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Abstract 

Transition metal dichalcogenides (TMDs) represent a family of materials with versatile 
electronic, optical, and chemical properties. Most TMD bulk crystals are van der Waals solids 
with strong bonding within the plane but weak interlayer bonding. The individual layers can 
be readily isolated. Single layer TMDs possess intriguing properties that are ideal for both 
fundamental and technologically relevant research. We review the structure and phases of 
single and few layered TMDs. We also describe recent progress in phase engineering in 
TMDs. The ability to tune the chemistry by choosing unique combination of transition metal 
and chalcogen atoms along with controlling their properties by phase engineering allows new 
functionalities to be realized with TMDs.  

 

 

I. Structure of Transition Metal Dichalcogenides 

A. 1T, 2H, 3R polymorphs  

Many transition metal dichalcogenides (TMDs) have layered structure similar to graphite. In 

TMDs, one unit layer is 3-atoms thick in which the transition metal (M) atom is sandwiched 

between two chacogens (X), giving the stoichiometry MX2
1. The intralayer bonds are 

covalent, whereas the interlayer bonds between two MX2 slabs are typically Van der Waals. 

The weak Van der Waals bonds allow exfoliation of TMDs down to single layers2. Given the 

relatively large number of transition metal and chalcogen combinations that can be realized, 

TMDs with a variety of electronic structures can be realized1,3,4. In contrast to graphene or 

silicon where the electronic properties are based on hybridization of s and p orbitals, the 
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electronic structure of TMDs depends on the filling of d orbitals of the transition metals. 

Transition metals in MX2 compounds have an oxidation state of +4 and the chalcogens have 

an oxidation state of -2. Thus the number of d orbital electrons varies between 0 and 6 for 

group 4 to group 10 TMDs, respectively. In addition to diverse electronic properties that can 

be achieved by choosing the appropriate combinations of the M and X elements, different 

phases in single layer TMDs can also be realized. A single layer of TMDs can have a trigonal 

prismatic phase or an octahedral phase. The trigonal prismatic phase, is also referred to as the 

2H phase (or 1H in the case of a single-layer) and can be described by a hexagonal symmetry 

(D3h group) and corresponds to a trigonal prismatic coordination for the metal atoms. This 

geometry means that in single-layers, the sulfur atoms are vertically aligned along the z-axis 

and the stacking sequence is then AbA where A and b denote chalcogen and metal atoms, 

respectively (Figure 1a). The octahedral phase has a tetragonal symmetry (D3d) and 

corresponds to an octahedral coordination of the metal atoms. In the octahedral phase, 

conventionally referred to as the1T phase, one of the sulfur layer is shifted compared to the 

others resulting in an AbC stacking sequence (Figure 1b). The filling of the d orbitals of the 

metal directly influences the atomic structure of the TMD layers. For the 1H phase, the d 

orbital splits into 3 degenerate states dz2, dx2-y2,xy and dxy,yz with an energy gap of ~1 eV 

between the dz2 and dx2-y2-xy orbitals. For the tetragonal symmetry of the 1T phase, the d 

orbitals of the metal degenerate into dxy,yz,zx (t2g) and dx2-y2,z2 (eg) orbitals. Up to 6 electrons 

can fill the e2g orbital. Since the p orbitals of chalcogens are located at much lower energy 

than the Fermi level, only the filling of the d orbitals determines the nature of phases in MX2 

compoundds. Completely filled orbitals give rise to semiconducting behavior while partial 

filling induces metallic behavior. The type of symmetry of the single layer also strongly 

depends on the filling of d orbitals. The Group 4 (d0) TMDs and most of the group 6 (d2) 

TMDs have trigonal prismatic phases. Group 5 (d1) TMDs can have both trigonal prismatic or 
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octahedral phases whereas group 7 TMDs have typically distorted octahedral structure 

(Figure 1c). Group 10 TMDs (d6) have an octahedral phase. 

Typically in single layer TMDs, one of the two possible polytypes are thermodynamically 

stable. Phase engineering can be used to change the polytype as well as the electronic 

properties of the materials. In addition to the 1T and 1H phases, 2 different ways of stacking 

the 1H layers can be achieved, imparting hexagonal symmetry (2H phase, symmetry D4h
6) 

with a stacking sequence of AbA BaB or rhombohedral symmetry (3R, symmetry C3v
5) with 

the stacking sequence of AbA CaC BcB (Figure 1d). Stacking in 1T layer produces AbC AbC 

(Figure 1e) sequence. These heterogeneities in stacking order can introduce defects but also 

lead to interesting new phenomena due to breaking of symmetry.  

B. TMD Heterostructures 

The phase of single-layer TMDs depends strongly on the d orbital electronic density of the 

transition metal. Tuning the filling of the d orbital enables phase engineering in TMDs. 

Several examples of phase modification using chemistry have been reported for group 6 

TMDs such as MoS2, MoSe2 and WS2
5–9. Early experiments from Py et al. demonstrated the 

formation of the metallic 1T phase of MoS2 upon lithium intercalation10, which induces 

reduction of MoS2 and increases the electron density in the d orbital. As a consequence, group 

6 TMDs with the 1T phase are typically negatively charged11. Similarly the lithiation of TaS2 

induces a phase change from semiconducting 1T phase to metallic 2H12. Generally, phase 

transformation in exfoliated single-layer TMDs is not complete and leads to layers containing 

fraction of both 2H and 1T phases13. Furthermore it has been observed in the case of group 6 

TMDs that the 1T phase does not correspond to the ideal (a x a) 1T phase of TiS2 but rather to 

a distorted 1T phase8,14–16. The 1T phase for group 6 TMDs is unstable. However, the stability 

can be improved by the formation of a superlattice structure and/or by stabilizing the excess 
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charge on the surface of the reduced TMDs. Four different superstructures have been 

proposed: a tetramerization (2a x 2a), a trimerization (√3a x √3a), and a zigzag chain (2a x a). 

The identification of the type of distortion has been debated for a long time. Heising et al. 

have elucidated the distortion of restacked 1T MoS2 and 1T WS2 using electron diffraction. 

Their observations have elucidated that the distorted structure of restacked 1T MoS2 (WS2) 

forms zig-zag chains similar to the structure of WTe2 with short M-M distance of 0.27 nm and 

0.29 nm for W and Mo, respectively17. These distances are substantially shorter than typical 

values of the 2H phase: 0.315 and 0.312 nm for WS2 and MoS2, respectively. These results 

are in good agreement with STM measurements by Qin et al15. More recently, HAADF–

STEM experiments have enabled direct observation of the atomic structure (Figure 1f) of the 

different phases 13,18,19. STEM studies of single-layer exfoliated MoS2/WS2 after lithium 

intercalation illustrate the zig-zag chains (2a x a) from the distorted WTe2-like 1T phase of 

MoS2 and WS2 together with ideal 1T TiS2-like phase. Other EXAFS and X-ray diffraction 

experiments on reduced MoS2 dispersed in solution or intercalated with hydroxide molecules 

or metal atoms have suggested the existence of (2a x a) superstructure in the solution. The 

(√3a x √3a) superstructure has been reported from oxidized Kx(H2O)yMoS2 (without the 

formation of Mo6+) or restacked 1T MoS2 treated with Br2 14,17. Similar treatments performed 

on WS2 do not induce any observable changes in the superstructure of 1T WS2, while the zig-

zag distortion is observed in all the cases11.  

Interestingly, some TMDs are naturally disordered. 1T WTe2 (group 6) and 1T ReS2 (group 5) 

are good examples of such distorted TMDs with each layer consisting of zig-zag chains of 

transition metal atoms. Tongay et al. have shown that each layer in a bulk crystal of ReS2 

behaves as monolayer due to the distortion in the 1T phase20. It has been recently shown that 

reduction of ReS2 further increases the distortion and generates Re4 rhombus clusters (Figure 

1g)21.  
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C. Strain in Distorted TMDs 

The distorted structure of 1T TMDs induces modification of the Metal-Metal bond distance 

and thus affects the electronic structure. For example, ReS2 with 3 electrons in the d orbital is 

expected to be metallic. However, the strong distortion of the layers forming infinite zig-zag 

chains of Re atoms opens an energy gap in the band structure as shown by Keretz and 

Hoffmann22. ReS2 behaves as direct band gap semiconductor with a band gap of 1.35 eV and 

1.45 eV for bulk and monolayer, respectively20. In addition to the distortion, monolayers of 

TMDs can be strained. STEM observations of distorted 1T WS2 have shown an overall 

isotropic strain of ~ 3%, in agreement with previous X-ray diffraction measurements23. DFT 

simulations of the density of states for distorted 1T phase WS2 have revealed that strain 

enhances the density of states near the Fermi level24. Recently several groups have predicted 

that zig-zag chains in 1T phase MoS2 should open up a small gap of 22-45 meV25,26.  

Strain engineering is an intense field of research for the TMD community. DFT calculations 

have predicted that shear or tensile strain26 is another way to tune the properties27–32. 

Interestingly, biaxial tensile strain leads to a red-shift in the band gap of semiconducting 

TMDs. Direct to indirect band gap transition are also predicted with stretching of TMDs, 

making strain engineering particularly interesting for controlling optoelectronic properties. 

For isotropic tensile strain of > 11%, 1H MoS2 and WS2 become metallic whereas with 

uniaxial strain, MoS2 and WS2 retain their semiconducting properties27,28. Strain has also been 

shown to improve the catalytic activity of TMDs18,33. Calculations related to strain have also 

been performed on hetero-bilayers of MoS2/MX2 34. Experimentally, strain on single-, bi- and 

tri-layers of MoS2 has been applied by folding the crystal or bending the substrate 35–39. A 

decrease in the band gap by ~ 45 meV per percent of applied strain has been measured. In 

addition, direct to indirect transition in the band gap has been observed above ≈ 1% strain 

(Figure 2a) 35.  
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D. Stacking of TMD Layers 

Stacking sequence of 1H TMDs can generate the 2H (AB sequence) or 3R (ABC sequence) 

structures. The ability to grow or exfoliate a variety of single layer TMDs opens up 

possibilities of restacking them in desired sequences to achieve novel heterostructures 34,40–45 

(Figure 2b). Restacked or folded single layer MoS2 possesses different properties compared to 

monolayered and bi-layer 2H MoS2. Stacking sequence can break the inversion symmetry of 

bilayer TMDs, allowing an additional pathway for tuning the optical, electronic and spintronic 

properties of TMDs 46. The energy of the indirect transition varies from 1.49 eV to 1.62 eV 

for twist angles of 0 and 30°C (Figure 2c) 47. This is attributed to interlayer coupling, which 

depends on the twist angle between the top and bottom layer of MoS2. Restacked bilayer 

MoS2 shows strong dependence on interlayer spacing. In the band structure, Mo-d states are 

found at the Κ points whereas a mixture of Mo-dz
2 and S-pz are found in the valence band at 

the Γ point. S-pz states are dependent on the interlayer stacking, and as a consequence, the 

energy state at Γ point is more sensitive to the interlayer coupling than the Κ point. 

Additionally the concentration of trions and excitons are also found to depend on the twist 

angle 48. Similar results have been observed from folded MoS2 although the control of over 

the twist angle is more difficult.  

E. Grain Boundaries in TMDs 

Grain boundaries have been observed in single layer TMD crystals using dark-field TEM, 

STEM or second harmonic generation 49–52. Grain boundary of MoS2 displays unique 

properties, which differ significantly from the properties of ideal monolayer. STEM 

observations of TMDs allow direct observation of grain boundaries in monolayered crystals 

49,50,53. Due to the unique structure of TMDs, various types of dislocations have been 

observed; such as 5|7 fold rings similar to those reported for graphene. In addition 4|4, 4|6 and 
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6|8 fold rings 53 have also been observed. Grain boundaries at different angles: 4|4 and 4|8 

fold rings at 60° versus 6|8 and 5|7 fold rings at 18.5° have been found to possess different 

electronic properties (Figure 1h). Predictions of local density of states (LDOS) suggest that 

the 60° grain boundaries with 4|4 and 4|8 structures are metallic, which can potentially be 

used to fabricate novel heterostructures for electronics. Other properties such as magnetism 

are possible from MoS2 grain boundaries 54. Yakobson and co-workers have reported that 5|7 

dislocations are expected to be ferromagnetic and the intensity of the magnetism depends on 

the tilt angle of the dislocations whereas 4|8 dislocations at tilt angles higher than 48° are 

favored and are antiferromagnetic 54.  

F. Hybrids with Different Chalcogens, and Different Transition Metals 

The synthesis of single layer crystals by chemical vapor deposition has opened new directions 

towards realizing alloys of TMDs either by varying the transition metal or chalcogen atoms 

during growth. For example, selenide doped MoS2: MoS2(1−x)Se2x has been obtained via a 

direct synthesis 55–57. Typically the doping of MoS2 with selenide enables modification of the 

band gap of MoS2(1−x)Se2x from 1.85 eV (x = 0) to 1.55 eV (x = 1) (Figure 2d). The PL 

emission energy varies linearly between the two values with the S concentration, in perfect 

agreement with theoretical predictions 56. STEM observations of MoS2(1−x)Se2x have revealed 

that the selenium atoms are randomly introduced in the MoS2 crystal structure 56. 

Alternatively, MoS2(1−x)Se2x can also be obtained by the selenization of already grown 1H 

MoS2 crystals. The Se-doping efficiency increases with increasing temperature from 600°C 

up to 900°C, which allows for tuning of the band gap from 1.86 eV to 1.57 eV 58. Alloying 

two or more transition metals has also been shown to tune the TMD properties 59,60. Individual 

dopants have been observed by electron microscopy modifying the local density of states and 

potentially the catalytic activity of the materials 61,62. Controlled alloying has been more 

challenging but recent publications have demonstrated the successful synthesis of single layer 
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Mo(1-x)WxS2 obtained by mechanical exfoliation of bulk crystal grown by chemical vapor 

transport63–66. The presence of both Mo and W atoms in the layers has been confirmed by 

electron energy loss microscopy. STEM observations have revealed random distribution of 

Mo and W atoms in the crystal 63. Mo(1-x)WxS2 have a hexagonal symmetry although some 

distorted atomic structure has been observed using STEM 66. The PL emission of Mo(1-x)WxS2 

was found to vary from 1.82 eV (for x = 0.2) to 1.99 eV (for x = 1) and the presence of the B 

exciton peak in the PL spectra suggests that the spin-orbit coupling remains similar to that 

observed for pristine MoS2.  

Due to the high melting temperature of transition metal source (typically metal oxide), the 

synthesis of TMDs from mixed metals is difficult. The relatively large difference between the 

melting temperature of precursors can however be used to grow TMD crystals with 

alternating transition metals. Duan et al. have successfully grown MoSe2-WSe2 crystals with 

lateral heterojunction using MoSe2 and WSe2 powder as precursors (Figure 2e) 45. During 

epitaxial growth, MoSe2 triangles are first deposited on the substrate. The WSe2 growth is 

catalyzed from MoSe2 edges due to small lattice mismatch between the materials. 

Interestingly there is progressive transition from MoSe2 to WSe2 (Figure 2f) and the PL 

signals from the interface between the two domains consist of a mixture of PL signals from 

each material. The wide combination of chalcogen and transition metal elements allow for 

infinite number of combinations for the synthesis of TMD alloys.  

G. Defects and Doping in TMDs 

Beyond grain boundaries, other types of defects can be observed in TMD crystals. Because of 

their physical dimensions, 2D materials are very sensitive to the presence of defects in the 

crystalline structure. The influence of defects has been intensely studied using both DFT 

calculations and experimental approaches53,67–71. Atomic vacancies are major sources of 

defects in TMDs. Contrary to graphene, which is made of only one layer of carbon, the 
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alternating X-M-X increase the variety of defects in TMDs. Chalcogen vacancies, metal 

vacancies or both have been observed experimentally by STEM 53. Chalcogen and metal 

vacancies are thought to induce profound modification of the electronic structure. For 

example, in the case of MoS2, S vacancies are thought to introduce n-type doping whereas Mo 

vacancies are expected to induce p-type doping. The n-type behavior of MoS2 is commonly 

attributed to the lower concentration of S in MoS2 crystals. Recently McDonnell et al. have 

observed local p- and n-type regions in mechanically exfoliated MoS2, suggesting that the 

local stoichiometry might vary significantly from the average macroscopic stoichiometry 67. 

Tongay et al. have reported an additional peak at ~ 1.78 eV in MoS2 arising from defects in 

group 6 TMDs 68. The new peak is attributed to bound excitons formed by localized excitons 

at defect sites. S vacancies can coordinate thiol molecules, which could open new directions 

for self healing 69,70. 

Edges of MoS2 and WS2 are known to be highly active for hydrogen evolution. TMDs can 

have metal or chalcogen terminated edges. Van der Zande and coworkers have observed that 

Mo edges of CVD-grown MoS2 are usually more sharp and straight than S edges50. Edges of 

MoS2 and WS2 can contain 0 %, 50 % or 100 % sulfur, depending on the synthesis conditions. 

For example, in the case of industrial catalysts grown on graphitic carbon, MoS2 nanoclusters 

have been found to have 50% coverage of Mo edges, whereas large clusters with more than 6 

Mo atoms at edges are generally fully sulfur passivated71. Recent STEM observations of 

molybdenum edges of CVD 1H MoS2 revealed that edges consist of both bare and 50% S 

covered edges53. 

II. Synthesis and Characterization of TMDs 

The different synthesis strategies for single layer TMDs can be divided into 3 categories: 

mechanical exfoliation, liquid exfoliation, epitaxial growth or chemical vapor deposition. 

Each of these strategies offers varying quality and yield.  
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H. Phase Engineering via Alkali Metal Intercalation 

Most experiments on phase engineering of TMDs have used lithium intercalated TMDs. 

During lithium intercalation, there is an electron transfer from the reducing agent to the 

structure of TMDs and thus the electronic density of the d orbital of the transition metal 

increases. This induces a destabilization of the pristine 2H phase and favors the phase 

transition to the metallic 1T phase. The first synthesis of single TMDs was reported in the 

1980’s using chemical exfoliation via lithium intercalation10. Original work in Li intercalation 

in TMDs was motivated by new battery electrode materials72. Pioneering work was performed 

by Py and Haering in 198310 and lithium intercalated MoS2 is among the most widely studied 

TMD73,74 material. Recent theoretical reports on the intercalation of MoS2 have shown that 

the 1T phase becomes more stable than the 2H phase with an excess charge on the exfoliated 

nanosheets of 0.2-0.4 75,76. Moreover DFT calculations have elucidated that 1T phase consists 

of a distorted structure rather than the ideal TiS2-like octahedral phase. Kan et al. have 

predicted that clustering of the metal atoms starts as soon as the octahedral phase is favored76. 

At 100% intercalation, the crystal structure of MoS2 corresponds to a distorted octahedral 

phase with rhombohedral Mo−Mo chains. In-situ HR-TEM and FFT pattern obtained from 

Li-intercalated MoS2 have confirmed the clustering of Mo atoms into a (2a x 2a) 

superstructure, which can be described as a combination composed of a variety of sublattices, 

including (a x a), (2a × a), (√3a × √3a), (√3a × a) and (2a × 2a) 77. After exfoliation, the 

distortion evolves into (2a x a) zig-zag WTe2-type structure as observed by STEM, although 

the presence of undistorted TiS2-like structure has also been identified13,17.  

TMDs can be intercalated chemically using lithium reactants, typically n-butyllithium diluted 

in hexane6,78,79. After 48 hours of reaction at room temperature or at reflux, the Li intercalated 

materials are filtered and washed with hexane in order to remove the excess of buthyllithium 

and other organic byproducts of the reaction (see reaction (1) below). The electron transfer 
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from butyl to the TMD layers implies the insertion of Li+ in the Van der Waals gap. 

Alternatively the lithium intercalation can be achieved in solid state by mixing TMD powder 

with lithium borohydrate (reaction (2) below)21,80,81. Powders are mixed together and reaction 

is performed at 350°C for 12 hours. The absence of solvents and the fact that the byproduct of 

the reaction, B2H6 and H2, are gaseous, leaves intercalated TMDs clean and free of chemicals 

used for the phase conversion. 

 

MX2 + xLiC4H9 → Lix MX2 +
x
2

C8H18  (1) 

 

MX2 + xLiBH4 → Lix MX2 +
x
2

B2H6 +
x
2

H2 (2) 

TMDs can also be intercalated electrochemically. Zhang’s group has demonstrated the 

synthesis of intercalated TMDs prepared via lithium electrochemical intercalation82. They 

improved this process further by using the bulk TMDs as cathode materials and Li metal as 

the anode83. Once intercalated, LixMX2 are spontaneously soluble in water. The immersion of 

LixMoS2 powder in water generates H2 and potentially H2S. The mechanism for the 

exfoliation is not completely elucidated. However, it most likely based on the combination of 

H2 bubbling, which separates the nanosheets, and the presence of negative charges on the 

nanosheets, which stabilizes the exfoliated nanosheets in colloidal solutions11. It is worth 

noting that the yield of single layer nanosheets prepared via lithium intercalation is high, 

about 10-20% of the starting bulk powder with large majority of the nanosheets in solution as 

single layers. Although water is the best solvent to achieve complete exfoliation of 

intercalated TMDs, few attempts have been carried out in organic solvents such as formamide 

and N-methylformamide 84. The absence of Moiré pattern in the STEM images confirms the 

single-layer nature of the exfoliated materials. Eda and co-workers have studied the 

heterostructure of exfoliated 1T MoS2 prepared via Li-intercalation13. Three phases have been 
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observed: the 1H phase, the non-distorted (TiS2-like) 1T phase and the distorted (2a x a) 1T 

phase consisting of zig-zag chain (WTe2-like structure). The presence of the zig-zag Mo-Mo 

chains is in good agreement with DFT calculations. The presence of different phases is 

confirmed by the FFT of the STEM images. Higher amount of distorted 1T phase have been 

found in the case of single WS2 prepared the same way24. STEM reveals that existence of 

coherent interface between metallic (1T phase) and semiconducting (2H phase) domains.  

Other than electron microscopy, identification of the different phases of SL or few-layer 

TMDs is non-trivial. However, several techniques such as photoluminescence, Raman 

spectroscopy and X-ray photoelectron electron spectroscopy (XPS) offer fast and relatively 

precise ways to characterize the heterostructures in TMDs. Changing the phase of TMDs 

induces changes in the optoelectronic properties. Emergence or extinction of 

photoluminescence can easily be detected79. Raman spectroscopy is a powerful tool for 

estimating the thickness and the phases of the TMD crystals 85. Raman spectra of 1T MoS2 

displays additional modes: J1, J2 and J3 in addition to the E1
2g (in-plane) and A1g (out of plane 

modes) of 2H MoS2 (Figure 3a)7,8. At higher content of 1T phase, the intensity of the E1
2g 

peak decreases. J1, J2 and J3 are attributed to the superlattice structure of the distorted 1T 

phase7. Recent work from Calandra has validated the vibrational modes of each of the peaks 

in 1T MoS2 25. The J1 mode is the in-plane shearing mode of one side of the zig-zag chain 

relative to the other. The J2 mode corresponds to the shifts of the S-atom layers with respect to 

the Mo atoms whereas the J3 mode involves the stretching of one side of the zig-zag chain 

relative to the other with a slight out-of-plane component. In addition to Raman, XPS can also 

identify the 1T and 1H (2H) phases of given TMDs. XPS is sensitive to the differences of the 

Fermi level between the 1T and the 1H (2H) phases as reported by Papageorgopoulos and 

Jaergerman86. In chemically exfoliated group-6 TMDs, the 1T signal is down-shifted by ~ 0.8 

eV relative to the 1H phase. The deconvolution of the high-resolution spectra from the metal 
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and the chalcogen enables the quantitative estimation of the 1T and 2H phase (Figure 3b)24,79. 

However the type of 1T phase: ideal undistorted or distorted can not be elucidated by XPS 

and so far only STEM can unambiguously identify the atomic structure of the 1T phase.  

Alternate routes based on intercalation have also been reported using other alkali metals84,87. 

Systematic studies of exfoliation of TMDs with the different counter-ions has been carried by 

Zheng and co-workers using naphtalenide as reducing agent instead of butyl in the case of 

butyllithium87. The crystals of TMDs were first pre-exfoliated using hydrazine before 

intercalation with different alkali metals. This route produces large single nanosheets with 

lateral dimension > 5 µm. The highest quality of exfoliated was obtained using Na 

intercalated TMDs. Although the phase transition has not been investigated, similar phase 

transition upon filling the d orbitals of the transition metals is expected during the reaction 

with naphtalenide.  

I. Alternative Strategies for Phase Engineering 

The emergence of phase engineered TMDs has driven efforts to develop alternative synthetic 

routes. Lin and coworkers reported the synthesis of undistorted 1T MoS2 by using electron-

beam62. With e-beam irradiation, the 2H phase converts into a new phase (denoted α) forming 

two atomic stripes with an angle of 60° (Figure 4a). Each strip of atoms consists of three to 

four constricted MoS2 zig-zag chains with reduced Mo-Mo distance measured using STEM. 

At the intersection of the two stripes, the atoms are so packed that it triggers the formation of 

the 1T phase to release the strain. As the e-beam irradiation of the MoS2 layer continues, the 

1T phase domain progressively grows forming a triangular shape. The boundary of the 1T 

triangle with the 2 phases shows two new atomic arrangements denoted β and γ (Figure 4a). 

Thus electron beam be used to very precisely pattern TMDs with alternating 1T and 2H 

phases, allowing for the creation of well defined geometries with abrupt metal-semiconductor 
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interfaces. Alternatively, phase transitions have also been observed from the electron transfer 

of plasmonic hot electrons to CVD grown MoS2 88. Gold nanoparticles were used as 

plasmonic nanoparticles and deposited on the surface of TMDs (typically MoS2) with a 

loading density of 104 µm-2. Under light exposure, the hot electrons are transferred to MoS2 

crystals. The 1T phase formation was confirmed by PL measurements and Raman 

spectroscopy. 

Tensile or compressive strain can be also be used to tune the properties of TMDs. Several 

contributions have demonstrated that it is possible to modify the photoluminescence signals of 

group-6 TMDs via strain engineering. A recent report from Duerloo and coworkers has 

introduced the possibility of thermodynamically inducing phase transition through mechanical 

deformation of the group-6 TMDs 89. According to their calculations, the conversion from the 

1H phase to the distorted WTe2-like 1T phase can be achieved by applying strain on the TMD 

structure. The percent strain required to achieve the phase transition depends on the specific 

TMD used, but is still below the threshold for breaking the TMD layers. Best candidate for 

such mechanical switching of the structural phase is MoTe2 with a minimal tensile strain of 

0.3-3% at room temperature. These predictions allow imagining that phase transition could be 

achieved by depositing the crystals on bended flexible substrate or by using atomic force 

microscopy (Figure 4b).  

Several groups have reported the chemical synthesis of TMDs via colloidal synthesis 90–92 or 

hydrothermal reaction93. This method enables the synthesis of large quantity of few-layered 

thin TMDs via various types of precursors. Hybrid materials such as TMD/reduced graphene 

oxide (rGO) can be synthesized this way 94,95. By changing the synthesis conditions different 

concentrations of defects (vacancies, oxygen atoms) can be incorporated in the TMD atomic 

structure, which has been found to improve the catalytic activity towards the hydrogen 

evolution reaction 96,97. Colloidal synthesis could also be used for the synthesis of alloy-based 
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TMDs with various transition metals or chalcogens. The most thermodynamically stable 

phase is typically obtained via colloidal synthesis, which limits the possibility of tuning the 

crystal phases. Recent work from Ozin’s group has demonstrated the possibility of controlling 

the synthesis of enriched 1T phase of WS2 98. The modification of the reaction conditions in 

order to slow the reaction rate induces the preferential growth of single-layer 1T phase. The 

1T nanosheets are negatively charged, which prevents aggregation. The nanosheets present a 

distorted structure similar to the structure of chemically exfoliated 1T WS2 prepared via 

lithium intercalation18. Further improvements of the colloidal synthesis of TMD nanosheets is 

expected to open new directions towards the growth highly crystalline 1T and 1H phases.  

The recent progress in chemical vapor deposition (CVD) or the epitaxial growth open new 

avenues for realizing phase engineering in TMDs while maintaining high degree of 

crystallinity. The most common way to grow TMDs by CVD is to use metal oxide and the 

chalcogen powders as source of transition metal and chalcogen, respectively 49,50. 

Alternatively, few examples of liquid precursor such as thiomolybdate can be found in the 

literature99. As discussed earlier in this review, few examples of alloys of CVD-grown TMD 

have been reported. Single-layers of mixed TMDs with lateral or vertical heterojunctions have 

been prepared via epitaxial growth 43–45. Chemical vapor deposition favors growth of the most 

stable phase and thus the possibility of obtaining different phases is limited. Chemical vapor 

deposition based growth of TMDs with different phases that are usually not stable such as the 

1T phase for the group 6 would open new possibilities to the field. Such growth has not been 

reported to date. However, Wypych et al. reported the growth of pure and highly crystalline 

bulk 1T MoS2 by the sulfurization of potassium molybdate100. Potassium molybdate K2MoO4 

was first sulfurized at T<500°C for 24 hours followed by reduction at 850°C for 72 hours 

under a flow of H2/N2. This yields bulk KMoS2 crystals with highly crystalline 1T phase of 

MoS2 as confirmed using XRD diffraction. The presence of potassium counter ion in the 

Page 15 of 29 Chemical Society Reviews



 16 

materials stabilizes the 1T phase and favors its formation. The crystal can then be washed 

with water to remove the potassium cations.  

J. Stability of the 1T Phase 

Engineering the phases of TMDs has been considered illusive due to the fact that TMDs have 

usually one phase that is thermodynamically stable. Yet the most stable 2H (1T) phase can be 

converted to the 1T (2H) phase. Up to now, most of the efforts have been focused on group 6 

TMDs. Various characterization techniques including STEM, TEM, electron diffraction, 

Raman and XPS spectroscopy have confirmed the stability of the 1T phase at ambient 

conditions in absence of lithium13,24 in agreement with theoretical predictions 26,75. The origin 

of the stability of the 1T phase is probably due to structural distortion and the presence of 

counter ions. The presence of dopant impurities such as Au or Re may also contribute to the 

stabilization 62. Heising and Kanatzidis demonstrated that exfoliated 1T nanosheets are 

negatively charged with a charge access of ~ 0.3 charges per MX2 
11. The quantity of charges 

is however reduced compared to the initial stoichiometry of intercalated materials: Li~1MX2. 

Some of the charges react with water forming hydrogen H2 during the exfoliation process. 

The reduction of the charges could explain why the metal atoms form zig-zag patterns in the 

case of exfoliated 1T MoS2/WS2 and calculations have predicted that with excess charges 

corresponding to d2.0-2.5, zig-zag chains of Mo atoms are more favored 101. The charges carried 

by 1T MoS2/WS2 can be reduced by using mild oxidizing agent such Br2 or I2 as confirmed 

by Zeta potential measurements 81. Even after the quenching of the charges, the distorted (2a 

x a) 1T phase is present according to Raman spectroscopy and STEM 81. Heising and 

Kanatzidis have also observed distorted 1T phase with (2a x a) and (√3a x √3a) lattice with 

WS2 and MoS2, respectively, treated with Br2 
11. DSC measurements of 1T MoS2 and WS2 

have shown that the 1T to 1H transition occurs at significantly higher temperatures in the case 

of 1T WS2 (~ 195°C) compared to 1T MoS2 (~ 95°C). Interestingly the oxidation of 1T WS2 
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and 1T MoS2 with Br2 induces a decrease in the transition temperature at ~ 145°C and ~ 90°C 

respectively, suggesting the role of the charges (and counter-ions) on the stability of the phase 

engineered TMDs 11,80. This relatively high transition temperature indicates that although the 

2H phase is more stable, there is an energy barrier as high as ~ 0.87 eV for the 1T to 2H 

transformation24 in good agreement with DFT calculations: 0.95 eV 80.  

III. Conclusions and Perspectives  

We have highlighted key progress in phase engineering of single layered transition metal 

dichalcogenides. Phase engineering in TMDs offers opportunities for doing both fundamental 

and technologically relevant research. Researchers are therefore actively involved in 

elucidating new methods for phase engineering in TMDs. Currently, phase engineering has 

been achieved by alkali metal intercalation, electron beam irradiation and strain engineering. 

Of these, lithium intercalation has a long history and thus has been widely studied. Recent 

results on fabrication of lateral heterostructures of metallic and semiconducting phases have 

led to the realization of novel electronic devices with very low contact resistances. Phase 

engineering has also benefitted in making better catalysts. Thus there is a tremendous amount 

of interest in this topic. 

Although TMDs can exist in a variety of different phases, the main trick is to engineer those 

phases in a desired manner in the same material. That is to induce the metallic 1T phase in a 

semiconducting 1H TMD and vice versa. Presently it is not possible to realize single layer 1T 

phase TMD compounds due to stability issues. This has hampered progress in fundamental 

research because the 1T phase in two-dimensional systems could hold novel condensed matter 

phenomena. Our approach is to induce the 1T phase in stable 1H phase materials. The ability 

of fully converting a 1H phase TMD into 1T phase TMD will allow investigations of novel 

properties of the metallic phase.  
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Figures: 
 

Fig. 1: Different polymorphs or phases of single-layer and stacked single-layer TMDs: (A) 1T 

phase, (B) ideal (a x a) 1T phase, (C) distorted (2a x a) 1T phase, (D) 2H phase and (E) 3R 

phase. (F) Scanning Transmission Electron Microscope (STEM) images of single-layer MoS2 

showing a boundary between the 1T and 2H phases. The Arrow indicates the boundary 

between the phases. Scale bar: 5nm. Reproduced with permission from ref. 19. Copyright 

2014, Nature Publishing Group. (G) STEM image of a lithiated single-layer ReS2. After 

lithiation, the Re atoms form rhombus clusters. Reproduced from ref. 21 with permission 

from The Royal Society of Chemistry. (H) STEM image of a grain boundary in CVD-grown 

single-layer MoS2. The grain boundary is formed of five- and seven-fold rings (5|7) and 

dislocations with six- and eight-fold rings (6|8). Reproduced with permission from ref. 53. 

Copyright 2013, American Chemical Society. 

 

 

Fig. 2: (A) Optical image of triangular MoSe2–WSe2 heterostructure crystals grown by 

physical vapor transport. The core of the triangles consists in MoSe2 whereas WSe2 

epitaxially grows on the MoSe2 edges. (B) Top: Color map of the chemical composition of the 

MoSe2–WSe2 heterostructure observed by STEM. The chemical composition is obtained by 

the scattered electron intensity. Bottom: Restructured structures of the same region. Scale bar: 

1nm. Reproduced with permission from ref. 44. Copyright 2014, Nature Publishing Group. 

(C) Modification of the photoluminescence spectra of single-layer MoS2 upon the application 
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of tensile strain. Inset: Band structure for single-layer MoS2 for 0% (black), ∼5% (maroon) 

and ∼8% (red) of strain. Reproduced with permission from ref. 35. Copyright 2013, American 

Chemical Society. (D) Optical images of twisted bilayer MoS2 with an angle of 34°. (E) 

Photoluminescence (PL) spectra of bilayer of MoS2 with twisting angle from 0° (black) to 60° 

(yellow). PL spectra from the top and bottom layer are shown in grey and light blue 

respectively. Reproduced with permission from ref. 47. Copyright 2014, American Chemical 

Society. (F) Tuning of the PL response from MoS2(1-x)Se2x. Optical response for x = 0, x = 

0.3, x= 0.5, x = 0.75 and x = 1 are shown in blue, green, purple, orange, and red respectively. 

Inset shows the comparison between the experimental (red) and the calculated (green) values 

of the band gap. Reproduced with permission from ref. 56. Copyright 2014, American 

Chemical Society. 

 
 

Fig. 3: (A) Potential range of the different redox couples involved in the intercalation and the 

oxidation of the TMDs. The reduction (MX2/MX2
n-) and oxidation (MX2/MOy) potential 

ranges of TMDs are indicated in blue and red respectively. (B) Evolution of the Raman 

spectra of chemically exfoliated MoS2 at increasing annealing temperatures up to 300°C. As-

exfoliated 1T MoS2 exhibits additional signatures including the J1, J2 and J3 signals. When 

increasing the annealing temperature, the signals from the 1T phase progressively decrease. 

(C) High-resolution X-ray photoelectron spectra from the Mo3d and S2p regions of 

chemically exfoliated MoS2. Each spectrum can be decomposed with 2 components from the 

1T and the 2H phases. The signals from the 1T are found to be downshifted of ~ 0.8-0.9 eV 

relative to the 2H signals. Reproduced with permission from ref. 79. Copyright 2011, 

American Chemical Society. 

 

Fig. 4: (A) 2H to 1T transformation of a single-layer of MoS2 under electron-beam 

irradiation. After 100s, a new phase (denoted α) forms on the MoS2 basal plane forming two 

stripes with an angle of 60°. Rapidly the 2H phase between the two stripes convert to the 1T 

phase. As time increases, the 1T phase domains grow and two new types of boundary denoted 
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β and γ appear. Reproduced with permission from ref. 62. Copyright 2014, Nature Publishing 

Group. (B) 2H to 1T phase transformation of single-layer TMDs when applying uniaxial 

strain. The region quasi freely-suspended or on a low-friction substrate (middle) is converted. 

(C) Evolution of the free energy and the force when applying unixial deformation. In the 

beginning (step 1) the 2H phase deforms elastically without phase transition. In step 2, the 

lowest free-energy path is a common tangent between the 2H and distorted 1T (1T’) energy 

surfaces and co-existence of both phases is predicted. This region corresponds to a plateau in 

the applied force. Increasing further the extension leads to the formation of 100% distorted 1T 

phase. Reproduced with permission from ref. 89. Copyright 2014, Nature Publishing Group. 
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allows extremely fine control over the film thickness ranging from
near-monolayer up to tens of nanometers via adjustment of the
filtration volume or the concentration of the suspensions used.
The thickness of∼1 nm films reported here is distinctly thinner
than those obtained previously by the spreadingmethod,24 which
results in films thicker than 3 nm (ref 27). Our films exhibit some
inhomogeneity, consisting of regions with slight variations in the
number of layers as shown in Figure 2c.

Raman spectra of all samples showed the well-known in-plane
E12g and out-of-plane A1g peaks of 2H-MoS2 both before and
after annealing (See Supporting Information for details.) Fre-
quencies of these Raman modes have been shown to indicate the
number of layers in mechanically exfoliated MoS2.

34 However, due
to local variations in film thickness and the rotational stacking
disorder, frequencies of these Raman modes do not allow direct
determination of the number of layers in our samples. Instead,
average film thicknesses have been calculated from AFM as
discussed in the Supporting Information.

A thermodynamically stable form of MoS2 is the trigonal
prismatic (2H-MoS2) phase where each molybdenum atom is
prismatically coordinated by six surrounding sulfur atoms6

(Figure 3a). Upon Li intercalation, MoS2 undergoes a first-
order phase transition to a metastable phase where the
coordination of Mo atoms becomes octahedral (1T-MoS2)

29

(Figure 3a). The intriguing consequence of this phase transi-
tion is the dramatic change in the density of states which
renders 1T-MoS2 metallic.35 The structure of chemically
exfoliated MoS2 sheets has been the subject of several studies

28

and is believed to be of 1T-type but with lattice distortions.36

While annealing at moderate temperatures (∼200 !C) is likely
to cause transformation back to the initial 2H phase,37 the
extent of its restoration is not known. The phase transforma-
tion is also suggested to be triggered by removal of interlayer
water in deposited films38 and also progresses at lower tem-
peratures over a period of weeks.39 In this study, all experi-
ments and measurements were conducted within 2 days from
deposition in order to avoid aging effects.

Due to the differences in the symmetry elements in their
structures, 2H and 1T phases can be differentiated by Raman
analysis.39 The as-deposited samples exhibit Raman peaks sug-
gesting the presence of a 1T phase; however, due to its weak
response, quantitative analysis of the phase composition was not
possible (see Supporting Information). Instead we study the
phase compositions by X-ray photoelectron spectroscopy (XPS).
TheMo 3d, S 2s, and S 2p regions of the XPS spectra for samples
annealed at various temperatures are shown in Figure 3b. The
Mo 3d spectra consist of peaks at around 229 and 232 eV that
correspond to Mo4+ 3d5/2 and Mo4+ 3d3/2 components of 2H-
MoS2, respectively. Deconvolution of these peaks reveals addi-
tional peaks that are shifted to lower binding energies by∼0.9 eV
with respect to the position of the 2H-MoS2 peaks. Similarly, in
the S 2p region of the spectra, additional peaks are found besides
the known doublet peaks of 2H-MoS2, S 2p1/2, and S 2p3/2, which
appear at 163 and 161.9 eV, respectively. The parallel shift of these
additional peaks suggests that they arise from the 1T phase. Our
observations are similar to those reported for single crystal MoS2
progressively intercalated by Li where additional peaks appear due
to formation of 1T phase.40 The 1T peaks are gradually quenched
after annealing above 100 !C. It is worth noting that absence of a
prominent peak at around 236 eV,which corresponds toMo6+ 3d5/2,
indicates that oxidation of Mo is minimal. Similarly, no peaks were
observed between 168 and 170 eV, which indicates that sulfur
atoms also remain unoxidized. Extracted phase compositions show
that the as-deposited samples consist of nearly equal amounts of the
two phases (Figure 3c). Increase of the 2H phase fraction is nearly
linear with temperature up to about 150 !C and becomes gradual
for higher temperatures. After annealing at temperatures above
200 !C, thematerial is predominantly in 2H phase, reaching 0.95 at
300 !C. It can also be noticed that the linewidth of 2H-MoS2 peaks
becomes progressively narrower with annealing above 150 !C,
suggesting improved structural uniformity and relaxation of local
strain (Figure 3c).

As-deposited films with thickness below 10 nm were semi-
transparent and electrically conducting, but the conductivity

Figure 3. (a) Structure of 2H- and 1T-MoS2. (b) XPS spectra showing Mo 3d, S 2s, and S 2p core level peak regions for samples annealed at various
temperatures. The samples were measured on Pt foil and Pt 4f7/2 was taken as a reference. After Shirley background subtraction, the Mo 3d and S 2p
peaks were deconvoluted to show the 2H and 1T contributions, represented by red and green plots, respectively. (c) Extracted relative fraction of 2H and
1T components (top) and the linewidths of S 2s andMo 3d5/2 peaks as a function of annealing temperature (bottom). TheMo 3d5/2 peak linewidths are
shown for the two phases. A similar trend was also observed for the S 2p peaks, but the data are not shown here for clarity.

 

Figure S9 | Raman spectra of chemically exfoliated MoS2 thin films (thickness ~ 4 nm) 

annealed in at various temperatures. The spectra for bulk (topmost plot) and mechanically 

exfoliated monolayer (second plot from the top) MoS2 are also shown for comparison. In the 

shaded regions, J1, J2, and J3, weak Raman peaks which are only active in 1T MoS2 can be seen. 

 

Lee et al.S9 recently reported that the position of E1
2g and A1g peaks depends on the number of 

monolayers. For mechanically exfoliated samples, A1g phonons soften with decreasing number 

layers, giving rise to a peak shift from 407 cm-1 for bulk material to 403 cm-1 for a single 

monolayerS9. On the other hand, E1
2g phonons stiffen with decreasing number of layers and their 

peak changes from 382 cm-1 to 384 cm-1 for bulk and monolayer MoS2, respectively. Our 

as-exfoliated MoS2 showed E1
2g and A1g peaks at around 382 cm-1 and 405 cm-1, respectively, 

and they did not exhibit noticeable change in position with increasing annealing temperature. A 

weak down shift and increase in E1
2g/A1g intensity ratio was observed for annealed films with 

increasing thickness but A1g peak position remained constant (Figure S10). The behaviour of 

E1
2g and A1g peaks suggests weak interlayer coupling due to rotational stacking disorder of 

chemically exfoliated MoS2 in contrast to pristine 2H-MoS2. 

The E1
2g and A1g peaks were consistently broad (8 ~ 9 cm-1) compared to the mechanically 

exfoliated samples (typically 5 ~ 6 cm-1 measured in this work, 2 ~ 6 cm-1 reported in Ref S9) 

and largely independent on annealing temperature or film thickness. This can be partly 

attributed to the thickness inhomogeneity of the samples. Phonon confinement effect due to 

small size of the individual sheets and possible presence of defects may also contribute to the 

broad peaksS10. 
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