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MoS: and generally speaking, the wide family of transistion metal dichalcogenides represent a
solid nanotechnology platform on which to engineer a wealth of new and outperforming
applications involving two-dimensional (2D) materials. An even richer flexibility can be gained
by extrinsically inducing an in-plane shape anisotropy of the nanosheets. Here we propose the
synthesis of anisotropic MoS: nanosheets as a prototypical example in this respect starting from
a highly conformal chemical vapor deposition on pre-patterend substrates and aiming at the
more general purpose of tailoring anisotropy of 2D nanosheets by design. This is envisioned to
be a suitable configuration for strain engineering as far as strain can be spatially redistributed
in morphologically different regions. With a similar approach, both the optical and electronic

properties of the 2D transition metal dichalcogenides can be tailored over macroscopic sample
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areas in a self-organised fashion, thus paving the way for new applications in the field of optical

metasurfaces, light harvesting and catalysis.

Main Text

1 — Transition metal dichalcogenides as nanotechnology platform

Transition metal dichalcogenides (TMDs) and their van der Waals (vdW) heterostructures
constitute a class of two-dimensional (2D) layered materials offering an extraordinary potential
for new nanotechnology applications and exploration of fundamental properties. -5JAmong
TMDs, MoS> has attracted an outstanding interest in its atomically thin form starting from the
realization of a field effect transistor based on an ultimately thin MoS2 single-layer up to the
integration in a logic chip. 71 Furthermore, the rich physics incorporated by MoS; and TMDs
offers an wunprecedented wealth of applications in nanoelectronics, optolectronics,
nanophotonics and plasmonics, photovoltaics, catalysis, etc.[8-1%

An actual advantage of MoS2/TMD based nanotechnology lies on the suitability to have them
synthesized through relatively cost-effective massive production methods such as chemical
exfoliation (CE) or chemical vapor deposition (CVD). While the CE approach can pave the way
to a bio-compatible inkjet printing,*? the use of CVD is more suited to yield scalability on a
large area coverage and tunability of the morphological features down to the nanoscale, i.e.
atomic thickness, conformality, etc. [*®l Basically, most of the CVD methods for the synthesis
of MoS; (TMD) nanosheets are settled in a controlled temperature tubular furnace ambient (see
Figure 1a) where sulphur (i.e. the chalcogen) is evaporated from a powder solid state or
supplied as precursor gas (e.g. H2S and transferred through a non-reactive carrier gas (Ar, Nz,
H2) towards the high-temperature reaction with a metal-based precursor (e.g. Mo, MoOx)
eventually leading to a 2D crystal growth onto an inert substrate (eg. SiO2, sapphire, etc.).

Irrespectively to the specific chalcogen-rich precursor, 2D crystal growth results from vapor
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phase reaction and precipitation of MoS, down to the substrate whenever a MoO3z powder is
used as metal precursor (vapor phase raction, VPR), or from the heterogeneous reaction at the
surface of a Mo or MoOx film previously grown on the substrate (sulfurization of a pre-
deposited metal-based film, SPF), thus resulting in crystals with different size and structural
quality (Figure 1b).[** High degree of crystallinity (microscaled grain, low structural disorder,
well-defined crystal structure) is obtained in the VPR case (see the triangular crystals in the
optical microscopy image in the bottom panel of Figure 1c) but with the disadvantage of a
lower control of coverage, thickness uniformity, and of conformality. '*IThese properties can
be on the other hand highly improved by the SPF approach at the price of more pronounced
granularity and texturing of the (polycrystalline) nanosheet (see the atomic force microscopy in
Figure 1c, top). Growth promoters consisting of organic molecules, like perylene-3,4,9,10-
tetracarboxylic acid tetrapotassium salt (PTAS), are also used to facilitate the uniform
substrate-wetting so as to attain crystal grains with larger size.[*®! The procedure can be easily
extended to other chalcogenides in a carefully tailored parametric condition so as to give a quite
universal guidance for the synthesis of a large number of individual TMDs or vdW
heterostructures incorporating multiple TMD layers . !

Along with the atomic manipulation of TMDs synthesized via defect engineering or via layer
pile-up in electronically coupled vdW heterostructures, shape manipulation of MoS; (TMDs)
is an alternative route to tailor specific properties, and expand or amplify currently achievable
properties in the as-deposited state by introducing an extrinsic anisotropy. >1An extrinsic
anisotropy can be imparted by forcing the morphology of a continuous flat nanosheet into an
anisotropic corrugated shape without rupture. The so-induced shape anisotropy at the nano- or
meso-scale represents an effective way to tune the chemical and physical properites of 2D TMD
nanosheets, potentially leading to an expanded TMD nanotechnology platform which enables
on-demand engineering of shape-sensitive properties. Thanks to the inherent tunability, this

approach is comparatively advantageous over other intrinsically anisotropic 2D materials such
3
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as black phosphorous,*® tellurene,*®! and layered transition metal trichalcolgenides.!?”
Furthermore, it is conceptually different from the intrinsic anisotropic features such as the
armchair vs. zig-zag edge terminations or the in-plane vs. out-of-plane layer arrangement.

In this Research News, we envision a number of opportunities that can be inspired by the
anisotropy design at the 2D level (taking MoS; as a case in point). The implication of the shape
anisotropy in the strain engineering at the 2D level is discussed with focus on in-plane
thermoelectric behavior and on the excitonic funnel effect. Finally, selected nanotechnology
applications where to take an extra-benefit from the extrinsically induced shape anisotropy, are
envisioned. These include the realization of optical metasurfaces, hybrid heterojunctions with

mixed dimensionality, and a catalytic surface where to boost the hydrogen evolution reaction.
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Figure 1 a) Pictorial sketch of the chemical vapour deposition (CVD) growth of transition
metal dichalcogenides (TMDs) nanosheets. Chalcogen powder is heated above the
evaporation temperature (T1) in a quartz tube and a carrier gas (grey arrows) is used to
transport vapours towards the hot (T2> T1) central zone of a furnace where the metal precursor
and substrate are placed. b) TMD growth occurs via heterogeneous solid-vapour reaction
when the metal is in the form of a solid precursor film (SPF) or via homogeneous vapour
phase reaction (VPR) when in the vapour phase. ¢) (Top) Optical microscope image showing
the uniform growth of MoS; nanosheets obtained by means of the SPF-CVD approach. The
pink lines are scratches intentionally made to expose the substrate. The atomic force
microscope (AFM) topography of the MoS: nanosheets shows the nanoscale granular
morphology Reproduced with permission.[**! (Bottom) Triangular domains of MoS; single
crystals grown by means of the VPR-CVD approach. Adapted and reproduced with
permission. %!
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2- Shape anisotropy in MoS2 by design

Mechanically stretching a MoS: flake into a wrinkled sheet can be regarded as a prototypical
method to induce shape anisotropy thus enabling the engineering of the electronic band-
structure as a function of the local strain. 2! According to Martella et al. an alternative, bottom-
up route to anisotropy shaping is based on the conformal, isomorphic growth of a MoS»
nanosheet onto a nanopatterned substrate by leveraging the high degree of conformality gained
from the SPF approach to the MoS; nanosheet growth (see Figure 1b). 2?1 Substrates in use are
patterned in a self-organised fashion over large areas (cm?) under the effect of ion beam
projection lithography, a method which leads to the formation of a nanoscale ripple-pattern
exploiting the interplay of erosive and diffusive effects as described by the Bradley-Harper
model.[?*241 In detail, nanoscale one-directional rippled patterns are induced at the surface of a
polycrystalline gold film, supported by an insulating/glass substrate, under irradiation with a
high-flux defocused Ar ion beam at grazing incidence condition (82° off-normal) Figure 2a.
At high ion doses the nanostructured polycrystalline Au film evolves into a perforated stencil

mask which guides local etching of the SiO> substrate.
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Figure 2 a) Process flow of the nano-patterning approach based on grazing incidence (82°
off-normal) ion beam sputtering irradiation of a sacrificial gold mask deposited onto the SiO>
substrate. b) Sketch (top) and AFM topography (bottom) of the nanoscale rippled pattern after
the procedure described in panel a). ¢) Conformal SFP-CVD growth of the anisotropic MoS>
nanosheets. d) Kelvin probe AFM investigation of the anisotropic MoS> nanosheets shown in
c). Top and bottom panel compares topography and surface potential respectively. (a-d)
Reprinted with permission. 221 Proposed strategies for the introduction of functional shape
anisotropy into two-dimensional (2D) nanosheets by e) substrate pattern design and f)
material design for a given pattern geometry.

Depending on the thickness of the Au stencil mask and on ion dose, the vertical height of the
ripple pattern projected on a SiO> substrate can be tuned from tens to hundreds of nanometers.
Following an SPF approach to MoS; growth, the nanopatterned SiO. substrate is covered with
an MoOx film (4 nm thick), and subsequently loaded into a hot wall furnace for the sulfurization
resulting in continuous MoS; nanosheets down to the two layer limit (Figure 2b).[142]
Morphological investigations based on atomic force microscopy (AFM) and transmission
electron microscopy (TEM) reveal that the MoS, nanosheets grow conformally to the pre-
patterned SiO substrate thus mimicking the pristine anisotropic features, namely the local
uniaxial curvature of the rippled profile and the periodic alternation of crests and valley in the
scale of tens nanometers (Figure 2c¢). At the macroscopic scale, the rippled nanosheets show
polarization dependent optical and vibrational properties, including an anisotropic angular
distribution of the phonon mode scattering intensity with respect to the orientation of the ripple
axis. The anisotropic character of the MoS, nanosheets is qualified both by a polarization-
dependent Raman response and electronic workfunction variations at the local scale.?? In detail,
a red shift of the characteristic in-plane, E'zg, and of the out-of-plane, Aig, Raman modes is
detected in correspondence of the rippled valleys and an electronic surface potential modulation
is observed in registry with the anisotropic rippled morphology (Figure 2d), both aspects being
consistent with strain localization and charge doping at the nanoscale as consequence of the

shape anisotropy, respectively.



WILEY-VCH

This finding provides a preliminary guidance for tailoring the extrinsical shape anisotropy in
2D nanosheets. To this purpose, two different strategies are outlined in Figure 2e and 2f based
on the geometry design for a given 2D material, and on the materials design for a given
geometry, respectively. In the former approach, the geometric profile is varied (Figure 2e) by
means of conventional lithographic methods, in order to tailor the more appropriate shape
according to the target application. Alternatively, the choice of the 2D material in use for a
given pattern can provide an additional degree of freedom for designing the anisotropic system,
therein comprising a variable number of chemically homogeneous layers (from MoS: single-
layer to the multilayer, for instance) or the vertical stacking of different 2D materials in an
anisotropic vdW heterostructure. The background concept is to expand the pristine properties
of the 2D material by taking benefit from the added morphological anisotropy, as in the above-
mentioned case of the corrugated MoS, nanosheet, so as to have a flexible and diversified
portfolio of 2D materials addressing specific anisotropy features and/or functionalities. In this
respect, obvious benefits can be obtained combining shape anisotropy and thickness-dependent
electronic variability from a TMD single-layer to the multilayer or the symmetry-dependent
valley polarization of the charge carriers that varies according to the odd or even number of
stacked layers. [26-31 Furthermore, to an even wider degree of complexity and flexibility, vdw
heterostructures offer a quite unlimited playground where to manipulate electronic and quasi-
particle interactions and/or coupling. The two designer approaches are not mutually exclusive
and they can be easily mixed up to expand the possible combinations and number of
functionalities. In the following sections, attention will be more specifically paid to physical
properties that are mostly affected by a shape anisotropy, and to the most promising applications

in this regard.
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3- Strain engineering

Given the wealth of the entangled degrees of freedom, a number of physical mechanisms can
be exploited to functionalize the physical properties of anisotropically shaped TMDs (e.g.
transport, optical, thermal, dielectric). Among them, one of the most interesting and
investigated is the control by means of mechanical deformation, i.e. strain. At a uniform level,
for instance, the possibility of tuning both the magnitude and character (e.g. direct vs. indirect)
of the bandgap by means of homogeneous strain has been established. 32371 Even at the local
scale, strain tuning proved to be effective in modulating the band-gap. 238471 The concept of
a shape anisotropy may open a new path for the strain manipulation so as to achieve a close

control of the local physical properties in registry with the morphological pattern. [*7]

Here we discuss one of the most promising developments based on strain engineering of the
bandgap with the aim of tailoring the transport and optical properties in anisotropic TMD
nanosheets. (6481 The schematics in Figure 3a illustrates a paradigm where anisotropic
morphology and strain are mutually entangled. Such strain profile is reflected in an anisotropic
modulation of the bandgap, which is expected to lead to anisotropic transport properties. In case
of low-strain, we expect a different charge transport, parallel or perpendicular to the ridges. !
In perspective, high strain rates (up to 10% in MoS2 or relatively lower in other TMDs) can
eventually lead to a semiconductor-metal transition, which can be directionally oriented or
spatially confined through a proper anisotropy design (see Figure 3a). [3235-375051 |n the
following, application to the excitonic funnel effects and in-plane thermoelectrics are envisaged
as two outstanding perspectives in this respect.

Excitonic funnel effect. The strain-induced tuning of the band structure is at the base of the
“excitonic funnel effect”, namely a spatial localization or separation of the particle-hole
excitations controlled by the bending of the valence/conduction band profile as a function of

the applied local strain. In this scenario, the fascinating concept of a strain-engineered artificial



WILEY-VCH

atom has been recently proposed, which consists of a nanoindented MoS, membrane where
electron and hole charges are bound together in a radial geometry.®34l Due to the low
electrostatic screening potential experienced by charges in TMDs in the form of a single or few
layers, photoexcited electron-hole pairs usually interact via strong Coulomb attractions forming
photoexcited quasiparticles (excitons) with a strong binding energy. Designer shape anisotropy
as proposed in Figure 2 and schemed in Figure 3a offers a framework where excitons can be
forcedly confined into uniaxially oriented periodic regions and new outstanding effects can
come into play.’?%52 Among the latter we can mention the funneling drift of excitons towards
highly stressed crest regions where radiative recombination of excitons occurs followed by
spatially localized photoluminescence (PL) emission, as reported for wrinkled MoS; flakes (see
Figure 3b for an overview). [2!]

As a perspective, anisotropic patterns based on a single-layer MoS, can give rise to the
localization of differently bound particle-hole excitations according to the specific strength and
real-space profile of the strain according to the diagram in Figure 3c (top). Conversely, charge
separation can be possibly accessed by piling up additional MoS: layers in order to reduce
dielectric screening, see Figure 3c (bottom). In this scenario, PL is a good probe to detect
curvature-induced band bending which provokes funneling of excitons towards the top of the
curved ridges where radiative recombination and photoluminescent emission takes place (see
the schematics in Figure 3b).2!! The other way around, anisotropy design allows to tailor the
curvature of the nanosheet surface profile in such a way that the corresponding wavelength of
the PL emission can be selectively tuned. From this point of view, one could thus fabricate a
nanoscale emitting grating in which spectrally tuned PL emission is spatially localised on the
ripple crests.

Anisotropy-related in-plane thermoelectrics. Strain accumulation in TMD nanosheet is known
to change the details of the electronic band structure and can be thus used to decouple the

electrical conduction from the heat transport. This concept has been recently formulated for a
9
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phosphorene nanosheet aiming at thermoelectric applications. 3 From this point of view, a
tensile strain usually leads to a reduction in the thermal conductivity (see Figure 3a for the
direction of high/low electrical and thermal conductivity), with a redshift in phonon peaks and
positive Griineisen parameter y .** Furthermore, the power factor improves while the thermal
conductivity remains low with respect to the bulk counterpart. In particular, monolayer MoS>
has a y = 1.06 and a thermal conductivity 2-3 orders of magnitude lower than graphene,
prospecting a highly-performing thermoelectric material. 5+-%% Introducing the figure of merit
ZT = 2SoT/k, where S is the Seebeck coefficient, o the electrical conductivity, k the thermal
conductivity of the material and T the absolute temperature, MoS> nanoribbons with different
widths are predicted to reach ZT = 3.4 (p-type) , comparable to Si nanowires. 1 As shown in
Figure 3a, a configuration in which the TMD nanosheets are anisotropically shaped allows to
unbalance the electrical and thermal conductivity so as to maximize the ZT factor and thus lays

the foundation of a prototypical in-plane thermoelectric functionality.
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Figure 3 a) Strain intensity distribution in TMD nanosheets with anisotropic morphology. The
model displays a representative configuration where tensile and compressive strain accumulates
on the crests and on the valleys of the anisotropic profile respectively.Strain is expected to
induce modification of the opto-electronic properties of the nanosheets at the local scale, thus
resulting in a bandgap magnitude variability and the occurance of directions of high and low
electrical (o) and thermal (k) conductivity, once the film is structured in anisotropic morphology.
b) (Top) Scanning electron microscope image of strained rippled MoS; nanosheets obtained by
deformation of an elastomeric substrate. (Bottom) Sketch of the exciton drift mechanism due
to a funnel effect in strained MoS> nanosheets. Radiative recombination of excitons occurs at
the crest of the MoS; wrinkles with a photoluminescence (PL) emission. Adapted and reprinted
with permission. 1 ¢) Sketch of the generation of photo-excited electron-hole (e-h) pair
between valence (VB) and conduction (CB) bands in strained MoS; nanosheets. Funnelling
effect leads to exciton localization (top) or charge separation (bottom) depending on electronic-
band bending and electrostatic screening potential.

4. Nanotechnology applications

Optical metasurfaces. In the previous section, shape anisotropy was meant as a tool for tuning
the local electronic properties of the nanosheets by means of local strain engineering.
Nevertheless, the anisotropic nanopatterned profiles proposed in Figure 2 may be also used as
platforms for the realization of optical metasurfaces. Optical metasurfaces are made of
materials structured on the subwavelength scale in order to produce spatially varying optical
constants which confer non-conventional effective optical properties in absorption,
transmission and refraction measurements . 62-%¢1 For instance, the metasurface model proposed
by Arbabi et al., and depicted in Figure 4a, consists of a subwavelength-scale (meso or nano)
array of amourphous silicon posts which act as an effective optical element. 63661 The latter is
capable of controlling the linear polarization of the incident light beam and to generate a
circularly (or elliptically) polarized transmitted beam. On this ground, the conceptual picture in
Figure 4b refers to a faceted periodic ripple template with a lateral periodicity well below the
optical wavelength. The local shape anisotropy allows to couple light with the intrinsically
different in-plane (e/) and an out-of-plane () components of the dielectric tensor depending
on impinging light polarization.[%8 Analysis carried out by means of microellipsometry have

already shown that the optical absorption of flat MoS> nanosheets is hindered when the electric

field of t he incident light lies out of the plane of the TMDs nanosheets. 8 In particular,
11
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this holds for the electromagnetic transition corresponding to exciton at wavelength, A=450 nm
(so called C-exciton). As a consequence, the metasurface of Figure 4 b naturally allows for a
modulated absorption of light as a function of the light polarization. In particular, one could
expect to selectively hinder optical absorption in correspondence of the long-lived C-exciton
when the electric field polarization is perpendicular to the axis of the anisotropic structures,
while conserving the conventional response of the flat TMD layer when light polarization is

parallel to the ripple axis. [69]

In general, flat optics with designer metasurfaces allow even more complex wavefront shaping
by leveraging the strong elastic interaction of light with nanostructured materials,
conventionally chosen among noble metals or high index semiconductors and dielectrics due to
their high refractive index [62][ All-dielectric metamaterials S. Jahani and Z. Jacob Nature
Nanotechnology 2016, 11, 23 DOI: 10.1038/NNANO.2015.304]. In this context, the
exceptionally high refractive index of 2D TMDs, determines the accumulation of significant
changes in amplitude and phase of the light wavefront, despite the reduced thickness of the
TMD layer in the range of few monolayers [“Atomically thin optical lenses and gratings” J.
Yang, Z. Wang, F.Wang, R.Xu, J. Tao, S. Zhang, Q. Qin, B. Luther-Davies, C. Jagadish, Z. Yu
and Y. Lu Light: Science & Applications 2016, 5, €16046; doi:10.1038/1sa.2016.46]. For this
reason the huge effective optical path lengths observed in TMDs are an order of magnitude
larger than in thin metals (e.g Au) or graphene layers of comparable thickness. The textured
TMDs templates, thus represent natural platforms for realizing atomically thin lenses or
gratings. Given the strong interplay between electronic properties and optical effects in TMD
nanosheets, including thickness-dependent bandgap variability, photoluminescence
enhancement and exciton binding energy modification, [1,21,67] TMD-based optical

metasurfaces with complex electro-optical functionality can be easily envisaged.

12
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We also highlight the possibility to exploit the TMD metasurfaces as effective sources of non-
linear optical generation owing to the break of the (out-of-plane) inversion symmetry
selectively induced at the tilted facets of the nanosheets. ['% As a result, interaction with
polarized light may lead to anisotropic generation or amplification of second (or higher) order
harmonic electromagnetic field even when non-linear optical effects do not take place in the
flat TMD geometry (e.g. for an even number of layers). /273

Optical metasurface based on anisotropic TMD nanosheets (as in Figure 2) can also be
functional for light harvesting in order to bring a substantial boost of the photo-current
efficiencies reported for TMDs-based photovoltaic devices compared to the flat morphology.
[741 Reflection losses at the nanosheets/air interface can be reduced over a broad spectral range
due to an index grading effect which occurs when the interface is nanostructured with a
sawtooth pattern profile endowed with a lateral periodicity and vertical amplitude respectively
smaller (larger) than light wavelength.[®1 Contrary to the abrupt change of refractive index
occurring at a flat interface, a light beam experiences a smooth variation of the effective
refractive index when propagating from the air to the patterned material. As a result, the
reflectivity of the interface can be significantly reduced and the number of photons potentially

absorbed by a photovoltaic device increases.

Hybrid heterostructures. A completely different approach to photon harvesting is to
fabricate hybrid heterostructures with mixed dimensionalities where one- or zero-dimensional
objects are interfaced with the anisotropic 2D surface.[® In this context the 1-dimensional
shape corrugation of the TMD template naturally lends itself to the formation of hybrid arrays
of functional nanoparticles adopting a single step natural lithography. As an example, Figure
4c depicts a conceptual model where plasmonic metal nanowires are deposited on the sides of
the anisotropic TMDs nanosheets by means of grazing incidence deposition. [l Metal

nanowires/nanoparticles, sustaining localized surface plasmon (LSP) resonances, will increase
13
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the number of photons harvested by the TMDs via enhanced light scattering and/or near field
amplification, Figure 4d (left). Both mechanisms stem from the coherent oscillation of the
conduction electrons in the metal nanoparticles/nanowires at the plasmonic resonance.
Plasmonic scatterers and nanoantennas (1D or OD objects either located at the surface level or
embedded) can thus be exploited to trap the light and increase the absorption probability into
photovoltaic devices based on thin-film active layers.[’8 Alternatively, one can exploit the non-
radiative LSP decay channel which leads to the formation of energetic hot electrons in the
metal; the latter in turn can be injected into the TMDs overcoming the (Schottky) potential
barrier at the metal/semiconductor interface, thus increasing the overall photo-current in the
photovoltaic device, Figure 4d (right). [”®1 By appropriately tailoring the plasmonic nanowire
aspect ratio, one can easily redshift the LSP resonant wavelength towards the near-infrared
(NIR) spectral range where, in general, the absorption cross section of TMDs is very weak, thus
promoting sub-bandgap photon harvesting. (81

Catalytic surfaces. A field where anisotropic TMD nanosheets may bring an additional value
is the photo- or electrically induced water splitting. 2 We will focus here on the hydrogen
evolution reaction (HER) as a paradigmatic example in this framework.®3 Due to the potential
impact on the production of clean-energy, MoS> nanosheets have been also tested as catalytic
material in water-splitting cells with the aim of replacing expensive metal catalysts with cost-
effective solutions. At the cathode of the cell, the HER mechanism

2H" + 2" — H»

takes place through intermediate steps, which involve both adsorption and desorption of
hydrogen. [*°! The HER rate depends on the hydrogen binding energy of the catalytic material,
AGw, i.e. the difference between the adsorption and desorption free energy at the cathode. The
optimal condition for HER catalytic material needs AGH ~0 eV in order to ensure that neither
the adsorption nor the desorption step limits the overall reaction rate. In this respect, MoS; is

promisingly benchmarked with other conventional metal catalysts according to the so called
14
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“volcano” plot of the exchange current density vs. AGu. [ High catalytic activity was
originally found in the electrically conductive 1T polymorph of MoS, where Mo has a
octahedral coordination (Figure 4e, left). Conversely, the 2H MoS; polymorph, where Mo has
a trigonal prismatic coordination (Figure 4e, left), is reported to have a catalytically inert basal
plane and a high catalytic activity at the metallic edges where AGr ~0 is expected. 8% Therefore,
one strategy to boost HER efficiency in MoS; and related TMDs is to increase the fraction of
exposed active edges over the inert basal plane sites with ad hoc tailored and doped
nanoparticles or nanostructures. Another strategy consists of strain or local phase engineering
of the MoS; basal plane where a mixed 1T-2H atomic structure can be defined as shown in
transmission electron microscopy image in Figure 4e (left). [ In the former case, Li et al.
showed that the creation of S-vacancies in the 2H phase lattice leads to strain field localization
resulting in reduction of the hydrogen binding energy at these sites, Figure 4e (right). €71 In the
latter case, Voiry et al. demonstrated that the local phase engineering via Li ion intercalation
results in a reduced contact resistance between the basal plane and the cell electrode, thus
increasing the number of charges injected into the catalyst and its electrical conductivity.[®,
Shape anisotropy engineering can boost the above-mentioned strategies in several ways. On
one hand, the higher aspect ratio of the anisotropic MoS> nanosheets can increase the number
of catalytically active sites by overbalancing the exposed edge at the grain boundaries. This
aspect is advantageous also for other catalytic processes of relevance for MoS; such as the light-
driven water disinfection: inactivation of organic pathogens proceeds via photo-generation of
reactive oxygen species which are more effectively produced at edge sites .[®? Furthermore,
the strain field associated with the anisotropic profile, Figure 3, can be exploited to tailor the
light absorption bands for specific photo-induced catalytic reactions (e.g. phenol
photooxidation) and/or to vary the electronic details of the catalytic activity (e.g. reduction of
the hydrogen binding energy). On the other hand, the anisotropy-dependent tuning of the local

charge distribution and electronic workfunction, Figure 4f, may represent an effective route to
15
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minimize contact resistance between the basal plane and the electrodes thus making possible to

outperform the catalytic activity of the flat geometry.
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Figure 4 a) The optical metasurface consists of an array of subwavelength amourphous silicon
posts and acts as an optical element able to transform the linear polarization of the incident light
wavefront into a circular polarized transmitted wavefront. Adapted and reprinted with
permission. [ b) Conceptual model for an optical metasurface based on anisotropic TMD
nanosheets. The different in-plane (e/) and an out-of-plane (1) components of the dielectric
tensor are expected to cause polarization-dependent optical absorption and non-linear optical
effect. ¢) Conceptual model for a hybrid TMD/plasmonic heterostructure in view of photon
harvesting in photovoltaic devices exploiting the effects depicted in the d) panel. d) (left) light
scattering and near-field amplification or (right) injection of photon-generated hot electrons
through the metal-semiconductor Schottky barrier (®sg) formed at the mixed dimensional
heteostructure. e) (left) High-resolution transmission electron microscope image of an
atomically thin phase boundary (indicated by the arrows) between the 1T and 2H phases in a
monolayered MoS2 nanosheet. Scale bar, 5 nm. Insets: Octahedral and trigonal prismatic
coordination of the Mo atoms in the 1T and 2H phase of MoS,, respectively. Adapted and
reprinted with permission. [ (Right) Model of the MoS; basal plane (top and lateral view)
with sulphur vacancies leading to strain localization. The HER catalytic activity increases at
the vacancy sites. Adapted and reprinted with permission. 71 f) Electronic-workfunction
distribution in flat (top) and anisotropic MoS; nanosheets (bottom) grown by CVD. The
modification of the electronic properties induced by the shape anisotropy is expected to play a
significant role in improving the HER catalytic activity of the MoS; basal plane. Reprinted with
permission. 2%

5- Perspectives and Outlook
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Anisotropy design is here presented as a route for tuning locally the outstanding native
properties of morphologically isotropic MoS: and related TMDs. In this Research News, we
have spotlighted a methodology which enables to set them anisotropic on substrates of
relevance in a broad range of applications. The resulting nanosheets look like a 2D rippled
membrane where to devise new physical concepts or to enhance optical, plasmonic, and
catalytic performances of the pristine materials. Strain engineering is taken as case in point as
far as relevant properties such as the thermal/electronic transport or the exciton physics are
drammatically affected by the anisotropy-dependent degreee of strain. On this background,
anisotropic nanosheets are proposed as a platform where the optical response can be
manipulated ad hoc forming optical metasurfaces, and where to host hybrid heterostructure for
nanoplasmonics. Last but not least, anisotropic nanosheets are also envisaged as a model system
to boost the catalytic performance of the hydrogen evolution reaction. We stress here that this
list of representative examples aims at assessing the potential of anistropy design of MoS; and
TMD nanosheets and highlights the potential of such platform for viable technology
breakthroughs since material engineering at the 2D level is based on large-area maskless

approaches
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