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Abstract
Non-planar architectures of the traditionally flat 2D materials are emerging as an intriguing 

paradigm to realize nascent properties within the family of transition metal dichalcogenides (TMDs). 

These non-planar forms encompass a diversity of curvatures, morphologies, and overall 3D architectures 

that exhibit unusual characteristics across the hierarchy of length-scales. Topology offers an integrated 

and unified approach to describe, harness, and eventually tailor non-planar architectures through both 

local and higher order geometry. Topological design of layered materials intrinsically invokes elements 

highly relevant to property manipulation in TMDs, such as the origin of strain and its accommodation by 

defects and interfaces, which have broad implications for improved material design. 

In this review, we discuss the importance and impact of geometry on the structure and properties 

of TMDs. We present a generalized geometric framework to classify and relate the diversity of possible 

non-planar TMD forms. We then examine the nature of curvature in the emerging core-shell architecture, 

which has attracted high interest due to its versatility and design potential. We consider the local structure 

of curved TMDs, including defect formation, strain, and crystal growth dynamics, and factors affecting the 

morphology of core-shell structures, such as synthesis conditions and substrate morphology. We conclude 

by discussing unique aspects of TMD architectures that can be leveraged to engineer targeted, exotic 

properties and detail how advanced characterization tools enable detection of these features. Varying the 

topology of nanomaterials has long served as a potent methodology to engineer unusual and exotic 

properties, and the time is ripe to apply topological design principles to TMDs to drive future 

nanotechnology innovation. 
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Introduction
Much of the elegance of materials science is captured by the classic structure-processing-

property-performance paradigm which encompasses key design principles for accessing novel materials. 

Traditionally, structure referred to understanding and engineering microstructure and nanostructure 

without express emphasis on global geometry. Topology – the way in which physical shape or geometry 

impacts material properties – serves as another important component of the structure pillar, particularly 

for nanomaterials.1,2 Indeed, materials scientists have employed aspects of topological design throughout 

the history of nanotechnology to produce exotic properties. Spatial confinement, often realized through 

unique architectures, is well known for inducing unusual material properties for electronic, optical, 

biomedical, and energy applications. For instance, curvature has enabled important technological 

innovation in organic and inorganic materials alike, including quantum dots3, carbon nanostructures4,5, 

and III-V semiconductors6. Carbon nanostructures have received particular interest due to their ability to 

form countless geometries and their associated new physics.7,8 The many allotropes of sp2 carbon, ranging 

from fullerenes to pillared graphene, provide a glimpse into the numerous geometries possible with other 

nanomaterial systems.9 

As the semiconducting analog of carbon nanostructures, transition metal dichalcogenides (TMDs) 

provide a rich platform for topological design. TMDs are particularly ripe to be curved, bent, stretched, 

and twisted due to their ability to accommodate significant strain.10 This mechanical compliance and strain 

tolerance enable TMDs to adopt numerous geometries. Indeed, a broad array of unique TMD 

architectures have been demonstrated such as scrolls 11–13, 3D spirals 14–17, hollow spheres18, toroids19, 

quantum dots20, open and closed nanotubes21,22, nanooctahedra23,24, and nanoboxes25–27. Moreover, 

unique opportunities emerge within curved TMDs to further tune chemical, electronic, and optical 

properties. For instance, strain engineering is a powerful method for modulating optical28,29 and 

phonon30,31 bandgaps. Geometries with highly localized strain are particularly useful for funneling 
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excitons32 and single-photon emission30,31. While many geometric varieties of TMDs exist in isolated 

reports, a unified framework and discussion of topology in TMDs remains lacking. 

Here, we consider the application of this architectural strategy to TMDs and aim to further 

establish topology as an approach to induce unique material properties. We first introduce a topological 

classification system specific to layered materials to relate complex geometries to the familiar planar TMD 

structure. This framework is intended to not only identify gaps in current geometries but also to serve as 

a living platform to be continuously expanded as new geometries are identified. We then focus on the 

core-shell architecture and examine the role of curvature in this templated structure. We leverage prior 

work on curved layered materials – both carbon nanostructures and TMDs – to examine the structure of 

the TMD shells. We connect current literature, fundamental theory, and original experimental and 

theoretical results to discuss defect formation and nanoscale structure. We conclude by discussing some 

of the numerous emerging opportunities to further probe and design TMD core-shell architectures using 

topology. 

I. Architecture in 2D Materials
Non-planar TMDs include any structures that exist beyond a single plane, such as wrinkled 

monolayers, spherical fullerenes, and closed and open nanotubes. However, there is a critical topological 

distinction within the general category of “non-planar” structures. Some non-planar structures, such as 

open nanotubes and wrinkled monolayers, can be directly manipulated into a planar TMD without 

stretching, tearing, or gluing and therefore with no change in atomic arrangement. Others, however, 

fundamentally cannot be deformed into a planar TMD, such as a sphere or closed nanotube, without 

rearranging atomic bonding. Therefore, two distinct categories emerge – those geometries which are 

deformed planar TMDs and those which are impossible to flatten into planar sheets. This distinction is at 

the heart of topological design of curved TMDs and can be understood by considering the definition of 

Gaussian curvature.
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Gaussian curvature is defined as the product of the two principle curvatures of a surface.1 As such, 

there are three possible types of geometries for a surface in 3D space: (i) zero Gaussian curvature, where 

at least one principle curvature is zero; (ii) positive Gaussian curvature, where the two principle curvatures 

have the same sign, such as in a spheres and ellipsoids; and (iii) negative Gaussian curvature, where the 

principle curvatures have opposite signs, such as in a saddle point or hyperbolic shape.8 Importantly, 

bending a surface without stretching it does not change the type of Gaussian curvature.33 For instance, a 

planar graphene layer rolled into a nanotube exhibits zero Gaussian curvature just like the planar parent 

layer. This can be understood by considering that an open-ended nanotube is only curved in one 

dimension and therefore the product of its principle curvatures remains zero. However, a nanotube with 

closed, rounded ends exhibits principle curvatures in the same direction on the endcaps, making it a 

positively curved nanostructure. Accordingly, a closed nanotube cannot be deformed into a planar sheet 

and therefore is not topologically equivalent to the open-ended nanotube. This example demonstrates 

the important concept that zero Gaussian curvature includes but is not limited to planar structures. Many 

non-planar geometries also do not, by definition, exhibit Gaussian curvature. Curved structures are 

inherently non-planar and cannot be deformed into a zero curvature structure because, as will be 

discussed at length, they possess that curvature due to built-in topological defects. As such, curved 

structures exhibit atomic arrangements, and therefore properties, distinct from non-planar zero curvature 

structures. Although other definitions of curvature exist, we reference the definition of Gaussian 

curvature in the remainder of this text when discussing curved TMDs.

Materials scientists often categorize structures using dimensionality and are familiar with the 

progression from a planar 1D carbon nanoribbon to 3D graphite. After all, dimensionality is inherent to 

the nomenclature describing the field of 2D materials itself. However, further classifying nanostructures, 

and particularly those based on layered materials, has posed an ongoing challenge.9 Indeed, not all carbon 

and TMD nanostructures can be directly related using dimensionality alone, in part due to the sometimes 
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arbitrary dimensionality definitions applied to complex nanostructures. For instance, both a planar MoS2 

quantum dot and spherical MoS2 inorganic fullerene are typically classified as 0D structures, even though 

a fullerene protrudes into a third dimension that a quantum dot does not. Further, a helical nanotube 

might be considered 1D, since it extends primarily in a single direction; however, a straight nanotube is 

also classified as 1D and clearly these two structures exhibit different dimensionality. As a result, more 

complex architectures are excluded from the traditional dimensionality framework designed for planar 

layered materials. It is therefore insufficient to classify carbon and TMD nanostructures solely based on 

dimensionality to capture the full picture of topological diversity and opportunity.

We propose that the missing parameter in this context is curvature and present a framework that 

combines curvature with dimensionality (Figure 1). This framework is intended to elucidate relationships 

between nanostructures that are not fully captured using a simple dimensionality approach and assist 

researchers in methodically relating newly discovered nanostructures to existing ones. Our categorization 

and use of “architecture” throughout this work focuses on individual exotic nanostructures (e.g. carbon 

nanopyramids34) – either periodic or stand-alone – rather than hierarchical assemblies or hybrid 

nanostructures (e.g. graphene-nanotube hybrids35). Categorization of nanostructure assemblies has been 

detailed previously36,37 and could be utilized in concert with our proposed framework. 

We present this classification scheme for nanostructures which are experimentally demonstrated 

or calculated derivatives of layered materials. Several design elements and constraints are key to 

interpreting the geometric framework for a given layered compound: 

1. We define 0D nanostructures as the simplest (either most symmetrical or fewest atoms) examples 

within a given curvature category. In other words, they serve as the best approximation for a point 

object for a given curvature. 

2. Along a given curvature pathway, the 0D structure is extended (i.e. repeated) in a single direction to 

produce the 1D structure. 
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3. The 1D structure is either bent or extended orthogonally to produce the 2D structure. Continuous 

surfaces are formed when necessary.

4. 1D and 2D structures are defined as those that do not exceed the out-of-plane dimension of the 0D 

structure. 

5. The 2D structure is bent or extended in the third dimension to produce the 3D structure. 

6. Mixed curvature is defined as a combination of positive and negative curvature.

7. Each structure must represent the appropriate curvature. For instance, an open nanotube could be 

distorted to form a torus but doing so would change the curvature from zero (for the nanotube) to 

mixed (for the torus) and thus is forbidden along the zero curvature pathway. 

Additionally, many nanostructures are known to possess local positive and negative curvature as dictated 

by the local atomic arrangement.38 Here, we focus on the global curvature of the entire structure and 

apply the assumption that global curvature is representative of local atomic arrangement, but the nuances 

of curvature in nanostructures should be noted and recognized as often more complex.

We begin by examining the traditional progression of dimensionality involving planar structures. 

The 0D building block for a planar layered material is a monolayer quantum dot. Following the prescribed 

operations, the quantum dot is extended in 1D to form a nanoribbon, which is extended in the orthogonal 

direction to form a 2D monolayer. Notably, the nanoribbon is not extended vertically since that operation 

would violate rule 4. Finally, the monolayer is repeated vertically to form a multilayer structure.  The non-

planar pathway demonstrates the possibility of maintaining zero Gaussian curvature and forming only 

non-planar structures. However, it also demonstrates how more complex curved structures are related to 

those structures with zero curvature. A 1D open nanotube can be repeated and formed into a continuous 

surface to produce a wrinkled sheet, thus staying within the confines of the non-planar definition. 

However, it can also bend to form a torus, which is known to possess positive curvature on the outer 

surface and negative on the inner surface.39,40 Therefore, a separate pathway branches off for mixed 
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curvature. The 2D wrinkled sheet and torus are then bent and extended out-of-plane, respectively, to 

form 3D structures.

Positive and negative curvature each introduce gaps in the geometric framework. To progress 

from a closed nanotube to 2D, the nanotube must be repeated or extended in the orthogonal direction 

(bending would induce negative curvature and thus is forbidden40). A possible resulting nanostructure is 

a thin “nanopocket” with height analogous to the nanotube; however, no such structures have yet been 

demonstrated. Extending the hypothetical nanopocket vertically produces a non-spherical closed, 

positively curved 3D structure. Nanooctahedra therefore represent a potential positive 3D structure and 

have been composed of a wide variety of TMDs.41 The basic structure demonstrating only negative 

curvature has been previously proposed as a catenoid42; however, 1D analogs are lacking. Much work has 

been done on the 2D analog of carbon nanotube networks43 (also called pillared graphene) and the 

duplication into 3D to create periodic carbon schwartzites.44 Notably, the planar zero curvature 

progression in dimensionality is the only case where the 0D, 1D, and 2D structures can be fabricated 

directly from the 3D structure. In each of the others, changes in bonding are required to move from one 

dimensionality to another and the ability to fabricate each structure from the 3D analog does not 

necessarily hold for curved structures. We intend this figure to serve as a demonstration of this powerful 

approach of combining curvature and dimensionality and challenge the community to continue to 

populate this framework with additional nanostructures. There is ample opportunity to adapt this 

framework for complex structures, such as branching into different curvatures from a common structure, 

of which we have demonstrated an example. 

A critical distinction among the structures presented in this geometric framework arises between 

hollow nanostructures (e.g. inorganic fullerenes and nanorods) and those constructed on templates (e.g. 

core-shell structures, schwartzites). There have been numerous reports reviewing investigations of 

synthesis, theoretical modeling, and applications of hollow inorganic nanostructures, which are being 

Page 8 of 52Nanoscale



9

explored for an array of attractive opportunities.45–51 For instance, curvature-induced defects and plentiful 

edge sites in TMD inorganic fullerenes increase catalytic activity for hydrogen evolution reaction (HER).52,53 

Inorganic fullerenes are further being investigated for their superior tribological behavior49 and as high 

performance battery materials.51 The reduction in crystal symmetry in inorganic nanotubes can be 

leveraged for photovoltaic effects.54 A recent report noted that hybridized core-shell structures 

demonstrate particular promise for renewable energy applications compared to hollow nanostructures 

alone.49 

Templated substrates have been less studied than their hollow counterparts but present a 

method to create complex TMD geometries, such as carbon schwartzites, that can otherwise be quite 

challenging to synthesize.44 Specifically, templates are one strategy that could be employed to design new 

architectures to fill in the gaps in this framework and explore alternate pathways. Further, templates can 

enable unprecedented control of crystal structure and material properties in curved layered materials. 

Enhanced synthetic control over curved TMDs is a prerequisite to achieving nanoscale structure control, 

and this can be enabled by structurally complex template materials. Thus, templated curved layered 

materials provide an intriguing platform to build the next generation of curved layered materials with 

exquisite structure and property control. The remainder of this work will consider one such templated 

structure – a rigid nanoparticle core encapsulated by a TMD to form a core-shell structure. Although our 

focus is on the curved core-shell architecture, hollow nanostructures remain critical to inform our 

understanding of this system.

II. The TMD Core-shell Architecture
Within this broader portfolio of curved TMDs, the TMD core-shell architecture, with the common 

notation core@shell, offers unique functionality that makes it promising for targeted applications and 

property manipulation. For example, TMD core-shells offer the inherent opportunity to hybridize TMDs 
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with functional core nanomaterials to tailor properties and produce synergistic effects. The core-shell 

structure maximizes the interfacial area between the core and shell nanomaterials, unlike a flat TMD film 

which can only achieve a single point of contact with a spherical nanoparticle. Further, creating and 

strategically positioning defects in TMDs offers a useful method for property engineering and one that is 

intrinsically accessible in the core-shell architecture by modulating curvature. The core-shell structure also 

provides a natural platform to leverage built-in strain to tune electronic and chemical properties. Both 

local and global strain could be purposefully designed via the core dimensions to induce exciton funneling 

or alter chemical reactivity with a target molecule. Finally, TMD core-shells can serve as building blocks of 

complex hierarchical structures with exotic properties, either through direct assembly of core-shells or 

shells composed of multiple TMDs within a single core-shell structure.55

The structure-processing relationship is particularly critical for non-equilibrium curved structures, 

which we will explore in depth. However, it is first useful to briefly review the various methods used to 

prepare TMD core-shells, including both vapor-phase and solution-based approaches. In most cases, the 

nanoparticle cores are prepared prior to TMD encapsulation. Controllable synthetic routes, such as 

chemical vapor deposition56,57 and thermolysis55, designed for planar TMDs can be easily adopted to 

produce highly crystalline, curved TMDs through the use of nanoparticle cores, presenting a key 

advantage of templated growth.  Additionally, solvothermal methods58,59 can be preferable for solution-

based applications or in situations where an increased density of defects is advantageous. Modification 

of core-shells can be employed for further engineering through methods such as core removal18 to create 

hollow TMD shells and metal deposition on TMD shells for additional hybridization.60

Leveraging synergistic effects between the core and TMD shell to produce interesting electronic 

and optical properties has been a fruitful research area in recent years. Plasmonic nanoparticle cores have 

been leveraged to enhance photoluminescence of TMD shells56,57 and form plasmonic hot spots.60 Based 

on these properties, several optoelectronic devices utilizing core-shells have been demonstrated with 
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superior performance to their planar counterparts.18,61 TMD shells can also be constructed on templates 

of other layered materials, such as carbon nanotubes and nanospheres.62,63 Carbon nanotube@TMD 

structures demonstrate strong promise in energy storage devices, attributed in part to the high TMD 

interlayer spacing facilitating ion diffusion.64–68 Several studies demonstrate the potential of TMD core-

shell structures for hydrogen production,69 particularly when hybridization is combined with controlled 

defect formation through unusual core shapes70,71 or vertical growth72. Additionally, TMD core-shells have 

shown promise in sensing applications, such as gas sensing73 and SERS 58,59, and biomedical applications 

including glucose detection74 and photothermal therapy75.

The majority of work on TMD core-shells to date has focused on hybridization to induce 

interesting properties, but ample opportunity exists to enhance and access new properties by employing 

the curvature inherent to these structures. Leveraging topological design, such as through curvature-

induced defects and strain, would greatly expand the versatility and application potential of the core-shell 

paradigm. However, an in-depth understanding of the structural characteristics of curved TMDs is a 

prerequisite to achieving deterministic control of atomic structure. In this work, we analyze positive 

curvature in TMDs specifically due to its application to the core-shell structure. However, a similar analysis 

could be undertaken for other curved and non-planar TMD geometries. We aim to apply the existing 

understanding of structure of non-planar and curved TMDs to the core-shell architecture to identify 

important knowledge gaps and drive future research.

III. Local Core-Shell Structure
Before discussing local structural changes that arise due to curvature, we introduce the structure 

of a pristine TMD crystal. In a TMD monolayer, the transition metal atoms (M) are covalently bonded to 

two adjacent layers of chalcogen (X) atoms to form a X-M-X layer. In this review, we focus on the 

hexagonal 2H structural polytype, which has trigonal prismatic coordination, because of the abundant 

property engineering opportunities with this semiconducting phase. Importantly, hexagons do not 
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contribute to curvature of a surface.8 Hexagons can be tiled to form a 2D plane, such as a monolayer TMD 

layer, but it is geometrically impossible for a hexagonal lattice to form a curved surface without 

introducing topological defects, or ring types other than hexagons.76 Therefore, topological defects are 

geometrically necessary in curved TMDs. In this section, we discuss the proposed topological defects that 

form curvature, the role of strain, non-topological defects, and the balance between defects and strain in 

curved TMDs. Limited data exist about atomic structure specific to TMD core-shells, so instead we 

examine defects and strain in hollow curved TMDs structures, namely inorganic fullerenes and nanotubes, 

with the hope of elucidating the local structure of curved TMDs in the core-shell architecture.

Topological Defects in Curved TMDs
The atomic arrangement of curved TMDs is driven by both geometric constraints and chemical 

interactions. Carbon nanostructures provide a simplified system to isolate the geometric constraints of 

curving a hexagonal lattice and understand the mathematical description of geometrically necessary 

defects. In the most stable configurations for curved carbon nanostructures, pentagonal rings form 

positive curvature and heptagonal rings form negative curvature.77,78 However, other topological defects 

can also induce positive and negative curvature. For instance, octagons can replace hexagons to induce 

negative curvature with minimal additional strain.78 The relationship between defects and topology in a 

closed orientable surface with hexagonal structure was formalized as:

2N4 + N5 − N7 − 2N8 = 12(1 − g), Eq. 1

where N4, N5, N7 and N8 are the number of square, pentagonal, heptagonal, and octagonal rings of carbon, 

respectively, and g is the genus of the structure (e.g. the number of handles or holes).8  Mathematically, 

squares and pentagons induce positive curvature while heptagons and octagons induce negative 

curvature. For instance, a C60 fullerene is a positively curved surface with a genus of 0. Based on Eq. 1, C60 

must possess a majority of 4- and 5-member rings (in addition to hexagons) to possess that positive 

curvature. Similarly, a torus has a genus of 1 and, as previously discussed, contains both positive and 
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negative curvature. Accordingly, Eq. 1 necessitates a balance of 4- or 5-member rings with 7- or 8-member 

rings. 

Carbon nanostructures contain a single element and thus the formation of topological defects 

under curvature is dictated largely by geometric constraints; however, chemical bonding between 

elements in multielemental compounds, such as TMDs, cause a divergence from carbon chemistry. In 

TMDs, it is energetically favorable to maintain stoichiometry and avoid high energy bonds (i.e. Mo-Mo or 

S-S), which would inevitably form in pentagonal or heptagonal rings. The suggestion that square-like 

topological defects, which preserve stoichiometry, create positive curvature in TMDs was first proposed 

in 1993.79 This hypothesis has since been corroborated by several others via theoretical calculations and 

scanning/transmission electron microscopy (S/TEM) who also assert that octagonal-like defects create 

negative curvature in TMDs.23,80–82 Figure 3 demonstrates the differing topological defects needed to 

produce positive and negative curvature in carbon and TMD nanostructures, despite their similar pristine 

hexagonal structure. Further, Eq. 1 shows that square and octagonal defects contribute more to curvature 

than pentagonal and heptagonal defects (i.e. the factor of 2). This sharp localized curvature could lead to 

the appearance of faceting, which might explain why faceting occurs in inorganic fullerenes (e.g. MoS2 

and BN) at sizes where the equivalent carbon structures are spherical.81

Strain in Curved TMDs
Strain in curved TMDs can be quite complex due to the varying strain state across the thickness 

of the shell. A TMD sphere will experience tensile strain on the outer surface and compressive strain on 

the inner, altering the spacing of S-S atoms in a given layer.83 Therefore, strain due to bending in 1D 

provides a useful reference to understand strain in 3D in TMD core-shells. The strain energy per atom (

) in a nanotube of radius R follows a  relationship,80,84 with the full equation84
𝐸𝑠𝑡𝑟𝑎𝑖𝑛

𝑁
1

𝑅2

Eq. 2
𝐸𝑠𝑡𝑟𝑎𝑖𝑛

𝑁 =
𝑌ℎ3

24𝜌𝑎𝑅2 
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where Y is elastic modulus, h is layer thickness, and ρa is the number of atoms on the surface unity of the 

monolayer. It is apparent from Eq. 2 that strain energy is also highly dependent on layer thickness (h) in 

addition to radius. It is important to note that Eq. 2 is derived from continuum mechanics and does not 

consider the atomic structure, including defects, of a nanotube. Strain energy in MoS2 nanotubes is over 

an order of magnitude larger than that of carbon nanotubes of comparable size because of the greater 

thickness of an MoS2 monolayer and the steric hinderance produced as sulfur atoms on the inside of the 

tube are compressed.84 However, MoS2 nanotubes as small as 2 nm in diameter have been observed, 

suggesting that the strain energy is reduced enough to form stable curved structures above this 

threshold.80 The strain energy per atom of a single-shell spherical nanoparticle can similarly be derived, 

but the assumption of zero defects becomes problematic due to the necessary presence of topological 

defects in closed TMDs. However, if the number of topological defects is considered negligible compared 

to the total number of atoms, the strain energy per atom can be approximated as 84

 Eq. 3
𝐸𝑠𝑡𝑟𝑎𝑖𝑛

𝑁 =
𝑌ℎ3(1 + 𝜎)

12𝜌𝑎𝑅2  

where σ is Poisson’s ratio. Notably, the key difference between Eq. 2 and Eq. 3 is the factor of 2(1+σ), 

which is necessarily positive, and indicates the higher strain energy per atom in spherical particles than 

nanotubes of a similar size. As will be discussed below, this increased strain energy increases the 

probability of defect formation in spherical TMD particles compared to nanotubes. The strain energy of 

multi-layered inorganic fullerenes, or “onion-like” TMD spherical structures, includes additional factors, 

though stability does increase with an increasing number of shells due to attractive van der Waals forces.84 

Indeed, ongoing efforts to identify single-walled inorganic fullerenes have not yet succeeded and indicate 

that such structures are likely unstable, which is attributed to high strain.23,85 Instead, multiwall inorganic 

fullerenes or planar nanoplatelets tend to form, depending on the number of atoms and shells.23 Notably, 

core nanoparticle templates provide a route to achieve inorganic single-walled structures, as multiple 

demonstrations of single-shell TMD core-shell structures have been reported.18,86
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Energetics of Curved TMDs: Balancing Defects and Strain
There are three main components to energy of nested inorganic fullerenes: curvature elastic 

energy, defect energy, and surface energy.87 Here, we discuss the competition between the elastic and 

defect energies; however, it should be noted that the following discussion involves strain-induced defects 

which include defects beyond topological defects. Topological defects must be present in curved TMDs to 

form the curved surface.87 Non-topological defects, such as those presented in Figure 4, can additionally 

be induced by the high strain environment often present in curved TMDs.

The balance between strain energy and defect formation energy is dependent on both the radius 

of curvature and material thickness and can be understood by considering epitaxial thin film growth. In 

traditional thin film growth models, the elastic strain energy is dependent on film thickness and lattice 

mismatch with the substrate. Given a fixed lattice mismatch, the film thickness dictates whether the strain 

energy surpasses that of defect formation. Thus, critical thickness refers to the thickness above which 

defects form in a thin film and below which a defect-free, strained interface is predicted to form. 

Alternatively, for a fixed film thickness, critical lattice mismatch could be defined as the mismatch beyond 

which defects form in the thin film due to high epitaxial strain. In curved thin films, a similar relationship 

can be constructed between curvature and strain, where curvature is defined as the inverse of radius. 

Assuming a constant material thickness, the curvature at which strain energy exceeds defect formation 

energy is defined as the critical curvature.87 Similarly, for a fixed curvature, one can determine the critical 

thickness above which defects form. 

This theory can be applied to curved TMDs to understand the emergence of strain-induced 

defects. Generally, thin nested inorganic fullerenes are approximately spherical while thick nested 

fullerenes exhibit facets due to dislocations or grain boundary relaxation.87 This observation is consistent 

with the relationship between critical curvature (κc) and material thickness (h) in anisotropic materials 

(e.g. TMDs),88
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 Eq. 4𝜅𝑐 α 
1
ℎ2ln (ℎ).

An elastically curved film has an equilibrium dislocation density of zero for large radii and a nonzero 

dislocation density once the radius of curvature decreases past the critical value.88 Similarly, this 

relationship manifests in curved TMDs as faceted nanooctahedra transition to semi-spherical inorganic 

fullerenes with increasing radius, which is readily apparent using S/TEM imaging.87 A limited number of 

atoms in the nanooctahedra forces the closed structure to a small size, increasing the strain and inducing 

defect – and thus facet – formation. The quasi-spherical inorganic fullerene becomes stable typically at 

diameters greater than 30 nm and with  >105 atoms.82 

Understanding the probability that non-topological defects, such as atomic vacancies and 

substitutions, will form in curved TMDs with various radii is a prerequisite to utilizing built-in defects in 

TMD core-shells. We evaluate the impact of curvature on non-topological defect formation energy using 

density functional theory (DFT) energy calculations to elucidate the most favorable defects in curved 

structures (Figure 4a, b). For simplicity and to explore this point further, we look at the defect formation 

energies in stoichiometric MoS2 nanotubes, a model system exhibiting curvature in only one direction. 

Multiple studies demonstrate the impact of common point defects on the electronic and mechanical 

properties of TMD nanotubes, suggesting strong potential for defect engineering, and limited reports 

examine the formation energies of some point defects.89–93 We aim to supplement this work by  

systematically calculating the formation energies associated with these and other common defects in 

planar and nanotube MoS2 geometries. We consider sulfur vacancies, sulfur divacancies, Mo vacancies, 

and antisite defects (MoS). For the sulfur vacancies, we calculate vacancies both on the inner and outer 

surfaces of the nanotube to assess how the different strain environments affect defect formation energy. 

Figure 4b shows that, except for the outer sulfur vacancy, all non-topological defects considered 

are more favorable in the nanotubes than in planar layers, consistent with previous findings.89 The 

nanotube geometry notably decreases the defect formation energy for some defects, such as the 
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difference of >6 eV between planar and nanotube structures in the case of the antisite defect. The 

formation energy of the outer sulfur vacancy in nanotubes closely matches that of the planar sulfur 

vacancy. Interestingly, the antisite defect and sulfur divacancy each exhibit a slight increase in formation 

energy with increasing nanotube diameter, while the other defects show no clear dependence on size. 

These results show that, of the most common point defects in TMDs, antisite defects and inner sulfur 

vacancies and divacancies are the most favorable defects to form under extreme curvature. Additionally, 

defect formation can potentially be controlled by varying the curvature, which could provide a pathway 

for targeted defect engineering in curved TMDs.

Examining the atomic structure of other curved TMDs provides important insight into that of TMD 

core-shells. However, it is worth nothing that the fixed radius in the core-shell geometry complicates the 

energetics of the system compared to self-assembled, hollow curved nanostructures (e.g. inorganic 

fullerenes and nanotubes). The curved TMD in a core-shell geometry cannot fully relax and is instead 

limited to the fixed radius of the nanoparticle core with a fixed number of atoms composing the shell. 

Experimental and theoretical investigations detailing the thickness, radius, and core material 

combinations that induce faceting, and thus surpass the critical thickness of TMD shells, could elucidate 

how the energetics of TMD core-shells differ from those of hollow curved TMDs. Additional experimental 

reports94 that examine TMD growth on curved substrates could also inform this relationship and facilitate 

defect engineering in TMD core-shells. While the templated substrate, and resultant fixed radius, in the 

core-shell architecture complicates the system energetics, it also provides a controllable and powerful 

method to engineer strain and defects into TMDs. 

IV. Global Core-Shell Structure
In addition to local structure, it is important to consider nanoscale or global structure of TMD 

core-shells which can impart further design opportunities. Tuning morphology serves as a powerful route 

for controlling electronic, optical, and particularly chemical properties in TMDs, such as by modulating 
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attachment sites for molecules. Indeed, maximizing active sites of TMD crystals for hydrogen binding has 

been an area of intense interest in recent years.95–99 TMD core-shells are particularly ripe for 

morphological engineering because they present a variety of parameters that can dictate the resultant 

global structure. The following section highlights three major contributions to global structure and 

morphology in TMD core-shells: (1) the interface energies of the system; (2) the synthesis conditions; and 

(3) the morphology of the core material. A core-shell morphology pathway schematic (Figure 5) 

summarizes the key factors affecting shell morphology discussed in this section.

Formation of complete shell in vapor-based synthesis
The first aspect of global core-shell structure we consider is the formation of a complete TMD 

shell in CVD. In this synthesis process, bare nanoparticle cores sit on a flat substrate while the TMD is 

deposited from vapor phase. Therefore, one might expect a gap in the TMD shell where the core is in 

contact with the substrate. However, overwhelming experimental evidence, including cross-sectional 

TEM analyses, has shown that fully encapsulated nanoparticles result from this process.18,56,57,100 An 

analysis of the energetics of the system helps to explain the growth dynamics of this full encapsulation. 

We first consider the energy cost of the TMD shell/nanoparticle core interface formation. Previously, 

chemical bonding between the core and shell materials was hypothesized to be a prerequisite for 

conformal TMD encapsulation, largely based on the successful demonstration of Au@MoS2 and the well-

established gold-sulfur bonding affinity.101 However, our subsequent analysis elucidated that the 

core/shell interface formation energy, rather than chemical bonding specifically, dictated encapsulation.56 

To complete our understanding of the formation of a TMD shell, we must consider not only the 

thermodynamic driving forces of nucleation related to the core/shell interface but also the shell/substrate 

and core/substrate interfaces. In a recent report, we investigated the synthesis of Au@MoS2 on an SiO2/Si 

substrate.100 DFT theoretical calculations revealed that the Au(111) and SiO2 surfaces are 

thermodynamically favorable surfaces for MoS2 deposition and that the Au/SiO2 exposed interface is the 
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highest energy. Therefore, the Au/SiO2 interface is expected to be the most active site for MoS2 

nucleation. Once nucleated, the MoS2 continues to grow along the Au/SiO2 interface beneath the Au 

nanoparticle as well as along the exposed Au surface. Thus, complete encapsulation is achieved. This can 

be understood not only in terms of minimizing the interface energy of the system but also by considering 

the driving force to minimize edges of TMD layers. Due to anisotropic bonding in TMD layers, elimination 

of dangling bonds through closed structures, like shells, minimizes surface energy.102 

This energy minimization scenario is of course highly dependent on the core, shell, and substrate 

materials and their interactions; however, it provides insight into the relative material requirements for 

the formation of complete TMD shells. Based on this analysis, the relative thermodynamic favorability of 

the possible growth surfaces within a system can be used to predict the probability of achieving a 

complete, conformal encapsulation, which is the first decision node in Figure 5. Figure 4c provides DFT 

interface formation energy calculation results for MoS2 and several core materials. These data suggest it 

is feasible to encapsulate Si and Cu cores using a similar process to Au core encapsulation since their 

interface formation energies with MoS2 are comparable.  

Effect of synthesis conditions on TMD nanoscale morphology
Several morphologies of TMD core-shells have been documented in literature beyond the 

conformal shell, such as winged and flower-like shells.72,103,104 These alternate morphologies can typically 

be controlled by manipulating the synthesis conditions to create kinetically trapped structures. In a 

previous study, we found that placing the sulfur precursor in a higher temperature region of the furnace 

led to a “winged” core-shell morphology, where TMD layers extend from the core.56 Further, increased 

growth time under these conditions results in the continued growth of these wings and the formation of 

a flower-like core-shell structure.72  Interestingly, the sulfur evaporation rate is a common lever across 

TMD CVD literature used to alter nucleation rate and growth speed to create unusual morphologies. Fast 

sulfur evaporation reportedly leads to supersaturated MoS2 vapor and creates an excess of nucleation 
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sites, resulting in vertically aligned MoS2 layers.105 Similarly, CVD MoSe2 vertical layers have been grown 

using a seeding promoter to increase nucleation sites and growth speed.106 Another study reports MoS2 

helical spirals synthesized by quickly evaporating sulfur, supersaturating the sulfur vapor pressure and 

causing a higher partial pressure of MoO3-x which increases the nucleation rate.15 The nucleation rate is 

expected to increase dramatically beyond a critical supersaturation point of sulfur.14 Accordingly, 

traditional planar growth is observed in this study at a low sulfur evaporation rate. Further, rapid 

sulfurization or selenization of a transition metal (Mo, W) creates a kinetically controlled growth 

environment limited by the sulfur diffusion rate, producing vertically aligned layers.102,107,108 Although 

these growth dynamics are not directly comparable to those in CVD, they do provide further evidence of 

alternate TMD morphologies forming when a system is pushed away from equilibrium. These findings 

support the hypothesis that increased sulfur vapor pressure induces rapid impingement of precursors that 

increases the nucleation rate and forms the winged and flower-like morphologies of TMD core-shells. The 

morphology pathway schematic (Figure 5) reflects that growth conditions far from equilibrium induce 

winged or flower-like morphologies, depending on the growth time.

Effect of growth surface on TMD nanoscale morphology
A final variable affecting the global structure of TMD core-shells is the morphology of the core 

nanoparticle itself. As previously discussed, the interfacial energy between core and shell are critical to 

determine the probability that a conformal TMD shell will form on the core. The core morphology, along 

with TMD synthesis conditions discussed in the prior section, largely dictates the morphology of that TMD 

growth. The work discussed up until this point considers the case of a relatively smooth nanoparticle 

surface. However, evidence suggests that a rougher nanoparticle core can lead to flower-like growth, 

where multiple TMD sheets extend from the nanoparticle core. We show in Figure 5 that a large TiO2 

nanoparticle core that exhibits nanoscale crevices across the surface results in the flower-like TMD shell 

morphology. Flower-like TMD morphology is often observed and desired on TiO2 nanoparticles because 
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additional TMD edge sites promote catalytic activity, but the reason for this morphology is not yet 

established.103,109 This effect has been attributed to the change in growth dynamics caused by the many 

crevices of anatase TiO2, which serve as preferential nucleation sites for TMDs.109 We hypothesize that 

this preferential binding at crevices leads to a variation in growth dynamics across the TiO2 surface, which 

forces some layers to grow away from the TiO2 core, similar to the discussion of winged core-shells above, 

and results in the flower-like morphology. Accordingly, TMD encapsulation of a rough nanoparticle 

provides a potential second pathway to achieve flower-like growth in Figure 5. 

This discussion by no means provides an exhaustive list of all factors that impact the global 

structure of a TMD core-shell; however, these factors certainly can impact that structure, and we hope to 

present them as possible levers to manipulate core-shell morphology. Once a robust understanding of 

core-shell growth dynamics is established, a map of the complete parameter space of potential core-shell 

morphologies can be constructed.

V. Emerging opportunities 
The next generation of curved TMDs will rely on templated substrates to enable nanoscale 

structure and property control. This review examines the use of nanoparticle cores as templates for 

curved TMDs, but a vast array of analysis and design opportunities await. Much remains unknown about 

the nanoscale structure and potential emergent properties of the TMD core-shell architecture. Building 

upon existing core-shell architectures and equipped with theoretical calculations, we aim to now expand 

and deepen the understanding of this catalog by suggesting future research directions to achieve new, 

particularly potent architectures for energy, optoelectronics, and quantum applications. A suite of diverse 

characterization methods has enabled the progress in and understanding of curved TMDs thus far. 

Microscopy, particularly electron microscopy, has begun to elucidate the detailed atomic and electronic-

scale structure of TMD core-shells. Quantitative compositional techniques, such as energy dispersive x-

ray spectroscopy (EDS) and x-ray photoelectron spectroscopy (XPS), are invaluable for investigating the 
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chemistry and interaction between core and shell. Similarly, global optical measurements, including 

photoluminescence, Raman, and UV-visible spectroscopies, are critical to probe emission and absorption 

changes in TMDs with varying core-shell structures. The next advent in this field – detecting and isolating 

emergent properties – will require highly sensitive characterization techniques with exceptional spatial 

resolution and precision. Among the aforementioned characterization techniques, transmission electron 

microscopy (TEM) and scanning transmission electron microscopy (STEM) and related techniques are 

particularly well suited to not only image structure but also to probe phenomena at the nano- and atomic-

scale. Beyond the widely employed traditional imaging modes (e.g. conventional TEM), we discuss new 

opportunities to quantitatively discern nanoscale features110–113 and phenomena114–116 in curved TMDs by 

leveraging the multimodality of S/TEM.  

Defect Engineering
A particularly fruitful area for further research builds on the idea that topological defects are 

needed to achieve a curved structure from a hexagonal lattice and seeks to attain those through a variety 

of architectures. With a continued emphasis on improving synthetic control over TMD core-shells, a route 

exists to deterministically attain a discrete number of topological defects dictated by geometry. These 

extended topological defects include dislocations, disclinations, and electromagnetic vortices and 

typically exist at interfaces where crystalline or magnetoelectric continuity is broken.2 Non-topological 

defects further make curved TMD architectures unique. Because the formation energies for some atomic 

defects, such as sulfur vacancies, are significantly smaller in the curved geometry than the planar, 

synthesis protocols can be modified or ex situ radiation processes utilized to preferentially induce specific 

defects for desired applications. 

The presence of defects leads to significant property modulation in TMDs, and thus achieving 

nanoscale control of defects would be quite enabling. The catalytic activity of TMDs, for instance, depends 

greatly on the defect concentration.117–120 This property enhancement paired with the appreciable 
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catalytic activities of various metal nanoparticle cores121–123 makes design of TMD core-shells a promising 

strategy. Additionally, various defects offer exotic features. 5|7 dislocations that form at grain boundaries 

in MoS2 have been predicted to form local, ferromagnetic nanowires, while 4|8 dislocations are predicted 

to locally act as antiferromagnetic semiconductors.124 Further, coupling between excitons and various 

atomic defects in TMDs has led to observations of single photon emission.125–127 The potential to achieve 

greater quantitative control over defect concentrations through architecture while simultaneously 

enhancing emission through coupling with metallic and dielectric resonator cores makes this an exciting 

avenue for future research.

The achievable resolution and precision128 of S/TEM has made it an indispensable tool to identify 

atomic and structural defects and related phenomena in TMDs. Direct visualization of topological and 

non-topological defects combined with structural analysis via alternative S/TEM techniques can be 

leveraged to provide critical insight into defects in curved TMDs. For instance, fluctuations in chemical 

environment,129 phonon distribution,130 and bandgap131 and plasmonic132 responses due to the presence 

of defects can be probed with great accuracy in STEM using high resolution electron energy loss 

spectroscopy (EELS) and EDS.133 In addition, recently developed high-speed direct electron detectors 

(DED) enable massive improvements in detection efficiency and noise floors.134 This development has 

allowed for static imaging of materials using low electron beam flux to avoid damaging various beam-

sensitive 2D materials.114 Moreover, collection of the forward-scattered STEM probe at many probe 

positions (so-called 4D-STEM) is possible with the high-speed readout of DED (in the microsecond range). 

These scanning nanodiffraction methods provide a means to attain sub-Å spatial resolution while 

enhancing contrast for low atomic number atoms. Together, these advances make it possible to readily 

identify defects in TMD layers.116,128,135 Further, the development of computational algorithms for high-

throughput assessment of defects has opened pathways to confidently identify and quantify defect 

concentrations and provide a more detailed understanding of the relationship between defects and 
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architecture in these core-shell systems.136–138 Finally, these approaches can be extended into 3D through 

electron tomography.139–142 Through this method, recent studies have detected nanoscale defects, such 

as atomic-scale ripples and local strain tensors, and atomic scale defects, such as dopants and vacancies 

in nanoparticle and two-dimensional material systems.140,143,144

Strain Engineering
The strain intrinsic to curved TMDs offers yet another engineering pathway. Here, we propose 

some of the more exotic property manipulation opportunities in these structures, including tuning 

electronic structure landscapes to locally confine and spatially funnel excitons and charge carriers.145 In 

particular, because of the impact of strain on the local electronic structure and dielectric character, 

photogenerated excitons can be spatially localized to regions with maximum strain, as has been 

demonstrated across hundreds of nanometers.28,32,146 Inducing a heavily strained region through strategic 

design of core systems could enable exciton funneling and result in spatially-trapped photoemission. This 

feature would open applications in areas such are directional emission and lasing. Moreover, strain has 

also been predicted to modify the levels of exciton-phonon coupling147 and circular dichroism148, which 

thereby provides a great deal of potential tunability of optical emission emanating from an homogenously 

strained TMD shell region.

Strain fields and their slight atomic displacements can be directly measured using S/TEM 

approaches such as geometric phase analysis (GPA).149,150 GPA has been used to map strain fields in planar 

materials, including TMDs, and also non-planar nanoparticles.114,151,152 By applying this approach to TMD 

core-shell geometries, regions of significant strain can be rapidly identified  with atomic-scale resolution. 

When combined with recent advances in detection of nano- and atomic-scale defects, the ability to 

quantify strain in TMD core-shells becomes particularly powerful. Robust defect identification and strain 

quantification would greatly advance the understanding of the relationships between defects – both 
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topological and non-topological – and strain and open the door for more sophisticated defect and strain 

engineering opportunities.

Electric Field Manipulation 
Unexplored core and shell combinations present rich opportunities to manipulate local 

electromagnetic fields and exploit optical and electronic properties in the TMD shell. While plasmonic 

core materials (e.g. Au and Ag) have historically served as an interesting platform to achieve this, a 

particularly unexplored and fruitful class of potential core materials is emerging photonic materials. High-

index dielectrics (e.g. Si, Ge, TiO2) are of particular interest to improve and control light emission from 

emitting materials because they can confine and direct light at the nanoscale without the high Ohmic 

losses characteristic of plasmonic metals.153 The resonant electric and magnetic optical responses of high-

index dielectrics can be coupled with exciton resonances to induce unique effects in TMDs, such as 

directional emission and Purcell enhancement.154–156 The energy transfer between a high-index dielectric 

particle and emitter can be enhanced based on their interfacial area, making the core-shell geometry 

highly attractive over a planar arrangement.157,158 The core-shell geometry not only provides the 

advantage of  intimate contact with a high-index dielectric particle, but also, TMD shells can contribute 

additional magnetic dipole moment resonances.157 Resonance coupling between high-index dielectric 

particles and TMDs in the core-shell geometry has been examined via simulation but not yet reported 

experimentally.157,158 Significant opportunity exists to experimentally demonstrate and study high-index 

dielectric@TMD structures, which should be achievable based on the low interface formation energy for 

Si/MoS2 shown in Figure 4.

The S/TEM method differential phase contrast (DPC) allows for identification of electric field 

components in nanoscale samples, including core-shell architectures. Intrinsic electrostatic and 

magnetostatic fields within the sample modify the phase component of the transmitted electrons. DPC 

provides a method to measure changes in electric fields that may arise when parameters such as core size 
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or spacing are varied.111,159,160 Moreover, methods such as STEM Cathodoluminescence (STEM-CL) and 

EELS can also assess electric field information and resultant optical properties from TMD core-shells by 

identifying the distribution of photons generated when a sample is irradiated with the electron 

beam.161,162 Researchers have used these techniques for diverse analyses including probing quantum 

emitters163 and surface plasmon oscillations.164–166 Additionally, these methods can be configured to 

detect the polarization or directionality within an emission spectrum,167 thereby making it attractive for 

probing directional emission. These complementary methods allow for both understanding the optical 

response from a single core-shell particle and mapping the electric field distribution due to interactions 

between neighboring core-shell particles.

Topological Properties
Finally, TMD core-shell architectures offer promising applications in quantum computing due to 

their combination of hybridization and curvature. Quantum computing technology relies on quantum bits 

(i.e. qubits) coherently interacting with each other to achieve a state of superposition.168 However, 

attaining and maintaining the level of coherent interaction needed to solve highly complex problems is 

quite challenging. Decoherence can occur due to a variety of sources, including the environment and 

neighboring qubits. Topological qubits are based on materials whose properties and structure are defined 

by their geometry and are intrinsically less susceptible to decoherence mechanisms. In such cases, the 

quantum signals in these materials are protected by the material shape and symmetry, making TMD core-

shells an interesting platform for constructing topological qubits.169–171

One approach to construct topological qubits that has gained recent popularity involves 

leveraging the “proximity effect”, where a strong topological insulator is directly interfaced with a 

superconductor.172,173 This approach can generate topologically non-trivial energy states at the interface 

between the two materials. Such an interface can be readily created in core-shell architectures. For 

instance, by encapsulating a traditional superconductor (e.g. an aluminum nanoparticle) with a TMD shell  
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exhibiting exotic behavior, such as spin quantum insulator phases at low temperatures,174–176 there exists 

a route to attain encodable states for topological computing. Additionally, strain can also serve as a lever 

in TMD core-shells to induce local phase transformations and create non-trivial states as evidenced in the 

case of WTe2.174,177 As such, by synthesizing TMDs on a curved platform and inducing an inhomogeneous 

strain profile, it is possible to attain local domains of non-topologically protected and topologically-

protected states within a single layer.178

Further, it is possible to manipulate the energy levels of quantum materials and populate 

particular states by breaking time-reversal symmetry in these core-shell architectures.179 The 

heterostructure shell design detailed previously offers one potential route,55 as a ferromagnetic or 

antiferromagnetic shell, such as nickel, vanadium, or iron dichalcogenides,180–182 can be synthesized on 

another atomically-thin shell. Additionally, gauge fields break time-reversal symmetry by inducing effects 

similar to a random magnetic field and have been predicted to arise in curved TMDs architectures due to 

topological defects.183 While further experimental work is needed to confirm this prediction, time reversal 

symmetry breaking may be achievable with a wider variety of TMD layers as well.

Several advanced S/TEM techniques can be tailored to detect topological defects and features 

relevant for quantum applications in TMD core-shells. One such approach is Lorentz TEM, which provides 

information on the local magnetization at nanoscale interfaces.184,185 Further, it allows for real-time 

tracking of magnetic topological defects and spin textures, such as magnetic vortices and skyrmions, that 

might be induced in core-shell architectures.186–188 Additionally, electron holography, which induces wave 

function overlap between multiple electron beams,189 is an excellent tool to study nanoscale quantum 

materials. This technique produces information about electrostatic and magnetostatic potentials within 

the sample.139,190–192 Electron holography can be directly extended from conventional planar architectures 

to TMD core-shells to detect similar interfacial phenomena while also mapping electrostatic interactions 

between individual nanoparticles.193,194 This tool can not only detect correlated states and phases but also 
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can elucidate how charge carriers respond to these perturbations, thereby providing a means to deduce 

tangible material properties such as local carrier concentrations and effective Fermi velocities.

Finally, these methods can be paired with EELS to acquire local electronic structure and magnetic 

property changes that can be used for information storage in quantum systems. Using momentum-

resolved EELS techniques (q-EELS), it is possible to relate momentum and energy with nanoscale spatial 

resolution. Thus, this method can help determine electronic structure and identify local topological 

characteristics.195–197 For TMD core-shells, q-EELS can be used to map changes in electronic structure 

across interfacial regions, which can then be related to changes in magnetostatic or electrostatic 

properties. Similarly, magnetic structure from the sample can be attained via electron energy loss 

magnetic chiral dichroic spectra which detects changes in polarization caused by internal magnetic 

fields.198–200 Moreover, these measurements can be conducted as a function of various external 

perturbations, such as electric field, magnetic field, and temperature, to map how the system behaves 

across a wide phase space. 

VI. Summary & Conclusions
This review discusses the emerging area of TMD core-shell architectures within the broader 

context of curved TMDs. We propose a geometric framework based on both dimensionality and curvature 

to highlight the role of curved TMDs within possible TMD architectures. TMD core-shells have already 

demonstrated promise in applications including optoelectronics and sensing due to their powerful ability 

to hybridize disparate nanomaterials through an intimate interface. However, more exotic properties, 

some of which are inaccessible to planar TMDs, could be achieved through advanced structural 

understanding and control of the curved TMD shell. Much of the local and atomic-scale structure of TMD 

core-shells can be understood by considering topological defects and strain in hollow curved TMDs. We 

augment this discussion of prior work with original calculation results to elucidate the impact of strain on 

defect formation energy and observe that formation energies are consistently lower in curved than planar 
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geometries. We detail investigations into the nanoscale structure and growth mechanisms of TMD core-

shells, where future efforts can explore new core-shell morphologies and expand our proposed product 

pathways diagram. Finally, as evidenced by the discussion of future possibilities, ample opportunity awaits 

in both fundamental exploration and application-focused design of TMD core-shells, but it will require 

close collaboration between experts in theory, synthesis, and characterization. Before these structures 

can be fully harnessed for applications, sophisticated characterization is needed to unravel the type, 

location, and extent of defects and strain. We hope this review inspires researchers to appreciate the 

elegance of the TMD core-shell architecture and pursue the nanoscale understanding and engineering 

needed to realize its full design potential.
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Methods
Density Functional Theory Calculations 

We performed density functional theory calculations within the generalized-gradient 
approximation (GGA).201 The projector augmented wave pseudopotentials are applied as implemented in 
the VASP package.202 Calculations for MoS2 structures are performed with a dense k-point mesh 
corresponding to 4000 k-points per reciprocal atom. The plane-wave basis-set cutoff energy is set to 500 
eV, and the convergence criterion with respect to self-consistent iterations assumes the residual forces 
are less than 0.03 eV/A. 

The formation energy of a defect X is defined as in reference 203:

𝐸𝑓(X) = 𝐸𝑡𝑜𝑡𝑎𝑙(X) ―  𝐸𝑡𝑜𝑡𝑎𝑙(bulk) + Δn𝑖µi

A negative formation energy suggests favorable formation, while positive values are unfavorable. In the 
equation,  and  are the total energies of a supercell containing the defect X and of a supercell E𝑋

𝑡𝑜𝑡𝑎𝑙 E𝑏𝑢𝑙𝑘
𝑡𝑜𝑡𝑎𝑙

of the perfect bulk material, respectively;  is the atomic chemical potential of species i (and is referenced µi

to the standard state), and  denotes the number of atoms of species i that have been added ( > 0) Δni Δni

or removed ( <0) to form the defect. Details on the interface formation energy calculations can be Δni

found in reference 56.

TMD Core-Shell Synthesis

The TiO2 nanoparticles were synthesized following the process from reference 204. MoS2 
encapsulation was achieved following the previous encapsulation process defined in reference 56.
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Figures

Figure 1. Geometric framework for layered materials. Nanostructures based on TMDs and other layered 
materials are classified by both dimensionality and curvature. Dimensionality for each type of Gaussian 
curvature is defined based on the 0D structure (see text for full explanation) and thus varies between 
curvature types. The zero curvature category is divided into planar and non-planar structures, and the 
possibility that mixed (both positive and negative) curvature can arise from a zero curvature structure is 
demonstrated. This figure includes only those structures which have been either experimentally 
demonstrated or calculated for layered materials. Therefore, empty boxes represent areas particularly 
ripe for exploration where no structure fits a given dimensionality and curvature. Closed and helicoidal 
nanotubes reproduced by permission of IOP Publishing from ref. 8 © IOP Publishing & Deutsche 
Physikalische Gesellschaft. CC BY-NC-SA; Nanooctahedra reprinted by permission from Ref. 24, Springer 
Nature: Nature, © 1999; Schwartzite reprinted from ref. 44 under CC BY-NC-ND; Wrinkled sheet 
reproduced from ref. 205 under CC BY 4.0; Nanotube network reprinted from Ref. 206, © 2011 with 
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permission from Elsevier; Catenoid reprinted from ref. 207 under CC BY 3.0; Crumpled sheet reprinted from 
ref. 208 © IOP Publishing. Reproduced with permission. All rights reserved.

Figure 2. Functionality in TMD core-shells. TMD core-shells present several areas of added functionality 
compared to planar TMDs, including facile hybridization with other nanomaterials, defect engineering 
using topological or non-topological defects, strain engineering via controlled core shape, and direct 
assembly. Tunable strain structure models reprinted with permission from Ref. 70 © 2019 American 
Chemical Society.
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Figure 3. Topological defects in layered materials. Defects are geometrically necessary to curve a 
hexagonal lattice; however, the type of defect varies based on the material chemistry. The top row 
demonstrates that pentagonal and heptagonal defects arise in curved carbon nanostructure to induce 
positive and negative curvature, respectively. The middle row demonstrates that TMDs instead exhibit 
square-like and octagonal-like defects in positive and negative curvature, respectively, due to the energy 
penalty of forming S-S or Mo-Mo bonds. It should be noted that curved carbon and TMD nanostructures 
will contain a combination of their respective topological defects and hexagonal rings. Examples of 
nanostructures exhibiting each type of curvature are shown in the bottom row. Square and octagonal 
defect models reprinted from ref. 8 © IOP Publishing & Deutsche Physikalische Gesellschaft. Reproduced 
by permission of IOP Publishing. CC BY-NC-SA; Negative curvature model reprinted from Ref. 209 with 
permission from the Royal Society of Chemistry.
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Figure 4. Density functional theory (DFT) calculations of defect and interface formation energies. (a) 
Atomic models demonstrating the calculated point defects in a single-layer MoS2 nanotube. (b) DFT results 
for defect formation energy for each non-topological defect in MoS2 nanotube and planar geometries. 
The defect formation energies in the nanotube are consistently lower than those in a planar sheet. (c) 
Interface formation energies, as calculated by DFT, for several potential core materials in TMD core-shells. 
The most favorable crystal faces of the core material are considered, where applicable, as these are the 
most likely faces to interface with a TMD shell. These calculations assumed a planar interface.
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Figure 5. TMD core-shell product pathways.  This figure demonstrates the various pathways that can 
produce four different core-shell products. The key factors represented are the core-shell interface 
formation energy, the roughness of the substrate, and the TMD synthesis conditions. The potential 
products range from no shell growth to a flower-like shell with many TMD sheets protruding from the 
core. All scale bars correspond to 50 nm. Images reprinted with permission from references 56,72 © 2018 
American Chemical Society. 
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Figure 6. Emerging opportunities in TMD core-shells. Examples of some of the many future prospects for 
advanced characterization of TMD core-shells, including detection of local strain, defect classification, and 
understanding electric and magnetic fields. Potential engineering opportunities include enhancing 
catalytic activity, controlling optical emission, and attaining topologically protected states. Defect atomic 
model reprinted from Ref. 8 © IOP Publishing & Deutsche Physikalische Gesellschaft. Reproduced by 
permission of IOP Publishing. CC BY-NC-SA; Strained model reprinted with permission from Ref. 70 © 2019 
American Chemical Society.
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Novelty statement: This review paper highlights the rich opportunities of curvature and architecture in 
transition metal dichalcogenides for improved material design.
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