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Abstract
Encapsulation of various materials inside nanotubes has emerged as an effective method in nanotechnology that 
facilitates the formation of novel one-dimensional (1D) structures and enhances their functionality. Because of 
the effects of geometrical confinement and electronic interactions with host nanotubes, encapsulated materials 
often exhibit low-dimensional polymorphic structures that differ from their bulk forms. These polymorphs exhibit 
unique properties, including altered electrical, optical, and magnetic behaviors, making them promising candidates 
for applications in electronics, energy storage, spintronics, and quantum devices. This review explores recent 
advancements in the encapsulation of a wide range of materials such as organic molecules, elemental substances, 
metal halides, metal chalcogenides, and other complex compounds. In particular, we focus on novel polymorphs 
formed through the geometrical confinement effect within the nanotubes. The atomic structure, other key 
properties, and potential applications of these encapsulated materials are discussed, highlighting the impact of 
nanotube encapsulation on their functionalities.
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1  Introduction
Carbon nanotubes (CNTs) and boron nitride nanotubes 
(BNNTs) are exemplary one-dimensional (1D) nanoma-
terials that have played a pivotal role in enabling atomic-
scale materials characterization and driving various 
scientific breakthroughs [1–14]. One of the key features 
of nanotubes is their internal hollow space, which ranges 
from sub-nanometer to several hundred nanometers 
in diameter, offering the potential to host other materi-
als through encapsulation. Over the past few decades, 
encapsulation of various materials inside nanotubes has 
emerged as a critical method in nanotechnology, enabling 
the formation of novel heterostructures and enhancing 
material functionalities [15–23].

Both single-walled and multi-walled nanotubes are 
effective for encapsulation. Typically, multi-walled nano-
tubes are employed, simply because they are more readily 
available. Here the innermost nanotube serves as a geo-
metrical boundary for the encapsulation process, and the 

behavior of the encapsulated material and the resulting 
structure are highly dependent on the diameter of this 
innermost tube. Bulk materials, without significant mod-
ifications, can be inserted into large-diameter nanotubes. 
However, when the diameter reaches the sub nanome-
ter or nanometer scale, strong geometrical confinement 
effects occur. These effects often lead to the formation of 
new packing structures and altered bonding configura-
tions, as observed in various encapsulated materials [18, 
24–30].

The properties of encapsulated materials are also fun-
damentally transformed by reduced dimensionality and 
constrained environments, resulting in modified elec-
trical, optical, and magnetic behaviors [30–37]. These 
altered properties have the potential to drive advance-
ments in the fields of electronics, energy storage, cataly-
sis, and quantum devices [38–46]. The confinement effect 
of the nanotubes allows the stabilization of materials with 
new structures and compositions that are difficult to 
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achieve in unconfined bulk states [21, 30, 47–51]. Con-
finement via encapsulation is particularly beneficial for 
stabilizing materials that are highly sensitive to environ-
mental factors such as moisture, light, and oxygen, allow-
ing researchers to explore systems that would otherwise 
be challenging to study [25, 27, 29, 30, 52–55].

In this review, we summarize recent advances in the 
encapsulation of various materials inside nanotubes, 
focusing on the impact of nanoscale confinement on 
structural formation and property modification. We 
cover a broad range of materials, including carbon poly-
morphs, elemental substances, metal halides, metal 
chalcogenides, perovskites, and metal carbides, each of 
which undergoes a remarkable structural transformation 
upon confinement within the nanotubes. Furthermore, 
we highlight the emerging properties of these new poly-
morphs and explore their potential applications, illustrat-
ing the transformative role of nanotube encapsulation in 
the advancement of next-generation nanomaterials and 
technologies.

2  Nanotube encapsulation for novel polymorphic 
structures
Various synthesis methods have been successfully uti-
lized for nanotube encapsulation of materials such as 
metals, metal oxides, halides, chalcogenides, and organic 
compounds [16, 23, 24, 28–30, 36, 49, 56–62]. Among 
the various encapsulation methods, the vapor transport 
method is the most widely used, offering high efficiency 
and yields for a wide range of materials [18, 23, 30, 55, 
63, 64]. Liquid-based encapsulation is another exemplary 
method [40, 52, 65]. Bottom-up one-pot syntheses have 
also been used with a limited number of materials [56, 
66, 67].

Several advanced characterization methods have been 
employed to explore the structure and properties of 
materials encapsulated within nanotubes [37, 68–76]. 
Among these, transmission electron microscopy (TEM) 
and scanning TEM (STEM) are crucial for identifying 
new polymorphic structures in encapsulated materials 
[23, 26, 28, 54, 55, 77, 78]. In particular, aberration-cor-
rected TEM/STEM enables direct atomic-scale observa-
tions, allowing researchers to explore novel structures 
formed within nanotubes. In addition, in situ TEM 
techniques provide real-time observations of structural 
changes in encapsulated materials under external stim-
uli, such as electron beam irradiation, heating/cooling, 
and electrical biasing, offering valuable insights into the 
dynamic behaviors within the TEM environment [67, 68, 
79–91].

Furthermore, when combined with spectroscopic tech-
niques such as energy-dispersive X-ray spectroscopy 
(EDS) and electron energy loss spectroscopy (EELS), 
these methods go beyond structural analysis. They enable 

detailed exploration of the elemental composition, elec-
tronic states, and optical properties at the single-atom 
level, even within confined spaces [55, 77, 78, 87, 92–97]. 
This powerful combination of atomic-resolution imag-
ing and spectroscopy is essential for understanding the 
unique behaviors and transformations of encapsulated 
materials induced by nanoscale confinement.

Inner diameters of multiwall CNTs and BNNTs range 
from sub nanometers to tens of nanometers. In prin-
ciple, both the diameter and chirality of the nanotube 
could affect the structure of the encapsulated material 
(Fig. 1a). In practice, the nanotube inner diameter is the 
dominant tuning parameter. The typically weak bond-
ing between the encapsulated species and the nanotube 
lessens the geometrical impact of the nanotube chirality. 
On the other hand, aside from geometrical confinement, 
the surrounding nanotube can serve as a charge donor 
or acceptor to the encapsulated species. In this case the 
metallicity of the nanotube is important. BNNTs are 
insulating independent of diameter and chirality, whereas 
for single-walled CNTs diameter and chirality do affect 
metallicity. Multi-walled CNTs are typically metallic 
throughout. Hence, for both multi-wall CNT and BNNT 
encapsulation, nanotube chirality is not a key tuning 
parameter. When a material is filled into a nanotube, the 
spatial constraints of the nanotube size impose firm spa-
tial restrictions on the encapsulated material, often shift-
ing the energy landscape and resulting in unique atomic 
arrangements and phase behaviors that are not observed 
in the bulk material [26–30, 48, 49, 98, 99]. Table  1 
summarizes the key examples of the formation of new 
structures depending on the inner diameter of the host 
nanotubes.

A striking example of the transformative potential of 
nanotube encapsulation is the behavior of germanium 
dichalcogenides (GeX2; X = S, or Se) [28]. In its bulk form, 
GeX2 exhibits a two-dimensional (2D) layered structure, 
but when encapsulated within a nanotube, it undergoes 
significant structural modifications owing to geometri-
cal confinement. In the single-layer form of GeX2, GeX4 
tetrahedra are connected via edge and corner-sharing 
modes in a 1:1 ratio (Fig.  1b). However, upon encapsu-
lation in nanotubes, the arrangement of these tetrahe-
dra changes dramatically depending on the diameter 
of the nanotube. At a diameter of approximately 1  nm, 
where only one tetrahedron could fit, the tetrahedra 
align into a 1D chain in an edge-sharing configuration 
(Fig. 1c). When the nanotube diameter increases slightly 
to approximately 1.2 nm, the 1D chain structure persists, 
but the connection mode changes. In this case, the GeX4 
tetrahedra still exhibit edge-sharing but are also adopt 
corner-sharing connections (Fig.  1d). These unique 1D 
polymorphs are not observed in bulk GeX2, highlight-
ing how even small variations in the nanotube diameter 
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can precisely control the structural arrangement of the 
encapsulated materials.

The ability of nanotube encapsulation to induce novel 
structural configurations through precise control of 
nanotube diameter underscores its potential for creat-
ing materials with tailored properties [26–29, 38, 60, 
100]. This offers new possibilities for designing functional 
nanomaterials with unique behaviors, especially when 
combined with the ability to stabilize new compositions 
and phases that are challenging to achieve in bulk. Nano-
tube encapsulation also provides a valuable platform 
for exploring systems that are highly sensitive to envi-
ronmental factors, such as moisture, light, and oxygen, 
enabling detailed studies that are difficult under ambient 

conditions [25, 27, 29, 30, 52–55]. Examples of these 
materials, including perovskites, metal halides, and metal 
chalcogenides, are presented in the following sections.

3  Examples of materials encapsulated inside 
nanotubes
The following sections provide examples of a variety of 
materials successfully encapsulated in nanotubes, focus-
ing on the structural organization revealed by TEM/
STEM based characterizations, such as imaging and 
spectroscopic analysis. Among the many examples, 
we highlight materials that form novel nanostructures 
within nanotubes that are difficult to realize in their 
bulk form. These advanced characterization techniques 

Fig. 1  Variation in the connectivity of encapsulated materials with nanotube diameters. (a) Variation in nanotube diameter with different chirality. (b-d) 
Tuning the GeX4 tetrahedrons connection mode via nanotube encapsulation with different diameter of nanotubes. (b) Atomic model of single layer of 
2D GeX2 structure. GeX4 tetrahedrons are composed of edge-sharing and corner-sharing with 1:1 ratio. (c) Type-1 1D GeX2 single-chain encapsulated 
within nanotube of diameter 1 nm. GeX2 chain is composed of edge shared GeX4 tetrahedrons. (d) Type-2 1D GeX2 single-chain encapsulated within 
nanotube of diameter 1.2 nm. The GeX2 chain is composed of edge and corner shared GeX4 tetrahedrons. (b-d) Reproduced with permission from Ref. 
[28], Copyright © 2023, American Chemical Society
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provide insights into the morphology, arrangement, and 
interaction of encapsulated materials at the atomic and 
molecular levels, thereby elucidating how confinement 
within nanotubes influences their properties and poten-
tial applications.

3.1  Carbon allotropes (fullerene and other allotropes)
Carbon allotropes, particularly fullerenes, are among the 
earliest and most widely studied materials encapsulated 
inside nanotubes. The encapsulation of fullerenes forms 
unique 1D structures, including “peapod” configurations, 
where the C60 molecules are arranged in a linear chain 
within the nanotube. In 1998, Smith et al. first reported 
the encapsulation of C60 inside CNTs [17]. The C60@
CNT structure was identified from CNTs synthesized 
using pulsed laser vaporization. They confirmed that C60 
and CNT were stabilized in nanotubes with a diameter 
of 1.3 nm with a van der Waals gap of 0.3 nm (Fig. 2a). 
This pioneering work demonstrated the potential of 
nanotubes as nanoscale containers for encapsulating 

molecular structures and laid the foundation for further 
research on the encapsulation of various materials within 
nanotubes.

With the successful synthesis of BNNTs [2, 101, 102], 
research efforts have expanded to incorporate C60 into 
BNNTs. Mickelson et al. reported a linear chain of C60 
encapsulated within ultranarrow BNNTs, which was sim-
ilar to the results for CNTs [18]. Their study revealed that 
the packing arrangement of C60 was highly dependent on 
the inner diameter of the nanotubes (d), leading to the 
formation of various new C60 nanostructures. Specifi-
cally, the following structural changes were observed with 
increasing nanotube diameters: for d = 2.0  nm, a stag-
gered C60 nanowire forms; for d = 2.8 nm, a rotated trian-
gular (3-corkscrew) C60 nanowire appears; for d = 3.3 nm, 
a 7-corkscrew C60 nanowire appears; and for d = 4.0 nm, 
disordered stacking of C60 molecules occurs (Fig.  2b). 
Finally, when the nanotube diameter is sufficiently large, 
the boundary conditions imposed by the nanotube walls 
become insignificant, allowing the C60 molecules to stack 

Table 1  Summary of various materials encapsulated inside nanotubes
Material Tube 

diameter 
(nm)

Outcomes Ref

Linear C chain 0.71 Long linear carbon single chain was stabilized [21]
P ~ 1 Tetrahedra P4 molecule, zigzag chain, and zigzag ladder structures were investigated [52, 99]

1 ~ 1.4 1D square columnar phosphorus was observed [27]
4.1 Zigzag black phosphorus ribbons were stabilized [27]
5 ~ 8 Ring-shape phosphorus structure was investigated [25]

S 0.6 ~ 0.7 Linear and zigzag single sulfur chain were investigated [133]
Se 1 A double helix Se structure was stabilized within nanotube, and a single helix Se structure was formed by 

the electron beam
[134]

Te 0.8~ Te atomic chains were stabilized inside nanotube from multiple to single-chain limit [38, 93]
I 0.75 ~ 1.4 Single, double, triple helical chains, and trimerized single chain were investigated [130–

132]
Eu 0.76 ~ 1.7 1D metallic Eu atomic wires were synthesized with high filling yields [47]
MoTe/WTe 1.3 Mo/W Te single atomic wire was synthesized [64, 

171]
SnSe 0.7 ~ 1.3 Linear dipole chain, zig-zag, 2 × 1, 2 × 2 cubic, and MoSe-like SnSe structure were investigated [26]
Kr@C60 1.4 After coalescence of Kr@C60 by heat treatment, 1D gas-like Kr inside nanotube was formed [87]
Ge/Si X2 (S, Se) 1 1D edge shared tetrahedral single chain of Ge and Si dichalcogenides were stabilized [28, 29]

1.2 1D edge and corner shared tetrahedral single chain of Ge and Si dichalcogenides were stabilized [28, 29]
Cr/V X3 (Cl, Br, I) 1.3 1D single chain of face shared octahedral Cr and V trihalides were stabilized [30]
Nb/V/Ti Te3 ~ 1 Nb/V/Ti Te3 single chains were synthesized via nanotube encapsulation [49]
NbSe3 1.2 ~ 3.8 Single to multiple chain of NbSe3 were synthesized, and charge induced torsional waves in single-chain 

NbSe3 were investigated
[23]

HfTe3 1.2 ~ 3.8 Single to multiple chain of HfTe3 were synthesized. Spiraling double and triple chain were observed [60]
TaTey 1 ~ 10 TaTe2, TaTe3, and TaTey superlattice structures were synthesized [179]
Hf2Te9 1.1 Segmented Hf2Te9 linear chain was stabilized [48]
CsPbBr3/CsSnI3 1.2 ~ 1.6 The smallest perovskites were encapsulated within nanotube [54, 55]
W/Mo 2C 0.8 ~ 2 < 110 > preferred W2C and Mo2C nanowires were investigated [183]
High entropy 
compounds

1.26 High entropy compounds containing various elements were synthesized [97]

Mo8S8Cl11 1~ Mo8S8Cl11 nanoribbons, composed of Mo4S4 clusters connected by Cl atoms, were synthesized inside 
nanotube

[51]
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in a more conventional crystalline close-packed man-
ner. This study highlights the crucial role of the nanotube 
diameter in determining the structural organization of 
encapsulated materials, providing a valuable method for 
tailoring nanoscale properties through the precise con-
trol of nanotube dimensions.

Consequently, numerous studies have been conducted 
to fill and characterize various types of fullerenes, includ-
ing endofullerenes, within nanotubes [22, 32, 79, 80, 83, 
84, 87, 103–111]. In particular, research has focused on 
modifying the structure of encapsulated fullerenes such 
as C60 and C70 to other forms of fullerenes using an elec-
tron beam inside the TEM [79, 80, 83, 84, 103, 112]. 
These studies have demonstrated the ability to manipu-
late fullerene molecules, leading to observations of fuller-
ene dimerization, transformation into CNT, graphene 
nanoribbons (Fig. 2c) and molecular dynamic behaviors 
[79, 80, 83, 84, 113, 114].

Another significant achievement in carbon allotrope 
encapsulation involves the synthesis of long linear carbon 
chains (LLCCs). Carbyne, the sp1 hybridized 1D linear 
carbon chain, is predicted to exhibit unique physical and 
chemical properties [115]. However, owing to its extreme 

instability under ambient conditions, synthesizing long 
carbyne has been known to be highly challenging [116, 
117]. In 2016, Shi et al. successfully demonstrated the 
synthesis of LLCCs encapsulated inside double-walled 
CNTs (DWCNTs) for the first time (Fig.  2d) [21]. Con-
finement within the nanotube provides a stable environ-
ment that shields the LLCC from external degradation 
and reactivity, thus allowing researchers to explore its 
novel properties [118, 119].

In addition, studies have been conducted not only to 
encapsulate various carbon containing compounds into 
CNTs, but also to convert them, post encapsulation, 
into other carbon structures [34, 63, 71, 120–126]. 1D 
linear-chain diamond structures (Fig.  2e) were synthe-
sized using diamantine dicarboxylic acid as a precursor 
[122, 123]. The sublimed precursors undergo dehaloge-
nation to form linear-chain diamantane polymers inside 
the CNTs. Similarly, graphene nanoribbons have been 
obtained through the incorporation of aromatic mole-
cules or sulfur-containing molecules [120, 121].

Fig. 2  Carbon allotropes encapsulated inside nanotubes. (a) HRTEM image of C60 encapsulation within CNT. Reproduced with permission from ref. [17], 
copyright © 1998, Springer Nature. (b) TEM images of staggered C60 nanowire and rotated triangle C60 nanowire inside BNNT of different diameters. Re-
produced with permission from ref. [18], Copyright © 2003, The American Association for the Advancement of Science. (c) Graphene nanoribbon encap-
sulated inside a CNT. Reproduced with permission from ref. [113], Copyright © 2011, Springer Nature. (d) 1D long linear carbon chain (LLCC) encapsulated 
inside CNT. Reproduced with permission from ref. [21], copyright © 2016, Springer Nature. (e) 1D diamond chain encapsulation inside CNT. Reproduced 
with permission from ref. [123], Copyright © 2015, John Wiley and Sons
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3.2  Elemental materials within the nanotube
In this section, we briefly explore the encapsulation of 
elemental materials, excluding carbon, inside nanotubes. 
Typically, nanotubes can be efficiently filled with elemen-
tal materials at low sublimation (or melting) tempera-
tures by using a high-vacuum heating process. Various 
elemental substances, including low melting point ele-
ments such as phosphorus (P), arsenic (As), antimony 
(Sb), iodine (I), sulfur (S), selenium (Se), and tellurium 
(Te), as well as metallic substances such as europium 
(Eu), are directly encapsulated within nanotubes through 
this simple heating process [25, 27, 38, 47, 52, 53, 93, 
99, 127–134]. A host of high melting point metallic ele-
ments, including magnetic iron (Fe) and cobalt (Co), have 
also been successfully encapsulated [59, 91].

Phosphorus is of particular interest because of its mul-
tiple allotropes, including white, red, black, and violet 
phosphorus, as well as its potential undiscovered forms 
[135–141]. When confined within nanotubes, phospho-
rus exhibits a unique structure. Zhang et al. reported 
the formation of ring-shaped phosphorus nanostruc-
tures consisting of alternating P8 and P2 units within 
CNTs with diameters ranging from 5 to 8  nm (Fig.  3a) 
[25]. This was the first experimental confirmation of 

ring-shaped phosphorus, a structure that had been previ-
ously predicted only using theoretical models [138, 142]. 
Subsequently, Zhang et al. observed square columnar 
phosphorus in nanotubes with a diameter of 1  nm and 
zigzag black phosphorus ribbons within nanotubes with 
a dimeter of 4 nm [27]. Hart et al. observed P4 tetrahe-
dral molecular chain, zigzag chain, and double-stranded 
chain structures within the nanotubes [52, 99]. In addi-
tion, they expended their research to other pnictogens 
such as arsenic (As) and antimony (Sb) and observed 
similar structures [53, 99]. Research on phosphorus 
with different structural configurations is actively ongo-
ing, and it is predicted that unique forms, such as helical 
phosphorus, will be achievable within nanotube confine-
ments [127–129, 142].

Iodine, a stable and heavy halogen that exists as a solid 
at room temperature, can be efficiently encapsulated 
inside nanotubes owing to its relatively low sublimation 
temperature. Upon heating, iodine easily vaporizes and 
fills the nanotubes with a high yield [130–132]. Experi-
mentally, single, double, and triple helical iodine chains 
have been observed, and the critical nanotube diameter 
for the formation of triple chains is 1.45  nm (Fig.  3b) 
[131]. As the diameter of the nanotubes increases, 

Fig. 3  Elemental encapsulation within the nanotubes. (a) HRTEM image of ring shape phosphorus structure encapsulated inside CNTs with the structural 
models. Reproduced with permission from ref. [25], Copyright © 2017, John Wiley and Sons. (b) HRTEM images of single, double, and triple helical iodine 
chains inside CNTs. Reproduced with permission from ref. [131], Copyright © 2007, American Chemical Society. (c) Atomic model and HR-STEM image of 
Te single-chain encapsulation within the nanotubes. Reproduced with permission from ref. [38], Copyright © 2020, Springer Nature. (d) HRTEM image of 
1D Eu single-chain encapsulation inside CNT with the structural models. Reproduced with permission from ref. [47], Copyright © 2009, John Wiley and 
Sons

 



Page 8 of 21Lee et al. Nano Convergence           (2024) 11:52 

the formation of quadruple or more chains cannot be 
observed, and iodine tends to adopt a bulk orthorhombic 
crystal structure. In the single-chain iodine structures, 
transitions between equidistant and trimerized chains 
have been observed, which were attributed to charge 
transfer interactions between the iodine chain and the 
nanotube [132].

For chalcogens (S, Se, and Te), single chains have been 
successfully encapsulated within the narrow diameter of 
CNTs (less than 1 nm). Linear and zigzag chains of sul-
fur have been identified, and helical chain structures of 
Se and Te have been investigated [38, 93, 133, 134]. Bulk 
tellurium is composed of chains bound by van der Waals 
forces, and when encapsulated in nanotubes (either CNT 
or BNNT), it retains the same chain structure, with only 
the number of chains varying depending on the nanotube 
diameter (Fig.  3c) [38]. This observation highlights the 
ability of nanotube confinement to isolate bulk materials 
composed of chain structures down to the single-chain 
limit.

Kitaura et al. reported the encapsulation of a 1D euro-
pium (Eu) metal chain that was directly sublimated and 
crystallized inside nanotubes [47]. A single chain of Eu 
was encapsulated within nanotubes with a diameter of 
0.76 nm (Fig. 3d), while double and four Eu chains were 
formed inside nanotubes with diameters of 1.06  nm 
and 1.54  nm, respectively. The interatomic distance 
between neighboring Eu atoms in the single-chain struc-
ture (0.467 nm) was found to be elongated compared to 
that in the bulk crystal (0.397  nm), possibly because of 
charge-transfer interaction between the Eu atoms and 
CNTs.

For other elemental metals with high sublimation 
temperatures, a multi-step sequential chemical reac-
tion method was employed to encapsulate them within 
the nanotubes. In this method, nanotubes are pre-
filled with metal-organic precursors, oxides, halides, or 
metallofullerenes, which are then subjected to a reduc-
tion process to form pure metal structures inside the 
nanotubes [16, 59, 143–146]. This method has been suc-
cessfully applied to metals such as Fe, Au, Ag, Pt, In, Co, 
Re, and others [16, 59, 143, 145–147]. The diameters of 
the nanotubes pre-filled with the precursors are relatively 
large, resulting in the formation of metal nanowires or 
particles rather than single atomic chains. In some cases, 
metals are encapsulated within the nanotubes during the 
nanotube synthesis [56, 66, 67].

3.3  Metal-halides encapsulation inside nanotubes
The encapsulation of metal halides (MX, MX2, MX3, 
and other stoichiometries, where M represents all types 
of metals and X represents a halogen, such as Cl, Br, or 
I) within nanotubes leads to the formation of unique 
nanostructures with fascinating electrical, optical, and 

magnetic properties. Typically, halide materials are 
highly sensitive to ambient exposure such as moisture, 
light, and oxygen, which often limit their stability and 
practical applications [148–150]. By encapsulating these 
materials inside nanotubes, not only can new structures 
be formed due to the geometrical confinement effects, 
but their stability can also be dramatically enhanced, pro-
tecting them from degradation.

Many kinds of metal halides inside nanotubes have 
been investigated. These metal halides include alkali 
metal halides such as KI, NaI, CsI, CsCl and LiI [19, 24, 
77, 78, 151–155]; alkaline earth metal halides such as BaI2 
[156]; transition metal halides such as AgI, CuI, AgCl, 
AgClI, HgI2, NiI2, CoI2, CdCl2, CrI3, CrBr3, CrCl3, VI3, 
VBr3, VCl3, and ZnCl4 [20, 24, 30, 73, 76, 153, 157–159]; 
as well as post-transition metal halides such as PbI2 [37, 
70, 160–162]. Rare earth and actinide halides have also 
been investigated, including CeI, LaI2, CeI3, CeCl3, LaI3, 
LaCl3, NdCl3, SmCl3, EuCl3, TbCl3, GdCl3, ErCl3, GdI3, 
YbCl3, and ThCl6 [24, 35, 96, 163–166]. In Addition, 
halides of noble metals and metalloids, such as AuCl3, 
BiI3, and BiCl3 have also been encapsulated [167, 168]. 
Among the numerous examples of metal halides encap-
sulated within nanotubes, we highlight a few notable 
cases.

Potassium iodide (KI) is one of the earliest studied 
metal halides for encapsulation in nanotubes. In 2000, 
Meyer et al. and Sloan et al. conducted pioneering stud-
ies on the diameter-dependent structures of KI encap-
sulated within carbon nanotubes (CNTs) using a molten 
phase filling method [24]. Sloan et al. observed a 2 × 2 
crystal structure of KI within 1.4  nm diameter CNTs, 
while Meyer et al. found a 3 × 3 KI crystal structure inside 
1.6  nm diameter CNTs (Fig.  4a) [19, 151]. Depending 
on the atomic positions within the nanotube-encapsu-
lated KI, the coordination is reduced from the bulk 6:6 
coordination, where each ion is surrounded by six near-
est neighbors, to 5:5 or 4:4, based on the location of 
the atoms. In the two-layer structure confined within a 
1.4 nm CNT, only 4:4 coordination is observed. However, 
for the three-layer KI crystals within a 1.6 nm CNT, the 
central row of atoms retains the bulk-like 6:6 coordina-
tion, whereas the face and edge atoms exhibit reduced 5:5 
and 4:4 coordination because of the spatial constraints 
imposed by the nanotube [19, 24, 151].

Since these pioneering studies, numerous investiga-
tions have been conducted to encapsulate various metal 
halides within nanotubes, including 1D helical CoI2, lan-
thanide halide crystals, and other metal halides [20, 24, 
70, 96, 152, 153, 155, 156, 158, 160, 163, 164, 169, 170]. 
Recently, Lee et al. successfully encapsulated 1D mag-
netic chains of CrX3 and VX3 within CNTs of diameter 
1.1  nm (Fig.  4b) [30]. Their study revealed that octahe-
dral units, which typically form 2D layered structures via 
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edge sharing in bulk CrX3 and VX3, instead form 1D 
chain structures inside the nanotubes by adopting a 
face-sharing configuration. This geometrical transfor-
mation is attributed to the spatial confinement imposed 
by the nanotubes, which forces the octahedrons to form 
a linear arrangement. Furthermore, the study demon-
strated that these 1D chains were stabilized by charge 
transfer between the CNTs and encapsulated materials, 

enhancing their overall structural stability and changing 
their magnetic properties.

A truly 1D atomic single chain of CsI has been success-
fully encapsulated within carbon nanotubes [77]. Using 
atomic-level EELS characterization, individual atoms in 
the CsI chain were precisely identified, confirming the 
arrangement of the Cs and I atoms along the nanotube 
axis (Fig.  4c). Similarly, other alkali-halide encapsulated 
CNTs, such as NaI, CsCl, and LiI, have been synthesized 

Fig. 4  Metal halides encapsulation inside nanotube. (a) 3 × 3 KI encapsulation inside CNT of diameter 1.6 nm. Reproduced with permission from ref. [19], 
Copyright © 2000, The American Association for the Advancement of Science. (b) HR-STEM images of 1D chromium and vanadium trihalides (MX3) en-
capsulated within the nanotube. Reproduced with permission from ref. [30], Copyright © 2023, John Wiley and Sons. (c) Atomic resolution STEM imaging 
and EELS mapping of CsI encapsulation within CNTs. Reproduced with permission from ref. [77], Copyright © 2014, Springer Nature. (d) Atomic resolution 
STEM EELS-characterization of LiI within CNTs. Reproduced with permission from ref. [78], Copyright © 2015, Springer Nature. (e) HR-TEM images of PbI2 
nanotubes within the CNTs. Reproduced with permission from ref. [161], Copyright © 2013, John Wiley and Sons
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and characterized (Fig. 4d) [78]. The direct imaging of Li 
is typically challenging owing to its low atomic number 
and high reactivity. With the stabilization of Li within the 
nanotubes, single-atom EELS mapping was successfully 
achieved, enabling the precise identification of Li atoms 
within the confined nanotube environment.

In addition to the 1D chain and nanowire structures, 
the nanotube structure of metal halide materials has been 
stabilized inside CNTs with a wide diameter. Cabana et 
al. synthesized PbI2 nanotube structures of diameter 3.5–
7.5 nm encapsulated inside the MWCNT (Fig. 4e) [161]. 
They found that the formation of the PbI2 nanotubes 
depends strongly on the diameter of the host CNTs. 
Other metal halide nanotubes, including ZnI2, TbCl3, 
CeI3, CeCl3, BiI3, BiCl3, and GdI3, have been synthesized 
within MWCNTs using similar methods [165, 166, 168].

3.4  Metal-chalcogenides encapsulation inside nanotubes
In this section, we discuss metal chalcogenides (MX, 
MX2, MX3, and other stoichiometries, where M repre-
sents all types of metals and X represents a chalcogens 
such as S, Se, and Te) encapsulated within nanotubes. 
As mentioned previously, encapsulation within nano-
tubes enables the formation of structures and composi-
tions that are challenging to achieve in bulk materials. By 

leveraging this feature, a wide range of metal chalcogen-
ides with diverse combinations of metals and chalcogens 
were stabilized within the nanotubes, as shown in Figs. 5 
and 6.

Starting with MX, molybdenum telluride (MoTe) in the 
form of 1D single nanowires has been stabilized inside 
CNTs (Fig.  5a) [64]. Partially oxidized MoTe2 is used 
as the precursor and it is proposed that MoOx oxidizes 
MoTe2 to MoTe and TeO2. Similarly, transition metal 
swapped tungsten telluride (WTe) with the same struc-
ture has also been successfully stabilized with a high fill-
ing yield using WOx with a Te precursor [171]. Mercury 
telluride (HgTe) was stabilized within nanotubes in two 
distinct structures, zigzag (Fig. 5b) and tubular, depend-
ing on the diameter of the CNTs [72, 100, 172]. This vari-
ation in structural formation is strongly influenced by the 
confinement effects imposed by the nanotube diameter 
[172, 173]. Slade et al. explored the structural diversity 
of tin selenide (SnSe) when encapsulated in nanotubes 
of different diameters [26]. They observed the various 
encapsulated SnSe structures, including linear, zigzag, 
spiral, MoSe-like, and even the previously explored 2 × 2 
cubic structure within nanotubes of diameter 0.7–1.3 nm 
(Fig. 5c) [174]. In addition, materials such as indium sel-
enide (InSe), tin telluride (SnTe), lead telluride (PbTe) and 

Fig. 5  Transition metal monochalcogenides (MX) and dichalcognides (MX2) encapsulation within the nanotubes. (a) HR-STEM image of MoTe single-wire 
with atomic model. Reproduced with permission from ref. [64], Copyright © 2019, American Chemical Society. (b) HR-STEM image of zigzag HgTe single 
chain inside CNTs. Reproduced with permission from ref. [100], Copyright © 2022, American Chemical Society. (c) HR-STEM images of various SnSe struc-
tures within the nanotube with corresponding atomic model. Reproduced with permission from ref. [26], Copyright © 2019, American Chemical Society. 
(d) ADF-STEM image and its filtered version (bottom) of periodic superstructure in TaS2 nanoribbons. The superstructure is identified as defect line arrays, 
with lines of missing S atoms. Reproduced with permission from ref. [82], Copyright © 2021, American Chemical Society. (e) ADF-STEM images of SiGeSSe 
alloy single chain encapsulation inside CNT. Reproduced with permission from ref. [29], Copyright © 2024, American Chemical Society
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germanium telluride (GeTe) have been successfully stabi-
lized within nanotubes, further demonstrating the poten-
tial of nanotube encapsulation to form unique structures 
[81, 85, 94, 98, 175].

For MX2 compounds, many metal dichalcogenides 
have been encapsulated within nanotubes to create 
highly ordered nanostructures. Transition-metal dichal-
cogenides usually have a 2D layered structure in the bulk; 
therefore, they prefer to form nanoribbon structures 
within nanotubes. MoS2, WS2, ReS2, TaS2, HfTe2, and 
TaTe2 nanoribbons are stabilized inside nanotubes using 
methods such as CVT or subsequent reaction process-
ing [82, 86, 176–179]. Nanoribbons formed within the 
nanotubes generally maintain the same structure as the 
bulk 2D layer. However, structural transitions can occur 
during TEM/STEM characterization because of the 
influence of the electron beam, and these transformed 
structures can also be stabilized within the nanotube. 
For example, TaS2 nanoribbons grown within nanotubes 
exhibit structural transformation into a periodic super-
structure with an ordered array of linear defects by an 
electron beam, which is not typically observed in bulk 

samples (Fig. 5d) [82]. For HfTe2 nanoribbons, a change 
from the metallic phase to the semiconducting phase 
was also observed [86]. NbSe2 nanotubes were found to 
form flattened structures within chemically driven self-
pressurized carbon nanotubes, further demonstrating the 
diversity of structural formations achieved through nano-
tube confinement [180].

For non-transition metal dichalcogenides, Lee et al. 
investigated the 1D tetrahedral chain structures of Si and 
Ge dichalcogenides (SiX2 and GeX2) encapsulated within 
nanotubes [28, 29]. They demonstrated that the nanotube 
diameter significantly influences the formation of these 
chain structures. For nanotubes with diameters smaller 
than 1  nm, 1D tetrahedral chains are formed via edge-
sharing. In nanotubes with a diameter of 1.2  nm, 1D 
tetrahedra are formed through both edge- and corner-
sharing. Furthermore, they expanded the compositional 
and structural diversity of these 1D chains by implement-
ing alloyed chains composed of Si, Ge, S, and Se mixtures 
within the nanotubes (Fig. 5e) [29]. This approach enables 
the synthesis of alloyed 1D chains with tunable compo-
sitions and properties, demonstrating the versatility of 

Fig. 6  Transition metal trichalcognides (MX3) and other chalcogenides with different stoichiometry. (a) NbSe3 encapsulation inside CNT and BNNT. 
Charge induced torsional motion was observed. Reproduced with permission from ref. [23], Copyright © 2018, The American Association for the Advance-
ment of Science. (b) HR-STEM images of NbTe3, VTe3, and TiTe3 encapsulation within the CNT. Reproduced with permission from ref. [49], Copyright © 
2021, American Chemical Society. (c) HR-STEM image of segmented molecule structure of Hf2Te9 inside CNT. Reproduced with permission from ref. [48], 
Copyright © 2020, American Physical Society. (d) Moire like TaTey superstructure encapsulation within the CNT. Reproduced with permission from ref. 
[179], Copyright © 2022, American Chemical Society
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nanotube encapsulation for controlling material struc-
tures at the nanoscale.

Transition-metal trichalcogenides (MX3) are repre-
sentative examples of MX3 material that have been suc-
cessfully encapsulated in nanotubes [23, 49, 60, 68, 179]. 
These materials typically consist of quasi-1D chain crys-
tals in bulk form. Encapsulating MX₃ materials within 
nanotubes allows for the isolation and manipulation of 
these quasi-1D materials in the few-chain and single-
chain limit, allowing for the exploration of the effects of 
dimensionality reduction. Pham et al. synthesized single- 
or few-chains NbSe3 encapsulated within the nanotubes 
(both CNTs and BNNTs) [23]. Their study revealed that 
as the thickness (chain number) of NbSe3 decreased, 
charge-induced structural torsion waves occurred in 
the NbSe3 chains, which were not observed in the bulk 
structure (Fig.  6a). This dimensionality reduction intro-
duces new physics that can only be observed at single- or 
few-chain level [68]. Stonemeyer et al. synthesized single 
to multiple chains of HfTe3 inside the CNTs [60]. Unlike 
NbSe3, which has a trigonal prismatic (TP) structure, 
HfTe3 has a trigonal anti-prismatic (TAP) structure. They 
found that single chains of HfTe3 did not exhibit torsional 
waves, whereas double and triple chains exhibited the 
interchain spiral structures. Moreover, Stonemeyer et 
al. expanded the set of materials studied by synthesizing 
and stabilizing multiple and single chains of NbTe3, VTe3, 
TiTe3, and TaTe3 inside nanotubes, which are materials 
that are not stable in their bulk form (Fig. 6b) [49, 179].

Finally, other metal chalcogenides with different 
stoichiometries such as Sb2S3, Sb2Se3, Sb2Te3, Hf2Te9, 
Zr11Te50, and TaTey were studied [48, 50, 74, 75, 179, 181]. 
Confinement within the nanotubes allows the forma-
tion of compositions and structures that do not typically 
occur in bulk materials. Pham et al. discovered a seg-
mented linear chain of Hf2Te9, which is a novel structure 
that has not been previously explored (Fig. 6c) [48]. The 
segmented chains were bonded end-to-end by van der 
Waals forces, similar to the 1D structure of C60. Pelz et 
al. identified a Zr11Te50 complex structure encapsulated 
within CNTs, and determined that it consisted of a com-
bination of 8 ZrTe5 chains, 3 ZrTe2 chains, and 4 single Te 
chains [50]. Stonemeyer et al. synthesized various Ta-Te 
structures, including TaTe2, TaTe3, and TaTey superlattice 
structures. The encapsulated TaTey superlattice struc-
tures exhibited Moiré-like patterns with different con-
figurations, increasing in width from single to double and 
triple patterns (Fig.  6d) [179]. Quasi-1D van der Waals 
crystals of antimony trichalcogenides (Sb2S3, Sb2Se3, 
and Sb2Te3) were successfully encapsulated within nano-
tubes, ranging from nanowire bundles to single chains. 
Both crystalline and amorphous forms of these materials 
have been encapsulated in CNTs and BNNTs [75]. The 
formation of either crystalline or amorphous structures 

is influenced by the diameter of the nanotubes, which 
plays a critical role in determining their structural con-
figuration [74]. Additionally, these materials have been 
reported to undergo structural transitions from crystal-
line to amorphous under e-beam irradiation, highlighting 
their dynamic behavior under external stimuli [181].

3.5  Other materials inside the nanotubes
In this section, we briefly discuss other materials, not 
included in the abovementioned material families, 
that have been successfully encapsulated within nano-
tubes. Various materials have been explored, includ-
ing perovskites, noble gas, metal carbides, high-entropy 
compounds, metal oxide, and other compounds [51, 54, 
55, 58, 61, 87, 97, 152, 182–186].

Halide perovskites, known for their sensitivity to 
environmental factors such as moisture, light, and oxy-
gen, have been successfully encapsulated within nano-
tubes to improve their stability. Confinement within the 
nanotubes helps protect these materials from degrada-
tion, enabling various structural and dynamic charac-
terizations. Kashtiban et al. successfully synthesized 
picoperovskites such as CsPbBr3 and CsSnI3 within nano-
tubes and characterized their structures using atomic-
scale imaging and spectroscopic analysis (Fig.  7a) [55]. 
Gao et al. investigated the dynamic motions, including 
the vibrational, rotational, and translational movements 
of CsPbI3 halide perovskite unit cells, using in situ TEM 
techniques [54]. Zhu et al. also synthesized CsPbBr3 and 
CsSnI3 inside CNTs and demonstrated that the encapsu-
lated structures remained stable for more than 30 days, 
significantly enhancing their stability compare to their 
bulk forms [182].

As discussed in the carbon section, the encapsula-
tion of various types of endofullerenes, particularly 
metal-containing endofullerenes, within CNTs has been 
explored. Cardillo-Zallo et al. encapsulated Kr@C60 
within CNTs and modified their structure using e-beam 
irradiation and thermal annealing [87]. They observed 
that e-beam irradiation led to local coalescence of C60, 
resulting in the formation of Kr dimers, a phenomenon 
similar to that observed in previous studies on metal 
atoms@C60. Interestingly, after ex-situ thermal annealing, 
nested nanotubes formed within the CNTs. In long, well-
annealed sections of CNTs, the delocalized Kr atom con-
trast became visible through STEM imaging and EELS 
mapping, which confirmed the existence of a 1D, gas-like 
state of the noble gas within the nanotube (Fig. 7b) [87].

Metal carbides and high-entropy compounds are 
formed through a multi-step process, in which metal-
containing precursors, such as heteropoly acids and metal 
chlorides, are pre-filled into nanotubes and subsequently 
synthesized through further processing [97, 183]. Wang 
et al. demonstrated the formation of ultra-thin W2C and 
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Mo2C nanowires confined within CNTs (Fig.  7c) [183]. 
These metal carbide nanowires preferentially grew along 
the < 110 > direction, and exhibited enhanced stabil-
ity and resistance to H2O corrosion, which is consistent 
with the behavior observed in other materials confined 
within nanotubes. Du et al. synthesized 1D high-entropy 
compounds via nanotube encapsulation [97]. They filled 
the nanotubes with various metal chlorides, which were 
subsequently heat treated with gaseous phosphorus, sul-
fur, or selenium to form high-entropy compounds. This 
multi-step process enabled the formation of 1D high-
entropy compounds within the nanotubes, demonstrat-
ing the versatility of nanotube confinement for stabilizing 
complex multi-element systems (Fig. 7d).

Thus far, various materials that form unique structures 
inside nanotubes have been explored. Table  1 summa-
rizes the materials discussed and their structural trans-
formations when confined within the nanotubes.

4  Properties of encapsulated materials within 
nanotubes
As highlighted in the previous sections, nanotube encap-
sulation enables precise control over the morphology 
and bonding configurations of encapsulated materials, 
often leading to novel polymorphs that differ from their 
bulk counterparts. Various experimental and theoretical 
studies have explored the electrical, optical, thermal, and 
mechanical properties of the unique and stable structures 
of encapsulated materials. This section briefly discusses 
the unique properties and potential applications of mate-
rials encapsulated within nanotubes, both experimentally 
measured and theoretically predicted [22, 23, 28–30, 37, 
38, 41, 48, 49, 60, 61, 82, 86, 179, 187].

As discussed earlier, the tetrahedral structure of GeX2 
forms 1D chains with different connection modes, 
depending on the diameter of the nanotube [28]. These 
structural variations, which are driven by changes in the 
connection modes, significantly affect their electronic 

Fig. 7  Examples of other materials. (a) STEM and EELS map images of perovskite inside CNT with corresponding atomic model. Reproduced with per-
mission from ref. [55], Copyright © 2023, John Wiley and Sons. (b) STEM image of Kr gas filled inside nanotube. Reproduced with permission from ref. 
[87], Copyright © 2024, American Chemical Society. (c) STEM images of Tungsten carbide (W2C) encapsulation inside a nanotube at different viewing 
directions. Reproduced with permission from ref. [183], Copyright © 2023, American Chemical Society. (d) ADF-STEM image and EDX mapping results 
of high-entropy compounds encapsulation within the CNT. Reproduced with permission from ref. [97], Copyright © 2024, American Chemical Society
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properties. The type-1 structure, which is consisted of 
edge-sharing tetrahedrons, exhibits an indirect bandgap, 
whereas the type-2 structure, which is composed of both 
edge- and corner-sharing tetrahedrons, exhibits a direct 
bandgap (Fig. 8a).

Additionally, encapsulating other materials within 
nanotubes has revealed fascinating electronic phenom-
ena, such as charge-induced torsional waves and metal-
insulator transitions [23, 60]. For instance, in HfTe3, as 
the nanotube diameter decreases and the triple-chain 
limit is reached, the normally parallel chains spiral 
together, inducing short-wavelength TAP locking distor-
tion [60]. This structural transformation leads to a metal-
to-insulator transition, demonstrating the influence of 
nanoscale confinement on electronic properties.

Furthermore, controlling the composition ratio of the 
1D alloy chains through nanotube encapsulation is a 
promising approach for achieving a wide range of band-
gap turnabilities. Lee et al. showed that 1D quaternary 

alloy chain, composed of Si, Ge, S, and Se, exhibits wide 
range tunable bandgaps that range from 1.91  eV to 
3.31  eV, depending on their composition ratio (Fig.  8b) 
[29]. This tunability provides opportunities for design-
ing materials with tailored electronic properties for spe-
cific applications, highlighting the versatility of nanotube 
encapsulation for fine-tuning the material behavior at the 
nanoscale level.

The use of encapsulated materials with very narrow 
nanotubes is a promising approach for developing next-
generation electronic devices with thicknesses of less 
than a few nanometers [11, 45, 46]. Qin et al. encapsu-
lated few-chain and single-chain Te nanowires in BNNTs 
to study their unique physical properties [38]. In their 
field-effect transistor (FET) measurement, Te nanowires 
encapsulated in BNNTs exhibited significantly enhanced 
current-carrying capability, with a current density of 
1.5 × 108 A·cm− 2 that exceeded that of most reported 
semiconductor nanowires. Moreover, encapsulation 

Fig. 8  Various properties of encapsulated materials within nanotubes. (a) Calculated band structure of single-chain of type-1 and type-2 GeSe2 en-
capsulated within CNTs. Reproduced with permission from ref. [28], Copyright © 2023, American Chemical Society. (b) Band gap variation of the type-1 
SixGe1–xS2(1–y)Se2y alloy chain as a function of composition. Reproduced with permission from ref. [29], Copyright © 2024, American Chemical Society. 
(c) Carrier mobility of Te nanowire encapsulated within BNNT and bare Te nanowire short-channel FETs with various diameters (thickness). Reproduced 
with permission from ref. [38], Copyright © 2020, Springer Nature. (d) Temperature dependence of S of encapsulated CNT bundles and SEM image of 
measurement device. Reproduced with permission from ref. [22], Copyright © 2017, Springer Nature. (e) Calculated magnetic energy of CrX3 and VX3 
single-chains as a function of electron doping. Reproduced with permission from ref. [30], Copyright © 2023, John Wiley and Sons. (f) Current retention 
over 1000 cycle for polyoxometalates molecules (POM) encapsulated inside CNTs and free POM in solution. Reproduced with permission from ref. [61], 
Copyright © 2019, John Wiley and Sons
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allowed for scaling down the diameter of Te nanowires 
to as small as 2 nm, achieving a carrier mobility of 1.85 
cm2V− 1s− 1, whereas bare Te nanowire devices are typi-
cally limited to a 6 nm diameter (Fig. 8c). This excellent 
performance showed great potential for high-perfor-
mance FETs with ultrashort channels and in the develop-
ment of ultimate-scale electronic devices.

The thermoelectric properties of nanotube-encap-
sulated materials were also investigated. Kodama et al. 
reported a nanofabrication method to precisely measure 
the thermal properties of filled CNT [22]. They demon-
strated that the encapsulation of C60, Gd@C82 and Er2@
C82 into the CNT channel significantly suppressed the 
thermal conductivity(k) by 35–55% and enhanced the 
thermoelectric power(S) by approximately 40% com-
pared to pristine CNTs at room temperature (Fig. 8d).

The magnetic properties of the materials encapsulated 
within the nanotubes were also explored. Encapsulated 
materials, including magnetic metal particles and metal 
halide compounds, exhibit unique behaviors [30, 35, 36, 
111, 185, 188]. Lee et al. synthesized a novel 1D magnetic 
chain structure by encapsulating Cr and V trihalides 
(CrX3 and VX3), representative 2D magnetic materials, 
within nanotubes [30]. They discovered that the magnetic 
phases of these encapsulated materials could be modu-
lated through charge transfer interactions with the nano-
tubes. In the case of CrX3, the magnetic phase transition 
from antiferromagnetic (AFM) to ferromagnetic (FM) 
occurred as electron doping, whereas VX3 remained in 
the FM phase for all doping ranges (Fig. 8e). This finding 
introduces new possibilities for controlling the 1D mag-
netism via electrostatic gating.

It has been observed that metallic nanocrystals encap-
sulated within CNTs can be made to physically and 
reversibly translate along the axis of the nanotube by 
application of an electrical current through the nanotube. 
Remarkably, the position of the nanocrystal can be non-
destructively “read out” by measuring the electrical resis-
tance of the nanotube, leading to a nanoscale non-volatile 
archival memory device [91]. The transport mechanism 
of the nanocrystal is believed to be a unique electrically-
driven nanocrystal deconstruction/reconstruction mech-
anism [67].

As discussed previously, nanotubes serve as protec-
tive layers for encapsulated materials, offering enhanced 
stability and mitigating issues related to environmental 
exposure. This advantage makes nanotube-encapsulated 
materials particularly promising for applications in catal-
ysis and batteries. For example, polyoxometalates (POM) 
are encapsulated inside CNT to enhance their stability 
during electrochemical cycling [61]. The encapsulation 
of POM molecules within the CNTs led to a significantly 
improved performance compared to that of free POM 
molecules in solution (Fig. 8f). After cycling the POM@

CNT materials over 1000 cycles, approximately 50% of 
the initial current was retained, whereas the free POM 
molecules in the solution retained only approximately 
3% of the current (Fig.  8f). Additionally, various other 
materials, including redox-active molecules, phosphorus 
structures, and SnS2 nanoribbons confined within nano-
tubes, exhibit improved cycling stability [40, 41, 44, 189]. 
Moreover, the protective capability of nanotubes, along 
with their ability to increase the local concentration of 
the reactant precursors, has found applications in cataly-
sis. Examples include Ru@SWCNTs, Pt/Ru@CNTs, and 
Fe@MWCNTs, where encapsulation enhances catalytic 
activity and stability [39, 42, 43]. This demonstrates the 
versatility and potential of the nanotube-encapsulated 
systems across for various applications.

5  Conclusion and outlooks
In this article, we summarize the recent advances in the 
encapsulation of various elemental and compound materi-
als within nanotubes, focusing on their unique structures 
and properties that arise from confinement. The ability to 
manipulate both the structure and properties of materi-
als at the nanoscale through nanotube encapsulation open 
new avenues for fundamental research and practical appli-
cations. Continued advancements in synthesis techniques, 
characterization methods, and theoretical modeling are 
expected to drive the discovery and development of next-
generation materials with unprecedented functionalities, 
ultimately transforming various technological areas.

A wide range of materials, including carbon polymorphs, 
elemental substances, metal halides, metal chalcogenides, 
perovskites, metal carbides, high-entropy compounds, and 
other complex materials, have been successfully encapsu-
lated. The geometrical confinement provided by nanotubes 
plays a critical role in controlling the atomic arrangement 
(structure) of encapsulated materials, leading to structures 
that are not observed in bulk materials.

This confinement effect, combined with the tunability 
provided by varying the nanotube diameters, enables the 
formation of nanostructures with tailored properties, such 
as enhanced electrical, optical, and magnetic behaviors. 
These properties make nanotube encapsulation a promis-
ing technique for advanced applications in electronics, spin-
tronics, quantum devices, and energy storages. Moreover, 
the ability to control the structure-property relationships 
through encapsulation provides significant potential for 
the development of next-generation materials with unprec-
edented functionalities.

Despite this potential, several challenges remain to be 
addressed to fully unlock the applications of encapsulated 
materials in diverse fields. First, ensuring high quality and 
yield in the encapsulation process is crucial. The filling yield 
can vary significantly depending on the synthesis parame-
ters such as the nanotube diameter, properties of the filling 
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material, heating/cooling rate, precursor quantity, tempera-
ture gradient, and other factors. Among these, the selec-
tive use of nanotubes with specific diameters is particularly 
important. As discussed in this review, the structure and 
composition of encapsulated materials are highly dependent 
on the nanotube diameter. To achieve uniform encapsula-
tion, nanotubes with precisely controlled diameters must 
be used [58, 100, 173, 190]. Existing techniques for sorting 
nanotubes according to their diameter or chirality should be 
actively utilized [190–198]. While differences in wettability 
between CNTs and BNNTs can impact filling yields, BNNT 
encapsulation has not been as extensively studied; therefore, 
further research is needed to gain a comprehensive under-
standing of these effects.

Additionally, an extensive investigation of the properties 
of materials encapsulated within nanotubes is necessary. 
Despite the unique electrical, magnetic, and optical proper-
ties of encapsulated materials, accurate experimental mea-
surements of properties are challenging. The variability in 
the encapsulated materials caused by mismatched nanotube 
diameters and sample preparation issues related to nano-
tube aggregation are some of the challenges. In particular, 
the high aggregation behavior of ultra-narrow nanotubes 
further complicates the fabrication of devices using iso-
lated single nanotubes. Advanced separation techniques 
for isolating nanotubes with encapsulated materials must 
be developed to enable precise property measurements and 
facilitate practical applications. In this regard, encapsulation 
with chiral-selected or diameter-controlled nanotubes can 
facilitate property measurements without sample purifica-
tion issue.

Finally, the development of mass production methods for 
encapsulated nanotubes is required for commercial applica-
tions. Most studies to date have focused on exploring novel 
structures by filling materials via vapor transport using small 
amounts of materials. For mass production, solution-based 
filling methods could present advantages in terms of cost 
and process efficiency. Further research is required to con-
firm whether the novel structures obtained via vapor trans-
port can be consistently reproduced through solution-based 
synthesis. With scalable production, the unique properties 
of encapsulated nanotubes (high thermal stability, electronic 
tunability, and magnetic functionality) can be utilized in 
high-value applications (advanced electronics, battery sys-
tems, and electromagnetic shielding composites) where 
they provide clear advantages. It is expected that develop-
ment of high-filling ratio, reproducible, and cost-effective 
filling methods will expand the feasibility of encapsulated 
nanotubes in a wider range of commercial applications.

Acknowledgements
A.Z. acknowledges support from the US Department of Energy, Office of 
Science, Basic Energy Sciences, Materials Sciences and Engineering Division 
under Contract No. DE-AC02-05-CH11231, primarily within the van der 
Waals Bonded Materials Program (KCWF16) which supported material 

synthesis, and the Nanomachines Program (KC1203) which supported 
structural characterization. K.K. and U.C. acknowledge support from the Basic 
Science Research Program at the National Research Foundation of Korea 
NRF-2022R1A2C4002559), Development of core technologies for advanced 
measuring instruments funded Korea Research Institute of Standards and 
Science (KRISS - 2024 - GP2024 - 0012), and Global -Learning & Academic 
research institution for Master’s·PhD students, and Postdocs (G-LAMP) Program 
of the National Research Foundation of Korea grant funded by the Ministry 
of Education (No. RS-2024-00442483). Y.L. acknowledges support from the 
Basic Science Research Program at the National Research Foundation of Korea 
(NRF-2021R1C1C2006785).

Authors’ contributions
All authors have participated in searching references and writing the 
manuscript. All authors read and approved the final manuscript.

Data availability
The review is based on the published data and sources of data upon which 
conclusions have been drawn can be found in the reference list.

Declarations

Competing interests
The authors declare that they have no competing interests.

Author details
1Department of Energy Science, Sungkyunkwan University, Suwon  
16419, Korea
2Department of Physics, Yonsei University, Seoul 03722, Korea
3Department of Physics, University of California at Berkeley, Berkeley,  
CA 94720, USA
4Materials Sciences Division, Lawrence Berkeley National Laboratory, 
Berkeley, CA 94720, USA
5Kavli Energy NanoSciences Institute, University of California at Berkeley, 
Berkeley, CA 94720, USA

Received: 19 October 2024 / Accepted: 24 November 2024

References
1.	 S. Iijima, Helical microtubules of graphitic carbon. Nature. 354, 56 (1991)
2.	 N.G. Chopra, R.J. Luyken, K. Cherrey, V.H. Crespi, M.L. Cohen, S.G. Louie, A. Zettl, 

Boron Nitride Nanotubes. Sci. 269, 966 (1995)
3.	 M. Bockrath, D.H. Cobden, P.L. McEuen, N.G. Chopra, A. Zettl, A. Thess, R.E. 

Smalley, Single-Electron transport in ropes of Carbon Nanotubes. Science. 
275, 1922 (1997)

4.	 A.M. Rao, E. Richter, S. Bandow, B. Chase, P.C. Eklund, K.A. Williams, S. Fang, K.R. 
Subbaswamy, M. Menon, A. Thess, R.E. Smalley, G. Dresselhaus, M.S. Dressel-
haus, Diameter-Selective Raman scattering from vibrational modes in Carbon 
Nanotubes. Science. 275, 187 (1997)

5.	 J. Hone, M. Whitney, C. Piskoti, A. Zettl, Thermal conductivity of single-walled 
carbon nanotubes. Phys. Rev. B 59, R2514 (1999)

6.	 M.S. Fuhrer, J. Nygård, L. Shih, M. Forero, Y.-G. Yoon, M.S.C. Mazzoni, H.J. Choi, 
J. Ihm, S.G. Louie, A. Zettl, P.L. McEuen, Crossed Nanotube Junctions. Sci. 288, 
494 (2000)

7.	 A.M. Fennimore, T.D. Yuzvinsky, W.-Q. Han, M.S. Fuhrer, J. Cumings, A. Zettl, 
Rotational actuators based on carbon nanotubes. Nature. 424, 408 (2003)

8.	 M.S. Dresselhaus, G. Dresselhaus, R. Saito, A. Jorio, Raman spectroscopy of 
carbon nanotubes. Phys. Rep. 409, 47 (2005)

9.	 K. Jensen, K. Kim, A. Zettl, An atomic-resolution nanomechanical mass sensor. 
Nat. Nanotechnol. 3, 533 (2008)

10.	 J.H. Kim, T.V. Pham, J.H. Hwang, C.S. Kim, M.J. Kim, Boron Nitride nanotubes: 
synthesis and applications. Nano Converg. 5, 17 (2018)

11.	 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. Sci. 367, 537 (2020)



Page 17 of 21Lee et al. Nano Convergence           (2024) 11:52 

12.	 A.D. Franklin, M.C. Hersam, H.-S.P. Wong, Carbon nanotube transistors: making 
electronics from molecules. Science. 378, 726 (2022)

13.	 D.S. Bae, C. Kim, H. Lee, O. Khater, K.S. Kim, H. Shin, K.-H. Lee, M.J. Kim, 
Spontaneous formation of boron nitride nanotube fibers by boron impurity 
reduction in laser ablation of ammonia borane. Nano Converg. 9, 20 (2022)

14.	 H.-S. Kim, J.-H. Kang, J.-Y. Hwang, U.S. Shin, Wearable CNTs-based humidity 
sensors with high sensitivity and flexibility for real-time multiple respiratory 
monitoring. Nano Converg. 9, 35 (2022)

15.	 P.M. Ajayan, S. lijima, Capillarity-induced filling of carbon nanotubes. Nature. 
361, 333 (1993)

16.	 S.C. Tsang, Y.K. Chen, P.J.F. Harris, M.L.H. Green, A simple chemical method of 
opening and filling carbon nanotubes. Nature. 372, 159 (1994)

17.	 B.W. Smith, M. Monthioux, D.E. Luzzi, Encapsulated C60 in carbon nanotubes. 
Nature. 396, 323 (1998)

18.	 W. Mickelson, S. Aloni, W.-Q. Han, J. Cumings, A. Zettl, Packing C60 in Boron 
Nitride Nanotubes. Science. 300, 467 (2003)

19.	 R.R. Meyer, J. Sloan, R.E. Dunin-Borkowski, A.I. Kirkland, M.C. Novotny, S.R. Bai-
ley, J.L. Hutchison, M.L.H. Green, Discrete Atom Imaging of one-dimensional 
crystals formed within single-walled Carbon nanotubes. Science. 289, 1324 
(2000)

20.	 E. Philp, J. Sloan, A.I. Kirkland, R.R. Meyer, S. Friedrichs, J.L. Hutchison, M.L.H. 
Green, An encapsulated helical one-dimensional cobalt iodide nanostruc-
ture. Nat. Mater. 2, 788 (2003)

21.	 L. Shi, P. Rohringer, K. Suenaga, Y. Niimi, J. Kotakoski, J.C. Meyer, H. Peterlik, 
M. Wanko, S. Cahangirov, A. Rubio, Z.J. Lapin, L. Novotny, P. Ayala, T. Pichler, 
Confined linear carbon chains as a route to bulk carbyne. Nat. Mater. 15, 634 
(2016)

22.	 T. Kodama, M. Ohnishi, W. Park, T. Shiga, J. Park, T. Shimada, H. Shinohara, J. 
Shiomi, K.E. Goodson, Modulation of thermal and thermoelectric transport in 
individual carbon nanotubes by fullerene encapsulation. Nat. Mater. 16, 892 
(2017)

23.	 T. Pham, S. Oh, P. Stetz, S. Onishi, C. Kisielowski, M.L. Cohen, A. Zettl, Torsional 
instability in the single-chain limit of a transition metal trichalcogenide. Sci-
ence. 361, 263 (2018)

24.	 J. Sloan, A.I. Kirkland, J.L. Hutchison, M.L.H. Green, Integral atomic layer archi-
tectures of 1D crystals inserted into single walled carbon nanotubes. Chem. 
Commun., 13, 1319 (2002)

25.	 J. Zhang, D. Zhao, D. Xiao, C. Ma, H. Du, X. Li, L. Zhang, J. Huang, H. Huang, 
C.-L. Jia, D. Tománek, C. Niu, Assembly of Ring-shaped phosphorus within 
Carbon Nanotube Nanoreactors. Angew Chem. Int. Ed. 56, 1850 (2017)

26.	 C.A. Slade, A.M. Sanchez, J. Sloan, Unprecedented new crystalline forms of 
SnSe in narrow to medium diameter Carbon Nanotubes. Nano Lett. 19, 2979 
(2019)

27.	 J. Zhang, C. Fu, S. Song, H. Du, D. Zhao, H. Huang, L. Zhang, J. Guan, Y. Zhang, 
X. Zhao, C. Ma, C.-L. Jia, Tománek, changing the Phosphorus Allotrope from a 
Square Columnar structure to a Planar Zigzag Nanoribbon by increasing the 
diameter of Carbon Nanotube Nanoreactors. Nano Lett. 20, 1280 (2020)

28.	 Y. Lee, Y.W. Choi, K. Lee, C. Song, P. Ercius, M.L. Cohen, K. Kim, A. Zettl, Tuning 
the sharing modes and Composition in a tetrahedral GeX2 (X = S, Se) System 
via one-dimensional confinement. ACS Nano. 17, 8734 (2023)

29.	 Y. Lee, Y.W. Choi, L. Li, W. Zhou, M.L. Cohen, K. Kim, A. Zettl, SiX2 (X = S, Se) 
single chains and (Si–Ge)X2 quaternary alloys. ACS Nano. 18, 17882 (2024)

30.	 Y. Lee, Y.W. Choi, K. Lee, C. Song, P. Ercius, M.L. Cohen, K. Kim, Zettl, 1D mag-
netic MX3 single-chains (M = Cr, V and X = Cl, Br, I). Adv. Mater. 35, 2307942 
(2023)

31.	 A.M. Rao, P.C. Eklund, S. Bandow, A. Thess, R.E. Smalley, Evidence for charge 
transfer in doped carbon nanotube bundles from Raman scattering. Nature. 
388, 257 (1997)

32.	 J. Lee, H. Kim, S.J. Kahng, G. Kim, Y.W. Son, J. Ihm, H. Kato, Z.W. Wang, T. 
Okazaki, H. Shinohara, Y. Kuk, Bandgap modulation of carbon nanotubes by 
encapsulated metallofullerenes. Nature. 415, 1005 (2002)

33.	 T. Takenobu, T. Takano, M. Shiraishi, Y. Murakami, M. Ata, H. Kataura, Y. Achiba, 
Y. Iwasa, Stable and controlled amphoteric doping by encapsulation of 
organic molecules inside carbon nanotubes. Nat. Mater. 2, 683 (2003)

34.	 R. Chambard, J.C. Moreno-López, P. Hermet, Y. Sato, K. Suenaga, T. Pichler, B. 
Jousselme, R. Aznar, J.-L. Bantignies, N. Izard, L. Alvarez, Tuning of photolu-
minescence intensity and Fermi level position of individual single-walled 
carbon nanotubes by molecule confinement. Carbon. 186, 423 (2022)

35.	 R. Kitaura, D. Ogawa, Kobayashi, T. Saito, S. Ohshima, T. Nakamura, H. 
Yoshikawa, K. Awaga, H. Shinohara, High yield synthesis and characterization 
of the structural and magnetic properties of crystalline ErCl3 nanowires in 
single-walled carbon nanotube templates. Nano Res. 1, 152 (2008)

36.	 E. Borowiak-Palen, E. Mendoza, A. Bachmatiuk, M.H. Rummeli, T. Gemming, J. 
Nogues, V. Skumryev, R.J. Kalenczuk, T. Pichler, S.R.P. Silva, Iron filled single-wall 
carbon nanotubes – A novel ferromagnetic medium. Chem. Phys. Lett. 421, 
129 (2006)

37.	 Y. Teng, Y. Zhang, X. Xie, J. Yao, Z. Zhang, L. Geng, P. Zhao, C. Yang, W. Gong, 
X. Wang, Z. Hu, L. Kang, X. Fang, Q. Li, Interfacial Electron Transfer in PbI2@
Single-Walled Carbon Nanotube Van Der Waals Heterostructures for High-
Stability Self-Powered Photodetectors. J. Am. Chem. Soc. 146, 6231 (2024)

38.	 J.-K. Qin, P.-Y. Liao, M. Si, S. Gao, G. Qiu, J. Jian, Q. Wang, S.-Q. Zhang, S. Huang, 
A. Charnas, Y. Wang, M.J. Kim, W. Wu, X. Xu, H.-Y. Wang, L. Yang, Y. Khin, Yap, 
P.D. Ye, Raman response and transport properties of tellurium atomic chains 
encapsulated in nanotubes. Nat. Electron. 3, 141 (2020)

39.	 G. Che, B.B. Lakshmi, C.R. Martin, E.R. Fisher, Metal-nanocluster-filled Carbon 
nanotubes: Catalytic Properties and possible applications in Electrochemical 
Energy Storage and Production. Langmuir. 15, 750 (1999)

40.	 J. Li, H. Jin, Y. Yuan, H. Lu, C. Su, D. Fan, Y. Li, J. Wang, J. Lu, S. Wang, Encap-
sulating phosphorus inside carbon nanotubes via a solution approach for 
advanced lithium ion host. Nano Energy. 58, 23 (2019)

41.	 Q. Sun, L. Geng, L. Wang, T. Che, D. Tian, L.-C. Xu, J. Zhao, Y. Zhong, Y. Wang, Y. 
Yang, L. Kang, Atomically Engineered Encapsulation of SnS2 nanoribbons by 
single-walled Carbon nanotubes for High-Efficiency Lithium Storage. Nano 
Lett. 24, 7732 (2024)

42.	 T.W. Chamberlain, J.H. Earley, D.P. Anderson, A.N. Khlobystov, R.A. Bourne, 
Catalytic nanoreactors in continuous flow: hydrogenation inside single-
walled carbon nanotubes using supercritical CO2. Chem. Commun. 50, 5200 
(2014)

43.	 M. Aygün, C.T. Stoppiello, M.A. Lebedeva, E.F. Smith, M.C. Gimenez-Lopez, 
A.N. Khlobystov, T.W. Chamberlain, Comparison of alkene hydrogenation in 
carbon nanoreactors of different diameters: probing the effects of nanoscale 
confinement on ruthenium nanoparticle catalysis. J. Mater. Chem. A 5, 21467 
(2017)

44.	 J.W. Jordan, W.J.V. Townsend, L.R. Johnson, D.A. Walsh, G.N. Newton, A.N. 
Khlobystov, Electrochemistry of redox-active molecules confined within nar-
row carbon nanotubes. Chem. Soc. Rev. 50, 10895 (2021)

45.	 Y. Meng, W. Wang, J.C. Ho, One-Dimensional Atomic Chains for Ultimate-
Scaled Electronics. ACS Nano. 16, 13314 (2022)

46.	 A.A. Balandin, F. Kargar, T.T. Salguero, R.K. Lake, One-dimensional Van Der 
Waals quantum materials. Mater. Today. 55, 74 (2022)

47.	 R. Kitaura, R. Nakanishi, T. Saito, H. Yoshikawa, K. Awaga, H. Shinohara, High-
yield synthesis of ultrathin metal nanowires in Carbon Nanotubes. Angew 
Chem. Int. Ed. 48, 8298 (2009)

48.	 T. Pham, S. Oh, S. Stonemeyer, B. Shevitski, J.D. Cain, C. Song, P. Ercius, M.L. 
Cohen, A. Zettl, Emergence of topologically nontrivial spin-polarized States in 
a segmented Linear Chain. Phys. Rev. Lett. 124, 206403 (2020)

49.	 S. Stonemeyer, J.D. Cain, S. Oh, A. Azizi, M. Elasha, M. Thiel, C. Song, P. Ercius, 
M.L. Cohen, A. Zettl, Stabilization of NbTe3, VTe3, and TiTe3 via Nanotube 
Encapsulation. J. Am. Chem. Soc. 143, 4563 (2021)

50.	 P.M. Pelz, S.M. Griffin, S. Stonemeyer, D. Popple, H. DeVyldere, P. Ercius, A. Zettl, 
M.C. Scott, C. Ophus, Solving complex nanostructures with ptychographic 
atomic electron tomography. Nat. Commun. 14, 7906 (2023)

51.	 Y. Nakanishi, N. Kanda, M. Aizaki, K. Hirata, Y. Takahashi, T. Endo, Y.-C. Lin, R. 
Senga, K. Suenaga, S. Aoyagi, M. Maruyama, Y. Gao, S. Okada, Y. Miyata, Z. Liu, 
Superatomic layer of cubic Mo4S4 clusters connected by cl cross-linking. Adv. 
Mater. 36, 2404249 (2024)

52.	 M. Hart, E.R. White, J. Chen, C.M. McGilvery, C.J. Pickard, A. Michaelides, A. 
Sella, M.S.P. Shaffer, Salzmann, Encapsulation and polymerization of White 
Phosphorus Inside single-wall Carbon Nanotubes. Angew Chem. Int. Ed. 56, 
8144 (2017)

53.	 M. Hart, J. Chen, A. Michaelides, A. Sella, M.S. Shaffer, C.G. Salzmann, One-
dimensional Arsenic allotropes: polymerization of yellow Arsenic Inside 
single‐Wall Carbon nanotubes. Angew Chem. 130, 11823 (2018)

54.	 M. Gao, Y. Park, J. Jin, P.-C. Chen, H. Devyldere, Y. Yang, C. Song, Z. Lin, Q. Zhao, 
M. Siron, M.C. Scott, D.T. Limmer, P. Yang, Direct Observation of Transient 
Structural Dynamics of Atomically Thin Halide Perovskite Nanowires. J. Am. 
Chem. Soc. 145, 4800 (2023)

55.	 R.J. Kashtiban, C.E. Patrick, Q. Ramasse, R.I. Walton, J. Sloan, Picoperovskites: 
the smallest conceivable isolated Halide Perovskite structures formed within 
Carbon Nanotubes. Adv. Mater. 35, 2208575 (2023)

56.	 R.S. Ruoff, D.C. Lorents, B. Chan, R. Malhotra, S. Subramoney, Single Crystal 
metals Encapsulated in Carbon Nanoparticles. Science. 259, 346 (1993)

57.	 G. Chimowa, L. Yang, P. Lonchambon, T. Hungria, L. Datas, C. Vieu, E. Flahaut, 
Tailoring of double-walled carbon nanotubes for formaldehyde sensing 



Page 18 of 21Lee et al. Nano Convergence           (2024) 11:52 

through encapsulation of selected materials. Phys. Status Solidi A. 216, 
1900279 (2019)

58.	 X. Zhao, K. Wang, G. Yang, X. Wang, C. Qiu, J. Huang, Y. Long, X. Yang, B. Yu, G. 
Jia, F. Yang, Sorting of cluster-confined metallic single-walled Carbon nano-
tubes for fabricating atomically vacant uranium oxide. J. Am. Chem. Soc. 145, 
25242 (2023)

59.	 T. Pham, A. Fathalizadeh, B. Shevitski, S. Turner, S. Aloni, A. Zettl, A Universal 
Wet-Chemistry Route to Metal Filling of Boron Nitride nanotubes. Nano Lett. 
16, 320 (2016)

60.	 S. Meyer, T. Pham, S. Oh, P. Ercius, C. Kisielowski, M.L. Cohen, A. Zettl, Metal-
insulator transition in quasi-one-dimensional HfTe3 in the few-chain limit. 
Phys. Rev. B 100, 041403 (2019)

61.	 J.W. Jordan, G.A. Lowe, R.L. McSweeney, C.T. Stoppiello, R.W. Lodge, S.T. Skow-
ron, J. Biskupek, G.A. Rance, U. Kaiser, D.A. Walsh, G.N. Newton, Khlobystov, 
host-guest hybrid redox materials self-assembled from polyoxometalates 
and single-walled Carbon nanotubes. Adv. Mater. 31, 1904182 (2019)

62.	 Z. Liu, S.-K. Joung, T. Okazaki, K. Suenaga, Y. Hagiwara, T. Ohsuna, K. Kuroda, S. 
Iijima, Self-assembled double ladder structure formed inside Carbon nano-
tubes by Encapsulation of H8Si8O12. ACS Nano 3, 1160 (2009)

63.	 K. Miyaura, Y. Miyata, B. Thendie, K. Yanagi, R. Kitaura, Y. Yamamoto, S. Arai, H. 
Kataura, H. Shinohara, Extended-conjugation π-electron systems in carbon 
nanotubes. Sci. Rep. 8, 8098 (2018)

64.	 M. Nagata, S. Shukla, Y. Nakanishi, Z. Liu, Y.-C. Lin, T. Shiga, Y. Nakamura, T. 
Koyama, H. Kishida, T. Inoue, N. Kanda, S. Ohno, Y. Sakagawa, K. Suenaga, H. 
Shinohara, Isolation of single-Wired transition-metal monochalcogenides by 
Carbon Nanotubes. Nano Lett. 19, 4845 (2019)

65.	 K. Wang, C. Xu, X. Zhao, Y. Jiang, G. Bisker, F. Yang, Advances in Liquid-Phase 
Assembly of clusters into single-walled Carbon nanotubes. ACS Appl. Mater. 
Interfaces. 16, 51826 (2024)

66.	 C. Guerret-Piécourt, Y.L. Bouar, A. Lolseau, H. Pascard, Relation between metal 
electronic structure and morphology of metal compounds inside carbon 
nanotubes. Nature. 372, 761 (1994)

67.	 S. Coh, W. Gannett, A. Zettl, M.L. Cohen, S.G. Louie, Surface atom motion to 
Move Iron nanocrystals through constrictions in Carbon Nanotubes under 
the action of an Electric Current. Phys. Rev. Lett. 110, 185901 (2013)

68.	 T. Pham, A. Zettl, Electrically Driven dynamics of few-chain NbSe3. Phys. 
Status Solidi B 256, 1900241 (2019)

69.	 P. Corio, A.P. Santos, P.S. Santos, M.L.A. Temperini, V.W. Brar, M.A. Pimenta, M.S. 
Dresselhaus, Characterization of single wall carbon nanotubes filled with 
silver and with chromium compounds. Chem. Phys. Lett. 383, 475 (2004)

70.	 J. González, C. Power, E. Belandria, J.M. Broto, P. Puech, J. Sloan, E. Flahaut, 
Pressure dependence of Raman modes in DWCNT filled with PbI2 semicon-
ductor. Phys. Status Solidi B 244, 136 (2007)

71.	 D. Nishide, T. Wakabayashi, T. Sugai, R. Kitaura, H. Kataura, Y. Achiba, H. Shino-
hara, Raman Spectroscopy of size-selected Linear Polyyne Molecules C2nH2 
(n = 4 – 6) encapsulated in single-wall Carbon Nanotubes. J. Phys. Chem. 
C 111, 5178 (2007)

72.	 J.H. Spencer, J.M. Nesbitt, H. Trewhitt, R.J. Kashtiban, G. Bell, V.G. Ivanov, E. 
Faulques, J. Sloan, D.C. Smith, Raman Spectroscopy of Optical Transitions and 
Vibrational energies of ~ 1 nm HgTe Extreme nanowires within single walled 
Carbon nanotubes. ACS Nano. 8, 9044 (2014)

73.	 R. Zhang, X. Wang, Z. Zhang, W. Zhang, J. Lai, S. Zhu, Y. Li, Y. Zhang, K. Cao, S. 
Qiu, Q. Chen, L. Kang, Q. Li, CuI Encapsulated within single-walled Carbon 
Nanotube Networks with High Current carrying capacity and excellent 
conductivity. Adv. Funct. Mater. 33, 2301864 (2023)

74.	 G.M. Milligan, Z.-F. Yao, D.L.M. Cordova, B. Tong, M.Q. Arguilla, Single Quasi-1D 
chains of Sb2Se3 encapsulated within Carbon Nanotubes. Chem. Mater. 36, 
730 (2024)

75.	 G.M. Milligan, D.L.M. Cordova, Z.-F. Yao, B.Y. Zhi, L.R. Scammell, T. Aoki, M. 
Arguilla, Encapsulation of crystalline and amorphous Sb2S3 within carbon 
and boron nitride nanotubes. Chem. Sci. 15, 10464 (2024)

76.	 S. Liu, Y. Teng, Z. Zhang, J. Lai, Z. Hu, W. Zhang, W. Zhang, J. Zhu, X. Wang, Y. 
Li, J. Zhao, Y. Zhang, S. Qiu, W. Zhou, K. Cao, Q. Chen, L. Kang, Q. Li, Interlayer 
charge transfer Induced Electrical Behavior transition in 1D AgI@sSWCNT Van 
Der Waals Heterostructures. Nano Lett. 24, 741 (2024)

77.	 R. Senga, H.-P. Komsa, Z. Liu, K. Hirose-Takai, A.V. Krasheninnikov, K. Suenaga, 
Atomic structure and dynamic behaviour of truly one-dimensional ionic 
chains inside carbon nanotubes. Nat. Mater. 13, 1050 (2014)

78.	 R. Senga, K. Suenaga, Single-atom electron energy loss spectroscopy of light 
elements. Nat. Commun. 6, 7943 (2015)

79.	 J.H. Warner, Y. Ito, M.H. Rümmeli, T. Gemming, B. Büchner, H. Shinohara, G.A.D. 
Briggs, One-Dimensional confined motion of single metal atoms inside 
double-walled Carbon nanotubes. Phys. Rev. Lett. 102, 195504 (2009)

80.	 M. Koshino, Y. Niimi, E. Nakamura, H. Kataura, T. Okazaki, K. Suenaga, S. Iijima, 
Analysis of the reactivity and selectivity of fullerene dimerization reactions at 
the atomic level. Nat. Chem. 2, 117 (2010)

81.	 C.E. Giusca, V. Stolojan, J. Sloan, F. Börrnert, H. Shiozawa, K. Sader, M.H. Rüm-
meli, B. Büchner, S.R.P. Silva, Confined crystals of the smallest phase-change 
material. Nano Lett. 13, 4020 (2013)

82.	 J.D. Cain, S. Oh, A. Azizi, S. Stonemeyer, M. Dogan, M. Thiel, P. Ercius, M.L. 
Cohen, A. Zettl, Ultranarrow TaS2 Nanoribbons. Nano Lett. 21, 3211 (2021)

83.	 D. Liu, S. Kowashi, T. Nakamuro, D. Lungerich, K. Yamanouchi, K. Harano, E. 
Nakamura, Ionization and electron excitation of C60 in a carbon nanotube: a 
variable temperature/voltage transmission electron microscopic study. Proc. 
Natl. Acad. Sci. USA 119, e2200290119 (2022)

84.	 D. Liu, D. Lungerich, T. Nakamuro, K. Harano, E. Nakamura, Excited state 
modulation of C70 dimerization in a carbon nanotube under a variable elec-
tron acceleration voltage. Micron. 160, 103316 (2022)

85.	 W.J. Cull, S.T. Skowron, R. Hayter, C.T. Stoppiello, G.A. Rance, J. Biskupek, Z.R. 
Kudrynskyi, Z.D. Kovalyuk, C.S. Allen, T.J.A. Slater, U. Kaiser, A. Patanè, A.N. 
Khlobystov, Subnanometer-Wide Indium Selenide Nanoribbons. ACS Nano. 
17, 6062 (2023)

86.	 D. Popple, M. Dogan, T.V. Hoang, S. Stonemeyer, P. Ercius, K.C. Bustillo, M. 
Cohen, A. Zettl, Charge-induced phase transition in encapsulated HfTe2 
nanoribbons. Phys. Rev. Mater. 7, L013001 (2023)

87.	 I. Cardillo-Zallo, J. Biskupek, S. Bloodworth, E.S. Marsden, M.W. Fay, Q.M. 
Ramasse, G.A. Rance, C.T. Stoppiello, W.J. Cull, B.L. Weare, R.J. Whitby, U. Kaiser, 
P.D. Brown, A.N. Khlobystov, Atomic-scale Time-Resolved Imaging of Krypton 
Dimers, chains and Transition to a one-Dimensional gas. ACS Nano. 18, 2958 
(2024)

88.	 K. Svensson, H. Olin, E. Olsson, Nanopipettes for Metal Transport. Phys. Rev. 
Lett. 93, 145901 (2004)

89.	 D. Golberg, P.M.F.J. Costa, M. Mitome, S. Hampel, D. Haase, C. Mueller, A. 
Leonhardt, Y. Bando, Copper-filled Carbon nanotubes: Rheostatlike Behavior 
and Femtogram Copper Mass Transport. Adv. Mater. 19, 1937 (2007)

90.	 C. Jin, K. Suenaga, S. Iijima, Plumbing carbon nanotubes. Nat. Nanotechnol. 3, 
17 (2008)

91.	 G.E. Begtrup, W. Gannett, T.D. Yuzvinsky, V.H. Crespi, A. Zettl, Nanoscale revers-
ible mass transport for archival memory. Nano Lett. 9, 1835 (2009)

92.	 L.H.G. Tizei, R. Nakanishi, R. Kitaura, H. Shinohara, K. Suenaga, Core-Level 
Spectroscopy to Probe the Oxidation State of single Europium atoms. Phys. 
Rev. Lett. 114, 197602 (2015)

93.	 P.V.C. Medeiros, S. Marks, J.M. Wynn, A. Vasylenko, Q.M. Ramasse, D. Quigley, 
J. Sloan, A.J. Morris, Single-atom scale structural selectivity in Te Nanowires 
Encapsulated Inside Ultranarrow, single-walled Carbon nanotubes. ACS 
Nano. 11, 6178 (2017)

94.	 A. Vasylenko, S. Marks, J.M. Wynn, P.V.C. Medeiros, Q.M. Ramasse, A.J. Morris, J. 
Sloan, D. Quigley, Electronic structure control of sub-nanometer 1D SnTe via 
Nanostructuring within single-walled Carbon nanotubes. ACS Nano. 12, 6023 
(2018)

95.	 J. Biskupek, S.T. Skowron, C.T. Stoppiello, G.A. Rance, S. Alom, K.L.Y. Fung, R.J. 
Whitby, M.H. Levitt, Q.M. Ramasse, U. Kaiser, E. Besley, A.N. Khlobystov, Bond 
dissociation and reactivity of HF and H2O in a Nano Test Tube. ACS Nano. 14, 
11178 (2020)

96.	 R.J. Kashtiban, M.G. Burdanova, A. Vasylenko, J. Wynn, P.V.C. Medeiros, Q. 
Ramasse, A.J. Morris, D. Quigley, J. Lloyd-Hughes, Sloan, Linear and Helical 
Cesium Iodide Atomic chains in Ultranarrow single-walled Carbon nano-
tubes: Impact on Optical Properties. ACS Nano. 15, 13389 (2021)

97.	 J. Du, S. Liu, Y. Liu, G. Wu, X. Liu, W. Zhang, Y. Zhang, X. Hong, Q. Li, L. 
Kang, One-Dimensional High-Entropy Compounds. J. Am. Chem. Soc. 146, 
8464 (2024)

98.	 A.A. Eliseev, N.S. Falaleev, N.I. Verbitskiy, A.A. Volykhov, L.V. Yashina, A.S. 
Kumskov, V.G. Zhigalina, A.L. Vasiliev, A.V. Lukashin, J. Sloan, N.A. Kiselev, 
Size-dependent structure relations between nanotubes and encapsulated 
nanocrystals. Nano Lett. 17, 805 (2017)

99.	 M. Hart, J. Chen, A. Michaelides, A. Sella, M.S.P. Shaffer, C.G. Salzmann, One-
dimensional pnictogen allotropes inside single-wall carbon nanotubes. 
Inorg. Chem. 58, 15216 (2019)

100.	 Z. Hu, B. Breeze, R.J. Kashtiban, J. Sloan, J. Lloyd-Hughes, Zigzag HgTe Nanow-
ires modify the Electron–Phonon Interaction in Chirality-Refined single-
walled Carbon nanotubes. ACS Nano. 16, 6789 (2022)



Page 19 of 21Lee et al. Nano Convergence           (2024) 11:52 

101.	 J. Cumings, A. Zettl, Mass-production of boron nitride double-wall nanotubes 
and nanococoons. Chem. Phys. Lett. 316, 211 (2000)

102.	 W.-Q. Han, W. Mickelson, J. Cumings, A. Zettl, Transformation of BxCyNz nano-
tubes to pure BN nanotubes. Appl. Phys. Lett. 81, 1110 (2002)

103.	 E. Hernández, V. Meunier, B.W. Smith, R. Rurali, H. Terrones, M. Buongiorno 
Nardelli, M. Terrones, D.E. Luzzi, J.C. Charlier, Fullerene Coalescence in Nano-
peapods: a path to Novel Tubular Carbon. Nano Lett. 3, 1037 (2003)

104.	 K. Hirahara, K. Suenaga, S. Bandow, H. Kato, T. Okazaki, H. Shinohara, S. Iijima, 
One-Dimensional Metallofullerene Crystal Generated Inside single-walled 
Carbon nanotubes. Phys. Rev. Lett. 85, 5384 (2000)

105.	 P.W. Chiu, G. Gu, G.T. Kim, G. Philipp, S. Roth, S.F. Yang, S. Yang, Temperature-
induced change from p to n conduction in metallofullerene nanotube 
peapods. Appl. Phys. Lett. 79, 3845 (2001)

106.	 T. Shimada, Y. Ohno, T. Okazaki, T. Sugai, K. Suenaga, S. Kishimoto, T. Mizutani, 
T. Inoue, R. Taniguchi, N. Fukui, H. Okubo, H. Shinohara, Transport properties 
of C78, C90 and Dy@C82 fullerenes-nanopeapods by field effect transistors. 
Physica E. 21, 1089 (2004)

107.	 F. Simon, H. Kuzmany, H. Rauf, T. Pichler, J. Bernardi, H. Peterlik, L. Korecz, F. 
Fülöp, A. Jánossy, Low temperature fullerene encapsulation in single wall 
carbon nanotubes: synthesis of N@C60@SWCNT. Chem. Phys. Lett. 383, 362 
(2004)

108.	 A.N. Khlobystov, R. Scipioni, D. Nguyen-Manh, D.A. Britz, D.G. Pettifor, G.A.D. 
Briggs, S.G. Lyapin, A. Ardavan, R.J. Nicholas, Controlled orientation of ellipsoi-
dal fullerene C70 in carbon nanotubes. Appl. Phys. Lett. 84, 792 (2004)

109.	 Y. Li, T. Kaneko, S. Miyanaga, R. Hatakeyama, Synthesis and property 
characterization of C69N azafullerene encapsulated single-walled Carbon 
nanotubes. ACS Nano. 4, 3522 (2010)

110.	 K. Ran, X. Mi, Z.J. Shi, Q. Chen, Y.F. Shi, J.M. Zuo, Molecular packing of fullerenes 
inside single-walled carbon nanotubes. Carbon. 50, 5450 (2012)

111.	 R. Nakanishi, J. Satoh, K. Katoh, H. Zhang, B.K. Breedlove, M. Nishijima, Y. 
Nakanishi, H. Omachi, H. Shinohara, M. Yamashita, DySc2N@C80 single-
molecule magnetic metallofullerene encapsulated in a single-walled Carbon 
Nanotube. J. Am. Chem. Soc. 140, 10955 (2018)

112.	 C.S. Allen, Y. Ito, A.W. Robertson, H. Shinohara, Warner, two-Dimensional 
Coalescence dynamics of Encapsulated metallofullerenes in Carbon Nano-
tubes. ACS Nano. 5, 10084 (2011)

113.	 A. Chuvilin, E. Bichoutskaia, M.C. Gimenez-Lopez, T.W. Chamberlain, G.A. 
Rance, N. Kuganathan, J. Biskupek, U. Kaiser, A.N. Khlobystov, Self-assembly of 
a sulphur-terminated graphene nanoribbon within a single-walled carbon 
nanotube. Nat. Mater. 10, 687 (2011)

114.	 T.W. Chamberlain, J.C. Meyer, J. Biskupek, J. Leschner, A. Santana, N.A. Besley, 
E. Bichoutskaia, U. Kaiser, A.N. Khlobystov, Reactions of the inner surface of 
carbon nanotubes and nanoprotrusion processes imaged at the atomic 
scale. Nat. Chem. 3, 732 (2011)

115.	 M. Liu, V.I. Artyukhov, H. Lee, F. Xu, Yakobson, Carbyne from First principles: 
Chain of C atoms, a nanorod or a nanorope. ACS Nano. 7, 10075 (2013)

116.	 A. Baeyer, U. Polyacetylenverbindungen, Ber Dtsch. Chem. Ges. 18, 2269 
(1885)

117.	 W.A. Chalifoux, R.R. Tykwinski, Synthesis of polyynes to model the sp-carbon 
allotrope carbyne. Nat. Chem. 2, 967 (2010)

118.	 L. Shi, K. Yanagi, K. Cao, U. Kaiser, P. Ayala, T. Pichler, Extraction of Linear Carbon 
Chains unravels the role of the Carbon Nanotube Host. ACS Nano. 12, 8477 
(2018)

119.	 L. Shi, R. Senga, K. Suenaga, J. Chimborazo, P. Ayala, T. Pichler, Photothermal 
synthesis of confined carbyne. Carbon. 182, 348 (2021)

120.	 A.V. Talyzin, I.V. Anoshkin, A.V. Krasheninnikov, R.M. Nieminen, A.G. Nasibulin, 
H. Jiang, E.I. Kauppinen, Synthesis of Graphene Nanoribbons Encapsulated in 
single-walled Carbon nanotubes. Nano Lett. 11, 4352 (2011)

121.	 T.W. Chamberlain, J. Biskupek, G.A. Rance, A. Chuvilin, T.J. Alexander, E. 
Bichoutskaia, U. Kaiser, A.N. Khlobystov, Size, structure, and helical twist of 
Graphene Nanoribbons controlled by confinement in Carbon Nanotubes. 
ACS Nano. 6, 3943 (2012)

122.	 J. Zhang, Z. Zhu, Y. Feng, H. Ishiwata, Y. Miyata, R. Kitaura, J.E.P. Dahl, R.M.K. 
Carlson, N.A. Fokina, P.R. Schreiner, D. Tománek, H. Shinohara, Evidence of 
Diamond nanowires formed inside Carbon nanotubes from Diamantane 
Dicarboxylic Acid. Angew Chem. Int. Ed. 52, 3717 (2013)

123.	 Y. Nakanishi, H. Omachi, N.A. Fokina, P.R. Schreiner, R. Kitaura, J.E.P. Dahl, R.M.K. 
Carlson, H. Shinohara, Template synthesis of Linear-Chain Nanodiamonds 
Inside Carbon nanotubes from Bridgehead-Halogenated diamantane precur-
sors. Angew Chem. Int. Ed. 54, 10802 (2015)

124.	 D. Nishide, H. Dohi, T. Wakabayashi, E. Nishibori, S. Aoyagi, M. Ishida, S. Kikuchi, 
R. Kitaura, T. Sugai, M. Sakata, H. Shinohara, Single-wall carbon nanotubes 

encaging linear chain C10H2 polyyne molecules inside. Chem. Phys. Lett. 428, 
356 (2006)

125.	 T. Okazaki, Y. Iizumi, S. Okubo, H. Kataura, Z. Liu, K. Suenaga, Y. Tahara, M. 
Yudasaka, S. Okada, S. Iijima, Coaxially Stacked Coronene columns inside 
single-walled Carbon nanotubes. Angew Chem. Int. Ed. 50, 4853 (2011)

126.	 B. Botka, M.E. Füstös, H.M. Tóháti, K. Németh, G. Klupp, Z. Szekrényes, D. 
Kocsis, M. Utczás, E. Székely, T. Váczi, G. Tarczay, R. Hackl, T.W. Chamberlain, 
A.N. Khlobystov, K. Kamarás, Interactions and chemical transformations of 
coronene inside and outside carbon nanotubes. Small. 10, 1369 (2014)

127.	 A.A. Vorfolomeeva, N.A. Pushkarevsky, V.O. Koroteev, N.V. Surovtsev, A.L. Chu-
vilin, E.V. Shlyakhova, P.E. Plyusnin, A.A. Makarova, A.V. Okotrub, L.G. Bulusheva, 
Doping of Carbon nanotubes with Encapsulated Phosphorus Chains. Inorg. 
Chem. 61, 9605 (2022)

128.	 F. Yao, M. Xia, Q. Zhang, Q. Wu, O. Terasaki, J. Gao, C. Jin, Confinement effect 
induced conformation change of one-dimensional phosphorus chains filled 
in carbon nanotubes. Carbon. 189, 467 (2022)

129.	 D.V. Rybkovskiy, V.O. Koroteev, A. Impellizzeri, A.A. Vorfolomeeva, E.Y. 
Gerasimov, A.V. Okotrub, A. Chuvilin, L.G. Bulusheva, C.P. Ewels, Missing 
one-Dimensional Red-Phosphorus Chains Encapsulated within single-walled 
Carbon nanotubes. ACS Nano. 16, 6002 (2022)

130.	 X. Fan, E.C. Dickey, P.C. Eklund, K.A. Williams, L. Grigorian, R. Buczko, S.T. 
Pantelides, S.J. Pennycook, Atomic arrangement of Iodine atoms inside 
single-walled Carbon nanotubes. Phys. Rev. Lett. 84, 4621 (2000)

131.	 L. Guan, K. Suenaga, Z. Shi, Z. Gu, S. Iijima, Polymorphic structures of iodine 
and their phase transition in confined Nanospace. Nano Lett. 7, 1532 (2007)

132.	 H.-P. Komsa, R. Senga, K. Suenaga, A.V. Krasheninnikov, Structural distortions 
and charge density waves in Iodine Chains Encapsulated inside Carbon 
Nanotubes. Nano Lett. 17, 3694 (2017)

133.	 T. Fujimori, A. Morelos-Gómez, Z. Zhu, H. Muramatsu, R. Futamura, K. Urita, 
M. Terrones, T. Hayashi, M. Endo, S. Young Hong, Y. Chul Choi, D. Tománek, K. 
Kaneko, Conducting linear chains of sulphur inside carbon nanotubes. Nat. 
Commun. 4, 2162 (2013)

134.	 T. Fujimori, R.B. dos Santos, T. Hayashi, M. Endo, K. Kaneko, D. Tománek, Forma-
tion and Properties of Selenium double-helices inside double-wall Carbon 
nanotubes: experiment and theory. ACS Nano. 7, 5607 (2013)

135.	 P.W. Bridgman, Two new modifications of phosphorus. J. Am. Chem. Soc. 36, 
1344 (1914)

136.	 R. Hultgren, N.S. Gingrich, B.E. Warren, The atomic distribution in Red and 
Black Phosphorus and the Crystal Structure of Black Phosphorus. J. Chem. 
Phys. 3, 351 (1935)

137.	 W.L. Roth, T.W. DeWitt, A.J. Smith, Polymorphism of Red Phosphorus. J. Am. 
Chem. Soc. 69, 2881 (1947)

138.	 A.J. Karttunen, M. Linnolahti, T.A. Pakkanen, Icosahedral and Ring-Shaped 
Allotropes of Phosphorus. Chem. – Eur. J. 13, 5232 (2007)

139.	 X. Ling, H. Wang, S. Huang, F. Xia, M.S. Dresselhaus, The renaissance of black 
phosphorus. Proc. Natl Acad. Sci. USA 112, 4523 (2015)

140.	 V.L. Deringer, C.J. Pickard, D.M. Proserpio, Hierarchically structured allotropes 
of Phosphorus from Data-Driven Exploration. Angew Chem. Int. Ed. 59, 15880 
(2020)

141.	 J.-Y. Yoon, Y. Lee, D.-G. Kim, D.G. Oh, J.K. Kim, L. Guo, J. Kim, J. Choe, K. Lee, 
H. Cheong, C.U. Kim, Y.J. Choi, Y. Ma, K. Kim, Type-II red phosphorus: Wavy 
Packing of twisted Pentagonal tubes. Angew Chem. Int. Ed. 62, e202307102 
(2023)

142.	 D. Liu, J. Guan, J. Jiang, D. Tománek, Unusually stable Helical Coil Allotrope of 
Phosphorus. Nano Lett. 16, 7865 (2016)

143.	 P.M.F.J. Costa, J. Sloan, T. Rutherford, M.L.H. Green, Encapsulation of RexOy 
clusters within single-walled Carbon nanotubes and their in tubulo reduction 
and sintering to re metal. Chem. Mater. 17, 6579 (2005)

144.	 R. Kitaura, N. Imazu, K. Kobayashi, H. Shinohara, Fabrication of metal nanow-
ires in Carbon nanotubes via Versatile Nano-Template reaction. Nano Lett. 8, 
693 (2008)

145.	 T. Cui, X. Pan, J. Dong, S. Miao, D. Miao, X. Bao, A versatile method for the 
encapsulation of various non-precious metal nanoparticles inside single-
walled carbon nanotubes. Nano Res. 11, 3132 (2018)

146.	 K. Cao, J. Biskupek, C.T. Stoppiello, R.L. McSweeney, T.W. Chamberlain, Z. Liu, 
K. Suenaga, S.T. Skowron, E. Besley, A.N. Khlobystov, U. Kaiser, Atomic mecha-
nism of metal crystal nucleus formation in a single-walled carbon nanotube. 
Nat. Chem. 12, 921 (2020)

147.	 M. Haft, M. Grönke, M. Gellesch, S. Wurmehl, B. Büchner, M. Mertig, S. Hampel, 
Tailored nanoparticles and wires of Sn, Ge and Pb inside carbon nanotubes. 
Carbon. 101, 352 (2016)



Page 20 of 21Lee et al. Nano Convergence           (2024) 11:52 

148.	 D. Shcherbakov, P. Stepanov, D. Weber, Y. Wang, J. Hu, Y. Zhu, K. Watanabe, 
T. Taniguchi, Z. Mao, W. Windl, J. Goldberger, M. Bockrath, C.N. Lau, Raman 
Spectroscopy, Photocatalytic Degradation, and stabilization of Atomically 
Thin Chromium tri-iodide. Nano Lett. 18, 4214 (2018)

149.	 T. Zhang, M. Grzeszczyk, J. Li, W. Yu, H. Xu, P. He, L. Yang, Z. Qiu, H. Lin, H. Yang, 
J. Zeng, T. Sun, Z. Li, J. Wu, M. Lin, K.P. Loh, C. Su, K.S. Novoselov, A. Carvalho, M. 
Koperski, J. Lu, Degradation Chemistry and Kinetic Stabilization of Magnetic 
CrI3. J. Am. Chem. Soc. 144, 5295 (2022)

150.	 W. Wang, R. Sun, W. Shen, Z. Jia, F.L. Deepak, Y. Zhang, Z. Wang, Atomic struc-
ture and large magnetic anisotropy in air-sensitive layered ferromagnetic VI3. 
Nanoscale. 15, 4628 (2023)

151.	 J. Sloan, M.C. Novotny, S.R. Bailey, G. Brown, C. Xu, V.C. Williams, S. Friedrichs, 
E. Flahaut, R.L. Callender, A.P.E. York, K.S. Coleman, M.L.H. Green, R.E. Dunin-
Borkowski, Hutchison, two layer 4:4 co-ordinated KI crystals grown within 
single walled carbon nanotubes. Chem. Phys. Lett. 329, 61 (2000)

152.	 J. Sloan, A.I. Kirkland, J.L. Hutchison, M.L.H. Green, Structural characterization 
of Atomically regulated nanocrystals formed within single-walled Carbon 
nanotubes using Electron Microscopy. Acc. Chem. Res. 35, 1054 (2002)

153.	 J. Sloan, A.I. Kirkland, J.L. Hutchison, M.L.H. Green, Aspects of crystal growth 
within carbon nanotubes. Comptes Rendus. Physique. 4, 1063 (2003)

154.	 P.M.F.J. Costa, S. Friedrichs, J. Sloan, M.L.H. Green, Imaging lattice defects and 
distortions in Alkali-Metal Iodides Encapsulated within double-walled Carbon 
nanotubes. Chem. Mater. 17, 3122 (2005)

155.	 V.G. Ivanov, N. Kalashnyk, J. Sloan, E. Faulques, Vibrational dynamics of 
extreme 2×2 and 3×3 potassium iodide nanowires encapsulated in single-
walled carbon nanotubes. Phys. Rev. B 98, 125429 (2018)

156.	 J. Sloan, S.J. Grosvenor, S. Friedrichs, A.I. Kirkland, J.L. Hutchison, M.L.H. Green, 
A one-dimensional BaI2 chain with five- and Six-Coordination, formed within 
a single-walled Carbon Nanotube. Angew Chem. Int. Ed. 41, 1156 (2002)

157.	 J. Sloan, M. Terrones, S. Nufer, S. Friedrichs, S.R. Bailey, H.-G. Woo, M. Rühle, 
J.L. Hutchison, Green, Metastable one-dimensional AgCl1-xIx solid-solution 
Wurzite tunnel crystals formed within single-walled Carbon nanotubes. J. 
Am. Chem. Soc. 124, 2116 (2002)

158.	 C. Nie, A.M. Galibert, B. Soula, L. Datas, J. Sloan, E. Flahaut, M. Monthioux, The 
unexpected complexity of filling double-wall Carbon Nanotubes with Nickel 
(and iodine) 1-D nanocrystals. IEEE Trans. Nanotechnol. 16, 759 (2017)

159.	 Y. Li, A. Li, J. Li, H. Tian, Z. Zhang, S. Zhu, R. Zhang, S. Liu, K. Cao, L. Kang, Q. Li, 
Efficient synthesis of highly crystalline one-Dimensional CrCl3 Atomic Chains 
with a spin Glass State. ACS Nano. 17, 20112 (2023)

160.	 E. Flahaut, J. Sloan, S. Friedrichs, A.I. Kirkland, K.S. Coleman, V.C. Williams, N. 
Hanson, J.L. Hutchison, M.L.H. Green, Crystallization of 2H and 4H PbI2 in 
Carbon nanotubes of varying diameters and morphologies. Chem. Mater. 18, 
2059 (2006)

161.	 L. Cabana, B. Ballesteros, E. Batista, C. Magén, R. Arenal, J. Oró-Solé, R. Rurali, G. 
Tobias, Synthesis of PbI2 single-layered inorganic nanotubes encapsulated 
within carbon nanotubes. Adv. Mater. 26, 2016 (2014)

162.	 S. Sandoval, D. Kepić, Á. Pérez, del E. Pino, A. György, M. Gómez, G.V. Pfan-
nmoeller, B. Tendeloo, 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, 6648 
(2018)

163.	 C. Xu, J. Sloan, G. Brown, S. Bailey, V.C. Williams, S. Friedrichs, K.S. Coleman, E. 
Flahaut, J.L. Hutchison, R.E. Dunin-Borkowski, and M. L. H. Green, 1D lantha-
nide halide crystals inserted into single-walled carbon nanotubes. Chem. 
Commun., 24, 2427 (2000)

164.	 S. Friedrichs, A.I. Kirkland, R.R. Meyer, J. Sloan, M.L. Green, LaI2@(18,3)SWNT: 
the unprecedented structure of a LaI2 crystal. Encapsulated within Single-
Walled Carbon Nanotube Microsc. Microanal. 11, 421 (2005)

165.	 S. Sandoval, E. Pach, B. Ballesteros, G. Tobias, Encapsulation of two-dimen-
sional materials inside carbon nanotubes: towards an enhanced synthesis of 
single-layered metal halides. Carbon. 123, 129 (2017)

166.	 N.M. Batra, A.E. Ashokkumar, J. Smajic, A.N. Enyashin, F.L. Deepak, P.M.F.J. 
Costa, Morphological phase Diagram of Gadolinium Iodide Encapsulated in 
Carbon Nanotubes. J. Phys. Chem. C 122, 24967 (2018)

167.	 K. Kobayashi, R. Kitaura, K. Sasaki, K. Kuroda, T. Saito, H. Shinohara, In situ 
observation of gold chloride decomposition in a confined nanospace by 
transmission electron microscopy. Mater. Trans. 55, 461 (2014)

168.	 A.E. Ashokkumar, A.N. Enyashin, F.L. Deepak, Single walled BiI3 nanotubes 
encapsulated within Carbon Nanotubes. Sci. Rep. 8, 10133 (2018)

169.	 A.I. Kirkland, R.R. Meyer, J. Sloan, J. Hutchison, Structure determination of 
Atomically Controlled Crystal architectures grown within single Wall Carbon 
nanotubes, Microsc. Microanal. 11, 401 (2005)

170.	 N.A. Kiselev, A.S. Kumskov, V.G. Zhigalina, A.L. Vasiliev, J. Sloan, N.S. Falaleev, N.I. 
Verbitskiy, A.A. Eliseev, The structure and continuous stoichiometry change of 
1DTbBrx@SWCNTs. J. Microsc. 262, 92 (2016)

171.	 N. Kanda, Y. Nakanishi, D. Liu, Z. Liu, T. Inoue, Y. Miyata, D. Tománek, H. Shi-
nohara, Efficient growth and characterization of one-dimensional transition 
metal tellurides inside carbon nanotubes. Nanoscale. 12, 17185 (2020)

172.	 J. Sloan, R. Carter, R.R. Meyer, A. Vlandas, A.I. Kirkland, P.J.D. Lindan, G. Lin, J. 
Harding, J.L. Hutchison, Structural correlation of band-gap modifications 
induced in mercury telluride by dimensional constraint in single walled 
carbon nanotubes. Phys. Status Solidi B 243, 3257 (2006)

173.	 Z. Hu, B. Breeze, M. Walker, E. Faulques, J. Sloan, J. Lloyd-Hughes, Spectro-
scopic insights into the influence of filling Carbon nanotubes with Atomic 
nanowires for Photophysical and Photochemical Applications, ACS Appl. 
Nano Mater. 6, 2883 (2023)

174.	 R. Carter, M. Suyetin, S. Lister, M.A. Dyson, H. Trewhitt, S. Goel, Z. Liu, K. 
Suenaga, C. Giusca, R.J. Kashtiban, J.L. Hutchison, J.C. Dore, G.R. Bell, E. 
Bichoutskaia, J. Sloan, Band gap expansion, shear inversion phase change 
behaviour and low-voltage induced crystal oscillation in low-dimensional tin 
selenide crystals. Dalton Trans. 43, 7391 (2014)

175.	 J.M. Wynn, P.V.C. Medeiros, A. Vasylenko, J. Sloan, D. Quigley, A.J. Morris, Phase 
diagram of germanium telluride encapsulated in carbon nanotubes from 
first-principles searches. Phys. Rev. Mater. 1, 073001 (2017)

176.	 Z. Wang, H. Li, Z. Liu, Z. Shi, J. Lu, K. Suenaga, S.-K. Joung, T. Okazaki, Z. Gu, 
J. Zhou, Z. Gao, G. Li, S. Sanvito, E. Wang, S. Iijima, Mixed low-dimensional 
Nanomaterial: 2D Ultranarrow MoS2 Inorganic nanoribbons Encapsulated in 
Quasi-1D Carbon nanotubes. J. Am. Chem. Soc. 132, 13840 (2010)

177.	 Z. Wang, K. Zhao, H. Li, Z. Liu, Z. Shi, J. Lu, K. Suenaga, S.-K. Joung, T. Okazaki, 
Z. Jin, Z. Gu, Z. Gao, S. Iijima, Ultra-narrow WS2 nanoribbons encapsulated in 
carbon nanotubes. J. Mater. Chem. 21, 171 (2011)

178.	 L.T. Norman, J. Biskupek, G.A. Rance, C.T. Stoppiello, U. Kaiser, A.N. Khlobystov, 
Synthesis of ultrathin rhenium disulfide nanoribbons using nano test tubes. 
Nano Res. 15, 1282 (2022)

179.	 S. Stonemeyer, M. Dogan, J.D. Cain, A. Azizi, D.C. Popple, A. Culp, C. Song, 
P. Ercius, M.L. Cohen, A. Zettl, Targeting one- and two-Dimensional Ta–Te 
structures via Nanotube Encapsulation. Nano Lett. 22, 2285 (2022)

180.	 Y. Jiang, H. Xiong, T. Ying, G. Tian, X. Chen, F. Wei, Ultrasmall single-layered 
NbSe2 nanotubes flattened within a chemical-driven self-pressurized carbon 
nanotube. Nat. Commun. 15, 475 (2024)

181.	 S. Marks, K. Morawiec, P. Dłużewski, S. Kret, J. Sloan, In situ Electron Beam 
Amorphization of Sb2Te3 within single walled Carbon nanotubes. Acta Phys. 
Pol. A 131, 1324 (2017)

182.	 M. Zhu, H. Yin, J. Cao, L. Xu, P. Lu, Y. Liu, L. Ding, C. Fan, H. Liu, Y. Zhang, Y. 
Jin, L.-M. Peng, C. Jin, Z. Zhang, Inner doping of Carbon nanotubes with 
perovskites for Ultralow Power transistors. Adv. Mater. 36, 2403743 (2024)

183.	 K. Wang, G.-J. Xia, T. Liu, Y. Yun, W. Wang, K. Cao, F. Yao, X. Zhao, B. Yu, Y.-G. 
Wang, C. Jin, J. He, Y. Li, F. Yang, Anisotropic growth of one-dimensional 
carbides in single-walled Carbon nanotubes with strong Interaction for 
Catalysis. J. Am. Chem. Soc. 145, 12760 (2023)

184.	 J. Sloan, G. Matthewman, C. Dyer-Smith, A.Y. Sung, Z. Liu, K. Suenaga, A.I. 
Kirkland, E. Flahaut, Direct imaging of the structure, relaxation, and sterically 
constrained motion of Encapsulated Tungsten Polyoxometalate Lindqvist 
ions within Carbon Nanotubes. ACS Nano. 2, 966 (2008)

185.	 M.C. Giménez-López, F. Moro, A. La Torre, C.J. Gómez-García, P.D. Brown, J. 
van Slageren, A.N. Khlobystov, Encapsulation of single-molecule magnets in 
carbon nanotubes. Nat. Commun. 2, 407 (2011)

186.	 S. Chen, K. Kobayashi, Y. Miyata, N. Imazu, T. Saito, R. Kitaura, H. Shinohara, 
Morphology and melting behavior of ionic liquids inside single-walled 
Carbon nanotubes. J. Am. Chem. Soc. 131, 14850 (2009)

187.	 V.V. Nascimento, W.Q. Neves, R.S. Alencar, G. Li, C. Fu, R.C. Haddon, E. 
Bekyarova, J. Guo, S.S. Alexandre, R.W. Nunes, A.G. Souza Filho, C. Fantini, Ori-
gin of the giant enhanced Raman scattering by Sulfur Chains Encapsulated 
inside single-wall Carbon Nanotubes. ACS Nano. 15, 8574 (2021)

188.	 J.-P. Cleuziou, W. Wernsdorfer, T. Ondarçuhu, M. Monthioux, Electrical 
Detection of Individual Magnetic Nanoparticles Encapsulated in Carbon 
Nanotubes. ACS Nano. 5, 2348 (2011)

189.	 D. Zhao, J. Yu, Y. Zhang, Y. Liu, S. Guo, J. Zhang, Size-dependent confining 
effect of Phosphorus inside Carbon nanotubes for highly stable Lithium-ion 
Storage, ACS Appl. Nano Mater. 7, 1853 (2024)

190.	 F. Yang, M. Wang, D. Zhang, J. Yang, M. Zheng, Y. Li, Chirality pure Carbon 
nanotubes: growth, sorting, and characterization. Chem. Rev. 120, 2693 
(2020)



Page 21 of 21Lee et al. Nano Convergence           (2024) 11:52 

191.	 M.S. Arnold, A.A. Green, J.F. Hulvat, S.I. Stupp, M.C. Hersam, Sorting carbon 
nanotubes by electronic structure using density differentiation. Nat. Nano-
technol. 1, 60 (2006)

192.	 S. Ghosh, S.M. Bachilo, R.B. Weisman, Advanced sorting of single-walled 
carbon nanotubes by nonlinear density-gradient ultracentrifugation. Nat. 
Nanotechnol. 5, 443 (2010)

193.	 H. Liu, D. Nishide, T. Tanaka, H. Kataura, Large-scale single-chirality separation 
of single-wall carbon nanotubes by simple gel chromatography. Nat. Com-
mun. 2, 309 (2011)

194.	 J.A. Fagan, C.Y. Khripin, C.A. Silvera Batista, J.R. Simpson, E.H. Hároz, A.R. Hight, 
Walker, M. Zheng, Isolation of specific small-diameter single-wall Carbon 
Nanotube species via Aqueous two-phase extraction. Adv. Mater. 26, 2800 
(2014)

195.	 Y. Yomogida, T. Tanaka, M. Zhang, M. Yudasaka, X. Wei, H. Kataura, Industrial-
scale separation of high-purity single-chirality single-wall carbon nanotubes 
for biological imaging. Nat. Commun. 7, 12056 (2016)

196.	 Y. Yomogida, T. Tanaka, M. Tsuzuki, X. Wei, H. Kataura, Automatic sorting of 
single-chirality single-wall Carbon nanotubes using Hydrophobic cholates: 
implications for Multicolor Near-Infrared Optical technologies, ACS Appl. 
Nano Mater. 3, 11289 (2020)

197.	 X. Wei, S. Li, W. Wang, X. Zhang, W. Zhou, S. Xie, H. Liu, Recent advances in 
structure separation of single-wall Carbon nanotubes and their application in 
Optics, Electronics, and optoelectronics. Adv. Sci. 9, 2200054 (2022)

198.	 D. Yang, L. Li, X. Li, W. Xi, Y. Zhang, Y. Liu, X. Wei, W. Zhou, F. Wei, S. Xie, H. Liu, 
Preparing high-concentration individualized carbon nanotubes for industrial 
separation of multiple single-chirality species. Nat. Commun. 14, 2491 (2023)

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿Recent progress in realizing novel one-dimensional polymorphs via nanotube encapsulation
	﻿Abstract
	﻿1﻿ ﻿Introduction
	﻿2﻿ ﻿Nanotube encapsulation for novel polymorphic structures
	﻿3﻿ ﻿Examples of materials encapsulated inside nanotubes
	﻿3.1﻿ ﻿Carbon allotropes (fullerene and other allotropes)
	﻿3.2﻿ ﻿Elemental materials within the nanotube
	﻿3.3﻿ ﻿Metal-halides encapsulation inside nanotubes
	﻿3.4﻿ ﻿Metal-chalcogenides encapsulation inside nanotubes
	﻿3.5﻿ ﻿Other materials inside the nanotubes

	﻿4﻿ ﻿Properties of encapsulated materials within nanotubes
	﻿5﻿ ﻿Conclusion and outlooks
	﻿References


