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ABSTRACT: Two-dimensional transition-metal compounds
(2DTMCs) are promising materials for electrochemical
applications, but 2DTMCs with metallicity and active basal
planes are rare. In this work, we proposed a simple and effective
strategy to extract 2DTMCs from non-van der Waals bulk
materials and established a material library of 79 2DTMCs,
which we named as anti-MXenes since they are composed of
one M atomic layer sandwiched by two X atomic layers. By
means of density functional theory computations, 24 anti-
MXenes were confirmed to be thermodynamically, dynamically,
mechanically, and thermally stable. The metallicity and active
basal plane endow these anti-MXenes with potential as excellent
electrode materials, for example, as electrocatalysts for hydro-
gen evolution reactions (HER). Among the noble-metal free anti-MXenes with favorable H-binding, CuS can boost HER at the
whole range of H coverages, while CoSi, FeB, CoB, and CoP show promise for HER at some specific H coverages. The active
sites are the tetra-coordinating nonmetal atoms at the basal planes, thus rendering a very high density of active sites for these
materials. CoB is also a promising anode material for lithium-ion batteries, showing low Li diffusion energy barriers, a very
high capacity, and a suitable open circuit voltage. This work promotes the “computational exfoliation” of 2D materials from
non-van der Waals bulks and exemplifies the applications of anti-MXenes in various electrochemical processes.
KEYWORDS: anti-MXenes, non-van der Waals bulks, metallicity, active basal plane, hydrogen evolution reaction, lithium-ion batteries

Hydrogen (H2) is a potential energy resource for
substituting conventional fossil fuels.1 Currently,
hydrogen is mostly produced from fossil fuels by

steam methane reforming and partial oxidation and coal
gasification. Unfortunately, these industrial methods not only
consume fossil fuels but also release greenhouse gases.2 Water
electrolysis, instead, provides an ecofriendly and sustainable
way to generate H2 via hydrogen evolution reaction (HER).3

Note that HER usually exhibits a high overpotential, which
significantly hinders the effectiveness of water splitting,4 and
therefore electrocatalysts must be used to facilitate HER.5,6 Up
to now, platinum nanoparticles supported on carbon are widely
used in industry due to the extremely high exchange current
density and small Tafel slope.7 However, the scarcity, high
cost, and low stability restrict large-scale applications of Pt-
based catalysts. Under this backdrop, developing noble-metal-
free electrocatalysts is of tremendous interest.6

Among various noble-metal-free materials, two-dimensional
transition-metal compounds (2DTMCs) have highly distin-
guished themselves:8−14 They not only inherit advantages from

conventional 2D materials,15 such as the large specific surface
areas, tunable electronic properties, and robust mechanic
structures,16−18 but also have diverse chemical compositions
that are earth abundant. To date, various 2DTMCs have been
investigated as electrocatalysts for HER, including transition-
metal chalcogenides,19−22 phosphides,23−25 carbides,11,26−28

and borides.29,30 A typical 2DTMC with good HER activity is
the 1H phase of MoS2,

31,32 which shows an exchange current
density in the magnitude of 10−7 A/cm2 and a Gibbs free
energy of H adsorption (ΔG*H) of 0.08 eV.33,34 However, the
density of active sites of 1H MoS2 is very low, because its
catalytic performance is attributed to sulfur atoms only at edge
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positions rather than those at basal planes.33 The active sulfur
atoms at edges are dicoordinating, while the inert sulfur atoms
at basal planes are tricoordinating.33,35 This difference suggests
an effect of atomic coordination environment, which in turn
prompts a question whether sulfur atoms at the basal planes of
2DTMCs with a modified coordination number (e.g., tetra-
coordinating sulfur atoms) could exhibit a distinct and
beneficial catalytic performance toward HER. Such an effect
also exists in other reactions: For metal−nitrogen−carbon
single-atom catalysts, the single Fe/Cu atoms coordinated by
two N atoms exhibit the best performance for N2/O2 reduction
than those with other coordination scenarios.36,37 Additionally,
1H MoS2 is a semiconductor with a band gap about 1.8 eV,38

which means a nonideal charge transport performance at the
electrode for catalysis.39 Other 2DTMCs face similar problems
toward HER, that is, the impeded conductivity and low density
of active sites.20 Therefore, it is desirable to search for
2DTMCs with metallic electronic properties and high-density
active basal planes.40−48

FeSe-like 2DTMCs caught our attention, due to their
excellent electronic and structural properties.49−51 Their
metallic conduction and tetra-coordinating nonmetal atoms
at the basal plane hint at a great potential as HER
electrocatalysts, and yet their activity toward HER has not
been systematically considered. The chemical formula of FeSe-
like 2DTMCs is expressed as MX, where M represents
transition metals and X represents nonmetals. Their geometry
is composed of one M atomic layer sandwiched by two X
atomic layers. Compared with transition-metal dichalcogenides
such as MoS2, the increased metal/nonmetal ratio of FeSe-like
2DTMCs could benefit the charge transport performance.
Unlike conventional 2D materials that are exfoliated from
layered bulks, FeSe-like 2DTMCs are mainly found in KFe2S2-
like non-van der Waals bulk materials,52,53 in which 2D
sublayers are held together by ionic interactions instead of van
der Waals interactions. Encouragingly, it is experimentally
feasible to fabricate FeSe-like 2DTMCs by transforming non-
van der Waals bulks to van der Waals bulks.54,55 A good
exemplar is the discovery of MXenes, which are 2D sublayers
inside MAX phases.11,12,39,56 MXenes without functional
groups can be denoted in the formula as Mn+1Xn, where the
nonmetal atomic layers are sandwiched by metal atomic
layers.57

Since the stacking sequence of atomic layers in FeSe-like
2DTMCs is in direct contrast to that in MXenes, we named
these FeSe-like 2DTMCs as anti-MXenes, following the
concept to name anti-MoS2.

58 Alternatively, these FeSe-like
2DTMCs can be called XMenes (pronounced as “cross-
meens”) for simplicity to reflect their difference from MXenes
in terms of the stacking sequence of atomic layers.
Correspondingly, the precursor bulk materials for XMene
synthesis can be termed as a XAM phase (pronounced as
“cross-am” phase), similar to the precursor bulk MAX phase
for MXene synthesis. To establish a material library of anti-
MXenes (or simply XMenes) and explore their catalytic
performance toward HER, the traditional trial and error
experimental approach is too time-consuming and costly, while
modern computational techniques offer a promising approach
due to their strong predictive ability for the discovery and
design of 2D materials.59−61 To date, most of the computa-
tional explorations of 2D materials focused on predicting 2D
materials from van der Waals bulks in a variety of
databases.62−69

In this work, we developed a simple and effective strategy to
predict anti-MXenes from non-van der Waals bulk materials
and evaluated their catalytic performance for electrochemical
applications. Using this strategy, a material library containing
79 anti-MXenes was established, 24 of which were confirmed
to be rather stable and metallic. With regard to the HER
catalytic activity, CoSi and FeB show high performance at a
high H coverage, while CoB and CoP show high performance
at a low H coverage. In comparison, CuS exhibits a high
density of active sites and can boost HER under the whole
range of H coverages. These anti-MXenes also show promise
as anode materials for lithium-ion batteries (LIBs). For
example, CoB exhibits small diffusion energy barriers and a
high capacity for lithium ions as well as a suitable open circuit
voltage. This work exemplifies the exfoliation of 2D materials
from non-van der Waals bulk materials and calls for more
research efforts on exploring anti-MXenes for electrocatalysis
and other related fields.

RESULTS AND DISCUSSION
Extraction of Anti-MXenes from Database. Anti-

MXenes are sublayers of the KFe2Se2-like non-van der Waals
bulk materials, where the neighboring 2D sublayers are held
together by ionic interactions rather than van der Waals
interactions (Figure 1a). The chemical formula of KFe2Se2-like

bulk materials can be in general expressed as AM2X2, where A
represents alkali, alkaline earth, lanthanide, or actinide metals,
while M and X are transition metals and nonmetal elements,
respectively. Correspondingly, sublayer anti-MXenes are
composed of two M and two X atoms inside a unit cell,
which is of a square shape (a = b) in a bird’s eye view (Figure
1b, top). The vertical distance between two X atoms from the
top and bottom atomic layers is denoted as height h, while the
bond lengths of M−X bonds are denoted as distance d (Figure
1b, bottom).
To obtain anti-MXenes and to screen for the best HER

catalysts, we utilized the screening procedure as illustrated in
Figure 1c, which goes sequentially through an extraction step

Figure 1. Anti-MXenes as well as the strategy to obtain anti-
MXenes and to evaluate their catalytic performance toward HER.
(a) Schematic structure of AM2X2 bulks with I4/mmm space group.
(b) Schematic geometry of anti-MXene from the top and the side
view. (c) Procedure to extract anti-MXenes and to screen HER
electrocatalysts.
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to extract the structures from the database for optimization, a
stability evaluation step to analyze stabilities, and a catalytic
performance examination step to analyze HER activities. In the
extraction step, 2575 AM2X2 bulks were retrieved from the
Materials Project database,70 where 636 AM2X2 bulks belong
to the space group of I4/mmm. Because most of the 636 bulks
present the same target 2D sublayer with a difference only in
the A elements, the final number of extracted anti-MXenes is
less than the number of bulks. Accordingly, by removing the
element A, a library containing 79 anti-MXenes was
established. The optimized structural parameters of these 79
anti-MXenes are listed in Table S1.
Evaluation of Stabilities. We expected that not all of the

79 anti-MXenes are of significant stability to ensure their
experimental realization. Thus, in the stability evaluation step,
we systematically evaluated their thermodynamic, dynamical,
mechanical, and thermal stabilities (Figure 1c). The
thermodynamic stabilities of anti-MXenes were evaluated by
the cohesive energy (Ecoh), defined as Ecoh = (EMX − 2EM −
2EX)/4, where EMX, EM, and EX are total energies of the anti-
MXene unit cell, the isolated transition metal, and the isolated
nonmetal atom, respectively. All the 79 extracted anti-MXenes
satisfy the thermodynamic stability criterion of Ecoh < 0 (Table
S2). The dynamic stabilities of these anti-MXenes were
evaluated by the phonon dispersion calculations. Out of
these 79 thermodynamically stable anti-MXenes, 31 anti-
MXenes are dynamically stable as determined by not
presenting imaginary phonon frequencies (Figure S1), while
10 have small imaginary frequencies (Figure S2), and 38
present large imaginary frequencies (Figure S3). Then, we
examined the mechanical stabilities of these dynamically stable
anti-MXenes by calculating their elastic constants.71 Using the
mechanical stability criteria: C11C22 − C12

2 > 0, and C66 > 0
(Table S3), we found that 26 anti-MXenes are mechanically
stable. The thermal stabilities of the above obtained 26 anti-
MXenes were evaluated by AIMD simulations at 374 K for 20
ps.72 The temperature was set to 374 K, because we suggest
that these anti-MXenes can be fabricated in an aqueous
solution similar to MXenes,73 where the temperature is limited
by the boiling point of water. These simulations exclude two
materials (CuSe and PdP), as they present dramatical
structural deformations (Figure S4).
The above thorough evaluation of stabilities led to 24 anti-

MXenes as stable 2D materials. Figure 2 illustrates eight
representatives structures of the 24 anti-MXenes, showing that
anti-MXenes well preserve the geometry from the XAM
phases. Besides FeSe,74 MnAs and MnP,75 CoS, CoSe, and
NiS76 which were reported previously, the anti-MXenes family
also includes three borides (CoB, FeB, and IrB), four silicides
(CoSi, IrSi, PtSi, and TcSi), four arsenides (CoAs, CrAs, RhAs,
and RuAs), five phosphides (CoP, IrP, OsP, RhP, and RuP),
one sulfide (CuS), and one germanide (IrGe). These
structures are not available in Materials Project database,
Materialsweb database (which reported another anti-MXene,
namely CuBr),65 or 2DMatPedia (which contains CuBr, CoS,
CoSe, NiS, and TiSe).48,76 Note that CuBr and TiSe exist in
their van der Waals bulks and thus were not revealed by our
method. Likewise, the originally called rocksalt ZnSe single-
layer sheet, which was predicted based on its parent covalent
bulk structure,77−79 was not found by our method. The
rediscovery of FeSe, MnAs, MnP, CoS, CoSe, and NiS
demonstrates the reliability and predictive power of our
screening procedure.

Due to the symmetry of anti-MXenes, the lattice constant (a
= b) has a correlation with the M−X bond length (d) and the
height (h) as 4d2 = a2 + h2 (Table 1). Generally, the lattice
constants of the 24 anti-MXenes are in the range of 3.57−4.27
Å, the heights are between 1.19 and 2.95 Å, and the M−X
bond lengths are from 1.91 to 2.45 Å. Among these anti-
MXenes, TcSi has the largest lattice constant (4.27 Å), and
PtSi has the largest height (2.95 Å) and the longest M−X bond
length (2.45 Å). In comparison, CoP shows the smallest lattice

Figure 2. Optimized structures of eight representative stable anti-
MXenes: (a) CoB, (b) CoSi, (c) CrAs, (d) CuS, (e) IrB, (f) PtSi,
(g) RuAs, and (h) TcSi.

Table 1. Lattice Constants, Heights, Bond Lengths, and
Cohesive Energies of 24 Stable anti-MXenes

anti-MXenes a = b (Å) h (Å) d (Å) Ecoh (eV/atom)

CoAs 3.64 2.80 2.30 −4.27
CoB 3.58 1.33 1.91 −5.36
CoP 3.57 2.53 2.19 −4.71
CoSa 3.63 2.41 2.18 −4.60
CoSea 3.65 2.84 2.31 −4.21
CoSi 3.83 2.13 2.19 −4.63
CrAs 4.17 2.53 2.44 −3.33
CuS 3.88 2.48 2.30 −3.30
FeB 3.69 1.19 1.94 −4.96
FeSea 3.68 2.77 2.30 −4.01
IrB 3.91 1.38 2.07 −6.67
IrGe 4.12 2.61 2.44 −5.30
IrP 3.91 2.61 2.35 −5.80
IrSi 4.11 2.25 2.34 −5.96
MnAsa 3.84 2.82 2.38 −3.41
MnPa 3.76 2.51 2.26 −3.85
NiSa 3.80 2.28 2.21 −4.20
OsP 4.03 2.31 2.32 −5.81
PtSi 3.92 2.95 2.45 −5.19
RhAs 3.94 2.86 2.44 −4.78
RhP 3.88 2.58 2.33 −5.16
RuAs 4.03 2.68 2.42 −4.81
RuP 4.04 2.16 2.29 −5.37
TcSi 4.27 2.01 2.36 −5.06

aReported previously in refs 74−76.
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constant (3.57 Å), FeB features the smallest height (1.19 Å),
and CoB features the shortest M−X bond length (1.91 Å).
The cohesive energies of the 24 anti-MXenes range from

−3.00 to −6.67 eV/atom (Table 1). In general, the smaller the
atomic number of the X atom, the more negative the cohesive
energy. These cohesive energies are less negative than that of
graphene (−9.91 eV/atom),80 but are comparable to or even
lower than that of the experimentally synthesized phosphorene
(−3.61 eV/atom),81 confirming the thermodynamic stabilities
of these anti-MXenes. The calculated Young’s moduli of the 24
anti-MXenes range from 2.80 to 102.72 N/m (Table S3),
smaller than that of graphene (340.8 N/m) or MoS2(129 N/
m).82,83 Compared to the Young’s modulus of 36.82 N/m for
FeSe, many anti-MXenes show enhanced mechanical strength
than FeSe. The dynamic and thermal stabilities of the 24 anti-
MXenes are summarized in Figures S1−S4.
For the 24 anti-MXenes, the static exfoliation energy (Eexf)

and the relative formation energy (or energy above hull,
denoted as Erfe) are calculated to provide comprehensive
evaluations of their potential for experimental fabrications.
According to previous works,84−86 the Eexf for our systems is
defined as Eexf = (2EMX + 2EA − EXAM)/4S, where EMX, EXAM,
and EA are total energies of the anti-MXene, XAM bulk
containing 2 A atoms and two MX units, the single atom of A
in its most stable bulk, and S is the surface area of the
corresponding anti-MXene. The results show that FeSe anti-
MXene is the easiest for experimental exfoliation, as its static
exfoliation energy is 0.003 eV/Å2 (Table S4). In addition,
CoSe, NiS, RhAs, CoS, CoAs CrAs, MnAs, IrP, and RhP have
good potential to be exfoliated, since their static exfoliation
energies are <0.100 eV/Å2. It is reported that among the
synthesized MXenes, V2C shows the largest exfoliation energy
of 0.205 eV/Å2.84 In this work, the largest value of the
exfoliation energies is 0.170 eV/ Å2 for CoSi eV/Å2, indicating
that all these 24 anti-MXenes have a high feasibility for
experimental realization. The relative formation energy (Erfe)
reveals the stability of anti-MXene against the most stable
phase. Usually, 2D materials are less stable than their three-
dimensional bulks due to the large surface energy, which
means that the Erfe of 2D materials are positive, and a smaller
value of Erfe indicates higher stability. For example, the
synthesized M(n+1)XnO2 MXenes all present positive Erfe values,
and the largest Erfe for the synthesized M(n+1)XnO2 MXenes is
+0.285 eV/atom for V2CO2.

87 Using this value (+0.285 eV/
atom) as a reference, we found that 11 anti-MXenes are
qualified for easy fabrication (Table S5). FeSe is still the easiest
one for fabrication, followed by CoSe, CoS, NiS, RhAs, MnAs,
CoAs, CuS, IrP, RhP, and CoP.
To help understand the high stabilities, we investigated the

bonding properties of these 24 anti-MXenes by scrutinizing the
charge density difference (CDD) and the electron localization
function (ELF). CDD plots indicate the charge flows between
the M and X atoms. The charge density difference Δρ for M
and X becoming MX is defined as Δρ = ρMX − ρM − ρX, where
ρi is the charge density of i (i = MX, M, and X). A positive
value of Δρ means the accumulation of charges, while a
negative value means the depletion of charges (Figure S5).
Taking CoB as an example (Figure 3a), a large portion of the
charge depletion is around the d orbitals of the transition
metal. In general, for these 24 anti-MXenes, depleted charges
accumulate around M−X chemical bonds and are closer to the
X atoms. The ELF plots (Figure 3b and Figure S6) further
revealed that electrons are mainly located around the X atoms.

Thus, both CDD and ELF plots clearly show that M−X bonds
in these anti-MXenes are of significant ionic character, which
helps stabilize these anti-MXenes.

The Metallicity of Anti-MXenes. The semiconducting
nature of 1H MoS2 is due to the full occupation of Mo 4dz2
orbitals, which exposes the band gap between Mo 4dz2 and
4dxy/dx2−y2 to the Fermi level.88 Altering the coordination
environment of the Mo atom could lead to the rearrangement
of d orbitals, making the enhancement of electrical
conductivity possible. For example, a semiconducting to
metallic electronic property change for MoS2 is confirmed,
when the prismatic D3h-MoS6 coordination environment of Mo
in 1H phase changes to the octahedral Oh-MoS6 in the 1T
phase.89,90 Here for anti-MXenes, the transition metal atoms
are all tetra-coordinated. As revealed by electronic band
structures and density of states calculations, the tetrahedral
coordination, as well as the increased M/X ratio compared
with MoS2, renders metallicity for these anti-MXenes (Figure
S7).
Taking CoB and CuS as examples, their metallic electronic

properties are indicated by the crossing of the Fermi level
through the electronic bands. For CoB (Figure 4a), the

electronic bands around the Fermi level are mainly contributed
by the d orbitals of metal Co. A similar feature is found for
other 19 anti-MXenes, namely CoAs, CoP, CoS, CoSe, CoSi,
CrAs, FeB, FeSe, IrB, IrP, MnAs, MnP, NiS, OsP, RhAs, RhP,
RuAs, RuP, and TcSi. However, for CuS (Figure 4b), IrGe,
IrSi, and PtSi, both the p orbitals of nonmetal elements and the

Figure 3. Bonding properties of CoB. (a) Charge density difference
plot, where the isosurface value is 0.009. Yellow color denotes
charge accumulation, while blue color denotes charge depletion.
(b) ELF plot, where the isosurface value is 0.7. Note that the
values of 1.0 and 0.5 represent the perfect localization and the free
electron gas, while the value near zero denotes a low electron
density area.

Figure 4. Band structures and projected density of states for (a)
CoB and (b) CuS. Fermi level is set at 0 eV, as indicated by the
horizontal dash line.
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d orbitals of metal elements contribute to the bands around the
Fermi level. Since the Perdew−Burke−Ernzerhof (PBE)
functional tends to underestimate the band gap of semi-
conductors, one may wonder whether CoB and CuS can
become semiconductors if a hybrid functional is applied. Using
the HSE06 hybrid functional,91 we found the electronic band
structures of CoB and CuS maintain their metallic properties
(Figure S8). As a short remark, the HSE06 hybrid functional
results remain qualitatively similar to that of the PBE
functional. Such a finding was also reported by Zhang et
al.,92 who revealed that the PBE and HSE06 functionals show
similar electronic band structures for metallic T6-carbon. The
metallicity of these anti-MXenes endows them with a potential
application as candidate catalysts for HER and as electrode
materials for metal-ion batteries,93,94 since the conductivity can
improve the efficiency and avoid energy loss caused by
resistance in the electrochemical process.62

Catalytic Performance toward HER. To demonstrate the
capability of anti-MXenes as electrocatalysts, we evaluated
their catalytic performance toward HER at different levels of H
coverage. Computational screening for the optimal electro-
catalyst is usually based on the descriptor parameter
determined by the adsorption Gibbs free energy of hydrogen
atom (ΔG*H).

95 A catalyst is promising only if ΔG*H is close to
zero. In this work, the criterion for a promising catalyst is set as
|ΔG*H| < 0.10 eV, because the benchmark reference, Pt
electrocatalyst, has a theoretical ΔG*H value of −0.09 eV at a H
coverage of 25.00%.95

A typical anti-MXene, for example, CrAs, has three
adsorption sites for a H atom on one side of the surface,
while CoB, FeB, and IrB all have six adsorption sites (denoted
as “×” in Figure 5 and Figure S9). Different adsorption sites

lead to different adsorption configurations and free energies
ΔG*H. In the following analysis, the energetically most
favorable configuration for each material was adopted to
calculate ΔG*H. We also examined the effect of H coverage. To
mimic a low H coverage on the catalyst surface, a 3 × 3 × 1
supercell was used. Since a 3 × 3 × 1 supercell of anti-MXene
contains nine nonmetal atoms on the top atomic layer, the H
coverage (θ) is calculated to be 1/9 = 11.11%. At this low θ, H
prefers to be adsorbed atop of the nonmetal atom in the basal
plane for most anti-MXenes (Figure 5c and Table S6), except
for MnAs, FeB, RuAs, and TcSi (Figure S10).
As far as the ΔG*H values are concerned, these anti-MXenes

exhibit versatile behaviors toward H adsorption (Figure 6a).
Ten anti-MXenes (from FeSe to MnP) do not bind H without
applied bias due to the positive value of ΔG*H. In comparison,
six anti-MXenes, including RuAs, RhP, CoP, CoB, CuS, and
RuP, bind H weakly due to the almost neutral ΔG*H, while the
remaining eight anti-MXenes (from FeB to IrSi) bind H

strongly. The adsorption free energy is mainly controlled by
the nonmetal element X that binds H. A rough rule of thumb is
that X with a higher atomic number has more electrons in p
orbitals, leading to a lower band center of p orbitals (p-band
center). The p-band center, εp, is calculated as

∫ ∫ε ρ ρ=
−∞

∞

−∞

∞
x x dx x dx( ) / ( )p , where x is the energy level

with respect to the Fermi level, and ρ(x) is the density of states
of p orbitals.96 When interacting with H, a lower εp results in a
weak adsorption, and a higher εp results in a stronger
adsorption. Such a rationalization is confirmed by the plot of
adsorption energy vs εp (Figure 6b). The εp of CoS is the
lowest, corresponding to an unfavorable H adsorption free
energy; in contrast, IrB and CoSi feature high p-band centers,
thus, they can adsorb H atom with large strengths.
Encouragingly, CoP, CoB, and CuS are excellent HER
electrocatalysts under this H coverage, evidenced by the
calculated nearly zero ΔG*H values (−0.02, −0.03, and −0.05
eV, respectively) and their noble-metal-free compositions.
Since the H coverage also affects ΔG*H,

95 more electro-
catalysts could be discovered at high H coverage. Thus, we
selected CoP, CoB, CuS, FeB, and CoSi to study their catalytic
performance at higher H coverage because of their negative
and close to zero ΔG*H values at θ = 11.11% and their low
cost, while excluding IrSi, PtSi, TcSi, IrB, IrGe, OsP, RuP, RhP,
and RuAs, since the component transition metals are either
precious or radioactive. To simulate the increased H coverage,
we constructed and optimized 2 × 2 × 1 (25.00% H coverage),
√2 × √2 × 1 supercell (50.00% H coverage), and 1× 1 × 1
primitive cell (100.00% H coverage) of CoP, CoB, CuS, FeB,
and CoSi monolayers (Figure S11).
According to our computations, with H coverage, θ

increased from low (11.11%) to medium (50.00%), and the
ΔG*H of CoP, CoB, CuS, FeB, and CoSi become less negative
or even positive; with θ increased further to full coverage
(100.00%), the ΔG*H of CoB drops, while the rest maintain
the increasing trend (Figure 7). The peculiar behavior of CoB
can be ascribed to the electron-deficient B atoms. It is found
that CoB and CoP can boost the HER at low H coverage,

Figure 5. Active sites of anti-MXenes for HER. Possible active sites
(×) of H adsorption on (a) CrAs and (b) IrB, both from the same
side of the materials. (c) Optimized geometry for H on CuS at a
low H coverage.

Figure 6. HER performance of 24 stable anti-MXenes. (a)
Adsorption free energy for H atom on anti-MXenes. The inset
shows potential electrocatalysts within the criterion |ΔG*H| < 0.10
eV. (b) ΔG*H as a function of p-band center.
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while CoSi and FeB show promise for HER only with a H
coverage close to 100.00%. In comparison, the ΔG*H values of
CuS satisfy the criterion of |ΔG*H| < 0.10 eV in the whole
range of H coverage. The ΔG*H values of CuS are −0.08 eV (θ
= 25.00%), 0.02 eV (θ = 50.00%), and 0.05 eV (θ = 100.00%),
respectively. Thus, CuS is determined to be an effective
electrocatalyst to HER at the whole range of H coverage.
Additionally, the active sites are tetra-coordinating sulfur atoms
at the basal plane, presenting a high density of available active
sites of 1.33 × 1019 site/m2 if only one side of the surfaces is
considered.
Performance as Anode Materials for LIBs. The

development of LIBs is often hindered due to the limited
choice of anode materials.97 The predicted anti-MXenes in this
work have rather similar morphology to FeSe monolayer,
which was proposed by Lv et al. as a promising LIB anode
material due to its low Li diffusion barrier (0.16 eV) and high
capacity (658 mA h g−1).94 The high specific surface area and
metallic feature of the predicted anti-MXenes also encouraged
us to examine their capability as anode materials for LIBs. The
CoB and FeB anti-MXenes are expected to be good candidates
because their molar masses are much smaller among the 24
anti-MXenes (Table S7), which indicates the possibility of a
high capacity. Below we exemplify the application of anti-
MXenes in LIBs with CoB and FeB.
Similar to the adsorption of hydrogen atoms, there are six

sites to adsorb lithium atoms on the surface of CoB and FeB
monolayer (Figure S9). The Li adsorption energies on these
sites of CoB (FeB) are in the range of −1.58 (−1.62) to −0.69
(−0.87) eV, and the binding strength follows the order of S3 >
S5 > S1 > S4 > S6 > S2 for both CoB and FeB (Figure S12).
Using the climbing image nudged elastic band (CI-NEB)
method,98 we investigated the Li diffusion from one energeti-
cally most favorable adsorption site (S3) to its neighboring
most stable site (S3). Along the identified S3−S1−S3 pathway
(S3−S1−S3, Figure 8a), the transition state coincides with the
configuration of Li adsorbed on the S1 site, and the energy
barrier is 0.41 (0.42) eV for CoB (FeB) (Figure 8b), which is
slightly higher that on graphene (0.33 eV) and is within the
range of some commercially available anode materials such as
TiO2 (0.35−0.65 eV).97,99

By gradually adding layers of Li atoms to the surface, the
theoretical capacity of CoB (FeB) for Li storage can be
determined (Figure 8c). The first layer of Li atoms (closet to
the surface) are all adsorbed on the energetically most
favorable S3 sites, followed by the second layer of Li atoms
adsorbed over the S2 sites, and the third and fourth layers of Li

atoms are further away from the surface and are above the S3
and S2 sites, respectively. When both sides of the CoB (FeB)
surface are adsorbed by layers of Li atoms, the average Li
adsorption energies for one-, three-, and four-layer Li
adsorptions are −1.38 (−2.24), −0.48 (−0.77), and −0.35
(−0.57) eV/Li atom, respectively (Figure S13). Thus, four
layers of Li atoms can be stably adsorbed on the CoB (FeB)
monolayer, which corresponds to a theoretical capacity of
1099.44 (1135.77) mA h g−1, much higher than the
commercial graphite anode (372 mA h g−1).100 The calculated
open circuit voltage (OCV) values for CoB (FeB) are in the
range of 0.35−1.38 (0.57−2.24) V vs Li+/Li depending on the
number of layers of Li atoms, which are higher than that of
graphite (0.11 V),101 indicating that the formation of Li
dendrites can potentially be prevented and the battery safety
would thus be improved.102 On the other hand, a small OCV is
demanded for a higher voltage output. Therefore, CoB beats
FeB due to its relative smaller OCV and smaller diffusion
energy barrier. Moreover, the metallicity of the CoB monolayer
can be well maintained after lithiation at different degrees
(Figure S14). All these characteristics suggest that the CoB
monolayer is a promising anode material for LIBs.

CONCLUSIONS
Taking advantage of the Materials Project database and by
means of density functional theory (DFT) computations, we
have computationally predicted 79 FeSe-like anti-MXenes
from non-van der Waals bulk materials and explored their
potential for electrochemical applications. We named these
2DTMCs as anti-MXenes since they have a stacking sequence
of atomic layers opposite to that of the extensively studied
MXenes. For simplicity, they can be alternatively called
XMenes, which can be extracted from their precursor bulk
XAM phase. Out of the 79 anti-MXenes, we have identified 24
structures which have good thermodynamic, dynamic,
mechanical, and thermal stabilities. Their intrinsic metallicity

Figure 7. HER performance evaluated by ΔG*H under various H
coverages and strains. Shaded region indicates the HER catalyst
activity criterion (|ΔG*H | < 0.10 eV).

Figure 8. Diffusion path of Li on CoB and geometry of CoBLi4. (a)
Scheme of the diffusion path S3−S1−S3. (b) The Li diffusion
energy trajectory along the S3−S1−S3 path for CoB and FeB. (c)
Optimized geometry of CoBLi4 with four layers of Li atoms
adsorbed at each side. CoBLi4 contains the substructures of
CoBLi1 and CoBLi3.
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and active basal plane endow them with advantages for
electrochemical applications in addition to opportunities for
unconventional superconductivity.49−51,108 Five noble-metal-
free anti-MXenes, namely CoP, CoB, CoSi, FeB, and CuS
monolayers, show good catalytic activity toward hydrogen
reduction reactions at different levels of H coverage. In
comparison, the CuS catalyst shows promise for HER at both
low and high H coverages. Moreover, CoB is a promising
anode material for LIBs, as indicated by its low Li diffusion
barrier, suitable OCV, and very high Li capacity. Overall, this
work will promote “computational exfoliation” of many other
2D materials from non-van der Waals bulks and calls for
further experimental explorations of anti-MXenes for even
more electrochemical applications.

METHODS
To establish our own material library of anti-MXenes, the query
method from the Pymatgen package was used to acquire XAM phases
with the specific I4/mmm symmetry from the Materials Project
database.70 These XAM phases were grouped according to the X
elements. Then, the structural parameters of these XAM phases were
scanned by in-house python scripts to construct potential anti-
MXenes by removing the A elements. Simultaneously, these anti-
MXenes were compared to each other to avoid repetitions. For the
python scripts and library of anti-MXenes, visit the link https://
github.com/gvenus/Anti-MXenes. The adsorption module of the
Pymatgen code was applied to find all adsorption sites of the anti-
MXenes for the adsorption of hydrogen and lithium atoms.
All computations, such as geometry optimizations, stability

evaluations, and property analysis, were performed at the level of
DFT via the Vienna ab initio simulation package (VASP).103,104 The
spin-polarization was switched on, except for materials that were
confirmed to be spin restricted. Unless otherwise noted, the
generalized gradient approximation in the form of Perdew−Burke−
Ernzerhof was used to describe the exchange−correlation for
electrons.105 The lattice constant along z direction of all 2D materials
was fixed to 20 Å to avoid the interactions from adjacent periodic
images for all kinds of calculations. During the structural relaxations, a
high-energy cutoff of 700 eV was adopted, along with a fine energy
convergence criterion of 10−8 eV and a force convergence criterion of
0.01 eV/Å. The corresponding k-point grid was 12 × 12 × 1. Phonon
spectra were calculated using PHONOPY code,106 where the force
constants were obtained by means of density functional perturbation
theory. Here, the energy cutoff, energy convergence, and force
convergence were the same as those of structural relaxations. Ab initio
molecular dynamics (AIMD) simulations were carried out in the
canonical (NVT) ensemble using a Nose ́ thermostat,107 and the
temperature was set as 374 K, with an energy cutoff of 450 eV and an
energy convergence of 2 × 10−5 eV. For Phonon and AIMD
calculations, the 3 × 3 × 1 supercell of material was adopted, and the
k-point grid was correspondingly set to 4 × 4 × 1. Elastic constants
were obtained by the VASPKIT code,71 with the energy cutoff, energy
convergence, and force convergence the same as those of structural
relaxations and phonon calculations. A k-point grid of 12 × 12 × 1
was adopted for this calculation using the primitive cells from the
structural relaxations. Details for the evaluation of HER performance
and the performance as LIB anode materials are given in the
Supporting Information.
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