Constructing Tunable Electrides on Monolayer

Transition Metal Dichalcogenides

Yuanhui Sun,’? Austin Ellis,? Saul Diaz,> Wei L1,"? and Maosheng Miao,*
ISuzhou Laboratory, Suzhou, Jiangsu 215123, P. R. China

?Department of Chemistry and Biochemistry, California State University Northridge,

Northridge, CA 91330, United States
3Gusu Laboratory of Materials, Suzhou, Jiangsu 215123, P. R. China

Corresponding Author

*mmiao@csun.edu.



ABSTRACT

(150 words) Electrides have emerged as promising materials with exotic properties due to the
presence of localized electrons detached from all atoms. Despite the continuous discovery of
many new electrides, most of them are based on atypical compositions and their applications
require an inert surface structure to passivate reactive excess electrons. Here, we demonstrated
a different route to attain tunable electrides. We first report that monolayer transition metal
dichalcogenides (TMDCs) exhibit weak electride characteristics, which is the remainder of
electride feature of the transition metal sublattice. By introducing chalcogen vacancies, the
enhanced electride characteristics are comparable to that of known electrides. Since the
precise tailoring of chalcogen vacancy concentration has been achieved experimentally, we
proposed that TMDCs can be used to build electrides with controllable intensities.
Furthermore, we demonstrate that the electride states at chalcogen vacancy of monolayer

TMDCs will play an important role in catalyzing hydrogen evolution reactions.
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Materials that contain electrons in the void or interlayer space exhibiting the role of anions
are called electrides.!” One beneficial property of electrides is that their interstitial anionic
electrons can be easily transferred or emitted into a surface reactant or vacuum when they are
exposed to reactive atmospheres or activated by an electric field, triggering chemical reactions
and actuating electronic devices.>> Most synthesized organic electrides were highly sensitive
to heat and oxidation,*® which hinders the investigation of possible applications and has
stimulated the enthusiasm of the identification on chemically stable electrides under ambient
conditions. Ambient-stable electrides are rare and always require an inert surface structure to
passivate the reactive excess electrons. Most of the electrides present atypical compositions
and assume complex structures. In 2003, the synthesis of first inorganic electride
[Caz24Al28064)*-4e- (C12A7:e") with enhanced thermal and chemical stability was reported.!®
C12A7:e exhibits a low work function of 2.4 eV at room temperature, which facilitates various
practical applications in electronics and catalysis.?*112 However, electrons near its surface
readily react with water and oxygen, forming an electron deficient layer during the synthesis
process.'?!® To realize the activity of interstitial anionic electrons in electrides, additional
polishing or sputter etching is applied to remove the inert layer.!%14

In 2013, the synthesis of first two-dimensional (2D) layered electride Ca:N (Ca:N:e-) was
reported, in which the anionic electrons are confined in the interlayer place of two
neighboring [Ca:N]* slabs and are depicted as 2D electron gas (2DEG)."> Ca2N:e- provides an
superior electron mobility ("200 cm? V-! s!) than that of C12A7:e- ("4 cm? V-1 s71).1%15However,

the exposed excess electrons are chemically active at ambient conditions,'® and an effective



encapsulation is needed for electronic applications. Liquid-phase exfoliation offers additional
advantages to exfoliate Ca2N:e~ into 2D electride flakes, called electrene!” following the naming
rule in 2D materials such as graphene, while its surface is also oxidized during the exfoliation
process or subsequent handling.'”® The self-passivated reaction can help to turn dihafnium
sulfide into a chemically stable 2D layered electride in strongly oxidative water and acid
solutions, which has been demonstrated to have persistent electrocatalytic characteristics."
Moreover, other stable electrides have been found in intermetallic compounds, such as YsSi3
and LaScSi, but their surface structures need to be investigated.?®?! First-principles density
functional theory (DFT) calculations were also actively carried out screening new electrides
with variant properties and superior functions, the most widely accepted rule is the compound
must be electron-rich.?>”” To our knowledge, however, electrochemical catalysts composed of
electrides capable of reacting directly on their surfaces have not been reported so far.

In this work, we propose and demonstrate a new route of study that can attain controllable
electride states on stable 2D materials, namely the monolayer TMDCs. Monolayer TMDCs are
one of the most popular 2D materials beyond graphene,”® which can be easily obtained by
mechanical peel-off,?% liquid-phase exfoliation,?!"? epitaxial growth,*3* chemical vapor
deposition,®3¢ and etc. from their layered compounds. Their structure stability was also
confirmed by the applications under different conditions, for example, enormous
electrocatalysts and photocatalysts in electrolyte with different pH wvalues,®*! strain

engineering for applications in optics and electronics,** and high-frequency operation in



transistor devices.# These physical or chemical processes are all happened directly on the
surface or the edges of 2D TMDC s, rather than the contaminated surface layer.

Based on first-principles DFT calculations, we show that the electride nature of the
transition metal (TM) sublattices in TMDCs is a determining factor that stabilizes the
compound, and some remainder localization features are found in the interstitial sites between
3 metal atoms and 6 chalcogen atoms of monolayer TMDCs, showing weak electride
characteristics. More significantly, our calculations show that the chalcogen vacancies create
considerable amount of localized electrons, reaching the same values as other reported
electrides.®>? Chalcogen vacancies are the most common defects in TMDCs, and recent
experiments showed the creation of them with controllable density and excellent stability.**~
52 For example, the sulfur vacancies can be produced to an optimum density of 4.7% in
monolayer 2H-MoS: to realize a record high carrier mobility (> 115 cm? V! s71).5% Therefore,
our work might provide a route to attain electrides with controllable concentrations of anionic
electrons, which is a distinct advantage over many commonly known electrides such as Ca:N:e-
and its nanosheets.'>!#>* Furthermore, we demonstrated that such attained electride will play
an important role in controlling the hydrogen evolution reaction (HER) performance of
monolayer TMDCs.

The underlying first-principles DFT calculations were carried out by using the plane-wave
pseudopotential method as implemented in Vienna Ab initio Simulation Package (VASP).%5>¢
The electron-ion interactions were described by the projector augmented wave

pseudopotentials.>”>® We used the generalized gradient approximation formulated by Perdew,



Burke, and Ernzerhof as exchange-correlation functional.>® A kinetic energy cutoff of 600 eV
was adopted for wave-function expansion. The electronic integration within the Brillouin
zone was done with the k-point meshes of 15x15x1 and 2x2x1 for the monolayer primitive
cell and the corresponding 7x7x1 supercell, respectively. A vacuum layer more than 20 A was
used in the calculations to isolate the monolayer from its neighboring image. Structures were
fully optimized including van der Waals (vdW) interaction,**®! until the residual force were
converged within 0.02 eV AL The electronic localization of structures are evaluated using the
ELF.®2 The high-throughput first-principles DFT calculations were performed by using the
Jilin Artificial-intelligence aided Materials-design Integrated Package (JAMIP), which is an
open-source artificial-intelligence-aided data-driven infrastructure designed purposely for
computational materials informatics.®

For a given monolayer 2H-MX> with chalcogen vacancy, two electron charge densities are
calculated, including a self-consistent charge density with net charge (CHGCAR,,.) and a self-
consistent charge density with adding 0.2 e~ charge (CHGCAR,,;+¢) or removing 0.2 e~ charge
( CHGCAR,(c_o, ). The charge density difference is then calculated as ACHGCAR =
CHGCARy 492 — CHGCAR,;. The ACHGCAR = 0 surface divides the structure into electron-
gaining and electron-losing parts, which are colored yellow and cyan, respectively.

Calculations on HER free energies were performed at the chalcogen vacancy sites of
monolayer 2H-MX: in a 7x7x1 supercell. For all the studied structures, the free energies were

evaluated by the following expression

AG(H*) = AE(H") + AEzes — TAS (1)



where AE(H*), AEzee, and AS are the binding energy, zero-point energy change and entropy
change of H* adsorption, respectively. T is the temperature (300 K) and * means the active sites
at chalcogen vacancy defects. The binding energy AE(H*) of H atoms at * was calculated by the
following equation

AE(H*) = E(surf+H*) — E(surf) — ¥2 E(H>») 2)
where E(surf+H*) and E(surf) are the total energies with and without H absorption,
respectively. In this work, the TAS and AEzee are obtained by following the scheme proposed
by Norskov et al.* Specifically, AS can be got using equation AS = S(H*) - 1/2 S(H2) ~ -1/2
S(H2), in view of the negligible vibrational entropy of H*. Thus, we can easily conclude that
TAS is —0.205 eV, since TS(H2) is known to be 0.41 eV at 300 K and 1 atmosphere. AEzee for H*
is estimated by equation AEzee = Ezee(H*) — 1/2 Ezpe(H2). Our calculated Ezee(H:) is about 0.306
eV, which is close to the one reported by Norskov et al.* The detailed results are listed in Table
S1.

Electride features of the TM sublattices and the stability of TMDCs. TMDCs are among the
most popular 2D layered materials beyond graphene,”® which are semiconductors of type MXo,
where M is a transition metal atom (such as Mo or W) and X is a chalcogen atom (S, Se, or Te).
Bulk TMDC s crystals are stacked by individual MX: layers (in atomic sequence of [X-M-X]),
in which three common monolayer polymorphs are characterized by either trigonal prismatic

(2H) or octahedral (1T), distorted 1T" coordination of M atoms.? It is worth mentioning that



their M atoms form either a perfect close-packed hexagonal monolayer or a distorted one

(Figures 1la-c).
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Figure 1. Stability of monolayer TMDCs. (a-c) Schematic ELF distributions of M layer in monolayer 2H, 1T,
1T MX2. The M atoms are colored light purple, and the positions of X atoms in MX2 (depicted as Xo) are
added as white balls to show the relative locations with respect to the ELF maxima of M layer. We take M
= Mo and X =S as an example to plot Figs. 1a-c. A slab cut on upper S layer of ELF is illustrated in Figure
la. (d) Evolution of stability of monolayer MX> as a function of ELF at Xo position. All 30 transition metals
are considered, and the color of M gradually becomes lighter from early transition metals to later transition

metals. The synthesized monolayer TMDCs are marked with black frames.

Our calculations reveal a striking correlation between the electron localization of TM
sublattices and the stability of the TMDCs. Our recent studies have shown electron
localizations in the interstitial orbitals (quasi-atoms) of many 3D lattices of early transition

metals and their critical roles in determining the complex structure change pattern of



elemental metals® as well as the formation of stable superhydrides.®® These results encourage
us to study the electron localizations in the TM sublattices in a monolayer TMDC, e.g. the Mo
2D hexagonal sublattice after removing S atoms in monolayer MoS:. We first calculated
electron localization function (ELF) of Mo sublattices in three polymorphs of MoSz. They all
show patterns of maxima above or below the Mo plane and at the center among three Mo
atoms. Half of these sites are where the S atoms were originally located (Figures 1a-c). To show
the electron localization shapes more clearly, the 2D slices along the S plane of 2H-MS: with M
in VB and VIB groups are shown in Figure S1. The electron localization at these off-plane
interstitial sites in the Mo sublattice has also been confirmed by the density difference, i.e.,
the difference between the electron density of the Mo lattice and that of Mo atoms.

To demonstrate the generalizability of the study, all 30 transition metals are considered to
form 2H, 1T, and 1T” polymorphs of monolayer MX: (X =S, Se, or Te), no matter it has been
synthesized or not. The formation enthalpies are measured by AH = (HMX2) - H(M) -
2H(X))/3, where H(MX2) is the enthalpy of monolayer MX2, H(M) and H(X) are the enthalpies
of the most stable structures of M and X elements, respectively. Our results show that the AH
of monolayer TMDCs are strongly correlated to the ELF values at the maxima (Figure 1d),
which strongly suggest that the structure stabilities will be enhanced whence the
corresponding M lattices can generate larger electron densities and localizations at interstitial
positions. This observation is true for both synthesized (marked with black frames) and

hypothetical monolayer TMDCs, and may also be generalized to other 2D materials.
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Similar to metal superhydrides, the localized electrons of the TM sublattice at the sites of S
atoms naturally fill their 3p orbitals. On the other hand, the localized electrons at the off-plane
interstitial sites without S atoms need to transfer to occupy S 3p orbitals, which will suppress
the electride feature of the TM sublattice. In many 3D compounds such as KCl, the similar
electron transference is complete, causing the electride features in metal lattices to diminish.
Surprisingly, our calculations show many 2H-MX> (M = Mo or W; X = S or Se) are weak
electrides because there are remaining anionic electrons occupying their interstitial sites. We
will take monolayer 2H-MoS: as an example to discuss the electronic properties of this weak
electride.

Electronic property analysis of 2ZH TMDCs electrides. The ELF of 2H-MoS: shows maxima
(depicted as E in Figure 2a) at the center of the voids surrounded by 3 Mo atoms and 6 S atoms.
However, ELF alone cannot determine whether a compound is an electride. We, therefore,
calculated the charge density difference between 2H-MoS: and the corresponding Mo/S atoms.
As shown in Figure 2b, it also exhibits local maxima at the same sites of the ELF maxima (lower
panel of Figure 2a), confirming that electrons are localized at the interstitial sites and occupy
the corresponding “quasi-atom” orbitals.”% To identify the contribution of interstitial anionic
electrons, the projected band structure, or fat bands, and projected density of states (PDOS) of
monolayer 2H-MoS: are plotted in Figure 2c. We placed empty spheres, representing the
quasi-atoms.*”8 with a Wigner-Seitz radius of 0.6 A at the E centers. Both fat bands and PDOS
show that the quasi-atoms orbitals contribute mainly to the electron states connecting M and

K points in the energy range from 0 to 1 eV below the Fermi level. Thus, the electronic
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structure characteristics of 2H-MoS: clearly classify it as an electride. This electride behavior
is also observed in various other TMDCs, such as 2H-MoSe2, 2H-WS2, and 2H-WSe2. However,
such features are entirely absent in other TMDC polymorphs like 1T- and 1T’-MX>. Apart from
TMDCs, LaBr2 is the only monolayer compound exhibiting similar electride properties, though

it remains almost unexplored.?*
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Figure 2. Crystal structure and the electronic structure of monolayer 2H TMDCs electride. (a) crystal
structure of monolayer 2H-MoS: (upper panel) and corresponding slab cut on Mo layer of the ELF (lower
panel). The Mo and S atoms are colored light purple and yellow, respectively. The interstitial anionic
electrons (E) are marked with magenta dashed frames. (b) The slab cut on Mo layer of the charge density
difference between 2H-MoS:2 and corresponding Mo/S atoms. (c) The projected band structure and PDOS of
monolayer 2H-MoSz. The value of E has been enlarged by a factor of ten to show the results more clearly.

(d-f) Slab cuts on M layer of the ELF of monolayer 2H-MX>, where M is a transition metal of Group 5-7, X
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is a chalcogen atom (S, Se, or Te). The synthesized monolayer 2H-MX> are marked with red chemical

formula.

The strength of the electride features in TMDCs strongly depends on the constituent metals,
especially their positions in the periodic table. While the atomic number of metal increases,
the values of ELF maxima at the voids (Figure S2) increase and maximize at group 6 metals (Cr,
Mo, and W). This trend aligns closely with the variation in electride strength within the metal
sublattice. This is a direct consequence of the electride properties of TMDCs being remnants
of the localized electrons in metals. Consequently, the stability of 2H-MX2 directly correlates
with its electride strength. As a matter of fact, all the 2H-MX> with stronger electride features
are the ones that have been successfully synthesized.

To show this trend more clearly, we plot the ELF of monolayer 2ZH-MX> on the metal plane
for metals of Group 5-7 (Figures 2d-f). The chemical formulae of synthesized monolayer 2H-
MX:2 are shown in red. They show that the synthesized TMDCs tend to possess larger electron
localizations at the center of the void, especially for 2H-MoS2, 2H-WS2, 2H-MoSe2, and 2H-
WSe:. Moreover, the intensity is enhanced when metal changes from Mo to W. The projected
band structures and PDOSs of 2H-WS:, 2H-MoSe2, and 2H-WSe2 show that their anionic
electrons have comparable contributions as those of 2H-MoS: (Figure S3). Although the
stability of MX2 and the ELF of the metal sublattices are strongly correlated, they do not follow
a precise functional relationship. Furthermore, there is no definite relationship between the

ELF, stability, and MX2 compounds synthesized in the lab. For example, monolayer 2H-VSe2
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(ELF = 0.2) has been synthesized, while a hypothetical monolayer 2H-CrSe2 (ELF = 0.27) has
not yet been synthesized. This can be attributed to several reasons: 1) Although ELF is a good
indicator of electron localization, it cannot quantitatively describe the strength and density of
localized electrons, nor can it be used to accurately compare compounds with different
elements. 2) The thermodynamic stability of MX2 is not determined solely by its enthalpy of
formation. It requires a thorough examination by calculating the full phase diagram or the
binary convex hull of M-X compounds with different compositions. 3) The synthesis of MX2
compounds in the lab depends on many factors, both thermodynamic and kinetic, including
the choice of reactants, the design of the reaction pathway, and the control of reaction
conditions. It is not unusual for a metastable compound above the convex hull to be
synthesized in the lab. It is also important to notice that the electride features in monolayer
2H-MoS2, 2H-WS2, 2H-MoSe2, and 2H-WSe: are rather weak and might not be directly used
in catalysis and electronic devices.

Enhancing electride strength in monolayer 2ZH TMDCs by chalcogen vacancies. Our
calculations show that introducing defects, especially chalcogen vacancies, can greatly
enhance the electride feature of 2H TMDCs. The most common defects in TMDCs are
vacancies and the anti-sites.’>’!”> A wide variety of intrinsic defects has been found in
monolayer MoS2.#% including a single S vacancy (Vs), double S vacancy (Vs2 or V’s2), Mo atom
occupies one S atom (Mos), Mo atom occupies two S atoms (Mosz), a single Mo vacancy (Vmo),
etc. We simulated the Vs, Vsz2, V’s2, Mos, Mos2, and Ve defects on a 7x7x1 supercell model of

monolayer MoS:. The calculated ELF maps (Figure 3a) clearly show the isolated interstitial
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anionic electrons located at the sites of S vacancies in structures with Vs, Vs2, and V’s: defects,
but not in structures with Mos, Mos2, and Vmo defects. The interstitial anionic electrons (also
depicted as E here) are closer to Mo layer than S atoms in structures with Vs, Vs2, and V's2
defects. Among these defects, Vsand Vs are the two most common ones in monolayer 2H-
MoS:2.#% and the electron structure of a V’s2 is comparable to the overlap of two adjacent Vs.

We, therefore, will focus on structures with Vs or Vs: defect in the following discussion.
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Figure 3. Electronic structures of monolayer 2H-MoS2 with defects in a 7x7x1 supercell. (a) From left to
right from top to bottom: ELF maps of monolayer 2H-MoS2 with Vs, Vs2, V’s2, Mos, Mosz, or VMo defect in a
7x7x1 supercell, respectively. The slab cuts show the ELF distribution along the magenta dashed line marked
in top view of the structure. To show the results clearly, we added a white ball at the site of S or Mo vacancy
in ELF maps. (b-c) The projected band structure and PDOSs of monolayer Vs 2H-MoS2 and Vs2 2H-MoS:
electrides, respectively. Partial charge densities (red) of (d) HOMO at I point of monolayer Vs 2H-MoS: and
(e) HOMO-1 at I point of monolayer Vs2 2H-MoSz, respectively. (f) Evolution of the integrated electrons of
each E as a function of chosen Wigner-Seitz radius. The distance between E and nearest neighbor Mo atoms

in monolayer Vs 2H-Mo$: is about 2.0 A, hence its maximum Wigner-Seitz radius of E is set to 1.0 A. And
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the distance between two Es in monolayer Vs2 2H-MoS: is about 1.6 A, hence its maximum Wigner-Seitz

radius of E is set to 0.8 A.

The projected band structures and PDOSs of monolayer 2H-MoS: with Vs or Vs: defect in a
7x7x1 supercell are plotted in Figures 3b-c. To make a comparison with that in pristine
monolayer 2H TMDCs, the quasi-atom (E) is also set to a Wigner-Seitz radius of 0.6 A here.
For 2H-MoS: with Vs defect (Vs 2H-MoS:2), the contribution from E is mainly distributed at
the highest valence band. The calculated PDOS shows that the contribution of E to electronic

properties is comparable to Mo atoms (Figure 3b). Similarly, the top of valence bands in 2H-

MoS; with Vs, defect (Vs2 2H-MoS;) also exhibit large contributions from E (Figure 3c). The
importance of the quasi-atom states is also visible in the partial charge densities of the highest
occupied molecular orbital (HOMO) at I" point of Vs 2H-MoS; (Figure 3d) and HOMO-1 at I"
point of Vs2 2H-MoS: (Figure 3e), respectively. Meanwhile, we also compared the influences of

different defect density on the electronic properties. The results show that the outcomes in the

5x5x1 supercell are almost identical to those in the 7x7x1 supercell (Figure S4). This result also

demonstrates that the electride characteristics in defected MoS2 are determined by localized

electrons, which do not interact when positioned far apart.

Similar electron localization has been observed before, but its relation to electride has not
been noticed.”®”* The quasi-atom states also contribute considerably to the lowest conduction
band(s). Because the electron states in conduction bands are more delocalized, the Wigner-
Seitz radius of 0.6 A is too small to include major contributions from quasi-atoms. While

calculating PDOS as a function of E radius (Figures 3f and S5), we found that the contribution
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of E occupancy increases with increasing radius. The integrated electrons of E in PDOS reach
0.45 e~ and 0.36 e~ for monolayer Vs 2H-MoS: (Wigner-Seitz radius of 1.0 A) and Vs2 2H-Mo$S:
(Wigner-Seitz radius of 0.8 A) defects, respectively.

Moreover, we extended the Vs and Vs: defects into other monolayer MX> (M is a transition
metal in Group V -VII). For structures with single X vacancy (Vx) defect, MoX2 and WXz (X =
S, Se, or Te) show obvious E at the site of Vx defect (Figure S6). While for structures with
double X vacancy (Vx2) defect, almost all investigated structures show obvious E at the site of
Vx2 defect, in which the synthesized structures show stronger distribution as indicated by ELF
maps (Figure S7). In addition, the intensity of interstitial anionic electrons increases when
metals change from 4th to 5th, and to 6th row in the periodic table of elements. The projected
band structures and PDOSs of representative monolayer 2ZH-MX2 (M = Mo, W; X =S, Se, or
Te) with Vs and Vs2 defect in a 7X7x1 supercell are plotted in Figures S8 and S9, respectively.
It is worth mentioning that the intensity of E in them is comparable to that in 2H-MoS:, but
only the energy level of E in 2H-MoS: with Vs or Vs: defect mainly occupies the VBM, the
quasi-atom states in other structures occupy the deeper valence bands.

Despite the variations of E states in different TMDCs, all electron structure analyses show
evidence that monolayer 2H-MX: (especially for M = Mo, W, and X = S, Se, or Te) with
chalcogen vacancies are new 0D electrides embedded on well-studied 2D materials. Due to the
ubiquity of chalcogen vacancies, it has become an important approach to tune the optical and

electronic properties of monolayer or few-layer TMDCs.”'7? In particular, by purposely

17



tailoring the Vs to an optimum density of 4.7% in monolayer 2H-MoS2, a record-high carrier
mobility (>115 cm? V-!s7!) is achieved.>® This means that we have been able to precisely control
the strength of electride characteristics in 2H-MoS:2 or other TMDCs, which is more flexible
than the layer distributed 2DEG in Ca:N:e- and its nanosheets.!>834

Catalytic effects of monolayer TMDC electrides on HER. The significant catalytic effects of
Vxin 2D TMDC on HER have attracted intensive studies.**!”>77 We will study the role of the
electrides and demonstrate that the electride nature of the defected TMDC can be utilized to
control and enhance the catalytic efficiency. In our study, the hydrogen absorption free
energies (AG) of monolayer 2H-MX> (M = Mo, W; X =S, Se, or Te) with Vx defect are calculated
in a 7 X7 X1 supercell. The obtained AG is in the range of 0.2 to 0.25 eV/H, which is close to
that in previous calculations.*>! Because the defected 2H-MX: are electrides, their catalytic
activities might be influenced by the amount of localized electrons, which can be controlled
by charge transfer through doping or applying an electric field. We simulate such a process by
adding or extracting electrons in the supercell models. A similar electron traversing effect has
been proven by encapsulating a precisely grown double-layer MoSz/graphene heterostructure
and a CoNi nanoalloy.”® It tunes the electronic structures of Vs defect in basal plane, resulting
in more appropriate AG on the active positions.

Besides HER catalyst TMDCs, we also include the Vs defect in monolayer 2H-NbS: using the
7x7x1 supercell. Nb element is next to Mo in the periodic table, and defected 2H-NbS: is not

an electride and does not show good HER performance.” As shown in Figure 4a, the AG of 6
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monolayer 2H-MX2 decreases significantly no matter adding or removing electrons to the
structure. Among them, 2H-MoS2, 2H-WS2, and 2H-WSe2 with Vsdefect reach the optimal
AG=0 eV at a condition of removing 0.07, 0.21, and 0.15 e, respectively. While the slopes are
flatter at the part of adding electrons, leading to more electrons are required to reach the
optimal AG=0 eV. In contrast, the evolution of AG with varying numbers of electrons in
monolayer Vs 2H-NbS: is almost a horizontal line, which is different from those in Vx 2H-
MX>. A hereafter question is why electron transfer affects the HER catalytic activity in

monolayer Vx 2H-MX: (M=Mo, W) but not in monolayer Vs 2H-NbS..
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Figure 4. Effects of monolayer Vx 2H-MX: electrides on HER activity. (a) Evolutions of AG as a function of

changes in the number of electrons, ranging from removing 0.2 e~ to adding 0.2 e~ in a 7x7x1 supercell. (b)

Evolutions of E(surf+H*) and E(surf) as a function of changes in the number of electrons, ranging from

removing 0.2 e~ to adding 0.2 e~. The E(surf+H*) and E(surf) with new charges are set to zero. (c) The charge

density difference of Vx 2H-MX2 before and after adding (upper panel) or removing (lower panel) 0.2 e".

The isosurface values (ISO) are set to 2x104 e/A® or 5x10-> e/A3 according to the degree of electron
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distribution. To clearly illustrate the site of vacancy defects, the Vs sites are marked with dashed black

circles.

According to Table S1 and computational methods, the evolution of AG is mainly dominated
by the energy difference between E(surf+H*) and E(surf). The evolutions of E(surf+H*) and
E(surf) with adding/removing electrons in the structure are shown in Figures 4b and S10b. The
energies of these structures with net charges are set to zero for easy comparison. We can see
that the evolutions of E(surf+H*) and E(surf) of Vs 2H-NbS: are almost coincident with varying
number of electrons, while the curves are separated in Vx 2H-MX2 (M = Mo, W; X =S, Se, or
Te). The evolutions of their E(surf+H*) are almost linear, but the slopes of the E(surf) curves
of each structure are different when adding or removing electrons, implying that they are
controlled by different mechanisms. Therefore, we analyzed the charge density difference
before and after adding/removing electrons to the structure (see computational methods). As
shown in Figures 4c and S10c, when 0.2 e~ is added to Vx 2H-MoX2 or Vx 2H-WX> (upper
panel), the electron distribution around 3 nearest neighboring Mo/W atoms to Vx defect
changes drastically, and the intensity decreases as X goes from S—Se—Te. On the other hand,
when 0.2 e is removed from Vx 2H-MoX2 or Vx 2H-WX: (lower panel), only the electron
source in Vs 2H-MoS:2 comes from its Vs defect, while it is the contribution from all Mo/W
atoms in other structures. These results are implied in their projected band structures and
PDOSs as shown in Figure S8. When VX defect exists in MoX2 or WXp, it will bring a new

lowest conduction band, which is contributed by the empty d orbitals of 3 nearest neighboring
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Mo/W atoms to Vx defect. The added electrons mostly occupy this energy band. Moreover,
when removing the number of electrons in the structure, VBM will lose electrons first. Only
the VBM of Vs 2H-MoS: is occupied by the electrons of Vs defect, but it mainly comes from
all Mo/W atoms in other structures. However, the situation in Vs 2H-NDbS: is totally different,
all its Nb and S atoms will participate in whether adding or removing electrons to the structure,
but no Vs-related contributions are found, which can also be seen from its projected band
structure and PDOSs (Figure S11). This helps to explain why its E(surf) is linearly related to
the change of number of electrons in the structure. The mechanism relies on the fact that the
quasi-atom state at Vx site plays an important role in regulating the HER process of monolayer
2H TMDCs.

In conclusion, our comprehensive DFT calculations and electronic structure analyses reveal
an unexpected finding: many 2D TMDCs, including MoSz, are inherently weak electrides.
Their electride potency can be significantly amplified by introducing chalcogen vacancies. The
corresponding localized electrons play a pivotal role in defining the material's properties. The
HER catalytic activities of TMDCs with defects are largely driven by their electride nature.
This can be further optimized by modulating electron transfer via doping or the application of
an electric field. Given that the concentration of Vs defects can be precisely controlled in
monolayer MoS, our research illuminates a novel pathway to craft electrides from a family of
extensively studied monolayer materials, offering both adjustable intensity and functionality.
Our work thus bridges two previously separate areas of materials science: 2D (or monolayer)

materials and electrides.
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