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Abstract
One-dimensional (1D) nanowires have emerged as a key class of low-dimensional materials with significant potential for next-generation electronic, photonic, and energy applications. Among these, ternary transition metal chalcogenides with the general formula M₂X₃Y₈ represent a unique family of intrinsically one-dimensional systems characterized by strong anisotropic bonding and exceptional structural stability. This review provides a comprehensive overview of recent advances in the synthesis, structural characteristics, and physical properties of M₂X₃Y₈ nanowires. Particular emphasis is placed on synthesis strategies including solid-state reactions, chemical vapor transport, and flux-assisted growth methods. The electronic, optoelectronic, and surface properties of these materials are critically discussed in relation to their performance in devices such as field-effect transistors, photodetectors, and gas sensors. Furthermore, the influence of dimensionality and structural variations on band structure and transport behavior is examined. Finally, current challenges, including scalability, device integration, and performance optimization, are outlined alongside future research directions. This review aims to provide a consolidated framework for understanding and advancing M₂X₃Y₈ nanowires in emerging nanoscale technologies.
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1. Introduction
1.1 Scope and Objectives
This review critically summarizes recent advances in M₂X₃Y₈ ternary transition metal chalcogenide nanowires, focusing on synthesis strategies, structure–property relationships, and emerging device applications. Particular emphasis is placed on comparing fabrication methods, identifying performance bottlenecks, and outlining future opportunities.
1.2 Literature Search Methodology
Relevant literature was collected from Web of Science, Scopus, Google Scholar, and ScienceDirect using keywords such as “M₂X₃Y₈ nanowires”, “ternary transition metal chalcogenides”, “1D van der Waals materials”, and “nanowire photodetectors”. Publications from 2010–2026 were prioritized.
One-dimensional (1D) nanostructures have attracted sustained interest over the past two decades due to their unique physical properties arising from quantum confinement, high surface-to-volume ratios, and anisotropic charge transport [1–3]. Among these, semiconductor nanowires have emerged as fundamental building blocks for nanoscale electronics, photonics, and energy systems [1,4]. Their tunable composition, geometry, and electronic properties enable precise control over device functionality, making them highly suitable for next-generation technologies. Early developments in nanowire research were largely driven by advances in synthesis techniques, particularly the vapor–liquid–solid (VLS) growth mechanism introduced by Wagner and Ellis [2]. This method enabled controlled fabrication of single-crystal nanowires with well-defined dimensions and compositions. Subsequent studies demonstrated the ability to engineer nanowire heterostructures, doping profiles, and interfaces, leading to their integration into functional devices such as field-effect transistors and photodetectors [5–9]. Within this broad class of materials, ternary transition metal chalcogenides with the general formula M₂X₃Y₈ have recently emerged as a distinct category of intrinsically one-dimensional systems [15,17]. These materials exhibit a unique structural framework characterized by strongly bonded atomic chains and weak van der Waals interactions, enabling the formation of high-quality surfaces with minimal dangling bonds [15]. Recent studies have demonstrated that M₂X₃Y₈ nanowires possess remarkable electrical and optoelectronic properties, including high current-carrying capacity and tunable band structures [13,16]. Their enhanced environmental stability compared to conventional quasi-one-dimensional materials further increases their potential for device applications [25]. Despite these advantages, challenges remain in achieving scalable synthesis and reliable device integration [24]. This review provides a comprehensive overview of M₂X₃Y₈ nanowires, focusing on their synthesis, physical properties, and emerging applications, while highlighting current challenges and future research directions.
2. Synthesis of M₂X₃Y₈ Nanowires
The synthesis of M₂X₃Y₈ ternary transition metal chalcogenide nanowires has evolved significantly, with multiple approaches developed to achieve high crystallinity, controlled morphology, and scalability. Unlike conventional semiconductor nanowires, these materials are intrinsically one-dimensional, and their growth is primarily governed by anisotropic bonding and thermodynamic stability rather than purely catalyst-driven mechanisms [15,17]. Various synthesis strategies have been explored, each offering distinct advantages and limitations in terms of structural control and material quality.
2.1 Solid-State Reaction Methods
Solid-state synthesis represents one of the earliest and most widely used approaches for producing bulk M₂X₃Y₈ crystals. This method typically involves heating stoichiometric mixtures of transition metal powders and chalcogen elements in vacuum-sealed quartz ampules at elevated temperatures [13,24]. Early studies successfully synthesized compounds such as Nb₂Pd₃Se₈ and Ta₂Ni₃Se₈ using direct solid-state reactions, demonstrating the feasibility of forming high-quality ternary chalcogenides [13]. The process often requires prolonged heating durations and carefully controlled temperature profiles to ensure phase purity and crystal growth. In some cases, transport agents such as halogens are introduced to enhance material transport and improve crystallinity [24]. Despite its simplicity, the solid-state method presents several limitations, including limited control over nanowire dimensions and relatively low yield of isolated one-dimensional structures. As a result, additional processes such as mechanical or chemical exfoliation are often required to obtain nanowire-like structures from bulk crystals [24].
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Figure 1: Scanning electron microscope (SEM) image of the needle-like Ta₂Pd₃Se₈ structure. The insets show the as-grown bulk single crystals and a cross-sectional view of the simulated equilibrium shape of the Ta₂Pd₃Se₈ nanowire, constructed with four preferred facets: (100), (010), (110), and (210). Reproduced with permission from Ref. 14. Copyright © 2016 American Chemical Society.
2.2 Flux-Assisted Growth Techniques
Flux-assisted growth has emerged as an effective strategy for improving crystal quality and promoting anisotropic growth of M₂X₃Y₈ materials. In this approach, precursor materials are dissolved in a molten salt medium, which facilitates controlled nucleation and growth [13]. Studies have shown that eutectic salt mixtures, such as CsCl/LiCl, can promote the formation of fibrous and elongated crystals with enhanced structural uniformity [13]. By adjusting parameters such as temperature, precursor ratio, and cooling rate, it is possible to influence crystal morphology and favor the formation of quasi-one-dimensional structures suitable for exfoliation. Compared to conventional solid-state methods, flux-assisted growth provides improved control over crystallinity and defect density. However, challenges remain in terms of scalability, purification of the final product, and reproducibility across different material systems [13,24].
2.3 Chemical Vapor Transport (CVT)
Chemical vapor transport (CVT) is one of the most widely used techniques for synthesizing high-quality M₂X₃Y₈ single crystals. This method involves the transport of volatile species within a sealed ampule under a temperature gradient, typically using iodine or other halogens as transport agents [24]. During the CVT process, precursor materials react at a high-temperature zone to form volatile intermediates, which subsequently migrate to a lower-temperature region where crystallization occurs. This approach enables the growth of highly crystalline materials with well-defined morphology and minimal defects [24].
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Figure 2:  Schematic illustration of the growth mechanism of Nb₂Pd₃Se₈ crystals via the chemical vapor transport (CVT) method. Reproduced with permission from Ref. 26. Copyright © 2022 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
CVT has been successfully employed to synthesize various M₂X₃Y₈ compounds, including Ta–Pd–Se and Nb-based systems, typically at temperatures ranging from 700 °C to 900 °C [24]. Although this method provides excellent control over crystal quality and phase purity, it is time-consuming and difficult to scale for large-scale production.
2.4 Emerging Scalable Growth Strategies
Recent efforts have focused on developing scalable synthesis approaches capable of producing high-quality nanowires with controlled dimensions and improved yield. One-step growth techniques using optimized precursor ratios and temperature profiles have demonstrated the formation of millimeter-long single-crystal nanowires [13]. These methods offer significant advantages over exfoliation-based approaches by enabling direct growth of one-dimensional structures with improved control over thickness, crystallinity, and aspect ratio. Such advancements are particularly important for device integration in nanoelectronic and optoelectronic applications [13,24]. However, challenges remain in achieving uniformity across large areas, reducing defect densities, and ensuring compatibility with industrial fabrication processes. Further optimization is required to bridge the gap between laboratory-scale synthesis and practical applications.
2.5 Comparative Analysis of Synthesis Methods
A comparison of the major synthesis techniques reveals important trade-offs between crystal quality, scalability, and structural control. Solid-state methods are relatively simple but offer limited control over nanostructure formation. Flux-assisted growth improves crystallinity and morphology control but introduces additional processing complexity. CVT remains the preferred method for obtaining high-purity single crystals, although it is constrained by scalability issues [13,24]. Overall, the selection of a synthesis method depends on the intended application. High-quality crystals are essential for fundamental studies, whereas scalable and reproducible methods are required for device fabrication. Continued research is needed to develop synthesis strategies that combine both high quality and industrial feasibility.
3. Physical Properties of M₂X₃Y₈ Nanowires
The physical properties of M₂X₃Y₈ nanowires are strongly influenced by their intrinsically one-dimensional crystal structure, anisotropic bonding, and reduced dimensionality. These features give rise to unique electronic, optical, and surface characteristics that distinguish them from conventional bulk and quasi-one-dimensional materials [15,17]. Understanding these properties is essential for evaluating their suitability in nanoelectronic and optoelectronic applications.
3.1 Electronic Properties
The electronic properties of M₂X₃Y₈ nanowires have attracted considerable attention due to their tunable conductivity and potential for device applications. Experimental studies have shown that materials such as Nb₂Pd₃Se₈ exhibit semiconducting behavior, with conductivity values on the order of a few Ω⁻¹·cm⁻¹ at room temperature, decreasing with temperature [17]. Similar behavior has been reported for Ta₂Ni₃Se₈ and related compounds, indicating consistent semiconducting characteristics across this material class [13]. However, electronic behavior is highly sensitive to crystal structure and phase. Certain polymorphic forms of Ta-based compounds exhibit metallic conductivity, demonstrating the strong dependence of transport properties on structural variations [15]. This variability highlights the importance of precise structural control during synthesis. Theoretical studies based on density functional theory (DFT) further reveal that bulk M₂X₃Y₈ materials typically possess indirect band gaps (~0.5 eV), while reduced-dimensional forms such as nanoribbons or nanowires can exhibit direct band gaps (~1.0 eV) [15]. This indirect-to-direct band gap transition is particularly advantageous for optoelectronic applications, as it enhances light absorption and emission efficiency. In addition, M₂X₃Y₈ nanowires demonstrate high current-carrying capacity, reaching values on the order of 10⁵ A/cm², comparable to other quasi-one-dimensional materials [16]. Their predominantly linear current–voltage characteristics indicate Ohmic behavior, which is beneficial for device integration. Nevertheless, challenges remain in controlling carrier concentration, minimizing defects, and ensuring reproducible electrical performance [13,24].
3.2 Optical and Optoelectronic Properties
The optical properties of M₂X₃Y₈ nanowires are closely linked to their electronic structure and reduced dimensionality. These materials exhibit broadband optical absorption, making them promising candidates for optoelectronic applications such as photodetectors and optical sensors [23]. For example, Ta₂NiSe₈ exhibits a narrow band gap (~0.2 eV), enabling absorption across a wide spectral range from visible to near-infrared wavelengths (approximately 405–1550 nm) [23]. This broad spectral response is advantageous for applications in optical communication and energy harvesting. Photocurrent generation in these nanowires arises from multiple mechanisms, including photoconductive effects, photothermal contributions, and metal–semiconductor interface interactions [23]. Additionally, their anisotropic crystal structure enables polarization-sensitive photoresponse, which is highly desirable for advanced photonic systems. Heterostructure-based devices, such as those combining M₂X₃Y₈ nanowires with two-dimensional materials (e.g., MoS₂), have demonstrated enhanced performance, including faster response times (on the order of microseconds) and improved sensitivity [23]. Despite these advances, further optimization is required to improve quantum efficiency, reduce recombination losses, and enhance long-term operational stability.
3.3 Surface and Gas Sensing Properties
The high surface-to-volume ratio and chemically active surfaces of M₂X₃Y₈ nanowires make them particularly suitable for gas sensing applications. Their surfaces provide multiple adsorption sites, enabling strong interactions with gas molecules and resulting in measurable changes in electrical conductivity [25]. These nanowires have demonstrated sensitivity to gases such as CO, NH₃, and NO₂, with NO₂ producing a pronounced response due to charge transfer and p-type doping effects [25]. Their relatively high oxidation resistance further enhances their stability under ambient conditions, distinguishing them from other quasi-one-dimensional materials that are more prone to degradation [25].
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Figure 3: Schematic illustration of gas ionization sensors based on nanowires, where a nanowire film serves as the anode and a Cu plate acts as the cathode.

3.4 Structure–Property Relationships
A defining feature of M₂X₃Y₈ nanowires is the strong correlation between their structural characteristics and physical properties. The presence of covalently bonded atomic chains, combined with weak interchain van der Waals interactions, results in highly anisotropic transport behavior [15]. Dimensional reduction plays a critical role in modifying electronic and optical properties, particularly through band gap tuning and enhanced surface effects. Furthermore, variations in composition and crystal phase can significantly influence conductivity, optical absorption, and environmental stability [15,17]. A comprehensive understanding of these structure–property relationships is essential for optimizing material performance and enabling reliable device fabrication. Future studies should focus on correlating synthesis conditions with structural features and their resulting functional properties [13,24].
3.5 Structural Characterization from Literature
Published studies have confirmed crystal phase purity using XRD, wire morphology using FESEM/TEM, elemental composition by EDX/EDAX, and conductivity through four-probe resistivity measurements.
4. Applications of M₂X₃Y₈ Nanowires
The unique combination of anisotropic structure, tunable electronic properties, and environmental stability makes M₂X₃Y₈ nanowires highly promising for a wide range of advanced technological applications. Their intrinsically one-dimensional nature enables efficient charge transport and strong light–matter interactions, which are critical for next-generation nanoelectronic and optoelectronic devices [15,17]. This section reviews key application areas, emphasizing device performance, advantages, and current limitations.
4.1 Field-Effect Transistors (FETs)
M₂X₃Y₈ nanowires have demonstrated strong potential as channel materials in field-effect transistors due to their high carrier mobility and tunable conductivity [15]. Their quasi-one-dimensional structure enables efficient charge transport along the wire axis while minimizing scattering effects, leading to improved device performance. Experimental studies have shown that these nanowires can exhibit stable switching behavior with favorable on/off current ratios, making them suitable for nanoscale logic applications [17]. Additionally, their surfaces are largely free of dangling bonds, which reduces surface trap states and enhances device reliability compared to conventional semiconductor nanowires [15]. Despite these advantages, several challenges remain. Precise control over doping, contact resistance, and channel uniformity is essential for optimizing transistor performance. Furthermore, large-scale integration of nanowire-based FETs into existing semiconductor technologies remains a significant challenge [24].
4.2 Photodetectors
M₂X₃Y₈ nanowires are particularly attractive for photodetection applications due to their broadband optical absorption and strong photoresponse [23]. Their tunable band gap enables detection across a wide spectral range, from visible to near-infrared wavelengths. Devices based on materials such as Ta₂Pd₃Se₈ have demonstrated efficient photocurrent generation, influenced by both photoconductive and photothermal effects [23]. The anisotropic crystal structure of these materials also enables polarization-sensitive detection, which is advantageous for advanced photonic systems. Heterostructure-based photodetectors, such as MoS₂/M₂X₃Y₈ systems, have shown enhanced performance, including faster response times (on the order of microseconds) and improved sensitivity due to efficient charge separation at the interface [23].
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Figure 4. Optical image of fabricated Ta₂Pd₃Se₈ nanowire device and schematic illustration of photocurrent mapping setup using a 532 nm laser.
4.3 Gas Sensors
The high surface activity and adsorption capability of M₂X₃Y₈ nanowires make them excellent candidates for gas sensing applications. Their electrical conductivity is highly sensitive to surface interactions with gas molecules, enabling detection of various chemical species [25]. These nanowires have demonstrated strong responses to gases such as CO, NH₃, and NO₂, with NO₂ producing particularly significant conductivity changes due to charge transfer effects [25]. Their inherent oxidation resistance further enhances their suitability for long-term sensing applications under ambient conditions.
4.4 Emerging Nanoelectronic and Quantum Devices
Beyond conventional applications, M₂X₃Y₈ nanowires are being explored for emerging nanoelectronic and quantum device technologies. Their reduced dimensionality and strong electronic confinement make them suitable platforms for studying quantum transport phenomena and low-dimensional physics [15]. These materials also show promise for use in nanoscale interconnects, flexible electronics, and hybrid device architectures. Their high current-carrying capacity and structural stability position them as potential alternatives to traditional metallic interconnects in miniaturized circuits [16]. Furthermore, the ability to form heterostructures with other low-dimensional materials expands their applicability in multifunctional devices, including systems that combine sensing, electronic, and photonic functionalities [23]. Despite these opportunities, the field remains at an early stage. Significant advances in material synthesis, device fabrication, and theoretical understanding are required to fully exploit the potential of M₂X₃Y₈ nanowires in practical nanoelectronic and quantum technologies [13,24].
5. Challenges and Future Perspectives
Despite significant progress in the development of M₂X₃Y₈ nanowires, several critical challenges must be addressed before these materials can be fully utilized in practical applications. These challenges span synthesis, structural control, device integration, and long-term performance, and they highlight the need for continued research and technological advancement [13,24].
5.1 Challenges in Controlled Synthesis
Achieving precise control over the synthesis of M₂X₃Y₈ nanowires remains a major challenge. While methods such as chemical vapor transport and flux-assisted growth can produce high-quality crystals, they often suffer from limited scalability and reproducibility [13,24]. Variations in temperature gradients, precursor composition, and transport agents can lead to inconsistencies in crystal morphology, defect density, and phase purity. Furthermore, many current approaches rely on bulk crystal growth followed by exfoliation to obtain one-dimensional structures, which limits control over nanowire dimensions and reduces yield. Developing scalable and reproducible synthesis techniques capable of directly producing uniform nanowires is therefore essential for practical applications [24].
5.2 Structural and Defect Engineering
The performance of M₂X₃Y₈ nanowires is highly sensitive to structural defects, impurities, and phase variations. However, systematic approaches to defect engineering in these materials are still limited. Controlling vacancies, dislocations, and grain boundaries is crucial for optimizing electronic and optical properties [15]. In addition, the presence of multiple structural phases in certain compounds can lead to variability in electronic behavior, ranging from semiconducting to metallic characteristics. A deeper understanding of phase stability and its influence on transport properties is necessary to achieve consistent and reliable performance [15,17].
5.3 Device Integration and Contact Engineering
Integrating M₂X₃Y₈ nanowires into functional devices presents significant challenges, particularly in the formation of efficient electrical contacts. High contact resistance and the presence of Schottky barriers can limit charge injection and reduce overall device performance [24]. Moreover, precise alignment and positioning of nanowires for large-scale device fabrication remain difficult. Current fabrication techniques are not yet fully compatible with established semiconductor manufacturing processes, which hinders the transition from laboratory-scale demonstrations to industrial applications [13,24].
5.4 Performance Stability and Environmental Effects
Although M₂X₃Y₈ nanowires exhibit improved oxidation resistance compared to many quasi-one-dimensional materials, their long-term stability under operational conditions is not yet fully understood. Environmental factors such as humidity, temperature fluctuations, and chemical exposure can influence device performance over time [25]. For sensing applications, issues such as signal drift, slow recovery time, and cross-sensitivity to multiple gases remain significant challenges. Addressing these limitations will require improved surface passivation, encapsulation strategies, and optimized device architectures [25].
5.5 Future Research Directions
Future research on M₂X₃Y₈ nanowires should focus on several key directions to unlock their full potential:
· Scalable synthesis: Development of reproducible, large-area growth techniques compatible with industrial fabrication processes [13,24] 
· Structure–property relationships: Advanced experimental and theoretical studies to better understand the correlation between structure, defects, and functional properties [15,17] 
· Heterostructure engineering: Integration with other low-dimensional materials to create hybrid systems with enhanced performance and new functionalities [23] 
· Device optimization: Improvement of contact engineering, interface design, and device architecture for enhanced efficiency and reliability [24] 
· Emerging applications: Exploration of applications in quantum devices, flexible electronics, and multifunctional systems [15] 
5.6 Outlook
M₂X₃Y₈ nanowires represent a promising frontier in low-dimensional materials research, offering a unique combination of structural anisotropy, electronic tunability, and environmental stability. While several challenges remain, ongoing advances in synthesis techniques, characterization methods, and device engineering are expected to drive rapid progress in this field [13,24]. With continued interdisciplinary research efforts, these materials have the potential to play a significant role in the development of next-generation nanoelectronic and optoelectronic technologies, bridging the gap between fundamental science and practical applications.
5.7 Critical Perspective
Despite promising laboratory-scale demonstrations, many reported device performances are based on small sample sizes and non-standardized testing conditions, making direct comparison difficult. Furthermore, large-area aligned growth, contact engineering, and long-term reliability remain insufficiently studied.
6. Conclusion
M₂X₃Y₈ ternary transition metal chalcogenide nanowires represent an emerging class of intrinsically one-dimensional materials with significant potential for next-generation nanoelectronic and optoelectronic applications. Their unique structural characteristics, defined by strong intra-chain covalent bonding and weak inter-chain van der Waals interactions, enable exceptional electronic transport, tunable band structures, and enhanced surface functionality [15,17]. This review has provided a comprehensive overview of recent advances in the synthesis, physical properties, and device applications of M₂X₃Y₈ nanowires. Various synthesis approaches, including solid-state reactions, flux-assisted growth, and chemical vapor transport, have been discussed with respect to their advantages and limitations in achieving high-quality and scalable materials [13,24]. The electronic and optical properties of these nanowires demonstrate their suitability for applications such as field-effect transistors, photodetectors, and gas sensors, owing to their high current-carrying capacity, broadband optical response, and surface sensitivity [16,23,25].
Despite these promising developments, several challenges remain, particularly in achieving scalable synthesis, precise structural control, and reliable device integration. Addressing these limitations is essential for transitioning from laboratory-scale studies to practical applications [24,25]. Furthermore, improved understanding of structure–property relationships and defect engineering will be critical for optimizing performance and ensuring reproducibility [15]. Overall, continued advancements in synthesis techniques, characterization methods, and device engineering are expected to further unlock the potential of M₂X₃Y₈ nanowires. With sustained interdisciplinary research efforts, these materials are well-positioned to contribute to the development of high-performance, energy-efficient, and miniaturized technologies in the near future [13,24].
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