed above
are based on MoS2. This is because MoS2 is obtained in a rela-
tively easy manner compared to other TMDCs and it also shows
most of the representative features of the TMDC family. The
methods applied to MoS2 can be extended to other TMDCs by
choosing suitable precursors and conditions.148

MOx (e.g., RuO2, MnO2, NiO, and Co3O4) are another class of
important 2DMs that exhibit high capacitance due to their
pronounced faradaic mechanism. The hetero-stacking of MO/
graphene can not only greatly enhance the distance between
graphene sheets for easy penetration of electrolyte ions and full
utilization of MO nanosheets for pseudocapacitive contribu-
tion, but also the graphene layers can serve as highly conductive
J. Mater. Chem. A, 2018, 6, 21747–21784 | 21761
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Fig. 10 (a) HRTEM image of a MoS2/rGO vertically stacked heterostructure fabricated by a microwave assisted sol–gel method. Inset shows
amagnified image of the samewith dark fringes. These dark fringes are folded edges or “steps” of MoS2 deposited. (b) Schematic of MoS2 on rGO
vertically stacked heterostructures.143 Copyright 2012, The Royal Society of Chemistry. (c and d) HRTEM image and corresponding magnified
image of MoS2 nanoplates on rGO nanosheets. Inset shows the schematic.141 Copyright 2015, Wiley-VCH Verlag GmbH & Co. KgaA.
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pathways for improving the power capability. For instance,
MnO2/graphene heterostructures have been synthesised by
mixing dispersions of water-exfoliated MnO2 and rGO nano-
sheets.149 It is observed that the electrolyte ions don't move
across the planes but rather follow the in-plane paths. Recently,
a MnO2/C3N4 heterostructure, prepared by the liquid exfoliation
and self-assembly method, demonstrated a new way to obtain
MO by in situ growth of MO on a C3N4 surface. It showed
enhanced photocatalytic activity and charge carrier extraction
upon photo-excitation.150 The research on MnO2 incorporated
2D heterostructures has witnessed the creation of alternate
stacking of more than two 2DMs. For instance, a ternary het-
erostructure of C3N4/rGO/MnO2 has been reported,151 in which
covalently coupled C3N4/rGO was formed by a ring opening
reaction, and subsequently MnO2 was graed onto the interface
of C3N4/rGO by an in situ redox reaction. This kind of unique
structure could nd applications in a wide variety of elds,
particularly energy storage, conversion and sensing.

A quite recent addition to the 2DM family is MXenes,152

which are transition-metal carbide or nitride based nanosheets.
MXenes have high electrical conductivity, excellent mechanic
strength and large pseudocapacitance.153 The rst report of
MXene based 2D heterostructures appeared in the early 2018, in
which layers of MoS2 were formed on a MXene surface.154 The
approach is quite ingenious. First, sulfur wasmixed with TiC2 in
the liquid phase to incorporate sulfur atoms between its inter-
layers. Upon heating in an inert atmosphere, MoO motifs led to
the creation of MoS2 layers. This heating process also leads to
the removal of excess sulfur. The heterostructures were used as
21762 | J. Mater. Chem. A, 2018, 6, 21747–21784
anode materials validating the enhancement in the electro-
chemical performances of LIBs. MXenes have also been used to
construct remarkably interconnected porous vertically stacked
heterostructures,15 in which ordered mesoporous carbon (OMC)
and MXene derived carbon (MDC) were used. Specically,
Ti3C2Tx layers were rst intercalated with F127 tri-polymer
(PEO-PPO-PEO) which forms micelles in the presence of resol
via hydrogen bonding, and provides the template for forming
the nal OMC/MDC heterostructure. It is mentioned that OMC
was obtained by thermal treatment that converted micelle@r-
esol into OMC and the carbon from Ti3C2Tx was used to create
a uniquely porous 2D layer by etching the metal out.

Black phosphorus is a bulk material that has been known for
a long time but recently entered the limelight when 2D phos-
phorene exfoliated from it showed unprecedented applications.
The rst report of liquid exfoliation of phosphorene came from
Brent et al., who used sonication of bulk black phosphorus to
obtain few-layer phosphorene.11 Since then its chemical prop-
erties and effect of different solvents in the exfoliation have
been studied extensively.155,156 From these investigations, it has
been revealed that oxygen is highly detrimental to phosphor-
ene,157 because it forms oxides that then interact with water,
leading to further degradation. It was demonstrated that
a phosphorene/graphene lm was able to show superior elec-
trochemical performance to most previous reports.10 This would
have been impossible if there was degradation of phosphorene.
Therefore, creating heterostructures may be one way of pro-
tecting the quality of phosphorene while showing new syner-
gistic effects. Presently, there are several reports of 0D/2D
This journal is © The Royal Society of Chemistry 2018
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Fig. 11 (a) Bright field HRTEM image of the cross section of a 100 bilayer (LDH/perovskite) film obtained by LBL assembly.174 Copyright 2013,
American Chemical Society. (b) Photographs of room temperature phosphorescent films with different numbers of layers n under ambient
conditions taken at different time intervals before and after the UV source was turned off.175 Copyright 2018, Nature Springer. (c and d) TEM
images of (c) SnO2/In2O3 and (d) SnO2/Fe2O3 heterostructured porous films, obtained by LBL deposition.176 Copyright 2009, The Royal Society of
Chemistry. (e) Li intercalation into MoS2 gives exfoliated layers, and (f) self-assembly of (DOPA)xMoS2, followed by annealing. (g) HRTEM image of
a N-doped graphene/MoS2 heterostructure.138 Copyright 2013, American Chemical Society.
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heterostructures with the phosphorene component;158,159

however there are currently very few reports of 2D/2D hetero-
structures via liquid exfoliation and self-assembly methods.
Perhaps this is because the methods to obtain large and stable
phosphorene sheets by liquid phase exfoliation are still under-
developed. Very recently, a remarkable in-plane heterostructure
based on phosphorene was reported.160 In this work, di-cobalt
phosphide was grown on the edge defects of phosphorene by
simply mixing cobalt ions with black phosphorus crystals in the
presence of dimethylformamide (DMF) in a solvothermal
process. This is not a 2D/2D heterostructure in strict sense
because Co2P forms nanoparticles on the edge of phosphorene
instead of forming a 2DM. However, this is signicant progress
and goes on to show that obtaining truly 2D/2D in-plane het-
erostructures of highly stable phosphorene in the near future
might not be that difficult.

4.3.2. Layer by layer self-assembly. LBL self-assembly is an
adsorption-based technique in which a wide variety of charged
materials are deposited onto a surface by dipping a substrate in
This journal is © The Royal Society of Chemistry 2018
alternate chemicals. The technique itself predates the discovery
of 2DMs and was used to deposit multilayers of charged
organic/inorganic species with charged polymeric layers.161,162

This method becomes particularly useful while considering the
exfoliation of ionically bonded layered materials. The mechan-
ical exfoliation of such layered materials is not the best route
and chemical means must be employed. Geng et al. have shown
gigantic swelling in protonated titanates in various amines.
This swelling is a result of ammonium ion intercalation, which
is affected by the pH of the solution and the osmotic pressure
balance between the gallery and the solution.163 There are three
methods that encompass the LBL technique, namely occula-
tion, Langmuir–Blodgett (LB) self-assembly, and electrostatic
LBL deposition (eLBL).

The method of occulation is the fastest and simplest
method that proceeds via the destabilisation of differently
charged colloidal components that are thermodynamically
unstable. However, this method due to its fast, irreversible
kinetics doesn't allow much exibility in the layer structure or
J. Mater. Chem. A, 2018, 6, 21747–21784 | 21763
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quality of the interface.164 Several heterostructures have been
reported derived from double hydroxides, perovskites and tita-
nates with applications mostly pertaining to catalysis.165–168

However, some other applications like energy storage and
electronics remain elusive due to its shortcomings. These
shortcomings aren't apparent in the LB self-assembly. In fact,
using the LB method, the layer thickness and packing density
can be tuned precisely, resulting in superior quality interfaces.
This method employs the assembly and deposition of charged
species on the surface of water. The packing density can be
adjusted by the pressure applied. The LB method is generally
used for the deposition of ambiphilic molecules with inherent
or acquired ambiphilicity.169 The use of hydrophobicity (without
the use of ambiphilic additives) for the deposition of titanate
layers has also been demonstrated.170 This method has not only
been used to obtain the popular MoS2/graphene hetero-
structure, but also applied to obtain a supercapacitor electrode
with a high specic capacitance of 241 F g�1 and good cycling
performance (>90% retention aer 1000 times).171 Despite the
good quality of heterostructures obtained using this method,
the main disadvantage of this method lies in the slow rate of
production, which hinders its scalability to industrial levels.
Therefore, a method with a fast production rate of hetero-
structures with a high quality interface is highly desired.

The eLBL deposition is a reasonable trade-off between speed
and quality. This method employs alternate immersion in
cationic and anionic colloidal solutions. The adsorption
between the component nanosheets is strictly electrostatic;
therefore, the assembly has to be washed several times to
remove non-electrostatic adsorbates. eLBL deposition allows
a high level of control over the lm sequence.172 To deposit
multiple like-charged layers, electrostatic glue in the form of
a polymeric electrolyte is employed.173 However, hetero-
structures obtained without the use of such a polyelectrolyte
have also been reported.174 In this work, positively and nega-
tively charged nanosheets (layered double hydroxide (LDH) and
perovskite) were used to cause direct electrostatic adsorption
without the requirement of an alternate polyelectrolyte. Precise
control of the layer sequence up to nearly bulk dimensions (200
layers) has also been demonstrated. Fig. 11a shows the HRTEM
image of 100 layered LDH/perovskite vertically stacked hetero-
structures. Prior to the exfoliation, the LDH ([Mn2Al(OH)6]

+) was
swollen by using formamide, and perovskite nanosheets were
dispersed using intercalation assisted exfoliation. Careful
analysis revealed that the solvent employed for dispersing the
nanosheets has a critical effect on the structure and composi-
tion of the resulting heterostructures.174

Quite recently this method has been used for fabricating 2D
heterostructures with novel properties like room-temperature
phosphorescence in thin lms with higher sensitivity than the
pristine powder form,175 demonstrative of great potential in
applications of optical anti-counterfeiting and information
security (Fig. 11b). The heterostructures were composed of
inorganic 1,2,4,5-benzenetetracarboxylic acid/LDH and organic
polyacrylic acid. Electrostatic adherence is not the only way of
interaction in such a LBL assembly. Polymeric units adhering to
graphene by virtue of hydrophobic interactions have been
21764 | J. Mater. Chem. A, 2018, 6, 21747–21784
known for a long time, for example, polyvinylpyrrolidone.177 As
a matter of fact not only simple 2D lms, but also porous 2D
heterostructure lms (Fig. 11c and d) with superior control over
the morphology, thickness and packing geometry have already
been achieved.176 Such porous structures can be achieved
through colloidal template assisted LBL assembly. In this
method, a colloidal monolayer was spin-coated with SnO2 using
the LBL technique. Aer drying and annealing, the resulting
structure was a 3D interconnected porous structure of ordered
SnO2 layers. The extension of this method for creating hetero-
structures was also shown by alternating deposition of In2O3

and Fe2O3 (Fig. 11d).
As far as graphene is concerned, there are many reports of

graphene nanosheets being deposited using LBL techniques.
However, most of the techniques demonstrated use poly-
electrolyte electrostatic glue.177–179 This might inherently impose
certain limitations on the application of 2DM lms prepared.
Also, the technique hasn't been extended well to graphene
based 2D/2D heterostructures. This may be due to the fact that
the surface interactions between all 2DMs are not strong. The
functionalization of 2DMs for inducing charge may be a good
option to overcome this issue by enhancing interfacial
interaction.
5. Characterization

Aer preparing materials, it is important to be able to observe it
closely through a “looking glass”. Along with the evolution of
2DMs and heterostructures, the concept of this looking glass
has evolved. All the techniques, direct and indirect that allow
scientists to draw inferences about materials and the corre-
sponding devices, are known as characterization techniques.
The techniques have evolved so fast and into such a giant entity
that a separate review section would be required to cover every
technique and its nuances. For example, Raman spectra alone
can give information about geometric defects, mechanical
strain, doping levels, material identication, number of layers,
thickness of 2DMs, and all different inferences made only from
the observations of Raman peaks.180 Therefore, to keep this
review concise, this section will deal only with heterostructure
characterization. First, we will discuss different techniques
relevant to the characterization of the 2DMs. Then, we will turn
our attention towards the techniques relevant to studying 2D
heterostructures in particular and outline their different char-
acteristics that show up while using those techniques. Finally,
we will discuss some recent novel techniques that could be
useful for future studies.
5.1. Different techniques

Aer a 2DM has been prepared, it is important to know its size,
thickness, number and stacking order of layers. Subsequently,
we should also have an idea about the quality of the material
which is determined by the defect characterization and chem-
ical composition. Next comes the characterization of specic
properties in relation with the device in which the 2DM will be
incorporated. Oen, it is not necessary to perform all the
This journal is © The Royal Society of Chemistry 2018
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characterization on a single material but the above-mentioned
ones are important because they give information that is vital
for any kind of application. Therefore, this presents us with
a good starting point to commence our discussion about
indispensable characterization techniques.

5.1.1. Scanning probe-based techniques. They involve
a range of techniques that have a physical probe which relies on
a stimulus-feedback mechanism for obtaining information
about surface and physical properties by raster scanning over
the material. Scanning probe-based techniques typically
include atomic force microscopy (AFM) and scanning tunnel-
ling microscopy (STM), which are invaluable in electronic
application and fundamental studies of 2DMs and hetero-
structures. As the name suggests AFM allows the atomic level of
resolution, and not only does it allow the observation of thick-
nesses merely a single monolayer high but also gives a clear
picture about the orientation of 2D layers with respect to each
other. It also serves as a suitable approach for determining the
smoothness of the surface.181–183 In addition, AFM can also be
used to apply force on any desired area on a 2DM by pointing
the probe on a suitable location. This allows the study of the
mechanical strength and strain of 2DMs. Such operations are
invaluable when it comes to observing strain-induced effects
like piezoelectricity in ultra-thin materials.184 Lattice mismatch
can cause Moire patterns with varying periodicity depending on
the angle of rotation between the layers. This also causes strain
along the plane of 2DMs, leading to interesting phenomena like
commensurate–incommensurate phase transition, accompa-
nied by the formation of domain walls in 2D heterostructures.
This has been studied using AFM of graphene on h-BN.185

AFM alone can provide a wealth of information about 2DMs
and heterostructures, but the inferences from such observa-
tions need to be cross-checked with other characterization tools
to draw rational conclusions and avoid errant inferences. The
STM technique was used to test the theory developed from AFM
observations.185 The results were in agreement and the theory
for the existence of commensurate–incommensurate states with
different strain distributions was veried. STM uses a probe to
scan the surface of any given material. A voltage is applied
between the 2DM and STM probe tip. The medium between
them acts as a quantum barrier. As is known from theories of
quantummechanics, tunnelling current depends on the barrier
width. This mechanism of tunnelling can be used for both
microscopy and spectroscopy.186 While providing an image of
the surface, it can also be used to study the defects. Not only
that, by ionizing the defects with an electric eld prior to
scanning tunnelling spectroscopy, the Coulomb potential and
dielectric properties of the lm can be studied. This could
ultimately give a better picture about the excitonic binding
energy of 2DMs,187 which can be used to design high perfor-
mance optoelectronic devices. Very recently, STM has also
been used as a method to probe mechanical properties by
utilizing the interaction between the probe and 2DMs without
causing any indentation. This enabled the application of
a force below 10�9 N on a monolayer of graphene.188 Both AFM
and STM provide sub-nanometer level precision in a dry air
medium.
This journal is © The Royal Society of Chemistry 2018
While these two methods discussed above are used almost
for every obtained 2DM and heterostructure, some probe-based
techniques are used for specic purposes, for example, kelvin
probe force microscopy (KPFM). The KPFM technique can be
considered as an extension of conductive AFM. By measuring
the contact potential difference between the probe and sample,
a map of surface potential and work function can be created.
Thus, it provides a suitable method for probing the electronic
properties of 2DMs, making it the choice of characterization in
a range of applications in organic devices, multi-junction het-
erostructures, and solar cells. A detailed review of KPFM has
been provided by Melitz et al.,189 which may be very useful for
readers interested in learning the underlying mechanism in
detail. Since the magnetism is not the main topic of discussion
of this paper, we won't discuss in depth about magnetic force
microscopy (MFM) which gives an accurate picture of the
magnetic and non-magnetic responses with a nanometer scale
precision. The rst report of MFM used to probe the magnetism
in 2DMs like graphene and MoS2 was made by Li et al.190 This
work may act as a starting point for readers interested in
magnetic studies of 2DMs.

5.1.2. Electron diffraction-based techniques. There are
several techniques that fall under the umbrella term of electron
diffraction based techniques. These techniques generally
involve a source that produces an electron beam which is inci-
dent on the sample aer passing through an electromagnetic
lens. The scattered electrons are then detected by suitable
detectors. The kind of interaction that electrons have with the
system before being detected gives us a way of categorizing
different methods and the application of any method for the
characterization of material largely depends on the end goal.
Here without getting into the details of the mechanism, we will
mention the main techniques that are routinely used in heter-
ostructure characterization. The rst electron microscope was
a TEM in which an electron beam passes through a thin sample
to a detector. To obtain high resolution, the energy of the
electron beam needs to be high, but such a high energy can
result in charring of materials (usually non-metals), reducing
the range of application. Fortunately, in recent times low
voltage equipment has been developed along with aberration
correction tools, which enable high resolution without damage
to the sample. TEM can be tted with an additional tool to
measure the loss of kinetic energy of electrons aer passing
through a sample. This technique is known as electron energy
loss spectroscopy. It can provide information about the thick-
ness of 2DMs, bandgap and chemical composition.191 Scanning
TEM (STEM) involves moving the beam in a raster pattern over
the sample. This can give information not only about the
surface but also about interfaces and changes in chemical
composition.192 As we will see later this feature is very important
for the detailed characterization of 2D heterostructures. Along
with these, high resolution TEM (HRTEM) is oen employed to
observe minute details of nanostructures with a sub nanometer
level precision.193 High angle annular dark eld STEM (HAADF-
STEM) is particularly useful for studying lateral hetero-
structures due to its Z-contrast imaging proportional to the
J. Mater. Chem. A, 2018, 6, 21747–21784 | 21765
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atomic number, providing a clear picture of the
heterointerface.194

While TEM detects transmitted electrons, a scanning elec-
tron microscope (SEM) detects backscattered and secondary
electrons. The resolution from backscattered electrons is
generally better than that obtained from secondary electrons.
Since the mean free path of secondary electrons is low, most of
the information obtained from SEM is surface related. With 5–
30 keV source energy, this technique provides a resolution of
nearly 10 angstroms.

5.1.3. X-ray based techniques. These are the techniques
that use an X-ray source to illuminate the sample and then draw
the inference from the interaction of X-rays with the sample.
The most popular use of X-rays for characterization is in the
form of X-ray diffraction (XRD). Following Bragg's law, it is well
known that a periodic lattice acts like a diffraction grating for X-
ray beams that produce a reciprocal lattice, from which the
crystal structure and a plethora of information can be deter-
mined. This is also applied to 2DMs but only if they have a large
size.195 While XRD is not a surface specic method, there is
another important X-ray based technique, X-ray photoelectron
spectroscopy (XPS), which can provide surface information. The
principle involves recording photoelectron emission spectra
(with characteristic peaks corresponding to particular atoms or
states) aer the sample has been irradiated with X-rays, and
Fig. 12 (a) HAADF-STEM image of graphene/BN layers that are nearl
difference between the compositions.60 Copyright 2013, The American A
on different substrates.198 Copyright 2008, American Chemical Society. (d
2012, Wiley-VCH Verlag GmbH & Co. KgaA. (e) Raman spectra of a CVD
American Chemical Society. (f) Raman spectra of MoS2/graphene hetero
phene nanosheet.139 Copyright 2013, Electrochemical Society.

21766 | J. Mater. Chem. A, 2018, 6, 21747–21784
thus it can provide information about the elemental composi-
tion, chemical state, etc. For 2DMs, XPS is particularly useful to
probe chemical bonds and study interfaces.196

5.1.4. Raman spectroscopy. Raman spectroscopy is
perhaps the most ubiquitously used technique for graphene,
other 2DMs and their heterostructure characterization, and is
themost intensively studied characterization technique. Raman
spectroscopy detects the vibrational and rotational modes of
oscillations in materials and shows results in the form of peaks,
which is essentially like creating a ngerprint for a specic
material. By studying the peaks carefully in relation to other
known ngerprints of the same or different materials, one can
reach conclusions about the crystal structure, electronic struc-
ture, phonon modes, ake thickness, stacking sequence and
many more characteristics.197

In Fig. 12(c–f), the different types of Raman spectra are
shown to demonstrate the power of this technique. Raman
spectra for graphene grown on different substrates show
different ID/IG intensity ratios of G band and 2D band (Fig. 12c).
With a decrease in the number of layers, a peak shi to a lower
frequency can be observed for MoS2. The reason for this is the
weak coupling between electronic transition and A1g phonons
in lower two dimensions compared to the bulk (Fig. 12d). Het-
erostructures show distinct spectra compared to the individual
components (Fig. 12e). Moreover, the method of preparation
y indistinguishable. (b) EELS of graphene/BN layers, showing a clear
ssociation for Advancement of Science. (c) Raman spectra of graphene
) Raman spectra of MoS2 layers from a monolayer to bulk.199 Copyright
-grown MoS2/graphene heterostructure and MoS2.108 Copyright 2014,
structures prepared by a solution based method. GN represents gra-

This journal is © The Royal Society of Chemistry 2018
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and composition also affects the intensity of peaks, as can be
seen by comparing Fig. 12e and f.
5.2. Understanding heterostructures by characterization

The rst heterostructure created by Dean et al.47 used AFM for
physical characterization. In the early days of 2DM deposition,
optical contrast was used to conrm the presence of the 2DM on
the substrate. Height distribution determined by tapping mode
AFM was used to observe the surface roughness of graphene
deposited on h-BN sheets. However, graphene was indistin-
guishable from h-BN. The thickness of h-BN was roughly 14 nm.

SEM was used to rst locate the interface.60 The HAADF-
STEM image shows the formation of well-dened layers, but it is
easily seen that graphene and h-BN cannot be differentiated
from this picture (Fig. 12a). This shortcoming can be overcome
by using electron energy loss spectroscopy (EELS), which is an
excellent way for compositional mapping (Fig. 12b).60,160 Addi-
tionally, EELS also gives an insight into the mechanism of
heterostructure assembly. As mentioned before, HAADF-STEM
could be very useful for TMDC/TMDC based heterostructures
where different TMDCs are composed of different atoms while
the overall material shows similar properties. The HAADF signal
is proportional to Z1.7 where Z is the atomic number.200
Fig. 13 Vertically stacked and horizontal in-plane graphene/h-BN hete
between horizontal in-plane h-BN–graphene (h-BN–G, route 1) and stac
of h-BN–G. (c) SEM image of G/h-BN. (d–g) AFM height profiles of (d) h
BN–G and G/h-BN. (h and i) SEM images showing the facet-dependent g
2015, Nature Springer.

This journal is © The Royal Society of Chemistry 2018
Therefore, this could be used to identify whether the obtained
material is an alloy or a true heterostructure.

While dealing with CVD-grown heterostructures, to identify
whether the heterostructure is a vertically stacked hetero-
structure or in-plane, the most effective way is AFM.101 In
Fig. 13b and c just by looking at the SEM images of in-plane h-
BN–graphene (h-BN–G) and vertically stacked graphene/h-BN
(G/h-BN) heterostructures, we can notice a slight difference in
contrast, but it is not very reliable. The best approach is to create
a height prole using AFM (Fig. 13d–g). In the case of the in-
plane h-BN–G heterostructure, there will be a characteristic
single peak distribution in the height histogram, whereas for
the vertically stacked G/h-BN there will be a two-peak distribu-
tion with a certain height difference depending on thematerials
grown (in this case of G/h-BN �0.93 nm). However, SEM is
useful to observe differently shaped growths over a larger area,
which suggests that CVD growth of 2D heterostructures is
strongly dependent on substrate facets.101 In most liquid based
approaches for synthesizing heterostructures, multiple layers
get stacked together. These layers manifest in the form of dark
fringes in TEM images. By counting the fringes one can deter-
mine the number of layers.138 In conjunction with elemental
mapping, alternate stacks and their thickness as well as the
rostructures. (a) Schematic of the temperature-dependent switching
ked graphene/h-BN (G/h-BN, route 2) heterostructures. (b) SEM image
-BN–G and (e) G/h-BN, and corresponding height histograms of (f) h-
rowth of (h) h-BN–G and (i) G/h-BN on copper substrates.101 Copyright

J. Mater. Chem. A, 2018, 6, 21747–21784 | 21767

http://dx.doi.org/10.1039/c8ta04618b


Journal of Materials Chemistry A Review

Pu
bl

is
he

d 
on

 0
9 

A
ug

us
t 2

01
8.

 D
ow

nl
oa

de
d 

by
 D

al
ia

n 
In

st
itu

te
 o

f 
C

he
m

ic
al

 P
hy

si
cs

, C
A

S 
on

 2
/1

4/
20

19
 2

:2
0:

19
 A

M
. 

View Article Online
expansion and intercalation of layers can be determined
accordingly.

Spectroscopic information can provide insight for detailed
understanding of heterostructures. For example, single point
Raman spectroscopy over the heterostructure can reveal
whether the as-grown layers are monolayers or multilayers.
Monolayer graphene has a sharp and symmetric 2D peak with
an intensity ratio of 2D : G > 1. This will be retained even when
graphene forms heterostructures.101 XPS can be used to deter-
mine the spatial distribution of different components of het-
erostructures. By comparing the spectra of a pristine 2DM and
the corresponding heterostructures, we can get a clear picture of
coverage of the 2DM which enables us to infer about the type of
heterostructure. This could also give us an idea about the
mechanism of heterostructure formation. For example, the XPS
map of Boron 1 s in an in-plane heterostructure shows “holes”
with the same shape as the graphene observed by SEM.101 This
suggests that the formation of the in-plane h-BN–G hetero-
structure proceeds via etching of h-BN from the substrate. In
addition, by observing peak shis in XPS spectra, one can
deduce information about interactions between 2DMs in het-
erostructures.201 Apart from chemical characterization, spec-
troscopic techniques like Raman spectroscopy can also be used
to directly observe the spatial maps of particular Raman modes.
This could provide insight into other interesting properties. For
example, E2g and A1g modes are strain dependent. Therefore,
Fig. 14 (a) Raman spectra of MoS2 in a xG/yMo heterostructure on Si/SiO
spectra in (a). (c and d) Ramanmaps of (c) E12g and (d) A1g positions for the
and encapsulated MoS2, respectively. In (d), the dark blue region correspo
encapsulated MoS2, which also extends to bilayer MoS2 (2Mo).202 Copyr

21768 | J. Mater. Chem. A, 2018, 6, 21747–21784
a spatial map of thesemodes can offer useful information about
local strains that are so commonly exhibited near hetero-
structure interfaces.125

5.3. Other advanced characterization techniques

Every report on the fabrication of 2DMs or heterostructures is
attached with a detailed characterization technique. However,
there are some reports that focus on making the characteriza-
tion of heterostructures simpler and more accurate by giving
a baseline of observation in a control environment. The char-
acterization of physical and chemical properties of hetero-
structures from scratch can be a tedious task, particularly when
the focus is on device application, rather than component
identication. At such times, a baseline to judge the quality and
distinguish the components can save a lot of time and effort.
For example, a baseline or “ngerprint” has been established by
Zhou et al.202 for studying MoS2 based van der Waals hetero-
structures. It exploited the sensitivity of Raman modes (E1

2g and
A1g) to interfacial strain and quality of contact between the
components, providing a high throughput method to assist
device fabrication (Fig. 14).

Very recently, an optical trapping approach to manipulate
akes in liquid exfoliated 2DMs has been developed. The mech-
anism behind such a unique approach is the conservation of
electromagnetic momentum when light interacts with matter
which could be used either for trapping or pushing nanosheets in
2 (x¼ 1, 2; y¼ 1, 2). (b) Raman peak positions of MoS2 extracted from the
heterostructures. Red and green regions in (c) correspond to bare MoS2
nds to bare monolayer MoS2 (1Mo) and the light blue region represents
ight 2014, American Chemical Society.

This journal is © The Royal Society of Chemistry 2018
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a liquid medium. This when combined with spectroscopic tools
can provide a contact/transfer free method of characterization,203

giving us amore accurate picture about themetrology of obtained
materials without any undue contamination caused by the usual
transfer process. However, this method hasn't been explored in
terms of heterostructure characterization. Nevertheless, with
more optimization this could become a powerful technique for
the in situ characterization of 2D heterostructures.

In situ techniques have always been attractive because they
can provide the information of synthesis, diffusion and other
dynamic processes without transferring the materials aer each
step. This makes the understanding of the growth mechanism
in real-time possible which can provide a less complicated
guide to creating better materials. In situ Raman spectroscopy in
conjunction with isotope labelling has been used to provide
information of graphene layer interaction with other graphene
layers as well as its environment. The isotopic engineering
suggested in this research is particularly benecial in under-
standing the effect of the environment. This method is poten-
tially a powerful tool for investigating heterostructures as
well.204 Such isotopic engineering may not be possible in all
materials but other methods to create “identiers” could be
explored. In situ Raman spectroscopy in conjunction with
photoluminescence spectroscopy and theoretical calculations
also provides a way of studying the transition of the bandgap
from direct to indirect in monolayer MoS2 achieved by out-of-
plane compression induced strain engineering (�0.5 GPa).205

There are other in situ techniques but they are more suitable for
characterizing the device performance and understanding the
mechanism.

No single characterization technique can claim to reveal all
the features of a given 2D heterostructure. It can't even claim to
be accurate all the time. But from the plethora of research that
Fig. 15 Different characterization techniques and their specialities.

This journal is © The Royal Society of Chemistry 2018
is being reported, the scientists have a bag full of resources
available to them. The rational mix and match of different
characterization techniques is undeniably important for
reaching the right conclusion that neatly ties all the observa-
tions into a comprehensive theory (Fig. 15).

6. Energy storage and conversion of
2D heterostructures

2D heterostructures have proved their competence time and
again by outperforming devices made from single 2DMs. As
discussed earlier, this improvement is attributed to synergistic
effects caused by close interaction between different compo-
nents which may result in signicant changes in physical as
well as chemical properties that ultimately allow us to tune or
activate certain features useful for different applications. In this
section we will discuss some emerging applications of 2D het-
erostructures that boosted the specic performance.

It should be noted that unlike electronic application the aim
of 2D heterostructures for energy storage and conversion is not
to obtain large continuous nanosheets with high quality via
methods such as CVD growth but to obtain relatively small
nanosheets that form 2D heterostructures at the nanoscale
level. As energy related performances are very sensitive to elec-
trolyte-exposed active edge sites,213–217 surfaces,15,242 porosity,227

etc., it is more advantageous to focus on solution-based tech-
niques to obtain hetero-structured nanosheets. Therefore, for
energy storage and conversion, solution-based techniques hold
special importance. Furthermore, CVD based techniques
present additional scope for studying electrochemical mecha-
nisms by virtue of high quality heterostructures obtainable
from them. This will be discussed further in the following
subsections. Also, it should be noted that, keeping the material
J. Mater. Chem. A, 2018, 6, 21747–21784 | 21769
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the same, we can achieve enhanced performances by designing
devices with suitable architectures. In addition, we will also go
over some such innovations related to the device architecture.
6.1. Catalysis

An energy conversion process entails a large pool of useful
reactions, e.g., hydrogen evolution reaction (HER), oxygen
evolution reaction (OER), and oxygen reduction reaction (ORR).
However, these reactions suffer from high activation barriers (or
loss in overpotential). To overcome these intractable problems,
one effective route is the use of catalysts. Catalysts without
participating in the reaction essentially change the reaction rate
and in many cases can substantially improve the selectivity. For
example, platinum (Pt), the most effective catalyst for the HER
and ORR (acidic media), is a rare and precious metal, but suffers
from high cost. To this end, non-precious metal and metal-free
materials have been intensively explored.206–208 Among them,
2DMs have already proven their merits in this eld starting
from graphene39,209,210 to the TMDC211,212 family with different
modications (doping and hybrid) in the form of electro-
catalysts, photocatalysts, etc. Major parameters used to char-
acterize catalytic activity are the overpotential (lower is better),
Tafel slope (lower is better) and durability (large number of
cycles is better). Heterostructures provide an additional
parameter controllable by stacking 2DMs of different work
functions. Layered materials are particularly attractive for
catalysis (e.g., OER) because the large interlayer spacing acts as
a good region for water and ion intercalation and signicantly
facilitates redox reactions.213 Moreover, when 2D hetero-
structures are created, these layers can be nely separated to
expose more catalytic active sites in them. Such hetero-
structures have been realized using GO/iron–nickel LDH,
showing improved catalytic performance compared to their
pristine 2DMs. This performance can further be increased by
reducing GO to rGO. As a result, high conductive rGO corre-
sponds to improved charge transport and further reduces the
overpotential to as low as 0.195 V for OER.14 The performances
exhibited by the above-mentioned heterostructures are better
than that of the usual Ir-based catalysts. 2D heterostructures
have also beneted the HER at the complementary cathode. In
2011, Li et al. demonstrated the outstanding HER catalytic
activity of MoS2 nanoplates deposited on graphene sheets,214

showing an overpotential of nearly 100 mV (vs. the Standard
Hydrogen Electrode) while a Pt electrode shows nearly 0 mV
overpotential under the same conditions. Also, the HER
performance of this MoS2/graphene heterostructure was far
better than that of individual MoS2 and graphene, indicative of
their synergistic effect. On one hand, MoS2 nanoplates were
small in lateral size, well-dispersed and their aggregation was
prevented by the interaction with graphene. On the other hand,
the conductive network of graphene facilitated rapid electron
transport. The density of active edge sites is one of the most
important factors in determining the catalytic activity in this
example. This has been further conrmed by Kong et al. using
their vertically aligned MoS2 nanowalls grown on various
substrates by using a vapor deposition method.215 Vertical
21770 | J. Mater. Chem. A, 2018, 6, 21747–21784
alignment exposes maximal edge sites and the architecture with
respect to the current collector enables charge transfer along
individual layers (Fig. 16). The impressive overpotential
(<200 mV) and Tafel slope (�86 mV dec�1) obtained for this
structure evidenced a direct correlation between the exchange
current density and exposed edge sites. The density of edge sites
was varied using the degree of annealing, and current density
was obtained by tting the linear region of the Tafel plot to the
Tafel equation. However, this isn't a real example of 2D heter-
ostructures. Later the same group went on to create vertically
aligned heterostructures of MoS2 and WSe2,216 presenting
a promising application in terms of photocatalytic activity and
combining the light absorption capability of WSe2 and catalytic
activity of MoS2. Having a high activity at a high rate of H2

evolution is an important performance index desired from
catalysts. On this front, Pt/C catalysts become ineffective due to
their smooth surface. By contrast, MoS2/rGO heterostructures
performed better by showing an increase in activity with
increasing rate, assigned to the presence of a large number of
edge sites.217 These results also show a rate of 35 times higher
than that of single MoS2. Since the performance of catalytic
electrodes is dependent on the availability of active edge sites,
3D porous heterostructures are a promising way of enhancing
performance. A two-step CVD growth of a graphene/MoS2
system showed enhanced electrocatalytic activity with a fast
HER and remarkable OER/ORR by virtue of its mesoporous
structure and van der Waal interaction between the faces that
enabled strain, interface and electronic engineering.256 All the
above-discussed systems exhibit high durability, making them
suitable for industrial consideration once they're scaled up
(Fig. 16).

Another mechanism for catalysis is via the photo-absorption
route. Various heterostructures have been explored, including
carbon nitride (C3N4)/h-BN, ZnIn2S4/MoSe2, and MoS2/WS2. For
photocatalysts, the composition is an important parameter. The
composition should be optimized such that the photocatalyti-
cally active sites are not blocked by the other component while
still having sufficient interaction for electron–hole separation.
This was veried by He et al. in their HER from methanol cat-
alysed by C3N4 loaded on h-BN nanosheets.220 The quantity of
C3N4 could be enhanced by increasing the loading of the urea
precursor, and to a certain extent this improved the perfor-
mance by efficient charge separation. However, beyond
a certain point, the activity is reduced due to light shielding.220

Apart from the composition, the shape of the heterostructures
also plays an important role in increasing catalysis, as
conrmed from the studies on ower-like ZnIn2S4/MoSe2 het-
erostructures.201 This kind of hierarchical architecture and
ultrathin nature of the “petals” aids in reducing charge transfer
resistance by shortening the charge carrier diffusion paths, thus
making active sites more accessible. Once again, this study also
emphasises the role of composition with an optimum loading
of ZnIn2S4 to MoSe2 loading of 2%, which could stably operate
for 17.5 hours without any visible change in activity, suggesting
their remarkable durability. Another important consideration
when dealing with vertically stacked heterostructure based
photocatalysts is the stacking sequence. The stacking sequence
This journal is © The Royal Society of Chemistry 2018
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Fig. 16 (a) Diffusion of S/Se into Mo layers leads to the formation of vertically aligned sulphide/selenide nanowall structures. (b and c) TEM
images of vertically aligned (b) MoSe2 and (c) MoS2.215 Copyright 2013, American Chemical Society. (d) Schematic and (e) HRTEM image of the
vertically alignedMoS2/WSe2 heterostructure, showing a well-defined vertically aligned structure.216 Copyright 2015, American Chemical Society.
(f) I–V curves and (g) Tafel plots of the MoS2/rGO heterostructure, MoS2 nanoparticles (MoS2 NPs), rGO and Pt. (h) Performance comparison of
the MoS2/rGO heterostructure with previously reported MoS2 (ref. 218) and MoS2/graphite.219 (i) Durability test of the MoS2/rGO
heterostructure.214
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with respect to the metal contact is important because it decides
the band alignment which in turn affects the activation voltage.
For instance, the MoS2/WS2/Au electrode showed an over-
potential of 192 mV while WS2/MoS2/Au needed a large over-
potential of 252 mV to activate the HER.107 And the hydrogen
evolution rate is also higher for the MoS2/WS2/Au hetero-
structure. This can be explained by considering that photo-
generated electron–hole pairs get separated into different
layers. Electrons can reduce H+ while holes neutralize electrons
at the respective electrodes. Therefore, the availability of elec-
trons at the surface is desirable for increasing the HER perfor-
mance. With the WS2/MoS2/Au electrode, the electrons move to
MoS2 since it has a lower conduction band. This means fewer
electrons are available at the surface to catalyse hydrogen
evolution and the electron kinetics from the electrode to active
sites is sluggish (Table 3).

From the above discussion, it is demonstrated that 2D het-
erostructures are making rapid strides in performance
This journal is © The Royal Society of Chemistry 2018
benchmarks and possess the potential to revolutionize the
catalytic frontier with their gradual fall in overpotential and
Tafel slope and increase in durability.
6.2. Energy storage

As pointed out above, 2D heterostructures can help to overcome
the shortcomings of individual 2DMs, evident from the myriad
of supercapacitor and battery performance enhancements
achieved recently. As we know from a Ragone plot (energy
density vs. power density), supercapacitors offer high power
density and low energy density while batteries show the reverse
trend. So the target for study on 2D heterostructures in relation
to energy storage has been to close the gap between the two
devices or even produce a device with both high densities. In
this section, we will discuss some recent advances in 2D het-
erostructures for batteries and supercapacitors to recount their
promising potential in this eld.
J. Mater. Chem. A, 2018, 6, 21747–21784 | 21771
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Table 3 A summary of the OER and HER performance of 2D heterostructure catalysts

Heterostructure Type of reaction
Overpotential
(V)

Tafel slope
(mV dec�1)

Durability
(seconds or cycles) Ref.

LDH/rGO OER 0.19 39.0 High 14
Ni0.67Fe0.33/C OER 0.21 35.1 High 213
NiFe graphene/LDH* OER 0.23 42.0 High 221
NiFe graphene/LDH# OER 0.21 40.0 High 221
NiFe graphene/LDH HER 0.2 — High 221
MoS2–rGO HER 0.1 41.0 High 214
MoS2 nano-ake/graphene HER 0.27 35 High 217
WS2/rGO HER 0.15 58 High 222
MoS2/CoSe2 HER 0.11 36 High 223

* mixture of 2DMs, # heterostructure.
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6.2.1. Batteries. In general, conventional LIBs used
graphite as the anode but they were prone to fatigue and low-
power density, leading the researchers to focus on 2DMs, e.g.,
graphene. However, graphene appears to have moderate
capacity, unavailable voltage platform, and low coulombic effi-
ciency. To this end, 2D heterostructures of graphene with
TMDCs would be more effective in terms of enhanced capacity
and in curbing the irreversible capacity of graphene and
improving the conductivity of TMDCs, originating from the
formation of a solid-electrolyte interface (SEI).146 MoS2 nano-
sheets using cyclic voltammetry (CV) measurements show
a high initial charge discharge capacity of 1280 and 1040 mA h
g�1 but show a coulombic efficiency of only �81% and cycle
performance is only �58% aer 200 cycles. With a MoS2/gra-
phene heterostructure, all the performances were improved
signicantly, with charge and discharge capacities of 1403 and
1185 mA h g�1, 85% coulombic efficiency, and >90% capacity
retention aer 200 cycles.146 The electrochemical impedance
spectrum (EIS) provided insightful information showing low
charge transfer resistance. The presence of a conductive
component, e.g., graphene, improves the rate capability signif-
icantly. It should be noted that similar to heterostructure-based
catalysts here the composition is also important. For example,
a composition of MoS2 greater than 90% leads to the restacking
and performance loss. Such results of synergy in graphene/
TMDC heterostructures have also been observed by other
groups.35,224–226 Furthermore, enhancing the porosity as a whole,
e.g., MoS2 deposited on 3D graphene foam, also has a positive
effect on battery performance in terms of high capacity, in
which the presence of the 3D graphene backbone can
completely eliminate the use of a conductive metal-based
current collector.227 Apart from MoS2, tin based dichalcogenide
and oxide based heterostructures have also been explored with
respect to LIBs with enhanced performance.228,229 However,
researchers are still trying to overcome the issue of high irre-
versible capacity caused by the formation of a SEI.

With the fast development of portable electronics and elec-
trical vehicles, LIBs are facing great challenges taking into
consideration the high price, limited lithium resources and low
energy density. Some post-LIBs, e.g., sodium ion batteries
(SIBs),230 lithium sulfur (Li–S) batteries,231 potassium ion
21772 | J. Mater. Chem. A, 2018, 6, 21747–21784
batteries232 etc. are considered as alternatives to LIBs. Recently,
attention has turned towards SIBs partly because of their rela-
tive abundance and low cost. However, Na+ ions are bigger than
Li+ ions which hinders their immediate application to conven-
tional 2DMs as they will be pulverized by repeated large volume
contraction and expansion. In such a situation, 2D hetero-
structures remain as a viable and reliable option. Luo et al.
demonstrated SnS2/rGO heterostructures, with control over the
orientation of SnS2 over graphene, for both SIBs and LIBs.233

The parallel orientation showed an initial reversible capacity of
704 mA h g�1 for sodiation, much higher compared to 338 mA h
g�1 in MoS2/graphene for SIBs reported by David et al.234

However, in SnS2/rGO, the coulombic efficiency was 69%,233

which is lower compared to the 83% of MoS2/rGO reported.234

Also, MoS2/rGO showed better cycling performance than SnS2/
graphene. It is worth noting that the cycling performance of
SnS2/rGO electrodes was improved to �87% by coating them
with carbon particles due to the re-consolidation of strength.
Fig. 17 shows the schematic preparation of MoS2/rGO hetero-
structure paper, exhibiting excellent coulombic efficiency and
a possible mechanism for sodiation–desodiation in such a het-
erostructure. Black phosphorus (BP) is a very promising mate-
rial for SIBs due to its high capacity for sodium storage, but
sodium insertion can cause a large volume change (300%)
which degrades the capacity rapidly. To counter this, a binder-
free BP-graphene 2D heterostructure prepared by electrostatic
dispersion followed by electrophoretic deposition has been re-
ported. The intimate interaction between the two materials
allowed graphene to act as a volume buffer while maintaining
BP's high capacity. A very high discharge capacity of 2365 mA h
g�1 could be achieved with stable cycling performance
(Fig. 18a–c).258

Lithium sulfur (Li–S) batteries are theoretically better than
LIBs with energy density in the order of 2600W h kg�1, based on
the redox reaction between elemental sulfur and Li(S8 + 16Li4
8Li2S). However, Li–S batteries present some key issues of low
electrical and Li+ ionic conductivity of sulfur and solid suldes
(Li2S2 and Li2S), a large volume expansion up to 80% from
sulfur to Li2S, and a serious shuttle effect pertaining to the
soluble nature of polysuldes (Li2Sx, 4 < x < 8).231 To address
these issues regarding Li–S batteries, sulfur being an insulator
generally needs to be bounded using a conductive polymer or
This journal is © The Royal Society of Chemistry 2018
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Fig. 17 (a) Schematic showing the synthesis of MoS2/rGO heterostructure paper. (b) Photograph showing MoS2/rGO paper prepared by vacuum
filtration and subsequent annealing. (c) Sodium ion charge capacity of the paper electrode prepared with different MoS2 loadings. Here 20, 40,
and 60 MoS2 represent the percentage of MoS2 loading by weight in the corresponding MoS2/rGO papers, respectively. (d) Coulombic efficiency
of the 60 MoS2/rGO heterostructure. (e) Proposed mechanism of sodium insertion and extraction with the MoS2/rGO heterostructured elec-
trode.234 Copyright 2014, American Chemical Society.
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nanocarbons. Previous studies using ordered nanocarbon and
sulfur pushed energy density to as high as 1320 mA h g�1

bringing this cathode material into the limelight in this eld.228

A CVD-grown graphene foam-rGO heterostructure validates the
synergistic effect by combining several advantages of two
different morphologies on one platform, a 3D porous structure,
high conductivity and effective prevention of polysulde shut-
tling. This kind of unique structure allows a high sulfur loading
This journal is © The Royal Society of Chemistry 2018
of 83% and imparts a high areal capacity of 10.3 mA h cm�2.
Remarkably, this structure is able to retain 63.8% capacity even
at such a high sulfur loading (Fig. 18d–f).257 Besides graphene,
MXenes are emerging 2DMs with exceptional properties for
energy storage devices supported by theoretical calculations
and experiments.9,235–237 However, there are very few reports
about MXene based heterostructures delivering high energy
density for batteries. Nevertheless, a computational approach
J. Mater. Chem. A, 2018, 6, 21747–21784 | 21773

http://dx.doi.org/10.1039/c8ta04618b


Fig. 18 (a) HRTEM image of a BP/graphene heterostructure (inset shows EDS elemental mapping) (scale bars: 5 mm). (b) Galvanostatic charge and
discharge profile of the BP/graphene heterostructure at 100 mA h gP

�1. (c) Cycling performance up to 100 cycles with different current
densities.258 Copyright 2018, The Royal Society of Chemistry. (d) SEM image of a graphene foam/rGO heterostructure. (e) Galvanostatic charge
and discharge profile, and (f) rate performance of the graphene foam/rGO heterostructure.257 Copyright 2015, Wiley-VCH Verlag GmbH & Co.
KgaA. (g) HRTEM (left) and SEM (right) images of MoS2/Mo2TiC2Tx heterostructures. (h) Galvanostatic charge and discharge curve of MoS2/
Mo2TiC2Tx heterostructures. (i) Rate performance of the heterostructures compared with the pristine material showing a remarkable
improvement in performance.154 Copyright 2015, Wiley-VCH Verlag GmbH & Co. KgaA.
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suggests that MXene/graphene heterostructures due to the
combined lower molecular weight and higher conductivity are
promising candidates for LIBs.238 While choosing a potential
component, a trade-off between capacity and kinetics is inevi-
table. For a MoS2/Mo2TiC2Tx heterostructure,154 the initial
discharge capacity (646 mA h g�1 at 100 mA g�1) was higher
compared to pristine Mo2TiC2Tx (134 mA h g�1), accompanied
by an improved cycling stability of nearly 92%. This synergy
between the components provides a suitable host for accom-
modating the Li2S intermediate formed during the cathodic
process, thus enhancing the cycling stability (Fig. 18g–i). A
recent study of a Ti3C2Tx/rGO/S ternary heterostructure system
with a high sulfur loading (�70%)239 showed high capacity and
excellent cycling stability (984 mA h g�1 aer 100 cycles),
pointing towards the promising potential of MXene based
21774 | J. Mater. Chem. A, 2018, 6, 21747–21784
heterostructures. One disadvantage of Li–S batteries is the insu-
lating nature of sulfur that could be possibly avoided with
lithium–selenium (Li–Se) batteries which possess similar energy
and power density to Li–S batteries. Focused research in this
direction is quite recent but given the advantages compared to
Li–S batteries it is a promising direction to pursue. Recently,
several reports have showcased the potential of Li–Se batteries.
Since sulfur and selenium are so similar in their atomic proper-
ties, and have the same set of problems like activematerial loss in
the form of poly-selenides,259 as expected, research for Li–Se
batteries has taken the same route as Li–S batteries and several
nanocomposites, encapsulation, etc. have been reported to miti-
gate this issue.260 This opens good opportunities for using 2D
heterostructures for Li–Se systems to achieve enhanced perfor-
mance like Li–S systems.
This journal is © The Royal Society of Chemistry 2018
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6.2.2. Supercapacitors. In supercapacitors, the application
of 2D heterostructures, e.g., graphene/MO and graphene/
TMDC, may change the mechanism of energy storage from
electric double layer capacitors (EDLCs) to redox pseudocapa-
citors. For instance, the CV of a graphene electrode for EDLCs
shows non-faradaic peaks while a low loading of the TMDC
(MoS2) onto it shows redox shoulders, derived from the faradaic
reaction of the TMDC. With a medium and high loading of
MoS2, redox peaks start to appear in the near rectangular
Fig. 19 (a–f) Schematic representation of the process involved in th
synthesized using MnO2/graphene heterostructures. (g) TEM image show
planar supercapacitor in different bending states of flat, folded and rolle
and discharge curves at different current densities, and (m) performance
phene based planar supercapacitors.149 Copyright 2013, American Chem

This journal is © The Royal Society of Chemistry 2018
feature, suggesting the addition of pseudocapacitance.142 The
specic capacitance of 265 F g�1 for themedium loading (17.6%
by weight) obtained is higher than that of the pure MoS2 elec-
trode (20 F g�1) at 50 mV s�1. Also, similar to batteries, the ratio
of components is important as observed from the performance
improvement with increasing MoS2 loading and then decrease
beyond the optimum loading. Such heterostructures have also
shown a lower level of self-discharge compared to their 2D
counterparts by reducing faradaic leakage and charge
e fabrication of a planar supercapacitor with finger-like electrodes
ingMnO2 nanoplates on graphene nanosheets. (h–j) Photograph of the
d, respectively. (k) CV with different scan rates, (l) galvanostatic charge
comparison of the MnO2/graphene heterostructure with purely gra-
ical Society.

J. Mater. Chem. A, 2018, 6, 21747–21784 | 21775
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redistribution.240 The synergistic effect is more pronounced in
heterostructures than that in simply mixed composites. This
can be clearly observed from the remarkably stable cyclability
up to 50 000 cycles and a high specic capacitance of 415 F g�1

at 1000 mA g�1 of the MoS2/graphene heterostructure.241 Simi-
larly, a heterostructure of MnO2/graphene not only shows a high
capacitance of 254 F g�1 but also superior rate capability with
a capacitance as high as 208 F g�1 at a current density 10 A
g�1.149 This is because when MnO2 is integrated with graphene,
the resulting heterostructure could provide a unique way of
tuning the distance between the conducting graphene sheets
and also provide active sites for the adsorption of ions that is
essential for improving the supercapacitive mechanism. Fig. 19
shows the fabrication of such planar micro-supercapacitors
Fig. 20 (a and b) Scheme of (a) the planar TP/EG-MSCs from the top view
a TP nanosheet. (d) AFM image and height profile of the TP nanosheet. (e)
MSCs obtained at scan rates from 0.1 to 1000 V s�1. (g) The areal capaci
scan rate. (h) CV curves of TP/EG-MSCs under flat and bending states. I

21776 | J. Mater. Chem. A, 2018, 6, 21747–21784
with inter-digital electrodes made of MnO2/rGO hetero-
structures. The planar structure enables superior exibility
while retaining excellent electrochemical performance.

From an application point of view, all-solid-state super-
capacitors are highly desirable for constructing exible and
wearable electronic devices. Recently, a stacked-layer hetero-
structure lm (denoted as TP/EG) assembled from thiophene
(TP, a thickness of �3.5 nm) nanosheets and electrochemically
exfoliated graphene (EG, thickness of �1.0 nm) using an alter-
nating deposition technique was rst reported by Wu et al. for
all-solid-state exible micro-supercapacitors (TP/EG-MSCs,
Fig. 20).242 Such a rationally designed heterostructure could be
operated at a high rate of up to 1000 V s�1 and offered ultrahigh
rate capability with an areal capacitance of 1.30 mF cm�2 and
and (b) side view of the charging state, respectively. (c) TEM image of
AFM image and height profile of EG nanosheets. (f) CV curves of TP/EG-
tance and volumetric capacitance of TP/EG-MSCs as a function of the
nset: photographs of TP/EG-MSCs under flat and bending states.242

This journal is © The Royal Society of Chemistry 2018
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a volumetric capacitance of 123 F cm�3 at 100 V s�1. Also, the
performance showed no signicant degradation even with high
bending angles, highlighting the clear advantage of ultrathin
polymer pseudo-capacitance having a synergistic effect with
graphene's conductivity in the heterostructure lm that guar-
antees fast ion diffusion and electron transport throughout the
binder-free compact lm electrode (Fig. 20).242 This strategy of
assembling stacked-layer heterostructure lms will open up
a novel possibility for realizing 2D graphene and analogous
redox nanosheets for new-concept thin-lm energy storage
devices.

While liquid-based techniques are favorable for fabricating
electrodes, CVD growth has also been reported to produce
porous 3D graphene structures using a foam-based template for
these applications. This not only provides a high conductivity
network for electronic transport but also serves as a platform for
synthesizing 2D heterostructures molded into a 3D congura-
tion.255 Using a Ni(NO3)2 electrolyte a high capacitance of 816 F
g�1 (5 mV s�1) was achieved.

Besides graphene based architectures, a unique hetero-
structure of MXene derived carbon (MDC) and ordered meso-
porous carbon (OMC) showed incredible rate capability and
cycling stability in KOH electrolyte. For instance, even at a high
current density of 40 A g�1, it shows a specic capacitance as
high as 188 F g�1. And only 2% loss of capacitance is observed
aer 7000 cycles at a high current density of 4 A g�1. This
ultrahigh performance is due to the increased accessibility of
the active surface area and fast electrolyte transport through the
carbon networks.15 This provides a good opportunity to fabri-
cate MXene-based heterostructures for hybrid supercapacitors,
micro-supercapacitors, and asymmetric supercapacitors with
high capacitance.243 In particular, a heterostructure of MnO2/
MXene has also been reported to be a good supercapacitor
electrode with a high capacitance of 390 F g�1 at a scan rate of
100 mV s�1 and excellent durability with a capacity retention of
93% aer 6000 cycles,244 due to the perfect combination of the
high electrochemical activity of MnO2 and the high conductivity
of MXenes. Therefore, 2D heterostructures based on graphene
and other 2D nanosheets hold great potential for developing
high-performance and exible energy storage devices.

7. Challenges and prospects

In summary, we have reviewed the state-of-the-art advances in
the synthesis and characterization of 2D heterostructures for
advanced energy storage and conversion, including catalysts
(e.g., HER, OER, and ORR), batteries (LIBs, SIBs, and Li–S),
supercapacitors and micro-supercapacitors. Although great
progress has been made so far, there are still greater challenges
to the entire realization of 2DMs and particularly hetero-
structures in widespread applications, partly because they are
difficult to handle and partly because of the lack of fundamental
understanding as to how exactly does the synergy work. In this
section we will discuss some of these challenges and provide
our perspectives on future directions that may be fruitful in
propelling the understanding and applications of 2D
heterostructures.
This journal is © The Royal Society of Chemistry 2018
The rst important issue lies in the controllable design and
precise fabrication of 2D heterostructures. With the number of
2DMs available in our inventory, we should have hundreds of
varieties of heterostructures with each one having different
properties to the other through different synergistic interac-
tions. However, we still have only a handful of 2D hetero-
structures with graphene, h-BN, TMDCs and MXenes
dominating the scene. Preparing vertically stacked hetero-
structures by mechanical stacking is rather facile but not scal-
able, and horizontal in-plane heterostructures need special care
due to the lattice matching criteria. Not all 2DMs can be grown
into heterostructures by CVD methods. To overcome this
problem, we need to look for modied 2DMs and innovative
ways of creating 2D heterostructures through solution-based
methods. Solution based methods provide a way of modifying
the characteristics of 2DMs during the growth process and
revert back the changes aer heterostructures have been
formed. Although this is not a perfect method and could
introduce defects, this method could still give us hope for
creating novel 2D heterostructures to understand the syner-
gistic interaction between the new 2DMs. Understanding the
interactions is of great importance because then we can opti-
mize the heterostructures for specic applications. Recent
studies on novel heterostructures developed by CVD processes,
followed by a transfer step, gave hope for the electronic study of
heterostructures.245 Also, developing in-plane heterostructures
using solution based methods, e.g., organic-based bottom-up
strategy, although difficult but very promising,160 provides us
with more options to work with. New design and precise
stacking of 2DMs in sequence, inspired from nature, could be
a suitable way to explore new materials of 2DM based
heterostructures.246

Second, characterization techniques become more and more
important for the observation of 2D heterostructures and
understanding of their growth mechanism as well as creation of
2D heterostructure-based devices, which in turn could provide
a new insightful guide to creating better heterostructure mate-
rials. In particular, when it comes to understanding the mecha-
nism of devices (especially in energy storage), in situ
characterization techniques offer real-time monitoring of devices
during operation. This allows us to determine not only structural
evolution but also chemical changes, hence providing insights
into the structural durability and reaction mechanism.247 These
techniques become more relevant while considering devices
fabricated from heterostructures, because with an increasing
number of components a pronounced mixture of mechanisms
takes place. Also, the structural evolution in heterostructure
based electrodes should be observed in real time. And newly
developed in situ characterization techniques for studying 2DM
electrodes248,249 could be extended to heterostructure based
systems for a comprehensive study of transformations and tran-
sitions occurring during operation. For instance, a single nano-
wire electrode was used to reach important conclusions about the
mechanism of capacity fading in V2O5 based batteries.248 By
replacing that with 2D heterostructures we may gain insight into
unprecedented mechanisms.
J. Mater. Chem. A, 2018, 6, 21747–21784 | 21777
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Third, an all-CVD growth of high-quality 2D heterostructures,
consisting of designable shapes and components of varying
2DMs with covalently bonded interfaces, is a high priority for
fundamental research and electronic applications, but is still
underdeveloped. Currently most CVD based techniques for het-
erostructure fabrication still rely on the transfer of as-grown
2DMs from one substrate to another, which inherently intro-
duces the shortcomings (e.g., defects and indeterminate control
on size) of the mechanical stacking method to this otherwise
efficient route. Therefore, it is necessary that an all-CVD growth
be sought for retaining high quality of covalently bonded heter-
ostructures. It is optimistic that researchers are trying to employ
multiple steps of CVD growth to avoid transfers.125,126 Pushing in
this direction, through better understanding of its fundamental
mechanism, may lead to the ultimate realization of 2D hetero-
structures for large scale electronic application.

Fourth, the realization of certain 2D heterostructures will
unveil new opportunities for novel devices with unprecedented
performance. It has been observed before that greater potential
of 2DMs can be realized in devices by creating newer device
architectures for the complete integration of electronics and
energy storage on a single substrate.250–252 Therefore, it can be
argued that applying these device architectures could lead to
better utilization of heterostructure properties. For example,
vertically aligned graphene on a current collector has been used
to boost greatly the power density of existing electrodes. This
could be a promising device architectural template for creating
heterostructure-based electrodes with enhanced
performance.251

Fih, computational simulation is highly necessary to
precisely build 2D heterostructures, which should go hand in
hand with experiments. Experiments provide useful data for
computation and computation offers useful insights into
mechanisms and gives direction for future research. When 2D
heterostructures are considered, computational work becomes
even more vital given the complexity of the system. To make an
accurate judgement about the mechanism of devices and the
factor that makes heterostructures perform better, character-
ization techniques must be accompanied by computation. First
principles studies are the sought-aer methods currently and
they have been successful so far in predicting newmaterials and
combinations for effective applications.238,253 The role of
computational studies will become even more important in the
coming times if next-generation heterostructures are to be
predicted and understood. However, characterizing next-
generation heterostructures may be a mammoth task for the
present level of computational power and efficiency commonly
employed. It may need extraordinary efforts to nd viable and
applicable heterostructures to move into the next generation.

Seeing the rapid progress, it is not too bold to suggest that in
the near future 2DMs and heterostructures will reach their full
potential. So, we should have plans for further research to create
next-generation heterostructures. One way of realizing this
could be to combine vertical and in-plane heterostructures. As
we have already seen from the previous discussions that 2DM
synergy can result in unprecedented properties. Therefore, it is
quite reasonable to assume that the different types of
21778 | J. Mater. Chem. A, 2018, 6, 21747–21784
heterostructures could also create synergistic effects to result in
something unthinkable. This would give us an additional
control parameter to modify the properties of each section of
novel yet complicated 2D heterostructures. This could lead to an
all-in-one integration system of electronics and energy storage,
leading to the ultimate miniaturization and modularization.
This concept may not be too ambitious given the success
already achieved in creating difficult heterostructure patterns
and structures.119,254 This could also provide us with a way of
studying different geometries and morphologically periodic
effects of 2D heterostructures. All in all, we indeed hope that
this review will shed light on the intriguing opportunities,
prospects and challenges that would be possibly addressed by
the introduction of 2D heterostructures into varying applica-
tions from batteries, supercapacitors to fuel cells and other
electronics.
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2015, 3, 7632–7641.

32 D. Jariwala, V. K. Sangwan, L. J. Lauhon, T. J. Marks and
M. C. Hersam, ACS Nano, 2014, 8, 1102–1120.

33 L. Peng, Y. Zhu, D. Chen, R. S. Ruoff and G. Yu, Adv. Energy
Mater., 2016, 6, 1600025.

34 M. Chhowalla, H. S. Shin, G. Eda, L. J. Li, K. P. Loh and
H. Zhang, Nat. Chem., 2013, 5, 263–275.

35 K. Chang and W. Chen, ACS Nano, 2011, 5, 4720–4728.
This journal is © The Royal Society of Chemistry 2018
36 E. Pomerantseva and Y. Gogotsi, Nat. Energy, 2017, 2, 17089.
37 X. Cai, T. C. Ozawa, A. Funatsu, R. Ma, Y. Ebina and

T. Sasaki, J. Am. Chem. Soc., 2015, 137, 2844–2847.
38 Y. Yao, Q. Fu, Y. Y. Zhang, X. Weng, H. Li, M. Chen, L. Jin,

A. Dong, R. Mu, P. Jiang, L. Liu, H. Bluhm, Z. Liu,
S. B. Zhang and X. Bao, Proc. Natl. Acad. Sci. U. S. A.,
2014, 111, 17023–17028.

39 J. Deng, P. Ren, D. Deng and X. Bao, Angew. Chem., Int. Ed.,
2015, 54, 2100–2104.

40 D. Deng, K. S. Novoselov, Q. Fu, N. Zheng, Z. Tian and
X. Bao, Nat. Nanotechnol., 2016, 11, 218–230.

41 L.-Y. Gan, Q. Zhang, C.-S. Guo, U. Schwingenschlögl and
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