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The development and ongoing discovery of 2D materials and their emergent optical and electronic
properties have led to 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

Received 19th March 2024, such as the synthesis of 2D Janus nanosheets, modification of interlayer spaces of 2D materials, and

Accepted 28th June 2024 colloidal atomic layer deposition give insight into potential future colloidal strategies. In summary, this

DOI: 10.1039/d4tc01102¢ 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

rsc.li/materials-c greatly benefit applications in (photo)catalysis, energy storage, sensing, optoelectronics, and more.

1. Background
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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).
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1.1. 2D materials

The discovery of two dimensional (2D) materials such as
graphene and MoS, 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."™ In general, the
composition and structure of 2D materials are the same as
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those of their parent bulk compounds, while their thickness
ranges from 0.3 nm (e.g. graphene) to 2.8 nm (e.g. Bi,Sr,Ca-
Cu,0,)."**”7 In particular, semiconductors and the unique
physical and electronic properties which arise from the con-
finement of their dimensions to nanometer-thick layers have
led to 2D materials attracting intense interest. This is particu-
larly notable for graphene, single-atomic layer thick sheets that,
when stacked, compose graphite, which have generated intense
interest since their discovery.® The theory of graphene was first
developed by Wallace in 1947 to better describe the electronic
properties of graphite,” and the first electron microscopy
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studies of thin graphite samples were reported from 1948 to
1962.'"" While the first reliable observations of graphene by
electron microscopy were made in 2001,"* Novoselov, Geim,
and co-workers were the first to properly isolate and character-
ize graphene in 2004, 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."*™*® MoS,, a transition
metal dichalcogenide (TMD), was also of significant interest
to researchers decades before graphene. The ‘“Scotch tape
technique” of mechanical exfoliation (which was later used
for the production of graphene in the landmark study by
Novoselov et al.) was first reported for the production of few-
layer MoS, in 1965,”° whereas the liquid-phase exfoliation (LPE)
of MoS, via lithium ion intercalation resulting in “one-
molecule-thick sheets” was reported in 1986.2° Despite these
early observations, it was the intense interest generated by
graphene and the wide range of methods developed for related
research that sparked renewed interest in MoS, and other 2D
materials for their unique optical, electronic and mechanical
properties.>’>* The discrete, quantized electronic structure of
2D materials including graphene and TMDs has led to the
discovery of numerous unique electronic and magnetic effects,
such as highly tunable bandgaps which can be tuned from
indirect to direct,>*** enhanced photoluminescence,***® and
coupling of spin and valley physics for “spintronic” and
“valleytronic” devices.?”>°

2D or ultrathin materials comprise a broad range of differ-
ent materials. They can vary in thickness, from single atom-
thick layers in materials including graphene, g-C;N,, and h-BN,
to periodic stacks of varying thickness, depending on the
crystal structure. Non-layered materials can also exhibit inter-
esting physical, optical, or electronic properties when deposited
or grown as layers with nanometric thickness, particularly
plasmonic metals®™**> and semiconductors.>*?* A significant
number of layered bulk solids have been discovered and
studied for their potential in the formation of hybrid nanoma-
terials. Phyllosilicates are a broad class of materials composed
of 2D sheets of tetrahedral and octahedral coordination, to
which minerals pyrophyllite, muscovite, talc, montmorillonite,
and others belong.?> 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 incorporation into
different 2D material heterostructures.®®> Misfit layer chalco-
genides, with the formula (MX);+,, TX; or (MX)14,, (TX5), (Where
M = Sn, Pb, Sb, Bi, rare earth elements; T = Ti, V, Cr, Nb, Ta; X =
S, Se), consist of alternating stacks of MX and TX, layers.**®
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 demonstrate interesting electronic and magnetic
properties such as superconductivity and antiferromagnetic
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ordering,’” which have found application in thermoelectric
energy conversion in recent years.”> Aurivillius- and Sillén-
Aurivillius-type perovskites consist of a layered structure in
which Bi,0, layers are sandwiched between (A,, 1 B,, Oz;+1)
layers, where A is a 12-atom coordinated cation such as Na*, K*,
ca*', sr**, Pb**, Ba*", Ln**, Bi*", etc., and B is a combination of
cations suitable for octahedral coordination, e.g., Fe**, Cr*",
Ti**, Nb**, Mo®, etc.*® Aurivillius perovskites have shown great
potential as naturally layered multiferroics,*’ and for applica-
tions in photocatalytic water oxidation** and overall water
splitting.®

Recently, the discovery of novel classes of materials such as
MXenes has further transformed the field,"**° 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.*® The
advantages of MXenes, with the chemical formula M,X,T,
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 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 exceeding 800 °C, they exhibit very
high temperature stability,"” which leds to numerous applica-
tions at elevated temperatures and opens the door to proces-
sing techniques that might damage more thermally sensitive
materials. Furthermore, many different possible terminal
groups can be introduced during 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 modifica-
tions towards fabrication of layered heterostructures, which is
discussed in detail below.

For this review, the materials of focus are semiconductors,
as changes in their electronic structure due to confinement can
lead to significant changes in their properties,**>*> making the
understanding of their synthesis critical for advancing applica-
tions. These thickness-dependent changes in their properties
can lead to reduced recombination of photogenerated electrons
and holes, decrease of the bandgap, and increased photolumi-
nescence, 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 proper-
ties can be found in a number of reviews.>*>*~>°

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 (Fig. 1a). Initial studies on VAW hetero-
structures, focused on graphene, showed that bilayers or multi-
layers of graphene with a certain twist angle between the two

This journal is © The Royal Society of Chemistry 2024
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(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 MoS,/WSe, 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 MoS; (SL MoS;) and MoS,/WSe, heterostructures displaying the Moiré pattern
due to the twist angle between layers. Panel (a) is adapted with permission from The American Chemical Society.” Panels (b)—(e) are adapted with
permission from the Proceedings of the National Academy of Sciences of the United States of America.®”

layers can exhibit new properties such as high carrier emission,
topological superconductivity,”"*> and tunable photolumine-
scence.’*> An angle as low as 1.1° between 2D layers signifi-
cantly alters the electronic structure of the bilayer, leading to
distinct energy and momentum states known as flat bands.>>>
In so-called magic-angle-twisted bilayer graphene, supercon-
ducting and topological insulating states have been recently
observed.>*®° The twisting of the two layers leads to a distinct
Moiré pattern,®™®> which leads to a certain periodicity in the
distances between different lattice positions of the two
layers.”**®%37%¢ Thig has also been shown in transition metal
dichalcogenides such as MoS, and WS, (Fig. 1b-e).*” The
changes in relative lattice position can also be used to block
carriers with a specific electron spin, known as spin
filtering.®®%°

While 2D materials in twisted layered structures are highly
interesting for the reasons mentioned above and more,”® the
development of 2D heterostructures, i.e., two ultrathin layers of
different material compositions, has also led to significant
advances in materials science and solid-state physics that have
reverberated across various scientific fields. Layered hetero-
structures were first reported by Koma and co-workers in 1984,
via the growth of NbSe, thin films on 2H-MoS,.”"”> However,
the majority of reports since then naturally stem from the
graphene community, as this material was extensively studied
following its report in the early 2000s. In that sense, mechanical
exfoliation and transfer of one material followed by the sequen-
tial laying of an individual sheet of another material atop it was
first reported by Dean et al. with graphene and hexagonal boron
nitride (h-BN).”® A variety of different stepwise mechanical
transfer methods similar to this have been reported since then,
which are detailed in Section 2. The colloidal synthesis and
exfoliation of 2D materials is critical for the 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

This journal is © The Royal Society of Chemistry 2024

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 include Janus-
functionalized nanosheets and the formation of clays “pil-
lared” with surfactants and different metal oxides, which are
detailed in Section 5. Finally, the state of the art in direct
colloidal synthesis of 2D material heterostructures, particularly
stepwise shell growth in semiconductor chalcogenide nanopla-
telets and the synthesis of semiconductors in the interlayer
space of layered material templates, is discussed in detail in
Section 6.

2. Non-colloidal approaches to 2D
material heterostructures

While the focus of this review is on the development of
colloidal approaches for the fabrication of 2D material hetero-
structures, it is essential to first outline the ‘classic”
approaches for fabricating well-defined 2D material hetero-
structures. 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 VAW 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

J. Mater. Chem. C, 2024, 12, 11285-11318 | 11287
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Fig. 2 Mechanical transfer of 2D materials: (a) carrier-foil transfer technique; (b) soft-lithography approach using the intermediate release layer; and (c)
stamping of 2D materials atop one another via vdW interactions and transfer to a target substrate.

substrate or if it can be 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 directly exfoliating the 2D sheet onto it
(Fig. 2a). The 2D material sheet is then transferred atop this
polymer layer to the desired substrate, and released from the
film either by heating (when using thermal release tape),”* or by
dissolving the layer with solvent (for polymers such as
PMMA).”> There are numerous variations of this method,
involving different types of polymers and methods for retriev-
ing the heterostructure from liquid-air interfaces. However,
due to the lack of mechanical stability of the polymer film
which limits the capability to align the two layers, the involve-
ment of solvents (some of which are 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, 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, the 2D material sheet is transferred
to the substrate (Fig. 2b). While this method is very simple and
allows for alignment due to the transparency of the elastomeric
stamp, its success 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 of 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.”®#® However, in some cases, the van der Waals-

76,77
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based assembly of 2D sheets into heterostructures is achievable
without such sacrificial polymer layers, except for the top layer
(Fig. 2¢).%* As these techniques are not the focus of this review,
the reader is pointed towards recent reviews if they are inter-
ested in learning more.®"

2.2. van der Waals epitaxy

Much of the early research on 2D heterostructures stems from
vapor-phase methods of 2D material growth. Known as van der
Waals epitaxy (VAWE), this method results in the oriented
in situ growth of 2D layers which gives rise to multilayer
structures held together by weak VAW forces. Techniques
suitable for VAWE include pulsed laser deposition (PLD)
(Fig. 3a and b), molecular beam epitaxy (MBE) (Fig. 3c and d),
and chemical vapor deposition (CVD).**®° This was first
reported in 1984 by Koma et al.,, demonstrating the epitaxial
growth of NbSe, on single-crystal MoS, using molecular beam
epitaxy.”"”>#® The weak VAW interactions between the crystal-
line 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%).%® In order to achieve such 2D
heterostructures through VAWE in a well-controlled manner,
compatibility with the substrate and non-catalytic growth pro-
cesses that occur independent of the substrate are required.
Non-catalytic CVD-based growth processes have been devel-
oped for a variety of materials, allowing the VAWE of diverse
combinations of 2D materials such as graphene/h-BN,*” gra-
phene/MoS,,%® SiC/MoS,,?° and a number of others, which have
been covered in recent reviews.?' In general, the growth of
epitaxial 2D layers via vapor-phase methods is governed 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.”®

This journal is © The Royal Society of Chemistry 2024
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(b) scanning transmission electron microscopy image of 2D WS,/WSe,/WS,

heterostructures fabricated by PLD-based VAWE, with corresponding elemental mapping by electron-dispersive X-ray spectroscopy; (c) transmission
electron microscopy image of 9 monolayer MoSe; on highly oriented pyrolytic graphite (HOPG) fabricated by MBE. (d) Transmission electron microscopy
image of multilayered WSe, on single crystal Bi,Sesz fabricated by MBE. Panels (a) and (b) are adapted with permission from The American Chemical
Society (CC-BY-NC-ND 4.0).°! Panels (c)°? and (d)°® are adapted with permission from IOP Publishing.

One of the advantages of VAWE 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~° mTorr).”* There are
also several drawbacks associated with this approach. First, the
equipment requirements for the different techniques men-
tioned to carry out VAWE are significant, and typically expen-
sive to obtain and maintain compared to colloidal approaches
discussed in Sections 4 and 6. In addition, some materials such
as TMDs (e.g., MoS,, WSe,, etc.) have high nucleation rates
during their growth process, which ultimately limits the achiev-
able grain sizes. 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.”® This is partially
due to low substrate temperatures that encourage 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 inter-
face also necessitates longer reaction times, although it results
in TMD layers with order of magnitude larger grain sizes.®* In
the case of h-BN, high temperature MBE has shown the most
promise; however, while growth temperatures up to 1850 °C on
graphite®® or 900-1000 °C on metal foils®’~°° can be suitable for
the formation of h-BN graphene heterostructures, these tem-
peratures far exceed the decomposition temperatures of TMDs.
Efforts have been made to achieve low-temperature epitaxial
growth of h-BN/TMD heterostructures. While some success has
been achieved using MBE at temperatures from 350-500 °C, the
resulting 2D material layers are poorly crystalline.'® On the
other hand, atomic layer deposition (ALD) has shown promis-
ing results for the growth of h-BN layers at temperatures as low
as 275 °C; %12 however, more work is needed in this direction
to establish high-fidelity VAWE of h-BN/TMD heterostructures

This journal is © The Royal Society of Chemistry 2024

at growth temperatures typical of semiconductor/MEMS
processing.

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, enabling highly flexible design of
complex superlattices based on compositionally diverse layered
compounds. This was first shown by the group of Johnson
et al, yielding a series of superlattices composed of mixed
chalcogenides such as [NbSe,]s[TiSe,]s and [(SnSe); 16-1.00]
[(NbxMo;_,)Se,]."**"** 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 super-
lattice, albeit with some rotational disorder (Fig. 4a and b).
Furthermore, the Schaak group has reported the synthesis of
metastable 2D MBene nanosheet heterostructures via a room-
temperature topotactic pathway.'”® Starting with the stable
compound MoAIB, room temperature chemical deintercalation
of Al via NaOH etching provided MoAl, ,B, as a destabilized
intermediate. After size-selecting the resulting grains to isolate
the smallest (and thus most reactive) grains, they were
annealed at 600 °C for 4.5 hours to further deintercalated Al
and to crystallize metastable Mo,AlB,. Increasing this anneal-
ing time to 18 hours led to the formation of a layered hetero-
structure of alternating Mo,AlB, and AlO, layers of 1-3 nm
thickness (Fig. 4c).

Although there is still much to explore in reactive annealing
approaches, distinct advantages and disadvantages have
already become 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,

J. Mater. Chem. C, 2024,12,11285-11318 | 11289
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sectional high-resolution high angle annular dark field scanning transmission electron microscopy (HAADF-STEM) image of a [(SnSe); 1sli(TaSes);
specimen, with layers noted and Sn and Se indicated with green and red beads, respectively; (c) scheme depicting the topotactic conversion of MoAIB to
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composed of alternating Mo,AIB, and AlO, layers of 1-3 nm thickness. Panels (a) and (b) are adapted with permission from The American Chemical

Society, 10

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 MoS,/WS, heterostructured nanotubes, where the
layer number and crystallinity of the MoS, outer wall are
controlled by synthetic conditions, yielding highly crystalline
heterostructures with specific chirality.'°® Considering the dis-
advantages, 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 to all materials, and is mostly suitable for materials
which have metastable intermediates or are capable of deal-
loying. Finally, this approach is potentially unsuitable for the
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 scalability is a
concern. While vapor-phase approaches have shown great

1290 | J Mater. Chem. C, 2024,12, 11285-11318

and panel (c) is reprinted with permission from the American Chemical Society.
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potential for 2D material heterostructures, they require com-
plicated 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.®""'%” 1% T better understand the motivation
behind colloidal approaches for fabricating 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 seen
progressive improvements over the last decades, which allows
for the facile and rapid synthesis of a large variety of 2D
materials.'®”***'12 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 agents such as surfactants or poly-
mers, and treatment at elevated temperatures (up to ~220 °C)
and pressures (up to ~20 bar) in a Teflon beaker inside a
sealed steel autoclave. Solvothermal methods bear great
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similarity to hydrothermal methods, except that solvents 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 offer great flexibility and scal-
ability, hydrothermal methods are generally more approach-
able 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 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 nanopar-
ticle synthesis, is known as “hot injection”, where precursors
dissolved in nonpolar solvents are injected into a very hot
(typical temperatures range from 200 to 350 °C) mixture of
surfactant-like ligands in an organic solvent.'*® Thus, numer-
ous colloidal approaches to synthesize 2D nanomaterials via
hydrothermal,""" solvothermal,'™* and “hot-injection” meth-
ods have been reported,"”® and future advances are still
anticipated."**''*> Many 2D materials are synthesized in a
layered form and must be exfoliated to achieve a dispersed,
single-layer 2D material, a process 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 pro-
duction of large quantities of 2D materials, which has
been developed to encompass a wide range of different
materials."**"® In general, LPE seeks to modify the
nanosheet-liquid interactions to reduce the net exfoliation
energy and stabilize the nanosheets against aggregation
(Fig. 5). The majority of LPE approaches involve atleast one,

several to
m— * |tens of nanometers
_ intercalation * exfoliation
AEREREY oo
| d i ammonium ions. > .
ayered crysta H,0 s H20
osmotic swelling
(critical bridge)

Fig. 5
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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; and (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™","*? it also
comes with its own set of drawbacks.

LPE methods generally lead to broad size and thickness
distributions of the resulting nanosheets (Fig. 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 thick-
ness 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 indivi-
dual 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 MoS,)."*" 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,"®* careful control of the parameters is necessary for
ensuring reproducibility or transferring the method to another
material.

The use of harsh solvents, surface chemistry-modifying
small molecules and ions, and exposure to strong ultrasonic
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(a) Schematic of ion-induced exfoliation of a charged layered crystal. Once osmotic swelling surpasses 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; and (d) schematic workflow for LPE: initial exfoliation leads to a
broad size distribution, which can be narrowed through sequential centrifugation cycles. Panel (a) is adapted with permission from The American
Chemical Society.” Panels (b) and (c) are adapted with permission from AAAS.*2° Panel (d) is adapted with permission from The American Chemical
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forces can lead to irreversible alteration of the surface of
2D materials, as well as the formation of defects and
imperfections.'**'*> When considering 2D materials and their
unique properties arising from their “all-surface”” nature, the
damage and formation of defects resulting 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 MoS, undergo the formation of surface defects, in
addition to the polydisperse edge lengths and thicknesses
which are major challenges for their processing in optoelec-
tronic applications. 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 limitation highlights how the majority of
the above processes for fabrication of 2D nanomaterial hetero-
structures fall short of achieving the goal of well-defined
colloidally synthesized 2D nanomaterial heterostructures, as
such surface modifications are ubiquitous in all these methods.

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;'’” 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 producing solar fuels H, and O,.
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 MoO; are chemi-
cally unstable in aqueous media and degrade readily, requiring
the use of alternative solvents or chemical stabilizers.

4. Colloidal assembly of 2D materials
into heterostructures

4.1. Layer-by-layer assembly

Methods for the scalable synthesis of colloidal 2D nanomater-
ials 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

1292 | J Mater. Chem. C, 2024, 12, 11285-11318

View Article Online

Journal of Materials Chemistry C

assembly of 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 controlling the thickness of the
layers tends to be more challenging compared to 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(diallyldimethylamm-
onium chloride) (PDDA) and polyethyleneimine serve as
counterions,'?*™'?® whereas for cationic nanosheets, anionic
polymers such as poly(styrene 4-sulfonate) are most widely
used.'*>'3° Hetero-layered 2D nanomaterial superlattices can
be fabricated through the sequential deposition of the two
types of nanosheets associated with their polyelectrolyte coun-
terions. For example, Sakai et al. fabricated layered hetero-
structures of Tig9;0,%¢7/Mn0,**~ via modification of the
anionic 2D materials with PDDA."*!

To avoid the use of ionic polymers to form heterolayered
structures in LbL methods, surface compression in a Lang-
muir-Blodgett (LB) trough can aid in achieving varying degrees
of 2D material packing or tiling, which is followed by building
up the 2D heterostructure with alternating layers of
nanosheets.'* Li et al. achieved a 2D heterostructured super-
lattice of perovskites (LaNb,O, )¢ and (CayNb3O44 )10 via LbL
using the LB method with the two perovskite nanosheets
(Fig. 6a)."**> UV-vis spectroscopy of the films can be used to
track the sequential deposition of individual layers, while X-ray
diffraction (XRD) measurements showed that the heterostruc-
tured superlattice exhibited a basal spacing of 1.4 nm, as opposed
to 1.2 or 1.6 nm basal spacings for (LaNb,O, ), or
(CayNb3044 )10, respectively (Fig. 6b and c). Li et al. also reported
the LbL assembly of cationic MgAl LDH nanosheets with
Tig.010,>%°" or Ca,Nb;0;,~ 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.'*

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.”*® In an interesting example by Ziegler and
co-workers, the modification of MnAl LDH with ethylbenzene-
sulfonate and the modification of Ca,Nb;O,,  with tetra-n-
butylammonium (TBA) were used to achieve exfoliated
dispersions of these 2D materials in both water and formamide
(Fig. 6d-i)."*> After establishing the successful exfoliation of
both materials via atomic force microscopy and infrared
spectroscopy, the exfoliated nanosheets were deposited
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Fig. 6 Layer-by-layer-based assembly of 2D layered heterostructures. (a) Schematic of LbL-based assembly of perovskite 2D heterostructures using the
Langmuir—Blodgett method with a Langmuir trough; (b) UV-vis spectra of superlattice with sequential addition of hetero-layers, where (LaNb,O-)1o
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 the 100-bilayer LDH/perovskite heterostructure; influence of solvent on the
heterostructure formed by LDH dispersed in (f) formamide, (g) water; (h) HAADF-STEM image of the LDH/perovskite heterostructure showing LDH as a
dark layer between bright perovskite layers, with larger and smaller distances between perovskite sheets shown as green x and blue o, respectively; and (i)
HAADF-STEM image of the LDH/perovskite heterostructure with the inset showing the distances between Nb—Nb (A,B), and Ca—Ca (C,D). Panels (a)-(c)

are adapted with permission from The American Chemical Society.*** Panels (d)- (i) are adapted with permission from The American Chemical Society.

sequentially onto a Si/SiO, 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 micro-
scopy (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 (Fig. 6e).
The importance of surface chemistry was also clearly demon-
strated in this study; the influence of solvent on the equili-
brium of TBA'OH ™~ modification of the perovskite layers clearly
impacts both the ratio of LDH to perovskite in the heterostruc-
ture, as well as the spacing between layers (Fig. 6f and 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.”***
The same considerations regarding surface chemistry for suc-
cessful 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

This journal is © The Royal Society of Chemistry 2024
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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 for colloidally
achieving 2D heterostructures, as has also been reported in
other areas of nanoparticle assembly, such as with plasmonic
nanoparticles.”*”**° In the case of 2D nanosheets with charged
basal surfaces, flocculation into restacked lamellar aggregates
can be achieved either by introducing oppositely charged ions,
or a different type of nanosheet with an oppositely charged
surface. In general, flocculation-based strategies lead to stack-
ing of nanosheets into lamellar aggregates without a defined
interlayer registry, resulting in considerably higher stacking
disorder than in vapor-phase and mechanical transfer meth-
ods. Despite their lack of interlayer registry, the resulting
porosity and high surface area can be beneficial for applica-
tions in photocatalysis and electrocatalysis."****

A significant number of 2D material nanosheets have nega-
tive surface charges, particularly various oxides such as gra-
phene 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)."**'** The opposite surface charges
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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.'*®
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 is
consistent 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 exfo-
liation/restacking approach has been established for a wide
range of 2D materials, generally aided by electrostatic interac-
tions. Examples include NiFe LDH/MnO,,'*® MgAl LDH/
MnO,,"” CoAl LDH/montmorillonite,"*® CoAl LDH/polyvinyl
alcohol/GO,'*® and NiAl LDH/TaS,."*° The colloidal assembly
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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 MoS, or
RuO,, and the formation of a hetero-layered 2D superlattice
drastically improved the lamellar structural order by suppres-
sing defect formation and resulting in tighter stacking'®'
(Fig. 7a). Furthermore, the function of rGO/RuO,/rGO layered
structures was improved both as 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 MnO, via exfoliation/restacking to achieve a
2D heterostructured superlattice with drastically improved
specific capacities, rate capacities, and cycling stabilities for
energy storage applications (Fig. 7b)."**

Electrostatic-induced assembly between oppositely charged
nanosheets can also be exploited directly in a colloidal disper-
sion. Ma and co-workers reported the formation of 2D layered
heterostructures via the dropwise addition of a dispersion of

Superlattice

Fig. 7 Exfoliation/restacking-based approaches for 2D layered heterostructures. (a) Assembly of PDDA-modified rGO with RuO, and MoS; leading to
ordered 2D heterostructures; (b) assembly of oppositely charged MnO, and PDDA-modified rGO; and (c) assembly of MnO, with PDDA-modified TizC, T,

MXene. Panel (a) is adapted with permission from John Wiley & Sons, Inc.1>
Panel (c) is adapted with permission from The American Chemical Society.
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anionic TiO nanosheets to a dispersion of cationic GdEu
nanosheets in a formamide dispersion under continuous stir-
ring at a concentration ratio which would provide surface area
matching.’®* The flocculated product resulting from this was
washed several times prior to sonication to form a homogenous
suspension, and free-standing membranes were then fabri-
cated 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 also been used in colloidal approaches for the formation of
2D nanomaterial heterostructures, followed by their deposition
via 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 alighment of the rGO sheets,
greatly improving both the electrical conductivity and mechanical
properties of the heterostructure compared to the constituent 2D
nanosheets.””>"*® Similarly, MXene modified with PDDA also
provided a well-defined 2D heterostructure superlattice with high
stability and facilitated fast charging/discharging ion diffusion for
energy storage (Fig. 7c)."* A similar approach was also used for
the fabrication of rGO-BP films, which exhibited a record mechan-
ical toughness of ~52 MJ m ™ >.">” Furthermore, the electrostatic
assembly of ZnIn,S, with MoSe, to form 2D heterostructures has
shown that this approach can also yield layered composites with
drastic improvements in their functional properties, particularly
in photocatalytic H, evolution.'*®

In summary, layered nanomaterials obtained by LPE can be
assembled into well-ordered layered heterostructures, following
the 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 it challenging to control and define the photophysical and
interfacial properties of the heterostructure. 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 shortcom-
ings, 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

This journal is © The Royal Society of Chemistry 2024
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characteristics that favor the attachment of the first layer of
2D materials, whereas this first layer serves as an anchor for the
following layers of other 2D materials 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."*° In the 3 decades since then, the development of
“Janus” materials, or materials/particles with two distinct
regions of different surface chemistry, composition, or proper-
ties has experienced significant progress. The first particle
termed “Janus” was achieved in 1989 by embedding glass
particles in a planar matrix, while the exposed regions of the
particles were treated with octadecyltrichlorosilane to achieve a
hydrophobic, organically modified region and a hydrophilic
glass region."®® 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 Emul-
sions”.'®»'%? In addition to Pickering emulsions, classic emul-
sion polymerization processes carried out on seed particles can
provide a scalable means to produce asymmetric particles by
controlling 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 strate-
gies tend to be confined to purely organic systems rather than
modified 2D materials, and thus readers interested in these
approaches may refer to relevant reviews to learn more about
this topic.'®?

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, includ-
ing chemical reactions such as siloxane modification, plasma
treatment, sputtering, or exposure to gaseous radical
species.'® % In 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.'® The grafting of radical initiators used in poly-
mer synthesis to 2D materials in a Janus fashion can also be
useful for polymerization reactions at the interface, offering the
potential for an even greater number of possible chemical
modifications. In an example by Leon and co-workers, Picker-
ing 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) onto these faces
by ATRP."®® Furthermore, in this study, the authors also carried
out chemical analysis of the two faces of the nanosheets,
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Fig. 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 with polystyrene, and (e) one side modified with polystyrene and the other with polyisoprene. Panel (a) is adapted with

permission from The American Chemical Society.”” Panels (b)-(e) are adapted with permission from The American Chemical Society.

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 one formed by a Pickering emulsion), followed by modifica-
tion of the exposed or outer part of the shell via various
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 to gain
greater control over surface chemistry (Fig. 8)."°*'”® The use of
Janus nanosheets to drive inorganic synthesis at the interface is
one approach through which 2D nanomaterial heterostructures
can be achieved. For example, Yang and co-workers used Janus
nanosheets prepared via a Pickering-emulsion-based approach
to drive the selective growth of Fe;O, nanoparticles on the
hydrophilic side of the Janus sheet, which was facilitated by Fe
ions complexing with free carboxylic acid groups present on the
surface.'”* Similarly, the large disparity in surface chemistry
and chemical environment between the two interfaces has been
shown to permit the selective growth of Au,'”* TiO,,'”> Ag,'”®
and other metals on one of the two interfaces of Janus
nanosheets. These examples reinforce the concept that control
over surface chemistry can provide the means to restrict the
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growth of materials at specific interfaces, which will come into
play in future strategies for achieving better control over the
direct colloidal synthesis of 2D nanomaterial heterostructures.

While approaches similar to those described in the above
paragraph can yield a wide range of Janus 2D nanosheets,
major drawbacks remain which hinder the development of
well-defined colloidal 2D nanomaterial heterostructures. First,
the need for crushing 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 with 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 hin-
dered 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 seg-
ments of the scientific community are interested in the synth-
esis of well-defined 2D layered heterostructures. In particular,
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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 achieve 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 col-
loids. On the other hand, colloidal techniques such as LbL
assembly, exfoliation/restacking, and Janus particle-based
approaches all suffer from different limitations which cannot
be easily counteracted. In particular, these techniques generally
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 advanta-
geous 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 tem-
plated 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, LAPO-
NITE®, 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, in which the exchange of
interlayer cations in montmorillonite with alkylammonium
was used to induce interlayer porosity, many researchers have
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reported the “pillaring”, or the formation of ordered vertical
stacks of layered clays, with surfactants or other organic
molecules.'®*#! In general, organocations based on the ammo-
nium moiety have been widely used (II, Fig. 9)."®* The use of
inorganic ions to induce pillaring of the clays was also shown
(11, Fig. 9), where the subsequent condensation of the inor-
ganic ions to form solids within the interlayer serve as early
examples of 2D inorganic heterostructures, generally for appli-
cations in catalysis."®*'®® The first examples of these include
the condensation of Al ions in 1977 by Brindley and Sempels,
and the hydrolysis of silicon acetylacetonate and tantalum or
niobium metal clusters by Pinnavaia et al. in 1984 (IV, Fig. 9).**’
Numerous studies have been carried out in which metal oxides
such as Zr02’188—192 Ti02,193_195 Cerx,l%_lgg and A1203200—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, resulting in porous materials effective for
catalysis.'®?

More recently, both inorganic and organic pillaring strate-
gies have been developed for the modification of emerging 2D
materials to improve their functionality. TMDs such as MoS,,
with weak interlayer bonding, allow for the intercalation of
various molecules, both charged and uncharged.?**"*°° Amines
serve as generally useful pillaring agents as they can be proto-
nated to a cationic state in an aqueous environment, and many
studies have reported the use of amines for expanding the
interlayer space of TMDs.>°”*%® Pillaring strategies show great
promise for energy storage applications, benefiting from the
improvement in battery and supercapacitor function due to

Organic Pillared Clay

v

LN

Ihorganic Pillared Clay

Fig. 9 Schematic of the modification of layered clay-like materials to achieve organic or inorganic pillared clays. () A layered material with basal surface
charges compensated by counterions (shown in orange); (Il) exchange of counterions with charged surfactants (CTAB is shown) as organic ions provides
an organic pillared clay; (Ill) the intercalation with metal oxide species (from I, tetraethylorthosilicate (TEOS) shown) or exchange of metal ions (from I)
provides a metal or metal-oxide intercalated layered material; and (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.
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improvements in the reversible transport of ions in the inter-
layer spaces of 2D materials. MXenes in particular have bene-
fited from this, where several studies highlight the use of
organic pillaring agents such as tris(2-aminoethyl)amine,>*
hydrazine,*'° glycine,*"" and the common pillaring surfactant
cetyltrimethylammonium bromide (CTAB)**>*'® 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 with 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 pillar-
ing strategies involving the formation of silica by calcination,
following intercalation/pillaring with an amine, have also been
shown to improve the ion storage of MXene-based hybrids for
battery applications.>'**'> A broad range of other 2D materials
have benefitted from pillaring strategies to improve their
properties relevant for electrochemical energy storage applica-
tions;>'®*'” however for a more exhaustive list, readers may be
interested in recent reviews which focus more specifically on
this topic.>'®*'° Finally, advances achieved through pillaring of
2D materials have also been reported in other fields such as
sensing,”*® and energy storage;>'* however this topic goes
beyond 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 exfolia-
tion/restacking, LbL, or related approaches, highlights the need
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 impor-
tance of chemical modification of interfaces in achieving pre-
dictable growth at interfaces and well-ordered 2D layers. Many
2D-material-based semiconductor heterostructures for photo-
catalysis largely consists of mixtures of two materials, which
generally lack well-defined structures and clear guiding princi-
ples for their fabrication approach, making it difficult to
transfer the success of these methods to other systems.?>' 223
There are several reports of photocatalysts based on 2D mate-
rial 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
Ca,Nb;0,(/NiO, heterostructures prepared using an LbL
approach, which resulted in suppressed recombination of
photogenerated charges.””* Jiang et al. used an exfoliation/
restacking approach to obtain CsPbBr;/BiWOg 2D heterostruc-
tures, although the growth of small Pt nanoparticles was
necessary to observe improved photocatalytic CO,RR.>**> Lin
and co-workers reported the fabrication of LDH/Ti;O, layered
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heterostructures by exfoliation/restacking, resulting in a super-
lattice with improved photocatalysis of methylene blue and
photocurrent generation.?”® A number of other reports of
exfoliation/restacking based approaches for the fabrication of
2D material heterostructures exist,”*”**® with varying degrees
of definition of the lamellar structure; however there are only
few examples of direct colloidal synthesis of well-defined 2D
material heterostructures thus far. Initial success in the direct
colloidal synthesis of 2D nanomaterial heterostructures has
been achieved via the stepwise growth of semiconductor chal-
cogenide nanocrystals in heated mixtures of nanoplates, pre-
cursors, and surfactants (6.1) and via surfactant-induced
pillaring of charged 2D material templates followed by hydro-
thermal synthesis (6.2). These methods are described in greater
detail below.

6.1. Sequential colloidal growth of chalcogenide nanocrystal
heterostructures

Semiconductor nanocrystals known as “quantum dots” (QDs)
are of significant importance due to their size-dependent
optical and electronic properties, and cadmium chalcogenide
nanocrystals (CdX, X = S, Se, and Te) in particular have been
well-studied regarding their synthesis, surface chemistry, and
optical properties.”>*">** 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.>** 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 mole-
cules cap the surface of the formed nanocrystals and prevent
their agglomeration."™ In heat-up approaches, the reaction
mixture is heated slowly to the reaction temperature at which
the formation of nanocrystals will take place.>*®

Great control over size and morphology of CdSe nano-
particles has been achieved, allowing for the production of
2D platelets with distinct numbers of atomic layers in
thickness.?**2*° This is important for the development of
optoelectronic applications, as this diminishes spectral broad-
ening of emission and gives rise to fast radiative rates, among
other effects.”*'>** The interest in enhanced optical properties
has led to the development of epitaxial overgrowth of semi-
conductor layers atop 2D CdX nanoplatelets (NPLs) with 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 materials, with a broad range of
possible photoluminescence wavelengths from the near-
ultraviolet to the near-infrared.>*"2*2:*45-248 The typical struc-
tures 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
co-workers reported a room-temperature approach to limit the
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growth of CdS or CdZnS layers on CdSe via a ligand-exchange
route.”® In their approach, thiolate ligands were used to
substitute carboxylate ligands on the CdSe NPLs, providing a
sulfide layer and simultaneously blocking further growth.
Further control over subsequent growth steps is achieved by
coating NPLs with a bis-trimethylsilylated sulfur compound
(TMS,S), 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.”>**" The NPL solution is then
washed to remove excess TMS,S, 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 (Fig. 10a
and b).

A variation of these methods that has shown strong control
over the growth of 2D heterostructures is known as colloidal
ALD (c-ALD), a method which was first described by Talapin
and co-workers in 2012 for the growth of CdS shells on CdSe
nanocrystals.>®> 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 are iterated
to achieve precise control over the growth of the shell. This
approach allows facile tailoring of the resulting surface chem-
istry, as the final step is the reattachment of ligands, and NMR
studies have shown that roughening and increased chemical
disorder at the surface occur during the process of ligand
removal and shell growth.>*® In c-ALD, the sequential solvent
extraction of nanocrystals and precursors between synthetic
steps prevents the accumulation of excess precursors and
synthetic by-products, reducing non-uniform growth and
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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 (Fig. 10c and d). In the first step, N-methylformamide
(NMF), hexane, (NH,),S, and CdSe nanoplatelets (NPLs) dis-
solved 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 are 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 