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ABSTRACT

Curvature presents a powerful approach to design atomic structure and tailor material properties in atomically thin transition metal
dichalcogenides (TMDs). The emerging TMD core-shell architecture, in which a multilayer TMD shell encapsulates a curved nanoparticle
core, presents the opportunity to controllably induce defects into a TMD crystal by strategically constructing the shape of the underlying
core. However, harnessing this potential platform first requires robust characterization of the unique structural features present in the core-
shell architecture. To this end, transmission electron microscopy (TEM) and scanning TEM (STEM) are particularly powerful tools for direct
structural characterization of 2D materials with a high spatial resolution and precision. Here, we reveal and describe defects inherently pre-
sent in the TMD core-shell architecture. We develop a comprehensive framework to classify the observed defects and discuss potential ori-
gins and implications of structural variations. We utilize high resolution S/TEM to reveal the relationship between defects and their
associated strain fields. Furthermore, we demonstrate that TMD shells often possess a wide range of interlayer spacings with varied spatial
distribution. By exploring the rich array of structural defects inherently present in the TMD core-shell architecture, we provide an important
foundation to ultimately induce exotic properties in TMDs through sophisticated defect engineering.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0049121

Defects in solids can deteriorate certain materials’ properties, but
they can also impart unique and useful functionality absent in perfect
crystals. Defects play a particularly important role in the properties
and behavior of nanostructures and, therefore, a detailed understand-
ing of their influence is critical to developing nanotechnologies.
Ultimately, control over defect type, location, and density provides a
powerful platform to design advanced nanomaterials.1 In atomically
thin materials, curvature offers a potent method to intrinsically design
structure and form localized defects.2–5 By directly growing transition
metal dichalcogenide (TMD) crystals on curved substrates, one could
control growth dynamics and deterministically generate localized
strain and defects.6–8 Alternatively, curved TMD nanostructures, such
as inorganic fullerenes and nanotubes, naturally possess intriguing
structural features and defects, including a range of chiralities, variable
registry of concentric shells, size-dependent phase changes, and
unusual nanotube capping modalities.9–12 Revealing these unique
structural features and their impact on material properties, such as

mechanical behavior, has enabled the application of inorganic nano-
structures in high-strength nanocomposites and solid-state lubrica-
tion.12,13 Comprehensive structural characterization of such complex
architectures, particularly via transmission electron microscopy
(TEM) and scanning TEM (STEM), is a prerequisite to controllable
design of TMD structure and, ultimately, sophisticated property
manipulation and defect engineering.1,14

Recently, a unique curved TMD structure has emerged—the
TMD core-shell architecture,15 which has already demonstrated
potential in optoelectronics,16–19 energy,20–25 biomedicine,26,27 and
sensing.28,29 Unlike its hollow counterparts of inorganic fullerenes and
nanotubes, the core-shell is a templated architecture, where a TMD
shell encapsulates a rigid nanoparticle core. This structure thus has the
benefit of facile hybridization between the functional core and shell
materials. Furthermore, it allows for controllable design of strain and
defects into the TMD shell through the shape enforced by the underly-
ing core. Through deterministic selection of the core geometry,
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superior control of structure and defects in TMDs is possible via the
core-shell architecture.

Exquisite structural understanding and control would make the
TMD core-shell architecture a ripe platform for defect engineering
and enable powerful synergistic effects such as strategic hybridization
coupled with defects to induce unique topological properties.15

However, work remains to build a robust set of design rules that con-
sider the complexity (e.g., curvature, multiple interfaces, and multi-
layer nature) of the TMD core-shell architecture and predict the exact
nature of the shell structure. Diverse morphologies of TMD core-shell
structures have been documented previously,15 but the underlying
defects and structural variations have not yet been examined. Detailed
characterization of the defects and local strain fields in these unique
core-shell architectures could shed light on the inherent structure—
which in turn impacts physical properties—and offer routes for future
structural control.

In this work, we aim to elucidate the nanoscale and interfacial
structure of the TMD core-shell architecture using high-resolution
S/TEM. The scope of this work includes thoroughly describing and
documenting defects through structural characterization. We first
report on a series of defects observed in TMD core-shells using com-
piled data from multiple core-shell material combinations. We classify
these observed structures spatially within the core-shell—at the core/
shell interface, the shell surface, or internal to the shell—to provide an
overview of the possible structural variations. We then conduct
detailed S/TEM analyses on select defects within the TMD shell, with
a focus on their structural complexity and the localized effects of defec-
tive regions such as local strain fields. Finally, we examine the distribu-
tion of interlayer spacings in the TMD shell. By probing the detailed
structure within the TMD core-shell architecture, this work lays the
foundation to ultimately utilize curvature to engineer targeted defects
into TMDs.

We consider data from 16 chemical vapor deposition (CVD)
TMD core-shell samples of various sizes, shapes, and core materials to
produce a comprehensive framework of the defects intrinsically pre-
sent in this generalized architecture (Fig. 1). We categorize these
defects into three key regions of the core-shell architecture: the hetero-
geneous core/shell interface, the shell surface, and the internal shell.
S/TEM images demonstrating examples of defects in each region are
presented in Figs. 2–4 or Fig. S1.

The core/shell interface category considers the growth of the ini-
tial TMD layer around a nanoparticle core. The nature of this interface
dictates the level of atomic and molecular hybridization present
between core and shell constituents and thus plays a crucial role in the
associated emergent phenomena present in these systems.30,31 An inti-
mate core/shell interface maximizes the interaction between the two
materials and is achieved through conformal encapsulation [Fig. 1(a)].
Conformal interfaces in TMD core-shell geometries have previously
enabled enhanced and unusual properties such as plasmonic enhance-
ment and increased hydrogen production.16,19,24 The conformal shell
is commonly observed in CVD TMD core-shell literature and serves
as the basis for the subsequent two categories.16–18,32

Core/shell interfaces that disrupt complete contact between the
core and shell could limit the extent of hybridization between the two
materials but also introduce their own unique functionality. In the
shell facet interface, the initial layer of the shell loses contact with a
region of the core [Fig. 1(b)]. This interface type might be attributable

to extreme curvature, as will be discussed later in more detail. An
incomplete shell could also form, leaving a section of the core exposed
[Fig. 1(c)], as observed in other core-shell preparation methods.20,33 In
CVD, the comparative interfacial energies between the core, shell, and
substrate materials largely dictate the completeness of encapsulation
and could explain this defect.34 For instance, if the interfacial energy
between the TMD and substrate material is low, it may be more favor-
able for the TMD to grow along the substrate surface than between the
core and substrate, resulting in partial encapsulation. The incomplete
shell interface is not ideal for hybridization, but it could enable alter-
nate engineering avenues such as formation of Janus-like particles,
where each surface (i.e., shell and exposed core) provides distinct
chemistries and molecular attachment opportunities.35–37

The second category in the defect framework is the shell surface,
which involves termination of the final TMD layer(s) in the shell. The
shell termination mode is particularly important for controlling how
the core-shell structure interacts with its environment. Specifically,
TMD edges contain reactive dangling bonds while the basal plane
does not.38 The framework includes shell surface structures without
dangling bonds [Fig. 1(d)], where all bonds are satisfied in-plane, and
with dangling bonds [Figs. 1(e)–1(g)]. An incomplete external shell
[schematic in Fig. 1(e), TEM image in Fig. 2(b)], and the related
delaminated external shell [Fig. 1(f)], would likely arise due to the
exhaustion of precursors during a synthesis process, leaving at least
one layer unfinished. Furthermore, mismatched intersections of TMD
layers, or shell discontinuities, often occur at sharp facets in the core

FIG. 1. TMD core-shell defect classification framework. (a)–(c) Structural variations
at the core/shell interface, which determines the potential for hybridization between
core and shell materials. (d)–(g) Structural variations at the shell surface, which
strongly affects the interaction between a core-shell structure and its environment
and opens opportunities for chemical functionalization. (h)–(k) Structural variations
within the TMD shell, which dictates the rate at which events such as diffusion,
charge transport, and intercalation can proceed.
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[Fig. 1(g)]. A TEM image of a mismatched intersection [Fig. 2(c)]
shows a discontinuous shell termination. The two edges of the shell
are possibly not as aligned in the z-direction as they appear in projec-
tion, but a severe discontinuity clearly exists in the region. Such an
edge-dominated termination mode has implications for many catalysis
applications that can leverage the increased reactivity of the exposed
TMD edge sites.38–40

The remainder of this work considers the rich array of features
possible within the TMD shell. In this region of the nanostructure,
critical functions such as energy transfer, charge transport, diffusion,
and intercalation occur. Continued conformal growth [Fig. 1(h)]
occurs when each TMD layer is complete and concentric around the
underlying layer, analogous to pristine lamellar growth in a planar
TMD geometry. A potential deviation from conformal growth is an
incomplete inner shell [Fig. 1(i)]. Figure 2(d) exhibits an incomplete
inner layer that appears to abruptly terminate in the shell interior, sim-
ilar to edge-like defects previously observed in layered materials.41 We
hypothesize that local growth dynamics, rather than precursor exhaus-
tion, are responsible for this defect. A high density of local nucleation
sites, known to occur under certain CVD conditions, could cause

neighboring layers to grow above an incomplete inner layer and limit
precursor diffusion to the unfinished layer.15

The Au nanorod encapsulated by an MoS2 shell in Fig. 2(e) dem-
onstrates two additional internal shell variations. Faceting in the shell
[Fig. 1(j)] is apparent at the nanorod endcap, where conformal MoS2
layers first encapsulate the nanorod core, then a gap is introduced as
the shell forms a facet and subsequent shell layers grow accordingly.
These facets, and the related shell facets at the core/shell interface, pri-
marily occur at the endcaps of nanorods rather than along the sides.
This is consistent with observations of structural defects in inorganic
nanotubes forming primarily in the endcaps.9 The shell surrounding
the straight center of a nanorod is curved only in one direction
(around the rod), whereas a conformal shell at the endcaps is curved
in two directions, forming a positive curvature.3 As a result, the strain
due to bending is higher at the endcaps than along the sides.42 Such a
high strain environment leads to energy relaxation through defect for-
mation once a certain critical thickness and curvature are reached.
This could explain the transition from curved conformal internal
layers to faceted outer layers exclusively at the endcap. Similarly,
defect-rich TMD shells in core-shell structures have previously been

FIG. 2. Defects at the TMD shell surface
and within the shell. (a) TEM image of
semi-spherical Au@MoS2 core-shell con-
taining the defects presented in (b)–(d).
(b)–(d) Filtered TEM images of incomplete
external shell, mismatched intersection,
and incomplete internal shell defects,
respectively. (e) TEM image of an Au
nanorod@MoS2 core-shell structure
exhibiting a shell facet. Orange box indi-
cates a gap in shell defect.

FIG. 3. The impact of defective regions within the TMD shell. (a) BF TEM image of an Au nanorod with a multilayer MoS2 shell. (b) Band pass Fourier filtered BF TEM image
of the region of the MoS2 shell marked by the blue box in (a), indicating several intersecting incomplete internal layers. Scale bar represents 2 nm. (c) Contrast line profiles of
the defective shell region, corresponding to the lines labeled in (b). Dotted lines indicate the loss of registry between layers near the defects. (d) Relative out-of-plane and (e)
shear strain maps of the region indicated by the yellow box in (b) obtained using GPA. The numbers indicate features discussed in the text. The color bar indicates þ/� 1%
strain compared to the reference region (see Fig. S3).
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observed at regions of high curvature.20 As such, this feature could
shed light on the growth dynamics and strain state of TMD shells of
various thicknesses and curvatures.

Finally, an unusually large gap between adjacent layers [Fig. 1(k)]
is observed along the edge of the encapsulated nanorod [orange box in
Fig. 2(e)]. This feature is similar to buckling layers previously reported
in planar layered materials due to accommodation of strain, leading to
out-of-plane relaxation.43,44 Several scenarios could explain the origin
of compressive stress expected to form this gap.43 One possibility is
the addition of molecular units in the layer where the gap initiated.
The nature of TMD core-shells: (1) requires that each layer contains
more TMD molecular units than the prior to continue concentric
encapsulation and maintain similar strain states among layers and (2)
constrains each layer into forming a closed shell. Given this complex-
ity, it is unlikely that each new layer possesses the exact number of
TMD units needed to produce a perfectly conformal, closed shell.
Compressive stresses result when molecular units are added and could
cause gap formation within the shell. The stress needed to form this
gap could also originate from a nearby dislocation, such as when inter-
nal layers abruptly terminate, straining the above layers until they
regain their expected spacing.

We next consider how defective regions in the shell can modify
local structure and introduce strain fields by examining a defective
region in an Au nanorod@MoS2 nanoparticle [Fig. 3(a)]. Figure 3(b)
shows a defective shell region with several intersecting incomplete
layers, corresponding to the blue box in Fig. 3(a). An analysis of a rela-
tively defect-free region [orange box in Fig. 3(a)] is shown in Fig. S2
for comparison. Contrast intensity line profiles [Fig. 3(c)] are collected
at several points to demonstrate how these defects impact interlayer
spacing and layer registry. The additional peak in line profile iv [to the
right of the defective region in Fig. 3(b)] indicates that a new layer is
present compared to line profile i (left of the defective region). Defects
can thus be accompanied by the presence of extra TMD layers, affect-
ing the interlayer separation and producing localized strain fields,
which could further disrupt long-range order.

We utilize a geometric phase analysis (GPA) approach to exam-
ine the qualitative strain fields induced by the defective region.45 It is
important to note that these strain signs and magnitudes are relative
to a reference region (see the supplementary material). Out-of-plane
(eyy) and shear (exy) strain maps [Figs. 3(d) and 3(e)] both demon-
strate discontinuity concentrated near the defective region. The out-
of-plane strain field is highly tensile with the largest values occurring
in the immediate region of the half-layer termination (labeled as point
1). Furthermore, compression after the addition of a new layer is
apparent by comparing the strains on either side of the defective
region (point 2) in both the eyy and exy maps. Additionally, the com-
pressive to tensile feature in the eyy strain map (point 3) can be attrib-
uted to the abrupt layer displacement observed in the image,
compared to the more gradual accommodation of an additional half-
plane near the center defects. Understanding local strain associated
with such defects is key to eventually access desirable—and avoid
undesirable—strain-induced effects in TMD core-shells such as photo-
carrier confinement, exciton funneling, and bandgap engineering.46–49

The final component of structure we consider is the interlayer
spacing between TMD layers in the shell. Tuning the interlayer spac-
ing of van der Waals materials, including TMDs, can modify factors
such as the intercalation/de-intercalation rates, adsorption/desorption

energies, and coupling strength between adjacent layers, all of which
have important implications for applications including energy storage,
catalysis, environmental remediation, and electronics.50–54 Curvature
is known to impact the interlayer spacing of TMDs,9 making it an
important parameter to investigate in complex curved nanostructures
such as the core-shell architecture.

Analysis of a 50þ layer MoS2 shell from an Au@MoS2 structure
(Fig. S4) reveals interesting irregularities in layer spacing. A BF STEM
image of the region of interest and the associated Bragg image are
shown in Figs. 4(a) and 4(b). Several topological defects are apparent
in the shell, including edge-like, kink, and knot defects highlighted in
Figs. 4(c)–4(e).41 An interlayer spacing map [Fig. 4(f)] of the region
indicates spacings with a broad range of 0.16 nm. Only the relative
spacings were considered here (see Methods), and zero represents the
average interlayer spacing of the region. These data suggest that layers
exhibit variable interlayer spacing across their length. Overlays of sev-
eral topological defects and their associated interlayer spacings are
shown in Figs. 4(g)–4(i). While there is strong correlation between the

FIG. 4. Interlayer spacing in Au@MoS2 core-shell structures. (a) BF STEM micro-
graph of a thick MoS2 shell region in an Au@MoS2 core-shell particle. (b) Bragg
image formed from (a) (see Fig. S4). (c)–(e) Magnified topological defects demon-
strating an edge-like defect, kink, and knot, respectively. (f) A 2D map of the lattice
spacing variation in (a). The mean lattice spacing value corresponds to 0, indicating
a wide range of þ/� 0.08 nm in this region. (g)–(i) Overlays of the Bragg image
and the lattice spacing map, corresponding to the colored boxes shown in (f).
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observed defects and changes in interlayer spacing, such defects do not
account for all variation observed in Fig. 4(f). As such, we hypothesize
that the presence of defects that are not visible contribute to localized
variations in interlayer spacing and related strains. The associated
strain maps (Fig. S5) demonstrate how the inhomogeneity in interlayer
spacing within the shell affects local strain distributions, with high val-
ues around the core of defects in exx and eyy. Furthermore, a quantita-
tive analysis of an Au@MoS2 structure (Fig. S6) demonstrates MoS2
interlayer spacings ranging from 0.63 to 0.70 nm, consistently higher
than the expected interlayer spacing of 2H MoS2 (0.61–0.62).

50,55–57

These analyses indicate both an increased average interlayer spacing
compared to planar MoS2 and significant local variations within the
shell and suggest that core-shell geometries could serve as a platform
to controllably tune interlayer spacing for a range of applications.

In this work, we document and catalogue structural variations in
the TMD core-shell architecture and utilize S/TEM to examine these
defects in detail regardless of their origin. We identify rich structural
variety inherent to this architecture, with features spanning multiple
interfaces and dimensionalities. Some features, such as edge-like
defects, have been previously observed in layered materials while
others that have not yet been examined could hold promise for emer-
gent properties. Furthermore, we find that TMD core-shell structures
exhibit a wide range of interlayer spacings, which tend to be larger
than those of planar TMDs. Overall, this work elucidates that key fea-
tures for property tunability naturally manifest in curved TMD archi-
tectures. As such, ample opportunity awaits to further probe the
structure of TMD core-shells. Establishing a robust understanding of
the relationship between curvature, synthesis conditions, and structure
will enable advanced defect engineering in TMD core-shell architec-
tures and pave the way for exploiting their many unusual features.

See the supplementary material for methods and additional
S/TEM analyses.
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