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Boron-based materials are highly desirable for their promising mechanical properties, rendering them
ideal for various industrial applications. In this study, we take advantage of the two unique metal Wyckoff
sites in the prototype structures V3B, (4h and 2a) and CrsBs (16h and 4c). These two sites were populated
by two different metals, M' and M”, forming novel B-based ternary M';M"B, and M';M"Bs compounds. A
high-throughput phase stability search encompassing a total of 2738 compositions with M" and M" being
occupied systematically with Al, Si, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, Y, Zr, Nb, Mo, Tc, Ru, Rh,
Pd, Ag, Cd, In, Sn, Hf, Ta, W, Re, Os, Ir, Pt, Au, Hf, Tl, and Pb was performed. The thermodynamic phase
stability of the simulated materials was assessed by evaluating the formation enthalpy, AH, for all com-
postions with chemical order and disorder for selective compositions. In total, 56 ternary phases were
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identified as stable when considering a configurational entropy contribution at 2000 K. Out of the 56 pre-
dicted stable phases, 32 displayed a preference for chemical order whereas 24 favored disorder of M" and
M”. Initial attempts at synthesis of the predicted stable Ta,MoB, compound were made, showing indi-
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Introduction

High-throughput (HT) computational searches of materials are
centered around the concepts of constructing extensive data-
bases of materials with calculated electronic properties and
then extrapolating the results based on certain criteria, ie.,
predicted synthesizability," or the hardness of the materials.**
Notable examples of publicly accessible databases of materials,
such as the Materials Project, OQMD,>® and AFLOWLIB,’ all
encompass a diverse range of both thermodynamic and elec-
tronic properties.®® In practice, the construction of a materials
database typically follows one of two distinct approaches. The
database is formed either by focusing on a single materials
system, through methodologies such as crystal structure pre-
diction frameworks,'®"? or by screening already known low-
energy structures with the hope of discovering additional novel
compounds of similar structure.'*"”

Materials Design, Department of Physics, Chemistry and Biology (IFM), Linkoping
University, SE-581 83 Linkdping, Sweden. E-mail: martin.dahlqvist@liu.se
TElectronic supplementary information (ESI) available: The SQS convergence,
and complete heatmaps of the studied materials systems arranged based on the
atomic number and tabulated formation enthalpy values, structural configur-
ation, set of most competing phases, and phonon dispersion spectrum can be
found in the attached supplementary material. See DOI: https://doi.org/10.1039/
d4nr02948h

3478 | Nanoscale, 2025,17, 3478-3486

cations for the presence of ordered Ta,MoB; or disordered (Tag gg7M0g 333)3B>.

We herein consider the latter approach by focusing on two
identified boron-based binary structures with two unique metal
Wyckoff sites, namely V3B, (P4/mbm),'® originating from UjSi,
discovered by Zachariasen in 1949,' and CrsB; (I4/mcm).*® The
V3B, and CrsB; structures were selected because of the experi-
mentally demonstrated order of Cr and W in W,CrB, (V;B,) and
W,CrB; (CrsB;),*' and serves as the foundation for discovering
additional ternary boron-based materials in this work. In
addition, a multitude of materials with similar structures have
previously been studied in which discussions regarding ordered
and disordered lattice configurations vary.”*®

Both V;B, and CrsB; prototype structures consist of two
Wyckoff sites occupied by transition metals, herein denoted as
M, with a 2:1 and 4: 1 ratio, respectively. The remaining sites
are occupied by boron, denoted as B. To distinguish between
the metal sites, we use the M',M"B, and M';M"B; notation to
describe their compositions and the M’: M" ratio. The impli-
cated metal order in M’,M"B, and M';M"B; herein serve as
potential alloying structures in the quest for novel synthesiz-
able boron-based materials. Multi-component boron-based
materials have recently gained an extensive amount of interest
due to the possibility of tuning the materials’ properties by
combining atomic species of desired nature to achieve
materials with exotic properties suitable for industrial
applications.> > The increased number of components does,
however, increase the complexity of the material, which often

This journal is © The Royal Society of Chemistry 2025
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leads to more challenging synthesis procedures. This is where
theoretical studies may be used to pave the way toward the
identification of stable and synthesizable materials to guide
experimental procedures.

The HT phase stability screening consisted of evaluating
the formation enthalpy, AH,,, for 2664 ternary and 74 binary
phases for the two prototype structures, M, M"B, and M',M"
B3, by systematically alloying the M’ and M" sites with Al, Si,
Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, Y, Zr, Nb, Mo, Tc,
Ru, Rh, Pd, Ag, Cd, In, Sn, Hf, Ta, W, Re, Os, Ir, Pt, Au, Hf, Tl
and Pb. The screening considered both ordered and dis-
ordered arrangement of M’ and M" in which simulated solid
solutions were modeled on the M-sites when AH,, was in a
region chosen to represent a metastable compound based on
the configurational entropic contribution.

Out of 41 M',M"B, compositions predicted to be stable, 23
favored a chemically ordered arrangement on the M-sites and
18 a disordered counterpart. The M';M"B; compounds, with
an extra MB layer, yielded 9 stable materials favoring ordered
M-sites and 6 with a disordered distribution of M’ and M” on
the M-sites. For one of the predicted stable materials,
Ta,MoB,, initial synthesis attempts were made. Analysis of the
XRD diffractogram indicated synthesis of Ta,MoB,. These
results are further corroborated by a bonding analysis.

Theoretical and experimental methods
Density functional theory

The structural optimization procedure was performed using
the density functional theory (DFT) framework. The Vienna Ab
Initio Simulation Package (VASP), version 5.4.1,>*7*° was used
where the exchange-correlation was modeled using the gener-
alized gradient approximation (GGA)*® with the all-electron
projector augmented wave (PAW)*”*® method. The cutoff
energy was set to 520 €V, a [-centered 21 x 0.027 A™" k-point
density was used, and with an energy and force convergence
criteria of 1077 eV and —1072 eV A™2, respectively. These set-
tings to ensure compatability with the Materials Project data-
base.* Additional competing phases considered from ref. 14
and 39 were all reoptimized using the above VASP settings. A
ferromagnetic spin configuration was considered for every
material where the initial magnetic moment was set to 3 for
materials with M sites populated by Cr, Mn, Fe, Co, or Ni
while remaining materials had an initial spin of 0.5.

Phonon dispersion spectra were calculated for M',M"B, and
M',;M"B; through 2 x 2 x 3 (120 atoms) and 2 x 2 x 2 (128
atoms) supercells, respectively, by using the finite displace-
ment method as implemented in Phonopy.*® Furthermore, the
LOBSTER code was used to retrieve the density of states (DOS)
and crystal orbital Hamiltonian population (COHP) where the
calculated band-structure energy is reconstructed into orbital
interactions.*’™* Positive COHP values indicate antibonding
interactions while negative COHP values indicate bonding
interactions. All crystal structures illustrated herein were gener-
ated using VESTA.*?
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Phase stability predictions

The phase stability predictions was evaluated using the for-
mation enthalpy, which compares the energy of an arbitrary
M'-M"-B phase, denoted M',M")B,, with all possible linear
combinations of competing phases within the M'-M"-B
material system. The set of most competing phases is retrieved
by solving

n
min Ee, (0™ ,p™" b%) = Y xiE; (1)
i

where B™, b™’, and b® represent the compositional constraints
of the competing elements My, M", and B, respectively. The
terms x; and E; are the scaling factor and energy of phase i con-
stituting the set of most competing phases. The formation
enthalpy is further obtained by comparing the energy of an
arbitrary phase with the set of most competing phases:

AH,(M'sM",B,) = E(M'yM",B,) — min E,(b™, ™ b®) (2)

A phase is considered stable if AH., <0, indicating a phase
being energetically favored as compared to decomposing into
competing phases. AH,, > 0 indicates that decomposing into
identified competing phases is more energetically favorable.
The complete set of competing phases considered herein is
composed of data from the Materials Project database® and
ternary MAB phases reported in ref. 39. In addition, the con-
sidered M',M"B, phases are included within the set of compet-
ing phases when evaluating M';M"B; and M';M"B; when evalu-
ating the stability for M',M"B,. Tables of all competing phases
considered in this work, with corresponding total energy
values, can be found in the ESL{

Furthermore, to model configurational disorder where M’
and M” are randomly mixed on the two M-sites, we use the
special quasi-random structures (SQS) method.*® The integer
notations in M',M"B, and M',;M"B; are herein used to rep-
resent chemical order of M’ and M" sites whereas parenthesis
representation, (M'ge;M"033)3B, and (M'ogM"y,)sBs, corres-
pond to chemical disorder mixture on both M’ and M" sites.
The corresponding mixing free energy for structures with dis-
ordered M’ and M" is approximated as:

AGEY [T = AHZY — TAS, (3)

where T is the temperature and AS is the entropic contri-
bution. No mixing is assumed to take place at 0 K and thus we
assumed AG, [0] = AH,. The configurational entropy of an
ideal solution on the metal sublattices is given by:

AS = —kg[nIn(n) + (1 —n) In (1 — n)], (4)

in which kg is the Boltzmann constant (units eV K™) and 7 is
the mixing concentration of the metal sites, i.e., n = 0.333 for
(M'0.667M"0.333)3B, and n = 0.2 for (M'ogM",)sB3. All sublat-
tices are assumed to be fully occupied. A size convergence of
the generated SQS of supercells is found in Fig. S1.1 Both SQS
structures were observed to converge in terms of energy and
correlation functions with respect to the cell size when occu-
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pied by 90 and 80 atoms for (M'yes;M"0333)3B, and
(M'0.sM".2)5B3, respectively.

Synthesis of Ta,MoB,

The boride powder was synthesized by mixing TaB, (99.5%,
Sigma Aldrich) and MoB (99.5%, <325 mesh, Aldrich) with
elemental powders of Ta (99.97%, <325 mesh, Alfa Aesar), Mo
(99.5%, APS 3-7 pm, Thermo Scientific) and amorphous B
(95%, Aldrich) in molar ratios 0.66 TaB, + 0.66 MoB + 1.33 Ta
+ 0.33 Mo. The powders were mixed in an agate mortar and
cold-pressed using a load corresponding to a stress of 50 MPa.
The discs were placed in an alumina crucible and kept at
1600 °C for 20 h under 5 sccm of argon flow (heating and
cooling rates of 5 °C min~"). After cooling down to room temp-
erature, the sintered disc was crushed and sieved through a
36 pm sieve.

Characterization methods

Structural analysis and phase identification were performed
through X-ray diffraction (XRD), using a PANalytical diffract-
ometer, with a Cu K, radiation source and 1/2° and 5 mm
divergence and receiving slits. The diffraction pattern was
recorded using a step size and time per step of 0.0084° and
15.24 s, respectively. Scanning electron microscopy (SEM),
using a LEO 1550 instrument, combined with an energy dis-
persive X-ray spectrometer (EDX), from Oxford Instruments,
was used for the analysis of morphology and chemical compo-
sition, primarily the metal content. A minimum of 10 individ-
ual particles were examined.

Results & discussion

Binary boron-based precursors

Materials like V;B,, CrsBs, and MosSiB, all exhibit tetragonal
crystal structures with two M-sites. V3B, features V at Wyckoff
sites 4k and 2a,"® CrsB; with Cr at Wyckoff sites 16 and 4c,>°
and Mo;SiB, with Mo at Wyckoff sites 164 and 4c.” Having
two different M-sites can allow for site-specific population of
two carefully chosen metals that lead to formation of chemical
order. Examples of such materials are W,CrB, (prototype V3B,
with M sites 4k and 2a), W,CrB; (prototype CrsB; with M sites
16k and 4c),>* and for Ti;MoSiB, and Ta,VSiB, (prototype
MosSiB, with M sites 164 and 4c).*”*®

In this work, we focus on two prototype binary structures
V3B, (P4/mbm) and CrsB; (I4/mcm) and take advantage of the
two independent M sublattices. To distinguish the two
different metal sites, we use the notation M’ and M”, which
yields the general compositions M',M"B, and M';M"B;,
respectively.

The V3B, prototype structure has been identified in a total
of 10 material systems forming the P4/mbm symmetry.'?3727:4?
However, structural information regarding the ordered or dis-
ordered arrangement on the M-sublattice is typically scarce or
neglected, except in ref. 23 and 24. These two references
suggest an ordered arrangement of Mo and Fe in Mo,FeB, in
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addition to W and Cr in W,CrB,. This is in contrast to the
Cr;sB; prototype structure, which has been reported in binary
CrsB;,>° ternary W,CrB;,>"°° and quaternary M’',M"SiB,
systems.*”*®°1:5% However, the two identified prototype struc-
tures display a strong similarity to each other, with the CrsB;
structure closely resembling the V3B, structure, albeit with an
additional metal and boron layer. A schematic illustration
comparing the two ternary structures is shown in Fig. 1 in
which the additional metal boron layer may be observed when
viewed along the [100] zone axis.

The M’,M"B, structure (space group P4/mbm and prototype
V;3B,) is displayed in Fig. 1a and is composed of Wyckoff sites
4h (M), 2a (M"), and 4g (B). A layered stacking composed of
alternating layers of M"-B and M’ is apparent along the [100]
zone axis. The structure viewed from the [001] zone axis illus-
trates the B-layer to be composed of alternating B-pairs rotated
90 degrees around the [001] axis.

The structure of M';M"B; (space group I4/mcm and proto-
type CrsB;) is illustrated in Fig. 1b. This structure has
additional layers of M’ and B, as compared to M’,M"B,, which
is apparent when viewed along the [100] zone axis. The
additional B-layer contributes to a more complicated structure,
where the alternating B-pairs have an additional B-layer
located within the neighboring layer but rotated 90 degrees

a) M',M"'B, b)
P4/mbm (127)

M’,M"'B;
14/mcm (140)

M” °

Fig. 1 Schematic illustration of (a) M';M"B, (P4/mbm) and (b) M';M"B3
(I14/mcm) along the [001] and [100] zone axes, with atoms of the two
metal sites represented by blue and red while boron atoms are in green.

B o

MO
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around the [001] zone axis. This structure is composed of four
different sites, M' at 16i, M” at 4c, and B at 8% and 4a, respect-
ively. Note that the M';M"B; structure bears a close resem-
blance to the T2 phase, in which the 4a site is occupied by Si
instead of B, resulting in M’;M"SiB,. The latter formula, with a
different combination of M’ and M”, has previously been pre-
dicted to include at least 11 thermodynamically stable phases
energetically favoring ordered M’ and M” on the M sites and
40 with a disordered distribution of M’ and M".*” Note that
several M';M"SiB,, with ordered M' and M", have been sub-
sequently synthesized.?””*®*">> The close resemblance of the
selected prototype structures with respect to the T2 phase,
which resulted in 51 predicted stable and several synthesized
materials, further strengthens the motivation for finding novel
ternary compounds with chemical order of M’ and M".

Thermodynamical phase stability predictions

The high-throughput stability screening was performed by con-
sidering the two selected crystal structures (V;B, and CrsB;
prototypes) where the two M-sites were selectively populated by
Al, Si, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, Y, Zr, Nb,
Mo, Tc, Ru, Rh, Pd, Ag, Cd, In, Sn, Hf, Ta, W, Re, Os, Ir, Pt, Au,
Hf, Tl and Pb. Note the use of M’ and M" as general notations
for elements where M’ # M" represents ternary phases and M’
= M" represents binary phases. Solid solution structures (SQS)
were modeled on the M’ and M" sites for ordered ternary
phases identified as stable (AH,, < 0 meV per atom) or close to
stable (0 < AH, < 70 meV per atom). The chosen close-to-
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stable energy limit of 70 meV per atom was motivated by the
configurational entropy term, TAS, which in eqn (3) for an
arbitrary M’,M"B, phase and M’,;M"B; phase is equal to —70
and —54 meV per atom, respectively, at 2000 K. The reason for
choosing 2000 K is motivated by the typical temperature used
for powder synthesis of similar boron-based materials. Since
both ordered and disordered distributions of M' and M" are
considered herein, we choose to account for the contribution
from configurational entropy to the Gibbs free energy for struc-
tures modeled with a disordered distribution of M' and M"
(SQS) at a temperature expected to be used for synthesis
attempts. This is an approach used to identify whether an
ordered or disordered distribution of M' and M" are to be
expected upon synthesis and has previously been demon-
strated to confirm experimental observations of boron-based
materials’**”*? and for other related layered materials.>*>*

Phase stability predictions for M',M"B, phases

The phase stability predictions for the M’;,M"B, phases are dis-
played in Fig. 2a for both binary (M’ = M") and ternary (M’ #
M") phases arranged by the group number of the considered
elements, ranging from high to low. Note that a limited region
of the considered M’ and M"” combinations are shown as most
of the phases located outside this region did not fulfill AH,, <
150 meV per atom. The complete heatmap is displayed in
Fig. S2.1 Disordered phases were modeled as a solid solution
of M' and M" for ordered phases evaluated with AH., <
70 meV per atom. Hence, disordered configurations were eval-

a) O Exp. known AHc, > 150 meV/atom b) e ordered
150 °/°°° f°° /°°
Ir 7 %0 2% °o\
Fe O .O.... . 125 °°/°°°/°°°/°°
R @ ] ] [ 070 o070 570
] 100 ~ " Og% O g% 0N
wvi{HemEoNecNNe NN £ 0% 0% 0% 0
cH{lle HoemMe sHNENEENNENNN [ s 2 0°%.0°%0°°
Re 117 ) [ | = ° ° °
S 0.9%.9%5 ©
c{ienel HoeENONNeENO ' N L 50 & °©/ 0/ 0/ 0
Mo HNNe[@m eoMeecoNMOO MO = ¢ o d
s o isordered
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Au Ni Pd Pt CoRh Ir Fe RuOsMnTc Re CrMo W V Nb Ta Ti Zr Hf Sc Y
M M© Mo Bo

Fig. 2

(a) Calculated formation enthalpy AH., (chemical order) or Gibbs free energy of formation AG., (solid solution) at 2000 K for M’;,M"B,

where the stability is represented by the color in blue (stable) and red (not stable). Phases with AH., > 150 meV per atom are colored grey and
classified far from stable. Symbols represent the chemical order/disorder of lowest energy for a given combination of M" and M" with filled circles
for ordered M’;M"B;, and open circles for solid solution (M'p g67M"0.333)3B>. Black squares represent synthesized compounds. Schematic illustrations
of (b) ordered and (c) disordered arrangements of M" and M” when viewed along the [001] zone axis, with M’, M”, and B in blue, red, and green,

respectively.

This journal is © The Royal Society of Chemistry 2025
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uated as AG., according to eqn (3) in contrast to structures
with ordered M sites, which were evaluated using AH,, in eqn
(2). The background color represents the calculated thermo-
dynamic stability for the chemical order/disorder of lowest
energy with stable phases (AH,, < 0 or AG,, < 0 meV per atom)
in blue, and not stable or at best metastable (AH., > 0 or AGp
> 0 meV per atom) phases in red. Grey represents M'’,M"B,
phases predicted far from stable (AH., > 150 meV per atom).
The symbols used in Fig. 2a represent the M site configuration
of the lowest energy evaluated at 2000 K, with filled circles
illustrating ordered M',M"B, phases and open circles dis-
ordered (M'y66;M"0.333)3B, phases. Experimentally known
phases in which ordered and disordered configurations have
been verified are marked by black squares.

Fig. 2a shows 44 phases predicted to be stable at 2000 K,
including 3 binary and 41 ternary phases. Among the tern-
aries, 23 phases were predicted to energetically favor chemical
order of M’ and M” whereas 18 were found with a disordered
arrangement of M’ and M". The experimentally known phases,
marked with black squares, display formation enthalpy values
that correlate well with values found in the Materials Project
database. This includes Mo;B,, which has been experimentally
reported but is predicted to be unstable with +29 meV per
atom. The majority of materials denoted as experimentally
known were discovered during the mid-20™ century with, in
some cases, limited information regarding the chemical com-
position, structural information, and arrangement of their
atomic species."®**>7*° The systems modelled herein there-
fore represent the ideal compositions and structures, while
defects and potential divergence from the ideal stoichiometry
have not been considered. A complete list of predicted stable
phases along with their sets of most competing phases and
preferred M-arrangement at 2000 K is found in Table S1.{ In
addition, the phonon dispersion spectrum has been calculated
for all stable M',M"B, with order of M' and M", i.e., AH,, < 0.
Note that Tc-based phases have not been considered due to
the unstabale and radioactive Tc. These are shown in Fig. S3 to
S27.1 The absence of imaginary frequencies indicates that 24
out of 25 M'’,M"B, are dynamically stable. The only dynami-
cally unstable phase is Ta,MnB, as indicated by the presence
of imaginary frequencies.

Hu et al., previously predicted the degree of the chemical
configuration of forming ordered or disordered M sites within
M’,M"B, and M',;M"B; compounds to correlate with the atomic
number of the alloying M’ and M” elements. According to Hu
et al., compounds with M’ of a greater atomic number than M"
typically displayed an ordered arrangement when considering
the elements Ni, Co, Cr, W, and Mo.>' We herein constructed a
stability heatmap with the elements arranged by their atomic
number, as illustrated in Fig. S2,f to investigate this hypoth-
esis. The results illustrate that groups of both stable and meta-
stable phases are formed when M’ is occupied by transition
metals of Period 4 (Ti, V, Cr, Mn, Fe), 5 (Zr, Nb, Mo, Tc), and
Period 6 (Hf, Ta, W), whereas M" is occupied by elements of
Period 3 (Al, Si), Period 4 (Sc, Ti, C, Cr, Mn, Fe, Co, Nu Cu),
Period 5 (Nb, Mo, Tc, Ru, Rh) and Period 6 (Ta, W, Re, Os, Ir
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Pt). Every formed group of predicted stable compounds
includes phases with both chemically ordered and disordered
arrangements on the M-sites, thus illustrating no distinct con-
nection between the M-site arrangement and the atomic
number of M. This is exemplified by Ti,ReB,, predicted stable
with AH,, = —41 meV per atom, which is chemically ordered
even though the atomic number of Re (Z = 75), occupying the
2a sites, is larger than Ti (Z = 22), occupying the 4k site.
Furthermore, the neighboring phase (Tiy.¢67Wo.333)3B> is also
predicted stable, with AG., = —26 meV per atom, but with a
disordered distribution of M-elements when occupied by Ti
and W (Z = 74).

Phase stability predictions for M';M"B; phases

We continue the HT phase stability screening by considering
the M';M"B; structure. Fig. 3 illustrates stability for a limited
elemental space whereas a complete heatmap may be found in
Fig. S28.f The background color represents the calculated
thermodynamic stability for the chemical order/disorder of
lowest energy with blue regions representing stable phases
(AH.p < 0 or AGp, < 0 meV per atom). The symbols, again, rep-
resent the metal arrangement of lowest energy evaluated at
2000 K with filled circles illustrating ordered M’,;M"B; phases
and open circles disordered (M'osM”y,)sBs phases. Again,
experimentally known phases with verified ordered or dis-
ordered configurations are marked by a black edge.

A total of 15 ternary phases within Fig. 3a were predicted
stable out of which nine favor an ordered M-site arrangement
of M’ and M” whereas six prefer the M-sites to be disorderly
arranged at 2000 K. The only experimentally verified M',;M"B;
phase, W,CrB3, was predicted stable with AH., = —31 meV per
atom, further corroborating the formation enthalpy approach
for phase stability predictions. A complete list of predicted
stable phases along with their set of most competing phases
and the preferred M-arrangement at 2000 K is found in
Table S2.1 In addition, the phonon dispersion spectrum has
been calculated for all stable M';M"B; structures with order of
M' and M", i.e., AH., < 0. These are shown in Fig. S29-S35.7
Out of seven M';M"B; phases, three are found to be dynami-
cally stable, specifically Mo,VB3;, Mo, FeB;, and W,VB;. Note
that all phases identified as dynamically unstable contain
magnetic elements such as Cr, Mn, or Fe. Since only non-mag-
netic and ferromagnetic spin configurations have been con-
sidered, a more in-depth analysis with phonon dispersion
spectra calculated for various anti-ferromagnetic spin configur-
ations may lead to dynamically stable structures.

The complete stability heatmap for the M';M"B; com-
pounds is shown in Fig. S28, with metals arranged based on
their atomic number, which illustrates a strikingly similar
appearance to that for the M',M"B, compounds shown in
Fig. S2.f Once again, groups of stable compositions are
formed when M’ is occupied by metals from Period 4 (Ti, V,
Cr, Mn, Fe), Period 5 (Nb, Mo, Tc, Ru), and Period 6 (Hf, Ta,
W, Re) whereas M” is occupied by elements from Period 3 (Al,
Si), Period 4 (Ti, C, Cr, Mn, Fe, Co, Nu Cu, Zn), Period 5 (Nb,
Mo, Tc, Ru, Rh, Pd) and Period 6 (Ta, W, Re, Os, Ir Pt).

This journal is © The Royal Society of Chemistry 2025
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(a) Calculated formation enthalpy AH., (chemical order) or Gibbs free energy of formation AG., (solid solution) at 2000 K for M'4;M"B3

where the stability is represented by the color ranging from blue (stable) to red (not stable). Phases with AH., > 150 meV per atom are colored grey
and classified far from stable. Symbols represent the chemical order of the lowest energy for a given combination of M" and M” with filled circles for
ordered M';M"”B, and open circles for solid solution (M’ gM"g2)sB3. Black squares mark synthesized compounds. Schematic illustrations of (b)
ordered and (c) disordered arrangements of M" and M” when viewed along the [001] zone axis, with M’, M”, and B in blue, red, and green,

respectively.

Similarly to the M',M"B, composition, the complete heatmap
illustrates no distinct correlation between the atomic numbers
of the metal and the arrangement of the M-sites. This may,
however, be traced to the few numbers of predicted disordered
phases with the M';M"B; composition. Further correlations
may have been observed if chemical disorder on the M-sites
was considered for the complete chemical phase space for
both prototype structures, which is herein left for future
studies.

Experimental realization

An attempt to verify the predicted stable compounds shown in
Fig. 2 was made by selecting Ta,MoB, for synthesis, with a pre-
dicted formation enthalpy AH., = —53 meV per atom with a
chemically ordered M-element configuration of Ta and Mo.
The selection of Ta,MoB,, in contrast to Ta,VB, and Ta,CrB,,
which displayed similar AH,, values, is motivated by Ta and
Mo being of different group numbers in addition to avoiding
magnetic elements, such as Cr. The XRD pattern shown by the
blue line in Fig. 4 is obtained from a sample with initial
elemental powder ratios corresponding to stoichiometric
Ta,MoB,. The data reveal the presence of TaB and Ta,Mo0B,
(peaks consistent with either chemical order or disorder on
the M-sites) with a few peaks that could not be assigned to a
specific compound. A comparison of the measured XRD
pattern with simulated patterns of Ta,MoOB,,
(Tap.667M00.333)3B2, and TaB is shown in Fig. S37.} It is worth
noting that simulated XRD peaks, the positions of which are

This journal is © The Royal Society of Chemistry 2025

—— Exp. measured
| T62M032
| (Tao.e67M0B0.333)3B2
TaB

Intensity (a.u.)

S A \ (N |
[ [ N | [ |1 (I
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10 20 30 40 50 60 70 80 90
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Fig. 4 XRD pattern of the sample from the attempted synthesis of
Ta,MoB, with assighed peaks for Ta,MoB,, (Tag gs7M00 333)3B2, and TaB,
given by green, red, and yellow vertical bars respectively.

indicated by vertical bars at the bottom of Fig. 4 or in full in
Fig. S37,T are slightly shifted towards lower angles, indicating
larger calculated lattice parameters, which can be attributed to
the underestimation of lattice parameters by GGA functionals.
EDX measurements on individual particles revealed a distri-
bution of metal concentrations, ranging from 0.8 to 2.9 in
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terms of Ta/Mo ratios. Importantly, certain particles were
identified with Ta/Mo ratios that aligned with the correct stoi-
chiometry, i.e., Ta/Mo = 2. To assess whether Ta,MoB, is
chemically ordered, we attempted to compare the theoretical
XRD pattern of both chemically ordered (Ta,MoB,) and dis-
ordered ((Tag.667M00.333)3B5) structures. However, both of these
structures display very similar characteristics and could there-
fore not be distinguished. Thus, further insights concerning
chemical order or not may be based on the performed phase
stability predictions, which showed a lower formation enthalpy
for the ordered Ta,MoB, compared to the disordered
(Tap.667M00.333)3B,. Representative SEM images and the
measured chemical concentrations are shown in Fig. S38 and
Table S3.7

Bonding analysis

In addition, the bonding properties of the chemically ordered
symmetries for both Ta,MoB, and Mo,TaB, were studied
through the LOBSTER code, to identify possible preference for
either of the metals to occupy one of the metal sites from an
interaction perspective. These two phases were selected as the
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Fig. 6 Bond strengths in terms of integrated partial COHP (IpCOHP) for six different interactions in M',M"B, where M’ = Ti, Ta, Mo and M" =Ti, V,
Cr, Hf, Ta, Mo.
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former compound was predicted stable (AH., = =53 meV per
atom) and the latter not (AH., = +95 meV per atom). Fig. 5 dis-
plays the DOS and COHP plots for Ta,MoB, and Mo,TaB,,
respectively. The bonding characteristics for Ta,MoB,, shown
in Fig. 5a, indicate the presence of minor to negligible
bonding/antibonding states at or below the Fermi level, E.
Notably, the total DOS exhibits a local minimum at the Fermi
energy Er that further emphasizes the preference for bonding
within Ta,MoB,. This is in contrast to Mo,TaB,, in Fig. 5b,
where the Fermi level is shifted away from the local minima in
the total DOS, due to the presence of additional valence elec-
trons. An examination of the DOS and COHP curves reveals a
modest increase in non-bonding states for Mo,TaB, compared
to Ta,MoB,, albeit small in contrast to the difference in DOS at
Ef. These observations indicate that Ta has a slight preference
for occupying the majority of the 47 Wykoff sites compared to
Mo. This, in combination with the XRD data and the phase
stability predictions, suggests that the M-site configuration for
Ta,MoB, may be chemically ordered.

Furthermore, a comparative analysis of bond strength for
selected M’ and M" has been carried out for M’,M"B, in terms
of the integrated projected crystal orbital Hamiltonian popu-
lation (IpCOHP). A more negative value of IpCOHP indicates
stronger bonding. This is shown in Fig. 6 for different inter-
actions in M, M"B,. We find that the B-B interactions are the
strongest, indicating that B plays a crucial role in stabilizing
the bonding structure. B-B is also the shortest bond, around
1.7 to 1.9 A depending on M’ and M". The weakest interactions
are found for M'-M' and M"-M", consistent with their longer
bond distance (~<3 A). M'-B and M"-B, and M'-M" bonds are
found in-between, where metals from Period 5 (Mo) or Period
6 (Hf, Ta, W) generally form stronger bonds with B than
metals from Period 4 (Ti, V, Cr). Metals from Group 6 (Cr, Mo,
W) show stronger bonding with B compared to metals from
Groups 4 and 5. The latter (V, Ta) form moderately strong
bonds with B, with Ta being stronger than V. Increased
valence for M” generally leads to stronger M'-B and M"-B
bonds but weaker M"-M" and B-B bonds. This indicates that
finding the optimal bonding in M’,M"B, is challenging.

Conclusions

We have performed a high-throughput search to identify theor-
etically stable ternary boron-based materials that are feasible
for synthesis. The thermodynamical phase stability was evalu-
ated for a total of 2378 phases, where M’ and M"” were systema-
tically occupied by elements ranging from Period 3 to Period 6
and by taking advantage of the two different M sublattices in
M;B, (prototype V;B,) and M;B; (prototype CrsB;) structures.
We identified 56 ternary materials to be stable at 2000 K, out
of which 41 belong to the M',M"B, composition and 15 to the
M’',M"B; composition. Initial attempts at synthesizing the pre-
dicted stable Ta,MoB, were made through powder synthesis,
with XRD indicating the presence of ordered Ta,MoB, or dis-
ordered (Tage6;MO0g 333)3B,. However, distinguishing ordered

This journal is © The Royal Society of Chemistry 2025
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(Ta,MoB,) from disordered ((TagesMO0o.33)3B2) requires in-
depth TEM analysis. The bonding characteristics of Ta,MoB,
and Mo,TaB, were further analyzed by designing COHP and
DOS plots. Ta,MoB, illustrated better characteristics thus
suggesting Ta occupies the 47 Wyckoff site of the ordered
symmetries.
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