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ABSTRACT 

Layered transition-metal dichalcogenides (TMDs) have shown promise to replace 

carbon-based compounds as suitable anode materials for Lithium-ion batteries (LIBs) owing to 

facile intercalation and de-intercalation of lithium (Li) during charging and discharging, 

respectively. While the intercalation mechanism of Li in mono- and bi-layer TMDs have been 

thoroughly examined, mechanistic understanding of Li intercalation-induced phase 

transformation in bulk or films of TMDs is still largely unexplored. This study investigates 

possible scenarios during sequential Li intercalation and aims to gain a mechanistic 

understanding of the phase transformation in bulk MoS2 using density functional theory (DFT) 

calculations. The manuscript examines the role of concentration and distribution of Li-ions on 

the formation of dual-phase 2H-1T microstructures that have been observed experimentally. The 

study demonstrates that lithiation would proceed in a systematic layer-by-layer manner wherein 

Li-ions diffuse into successive interlayer spacings to render local phase transformation of the 

adjacent MoS2 layers from 2H-to-1T phase in the multilayered MoS2. This local phase transition 

is attributed to partial ionization of Li and charge redistribution around the metal atoms and is 

followed by subsequent lattice straining. In addition, the stability of single-phase vs. multiphase 

intercalated microstructures, and the origins of structural changes accompanying Li-ion insertion 

are investigated at atomic scales. 

 

Keywords: Layered materials, density functional theory (DFT), intercalation, phase 

transformation, lithiation 
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1.  INTRODUCTION  

Lithium-ion batteries (LIBs) are now widely used in consumer electronics, electric 

vehicles, and grid-scale energy applications as excellent energy-storage media.1-4 With their 

impressive cyclic performance and high coulombic efficiency, layered graphite and spinel-type 

Li4Ti5O12 are two of the most widely used anode materials in LIBs, with specific capacities of 

372 mAh/g and 175 mAh/g, respectively.5-7 Nonetheless, increasing demand for more efficient 

energy-to-electronic conversion devices, especially for hybrid vehicles, has led the search for 

new alternatives of anodic materials with higher capacities for LIBs. These include silicon, nano-

carbons, alloys, metal oxides/sulfides/nitrides, and other layered materials of carbonaceous 

compounds, like graphite, graphene, and graphene oxides.8-16 

Layered transition-metal dichalcogenides (TMDs) offer a high density of 

electrochemically active sites, fast ion transport, and hence, can lead to improved theoretical 

capacity and cycling stability of LIBs.17-19 The large surface area and weak out-of-plane van der 

Waals (vdW) interactions in these materials, can overcome the current challenges of poor 

electronic conductivity and damaging volumetric fluctuations during the intercalation and de-

intercalation. These materials, therefore, can find applications as various components of LIBs 

and sodium-ion-batteries (SIBs), including electrolytes, separators, as well as electrodes.20-24 

Interestingly, the first rechargeable LIB, marketed by Exxon in the 1970s, consisted of the TMD, 

TiS2, as the cathode.25 The large interlayer spacing between the TMD layers (typically ~0.6 

nm)26 can accommodate Li-ions without any significant change in the volume while charging 

and discharging. The optimization of layered TMDs for electrode application requires a 

fundamental understanding of the mechanisms of ion intercalation and the accommodation of 

related volumetric expansion and structural/phase stability of the layers.  
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Of the many other known TMDs, molybdenum disulfide (MoS2) shows promise since it 

has a very high reversible capacity of 670 mAh/g for its semiconducting trigonal prismatic (2H) 

phase.27 As a result, first-principles simulations have investigated the binding energies of Li in 

nanosheets and bulk MoS2 as well as the diffusion energy barriers.28-30  These studies also 

suggest Li intercalation on monolayer MoS2 above a concentration of 40% of the available 

adsorption sites renders a phase transformation from the initial 2H to 1T phase,31, 32 and has also 

been observed experimentally during Li intercalation.33-35 Recent in-situ lithiation experiments36 

on thin film MoS2 using high-resolution transmission electron microscopy (HRTEM) suggest the 

formation of several thin bands (typically 6-7 layers) of planar defects. The bands are observed 

to grow across the sample, parallel to the basal planes, and all of them have approximately the 

same thickness. These defect bands are likely to be associated with a local phase transformation 

of the 2H phase to the 1T phase that creates of 2H/1T interfaces during lithiation. If the defect 

bands are due to the formation of phase transformed thin layers of 1T phase MoS2 distributed in 

a 2H matrix, then the mechanism here can be expected to be a local phenomenon; which is most 

likely dictated by Li concentration around a layer of MoS2 (local concentration) rather than 

overall Li concentration across all the layers (global/total concentration). Similarly, experimental 

studies have suggested the composition dependence on the formation of coexisting 2H-1T 

microstructures during lithiation of 2H-MoS2.37, 38 The investigation of these local lithiation-

induced phase transformation mechanisms in thin films of MoS2, however, is very challenging 

using in situ transmission electron microscopy (TEM) experiments alone and ab-initio studies 

can help further the understanding. 

The present study aims to gain a mechanistic understanding of the role of Li 

concentration and its distribution on the phase transformation behavior as well as co-existence of 
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a 2H-1T dual phase microstructure in bulk MoS2 sheets using density functional theory (DFT) 

calculations. The calculations are carried out to investigate the various scenarios of intercalation 

given the availability of a large number of Li-ions and vdW gaps in the MoS2 sheets.  The 

different scenarios consider the intercalation process of a film of MoS2 that is likely to have 

many Li-ions inserted into the several interlayer spacings that are available. The scenarios aim to 

address several questions that are yet unanswered and unravel the links between the intercalation 

mechanisms of Li-ions, their distribution, and the energetics of local phase transformation 

behavior. These questions include: Given an initial distribution of Li-ions in MoS2 films, is it 

favorable for the new Li-ions to enter into a non-lithiated interlayer spacing, or does the Li-ion 

prefer to enter into a gap that already has an existing intercalated Li-ions? Similarly, if one 

interlayer spacing is lithiated, does it affect the intercalation behavior of Li-ions entering other 

interlayer spacings? In addition, the role of Li-ion concentration and the distribution of lithiated 

layers on the phase transformation behavior is unclear. As mentioned above, studies on 

monolayer MoS2 sheets suggest a favorable transformation from the 2H to 1T phase when Li 

intercalation exceeds a critical concentration of 0.4.31, 32, 39 However, it is not clear if this 2H-to-

1T phase transformation will occur in thin films as soon as one of the interlayer spacing is 

intercalated to such a critical concentration of Li-ions, or when a critical concentration of Li-ions 

is reached across a few layers. Addressing these questions is the focus of this study to gain a 

mechanistic understanding of lithiation and phase transformation mechanisms in MoS2 thin 

film/bulk structures. This study investigates these mechanisms of lithium intercalation, the role 

of distribution of intercalated layers, and the formation of dual-phase 2H-1T microstructures 

observed experimentally. As implied by previous experimental studies, and specifically shown 

by Janish et al. 36, the lithiated 2H phase of MoS2 can serve as a precursor to obtain the 1T phase 
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during lithiation. In order to gain a mechanistic understanding of  lithiation and the phase 

transformation behavior in thin films of MoS2, the energetics of intercalation and the diffusion 

pathways are first identified in the bulk 2H phase for variations in the concentration of Li, 

followed by the investigation of the role of Li-ion concentration and distribution on the 2H-to-1T 

phase transformation behavior.  

These results demonstrate that the distribution of lithiated layers (and not its overall 

concentration) plays a determining role in the 2H-to-1T phase transformation of MoS2 sheets. 

The study establishes that lithiation would proceed in a systematic layer-by-layer manner. The 

insertion of the first Li-ion results in an increase in interlayer spacing between the adjoining 

MoS2 layers. This increase in interlayer spacing creates preferential intercalation of the next Li-

ion into the same interlayer spacing rather than insertion into a non-lithiated gap. The energetics 

of these competing mechanisms identify pathways for the insertion of successive Li-ions into the 

interlayer spacings. Calculations of the binding energy show that the preferred binding site for Li 

varies with the concentration of Li-occupied sites in the interlayer spacing of 2H-MoS2. It also 

suggests that lithiation of consecutive interlayer spacings, wherein a 2H-MoS2 layer is 

sandwiched between two Li layers, induces a local phase transformation of the sandwiched MoS2 

layer from 2H to 1T phase. The results demonstrate that the phase transformation is a local 

phenomenon that proceeds layer by layer and provides mechanistic insights into 2H-to-1T phase 

transformation behavior and the formation of dual-phase 2H-1T microstructures during Li 

intercalation in a thin film of MoS2. Formation of certain skin depth of phase transformed 1T phase 

within 2H is expected as Li intercalation proceeds. Li diffusion is easier at the surface as compared to 

bulk of MoS2 and phase transformation can thus be expected to start at the surface and proceed layer by 

layer into the bulk of MoS2. This phenomenon can be exploited to tune the thickness of 1T layers 
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in MoS2 microstructures by controlling Li distribution. The synergy between semiconducting 2H 

phase and phase transformed metallic 1T phase can find various applications.40 Facile means to 

obtain 1T-MoS2 from bulk 2H phase has been of interest owing to higher conductivity, better 

charge transfer ability and high reversible capacities etc.41, 42 These properties make them 

suitable candidates for supercapacitors, rechargeable batteries, catalysis and surface-enhanced 

Raman scattering (SERS).41-43  The computational details are provided in section II. The 

investigation of the intercalation behavior is discussed in section III, followed by the role of Li-

ion concentration and distribution on the 2H-to-1T phase transformation behavior in section IV. 

The mechanisms of in-plane Li diffusion/growth of intercalated 2H or 1T layers are discussed in 

section V, followed by mechanistic insights on the effects of lattice straining are discussed in 

section VI.  

II. Computational Details 

All the first-principles calculations are carried out within the framework of DFT 

calculations using the Vienna Ab-initio Simulation Package (VASP).44 A plane-wave basis is 

utilized to represent the wavefunction with an energy cut-off of 500 eV. The projector 

augmented-wave (PAW) method45 is used to account for ion-electron interactions and electronic 

exchange correlations are expressed by generalized gradient approximation formulated by 

Perdew−Burke−Ernzerhof (GGA-PBE).46 Reciprocal space for the bulk MoS2 is sampled using 

13 × 13 × 7 gamma centered K-point mesh. Similarly, non-periodic layers or directional 

supercells are characterized with only one mesh point in the respective direction (e.g., monolayer 

MoS2; 13 × 13 × 1 K-mesh grid). The structural parameters for the cell are optimized using the 

conjugate gradient scheme until each component of the forces is ≤ 0.01 eV/Å. The bulk systems 

were optimized using ISIF3 tag of VASP, allowing cell shape, volume, and positions of atoms to 
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change in all directions. The Tkatchenko-Scheffler DFT method (DFT-TS)47 is used to account 

for interlayer vdW interactions. Accounting for vdW interactions between different layers in 

TMDs becomes important as these interactions play a key role in the vertical stacking of 

individual layers. Wu et al.48 highlighted the importance of considering vdW interactions in a 

DFT study of WSe2 by computing strains required for transition from indirect-to-direct band gap 

with and without accounting for vdW interactions. The optimized lattice constants for the model 

systems considered are found to be a = 3.15 Å, c = 12.08 Å, α = 1200, γ = 900 for the 2H phase 

and a = 3.19 Å and the Mo-S distance is 2.41 Å, α = 1200, γ = 900 for the 1T phase (Figure S1 in 

supplementary material) and are in good agreement with experimental values and the DFT 

predicted values49 reported in the literature. The binding energy (𝐸!) is calculated to identify the 

preferred binding sites for intercalated Li-ions using the equation: 

𝐸! = 𝐸!!!!"!! − (𝐸!"!! + 𝑥𝜇!") 

Here, 𝐸!!!!"!! ,𝐸!"!! , and 𝜇!" correspond to the energies of Li-intercalated MoS2, pristine 

MoS2, and the Li-ion chemical potentials in its bulk BCC phase, respectively.  

Electron and charge distribution or transfer analyses are performed by calculating 

electron localization function (ELF) and Bader charges. An ELF plot indicates the likelihood of 

finding an electron of the same spin given a reference electron. ELF map’s value ranges between 

0 and 1; 0 indicating delocalization or absence of an electron pair, while 1 indicates perfect 

localization of electron and 0.5 would represent a homogenous electron gas distribution. Bader 

analysis calculates total charges (core and valence) around an atom. These plots are useful in 

quantifying charge transfer between interacting atoms. 
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III.  Layer-by-Layer Intercalation Behavior of Li-ions  

A 10 × 1 × 1 supercell of 2H-MoS2, as shown in Figure 1 (only a portion is shown), is 

used to investigate the intercalation behavior of Li-ions in bulk MoS2. Li-ions are intercalated 

sequentially at various available sites in between 2H-MoS2 layers. The mechanisms of 

intercalation are investigated based on the total energies of the system as well as the binding 

energies of Li-ions.  The preferred intercalation sites for the first Li-ions are either an available 

(octahedral (Oh) and tetrahedral (Td) sites. The energetics of subsequent Li intercalation is 

investigated here by considering two scenarios that can be expected in experiments, whether 

lithiation proceeds layer by layer or intercalation happens in a random manner. 

The first scenario investigates if the intercalation of a one Li-ion into an interlayer 

spacing facilitates the insertion of subsequent Li-ions in the same gap. If not, the intercalation 

behavior is likely to be a random diffusion process that depends on the availability of interlayer 

spacings for subsequent Li-ions. Figure 1(a) illustrates this scenario with an existing Li-ion 

(middle image) and the case when the subsequent Li-ion is inserted in the same interlayer 

spacing (right image) is compared with the case when the subsequent Li-ion is inserted in an 

adjacent gap (left image). The systems are relaxed after the intercalation of the first Li-ion, 

which results in an expansion of the interlayer spacing by ~2%. The binding energy calculation 

suggests that second Li prefers to intercalate into the same interlayer spacing (where the first Li-

ion resides) by 0.05 eV in comparison to intercalating into the next layer. Intercalation of 

additional Li-ions in the same interlayer spacing results in a further decrease in the binding 

energy, suggesting a preference for Li-ions to intercalate into already lithiated layers. Thus, the 

intercalation of the first Li-ion in an interlayer spacing is likely to result in subsequent lithiation 

of the same layer till all available sites are occupied. The binding energy per Li-ion as a function 
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of Li concentration indicates that the binding is preferred at the Oh site up to a coverage of 20%, 

exceeding which subsequent Li intercalation prefers to bind at the Td site (Figure 1(b)). The 

finding is in agreement with the previously reported30 dependence of Li intercalation site on Li-

ion concentration and is attributed to the weakening of dispersive forces between S-atoms with 

the Li-ions as interlayer distances and in turn, distance between Li and the adjoining S-layers 

increases as more Li is intercalates into a layer. 

The second scenario investigates if the occupation of all the available Td sites in one vdW 

gap by Li-ions facilitates the intercalation of subsequent Li-ions prefer into the Oh sites in the 

same gap or an adjacent gap. Figure 2 illustrates the two possibilities with an existing lithiated 

vdW gap (middle image) and the case when the subsequent Li-ion is inserted in the same gap in 

the available Oh site (right image), and when the subsequent Li-ion is inserted in the adjacent gap 

(left image). Comparing the binding energy of Li, it is observed that after all the Td sites in a 

layer are occupied; an additional Li would prefer to intercalate into an adjacent layer instead of 

supersaturating the same layer (with binding energy difference of ~1 eV). However, it can be 

expected that in the case of bulk MoS2, Li-ions can also intercalate into any random interlayer 

spacing available. As a result, the calculated binding energy of randomly intercalated Li-ion is 

compared with that in the interlayer spacing adjacent to a lithiated layer (left image of Figure 2).  

The calculated energies indicate that lithiation in adjacent gaps is preferred over random 

intercalation by 0.04 eV.  

The two scenarios discussed above indicate that the intercalation of a Li-ion creates a 

preference for the subsequent Li-ions to further intercalate into the same gap, till all the Td sites 

in the layer are occupied and that, in turn, creates preferential sites for lithiation of the 
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neighboring interlayer spacings. Therefore, the lithiation of MoS2 layers is likely to proceed 

layer-by-layer.  

IV.  Role of Li-ion Concentration and Distribution on 2H-1T Phase Transformation 

The MoS2 intercalation literature 31, 32, 39 implies that when the Li concentration exceeds 

30-40%, a phase transformation occurs from 2H to 1T phase in the case of monolayer MoS2. 

However, it is not known if such a transformation will occur in multilayered MoS2 when the Li 

concentration exceeds the critical value. Such a phase transformation may likely require a critical 

concentration of Li across vertical layers. A 2H-to-1T phase transformation is energetically 

favorable when the energy of the lithiated-1T phase is lower than that of a lithiated-2H phase. To 

address this, DFT simulations are carried out using a 1 × 1 × 10 supercells of 2H- and 1T-MoS2. 

The interlayer spacings are lithiated one layer at a time leading to the formation of LixMoS2; 𝑥 

ranges from 0 to 1 with a step size of 0.1 to investigate the energetics of lithiated structures for 

both the phases. Here it is assumed that intercalation proceeds one layer at a time based on the 

discussion of the intercalation mechanism above. Illustrative configurations for the lithiated 2H-

MoS2 structures for various Li concentrations are shown in Figure 3(a).  

The calculated difference in energy between lithiated 2H and 1T-MoS2 at various Li-ion 

layer concentrations is plotted in Figure 3(b). The plot shows that at Li concentrations exceeding 

0.7, the lithiated 1T-MoS2 structure has lower energy than the lithiated 2H-MoS2. As a result, it 

is energetically favorable for the lithiated 2H phase to transform to the lithiated 1T phase. These 

calculations suggest that the critical Li-ion concentration for phase transformation of bulk MoS2 

is 0.7. Further, to understand the origin behind the observed 2H to 1T phase transformation in 

bulk MoS2, the charge distribution and transfer analyses for the unlithiated and lithiated 2H and 
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1T-MoS2 are performed. The charge redistribution around the S and Mo atoms with lithiation is 

observed in both the phases, as shown in Figure 4(a) and 4(b). Nevertheless, in the case of 2H-

MoS2 with the presence of Li, electron transfer is more restrained towards one of the adjoining 

S-layers in comparison to the other layer. It indicates the S atoms of the top layer gain more 

charges from Li, and thereby, less charge transfer from Mo to S happens in the top layer. In 

contrast, the bottom layer shows similar ELF as unlithiated 2H-MoS2. The quantitative charge 

transfer estimation by Bader charge analysis also validates the biased gain of electrons by top 

layer S atoms, as shown in Figure 4(c). Furthermore, unlike the 2H phase in the case of lithiated 

1T-MoS2, the charge redistribution occurs such that S atoms in both the adjoining layers gain 

electrons equally, as evident from increased ELF value from 0 to ~0.1 throughout around Li-ions 

(Figure 4(b)). The charge transfer analysis also illustrates that all the S atoms gain (both Mo 

losses) similar charges, indicating the similar bonding of Li-ions with both layers (Figure 4(d)). 

Therefore, the increased bonding of Li in the 1T phase as compared to the tendency of Li to 

exhibit stronger bonding towards one of the neighboring MoS2 layers compared to the other in 

the 2H phase is believed to be driving of lithiation driven phase transformation in MoS2. This 

indicates that the phase transformation of the 2H phase to the 1T phase is only driven by the 

presence of Li ions. For a system where the concentration of Li is 0.7 (which is shown to be an 

energetically favorable condition for phase transformation) it unlikely that the unlithiated layers 

will also phase transform to the 1T phase. Therefore, it is reasonable to believe that phase 

transformation could proceed locally, with only the layers adjacent to incoming Li undergoing a 

phase change. 

The same 10-layer system is considered to investigate the mechanism of phase 

transformation during the lithiation of consecutive layers, as shown in Figure 5(a). Lithiation is 



	 11	

carried out one layer at a time in the 2H phase, with the subsequent layer being adjacent to the 

previously lithiated layer. It is not clear if the phase transformation proceeds concurrently with 

lithiation. For example, after the lithiation of two successive layers in the 2H phase, is it likely 

that the MoS2 layer sandwiched between the two Li layers phase transforms to the 1T phase that 

renders a Li-1T/2H hybrid structure. The suggested idea of the formation of a hybrid structure 

has also been observed in the experiments, showing the formation of a multiphase system during 

lithiation of 2H-MoS2.37, 50 As a result, the energy of a hybrid structure comprising of a lithiated 

1T phase with the same number of Li layers in the matrix of a 2H phase is compared with that of 

the lithiated 2H structure.  The initial 2H structure with one lithiated layer is shown as the left 

most structure in Figure 5(a), and the subsequent lithiation is carried out layer by layer.  For each 

concentration of Li, the lithiated MoS2 layers are phase transformed to the 1T phase to create 

2H/1T hybrid structures with a lithiated 1T phase surrounded by an un-lithiated 2H phase. Such 

vertically stacked hybrid structures have stable 2H-1T interface normal to the Z-direction with 

interface energy as low as 0.068 J/m2. The energy difference between the lithiated 2H phase and 

the hybrid 2H/1T phase as a function of Li concentration of lithiated layers is plotted in Figure 

5(b). As discussed earlier, the structure is observed to be lower in energy for the 2H phase when 

only one interlayer spacing is lithiated. However, when two adjacent layers are lithiated, a 

transformation of the 2H-MoS2 sandwiched between the Li layers to the 1T phase is observed to 

be energetically favorable. The observation hints towards the possibility of tuning the number 

and thickness of 2H and 1T layers in vertically stacked MoS2 dual-phase microstructures by 

controlling Li distribution in the lattice. This could be interesting as the synergy between 

semiconducting 2H phase and metallic 1T phase can be utilized for various applications, e.g. 

catalysis.40  
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Further, the binding energy of Li decreases with an increase in Li content for both the 

structures, as shown in Figure 5(c). In the hybrid phase, the decrease in binding energy is 

significantly more than in the 2H phase. This is due to the formation of 1T layers in the hybrid 

phase, which binds Li more strongly than a 2H phase. It is also evident from binding energies of 

Li-ion at the 1T-2H interface (red curve) and Li within the 1T layers (blue curve); Li binds more 

strongly when present between two 1T layers than when present at the 1T-2H interface. Thus, 

phase transformation for a layer within the bulk structure can happen as soon as any layer is 

lithiated on both sides. A continued layer-by-layer lithiation of the adjacent interlayer spacings 

suggests that the transformation from 2H to 1T phase becomes more energetically favorable, as 

shown in Figure 5(b) and is associated with a decrease in the binding energy of the Li-ion. The 

simulations suggest that the fully lithiated 2H phase will completely transform to the lithiated 1T 

phase (Figure 5(b)), indicating phase transformation in bulk MoS2 is locally driven. The charge 

redistribution during lithiation unveils the role of bonding/chemical behavior on the intercalation 

mechanism and phase transformation of bulk MoS2. The ELF plots for the ten layered 2H and 

hybrid system with 0.2 concentration of Li (2H-Li0.2MoS2) are shown in Figure 6. The ELF for 

2H-Li0.2MoS2 shows similar electron distribution as lithiated bulk 2H-MoS2. In the case of the 

hybrid phase, the availability of only one phase transformed 1T layer leads to mixed bonding for 

Li with MoS2 (at the 1T-2H interface), Li binds more strongly to 1T layer than to 2H layer and 

consequently, Li-ion binding at the interface is stronger than binding in between two 2H layers 

while it’s lower than binding in between two 1T layers (as can be noted from the binding energy 

plot in Figure 5(c)).   

The phase transformation from 2H to 1T phase in a single layer of MoS2 proceeds via 

translation of S atom plane with respect to the other Mo and S planes, modifying co-ordination 
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of Mo atoms. However, in a multilayer system, there is added complexity of translation of the 

stacking of MoS2 layers. For the phase transition from 2H to 1T phase, the stacking sequence 

changes from AB to AA type. Thus, different transition routes, as shown in Figure 7, are 

explored to find the lowest energy path leading to the transition. In particular, three scenarios are 

considered: first, S atoms within the layers translate to change the co-ordination around Mo, 

followed by the translation of MoS2 layers to change the stacking sequence (Figure 7(a)); 

second, stacking sequence is altered followed by the change in co-ordination around Mo (Figure 

7(b)), and third, change of stacking sequence as well co-ordination around Mo happen 

simultaneously, as shown in Figure 7(c). 

Barrier calculations are performed for three scenarios as mentioned above, and the least 

resistance path is found when co-ordination around Mo and the stacking sequence change 

simultaneously (Figure 7(c)). Though, the transformation barrier is not significantly different 

along the 3 proposed routes (the difference is about 0.03 eV). The energy barrier for phase 

transformations with and without Li through the least resistance path is shown in Figure 8. Li 

intercalation significantly reduces the phase transformation barrier, as has been shown by studies 

on monolayer MoS2
31. Similarly, phase transformation barrier for partially lithiated structures 

carried out with layer closest incoming Li-ions phase transforming from 2H to 1T  (favored route 

for layer by layer phase transformation in multilayered MoS2 system) is found to be ~0.6 

eV/MoS2 (±0.2 eV) and is similar to the barrier for transformation for a fully lithiated system. 

V. Collective Diffusion of Li-ions in Intercalated Layers 

The experimental study36 discussed earlier indicates that the defect bands formed during 

lithiation grow across the sample parallel to the basal planes. This suggests that the bands grow 



	 14	

by collective diffusion of Li-ions in the interlayer spacing at the lithiation front. However, it is 

not clear if this collective diffusion occurs in the intercalated 2H phase or the intercalated 1T 

phase. Therefore, it is essential to investigate the mechanisms and energetics of diffusion of 

intercalated Li layers in the 2H and 1T phase. Li-ions are intercalated at different available sites 

(Oh and Td) in 1T and 2H phases (Figure S2 in supplementary material) assuming a complete 

lithiation. In the case of the 1T phase, the Oh site is found to be favorable for Li with a binding 

energy of -3.06 eV, whereas Li-ion in Oh for the 2H phase has a binding energy of -1.79 eV. 

The simulations are carried out to determine the diffusion paths and corresponding 

energy barriers are calculated by translating the entire layer of Li-ions to the nearest equivalent 

binding sites by displacing them along the various possible routes, as shown in Figure 9(a) and 

(b) for bulk 2H- and 1T-MoS2, respectively. For both phases, the shortest linear path for Li layer 

diffusion, denoted by RT1, is found to have a high energy barrier, with a barrier height of 0.36 

and 1.01 eV for 2H and 1T phases, respectively (Figure 9(c)). Therefore, during intercalation and 

de-intercalation, Li diffusion would occur through alternative routes, such as RT3 for 2H-MoS2 

(through the Oh site) and RT2 for 1T phase (through the Td site). The energy barrier for diffusion 

is significantly higher in 1T phase (0.8 eV per formula unit) than in 2H phase (0.24 eV per 

formula unit), which is attributed to the stronger binding of Li in the 1T phase. The observed 

trend agrees with the predicted behavior on Li migration on monolayer MoS2.29  

The results discussed here suggest that the collective diffusion of Li at the lithiation front 

is likely to be in the 2H phase. The phase transformation of the lithiated-2H layers to the 1T 

phase is likely to reduce this diffusion behavior due to the higher energy barrier. As a result, the 

formation of vertically stacked 2H-1T dual phase structures is likely to have diffusion of Li 
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layers in the 2H phase followed by a local 2H-to-1T phase transformation when the adjacent 

vdW gaps are lithiated.  

VI. Mechanistic Insights on Formation of 2H-1T Dual Phase Microstructures 

Further, to obtain an insight into the mechanics of the intercalation process, the effect of 

lattice straining must be explored. Li intercalation into a layer is seen to facilitate further 

intercalation into the same layer. Ease in further lithiation can be understood in terms of lattice 

straining, owing to electronic and steric factors, due to the expansion in interlayer spacing. It is 

akin to the opening of a channel for more lithium to enter the spacing. The preference for 

insertion of Li-ions in the same layer until all the Td sites are occupied is indicative of 

intercalation preferring to proceed layer by layer in multilayer MoS2. As two consecutive 

interlayer spacings are intercalated, the MoS2 layer between then is likely to phase transform 

from 2H to 1T phase preferentially. This phase transformation, however, may be limited by the 

barrier of the phase transformation. Similarly, the small energy difference for Li intercalating 

into adjacent or distant layers, indicates that it would not be necessary for two Li layers to be 

adjacent to each other in a bulk MoS2 for driving phase transformation. Nevertheless, in the 

experimental situation, the higher concentration of Li would lead to the possibility of consecutive 

lithiation for facilitating the phase transformation. Also, when the Li concentration exceeds 0.6, 

several MoS2 layers would be lithiated on both sides, and thus, it is very likely that few layers 

would transform into the 1T phase locally. 

The lattice expansion that relaxes the stresses developed due to steric and electronic 

repulsions is observed along the Z-direction because of the vdW stacking. The volumetric 

expansion in lithiated 2H and hybrid phase as a function of Li concentration is plotted in Figure 
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10. The vertically stacked 2H-1T microstructure shows different stacking depending upon if 

there are an even or odd number of 2H layers; this results in the zig-zag nature of the volumetric 

expansion curve. The distance between 1T and 2H layers at the interface is measured; in the case 

of even layers of 1T, the layers are 0.05 Å closer compare to an odd number of 1T layers. The 

ionic radius of the Li+ ion is significantly smaller than the vdW gap; still, considerable lattice 

expansion is seen during the simulations. The volumetric expansion of ~6% can be expected 

upon full lithiation owing to a change in ionicity of the anion. A similar expansion of 4-6% in the 

Z-direction has also been reported in experimental studies as well during lithium cycling and has 

been attributed to a decrease in ionicity of Li with an increase in ion concentration.51 A decrease 

in ionicity leads to an increase in the ionic radius of Li and explains the observed volumetric 

expansion. With a smaller interlayer spacing in the 1T phase, 2H-1T transformation lowers the 

straining, as compared to the scenario when there is no phase transformation accompanying 

lithiation. The findings also suggest that when the lattice is not allowed to expand during 

lithiation, larger stress will build up in the 2H phase than in vertically stacked 2H-1T 

microstructure, this could expedite phase transformation to lower the stresses developed due to 

lattice straining. 

The results discussed here provide mechanistic insights in the formation of vertically 

stacked MoS2 dual-phase microstructures given distribution of intercalated vdW gaps. While the 

simulations are carried out for Li-ion intercalation, the behavior is expected to be similar for 

could be observed for the intercalation of different ions like Na+, K+, and Mg2+ in multilayer 

TMDs. The results demonstrate the possibility of tuning the number and thickness of 2H and 1T 

layers by controlling the distribution of ions in the lattice to tailor the response in various 

applications.38,40  
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VII.  Conclusions and Outlook 

In summary, this comprehensive study investigates the mechanistic origin of phase 

transformation in bulk MoS2 using first-principles calculations. The increase in the interlayer 

spacing when the concentration of Li exceeds 30% leads to a change in the preferential 

absorption site for Li intercalation. The reduction in binding energy with the inclusion of Li 

suggests lithiation could be favorable until all the tetrahedral sites in the interlayer spacing 

between two 2H-MoS2 are occupied, followed by intercalation into adjacent vdW gaps. Once a 

layer of MoS2 is sandwiched between two lithiated vdW gaps, it energetically favors to 

transform from 2H to 1T phase. Therefore, layer-by-layer lithiation and subsequently, a local 

2H-to-1T phase transformation is preferred. These results suggest that there is no overall critical 

concentration of Li that is required to trigger the phase transformation in the bulk phase of MoS2; 

as soon as a 2H-layer of MoS2 is lithiated on both sides, the layer favors to transform to 1T. 

Thus, phase transformation is more reliant on Li-ion distribution, which determines local 

concentration near a layer of MoS2, rather than the total concentration in multilayered MoS2. The 

phase transformation during lithiation is due to the electronic redistribution around S atoms and 

is a stress release mechanism. The key finding of this study is that intercalation assisted phase 

transformation is a local phenomenon leading to the formation of vertically stacked 2H-1T dual-

phase microstructures during partial Li intercalation. The results also suggest that a similar trend 

could be observed for the intercalation of different ions like Na+, K+, and Mg2+ in multilayer 

transition layer dichalcogenides. Such insights in the creation of vertically stacked dual-phase 

microstructures of TMDs during lithiation are essential in realizing their potential in energy 

storage applications. 
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FIGURES AND  FIGURE CAPTIONS 

	

Figure 1: Schematic illustration for the scenario to investigate the intercalation behavior of a 

second Li-ion given an existing Li-ion at a Td site (middle image). The second Li-ion can be 

intercalated at a tetrahedral (Td) site in the same layer (right image) or next layer (left image). 

The green strips are added as a guide to the eye for Li-ions position. (b) Binding energy of Li as 

a function of Li content during sequential in-plane lithiation in the same interlayer spacing at 

octahedral (black) and tetrahedral (red) sites. 
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Figure 2: Schematic illustration for the absorption of Li-ions at an octahedral (Oh) site in the 

same layer (right) or next layer (left), when all the Td sites in a layer are occupied. The green 

strips are added as a guide to the eye for Li-ions position. 

	

	

	

Figure 3: (a) Layer by layer lithiation of 2H-MoS2 (xLi: MoS2) with Li concentration increasing 

by 0.1 in each step and (b) the energy difference between lithiated 1T and 2H phases as a 

function of Li concentration. The dashed orange line shows that the phase transformation to 1T 

phase is energetically preferred after 0.7 concentration of Li. 
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Figure 4: Electron localization function (ELF) projected on the [110] plane of the structure of 

unlithiated and lithiated (a) 2H and (b) 1T phases of MoS2. Bader plots indicating charge transfer 

in (c) 2H and (d) 1T phases during lithiation of MoS2.The orange and green bars show charge 

transfer from and to the atoms, respectively. The black horizontal lines represent the charge 

transfer in the case of unlithiated MoS2. 
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Figure 5: Layer by layer local phase transition in a 2H-1T hybrid structure with an increase in 

the concentration of Li. Orange and blue color slabs represent 1T and 2H phase of MoS2, 

respectively. (The dotted lines provide guides to understand the position of Li at 2H-1T 

interface) (b) The energy difference between hybrid and 2H phases of MoS2, showing local 

phase after 10% concentration of Li (xLi: MoS2,  x = 0.1), and (c) binding energy per Li-ion  for 

2H and hybrid structure (inside 1T and at the hybrid interface). 
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Figure 6: ELF for partially lithiated MoS2 lattice (projected along (110) plane); left figure shows 

charge distribution without phase transformation while right shows the same following phase 

transformation of MoS2 layer sandwiched between Li layers. Orange and blue color slabs 

represent 1T and 2H phase of MoS2, respectively. 
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Figure 7: The possible routes for phase transformation from 2H-MoS2 to 1T-MoS2: (a) 

intralayer translation of S atoms, followed by change in interlayer stacking, (b) change in 

interlayer stacking and then translation of S atoms, and (c) both the phenomenon occurring  

together, respectively. 
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Figure 8: 2H to 1T phase transformation barrier with and without the presence of Li in between 

layers of MoS2, comparing non-lithiated and fully lithiated systems. 

 

 

Figure 9: Schematic illustration of possible diffusion pathway for Li-ion in (a) 2H, (b) 1T-MoS2, 

and (c) corresponding energy barrier (Eb). The MoS2 structures are faded in the background to 
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highlight the paths. In 2H and 1T phases, atom diffuses from tetrahedral (Td) and octahedral (Oh) 

sites, respectively.  

	

Figure 10: Volume expansion in 2H and hybrid structures with increasing concentration of Li-

ions. 

 

	

	


