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Abstract

The development and ongoing discovery of 2D materials and their emergent optical and electronic 
properties has led to an intense interest in the stacking of different 2D materials into layered 
heterostructures. While the initial efforts focused on mechanical transfer of 2D materials and vapor-phase 
epitaxial growth, there is an increasing body of research on colloidal methods for the fabrication of 
layered heterostructures. This review gives insight into the history and development of layered 
heterostructures composed of stacked 2D materials, starting from the origins of 2D materials research and 
leading up to the current state-of-the-art methods for fabricating 2D material heterostructures. Particular 
attention is given to colloidal approaches, with emphasis on the importance of surface chemistry in 
controlling both the assembly of dispersed 2D materials and direct colloidal synthesis at 2D material 
interfaces to achieve well-defined heterostructures. Approaches from diverse fields of chemistry such as 
the synthesis of 2D Janus nanosheets, modification of interlayer spaces of 2D materials, and colloidal 
atomic layer deposition give insight into potential future colloidal strategies. In summary, this review 
provides an overview of the basics of 2D material heterostructures and their fabrication, while also 
suggesting future colloidal avenues for the development of hybrid nanomaterials which would greatly 
benefit applications in (photo)catalysis, energy storage, sensing, optoelectronics, and more.

1. Background

In order to clarify the state of the art of colloidal 2D material heterostructures, a brief history of the 
development of 2D materials and an overview of some of the different materials is given (section 1.1), 
followed by a short overview of 2D material heterostructures and some of their unique properties (section 
1.2). 

1.1. 2D Materials

The discovery of two dimensional (2D) materials such as graphene and MoS2 has led to an explosion in 
interest in the field, which has since led to the discovery and development of a broad variety of 2D and 
ultrathin materials.1–4 In general, the composition and structure of 2D materials are the same as in their 
parent bulk compounds, while their thickness ranges from 0.3 nm (e.g. graphene) – 2.8 nm (e.g. 
Bi2Sr2CaCu2Ox) .1,2,4–7 In particular, semiconductors and the unique physical and electronic properties 
which arise from the confinement of their dimensions into nanometer-thick layers have led to 2D 
materials attracting intense interest. This is particularly notable for graphene, the single-atomic layer thick 
sheets that, when stacked, compose graphite, which has generated intense interest since its discovery.8 
The theory of graphene was first developed by Wallace in 1947 to better describe the electronic properties 
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of graphite,9 and first electron microscopy studies of thin graphite samples were reported from 1948 to 
1962.10,11 While the first reliable observations of graphene by electron microscopy were made in 2001,12 
Novoselov, Geim, and coworkers were the first to properly isolate and characterize graphene in 2004,13 
which led to their 2010 Nobel Prize in Physics. 

Although graphene is generally seen as the first 2D material, even before its discovery numerous 
researchers had explored layered metal oxides, finding that they could be exfoliated into unilamellar 2D 
crystals by using colloidal processes such as ion-exchange and osmotic swelling.14–19 MoS2, a transition 
metal dichalcogenide (TMD), was also of significant interest to researchers decades prior to graphene. 
The “Scotch tape technique” of mechanical exfoliation (that later was used for the production of graphene 
in the landmark study by Novoselov et al.) was first reported for the production of few-layer MoS2 in 
1965,20 whereas the liquid-phase exfoliation (LPE) of MoS2 via lithium ion intercalation to result in “one-
molecule-thick sheets” was reported in 1986.20 Despite these early observations, it was the intense interest 
generated by the of graphene and the wide range of methods developed for related research that sparked a 
new interest in MoS2 and other 2D materials for their unique optical, electronic and mechanical 
properties.21–24 The discrete, quantized electronic structure of 2D materials including graphene and TMDs 
has since led to the discovery of numerous unique electronic and magnetic effects, such as highly tunable 
bandgaps which can be tuned from indirect to direct,23–25 enhanced photoluminescence,23,26 and coupling 
of spin and valley physics for “spintronic” and “valleytronic” devices.27–30  

2D or ultrathin materials comprise a broad number of different materials. They can vary in 
thickness, from single atom-thick layers in materials including graphene, g-C3N4, and h-BN, to periodic 
stacks of varying thickness, depending on crystal structure.  Non-layered materials can also exhibit 
interesting physical, optical, or electronic properties when deposited or grown as layers with nanometric 
thickness, particularly plasmonic metals31,32 and semiconductors.33,34 A significant number of layered bulk 
solids have been discovered and studied for their potential for the formation of hybrid nanomaterials. 
Phyllosilicates are a broad class of materials composed of 2D sheets of tetrahedral and octahedral 
coordination, to which the minerals pyrophyllite, muscovite, talc, montmorillonite, and others belong.35 
As Phyllosilicates in general tend to have a wide bandgap, high dielectric constant, and high thermal 
stability, they have recently found increased use in electronic and optoelectronic applications, as well as 
being incorporated into different 2D material heterostructures.35 Misfit layer chalcogenides, with the 
formula (MX)1+m TX2 or (MX)1+m (TX2)2 (where M=Sn, Pb, Sb, Bi, rare earth; T=Ti, V, Cr, Nb, Ta; X=S, 
Se), consist of alternating stacks of MX and TX2 layers.36–38 These can consist of multilayered misfit 
compounds, which show various polytypes, and the potential for non-stoichiometry in the MX layers due 
to M atom vacancies. Some misfit layer chalcogenides can demonstrate interesting electronic and 
magnetic properties such as superconductivity and antiferromagnetic ordering,37 which has found use in 
thermoelectric energy conversion applications in recent years.39 Aurivillius- and Sillén-Aurivillius type 
perovskites consist of a layered structure in which Bi2O2 layers are sandwiched between (Am-1 Bm O3m+1) 
layers, where A is a 12-atom coordinated cation such as Na+, K+, Ca2+, Sr2+, Pb2+, Ba2+, Ln3+, Bi3+, etc., 
and B is a combination of cations suitable for octahedral coordination, e.g. Fe3+, Cr3+, Ti4+, Nb5+, Mo6+, 
etc.40 Aurivillius perovskites have shown great potential as naturally layered multiferroics,41 and for 
applications in photocatalytic water oxidation42 and overall water splitting.8 

Recently, the discovery of novel classes of materials such as MXenes has further transformed the 
field,43–45 and the potential of machine learning and computational approaches to predict possible new 2D 
materials has further opened the door to almost unlimited potential new 2D materials.46 The advantages of 
MXenes, with the chemical formula of MnXn+1T, where M is a transition metal, X is C or N, and T is a 
terminal group (generally –OH or –F), are manifold. First, the different possible combinations of M and X 
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elements with n varying from 2 to 5 means that a huge number of MXenes are theoretically possible. 
Second, as the MAX phases used to derive MXenes are synthesized at temperatures in excess of 800ºC 
they have very high temperature stability,47 which allows numerous applications at elevated temperatures 
and opens to the door to processing techniques which may damage more thermally sensitive materials. 
Furthermore, many different possible terminal groups can be introduced during the synthesis, which 
allows for tunable surface chemistry, although in practice this can be challenging to achieve, and greatly 
depends on the target MXene and the synthetic approach. Finally, MXenes generally display a negative 
surface charge, similar to clay-like materials, which allows for electrostatic-based assembly and surface 
modifications towards fabrication of layered heterostructures, which is discussed in detail below.

For the purpose of this review, the materials of focus are semiconductors, as changes to their 
electronic structure due to confinement can lead to significant changes in their properties,23–25 making the 
understanding of their synthesis critical for advancing applications. These thickness-dependent changes to 
their properties can lead to reduced recombination of photogenerated electrons and holes, decreasing of 
the bandgap, and increased photoluminescence, which are potentially advantageous for applications such 
as photocatalysis, photovoltaics, and optoelectronics. These unique properties, and the potential for 
synergy and enhancement when two 2D materials are combined, make 2D heterostructures an exciting 
research direction. More detailed discussion of different 2D materials and their unique properties can be 
found in a number of reviews.2,4,5,48–50 

1.2 2D Material Heterostructures

The wide range of different 2D materials and their unique properties can allow a plethora of interesting 
combinations in 2D heterostructures (Figure 1a). Initial studies on VdW heterostructures focused on 
graphene showed that bilayers or multilayers of graphene with a certain twist angle between the two 
layers can exhibit new properties such as high carrier emission, topological superconductivity,51,52 and 
tunable photoluminescence.51,52 An angle of as low as 1.1º between 2D layers significantly alters the 
electronic structure of the bilayer, leading to distinct energy and momentum states known as flat 
bands.51,52 In so-called magic-angle-twisted bilayer graphene, superconducting and topological insulating 
states have been recently observed.53–60 The twisting of the two layers leads to a distinct Moiré pattern,61,62 
which leads to a certain periodicity in the distances between different lattice positions of the two 
layers.53,56,63–66 This has also been shown in transition metal dichalcogenides such as MoS2 and WS2 
(Figure 1b-e).67 The changes in relative lattice position can also be used to block carriers with a specific 
electron spin, dubbed spin filtering.68,69 

Page 3 of 52 Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
A

do
ol

ee
ss

a 
20

24
. D

ow
nl

oa
de

d 
on

 1
7/

07
/2

02
4 

2:
30

:4
6 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D4TC01102C

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tc01102c


Figure 1. (a) Examples of 2D materials, grouped by basal surface charge; (b) Example of a 2D layered 
heterostructure of two TMDs, where the twist angle is shown; (c) Micrograph of a MoS2/WSe2 
heterostructure formed by mechanical transfer; (d) Electron diffraction showing the offset of the two 2D 
crystals in the heterostructure; (e) Transmission electron micrograph of single-layer MoS2 (SL MoS2) and 
MoS2/WSe2 heterostructure displaying Moiré pattern due to twist angle between layers. Panel a adapted 
with permission from The American Chemical Society.7 Panels b-e adapted with permission from the 
Proceedings of the National Academy of Sciences of the United States of America.67

While 2D materials in twisted layered structures are highly interesting for the reasons given above and 
more,70 the development of 2D heterostructures, i.e., two ultrathin layers of different material 
composition, has also yielded significant advances in materials science and solid-state physics which have 
reverberated across scientific fields. Layered heterostructures were first reported by Koma and coworkers 
in 1984, via the growth of NbSe2 thin films on 2H-MoS2.71,72 However, the majority of reports since then 
naturally stem from the graphene community, as this material was most heavily studied following its 
report in the early 2000s. In that sense, mechanical exfoliation and transfer of one material followed by 
the sequential laying of an individual sheet of another material atop the other was first reported by Dean 
et al. with graphene and hexagonal boron nitride (h-BN).73 A variety of different stepwise mechanical 
transfer methods similar to this have been reported since, which are detailed in section 2. The colloidal 
synthesis and exfoliation of 2D materials is critical for development of colloidal assembly techniques, and 
thus this topic is briefly covered in section 3. A number of other approaches based on the colloidal 
restacking of exfoliated nanosheets have also been reported, which are detailed in section 4. There are a 
number of colloidal techniques to control the surface chemistry at the basal interfaces of 2D materials, 
and examples including Janus-functionalized nanosheets and the formation of clays “pillared” with 
surfactants and different metal oxides, which are detailed in section 5. Finally, the state of the art of direct 
colloidal synthesis of 2D material heterostructures, particularly stepwise shell growth in semiconductor 
chalcogenide nanoplatelets and the synthesis of semiconductors in the interlayer space of layered material 
templates, are discussed in detail in section 6. 

2. Non-Colloidal Approaches to 2D Material Heterostructures

While the focus of this review is the development of colloidal approaches for the fabrication of 2D 
material heterostructures, it is essential to first outline the “classic” approaches for fabrication of well-
defined 2D material heterostructures. These are generally recognized as the stepwise mechanical stacking 
of individual exfoliated sheets (section 2.1), vapor-phase synthesis of 2D materials atop one another held 
together by VdW interactions (section 2.2), and annealing of (typically amorphous) precursor layers at 
high temperatures (section 2.3). 

2.1 Mechanical Transfer

Mechanical transfer, i.e. the scotch tape method, is a classic and straightforward method to achieve 2D 
heterostructures, particularly van der Waals heterostructures, based on the stepwise mechanical transfer of 
individual exfoliated sheets atop one another on a substrate. This approach consists of two methods, 
known as carrier foil transfer and stamping, which are variations of the same basic approach depending 
on whether the first 2D layer can be transferred from the growth substrate or is capable of being directly 
exfoliated onto the transfer layer. In carrier foil transfer, the 2D nanomaterial sheet is placed on a thin 
polymer film, generally PMMA or a thermal release tape, by either covering the 2D material with this 
transfer polymer or exfoliation of the 2D sheet directly onto it (Figure 2a). The 2D material sheet is then 
transferred atop this polymer layer to the desired substrate, and released from the film either by heating 
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(when using thermal release tape),74  or by dissolving the layer with solvent (for polymers such as 
PMMA).75 There are numerous variations on this method, by which different types of polymers and 
methods for retrieving the heterostructure from liquid-air interfaces are reported. However, due to the lack 
of mechanical stability of the polymer film which limits the capability to align the two layers, the 
involvements of solvents (some of them chemically aggressive, such as KOH) which can damage more 
delicate 2D materials, and potentially poor quality interfaces between the two sheets which is further 
complicated by the incomplete removal of the transfer polymer, other methods have been developed to 
achieve well-ordered 2D layered assemblies. 

Microcontact-printing-based approaches,76,77 otherwise referred to as stamping, use elastomeric 
stamps (composed of materials such as PDMS) to “pick up” a 2D material sheet to be stamped, and then 
by bringing the 2D-material-adhered stamp in contact with a substrate, transfer the 2D material sheet to 
the substrate (Figure 2b). While very simple and capable of alignment due to the transparency of the 
elastomeric stamp, the success of this method requires favorable adhesion between the stamp and the 2D 
material sheet, as well as slightly more-favorable interactions between the 2D sheet and the target 
substrate. Several variations on this method have been made, whereby different sacrificial polymer layers 
above or beneath the 2D material sheet can facilitate the transfer process by adjusting the adhesion 
properties between the different components.78–80 However, in some cases the van der Waals-based 
assembly of 2D sheets into heterostructures is achievable without such sacrificial polymer layers, except 
for the top layer (Figure 2c).80 As these techniques are not the focus of this review, the reader is pointed 
towards recent reviews if they are interested in learning more.81

Figure 2. Mechanical transfer of 2D materials (a) Carrier-foil transfer technique; (b) Soft-lithography 
approach using intermediate release layer; (c) Stamping of 2D materials atop one another via vdW 
interactions and transfer to a target substrate.

2.2 Van der Waals Epitaxy

Much of the early research on 2D heterostructures stems from vapor-phase methods of 2D material 
growth. Dubbed Van der Waals epitaxy (VdWE), this results in the oriented in situ growth of 2D layers 
which gives rise to multilayer structures held together by weak VdW forces. Techniques suitable for 
VdWE include pulsed laser deposition (PLD) (Figure 3a,b), molecular beam epitaxy (MBE) (Figure 
3c,d), and chemical vapor deposition (CVD).82–85 This was first reported in 1984 by Koma et al., in which 
the epitaxial growth of NbSe2 on single-crystal MoS2 was achieved by molecular beam epitaxy.71,72,86 The 
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weak VdW interactions between the crystalline layers of the 2D heterostructure is a defining feature 
which results in relaxed lattice matching conditions, allowing the fabrication of 2D-2D heterostructures 
with relatively large lattice mismatch (above 50%).86 In order to achieve such 2D heterostructures by 
VdWE in a well-controlled manner, compatibility with the substrate and non-catalytic growth processes 
that occur independent of the substrate are required. Non-catalytic CVD-based growth processes have 
been developed for a variety of materials, allowing the VdWE of a diverse combination of 2D materials 
such as graphene/h-BN,87 graphene/MoS2,88 SiC/MoS2,89 and a number of others, which are covered in 
recent reviews.81 In general, the growth of epitaxial 2D layers via vapor-phase methods is dictated by the 
chemical potential of the first adsorbed layers and strain at the interface, where strong surface adhesive 
forces between the adsorbate and substrate are ideal.90 

One of the advantages of VdWE is the relative lack of impurities in the grown layers, due to 
fabrication using of high-purity source materials and ultra-high vacuum conditions (with pressures 
typically lower than 10-9 mTorr).91 There are also several drawbacks to this approach. First, the equipment 
requirements of the different techniques mentioned to carry out VdWE are significant, and typically 
expensive to obtain and maintain compared to colloidal approaches discussed in sections 4 and 6. In 
addition, some materials such as TMDs (e.g. MoS2, WSe2, etc.) have high nucleation rates during their 
growth process, which ultimately limits the possible grain sizes achievable. For example, growth of 
TMDs by MBE generally suffers from a high nucleation rate, limiting the achievable grain size to 250 nm 
or below in most cases.92 This is partially due to low substrate temperatures encouraging nucleation, and 
maintaining a high substrate temperature has been shown to promote both metal and chalcogen 
desorption, limiting nucleation and increasing the size of grown TMDs. However, the increased 
desorption of precursors at the substrate interface also necessitates longer reaction times, although the end 
result is TMD layers with order of magnitude larger grain sizes.82 In the case of h-BN, high temperature 
MBE has shown the most promise, however, while growth temperatures up to 1850ºC on graphite93 or 
900-1000º C on metal foils94–96 can be suitable for the formation of h-BN graphene heterostructures, these 
temperatures are far in excess of the decomposition temperatures of TMDs. This has led to efforts to 
achieve the low-temperature epitaxial growth of h-BN/TMD heterostructures. While some success has 
been achieved using MBE at temperatures from 350 - 500ºC, the resulting 2D material layers are poorly 
crystalline.97 On the other hand, atomic layer deposition (ALD) has shown promising results for the 
growth of h-BN layers at temperatures as low as 275ºC,98,99 however more work is needed in this 
direction to establish high-fidelity VdWE of h-BN/TMD heterostructures at growth temperatures typical 
of semiconductor/MEMS processing.  
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Figure 3. (a) Schematic of PLD-based VdWE of WS2/WSe2 heterostructures; (b) Scanning transmission 
electron microscopy image of 2D WS2/WSe2/WS2 heterostructure fabricated by PLD-based VdWE, with 
corresponding elemental mapping by electron-dispersive X-ray spectroscopy; (c) Transmission electron 
microscopy image of 9 monolayer MoSe2 on highly oriented pyrolytic graphite (HOPG) fabricated by 
MBE. (d) Transmission electron microscopy image of multilayered WSe2 on single crystal Bi2Se3 
fabricated by MBE. Panel a,b adapted with permission from The American Chemical Society (CC-BY-
NC-ND 4.0).100 Panels c101 and d102 adapted with permission from  IOP Publishing. 

2.3 Reactive Annealing 

The annealing of amorphous or molecular precursors at high temperatures can result in the formation of 
distinct alternating 2D crystalline layers, allowing for highly flexible design of complex superlattices 
based on compositionally diverse layered compounds. This has first been shown by the group of Johnson 
et al. to yield a series of superlattices composed of mixed chalcogenides such as [NbSe2]6[TiSe2]6 and 
[(SnSe)1.16-1.09][(NbxMo1-x)Se2].103,104 These were achieved by first depositing amorphous precursors by 
physical vapor deposition, followed by an annealing step at elevated temperature to form kinetically 
trapped, metastable crystalline 2D layers which form a superlattice, albeit with some rotational disorder 
(Figure 4a,b). Furthermore, the Schaak group has reported the synthesis of metastable 2D MBene 
nanosheet heterostructures via a room-temperature topotactic pathway.105 Starting with the stable 
compound MoAlB, room temperature chemical deintercalation of Al via NaOH etching provided MoAl1-

xB, as a destabilized intermediate. After size-selection of the resulting grains to isolate the smallest (and 
thus most reactive) grains, they were annealed at 600ºC for 4.5 hours to further deintercalated Al and to 
crystallize metastable Mo2AlB2. Increasing this annealing time to 18 hours led to the formation of a 
layered heterostructure of alternating Mo2AlB2 and AlOx layers of 1-3 nm thickness (Figure 4c).

Figure 4. (a) Schematic of an as-deposited amorphous precursor on the left, and [(SnSe)1.15]1(TaSe2)1 

which forms after annealing on the right; (b) Cross-sectional high-resolution high angle annular dark field 
scanning transmission electron microscopy (HAADF-STEM) image of a [(SnSe)1.15]1(TaSe2)1 specimen, 

Page 7 of 52 Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
A

do
ol

ee
ss

a 
20

24
. D

ow
nl

oa
de

d 
on

 1
7/

07
/2

02
4 

2:
30

:4
6 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D4TC01102C

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tc01102c


with layers noted and Sn and Se indicated with green and red beads, respectively; ; (c) Scheme depicting 
the topotactic conversion of MoAlB to MoAl1-xB, followed by isolation of smaller grains and thermal 
annealing to achieve metastable Mo2AlB2 and finally a 2D nanosheet heterostructure composed of 
alternating Mo2AlB2 and AlOx layers of 1-3 nm thickness. Panels a,b adapted with permission from The 
American Chemical Society,103 and panel c reprinted with permission from the American Chemical 
Society.105

Although there is much yet to explore in reactive annealing approaches, there are already distinct 
advantages and disadvantages which are apparent. The advantages of this technique are the scalability and 
quality of the interface between the two materials, which do not contain organic molecules or other 
contaminants. The approach is also relatively straightforward, although this depends on what is required 
to achieve the precursor materials prior to the annealing step. This strategy is not limited to 2D materials, 
and has also been applied to the formation of MoS2/WS2 heterostructured nanotubes, where the layer 
number and crystallinity of the MoS2 outer wall was controlled by synthetic conditions, yielding highly 
crystalline heterostructures with specific chirality.106  Considering the disadvantages, first of all, as this is 
not an epitaxial growth process, layer alignment out of plane cannot be controlled easily, which results in 
significant turbostratic disorder along the direction of layer stacking. This technique is also not applicable 
for all materials, and is mostly suitable to materials which have metastable intermediates or are capable of 
dealloying. Finally, this approach is potentially unsuitable for preparation of colloidally stable 
heterostructures, unless it is possible to exfoliate the sheets via weak interactions between the layers. 

3. Colloidal Synthesis of 2D Materials

In section 2, methods which utilize mechanical assembly or vapor-phase/solid-state reactions to achieve 
the formation of 2D material heterostructures on solid substrates are described. Mechanical transfer 
approaches generally lead to good control over structure and interlayer coupling, although the approach is 
not scalable. While vapor-phase approaches have shown great potential for 2D material heterostructures, 
they require complicated multi-step processes and expensive instrumentation in order to deposit well-
defined crystalline layers by CVD or PVD.  As the focus of this review is colloidal approaches to achieve 
2D heterostructures, further information on surface-based approaches for 2D heterostructure fabrication 
can be found in recent reviews. 81,107–110 To better understand the motivation behind colloidal approaches 
for fabrication of 2D nanomaterial heterostructures, the common synthetic routes for colloidal 2D 
materials and their benefits and drawbacks are briefly discussed below. 

3.1 Brief Overview of Synthetic Approaches

Colloidal methods for the synthesis of 2D materials have made progressive improvements over the last 
decades, which allows for the facile and rapid synthesis of a large variety of 2D materials.107,111,112 These 
methods include solid-state synthesis (generally using high-temperature annealing of mixtures of powders 
in a tube furnace), and colloidal methods which are largely dominated by either hydrothermal, 
solvothermal, or “hot-injection” methods. Hydrothermal synthesis involves the dissolution of water-
soluble precursors, generally some sort of shape/nucleation directing agent such as surfactant or polymer, 
and treatment at elevated temperatures (up to ~220ºC) and pressures (up to ~20 bar) in a Teflon beaker 
inside of a sealed steel autoclave. Solvothermal methods bear great similarity to hydrothermal methods, 
except that a solvent other than water, generally other polar protic solvents like ethylene glycol, polar 
aprotic, or nonpolar solvents are used in place of water. While both approaches allow great flexibility and 
scalability, hydrothermal methods are generally more approachable due to the non-toxic, cheap, and safe 
nature of water as a solvent. In any case, the synthesis of 2D materials by either method requires intensive 

Page 8 of 52Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
A

do
ol

ee
ss

a 
20

24
. D

ow
nl

oa
de

d 
on

 1
7/

07
/2

02
4 

2:
30

:4
6 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D4TC01102C

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tc01102c


study in order to achieve both a well-defined structure and high monodispersity in the resulting product. 
Another method for the synthesis of 2D materials, which largely stems from the field of semiconductor 
nanoparticle synthesis, is known as “hot injection”, where precursors dissolved in nonpolar solvents are 
injected into a very hot (typical temperatures range from 200 to 350ºC) mixture of surfactant-like ligands 
in an organic solvent.113 Thus, numerous colloidal approaches to synthesize 2D nanomaterials via 
hydrothermal,111 solvothermal,114 and “hot-injection” methods have been reported,115 and future advances 
are still yet to come.111,112 Many 2D materials are synthesized in a layered form and must be exfoliated to 
achieve a dispersed, single-layer 2D material, the process of which is discussed in greater detail in section 
3.2.

3.2 Liquid-Phase Exfoliation of Layered Materials

Liquid-phase exfoliation is an important method for the production of large quantities of 2D materials, 
which has been developed to encompass a wide range of different materials.116–118In general, LPE seeks to 
modify the nanosheet-liquid interactions to reduce the net exfoliation energy and stabilize the nanosheets 
against aggregation (Figure 5). The majority of LPE approaches involve atleast one, and usually all, of 
the following steps: (1) Exposure to strong ultrasonication or shear forces for extended durations; (2) 
surface chemistry modifications (e.g. TBA+, Li+, etc. ) in order to assist the delamination process; (3) 
The use of surfactants and polymers in the dispersion, in order to stabilize the basal surfaces following 
delamination; (4) The use of solvents with high boiling points and toxic health effects, such as N-methyl-
2-pyrrolidone. While LPE is the most straightforward and widely used approach to achieve colloidal 
dispersions of 2D materials with concentrations even exceeding 1 g/L,119 it also comes with its own set of 
drawbacks.

Figure 5. (a) Schematic of ion-induced exfoliation of a charged layered crystal. Once osmotic swelling 
passes a threshold (critical bridge), the 2D layers can be completely exfoliated; (b) Schematic of 
intercalation-based exfoliation; (c) Schematic of ion-exchange-based intercalation, where smaller ions 
(red) are first exchanged with larger ions (yellow) prior to exfoliation aided by shear forces; (d) 
Schematic of workflow for LPE: Initial exfoliation leads to a broad size distribution, which can be 
narrowed by sequential centrifugation cycles. Panel a adapted with permission from The American 
Chemical Society.7 Panels b and c adapted with permission from AAAS.120 Panel d adapted with 
permission from The American Chemical Society.116
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First, LPE methods in general lead to broad size and thickness dispersions of the resulting nanosheets 
(Figure 5d). In terms of thickness, few-layer nanosheets composed of 1-10 stacked layers thick rather 
than individual layers of 2D nanosheets tend to be achieved, with variable distributions of layer thickness 
and low monolayer content. The lateral size distributions which are obtained by LPE also tend to be fairly 
broad, and while this depends on the sheet edge length of the starting material as well as the exact process 
and length of the individual steps therein (e.g. sonication time), the edge-lengths of obtained nanosheets 
usually span atleast 1 order of magnitude (e.g. 40-400 nm for MoS2).121 Further complicating the lack of 
thickness and edge-length monodispersity is the challenge of reproducibility and transferability of LPE. 
While LPE in its simplest form can be achieved with a kitchen blender and detergent,122 careful control of 
the parameters is necessary for reproducibility or transfer of the method to another material.

The use of harsh solvents, surface chemistry-modifying small molecules and ions, and exposure 
to strong ultrasonic forces can lead to irreversible alteration of the surface of 2D materials, as well as the 
formation of defects and imperfections.123–125 When considering 2D materials and their unique properties 
which arise due to their being “all-surface”, the damage and formation of defects that results from LPE 
present a particular difficulty when it comes to 2D materials, as their electronic properties are highly 
dependent on their surface chemistry and the presence of defects. 2D materials with unit cells consisting 
of one or two atomic layers are particularly vulnerable to modifications during LPE, for example, TMDs 
such as MoS2 undergo the formation of surface defects, in addition to the polydisperse edge lengths and 
thicknesses which provide major challenges for their processing for applications in optoelectronics. In 
addition to the alteration of material properties via structural damage and defect formation, the 
widespread use of surfactants and polymers to stabilize the interfaces of 2D materials during LPE can 
further modify the properties of 2D materials. Unfortunately, it is difficult to remove molecular stabilizers 
such as surfactants and polymers from the nanosheet surface without inducing aggregation of the 
nanosheets. This makes the majority of the above processes for fabrication of 2D nanomaterial 
heterostructures fall short of the goal of well-defined colloidally synthesized 2D nanomaterial 
heterostructures, as such surface modifications are ubiquitous in all. 

Another major issue with exfoliating 2D materials by LPE is the lack of solvent dispersibility of 
the materials themselves. The probing and matching of surface tension components has yielded success 
for a number of 2D materials,117 however problems with the dispersibility of 2D materials in water 
continue to impact the development of applications in which water dispersibility is critical, such as 
aqueous-phase catalysis and photocatalytic water splitting for production of solar fuels H2 and O2. In 
particular, uncharged 2D materials with interesting electronic properties such as TMDs and graphene 
present a challenge when applied for such purposes due to their rapid aggregation and settling out of 
aqueous dispersions. Furthermore, some 2D materials such as black phosphorous (BP) and MoO3 are 
chemically unstable in aqueous media and degrade readily, which requires alternative solvents or the use 
of chemical stabilizers. 

4. Colloidal Assembly of 2D Materials into Heterostructures

4.1 Layer-by-Layer Assembly

Methods for the scalable synthesis of colloidal 2D nanomaterials have enabled colloidal methods for the 
assembly of 2D material heterostructures. These methods generally involve the stacking of 2D 
nanomaterials via sequential deposition of particles from colloidal dispersions, or adequate mixing of two 
or more 2D materials prior to deposition. In all cases, the successful formation of hetero-stacked layers of 
2D materials benefits from favorable interactions between the basal surfaces of the materials, which 
makes the surface chemistry of the respective 2D materials a crucial factor in the colloidal assembly of 
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2D material heterostructures. The majority of colloidal methods which have been reported for the 
formation of such heterostructures take advantage of surface chemistry modifications in order to achieve 
their aims. Layer-by-Layer (LbL) assembly in particular exploits favorable interactions between native or 
modified 2D materials in order to achieve heterostructures, although the thickness of the layers tends to 
be more difficult to control than in vapor-phase methods. In many reported LbL-based approaches for the 
fabrication of 2D layered heterostructures, the multilayer film is achieved by sequential deposition of 
ionic polymers; In the case of anionic nanosheets, poly(diallyldimethylammonium chloride) (PDDA) and 
polyethyleneimine serve as counterions,126–128 whereas for cationic nanosheets, anionic polymers such as 
poly(styrene 4-sulfonate) are most widely used.129,130 Hetero-layered 2D nanomaterial superlattices can be 
fabricated through the sequential deposition of the two types of nanosheets associated with their 
polyelectrolyte counterions. For example, Sakai et al. fabricated layered heterostructures of Ti0.91O2

0.36-/ 
MnO2

0.4- via modification of the anionic 2D materials with PDDA.131 

Avoidance of the use of ionic polymers to form heterolayered structures in LbL methods can be 
further aided by the application of surface compression in a Langmuir-Blodgett (LB) trough to achieve 
varying degrees of 2D material packing or tiling, followed by building up the 2D heterostructure with 
alternating layers of nanosheets.129 Li et al. achieved a 2D heterostructured superlattice of perovskites 
(LaNb2O7

-)10 and (Ca2Nb3O10
-)10 via LbL using the LB method with the two perovskite nanosheets 

(Figure 6a).132 UV-vis spectroscopy of the films could be used to follow the sequential deposition of 
individual layers, while X-ray diffraction (XRD) measurements showed that the heterostructured 
superlattice exhibited a basal spacing of 1.4 nm, as opposed to 1.2 or 1.6 nm basal spacings for (LaNb2O7

-

)10 or (Ca2Nb3O10
-)10, respectively (Figure 6b,c). Li et al. also reported the LbL assembly of cationic 

MgAl LDH nanosheets with Ti0.91O2
0.36- or Ca2Nb3O10

- up to 10 bilayers thick, supporting that LbL-based 
methods do not necessarily require the use of ionic polymers to achieve the formation of a 
heterostructure.133
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Figure 6. Layer-by-Layer-based assembly of 2D layered heterostructures. (a) Schematic of LbL-based 
assembly of perovskite 2D heterostructures using Langmuir-Blodgett method with Langmuir trough; (b) 
UV-vis spectra of superlattice with sequential addition of hetero-layers, where (LaNb2O7)10 addition 
increases the intensity of the peak at 232 nm; (c) X-ray diffractogram of perovskite homo-layered 
superlattice vs hetero-layered superlattice, showing the intermediate interlayer spacing of the 2D 
heterostructure; (d) Schematic of LbL-based assembly of MnAl LDH with perovskite; (e) Transmission 
electron micrograph showing the lamellar structure of 100-bilayer LDH/perovskite heterostructure; 
Influence of solvent on heterostructure formed by LDH dispersed in (f) formamide, (g) water; (h) 
HAADF-STEM image of LDH/perovskite heterostructure showing the LDH as a dark layer between 
bright perovskite layers, with larger and smaller distances between perovskite sheets shown as a green x 
and blue o, respectively; (i) HAADF-STEM image of LDH/perovskite heterostructure with inset showing 
the distances between Nb-Nb (A,B), and Ca-Ca (C,D). Panels a-c adapted with permission from The 
American Chemical Society.134 Panels d-i adapted with permission from The American Chemical 
Society.135 

LbL-based approaches can lead to well-defined 2D material heterostructures, where repeatability of the 
method can provide multi-lamellar superlattices exceeding hundreds of layers. While most LbL-based 
approaches utilize ionic polymers to modify the basal surfaces of 2D materials, the use of charged small 
molecules to achieve the successful LPE of 2D materials can reduce the interpenetration of the layers. 
The reduced interpenetration of the layers deposited by LbL can allow the formation of more well-defined 
2D heterostructured superlattices.136 In an interesting example by Ziegler and coworkers, the modification 
of MnAl LDH with ethylbenzenesulfonate and the modification of Ca2Nb3O10

- with tetra-n-
butylammonium (TBA) was used to achieve exfoliated dispersions of these 2D materials in both water 
and formamide (Figure 6d-i).135 After establishing the successful exfoliation of both materials via atomic 
force microscopy and infrared spectroscopy, the exfoliated nanosheets were deposited sequentially onto a 
Si/SiO2 substrate, while washing steps in between removed excess adsorbed nanosheets and allowed them 
to avoid the flocculation of the colloidal dispersions via desorption of excess nanosheets. Transmission 
electron microscopy (TEM) showed a well-defined lamellar structure, even up to 100 bilayers of 
nanosheets, where the flexibility of the layered structure allowed bending around sheet terminations and 
resulted in some voids and overlaps in the assembly (Figure 6e). The importance of surface chemistry 
was also clearly demonstrated in this study, where the influence of solvent on the equilibrium of 
TBA+OH- modification of the perovskite layers clearly impacts both the ratio of LDH to perovskite in the 
heterostructure, as well as the spacing between layers (Figure 6f,g). This finding supports that the 
successful assembly of nanosheets by LbL, in the words of the authors, “is governed by colloidal stability, 
ionic strength, and composition of the Helmholtz double layer and solution equilibria influenced by the 
pH.”135 The same considerations regarding surface chemistry for successful LbL-based assembly are also 
crucial for exfoliation/restacking-based approaches.

4.2 Exfoliation/Restacking Approaches

While LbL can provide a close approximation to monolayers of 2D materials when well-controlled, the 
formation of assemblies in colloidal dispersion can also take place spontaneously, depending on the 
favorability of interactions between the different 2D materials. Electrostatic assembly in particular has 
been shown to be a highly effective method to colloidally achieve 2D heterostructures, as has also been 
reported in other areas of nanoparticle assembly, such as with plasmonic nanoparticles.137–139 In the case 
of 2D nanosheets with charged basal surfaces, flocculation into restacked lamellar aggregates can be 
achieved either by introduction of oppositely charged ions, or a different type of nanosheet with an 
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oppositely charged surface. In general, flocculation-based strategies lead to stacking of nanosheets into 
lamellar aggregates without a defined interlayer registry, and as such can have considerable higher 
stacking disorder than in vapor-phase and mechanical transfer methods. Despite their lack of interlayer 
registry, the resulting porosity and high surface area can be beneficial for applications in photocatalysis 
and electrocatalysis.140–143 

A significant number of 2D material nanosheets have negative surface charges, in particular 
various oxides such as graphene oxide, titanates, and layered silicates. On the other hand, hydroxide 
surface terminations can provide cationic surface charge, and 2D materials which fall under this umbrella 
include layered double hydroxides (LDHs) and layered rare-earth hydroxides (LREHs).129,144 The 
opposite surface charges of these two families of 2D materials have led to their formation into 
heterostructures via flocculation-based approaches. Ma et al. reported the flocculation of graphene oxide 
(GO) and LDH nanosheets into hetero-layered superlattices, which led to the observation of alternating 
lattice spacings via TEM.145 Furthermore, XRD measurements of the superlattice of LDH with GO gave 
rise to a basal spacing of ~1.2 nm, which, when taking into account the layer thicknesses of GO and LDH 
of 0.83 and 0.48 nm, respectively, is near the theoretical value of ~1.3 nm for an ideal superlattice 
structure. In addition, the authors of this study observed a basal spacing of 0.9 nm after flocculating 
reduced GO (rGO) with LDH nanosheets, which agrees with the theoretical ideal basal spacing of 0.88 
nm that one would expect from the combined thicknesses of rGO (0.4 nm) with LDH (0.48 nm). 

Fabrication of 2D heterostructure superlattices via the exfoliation/restacking approach has been 
established for a wide range of 2D materials, generally aided by electrostatic interactions. Examples 
include NiFe LDH/MnO2,146 MgAl LDH/MnO2,147 CoAl LDH/Montmorillonite,148 CoAl LDH/polyvinyl 
alcohol/GO,149 and NiAl LDH/TaS2.150 The colloidal assembly of 2D materials into a heterostructured 
superlattice can also lead to improvements in the local order of the resulting layered structure. In a study 
by Kwon et al., exfoliated PDDA-modified rGO was intercalated with exfoliated nanosheets of MoS2 or 
RuO2, and the formation of a hetero-layered 2D superlattice drastically improved the lamellar structural 
order by suppressing defect formation and resulting tighter stacking.151 (Figure 7a). Furthermore, the 
function of rGO/RuO2/rGO layered structures was improved as both an electrocatalyst for the hydrogen 
evolution reaction, and as a supercapacitor electrode, purportedly due to the enhancement of charge and 
mass transport through the layered structure, in part due to increased porosity. PDDA-modified rGO was 
similarly assembled with MnO2 via exfoliation/restacking to achieve a 2D heterostructured superlattice 
with drastically improved specific capacities, rate capacities, and cycling stabilities for energy storage 
applications (Figure 7b).152
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Figure 7. Exfoliation/restacking-based approaches to 2D layered heterostructures. (a) Assembly of 
PDDA-modified rGO with RuO2 and MoS2 leading to ordered 2D heterostructures; (b) Assembly of 
oppositely charged MnO2 and PDDA-modified rGO; (c) Assembly of MnO2 with PDDA-modified 
Ti3C2Tx MXene. Panel a adapted with permission from John Wiley & Sons, Inc.151 Panel b adapted with 
permission from The American Chemical Society.152 Panel c adapted with permission from The American 
Chemical Society.153 

Electrostatic-induced assembly between oppositely changed nanosheets can also be exploited directly in a 
colloidal dispersion. Ma and coworkers reported the formation of 2D layered heterostructures via the 
dropwise addition of a dispersion of anionic TiO nanosheets to a dispersion of cationic GdEu nanosheets 
in a formamide dispersion under continuous stirring at a concentration ratio which would provide surface 
area matching.154 The flocculated product resulting from this was washed several times prior to sonication 
to form a homogenous suspension, and free-standing membranes were then fabricated via simple vacuum 
filtration. The authors of this study noted the importance of choosing the sonication time which is long 
enough to achieve a well-dispersed suspension, whereas excessively long sonication times could damage 
the nanosheets and their heterostructures. Despite the “bulk” filtration approach to heterostructure 
formation, TEM showed that the GdEu/TiO heterostructures consisted of alternating layers with interlayer 
spacings on the order of 0.85 nm and 0.75 nm, corresponding to GdEu and TiO, respectively. 

More recently, emerging 2D materials such as MXenes and BP have been also used in colloidal 
approaches for the formation of 2D nanomaterial heterostructures, followed by their deposition via 
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vacuum filtration to form free-standing membranes. Well-dispersed aqueous dispersions of MXene with 
rGO were mixed at the desired ratios prior to vacuum filtration to achieve MXene-rGO free-standing 
membranes, where the presence of MXene sheets drastically improved the degree of alignment of the 
rGO sheets, greatly improving both the electrical conductivity and mechanical properties of the 
heterostructure compared with the constituent 2D nanosheets.155,156 Similarly, MXene modified with 
PDDA also provided well-defined 2D heterostructure superlattice with high stability and fast 
charging/discharging ion diffusion for energy storage (Figure 7c).153 A similar approach was also used 
for the fabrication of rGO-BP films, which exhibited a record mechanical toughness of ~52 MJ/m3.157 
Furthermore, the electrostatic assembly of ZnIn2S4 with MoSe2 to form 2D heterostructures has shown 
that this approach can also yield layered composites with drastic improvements to their functional 
properties, in this case photocatalytic H2 evolution.158

In summary, layered nanomaterials obtained by LPE can be assembled into well-ordered layered 
heterostructures, following approaches described above. However, the negative effects of LPE on the 
obtained 2D materials, namely high layer number and edge-length polydispersity and the formation of 
surface defects, make control over defining the photophysical and interfacial properties of the 
heterostructure challenging. Furthermore, these types of systems are well-suited for the fabrication of 
films, but generally unusable in colloidal applications such as aqueous-phase photocatalysis. In an effort 
to overcome these shortcomings, colloidal synthetic methods to make well-defined layered 
heterostructures offer suggestions for future advances in this area.

5. Colloidal Modification of 2D Material Interfaces - Toward Surface-Chemistry-Controlled 
Heterostructure Synthesis

5.1 2D Janus Nanosheets

The principles of LbL and electrostatic assembly can also be applied when using a spherical “core” with 
interaction characteristics that favor the attachment of the first layer of 2D materials, whereas this first 
layer serves to anchor the following layer of other 2D material necessary to form a heterostructure. De 
Gennes first described the characteristics of particles with two different components on the same surface 
in terms of the Roman god “Janus” in his Nobel lecture in 1991.159 In the 3 decades since then, the 
development of “Janus” materials, or materials/particles with two distinct regions of different surface 
chemistry, composition, or properties has experienced significant progress. The first particle termed 
“Janus” was achieved in 1989 via the embedding of glass particles in a planar matrix, while the exposed 
region of the particles were exposed to octadecyltrichlorosilane to achieve a hydrophobic, organically 
modified region and a hydrophilic glass region.160 Due to their amphiphilicity they could be used to 
stabilize emulsions via their assembly at oil/water interfaces. 

Along these lines, the stabilization of emulsions with solid particles was discovered by Ramsden 
and Pickering, which led to the establishment of these systems as “Pickering Emulsions”.161,162 In addition 
to Pickering emulsions, classic emulsion polymerization processes carried out on seed particles can 
provide a scalable means to produce asymmetric particles via control of phase separation and the 
thermodynamics and kinetics of polymerization in these systems. In the context of 2D nanomaterial 
heterostructures, the field of 2D janus nanosheets provides numerous interesting examples of how 2D 
crystals with defined surface chemistry on either side of the basal surface can be achieved. In general, the 
strategies involved are based on either partial protection and modification, as in the example given at the 
end of the previous paragraph, or the controlled phase separation of multiple components. However, 
phase separation-based strategies tend to be confined to purely organic systems rather than modified 2D 
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materials, and thus readers interested in these approaches may refer to relevant reviews to learn more 
about this topic.163

Partial protection strategies for the synthesis of 2D Janus nanosheets have employed a number of 
different strategies for the modification of the exposed face of the nanosheet, from chemical reactions 
such as siloxane modification, to plasma treatment, sputtering, or exposure to gaseous radical species.164–

167 In the case of the latter example, the exposure of chlorine radicals to the unprotected face, followed by 
the reaction of benzoyl peroxide radicals with the previously protected face provided a fully radical-based 
synthesis of 2D Janus nanosheets.164 The grafting of radical initiators used in polymer synthesis to 2D 
materials in such a Janus fashion can also be useful for polymerization reactions at the interface, bringing 
the potential for an even greater number of possible chemical modifications. In an example by Leon and 
coworkers, Pickering emulsions of GO on wax beads were used to modify one side of the GO nanosheets 
with initiators for atom-transfer radical polymerization (ATRP) on the unprotected face, followed by the 
grafting of poly(methyl methacrylate) (PMMA) to these faces by ATRP.168 Furthermore, in this study the 
authors also carried out chemical analysis of the two faces of the nanosheets, showing their asymmetric 
functionalization and providing a firm basis for future studies of 2D janus nanosheets. 

A significant body of work on the synthesis of 2D Janus nanosheets based on inorganic templates 
or the growth of inorganic solids has been reported in the last decade. In general, this involves the use of a 
hollow inorganic shell (such as that formed by a Pickering emulsion), followed by modification of the 
exposed or outer part of the shell via a variety of approaches, such as polymer growth, molecular 
adsorption, inorganic material synthesis, etc. Finally, when a sheet-like structure is desired the modified 
hollow particle is then thoroughly crushed, providing the Janus 2D nanosheets which can be further 
chemically modified at either interface for greater control over surface chemistry (Figure 8).169–173 The 
use of Janus nanosheets to drive inorganic synthesis at the interface is one route by which 2D 
nanomaterial heterostructures can be achieved. For example, Yang and coworkers used Janus nanosheets 
prepared via a Pickering-emulsion-based approach to drive the selective growth of Fe3O4 nanoparticles on 
the hydrophilic side of the Janus sheet, due to the Fe ions driving the complexation with free carboxylic 
acid groups at the surface.174 Similarly, the large disparity in surface chemistry and chemical environment 
of the two interfaces has been shown to permit the selective growth of Au,174 TiO2,175 Ag,176 and other 
metals on one of the two interfaces of Janus nanosheets. These examples reinforce the concept that 
control over the surface chemistry can provide the means to restrict the growth of materials at specific 
interfaces, which will come into play in future strategies for better control over the direct colloidal 
synthesis of 2D nanomaterial heterostructures.
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Figure 8. 2D Janus nanosheets: (a) Synthesis of silica-polymer 2D Janus nanosheets; (b) Synthesis of 
silica-based 2D Janus nanosheets with polyisoprene on one side and azide-terminated polystyrene on the 
other side; (c) SEM image of 2D Janus silica nanosheets; TEM images of 2D Janus nanosheets with (d) 
one side functionalized by polystyrene, and (e) one side modified by polystyrene and the other by 
polyisoprene. Panel a adapted with permission from The American Chemical Society.177 Panels b-e 
adapted with permission from The American Chemical Society.178 

While approaches similar to those described in the above paragraph can yield a wide range of Janus 2D 
nanosheets, there are major drawbacks remaining which hinder the development of well-defined colloidal 
2D nanomaterial heterostructures. First, the need for crushing of the hollow shell to recover the 2D janus 
nanosheets from the modified shell “template” leads to a very broad size dispersity of the resulting sheets, 
which severely limits the use of this method for producing well-defined colloidal dispersions based on 
these particles. Second, this also means that the shape dispersity of the resulting particles is poor, where 
irregularly shaped flakes of a broad range of edge-lengths tend to be formed. Furthermore, the use of a 
curved template particle can lead to bent or pitched nanosheets, and this has a particularly strong impact 
on Janus nanosheets where the growth of an inorganic material atop the spherical template is carried out. 
The formation of ordered 2D heterostructures from such nanosheets would be greatly hindered due to 
these drawbacks.

5.2 “Pillaring” of 2D Materials – A Route to Control Chemistry in Confined Spaces

The various methods described above show that broad segments of the scientific community are 
interested in the synthesis of well-defined 2D layered heterostructures. In particular, many of the recent 
advances have been based on colloidal approaches, due the inherent advantages of colloidal methods 
compared to traditional methods. Despite the capability of vapor-phase approaches to result in epitaxial 
growth and well-defined growth of layers with controllable registry between 2D material layers, they are 
expensive, time-consuming, resource-intensive, and cannot be easily transferred to liquids as colloids. On 

Page 17 of 52 Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
A

do
ol

ee
ss

a 
20

24
. D

ow
nl

oa
de

d 
on

 1
7/

07
/2

02
4 

2:
30

:4
6 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D4TC01102C

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tc01102c


the other hand, colloidal techniques such as LbL assembly, exfoliation/restacking, and Janus particle-
based approaches each suffer from different limitations which cannot be easily counteracted. In particular, 
these techniques generally all involve LPE of the 2D materials to a colloidal dispersion prior to their use. 
For these reasons, it is clear that the direct colloidal growth of 2D nanomaterial heterostructures can be 
advantageous to LbL, exfoliation/restacking, and other methods which rely on LPE as a starting point. 
Direct growth of 2D materials templated at the interface of nanosheets in colloidal dispersion requires 
careful control of the surface chemistry of the nanosheets, so that the growth of the 2D material is limited 
to the desired surface. Important lessons regarding the templated growth of nanomaterials can be found in 
earlier studies of growth in clay-like materials. In particular, swelling clays of the smectite family such as 
montmorillonite, saponite, laponite, etc. have been studied early on in the context of the formation of 
inorganic pillared clays.

Since the concept of pillared clays was first developed by Barrer and MacLeod in 1955,179 in 
which exchange of interlayer cations in montmorillonite with alkylammonium was used to induce 
interlayer porosity, many researchers have reported the “pillaring”, or the formation of ordered vertical 
stacks of layered clays, with surfactants or other organic molecules.180,181 In general, organocations based 
on the ammonium moiety have seen the most use (II, Figure 9).182 The use of inorganic ions to induce 
pillaring of the clays was also shown (III, Figure 9), in which the subsequent condensation of the 
inorganic ions to form solids within the interlayer serve as early examples of 2D inorganic 
heterostructures, generally towards applications in catalysis.183–185 The first examples of these were the 
condensation of Al ions in 1977 by Brindley and Sempels,186 and the hydrolysis of silicon acetylacetonate 
and tantalum or niobium metal clusters by Pinnavaia et al. in 1984 (IV, Figure 9).187 Numerous studies 
were carried out in which metal oxides such as ZrO2,188–192 TiO2,193–195 CrxOx,196–199 and Al2O3

200–202 were 
grown in the interlayer space of clay-like materials, layered silicates in particular, which then led to the 
growth of Y-zeolites in the interlayer, towards porous materials that were effective for catalysis.183 

Figure 9. Schematic of modification of layered clay-like materials to achieve organic or inorganic 
pillared clays. I: A layered material with basal surface charges compensated by counterions (shown in 
orange); II: Exchange of counterions with charged surfactants (CTAB is shown) as organic ions provides 
an organic pillared clay; III: The intercalation with metal oxide species (from II, tetraethylorthosilicate 
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(TEOS) shown) or exchange of metal ions (from I) provides a metal or metal-oxide intercalated layered 
material; IV: Calcination or hydrolysis (in the case of TEOS and comparable metal oxides) leads to the 
formation of inorganic metal oxide “pillars” in the interlayer space between clay-like sheets.

More recently, both inorganic and organic pillaring strategies have been developed for the modification of 
emerging 2D materials to improve their functionality. TMDs such as MoS2, with weak interlayer bonding, 
allows for the intercalation of various molecules, both charged and uncharged.203–206 Amines present a 
generally useful pillaring agent due to their protonation to a cationic state in aqueous environment, and 
many studies have reported the use of amines for expanding the interlayer space of TMDs.207,208 Pillaring 
strategies show great promise for energy storage applications, which have benefited from the 
improvement of battery and supercapacitor function due to improvements in the reversible transport of 
ions in the interlayer spaces of 2D materials. MXenes in particular have benefited from this, where 
several studies highlight the use of organic pillaring agents such as tris(2-aminoethyl)amine,209 
hydrazine,210 glycine,211 and the common pillaring surfactant cetyltrimethylammonium bromide 
(CTAB)212,213 to improve the electrochemical storage capacity and cycling stability/lifetime of 
supercapacitors or batteries based on pillared MXenes. Interestingly, inelastic neutron scattering 
measurements showed that in the case of pillaring with hydrazine, the fluoride and hydroxyl surface 
terminations of the MXene basal surface were replaced by hydrazine molecules, whereas glycine was 
found to lead to the formation of a stable Ti-N bond. In addition to purely organic pillaring strategies, 
inorganic pillaring strategies involving the formation of silica by calcination, following the 
intercalation/pillaring with an amine, have been shown to also improve the ion storage of MXene-based 
hybrids for battery applications.214,215  A broad range of other 2D materials have benefitted from pillaring 
strategies to improve their properties relevant for electrochemical energy storage applications,216,217 
however for a more exhaustive list the reader may be interested in recent reviews which focus more 
specifically on this topic.218,219 Finally, advances wrought by pillaring of 2D materials also have been 
reported in other fields such as sensing,220 and energy storage,214 however this goes outside of the scope of 
this review. 

6. Direct Colloidal Synthesis of 2D Nanomaterial Heterostructures

The lack of well-defined 2D nanomaterial heterostructures formed by direct colloidal synthesis, as 
opposed to methods where both 2D materials are first synthesized prior to exfoliation/restacking, LbL, or 
related approaches, calls for renewed efforts in this direction. The above techniques of LbL, Janus 
nanosheets, and pillaring of 2D materials with organic molecules discussed in section 5 emphasize the 
importance of chemical modification of interfaces in achieving predictable growth at interfaces and well-
ordered 2D layers. Many 2D-material-based semiconductor heterostructures for photocatalysis largely 
consists of mixes of two materials, which generally lack well-defined structure and clear guiding 
principles for their fabrication approach, making it difficult to transfer the successes of these methods to 
other systems.221–223 There are several reports of photocatalysts based on 2D material heterostructures 
which have well-defined multi-lamellar structures, but very few of them are fabricated via direct colloidal 
synthesis. Early work by Ida et al. established Ca2Nb3O10/NiO2 heterostructures prepared by an LbL 
approach, which resulted in suppressed recombination of photogenerated charges.224 Jiang et al. used an 
exfoliation/restacking approach to obtain CsPbBr3/BiWO6 2D heterostructures, although the growth of 
small Pt nanoparticles was necessary to observe improved photocatalytic CO2RR.225 Lin and coworkers 
reported the fabrication of LDH/Ti3O7 layered heterostructures by exfoliation/restacking, which a 
superlattice with improved photocatalysis of methylene blue and photocurrent generation.226 A number of 
other reports of exfoliation/restacking based approaches for the fabrication of 2D material 
heterostructures exist,227,228 with varying degrees of definition of the lamellar structure, however there are 
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only few examples of direct colloidal synthesis of well-defined 2D material heterostructures thus far. 
Initial success in direct colloidal synthesis of 2D nanomaterial heterostructures has been achieved via the 
stepwise growth of semiconductor chalcogenide nanocrystals in heated mixtures of nanoplates, 
precursors, and surfactants (6.1) and via surfactant-induced pillaring of charged 2D material templates 
followed by hydrothermal synthesis (6.2). These methods are described in greater detail below.

6.1 Sequential Colloidal Growth of Chalcogenide Nanocrystal Heterostructures

Semiconductor nanocrystals dubbed “Quantum Dots” (QDs) are of significant importance due to their 
size-dependent optical and electronic properties, and cadmium chalcogenide nanocrystals (CdX, X=S, Se, 
Te) in particular have been well-studied regarding their synthesis, surface chemistry, and optical 
properties.229–233 The synthesis of colloidal nanocrystal QDs is mainly carried out via “hot-injection” and 
“heat-up” synthesis approaches, in which inorganic precursors and ligands dissolved in organic solvents 
are heated, leading to the nucleation and growth of colloidally stabilized inorganic nanocrystals.234  In 
hot-injection, the rapid introduction of a concentrated precursor solution to a hot solution containing 
surfactants leads to a sudden increase in supersaturation and the formation of nanocrystals, during which 
surfactant molecules cap the surface of the formed nanocrystals and prevent their agglomeration.113 In 
heat-up approaches, the reaction mixture is heated slowly to the reaction temperature at which the 
formation of nanocrystals will take place.235 

Great control over size and morphology of CdSe nanoparticles has been developed, to the point 
where 2D platelets with distinct numbers of atomic layers in thickness can be achieved.236–240 This is 
important for the development of optoelectronic applications, as this diminishes spectral broadening of 
emission and gives rise to fast radiative rates, among other effects.241–244 The interest in enhanced optical 
properties has led to the development of epitaxial overgrowth of semiconductor layers atop 2D CdX 
nanoplatelets (NPLs) of a smaller bandgap, leading to quantum confinement-related increases in 
photoluminescence quantum yield. The control over 2D growth of CdX-based heterostructures has 
progressed to the point where the thickness can be tuned down to a single layer for both core and shell, 
with a broad range of possible photoluminescence wavelengths from the near-ultraviolet to the near-
infrared.241,242,245–248 The typical structures that can be formed in this manner are known as either 
“core/crown” for 2D growths atop a sheet, or “core/shell”, in which the core is completely enclosed. In 
2012, Dubertret and coworkers reported a room-temperature approach to limit the growth of CdS or 
CdZnS layers on CdSe via a ligand-exchange route.249 In their approach, thiolate ligands are used to 
substitute carboxylate ligands on the CdSe NPLs, which provides a sulfide layer and simultaneously 
blocks further growth. Further control over subsequent growth steps is achieved via the coating of NPLs 
with a bis-trimethylsilylated sulfur compound (TMS2S), which is capable of selectively reacting with and 
displacing carboxylate ligands to achieve a TMS-S bound to a Cd atom at the NPL surface.250,251 The NPL 
solution is then washed to remove excess TMS2S, breaking remaining TMS-S bonds and producing 
sulfide-rich surfaces, which, in the next step, react with cadmium ions added to the dispersion to achieve 
the growth of a CdS layer atop the CdSe NPL (Figure 10a,b). 

A variation of these methods which has shown particularly strong control over the growth of 2D 
heterostructures is known as colloidal ALD (c-ALD), a method which was first described by Talapin and 
coworkers in 2012 for the growth of CdS shells on CdSe nanocrystals.252  c-ALD is a process in which the 
removal of ligands, addition of cadmium and chalcogenide ions, and reattachment of ligands to a 
nanocrystal surface is iterated to achieve precise control over the growth of the shell. This approach 
allows facile tailoring of the resulting surface chemistry, as the final step is the reattachment of ligands, 
and NMR studies have shown that roughening and increased chemical disorder at the surface occur in the 
process of ligand removal and shell growth.253 In c-ALD, the sequential solvent extraction of nanocrystals 
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and precursors between synthetic steps prevents the accumulation of excess precursors and synthetic by-
products, reducing non-uniform growth and allowing more facile stoichiometric control. In order to 
produce 2D heterostructures, the growth step is carried out in a polar phase following the approach from 
the seminal report on this method (Figure 10c,d). In the first step, N-methylformamide (NMF), hexane, 
(NH4)2S, and CdSe nanoplatelets (NPLs) dissolved in hexane are stirred until complete phase transfer of 
NPLs to NMF. In step 2, the polar phase is rinsed with hexane to remove excess ligands, and then the 
NPLs were precipitated with acetonitrile and redispersed in fresh NMF. In step 3, the Cd precursor in 
NMF is added to the clean NPL dispersion in NMF, and the mixture is stirred briefly (30-60 s). Finally, 
the NPLs are precipitated with an organic solvent such as toluene and redispersed in clean NMF. Overall 
this process required around 10 min or less per CdS layer grown, with minimal losses of NPLs during 
each step. The step-wise nature of c-ALD also permits tailoring not only the number of individual atomic 
layers deposited, but also the composition of each layer of semiconductor that is deposited. For example, 
Talapin and coworkers demonstrate layered heterostructures of multiple alternating materials, such as 
CdS, ZnS, and CdSe (Figure 11a).240 

Figure 10. (a) Scheme of the layer-by-layer CdS shell growth on a CdSe NPL. (b) HAADF-STEM image 
of a CdSe/CdS core/shell NPL. (c) Photographs showing the sequential growth of a CdS shell on CdSe 
NPLs via c-ALD. The addition of K2S transfers  the NPLs from toluene to formamide. NPLs are then 
transferred back to toluene via the addition of didodecyldimethylammonium bromide (DDAB). The 
excess of DDAB is removed via extraction with formamide, and the Cd layer is then grown on the surface 
terminated with S2

-. (d) High- resolution TEM image of the edge of a CdSe/CdS NPL after seven c-ALD 
cycles.  Panels a and b adapted with permission from The American Chemical Society.249 Panels c and d 
adapted with permission from The American Chemical Society.252

In an effort to extend the range of possible semiconductors achieved by sequential deposition of 
nanocrystal layers, cation exchange reactions were examined, as they provide a means to obtain 
nanocrystals with compositions and/or morphologies which can be difficult to obtain via direct synthetic 
means.250,251 Earlier work, much of it carried out in the Alivisatos and Manna groups, had shown that 
sequential cation exchange processes using copper chalcogenides as intermediates provided a route to 
change the composition of various shapes without impacting the nanocrystal morphology.254–259 Studies 
by Jeong and coworkers in 2011 reported the cation exchange of TiS2 nanodiscs with Cu ions to achieve a 
heteroepitaxial TiS2-Cu2S, although in their case the nanodisc morphology was altered, resulting in a 
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toroidal morphology.260 The Dubertret group carried out a series of sequential cation exchange processes 
in order to achieve Cu2Se/Cu2S, ZnSe/ZnS and PbSe/PbS 2D heterostructures261 (Figure 11c): First, 
CdSe/CdS NPLs were obtained according to the c-ALD method of Ithurria and Talapin.252 Next, the 
CdSe/CdS NPLs are mixed with a copper(I) complex at an excess of 5-10 times over the amount of Cd, 
leading to the immediate change in color indicating successful cation exchange. Third, following washing 
and resuspension of the Cu-exchanged NPLs, cation exchange of Cu for Pb and Zn is carried out. In the 
case of Pb, the exchange is carried out at room temperature with an excess of Pb,262 and in the case of Zn, 
a hot-injection approach is carried out in the presence of excess Zn.263

Figure 11. (a) HAADF-STEM image of 2CdS/2ZnS/2CdS/4CdSe/2CdS/2ZnS/2CdS formed by c-ALD 
using Li2S/Li2Se and anhydrous Cd(HCOO)2/Zn(OAc)2 powders as the sources of chalcogen and metal 
precursors, respectively; (b) the interplanar distances for this structure shown in (a); (c) Schematic 
representation of the cation exchange of CdSe/CdS core/shell NPLs to ZnSe/ZnS and PbSe/PbS NPLs 
with corresponding HAADF-STEM images. Panels a and b adapted with permission from The American 
Chemical Society.240 Panel c adapted with permission from The American Chemical Society.261

While sequential surface modification and growth approaches discussed in this section such as c-ALD 
show a powerful ability to achieve tailorable layer number and composition, with a high degree of shape 
and size monodispersity, there are inherent limitations to these approaches. First of all, these approaches 
are limited to chalcogenides, and specifically cadmium chalcogenides, of which has been the focus of the 
majority of the research in this direction. In particular, CdS/CdSe has become one of the most well-
studied systems with regards to the controlled growth of 2D nanomaterial heterostructures. As discussed 
above, cation-exchange approaches can be used to broaden the potential options for semiconductor 
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hybrids, however these are still limited in scope, as CdSe/CdS NPLs are still used as starting materials for 
the cation exchange process. Furthermore, cation exchange processes can only be used for certain 
elements as chalcogenides (e.g. Cu, In, Pb, Zn), and the necessity for copper chalcogenides as 
intermediates further limits the possible materials space which can be achieved via these approaches. 
Recent work by the Buonsanti group has shown that c-ALD is also a useful approach for growing 
ultrathin oxide layers at the interface of a variety of colloidal nanocrystals,264,265 which shows that the 
materials space continues to grow, however such approaches have not yet been widely applied to NPLs to 
achieve 2D heterostructures. Finally, a significant drawback to c-ALD is the need for carboxylate ligands, 
which are the key element in the stepwise growth which enable the synthesis of such core-shell type 
structures.265 This reduces the generalizability of the method, and limits its scope to materials which can 
be effectively passivated with carboxylate ligands.

While the sequential approaches such as c-ALD show the greatest degree of control over shell 
growth, the approach suffers from the time-consuming nature of the sequential process, in addition to the 
potential waste of precursors and undesirable nucleation at the NPL interface if the cleaning process is not 
completely successful. As such, direct shell growth via hot-injection has been sought. Authors have 
reported ZnS shell growth on CdSe NPLs to achieve a quantum yield of >50% with moderate 
temperatures of 100-150ºC,246 and ZnS/CdSe NPLs with quantum yields close to unity could be 
synthesized by hot-injection at 300ºC.266 However, the majority of such one-pot hot-injection approaches 
lack control over layer number and composition compared to sequential methods, and one must consider 
the benefits and disadvantages of the two approaches based on the target application or study.

6.2 Hydrothermal Synthesis in “Pillared” Layered Materials

The direct synthesis of heterostructured nanomaterials via colloidal routes (most commonly based on 
hydrothermal or solvothermal methods) has been a topic of intense interest in the last decades, in large 
part driven by the development of heterostructured photocatalysts. The bands of semiconductors in a 
heterostructure can be aligned in order to achieve a variety of photocatalytic reactions, such as hydrogen 
evolution reaction (HER), oxygen evolution reaction (OER), oxygen reduction reaction (ORR), and CO2 
reduction reaction (CO2RR). These alignment strategies are commonly referred to as “Type II” 
heterojunctions with a staggered band alignment between semiconductors,267 and consist of “Z-scheme” 
for coupling of photocatalysts through a shuttle redox ion mediator,268,269 and “S-scheme” for 
heterojunction of reduction and oxidation photocatalysts with a staggered band structure.270,271 Of 
particular interest to the community in recent years is the development of new photocatalysts for water 
splitting, which combines both HER and OER to result in the splitting of water into H2 and O2 with light, 
a reaction of great significance for the energy transition to rely on hydrogen fuel cells as a means of 
power and propulsion in future generations. While efforts to synthesize novel photocatalysts from 
semiconductor heterostructures have been successful, few example of well-defined 2D heterostructures 
grown colloidally have been reported. On the other hand, many of the successful examples consist of the 
growth of small amounts of nanoparticles (typically catalytically active metals such as Pt and Pd) atop of 
semiconductors, or in the presence of two semiconductors aggregated or mixed together.272,273 While the 
use of catalytic metals is especially needed for the OER side of the water splitting process, “metal free” 
semiconductor heterostructures are highly sought after, due to their reduced costs. However, the majority 
of reported semiconductor heterostructures based on 2D materials consist of small spherical nanoparticles 
of one semiconductor grown atop a 2D material.274–276 Otherwise, when direct growth of 2D materials 
together is performed, the structural organization of these heterostructures is usually poorly defined.276–280 

As discussed in section 5.2, the modification of charged 2D materials with surfactants via ion-
exchange can lead to the “pillaring” of the 2D materials, whereby the modification of the basal surface 
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leads to quasi-ordered vertical stacking. Recent efforts have highlighted the potential of organic pillaring 
for modifying the chemical environment of the basal surfaces and interlayer spaces of 2D materials in 
order to aid synthesis in this confined space.281–284 In particular, clay-like materials such as layered 
silicates,281,282,284 LDHs,283 and MXenes,285 which are easily modified with oppositely charged surfactants, 
can serve as templates for the growth of 2D materials by virtue of the altered chemical environment at the 
interface where surfactant modification occurs. In general, modifications of the basal surfaces (when fully 
exfoliated) or interlayer spaces (where pillaring has occurred) which provide an energetically favorable 
environment for precursor ions and molecules to reside can provide a driving force for the formation of 
well-defined layered heterostructures in a single synthetic method. Early research in this direction made 
use the layered silicate laponite, which has a thickness of 1 nm and diameter of 25 nm, a high cation 
exchange capacity (CEC), well-described phases, and a useful template for testing such pillaring 
approaches.286–293  

Earlier studies of laponite showed that it could serve as a shape template for the growth of gold 
nanoparticles aided by the reduction of Au(III) to Au(I) at the laponite surface, where disc-shaped gold 
nanoparticles were obtained.294 This paved the way for studies of noble metal nanoparticle growth in 
layered nacre-like materials.295 The templated growth of Au on laponite led to the idea that a favorable 
chemical environment for the adsorption of 2D material precursors at interfaces could provide the means 
to achieve the colloidal growth of 2D nanomaterial heterostructures. Along these lines, the surfactant 
CTAB induces the pillaring of layered silicates into quasi-ordered stacks while also conferring 
hydrophobic character to the modified interlayer space. In the first effort to arrive at a 2D nanomaterial 
heterostructure based on TMDs, MoS2 was grown in the CTAB-modified interlayer space of laponite 
(Figure 12a).281 The smallest observed particles resulting from this synthesis exhibited the typical 
discoidal morphology of laponite, with an edge length of around 25 nm and somewhat irregular edge 
shape (Figure 12b). However, in contrast with laponite, which is hardly visible via TEM due to the low 
atomic number of Mg and Si, the particles were clearly visible, and the lattice fringes of MoS2 were 
clearly observed (Figure 12d). Not only did EDX measurements support the colocalization of elements 
from both laponite and MoS2, but electron diffraction also revealed hexagonal crystalline symmetry 
typical of MoS2, showing that the MoS2 layers were grown in plane with the discoidal template (Figure 
12c). As it is possible for such 2D layered heterostructures to be terminated by either of the two 
constituent 2D materials, it was determined by zeta potential measurements and dye aggregation 
experiments (methylene blue adsorption)296 that laponite constituted the terminal layers of the 
heterostructure. This provided significantly improved dispersibility and catalytic activity in aqueous 
media compared with MoS2 (Figure 12e,f). Furthermore, photoluminescence (PL) measurements have 
also revealed that these laponite-MoS2 heterostructures are composed of single layer MoS2, as the PL is 
drastically increased and indicative of the formation of a direct bandgap based on previous reports of 
monolayer MoS2.297
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Figure 12. (a) Scheme of the colloidal synthesis of laponite-MoS2 layered heterostructure nanoparticles; 
(b) TEM micrographs of irregular discoidal morphology resembling laponite; (c) Electron diffraction 
showing single-crystalline nature of grown MoS2 with typical hexagonal symmetry; (d) High-resolution 
TEM showing the typical lattice planes for MoS2. (e) Catalysis of methyl orange degradation by BH3

- 
influenced by 0.04 mg/mL MoS2 and laponite-MoS2; (f) Dispersion of MoS2 and laponite-MoS2 directly 
after dispersion (0 h) and after 48 h of settling. Adapted with permission from the American Chemical 
Society.281

As reducing the thickness of non-layered semiconductors can improve their optical and photocatalytic 
properties due to reduced photoinduced charge-carrier recombination, the pillaring-based approach was 
extended to synthesize other semiconductors in the confined interlayer space. The semiconductor β-In2S3 
was successfully grown via a similar approach, which resulted in the growth of In2S3 lamellae of ~1 nm 
thick grown between layered silicate sheets (Figure 13a,c).282 This drastically altered the optical 
properties of the In2S3, actually reducing the absorption of light in the visible region. However, the 
photocatalytic degradation of methyl orange and photocurrent produced under visible light were increased 
by more than an order of magnitude compared with In2S3, which was attributed to the improved charge 
separation/reduced recombination of photoinduced charge carriers. This was followed by the study of 
ZnIn2S4, which has a similar crystal structure as In2S3, but can yield superior photocatalytic activity under 
visible light irradiation. Interestingly, in the case of ZnIn2S4, the leaching of Mg from the octahedral layer 
of laponite led to the formation of Zn defects in ZnIn2S4, which in turn led to drastically improved 
photocatalytic properties compared to ZnIn2S4 (Figure 13b).284 
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Figure 13. (a) Scheme of the colloidal synthesis of laponite-In2S3 layered heterostructures; (b) TEM 
micrographs of laponite-ZnIn2S4, zoomed insert shows layer thickness and lattice spacings of ZnIn2S4 
lamellae; (c) TEM micrographs of laponite-In2S3, zoomed insert shows lattice spacings of In2S3 lamellae; 
Schematic of laponite-In2S3 layered heterostructure, and photographs and quantum efficiency of 
photocatalysis of In2S3 compared with laponite-In2S3. Panels a,c adapted with permission from the 
American Chemical Society. 282 Panel b adapted with permission from the American Chemical Society.284

The growth of other visible-light photocatalysts with intrinsically stacked crystalline structures was also 
attempted, in an effort to find the limitations of this approach. In this regard, the growth of Bi2MoO6, with 
an Aurivillius Perovskite-type structure composed of alternating (Bi2O2)2+ and (MoO4)2− layers, was 
templated using a similar approach.298 However, contrasting with the examples given in the prior 
paragraph, the formation of a heterostructure was accompanied by the formation of micron-size single-
crystalline particles composed of both laponite and Bi2MoO6. It was determined that at low pH of the 
synthetic conditions, the protonated laponite Si-OH edge sites were bridged by the dianionic (MoO4)2− 
species, resulting in an extended structure where nucleation and growth then occurred. In comparison, the 
templated growth of Bi2MoO6 by sodium dodecyl sulfate (SDS)-modified CoAl LDH led to the formation 
of a well-defined Bi2MoO6/LDH heterostructure.283 Interestingly, in both of the above Bi2MoO6-based 
heterostructures, the confinement of synthesis at a 2D template interface led to a considerable influence 
on the preferred crystalline growth orientation, which is also referred to as “facet engineering”, and is 
important for the development of semiconductor photocatalysts.299,300 The improved adsorption and 
retained photocatalytic activity of Bi2MoO6 made these hybrids highly effective as photocatalytic sorbents 
in anti-fouling water decontamination membranes.301 In some cases, it was also possible to achieve 
templated growth using control over surface chemistry at the interface without pillaring. For example, 
laponite modified with PVP and d-mannitol was able to template the growth of the visible-light 
photocatalyst bismuth oxyiodide, BiOI.302 Bismuth oxyhalides are gaining interest as photocatalytic 
materials, due to their intrinsic internal electric field (IEF) which can improve charge separation and 
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thereby reduce the recombination of photo-generated electrons and holes.303–305 This templated growth led 
to facet engineering, where dominant {100} surface facets orthogonal to the direction of the IEF 
enhanced photocatalytic properties, while the confined BiOI growth drastically shifted the optical 
properties. 

Overall, the synthesis of 2D nanomaterial heterostructures via surfactant modification and 
pillaring of 2D nanomaterial templates followed by hydrothermal or solvothermal synthesis offers a 
promising single-step approach which has been proven for the growth of a number of semiconductors. 
However, this technique suffers from some specific limitations. First of all, the modification of the 2D 
material template with surfactants is generally controlled by ion-exchange, and thus the method is 
currently limited to 2D nanomaterials with charged basal surfaces. Even so, there are a wide variety of 
potential 2D materials with functional properties suitable for various applications, and thus far our group 
has shown that layered silicates, layered double hydroxides, and MXenes are suitable ionic templates for 
this approach. Furthermore, the approach also works for directing growth within 1D templates, as the 
growth of In2S3 has been carried out inside surfactant-modified Ge-imogolite nanotubes.306 (ref erwan) 
The second main drawback is the lack of understanding about the fate of the surfactant used for pillaring. 
The presence of organic matter in between semiconductor layers cannot be easily controlled as in the case 
of c-ALD, and this may lead to altered properties and reduced coupling between layers, which could 
negatively impact charge transfer processes at the interface. Finally, a third potential drawback of this 
approach is the possibility of template degradation or side-reactions induced under the high temperature 
and pressure of hydrothermal conditions. We and others have shown that hydrothermal conditions can 
lead to the formation of TiO2 at the interface of MXenes. It is also discussed above how Mg2+ leaching 
from laponite during hydrothermal synthesis of ZnIn2S4 could lead to the formation of Zn defects.(ref) 
This could also potentially be a benefit, as it could provide strategies to control doping or defect 
formation in grown or template materials.

7. Outlook and Perspectives

The advent of 2D materials and their interesting and useful optical and electronic properties has paved the 
way for future advances in materials science and applications (section 1). In particular, the use of 2D 
materials to form layered heterostructures can yield new properties and effects. In this review, the main 
approaches to fabricate 2D nanomaterial heterostructures were covered, as summarized in the scheme 
below (Figure 14). The field of research in this direction has largely depended on non-colloidal methods 
for the fabrication of well-defined 2D material heterostructures (section 2). The most commonly 
employed colloidal approaches thus far have been LbL and exfoliation/restacking techniques (section 4), 
which can present an array of problems due to the damage, defect formation, and other challenges 
presented by liquid-phase exfoliation necessary to yield the 2D materials used in these approaches 
(section 3). Colloidal synthetic methods to achieve 2D nanomaterial heterostructures, on the other hand, 
remain underexplored due to the challenge of achieving well-defined nanostructures under the synthetic 
conditions necessary to achieve the growth of many target materials. Furthermore, there is a need for 
further understanding of the relationship between surface chemistry of 2D materials and synthetic 
outcomes, which is critical for successful colloidal synthetic approaches. 
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Figure 14. Summary of state-of-the-art approaches for the synthesis of 2D nanomaterial heterostructures.

Colloidal approaches come with their own set of challenges which make it difficult to achieve well-
defined 2d-2d heterostructures, due to a number of reasons. First of all, ligand or surfactant-induced 
surface interactions can influence the stacking order and interlayer separation, complicating the 
achievement of emergent electronic and magnetic properties which can be obtained from vapor-phase and 
mechanical transfer approaches. Incompatible crystalline lattices, a complete lack of epitaxy, and the 
presence of ions and ligands further complicates this issue. Another major challenge is optimizing the 
synthetic conditions so that materials do not grow apart from template, and that growth within/atop the 
template 2D material is uniform. Finally, there is the challenge of characterization, where TEM at the 
correct angle is needed to clearly observe the two layers, which can be further complicated by the 
presence of significant organics, or when using 2D materials containing elements with a low number of 
electrons that cannot be resolved.

How can we improve the next generation of colloidal 2D layered heterostructures? There are 
numerous examples from intersecting fields discussed, which can serve as a guide for future efforts in the 
direct colloidal synthesis of 2D nanomaterial heterostructures. Crucially, careful control over interfacial 
reactions is necessary to prevent uncontrolled growth outside of the desired interface (section 5). Janus 
nanosheets with defined chemistry for selective interactions with precursors is one approach that may 
provide this, while the main drawback of this approach is the lack of control over size/morphology of the 
Janus nanosheets themselves. 2D Janus nanosheets derived from Pickering emulsion-based surface 
modification techniques provide an approach to achieve a vast variety of different surface chemistries, 
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which can be used to further guide colloidal growth on one or the other side of the two faces of these 
materials (section 5.1). The use of 2D material templates with well-defined face vs edge surface 
chemistry can also allow greater control over synthesis at such interfaces.307–315 Surfactant pillaring, 
where the formation of ordered stacks of 2D materials by surfactant intercalation occurs, can provide a 
favorable environment in the interlayer space for the precursors of different inorganics (section 5.2). Our 
group has utilized this approach in particular to realize a family of colloidally synthesized layered 2D 
heterostructures (section 6.2), showing the potential of this method. The state of the art of colloidal 
synthesis of 2D material heterostructures also encompasses the sequential growth of atomic layers in 
semiconductor chalcogenide nanoplates, as discussed in section 6.1. As discussed, the majority of 
literature reports concerning direct synthesis of 2D nanomaterial heterostructures outside of these topics 
feature uncontrolled growth and mixing of 2D materials as the chief approaches. Researchers should 
make an active effort to improve the size and shape dispersity of their heterostructures, as this will lead to 
more well-defined properties and greater utility for self-assembly-based approaches. The careful control 
of surface chemistry at interfaces, interactions between colloidal particles, and tendency for molecular 
precursors to react at specific interfaces of 2D materials will prove to be increasingly important as well-
defined 2D material heterostructures are sought. Such improvements in this field will enable advances in 
a plethora of applications, particularly aqueous-phase (photo)catalysis,316–318 sensing,319 optoelectronics,70 
and energy storage.320,321
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