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ABSTRACT: This study presents the experimental demonstration of metallic NbS2-based 

one-dimensional van der Waals heterostructures using a modified NaCl-assisted chemical vapor 

deposition strategy. By employing a "remote salt" strategy, we achieved precise control of the 

NaCl supply, enabling the growth of high-quality coaxial NbS2 nanotubes on single-walled 

carbon nanotube–boron nitride nanotube (SWCNT-BNNT) templates. Using this remote salt 

strategy, the morphologies of as-synthesized NbS2 could be tuned from 1D nanotubes to 

suspended 2D flakes. Structural characterization via high-resolution transmission electron 

microscopy (HRTEM) and scanning transmission electron microscopy (STEM) confirmed the 

formation of crystalline NbS2 nanotubes, revealing a distinct bi-layer preference compared to 

monolayer-dominated behavior of semiconducting transition metal dichalcogenide analogs. 

Optical analyses using UV-vis-NIR and FTIR spectroscopy highlighted the metallic nature of 

NbS2. Raman-based oxidation studies demonstrated a relatively higher degradation rate of 1D 

NbS2 under ambient conditions. Density functional theory (DFT) calculations further clarified 

the stabilization mechanism of bi-layer NbS2 nanotubes, emphasizing interlayer charge transfer 

and Coulomb interactions. This work establishes a robust framework for synthesizing metallic 

1D vdW heterostructures, supporting their potential applications in optoelectronics and 

nanodevices. 
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Introduction 

Over the past decade, a wide variety of van der Waals (vdW) heterostructures have been 

developed based on two-dimensional (2D) materials, including graphene, hexagonal boron 

nitride (hBN), and transition metal dichalcogenides (TMDCs). 1  These heterostructures are 

typically constructed via mechanical stacking or chemical synthesis. 2-4 2D TMDCs, with their 

diverse and unique physical properties, have played a critical role in the exceptional 

characteristics of vdW heterostructures. 5, 6 The concept of one-dimensional (1D) TMDCs was 

proposed as early as the 1990s.7  Isolated TMDC nanotubes and nanostructures coated with 

TMDC 1D layers have been synthesized via approaches such as chemical transport reactions and 

template-assisted CVD methods since the early 2000s. 8-10  These pioneering studies laid the 

groundwork for constructing 1D hybrid nanostructures. However, such structures were generally 

not regarded as 1D vdW heterostructures, as they often involved mixed phases containing Nb 

oxides or lacked high crystallinity. The experimental realization of high-quality 1D vdW 

heterostructures with single-crystal sheet was first demonstrated in 2020, through the sequential 

assembly of single-walled carbon nanotubes (SWCNTs), boron nitride nanotubes (BNNTs), and 

molybdenum disulfide nanotubes (MoS2 NTs).12 This 1D tubular hybrid crystal represents a new 

class of materials featuring clean coaxial vdW interfaces and programmable shell architectures, 

which exhibit unique optical and electronic properties, making them promising candidates for 

applications such as optical detectors and field-effect transistors with 1D geometrical features. 13, 

14 

Since 1D TMDCs can be regarded as counterparts of their 2D analogs, it is expected that 

most of the TMDCs can be rolled into a tubular shape and incorporated into 1D vdW 

heterostructures. 7,10,17 To date, experiments have successfully demonstrated coaxial 1D TMDC 
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vdW heterostructures based on various TMDCs such as MoS2, WS2, MoSe2, and WSe2, 16,17 all of 

which are semiconductors. Metallic TMDCs, e.g., niobium disulfide (NbS2), stand out as another 

group of important candidates as they can serve as electrode materials in 1D tubular devices. 

9,15,16 Meanwhile, NbS2 also possesses additional unique properties such as superconductivity and 

spintronic behavior.18-21 Therefore, the incorporation of metallic TMDCs such as NbS2 into 1D 

vdW systems provides opportunities for designing and fabricating more complex 1D 

heterostructures and devices with unique functionalities. However, the fabrication of 1D vdW 

heterostructures differs significantly from their 2D counterparts in terms of synthetic approach. 

Unlike 2D vdW heterostructures, which can often be assembled through mechanical stacking, 1D 

structures require a layer-by-layer chemical vapor deposition (CVD) process with nucleation and 

extension processes over highly curved surfaces.17 Although previous studies have investigated 

the synthesis of 2D NbS2, 23-25 and NbS2 nanotubes,7-10 the fabrication of high-quality and 

single-crystal 1D NbS2 with well-controlled vdW interfaces in a 1D vdW heterostructure system 

remains challenging due to its narrow growth window and distinct growth mechanism. In 

addition, previous nanostructures are usually thick, while TMDC nanotubes with small diameters 

(sub-10 nm) are rarely demonstrated. Moreover, NbS2 undergoes oxidation in the ambient 

atmosphere, complicating the study of its intrinsic properties arising from its 1D nature.26-29 

In this study, we demonstrate the fabrication of NbS2 1D vdW heterostructures using a 

modified NaCl-assisted CVD synthesis strategy. TEM and STEM analysis confirm the formation 

of well-defined coaxial NbS2 nanotubes wrapping around the SWCNT–BNNT templates. By 

adjusting the synthesis parameters, we modulated the morphology of NbS2 from coaxial 1D 

nanotubes to suspended 2D flakes. To investigate the intrinsic optical properties of the fabricated 

NbS2 1D vdW heterostructures, we employed an argon gas-assisted storage and optical 
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characterization protocol. The optical behavior of these heterostructures was evaluated using 

Raman spectroscopy, UV-vis-NIR absorption spectroscopy, and Fourier-transform infrared 

(FT-IR) spectroscopy, while their oxidation processes were studied via Raman analysis. A 

statistical investigation of structural characterization revealed a surprising bilayer preference in 

the synthesized NbS2 1D nanotubes outside the 1D template backbone, unlike other 

semiconducting 1D TMDCs, which typically prefer a monolayer. Additionally, density 

functional theory (DFT) calculations provided insight into the stabilization mechanisms 

underlying the formation of coaxial NbS2 nanotubes, offering a theoretical explanation for the 

experimentally observed layer-number preference in NbS2 1D vdW heterostructures.  

Results and Discussion 

Synthesis and structural characterization of NbS2 based vdW heterostructure 

In our previous research, we demonstrated a bottom-up CVD synthesis process for 

fabricating coaxial structures consisting of SWCNT, BNNT, and 1D MoS2.7,17 In this study, we 

extend this approach to synthesize NbS2 nanotubes using a NaCl-assisted CVD process. 

Structural characterization revealed highly crystalline coaxial NbS2 nanotubes wrapping around 

the SWCNT–BNNT templates. The overall scheme of the synthesized SWCNT–BNNT–NbS2 

1D vdW heterostructures is shown in Figure 1A. The fabricated heterostructure comprises three 

types of materials: SWCNTs, BNNTs, and NbS2. The synthesis method is similar to our previous 

works, which applied a layer-by-layer CVD process, starting with BNNT synthesis over the 

SWCNT template to form the SWCNT-BNNT heterostructure, followed by deposition of the 

desired TMDC layer in a subsequent CVD step.12,22,30 
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Figure 1. (A) Schematic illustration of SWCNT–BNNT–NbS2 1D vdW heterostructure. (B) 

SAED pattern of bilayer NbS2 nanotubes @ SWCNT–BNNT (C) STEM image of bilayer NbS2 

nanotubes @ SWCNT–BNNT (D) HRTEM image of 1D heterostructure comprising bilayer 

NbS2 nanotubes, five-layer BNNTs, and SWCNT. (E) STEM of bilayer NbS2 @ SWCNT-BNNT. 

Scale bar: 5 nm  

High-resolution transmission electron microscopy (HRTEM) and STEM were employed to 

characterize the structures. Annular dark field (ADF) STEM images clearly showed the coaxial 

wrapping of NbS2 nanotubes, where the bright spots corresponded to heavier atoms, specifically 

Nb atoms, in this heterostructure. (Figure 1C, E) The typical structure of SWCNT-BNNT-NbS2 

1D vdW heterostructures consists of a SWCNT core wrapped by 3-6 BNNT layers and bilayer 

NbS2 nanotubes forming the outermost shells. A typical diameter for this coaxial 1D vdW 

heterostructure is around 8 to 10 nm, with a length ranging from 50 to 150 nm. Selected-area 

electron diffraction (SAED) patterns of 1D vdW heterostructures were used to visualize the 

crystal orientation of NbS2 nanotube layers. The diffraction pattern shown in Figure 1B is from a 

1D vdW heterostructure with two layers of NbS2 nanotubes over a SWCNT-BNNT template. The 
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orange and red SAED pattern groups represent two layers of NbS2, with a relatively small chiral 

angle difference of approximately 13.5˚. The diffraction pattern indicated a strong interlayer 

coupling between the chiral angles of the inner and outer NbS2 nanotubes.31 As shown in Figure 

1D, the HRTEM image reveals a coaxial structure comprising a SWCNT, five layers of BNNT, 

and two layers of NbS2 nanotubes, with an interlayer spacing of approximately 0.7 nm. A 

lower-magnification ADF image is shown in Figure S1, where a high coverage rate of NbS2 was 

observed over the SWCNT–BNNT template. Energy dispersive spectroscopy (EDS) mapping 

also confirmed the wide distribution of NbS2 nanotubes, as illustrated in Figure S2, validating the 

successful formation of coaxial NbS2 nanotubes with a relatively high yield. 

The synthesis of NbS2 over SWCNT-BNNT templates utilized a modified NaCl-assisted 

CVD process, with the setup illustrated in Figure 2A. Unlike conventional methods that mix 

NaCl directly with metal precursors for 2D TMDC synthesis, this study separated NaCl into a 

different temperature zone and treated NaCl as an independent variable, enabling precise control 

over its contribution and further developing NaCl-assisted TMDC synthesis strategies. 18,32 This 

configuration, which we call the “remote salt strategy”, was critical for the growth of NbS2 1D 

vdW heterostructures, because a precise control over NaCl supply was confirmed to determine 

the final morphology of NbS2 in 1D vdW heterostructures. The SWCNT–BNNT template, 

prepared following our previous methods, was suspended over a ceramic washer with a 2.5 mm 

inner diameter hole.22,35 Using a dry transfer technique, the SWCNT film was positioned on the 

ceramic washer. Subsequent BNNT synthesis via low-pressure CVD employed ammonia borane 

as precursor, yielding three to six BNNT layers on the SWCNT template. The increased diameter 

of SWCNT–BNNT templates was found to reduce the curvature-induced strain effect in TMDC 
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layers, facilitating the synthesis of 1D TMDCs.22 The resulting SWCNT-BNNT heterostructures 

served as templates for the subsequent synthesis of NbS2. For NbS2 synthesis, a three-zone CVD 

system was employed, utilizing Nb metal powder as the precursor and gaseous sulfur with the 

assitance of NaCl. With optimized temperature setups of these three zones, successful wrapping 

of NbS2 over the templates was achieved. Adjusting the NaCl temperature allowed control over 

the morphology of the as-synthesized NbS2, ranging from coaxial 1D nanotubes to suspended 2D 

flakes over the SWCNT–BNNT templates. As the NaCl temperature increased, the morphology 

evolved from coaxial 1D NbS2 nanotubes to suspended 2D NbS2 flakes, as shown in Figure 2B. 

SEM images revealed the progressive appearance of suspended 2D flakes with higher NaCl 

temperatures. While the precise mechanism of the NaCl-assisted synthesis process remains 

unclear, it is evident that NaCl significantly lowers the reaction barriers, possibly by facilitating 

the formation of volatile metal oxychloride gaseous intermediates.33,34 This hypothesis is 

supported by previous reports on NaCl-assisted synthesis of NbS2 based on Nb2O5 precursors, as 

well as by our remote NaCl promotion results.  

Figure 2. (A) Scheme illustration of NaCl-assisted synthesis process of NbS2. Exploded 

view of the SWCNT-BNNT template suspended on a ceramic washer is illustrated upright. (B) 

Evolution of NbS2 morphologies with NaCl temperature change. (C) Picture of SWCNT, 

SWCNT-BNNT, SWCNT-BNNT-NbS2 film suspended on ceramic washer. (D) Raman spectra of 

1D and 2D NbS2 @ SWCNT-BNNT (E) Absorbance of SWCNT, SWCNT-BNNT, 

SWCNT-BNNT-MoS2, SWCNT-BNNT-1D NbS2, and SWCNT-BNNT-2D NbS2 as a function of 

energy (F) Absorbance of WCNT, SWCNT-BNNT, SWCNT-BNNT-1D NbS2, and 

SWCNT-BNNT-2D NbS2 to different wavelengths. 

2.2 Optical characterization of NbS2 
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Noticeable color changes after the synthesis of each type of nanotubes suggest significant 

modifications in the optical properties, as illustrated in Figure 2C. These color variations 

correspond to the optical absorption characteristics of the resulting 1D vdW heterostructures in 

the visible range.12 The Raman and UV–vis–NIR absorbance spectra of the as-synthesized 

SWCNT–BNNT–NbS2 heterostructures were investigated, revealing distinct optical behaviors of 

NbS2-based vdW heterostructures compared to other TMDC-based 1D vdW heterostructures.  

Raman spectroscopy is widely regarded as an effective method for characterizing TMDC 

materials 36-38. A conventional Raman spectrum of NbS2 includes E1g, E2g, A1g, and A2g modes 

23-25. However, the Raman spectrum of monolayer NbS2 has not been thoroughly studied due to 

several challenges. First, NbS2 is difficult to exfoliate into few-layer or monolayer forms, as it 

tends to fragment into small pieces rather than forming continuous thin layers.39 In addition, 

synthesizing monolayer NbS2 is inherently challenging. Although previous studies have 

demonstrated that Nb chlorides can be used as a precursor for the CVD synthesis of few-layer 

NbS2 nanotubes,8 these compounds are susceptible to hydrolysis under ambient conditions, 

which complicates the handling process.24 In contrast, our remote NaCl-assisted method provides 

a more robust approach  for synthesizing high-quality, small-diameter 1D NbS2 nanotubes, where 

a finer control is critical. Moreover, NbS2 is highly prone to oxidation when exposed to air, 

further complicating its Raman characterization. 26-29 

In this study, the SWCNT-BNNT-NbS2 heterostructures were preserved in an argon (Ar) 

atmosphere throughout transportation and storage processes to minimize oxidation. (Figure S3) 

Before optical measurements, the sample’s exposure to air was limited to less than 15 seconds. 

Furthermore, to prevent NbS2 oxidation accelerated by laser-induced heating, the samples were 

placed in an Ar-filled chamber during Raman measurements. During the measurement process, a 
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continuous Ar gas flow was maintained, and the laser power was kept below 0.3 mW to 

minimize heating effects. 

The Raman spectra of the synthesized heterostructures were found to depend on the 

morphology of NbS2. As shown in expanded Figure 2D, four distinct Raman modes emerged 

following NbS2 CVD synthesis. Figure 2D presents a comparative Raman spectrum of 1D and 

suspended 2D NbS2 obtained from the same SWCNT–BNNT template batch. For the 

SWCNT–BNNT–NbS2 1D vdW heterostructures, the Raman peaks corresponding to NbS2 were 

observed at 271.64 cm⁻¹ (E1g), 337.47 cm⁻¹ (E2g), 378.29 cm⁻¹ (A1g), and 450.91 cm⁻¹ (A2g). The 

Raman spectra of suspended 2D NbS2 on SWCNT–BNNT templates exhibited peaks at 284.82 

cm⁻¹ (E1g), 342.89 cm⁻¹ (E2g), 378.02 cm⁻¹ (A1g), and 449.02 cm⁻¹ (A2g), respectively. These data 

of suspended 2D NbS2 flakes are consistent with measurements from 2D NbS2 flakes synthesized 

on Si/SiO2 substrates (Figure S6), confirming that the Raman measurements in the Ar 

atmosphere reliably revealed the intrinsic vibration response of NbS2-based vdW 

heterostructures. Additionally, a noticeable minor peak around 800 cm-1 was observed in both 1D 

and 2D results, which may correspond to the Raman-active modes of trace amounts of 

Nb-O-related species formed through surface oxidation.40 A notable difference between 1D and 

2D NbS2 is the considerable downshift of the E2g and A1g modes in 1D NbS2, suggesting 

significant strain effects induced by the curvature of NbS2 nanotubes.44 

The absorbance spectra of SWCNT–BNNT–NbS2 heterostructures, along with SWCNT, 

SWCNT–BNNT, and SWCNT–BNNT–MoS2 1D vdW heterostructures, are presented in Figure 

2E and F. These spectra of SWCNT–BNNT–NbS2 1D vdW heterostructures were sequentially 

acquired from the same sample before and after each step of the CVD synthesis process. All the 

heterostructures were prepared using the same batch of SWCNT-BNNT templates. After BNNT 
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synthesis, a characteristic absorption peak appeared at approximately 205 nm, as reported in our 

prior studies.12 As shown in Figure 2E, SWCNT–BNNT–MoS2 exhibited three distinct 

absorption peaks at 1.879 eV, 2.023 eV, and 2.850 eV, corresponding to the A, B, and C excitonic 

transitions associated with the MoS2.13,14 As a semiconductor, MoS2-based 1D vdW 

heterostructures display multiple absorption features within the visible range, which correspond 

to their interband transmissions. In comparison, SWCNT–BNNT–NbS2 1D vdW heterostructures 

only exhibit a single broad absorption peak at approximately 420 nm, consistent with the 

metallic nature of NbS2 and attributed to metallic interband transitions.41  

Additionally, the UV-vis-NIR absorbance results revealed enhanced absorption in the NIR 

region for the synthesized SWCNT–BNNT–NbS2 vdW heterostructures. To further investigate 

this enhancement, FT-IR measurements were conducted. The transmittance spectra of the vdW 

heterostructures were converted to absorbance values, and the combined UV-vis-NIR and IR 

spectra of various samples were plotted (Figure 2E). A good overlap was observed between the 

FT-IR and UV-vis-NIR data, demonstrating good consistency with each other. Characteristic 

peaks of SWCNT and SWCNT-BNNT were easily identified, while a noise signal near ~2350 

cm-1 (4255 nm) corresponded to atmospheric CO₂. For the SWCNT template, plasmonic, 

metallic, and semiconducting modes in the absorption spectrum were reported.42,43 After BNNT 

synthesis, a new peak at ~205 nm appeared, which can be assigned to the band gap of BNNT.43 

Another distinctive peak at ~7300 nm (~1370 cm⁻¹) was observed in the IR range, which can be 

assigned to the longitudinal vibration of BNNT along its axis.44 Following NbS2 synthesis, two 

prominent features appeared in the absorption spectrum: a broad peak at ~420 nm and an 

enhanced absorption region in the NIR and IR ranges. The enhancement near ~2600 nm is likely 
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associated with the plasmonic peaks of NbS2, suggesting that the synthesized NbS2 vdW 

heterostructures exhibit metallic behavior. 

Stability of NbS2 1D vdW heterostructures in ambient atmosphere 

As discussed above, 2D NbS2 is known to oxidize readily when exposed to air. Upon full 

atmospheric exposure, the formation of a layer of Nb oxide on the surface of the synthesized 

NbS2 flakes is often reported,28,29 although the timescale and detailed atomic structure remain 

poorly understood. Here, we performed a systematic microscopic and spectroscopic analysis of 

our NbS2 1D vdW heterostructures. As shown in Fig. 3A, STEM observation confirmed that the 

crystal structure of 1D NbS2 @ SWCNT–BNNT remained intact after short-term (~15 min) 

exposure. However, the crystal structure was severely degraded after approximately 24 hours of 

exposure to the air. EDS mapping of oxidized NbS2 nanotubes revealed the presence of oxygen 

atoms on their outer surfaces (Fig. S4). These results from STEM and EDS clearly demonstrate 

the high susceptibility of 1D NbS2 to oxidation in ambient conditions. 
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Figure 3. (A) STEM image of bi-layer NbS2 nanotubes after exposure to ambient atmosphere for 

a few minutes and for 24 hours, severe degradation of atomic structures could be observed in the 

24-hour exposed samples. (B-D) Raman spectra of as-synthesized 1D (B), suspended 2D (C) 

NbS2 @ SWCNT-BNNT, and exfoliated NbS2 on a Si/SiO2 substrate (D). (E) Comparative 

Raman spectra of as-synthesized 1D, suspended 2D NbS2 @ SWCNT-BNNT, and exfoliated 2D 

NbS2. (F) Peak intensity decay as a function of each sample to exposure time in air, normalized 

to 100% at the initial time point. (G) Time-dependent Raman peak positions of each sample upon 

atmospheric exposure. 

In this study, Raman spectroscopy was employed as a sensitive tool to monitor the 

atmospheric degradation of 1D NbS2, leveraging its capability in layer-number and quality 

identification of TMDCs. 23,24,29 To perform the time-dependent Raman measurements, a 

custom-designed gas exchange system was used. Building upon the Ar-filled Raman chamber 

employed for initial measurements, this system enabled controlled switching between Ar and 

ambient air by adjusting the gas valves. During Raman measurements, the initial Raman 

spectrum was acquired while the chamber was purged with Ar gas and maintained under 

continuous Ar flow. Subsequent air exposure intervals of 30 minutes were followed by Ar 

flushing and another Raman measurement. This cycle was repeated until a total exposure time of 

180 minutes was reached. All spectra were collected from the exact sample location to ensure 

consistency. By comparing Raman spectra at different exposure times, the degradation behavior 

of NbS2 with different morphologies was systematically evaluated. 
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Figure 3E presents a comparison of the Raman spectra of as-synthesized 1D NbS2 

nanotubes, suspended 2D NbS2 flakes @ SWCNT-BNNT, and exfoliated 2D NbS2 @ Si/SiO2 

substrate as a reference. The initial Raman peak position of exfoliated NbS2 are 290.37 cm⁻¹ 

(E1g), 320.7 cm⁻¹ (E2g), 383.41 cm⁻¹ (A1g), and 450.83 cm⁻¹ (A2g). Figure 3B–D display the 

time-resolved Raman spectra for each sample type, recorded after stepwise air exposure. Spectra 

were collected at 30-minute intervals, allowing detailed tracking of time-dependent shifts in both 

peak positions and intensities. Among these NbS2 Raman modes, the E2g and A1g modes were 

used as representative indicators to monitor the oxidation process, which are commonly applied 

in previous studies to estimate the layer number of 2D NbS2 flakes.23,25 

The intensity decay of each Raman mode is summarized in Figure 3F, with initial intensities 

normalized to 100%. After 180 minutes of air exposure, the E2g intensity of 1D NbS2 decreased 

to 56.2%, and the A1g intensity decreased to 74.5%. In contrast, the E2g and A1g intensities of 

suspended 2D NbS2 decreased to 77.5% and 80.7% respectively. Exfoliated 2D NbS2 flakes 

exhibited the smallest reduction, with both modes retaining approximately 90% of their initial 

intensities. These results highlight the faster degradation of 1D NbS2 on SWCNT-BNNT 

compared to suspended 2D NbS2 and exfoliated flakes. Notably, the E2g mode in 1D NbS2 

exhibited a more pronounced intensity loss, which is likely due to the strain induced by the 

curvature of the nanotubes, a factor also known to cause downshifts in specific Raman modes of 

TMDCs. 47,48 

The shifts in Raman peak positions for each sample are summarized in Figure 3G. Initially, 

the Raman peak positions of 1D, suspended 2D, and exfoliated NbS2 exhibited distinct peak 

positions, with the SWCNT–BNNT–NbS2 1D vdW heterostructure showing a significantly 

different starting profile. After 180 minutes of air exposure, the E2g peak of 1D NbS2 @ 
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SWCNT-BNNT upshifted from 337.73 cm⁻¹ to 340.09 cm⁻¹, while the corresponding peak for 

suspended 2D NbS2 @ SWCNT-BNNT downshifted from 342.89 cm⁻¹ to 341.22 cm⁻¹. The A1g 

peak for 1D NbS2 upshifted from 377.88 cm⁻¹ to 378.71 cm⁻¹, and that of suspended 2D NbS2 @ 

SWCNT-BNNT downshifted from 378.02 cm⁻¹ to 377.10 cm⁻¹. Compared to the E2g mode, the 

A1g mode exhibited less pronounced shifts in both structures. For 1D NbS2 @ SWCNT–BNNT, 

the E2g peak gradually approached the value of suspended 2D NbS2 @ SWCNT–BNNT, 

suggesting partial strain release during oxidation. This trend can be attributed to the structural 

degradation of the tubal crystal structure, which reduced curvature-induced strain. Previous 

studies on 2D TMDCs, such as MoS2 and WS2, have shown that curvature strain primarily 

affects the E2g mode, leading to downshifts under tensile strain.45,46 In the case of 1D NbS2, the 

observed upshift of the E2g mode thus implies that strain is relieved as the oxidation progresses. 

The final oxidation state of 1D NbS2 may resemble fragmented 2D NbS2 domains attached to the 

SWCNT-BNNT template. For suspended 2D NbS2 @ SWCNT-BNNT, smaller peak shifts were 

observed. The nearly constant E2g–A1g peak separation (Δ) suggests negligible variations in layer 

thickness during oxidation, while the peak position shifts may indicate the oxidation-induced 

doping effects. Similar behavior was also observed in as-synthesized 2D NbS2 flakes (Figure 

S6). 

Based on the Raman intensity decay and peak position shifts, the oxidation behavior of 

as-synthesized NbS2 vdW heterostructures was systematically investigated. The initial Raman 

features of suspended 2D NbS2 @ SWCNT-BNNT showed good agreement with those of 

as-synthesized 2D NbS2 flakes on Si/SiO2 substrates (Figure S5, S6). The initial Raman peak 

positions of 1D NbS2 @ SWCNT-BNNT differed notably from those of 2D NbS2, which can be 

attributed to curvature-induced strain effects. This strain may also account for the faster Raman 
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intensity decay observed in 1D NbS2 compared to its 2D counterparts. As oxidation progressed, 

the Raman spectra of 1D NbS2 gradually approached those of 2D NbS2, indicating a progressive 

strain release as the crystal structure degraded.  

2.4 Bi-layer preference of NbS2 

Based on STEM/TEM results, a statistical analysis was conducted on a database of 207 

individual NbS2 nanotubes, revealing a predominant formation of double-walled nanotubes 

(DWNTs). Representative STEM/TEM images are shown in Figure S7. The statistical results are 

presented in Figure 4A, where the distribution of nanotube layer numbers is expressed by the 

total accumulated length per category, reflecting the relative abundance of each configuration. 

All nanotubes included in the analysis were synthesized using an identical CVD setup. This 

pronounced preference for double-walled configurations is noteworthy, suggesting an intrinsic 

stability or energetic favorability in NbS2 vdW heterostructures that distinguishes it from other 

semiconducting TMDC 1D vdW heterostructures, which exhibit monolayer structural 

tendencies.12,16,17 The combination of structural characterization and statistical analysis 

underscores the need for deeper insight into the formation mechanism behind this double-walled 

preference. 
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Figure 4. (A) Layer-number distribution of 207 NbS2 nanotubes based on statistical 

analysis. (B) Total energy of NbS2 nanotubes as a function of diameter, relative to that of an 

isolated monolayer NbS2 sheet. The red dashed horizontal line indicates the total energy of the 

(20,20) @ (30,30) double-walled nanotube. (C) Electronic band structures near the Fermi level 

of (30,30), (20,20) @ (30,30), and (20,20) nanotubes. The energy scale is measured from the 

vacuum level. The red horizontal line in each panel marks the Fermi level energy. (D) 

DFT-calculated Fermi level energies of single-walled NbS2 nanotubes as a function of diameter. 

The red dashed horizontal line indicates the Fermi level energy of the (20,20) @ (30,30) 

double-walled nanotube. 

To explore the underlying mechanism behind this bi-layer preference, density functional 

theory (DFT) calculations were conducted on armchair-configured NbS2 nanotubes with varying 

diameters. The total energy of a single-walled NbS2 nanotube decreases with increasing diameter 

and asymptotically approaches the energy of an isolated flat NbS2 sheet (Fig. 4B). To evaluate 

the energetic favorability of the double-walled configuration, we calculated the formation energy 

of a coaxially arranged (20,20) @ (30,30) double-walled NbS2 nanotube. The calculated 

formation energy is -63 meV per unit length. This energy gain is ascribed to inter-wall Coulomb 

interactions, which arise from the charge transfer between inner and outer walls, as the orbital 

hybridization in the double-walled NbS2 nanotubes is negligible at an inter-wall spacing of 0.61 

nm. The electronic energy bands of (20,20)@(30,30), (20,20), and (30,30) nanotubes further 

support this charge transfer (Fig. 4C): The Fermi level energy of (20,20) nanotube is shallower 

than that of (30,30) nanotube, indicating a potential charge redistribution between the shells and 

subsequent Fermi level alignment during the formation of the double-walled structure. Indeed, 
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the Fermi level of a (20,20) @ (30,30) nanotube is located in the middle of those of (20,20) and 

(30,30) nanotubes. As shown in Figure 4D, the Fermi level energy of a single-walled NbS2 

nanotube shifts deeper (work function increases) with increasing diameter. This trend suggests 

that a double-walled NbS2 nanotube comprising an appropriate pair of constituent nanotubes may 

be stabilized by the inter-wall Coulomb interactions arising from charge transfer between the 

nanotubes. 

The DFT calculations provide a possible explanatory framework for the observed bilayer 

preference in NbS2 nanotubes. This preference may originate from interactions between metallic 

layers. A simple model for the mechanical stability of multiwall systems, which takes into 

account charge transfer, elastic, and van der Waals interactions between walls, predicts charge 

transfer-induced asymmetries in the wall-to-wall distance distribution and interlayer Coulomb 

coupling, both of which should collectively stabilize the bilayer configuration. The full details of 

this model will be presented elsewhere. Investigations of bilayer 2D NbS2 systems further 

underscore the intrinsic properties of NbS2 that contribute to this bilayer preference.  Although 

more detailed calculations, such as density of states, are currently limited by platform 

capabilities, the present DFT results offer valuable insights into the bilayer preference of NbS2 

nanotubes. These findings contribute to a deeper understanding of metallic nanotube growth via 

CVD and support the future development of metallic TMDC-based 1D vdW heterostructures. 

3. Conclusion 

In summary, we have demonstrated the experimental synthesis of NbS2-based 1D vdW 

heterostructures. This study developed a modified NaCl-assisted CVD method, which is referred 

to as the “remote salt strategy”, to fabricate high-quality 1D metallic NbS2 vdW heterostructures 
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on SWCNT–BNNT templates. Structural analysis using HRTEM and STEM confirmed the 

formation of crystalline, coaxial NbS2 nanotubes with relatively high coverage over the 

templates. Moreover, the use of NaCl as an individually controlled parameter in this synthesis 

strategy enabled precise modulation of the final NbS2 morphology, which could be tuned from 

coaxial 1D wrapping to suspended 2D flakes. Absorption spectroscopy revealed distinct optical 

features of NbS2 compared to other TMDCs, notably the absence of visible-range band gap 

modes, indicating its metallic nature. Raman spectroscopy identified the characteristic Raman 

vibration modes of NbS2 in both 1D and 2D NbS2 @ SWCNT–BNNT configurations. The 

oxidation behavior of as-synthesized NbS2 vdW heterostructures was systematically investigated 

via time-dependent Raman intensity decay and peak shifts. The 1D NbS2 exhibited a distinct 

initial Raman peak position and a higher decay rate, which can be attributed to curvature-induced 

strain effects. Statistical analysis of STEM/TEM images of as-synthesized NbS2 nanotubes 

revealed a bi-layer preference, contrasting with the monolayer-dominated tendencies of 

semiconducting TMDC nanotubes. DFT calculations further elucidated a lowered Fermi level in 

double-walled NbS2 nanotubes compared to their single-walled counterparts, suggesting that 

interlayer charge transfer contributes to the energetic stabilization of the bi-layer configuration. 

These findings provide critical insights into the synthesis and optical behavior of NbS2, 

establishing a foundation for the development of more advanced vdW heterostructures and 

enabling their potential applications in optoelectronics, spintronics, and nanoscale devices. 

Methods 

Synthesis of NbS2 based vdW heterostructures 
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The template SWCNT film used in this study was synthesized by the aerosol CVD method. 

Typically, ferrocene was used as the catalyst precursor, and CO was used as the carbon 

source.49 The growth temperature was 880 °C. The SWCNTs were formed in the gas phase and 

collected onto a filter paper, forming SWCNT films for further synthesis. The SWCNT films 

used in this study exhibited a typical optical transmittance of 97.5%, ensuring low nanotube 

density for effective TEM and STEM characterization. 

The SWCNT-BNNT structures were synthesized via a low-pressure CVD process, using 

ammonia borane ( H3NBH3 ) as the precursor.35 Approximately 38mg of ammonia borane was 

placed upstream in the reaction system. SWCNT films suspended on ceramic washers were 

placed at the center of the furnace to serve as templates for BNNT growth. The high-temperature 

CVD synthesis process was performed with the BN precursor heated to 70-90 °C, while the 

reaction temperature was maintained at 1150-1250 °C with a 300 sccm Ar/3% H2 carrier gas 

flow. The reaction time served as the main parameter governing the number of BNNT layers. In 

this study, synthesis durations of 15 minutes to 1 hour typically resulted in BNNT coverage of 

3–6 layers. 

The SWCNT–BNNT–NbS2 heterostructures were synthesized using the SWCNT–BNNT 

templates acquired in the previous steps. NbS2 was synthesized via a low-pressure NaCl-assisted 

CVD process. Sulfur powder placed upstream served as the sulfur source, heated to 160–220 °C. 

NaCl, heated to 500–600 °C, acted as a promoter for NbS2 formation. Nb powder served as the 

Nb source, and the SWCNT–BNNT films suspended over ceramic washers were directly placed 

over the Nb powder. The reaction temperature was maintained between 530–600 °C. During the 

synthesis, a 50 sccm Ar carrier gas was introduced into the chamber, and the pressure was 

maintained between 34–50 Pa throughout the entire synthesis process. The reaction time ranged 
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from 15 to 90 minutes, depending on the reaction temperature. By increasing the NaCl 

temperature, the NbS2 morphology could be tuned from coaxial 1D nanotubes to suspended 2D 

flakes on the SWCNT–BNNT templates. After the synthesis, the samples were immediately 

transferred to a home-made Ar gas-filled chamber to prevent possible oxidation. The further 

preparation of TEM samples was performed in a glove box with a dry transfer method onto 

Si/SiO2 TEM grids.22 

SEM and TEM Characterizations 

The SEM images were obtained by Hitachi-4800, operating at an acceleration voltage of 1.0 

kV. 

The HRTEM images were acquired using a JEM-ARM200F operated at an acceleration 

voltage of 200kV. The STEM images were taken by a JEM-ARM200F ColdFE with an 

acceleration voltage of 80 and 200 kV. In this case, a near parallel beam is used together with a 

small convergence lens aperture (10 μm in diameter) to obtain a small-area electron beam size 

(∼10 nm in diameter). Additionally, the samples were heated to 300 °C during the measurement 

to avoid carbon contamination using a heating holder (EM-31670SHTH) and a controller unit 

(EM-08170HCU). HAADF- and BF-STEM images, along with EDS mapping of 

SWCNT–BNNT–NbS2 heterostructures were obtained in the same ARM STEM operating at 80 

kV.  

Spectroscopic Characterizations 

UV-vis-NIR absorbance spectra were measured using a UV-vis-NIR spectrophotometer 

(Shimadzu UV-3150). The FT-IR spectra were acquired with a Fourier-transform infrared 

spectrophotometer (Shimazu IRPrestige-21). Both measurements were performed directly on the 

21 
 



as-synthesized samples suspended on ceramic washers, without any transfer or post-treatment, to 

ensure that the optical response reflects the intact, free-standing membrane as formed. 

Raman spectra were acquired using a Renishaw inVia Raman spectrometer equipped with 

1800 and 2400 grooves/mm gratings. Excitation wavelengths of 488 nm and 532 nm were 

employed. All measurements were conducted in a backscattering geometry utilizing a 50× 

long-working-distance objective lens (NA = 0.5). During the Raman measurement process, the 

samples were maintained under an Ar atmosphere using Linkam's CCR1000 stage, as shown in 

Figure S3. To avoid laser-induced heating of the heterostructures, the excitation laser power was 

set to less than 0.3 mW. For oxidation measurements, after each Raman acquisition, continuous 

ambient air would be introduced via a gas supplement system driven by a pump. After 30 

minutes of air exposure, the chamber would be purged with Ar gas (3min at 150 sccm), followed 

by a continuous flow of 30 sccm during Raman acquisition. All Raman signals were collected at 

the same position on each sample. 

DFT Calculations 

The geometric and electronic structures of NbS2 nanotubes were calculated using the 

density functional theory 50,51 implemented in the STATE program package.52 The 

exchange-correlation potential energy between the interacting electrons was treated using the 

generalized gradient approximation with the Perdew-Burke-Ernzerhof (PBE) functional.53 

Interactions between valence electrons and nuclei were treated by the ultrasoft 

pseudopotentials.54 The valence wave function and deficit charge density were expanded in terms 

of the plane-wave basis set with the cutoff energies of 25 and 225 Ry, respectively. Structural 

optimizations were carried out until the force acting on each atom is less than  1. 33×10−3
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Hartree/bohr under the fixed lattice parameter c = 0.332 nm along the tube axis, which 

corresponds to the optimized lateral lattice parameter of an isolated monolayer NbS2 sheet. To 

investigate the physical properties of an isolated nanotube, the nanotube was separated by 1 nm 

vacuum spacing from those in the adjacent imaging cells, excluding unintentional inter-tube 

interactions. The Brillouin zone integration was carried out with the use of 5 k points along the 

tube axis.  
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