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a b s t r a c t

Two-dimensional (2D) transition metal sulfides (TMDs) are emerging and highly well received 2D materi-

als, which are considered as an ideal 2D platform for studying various electronic properties and potential

applications due to their chemical diversity. Converting 2D TMDs into one-dimensional (1D) TMDs nan-

otubes can not only retain some advantages of 2D nanosheets but also providing a unique direction to

explore the novel properties of TMDs materials in the 1D limit. However, the controllable preparation

of high-quality nanotubes remains a major challenge. It is very necessary to review the advanced devel-

opment of one-dimensional transition metal dichalcogenide nanotubes from preparation to application.

Here, we first summarize a series of bottom-up synthesis methods of 1D TMDs, such as template growth

and metal catalyzed method. Then, top-down synthesis methods are summarized, which included self-

curing and stacking of TMDs nanosheets. In addition, we discuss some key applications that utilize the

properties of 1D-TMDs nanotubes in the areas of catalyst preparation, energy storage, and electronic de-

vices. Last but not least, we prospect the preparation methods of high-quality 1D-TMDs nanotubes, which

will lay a foundation for the synthesis of high-performance optoelectronic devices, catalysts, and energy

storage components

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Two-dimensional (2D) transition metal sulfides (TMDs) are con-

sidered ideal 2D platforms for exploring various electronic prop-

erties and potential applications due to their unique physical and

chemical properties [1–5]. Single or multilayer 2D-TMDs materials

typically exhibit excellent electronic, optical, and structural proper-

ties, and thus have been subjected to a wide range of theoretical

and experimental research in the field of electronics and energy

[6–10]. Interestingly, the conversion of the 2D-TMDs material into

one-dimensional (1D) nanotubes can not only retain some of the

advantages of 2D nanosheets, but also exhibit exceptional flexibil-

ity, tunable electronic properties, and other novel properties based

on their chirality and composition structure [11–17]. However, the

controllable preparation of single or multiple layers of high-quality
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nanotubes remains challenging [18–26]. On the one hand, it is dif-

ficult to precisely control the inner diameter of single-walled and

multi-walled nanotubes during the preparation process [27–36].

On the other hand, the number of layers in the wall is also dif-

ficult to control during the preparation of multi-walled nanotubes

[37–44].

Different methods have been developed for the preparation of

nanotubes, such as template method, metal catalysis method, curl-

ing method, stacking method. Due to the high stability, unifor-

mity, and removability of anodized aluminum oxide (AAO), it has

been widely used as template to prepare nanotubes. Liu et al.

[45] prepared MoS2 nanotubes with controllable diameters on

AAO templates by atomic layer deposition (ALD) technique. Yusuke

et al. [46] used boron nitride nanotubes (BNNTS) as a coaxial

growth template of nanotubes, then prepared BN@MoS2NTs and

MoS2@BNNTs in the inner lumen and on the outer surface of the

templates, respectively. In fact, the inner diameter of 1D-TMDs

nanotubes can be precisely adjusted based on a template sacrifice

strategy.

https://doi.org/10.1016/j.cclet.2024.109898

1001-8417/© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



F. Wang, H. Ji, Z. Wu et al. Chinese Chemical Letters 36 (2025) 109898

Xu et al. [47] used stable nanowires (NWs) with simple synthe-

sis as the inner core growth template of nanotubes, and synthe-

sized hollow WS2, WSe2 and WS2(1-x)Se2x nanotubes with control-

lable components by chemical vapor method. In addition, multi-

layer inner wall nanotubes can be prepared by self-curing and

stacking of flexible nanosheets. Suh et al. [48] prepared nan-

otubes with coil structure by adding self-assembly material to the

stripped 2H-MoS2 nanosheets. Jia et al. [49] synthesized nanotubes

with N-doped-C layer-stacked structures based on solvent-thermal

method by using flexible and deformable nanosheets. Deepak et al.

[37] believe that research in this field still holds great potential in

the coming years as new synthesis methods and new structures

for nanotubes become available. Therefore, it is much necessary to

summarize the preparation methods of high-quality 1D-TMDs nan-

otubes, which can guide more researchers focus on this hot topic

and promote the development of the1D-TMDs.

In this paper, we review the preparation methods of high-

quality 1D-TMDs nanotubes from two perspectives. On the one

hand, we summarized the specific synthesis methods of nanotubes

from the bottom-up perspective, such as template method and

metal-catalyzed method [50–56]. On the other hand, based on the

top-down perspective, we summarize the methods of preparing

nanotubes by self-curing and stacking flexible nanosheets [57–59].

Finally, we emphasize the importance of preparing high-quality

1D-TMDs nanotubes for the study of their interesting and poten-

tial properties and applications.

2. Bottom-up preparation

The bottom-up preparation method is to form a relatively com-

plex structural system with definite shape, size and chemical

composition through the growth and self-assembly of atoms and

molecules with smaller structural units. This method is based on

the self-assembly of atoms and molecules and other means and

fabrication techniques, from the gas phase or liquid phase to the

solid phase of the chemical process, such as vapor deposition, liq-

uid phase deposition, hydrothermal solvent method [60–63]. The

bottom-up approach allows for regulated growth at the nanoscale

or even atomic and molecular scales using various templates as

the basic units of multilevel structures, enabling the construction

of three-dimensional structures as needed in three spatial dimen-

sions, thus making more efficient use of raw materials.

2.1. Template method

Template method is considered to be the most widely used

method for preparing nanomaterials with special morphology and

structure. The template method is to deposit related atoms or ions

into the holes or surfaces of the pre-prepared rigid templates by

physical and chemical methods, and then sacrifice the templates

to obtain the required nanostructured materials [64]. According to

the different morphology and structure, the rigid template includes

carbon nanotubes, honeycomb template, NWs, and so on.

2.1.1. Based on AAO template

The anodized aluminum oxide (AAO) with high stability, uni-

formity and removability, is very suitable for the preparation of

ordered nanotube arrays. The sacrificial strategy of AAO template

enabled preparation of nanotubes with controllable wall thickness

and diameter [65].

Liu et al. [45] prepared MoS2 nanotubes arrays (MoS2–NTA)

on Ti3C2 substrate by ALD technique based on AAO honeycomb

template method (Fig. 1a). The diameter and wall thickness of

MoS2–NTA could be controlled by adjusting the cellular diameter of

the AAO template and the number of ALD cycles, respectively. Fig.

1b showed the upper face and cross section of the AAO honeycomb

template, indicating the integrity of the channel and the smooth-

ness of the surface. The MoS2/AAO/Ti3C2 film was placed in 20mL

5mol/L NaOH solution for 12h to remove the AAO template suc-

cessfully. As shown in Fig. 1c, continuous and complete MoS2–NTA

were presented on the substrate, indicating that MoS2–NTA had

been successfully prepared.

Based on the AAO honeycomb template sacrifice strategy, Han

et al. [66] prepared graphene nanotube frames by restricted as-

sembly of Fe3O4 nanocrystals and graphitization of tubular carbon

frames (Fig. 1d). AAO templates with uniform and regular chan-

nel arrays provided a stable environment for the self-assembly

of Fe3O4 nanocrystals to form nanotubes inside the channels in

an epitaxial growth-like manner. Etching with KOH (6mol/L) for

6h could easily remove the AAO template and obtain an ordered

MoS2–NTA. As shown in Fig. 1e, there were ordered mesoporous

pores on a single graphene NT, the pore size could be adjusted by

changing the size of the Fe3O4 nanocrystals used for self-assembly.

Fig. 1f showed MoS2@C van der Waals super-tubes prepared by

confining the epitaxial growth of arc-shaped MoS2 with few lay-

ers to a tubular mesoporous graphene framework. Fig. 1g showed

small-angle X-ray scattering (SAXS) pattern of MoS2@C super-tube

and tubular graphene frameworks. MoS2@C super-tube showed

multiple clear peaks resulting from ordered mesoporous properties

confirming its multi-mesoporous structure.

Liang et al. [67] prepared ordered and homogeneous 1D MoS2
nanotubes (MoS2–ONT) by uniformly depositing MoS2 inside a

porous AAO honeycomb template based on chemical vapor depo-

sition (CVD) using S powder as the sulfur source and MoO3 as

the molybdenum source (Fig. 1h). As shown in Figs. 1i and j, the

MoS2–ONT obtained by soaking MoS2–ONT/AAO in 1mol/L NaOH

solution for 72h to remove the AAO template exist in an array

structure, forming tubular confined spaces. The semi-transparent

black color rendered by MoS2–ONT indicated that MoS2–ONT had

excellent light absorption capacity, which was important for its ap-

plication in the field of photocatalysis (illustration in Fig. 1j). Fig.

1k showed the Raman spectra, confirming that MoS2–ONT had bet-

ter crystallinity and better spatial scalability, which enabled it to

exhibit better light absorption properties and faster electron trans-

fer. This method of preparing nanotubes based on AAO honeycomb

template sacrifice strategy could be extended to the synthesis of

other TMDs nanotubes with stable, controllable morphology and

novel characteristics.

2.1.2. Based on one-dimensional material template

The tubular inner cavities and outer surface of the template

could be used as a template for the coaxial growth of exotic nan-

otubes, and single-walled TMDs nanotubes with different diame-

ters could be prepared by adjusting the size of the template’s inner

and outer diameters [68]. The nanotubes with several nanometers

wide could be stabilized by a protective template with the same

geometry for their characterization.

Yusuke et al. [46] studied the vapor-phase growth of single-

walled MoS2 nanotubes with various diameters. As shown in Fig.

2a, BN@MoS2NTs and MoS2@BNNTs were prepared based on the

outer and inner walls of the BNNTs template, respectively. Based

on the growth positions, the nanotubes had different diameters.

Figs. 2b and c showed the HAADF-STEM images of BN@MoS2NTs

and MoS2@BNNTs. The results indicated that the outer MoS2 wall

of BN@MoS2NTs was much brighter than the inner BNNT core,

while the inner wall center part of MoS2@BNNTs was brighter.

EELS chemistries of BN@MoS2NTs and MoS2@BNNTs (Figs. 2b and

c) showed the specific distribution of Mo and S elements on the

outermost layer and inner walls of BNNTs, confirming two distinct

coating structures. In addition, MoS2@BNNTs protected the ultra-

thin MoS2 nanotubes from electron beam damage and oxidation

due to the protection of the external BNNTs template. Therefore,
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Fig. 1. (a) Experimental flowchart for the synthesis processes of Pt/MoS2–NTA/Ti3C2. (b) the upper surface and cross-section (the inset) of AAO. (c) TEM image of MoS2–NTA

in MoS2–NTA/Ti3C2. Reproduced with permission [45]. Copyright 2022, Wiley-VCH GmbH. (d) Low-magnification SEM images of tubular graphene frameworks existing as 1D

arrays. (e) TEM image of a single MoS2@C supertubes. (f) HRTEM image of the region indicated by the square in (e). (g) SAXS patterns of MoS2@C supertubes and tubular

graphene frameworks. Reproduced with permission [66]. Copyright 2023, Wiley-VCH GmbH. (h) Schematic diagram of preparing MoS2–ONT by template method. (i) SEM

and (j) TEM images of MoS2–ONT. Inset: The optical photo of MoS2–ONT. (k) Raman spectra of MoS2–ONT and MoS2–NS. Reproduced with permission [67]. Copyright 2023,

Wiley-VCH GmbH.

the inner cavities of BNNTs allowed the preparation of ultrathin

MoS2 nanotubes with diameters below 5nm (Fig. 2d), which was

critical to facilitate further preparation and research of single-wall

TMD nanotubes. The BNNT template reaction provided a versa-

tile platform that could be applied to further prepare various TMD

nanotubes with better performance.

Chen et al. [69] synthesized ultrasmall monolayer NbSe2 flat

nanotubes with equivalent circular diameters (<2.31nm) based on

the chemical reaction inside carbon nanotubes (CNTs) for self-

pressurization and the deselenization reaction of internally encap-

sulated NbSe3 chains. As shown in Figs. 2e and f, NbSe2 nanotubes

inside CNT had obvious elliptic characteristics. Due to the differ-

ences in different stacking methods of the upper and lower walls

of the NbSe2 nanotubes, the nanotube interiors showed two dif-

ferent honeycomb structures (Figs. 2g and h). Fig. 2i showed the

Raman spectra of NbSe2@CNT obtained under different laser wave-

lengths. The upward shift of the NbSe2@CNT characteristic peak

proved that CNT is compressed during the formation of NbSe2 nan-

otubes, and that strain was introduced into CNT. This method of

nanotubes prepared based on tubular templates provides a pio-

neering idea for the preparation of high-quality nanotubes.

NWs were structurally stable and simple to be synthesized on

a large scale on various substrates [70]. Therefore, using the NWs

template to prepare hollow nanotubes could not only effectively

improve the structural stability of nanotubes, but also save the

preparation cost. In addition, since the nanotubes and NWs were

3



F. Wang, H. Ji, Z. Wu et al. Chinese Chemical Letters 36 (2025) 109898

Fig. 2. (a) Schematic illustration of the atomic structure of a single-walled MoS2 nanotubes that grows coaxially inside and outside the BNNT template. (b) HAADF-STEM, and

(c) EELS chemical maps of the BN@MoS2NT and MoS2@BNNT, respectively. Scale bars: 5 nm. (d) MoS2 nanotubes with different tube diameters are confined to BNNT. Scale

bars: 3 nm. Reproduced with permission [46]. Copyright 2023, Wiley-VCH GmbH. (e) Atomic-resolved cross-sectional BF images of single-layered flattened NbSe2 nanotubes.

(f) Enlarged image of the yellow box area in (e). (g) ADF image of NbSe2 flat tube in AB-stack mode and (h) AA-stacked NbSe2 flat tube with filled honeycomb structure. (i)

Raman mode scatter plots of samples at 532nm (up) and 633 nm (down) laser excitation wavelengths and correlation of 2D band positions with G-band positions. Primitive

CNTs and NbSe2@CNT flat heterogeneous tubes were marked with red squares and blue circles, respectively. Reproduced with permission [69]. Copyright 2024, Springer

Nature.

grown coaxially, the diameter and length of the nanotubes could

be directly controlled by adjusting the diameter and length of the

NWs [71–73].

Xu et al. [47] synthesized WS2, WSe2 and component-

controllable WS2(1-x)Se2xNT on flexible carbon fiber (CF) by chemi-

cal vapor method. Fig. 3a showed the synthesis process of WS2NT.

The WO3 NWs grown on CF served as a conversion template, and

WS2NT was prepared by sulfurization. Using the same method,

WSe2NT was also prepared by subjecting WO3 NWs to seleniza-

tion. By varying the ratio of S and Se precursors, the group control-

lably synthesized serial ternary WS2(1-x)Se2xNT. Gao et al. [74] pre-

pared MoS2@CoS2 heterojunction hollow nanotubes with double-

layer structures by combining simple electrospinning, pyrolysis and

vulcanization processes (Fig. 3b). Fig. 3c showed the TEM images

of MoO3@Co3O4 nanofibers, which confirmed that it possessed a

bilayer hollow structure. MoO3@Co3O4 was vulcanized in N2 at-

mosphere and transformed into MoS2@CoS2, while it still pos-

sessed an obvious double-walled hollow structure (Fig. 3d). Fig. 3e

showed the XRD pattern of MoS2@CoS2, confirming the successful

preparation of the heterogeneous composition of MoS2@CoS2. Wei

et al. [75] synthesized Cu2S/Cu2O heterojunction nanotubes on Cu

NWs by a simple hydrothermal method. As shown in Fig. 3f, the

prepared Cu/Cu2O NWs had a smooth surface and straight shape.

After the vulcanization process, the Cu/Cu2O NWs was transformed

into Cu/Cu2O/Cu2SNT (Fig. 3g), which presented a hollow struc-

ture and a rough surface. Fig. 3h showed the XRD patterns of

the prepared NWs and NT, confirming the successful synthesis of

Cu/Cu2O/ Cu2S NT from the NWs prepared by vulcanization. The

method of preparing nanotubes based on NWs templates not only

controlled the structure of the nanotubes, but also allowed for the

preparation of multi-walled layered nanotubes. This method pro-

vided a reference for the preparation of stable structure of layered

nanotubes.

2.2. Metal catalyzed method

By using nanoparticles (NPs) as the accommodating sites for

the growth of TMDs, high-quality TMD nanotubes could be directly

and controllably prepared based on the CVD method. Meanwhile,

the growth of TMD nanotubes could be controlled by precisely ad-

justing the temperature of the reaction process.

An et al. [76] directly prepared WS2 nanotubes with control-

lable chirality using Au NPs as catalyst based on CVD method (Fig.

4a). Fig. 4b (Steps 1–4) showed a comparison between the direct

growth of TMDs nanocrystals on Si substrate and the using of Au

NPs as catalyst, indicating that the presence of Au NPs could serve

as accommodative sites for WO3 and S/Se vapors. Meanwhile, WO3

crystalline layer could be formed on the surface of Au NPs, and

4
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Fig. 3. (a) Growth process of WO3 NWs converting to WS2, WSe2, and WS2(1-x)Se2x nanotubes on CFs by sulfuration and selenization. Reproduced with permission [47].

Copyright 2014, American Chemical Society. HRTEM image of (b) schematic diagram of preparing MoS2@CoS2 heterostructure tube-in-tube hollow nanofibers. (c, d) TEM

images of MoO3@Co3O4 and MoS2@CoS2 tube-in-tube nanofibers. (e) XRD pattern of MoS2@CoS2 tube-in-tube nanofibers. Reproduced with permission [74]. Copyright 2024,

Elsevier B.V. (f) TEM of as-prepared Cu/Cu2O NWs. (g) FESEM images of as-prepared Cu/Cu2O/Cu2S NT. (h) XRD patterns of Cu/Cu2O NWs, and Cu/Cu2O/Cu2S NT for 4, 6, 8,

10 h. Reproduced with permission [75]. Copyright 2019, Elsevier B.V.

then converted into TMD monolayer. Adjusting the temperature

during the reaction process can impact the morphology and nu-

cleation sites of nanotubes, which means that nanotubes exhibit

different growth modes at different temperatures. Fig. 4b (Steps 5

and 6) showed the different growth patterns of single chiral angle

and multiple chiral angle nanotubes at different controlled temper-

atures. This particular growth mechanism is quite different com-

pared to the method based on WO3-x NWs as a template for the

sulfurization synthesis of WS2 nanotubes. At the growth tempera-

ture of ∼835–840 °C, the nucleation sites of WS2 nanotubes were

located at the edge contact between Au nanoparticles and the Si

substrate. The growth of nanotubes is mainly determined by edge

energetics. Further growth and extension of the WS2 lamellae led

to an increase in the internal strain within the layers thereby spon-

taneously curling to form WS2 nanoscrolls with single or multi-

ple walls. The nanoscrolls-based infrastructure was further grown

layer by layer to form a multi-walled WS2 nanotube (Fig. 4d). At

the growth temperature of ∼840–845 °C, the nucleation sites of

WS2 nanotubes were located on the surface of Au nanoparticles,

and the nanotubes primarily grew via surface growth mode (Fig.

4c). The WS2 shells on the surface of the NPs form a polyhe-

dral faceting through continuous epitaxial layer by layer growth,

and form multi-walled seamless nanotubes with different helicity

based on the simultaneous extensive growth along the tangential

and perimeter angles.

The method of preparing nanotubes based on metal catalyzed

method lifts the dependence on template and has wide applica-

bility. At the same time, this method of synthesizing controllable

chiral angular TMD nanotubes greatly expands the possibility of

studying their physical properties and practical applications.

3. Top-down preparation

The top-down preparation method uses mechanical, chemical,

or other forms of energy to transfer the bulk material into nan-

otubes of the desired structure. There are mainly two methods of

top-down preparation have been reported to transfer the TMDs

nanosheets into nanotubes. On the one hand, large nanosheet lay-

ers could be transformed into nanotubes by utilizing the curling

effect of them; on the other hand, small nanosheet layers could be

5
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Fig. 4. (a) Preparation of Au NPs catalyst and CVD growth of TMD nanotubes. (b) The growth mechanism of TMD nanotubes, shown in the dashed line box, is a schematic

diagram of metal oxide NWs vulcanization to prepare TMDs nanotubes. (c) TEM images of the growth of WS2 nanotubes at ∼840–845 °C. The EDS map is in the bottom

right corner. HAADF, high Angle ADF. (d) SEM images of the growth process of WS2 nanotubes at ∼835–840 °C. Reproduced with permission [76]. Copyright 2023, Springer

Nature.

stacked into nanotube-like structures by the stacking effect. In the

following parts, we will introduce the top-down method of prepar-

ing nanotubes from these two aspects [60,61].

3.1. Fabrication of nanotubes derived from the curled nanosheets

The flexible two-dimensional nanosheets could be assembled

into nanotubes with layered structures by drying, dropping solvent

and freezing [77,78]. Amount of stress applied to the surface of the

nanosheets could be controlled by adjusting the time of the reac-

tion, thereby tuning the structure of the nanotubes [48,79–81].

Ghosh et al. [82] synthesized WS2/MoS2 heterogeneous films

on Si/SiO2 substrate by CVD method. Based on the flexibility

of the nanofilm and its weak interaction with the substrate,

WS2/MoS2 nanoscrolls with tubular structure were prepared by

rolling the nanofilms with evaporation assistance (Fig. 5a). Liu

et al. [83] mixed the stripped Ti3C2TX nanosheets with ammo-

nium tetrathiopolybdate (ATM), and used liquid nitrogen to rapidly

freeze dry them to shrink and automatically curl to form tubu-

lar NS. The dried ATM/Ti3C2TX mixture was further annealed in

H2/Ar atmosphere to obtain the final MoS2/Ti3C2TX tubular NS (Fig.

5b). Jiang et al. [84] used laser molecular beam epitaxy (LMBE)

technology to confine the single atoms (SAs) of Ni and Fe to

two adjacent layers of MoS2 and, through subsequent self-bending

treatment, prepared NiFe@MoS2 tubular NS (Fig. 5c). NiFe@MoS2
NS possessed obvious tubular and layered structures, which pro-

vided a suitable microenvironment for limiting Ni and Fe SAs.

Kato et al. [85] grew Janus WSSe and MoSSe monolayers based

on plasma-assisted surface atom substitution, and prepared Janus

nanoscrolls by dropping a solution to make them self-curl. As

shown in Figs. 5d and e, monolayer MoSe2 and WSe2 single crys-

tals were prepared on SiO2/Si substrate based on CVD method.

Double-sided WSSe and MoSSe monolayers were prepared by re-

placing Se atoms with S atoms on the surface of one side of the

MoSe2 monolayer by means of plasma treatment (Figs. 5f and g).

Finally, the substrate was spin-coated with a polymethyl methacry-

late (PMMA)/chloroform solution, which caused the single-layer

Janus film to spontaneously curl into Janus nanoscrolls (Figs. 5h

and i). The method of preparing tubular NS based on the flexibil-

ity of nanosheets is simple and easy to operate, which is of great

significance for the preparation of nanotubes.

3.2. Fabrication of nanotubes derived from stacked nanosheets

Based on interlayer stacking method, flexible MoS2 nanosheets

could controllably prepare nanotubes with interlayer expansion

[86–91]. After further thermal treatment, the nanotubes were

formed by alternating hybridization of MoS2 nanosheets and C lay-

ers [92–97].

Jia et al. [49] synthesized MoS2/OAm tubes with layer stacked

structure based on solvothermal method using MoO3 as molyb-

denum source, S powder as sulfur source, oleylamine (OAm) as a

key additive and ethanol-water solution as a mixed solvent. The

OAm existed in the gap between MoS2 layers as an intercalation,

while encapsulated single-layer MoS2 as an encapsulating agent.

The MoS2/OAm tube was converted to a MoS2/N-doped-C tube by

further thermal treatment (Fig. 6a). As shown in Figs. 6b and c,

TEM images confirmed that the MoS2/N-doped C tube surface was

formed by alternating stacking of multilayer MoS2 nanosheets and

N-doped C layers. Fig. 6d showed the XRD pattern of the prepared

MoS2/N-doped-C tube, which confirmed that the spacing of MoS2
layers increased due to the alternating stacking of the N-doped-C

layer and the MoS2 nanosheets.

The nanotubes stacked by octylamine-covered layered

nanosheets were synthesized based on a solvothermal method

using octylamine as a key additive by Shi et al. [98]. The MoS2:C

superstructure nanotubes (Fig. 6e) were prepared by further ther-

mal treatment of the nanotubes. As shown in Fig. 6f, the MoS2:C

6
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Fig. 5. (a) Schematic diagram of steps for preparing WS2/MoS2 heterojunction nanoscroll (NS). Reproduced with permission [82]. Copyright 2022, American Chemical Society.

(b) The “nanoroll” MoS2/Ti3C2Tx hybrid material was prepared by the method of liquid nitrogen-freezing and subsequent annealing. Reproduced with permission [83].

Copyright 2018, Elsevier B.V. (c) The diagram of precisely assembling dual (Das) within in two adjacent layers in a nanoscroll structure. Reproduced with permission [84].

Copyright 2023, John Wiley & Sons, Inc. (d) Structure model of monolayer MoSe2. (e) The process diagram of preparing monolayer layer MoSe2 on SiO2/Si substrate with

MoO2 and Se as raw materials at 870 °C. (f) Structure model of Janus monolayer MoSSe. (g) Diagram of hydrogen plasma-assisted sulfurization process. (h) Structure model

of Janus MoSSe nanoscrolls. (i) Rolling up process of Janus monolayers by spincoating of a PMMA/chloroform solution. Reproduced with permission [85]. Copyright 2024,

American Chemical Society.

superstructure nanotubes have a layered stacked surface and a

hollow structure. Fig. 6g showed TEM image of the MoS2:C su-

perstructure nanotubes, confirming that the nanotube surface was

composed of multiple layers of tiny nanosheets stacked together.

Meanwhile, Fig. 6g also showed that the lattice fringe spacing is

0.98nm, indicating that the interlayer distance of the nanosheets

in the C-layer embedded nanotubes was significantly increased.

XRD patterns of the prepared and annealed nanotubes confirmed

that the nanolayer spacing in MoS2:C superstructure nanotubes

was greatly increased (Fig. 6h). The increase of the peak strength

of the sample after annealing indicated that the crystallinity

of the sample was also enhanced. Based on the flexible MoS2
nanosheets, the structure growth of composite nanotubes was

effectively controlled by alternating stacking with the introduced

C-layer. The ordered three-dimensional structure and suitable

spatial configuration enabled the nanotubes to show some new

characteristics.

4. Application of TMDs nanotube

1D-TMDs nanotubes are widely used in electronics and energy

fields due to their unique physical and chemical properties. High-

quality 1D-TMDs nanotubes can be used to prepare catalysts, en-

ergy storage batteries, photodetectors and superconductivity with

excellent performance [99–102].

Electrochemical water splitting, as a promising method for hy-

drogen production, is considered a possible solution to the energy

shortage issue due to its wide sources, high energy density, and
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Fig. 6. (a) Synthesis process of the porous MoS2/N-doped-C nanotube. (b, c) TEM and HRTEM image of the porous MoS2/N-doped-C nanotube. (d) XRD patterns of pure

MoS2 and MoS2/N-doped-C nanotubes. Reproduced with permission [49]. Copyright 2018, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (e) Schematic diagram of the

preparation process of MoS2:C superstructure nanosheets. (f) TEM and (g) HRTEM images of the MoS2:C superstructure nanotubes after post thermal treatment. (h) XRD

patterns of (i) the as-prepared MoS2:C nanotubes and (ii) the annealed MoS2:C nanotubes. Reproduced with permission [98]. Copyright 2016, Elsevier Ltd.

pollution-free reactants. However, the preparation of efficient and

low-cost catalysts has limited the large-scale implementation of

this solution. TMDs nanotubes are considered as a potential cat-

alyst for electrochemical hydrogen precipitation due to their wide

range of electrical properties and special structural characteristics.

Han et al. [66] prepared a MoS2@C nanotube hydrogen evolution

catalyst by confining the epitaxial growth of few-layered of curved

MoS2 within a tubular mesoporous graphene nanotube framework

(Fig. 7a). The MoS2@C nanotubes in the form of arrays exhibited

excellent performance in electrocatalytic hydrogen evolution appli-

cations due to their unique and beneficial structural characteris-

tics. It only needs a low overpotential of 93mV to deliver a cur-

rent density of 10mA/cm2, exceeding that of other structured 2H-

MoS2 catalysts (Fig. 7b). In addition, MoS2@C nanotubes also ex-

hibited much lower overpotentials than commercial Pt/C hydrogen

evolution catalysts while comparing at a high current density of

1500mA/cm2 (Fig. 7c). 1D-TMDs nanotubes have also been exten-

sively studied in energy storage applications.

The method of applying solar energy to battery storage systems

has received widespread attention due to its green and sustain-

able effects. However, in the practical application of air batteries,

the relatively slow dynamic reaction process of the air cathode

has become an obstacle to further development. TMDs nanotubes

with excellent photoelectric performance and chemical stability,

have been used to design metal-air batteries with high-efficiency

storage capabilities. Liang et al. [67] prepared a high-performance

photo-assisted metal-air battery based on a 1D domain-limited

functional MoS2 nanotubes (MoS2–ONT) (Fig. 7d). As shown in Fig.

7e, MoS2–ONT based photo-assisted Zn−air batteries had a higher

power density than conventional MoS2 nanosheet (MoS2–NS). At

the same time, MoS2–ONT photo-assisted air batteries exhibited a

more stable average discharge platform and higher specific capac-

ity than that of MoS2–NS. (Fig. 7f). Fig. 7g showed the mechanism

that MoS2–ONT can significantly enhanced the carrier separation

kinetics under light. Compared with MoS2–NS, MoS2–ONT with ex-

cellent spatial structure is able to form a special electric field in

the field of batteries, which can effectively enhance light absorp-

tion and fast electron transfer.

1D (TMDs) nanotubes showed great potential in the prepa-

ration of high-performance optoelectronic devices due to their

unique electrical and optical properties. Zhao et al. [103] used a

solvent-free method to prepare MoS2 tubular nanoscrolls with ex-

cellent photosensitivity for the study of photodetectors (Fig. 7h).

Fig. 7i showed the photocurrent-to-dark current ratio (PDR) of

8
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Fig. 7. (a) TEM images of tubular graphene frameworks. (b) Polarization curves of various MoS2@C catalysts. (c) Polarization curves at high current densities. Reproduced with

permission [66]. Copyright 2023, Wiley-VCH GmbH. (d) Schematic diagram of MoS2–ONT for the preparation of a photo-assisted Zn−air battery. (e) Discharge polarization and

power density curves of the photo-assisted Zn−air batteries with MoS2–ONT and MoS2–NS cathodes with light on, respectively. (f) The specific capacity of the Zn–air battery

at a current density of 2mA/cm2 under irradiation. (g) Schematic diagram of the photogenerated electron-hole pairs separation process. Reproduced with permission [67].

Copyright 2023. Wiley-VCH GmbH. (h) Schematic diagram of photoelectric detection device based on MoS2 nanoscrolls. (i) Photocurrent-dark current ratio of molybdenum

disulfide nanosheets and NS photodetectors. (j) Under 405nm laser irradiation, the PDR curves of MoS2 nanosheets, MoS2 nanoscrolls (H2O) and MoS2 nanoscrolls (ethanol)

change with the laser power density, respectively. Reproduced with permission [103]. Copyright 2022, American Chemical Society. (k) Schematic of a WS2 nanotube electric-

double-layer transistor. (l) Temperature-dependent diagrams of resistance under magnetic fields parallel to and perpendicular to the axis of nanotubes during superconducting

transition. Reproduced with permission [104]. Copyright 2024, American Chemical Society.

MoS2 nanoscrolls and single-layer MoS2 nanosheets photodetec-

tors measured under a laser with a wavelength of 405nm. The

PDR of MoS2 nanoscrolls is significantly higher than that of mono-

layer MoS2 nanosheets, indicating that MoS2 nanoscrolls have ex-

cellent photosensitivity. The PDRs of MoS2 nanoscrolls and MoS2
nanosheets as a function of the laser power intensity are shown

in Fig. 7j. The PDR of MoS2 nanoscrolls increased significantly with

the increase of power intensity, indicating that MoS2 nanoscrolls

based photodetectors had better photoresponse performance and

higher power dependence.

TMDs nanotubes are considered to be an ideal platform for the

study of superconductivity due to their unique size and geome-

try. Qin et al. [104] combined with ionic gating technology to con-

duct in-depth research on the superconductivity of multi-walled

WS2 nanotubes with sizes ranging from tens of nanometers to

hundreds of nanometers. Fig. 7k showed an electrical double-layer

transistor device of a single WS2 nanotube. After electrochemical

K+ intercalation, the WS2 nanotube was transformed into metal

and exhibited superconducting properties at low temperatures. Fig.

7l showed the relationship between resistance and temperature

during the superconducting phase transition when the magnetic

field was parallel and perpendicular to the nanotube axis. Sam-

ple 1 exhibited a superconducting transition at the critical tem-

perature Tc =5.3 k, which was defined as half of the normal resis-
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tance. Under a parallel magnetic field, nanotubes still exhibited ex-

cellent superconductivity even at T=2K and μ0H=9 T. However,

under perpendicular magnetic field, the superconductivity of nan-

otubes decreased rapidly. The present results were pivotal in open-

ing up superconductivity in nanotubes and also demonstrated the

great potential that existed in TMDs nanotubes for the study of su-

perconductivity. 1D-TMDs nanotubes have demonstrated excellent

physical and chemical properties in a variety of applications.

5. Conclusion and outlooks

Two-dimensional (2D) TMDs materials have become a hot re-

search topic in recent years due to their unique physical and chem-

ical properties. In addition to extensive research on the optical and

electronic properties of 2D materials, their applications in devel-

oping renewable energy sources and storage have also been ex-

tensively investigated. In this context, 1D TMDs nanotubes trans-

formed from 2D materials are considered as ideal materials with

great potential for applications in optoelectronic devices, catalysis,

energy storage and superconductivity due to their enhanced intrin-

sic photovoltaic effect, superconductivity, high strength, flexibility

and other novel properties. However, the preparation of nanotubes

is still the biggest challenge currently faced. In order to fully un-

derstand the differences between the current nanotube preparation

methods, it is necessary to summarize the various nanotube prepa-

ration methods.

In this paper, we review various preparation methods for high-

quality 1D-TMDs nanotubes. We categorize the preparation meth-

ods of 1D-TMDs nanotubes into bottom-up and top-down. Bottom-

up preparation methods include AAO template method, 1D mate-

rial template method and metal-catalyzed method. The AAO tem-

plate has high stability, uniformity and removability, and can be

used to prepare nanotubes with controllable morphology. How-

ever, the high energy consumption in the process of making tem-

plates leads to high costs, which limits its scale-up application. 1D

material template method is simple and low cost, but the tem-

plate cannot be etched and can only be presented as a compos-

ite structure. The metal-catalyzed method can precisely regulate

the growth process of nanotubes by adjusting the temperature

to prepare the chiral angle controllable nanotubes. However, the

complex preparation process and high temperature make it lim-

ited in the application process. The top-down preparation meth-

ods include nanosheet self-curling method and nanosheet stack-

ing method. The controllable multi-walled nanotubes can be pre-

pared by the nanosheet self-curling method. The operation is sim-

ple and the cost is low, which is suitable for scale-up application.

The nanosheet stacking method can maximize the advantages of

2D nanosheets while generating some new properties of the pre-

pared nanotubes, but the pore size of the nanotubes cannot be

accurately controlled. Therefore, further research on the synthe-

sis of high-quality nanotubes is still necessary. With the assistance

of artificial intelligence (AI), the synthesis methods of high-quality

nanotubes have been further developed. By establishing the model

and algorithm, the synthesis process of nanotubes can be simu-

lated to optimize morphology and structure of nanotubes. There-

fore, the development process of high-quality nanotubes can be

effectively accelerated through the combination of machine learn-

ing and computational chemistry methods. In fact, through molec-

ular dynamics (MD) simulation, the morphology, mechanical prop-

erties and electronic structures of nanotubes can be further inves-

tigated at the nanoscale, effectively reducing the experimental cost

and improving the experimental efficiency. In addition, advanced

in situ characterization technology is indispensable for the prepa-

ration of nanotubes. By utilizing in situ SEM, XRD and HRTEM,

we can have a clearer understanding of the structural evolution

of nanotubes and the electron transfer process. The application of

these advanced in situ characterization techniques will further im-

prove the understanding of the structure and properties of various

other TMDs nanotubes.

In conclusion, although TMDs nanotubes have been widely

studied and applied, there are still some challenges for their prepa-

ration. Researchers in various fields are actively communicating

and cooperative to try to solve these challenges. We believe that

simple, controllable and low-cost nanotube preparation methods

will strongly promote the development of high-performance opto-

electronic devices, catalysts and energy storage fields.
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