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ABSTRACT: Conventional MAX phases (M is an early transition Data@base M,AB

metal, A represents a p-block element or Cd, and X is carbon or
nitrogen) have so far been limited to carbides and/or nitrides. In
the present work, a series of stable layered ternary borides were
predicted by combining variable-composition evolutionary struc-
ture search and first-principles calculations. The predicted Hf,InB,,
Hf,SnB,, Zr,TIB,, Zr,PbB,, and Zr,InB, show a Ti,InB, type of
structure (space group P6m?2, No. 187, Nat. Commun. 2019, 10,
2284), and the structures of Hf;PB, and Zr,CdB, share the same
space group with Ti,InB, but belong to a new structure type. These
two structural prototypes, M,AB, and M;AB, (M is Zr or Hf), have
the composition and local structures of MAB phases, but inherit a
hexagonal symmetry of MAX phases. Moreover, Hf,BiB and
Hf,PbB exhibit a typical structure of conventional MAX phases (M,,;AX,, space group P6;/mmc, No. 194). These findings suggest
that boron-based ternary compounds may be a new platform of MAX phases. The functionalized two-dimensional (2D) borides
derived from the predicted ternary phases are calculated to be with improved mechanical flexibility and adjustable electronic
properties relative to the parent ones. In particular, the 2D Hf,B,T, and Zr,B,T, (T = F, Cl) can transform from metal to
semiconductor or semimetal under appropriate compressive biaxial strains. Moreover, the 2D Zr,B, exhibits a high theoretical
lithium-ion (Li*) storage capacity and low Li* migration energy barriers. These novel properties render 2D boron-based materials
promising candidates for applications in flexible electronic devices and Li* battery anode materials.

Boron-based MAX phases

B INTRODUCTION chemical bonding, it is expected that the thermodynamic
stability of MAX phases can be majorly determined by the M—X
bonding of M,,,,X, layer, ie., the stability of M—X octahedra
shown in Figure la. Since the electronegativity (Allen
scale)**** of boron atom (2.05 eV) is much smaller than that
of the C (2.54 eV) or N (3.07 €V) atom, the charge transfer
between M and boron atoms in the M, ; B, layer is much weaker
than that in the conventional M,,,X, layer. Consequently, it is
expected that the M—B bond is weaker than M—C or M—N,
implying lower thermodynamic stability of boron-containing
MAX phase compared to that of the carbide or nitride
counterparts.

In 2015, a new family of layered transition-metal borides
named MAB phases (M, A, and B represent an early transition
metal, IIIA or IVA group element, and boron, respectively) was

Conventional MAX phases have been detailed as two-dimen-
sional (2D) M,,,,X,, sublattices interleaved by A layers, where M
is an early transition metal, A represents a p-block element or
Cd, and X has so far been limited to carbon and/or nitrogen.1
The M—X bond is usually much stronger than the M—A metallic
bond, which makes it possible to remove “A” layers from the
bulk.”~* The synthesis of 2D titanium carbide (Ti;C,) by
selective etching of aluminum (Al) from the MAX phase
Ti;AlC, in 2011 has led to the discovery of a new family of 2D
transition-metal carbides/nitrides, which were named as
MXenes.” With high specific surface area, superior mechanical
strength, excellent electrical conductivity, tunable surface
terminations, and the ability to accommodate intercalants,
MZXenes are promising for broad application areas including
energy storage,”"* catalysis,"”*° electromagnetic wave absorp-
tion and interference shielding,n_23 etc. Received: May 22, 2020 [
Motivated by the potential applications of MXenes, searching Revised:  July 22, 2020
for new layered compounds has drawn considerable attention in Published: July 22, 2020
the past years.”*™>* One simple attempt can be done by
replacing C/N atoms with boron; however, such a strategy has
not been successful so far.”> From the nature of anisotropic
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Figure 1. Crystal structures and compositions of MAX phases and MAB
phases. (a) Representative conventional MAX phases TiLHAIC and
Ti;AlCy; Ti (M), Al (A), and C(X) atoms alternately stack along a
hexagonal close-packed (HCP) style and form atomic layers that are
parallel to each other; M,,, X, layers can change from M,X to M,X;, and
in each stabilization unit, M,,;X,, all X atoms fill the octahedral
interstitial of M atoms (illustrated with orange frames) and the X atoms
form a triangle X—X grid (illustrated with red frames). (b) Typical
MAB phases Cr;AlB, and Cr,AIB,; boron atoms and metal atoms in the
MAB phases form trigonal prisms BM (labeled with orange frame);
zigzag B chains or chains of edge-sharing B-hexagons are formed by
sharing rectangular faces of B-centered prisms (illustrated with red
frames). (c) Newly discovered ternary boride Ti,InB,,>* which inherit
the HCP stacking of MAX phases as well as local structure and
composition of MAB phases.

proposed by Ade and Hillebrecht.”” Recently, Kota et al.
reviewed the synthetic methods, crystal structure, chemical
bonding, and characteristic properties of MAB phases.”’ Several
experimental and theoretical results demonstrate that MAB
phases could be exfoliated into 2D transition-metal borides
(MBenes)."' ™" MBenes are expected to have potential
application in energy storage,“‘?”44 catalysis,45 magnetic materi-
als,* etc. Different from MAX phases, the composition of MAB
phases can be described as (MB),A,(MB,),, where the boride
layers are separated by a single layer or double layers of A atoms.
As shown in Figure 1b, MAB phases reveal a crystal structure of
orthorhombic space group and boron atoms sit at the centers of
M prisms. In addition, both strong M—B bonding and covalent
B—B bonding constitute the layered structures and make MAB
phases significantly stable. The structural characteristics of the
discovered MAB phases encouraged us to design boron-
containing MAX phases based on an idea that the thermody-
namic stability can be robustly improved via introducing
boron—boron bonding by increasing boron concentration.

In a very recent work, a hexagonal layered ternary boride
Ti,InB, was first predicted and then experimentally synthesized
by Wang et al.>* As shown in Figure 1c, the crystal structure of
Ti,InB, exhibits typical characteristics of MAX phases: two M
(Ti) layers and one A (In) layer are closely packed in an HCP
A—B—A sequence, forming a layered structure. The space group
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of the Ti,InB, structure was identified as P6m2 (No. 187), which
is a hexagonal subgroup of the space group for conventional
MAX phases (space group P6;/mmc, No. 194). However, the
composition of Ti,InB, is analogous to the formula
(MB)ZAy(MBZ)x of MAB phases (e.g., Cr,AlB,) and is different
from that (M,,,;AX,) of MAX phases. Boron atoms in Ti,InB,
occupy the X sites between double M layers and form a
graphene-like layer with strong covalent B—B bonding rather
than a triangle (close-packed) layer (Figure 1c) because the B/
Ti ratio (1.0) is higher than those X/M ratios (n/(n + 1)) in
conventional MAX phases. The discovery of Ti,InB, can be
regarded as an extension of the concept of conventional MAX
phases and confirms our idea that the boron—boron bonding
can improve the stability of boride MAX phases. However, this
study also raises interesting questions of whether boride MAX
phases are as rich a class of phases as traditional MAX phases and
whether the conventional composition of M,,;AX, can be
realized in the boride phases.

As M—X bonds have a significant ionic component, the
stability of the compound is closely related to the electro-
negativity difference between M and X atoms, say, the polarity of
M~—Xbonds.*” Therefore, a possible way to improve the stability
of the BMg octahedron can be enhancing the charge transfer
from M to B via choosing a proper transition metal M, which
exhibits lower electronegativity than Ti. In the periodic table of
elements, only Zr (1.32 eV) or Hf (1.16 eV) has a lower
electronegativity than Ti (1.38 eV) among IVB group transition
metals,**~** which is possible to form a stronger M—B bond
than Ti—B. Here, we present a systematic high-throughput
structure search using Ti, Zr, and Hf as M components,
predicting a series of stable ternary borides with the typical
teatures of MAX phases. Three types of new layered borides
were obtained from this study, including M,AB, M,AB,, and
M;AB,. More interestingly, the predicted borides Hf,BiB and
Hf,PbB show identical structural features with the traditional
M,AX phases. The dynamic and thermal stabilities of all
predicted compounds were carefully checked. The separation
energy calculations suggest that the newly predicted MAX
phases may be exfoliated into MXenes by selective etching of A
layers. The effects of different terminated functional groups and
biaxial strains on the electronic structures and mechanical
properties of the new MXenes were also examined. Finally, we
predict that 2D Zr,B, is promising as an anode material in Li-ion
battery.

B COMPUTATIONAL DETAILS

Structure searches for stable ternary borides were carried out
within the computational framework illustrated in Figure 2. The
stable phases in the M—A—B systems were searched using most
p-block elements and Cd as the A component. To accelerate the
structure search, a dataset for the prototypes of available MAX
phases was constructed and used as seed structures for different
systems. The initialized dataset includes prototypes “312” (e.g.,
Ti;AlC,), “2117 (e.g., Ti,AlC), and “212” (Ti,InB,). For each
ternary system, preliminary pseudo-binary variable-composition
searches*®*’ were conducted to estimate the thermodynamic
stability of ternary borides with respect to assumed binary
borides M, B, and A metals. Stable binary-component M,B, and
A metals were used as ending components in a pseudo-binary
variable-composition search, which means any ratios of M, B, to
A were considered to construct ternary structures, with the
limitation of the total number of atoms being <40. The stable
ternary borides suggested by the preliminary search were then

https://dx.doi.org/10.1021/acs.chemmater.0c02139
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Figure 2. Computational approach for the discovery of ternary borides. Each ternary compound structure search consists of a pseudo-binary structure
search (preliminary search) and a ternary structure search (global search). Theoretical investigations were performed for each predicted layered

ternary compound and its derived 2D structures.

input to a ternary variable-composition search to evaluate its
global stability by considering all possible competing phases in
Materials Project database,” as shown in Figure 2. All structure
searches were performed through a combination of Universal
Structure Predictor: Evolutionary Xtallography (USPEX)>'~>*
and the Vienna Ab initio Simulation Package (VASP).>* All
possible combinations of M elements (Ti, Zr, and Hf), A
elements (p-block metals and Cd, as illustrated in Figure 2), and
boron were considered within the limitation of 40 atoms in the
primitive cell. As shown in Figure 2, the new prototypes found in
the global structure search of certain ternary system would be
put into the public dataset and be used to speed up other
searches. For example, the metastable structure Ti;InB,
preferentially screened in the Ti—A—B, which can be used as a
seed structure to participate in the screening of the Hf—A—B
system, thereby improving the screening efficiency.

In VASP calculations, the projector augmented wave potential
(PAW)*® method was used with a plane-wave cutoff energy of
600 eV. The version of PAW potentials used in our work is
potpaw_PBE.S4 (Table S1, Supporting Information). The
electronic exchange-correlation interactions were described by
the generalized gradient approximation (GGA) in the Perdew—
Burke—Ernzerhof (PBE) formulation.*® In the Brillouin zone, a
dense k-point grid with the resolution 27 X 0.04 A™! was used for
high-throughput structure searches, and 27 X 0.02 A~ was used
for the structure optimizations and electronic structure
calculation. All stable structures were optimized with force
convergence during the relaxation to 107> eV/A. The dynamic
stability of thermodynamically stable structures was checked
through phonon dispersion calculations using density functional
perturbation theory (DFPT), as implemented in the Phonopy
program.”’” Ab initio molecular dynamics (AIMD)*® simulations
were performed to explore the thermal stability of MAX phases
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and the derived MXenes. For the 2D borides calculations, a large
vacuum space of 40 A was set to avoid any interactions between
two neighboring monolayers along the ¢ axis due to periodic
boundary conditions. A 3 X 3 X 1 supercell was adapted for the
2D structures in the AIMD simulation. Strains were imposed by
compressing/stretching the lattice in the XY-plane in increments
of 2%, to examine the effect of strain on the electronic and
mechanical properties of the predicted 2D borides. Although
pure density functional theory (DFT) calculation will under-
estimate the band gap of semiconductors, the calculated trends
are expected to be reliable. Therefore, we expect that DFT can
rather reliably predict the competition of the energy levels of
near-band-edge state in 2D borides.”” Crystal orbital Hamilton
population (COHP) calculations are performed to investigate
the bond strength in the predicted compounds using the Local
Orbital Basis Suite Towards Electronic-Structure Reconstruc-
tion (LOBSTER) code with the pbeVaspFit2015 basis set.’~®*
To evaluate the bond strength, it is assumed that the bond
connected two atoms by springs.”® The spring or force constant
is a 3X3 matrix, which can be obtained from the output results of
phonon calculations. The difftusion energy barriers along
different migration pathways of Li* or Na" on 2D borides
were explored using the climbing-image nudged elastic band
(CI-NEB) method.®*

B RESULTS AND DISCUSSION

Stabilities and Structures of Predicted Ternary
Borides. A series of layered ternary borides with formulas
M,AB, M,AB,, and M;AB, were obtained through employing
the search approach schemed in Figure 2. Variable-composition
searches in ternary systems confirmed that Ti,InB,,** Hf,InB,,
Hf,SnB,, Zr,TIB,, Zr,PbB,, Zr,InB,, Hf,PB, Zr,CdB,, Hf,BiB,
and Hf,PbB are thermodynamically stable with respect to their
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any known competing isochemical phase assemblages, as shown
in Figure 3. The M,AB, borides including Zr,InB,, Zr,PbB,,
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Figure 3. Enthalpies above the convex hull for the predicted ternary

boride phases. The solid and hollow symbols indicate stable and
metastable structures, respectively.

Zr,TIB,, Hf,InB,, and Hf,SnB, share the same crystal structure
with Ti,InB,.”* Furthermore, Hf,PB, and Zr,CdB, are identified
as a new type of borides (“314” phases), which have the same
space group as Ti,InB, (P6m2, No. 187) but exhibit a different
structure type with thicker M—B layers (with five layers of M and
B) than those in Ti,InB,. Moreover, borides Hf,BiB and Hf,PbB
(M,AB phases) show identical structural features with the
traditional M,AX phases (e.g., Ti,AIC). The structures of those
newly predicted thermodynamically stable ternary borides are
shown in Figures 2 and S1 (Supporting Information). The
calculated lattice parameters and atomic positions in predicted
ternary borides are listed in Table S2 (Supporting Information).
The absence of imaginary frequency modes in phonon

dispersion calculations (Figures S2—S4, Supporting Informa-
tion) indicates that all predicted ternary borides are dynamically
stable. Furthermore, the results of AIMD simulations at 900 K
over the time scale of at least 10 ps (Figures SS and S6,
Supporting Information) present that the original atomic
configurations remain intact, implying that the MAX phases
are thermally stable.

The enthalpies above the convex hull (6H) of all predicted
materials are shown in Figure 3 and listed in Table S3
(Supporting Information). In total, 64 new borides show 6H
within 70 meV/atom that could be easily overcome by
thermodynamic work, such as temperature, pressure, chemical
and surface energy, etc.”> For the Ti—A—B system (Figure 3a
and Table S3, Supporting Information), 6H of most 211 phases,
except TipInB (68 meV/atom), are far from the convex hull.
While for 212 and 314 phases, there are 8 and 11 predicted
compounds, whose 6H are within 70 meV/atom. Furthermore,
Ti,SnB,, Ti;SnB,, and Ti;InB, even show a 0H as small as S
meV/atom. These results indicate that the 211 prototype of
conventional MAX phases is unfavored in the Ti—A—B system.
On the other hand, Ti,AB, and Ti;AB, systems are dramatically
stabilized by the B—B bonding relative to conventional MAX
phases. For the Zr—A—B and Hf—A—B systems, the stability of
211 phases is significantly improved relative to that of Ti,AB
phases. There are not only 11 compounds that have H smaller
than 70 meV/atom but two thermodynamically stable 211
phases of Hf,BiB and Hf,PbB. As revealed in Table S3
(Supporting Information), the stability of 212 and 314 phases
in Zr—A—-B and Hf—A—B systems is comparable to that in the
Ti—A—B system. Fifteen 212 compounds and seventeen 314
compounds show OH values smaller than 70 meV/atom.
Dynamical stabilities of some metastable structures, such as
Hf;InB,, Hf;SnB,, Zr,PbB, Zr,BiB, and Zr;PbB,, are shown in
Figures S3—S6 (Supporting Information). The calculated band
structures (Figure S7, Supporting Information) reveal that the
predicted borides possess metallic features, a typical character-
istic of MAX phases.
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Bader and Mulliken charges, and (c) integrated crystal orbital Hamilton population (ICOHP) of M,BiB, M,PbB, and M,InB, (M = Ti, Zr, and Hf).
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The above results demonstrate that Hf with lower electro-
negativity (1.16 eV, compared to 1.38 eV of Ti) is more inclined
to constitute 211 boron-containing conventional MAX phases.
This conclusion is validated by the calculated thermodynamic
stability of Hf,BiB and Hf,PbB with conventional 211
composition and structure (space group Pg3/mmc, No. 194).
It is noteworthy that four metastable phases of Hf,BiB and
HE,PbB were also predicted with the hexagonal (space group
P6m2, no. 187) and trigonal (space group R3m, no. 160)
structures (shown in Figure S2, Supporting Information).
Although R3m is not a subgroup of conventional MAX phases
P6;/mmc (no. 194), the local topological structures of R3m
Hf,BiB and Hf,PbB exhibit the typical features of 211 MAX
phases: strong M—B bonding and weak metallic M—A bonding,
stacking of M atoms following hexagonal AB ordering in the
M,B layer and B atoms sitting at the center of M octahedra.

To further analyze the nature stability of ternary boride
phases, the electron localization function (ELF), bonding
strengths, and Bader and Mulliken charges of predicted
structures were calculated. The ELF results of HIf,BiB,
Hf,SnB,, and Hf;SnB, are shown in Figure 4a as examples.
One can see that electron accumulation occurs around B atoms
in Hf,BiB, which suggests a significant electron transfer from Hf
to B atoms. Bader and Mulliken charge analyses offer
methodologies to quantitatively estimate the extent of charge
transfer between atoms.®®®” Therefore, the electron transfer
between atoms in Hf,BiB can be proved by the calculated Bader
charges (Hf: +1.41lel, Bi: —0.79lel and B: —2.03lel) and Mulliken
charges (Hf: +0.86lel, Bi: —0.47lel, and B: —1.27lel) (Table S4,
Supporting Information). Using the structures of stable Hf,BiB
and Hf,PbB as prototypes, the structures and Bader and
Mulliken charges of Zr,BiB, Zr,PbB, Ti,BiB, and Ti,PbB were
constructed and relaxed. The calculated Bader and Mulliken
charges (Figure 4b and Table S4) indicate that significant
electron transfer from M to B atoms appears in all cases. In each
prototype, Hf atoms donate the most electrons to B, then Zr
follows, and Ti supplies the least, which is consistent with the
damping trend of electronegativity difference (Ay) of Ay(B—
Hf) > Ay(B—Zr) > Ay(B—Ti). As is known, the stronger the
charge separation of the M—B atoms, i.e., the greater the polarity
of the M—B bond, the more exothermic is the formation of the
compound. Therefore, the ionic strength of Hf—B bonds should
be higher than that of Zr—B and Ti—B bonds. Furthermore, the
spin—orbit coupling (SOC) effect was considered in the
electronic structure calculations for Hf-based MAX phases.
The calculations results (Figure S7) show that some crossing
points near the Fermi level in the calculated band structures
without considering SOC get opened upon the consideration of
the SOC effect. Consequently, the lower electronegativity of Hf
atoms might be a direct consequence of the relativistic effect of
heavy Hf atoms.*®

Previous studies have shown that the strength of M—B bonds
in the carbide MAX phases has significant covalent contribu-
tions.”””® To estimate the covalent bond strength in those
predicted phases, integrated crystal orbital Hamilton population
(ICOHP)®°~°* and force constant calculations were carried out.
Both the calculated ICOHP values and force constants of M—B
bonds are much stronger than those of M—A bonds in each
predicted 211 phase (Figure 4c and Table S4). The ICOHP and
force constants values of Ti,AlC and Ti;AlC, reported by
Khazaei et al.”” and calculated values of some typical binary
phases (e.g.,, TiB,, Hf,B, Hf,Bi, etc.) are listed in Table S4 for
comparison. From the comparison of these calculation results,
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we can conclude that the M—B bond in the 211 B-based MAX
phases has a strong covalent bonding component. Furthermore,
the covalent strengths of Hf—B bonds are slightly stronger than
those of Ti—B and Zr—B bonds. Therefore, it is expected that
the enhanced ionic and covalent components of the Hf—B
bonds in the 211 phases are the origin of the higher stability of
the BHf; octahedron than that of the BZr; and BTig octahedra.

Most of the layered ternary borides (Hf,InB,, Hf,SnB,,
Zr,TIB,, Zr,PbB,, Zr,InB,, Hf;PB,, Hf;InB,, Hf;SnB,, Zr,;CdB,,
and Zr,PbB,) obtained in this research share the same symmetry
(space group P6m2, No. 187) and local structure with Ti,InB,.
The ELF of Hf,SnB, and Hf;SnB, shown in Figure 4a confirms
that the two-dimensional B layers with strong covalent B—B
bonds contribute greatly to the stability of the 212 and 314
phases. Bader and Mulliken charges and ICOHPs of Ti,InB,,
Zr,InB,, and Hf,InB, were calculated and are shown in Figure
4b,c. The calculated Bader charges for B atoms in Ti,InB,,
Zr,InB,, and Hf,InB, are —0.86lel, —0.89lel, and —0.90lel,
respectively. These results indicate that the ionic contribution of
M-—B bonds in 212 phases would be much weaker than those in
211 phases. Meanwhile, the calculated ICOHP values of B—B
bonds of Ti,InB,, Zr,InB,, and Hf,InB, can be as high as ~6 eV,
much higher than those calculated for M—B and M—In bonds.
In addition, the calculated force constants for B—B, M—B, and
M—A bonds in 212 phases follow the order B—B > M—B > M—
A. Therefore, the improved stability of these phases with the
compositions of M,AB, and M3;AB, is due to the strong covalent
boron—boron bonding in the graphene-like boron layer.
Consequently, one can conclude that there are two stabilization
mechanisms in those discovered ternary borides: in 211 phases,
the strong Hf—B bonds reinforce the stability; in 212 and 314
phases, the strong covalent B—B bonding in the boron layer
stabilizes the overall structures. It is worth mentioning that
graphene-like atom layers in the 212 and 314 phases cannot be
formed in carbide or nitride MAX phases because the formation
of more stable substances such as graphite or nitrogen gas is
favored when the X (C or N)/M ratio is equal to or larger than 1.
However, due to electron deficiency (the availability of vacant
2p, orbital of boron), the single atomic layer of boron, i.e.,
borophene, cannot be a stable freestanding phase like
graphene.”' Instead, the graphene-like boron layer would be
stabilized in boron-based 212 and 314 phases by as part of a
sandwich structure with charge transfer from M to B.
Equivalently, in the Zintl picture, transferring an electron to a
boron atom makes it behave like a carbon atom (hence graphene
layers of B atoms), and when an electron is transferred to carbon
or nitrogen atom, it populates an antibonding orbital, weakening
C—C or N—N bonding.

Properties of Boride MXenes with and without
Functional Groups. The anisotropic bonding nature in these
boron-based MAX phases makes it possible to produce 2D
transition-metal borides, i.e., new MXenes through the removal
of A layers. To unravel the possibility of exfoliating ternary
borides to 2D materials, the bonding energies and separation
energy ratios of the ternary borides along the [001] direction
were evaluated except Hf;PB, where the Hf—P bonding is too
strong. The calculated separation energies of M/A interfaces are
much weaker than those of M/B interfaces (Figure S8,
Supporting Information), which are comparable to those for
the conventional MAX phases and Ti,InB, that can be
engineered to produce MXenes experimentally. Furthermore,
the calculated M/A-to-M/B separation energy ratios (the ratios
between the separation energies of M/A and M/B interfaces)
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for the obtained functionalized MXenes.

are much smaller than the Ti/Al-to-Ti/C ratio (48%),**
especially the calculated Hf/Bi-to-Hf/B ratio is only 24%. The
total force constants for an atom (M, A, or B) counting all
contributions from other atoms for some 211 and 212 phases
were calculated and named as FC,, FC,;, and FCy (Table S4).
The calculated FC, of 211 and 212 phases in our work is much
smaller than FCy; and FCg. FC, is a useful quantity to evaluate
the possibility to exfoliate MAX phases into MXenes: the smaller
the FC,, the easier to remove A layers from their parents MAX
phases. These calculated force constants in our work are
comparable to those of MAX phases, which have already been
experimentally exfoliated into 2D MXenes (Table S4). There-
fore, our calculations suggest that it might be feasible to obtain
2D borides from predicted M,AB, M,AB,, and M;AB, by
selective removal of A layers (illustrated in Figure S).

Experimentally produced MXenes generally inherit rich
surface functional groups T (T = OH, H, Cl, F, or O) from
acids.”*”7° Therefore, it is of great importance to study the effect
of those functional groups on the electronic structures and
mechanical properties of the derived B-containing MXenes
(Figure S). It is found that three types of adsorption sites may be
stable existing at the metal-terminated surfaces of MXene
(Figure S9, Supporting Information).”” As shown in Table S5
(Supporting Information), the hollow A site is the most stable
adsorption site for all functional groups, except the preferred
adsorptions of O atoms on hollow A and B sites of 2D M,B, and
M;B,. The OH-terminated configuration shows the most
negative adsorption energy due to the existence of hydrogen
bonds. Phonon dispersions and AIMD calculations signify that
these 2D borides are dynamically and thermally stable, as
illustrated in Figures S10—S15, Supporting Information. The
calculated electronic structures (Figures S16—S20, Supporting
Information) show the bands across the Fermi level, implying
the intrinsic metallicity of all predicted 2D materials.

The in-plane planar elastic constants (C,]), Young’s moduli
(E,and E,), and shear moduli (G,,) together with Poisson’s ratio
(v) of bare and functionalized MXenes were also calculated
(Figures S and S21, Supporting Information). The elastic
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constants of all 2D borides meet the Born criteria’® of
mechanical stability, i.e., C;, C55, Cyy > 0 and C;;C,,—C3, > 0.
Most of the functional MXenes, except 2D M,X,Cl,, are
characterized with higher in-plane planar Young’s moduli than
those bare ones. The highest Young’s moduli and the largest
Poisson’s ratio of 2D M,XO0,, M,X,0,, and M;B,0, were
highlighted with pink-shaded area in Figure S, indicating their
promising mechanical ductility and flexibility. In addition, the
2D borides with functional groups present higher in-plane
stiffness than bare ones due to the higher shear moduli. As an in-
plane anisotropy index, the in-plane elastic anisotropy was
calculated by the following formula

A=EP/EP M

The calculated values of A are all close to 1,7 indicating that all
2D materials are in-plane elastically isotropic.

Influence of Strain on the Electronic Structures and
Properties of Boron-Based MXenes. It is well known that
external strain can affect on the electronic properties of 2D
materials.*’ " The stain effects on those newly discovered 2D
borides were also studied. Here, the biaxial and uniaxial strains
defined as € = (a — ay)/a, were applied to 2D Hf,BT,, 2D
Hf,B,T,, and 2D Zr,B,T, (T =F, Cl, and O), where a and 4, are
the lattice constants of the strained and unstrained unit cells,
respectively. The illustration of applied stains on those
structures can be found in Figure S22, Supporting Information.
The ideal strength of a 2D material reflects the upper limit of an
irreversible lattice resistance to a large strain.”” The stress—strain
curves under tensile strain are shown in Figures $23—S25,
Supporting Information. One can see that all functionalized
MZXenes show much greater strength than the bare ones for all
studied models. Besides, most of the predicted 2D materials are
still metallic after application of strain, while 2D Hf,B,F,
(Hf,B,Cl,) and 2D Zr,B,F, (Zr,B,Cl,) show a metal-to-
semiconductor (metal-to-semimetal) transition under biaxial
compressive strains, as concluded by Figures S26 and S27
(Supporting Information). The calculated band structures of 2D
Hf,B,F, at strains of +2, 0, —4, and —8% are shown as an
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example in Figure 6a. The band gap under —4% strainis 0.17 eV, calculated orbital-resolved band structures and partial density of
and it disappears with further increase of compressive strain. The states (Figure S28, Supporting Information) show that
band gap transition is attributed to the energy competition of the antibonding state A is a mixture of Hf (de_yZ + dxy) and B
near-band-edge states (A—D) shown in Figure 6a. As the (p.), and bonding states B, C, and D mainly consist of the
compressive strain increases, the energies of the states A increase interactions of Hf ( de_y+ dxy) ,Hf (d.?), B (p,), and F (p,). The
gradually, while states B, C, and D decrease in energy. calculated COHP (Figure 6¢) shows that Hf—B and B—B
To understand the realistic chemical bonding picture of the contribute to bonding states in the deep region from —8 to —2
near-band-edge states A—D, the wave function characters at A— eV. The enlarged drawing of projected COHP indicates that
D points and the crystal orbital Hamilton population (COHP) Hf—HI interaction plays a major role in forming the bonding
were calculated.®” The characteristics of wave functions shown states B, C, and D and confirms the antibonding feature of state
in Figure 6b indicate that states A—D can be classified into two A near the Fermi level. The COHP analysis agrees well with the
groups: antibonding state A and bonding states B, C, and D. The wave function character, which means that the nature of these
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four states satisfies the Heitler—London exchange energy
model.®~®® Therefore, we can conclude that the bonding/
antibonding state change under strain leads to the band gap
transition.

Previous studies revealed that the carbon- and
nitrogen-based MAX phases can be promising anode material
for Li-ion batteries due to their unique properties, including
excellent electronic conductivity, low energy barrier for Li*
migration, and high theoretical Li* storage capacity. Therefore,
the adsorption and diffusion behaviors of Li*/Na* on predicted
2D Hf,B, Hf,B,, and Zr,B, were calculated to explore their
potential as anode materials for Li/Na-ion batteries. The
adsorption behaviors of Li*/Na* on both sides of boron-based
MZXenes were studied, and hollow A site was proved to be
favorable for Li*/Na* adsorption (Table SS, Supporting
Information). As shown in Figures $29—S32 (Supporting
Information), 2D Zr,B, can accommodate up to three layers
of Li atoms with negative adsorption energy, which corresponds
to an ideal capacity of up to 654 mAh g~'. This value is
comparable to some commercial anode materials (e.g., 372 and
167.2 mAh g~! for graphite and TiO,, respectively, as shown in
Figure 7a). Thus, 2D Zr,B, was taken as a representative to
explore its properties as a potential anode material in detail.

The diffusion behavior of the surface-adsorbed Li*/Na' is
crucial for evaluating the performance of an anode material. The
possible diffusion pathways of Li" or Na* on the Zr,B, surface
were investigated using the climbing-image nudged elastic band
(CI-NEB) method. As shown in Figure 7b,c, the calculated
migration energy barriers of Li* and Na* on 2D Zr,B, are 0.018
and 0.015 eV, respectively, which are lower than some typical
commercial electrodes, such as TiO, (0.35—0.65 eV),’*"!
graphene (0.33 eV),”” black phosphorus (0.084 eV),” Ti,C,
(0.07 eV),"” and MoS, (0.25 eV).”* Furthermore, we explored
the biaxial strain effect on the diffusion behavior and average
adsorption energies of Li@Zr,B,. Figure 7d shows that the
calculated Li* diffusion energy barrier decreases as the
compressive biaxial strain increases. It is suggested that Li*
diffusion energy barrier can be efliciently modified by
compressive strain. Overall, judging from the small Li* diffusion
energy barrier, high Li* storage capacity, and the tunable
diffusion energy barrier, Zr,B, is an attractive candidate as a
promising flexible Li-ion battery anode.

6—9,14—16,89

B CONCLUSIONS

In summary, a series of layered ternary borides were predicted by
employing evolutionary structure search using the USPEX code
and then a systematic investigation of stabilities and electronic
structures of predicted compounds and their derived 2D
structures were conducted using first-principles calculations.
All discovered borides show characteristics of MAX phases and
can be classified into three types of prototypes with 212 (e.g.,
Hf,InB,, Hf,SnB,, Zr,TIB,, Zr,PbB,, and Zr,InB,), 314 (e.g,
Hf,PB, and Zr,CdB,), and 211 (Hf,BiB and Hf,PbB)
compositions. It is revealed that there exist two kinds of
stabilization units in the boron-containing MAX phases:
graphene-like boron layer in 212 and 314 phases and M—B
octahedra with enhanced stability in 211 phases. The stabilities
and small separation energy ratios of the predicted boron-based
MAX phases indicate the high likelihood of synthesizing new
MZXenes experimentally. According to the calculated phonon
spectra and elastic constants, the predicted boride MXenes are
dynamically and mechanically stable, and the surface function-
alization could significantly improve their mechanical proper-
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ties. Although most of boride MXenes are metallic, appropriate
biaxial compressive strain can transform 2D Hf,B,F, (Hf,B,Cl,)
and 2D Zr,B,F, (Zr,B,Cl,) from metal to semiconductor
(semimetal). 2D Zr,B, exhibits high theoretical capacity and low
migration energy barrier for Li*/Na®, demonstrating great
prospects of those predicted materials for energy storage. The
present study extends the family of MAX phases and MXenes to
boron-based system and encourage researchers to pursue other
members of this fascinating class of compounds.
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