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The birth of nanoscience more than 50 years ago fueled the renaissance in layered materials research 
leading to many materials discoveries with unprecedented scienti"c and technological impacts. 
Following the early reports on carbon fullerenes and nanotubes, the discovery of inorganic one-
dimensional (1D) nanotubes and zero-dimensional (0D) fullerenes created a major playground for new 
physicochemical observations. The meteoric rise of two-dimensional (2D) materials in concert set o# 
outstanding advances in the synthesis and manipulation of layered materials with atomic precision. 
This review identi"es new directions in materials science that emerge through integrating the two 
layered systems—2D with inorganic 1D and 0D. Summarizing the key developments in the two 
distinct nanomaterials families, we highlight preliminary instances of integrating them into functional 
nanostructures. A few gedankenexperiments regarding prospective applications of the integrated 
system are then introduced to stimulate further experimental and theoretical investigations that can 
potentially result in unforeseen scienti"c observations.

Introduction
The birth of nanoscience more than half a century ago [1] 
spurred a deluge of research activities in the preparation of 
nanoscale materials with new dimensionality, morphology, and 
phase paving the way to designer nanostructures with predeter-
mined functionalities. Engineering such nanostructures through 
advanced processing and subsequently integrating them into 
practical devices have signi!cantly contributed to developing 
next-generation energy harvesting, computing, and medi-
cal diagnostic tools. Further, the intricate structure–function 
relations in low-dimensional materials have propelled funda-
mental discoveries in quantum condensed matter physics [2], 
and even, space science [3]. An example of such a platform is 
a layered heterostructure, where two or more layered materials 
are combined systematically to create a compound solid o#er-
ing many unique functionalities that the component materials 
do not individually o#er. A naive analogy of such a system is a 
mille-feuille where the ingredient layers are analogous to the 
individual materials in the system. Especially, adding geometries 
(or textures) to the layered system (e.g., mille-feuille) in the form 
of “curved rather than $at” surfaces (e.g., icing and cherries) 

results in an even more compound nanostructure with exotic 
interfaces and unusual properties. %is mini review will explore 
the exciting structure–function relationships and properties that 
emerge when low-dimensional systems such as nanomaterials 
with curved surfaces are integrated with $at nanostructures.

Low-dimensional materials are those in which at least one 
of their three dimensions is on the order of a few nanometers 
(~  10–9 m). Based on this de!nition, low-dimensional materi-
als are classi!ed into three broad categories—zero-dimensional 
(0D) materials (e.g., nanoparticles, quantum dots), one-dimen-
sional (1D) materials (e.g., nanotubes, nanowires), and two-
dimensional (2D) materials (e.g., graphene and other layered 
materials). Integrating two or more of such materials gives rise 
to complex nanostructures with miscellaneous dimensionality, 
morphology, and interfaces. Such complex arti!cial nanostruc-
tures are not new, and they have been reported previously by 
several researchers and will be referenced as the review evolves. 
%is review will focus on a system that, to the best of our knowl-
edge, is almost unexplored yet an appealing platform. %e sys-
tem is generated through the combination of 2D materials [4, 5] 
with inorganic 1D nanotubes and 0D fullerene-like nanoparticles 

MRS FELLOWS FOCUS

http://crossmark.crossref.org/dialog/?doi=10.1557/s43578-022-00843-4&domain=pdf
http://orcid.org/0000-0002-6841-0642
http://orcid.org/0000-0003-4071-0325


 
 J

ou
rn

al
 o

f M
at

er
ia

ls 
Re

se
ar

ch
  

 V
ol

um
e 

38
  

 I
ss

ue
 2

 
 J

an
ua

ry
 2

02
3 

 w
w

w
.m

rs
.o

rg
/jm

r

© The Author(s), under exclusive licence to The Materials Research Society 2022 268

Invited Feature Paper-Review

[6–8]. Here, we emphasize on the inorganic nature of the 1D and 
0D ingredients to distinguish them from the widely researched 
carbon nanotubes (CNT) and fullerenes [9–11]. For brevity, we 
will occasionally refer to the 2D materials, inorganic 1D nano-
tubes and 0D fullerenes as 2DM, INT, and IF, respectively. We 
will begin by brie$y reviewing 2DM, INT, and IF for context. 
%e following section will describe the coupling of INTs with 
other inorganic nanostructures. Next, early examples of inte-
grating 2DMs with various inorganic nanostructures will be 
discussed, and how the ensuing interface introduces unique 
structural features distinct from the conventional all-2D hetero-
structures will be analyzed. %e subsequent section will focus on 
the possible approaches to engineer hierarchical nanostructures 
for functional device fabrication. Finally, we will conclude by 
providing an outlook to conceive future experiments with the 
newly proposed nanostructure, thereby expanding the status of 
layered materials research to new researchers in the !eld.

Two-dimensional materials (2DMs)
2DMs are generally classi!ed as materials with one of their three 
dimensions close to or less than one nanometer. At this atomic 
thickness (~ 5–10 Å) [Fig. 1(a)], these materials start behaving 
as “all-surface” materials dramatically di#erent from their bulk 
counterpart primarily due to the drastic change in their elec-
tronic density of states (DOS). 2DMs by design create a platform 
where sub-atomic particles (e.g., electrons, photons, phonons) 
can freely move in two dimensions, but are tightly con!ned in 

the third, thus forming a two-dimensional electron gas (2DEG) 
critical to comprehend most solid-state electronic and logic cir-
cuit operations.

2DMs are derived, in most cases, from layered compounds, 
which can be described as a “deck of cards” [Fig. 1(b), (c)], i.e., 
molecular slabs where the atoms are held tightly to each other 
via covalent bonds within the layer and the layers are stacked 
together into a 3D lattice by weak van der Waals (vdW) force. 
Layered materials, like  WS2 are highly anisotropic exhibiting 
large di#erences in their physio-chemical behavior along the 
di#erent axes. For instance, the electrical conductivity within 
the layer (a–b plane) can be one to two orders of magnitude 
larger than that in perpendicular to the layers (along the c-axis) 
[12]. Similarly, since the surface of the a–b plane (basal surface) 
is atomically smooth and fully bonded, its chemical reactivity is 
relatively low toward many chemical reactions. Contrarily, the 
prismatic surfaces along the c-axis (a–c plane) su#er from abun-
dance of dangling bonds and consequently, are chemically reac-
tive. In practice, however, no surface is perfect and the defects 
on the basal surfaces serve as “hot-spots” inducing highly aniso-
tropic chemical reactivity, which is conducive for reactions such 
as laser-induced layer-by-layer removal in  MoS2 [13].

Layered (vdW) compounds can be “peeled off ” from 
their bulk crystals into monolayers of materials. It is the same 
vdW force that drives the layer-by-layer assembly of di#erent 
2DMs resulting in vdW heterostructures [Fig. 2(c)] [4, 5, 14, 
15], so long as the 2DM surfaces are free from coordinatively 
unsaturated (or dangling) bonds and charge traps. Assembling 

Figure 1:  Schematic illustrations of (a) 2DMs with diverse atomic thicknesses, chemical compositions, and bandgaps ( Eg ), and (b, c) vdW 
heterostructures formed by stacking 2DMs as “deck of cards” in various sequences manifesting edge-mediated magnetism (b), intralayer and interlayer 
electron (e)–hole (h) bound states (or excitons) (c), in-plane ( κ‖ ) and out-of-plane ( κ⊥ ) thermal conductivities (c).
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several 2DMs into vdW heterostructure is a powerful tool to 
exploit the synergetic e#ects creating a panoply of opportuni-
ties to manipulate the complex motions of electrons, excitons, 
and phonons within the heterostructure [Fig. 1(b), (c)]. For 
instance, vdW heterojunctions comprising of p- and n-type 
semiconductors manifest gate-tunable diode like current rec-
ti!cation at the p–n junction, vastly di#erent from bulk hetero-
junction [16–18]. %e interactions between constituent 2DM 
layers in a vdW heterostructure give rise to interlayer (type II) 
excitons and other interesting spin-valley properties [19–21], 
which essentially dictates the new charge-transfer dynamics in 
the system. Studies on phonon dynamics in 2DMs have signi!-
cantly re!ned our understanding of heat transport in solids. It 
has been demonstrated recently that stacking large area semi-
conducting 2DMs with random interlayer rotations produces a 
highly anisotropic solid o#ering a pathway to heat-management 
in digital electronics [22]. Importantly, lattice-commensurate 
2DMs can be “stitched” synthetically forming atomically sharp 
and defect-free coherent lateral heterojunctions with major 
implications in their strain properties and band structures 
[Fig. 2(b)] [23, 24]. Another emerging direction in the 2D !eld 
is stacking and twisting of 2DMs to create moiré superlattices 
with unconventional electronic and magnetic correlations, 
which has spawned “twistronics” as a major sub-!eld in 2DM 
research [25, 26].

Layer-by-layer synthesis of materials has been practiced for 
decades via molecular beam epitaxy (MBE) [27], metal organic 
vapor phase epitaxy (MOVPE) [28], atomic layer deposition 
(ALD) [29], and even vdW epitaxy (vdWE) [30]. Although these 
techniques laid the foundation of synthetic layered materials, 
the high operational cost and low throughput of such ultrahigh 
vacuum (UHV)-based methods prevented them from achieving 
scalability and versatility required for large-scale applications, 
such as energy harvesting device fabrication. Recent advances 
in the synthesis of 2DMs via chemical vapor deposition (CVD) 
and metal organic chemical vapor deposition (MOCVD) have 
greatly expanded the scope of new discoveries in the 2D !eld. 
From the large-scale production of graphene [31], transition 
metal dichalcogenides (TMDs) [32, 33], and other materials 
[34] with exceptional properties to the monolithic integration 
of the 2DMs into functional devices [15, 35], these new methods 
have led to versatile 2DM platforms as potential candidates for 
ultra-!ne device technologies. Notably, a recent study has dem-
onstrated a contact resistance of 123 !-µm, an on-state current 
density of 1135 µA µm–1 and an on-o# ratio larger than  107 in 
a CVD-grown monolayer  MoS2 transistor de!ning benchmark 
!gures of merit for large-scale 2D semiconductor technologies 
[36]. Advances in materials synthesis have not only been lim-
ited to achieving high-quality and pristine monolayer 2DMs but 
also resulted in vdW heterostructures [37] and morphologically 

Figure 2:  (a) Atomic resolution HAADF-STEM (FFT-!ltered) image of a monolayer  MoS2 crystal (redrawn from Ref. [38]). (b) SEM image of monolayer 
coherent lateral TMD heterojunction. Reprinted with permission from Ref. [23], copyright 2018 American Association for the Advancement of Science. 
(c) Cross-sectional STEM image of vertical TMD heterostructure consisting of multiple TMD monolayers. Reprinted with permission from Ref. [37] 
copyright 2021 Nature Publishing Group. High resolution STM images of ultranarrow (d) 1D-MoSe2 nanoribbon crystal (reprinted with permission from 
Ref. [42], copyright 2017 American Chemical Society), and (e) graphene nanoribbons (GNRs) (reprinted with permission from Ref. [43], copyright 2021 
American Chemical Society) with spatially modulated edges. (f ) SEM (top) and HAADF-STEM (bottom) images of an  MoS2 nanoribbon (redrawn from 
Ref. [38]).
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diverse layered materials [38–43] [Fig. 2(d)–(f)] with proven 
signi!cance in developing functional low-dimensional architec-
tures beyond 2D [44]. Considering the current state-of-the-art 
in synthetic 2DMs and the possibility of integrating them into 
practical electronic devices, it will be critical to establish robust 
and scalable synthetic routes for 2DMs encompassing all man-
ner of topologies, phases, and electronic states.

Summarizing the enormous research output in the 2DM 
!eld is a daunting task, and there are major review articles 
on this topic published elsewhere [4, 5, 14, 45–49]. %is arti-
cle aims to deliver the key message that 2DMs are a powerful 
class of materials exhibiting properties that no other materials 
system can emulate. Most importantly, we wish to underscore 
2DMs’ importance as a potent materials platform for generating 
nanoscale architectures well-beyond the traditional all-2D vdW 
heterostructures.

1D inorganic nanotubes (INTs) 
and 0D inorganic fullerenes (IFs)
Another important virtue of inorganic layered compounds is 
that they can form hollow closed nanostructures in 1D (INT) or 
0D (IF) (Fig. 3) [6–8, 50]. From physicochemical principles, the 
notion of hollow closed nanostructures is not trivial at all. First, 
hollow core of mesoscopic dimensions (> 1 nm) is not favora-
ble from the thermodynamic standpoint. No chemical bond 
(electron density) is stable at these interatomic distances, and 
atoms in materials generally prefer to maximize their bonding to 
their neighboring atoms. Nonetheless, the propensity of layered 
compounds, like  WS2 and  MoS2 to fold and form such hollow 
structures stems also from the anisotropy of layered materi-
als. When brought to small dimensions (~ 100 nm), the ratio 
between surface atoms having dangling bonds (n) to the number 
of fully bonded “volume” atoms (m) in the layer increases as 

Figure 3:  Atomic models illustrating dimensional transformation of (a) graphite (3D) via graphene (2D) and carbon nanotube (1D) to fullerenes (0D). (b) 
Schematic illustrating the graphitic analogue of  MX2 (M = Mo, W, Ta; X = S, Se, Te) from 3 to 0D. (c) Focal series reconstruction of a  WS2 nanotube taken 
in HRTEM (top). Zoomed-in HRTEM image of the !ve-shell nanotube (bottom). The dotted line shows the chirality of the shells. A simulated best !t is 
enclosed by the white box. (d) Calculated electrostatic potential image of a  WS2 nanooctahedra (the smallest IF available) (redrawn from Ref. [50].
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1/(n + m). Owing to the large anisotropy of 2DM, the surface 
atoms accumulate a large chemical energy in the dangling bonds 
on the prismatic faces. %is stored energy is released upon fold-
ing the layer and seaming, which heals the dangling bonds. In 
general, the 1D and 0D nanostructures are metastable, i.e., they 
are more stable than the material having $at surface with the 
same number of atoms, but are overall, less stable than the in!-
nite ($at) layer. [51] %e energetic budget of folding the layers 
requires initial investment of energy, which is why these 1D/0D 
nanostructures are usually formed at elevated temperatures. %e 
initial invested energy is more than compensated upon healing 
of the dangling bonds and forming the hollow cage structures. In 
rare cases, like imogolite, the nanotube structure is more stable 
than the in!nite $at layer [52], which is probably the reason 
they are mined, i.e., they are stable over geological timescales. 
However, further discussion of this phenomenon is beyond the 
scope of this review.

%e synthesis of fullerene-like nanoparticles and nanotubes 
of  WS2 by sulfurizing  WO3 nanoparticles was studied !rst [53]. 
%e sulfurization reaction, was shown to start on the metal-
oxide nanoparticle surface, proceeding layer-by layer inwards 
until all the oxide core is consumed and is converted into the 
respective metal dichalcogenide hollow 0D and 1D nanostruc-
tures. In fact, the metal oxide nanoparticle serves also as a con-
sumable template facilitating thereby the folding and seeming 
of the closed  MS2 layers. %is reaction was gradually scaled-up 
to produce commercial quantities of “industrial grade” IF-WS2 
nanoparticles.  MoS2 and  WS2 nanotubes were synthesized by 
variety of methods, including CVD [54] and careful sulfuriza-
tion of  MO3 (M = Mo, W) nanowhiskers [55]. %is synthetic 
methodology was con!rmed by other studies [56–58].

Once  MS2 nanotubes and fullerene-like nanoparticles 
became available in adequate quantities, their properties were 
elucidated in a systematic fashion and several potential applica-
tions were identi!ed. In fact, the most eminent application of 
the IF-WS2 nanoparticles, which was later commercialized on a 
large scale, was for heavy duty lubrication [59, 60] and machin-
ing of metal surfaces with aqueous emulsions containing the 
nanoparticles. More recently, the favorable e#ect of adding small 
amounts of IF-WS2 nanoparticles and their nanotubes on the 
mechanical, thermal and tribological properties of various poly-
mers were investigated [61, 62]. Most captivating, however, are 
the electrical [63–65], optical [66, 67], mechano-electrooptical 
[68, 69] and electromechanical [70] phenomena, which provide 
intriguing prospective for device applications of  MS2 nanotubes.

Nanotubes and IF nanoparticles from variety of binary and 
ternary compounds with lamellar structure were prepared in 
the past and studied by in silico methods [71, 72]. In particular, 
numerous nanotubes from the non-stoichiometric so-called 
mis!t layered compounds (MLC) were synthesized in recent 
years [73, 74]. %ese compounds can be generally described as 

a superstructure consisting of periodically alternating layers 
of a compound with rocksalt structure- MX and a layer of a 
compound with hexagonal structure, i.e., (MX)1+y(TX2)m (with 
M = Sn, Pb, Sb, Bi, rare earth atoms (Ln); T = Sn, Ti, V, Cr, Nb, 
Ta; X = S, Se, Te; 0.08 < y < 0.32; m = 1, 2, 3). However, no further 
reference to the structure and properties of MLC nanotubes will 
be given in this minireview.

Integrating INTs with other 
nanoparticles and nanotubes
%e synthesis of hybrid nanoparticles with inorganic nanotubes 
backbone shows some promise for di#erent applications. For 
example, light absorption followed by energy or vectorial charge 
transfer from the nanotube can be bene!cial for energy har-
vesting and storage and catalytic processes among others. An 
outstanding example is presented by the core–shell C–BN–MoS2 
nanotubes, developed originally by Maruyama and co-workers 
(Fig. 4) [75]. Fast pump (in the IR range) probe (in the visible) 
excitation of such nanotubes, revealed two distinct processes 
[76]. Reduced absorption of the A and B excitons of  MoS2 in 
the ultra-fast (~  10–15 s) time domain, which was attributed to 
Columbic interaction between the straddled biexciton of the 
carbon nanotube (in the IR range) and the A and B excitons of 

Figure 4:  (a) Atomic models of SWCNT-MoS2 1D vdW heterostructure. 
(b) HAADF-STEM image of a single-walled  MoS2 nanotube grown 
on a SWCNT. (c) Atomic model of an SWCNT–BNNT–MoS2 1D ternary 
vdW heterostructure. HAADF-STEM image (d) and EELS mapping (e) 
of a 5-nm-diameter 1D ternary vdW heterostructure. Reprinted with 
permission from Ref. [75], copyright 2020 American Association for the 
Advancement of Science.
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 MoS2. Subsequently, in the picosecond (~  10–12 s) time domain 
a slower process attributed to a charge transfer from the carbon 
nanotube to the  MoS2 surface was observed. %is process was 
enabled by electron tunneling through the insulating BN nano-
tube layer. In another work [77], single layer  MoS2 (shell) nano-
tubes conformably coating multiwall (core) carbon nanotubes 
were obtained via hydrothermal synthesis. X-ray photoelectron 
spectroscopy (XPS) and near-edge x-ray absorption !ne struc-
ture (NEXAFS) spectroscopy measurements strongly indicated 
an electron transfer from the carbon nanotube in the core to 
the  MoS2 shell.

Another interesting example is provided by !lms made of 
 WS2 nanotubes decorated with gold nanoparticles [78]. First, 
the surface modi!ed nanotubes were assembled into !lms. Next, 
Platinum contacts were established on the !lm surface, which 
was exposed to dry air $ow with di#erent  NO2 concentrations. 
Illuminating the !lm, periodically with 530 nm light and meas-
uring the resistivity of the !lm, the authors found that they can 
detect  NO2 gas with a remarkable sensitivity (250 ppb–2 ppm).

In another work, a binary hybrid of the polymer poly(3 hex-
ylthiophene) (P3HT) and CdSe quantum dots was prepared to 
which  WS2 nanotubes were added [79]. Energy transfer from the 
quantum dots to the nanotubes led to substantial $uorescence 
quenching, which was documented via transient $uorescence 
measurements. In a related study, single layer  PbI2  (ZnI2) nano-
tubes were grown by pulsed laser melting in the hollow core of 
multiwall carbon nanotubes (MWCNT), which served as a tem-
plate [80]. Irradiation of the material with 465 nm light source led 
to excitation of the  PbI2 sheath and a photocurrent was recorded, 
due to an e#ective charge transfer to the conductive MWCNT. 
In another recent study [81],  Cs4PbBr6/CsPbBr3 nanoparticles 
with perovskite structure were precipitated onto  WS2 nanotubes 
and their structural and electrooptical characteristics were elu-
cidated. It was shown that the coupling between the perovskite 
nanocrystals and the nanotubes led to 96% quenching of the per-
ovskite photoluminescence, which was attributed to a fast electron 
transfer from the former to the latter. Figure 5(a) is a schematic 
illustration of this process. Moreover, this fast charge transfer led 
to e#ective photodegradation (96–98% in 90 min) of methylene 
blue dye in aqueous solutions as illustrated in Fig. 5(b).

%e combination of  WS2 nanotubes with carbon nanopar-
ticles/nanotubes bears some technological promise for energy 
storage technology. %e large storage volume of the  WS2 nano-
tubes, e.g., for intercalation of alkali ions in the van der Waals 
gap and their electrocatalytic reactivity together with the high 
electrical conductivity of the carbon nanostructures makes these 
hybrid nanostructures highly warranted for electrical energy 
storage and electronic applications. One example to this e#ect 
is a study in which hydrothermal treatment of multiwall carbon 
nanotubes led to a conformal sheathing of closed  MoS2 layer 
onto MWCNT, i.e., MWCNT@MoS2 nanotubes [77]. Electron 

transfer from the MWCNT to the conformal  MoS2 sheath was 
con!rmed, which led also to higher density of !eld emission 
currents from this nanostructure compared to the pristine 
MWCNT. In another study, fullerene-like  WS2 nanoparticles 
anchored to graphene sheets were prepared via ball milling of 
 WO3 nanoparticles together with graphene sheets and their sub-
sequent high-temperature sul!dation [82]. %is composite mate-
rial served as anode for rechargeable Li-ion batteries exhibiting 
very good capacities (587.1 mAh  g–1) for a charging/discharging 
current of 200 mA  g−1). To improve the charge–discharge recy-
clability of the material, the IF-WS2 nanoparticles were coated 
by a conformal thin !lm of amorphous carbon, producing a 
highly reversible charge–discharge capacity (371.9 mAh  g–1) 
under high current density (1000 mA  g–1). In a related recent 
work [83], multiwall  WS2 nanotubes were conformably coated 
with thin amorphous carbon sheath, lending itself for a highly 
stable recyclable lithium-ion and sodium-ion batteries with rea-
sonable charge density capacities.

Figure 5:  (a) Schematic illustration of the charge transfer route from 
 Cs4PbBr6 nanoparticle to  WS2 nanostructures. (b) Time-dependent 
absorption spectra of methylene blue (MB) decolorization process by 
 Cs4PbBr6–WS2 nanotube composite. Inset: Photographs of degraded MB 
after sequential irradiation every 30 min. Redrawn from Ref. [81].
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Integrating 2DMs with 1D INTs and 0D IFs
As brie$y discussed in the previous section, it is evident that 
vdW interactions are not con!ned within the purview of 2DMs. 
So long as the surfaces in direct contact in the heterostructure 
are free of dangling bonds, they can form vdW heterostructures. 
Interacting surfaces satisfying these two criteria, irrespective of 
their morphology and dimensionality, will lead to vdW hetero-
structures with “mixed” dimensionality [14, 84, 85]. In such sys-
tem, the participating candidates are not constrained by lattice 
matching criteria rendering them ideal to realize nearly in!-
nite number of vdW materials. As articulated by Jariwala et al. 
[85] the drastic transition of the DOS at the “mixed” interface 
has many implications in the electronic properties of the sys-
tem. For instance, atomic defects, charge impurities, disorder 
in covalently bonded systems (e.g., all-2D in-plane vdW het-
erostructures) result in trap states that o'en give rise to non-
radiative carrier recombination [86]. Another critical factor is 
the orbital hybridization at the covalently bonded interfaces that 
dictates the interfacial charge transfer, thereby leading to band-
tailing and built-in potential. In the case of vdW interfaces, the 
hybridization factor is essentially absent due to the coordina-
tively saturated surface/edge states of the constituents, which, 
in turn, minimizes carrier delocalization and di#usive charge 
transport across the interface [87, 88]. In essence, the key mes-
sage here is that the standard carrier transport physics for solid 
state electronic devices ought to be revisited in the light of the 
new vdW interfaces.

As mentioned in the above, 2DM surfaces are free from dan-
gling bonds and so are (mostly) those of the closed shell 0D/1D 
inorganic nanostructures. %erefore, as illustrated in Fig. 6, 2D 
crystals (e.g., graphene, TMDs) can be coupled with 0D and 
1D structures in multiple ways all leading to diverse interfaces 
distinct from the all-2D vdW interface. As discussed previously 
in this review, the semiconducting nature of IFs (I in Fig. 6) and 
nanotubes (II, III in Fig. 6) elicits e(cient photo-absorption 
and carrier di#usion under electrical or optical stimuli. Semi-
conducting nanotubes o#er enhanced optical absorption cross-
section in the visible to near-infrared range due to the formation 
of ultranarrow optical cavities and 1D joint DOS (jDOS) [89]. 
Moreover, the curvatures of the nanotubes induce chiral prop-
erties to the nanostructures that can be characterized by the 
two-integer (n, m) indices and the chiral angle ( θ ) (Fig. 7). Mul-
tiwall chiral  WS2 nanotubes lack time reversal symmetry and 
exhibit Berry curvature, which is commensurate with 1D super-
conductivity [63], and the bulk photovoltaic e#ect observed in 
devices based on such nanotubes [68]. On the other hand  WS2 
nanotubes of large diameter (> 80 nm) were shown to con!ne 
optical cavity modes, which is conductive for strong coupling 
e#ect (e.g., exciton-polaritons) and strong light scattering [66]. 
Similarly, 2DMs have a wide range of potential applications in 
optoelectronics and spintronics owing to their diverse band dis-
persion, spin-valley degrees of freedom, and chiral properties. 
%erefore, combining 2DMs with the inorganic low-dimensional 
structures—0D IFs and 1D INTs—will allow the creation of 
exotic interfaces with diverse morphologies and properties. 

Figure 6:  Schematics illustrating the integration of 0D IF (I) and 1D INT (II, III) with 2DMs generating mixed morphology, dimensionality, and interfaces 
distinct from those of an all-2D vdW heterostructure.
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By design, such novel interfaces will drive the curiosity 
both in applied and fundamental sciences. For instance, one 
might ask what happens to the jDOS of a 1D nanotube when 
it is in the vdW proximity (~3–5Å) to a direct gap 2DM (or a 
high κ dielectric)? A recent study has shown graphene contacts 
to a  WS2 nanotube manifesting photocarrier collection at zero 
bias with an external quantum e(ciency (EQE) of ~ 1% [90]. 
Although defects in the  WS2 nanotubes could be responsible 
for such performance, it is critical to consider the nanoscopic 
structure of the interface between the nanotubes and 2DM due 
to the non-planar contact geometry. One might also inquire how 
does the di#usive carrier transport in nanotubes vary with dif-
ferent 2DMs in contact? Gaining insights from Shen et al.’s 

seminal work on achieving ultralow contact resistance [36, one 
can inspect how do the carrier mobility and doping levels vary 
with di#erent contact geometries such as end-to-end (1D–1D) 
and end-to-face (1D–2D) nanotube junctions? %e demonstra-
tions of various co-axial and mixed-junction geometries are 
not rare in the nanowire and the 2D !elds [91–94], but stud-
ies on INT-based hybrid con!gurations—both co-axial and 
mixed-junction—addressing Ohmic, Schottky, and p–n junc-
tions are rare. Xiang et al.’s demonstration of electrical transport 
measurements inside a TEM is notable since it could lead to 
exciting research directions in electrically signi!cant co-axial, 
hybrid nanotubes (Fig. 8). [75]. One e#ective route to create 
mixed-dimensional interfaces is through utilizing intercalation-
driven "roll up" processes leading to higher order vdW super-
lattices with diverse compositions, topology, and chirality. %e 
key conclusions from the early reports on CNT-based $exible 
devices Ref. [95], Ref. [95] and more recent TMD-based nano 
scrolls Ref. [97] have laid a strong foundation to develop mate-
rial platforms bottom-up for technological applications, such 
as nanoscale capillarity in nano$uidic devices. Another impor-
tant question is—how the localized strain emanating from the 
mixed-dimensional interface modi!es the optical and optoelec-
tronic properties of the 2DM ingredient. While there are reports 
concerning the strain-induced optical property modulation in 
2DM within mixed-dimensional nanostructures such as 1D 
silicon nanowire–2D TMD, 0D nanoparticles–2D TMD or just 
strained nanobubbles (0D) in 2D TMD [95–97], not much is 
known about the strained 2DMs integrated with INTs or IFs 
despite them being an equally appealing materials platform. 
From a fundamental science perspective too, the new interface 
between 2D and 1D/0D introduces signi!cant tunneling barrier 
between the components thereby creating great demands for 
new theories and model systems, yet to be explored.

One major issue with the study of inorganic nanotubes/
fullerene-like (1D/0D) materials is their poly dispersible nature. 

Figure 7:  Schematic illustrating the two-integer (n, m) indices, chiral 
angle ( θ ), and the chiral vector (C) on a  WS2 sheet (top view) before 
it folds into a nanotube. Folding along the dotted and the solid lines 
generates achiral and chiral nanotubes, respectively.

Figure 8:  (a) Schematic of the transport studies of coaxial, multiwall nanotubes in a TEM. (b) Bright-!eld TEM image of the device (top) and resistance vs 
number of BN layers (bottom). (c) I–V curves obtained in transport measurement inside TEM. Reprinted with permission from Ref. [75], copyright 2020 
American Association for the Advancement of Science. Adapted from Ref. [75].
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Not only each nanoparticle is made of 5–20  WS2  (MoS2) layers 
of di#erent diameters (i.e., di#erent number of atoms, chirality, 
and defect density), but the synthesized nanotubes also have 
di#erent lengths, which calls for a tedious separation process 
[66]. Further exacerbating their research is their diminished 
photoluminescence intensity, which is a direct consequence of 
the indirect bandgap occurring in multiwall  WS2 (or  MoS2). 
Establishing reliable electrical contacts to curved surfaces is not 
straightforward and requires extensive troubleshooting.

Also, curved surfaces are more di(cult to probe with atomic 
resolution than $at 2DM via any of the high-resolution tech-
niques, like transmission electron microscopy or scanning probe 
microscopy. %ese factors are among the reasons why the study 
of such nanotubes has not spawned large number of researchers.

Generating the new integrated system
Now that we have established an understanding of the vari-
ous prospects and challenges in obtaining the coupled mixed-
dimensional nanostructures, it is critical to provide possible 
directions on how one can proceed to generate such structures. 
It is evident from the foregoing discussion that an assembly 
of two or more dimensionally and morphologically dissimi-
lar nanostructures relies on innovative fabrication techniques 
addressing two crucial factors—spatial controllability (or reso-
lution) and atomically sharp interfaces. While existing literature 
on manually stacked vdW materials provide some insights on 
achieving high-quality 2D interfaces, it is important to recog-
nize that similar techniques cannot be implemented to produce 
atomically smooth mixed-dimensional interfaces mainly due to 
the non-planar interfacial geometry between the constituents. 
To this end, leveraging robotic technologies to “pick-up” and 
“put-down” nanostructures under vacuum environment would 
ensure sub-micron (or below) spatial resolution and ultrasharp 
interfaces with unprecedented structural uniformity, scalability 
and reproducibility [98]. For example, a recent study by Man-
nix et al. demonstrated that large area TMD-based vdW stacks 
can be manufactured by robotic assembly with unprecedented 
speed and spatial and angle control [Fig. 9(a)] [99]. %is study 
underscored the importance of polymer adhesive (e.g., com-
position, glass transition temperature, materials compatibil-
ity of polymers) to precisely and non-invasively carry out the 
“pick-up” and “put-down” processes. For generating the mixed-
dimensional structure in a similar robotic system, the polymer 
will be the critical component in a sense that its viscoelastic 
property will dictate the integrability of the 0D, 1D, and 2D 
components ultimately determining the quality of the ensuing 
non-planar interfaces. Another study by Kim and co-workers 
presented large-scale programmed assembly of graphene and 
BN, expanding further the purview of vdW assembly amenable 
to direct device integration [Fig. 9(b)]. [100]

Notwithstanding the large body of studies published on 
heterobilayers of metal dichalcogenides, the number of works 
dealing with the coupling of TMD nanotubes with single or 
few layers of another TMD compound is practically close to a 
neal. A possible direction will be to explore the heteroexcitons 
(e.g., type II) between  WS2 nanotube and monolayer  MoSe2. 
While such excitons can propagate anywhere in the a–b plane 
of a  WS2/MoSe2 double layer junction, the bound hole in the 
 MoSe2 monolayer would dri' along the axial direction of the 
electron in a 1D nanotube. Combined with the lack of inver-
sion symmetry and built-in piezoelectric character, an array of 
 WS2 nanotubes placed on  MoSe2 or even graphene monolayer 

Figure 9:  (a) Schematic of the robotic assembly set up (top). Optical 
micrograph of robotically assembled 1–16-layer  MoS2 grid structure 
(bottom). Reprinted with permission from Ref. [99], copyright 2022 
Nature Publishing Group. (b) Schematic of graphene (Gr) and BN 
heterostructures (top). Cross-sectional STEM of a Gr-BN vertical 
superlattice with atomically smooth interfaces (bottom). Adapted with 
permission from Ref. [100], copyright 2022 American Chemical Society.
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could be the basis of ultrahigh density memory/storage devices 
as illustrated in Fig. 10. In the same vein, in analogy with the 
work of Guo and co-workers [69], placing an array of  WS2 
nanotubes on graphene sheet, perhaps with a BN monolayer as 
separator and irradiating, could lead to establishing new energy 
harvesting and storage concept, not exploited so-far. Utilizing 
automated assembly one can think of creating a hybrid crossbar 
array where di#erently doped nanotubes can serve as “bars” in 
a typical metal-insulator-metal (MIM) geometry [101]. Here 
heavily doped nanotubes at the top and the bottom layers can be 
thought of as word lines and bit lines, respectively. Another layer 
of moderately doped nanotubes (separated from the top and 
bottom layers by insulating 2DMs such BN) can be sandwiched 
between the outermost nanotubes forming a “cell” to readout the 
conductance [Fig. 10]. A carefully engineered crossbar device 
can minimize the unwanted current $ow through the cell by 
ensuring the high-quality, defect-free interface between the 
1D and 2D components. Such hierarchical devices with high-
quality interface could address issues such as leakage current in 
the resistive random-access memory (RRAM) and phase change 
memory (PCM), among other memristive phenomena. Given 
the tremendous progress of lithography and robotics, we believe 
that the scalable production of such high-performance hybrid 
devices is no longer an illusion.

Conclusions
Compounds with layered structure are investigated extensively 
for over a century. In this short review, we have brie$y described 
two new paradigms which emerged over the last two–three dec-
ades in the research of layered nanostructures, i.e., the inorganic 
fullerenes (IF) and nanotubes (INT), and 2D materials (2DM). 
Little has been done so-far to advance the merging of these two 
disciplines with the goal of demonstrating new physics and 
potential applications in energy harvesting and storage, memory, 
and catalysis. %e very few, but insightful, examples in the litera-
ture indicate that the systematic materials integration approach 
can lead to the observation of unique phenomena, which can-
not be revealed by either of them, separately. Hence, we believe 
that this article will spark interest and kindle curiosity among 
materials researchers to examine the integrated hybrid platform 
for many exciting discoveries and impacts.

Acknowledgements 
We thank Dr. Sudarson S. Sinha for simulating the IF and 

INT structures. T.C. acknowledges funding from the Kadano#-
Rice Postdoctoral Fellowship at the University of Chicago Mate-
rials Research Science and Engineering Center (DMR 2011854). 

Figure 10:  Schematic of the hierarchically assembled hybrid crossbar array as memory/storage device.



 
 J

ou
rn

al
 o

f M
at

er
ia

ls 
Re

se
ar

ch
  

 V
ol

um
e 

38
  

 I
ss

ue
 2

 
 J

an
ua

ry
 2

02
3 

 w
w

w
.m

rs
.o

rg
/jm

r

Invited Feature Paper-Review

© The Author(s), under exclusive licence to The Materials Research Society 2022 277

R.T. is grateful to the support of %e Estate of Manfred Hecht 
and the Estate of Diane Recanati. He is also grateful to Irving 
and Cherna Moskowitz Center for Nano and Bio-Nano Imaging, 
the Perlman Family Foundation, and the Kimmel Center for 
Nanoscale Science (Grant 43535000350000).

Data availability 
%e data that support the !ndings of this review article are 

available from the corresponding authors (T.C. and R.T.) upon 
reasonable request.

Declarations 

Conflict of interest %e authors declare no con$ict of interest.

References
 1. R.P. Feynman, %ere’s plenty of room at the bottom. Eng. Sci. 

23(5), 22 (1960)
 2. M.I. Katsnelson, K.S. Novoselov, Graphene: new bridge between 

condensed matter physics and quantum electrodynamics. Solid 
State Commun. 143(1–2), 3 (2007)

 3. Z. Merali, Shooting for a star. Science 352, 1040 (2016)
 4. A.K. Geim, I.V. Grigorieva, Van der Waals heterostructures. 

Nature 499, 419 (2013)
 5. K.S. Novoselov, A. Mishchenko, A. Carvalho, A.H. Castro 

Neto, 2D materials and van der Waals heterostructures. Science 
353(6298), 461 (2016)

 6. L. Margulis, G. Salitra, R. Tenne, M. Talianker, Nested fullerene-
like structures. Nature 365, 113 (1993)

 7. R. Tenne, L. Margulis, M. Genut, G. Hodes, Polyhedral and 
cylindrical structures of tungsten disulphide. Nature 360, 444 
(1992)

 8. Y. Feldman, E. Wasserman, D.J. Srolovitz, R. Tenne, High-rate, 
gas-phase growth of  MoS2 nested inorganic fullerenes and 
nanotubes. Science 267(5195), 222 (1995)

 9. S. Iijima, Direct observation of the tetrahedral bonding in gra-
phitized carbon black by high resolution electron microscopy. J. 
Cryst. Growth 50, 675 (1980)

 10. H.W. Kroto, J.R. Heath, S.C. O’Brien, R.F. Curl, R.E. Smalley, 
 C60: buckminsterfullerene. Nature 318, 162 (1985)

 11. S. Iijima, Helical microtubules of graphitic carbon. Nature 354, 
56 (1991)

 12. A. Pisoni, J. Jacimovic, R. Gaál, B. Náfrádi, H. Berger, Z. Révay, 
L. Forró, Anisotropic transport properties of tungsten disul!de. 
Scr. Mater. 114, 48 (2016)

 13. Y. Rho, J. Pei, L. Wang, Z. Su, M. Eliceiri, C.P. Grigoropoulos, 
Site-selective atomic layer precision thinning of  MoS2 via 
laser-assisted anisotropic chemical etching. ACS Appl. Mater. 
Interfaces 11(42), 39385 (2019)

 14. Y. Liu, N.O. Weiss, X. Duan, H.C. Cheng, Y. Huang, X. Duan, 
Van der Waals heterostructures and devices. Nat. Rev. Mater. 
(2016). https:// doi. org/ 10. 1038/ natre vmats. 2016. 42

 15. K. Kang, K.H. Lee, Y. Han, H. Gao, S. Xie, D.A. Muller, J. Park, 
Layer-by-layer assembly of two-dimensional materials into 
wafer-scale heterostructures. Nature 550(7675), 229 (2017)

 16. R. Frisenda, A.J. Molina-Mendoza, T. Mueller, A. Castellanos-
Gomez, H.S.J. van der Zant, Atomically thin p–n junctions 
based on two-dimensional materials. Chem. Soc. Rev. 47, 3339 
(2018)

 17. P. Ajayan, P. Kim, K. Banerjee, Two-dimensional van der Waals 
materials. Phys. Today 69(9), 38 (2016)

 18. C.H. Lee, G.H. Lee, A.M. van der Zande, W. Chen, Y. Li, M. 
Han, X. Cui, G. Arefe, C. Nuckolls, T.F. Heinz, J. Guo, J. Hone, P. 
Kim, Atomically thin p-n junctions with van der Waals hetero-
interfaces. Nat. Nanotechnol. 9(9), 676 (2014)

 19. G. Wang, A. Chernikov, M.M. Glazov, T.F. Heinz, X. Marie, 
T. Amand, B. Urbaszek, Colloquium: excitons in atomically 
thin transition metal dichalcogenides. Rev. Mod. Phys. (2018). 
https:// doi. org/ 10. 1103/ RevMo dPhys. 90. 021001

 20. X. Xu, W. Yao, D. Xiao, T.F. Heinz, Spin and pseudospins in lay-
ered transition metal dichalcogenides. Nat. Phys. 10, 343 (2014)

 21. P. Rivera, H. Yu, K.L. Seyler, N.P. Wilson, W. Yao, X. Xu, 
Interlayer valley excitons in heterobilayers of transition metal 
dichalcogenides. Nat. Nanotechnol. 13, 1004 (2018)

 22. S.E. Kim, F. Mujid, A. Rai, F. Eriksson, J. Suh, P. Poddar, A. Ray, 
C. Park, E. Fransson, Y. Zhong, D.A. Muller, P. Erhart, D.G. 
Cahill, J. Park, Extremely anisotropic van der Waals thermal 
conductors. Nature 597(7878), 660 (2021)

 23. S. Xie, L. Tu, Y. Han, L. Huang, K. Kang, K.U. Lao, P. Poddar, C. 
Park, D.A. Muller, R.A. Distasio, J. Park, Coherent, atomically 
thin transition-metal dichalcogenide superlattices with engi-
neered strain. Science 359(6380), 1131 (2018)

 24. C. Herbig, C. Zhang, F. Mujid, S. Xie, Z. Pedramrazi, J. Park, 
M.F. Crommie, Local electronic properties of coherent single-
layer  WS2/WSe2 lateral heterostructures. Nano Lett. 21(6), 2363 
(2021)

 25. E.Y. Andrei, D.K. Efetov, P. Jarillo-Herrero, A.H. MacDonald, 
K.F. Mak, T. Senthil, E. Tutuc, A. Yazdani, A.F. Young, %e 
marvels of moiré materials. Nat. Rev. Mater. 6, 201 (2021)

 26. K.F. Mak, J. Shan, Semiconductor moiré materials. Nat. Nano-
technol. 17(7), 686 (2022)

 27. A.Y. Cho, J.R. Arthur, Molecular beam epitaxy. Prog. Solid-State 
Chem. 10, 157 (1975)

 28. M.J. Ludowise, Metalorganic chemical vapor deposition of III-V 
semiconductors. J. Appl. Phys. 58(8), R31 (1985)

 29. T. Suntola, J. Hyviirinen, Atomic layer epitaxy. Ann. Rep. Mater. 
Sci. 58, R31 (1985)

 30. A. Koma, Van der Waals epitaxy a new epitaxial growth method 
for a highly lattice-mismatched system. %in Solid Films 216, 
72 (1992)

https://doi.org/10.1038/natrevmats.2016.42
https://doi.org/10.1103/RevModPhys.90.021001


 
 J

ou
rn

al
 o

f M
at

er
ia

ls 
Re

se
ar

ch
  

 V
ol

um
e 

38
  

 I
ss

ue
 2

 
 J

an
ua

ry
 2

02
3 

 w
w

w
.m

rs
.o

rg
/jm

r

Invited Feature Paper-Review

© The Author(s), under exclusive licence to The Materials Research Society 2022 278

 31. Y. Lee, S. Bae, H. Jang, S. Jang, S.E. Zhu, S.H. Sim, Y. Il-Song, 
B.H. Hong, J.H. Ahn, Wafer-scale synthesis and transfer of 
graphene !lms. Nano Lett. 10(2), 490 (2010)

 32. K. Kang, S. Xie, L. Huang, Y. Han, P.Y. Huang, K.F. Mak, C.J. 
Kim, D. Muller, J. Park, High-mobility three-atom-thick 
semiconducting !lms with wafer-scale homogeneity. Nature 
520(7549), 656 (2015)

 33. S.M. Eichfeld, L. Hossain, Y.C. Lin, A.F. Piasecki, B. Kupp, 
A.G. Birdwell, R.A. Burke, N. Lu, X. Peng, J. Li, A. Azcatl, S. 
McDonnell, R.M. Wallace, M.J. Kim, T.S. Mayer, J.M. Redwing, 
J.A. Robinson, Highly scalable, atomically thin  WSe2 grown via 
metal-organic chemical vapor deposition. ACS Nano 9(2), 2080 
(2015)

 34. T.A. Chen, C.P. Chuu, C.C. Tseng, C.K. Wen, H.S.P. Wong, S. 
Pan, R. Li, T.A. Chao, W.C. Chueh, Y. Zhang, Q. Fu, B.I. Yakob-
son, W.H. Chang, L.J. Li, Wafer-scale single-crystal hexagonal 
boron nitride monolayers on Cu (111). Nature 579(7798), 219 
(2020)

 35. S. Hwangbo, L. Hu, A.T. Hoang, J.Y. Choi, J.H. Ahn, Wafer-scale 
monolithic integration of full-colour micro-LED display using 
 MoS2 transistor. Nat. Nanotechnol. 17(5), 500 (2022)

 36. P.C. Shen, C. Su, Y. Lin, A.S. Chou, C.C. Cheng, J.H. Park, M.H. 
Chiu, A.Y. Lu, H.L. Tang, M.M. Tavakoli, G. Pitner, X. Ji, Z. Cai, 
N. Mao, J. Wang, V. Tung, J. Li, J. Bokor, A. Zettl, C.I. Wu, T. 
Palacios, L.J. Li, J. Kong, Ultralow contact resistance between 
semimetal and monolayer semiconductors. Nature 593(7858), 
211 (2021)

 37. G. Jin, C.S. Lee, O.F.N. Okello, S.H. Lee, M.Y. Park, S. Cha, S.Y. 
Seo, G. Moon, S.Y. Min, D.H. Yang, C. Han, H. Ahn, J. Lee, H. 
Choi, J. Kim, S.Y. Choi, M.H. Jo, Heteroepitaxial van der Waals 
semiconductor superlattices. Nat. Nanotechnol. 16(10), 1092 
(2021)

 38. T. Chowdhury, J. Kim, E.C. Sadler, C. Li, S.W. Lee, K. Jo, W. 
Xu, D.H. Gracias, N.V. Drichko, D. Jariwala, T.H. Brintlinger, 
T. Mueller, H.G. Park, T.J. Kempa, Substrate-directed synthesis 
of  MoS2 nanocrystals with tunable dimensionality and optical 
properties. Nat. Nanotechnol. 15(1), 29 (2020)

 39. S. Li, Y.C. Lin, W. Zhao, J. Wu, Z. Wang, Z. Hu, Y. Shen, D.M. 
Tang, J. Wang, Q. Zhang, H. Zhu, L. Chu, W. Zhao, C. Liu, Z. 
Sun, T. Taniguchi, M. Osada, W. Chen, Q.H. Xu, A.T.S. Wee, 
K. Suenaga, F. Ding, G. Eda, Vapour-liquid-solid growth of 
monolayer  MoS2 nanoribbons. Nat. Mater. 17(6), 535 (2018)

 40. A. Aljarb, J.H. Fu, C.C. Hsu, C.P. Chuu, Y. Wan, M. Hakami, 
D.R. Naphade, E. Yengel, C.J. Lee, S. Brems, T.A. Chen, M.Y. 
Li, S.H. Bae, W.T. Hsu, Z. Cao, R. Albaridy, S. Lopatin, W.H. 
Chang, T.D. Anthopoulos, J. Kim, L.J. Li, V. Tung, Ledge-
directed epitaxy of continuously self-aligned single-crystalline 
nanoribbons of transition metal dichalcogenides. Nat. Mater. 
19(12), 1300 (2020)

 41. E.C. Sadler, T. Chowdhury, R. Dziobek-Garrett, C. Li, 
O. Ambrozaite, T. Mueller, T.J. Kempa, Role of  H2 in the 

substrate-directed synthesis of size-tunable  MoSe2 nanoribbons 
for exciton engineering. ACS Appl. Nano Mater. 5(8), 11423 
(2022)

 42. F. Cheng, H. Xu, W. Xu, P. Zhou, J. Martin, K.P. Loh, Controlled 
growth of 1D  MoSe2 nanoribbons with spatially modulated 
edge states. Nano Lett. 17(2), 1116 (2017)

 43. D.J. Rizzo, J. Jiang, D. Joshi, G. Veber, C. Bronner, R.A. Durr, 
P.H. Jacobse, T. Cao, A. Kalayjian, H. Rodriguez, P. Butler, 
T. Chen, S.G. Louie, F.R. Fischer, M.F. Crommie, Rationally 
designed topological quantum dots in bottom-up graphene 
nanoribbons. ACS Nano 15(12), 20633 (2021)

 44. T. Chowdhury, E.C. Sadler, T.J. Kempa, Progress and prospects 
in transition-metal dichalcogenide research beyond 2D. Chem. 
Rev. 120, 12563 (2020)

 45. M. Chhowalla, H.S. Shin, G. Eda, L.J. Li, K.P. Loh, H. Zhang, 
%e chemistry of two-dimensional layered transition metal 
dichalcogenide nanosheets. Nat. Chem. 5(4), 263 (2013)

 46. S. Manzeli, D. Ovchinnikov, D. Pasquier, O.V. Yazyev, A. Kis, 
2D transition metal dichalcogenides. Nat. Rev. Mater. (2017). 
https:// doi. org/ 10. 1038/ natre vmats. 2017. 33

 47. K.F. Mak, D. Xiao, J. Shan, Light–valley interactions in 2D 
semiconductors. Nat. Photonics 12, 451 (2018)

 48. X. Liu, M.C. Hersam, 2D materials for quantum information 
science. Nat. Rev. Mater. 4(10), 669 (2019)

 49. Z. Lin, A. McCreary, N. Briggs, S. Subramanian, K. Zhang, 
Y. Sun, X. Li, N.J. Borys, H. Yuan, S.K. Fullerton-Shirey, A. 
Chernikov, H. Zhao, S. McDonnell, A.M. Lindenberg, K. Xiao, 
B.J. le Roy, M. Drndić, J.C.M. Hwang, J. Park, M. Chhowalla, 
R.E. Schaak, A. Javey, M.C. Hersam, J. Robinson, M. Terrones, 
2D materials advances: from large scale synthesis and controlled 
heterostructures to improved characterization techniques, 
defects and applications. 2D Mater 3, 042001 (2016)

 50. M.B. Sadan, L. Houben, A.N. Enyashin, G. Seifert, R. Tenne, 
S.G. Louie, Atom by atom: HRTEM insights into inorganic 
nanotubes and fullerene-like structures. Proc. Natl. Acad. Sci. 
USA 105, 15643 (2008)

 51. G. Seifert, T. Köhler, R. Tenne, Stability of metal chalcogenide 
nanotubes. J. Phys. Chem. B 106, 2497 (2002)

 52. L. Guimarães, A.N. Enyashin, J. Frenzel, T. Heine, H.A. Duarte, 
G. Seifert, Imogolite nanotubes: stability, electronic, and 
mechanical properties. ACS Nano 1(4), 362 (2007)

 53. Y. Feldman, G.L. Frey, M. Homyonfer, V. Lyakhovitskaya, L. 
Margulis, H. Cohen, G. Hodes, J.L. Hutchison, R. Tenne, Bulk 
synthesis of inorganic fullerene-like  MS2 (M = Mo, W) from the 
Respective trioxides and the reaction mechanism. J. Am. Chem. 
Soc. 118(23), 5362 (1996)

 54. M. Remškar, Inorganic nanotubes. Adv. Mater. 16, 1497 (2004)
 55. P. Chithaiah, S. Ghosh, A. Idelevich, L. Rovinsky, T. Livneh, A. 

Zak, Solving the “MoS2 Nanotubes” synthetic enigma and eluci-
dating the route for their catalyst-free and scalable production. 
ACS Nano 14(3), 3004 (2020)

https://doi.org/10.1038/natrevmats.2017.33


 
 J

ou
rn

al
 o

f M
at

er
ia

ls 
Re

se
ar

ch
  

 V
ol

um
e 

38
  

 I
ss

ue
 2

 
 J

an
ua

ry
 2

02
3 

 w
w

w
.m

rs
.o

rg
/jm

r

Invited Feature Paper-Review

© The Author(s), under exclusive licence to The Materials Research Society 2022 279

 56. F. Xu, N. Wang, H. Chang, Y. Xia, Y. Zhu, Continuous produc-
tion of IF-WS2 nanoparticles by a rotary process. Inorganics 
(Basel) 2(2), 313 (2014)

 57. Y. Yomogida, Y. Kainuma, T. Endo, Y. Miyata, K. Yanagi, 
Synthesis and ambipolar transistor properties of tungsten dis-
elenide nanotubes. Appl. Phys. Lett. 116(20), 203106 (2020)

 58. M. Weng, M. Zhang, T. Yanase, F. Uehara, T. Nagahama, T. 
Shimada, Catalytic chemical vapor deposition and structural 
analysis of  MoS2 nanotubes. Jpn. J. Appl. Phys. 57(3), 030304 
(2018)

 59. L. Rapport, Y. Bilik, Y. Feldman, M. Homyonfer, S.R. Cohen, 
R. Tenne, Hollow nanoparticles of  WS2 as potential solid-state 
lubricants. Nature 387, 791 (1997)

 60. M. Chhowalla, G.A.J. Amaratunga, %in !lms of fullerene-like 
 MoS2 nanoparticles with ultra-low friction and wear. Nature 
407, 164 (2000)

 61. M. Na#akh, Z. Martín, N. Fanegas, C. Marco, M.A. Gómez, I. 
Jiménez, In$uence of inorganic fullerene-like  WS2 nanopar-
ticles on the thermal behavior of isotactic polypropylene. J. 
Polym. Sci. B Polym. Phys. 45(16), 2309 (2007)

 62. C.S. Reddy, A. Zak, E. Zussman,  WS2 nanotubes embedded 
in PMMA nano!bers as energy absorptive material. J. Mater. 
Chem. 21(40), 16086 (2011)

 63. F. Qin, W. Shi, T. Ideue, M. Yoshida, A. Zak, R. Tenne, T. 
Kikitsu, D. Inoue, D. Hashizume, Y. Iwasa, Superconductivity in 
a chiral nanotube. Nat. Commun. 8, 14465 (2017)

 64. R. Levi, O. Bitton, G. Leitus, R. Tenne, E. Joselevich, Field-e#ect 
transistors based on  WS2 nanotubes with high current-carrying 
capacity. Nano Lett. 13(8), 3736 (2013)

 65. S. Fathipour, M. Remskar, A. Varlec, A. Ajoy, R. Yan, S. Vishwa-
nath, S. Rouvimov, W.S. Hwang, H.G. Xing, D. Jena, A. Sea-
baugh, Synthesized multiwall  MoS2 nanotube and nanoribbon 
!eld-e#ect transistors. Appl. Phys. Lett. 106(2), 022114 (2015)

 66. S.S. Sinha, A. Zak, R. Rosentsveig, I. Pinkas, R. Tenne, L. Yadga-
rov, Size-dependent control of exciton-polariton interactions in 
 WS2 nanotubes. Small 16(4), 1904390 (2020)

 67. D.R. Kazanov, A.V. Poshakinskiy, V.Y. Davydov, A.N. Smirnov, 
I.A. Eliseyev, D.A. Kirilenko, M. Remškar, S. Fathipour, A. Mint-
airov, A. Seabaugh, B. Gil, T.V. Shubina, Multiwall  MoS2 tubes as 
optical resonators. Appl. Phys. Lett. 113(10), 101106 (2018)

 68. Y.J. Zhang, T. Ideue, M. Onga, F. Qin, R. Suzuki, A. Zak, R. Tenne, 
J.H. Smet, Y. Iwasa, Enhanced intrinsic photovoltaic e#ect in 
tungsten disul!de nanotubes. Nature 570(7761), 349 (2019)

 69. Y. Sun, S. Xu, Z. Xu, J. Tian, M. Bai, Z. Qi, Y. Niu, H.H. Aung, X. 
Xiong, J. Han, C. Lu, J. Yin, S. Wang, Q. Chen, R. Tenne, A. Zak, 
Y. Guo, Mesoscopic sliding ferroelectricity enabled photovol-
taic random access memory for material-level arti!cial vision 
system. Nat. Commun. 13(1), 5391 (2022)

 70. Y. Ben-Shimon, V. Bhingardive, E. Joselevich, A. Ya’Akobovitz, 
Self-sensing  WS2 nanotube torsional resonators. Nano Lett. 
22(19), 8025 (2022)

 71. M. Serra, R. Arenal, R. Tenne, An overview of the recent 
advances in inorganic nanotubes. Nanoscale 11, 8073 (2019)

 72. R. Tenne, Advances in the synthesis of inorganic nanotubes and 
fullerene-like nanoparticles. Angew. Chem. Int. Ed. 42, 5124 
(2003)

 73. M.B. Sreedhara, S. Hettler, I. Kaplan-Ashiri, K. Rechav, Y. Feld-
man, A. Enyashin, L. Houben, R. Arenal, R. Tenne, Asymmetric 
mis!t nanotubes: chemical a(nity outwits the entropy at high-
temperature solid-state reactions. Proc. Natl. Acad. Sci. (PNAS) 
118(35), e2109945118 (2021)

 74. M.B. Sreedhara, K. Bukvišová, A. Khadiev, D. Citterberg, 
H. Cohen, V. Balema, A.K. Pathak, D. Novikov, G. Leitus, I. 
Kaplan-Ashiri, M. Kolíbal, A.N. Enyashin, L. Houben, R. Tenne, 
Nanotubes from the Mis!t Layered Compound (SmS)1.19TaS2: 
atomic structure, charge transfer, and electrical properties. 
Chem. Mater. 34(4), 1838 (2022)

 75. R. Xiang, T. Inoue, Y. Zheng, A. Kumamoto, Y. Qian, Y. Sato, 
M. Liu, D. Tang, D. Gokhale, J. Guo, K. Hisama, S. Yotsumoto, 
T. Ogamoto, H. Arai, Y. Kobayashi, H. Zhang, B. Hou, A. 
Anisimov, M. Maruyama, Y. Miyata, S. Okada, S. Chiashi, Y. Li, 
J. Kong, E.I. Kauppinen, Y. Ikuhara, K. Suenaga, S. Maruyama, 
One-dimensional van der Waals heterostructures. Science 367, 
537 (2020)

 76. M.G. Burdanova, M. Liu, M. Staniforth, Y. Zheng, R. Xiang, 
S. Chiashi, A. Anisimov, E.I. Kauppinen, S. Maruyama, J. 
Lloyd-Hughes, Intertube excitonic coupling in nanotube Van 
der Waals heterostructures. Adv. Funct. Mater. 32(11), 2104969 
(2022)

 77. V.O. Koroteev, L.G. Bulusheva, I.P. Asanov, E.V. Shlyakhova, 
D.V. Vyalikh, A.V. Okotrub, Charge transfer in the  MoS2/carbon 
nanotube composite. J. Phys. Chem. C 115(43), 21199 (2011)

 78. A.Y. Polyakov, D.A. Kozlov, V.A. Lebedev, R.G. Chumakov, A.S. 
Frolov, L.V. Yashina, M.N. Rumyantseva, E.A. Goodilin, Gold 
decoration and photoresistive response to nitrogen dioxide of 
 WS2 nanotubes. Chem. A Eur. J. 24(71), 18952 (2018)

 79. A. Bruno, C. Borriello, S.A. Haque, C. Minarini, T. di Luccio, 
Ternary hybrid systems of P3HT-CdSe-WS2 nanotubes for pho-
tovoltaic applications. Phys. Chem. Chem. Phys. 16(33), 17998 
(2014)

 80. S. Sandoval, D. Kepić, Á. Pérez Del Pino, E. György, A. Gómez, 
M. Pfannmoeller, G. van Tendeloo, B. Ballesteros, G. Tobias, 
Selective laser-assisted synthesis of tubular van der Waals 
heterostructures of single-layered  PbI2 within carbon nanotubes 
exhibiting carrier photogeneration. ACS Nano 12(7), 6648 
(2018)

 81. P.N. Immanuel, S.-J. Huang, P. Taank, A. Goldreich, J. Prilusky, 
A. Byregowda, R. Carmiel, A. Zak, N. Aggarwal, K.V. Adarsh, 
L. Yadgarov, Superior photocatalytic activity of cesium lead 
bromide/tungsten disul!de hybrid nanocomposite. ChemRxiv. 
Cambridge: Cambridge Open Engage (2022).



 
 J

ou
rn

al
 o

f M
at

er
ia

ls 
Re

se
ar

ch
  

 V
ol

um
e 

38
  

 I
ss

ue
 2

 
 J

an
ua

ry
 2

02
3 

 w
w

w
.m

rs
.o

rg
/jm

r

Invited Feature Paper-Review

© The Author(s), under exclusive licence to The Materials Research Society 2022 280

 82. I. Kim, S.W. Park, D.W. Kim, Onion-like crystalline  WS2 nano-
particles anchored on graphene sheets as high-performance 
anode materials for lithium-ion batteries. Chem. Eng. J. 375, 
122033 (2019)

 83. S. Wei, M. Serra, S. Mourdikoudis, H. Zhou, B. Wu, L. 
Děkanovský, J. Šturala, J. Luxa, R. Tenne, A. Zak, Z. Sofer, 
Improved electrochemical performance of NTs-WS 2 @C 
nanocomposites for lithium-ion and sodium-ion batteries. ACS 
Appl. Mater. Interfaces 14(41), 46386 (2022)

 84. S.H. Bae, H. Kum, W. Kong, Y. Kim, C. Choi, B. Lee, P. Lin, Y. 
Park, J. Kim, Integration of bulk materials with two-dimen-
sional materials for physical coupling and applications. Nat. 
Mater. 18, 550 (2019)

 85. D. Jariwala, T.J. Marks, M.C. Hersam, Mixed-dimensional van 
der Waals heterostructures. Nat. Mater. 16, 170 (2017)

 86. S.L. Li, K. Tsukagoshi, E. Orgiu, P. Samorì, Charge transport 
and mobility engineering in two-dimensional transition metal 
chalcogenide semiconductors. Chem. Soc. Rev. 45, 118 (2016)

 87. A. Allain, J. Kang, K. Banerjee, A. Kis, Electrical contacts 
to two-dimensional semiconductors. Nat. Mater. 14, 1195 
(2015)

 88. J. Kang, W. Liu, D. Sarkar, D. Jena, K. Banerjee, Computational 
study of metal contacts to monolayer transition-metal dichalco-
genide semiconductors. Phys. Rev. X (2014). https:// doi. org/ 10. 
1103/ PhysR evX.4. 031005

 89. M.S. Dresselhaus, G. Dresselhaus, A. Jorio, A.G. Souza Filho, 
M.A. Pimenta, R. Saito, Single nanotube Raman spectroscopy. 
Acc. Chem. Res. 35, 1070 (2002)

 90. J.P. Mathew, G. Jegannathan, S. Grover, P.D. Dongare, R.D. 
Bapat, B.A. Chalke, S.C. Purandare, M.M. Deshmukh, Light 
matter interaction in  WS2 nanotube-graphene hybrid devices. 
Appl Phys Lett 105(22), 223502 (2014)

 91. B. Tian, X. Zheng, T.J. Kempa, Y. Fang, N. Yu, G. Yu, J. Huang, 
C.M. Lieber, Coaxial silicon nanowires as solar cells and nano-
electronic power sources. Nature 449(7164), 885 (2007)

 92. A. Henning, V.K. Sangwan, H. Bergeron, I. Balla, Z. Sun, M.C. 
Hersam, L.J. Lauhon, Charge separation at mixed-dimensional 
single and multilayer  MoS2/silicon nanowire heterojunctions. 
ACS Appl. Mater. Interfaces 10(19), 16760 (2018)

 93. G. Sun, B. Li, J. Li, Z. Zhang, H. Ma, P. Chen, B. Zhao, R. Wu, W. 
Dang, X. Yang, X. Tang, C. Dai, Z. Huang, Y. Liu, X. Duan, X. 
Duan, Direct van der Waals epitaxial growth of 1D/2D  Sb2Se3/
WS2 mixed-dimensional p-n heterojunctions. Nano Res. 12(5), 
1139 (2019)

 94. T.J. Kempa, B. Tian, D.R. Kim, H. Jinsong, Z. Xiaolin, C.M. 
Lieber, Single and tandem axial p-i-n nanowire photovoltaic 
devices. Nano Lett. 8(10), 3456 (2008)

 95. T.P. Darlington, C. Carmesin, M. Florian, E. Yanev, O. Ajayi, J. 
Ardelean, D.A. Rhodes, A. Ghiotto, A. Krayev, K. Watanabe, 
T. Taniguchi, J.W. Kysar, A.N. Pasupathy, J.C. Hone, F. Jahnke, 
N.J. Borys, P.J. Schuck, Imaging strain-localized excitons in 
nanoscale bubbles of monolayer  WSe2 at room temperature. 
Nat. Nanotechnol. 15(10), 854 (2020)

 96. T. Chowdhury, K. Jo, S.B. Anantharaman, T.H. Brintlinger, D. 
Jariwala, T.J. Kempa, Anomalous room-temperature photolumi-
nescence from nanostrained  MoSe2 monolayers. ACS Photonics 
8(8), 2220 (2021)

 97. G. Kim, H.M. Kim, P. Kumar, M. Rahaman, C.E. Stevens, J. 
Jeon, K. Jo, K.H. Kim, N. Trainor, H. Zhu, B.H. Sohn, E.A. 
Stach, J.R. Hendrickson, N.R. Glavin, J. Suh, J.M. Redwing, D. 
Jariwala, High-density, localized quantum emitters in strained 
2D semiconductors. ACS Nano 16(6), 9651 (2022)

 98. S. Masubuchi, M. Morimoto, S. Morikawa, M. Onodera, Y. 
Asakawa, K. Watanabe, T. Taniguchi, T. Machida, Autonomous 
robotic searching and assembly of two-dimensional crystals to 
build van der Waals superlattices. Nat. Commun. 9, 1413 (2018)

 99. A.J. Mannix, A. Ye, S.H. Sung, A. Ray, F. Mujid, C. Park, M. Lee, 
J.H. Kang, R. Shreiner, A.A. High, D.A. Muller, R. Hovden, J. 
Park, Robotic four-dimensional pixel assembly of van der Waals 
solids. Nat. Nanotechnol. 17(4), 361 (2022)

 100. S.J. Yang, J.H. Jung, E. Lee, E. Han, M.Y. Choi, D. Jung, S. Choi, 
J.H. Park, D. Oh, S. Noh, K.J. Kim, P.Y. Huang, C.C. Hwang, 
C.J. Kim, Wafer-scale programmed assembly of one-atom-thick 
crystals. Nano Lett. 22(4), 1518 (2022)

 101. D.B. Strukov, H. Kohlstedt, Resistive switching phenomena in 
thin !lms: materials, devices, and applications. MRS Bull. 37, 
108 (2012)

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional a(liations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of such 
publishing agreement and applicable law.

https://doi.org/10.1103/PhysRevX.4.031005
https://doi.org/10.1103/PhysRevX.4.031005

	Opportunities and challenges in integrating 2D materials with inorganic 1D and 0D layered nanostructures
	Anchor 2
	Introduction
	Two-dimensional materials (2DMs)
	1D inorganic nanotubes (INTs) and 0D inorganic fullerenes (IFs)
	Integrating INTs with other nanoparticles and nanotubes
	Integrating 2DMs with 1D INTs and 0D IFs
	Generating the new integrated system
	Conclusions
	Acknowledgements 
	References


