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Abstract

The pursuit of high-performance thermoelectric materials is of paramount importance in addressing energy sustainability and environmental concerns. Here, we explore the multifaceted impact of sulfur passivation in the matrix of tellurium nanowires (TeNWs), encompassing environmental control, thermoelectric properties, and charge carrier mobility. In this study, we present the facile production of TeNWs using an aqueous solution synthesis approach. The synthesized TeNWs were subsequently subjected to surface modification involving sulfur moieties. Our findings demonstrate that sulfur passivation not only effectively safeguards the nanowires from environmental degradation but also significantly augments their thermoelectric properties. Notably, the highest recorded values were achieved at 560 K for passivated tellurium nanowires, exhibiting a Seebeck coefficient of 246 µV/K, electrical conductivity of 14.2 S/cm, and power factors of 86.7 µW/m-K2. This strategy presents a promising avenue for the development of advanced thermoelectric materials for applications in energy harvesting, waste heat recovery, and sustainable energy conversion technologies.
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Introduction
The pursuit of thermoelectric semiconductors capable of efficiently converting waste heat into clean electrical energy has captivated the realm of renewable energy exploration.1,2 The advancement in both the materials and processes associated with thermoelectric systems has propelled thermoelectric technology into the realm of promising next-generation energy sources, aligning it with other environmentally friendly energy solutions. The thermoelectric performance, quantified by the ZT value, is formulated as follows:

where S is the Seebeck coefficient,  is the electrical conductivity, T is the absolute temperature,  is the thermal conductivity, and  is the power factor (PF).1,2 The lower  and the higher PF values, the better will be the TE performance of the semiconductor material. 1,12,13 The thermoelectric properties of elemental tellurium make it a noteworthy material for thermoelectric devices. Key characteristics such as a high Seebeck coefficient and low thermal conductivity of elemental tellurium contribute to maintaining elevated thermoelectric efficiency. Consequently, researchers have performed doping and alloying for a range of diverse materials to enhance the figure of merit of thermoelectric materials, aiming for improved performance.1,2 Among the various elemental materials, one dimensional (1D) nanowires of Tellurium have found extensive utilization in the creation of thermoelectric, photoconductors, as well as high-resistivity and piezoelectric devices.3-6 The introduction of tellurium nanostructures with reduced dimensionality is poised to introduce novel applications or elevate the capabilities of presently employed devices.7 To date, an array of tellurium nanowires (TeNWs) featuring diverse diameters and lengths have been synthesized using a range of techniques, encompassing both solution-based and vapor-phase methods.8-11,21-26 It is crucial to note that the efficiency of charge transport and the mobility of charge carriers within nanowires are predominantly influenced by the characteristics of their surfaces, encompassing their preparation and subsequent defect densities.27 The surface properties of nanowires significantly impact phonon scattering, thereby affecting the overall thermal conductivities exhibited by nanowires.27 Furthermore, surface imperfections on nanowires can act as traps for charge carriers, diminishing doping effectiveness, and promoting electron-hole recombination, consequently reducing diffusion lengths.28 Specifically, impurities tend to inhabit surface and subsurface substitutional sites, rendering them electrically inactive.28 Therefore, without proper management of nanowire surface properties, achieving precise control over the properties of devices manufactured using nanowires proves challenging. 
Nanostructured materials synthesized through solution-based methods typically exhibit low electrical conductivity. This reduced conductivity can be attributed to bulky long chain insulating ligands such as polyvinylpyrrolidone (PVP) attached to their surface to facilitate a stable dispersion and surface oxidation on the TeNWs.18 Eliminating the residual PVP, which functions as a capping agent in nanowire synthesis, poses a challenge due to its adhesive properties. Typically, a highly energy-intensive technique known as Spark-Plasma-Sintering (SPS) is employed to eliminate these surfactants, aiming to achieve a refined product suitable for thermoelectric (TE) applications. Besides, surface passivation (a chemical process to make the surface passive i.e.  virtually inert)- a necessary step in fabricating nanowire-based devices - becomes unavoidable.28,29 Nanowire surface passivation naturally occurs through oxidation, wherein an oxide layer forms around the wire upon exposure to air, rendering the surface virtually inert. Consequently, it becomes imperative to devise efficient transport mechanisms within nanostructured materials to minimize the scattering of charge carriers at the interfaces of these materials. 
The challenges mentioned earlier have been tackled in this article by designing nanostructured materials and incorporating suitable ligands to efficiently modify their surface characteristics. In this context, sulfur moieties are recognized as elementary linkers renowned for their ability to bind with diverse chalcogenide-based nanostructure systems.14 Studies indicate that S2- ions initially infiltrate the polymer coating (PVP) of the synthesized nanowires (NWs) and adhere to any un-passivated surface tellurium (Te) atoms. As S2- ions concentration increases, the polymer coating is gradually expelled, resulting in an augmentation of surface sites available for S2- attachment. Ultimately, under heavily doped conditions, nearly all polymer material is displaced, leading to complete coverage of the NW surface by S2- atoms.15 Nevertheless, the criteria for selecting linkers rely on their capacity to prevent the aggregation of individual nanostructures and enhance dispersion in various solvents. Thus, the presence of sulfur ions on the nanostructures' surface, carrying a surface charge, bestows stability upon them in polar solvents such as water and hexane. This stability is achieved by inhibiting aggregation through electrostatic repulsion among individual nanoparticles.14
In this study, we opted an aqueous solution chemical synthesis route to produce tellurium nanowires. This approach is distinguished by its low-energy input and yields high-quality nanomaterials with precise control over their dimensions and chemical composition. During the synthesis process, PVP served as a capping agent, while hydrazine hydrate acted as a reducing agent for TeO2. Subsequently, the synthesized TeNWs were employed to modify their surface through the introduction of sulfur linkers (S2- ions) via a brief mixing procedure. This involves combining a nanowire dispersion with sodium sulfide (Na2S) in DI water, subjecting the mixture to continuous magnetic stirring for 30 minutes followed by centrifugation for 45 minutes at 10000 rpm. The precipitated nanostructures were then re-dispersed in DI water and centrifuged again for 45 minutes. This process was repeated three times, adhering to a literature protocol,14 to yield a final purified product of sulfur-capped tellurium nanowires (hereafter, denoted as S2-TeNWs).We report a significant enhancement in the power factor of S2-TeNWs thin film. We demonstrate that Na2S passivation not only acts as a robust shield to effectively prevent the oxidation of tellurium nanowires, but also results in a substantial increase in charge carrier mobility. The resulting S2-TeNWs thin film exhibited a high power-factor of 86.7 µW/m-K2 at 560K, the highest value reported in the literature.3,18 Due to enhanced phonon scattering at interfaces, tellurium nanowires demonstrate a low thermal conductivity of ~ 0.16 W/m-K.18 Thus, it is recommended to concentrate on enhancing the power factor rather than ZT values. 


Results and Discussion
Our materials exhibit excellent dispersibility, as demonstrated in the Supporting Information Fig. S1 through Zeta Potential measurements, enabling us to create uniform films on silicon and quartz substrates. Fig. 1 (a &b) displays scanning electron microscopy (SEM) images of films formed by drop-casting nanowires dispersed in ethanol and isopropanol solution. 
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Fig. 1:  Microstructures of (a)TeNWs and (b) S2-TeNWs films. Films were fabricated via drop-casting on Silicon substrates in nitrogen filled glovebox environment with O2 <1ppm, and H2O <1ppm. High-resolution X-ray photoelectron spectroscopy (XPS) spectra of TeNWs and S2-TeNWs films: survey scan (c & d) and XPS core level spectra of Te 3d (e & f) of bare TeNWs, and sulfur capped TeNWs, respectively.
Despite their porous nature, these films revealed a compact and interconnected network of nanowires. Notably, the sulfur capped TeNW (S2-TeNWs) films exhibited a more homogeneous and smoother morphology in comparison to the bare TeNWs film. Incorporating sulfur plays an important role to selectively target and effectively passivate any unoccupied surface Te sites that could be susceptible to oxidation, thus contributing to exceptional stability. The presence of sulfur within the TeNW matrix has been effective in mitigating surface oxidation, as evidenced by X-ray photoelectron spectroscopy (XPS) analysis presented in Fig.1 (c-f) and the EDX analysis shown in Supporting Information Fig S2. XPS analysis reveals that the nanowires primarily consist of elemental tellurium, characterized by a Te 3d binding energy of 572.39 eV. XPS analysis of S2-TeNWs shows no peak ~169 eV which confirms there is no chemical interaction between Te and sulfur. In quantitative terms, the analysis indicates that S2-TeNWs film contains approximately 2.7% sodium (Na), 19.33% sulfur (S), and 29.16% tellurium (Te). Additionally, surface oxidation was initially detected in TeNWs films at approximately 14.77 atomic percent (at%), which was subsequently reduced to 10.02 at% with the sulfur passivation within the TeNWs matrix, the core level O 1s spectra of bare TeNWs and S2-TeNWs films are also shown in the Supporting Information Fig S2-b. The peak detected at ~ 400 eV is assigned to the presence of nitrogen, potentially arising from the use of hydrazine as a reducing agent in the synthesis of tellurium nanowires.
To get a precise estimation, especially on the length and the diameters of the nanowires, we acquired low-magnification TEM images by dispersing the nanowires on a standard TEM grid (Supporting Information Fig. S3).  Measurements show that the nanowire lengths ranged from 1.0 to 2.5 µm, whereas the diameter ranged from 45 nm to 55 nm for TeNWs and from 54 to 62 nm for S2-TeNWs. This clearly indicates that the nanowire diameter increased by ~ 8 nm after sulfur capping. It is quite likely that ultrasonication of the samples prior to drop casting the sample onto TEM grid resulted in breaking up the longer nanowires into smaller pieces.
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Fig. 2: High-resolution TEM images of (a) TeNWs and (d) S2-TeNWs, showing the morphology of the NWs. (b) and (e) A zoom-in section from the selected regions showing lattice fringes. (c) and (f) Fast Fourier Transform (FFT) of the selected regions showing that in both cases the nanowires are grown along the c-axis with a lattice fringe spacing of 0.59 nm that matches well with reported d-spacing of Te along (001).

To prove that sulfur is exclusively localized on the surface of the tellurium nanowires (TeNWs) and does not infiltrate the bulk, we acquired high-resolution TEM images and STEM-EDX maps (Fig. 2 and 3). High-resolution TEM images show no change in lattice parameter in both cases and the measured d-spacing (d0001 = 0.59 nm) matches well with the pristine Te (Fig. 2). This indicates that the bulk of the Te NWs should be free from any sulfur. Fast Fourier Transform (FFT) of the selected regions (Fig. 2(c)and 2(f)) shows that in both cases the nanowires are grown along the c-axis. 
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Fig. 3: STEM-EDX elemental mapping of (a) TeNWs and (b) S2-TeNWs showing annular dark-field (ADF) image, Te (red) and S (green) elemental maps and an overlay map of Te and S. A representative spectra of (c) TeNWs and (d) S2-TeNWs showing marginally larger peak of S Kα at 2.307 keV for S coated TeNWs.
	Area
	Elements
	TeNWs
	S2-TeNWs

	
	
	at. %
	error %
	at. %
	error %

	Small Area
Single NW
	S K
	0.06
	84
	0.80
	41

	
	Te L
	99.94
	0.5
	99.20
	1

	Large Area
Multiple NWs
	S K
	0.64
	25
	1.75
	4

	
	Te L
	99.36
	0.4
	98.25
	0.2



Table 1: Quantitative elemental composition of S and Te for TeNWs and S2-TeNWs extracted from STEM-EDX mapping.

To further understand the distribution of the sulfur, we acquired STEM-EDX mapping data (Fig. 3). A careful quantitative analysis of sulfur and Tellurium elemental composition reveals that there is slight increase (~ 1 at. %) in sulfur content for S2-TeNWs compared to TeNWs (Table 1). However, due to a relatively small quantity of sulfur and poor sensitivity and spatial resolution of our EDX detector, the sulfur maps show a uniform distribution over the whole surface of the NWs and there is no evidence that the sulfur is preferentially attached to the NWs surface. To clarify this issue, we acquired STEM-EELS maps for sulfur capped tellurium nanowires (S2-TeNWs) (Fig. 4). Due to a better spatial resolution in the STEM-EELS, we can detect a better map of sulfur distribution (Fig. 4a). The average line profiles of the overlay map clearly illustrate that sulfur is concentrated within the surface region, while tellurium is predominantly confined to the core region (Fig. 4b). Further analysis on TeNWs & S2-TeNWs is also shown in SI Fig. S4.
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Fig. 4: STEM-EELS elemental mapping of sulfur capped Te-NWs: (a) Annular dark-field (ADF) STEM image of a selected NW and corresponding elemental (Te, S) elemental EELS maps. (b) Overlay map of Te and S (bottom) and averaged and normalized line-profile across the nanowire marked with the white dotted rectangle in the overlay map.

[bookmark: _Hlk166164512][bookmark: _Hlk166164546][bookmark: _Hlk166164597]To evaluate the thermoelectric characteristics of TeNWs and S2-TeNWs, we generated drop-casted thin films on (13×4) mm2 quartz substrates for ZEM3 system, by depositing a solution of TeNWs and S2-TeNWs (suspended in a mixture of IPA and ethanol, with a ratio of 3:2), followed by an annealing process at 300 ⁰C in a nitrogen-rich environment for a duration of one hour. Fig. 5 shows the temperature-dependent thermoelectric properties of the TeNWs film and the S2-TeNWs films. The positive Seebeck coefficient values in both TeNWs and S2-TeNWs films indicate their behavior as p-type semiconductors. As temperature increases, Seebeck coefficient drops as a function of temperature until 450 K and then start increased as temperature increases further for both TeNWs and S2-TeNWs films. Above 460 K, Seebeck value of both TeNWs and S2-TeNWs films matches closely. Similar trend of Seebeck coefficient has been reported by T. Fukuroi et. al.,32 and by Hua Peng et. al.,1 for Te bulk material. On the other hand, electrical conductivity of TeNWs displays a gradual increase, progressing from 0.12 S/cm to 6.62 S/cm as the temperature varies from 300 K to 560 K. These changes result in the highest power factor, reaching 42.1 µW/mK2 at 560 K. 
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[bookmark: _Toc105519235][bookmark: _Hlk166164767]Fig. 5: (a)Temperature dependent Seebeck coefficient, electrical conductivity and (b) power factor of TeNWs and S2-TeNWs films. (c) Carrier concentration and mobility as a function of temperature. Temperature-dependent Seebeck coefficient and electrical conductivity properties were acquired through the system, ZEM3. The black solid lines are theoretical Seebeck coefficient values derived using Boltz trap for 4 different carrier concentration. 

[bookmark: _Hlk166164874]Furthermore, we observed an enhancement in thermoelectric performance with the introduction of sulfur in the TeNWs matrix. The thermoelectric properties depicted in Fig. 5 (a & b) reveal that the S2-TeNWs film follows a similar trend to the TeNWs, yet with superior power factors. The Seebeck coefficient of S2-TeNWs shows similar trend as TeNWs.  However, we achieved a gradual increase in electrical conductivity from 0.12 to 14.3 S/cm while increasing the temperature from 300 to 560 K, leading to a rise in power factors to 86.7 µW/mK2. Hall measurements were performed to deduce carrier concentration and mobility in TeNWs and S2-TeNWs films (See SI for more details). Carrier concentration and mobility are plotted as a function of temperature in figure 5(c). As can see, carrier concentration is bit higher thorough out the temperature range (300-400 K) in S2-TeNWs films compared to TeNWs films which give rise to bit lower Seebeck coefficient as observed in figure 5(a). Room temperature carrier concentration for both films was found ~3-5 x1016cm-3 for S2-TeNWs films and ~8 x1016 cm-3 for TeNWs film, respectively. Similar carrier concentration has been reported by Fukuroi et al., in pristine Te bulk at room temperature.32 On the hand, mobility increases as temperature increases for both the systems. Mobility value for TeNWs was bit higher for 300 K but, a crossover observed at 400 K. 
An analytical study of temperature dependent Seebeck coefficient is done using Boltz trap (more details in SI).33 Seebeck coefficients values at different temperature were calculated under the constant relaxation time approximation (CRTA).  Black lines in figure 5(a) show the temperature dependence of the theoretical Seebeck coefficient for 4 fixed intrinsic carrier concentrations which are closer to measured using Hall measurement for TeNWs (8 e16cm-3) and S2-TeNWs films (5e16cm-3). As observed, experimental data is bit lower than the theoretical data. The lower value could be explained by changing intrinsic carrier concentration as temperature increases. At room temperature, intrinsic carrier concentration of Te material can be written as:
                                        (1)
                                                           (2)
                                                               (3)

Where   are effective mass of holes and electrons and  is the band gap. Tellurium has low band gap of 0.35 eV which decreases as temperature increases.34,35 Due to temperature dependent band gap, both p and n type carrier concentration increases. Consequently, the Seebeck coefficient decreases as a function of temperature. On the other hand, conductivity will increase as observed in figure 5(a). This phenomenon is corroborated by previous studies by Hua Peng et al., T. Fukuroi et al., and Siqi Lin et al.1,32,2.

Table 2. Summary of Transport Properties of Thin Films based on Tellurium Nanowires.
	Material
	σ(S/cm)
	S(µV/K)
	PF (µW/m-K2)
	    T
	κ(W/m-K)
	ZT

	Te-bulk (2)
	59
	300
	531
	300K
	1.69
	0.10

	TeNWs (3)
	0.26
	568
	8.44
	300K
	-
	-

	TeNWs (18)
	0.0129
	551
	0.39
	300K
	0.16
	7.2×10-4

	TeNWs (24)
	0.1
	400
	1.6
	300K
	-
	-

	TeNWs (25)
	0.08
	408
	2.7
	300K
	2- (bulk value)
	4.4×10-4

	TeNWs (26)
	0.015
	758
	0.9
	300K
	-
	-

	Te-PVP (31)
	3.8
	346
	45.5
	300K
	0.98
	0.01

	TeNWs (our work)
	6.62
	252
	42.1
	560K
	-
	-

	S2-TeNWs (our work)
	14.3
	246
	86.7
	560K
	-
	-



Conclusion
In conclusion, our study demonstrates a significant enhancement in the thermoelectric (TE) properties of Tellurium nanowires (TeNWs) by modifying the surface of the TeNWs using sulfur moieties. This surface modification not only resulted in the improvement of the TE properties but also effectively reduced oxidation within the TeNWs matrix, as confirmed by Energy Dispersive X-ray (EDX) and X-ray Photoelectron Spectroscopy (XPS) analyses. Moreover, our research demonstrated the successful adherence of sulfur onto the TeNWs' surfaces, as validated by Scanning Transmission Electron Microscopy-Energy Loss Spectroscopy (STEM-EELS) elemental mapping. Our comprehensive analyses utilizing Raman spectra, UV-Vis, X-ray Diffraction (XRD), and Transmission Electron Microscopy (TEM) supported the notion that the presence of sulfur did not induce any structural alterations in the TeNWs. Notably, our work has achieved a high-power factor of 86.7 µW/mK2, which is the highest reported value to date for tellurium nanowires. Our results hence open up a new avenue for advancing the thermoelectric properties of tellurium-based nanostructured materials, offering promising prospects for their utilization in various energy harvesting and conversion applications.
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Materials and Methods
Reagents 
The synthesis of tellurium nanowires and their surface modification by sulfur ligands involved the use of the following reagents: ethylene glycol (with a purity exceeding 99%, anhydrous grade, obtained from Sigma Aldrich), tellurium dioxide (with a purity of 99.995%, sourced from Aldrich), polyvinylpyrrolidone (PVP-K30, with a molecular weight approximately 40,000, acquired from Fluka), potassium hydroxide (with a minimum purity of 85% on a KOH basis, from Merck), hydrazine hydrate (N2H4 50-60%, provided by Sigma Aldrich), and sodium sulfide (with a purity of 99.5%, in the form of Na2S powder, anhydrous grade, obtained from Aldrich). These reagents were employed as purchased without further purification.
Synthesis of Tellurium Nanowires and Surface Modification 
Established protocols from the literature were employed for both the synthesis of tellurium nanowires and the subsequent surface modification of these nanowires using sodium sulfide.14,15,17 To synthesize Tellurium (Te) nanowires, 20 ml of ethylene glycol was introduced into a three-neck flask connected to a standard Schlenk line. Subsequently, 0.2 g of PVP, 0.6 g of NaOH, and 0.4788 g of TeO2 powder were added to the flask. The mixture was then heated to 160°C, following which 1 ml of hydrazine hydrate was introduced as the reducing agent. After one hour of reaction time, uniform Te nanowires were formed. Upon completion of the reaction, the solution was cooled to room temperature and subjected to centrifugation at 10,000 rpm for 2 hours and 30 minutes. The supernatant was then decanted, and the precipitated nanowires were dispersed in acetone: DI-water (3:1) and centrifuged at 10,000 rpm for 30 minutes. This process was repeated thrice to ensure the elimination of any residual contaminants and to obtain a pure final product. For the surface modification of the synthesized TeNWs, equimolar quantities of TeNWs and Na2S linker were dissolved in deionized (DI) water, followed by 10 minutes of sonication and 30 minutes of magnetic stirring. Subsequently, the mixture underwent centrifugation at 10,000 rpm for 45 minutes. Upon decanting the supernatant, the precipitated sulfur-capped nanowires were re-dispersed in DI water and subjected to another round of centrifugation for 30 minutes. To ensure the removal of any unbound species and achieve a pristine product, this process was iterated three times. Finally, the sulfur capped TeNWs texture was dried under vacuum overnight.
Thin Film Fabrication
The nano-powders consisted of tellurium nanowires and sulfur capped tellurium nanowires were dispersed in isopropanol and ethyl alcohol (3:2) solution to obtain a homogenous and stable suspension followed by 30 min power sonication in pulse mode (15 see ON, 5sec OFF) before being drop-casted onto silicon and quartz substrates.

The solutions were drop-casted onto circular quartz substrates with a diameter of 20 mm to measure thermoelectric (TE) transport properties. To perform X-ray diffraction (XRD), scanning electron microscopy (SEM) equipped with EDX, and X-ray photoelectron spectroscopy (XPS), the films were deposited onto silicon (Si) substrates measuring (1×1) cm2, and this deposition process took place at 70°C on a hotplate. Subsequently, the drop-casted films were annealed at 100°C overnight within a nitrogen-filled glovebox to remove any residual solvent. It is important to note that the films remained unexposed to ambient air throughout this process.
Before drop-casting, all substrates were thoroughly cleaned which involved sequential sonication in acetone and isopropanol for a duration of 10 minutes. Following this, the substrates were subjected to UV-ozone treatment at 100°C for a period of 10 minutes. Since the nanowires initially did not show any electrical conductivity, they were subjected to additional annealing at 300°C for one hour.
Characterization 
X-ray diffraction patterns were gathered using a Bruker D8 Advanced X-ray powder diffractometer employing Cu Kα radiation at ambient temperature. For X-ray photoelectron spectroscopy (XPS), an AXIS Supra spectrometer (Kratos Analytical, UK) was employed, featuring a hemispherical analyzer and a monochromatic Al Kα source (1487 eV) operating at 15 mA and 15 kV. XPS spectra were acquired from a measurement area of 700×300 µm2 at a take-off angle of 90⁰. Survey scans used a pass energy of 160 eV, while high-resolution scans used 20 eV. Charge compensation was achieved through the application of low-energy electron flooding. The raw data was subsequently deconvoluted using Casa XPS software. Raman spectroscopy was carried out with a macro-Raman system (Technospex) using 532 nm laser excitation. The setup was calibrated using a silicon wafer with known peak at 520.7cm-1.
Ultraviolet visible spectroscopy (UV-Vis) was conducted by employing a Shimadzu UV-3600 Spectrophotometer in the UV-VIS-NIR range, with a baseline spanning from 300 to 3300 cm-1. Data acquisition was carried out using UV-Probe 2.33 software. The nanowires were dispersed in DI-water at a concentration of 0.1 mg per 3 ml, and quartz cuvettes were employed to measure the absorption spectra in UV-Vis. Scanning Electron Microscopy (SEM) imaging was conducted using a JEOL JSM 7800F Prime scanning electron microscope at an operational voltage of 5 keV. For Transmission Electron Microscopy (TEM) analysis, samples were prepared by applying a 20 µL solution onto a standard 3 mm copper mesh grid with a continuous lacey carbon-coated film (Cat. No. 3830C-CF, SPI Supplies, West Chester, USA). To create the suspension solutions, 50 µg of powder containing the nanowires (TeNWs and S2-TeNWs) were mixed with 1 mL of ACS-grade water (Cat. No. 320072, Sigma-Aldrich Co. LLC, St. Louis, USA). These suspension solutions were thoroughly blended for 2 minutes using a vortex mixer (Scientific Industries Inc., New York, USA) to ensure uniform dispersion of the nanoparticles. Grids were air-dried naturally for approximately 1 hour before being loaded into the TEM. The grid samples were placed onto a standard low-background TEM double tilt holder (Thermo Fisher Scientific, Waltham, MA USA). TEM images were acquired using Titan 80-300 keV and Tecnai G2 80-200 keV TEMs (Thermo Fisher Scientific, Waltham, MA USA; formerly produced by FEI), which were equipped with a 4096×4096 pixels² OneView CMOS camera (Gatan, Inc., Pleasanton, CA, USA). STEM-EDX and STEM-EELS were acquired using Tecnai G2 80-200 keV TEMs. Subsequently, TEM images were processed using Digital Micrograph (DM) software (Gatan, Inc., Pleasanton, CA, USA) and the open-source ImageJ software (National Institutes of Health) to enhance contrast and brightness.
Thermoelectric Transport Properties Measurements 
We conducted a simultaneous temperature-dependent measurement of the Seebeck coefficient and electrical conductivity for thin films of TeNWs and S2-TeNWs using the Seebeck coefficient-electrical resistance measurement system ZEM-3 with temperature intervals of 30 degrees. For the calculation of the electrical conductivity, we obtained linear current-voltage (IV) curves at various temperatures and extracted the resistance at each temperature from the slope of the IV curves. To estimate the thickness and width of the thin films, we employed an Alpha-Step IQ surface profiler and then the resistivity (ρ) was computed.  Finally, electrical conductivity (σ) was obtained as σ = 1/ ρ.
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