Downloaded viaINST OF PHY SICS on April 25, 2022 at 09:07:38 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL CHEMISTRY

LETTERS

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JPCL

Rational Design of Heteroanionic Two-Dimensional Materials with
Emerging Topological, Magnetic, and Dielectric Properties

Yuhui Li, Yan-Fang Zhang, Jun Deng, Wen-Han Dong, Jia-Tao Sun, Jinbo Pan,* and Shixuan Du*

Cite This: J. Phys. Chem. Lett. 2022, 13, 3594-3601

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

@ Supporting Information

ABSTRACT: Designing and tuning the physical properties of two-dimensional (2D)
materials at the atomic level are crucial to the development of 2D technologies. Here, we
introduce heteroanions into metal-centered octahedral structural units of a 2D crystal
breaking the O, symmetry, together with the synergistic effect of anions’ electrons and
electronegativity, to realize ternary 2D materials with emerging topological, magnetic, and
dielectric properties. Using an intrinsic heteroanionic van der Waals layered material, VOCI,
as a prototype, 20 2D monolayers VXY (X=B,C, N, O,orF;Y=F,Cl Br, or ) are
obtained and investigated by means of first-principles calculations. The anion engineering in var ZIN
this family significantly reshapes the electronic properties of VOCI, leading to nonmagnetic i Sou
topological insulators with nontrivial edge states in VCY, ferromagnetic half-semimetals with '
a nodal ring around the Fermi energy in VNY, and insulators with dielectric constants in

2D heteroanionic material VXY
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VOY higher than that of #-BN. This work demonstrates the rationality and validity of the
design strategy of multiple-anion engineering to achieve superior properties in the 2D monolayers with potential application in

electronics and spintronics.

he past decade has witnessed great progress in the
construction and characterization of two-dimensional
(2D) materials. Thousands of 2D layered materials, which can
be classified into tens of prototypes, were theoretically
predicted by combining data-mining layered materials from
traditional bulk materials databases and high-throughput
computations.'~* These 2D databases provide efficient plat-
forms for screening more 2D functional materials for the
purpose of fabricating next-generation high-performance
electronic,” optoelectronic,”® and spintronic devices.”"’
However, the discovery of 2D materials with the desired
properties and superior performance is still challenging. For
example, 2D materials with intrinsic magnetism, topological
properties, and superior dielectric properties, which are
important for state-of-the-art miniaturized applications in
spintronics, quantum computing, and field-effect transistors,
have rarely been reported in experiments or limited to several
exemplary materials.'”"®
Great efforts have been made to design and discover new 2D
functional materials or to tune existing ones to exhibit the
properties mentioned above. The methods used typically were
chemical substitution'””” and the construction of hetero-
structures.””*” In transition metal compounds (TMCs), anion
engineering is one very effective method, because the anions
hybridize with metal cations and greatly influence the band
gaps, band dispersions, crystal field splitting, etc.”>~>° Under-
standing how the variation of anions affects the electronic
structures and physical properties is crucial for guiding the
architecture of new functional 2D materials. For example, the
band gap gradually decreases with anionic electronegativity in
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single-layer chromium trihalides CrX; (X = Cl, Br, or I), which
makes CrBry and Crl; possible candidates for optoelectronic
applications.'” The magnetic anisotropy due to spin—orbit
coupling gradually increases with the atomic number of anions
in monolayer CrXj, leading to the robust Ising ferromagnetism
in Crl;.>**’ In addition to homoanionic materials, some 2D
heteroanionic compounds with multiple anions have been
reported, in which the different anionic characteristics, such as
charge, ionic radii, electronegativity, and polarizability, add
new dimensions for controlling and tuning the physical
properties of materials.”*>’

In this work, we propose that desired magnetic, topological,
and other properties can be artificially designed in hetero-
anionic 2D TMCs by fine-tuning electron occupation, ligand
electronegativity, and crystal field strength. We first take the
TMCs with metal-centered octahedral structural units as an
example. The introduction of heteroanions distorts the original
octahedral units, further splitting the d orbitals of transition
metals. The band-filling, the d orbital splitting mode, including
the splitting strength and orbital sequence, and p—d hybrid-
ization can be precisely modulated by a balance of anion
electrons, electronegativity, and crystal field strength. This
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Figure 1. Design rule of electronic structure for heteroanion ternary compounds with octahedral motifs. (a) Reduction of local symmetry and (b)
variation of orbital hybridization upon anion substitution. (c) Schematic variation of the density of states (DOS) for d° and d" systems: (i) metal,
(i) semiconductor, (iii) p-type magnetic metal, (iv) charge-transfer semiconductor with a small hole effective mass and a large electron mass, (v)
Mott—Hubbard insulator with large hole and electron masses, and (vi) d-band metal. (d and e) Schematic phase diagrams of electronic structures
for d° and d" systems corresponding to panel c. (f) Top and side views of the VXY monolayer and the distorted octahedra in VXY. The red, green,
and brown spheres represent V, ligands X, and ligands Y, respectively.

results in highly diverse electronic and magnetic properties
such as nonmagnetic metallicity, nonmagnetic semiconducting,
magnetic charge-transfer semiconducting, magnetic Mott—
Hubbard insulating, etc. We then choose monolayer VOCI as
our anion engineering prototype structure by data-mining the
2D materials database.”®> The calculation results on VXY
compounds (X =B, C, N, O, or F; Y = F, C|, Br, or I) verify
the feasibility of the multianion design strategy. The VCY
compounds with d° cations are all semimetals with topological
nontrivial edge states around the Fermi energy when
considering spin—orbital coupling (SOC). The VNY with d'
cations can be a ferromagnetic charge-transfer semiconductor
or a half-metallic semimetal with a nodal ring around the Fermi
energy. The VOY with d? cations can be a charge-transfer
semiconductor or a Mott—Hubbard insulator with antiferro-
magnetism and high dielectric constants.
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Design Approach for Heteroanionic 2D Materials. Most
multicomponent crystals are constructed from metal—anion
polyhedral units. Here, we mainly focus on 2D TMCs with
octahedral units (left panel of Figure 1a). In this octahedral
crystal unit, metal d orbitals hybridize with the surrounding
ligand p orbitals, producing p-derived bonding states and d-
derived antibonding states (left panel of Figure 1b). The five d
orbitals will split into two sets of nondegenerate d orbitals, the
higher double-degenerate e,* orbitals that directly point
toward the ligands forming stronger ¢ hybridization and
lower 3-fold degenerate t,,* orbitals with slightly weak 7
hybridization.30 In previous reports, great effort has been
devoted to modulating the d-band occupation and e,*—t,,*
splitting strength by tuning the cations with different electrons
and anions with different field strengths.”"*” It is well-known
that the electronic structure of a material is related to both the
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Figure 2. Orbital-projected band structures, DOS, and schematic DOS of VXY, in which X varies from carbon to oxygen and Y varies from fluorine
to iodine. A color scheme is used to visualize the contribution of the atomic orbital to each band. The marked numbers in each panel correspond to
the various situations shown in Figure 1b. Red, blue, and green colors represent the contributions from the V 3d orbitals, X 2p orbitals, and Y p
orbitals, respectively. The solid lines and dashed lines represent the spin-up channel and spin-down channel, respectively.

local polyhedral symmetry and the global crystal symmetry.
Even the d orbitals belonging to the same e, * (or tzg*) orbital
may have different parities, and properties such as topological
properties require fine control of orbital occupation and band
edge positions.””** However, this modulation is difficult to
achieve in an intrinsic single anionic crystal with ideal
octahedral units.

Reducing the local structure symmetry is a feasible solution
for overcoming these challenges, because it results in further
splitting of d orbitals (right panel of Figure 1b), as already
demonstrated in materials under strain.*>*® Substituting part
of the anions in the octahedron with other anions is another
solution for reducing the local symmetry (right panel of Figure
la). The heteroanionic material design strategy is even more
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promising, where the heteroanions with different anionic
characteristics, such as charge, ionic radii, electronegativity,
and polarizability, add more tunable freedom. Therefore, the
strategy may result in the superior performance of the material
or even produce new properties that do not exist in single
anionic crystals.”>””

According to the diverse antibonding d-band filling status,
TMCs are classified into two categories, d° system (empty d-
derived bands and partially or fully filled p-derived bands) and
d" system (partially filled d-derived bands and fully filled p-
derived bands). For a d° system, an increase in the anion
electronegativity leads to the enhancement of charge-transfer
energy Acr (red line in Figure 1d), which corresponds to the
energy needed to transfer one p electron to an empty d-derived
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band.”® At the same time, bandwidth W (blue line in Figure
1d) decreases due to the weakened d—p hybridization, which is
proportional to the hopping interaction between anion p
orbitals and metal d orbitals [t,q (detailed discussion in Note
S1)]. When the anion electronegativity is close to the metal
electronegativity and bandwidth W is larger than charge-
transfer gap Acr, metallic or semimetallic properties can be
obtained (region i in panels c and d of Figure 1). As the anion
electronegativity exceeds a critical value, a metallic-insulating
transition occurs, and the band gap gradually increases as the
anion electronegativity increases (region ii in panels ¢ and d of
Figure 1). As for d" TMCs, their rich electronic structures can
be depicted within the Zaanen, Sawatzky, and Allen (ZSA)
framework.”® One of the important energy scales in d" TMCs
is on-site Coulomb energy U, which is the energy needed to
accommodate an additional d electron from another metal site.
Hence, on-site Coulomb energy U would lead to the
localization of d electrons, producing local magnetic moments
on the metal site. For a moderate U value, as the anion
electronegativity increases, a p-type metal (region iii in panels ¢
and e of Figure 1) would transform into a charge-transfer
semiconductor (region iv in panels c and e of Figure 1). When
the anion electronegativity exceeds a critical value, charge-
transfer energy Acr is larger than on-site Coulomb energy U,
and a charge-transfer semiconductor then would transform
into a Mott—Hubbard insulator (region v in panels ¢ and e of
Figure 1). Furthermore, if the U value decreased, a Mott—
Hubbard insulator would transform into a d-band metal®
(region vi in panels ¢ and e of Figure 1). The change in the
anionic combination in heteroanionic materials can affect the
electron filling, p—d hydridization, sequence, and strength of d
orbital splitting, thus inducing highly tunable and manifold
properties of TMCs.

Structure and Stability of VXY Monolayers. By data-mining
the 2D materials database,” we find that monolayer VOCl is a
heteroanionic crystal with quasi-octahedral units. In addition,
the V atom with a 3d*4s® valence electronic configuration has
extremely rich oxidation states, which is suitable for the
production of both d° and d" systems when coordinated by
different anions. By substituting the anions with other anions,
we obtain 20 monolayer vanadium-based compounds VXY (X
=B, C, N, O, or F; Y = F, Cl, By, or I). Figure 1f gives the
geometric structure, showing that VXY crystallizes in the
orthorhombic structure with a Pmmn space group. The middle
VX layer is sandwiched by two halide layers. Each V atom is 6-
fold coordinated with four X anions and two Y anions, leading
to a strongly distorted octahedron unit with C,, local
symmetry.

The optimized lattice parameters of VXY are listed in Table
S1. Lattice constant a increases with the size of the Y anion
(from fluorine to iodine), while b is less affected because the
halides are directly bonded to V atoms along the x-direction.
Furthermore, we calculated their cohesive energies, formation
energies (Table S1), phase diagrams (Figure S1), and phonon
dispersions (Figure S2) to evaluate their thermodynamical and
dynamical stabilities. We also performed ab initio molecular
dynamics simulations (Figure S3) to evaluate the thermal
stability of VXY monolayers at room temperature (300 K).
Most of the VXY compounds show good thermodynamic,
dynamic, and thermal stabilities.

Electronic and Magnetic Properties. The 20 VXY compounds
(X=B,C, N, O, or F; Y = F, Cl, Br, or I), with the X atom
varied along the same row in the period table, cover all post-
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main groups (IIIA group to VIIA group), which leads to a
gradual increase in the electronegativity and p electrons of the
X atom (from 2p' to 2p®). The electronegativity of halide
atoms Y, which possess the same valence electrons, gradually
decreases as the atomic size increases from fluorine to iodine
(Table S2).

Considering that VXY contains two anions per formula,
there are in total six p-derived bonding bands allowing 12
electrons to occupy them. When X varies from boron to
fluorine, the total number of valence electrons of VXY
increases from 11 to 15. Therefore, both VBY and VCY are
d° systems, while VNY, VOY, and VFY are d!, & and d°
systems, respectively. As mentioned above, the VBY and VCY
systems should be metals or semimetals due to the small
difference in electronegativity between X (boron and carbon)
and V, belonging to case i in Figure 1d, while for the d”
systems, the local magnetic moments in V atoms gradually
increase as the X anion changes from N to O and F due to the
localization of d electrons. The band gaps of the d” systems are
related to the energy level of p states of the anion with less
electronegativity. The electronic structures and magnetic
properties as shown in Figures S4—S7 and Figure 2 indeed
verify the hypotheses presented above (calculation methods
are provided in Note S2).

As presented in Figure 2 and Figure S6, the bands around
the Fermi energy are contributed by V d orbitals (red), X p
orbitals (blue), and Y p orbitals (green). When X is varied
from carbon to oxygen, the contribution of X p orbitals to
electronic bands (bule region) gradually moves away from the
Fermi energy, leading to less overlap between X p orbitals and
V d orbitals, as well as less band dispersion and a larger band
gap. Meanwhile, when Y is varied from fluorine to iodine, the
contribution of Y p orbitals to electronic bands (green region)
gradually moves toward the Fermi energy, leading to a
decrease in the band gap, and the transition from a Mott—
Hubbard insulator to a charge-transfer semiconductor in VOY.

For these three magnetic systems, the spin density
differences (Figure S7) indicate that their magnetisms mainly
originate from the localized electrons in V atoms. The local
magnetic moments on the V atom for VNY, VOY, and VFY are
1, 2, and 3 g, respectively. In our defined coordinate systems
(Figure 1f), the d electron alignments of VNY, VOY, and VFY
are shown in Figure S7, which is consistent with the spin
density differences. More detailed information about how to
calculate the magnetic ground states can be found in Figure S8
and Table S3. We employ the Heisenberg Hamiltonian model
to calculate the nearest (J,), next-nearest (J,), and third-nearest
(J3) neighbor exchange interactions (more details in Note S3).
The corresponding magnetic parameters are summarized in
Table S4. We find that the VNY compounds exhibit a
ferromagnetic ground state, while the VOY and VFY
compounds show an antiferromagnetic ground state. The
Curie temperature of VNY and the Néel temperatures of VOF
and VFY are evaluated by dynamic Monte Carlo simulations.
The Curie temperature of VNY gradually increases as Y
changes from fluorine to iodine, reaching the highest transition
value of 217 K in VNI While the Néel temperatures of VOY
and VFY are all small, VFY compounds generally have
transition values higher than those of VOY (Figure S9). As
the benchmark of our Monte Carlo simulation, the Curie
temperature of the experimentally studied CrSBr monolayer is
also calculated. We obtain a value of ~180 K (Figure S10),
which approaches the experimental result."” The Curie
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temperature of monolayer VNI is higher than that of
monolayer CrSBr, while that of VNBr is slightly lower (161 K).

Topological Dirac Semimetals in the VCY d° System. Further
analysis of topological properties demonstrates that the VCY
systems exhibit nontrivial topological properties. With VCBr as
an example, the electronic band structures with and without
considering SOC are shown in Figure 3a. Due to the
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Figure 3. Topological properties of a VCBr monolayer. (a) Electronic
band structure of VCBr, where black and red lines represent the band
structures with and without SOC, respectively. The inset close-up
shows the electronic structure along the '=Y high-symmetry line. (b)
Evolution lines of Wannier centers for VCBr in the k, = 0 plane. (c)
Nontrivial topological edge states of VCBr. (d) Spin Berry curvatures
for all occupied states in the 2D Brillouin zone.

Half-Metallic Semimetals in the VNY d' System. VNBr is a
half-metallic semimetal with a 2D nodal loop near the Fermi
level, where the electronic states are completely determined by
a single spin component. The band structure in Figure 4a
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Figure 4. Electronic and magnetic properties of a VNBr monolayer.
(a) Orbital-resolved band structure of VNBr in the spin-up channel,
where green dots represent the contributions of out-of-plane orbitals
(N p, and V d.?) and red dots are composed of in-plane orbitals (Br
Pw N p,yand V dxy). (b) 3D band structures near the Fermi level in
the spin-up channel. The projection at the bottom shows the nodal
loop in 2D BZ. (c) Magnetization (blue dots) and susceptibility (red
dots) of VNBr as a function of temperature. (d) Band structure of
VNBr with [100] magnetization.

anisotropic rectangular lattice, Dirac point A is located
between I' and Y, in the absence of SOC, which slightly
deviates from the high-symmetry point.*’ When considering
the SOC effect, the degeneracy of the Dirac points is removed,
resulting in a band gap of 94 meV, which is available for
achieving quantum spin Hall effects at room temperature.*”
Because VCBr has inversion symmetry, the Z, topological
invariant can be calculated from the product of parities of all
occupied states at four time-reversal-invariant-momentum
(TRIM) points in the 2D Brillouin zone.*”** The product of
the parities of all occupied states is —1 at the I" point but 1 for
the other points due to the band double degeneracy at high-
symmetry points X, Y, and M. Therefore, VCBr is a 2D
topological insulator with a Z, invariant v = 1. The nontrivial
topological properties are also verified by the calculation of the
Wannier center*”*® (Figure 3b). Any arbitrary reference line
would cross the evolution lines of the Wannier center in the k,
= 0 plane an odd number of times, which further indicates
VCBr is a quantum spin Hall insulator. According to the bulk
edge correspondence principle,””*® the nontrivial one-dimen-
sional edge states protected by time inversion symmetry can be
observed within the SOC gap, as shown in Figure 3c.
Furthermore, the spin Hall conductance (SHC) was calculated
using the Kubo formula,"”*” which shows the quantum spin
Hall plateau within the SOC gap (Figure S11). Upon

comparison of calculated spin Berry curvature Q'(k) in the
whole 2D Brillouin zone (Figure 3d), the main contribution to
SHC comes from the A points.
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demonstrates that the monolayer VNBr has semimetallic
character in the spin-up channel, while it has a semiconducting
character with a band gap of 1.1 eV in the spin-down channel
(Figure S12). The three-dimensional (3D) band structure
(Figure 4b) indicates that the band intersection forms a closed
nodal loop around the I'" point. By analyzing the structure
symmetry of the VNBr monolayer, we found that the nodal
loop is protected by nonsymmorphic glide mirror plane

symmetry g = {MZ %% } For § = !/, particles, g,> = (—=1)* =

—1. Hence, the eigenvalues of the g, operator are +i. The g,
eigenvalues of two crossing bands are uncovered by plotting
wave functions near the nodal loop (Figure S13). The wave
functions from the red projected band that are mainly
contributed by in-plane orbitals (Br p,, N p,, and V d,,) are
even under glide mirror plane operation. Instead, the wave
functions of the other green projected band mainly composed
of out-of-plane orbitals (N p, and V d,2) are odd. The opposite
g. eigenvalues of the two crossing bands indicate that the
gapless nodal loop is protected by glide mirror symmetry.”">*
The magnetism of the VNBr monolayer is mainly due to the V
atoms with a local magnetic moment of 1 ygp per atom. The
magnetic moment and magnetic susceptibility are mapped out
as functions of temperature in Figure 4c, and the estimated
Curie temperature of VNBr is 161 K. When considering
magnetic anisotropic effects, the easy axis of magnetization is
along the [100] direction, which is 32 and 211 peV lower in
energy than those along the [001] and [010] magnetization
directions per unit cell, respectively. Figure 4d presents the
band structure of VNBr with [100] magnetization. The nodal
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Table 1. Macroscopic In-Plane and Out-Of-Plane Dielectric Constants of Monolayer and Bulk VOY, Compared with Those of

h-BN
bulk monolayer

Ex00 €),00 €200 €x0 €0 €20 €00 €),00 €200 €x0 €0 €20
VOF 4.1 4.7 3.1 9.9 12.7 52 4.1 4.7 3.3 10.4 11.8 4.5
VOCl 4.7 4.3 3.6 9.1 9.7 4.4 4.7 4.3 3.7 9.2 9.9 43
VOBr 5.4 4.5 4.1 9.9 9.8 S.1 54 4.4 4.3 10.1 10.1 5S4
VOI 7.4 S.1 52 12.5 10.5 6.4 7.3 5.0 5S4 12.6 10.9 7.0
h-BN 4.7 4.7 2.6 6.5 6.5 3.0 4.7 4.7 2.5 6.4 6.4 2.8
h-BN“ 4.98 4.98 3.03 6.93 6.93 3.76 4.97 4.97 2.89 6.82 6.82 3.29

“The data in this row are from ref 5S.

loop is destroyed due to the vanishing glide mirror symmetry
g, under [100] magnetization. Only the crossing points on the
I'=Y high-symmetry line are preserved, which is protected by
x-direction mirror symmetry M,. The band structures with
different magnetization directions are shown in Figure S14.
When magnetization is along the [010] direction, the crossing
points on the I'=X high-symmetry line are preserved, which is
protected by y-direction mirror symmetry M,. For [110]
magnetization, the whole nodal loop is destroyed. Instead, the
nodal loop is robust against the SOC eftect when VNBr
possesses an out-of-plane spin-polarized direction.

Promising 2D Dielectrics in the VOY d* System. VOF and
VOCI are Mott insulators with large band gaps, which is
mainly due to on-site Coulomb repulsion energy U of 3d
electrons at V atoms.” Figure S15 shows the effects of U on
band structures in VOCI and VFCl. Upon exclusion of
Coulomb repulsion, VOCI and VECI are semiconductors with
small band gaps that are determined by crystal field splitting.
The inclusion of on-site Coulomb repulsion energy U would
increase the difference in energy between the occupied states
and unoccupied states, which largely increases the band gaps.
To construct van der Waals (vdW) field-effect transistors
(FETs), vdW dielectrics with high dielectric constants and
large band gaps are needed. In fact, VOCI as the gate dielectric
has been experimentally engineered in a graphene/VOCI/
MoSe2 FET.”* Therefore, we calculate the macroscopic in-
plane and out-of-plane dielectric constants of VOY, as listed in
Table 1. g, is the static dielectric constant that includes both
electronic and ionic contributions to the dielectric response,
whereas optical dielectric constant &, contains only the
electronic response. The static dielectric constants g, are thus
higher than the optical dielectric constants &,. Due to the
orthorhombic symmetry in VXY, the in-plane dielectric
constants are anisotropic, where the electronic contribution
to the x-direction dielectric constant (¢,,,) is generally larger
than that to the y-direction (eym) except for VOF, whereas the
ionic contribution to the dielectric constant along the y-
direction is larger than along the x-direction. In addition, the
optical dielectric constants along the x-direction and z-
direction gradually increase from VOF to VOI, whereas the
y-direction optical dielectric constant is less affected. This is
because the covalent composition between V atoms and Y
atoms gradually increases as Y is varied from fluorine to iodine.
Moreover, the differences in dielectric constants between the
bulk and monolayer are small, indicating that the coupling
between layers is weak. We also calculated the dielectric
constants of h-BN for comparison and obtained results that are
consistent with previous work.”> The dielectric constants of
VOY are much larger than those of h-BN, further suggesting
that VOY compounds are promising 2D vdW gate dielectrics.
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The Heyd—Scuseria—Ernzerhof screened hybrid functional
(HSE06)°° is also employed to check the reliability of the
exotic properties of VXY. As one can see in Figure S16, the
properties of all of the materials are robust at the HSE level.
Furthermore, the interlayer coupling in VXY is very weak, as
demonstrated in Figures S17 and S18. The band dispersions of
the bulk VXY compounds are small along the z-direction, and
the electronic bands around the Fermi energy in the x—y plane
are almost unchanged, suggesting that the aforementioned
properties can also be preserved in their multilayer or bulk
forms. The calculated exfoliation energies show that these
materials are easily exfoliated with exfoliation energies smaller
than that of graphene.”’

In summary, we have demonstrated the validity and
rationality of a heteroanionic design strategy for guiding the
search for new functional 2D TMCs in the future. As
exemplary systems, most of the VXY compounds are predicted
to be dynamically, thermodynamically, and thermally stable,
and the emerging physical properties are effectively achieved as
expected by tuning the anion ligands. Therein, nonmagnetic
Dirac semimetals with nontrivial edge states, half-metallic
semimetals with a nodal ring around the Fermi level, and
insulators with superior dielectric properties were found in the
VCY, VNY, and VOY systems, respectively. Beyond our
studied VXY compounds, many other unexplored hetero-
anionic compounds await further exploration, e.g, MXY
compounds with geometric structures similar to those of
VXY,® Janus 2D materials,””*® anion-terminated MXenes,é0
etc. Our design strategy can be further applied to those
systems, not only to largely enrich the current family of 2D
materials but also to explain general trends over broad
compositional spaces.
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