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ABSTRACT: Ultrathin two-dimensional (2D) nano-
sheets, such as graphene and MoS,, which are demon-
strated to be fundamentally and technologically important
in many applications, have emerged as a unique family of
nanomaterials in chemistry and material science over the
past decade. The single-crystalline nature and ultrathin
thickness of these 2D nanosheets make them ideal
templates for the epitaxial deposition of nanostructures,
which offer many possibilities to engineer microsized 2D
p—n hetero-junctions at atomic/nanometer scale. This
Perspective aims to provide information on the epitaxial
growth of hetero-nanostructures based on ultrathin 2D
nanosheets. Various methods for the epitaxial growth of
nanostructures based on ultrathin 2D nanosheets or in situ
growth of lateral or vertical epitaxial 2D semiconductor
hetero-nanostructures are introduced. The advantages of
these 2D epitaxial hetero-nanostructures for some
applications, such as electronics, optoelectronics, and
electrocatalysis, are also presented. On the basis of the
current status of 2D epitaxial hetero-nanostructures, the
future prospects of this promising area are discussed.

B INTRODUCTION

Epitaxial growth is the deposition of one kind of crystals on the
crystal face of another crystalline substrate, in which the
deposited crystal has the same structural orientation with the
crystalline substrate.” Generally, substrates used for epitaxial
growth are highly crystalline bulk substrates with a sinlglg
exposed facet, such as graphite, mica, Si(111), and Au(111). ™
Epitaxially grown thin films and nanostructures have shown
superior performance in a wide range of applications, including
plasmonics, electronics, optoelectronics, and catalysis, owning
to their well-defined structure/interface or selectively exposed
facets.' > Benefiting from the advantages of nanomaterials,
engineering epitaxial hetero-nanostructures is believed to
enable them with some interesting optical, chemical, and
electronic properties and functions due to the epitaxial growth
nature.’ Currently, the construction of epitaxial hetero-
nanostructures is normally based on the formation of epitaxial
core—shell nanoparticles (NPs)/nanowires or epitaxial deposi-
tion of NPs on another sort of nanocrystals (e.g,, nanowires,
nanorods, and nanocubes).””"> As a class of newly emerging
nanomaterials, ultrathin two-dimensional (2D) nanosheets, in
particular graphene and layered transition metal dichalcoge-
nides (TMDs), have attracted considerable attention in recent
years and shown promising potential in various applications,
such as electronics/optoelectronics, catalysis, energy storage
and conversion, sensing, and biomedicine.'™>” Moreover,
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engineering functional hybrid nanostructures based on ultrathin
2D nanosheets has been demonstrated to be a fascinating
strategy to modulate the chemical and electronic properties of
2D nanosheets.”* ™ These ultrathin 2D nanosheets, despite
being atomically thin, still keep the single-crystalline feature,
making them ideal templates for epitaxial deposition of
nanostructures. Of particular interest is that the solution-
processability of some ultrathin 2D nanosheets allows for the
epitaxial growth of hetero-nanostructures in the liquid phase in
high yield and on a large scale. The ultrathin feature and large
lateral size also offer opportunities to engineer microsized 2D
p—n hetero-junctions at atomic/nanometer scale.

In this Perspective, we will focus on the discussion of the
recent progress on epitaxial growth of hetero-nanostructures
based on ultrathin 2D nanosheets. The epitaxial growth of
other nanostructures, such as topological insulators and MoS,,
on graphene will first be introduced. Then, how to achieve the
epitaxial growth of lateral and vertical hetero-junctions of TMD
monolayers will be demonstrated. Moreover, we will describe
the recent achievements in liquid-phase epitaxial growth of
nanostructures on ultrathin 2D semiconductor nanosheets as
well as the preparation of epitaxial core—shell noble metal
nanosheets. After that, we will highlight the advantages of these
resultant epitaxially grown hetero-nanostructures for a number
of applications, such as electronics, optoelectronics, and
electrocatalysis. Finally, on the basis of conclusions on the
current research achievement, the challenges and our personal
perspective of the future research directions in this research
area will be laid out, aiming to inspire more exciting studies in
the near future.

B EPITAXIAL GROWTH OF 2D NANOSTRUCTURES
ON GRAPHENE SHEETS

Graphene, the most studied ultrathin 2D nanosheet over the
past decade, is an atomically thin carbon monolayer consisting
of sp* carbon atoms compacted into a 2D honeycomb lattice.’
Graphite is one of the most widely used substrates for epitaxial
growth of other materials, such as organic crystals, noble
metals, and semiconductors.”” Since graphene is the basic
building block of graphite, we can predict that graphene,
especially the pristine and chemical vapor deposition (CVD)-
grown one, could also be a promising template for epitaxial
growth of other nanomaterials due to its similar crystalline and
surface feature with graphite.

To date, several kinds of nanostructures, such as topological
insulator nanoplates (e.g,, Bi,Se; and In,Se;), MoS,, WSe,, and
hexagonal boron nitride (h-BN) nanosheets, have been
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Table 1. Summary of the Epitaxial Hetero-Nanostructures Based on Ultrathin 2D Nanosheets

2D epitaxial hetero-structure

Bi,Se;—graphene
In,Se;—graphene van der Waals epitaxy

CVD
CVD

MoS,—graphene
MoS,—graphene, WSe,—graphene, h-BN—graphene

WSe,-graphene CVD and MOCVD
MoS,—MoSe,, WS,—WSe, CVD

MoSe,—WSe, CVD

WS,—MoS, CVD

MoS,—WS, CVD

MoS,—WS, CVD

MoS,—WS,, MoSe,—WSe, ambient-pressure CVD
‘WSe,—MoSe, two-step CVD
WSe,—MoS, two-step CVD
MoSe,—MoS, CVD, electron beam

synthesis method

vapor-phase deposition

lithography, and pulsed laser

vaporization

Pt—MoS,, Pd—MoS,, Ag—MoS, wet-chemical synthesis

PbS—MoS,, PbS—WS,
injection method

CuS—TiS,, ZnS-TiS,, Ni;S,—TiS,

Au—Ag
Au—Pt, Au—Pd

wet-chemical synthesis
wet-chemical synthesis

liquid exfoliation and hot

modified electrochemical Li-
intercalation and exfoliation

type of epitaxial hetero-structure application ref
Bi,Se; nanosheets grown on few-layer - 32
graphene
In,Se; patterns with different shapes grown photodetectors 33
on graphene
MoS, nanosheets grown on graphene - 34
MoS,, WSe,, and h-BN nanosheets grown  photodetectors 35
graphene
triangular WSe, nanosheets grown graphene — 36
lateral hetero-structures CMOS inverters 51
lateral hetero-structures - S2
lateral and vertical hetero-structures photodiodes and 53
FETs
lateral and vertical hetero-structures - 54
vertical hetero-structures - S5
lateral hetero-structures - 56
vertical hetero-structures - S7
lateral hetero-structures photodiodes S8
patterned arrays of lateral hetero-structures — 59
Pt and Pd NPs and Au triangular nanoplates electrocatalytic 60
grown on single-layer MoS, nanosheets HER

PbS NPs grown on few-layer MoS, or WS, photodetectors 62

nanosheets
CuS, ZnS, or Ni;S, nanoplates grown on Li ion batteries 63
TiS, nanosheets
Ag-coated Au core—shell hetero-structures ~ — 68
Pt- or Pd-coated Au core—shell hetero- - 69

structures

a  Side view b

Top view

Figure 1. (a)b) Schematic illustration of the epitaxial growth of Bi,Se; on graphene. (c) A typical optical image of Bi,Se; nanoplates epitaxially grown
on a multilayer graphene substrate. Reproduced with permission from ref 32. Copyright 2010, American Chemical Society. (d) Schematic illustration
of In,Se; flakes grown on a layered substrate. (e) AFM image of a terraced In,Se; flake with thicknesses of 1—3 QLs. Reproduced with permission

from ref 33. Copyright 2013, American Chemical Society.

epitaxially deposited on graphene sheets (Table 1).*7°
Generally, the graphene used for the aforementioned epitaxial
growth is mechanically exfoliated or CVD-grown, because the
chemically converted graphene, such as graphene oxide (GO)
and reduced graphene oxide (rGO), is unsuitable for the
epitaxial growth of other nanomaterials (e.g., noble metals and
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semiconductors) due to its discontinuous lattice structure
induced by the oxygen-containing groups on its surface.”” As a
typical example, Liu and co-workers demonstrated the epitaxial
growth of Bi,Se; nanoplates, a kind of topological insulator, on
pristine few-layer graphene sheets using a simple vapor-phase
deposition method (Figure 1ab).”* The size of grown Bi,Se,
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Figure 2. (a) TEM image of a WSe,—WS, lateral hetero-nanostructure. (b) High-angle annular dark-field (HAADF) TEM image of the hetero-
nanostructure. (c) SAED pattern taken across the hetero-nanostructure interface. (d) EDS elemental mapping images of WSe,—WS, hetero-
nanostructures. (e) Schematic illustration of lateral epitaxial growth of WSe,—WS, and MoSe,—MoS, hetero-nanostructures. Reproduced with

permission from ref 51. Copyright 2014, Nature Publishing Group.

nanoplates is about several micrometers (Figure lc), and the
thickness can be tuned from 1 quintuple-layer (QL) to 10 QLs
by varying the experimental conditions. Similarly, the same
group also reported the epitaxial growth of another type of
topological insulator flakers, ie., In,Se; with size in micro-
meters and atomic thickness on %raphene template by the van
der Waals epitaxy (Figure 1d,e).”” The thickness, orientation,
nucleation site, and crystal phase of In,Se; flakes could be well
controlled by tuning the growth condition.

Besides topological insulators, the epitaxial growth of MoS,,
WSe,, and h-BN nanosheets on graphene has also been
achieved.** ™ For example, Kong and co-workers reported the
epitaxial growth of MoS, nanosheets on CVD-grown graphene
on Cu foil > Briefly, the precursor for growth of MoS,, ie.,
(NH,),MoS,, in N,N-dimethylformamide was first transported
onto graphene surface by a carrier gas at room temperature.
Then, a relatively high temperature annealing (400 °C) was
used to decompose the precursor to form MoS, sheets. The
epitaxially grown MoS, sheets with a hexagonal shape on
graphene own size from several hundred nanometers to several
micrometers and thickness of 2—S nm. It was found that the
crystal quality of graphene is essential for the realization of
epitaxial growth. In another example, Robinson and co-workers
achieved the epitaxial growth of MoS, WSe, and h-BN
nanosheets on CVD-grown graphene by gas-phase deposition
method.” The used graphene is epitaxially grown on 6H-SiC
substrate, making it a perfect template for epitaxy due to the
lack of dangling bonds and its ability to remain intact under
high stress. Note that all the aforementioned graphene-based
2D epitaxial hetero-structures are grown on rigid substrates.
Very recently, Alem and co-workers reported the preparation of
freestanding WSe,—graphene hetero-structure by epitaxial
growth of triangular monolayer WSe, with lateral size of
100—400 nm on CVD-grown graphene via the metal—organic
chemical vapor deposition (MOCVD).*

B EPITAXIAL GROWTH OF LATERAL AND VERTICAL
2D TMD HETERO-JUNCTIONS

Besides graphene, single- and few-layer nanosheets of layered
TMDs have also attracted a great deal of interest in recent years
due to their 2D morphology features but different electronic
properties with graphene.'”"® In contrast to the zero band gap
graphene, some of TMD monolayers (e.g., MoS,, WS,, MoSe,,
and WSe,) are direct band semiconductors, holding promise for
fabrication of electronic devices. For example, TMD mono-
layers or multilayers have shown potential as active materials
for integration of transistors, phototransistors, nanogenerators,
and electrical gas sensors.”®~*' It has been demonstrated that
engineering van der Waals (VdW) hetero-nanostructures by
simply stacking of two different kinds of ultrathin 2D
nanosheets together in the vertical or lateral directions is an
effective strategy to tune the electronic properties of ultrathin
2D nanosheets and thus to fully explore their potential
applications in high-performance electronics and optoelec-
tronics.”*™ Therefore, some unusual optical and electronic
properties as well as new phenomena were observed on these
artificially stacked hetero-structures.””™* However, a transfer
process is always necessary for fabrication of such kind of
hetero-structures, which could introduce some polymer
contaminations during the transfer process. In addition, it is
also difficult to control the stacking area and orientation of the
two nanosheets, making it difficult to precisely control the
optical and electronic properties of the hetero-nanostructures.
In contrast, the epitaxial growth of TMD monolayers to create
well-defined vertical or lateral hetero-nanostructures could be
an ideal approach to address the aforementioned disadvantages
involved in these VAW hetero-nanostructures, allowing for
precise modulation of the chemical composition and electronic
properties. For realization of epitaxial growth, the lattice
mismatch between the two crystals is a key factor, where lower
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Figure 3. (a) Schematic illustration, (b) optical, and (c,d) SEM images of the vertical epitaxial WS,—MoS, hetero-nanostructures. (e) Schematic
illustration, (f,g) optical, and (h) SEM images of the lateral epitaxial WS,—MoS, hetero-nanostructures. Reproduced with permission from ref S3.

Copyright 2014, Nature Publishing Group.

lattice mismatch is better for epitaxial growth. Fortunately, the
lattice mismatch between some TMD materials is low, which is
favorable for their epitaxial growth. For example, the lattice
mismatch between MoS, and MoSe, or WS, and WSe, is ~4%.

Generally, TMD monolayers or multilayers can be grown on
a silicon oxide substrate by the CVD techniques.**" In
principle, the preparation of lateral epitaxial hetero-nanostruc-
ture could be achieved by the successive growth of another
TMD material at the edge of an existing TMD monolayer.*’
The key challenge lies in that the edge of original TMD
monolayer is easily passivated after exposure to ambient
conditions.®® In this case, another TMD material tends to
grow solely rather than continuously grow based on the existing
TMD monolayer. Therefore, keeping a fresh, unpassivated edge
is essential to achieve the successive epitaxial growth of lateral
hetero-nanostructures.>’ Bearing this in mind, several kinds of
gas-phase deposition methods have been developed for
preparation of lateral and vertical epitaxial hetero-nanostruc-
tures consisting of two different kinds of TMD monolayers
(Table 1).°'7>” As a typical example, Duan and co-workers
reported the epitaxial growth of lateral hetero-nanostructures of
WSe,—WS, and MoSe,—MoS$, by the CVD method (Figure 2),
in which in situ switching of the vapor-phase reactants can
ensure the nonexposure of active edges to ambient con-
ditions.”" The as-prepared microsized hetero-nanostructures
can be easily identified by optical microscopy, Raman
spectroscopy, and photoluminescence mapping, transmission
electron microscopy (TEM), and energy-dispersive X-ray
spectroscopy (EDS) elemental mapping. For example, the
TEM and EDS elemental mapping results clearly indicated the
formation of WSe,—WS, lateral epitaxial hetero-nanostructure
(Figure 2a—d), corresponding to the scheme shown in Figure
2e. In another example, Xu and co-workers successfully
prepared the MoSe,—WSe, monolayer lateral epitaxial hetero-
nanostructures by the physical vapor transport mothed using
MoSe, and WSe, powders as the precursors.”” At the early

stage of the growth process, it is favored to form pure MoSe,
monolayer. However, after a certain time of growth, WSe,
deposition dominates the growth, and the presence of MoSe,
seed with active edges allows the further lateral epitaxial growth
to form hetero-nanostructures. It is noted that pure WSe,
crystals also grew during the process. It is worth emphasizing
that no external action is required during the growth process,
allowing for remaining the unpassivated edge sites for lateral
epitaxy. Concurrently, Ajayan and co-workers developed a
single-step vapor-phase growth process for preparation of
highly crystalline lateral as well as vertically stacked WS,—MoS,
monolayer epitaxial hetero-structures.”” It is believed that the
sequential growth of MoS, and WS,, instead of Mo, W,_,S,
alloy, is due to the difference in nucleation and growth rates of
MoS, and WS, crystals. When the reaction temperature was
changed to about 850 °C, the WS, was epitaxially grown on the
top of MoS, monolayer to form vertically stacked epitaxial
hetero-nanostructures (Figure 3a—d). Surprisingly, when the
reaction temperature was about 650 °C, the WS, preferred to
further grow at the edge sites of the as-grown MoS, monolayer
to form lateral epitaxial hetero-nanostructures (Figure 3e—h).
Although the authors found that the addition of tellurium with
tungsten powder can help to accelerate the melting of tungsten
powder during the growth process, the essential role of
tellurium in the formation of well-defined hetero-nanostruc-
tures needs to be further explored. Similarly, in a recent report,
Jo and co-workers also demonstrated that tuning of the growth
temperature is an effective approach for the nucleation kinetics
control, thus to achieve the controlling of the growth mode of
MoS,—WS, hetero-nanostructures.”* Cao and co-workers also
reported the fabrication of vertical MoS,—WS, hetero-
nanostructures by a similar CVD method.>® In another work,
Lee and co-workers achieved the growth of lateral hetero-
nanostructures of MoS,—WS, and MoSe,—WSe, monolayers
by using ambient-pressure CVD with aromatic molecules as
seeding promoters.”® The growth process is similar to the
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Figure 4. (a) Schematic illustration of the growth process of the monolayer WSe,—MoS, lateral epitaxial hetero-structure. (b,c) High-resolution
STEM images of the WSe,—MoS, lateral epitaxial hetero-structure at the interface regions. (d) Atomic model showing the interface structure of the
WSe,—MoS, lateral epitaxial hetero-structure. Reproduced with permission from ref 58. Copyright 2015, American Association for the Advancement

of Science.

method used by Xu and co-workers discussed above®” except
the use of perylene-3,4,9,10-tetracarboxylic acid tetrapotassium
salt (PTAS) as seeding promoters. Very recently, Ajayan and
co-workers reported the growth of vertical epitaxial WSe,—
MoSe, hetero-nanostructures by a two-step CVD method,
which allows for finely controlling the domain size and the type
of synthesized hetero-structures by simply tuning the growth
time.”” Note that alloyed structures are always observed at the
interface regions for all the aforementioned monolayer lateral
epitaxial hetero-nanostructures.”’ ~>**° Importantly, recently, Li
and co-workers developed a two-step CVD method to prepare
monolayer WSe,—MoS, lateral epitaxial hetero-nanostructure
with an atomically sharp interface.”® Monolayer WSe, was first
grown on substrate via the VAW epitaxy. Then MoS, was
epitaxially grown along the edge of WSe, seed in a separate
finance (Figure 4a), the atomically sharp transition in
compositions at the interface region was realized, which is
evidenced by STEM images (Figure 4b—d).

Intriguingly, Geohegan and co-workers achieved the
preparation of patterned arrays of monolayer MoSe,—MoS,
lateral epitaxial hetero-structures.”” The monolayer MoSe, was
first synthesized by CVD method and then simply masked by
the conventional patterning processes (Figure 5a). The
selective conversion of the unmasked MoSe, areas to MoS,
was achieved by pulsed laser vaporization of sulfur (Figure Sa).
Different shape of MoS, arrays, such as triangles, circles, and
ribbons, can be prepared. For example, the Raman maps shown
in Figure Sb clearly show the formation of triangular and
circular MoSe, patterns on MoS, monolayer crystals. This
strategy might be extended to prepare other kinds of patterned
arrays of monolayer TMD lateral epitaxial hetero-nanostruc-
tures.

B LIQUID-PHASE EPITAXIAL GROWTH OF
NANOSTRUCTURES ON 2D SEMICONDUCTOR
NANOSHEETS

Note that all the aforementioned methods used for epitaxial
growth of nanostructures on graphene or construction of TMD
monolayer hetero-junctions belong to the gas-phase epitaxy
technique. As known, the gas-phase epitaxy method normally
requires high temperature/vacuum, and the prepared hetero-
structures need to be supported by certain substrate, resulting
in the high cost and relatively low output of the synthesis
process.7’ In contrast, the liquid-phase epitaxial growth method
allows for preparation of hetero-nanostructures in high yield
and large amount with relatively low cost in solution phase.”” "
The recent success in the high yield and massive preparation of
semiconductor nanosheets in solution phase aroused great
interest in utilization of them as dispersible templates for
epitaxial growth of other nanostructures.'”~'? As a typical
example, our group realized the epitaxial growth of noble metal
nanocrystals including Pd, Pt, and Ag on dispersible single-layer
MoS, nanosheets by wet-chemical methods at room temper-
ature (Table 1).°° The single-layer MoS, nanosheets that were
used as the template for direct growth of noble metal
nanostructures were prepared from its bulk crystal by an
electrochemical Li intercalation and exfoliation method
developed by our group.”’ For instance, the TEM image,
selected area electron diffraction (SAED) pattern, and high-
resolution TEM (HRTEM) image clearly show the successfully
epitaxial deposition of Pd NPs with size of ~5 nm on MoS,
nanosheets (Figure 6a—c).”’ It was found that the Pd NPs
show the major (111) and (101) orientation on the MoS,(001)
surface. The epitaxial deposition of Pt NPs with sizes of 1—3
nm on the MoS, monolayers was also achieved by the
photochemical reduction, which is evidenced by the TEM
image, SAED pattern, and HRTEM image (Figure 6ef). In
addition to the spherical NPs, Ag triangle nanoplates were also
epitaxially grown on MoS, sheets, as shown in Figure 7a—c.
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Figure S. (a) Schematic illustration of the preparation process of MoSe,—MoS, lateral epitaxial hetero-junction arrays. (b) Two examples of MoSe,—
MoS, lateral epitaxial hetero-junction arrays. The green, red, and combined Raman maps are obtained from the corresponding optical images,
representing the MoS, (intensity map at 403 cm™'), MoSe, (intensity map at 238 cm™), and overlaid MoSe,—MoS, regions, respectively.
Reproduced with permission from ref 59. Copyright 2015, Nature Publishing Group.

This is the first time to realize the epitaxial growth of noble
metal nanocrystals on dispersible nanosheets in aqueous
solution via wet chemical syntheses. Note that not all the
noble metal nanocrystals are epitaxially aligned on the MoS,
surface, in which the epitaxial ratio of Pt and Pd NPs is about
70%. The non-epitaxial growth of some NPs might be induced
by the defects and edges in the single-layer MoS, sheets. It has
been observed that there are some defects on the backbone of
MoS, sheets, which might be generated by the Li-intercalation
during the preparation of MoS, sheets. Since the epitaxial
growth normally needs perfect crystal surface, the Pt or Pd NPs
grown on the defects or edge sites belong to the non-epitaxial
growth.

Besides noble metals, semiconductor nanostructures have
also been successfully deposited on ultrathin 2D semiconductor
nanosheets with epitaxial growth effect (Table 1).°*®* For
example, Zaumseil and co-workers reported the epitaxial
growth of PbSe quantum dots (QDs) on MoS, or WS,
nanoflakes by a wet-chemical method.”> The MoS, and WS,
nanoflakes were synthesized by ultrasonication of their bulk
crystals in diphenyl ether with subsequent purification by
centrifugation. The PbSe QDs were epitaxially grown on MoS,
or WS, nanoflakes by using a hot-injection method from PbO
and selenium powder in the presence of as-exfoliated MoS, or
WS, nanoflakes. It is worth pointing out that the epitaxial ratio

of PbSe QDs on MoS, or WS, nanoflakes is relatively low,
which might be due to the defects on the nanoflake surface.
Besides NPs, our group recently demonstrated the liquid-phase
epitaxial growth of 2D semiconductor hetero-nanostructures by
an electrochemical method,63 which is similar to the Li
intercalation and exfoliation method used for the high-yield
and massive production of single- or few-layer TMD nano-
sheets from their bulk crystals.”’ As a result, ultrathin Cu$S
nanoplates were epitaxially grown on TiS, nanosheets by using
Cu foil and TiS, crystal as precursors. The obtained CuS
nanoplates showed triangular/hexagonal shape with size of 50—
120 nm (Figure 7d,e). Unlike the aforementioned epitaxial
growth of NPs in liquid phase, all of the CuS nanoplates were
perfectly aligned on the TiS, nanosheet without any mis-
orientation (Figure 7f). This method is also applicable for
epitaxial deposition of ZnS and Ni;S, nanoplates on TiS,
nanosheets by simply changing the metal foil. This is the first
time for the realization of epitaxial growth of 2D semiconductor
hetero-nanostructures in liquid phase.

B LIQUID-PHASE EPITAXIAL GROWTH OF
CORE—SHELL NOBLE METAL NANOSHEETS

Besides graphene and TMD nanosheets, ultrathin 2D noble
metal nanostructures are also receiving increasing attention
recently.”” To date, a number of ultrathin noble metal
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Figure 6. (a) TEM image of Pd NPs grown on Mo$S, nanosheet. (b) SAED pattern of a Pd—Mo$S, hybrid nanosheet. (c) HRTEM images of Pd NPs
on MoS,. (d) TEM image of Pt NPs grown on Mo$S, nanosheet. (e) SAED pattern of a Pt-MoS, hybrid nanosheet. (f) HRTEM images of Pt NPs on
MoS,. Reproduced with permission from ref 60. Copyright 2013, Nature Publishing Group.

Figure 7. (a) TEM image of Ag nanoplates epitaxially grown on MoS, nanosheet. (b) TEM image of a typical Ag nanoplate epitaxially grown on
MoS, nanosheet. (c) Fast Fourier transform (FFT)-generated SAED pattern of (b). Reproduced with permission from ref 60. Copyright 2013,
Nature Publishing Group. (d) TEM image of epitaxial CuS—TiS, hetero-nanostructures. (e) Highly magnified TEM image of CuS—TiS, hetero-
nanostructures. (f) The SAED pattern of epitaxial CuS—TiS, hetero-nanostructures. Reproduced with permission from ref 63. Copyright 2015, John

Wiley & Sons, Inc.

nanosheets, such as Au, Pd, and Rh, have been synthesized by
various methods, offering novel templates for epitaxial growth
of hetero-nanostructures.”*"®” As a typical example, our group
first synthesized ultrathin Au square sheets (AuSSs) with edge
length of 200—500 nm and thickness of ~2.4 nm on GO
sheets.”” Impressively, it was found that the crystalline AuSS is
hexagonal close-packed (hcp) structure, which is stable under
ambient conditions, rather than the conventional face-centered

cubic (fcc) structure. By using this hcp AuSS as the template, a
number of noble metal epitaxial core—shell hetero-nanostruc-
tures, such as Au@Ag, Au@Pt, and Au@Pd, were prepared
(Table 1).° For example, Ag can be easily coated on the
AuSSs via the reduction of AgNO; with L-ascorbic acid or
NaBH, in the presence of the as-prepared AuSSs.*® It is worth
pointing out that a phase transformation of AuSSs from hcp to
fec structures was always observed during the formation of
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Figure 8. (a) TEM image of epitaxial fcc Au@Ag square nanosheets on GO surface. (b) SAED pattern of a typical epitaxial fcc Au@Ag square
nanosheet taken along the [100]; zone axes. (c¢) HRTEM image of a typical epitaxial fcc Au@Ag square nanosheet. (d) TEM image of epitaxial hcp/
fec Au@Ag square nanosheets on GO surface. (e) SAED pattern of a typical epitaxial hcp/fec Au@Ag square nanosheet along the [110];,/[101]; zone
axis. (f) HRTEM image of a typical epitaxial hcp/fcc Au@Ag square nanosheet. Reproduced with permission from ref 68. Copyright 2015, Nature

Publishing Group.

epitaxial core—shell nanosheets. Note that Ag is favorable to
epitaxially grow on Au surface due to the negligible lattice
mismatch (~0.2%) between Au and Ag.*® The resultant
epitaxial core—shell Au@Ag nanosheets have a similar square
shape with the AuSSs (Figure 8a). Its thickness could be tuned
from 3 to 4.6 nm by controlling the amount of deposited Ag.
The HRTEM image and SAED pattern revealed that the Au@
Ag sheets is a pure fcc crystal structure with the (100);
orientation (Figure 8b,c). The epitaxial core—shell Au@Ag
nanosheets can also be prepared by reduction of AgNO; with
oleylamine.’® In contrast to the pure fec structure, the Au@Ag
nanosheets prepared by using oleylamine as the reduction agent
exhibited a crystal structure with the mixed hcp/fcc phase
(Figure 8d—f). The thickness of the epitaxial hcp/fcc Au@Ag
nanosheets is 2.8 & 0.5 nm. It is suggested that the interplay of
the surfactant—metal bonding energy and the adhesive energy
of metal structures might be attributed to the different types of
phase transformation induced by different capping agent.
Similarly, the epitaxial growth of Pt or Pd on AuSSs to form
the core—shell Au@Pt or Au@Pd nanoplates was achieved, in
which the phase transformation from the hep to fec structures
was also observed.”” Unlike the epitaxial growth of Ag, the
square shape of AuSSs changed to rhombic shape after the
epitaxial growth Pt or Pd thin layer on its surface. Moreover,
the epitaxial growth of Pt or Pd on hcp AuSSs mainly leads to
the formation of fcc core—shell Au@Pt or Au@Pd rhombic
nanoplates with (101); orientation, which is much different
from the (100)gorientated fcc Au@Ag nanosheets. The
thickness of core—shell nanoplates is a little thicker than the
pure hcp AuSSs. For example, the thickness of epitaxial Au@Pt
rhombic nanoplates is about 3.5 + 0.7 nm. Note that a little
amount (<10%) of fcc (100)roriented Au@Pt and Au@Pd
square nanoplates were also obtained. We think the formation
of unprecedented (101)qoriented nanoplates and the shape
transformation are induced by the relatively large lattice

mismatch between Pt or Pd and Au (e.g, 5.8% for Pt and
6.9% for Pd)*” as compared to that between Ag and Au
(0.2%).%®

B UNIQUE ADVANTAGES OF EPITAXIAL
HETERO-NANOSTRUCTURES BASED ON
ULTRATHIN 2D NANOSHEETS

Previous studies have demonstrated that engineering hybrid
nanomaterials or hetero-nanostructures based on ultrathin 2D
nanosheets, such as graphene and TMDs, could be one of the
most simple and effective ways to tune their physical, chemical,
and/or electronic properties and thus to fully exploit their
various promising applications.zg_30 Epitaxial hetero-nanostruc-
tures, as one kind of hetero-nanostructures, are believed to be
promising candidates for some specific applications due to their
well-defined structure/interface and selectively exposed facets
enabled by the epitaxial growth nature. Especially, the epitaxial
growth of hetero-nanostructures enables them with some
advantages that are unattainable with the other forms of hetero-
nanostructures. In this section, the potential of the as-prepared
epitaxial hetero-nanostructures based on ultrathin 2D nano-
sheets used for some applications will be discussed.

Ultrathin 2D nanosheets, especially graphene and TMDs,
have shown potential in the fabrication of electronic/
optoelectronic devices, such as transistors, phototransistors,
nanogenerators, and electrical gas sensors.**~*! The creation
of p—n junctions with well-defined structures is fundamentally
important in all modern electronics/optoelectronics, such as
p—n diodes, photovoltatic devices, and light-emitting diodes
(LEDs). The construction of epitaxial hetero-nanostructures
based on ultrathin 2D nanosheets could be a promising
platform to engineer their electronic properties, opening up
new ways to create fascinating hetero-junctions at atomic/
nanometer scale. As a typical example, Duan and co-workers
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Figure 9. (a) I;,—Vy, output characteristics of an n-type WS, FET at various backgate voltages. (b) I3,—Vy, output characteristics of a p-type WSe,
FET at various backgate voltages. (c) Gate-tunable output characteristics of a lateral WSe,—WS, hetero-junction p—n diode. (d) Experimental
output (I—Vy) characteristics of the lateral WSe,—WS, hetero-junction p—n diode in the dark and under illumination. Inset: Temporal
photocurrent response under periodic on/off laser illumination through a mechanical chopper. (e) Scanning photocurrent mapping image of the
lateral WSe,—WS, hetero-junction p—n diode. (f) A CMOS inverter obtained by integrating a p-type WSe, and n-type WS, FET. Inset: Image and
circuit diagram of the WSe,—WS, CMOS inverter. Reproduced with permission from ref 51. Copyright 2014, Nature Publishing Group.

demonstrated that the WSe,—WS, lateral epitaxial hetero-
nanostructure could be used for many functional devices,
including photodiodes and complementary metal oxide—
semiconductor (CMOS) inverters (Figure 9).°" Note that the
WSe,—WS, lateral hetero-nanostructure is a p—n junction,
since the WSe, is a p-type semiconductor and WS, is an n-type
semiconductor, which are confirmed by their field emission
transistor properties (Figure 9a,b). The formation of p—n diode
was also evidenced by the current rectification of the device
fabricated with the WSe,—WS, lateral hetero-nanostructure
(Figure 9¢c). The photocurrent response of the photodiode
based on WSe,—WS, p—n junction was investigated, and a
photovoltaic effect with an open-circuit voltage of ~0.47 V and
a short-circuit current of ~1.2 nA was observed (Figure 9d).
The response time of the device is less than 100 ys, which is
beyond the experimental resolution, indicating that the
photoresponse comes from the photocarrier generation and
separation. The calculated external quantum efficiency of
photon-to-electron conversion of the WSe,—WS, p—n photo-
diode is about ~9.9%, while the internal quantum efficiency of
the photodiode is estimated to be as high as 43%. The
photoluminescence mapping revealed that the photocurrent
response is localized to the lightly doped WS, and WSe,—WS,
interface region (Figure 9e¢), indicating that the depletion layer
is dominated by the lightly doped WS, layer. Besides
photodiode, by integrating a p-channel WSe, and an n-channel
WS, transistor in series across the hetero-junction interface, the
WSe,—WS, p—n junction could also be used for construction
of a CMOS inverter (a logic NOT gate). A 20 nm HfO, thin
film was used as the gate dielectric in the CMOS inverter to
reduce the required gate voltage. Constant high voltage output
at low input was detected on this device based on its output—
input (V,,—V;,) voltage response (Figure 9f). The output
voltage was quickly switched to nearly 0 V and maintained at a

low state at higher input voltages when the input voltage
increased to ~1.5 V. Importantly, a voltage gain as large as 24
on the CMOS inverter was achieved, which was revealed by the
differentiation of measured V,,—V;, relation. Such a large gain
is of significance for the interconnection of arrays of logic
circuits for functional electronic applications, in which the
signal restoration at each stage is not necessary. Similarly,
Ajayan and co-workers also demonstrated the lateral WS,—
MoS, hetero-nanostructure, being an intrinsic monolayer p—n
junction without external electrical tuning, was used as the
photodiode.”®> A photovoltaic effect was observed on the
photodiode with an open-circuit voltage of 0.12 V and closed-
circuit current of 5.7 pA, which is not as good as the
photodiode based on the lateral WSe,—WS, hetero-nanostruc-
ture.”’!

Besides the lateral epitaxial hetero-nanostructure, Ajayan and
co-workers also demonstrated that the WS,—MoS, vertical
epitaxial hetero-nanostructure could be a promising channel
material for integration of high performance field-effect
transistors (FETs).>® It was demonstrated that the ON/OFFE
ratio of the FET device based on the WS,—MoS, vertical
epitaxial hetero-nanostructure is larger than 10°. Its mobility is
estimated to be in the range of 15—34 cm? V™! s7L which is
much higher compared to the monolayer MoS, (4.5 cm* V™!
s71)7°71 or MoS$, bilayer (5.7 cm? V™! s7).>* More importantly,
the mobility is much higher than that of the VAW WS,—MoS,
hetero-structure made by the transfer method (0.51 cm® V™!
s71).> It is suggested that the excellent device performance of
the epitaxial hetero-structures is ascribed to the clean interface
between WS, and MoS,. In contrast, unwanted contaminations,
which were introduced during the transfer process, might exist
between the stacking WS, and MoS, layer, resulting in the
relatively poor performance of the FET device.”
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Figure 10. (a) Polarization curves of Pt—MoS,, Pt—C, and MoS,. (b) The corresponding Tafel plots. (c—f) HRTEM images of (101)-oriented Pt
NPs on MoS,. Reproduced with permission from ref 60. Copyright 2013, Nature Publishing Group.

Recently, Robinson and co-workers demonstrated that the
MoS, nanosheets epitaxially grown on graphene presented
much improved photoconductivity and responsivity compared
to the pure MoS, nanosheet when used as the channel material
in phototransistors.”> It was found that photocurrent of the
phototransistor based on MoS,—graphene hetero-nanostruc-
ture is more than 100 times higher than that of the single-layer
MoS, phototransistor. Its photoresponsivity is about 40
mAW™!, which is much higher than that of the MoS,
phototransistor (0.42 mAW™).* In addition, Zaumseil and
co-workers reported that photodetector could be constructed
based on the solution-processed PbSe QD-deposited MoS,
flakes.”” The obtained photodetector with a near-infrared
photosensitivity exhibited much enhanced photocurrent
compared to the pure MoS, nanosheet. Importantly, this
device exhibited long-term stability in air, and no obvious
degradation was observed even after 48 cycles. However, the
curial role of epitaxial growth in this device was not discussed,
which should be further explored.

It is well known that Pt is a highly efficient catalyst for some
electrocatalytic reactions, such as hydrogen evolution reaction
(HER) and oxygen reduction reaction (ORR).”” The exposed
crystal facet of Pt nanocrystal is one of key factors that can
affect its catalytic activity, in which the high-index facet
normally exhibits higher catalytic activity compared to the low-
index facet.”” Hetero-nanostructures by epitaxial growth of
noble metal nanocrystals on 2D well-defined crystalline surface
could be used as high efficient catalysts for electrocatalysis.
Recently, our group demonstrated that the composite of Pt
NPs epitaxially grown on single-layer MoS, nanosheets,
referred to as Pt—MoS,, could be a highly efficient catalyst
for HER.® It was found that the Pt—MoS, composite exhibited
much higher electrocatalytic activity toward the HER compared
with the pure MoS, nanosheets as well as the commercial Pt—C
catalyst with the same Pt loading (Figure 10a). The calculated
Tafel slopes of for the three tested catalysts are shown in Figure
10b. The enhanced electrocatalytic activity toward HER could

be partially attributed to the epitaxially grown Pt NPs with
exposed high index facets, since some high index facets such as
{110} and {311} were observed in the Pt NPs synthesized on
MoS, (Figure 10c-f). Moreover, the large surface area of 2D
MoS, nanosheets makes it easy to collect and transport charges,
which is beneficial to the efficient charge transfer and ionic
interchange at the catalyst surface.

B CONCLUSION AND PROSPECTS

In summary, ultrathin 2D nanosheets with some interesting
properties could serve as new, fascinating platforms for
engineering well-defined hetero-nanostructures at the atomic/
nanometer scale. In particular, ultrathin 2D nanosheets with
atomically flat surfaces show promise for use as templates for
epitaxial deposition of other nanostructures on their surfaces.
Noble metal, semiconductor, and topological insulator
nanostructures have been successfully epitaxially grown on
graphene, MoS,, or TiS, nanosheets.”>>%%%%%3 15 addition,
the liquid-phase epitaxial growth of noble metal core—shell
nanosheets (e.g, Au@Ag, Au@Pt, and Au@Pd) has also been
achieved by using hcp AuSSs as template.”**” Moreover, the
lateral and vertical epitaxial hetero-nanostructures can be
constructed by epitaxial growth of one kind of TMD monolayer
at the edge or on the top of an existing TMD monolayer. 2D
lateral or vertical epitaxial TMD hetero-nanostructures, such as
MoSe,—MoS,, WSe,—WS,, MoSe,—WSe,, WS,—MoS,, and
WSe,—MoS,, have been achieved by using gas-phase epitaxy
methods.”' ™ The epitaxial growth enabled them some
advantages, offering them much potential for some specific
applications. For example, the seamless lateral epitaxial TMD
hetero-nanostructure formed via the covalent bond is one kind
of p—n junctions, allowing for the integration of many
functional electronic devices by using it as the basic unit,
such as transistors, photodiodes, LEDs, and photovoltaic
devices.””*" The clean and well-defined interface of vertical
epitaxial TMD hetero-nanostructures makes them ideal plat-
forms for construction of high-performance electronics and
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optoelectronics.” Furthermore, epitaxially grown noble metal
nanostructures on 2D nanosheets with selectively exposed
facets could be excellent catalysts in some electrocatalytic
reactions (e.g, HER).”

Despite all the recent achievements in this exciting research
area, challenges still remain in the highly controlled synthesis of
epitaxial hetero-nanostructures and understanding of the
underlying mechanisms. Although 2D epitaxial hetero-nano-
structures have shown some advances, the realization of such
advances relies on the epitaxial growth of hetero-nanostructures
based on ultrathin 2D nanosheets in a highly controlled
manner. For example, all the reported lateral TMD epitaxial
hetero-nanostructures are based on the formation of an inside
monolayer surrounded by an outside lateral layer. However,
electrode fabrication on such kinds of hetero-nanostructures is
more difficult compared to that on the normal hetero-
structures. One of the greatest challenges lies in how we can
achieve controlled synthesis of epitaxial hetero-nanostructures
based on ultrathin 2D nanosheets with desired composition,
orientation, interconnection manner, and surface exposure.
Moreover, although some epitaxial hetero-nanostructures based
on ultrathin 2D nanosheets have been prepared, the intrinsic
mechanisms underlying the formation of such kinds of epitaxial
hetero-nanostructures are rarely studied. Understanding the
mechanisms behind the epitaxial growth process is of
importance in order to guide the further epitaxial growth of
hetero-nanostructures based on ultrathin 2D nanosheets at a
highly controllable level. In addition, finding effective
techniques for investigation of the growth mechanisms for
these epitaxial hetero-nanostructures is another challenge.

The epitaxial growth of hetero-nanostructures based on
ultrathin 2D nanosheets is still in its infancy, but the advances
arising from the epitaxial growth on these hetero-nanostruc-
tures will inspire increasing research in this promising field.
Beyond the currently used 2D nanosheets, such as graphene,
noble metals, and some TMD nanosheets (e.g, MoS,, WS,,
MoSe,, and WSe,), there are many other ultrathin 2D
nanosheets with varying physical and electronic properties,
such as other TMDs (e.g., TaS,, HfS,, TiSe,, NbS,, VSe,, and
WTe,),"” h-BN,"”*° metal oxides,”” and black phosphorus.66
Moreover, many other 2D nanomaterials, such as metal—
organic frameworks (MOFs),”* covalent—organic frameworks
(COFs),” and organic crystals,”*””* have also been prepared in
the past few years. Some epitaxial hetero-nanostructures could
be constructed on the basis of these new ultrathin 2D
nanosheets. For example, 2D MOF-based epitaxial hetero-
nanostructures could be prepared by epitaxial growth of single-
or few-layer MOF nanosheets on graphene or monolayer MoS,.
It is believed that the epitaxial hetero-nanostructures based on
these 2D nanostructures, especially MOFs, COFs, and organic
crystals, may have some properties and advanced functions due
to their epitaxial nature. Moreover, some specific techniques are
required for studying the mechanism underlying the epitaxial
growth process. For example, in situ TEM and X-ray
photoelectron spectroscopy (XPS) could be useful to monitor
the whole epitaxial growth process, which is helpful for
investigation of the growth mechanisms. In addition, theoretical
calculations can be carried out to gain a deeper understanding
of the mechanism together with the experimental results.

Although some epitaxial hetero-nanostructures have ex-
hibited excellent performance in specific applications, many
other epitaxial hetero-nanostructures still need to be explored.
For example, the advantages of epitaxial noble metal core—shell

nanosheets and topological insulator nanoplates epitaxially
grown on graphene have not been explored. Epitaxial core—
shell Au@Pt nanosheets® may have excellent catalytic activities
for some catalytic reactions. Moreover, hetero-nanostructures
formed by epitaxial growth of 2D MOFs or organic crystals on
graphene or TMD nanosheets could be promising candidates
for construction of high-performance functional optoelectronic
devices, such as p—n diodes, photovoltatic devices, and LEDs.
Therefore, more efforts are expected to be devoted to the
exploration of the advantages of other epitaxial hetero-
nanostructures in the near future.
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