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Abstract 

Rhenium disulfide (ReS2) is a two dimensional (2D) group VII transition metal 

dichalcogenide (TMD). It is attributed with structural and vibrational anisotropy, layer 

independent electrical and optical properties, and metal-free magnetism properties. These 

properties are unusual compared with more widely used group VI-TMDs e.g. MoS2, MoSe2, 

WS2 and WSe2. Consequently, it has attracted significant interest in recent years and is now 

being used for a variety of applications including solid state electronics, catalysis, and, energy 

harvesting and energy storage. It is anticipated that ReS2 has the potential to be equally used 

in parallel with isotropic TMDs from group VI for all known applications and beyond. 

Therefore, a review on ReS2 is very timely. In this first review on ReS2, we critically analyze 

the available synthesis procedures and their pros-cons, atomic structure and lattice symmetry, 

crystal structure and growth mechanisms with an insight to the orientation and architecture of 

domain and grain boundaries, decoupling of structural and vibrational properties, anisotropic 

electrical, optical and magnetic properties impacted by crystal imperfections, doping and 

adatoms adsorptions, and the contemporary applications in different areas.  

Keywords: Rhenium disulfide, transition metal dichalcogenide, device fabrication, energy 

conversion, energy storage 
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1. Introduction 

Two dimensional (2D) materials today are a priority choice for research and application in 

almost every area of science and engineering. Despite a near-century long debate on existence 

of 2D materials, the discovery of graphene in 2004 began a new paradigm of naturally 

existing 2D materials.[1, 2] However, graphene is a zero bandgap material and is not suitable 

for applications where a bandgap is required. Therefore research is being directed toward new 

2D materials. As a result, an almost avalanche of research has resulted into flat materials 

beyond carbon species e.g. graphene culminated with a new genre of materials that have 

identical features of classic 2D materials, but with additional beneficial properties that 

graphene lacks.[3, 4, 5] Silicon (Si), tin (Sn), black phosphorous (BP), germanium (Ge), 

transition metal dichalcogenides (TMDs), and  transition metal trichalcogenides  

(TMTCs)[6, 7, 8] are the main contributors to this new class of 2D materials in the post-

graphene era. Analogous to graphene, single layers of Si, Sn, BP and Ge are also affixed with 

the suffix ‘ene’ to distinguish the monolayer from bulk materials. For example, silicene, 

stanene, phosphorene, germenene are monolayers of bulk Si, Sn, BP and Ge, respectively.[3, 9] 

Whilst there is some ongoing dispute about scalable synthesis and stability of performances of 

silicene, stanene, phosphorene, and germenene, monolayers of TMDs are relatively easy to 

exfoliate, affordable, accessible, and are highly reliable.[10-12] Therefore, TMDs are a priority 

in 2D flat materials over graphene.  

Monolayer TMDs are 2D materials consisting of an atomic plane of transition metal (Mo, 

W, Ti, Nb, Re, V, Zr, Ta, Hf etc.) sandwiched between two chalcogen planes (S, Se, Te).[13, 14] 

A wide variety of TMDs therefore can be obtained with diverse and controlled electronic 

properties. A ball and stick diagram of typical TMD, and 2D transition metals (marked green) 

in the periodic table is presented in Figure 1. TMDs have been known since 1960, and in fact 

a group of 40 TMDs and their basic properties was reviewed in 1969.[15] Group VI materials, 
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such as Mo and W, are the most representative TMDs. Aside from the most popular TMDs of 

group VI, rhenium disulfide (ReS2, an example of group VII TMDs) has recently attracted 

significant interest for its wholly unusual properties in all aspects of structural, electro-optical 

and chemical properties.[16, 17] Most notably, an indirect to direct transition is obvious for 

group VI-TMDs when thinned down to monolayer from the bulk material.[18, 19] Whilst 

different to other TMDs, ReS2 has shown layer independent electrical, optical and vibrational 

properties.[20] In addition, widely studied group VI-TMDs possess 1H, 2H, 3R or 1T 

molecular structure while ReS2 exhibits unique distorted 1T structure giving it to an in-plane 

anisotropy in fundamental physical properties.[21] It is to be noted that there exists only a 

small number of materials (i.e. BP, ReS2, ReSe2, TiS3, ZrS3) with in-plane structural 

anisotropy.[7, 8, 22, 23] These benchmark properties make ReS2 a unique material among the 

TMDs.  

ReS2 is comprised of three atomic layers, S-Re-S, where Re and S are joined by covalent 

bonds. Like other flagship 2D materials, the adjacent layers in ReS2 are also coupled by weak 

van der Waals (vdW) forces to form bulk crystals. Its unit cell is derived from hexagonal 

symmetry towards a distorted 1T structure, in which Re atoms group into parallelograms of 

four Re atoms, thereby enabling prodigious possibilities to introduce built-in planar 

anisotropy into composite heterostructures.[17, 24] The added advantages of ReS2 are that it is a 

flexible semiconductor that has additional possibilities to tune properties with doping and 

coupling with other materials.[25-27] This implies overall that if a 2D ReS2 is wanted as a 

semiconductor with a given set of properties, it is sure to find one. Moreover, ReS2 is 

dichalcogenide, but shows anisotropy like trichalcogenides (i.e. TiS3, ZrS3 etc.) 

In-line with, as well as in-contrast with other 2D materials, ReS2 is attributed with the 

following gross features:[28, 29] (i) alike other 2D materials, 2D ReS2 exhibits a wide range of 

unique physicochemical properties. In contrast, whilst other 2D materials show dissimilar but 
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unique physicochemical properties to that of 3D bulk counter part, both 2D and 3D ReS2 

show no different physicochemical properties, (ii) whilst the optical and optoelectronic 

properties of 2D layered semicondcutors are reliant on the number of layers and the changes 

in symmetry as a consequence of quantum confinement effects in the out-of-plane direction, 

ReS2 shows nearly layer-independent optoelectronic properties, (iii) due to a dimensionality 

confinement effect and modulation in band structure, a shift in optical absorption from infra-

red (IR) to ultraviolet (UV) light is literally inevitable in other 2D materials except ReS2, (iv) 

like other 2D functional materials, it is also mechanically flexible, and interacts strongly with 

incident light which can lead to enhanced photon absorption and electron-hole pairs (EHPs) 

generation, and; (v) due to vdW interaction between the layers and no surface dangling bonds, 

it offers significant opportunities to design many functional heterostructures by integration 

with other materials without concern due to limitations with lattice matching.  

Becasue of these distinguishable properties, ReS2 is an emerging material for applications 

in which other 2D materials are also currently being exploited. It is is now being used, for 

example, for fabrication of solid state devices, photo-electro catalytic energy conversion, and 

storage. In devices fabrication ReS2 supplants graphene. This is because, despite the 

superlatives physicists have used to describe the attractiveness of graphene, it’s lack of a 

bandgap makes it all but useless where a semiconductor is needed for a defined application. 

ReS2 has the potential to make more energy efficient molecular-scale digital processors than 

commonly used silicon (Si).[14, 26] Particularly, in optoelectronic device fabrucation, it is likely  

to overcome the limitation of the bulk Si beacuse of its high absoprtion efficiencies in 

broadband wavelengths. It has emerged with a vision that ReS2 will apparently be more 

worthwhile over isotropic TMDs from group VI for all known applications and beyond. 

Recently there has been observed a growing interest in both fundamental and applied 

research related to ReS2. There has however been no review to date. Therefore a 
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comprehensive review of ReS2 is timely. Here we critically analyse the fundamental 

properties and relevant applications of ReS2.  

The manuscript is organised as follows. Following an introduction, a brief overview of 

chemistry and electronic properties properties of ReS2 is presented. Syntheses processes are 

then compared and the pros-and-cons of each discussed. Then follows detailed analyses of the 

fundamental of structural and physicochemical properties, and application of ReS2 in various 

settings including devices, energy generation and storage. This review has been concluded 

with a view to understanding of possible future directions in synthesis, properties and 

applications of ReS2. 

2. Chemistry and Electronic Properties of ReS2 

Rhehnium (Re) was the last of the stable elements in the periodic table and was discovered by 

Noddack, Tacke and Berg in 1925.[30] It is the heaviest congener of manganese but with 

different chemistry, and closely resembles the Technetium. Early discovery of Re was as a 

by-product of molybdenum.[31] When molybdenite is roasted in air it creates molybdenum 

trioxide and volatile dirhenium heptoxide. This heptoxide can pass into effluent gases and flue 

dusts and may be recovered by wet scrubbing or leaching with water. The elemental Re is 

then isolated by selective adsorption as ReO4 on an anion exchanger or by solvent extraction 

from the aqueous extracts which finally precipitate as NH4ReO4 or Re2S7. There are nine 

oxidation states of Re possible. The fourth oxidation state Re(iv) is chemically favourable for 

formation of stable solid compounds of Re through metal-metal bonding. Therefore, several 

stable chalcogenides can produce by heating the Re and chalcogens (S, Se, Te) at elevated 

temperature ca. 1000 oC. ReS2 is the most stable phase in the Re-S system. It can also be 

obtained by (i) heating KReO4, ReO2 or ReO3 with sulfur, (ii) pyrolysis of Re2S7, and; (iii) the 
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action of H2S on aqueous ReCl6
2- or ReCl3. It is resistant to HCl, alkalis and alkalis sulfides, 

but is oxidized by hypochlorite, nitric acid etc.[32]  

In ReS2, both Re and S may undergo redox reactions (i.e. Re for reduction reaction and S 

for oxidation reaction). The redox reactivity involves induced internal electron transfer, and 

the external oxidant leads to reduction of the metal centre. For instance, when the oxidant 

(elemental sulfur in this case) is added to the ReS2 complex, the bound S2- ligands can transfer 

electrons to the metal centre.[33] The proclivity of the induced internal electron transfer 

chemistry could play an integral role in the catalytic activity of enzymes and in heterogeneous 

catalysis.  

The transition metal Re is a d-block transition metal having dn configuration (here  

n = 0 – 8). Only d3 configuration is stable to be able to form compounds with chalcogen S. 

The chalcogen S has an electronic configuration of [Ne] 3S2 3P4 in which two of the three p-

orbitals possess unpaired electrons called lone-pair electrons. When S atoms are involved in 

chemical bonding with Re, each S atom forms two covalent bonds with its neighbour.[34] The 

unpaired p-electrons take part in making covalent bonds. Bonding within chains is covalent, 

while bonding between chains is much weaker and generally considered to be of van der 

Waals nature. In pristine ReS2, the valence band maximum is constructed from the 5d orbitals 

of Re atoms and 3p orbitals of S atoms, and the conduction band minimum is derived from 

the 5d orbitals of Re atoms.[20, 35] ReS2 is an n-type direct bandgap semiconductor. The Fermi 

level lies  within 0.07 eV below the bottom of the conduction band.[36] 

3. Synthesis and Isolation of Nanolayers  

Bulk ReS2 is a stack of decoupled monolayers. Therefore, top-down or bottom-up fabrication 

of 2D nanostructures are energetically favorable. Current routes to synthesis of ReS2 

nanostructures comprise mechanical exfoliation, chemical vapor deposition (CVD), and; 
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chemical and liquid exfoliations.[23, 37-42] Two methods are used extensively in prototyping 

ReS2 monolayers for potential applications. The first consists of synthesis of bulk ReS2 via a 

halogen assisted vapor transport technique in high temperature (~ 1000 oC) followed by top-

down approach of mechanical and chemical exfoliation. The second consists of bottom-up 

methods where monolayers are fabricated via a CVD technique. 

The sticky-tape peeling-off nanoflakes from bulk ReS2 surfaces, known as mechanical 

exfoliation, is an established technique for preparing 2D nanosheets of ReS2. This method 

yields the highest-quality monolayers samples and therefore could be used extensively in 

fabricating high-performance devices and in understanding condensed-matter phenomena. 

However, in the sticky-tape technique, it is difficult to control the layer thickness, uniformity, 

and; large-scale production of nanosheets. To overcome problems with mechanical exfoliation, 

soft-exfoliations techniques were tried, namely chemical exfoliation and liquid exfoliation. In 

chemical exfoliation, ions of selected metals (mainly lithium) are intercalated between the 

layers to ease the exfoliation. This could provide a solvent-free method to produce highly 

controlled nanosheets of ReS2.
[40] However, lithium intercalation results in negatively charged 

nanosheets rather than desired neutral ones.[41] Chemical exfoliation also drives a phase 

transition that necessitates subsequent thermal treatments to recover the original phase.  

Liquid-phase exfoliation is an alternative route to synthesise 2D nanosheets without 

chemical exfoliation. Liquid exfoliation is a technique in which the bulk materials are 

dissolved in a suitable solvent and sonicated for several hours. This technique is not much 

studied for ReS2 because finding a suitable solvent with approximately same surface tension 

remains a challenge. Despite its ability to yield large quantities of nanomaterials, liquid 

exfoliation cannot control structural thickness. Another solution-based method for producing 

nanomaterials is isopynic density gradient ultracentrifugation (iDGU). Recently, Kang et al. 
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reported the exfoliation and layer-by-layer sorting of ReS2 in aqueous surfactant solutions 

using iDGU technique.[43]   

Both chemical and liquid exfoliation require extensive post-exfoliation modifications. The 

problem of lithium intercalation and post-exfoliation modification was overcome by growing 

a thin film of ReS2 by the CVD method, followed by exfoliation of ReS2 thin-films in N-

methyl-2-pyrrolidone (NMP) in an ultrasonication bath.[41] In CVD technique, solid 

precursors of Re and S are heated to their vapor phases and reacted to form a large-area bulk 

monolayer crystal in a substrate. This technique is presumed to be readily scalable and to 

offer good reproducibility.  

The disadvantages of CVD lie in: (i) its high temperature treatment that needs to continue 

for several days to several weeks, and; (ii) exploiting a halogen vapor transport route using 

Br2 or I2 as a transport agent. The high temperature is essential due to elevated melting point 

(3180 oC) of Re powder. The elevated melting point of Re decreases the vapor pressure of Re, 

and consequently, reduces the yields of ReS2 significantly.[39] Instead of Re powder, 

ammonium perrhenate (NH4ReO4) was also tried as a source of Re. [37] However a 

controllable synthesis of ReS2 with high crystal quality and uniform thickness using NH4ReO4 

is yet to be practically realized. High valance state of Re (+7) and unwanted by-products are 

the main reasons for poor crystal quality of NH4ReO4 derived ReS2. 
[37] Halogen vapor 

transport leads to unintentional background doping and alters the electrical properties of 

materials. For example, I2 vapor transport technique induced p-type doping and Br2 usually 

results in n-type doping.[44] 

The superiority of CVD over other methods to grow 2D nanostructures would become 

obvious if the elevated temperature and halogen vapor transport problems were solved. One 

effective way to lower the synthesis temperature of ReS2 is to form a eutectoid of Re with 

another metal having low melting point. Zhang et al. worked on this issue.[38] They have 
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formed a Re-Te binary eutectic system introducing tellurium (Te) powder into Re powder. 

Through this formation of Re-Te eutectoid the melting point was reduced to 430 oC. The 

tellurium assisted eutectic synthesis of atomic layers of ReS2 on mica support resulted in 

large-area, highly crystalline and uniform monolayer thickness. A schematic of this synthesis 

technique is been shown in Figure 2. It can be seen in the figure that large-area, highly 

crystalline ReS2 can be synthesized from vapor-vapor reaction between S and Re in the 

temperature range of 460 to 900 oC. Mica substrate was used to grow uniform monolayer 

ReS2. In another study, large-area epitaxial growth of ReS2 on mica support at 500 to 800 oC 

was reported using ReO3 as a precursor of Re.[45] One critical disadvantage of these processes 

is using the highly corrosive hydrofluoric acid (HF) as an etchant to delaminate the ReS2 film 

from the mica substrate. To avoid halogen vapor transport, Bhattacharya et al. proposed an 

alternative approach titled the ‘Bridgman method’. This does not involve the use of any 

transport agent.[23] However, the resulting method makes use of an elevated temperature 

(1100 to 900 oC) and requires several weeks (~ 2) for successful growth of ReS2. 

4. Atomic Structure, Crystal Growth and Nanostructures 

4.1. Atomic structure and crystal growth of ReS2 

The asymmetric unit of ReS2 is composed of two Re4+ ions and four S2- ions. The layers of 

sulfur atoms are hexagonally close-packed, and stacked along the a-axis and are nearly 

parallel to bc plane of unit cell. Re atoms occupy the octahedral sites between every other 

pairs of hexagonal-close-packed layers of sulfur atoms, where each Re atom is coordinated 

with six sulfur atoms in octahedral geometry and each trigonal pyramidal sulfur atom is 

bonded to three Re atoms. The Re atoms, that forms metal-metal bonds to three neighbours in 

the layers of cations, results in the formation of Re4 parallelogram which has a significant 
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impact on relative displacement of sulfur atoms within their hexagonal-close-packed 

arrays.[24, 36] Unit cell parameters are shown in Table 1. 

Conventional TMDs have graphene-like hexagonal crystal structure. In TMDs, metal 

atoms (M) are sandwiched between layers of chalcogen atoms (X), giving rise to an MX2 

stoichiometry. Chalcogen layers can be stacked on top of each other either as H phase, made 

of original prismatic holes for metal atoms, or, as T phase, made of octahedral holes for 

metals. Therefore, structural polytypism among the group VI TMDs is possible. The common 

phases of group VI TMDs include 2H, 1T and 3R phases for bulk crystals, and 1H and 1T for 

monolayer where the letters stand for hexagonal (H), trigonal (T) and rhombohedral (R).[46] 

However, T-phases are reported to be metastable.[47] Contrary, TMTCs with stoichiometric 

formula MX3 (i.e. TiS3) crystalize in the monoclinic phase where parallel chains of trinagular 

prisms make up sheets that are held together by vdW forces.[7] The important feature of ReS2 

when compared with the other MX2 or MX3 (M=Transistion metals from group IV-VI and 

X=S, Se and Te) is its triclinic structure with in-plane structural, optical, electrical and 

mechanical anisotropy along the crystal’s [010]  b-axis.[12, 48, 49]  

Due to metal-metal bonding, the unit cell of ReS2 is doubled. This leads to a composition 

of four Re and eight S atoms.[20] In ReS2 crystal, Re4 units form parallel 1D chains inside each 

of the monolayers. These distort and eventually break the hexagonal symmetry (see Figure 3 

a, b).[42] Unlike other TMDs (i.e. MoS2) that have high symmetry 1H-phase of trigonal 

prismatic crystal and a D3h point group symmetry or 2-layer hexagonal (2H) and three-layer 

rhombohedral (3R), ReS2 has Peierls distortion from conventional 1T-phase of octahedral 

crystal with a P1(bar) symmetry.[36] Impacted by the Peierls distortion, the formation of Re 

chains breaks the hexagonal symmetry. As a result, Re and chalcogen atoms in a unit cell are 

forced out to same plane, and consequently, induce an in- and -out of plane anisotropy along 
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the lattice vectors.[50] This distinguishing crystal structure makes it attractive for diverse 

applications. 

4.2. Interlayer coupling and polytypism 

Widely used TMDs (MoS2, MoSe2, WS2 and WSe2) are hexagonal whereas ReS2 has triclinic 

symmetry in crystal structure. Each layer of ReS2 resembles the 1T crystal structure with 

embedded 1D parallel chain of Re4 clusters inside each monolayer. Each Re atom has seven 

valence electrons with one dangling electron in the 1T structure. The extra electrons result in 

strong covalent bonding between Re atoms. Formation of Re-Re covalent bonding impacts the 

energy balance of the system, acoustic phonons and the lattice structure. Influenced by the 

covalent bonding, the lattice becomes a distorted 1T structure wherein Re atoms in the layer 

form a zig-zag Re-Re chain (Figure 4).[13, 51, 52] Because of the presence of Re chain inside 

each layer, energy difference of ReS2 layers when sliding from one layer to other becomes 

very nominal and therefore lacks order in stacking. In addition, one extra electron on the Re 

atoms results in significantly less intra-layer polarization and weakens the van der Walls 

interaction in interlayer. The lack of ordered stacking and the weak intra-layer polarization are 

the overriding reasons behind the vanishing interlayer coupling of ReS2 layers.[20] However, 

the existence of lacked interlayer coupling was put into debate when several groups reported 

the existence of polytypism and strong interlayer coupling in ReS2 layers.[53-55] More 

extensive study is needed to resolve this. 

4.3. Growth mechanism of nano-architectures of ReS2 

Assembly of nanoscale building blocks into functional nanostructured materials has a strong 

impact on the promotion of rapid development of nanoscience and nanotechnology. 

Significant research efforts have therefore been made in the past to mimic shapes and 

structures that exist in nature. Different nano-architectures of ReS2 have been under 
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investigation.[42], [56, 57] Below we discuss the recently reported ReS2-derived nanostructures 

and related growth mechanisms.  

 Hafeez et al. explained the growth mechanism of nano-rod and sheet-like ReS2 in CVD 

technique (see Figure 3 c-f).[42] There are two growth directions, (100), which is fast and 

dominant, and; (020) which is relatively slow. This asymmetry of directional growth ideally 

culminates with nanorods-like 1D structure. To form a sheet-like hexagonal structure, the 

growth rate in both directions must be comparable. This can be achieved by varying the 

concentration of carrier gases (N2 and H2). It was shown that for N2:H2 = 10:1 and N2:H2 = 

2:1, growth of nanorods and hexagons of ReS2, respectively, were obtained. Greater 

concentrations of H2 decreases the planar density through introducing sulfur vacancies, and 

increases the number of unpaired bonds and energy of the plane that reduces the growth rate 

of the plane. At some points, growth rate of (100) plane become comparable to that of (020) 

plane and the growth of hexagonal flake of ReS2 commenced. 

Conventional 2D materials e.g. graphene have strong interlayer coupling for which 

nanosheets are stacked in face-to-face orientation. Due to the strong van der Waals (vdW) 

forces, graphene sheets tend to aggregate and form graphite to minimize the surface free 

energy. As a result, the face-to-face assembly of nanosheets culminates with poor surface area 

and kinetic ion transport. Therefore, edge-to-edge assembly is highly desirable. For self and 

edge-to-edge assembly, interlayer coupling of 2D material should be weak. Fortunately, 

layers of ReS2 are coupled with each other by extremely weak vdW forces that allow two 

tangent ReS2 nanoflakes to slide near without friction. Taking the anisotropic and weak 

interlayer coupling into consideration, Zhang et al. reported self-assembled nanoflakes and 

nanoscrolls of ReS2 using electrochemical lithium intercalation process.[56] These authors have 

discussed four possible routes to grow from the nanoflakes to nanoscrolls (see Figure 5). 

Firstly, adjacent nanoflakes stack face-to-face. Secondly, randomly distributed nanoflakes 
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retain their disordered structure. Thirdly, pre-existing nanoflakes tend to slide away 

influenced by the combined anisotropic and electrostatic forces. Finally, nanoflakes with 

coherent facets approach and then fuse together to turn into nanoscrolls. 

4.4. Architecture and orientation of domain and grain boundaries 

The isotropic nature of group VI-TMDs facilitates the crystalline growth mode with well-

defined domain architecture and grain boundaries. In contrast, ReS2 is anisotropic. Because of 

this anisotropy interfacial energy, it stabilizes the dendritic growth mode but prevents well-

defined crystalline orientation. Therefore, an understanding of the growth-mechanisms of 

domain architecture and grain boundaries is crucial for: (i) successful synthesis of highly 

crystalline ReS2 monolayer with noteworthy structural anisotropy, and; (ii) in gaining insight 

into how subdomains arrange themselves to build large-scale flakes, and in which direction 

Re-chains are oriented within each subdomain. 

Due to strong interaction and dimerization between adjacent Re-atoms, highly oriented Re-

Re chain forms in ReS2 along the lattice direction of b-axis. Figure 6a illustrates the 

molecular Re-Re chain in [010] direction of b-axis. When Re-Re chains coalesce at different 

approaching angles, clusters of vacancy related defects evolve that alter the direction and 

rotation of Re-chains around the b-axis.[58] In this, several types of domains e.g. triangular, 

hexagonal etc., can be formed depending on flow rate, temperature and precursors. During 

growth of nucleation sites, when two or more domains meet, a grain boundary is formed.  

It was demonstrated through angle-resolved Raman intensity mapping that the flakes of 

hexagonal domains are not made of randomly oriented Re-Re chains along b-axis, but are 

made of subdomains.[58] Within hexagonal domains, subdomains are triangular. Figure 6b 

illustrates the Raman intensity mapping at 214 cm-1 peak (because intensity of 214 cm-1 mode 

reaches a maximum when the polarization vector is nearly parallel to the b-axis lattice 

direction. The vibrational origin of this peak is related to in-plane vibrations of Re-atoms[16, 21, 
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54]) at different polarization angles from 0o at 60o steps. It was shown (Figure 6b) that the 

direction of Re-chain is closely aligned for subdomains located 180o position apart. The 

domains form grain boundaries when running from about 30o to 210o, 90o to 270o, and; 150o 

to 330o. This is highlighted (red lines) in Figure 6c where A, B, C, D, and F denote triangular 

subdomains. It was concluded that opposite triangular domains (A-D, B-E, and C-F) have 

similar b-axis orientation. On the other hand, in truncated triangular flakes, Re-chains 

directions are oriented toward 90o, 3300 and 210o, respectively. This implies that Re-chains 

are randomly oriented in close proximity to grain boundaries for which b-axis within each 

subdomain orients perpendicular to the truncated edge.  

The formation of grain boundaries in other 2D materials such as graphene, h-BN and MoS2 

are well defined. For example, grain boundaries in graphene are formed by dislocations 

originating from 5-7 carbon rings and by different carbon vacancies[59], whilst in h-BN and 

MoS2, it is due to the 4l6, 4l8, 5l5, and 6l8 B-N and Mo-S rings.[60] Unlike these 2D materials 

the elucidation of formation of grain boundaries in ReS2 is not clear - due to anisotropy in the 

interfacial energy and number of different atomic arrangements around defect sites.[50] 

5. Fundamental Properties 

ReS2 is one of the least known among transition metal dichalcogenides. However, it is by no 

means a typical transition metal dichalcogenide, rather it has distinctive properties that are 

less common in popular TMDs. Firstly, it consists of Re which is an heavier element than any 

other TMDs, and therefore, exhibits high spin-orbit interaction. Secondly, the unit cell is also 

relatively large, asymmetric, and the surface is corrugated on the lateral length of its unit cell. 

Further, its monolayer is highly anisotropic and contains both metal-metal and metal-

chalcogen bonds.[16, 25, 61] Owing to its unusual atomic structure and assymetric crystal growth, 
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ReS2 exhibits different fundamental properties from other TMDs. Here below we have 

reviewed such properties.   

5.1 Vibrational properties 

Lattice vibrations play a crucial role in the intriguing properties and observed phenomena in 

layered 2D ReS2. The inter-layer interaction of vdW structures facilitate the lattice vibration 

and evolution of different phonon modes (such as shear and breathing phonons). Raman 

spectroscopy is a nondestructive and generally used technique to eluicdate all phonons modes. 

An understanding of the vibrational properties enable identification of the structure, lattice 

symmetry, crystal quality, existence of defects, and; impurities etc., which in turn could 

provide key information about the mechanical, thermal, electronic and optical  

properties.[28, 47, 62]   

5.1.1 Raman spectroscopy for probing 2D ReS2 

There are two types of active Raman modes in 2D ReS2, such as intralayer vibration modes 

and interlayer vibration modes.[20, 62] Intralayer vibration modes appear usually in higher 

frequencies. The interlayer vibration mode is sub-devided into shear modes and breathing 

modes, and usually appears at lower (< 50 cm-1) frequencies. To observe these lower 

frequency vibrational modes is quite challenging. 

The experimental observation of a particular phonon mode in Raman spectrsocopy 

depends on symmetry selection rules and scattering geometry. A detailed knowledge of 

Raman tensor, group theory analysis, and; materials space group is essential to undertsand 

how Raman spectroscopy actually works. The number of brillouin zone centre (Γ) phonons 

for given 2D material is equal to the three times that of the number of atoms in a unit cell.[47] 

The Γ- point phonons are a combination of acoustic and optical modes, and not all the 

phonons are Raman active. For example, A MX2 with D6h point group symmetry and a unit 
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cell consists of 6 atoms will have 18 phonons modes which could be described as Γ = A1g + 

2A2u + E1g + 2E1u + 2E2g + E2u + 2B2g + B1u. Among these 18 modes, A1g, E1g and 2E2g are 

Raman active.[28]  

5.1.2 High frequency vibrational modes in ReS2 

The unit cell of ReS2 consists of 12 atoms (4 Re atoms and 8 S atoms). Therefore, it will have 

36 vibrational modes and 36 Γ-point phonon modes that can be written as Γ = 18(Ag + Au).  

Among these 36 Γ-point phonon modes, 18 Au modes consist of three acoustic and 15 infra-

red optical modes which are assymetric and inactive in Raman spectrsocopy.[62] This implies 

that there are only 18 Raman modes that can be found in ReS2 (see Figure 7 a, b). The 

frequencies of these 18 Raman actives modes are listed in Table 2, where Ag represent out-of 

plane vibrational mode, Eg in-plane vibrational mode and Cp in-plane and out-of-plane 

coupled mode. While there are some degenerate modes exist for other MX2, all of the Raman 

active and inactive modes in ReS2 are nondegenerate.  

There are 4 out-of plane vibrational modes, 6 in-plane vibrational modes and 8 coupled 

modes recorded for ReS2. The out-of plane modes located at 136.8 and 144.5 cm-1 are 

assigned to out-of-plane vibrations of Re atoms, whilst the modes at 422.3 and 443.4 cm-1 are 

for the out-of-plane vibrations of S atoms. Among the in-plane modes, the modes at 153.6, 

163.4, 218.2 and 238.1 cm-1 are caused by the in-plane vibrations of Re atoms, while the 

modes at 308.5 and 312.1 cm-1 are due to the in-plane vibrations of S atoms. The Cp modes 

are a mix of in-plane and out-of-plane vibrations of Re and S atoms.[20, 62] 

As can be seen in Figure 7b, the difference in Raman shifts between bulk to monolayer is 

tiny. This suggests an ultra-weak interlayer interaction, and implies that the monlayer could 

behave like a vibrationally decoupled bulk ReS2.
[20, 62]  
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5.1.3 Low frequency vibrational modes in ReS2 

ReS2 exhibits rich low-frequency Raman spectra. There are three pronounced Raman peaks at 

13, 16.5 and 28 cm-1 observed for two-layer ReS2 (see Figure 7c).[53, 54] However, these peaks 

are absent in monolayer, implying that the peaks originated from the vibrations between the 

two layers.[55] The Raman peak at 28 cm-1 was assigned to breathing mode, while the peaks at 

13 and 16.5 cm-1 were asigned to parallel shear modes (S||) and vertical shear modes (S┴), 

respectively. These interlayer modes in ReS2 are more distinctive than other 2D materials. 

Notably, the shear modes in ReS2 is nondegenerate while they are degenerate for other 2D 

materials. Aditionally, the breathing mode is stronger than shear mods in ReS2, whereas the 

shear modes are stronger than breathing modes in other 2D materials. 

The emergence of interlayers phonon modes indicates significant lattice coupling between 

the ReS2 layers. In particular the observation of the shear modes indicates a well-defined layer 

stacking order in ReS2 crystal. [21, 53-55] This is because generation of shear mode vibrations 

require good atomic registration between neighbouring layers. 

5.2 Band structure and electronic transport 

ReS2 is a direct gap diamagnetic semiconductor. Its valence band and conduction band edges 

are composed of d-orbital of Re atoms and p-orbitals of S atoms.[20] As shown in Figure 8a, 

the band structure of mono-, tri- and penta- layers ReS2 calculated by ab initio method shows 

the nature of direct band gap without any direct-to-indirect transition.[26] Moreover, the 

overall bandgap doesn’t change significantly from mono-layer to multi-layers. The room 

temperature Hall mobility of n-type ReS2 and the impurity carrier activation energy was 

reported to be 19 cm2 V-1 and 178 meV, respectively.[63] 

Due to charge decoupling from an extra valence electron of Re-atoms, ReS2 crystallizes in 

a distorted 1T diamond-chain structure. This distortion in crystal structure renders weak 

coupling between interlayers which can result in the bulk ReS2 behaving like electronically 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



  
 

18 

 

 

and vibrationally decoupled monolayers.[16, 20, 64] This is a significant advantage over other 

TMDs which undergo a transition from indirect to direct bandgap semiconductor when 

reduced from bulk to monolayer. The resilient bandgap with no direct-indirect transition 

offers remarkable possibilities to produce relatively large-area ReS2 of a single molecular 

layer thickness. Both the monolayer and bulk ReS2 is a direct gap semiconductor with a 

bandgap of ~1.55 eV for monolayer and 1.47 for bulk, respectively.[35, 65]  

In ReS2 (i) overlapping of electron wavefunctions from adjacent layers is so weak that a 

modulation of the interlayer distance cannot renormalize the band structure, implying that 

ReS2 is electronically decoupled, (ii) whilst other TMDs in transition from bulk to monolayer 

exhibit a crossover from indirect to direct bandgap, the thinning down of ReS2 does not alter 

its bulk-phase direct bandgap, and; (iii) whilst other TMDs are prone to out-of-plane quantum 

confinement with decreasing thickness, quantum confinement in ReS2 is virtually independent 

of number of layers (because neighbouring monolayers in the flake are largely electronically 

decoupled, thinning down the flake does not enhance the quantum confinement of electrons in 

the system; this is evidence for the optically decoupled nature of ReS2).
[5, 18, 20, 49, 53-55, 62, 66, 67]  

The intrinsic carrier mobility and resistivity of ReS2 depends on temperature and electron 

density.[68] Carrier mobility is inversely related to temperature. Therefore ReS2 exhibits 

semiconductor-to-metallic behaviour at high electron densities and low temperatures.[69] This 

is because at high densities of electrons resistivity decreases significantly. The metallic state 

of ReS2 is a result of second-order metal-to-insulator transition driven by electronic 

correlation. This result is indicative of the susceptibility of band structure of ReS2 to applied 

electric-fields. This feature of semiconductor-metal transition could open signifcant 

technological possibilities in electronics and optoelectronics where the same material can be 

used as both semiconducting channel and metallic interconnects. 
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The bandgap and electronic transport (i.e. effective mass, mobility etc.) of ReS2 can also be 

modulated by applying appropriate strain in three directions a, b and c of unit cell. It has been 

demonstrated that tensile strain lowers the conduction band minimum (VBM) and raises the 

valence band maximum (VBM) resulting in a reduced bandgap. The strain can change 

significantly the effective mass as well as the mobility of hole, while it has relatively small 

impact on the effective mass and mobility of the electron. For example, a-direction strain 

increases the hole effective mass but decreases hole mobility. Whilst b-direction strain 

decreases the hole effective mass, but increases the hole mobility.[67] This directional change 

of electronic transport in ReS2 could be used to make a strain-sensor.  

5.3 Excitonic and absorption properties 

A monolayer of group VI transition metals (MoS2, MoSe2, WS2 and Wse2) has high crystal 

symmetry. Therefore, these exhibit isotropic linear properties of optical absorption and 

emission. In contrast ReS2 has reduced crystal symmetry which gives rise to anisotropic in-

plane optical properties.[21, 51, 70-72] Research related to the electron-electron and hole-hole 

interactions in the excited state concluded that the anisotropic optical absorption on ReS2 was 

due to strongly bound excitons. The triclinic crystal structure of ReS2 leads to polarization 

dependent optical absorption.[65] The anisotropic absorption coefficient and transient 

absorption was maximum when the light polarization was parallel to the Re chains, and 

minimum when perpendicularly polarized.[72] Many-body perturbation theory computations 

have shown that the lowest-energy bright excitons of distorted 1T ReS2 exhibit a perfect 

figure-eight shape polarization - which is unusual for hexagonal TMDs. As a result, ReS2 is 

active in capturing photons within near-infrared frequency regimes and is therefore expected 

to be useful for optoelectronic applications.[73]  

Apart from abosrption anisotropy, photolumenscence (PL) emission spectra show 

significant difference with that of conventional TMDs. For group VI TMDs, the emission 
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intensity is increased in monlayer by an order of magnitude compared with the bulk due to 

crossover from indirect to direct band gap transition. In contrast, intensity increases with 

number of layers in ReS2 (see Figure 8b). In the optical absoprtion spectra, three optical 

transitions were identified for both bulk and monlayer ReS2, indicating decoupled excitonic 

and emission properties.[70] 

5.4 Impact of vacancies on electronic and magnetic properties 

In addition to 1T-distorted crystal structure, the formation of imperfections e.g. point defects, 

grain boundaries etc., significantly influence the electronic, optical, mechanical and magnetic 

properties of ReS2. Imperfections are induced due to the synthesis and transfer procedure 

during crystal growth, or exfoliation from bulk-to-monolayer. Existence of lattice 

imperfections create localized electronic and excitonic states which can alter the optical 

absorption, charge carrier generation, separation and transportation dynamics.  

With ReS2, formation of sulfur (S) and Re vacancies are very likely to happen. The most 

commonly observed vacancies (also known as point defects) are: monosulfur vacancies (Vs), 

disulfur vacancies (V2s), two monosulfur vacancies (Vs+s), Re vacancy (VRe), complex of Re 

and monosulfur/disulfur (VRes, VReS2 ), and; sulfur substituted Re vacancies (Ss→Re; S2s→Re).
[50] 

The relative stability of these point defects depends on the formation energy within an ReS2 

supercell. The defect formation energies as a function of sulfur chemical potential, illustrated 

in Figure 9, have been adopted from the work of Horzum et al.[50] Among the stated point 

defects, monosulfur vacancy is energetically more favorable and therefore liklely to occur. 

This is because it has the lowest formation energy. Sulfur vacancies could result in 

nonmagnetic semiconducting ground states. In contrsat, Re vacancies could lead to spin 

polarized ground states with localized magnetic moments of 1 – 3 µB;  but are less likely to 

happen as large amounts of energy are required to create an Re vacancy. It should be noted 

that in cases of co-existence of sulfur and Re point defects, these however, do not annihilate 
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the semiconductor nature of ReS2 - except a slight change in the bandgap. The amount of 

change in intrinsic bandgap of 1.47 to 1.27 or 1.08, eV depends on the mono or disulfur 

vacancies, respectively, that are created within the lattice structure. 

5.5 Doping influenced electrical, optical and magnetic properties 

Doping is generally used as a practical way to achieve custom-made changes in 

physicochemical properties. It is widely accepted that when an intrinsic semiconductor is 

shown to be ineffective for desired applications, the introduction of foreign atoms by means 

of doping is feasible to modulate intrinsic electronic, optical and magnetic properties.  

For ReS2 introduction of metal/non-metals foreign atoms as dopants can be accomplished 

through substitution of S or Re atoms. Among the metals/non-metals in the periodic table, Cl 

was reported as the more ideal candidate for n-type doping and Mo, P as ‘best candidates’ for 

p-type doping of ReS2 monolayer.[74] It was demonstrated that doping can increase electrical 

conductivity through increasing the carrier density. Loh et al. have reported that fluorination 

can be used to tailor electronic and magnetic properties of ReS2.
[75] They reported that F 

atoms above the Re chains could induce ferromagnetically coupled metallic mid-gap states 

within the Re chains but antiferromagnetically coupled between the Re chains. However, F 

atoms between the Re chains induced semiconducting mid-gap states and therefore are non-

magnetic. Fluorinated ReS2 therefore looks promising for spintronic and spin-wave logic 

devices. The net magnetic moment of doped ReS2 varies between0< µB ≤ 1.[74] A red-shift in 

optical absorption was observed for Nb doping of ReS2, however, the direct band-edge 

excitonic transition energies remain practically unchanged.[76] The absorption-edge anisotropy 

of ReS2 crystal makes it a promising material for fabrication of polarization sensitive 

photodetectors. Such a detector was demonstrated in multichannel optical communication for 

detecting various orientations of linearly polarized light.[71, 77] 
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5.6 Modulation of electrical, optical and magnetic properties by adatoms adsorption 

In addition to doping and defects-induced changes in electro-optical-magnetic properties, 

adsorption of adatoms could also be used to tune these properties.[78] Adatoms are chemically 

adsorbed atoms on the surface of given material. On adsorption of an adatom, charge transfer 

between the adatom and the host material is the key in accessing unusual electronic, magnetic 

and optical properties of the host material.[10, 79] Adsorption of adatoms is governed by the 

electronegativity of the adatoms, atomic distance between the adatom and substrate, and the 

states of the surface of the host material.[10, 35, 80]  

Unlike other TMDs, ReS2 shows stronger interaction between non-metal adatoms (H, N, P, 

O, S, F etc.) due to softer Re-S bonding.[35, 81] The preferential sites for non-metal adatoms 

adsorption in ReS2 are peak and valley sites of sulfur (S) atoms. With the exception of H, all 

other non-metal adatoms adsorption can maintain the semiconductor nature of ReS2. H 

adsorption pulls the Fermi level into the conduction band and results in a semiconductor-

metal transition. N and P adsorption bring spin polarized defect states in the gap, resulting in a 

half-semiconducting feature. It has been shown that it is possible to achieve metal-free 

magnetism with a long-range magnetic coupling interaction at low defect concentrations and a 

tunable bandgap.21 In traditional cases, the magnetic moment arises from the d-electrons of 

transition-metal atoms, but the magnetism based on the sp states of non-metal elements is the 

reason behind achievement of metal-free magnetism in ReS2. This metal-free magnetism has 

strong coupling interactions with noclsutering effect of magnetic ions.[82] These properties are 

highly desirable to fabrication of electronic and spintronic devices based on ReS2. 

6. Applications 

The anisotropy of its structural, physical and fundamental properties makes ReS2 a good 

choice for exploring applications in a variety of settings. New applications of ReS2 appear 
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almost every day, pushing its usability horizon further. However, most applications of ReS2 to 

date are confined to electronic-optoelectronic device fabrication, energy storage and catalytic 

hydrogen production. These applications are reviewed below. 

6.1. Electronic and optoelectronic device fabrication 

Solid state devices, such as field effect transistors (FET) and optoelectronics (photodetector, 

photodiode, phototransistors etc.) have had a revolutionary impact on forming the modern 

world.[12] They are the basic building blocks of systems in modern information and 

communications technology (ICT). Silicon has dominated applications in solid state devices 

fabrication. Whilst devices need scaling down from micro- to nano- level, silicon imposes 

serious restrictions because it is not a layered material.[1, 2] Researchers are trying to find new 

materials beyond silicon for solid-state device fabrication. The rise of graphene in 2004 came 

with expectations that it might be a better material than silicon for fabrication of noble 

electronic devices.[1] However, it is now clear that graphene will not meet these expectations 

as it lacks a bandgap which is needed for FET, and other optoelectronic device operation.[83] 

Since 2011 the International Technology Roadmap for Semiconductors (ITRS) has discussed 

2D materials ‘beyond’ graphene as candidates for future electronics.[84] TMDs, in this regards, 

evolved as alternative candidate materials beyond silicon because of their unique monolayer 

and few-layers electronic properties. Apart from popular TMDs (e.g. MoS2, MoSe2, WS2, 

WSe2)
[18, 85, 86], ReS2 as a newly explored TMD has attracted significant attention as a material 

for solid state device applications.  

In recent years, ReS2 has found application in fabrication of electronic and optoelectronic 

devices, such as thin film transistors (TFT), digital logic devices and photodetectors.[18, 26, 27, 64, 

69, 87-93] For example, Shim et al.[91], Corbet et al.[87, 92] and Liu et al.[27] reported ReS2-based 

TFTs with high on/off current ratio of 107, 104 and 105, respectively, and Zhang et al.[89] and 

Liu et al.[27] demonstrated ReS2-based photodetectors with a photoresponsivity of  
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88600 and 16.14 A W-1, respectively. Prototypes of ReS2 based FET, photodetector and 

digital inverter are shown in Figure 10. For detailed synthesis procedures, the Readers is 

directed to the references mentioned in the caption of the Figure 10.  

The short-channel effects set a limit to the miniaturization of intensively used metal-oxide-

semiconductors (MOS) in FET devices fabrication.[94] Ultrathin 2D materials appeared as a 

viable solution to overcome the scaling-down problem of MOSFET.[95] Like other TMDs, 

atomically thin ReS2 has drawn significant interest for device fabrication, particularly in FET, 

because of its ability to eliminate drain induced short-channels effects.[12, 96] In addition, 

atomically smooth surfaces of ReS2 are void of dangling bonds which can significantly reduce 

the interface state densities and abate the surface roughness scattering.[87]  

With ReS2 bandgap always remains direct irrespective of bulk to single layers transition as 

a result of charge decoupling from an extra valence electron in the Re atoms - which causes it 

to take a distorted 1T crystal structure. It should be noted that other TMDs undergo a direct to 

indirect transition when the number of layers decreases. This difference between ReS2 and 

other TMDs makes ReS2 more appealing for optoelectronics and interband tunnel FET where 

a direct bandgap is required to maintain efficient photon absorption-emission and electron 

transmission, respectively. Therefore, ReS2 is anticipated as a future seamless platform in 

which logic FETs could be combined with optoelectronic devices.  

Integrated circuits control the so called “digital” world. The more complex the system 

requirements the greater the number of integrated devices. A modern computer chip (with an 

approx. area of one inch square) which that consists of billions of transistors is a good 

example of a typical complex integrated circuit. For instance, processors contained five-

billion MOSFETs with gate lengths around 20 nm from 2014, and 10-billion of such 

processors were commercially available in 2015.[84] There are two demands in integrated 

circuit design, one is large-scale integration in a limited confined space, and; the other is 
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reduced-power consumption to drive the circuit. For leading complementary metal-oxide-

semiconductor (CMOS) technologies, scalability (< 10 nm) and large-integration with 

optimized performance is a significant challenge - even after tailoring material properties and 

circuit design variables.[12, 96, 97] In contrast to CMOS technologies, researchers are trying to 

find solutions in lattice oriented tuning of transport properties, and optimization of circuit 

performance for future 2D integrated circuits.[98] In keeping with this anisotropic ReS2 could 

become the material of choice for integrated circuits in the future. In fact, Liu et al. have 

demonstrated a logic inverter circuit by fabricating two FETs on a 60o angle quadrilateral-

shaped ReS2 flakes.[26] This inverter was shown to have a voltage gain, a measure of 

sensitivity, larger than unity. This is essential for cascading multiple inverter toward more 

complex systems design. ReS2 therefore shows significant promise for both single device 

fabrication, and more complex integrated circuit design. 

This is true particularly in transistor applications where any new material should meet the 

following criteria: (i) a room temperature bandgap of 400 meV, is needed for good switch-off 

and on-off ratios, (ii) faster carrier transport with low effective mass - because the speed of 

the carrier transport is mobility and mobility inversely proportional to carrier effective mass, 

(iii) high thermal conductivity to avoid self-heating, (iv) low contact resistance for improved 

channel conductivity, and; (v) ability to suppress undesirable short-channel effect whilst 

scaling down to nanometer scale. ReS2 is amenable to most of these criteria. Therefore, it is 

anticipated that ReS2 might become the next material for electronic and optoelectronic device 

fabrication. 

6.2. Energy storage 

Rechargeable batteries, such as lithium ion batteries (LIBs), are eco-friendly power sources 

for portable electronics, power tools and vehicles. These are increasingly popular because of 

their greater energy density, better rate capability and longer cycling life.[99] The rate 
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determinant for efficiency of LIBs is related to rapid diffusion of lithium ions.[100] TMDs have 

larger interlayer spacing, higher specific capacity and better recycling behaviour than graphite. 

Therefore, layered TMDs have shown greater efficiency over commercially-used graphite as 

an anode for LiBs application.[101]   

ReS2 is in many ways significantly different from other TMDs. It is characterized by 

absence of band renormalization, identical behaviour to bulk materials and monolayers, weak 

interlayer coupling (18 mV vs. 460 mV per unit cell for MoS2), and; greatest anisotropic ratio 

(along two principle axes) among the 2D layered materials.[18, 20, 26, 93] Moreover, ReS2 

exposes more active sulfur edges which can provide ready intercalation and deintercalation of 

lithium.[102] These characteristics of ReS2 facilitate the massive lithium ions to efficiently 

diffuse without significant volume expansion This is a highly significant advantage over other 

2D layered materials.[21, 103] As a result, ReS2 appears to possess significant potential in high-

current density LIBs. A 430 mAh g-1 of lithium storage capacity has been reported for ReS2. 

This storage capacity has been improved to 1000 mAh g-1 by coupling graphene into the ReS2 

framework in a 3D fashion.[102] Graphene incorporation increases the conductivity and 

specific surface area and shortens the pathways and facilitats fast diffusion of both lithium 

and electrolyte ions. A schematic illustration of lithium intercalation in graphene supported 

ReS2 and improvement in storage capacity are illustrated in Figure 11 a, b.  

Lithium intercalation is accomplished by adsorption of lithium ions on the outer crystallite 

surface followed by a diffusion of adsorbed lithium ions through the interlayer spaces of 

layered 2D materials. Consequently, enhancing intrinsic diffusivity of lithium ions can be 

achieved either by introducing interlayer expansion, or by selecting an intercalation host 

within an extremely weak interlayer coupling.[104] Zhang et al.[102] has reported that interlayer 

coupling in case of MoS2 and graphite can partially hinder the massive lithium ions from 

being squeezed into the interlayer spaces. A serious problem therefore is volume expansion 
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on lithium intercalation. Alternatively, lithium ions can rapidly diffuse over the layers of ReS2 

without noticeable volume expansion due to extremely weak vdW interaction between the 

layers. The impact of lithium intercalation on volume expansion of ReS2, MoS2 and graphite 

is shown schematically in Figure 11 c. 

Li-S batteries (Li-S) are another kind of rechargeable battery and these have the benefits of 

high specific capacity (1675 mAh g-1) and high specific energy density (2600 Wh kg-1) over 

LIBs.[105] However, Li-S batteries are kinetically sluggish and suffer from poor cycling 

efficiency due to dissolution of lithium polysulfides.[106] It has shown that ReS2 can be 

exploited as polysulfide immobilizer, and therefore, used to suppress the dissolution of 

polysulfides and enhance the cycle stability of the Li-S batteries.[107] The effect of ReS2 in  

Li-S batteries has been evaluated by growing vertical nanosheets of ReS2 (Figure 12 a) in 

carbon nanofiber (CNF) membrane electrode and using lithium polysulfide (PS) as an active 

material. A much improved Coulombic efficiency as well as cycling performance on  

PS-ReS2@CNF electrode (with ~ 0.063% capacity decay per cycle) was obtained compared 

with the PS-CNF electrode (with ~ 0.184 % capacity decay per cycle), as shown in  

Figure 12 b. Density functional theory (DFT) computation has revealed that there is strong 

ionic interactions between negatively charged S atoms of ReS2 and positively charged Li 

cations of LixSy molecules (Figure 12 c). Moreover, binding polysulfides showed higher 

binding energy (2.24 to 2.66 eV) on ReS2 surfaces than that of carbon (~0.5 to 1 eV).[108] As a 

result, ReS2 becomes a more active mediator for adsorbing and trapping polysulfides than 

conventional carbon-based surfaces. This leads to alleviation of the dissolution of lithium 

polysulfides and improvement in battery performance. 

6.3. Photocatalytic and electrocatalytic hydrogen evolution 

Photocatalysts are semiconductor materials that can absorb solar photon to generate free-

carriers (electrons-holes) to drive the catalytic redox reactions on the surface/terminal sites of 
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a semiconductor.[109] Photocatalytic water-splitting, carbon dioxide reduction and pollutant 

removals are the hot research topics at present.[110] Photocatalysts are the center piece of these 

photocatalysis processes for environmental and energy applications.  

Transition metals dichalcogenide (TMD) are important photocatalyst materials.[111] A 

selected  list of TMD photocatalysts and respective band positions is illustrated in  

Figure 13. MoS2 and WS2 have been extensively studied TMDs in photocatalytic hydrogen 

production and pollutant degradation.[112] TMDs are layered materials and therefore readily 

exfoliated into 2D monolayers. These 2D layered materials exhibit two main advantages: one 

is high surface area, and; the other is reduced migration distance for photogenerated electron-

hole pairs. The first advantage provides abundant reaction sites, and; the second reduces the 

possibility of electron-hole recombination. This potentially enhances the photocatalytic 

performance over the bulk counterpart, and in doing so sparks tremendous interest for 

photocatalytic applications.[113] However, electronic structure of 2D TMDs is strongly layered 

dependent and precise control of the number of layers is rate-determining for optimal catalytic 

performance.[19, 86] For example, the photocatalytic hydrogen production by MoS2 

significantly deteriorates when it goes from monolayers to tri-layers.[114] The challenges of 

layers control is a serious drawback that limits the usage of TMDs in photocatalytic 

applications. This is not the case for ReS2. ReS2 has layers independent electronic and 

vibrational properties that make it special among reported TMDs.[20]  

Liu et al. have recently explored the potential of photocatalytic water-splitting over ReS2 

based on ab initio calculations.[115] In fact this is the only reported research to date on 

assessing suitability of ReS2 as a photocatalyst. For a given semiconductor to qualify as a 

water-splitting photocatalyst, two fundamental requirements are simultaneously needed to be 

meet: bandgap and band positions.[116] ReS2 has an experimental bandgap of 1.55 eV for 

monolayers.[20] The theoretical bandgap of ReS2 varies between 1.89 eV for monolayers to 
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1.76 eV for bulk. For monolayer ReS2, the conduction band minimum (CBM) and valence 

band maximum (VBM) are located at - 6.15 and – 4.26, eV respectively, relative to vacuum 

level.[115] Water reduction level is located at –4.44 eV whilst water oxidation level is located 

at –5.67 eV relative to vacuum level (consequently, the minimum bandgap required for water 

redox reactions is 1.23 eV).[117] Compared with water redox level, CBM of ReS2 is more 

negative than water reduction level and VBM is more positive than water oxidation level, 

confirming the water-splitting potential of ReS2. The positions of CBM and VBM remain 

almost unchanged irrespective of layers numbers (see Figure 14), suggesting that monolayers 

to multilayers ReS2 is suitable as photocatalyst.[115] However, no practical attempt has been 

made to demonstrate the photocatalytic activities of ReS2.  

The stability of group VI TMDs depend on the crystal phases of a given material. For 

example, 1T phase exhibits superior and more stable hydrogen evolution than 2H phase. This 

is because of metallic characteristic of 1T phase and the location of catalytically active sites 

on its basal plane.[118] However 1T phase is metastable.[47] Therefore, 2H phase is the 

commonly and widely used phase for group VI TMDs photocatalysts. However, the active 

sites of 2H phase are located at the edges that are prone to oxidation, and consequently, 

results in vulnerable to instability of the photocatalyst. In addition, high electrical resistance 

of 2H phase limits the charge transfer kinetics. This has a parasitic impact on photocatalytic 

activity.[119] On the other hand, ReS2 has natural 1T phase and therefore, is thought to be a 

highly stable photocatalyst with a high turnover. 

Hydrogen evolution by electrochemical pathways is another important alternative approach 

for clean fuel generation.[120] Pt is the oldest and most efficient commercial electrocatalyst for 

hydrogen evolution reaction (HER). However, Pt is a rare- earth and a precious noble metal. 

Therefore the search for low-cost materials comparable in performance with Pt is ongoing. 

TMDs appear as a suitable alternative to Pt catalysts.[121] Like other TMDs, ReS2 has shown 
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good HER performance - better than the more commonly used TMDs.[107, 122] Gao et al.[107] 

has tested HER on CVD grown ReS2@Au, and found that it exhibited ~ 200 mV less 

overpotential (η) than bare Au. Further decrease in overpotential (η < 100 mV) was achieved 

after lithiation using n-butyl lithium treatment (Figure 15 a). Lithiation induced some defects 

in ReS2@Au vertical flakes which were expected to act as active sites. ReS2 films displayed 

high catalytic stability too. For example, after 1000 cycles of operation, just a 15 % decay in 

current density was observed. The resultant exchange current density (~67.6 µA cm-2), 

extrapolated from Tafel plots, was claimed to be significantly greater than those with other 

TMDs (Figure 15 b, c). In another study carried out by Lu et al., it was shown that HER 

could occur at much lower potential on ReS2 than on glassy carbon and MoS2.
[113] The 

reported potentials were -751, - 453 and -336 mV for glassy carbon, MoS2 and ReS2, 

respectively (Figure 15 d). These results suggest that ReS2 might actually be an outstanding 

electrocatalyst for hydrogen evolution reaction. 

7. Conclusions and Future Perspective 

ReS2 a least-known transition metal dichalcogenides, has unusual but exciting 

physicochemical properties. It has been shown to have potential for a wide range of important 

applications in solid state devices including transistors and photodetectors, and catalytic 

hydrogen production and lithium ion batteries.  

ReS2 is an anisotropic layered 2D material. Anisotropy in both structural and fundamental 

properties of ReS2 could open-up new and perhaps unexpected applications. For example, 

ReS2 exhibits unequivocal electrical, optical, vibrational and magnetic properties - 

irrespective of bulk or monolayer - in contrast to widespread conventional TMDs together 

with single layers of van der Waals bonded layered materials (e.g. graphene, h-BN, 

phosphorene etc.) where isolation of single layer leads to indirect-to direct gap transition, 
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reduction of dielectric constant, increase of exciton binding energies, and high mobility 

electrical transport.  

With optimization of its fundamental properties ReS2 is expected to be better for known 

applications than alterative TMDs. Rather than a standalone ReS2 however a heterojunction of 

ReS2 with other layered materials is anticipated to be technologically more important. It is 

widely known that heterostructure has overwhelming impact in attaining or improving those 

functionalities which might not be possible in standalone semiconductor. For example, a 

tandem structure of two semiconductors can endure larger overlap in optical absorption of 

solar spectrum, and; enhance the charge separation by suppressing recombination or 

delocalizing the charge carriers etc. In the light of these benefits of heterostructure, we 

anticipate that it is also possible to tune properties, particularly electro-optical properties, of 

ReS2 by combining it with other semiconductors in a form of heterostructure. Demonstrating 

heterojunctions with graphene, phosphorene, h-BN and other TMDs will engender wide 

interest and likely lead to new and improved functionalities in existing materials. This will 

enable the building of new high-performance devices. However, heterostructure of ReS2 is yet 

to be practically realized, but not impossible.  

Interlayer coupling and stacking are the key factors in determining electronic structure, 

bandgap tunability, quantum hall phases, light polarizations, and magnetic properties. It is 

known that layers in ReS2 are randomly stacked and lacked interlayer coupling for which both 

bulk and monolayer experience electronic and vibrational decoupling. The reason for 

decoupling is claimed to be the in-plane lattice distortion which inhibits orderly fashion layer 

stacking and minimizes the interlayer overlap of wavefunctions. In contrast however, it was 

demonstrated in other studies that ReS2 layers are coupled and orderly stacked. Ultra-low 

frequency Raman response of atomically thin ReS2 was reported to show that it exhibited rich 

Raman spectra below 50 cm-1 which was correlated with interlayer shear and breathing modes. 
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Based on the emergence of these interlayer phonons modes, it has been shown that ReS2 

layers are coupled and orderly stacked. 

In other studies it was found that there was both anisotropic and isotropic stacking in ReS2, 

where the anisotropic-stacked layer showed two-shear modes and isotropic-stacked layer 

showed one-shear mode. Due to these modes, it was suggested interlayer coupling between 

the ReS2 layers. To resolve the apparent dispute of interlayer coupling, rigorous experimental 

approaches are needed. 

Tuning optical, magnetic and electrical properties by strain engineering remains relatively 

unexplored for ReS2. Strain engineering is a unique technique for tuning physical properties at 

nanoscale for low dimensional material like ReS2. Whilst precise control over atomic 

composition and structure is more challenging, low dimensional material from mechanical 

perspective could withstand a significant amount of strain before fracture, which in turn could 

be an ideal way to locally tune the material properties. For example, wrinkle generated local 

strain modulates the optical gap, enhance light emission, induces magnetism and alters the 

electrical properties.  

Research needs to be undertaken to understand the charge transport in ReS2. Importantly, 

there is significant progress in understanding charge transport properties in other TMDs that 

can be built on to elucidate charge transport phenomena in ReS2. An understanding of drift-

diffusion of charge transport will be needed to determine and improve the mobilities of the 

charge carriers, and the coherent controlling of ballistic current. Charge transport, on which 

optimization of performance of devices is inevitably related, can be better addressed through 

classical (for macro-micro level) and quasi-classical/quantum approaches (for nano-level and 

beyond). A critical understanding of the following domains and subdomains is essential for a 

clear elucidation of charge transport in ReS2. These are the understanding of: (i) carrier 

mobility for a nondegenerate electron gas through relaxation time approximation, dependence 
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of scattering on electron energy, momentum relaxation time, and temperature dependence of 

mobilities, (ii) doping modulated charge transport, (iii) high-field carrier transport and hot 

carrier extraction, (iv) magneto-transport and Hall-Effect, and (v) recombination mechanisms 

and charge carrier separation phenomena. Photoelectron spectroscopy (i.e. static and transient 

photoluminescence, time resolved transient absorption etc.) and advanced ab initio 

simulations can be adopted to realize the charge carrier transport dynamics. 

Although the synthesis of large-area monolayer is possible for ReS2, there are hurdles to be 

overcome before large-scale use of ReS2 for device fabrication. These include: (i) the growth 

of high quality single crystal ReS2, and; (ii) realization of clean interfaces between ReS2 and 

other materials with low contact resistance. To achieve macroscale (chip-scale) ReS2, 

sophisticated molecular beam epitaxy (MBE) or selective epitaxy routes, need to be 

developed. For controlled anisotropic growth, a detailed understanding of how grains are 

formed and arranged needs to be made. Little is presently known about grain boundary 

structure of ReS2. 

In addition to the optimization of fundamental properties, research effort must also be 

directed to enhance the performances of ReS2 based electronic and optoelectronic devices, 

energy storages and catalytical applications. To augment the on/off ratio and sensitivity of 

FET and phototransistors it will be crucial to increase the lifetime and mobilities of charge 

carriers, enhancing photonic absorption and efficient utilization of the photogenerated charge 

carriers. For ReS2 based FET and phototransistor, no systematic studies have been carried out 

demonstrating a deep understanding of these crucial factors.  

With application of LiBs, ReS2 showed significant benefits over other TMDs and graphene. 

Particularly, in lithium sulfur batteries where TMDs and graphene have been shown to suffer 

from dissolution of polysulfides and unwanted volume expansion, ReS2 was shown to be 

resistant to these. However, significant challenges remain in achieving high specific energy 
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(energy/weight) and energy density (energy/volume). Research ought to focus on the 

maintenance of stable structure of electrodes, full utilization of active material, and; adequate 

cycle life with improved system efficiency. This will necessitate exploration of new 

electrochemistry. Beside LiB and LiS batteries, the suitability of ReS2 could be explored for 

other types of rechargeable batteries, such as Li-O2, Zn-air etc.  

Based on current theoretical knowledge, ReS2 could be a new material for photocatalytic 

applications due to its visible light absorption capabilities and suitable band positions for 

redox reactions. However, experimental demonstration of it as a photocatalyst has not been 

reported. Additionally, electrocatalytic hydrogen evolution reaction (HER) on ReS2 has shed 

light on its possible future use as an electrocatalyst for oxygen evolution reaction (OER) and 

oxygen reduction reaction (ORR). Apart from solar-to-chemical energy conversion, ReS2 can 

also be employed to fabricate solar cells for harvesting solar energy to produce electrical 

current. 2D ReS2 also has potential for strain sensors, stretchable electrodes, artificial muscle 

actuators and piezoelectric applications for example. 

ReS2 is a versatile material but least-explored among TMDs. Investigation of fundamental 

properties of ReS2 has been mostly accomplished through simulations. It is clear more 

research is needed in experimental studies.  

Lastly, Re is not earth-abundant. It is relatively expensive. Synthesis of ReS2 is 

cumbersome. Despite its desirable fundamental properties, its techno-economic feasibility 

will depend on development of scalable and practical syntheses. 
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Figure 1. Ball and stick diagram of a typical TMD. 2D Transition metals atoms (green) and 

chalcogen atoms (orange). Reproduced with permission from ref. 14. Copyright © 2015, 

Nature Publishing Group.[14] 
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Figure 2. Schematic for a) Tellurium-assisted CVD growth approach and b) Surface reaction 

during epitaxial growth process of ReS2 atomic layer on mica. Reproduced with permission 

from ref. 38. Copyright © 2016, Wiley-VCH. [38] 
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Figure 3. a,b) Side and top view of distorted 1 T crystal structure of ReS2, both a and b axes 

and formation of Re chains as a result of Peierls distortion are denoted. Fast Fourier transform 

images from the c) experimental and d) simulated, structures are shown. Structural 

visualization was performed by using VESTA software for two different growth 

morphologies, e) nanorods, and f) hexagons. Reproduced with permission from ref. 42. 

Copyright © 2016, Wiley-VCH. [42] 
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Figure 4. Lattice structure of ReS2. a) Transmission electron microscope image and b) 

schematic illustration. Reproduced with permission from ref. 13. Copyright © 2015, 

American Chemical Society. [13] 
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Figure 5. Process of edge-to-edge self-assembly orientation of ReS2 nanoscrolls. Reproduced 

with permission from ref. 56. Copyright © 2016, American Chemical Society. [56] 
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Figure 6. a) Schematic depiction of monolayer ReS2 identifying b-axis [010] Re-chain 

direction and a-axis [100] across Re-chains. b) Angle-resolved nano-Raman and reflectivity 

spectroscopy mapping data at 214 cm–1 peak at different polarization angles. Angle refers to 

that between the b-axis lattice chain direction and the polarization vector. c) Construction of 

grain boundaries (black dashed line) and Re-chain direction in each subdomain. Reproduced 

with permission from ref. 58. Copyright © 2016, American Chemical Society. [58] 
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Figure 7. High-frequency (> 100 cm-1) Raman spectra for (a-b) bulk and few layers ReS2, 

respectively, and (c) low-frequency (< 40 cm-1) Raman spectra for 2 layers ReS2. Figure X a, 

b has been reproduced with permission from ref. 62. Copyright © 2015, American Physical 

Society. Figure Xc has been reproduced with permission from ref. 54. Copyright © 2016, 

American Chemical Society.[54, 62] 
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Figure 8. a) Band structure and b) Photoluminescence spectra of bulk and monolayer ReS2. 

Figure 8a has been reproduced with permission from ref. 26 while Figure 8b from ref. 20 

Copyright © 2015 and 2014, respectively, Nature Publishing Group. [20, 26] 

 

 

 

Figure 9. Formation energies of vacancy (V) and substitutional (S) point defects as a function 

of the S chemical potential. Reproduced with permission from ref. 50. Copyright © 2014, 

American Physical Society.[50] 
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Figure 10. a) Schematic structure of ReS2 top-gate FET (top). SEM image of the fabricated 

top-gate FET based on few-layer ReS2 (bottom). Scale bar, 5 μm b) 3D schematic view of the 

ReS2 based photodetectors c) Schematic of the structure of an inverter combining two top-

gated anisotropic ReS2 FETs (top). Optical image of a typical inverter device, scale bar 10 μm. 

Inset: the circuit diagram of the inverter (bottom). Fig. 10a Reproduced with permission from 

ref. 89. Copyright © 2015, Wiley-VCH. Fig. 10b Reproduced with permission from ref. 90. 

Copyright © 2016, Wiley-VCH. Fig. 10c Reproduced with permission from ref. 26. 

Copyright © 2015, Nature Publishing Group. [26, 89, 90] 
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Figure 11. a) Schematic illustration of lithium intercalation in ReS2/3DGF-based LIB b) 

Long-term cycling performance of V- ReS2/3DGF composite at a current density of 1000 mA 

g−1 c) Schematic illustration of the weak interlayer interaction of ReS2, compared with MoS2 

and graphite. Reproduced with permission from ref. 102. Copyright © 2016, Wiley-VCH.[102] 
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Figure 12. a) Vertically grown ReS2 sheet for Li-S batteries b) Cycling stability and 

Coulombic efficiency of Li-S batteries c) Polysulfide– ReS2 interactions. Reproduced with 

permission from ref. 107. Copyright © 2016, American Chemical Society. [107] 
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Figure 13. Band edges of TMDs photocatalysts. The upper end of each bar represents the 

CBM position while the lower end for VBM. The black-broken line corresponds to the 

minimum potential required for proton reduction to hydrogen molecules. The grey-broken 

line is for minimum oxidation potential. Based on the CBM and VBM position, three types of 

reactions are possible: (i) if only the CBM of given TMD lies above the black-broken line, the 

TMD has potential to produce hydrogen photocatalytically (i.e. MoSe2, MoTe2, PtTe2, WSe2, 

WTe2), (ii) if only the VBM of given TMD lies below the grey-broken line, the TMD has 

potential to produce oxygen photocatalytically (i.e. HfS2, HfSe2, ZrS2, ZrSe2), and (iii) if both 

CBM lies above the black-broken line and VBM lies below the grey-broken line, the TMD 

has potential for overall water-splitting (i.e. MoS2, PtS2, PtSe2, WS2, ReS2). 
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Figure 14. Band edge positions of multilayer ReS2 relative to the vacuum level and 

corresponding optical absorption. Reproduced with permission from ref. 115. Copyright © 

2016, Royal Society of Chemistry. [115] 
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Figure 15. a) Polarization curves obtained with lithiated vertical ReS2@Au, as-prepared 

vertical ReS2@Au, and pure Au foil. b) The corresponding Tafel plots. c) Extrapolated 

exchange-current densities from Tafel plots d) LSV of carbon foam, 3D Pt, 3D ReS2, and 3D 

MoS2 in N2-saturated 0.5 M H2SO4. Scan rate: 2 mV/s. Fig. 15 a-c is reproduced with 

permission from ref. 107. Copyright © 2016, American Chemical Society. Fig. 15 d is 

reproduced with permission from ref. 122. Copyright © 2016, Elsevier.[107, 122] 
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Table 1. Structural parameter of unit cell of ReS2.
[24] 

Parameter Value 

a, Å 6.417 

b, Å 6.510 

c, Å 6.461 

α, deg 121.10 

β, deg 88.38 

γ, deg 106.47 

V, Å3 219.3 

Z 4 

Space group 1
_

P  

λ, Å 0.71073 

µ, mm-1 56.84 
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Table 2.  The 18 Raman active frequencies in bulk and monolayer ReS2 under 633 nm solid 

state laser excitation.[62] 

Symmetry Bulk 

Raman 

frequency 

[cm-1] 

Monolayer 

Raman 

frequency 

[cm-1] 

Origin of phonon mode 

Ag 140.3 139.2 Out-of-plane vibrations of Re atoms 

Ag 145.9 145.3 Out-of-plane vibrations of Re atoms 

Eg 153.1 153.6 In-plane vibrations of Re atoms 

Eg 163.6 163.6 In-plane vibrations of Re atoms 

Eg 217.2 217.7 In-plane vibrations of Re atoms 

Eg 237.1 237.7 In-plane vibrations of Re atoms 

Cp 278.3 278.3 In-plane and out-of-plane vibration of Re and S atoms 

Cp 284.2 284.7 In-plane and out-of-plane vibration of Re and S atoms 

Eg 307.8 307.8 In-plane vibrations of S atoms 

Eg 311.0 311.0 In-plane vibrations of S atoms 

Cp 320.6 320.6 In-plane and out-of-plane vibration of S atoms 

Cp 324.9 324.9 In-plane and out-of-plane vibration of S atoms 

Cp 348.8 348.8 In-plane and out-of-plane vibration of S atoms 

Cp 368.9 369.5 In-plane and out-of-plane vibration of S atoms 

Cp 377.9 377.4 In-plane and out-of-plane vibration of S atoms 

Cp 407.3 408.3 In-plane and out-of-plane vibration of S atoms 

Ag 418.7 419.3 Out-of-plane vibrations of S atoms 

Ag 438.0 437.5 Out-of-plane vibrations of S atoms 
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