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SUMMARY

Sodium-ion batteries (SIBs) use more abundant materials than lithium-ion batteries, promising lower cost 

and better scalability. Challenges with hard carbon, however, motivate the development of alternative an

odes. Layered transition-metal dichalcogenides (TMDs) show promise, but a conclusive consensus 

regarding TMDs has yet to emerge. Here, we report computed Na intercalation voltages of 63 layered 

TMDs. Group VIB TMDs show the lowest Na intercalation voltages, but competing phases potentially limit 

stability, which is closely linked to TM d-orbital occupation. More generally, low-voltage Na intercalation re

quires high-energy sodiated phases, which limits structural complexity, as complex chemical spaces provide 

more opportunity to lower crystal energies through phase changes. Less common systems, including MoSe2, 

MoTe2, and WSe2, show attractive intercalation voltages with a lower likelihood of phase transitions. Hence, 

these systems might bear potential for application in SIBs, albeit with implied challenges regarding cost and 

abundance.

INTRODUCTION

Lithium-ion batteries (LIBs) have created a technological revolu

tion by increasing the available energy density for portable de

vices and enabling automotive electrification. The cost of the 

raw materials involved in LIB manufacture—and the belief that 

lithium is relatively scarce—raises challenges for LIB applica

tions in stationary storage and large-scale transport applica

tions, such as in the maritime sector.1–3 In sodium-ion batteries 

(SIBs), lithium is substituted with highly abundant sodium.4

Like LIBs, SIBs consist of an organic electrolyte and various, 

often layered transition-metal oxides as the cathode material.5,6

However, SIBs still have poor cycling stability and low capacity 

electrode materials. In this respect, it is indispensable to find 

appropriate electrode materials for advanced SIBs, including 

both cathode and anode materials. A particular challenge is 

finding appropriate anode materials for SIBs because the typical 

anode material for LIBs, graphite, does not intercalate a signifi

cant amount of sodium.7 Hard carbons are currently considered 

the anode material with the most commercial promise.8–15 How

ever, the high surface area and inherent structural disorder of 

hard carbon are associated with severe degradation issues,16,17

motivating the exploration of alternative anode materials.

Layered transition-metal dichalcogenides (TMDs) have 

evoked widespread attention as promising electrode mate

rials,18–20 particularly as potential anode materials. For example, 

the electrochemical performance of sodiating MoS2, a widely 

investigated TMD, has been studied intensively using experi

ments and theory.21–28 In general, the transition-metal M is coor

dinated with several chalcogen atoms (X = S, Se, and Te) in 

TMDs, allowing for various structures with composition MX2, 

as is readily demonstrated by the polymorphism of MoS2. A thor

ough investigation of this chemical space, therefore, has to take 

structural variability into account, even when experimental infor

mation is missing.

The crystal structures of a large range of 2D materials, derived 

from experimentally known 3D compounds, were investigated 

by Mounet et al. using high-throughput calculations based on 

van der Waals (vdW) density functional theory (DFT).29 Building 

on that work, Silva et al. used DFT to compute Pettifor maps 

for metal sublattice alloys in several 2D TMD prototypes.30,31

From this database of 2D-TMDs, layered TMDs can be con

structed by simply stacking layers. Similarly, sodiated layered 

TMDs can be constructed by alternating TMD and Na layers. 

However, the sheer number of possible configurations necessi

tates a computational screening method as presented in this 

work, even when only considering the structures at zero and 

full sodiation.

The six prototypes reported by Silva et al.30 to form 2D TMDs 

with different coordination environments are taken into consider

ation here, as shown in Figure 1A: p-MoS2 (prismatic), p-CdI2 

(octahedral), p-NbTe2 (parallel arranged octahedral), p-WTe2 

(in-plane distorted octahedral), p-PdS2 (square planar), and 

p-PdCl2 (octahedral with distorted axial and equatorial bonds). 
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Among these, p-MoS2 (2H phase) and p-CdI2 (1T phase) are the 

most common structures.32–35 Transition metals are coordinated 

with six chalcogen atoms in the p-MoS2 prototype, forming trian

gular prisms, and MX2 layers are stacked in AB order. Transition- 

metal atoms in p-CdI2 adopt an octahedral coordination.

By computationally sodiating stable 2D-TMDs, Na intercala

tion voltages of the whole series of layered 3D-TMDs (NaMX2) 

were calculated from first principles. The Na intercalation voltage 

serves as a guide for identifying anode materials for SIBs with 

high energy density and compatibility with the stability window 

of organic electrolytes. Finally, considering a range of host struc

tures across chemistries enables the identification of systems 

that likely undergo phase transitions during sodiation, which is 

taken as a warning sign that durability during battery cycling 

might be limited. Taken together, this information provides an 

overview of likely electrochemical performance and structural 

properties of layered TMDs as SIB intercalation materials.

RESULTS AND DISCUSSION

Ground-state structures and sodiation potentials

The ground-state prototypes computed by DFT are shown in 

Figure 1A. Figure 1B shows a periodic table of Na intercalation 

voltages vs. metallic sodium for each compound (see 

methods and Equation 4 for details). The symbols indicate 

the stable prototypes for each compound, using the same 

convention as in Figure 1A. In a few cases, described further 

below, the intercalated compound was found to be stable in a 

different phase than the empty host, and therefore, a phase 

transition is expected (see also Figures S1 and S2 for the en

ergetics of these transformations). For these cases, two 

voltage values are reported: the lower voltage assumes stabil

ity of the empty host after sodiation and the higher voltage 

takes the phase transition into account. The second symbol 

in the top right corner designates the stable sodiated phase. 

In both cases, the lowest energy phase MX2 is used as a refer

ence state in Equation 6 (further details are provided in the 

methods).

Layered TMDs intercalate Na over a broad range of voltages, 

ranging from close to zero to approximately +2.5 V vs. Na|Na+. 

Two broad trends can be identified: (1) sulfides intercalate Na 

at higher voltages than the corresponding selenides and tellu

rides and (2) intercalation voltages tend to be lowest for group 

VIB TMs and increase toward the left and right in the periodic 

table.

TiS2, for instance, intercalates Na at a higher voltage than 

TiSe2, which in turn has a more positive intercalation voltage 

than TiTe2. Similar observations can be made for almost all 

TMs that do not undergo phase transitions. A notable exception 

is tungsten, with WTe2 intercalating Na at higher potentials than 

WSe2, which can be attributed to tungsten selenide and telluride 

crystallizing in different crystal structures. Nonetheless, the 

Figure 1. Periodic table of sodiation voltages of layered TMDs 

(A) The six MX2 prototypes and associated symbols: p-MoS2, prismatic; p-CdI2, octahedral; p-NbTe2, parallel arranged octahedral coordination; p-WTe2, in- 

plane distorted octahedral; p-PdS2, square planar; p-PdCl2, octahedral with distorted axial and equatorial bonds. 

(B) The sodiation voltage of layered TMDs. The color bar on the right reports the voltage value vs. Na|Na+ from blue to red. Chemistries with phase transition are 

identified by two voltage values and crystal structure symbols, respectively. The dotted regions in the top right of NiS2, PdTe2, and PtTe2 denote compounds that 

spontaneously underwent phase transition during DFT structure optimization, cf. supplemental information for further details.
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voltages of sodiating WX2 are below 1 V vs. Na|Na+, making 

tungsten appear to be one of the two technologically most prom

ising TMs. The other is molybdenum, as the MoX2 compounds 

also tend to intercalate Na at voltages below 1 V vs. Na|Na+. 

The early and late transition-metal sulfides generally do not pro

vide intercalation voltages below 1 V. Some of them could even 

be considered low-voltage cathode chemistries. This depen

dence of intercalation voltage on TM group is less pronounced 

in the selenides and tellurides. In particular, the tellurides show 

relatively low intercalation voltages across the entire d-block.

Focusing on group VIB again, the intercalation voltages for 

CrS2, MoS2, WS2, and CrSe2 in the p-MoS2 prototype are 0.90, 

0.32, 0.01, and 1.09 V, respectively, as indicated in the bottom 

left corner of each compound in Figure 1B. They all appear to 

be viable anode chemistries at first sight. However, the lowest 

energy phase for the intercalated compounds, NaMX2, differs 

from that of the empty host, MX2, indicating that these com

pounds are liable to undergo a phase transition during intercala

tion with potential implications for the sodiation potential. The 

voltages after accounting for the phase change are 1.90, 0.34, 

0.01, and 1.90 V, respectively, as indicated in the top right corner 

of each compound. All these compounds favor octahedral coor

dination within the p-CdI2 prototype after sodiation, even though 

the most stable phase of the empty host is p-MoS2 in all cases. 

Indeed, the energetic advantage of p-CdI2 over p-MoS2 in the 

sodiated phases is so significant that, for CrS2 and CrSe2, volt

ages increase to values that render these compounds unsuitable 

as anode materials for SIBs. These competing phases also raise 

questions about the stability and viability of these materials dur

ing cycling, even when the voltage increase is negligible, as is the 

case for MoS2 and WS2.

The remaining compounds in group VIB, namely MoSe2, WSe2, 

MoTe2, and WTe2, are not predicted to undergo phase transitions 

and remain in the same structure without and with sodium (as 

shown in Figure S2). The absence of a phase transition is a poten

tially useful feature for long cycle life in energy storage applica

tions, in combination with the low intercalation voltages of 

MoSe2, WSe2, MoTe2, and WTe2 (0.22, 0.01, 0.19, and 0.55 V, 

respectively) for battery applications.

Another interesting case is TiS2, which is in group IVB. This 

compound remains in an octahedral configuration, but the MX2 

layers undergo a shift from AA stacking to AB stacking upon so

diation. This transformation happened spontaneously during 

structure optimization, with the structures shown in Figure S3. 

This phase transition is known from experiments,36–39 as dis

cussed further below. A few other structures with similar stack

ing transitions were found, and these are summarized in the 

supplemental information.

Group VIIIB (rightmost column) is another group that shows a 

high propensity for phase transitions. NiS2 crystallizes in the 

square-planar configuration (p-PdS2 prototype), while the sodi

ated NaNiS2 shows distorted tetrahedral coordination. The coor

dination of PdTe2 changes from octahedral (p-CdI2 prototype) to 

distorted octahedral with an elongated vertical axis. The ground- 

state structures of PtX2 (PtS2, PtSe2, and PtTe2) are octahedral 

(p-CdI2 prototype), but the most stable sodiated compound 

NaPtX2 is square planar (p-PdS2 prototype). The respective 

structures are provided in Figure S4.

Model Hamiltonian

To discuss and understand broad trends in chemical space, it is 

useful to recall a few notions of crystal field theory as a simplified 

energy model.

Crystal field theory is a semi-quantitative framework to ratio

nalize the electronic structure of transition-metal complexes 

and, to a lesser degree, transition-metal compounds.40,41

The 5-fold energetic degeneracy of the d-orbitals is lifted by 

next-neighbor ligands that shift the energies of individual d-or

bitals according to geometric proximity. The interaction be

tween d-orbitals and ligands is assumed to be purely electro

static, though, making the theory most appropriate for highly 

localized electronic structures. The resultant split in energy 

levels is denoted by Δ. Orbital energies are shifted negative 

and positive relative to the barycenter of the d-manifold (i.e., 

the zero point of the energy scale). Orbital energies are ex

pressed as a fraction of Δ, with the number and degeneracy 

of levels given by the local symmetry of the ligand field. 

Further, the electron-pairing energy, P, needs to be taken 

into account when electrons are paired in the same orbital. 

The energy is expressed as

E =
∑

i

fi⋅ξi⋅Δ + n⋅P; (Equation 1) 

where n is the number of electron pairs and fi and ξi are the oc

cupancy and relative position of the energy levels, respectively. 

Summation is over all energy levels. The relative energies of the 

d-orbitals for ligands in prismatic, octahedral, square-planar, 

and tetrahedral coordination are covered in detail in the litera

ture.32,40–45 Usual values of Δ are in the range of 1 … 4 eV for 

transition-metal complexes. There is generally less data avail

able for electron-pairing energies P, but they are accepted to 

be smaller than Δ by a factor of four to maybe ten. Besides 

providing a convenient framework to rationalize the relative sta

bility of local TM coordination, even subtle effects such as Jahn- 

Teller distortions46,47 can be rationalized with crystal field theory. 

Nonetheless, it has to be emphasized that the framework has 

limited utility for strongly covalent compounds and, hence, is 

used here mostly to discuss trends.

Prismatic-to-octahedral phase transition in group VIB

The energies of the sodiated and unsodiated phases of CrSe2 in 

the p-MoS2 (prismatic, 2H) and p-CdI2 (octahedral, 1T) proto

types are shown in Figure 2A. Similar to CrS2, MoS2, and WS2 

(Figure S4A), the intercalated compound is stable in octahedral 

coordination, while the empty host is prismatic. All these com

pounds undergo a transition from 2H to 1T, resulting in an in

crease in voltage. This result is in good agreement with previ

ously reported results for MoS2.23,24 The energy above the hull 

for the selected Na-M-X system can be found in Table S6, con

firming the stability of these materials against decomposition 

into other non-layered phases. The Na-Cr-Se phase diagram is 

plotted in Figure S12 as an example, according to the energy 

above the hull in Table S6 and Bartel.48

The d-orbital splitting according to crystal field theory for 

these compounds—with the exception of CrS2, whose mag

netic moment indicates a different ordering of the crystal field 

stabilization energy (CFSE) levels (cf. Table S5 and Figure S6) 
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due to a slightly different geometry of the prismatic environ

ment45—is depicted in Figure 2B for the unsodiated structure 

(p-MoS2 prototype) and the sodiated structure after phase tran

sition (p-CdI2 prototype). The unsodiated compounds have a 

formal valence of M4+ and a d2 electron configuration. Both 

electrons occupy the a′ level (i.e., the d3z2 − r2 orbital) because 

it is located between the ligands (X = S, Se, and Te) in p- 

MoS2. So the repulsive force between the d-electrons and the 

ligands is low.

Upon sodium intercalation, the transition metal reduces 

from M4+ to M3+ (d3). The extra electron has to occupy the 

e′ level, located in the plane between the ligands, in the pris

matic environment (see Figure 2B, left). This results in an en

ergy gain of

2 ⋅ (− 0:534 Δo) + P + 1 ⋅ (− 0:089 Δo) = − 11:57 Dq + P

(Equation 2) 

or 2⋅Ea′ + P + 1⋅Ee′ = − 11:57 Dq + P, where Δo = 10 Dq is the 

splitting constant in octahedral coordination, which is related 

to the charge on the metal ion, the radial distribution of valence 

d-electrons, and the metal-ligand distance.41

The energy can be lowered in an octahedral environment, as 

depicted on the right-hand side of Figure 2B. The three electrons 

occupy the low-energy t2g orbitals, avoiding the pairing penalty 

and yielding an energy gain of

3 ⋅ (− 0:4Δo) = − 12 Dq: (Equation 3) 

This is always lower than in prismatic coordination because 

the pairing energy P is positive.

The CFS-based argument can be made quantitative by 

parameterizing the model Hamiltonian in Equation 1 from DFT 

calculations. The energy splitting between CFS levels can be ob

tained from the projected density of states (DOS) of CrSe2 and 

NaCrSe2 (see black circles in Figures 2C and 2D). The pairing 

energy P can be estimated by magnetization-constrained 

calculations (see Figure S7 for details). The energy levels with 

respect to the energy barycenter are Ea′ = − 1:57 eV, 

Ee′ = − 0:05 eV, and P = 1.09 eV in the prismatic environment 

and Et2g
= − 0:95 eV and Eeg

= 1:38 eV, respectively, in the 

octahedral environment. Hence, the model Hamiltonian yields 

the following energies (in eV): E(CrSe2-prism) = − 2.05, 

E(CrSe2-oct) = − 1.91, E(NaCrSe2-prism) = − 2.10, and 

E(NaCrSe2-oct) = − 2.859, which agrees with the ordering pre

dicted qualitatively above.

Finally, some compounds in the nickel group show a 

similar tendency for phase transitions from octahedral to 

Figure 2. Energetics and electronic structure of NaxCrSe2 

(A) Energy diagram, (B) crystal field splitting (CFS) of the d-orbitals in prismatic and octahedral coordination, (C) density of states in prismatic CrSe2, and 

(D) density of states in octahedral NaCrSe2. The top images in (C) and (D) report the DOS projected on the d-manifold of Cr (red curve) and the p-manifold of Se 

(blue line). The dashed gray lines indicate the Fermi level. The black dots mark the peaks attributed to CFS levels in (B). The middle images highlight the energy 

windows identified as hybridization-like and CFS-like. The bottom images show the overlap between the DOS projected on Cr and Se atoms, as defined in 

Figure S6.
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square-planar configuration. As these compounds are less 

relevant to battery applications, this is discussed in terms of 

crystal field theory in the supplemental information for 

completeness.

Intercalation voltages of prismatic compounds in groups 

VB and VIB

Unsodiated hosts from groups VB and VIB tend to favor pris

matic coordination. At the same time, they also tend to cluster 

at the opposite ends of the voltage scale. While prismatic group 

VIB compounds provide an opportunity to intercalate at voltages 

below 0.5 V vs. Na|Na+, group VB compounds exhibit at least 

1.0 V higher voltages despite the similar crystal structures and 

proximity in the periodic table.

This can also be rationalized using crystal field theory. Upon 

sodiating a d1 compound from group VB, the additional electron 

occupies the remaining lowest a′ energy level, and the energy 

difference due to d-orbital occupation is − 0.534Δo + P. As 

already explained, reduction of a d2 transition metal from group 

VIB requires occupation of an e′ energy level with an energy dif

ference of − 0.089 Δo. The spin pairing energy P raises the energy 

significantly less than the occupation of the higher energy e′

level. In consequence, prismatic group VB compounds are 

more strongly stabilized by d-orbital occupation upon sodiation 

than group VIB compounds. This not only explains the absence 

of phase transitions in group VB but also explains the signifi

cantly higher voltages. Because formation energy and voltage 

are inversely related (see methods below), a lower-energy sodi

ated structure translates into a higher intercalation voltage, as 

nicely demonstrated by comparing group VB and group VIB 

voltages.

This highlights an important challenge when searching for low- 

voltage intercalation anodes in general. Low-voltage anode 

chemistries require high-energy sodiated phases. The more 

complex a chemical space is, the more possibilities likely exist 

for nature to find ways to lower the energy of the sodiated phase 

by adopting a different coordination or electronic configuration. 

Hence, the search should favor ‘‘simple’’ crystal structures or 

at least aim for kinetic stability (e.g., through strong covalent/ 

ionic bonds).

Further trends in intercalation voltages

Group IVB compounds exhibit high intercalation voltages. 

Following the same reasoning as above, this can be rationalized 

with the d1 configuration of the sodiated phase. Because the d0 

configuration of the unsodiated phase always implies single 

occupation of the lowest energy level after sodiation, these early 

transition-metal compounds cannot realize ‘‘unfavorable’’ elec

tron configurations that lead to high energy structures and thus 

low voltages.

It is attractive to favor host compounds with fully occupied 

lowest energy levels in the crystal field theory picture to search 

for low-voltage anodes, because it implies energetically costly 

occupation of energy levels in the next highest d-band manifold 

(e.g., eg instead of t2g in octahedral environments) upon sodia

tion. The group of prismatic d2 compounds already discussed 

is a case in point. However, the layered TMDs provide few other 

compounds where this is the case. There are no tetrahedral 

compounds for which one would look at low-spin d4 compounds 

in group VIIIB. Alternatively, d6 compounds in a low-spin octahe

dral configuration would qualify. Ni is the only group VIIIB 

element that favors octahedral coordination as selenide and 

telluride in the unsodiated as well as sodiated phases. However, 

the sodiated phases show fully spin-paired ground states (cf. 

Figure S5), which is irreconcilable with a d7 configuration in the 

ionic picture underpinning crystal field theory. Hence, the ex

pected strong covalent character of these compounds clearly in

validates the simple reasoning based on crystal field theory, in 

notable parallel to LiNiO2.49 Nonetheless, at least NiTe2 is pre

dicted to show a somewhat attractive intercalation voltage.

Finally, square-planar NiS2 seems like a promising candidate. 

The splitting constant in the square-planar configuration is 

particularly large, and the two lowest energy levels are fully occu

pied in a low-spin d6 configuration. But like the prismatic group 

VIB compounds, the system suffers from a phase transition to 

a highly distorted structure in the sodiated phase.

High-spin configurations are less common. However, in octa

hedral coordination, d3 compounds that favor high-spin config

urations in d4 configurations would be candidates. Manganese 

seems to be the only transition metal that favors high-spin states 

in d3 as well as d4 configurations in every MnX2 chalcogenide in 

the octahedral p-CdI2 prototype. But Mn-based chemistries are 

predicted by DFT to show relatively high voltages. Mn is known 

to be strongly Jahn-Teller active, and the relatively high voltages 

of MnX2 compounds likely result from strong structural 

relaxations.

Experimental results for sodiation of TMDs in group VIB

The simulation results above suggest, at first glance, that group 

VIB compounds are the most promising candidates for Na-ion 

intercalation anodes of all the TMDs, as these have the lowest 

Na intercalation voltages.

The MoS2 system, in particular, has been thoroughly exam

ined experimentally.23–25 The presence of competing phases 

leading to the 2H → 1T transformation upon sodiation is experi

mentally confirmed.23–25 Additionally, while not examined in the 

present work, the resulting phase boundaries impede the dy

namics of sodiation23 and result in structural changes after the 

first sodiation cycle.24,25 In combination, these factors raise 

serious questions about the viability of MoS2 (in addition to 

CrS2,50 WS2,51 and CrSe2) as Na-ion intercalation anode 

materials.

The computed voltage values for WS2 are similar to those of 

MoS2, as is the predicted phase transformation. This chemistry 

has previously been studied both experimentally and theoreti

cally.51 Results are in good agreement with our predictions. 

WS2 nano-flakes crystalize with W in prismatic coordination, 

but W adopts octahedral coordination in NaWS2. Experimentally 

observed intercalation voltages are around 1.5 V vs. Na|Na+, 

which is slightly above—but still in good agreement with—theo

retical values.

The contrast between the calculated Na intercalation voltages 

of MoS2 and CrS2 is pronounced in Figure 1. The voltage of so

diating CrS2 accounting for the 2H → 1T phase transition is 1.90 

V. In fact, this voltage is among the highest of all TMDs reported 

in Figure 1B, indicating a strong stabilization of Cr in octahedral 
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configuration. Consequently, there has been some interest in us

ing NaCrS2 as a Na intercalation cathode material in its most sta

ble 1T phase,50 with the 1T → 2H transformation avoided by de

intercalating only to Na0.5CrS2. CrSe2 is predicted to behave very 

similarly to CrS2. The electrochemical Na performance would 

therefore likely be similar, but experimental studies for compar

ison appear unavailable. Finally, the capacity-limiting phase 

transition could probably be avoided with CrTe2 as cathode 

chemistry but likely at the cost of a lower voltage.

Predicted voltages in Figure 1 suggest some promise for 

MoSe2, WSe2, and MoTe2 as anode materials, which have 

been explored experimentally far less than MoS2. Additionally, 

the larger interlayer spacing in these materials compared with 

MoS2 might result in improved intercalation dynamics. Morales 

et al. examined Na-ion intercalation in MoSe2, finding a 2H → 
1T transformation during sodiation via operando X-ray diffrac

tion (XRD),52 with more recent experimental work also reporting 

the same transformation.53 Interestingly, this phase transition is 

not predicted in Figure 1. The p-MoS2 structure (2H, prismatic) 

is calculated to be about 200 meV per formula unit (f.u.) lower in 

energy than the p-CdI2 (1T, octahedral) structure (cf. 

supplemental information). This energy difference is larger 

than the usual uncertainty associated with DFT total energy cal

culations, suggesting that factors not included here, such as 

vibrational energy contributions, defects, or the presence of 

secondary phases such as carbon, might be relevant. However, 

it can also be noted that Morales et al. concluded the 2H → 1T 

phase transition based on an analogy to MoS2 from a shift of 

the (002) reflection in XRD spectra, which is mostly governed 

by TM layer spacing rather than TM coordination in layered 

compounds. There is a substantial recent effort to crystallize 

the 1T phase through advanced synthesis routes,54–56 but we 

were unable to find compelling direct evidence for an in situ 

transition between the two crystal structures during sodiation. 

In most cases, formation of a disordered or amorphous phase 

is reported upon sodiation. In terms of kinetics, 2H-MoSe2 

shows a higher Na interlayer barrier (approximately 1.4 eV) 

compared with Na diffusion along the MoSe2 surface, suggest

ing challenges of slow diffusion between layers that might 

impede practical implementation of MoSe2 as a Na-ion interca

lation electrode.57

Finally, although the lowest overall Na intercalation voltage is 

predicted for WSe2 in Figure 1, there is only a limited number 

of experimental references available,58,59 with no comparable 

operando studies to assess stability during operation, making 

it difficult to draw conclusions about thermodynamic stability, ki

netic trends, or interphase stability for this system. Of course, 

practical concerns about the weight, abundance, and toxicity 

might make this compound—and selenides and tellurides in 

general—less attractive, as remarked in Tables S8–S10. Low 

diffusion barriers for Na on WSe2 monolayers, on the order of 

0.06 eV,60,61 have been reported, suggesting that low-dimen

sional forms of this material might have potential for high-rate ap

plications. However, the significantly higher interlayer diffusion 

barrier on the order of 0.6 eV again raises questions about the 

practical rate performance of these materials.61 Comparable 

values of Na interlayer diffusion coefficients on the order of 

0.3–0.4 eV were determined elsewhere across the MoX2/WX2 

systems.35

Experimental results for sodiation of TMDs outside of 

group VIB

Few TMD candidates outside of group VIB are predicted to show 

Na intercalation voltages low enough to make them attractive as 

anode materials. Nevertheless, many of these candidates have 

been investigated experimentally, particularly the sulfides in 

period 4. These represent the lightest and also most Earth-abun

dant materials among the TMDs, in line with efforts to optimize 

gravimetric capacity.

TiS2 has been extensively investigated as a Na-ion electrode 

material,36,62,63 showing Na intercalation voltages on the order 

of 1.67 V as computed in this work. It is of interest because of 

its high conductivity,38 large interlayer spacing,37,62 and pro

nounced phase transformations due to layer shifts and distor

tions of the octahedral environment.36–38 For these reasons, it re

mains an important material in the field for method development, 

but its intermediate sodium intercalation voltage limits its viability 

as either a positive or negative electrode material.

The same concerns apply to the rest of the period 4 transition- 

metal sulfides (with the possible exception of CrS2, as mentioned 

above). VS2,64 MnS2,65 and FeS2
66,67 showed very similar 

computed voltages on the order of 1.6 V in the present work, 

in good agreement with the cited experimental studies. Addition

ally, operando diffraction studies suggest solid-solution Na inter

calation into NaxVS2 and NaxFeS2 (0 ≤ x ≤ 1) rather than addi

tional phase transformations.64,66 NbS2, located in the same 

group and with the same crystal structure as VS2, likewise re

mains in a stable phase during sodiation.68 These findings are 

in good agreement with the results reported here.

Considerations of toxicity and abundance

Apart from pure performance considerations, Tables S8 and 

S10 summarize the abundance and toxicity of TMDs and reveal 

clear trends across the chalcogen series.69,70 Sulfides are more 

abundant and better characterized than selenides, which are in 

turn more common than tellurides. This trend reflects both the 

higher natural abundance of sulfur relative to selenium and 

tellurium and the greater ease of synthesizing stable sulfide 

phases.

MoS2, WS2, TiS2, NbS2, and TaS2 are widely abundant, exper

imentally verified, well established in the literature, and 

frequently studied due to their thermodynamic stability and 

straightforward synthesis.69,71,72 Therefore, they have been 

extensively explored experimentally, allowing the development 

of detailed phase diagrams and structure-property relationships.

Sulfides and selenides of Zr, Hf, Cr, Fe, Ru, Co, and Ni are 

accessible but have been less systematically investi

gated.69,70,72 Most studies report only synthesis and basic char

acterization, but the systematic understanding of their electro

chemical and electronic properties remains limited. This 

intermediate abundance suggests they are promising candi

dates for further study, particularly in applications where com

mon TMDs are insufficient.

Sparse or mostly predicted systems such as Tc, Re, Os, Ir, and 

Rh compounds are supported mainly by theoretical predictions 
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and high-throughput calculations, with few experimental re

ports.70,71 Their limited availability and possibly marginal ther

modynamic stability hinder detailed study and necessitate 

continued computational screening and targeted experimental 

validation to assess their viability.

Promising chemistries beyond MoS2

Finding a suitable Na-ion intercalation anode material to super

sede hard carbon is highly challenging. Low-voltage intercalation 

chemistries require high-energy sodiated phases, which means 

unfavorable d-electron configurations for TMDs. This increases 

the likelihood of more stable competing phases upon sodiation, 

which will result in an increase in cell voltage, as is the case for 

many of the group VIB TMDs, including MoS2. Additionally, those 

competing phases may lead to further detrimental behavior dur

ing cycling.

Even so, group VIB compounds seem most viable from an 

intercalation voltage point of view: the MoSe2, WSe2, MoTe2, 

and WTe2 systems appear to be promising anode materials 

because of their relatively low Na intercalation voltages (and 

apparent absence of phase changes). Of course, considerations 

of weight, abundance, and toxicity make these materials less 

viable. Thus, this part of the parameter space has been much 

less explored experimentally than the lighter and more abundant 

TMDs. Nonetheless, these should be examined in more detail 

because understanding of the stable phases across the periodic 

table and their effect on the Na intercalation voltage is likely to 

lead to alternative strategies to optimize TMD-based anodes, 

such as heterostructures and/or alloying.

Limitations of the study

This study is based on total energy DFT calculations with a 

limited search for competing phases and may not have consid

ered all possible phases. Further, partial sodiation and sodiation 

potentials as functions of state of charge have not been consid

ered. Predictions were solely validated against accessible 

experimental literature. This study did not comprise any 

experiments.

METHODS

Computational protocol

Layered TMDs were created and sodiated from a database of 2D 

prototypes originally derived and structurally optimized by DFT 

by Silva et al.,30,31 which in turn was based on data from Mounet 

et al.29 Layered, sodiated structures were derived using these 

layered hosts by introducing sodium via a procedure described 

in the supplemental information, illustrated in Figure S8. Proper

ties of all TMDs were computed by DFT. All calculations were 

performed using the Perdew-Burke-Ernzerhof (PBE)73 functional 

and projector augmented waves (PAWs)74 to account for core 

electrons, as implemented in the Vienna Ab initio Simulation 

Package (VASP),75–77 which is consistent with our earlier 

works.30,31 Wave functions were expanded in a plane wave basis 

set with a cutoff energy of 650 eV. The Kohn-Sham equations 

were solved self-consistently with an energy convergence 

threshold of 10− 6 eV. Structures were fully optimized until atomic 

forces were less than 10− 2 eV/Å. During structure relaxation, the 

DFT-D2 correction scheme78 was employed to account for inter

layer vdW interactions and to ensure reasonable layer spac

ings.25,79 However, for some of the structures, particularly the 

tellurides, the energy contribution from D2 was a substantial 

fraction of the total energy, raising concerns regarding the pre

dictive power of total energy calculations employing this conve

nient but simplistic dispersion model. Therefore, relaxation and 

voltages are based on total energies without vdW correction. 

Overall, this resulted in some slight systematic shift of the voltage 

values, but the overall trends were not affected, as shown in 

Figure S11A and Tables S1 and S2. The effect of different vdW 

corrections is further described in more detail in the 

supplemental information (Figures S9–S11, Table S3, and the 

surrounding discussion).

In the interest of tractably establishing trends across the entire 

series of TMDs, we opted to use the commonly used PBE func

tional in this work. As an outlook, we suggest that future bench

marking studies using more sophisticated vdW-inclusive func

tionals would be valuable for refining energy-based predictions.

Computation of intercalation voltage

The intercalation voltage was computed as follows:

V = −
ΔH

e
: (Equation 4) 

The reaction enthalpy ΔH for the intercalation of TMDs with so

dium, i.e.,

Na(s) + MX2(s)→NaMX2(s); (Equation 5) 

is determined by80

ΔH = E(NaMX2) − (E(Na)+ E(MX2) ); (Equation 6) 

where E(NaMX2) and E(Na) are the total energies of sodiated bulk 

TMD and Na (body-centered cubic, bcc), respectively. Using the 

enthalpy H rather than the Gibbs free energy G as the thermody

namic potential is an approximation that neglects entropic con

tributions. However, as Equation 4 represents a phase equilib

rium of solid phases without configurational degrees of 

freedom, differences in entropy are small and dominated by 

vibrational properties.

In some cases, described in the text above, a ground-state 

structure of the sodiated phase NaMX2 with a space group 

distinct from the ground-state structure of the unsodiated phase 

MX2 is reported. While ground-state structures of host layers 

were exhaustively determined by Silva et al.,30,31 a limited inves

tigation of phase stability was conducted here for sodiated 

phases based on available experimental data and chemical intu

ition, complemented by a harsh relaxation procedure: sodiated 

structures were initialized with a rather small layer spacing, 

which produced large initial forces acting on atoms after sodia

tion. These large initial forces were meant to allow the relaxation 

procedure to escape local energy minima and led to large initial 

volume expansions. Where structures did not return to the initial 

host structure upon convergence of the relaxation procedure, a 

more detailed investigation of phase stability was conducted.
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