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Inspired by the recent discovery of TizMoSiB,, a quaternary phase with out-of-plane chemical order that

we denote as o-MAB, we perform an extensive first-principles study to explore the attained chemical

order and disorder (solid-solution) upon metal alloying of MsAB, (T2 phases), with M from Groups 3 to 9
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and A = AL Si, P, Ga, and Ge. We show that the attainable chemistries of T2 can be significantly
expanded and predict 35 chemically ordered o-MAB phases and 121 solid solutions of an M)M”AB,
stoichiometry. The possibility of realizing o-MAB or solid solution MAB phases combined with multiple

elemental combinations previously not observed in these borides suggests an increased property tuning
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Introduction

The contemporary exploration of layered materials is propelled
by their physical and chemical properties as well as their
potential use as a precursor for conversion into 2D materials.
MAX phases (M = transition metal, A = A-group element and
X = C and/or N) are a family of atomically laminated hexagonal
materials which combine the attributes of both metallics and
ceramics, such as being machinable, excellent electrical and
thermal conductivities, thermal shock and oxidation
resistance.'™ MAX phases are also the precursor materials for
their two-dimensional (2D) derivatives, MXenes, realized from
the selective etching of the A-element.” MXenes have attracted
huge interest due to their exceptional properties such as
hydrophilicity, high electrical conductivity and volumetric
capacitance, making them beneficial for numerous applica-
tions including energy storage and electromagnetic interfer-
ence shielding.>® Recently, chemically ordered MAX phases
(i-MAX and 0-MAX), i.e. quaternary compounds displaying in-
plane or out-of-plane chemical order for two M elements,” ™"
have been converted into MXenes upon selective etching.'®'>™*

So-called MAB phases are also atomically laminated, though
they display different crystal structures and show a wider
palette of structural variations, from orthorhombic M,,.;AlB,,
(with n = 1-3),"*7"® MAIB"” and M,AIB,,"® hexagonal M,AB,,***!
to tetragonal M;AB, (T2),%* but with M mainly from Groups 6 to
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potential. Furthermore, five ternary T2 phases, yet to be synthesized, are also predicted to be stable.

9. There are a few reports on the attempted synthesis of 2D
MBenes through selective etching of layered ternary MAB
phases;**™> however, the realization of individual single-layer
sheets from these materials still remains a quest.

In a recent study, we considered metal alloying as a path
towards expanding the attainable chemistries in orthorhombic
and hexagonal M,AIB, and discovered two in-plane chemically
ordered MAB phases, M0,4/3Y,/3A1B, and Mo,/;3Sc,3AIB,, coined
i-MAB?® (analogous to i-MAX),’® along with an additional 13
i-MAB and 16 solid solution phases that were predicted to be
stable. This exemplifies alloying as a prospective path to expand
MAB phase chemistries which when combined with various
MAB structures would allow for a range of possibilities when it
comes to novel elemental combinations, bond modification,
and property tuning. Bond modification in an MAB alloy could
for example allow for conversion into its 2D derivative, MBene
or boridene, in the same way as the conversion of i-MAX to i-
MXene.”” Indeed, most recently the first 2D metal boride,
named boridene, has been experimentally realized in the form
of single sheets of Mo,3B,_y, selectively etched from the i-MAB-
phases (Mo,/35¢1/3),A1B, and (Mo,/3Y1/3),A1B,.>

Herein we consider the tetragonal and atomically layered T2
phases, which were discovered in 1957 when Nowotny et al.
synthesized the prototypical MosSiB,, followed by the synthesis
of FesSiB, and Mn;SiB, phases in 1960.2%>° T2 phases have an
M;AB, composition in an I4/mcm space group symmetry, where
M is a transition metal from Groups 5 to 9, and A is an A-
element (Si, Ge, and P). T2 phases are attractive due to their

high oxidation resistance,®® nearly isotropic thermal
expansion,® superconducting properties®*** and potential for
34-36

use as rare-earth free permanent magnets.
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We have recently shown that metal alloying in Si-based T2
phases holds potential for a range of new compositions,
including the discovered out-of-plane ordered Ti;MoSiB,,
called 0-MAB.*” It has been demonstrated that the bonds
between the two metallic sites, Ti and Mo, are key to the
stability of this specific structure.”® In the present work we
use a systematic theoretical approach to demonstrate the
expansion of the possible chemistries for T2 phases, beyond
A = Si, both with respect to ternary and quaternary composi-
tions. The latter by exploiting metal alloying on the two crystal-
lographic unique metal sites by considering both the
chemically ordered (out-of-plane ordered o-MAB, M,M"AB,)
and disordered (solid solution, (My4Mj ,)sAB,) distribution of
M’ and M". Guided by thermodynamic stability calculations, we
confirm the stability for experimentally known ternary and
quaternary T2 phases. More importantly, we also predict 35
stable 0-MAB phases and 121 stable solid solutions, which are
yet to be experimentally discovered.

Furthermore, we investigate the impact of the choice of the
element (M’ and M”, and A) and the effect of the size and
electronegativity of M’ and M” on the formation of chemically
ordered (0-MAB) or solid solution MAB phases. We also propose
guidelines as which elemental combination needs to be
employed in the experimental discovery of a stable phase with
chemical order or disorder. This study reveals that alloying is a
fruitful pathway for expanding the concept of T2 phases to
include novel elemental combinations which, in turn, may
provide tuneable and advantageous properties as well as the
potential derivation of 2D materials from chemical exfoliation.

Methods

All first-principles calculations are performed by means of
density functional theory (DFT) using the Vienna ab initio
simulation package (VASP) version 5.4.1.>°"*! The projector
augmented wave method is used with the generalized gradient
approximation (GGA) as parameterized by Perdew-Burke-
Ernzerhof (PBE).*>"** In systems with Cr, Mn, Fe, Co, and Ni,
we used the spin-polarized GGA version and energy is taken for
the lowest ferromagnetic and antiferromagnetic configurations
sampled within the unit cell. Further details of the considered
magnetic spin configurations can be found in Fig. S1 (ESIT).
Note that while spin configurations with lower energy may
exist, this approximation serves the purpose of indicating if
the phase is stable or not. If found stable, a potential lower
energy spin configuration will increase the stability even
further.

For structural relaxation, the Brillouin zone was integrated
with Monkhorst-Pack special k-point sampling, with a density
of 0.05 A™,** with a plane-wave energy cut-off of 400 eV. The
convergence of formation enthalpy with respect to the k-point
density and plane-wave energy cut-off, shown in Fig. S2 (ESIt)
for selected phases, demonstrates that the used settings ensure
the AH,, values to be converged within less than 1 meV per
atom. The convergence criterion for self-consistency is reached

© 2022 The Author(s). Published by the Royal Society of Chemistry
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when satisfying an energy convergence of 10~ ° eV per atom and
a force convergence of 1072 eV A~

The T2 structure has a tetragonal I4/mcm space group
symmetry in an M;AB, composition, where M is a transition
metal and A is an A-group element. In this work we have
considered M from Groups 3 to 9; Sc, Y, Ti, Zr, Hf, V, Nb, Ta,
Cr, Mo, W, Mn, Fe, Co, and Ni, along with traditional and non-
traditional A elements; Al, Ga, Ge, Si, Ge, Sn, and P. Solid
solutions, or chemical disorder, of M’ and M” are modelled on
the M sublattices, 161 and 4c, simultaneously, using the special
quasi-random structure (SQS) method.*® The convergence tests
in Fig. S3 (ESIt) show that the supercells with 160 or more
atoms give a qualitatively accurate representation and a quan-
titative convergency in terms of calculated formation enthal-
pies, equilibrium volumes, and lattice parameters needed for
the herein presented high-throughput study.

In general, the formation energy for a phase is given by,

AE; =E-" pux;, (1)

where E is the calculated total energy of the phase, y; is the
chemical potential of element i, and x; is the quantity of
element 7 in the phase. The standard convention is to consider
the chemical potential of each species as the total energy of the
elemental ground state crystal structure. With this choice, AE;
is valid only for 0K. However, AE; is not an appropriate
indicator for stability as demonstrated in Fig. S4 (ESIt).

An alternative and a more comprehensive approach for
assessing the thermodynamic stability of a phase is to compare
its energy relative to competing phases in the ternary or
quaternary system of interest. This will give information on
whether the phase is energetically favored or prefer decomposi-
tion into other competing phases. The set of most competing
phases, denoted as equilibrium simplex, is identified using a
linear optimization procedure which has been proven success-
ful to confirm the stability of already synthesized materials as
well as to predict the existence of new ones.*’~>* The stability of
a phase is quantified in terms of the formation enthalpy AH,,
by comparing its energy to the energy of the equilibrium
simplex according to

AHg, = E[(M|_ M/)sAB;| — E[equilibrium simplex].  (2)

A phase is concluded stable when AH,, < 0. In the formula,
E[(M]

1-x
(ordered/disordered) of the lowest energy. In this work we use
the notation M;M"AB, for chemical order and (M|_,M);AB,

I—x

for a solid solution. In addition, when T # 0 K, the contribution
from configurational entropy for a disordered distribution of
M’ and M” on the M sublattice in (M}_,M7);AB; will decrease

the Gibbs free energy AGay°"*" as approximated by

M!)sAB;| represents the M element configuration

AGglli)sorder[T] — AH(cﬂé)sorder _ TAS, (3)

where the entropic contribution AS, assuming an ideal solution
of M’ and M” on the M-sites, is given by

AS = —2kg[yIn(y) + (1 — y)In(1 — y)], (4)
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where kg is the Boltzmann constant and y is the concentration
of M” on the M-sublattices. Additional temperature effects,
such as lattice vibrations, were not considered because this
contribution from a phase, significant or not for an individual
phase, tends to be cancelled out in the calculated stability.”*

Visualization of atomic structures was done using the VESTA
code.”®

Results and discussion
Stability of ternary T2 phases

Assessment of the thermodynamic stability for the ternary T2
phases with the M;AB, composition, where M = Sc, Y, Ti, Zr, Hf,
V, Nb, Ta, Cr, Mo, W, Mn, Fe, and Co; A = Al, Ga, In, Si, Ge, Sn, and
P, is presented in Fig. 1, showing the calculated formation enthalpy
AH,;, at 0 K, where the blue regions represent stable phases (AH,, <
0). The corresponding identified equilibrium simplex for each phase
is listed in Table S1 (ESIt). Thermodynamically stable, or close to
stable, MsAB, phases are found for A = Si, P, and Ge combined with
M from Groups 5 to 9 while M;AB, phases with M from Groups 3
and 4 or with A = In and Sn are far from stable, evident from the red
areas. Experimentally known T2 phases are marked by a black
square (13 in total, see Table S2, ESIt), and are here identified as
stable or close to stable. The consistency between synthesized
phases to date and the thermodynamic phase stability calculations
supports our predictions of stable T2 phases, and five novel T2
phases, yet to be synthesized, are here predicted stable, ie., VsPB,,
NbsPB,, TasPB,, V5GeB,, and NbsGeB,. These phases remain to be
verified, and synthesis experiments are encouraged.

Stability upon metal alloying for quaternary T2 phases - order
vs. disorder

In a recent study we investigated the stability of T2 phases upon
metal alloying for MsSiB, and predicted 11 chemically ordered
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phases as well as 40 solid solutions to be stable, including the
experimentally verified Ti,MoSiB,.>” Here we expand the pos-
sible chemistries by also considering A = Al, Ga, Ge and P upon
metal alloying. We choose to not include A = In and Sn in this
study due to the rather large formation enthalpy AH., shown
for M;5InB, and M;sSnB, in Fig. 1. We considered an M’ to M”
ratio of 4: 1 motivated by the two symmetrically independent M
sublattices at Wyckoff sites 16l and 4c (Fig. 1h). We have
considered two different distributions of M’ and M"; (i)
chemical order, denoted 0-MAB, with M’ and M” occupying
the 16/ and 4c M-sites, respectively, and (ii) solid solution,
obtained by mixing M’ and M” on both sites simultaneously in
an SQS generated supercell consisting of 160 atoms. Fig. 2
depicts a schematic illustration of M’ and M” distributed with
chemical order, 0-MAB, and disorder, in a solid solution.

Fig. 3 shows the trends in thermodynamic stability for 910
unique compositions. For each A element (A = Al, Si, P, Ga, Ge),
a heatmap is shown, where M’ and M” are clustered according
to the periodic group of M elements. The background color
represents the calculated thermodynamic stability for chemical
order/disorder of the lowest energy, with the blue region
representing stable phases (AH,mag O AGsolidsolution < 0)-
For the solid solution (M; sMj ,)sAB, we evaluate AGsolid solution
at 2000 K, motivated by a typical temperature of 1000 to 1900 °C
(1273 to 2173 K) used for the synthesis of MsAB, (e.g. M = Mo,
W, Mn) and (Fe, sM{ ,)sAB, (M” = Mn, Co),****°*%” by includ-
ing the contribution of configurational entropy to Gibb’s free
energy, using eqn (3) and (4). The depicted symbol thus
represents the chemical order of the lowest energy at 2000 K;
filled squares for ordered M;M"AB, 0-MAB and open circles for
the solid solution (M (M ,)sAB,. In addition, the experimen-
tally reported TiyMoSiB, 0-MAB solid
(Mj sM{ ,)sAB, are marked by pink and green squares, respec-
tively. The result obtained at 0 K, i.e., without a contribution

and solution

Group

.

Si

stable not stable or at best metastable
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AHcp (meV/atom)
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(a—g) Calculated formation enthalpy AH., of MsAB,, known as T2, with experimentally reported phases marked by a black square, for various M

and A elements. (h) Schematic illustration of a T2 phase along the [100] and [001] zone axes with M, A, and B represented by red, grey, and green atoms,

respectively.
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Fig. 2 Schematic illustration of a T2 phase upon metal alloying with M’
and M distributed (a) ordered in an o-MAB phase M;M"AB, and
(b) disordered in a solid solution (M ¢Mj ,)sAB,. The schematic is shown

along the [100] zone axis with M/, M”, A, and B represented by blue, red,
grey, and green atoms, respectively.

©B

from the configurational entropy to the solid solution phases, is
shown in Fig. S5 (ESIt). The discrepancy between Fig. 3 and
Fig. S5 (ESIf) highlights the importance of including the
evaluation of entropy in the analysis, for reliable predictions.
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All five experimentally reported solid solutions (M sMg ,)sAB,
are predicted to be stable here,*”%* as well as the recently
discovered Ti;MoSiB, 0-MAB.>’ Noteworthily, the additional 121
solid solution and 35 0-MAB phases are predicted to be stable,
mainly for A = Si, P, and Ge, suggesting that metal alloying in T2
phases is a prospective path towards expanding the possible
chemistries which, in turn, provide a high tunning potential of
these materials. Table 1 summarizes the stable 0-MAB and solid
solution MAB phase compositions. The results highlight the value
of computational material discoveries for accelerating exploratory
synthesis in new chemical spaces. A complete list of predicted stable
0-MAB and solid solution phases, with their calculated formation
enthalpies and Gibbs free energies of formation, respectively, is
given in Tables S5 and S6 (ESIT). Examples of phases with predicted
outstanding stability, strongly motivating attempted experimental
verification, are 0-MAB phases Ti;M"PB, (M” = Cr, Mo or Mn),
Ta,M"AB, (M” =V or Cr; A = Si, P, Ge), and Mo,M"AB, (M" =V or Cr;
A=Si, P, Ge) and solid solution MAB phases (M M ,)sAB, (M’ =V,
Nb, Ta; A = Si, P, Ge) and (M{, W 2)sAB, (M’ =V, Nb, Ta; A = Si, Ge).
Detailed structural data for o-MAB phases that are predicted to be
stable can be found in Table S7 (ESIt) and we encourage further
exploration of various properties to find out new application
possibilities for this family of materials.

Order or disorder - impact on the size and electronegativity

In ref. 38, the bonding characteristics of the experimentally
known TisMoSiB, 0-MAB phases were investigated and
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sc{1 o@olBoel o ono odoo@oomoommm oooodoomoommm
vi6 HEEEEEEcEEcc| © HENECEECEEE. |5 556N
Ti A TN o oocococomEoOommEnm o ooooomm (N ]
zr O] om © (] o ommomm (N ]
HF (] am om0 msEsmmmasm
v oo oo olooo oo@@@o oo

s Mo m o am ofoom @BGmBommm

Ta m o (N ofocoomd mommmm
cr o oo ©E@o@oBoo oo0[0oo
Mo o [ ] m o o@@ooMoom oOmmm
w oo ©omo oo @G@odoooomo mmm
Mn ooo of@ o.ogooooooo oo @Eo@oooo@oo oo
Fe - oooo0 o o@o@BGoooooo[g [d ©Eo@Boooooo[g [0
Co ol@@@o @l ooo oo ocooo@Boo@ooooo0 BEo@Bo oo oo o0o0[g

d A=Ga e A= Ge Sc Y Ti Zr Hf V Nb Ta Cr Mo W Mn Fe Co
sc{ o@oo@ocmo nm opooBooEmEomm = M
Y 1 . .....-.. . a . ........... a stable  not stable or at best metastable
Ti{o@l ooooom L] o@ OocOOEREEERR
zr{o[0m o--o-- (W oﬂo Omsomsmmmm " T o ot m
i ofmo mmomm L] Offm0 msEsmssEmEs®m DMy - wns OF AGaorgsation (MeV/atom)
vi@G@o@o ooo0o0 oo ©@ooco oo@g@Go oo

_ENb<O.OOOO omo [N} ofooom BGe@ommnm

Ta{o@ooomo mo L] oooomd m@omnmnm g Predicted
c{@@o@Booo o oo| |[@@o@oGooo ooo0o0o0 order (G:MAR)
Mo{o@loooooo00 oo oooooooo o0o0o0o0 o Predicted
w{o@oooooooo oo olo0ooo0ooo00 o000 solid solution
vn | GBIl o ocooo oo ©GBEo@oooooo0oo0 o0o0 [jexe:kiown
re {0 B0 o0Blo o o| |o@o@oGoooooo0d o order{o:MAR)
~|NSENNcEMceEco | |oNcMMopmococe S

Sc Y Ti Zr Hf V Nb Ta Cr Mo W Mn Fe Co Sc Y Ti Zr Hf V Nb Ta Cr Mo W Mn Fe Co

M

M

Fig. 3 Calculated formation enthalpy AH,-mag (order) or Gibbs free energy of formation AGgaiig solution (SOlid solution) at 2000 K for A = AL, Si, P, Ga, and
Ge. Symbols represent chemical order of the lowest energy for a given combination of M’ and M" with a filled square for ordered M;M"”AB, o-MAB and
open circle for solid solution (Mg gMg »)sAB,. Experimentally known phases are marked with squares: chemically ordered o-MAB in pink and disordered

solid solution MAB phases in green.
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Table 1 Experimentally reported and theoretically predicted quaternary T2 phases, categorized by the calculated thermodynamic stability and their
preference for ordered (M43M”AB,) or disordered ((Mg gM§2)sAB,) distribution of M’ and M” at a typical synthesis temperature of 2000 K

Experimentally reported phases,

Phase Stability criteria

also predicted stable

Phases predicted stable, not yet synthesized

Stable 0-MAB Ti,MoSiB,*”

M/,M"AB,

AHypvipg < 0
AGsolid solution > AI_Io»MAB

Stable solid solution
(Mg gM{,)sAB,

AGS()lid solution < 0

AGsolid solution < AHo-MAB

compared to those of the known MosSiB, and the hypothetical
Ti5SiB,. It was found that the bonding states are optimized in
TisMoSiB, and that the electronegativity difference of Mo and
Ti could, at least in part, explain the stability of both Ti;MoSiB,
and MosSiB, compared to TisSiB,. Recently, we demonstrated
that the preference for order or solid solution upon metal
alloying in 212 MAB phases is dictated by for example the size
difference between the alloying metal elements,>® also shown
for alloying of 211 MAX phases.>® On the other hand, out-of-
plane MAX phases, 0-MAX, is possible when the atomic sizes of
the alloying metals are similar while the difference in electro-
negativity between M’ and A is large."

With these results in mind, we here aim to identify the
attributes governing the preference for the formation of 0-MAB
or solid solution MAB by considering the electronegativity y
and atomic size r of M’ and M”, see Table S8 (ESI{) for
considered values. From the stability results in Fig. 3, it is

2912 | Mater. Adv, 2022, 3, 2908-2917

(Feg.sMny 5)sAB, (A = Si, P)56

(Feg,3C00.2)5AB, (A = Si, P)>>3®%°
(Coyp.sFe2)sAB, (A = P)*®

Ti,CrAB, (A = P)

Ti;MO0AB, (A = Si, P, Ga, Ge)

Ti;WAB, (A = Ge)

Ti,MnAB, (A = Si, P, Ge)

Nb,M"AB, (A = Si, P, Ge, M" =V, Cr)
Nb,MnAB, (A = P)

Ta,M"AB, (A = Si, P, Ga, Ge, M" =V, Cr)
Ta,WAB, (A = P, Ga)

Ta,MnAB, (A = Si, P, Ge)

Mo,M"AB, (A = Si, P; M" =V, Cr, Mn)
W,CrAB, (A = Si)

(Tio.sNbo.2)sAB, (A = Si, P, Ge)

(Tip.§Wo.2)5AB; (A = Si, P)
(Vo.gTip.2)5AB, (A = Si, P)
(Vo.sM{,)sAB, (A = Si, P, Ge; M = Nb, Ta, Mn)
(Vo.sMj ,)5AB, (A = Si, P, Ga, Ge; M” = Cr, Mo, W)
(Vo.sFeq.2)sAB; (A = Ge)
(Nbo.sMg,)5AB; (A = Si, P, Ga, Ge; M” = Ti, Ta, Mo, W)
(Nbg ¢Zr0.5)sAB, (A = P)
(Nbo.ngo_z)sABz (A =Si, P, Ge)
(Tag.sM( ,)sAB, (A = Si, P, Ga, Ge; M" = Ti, Nb)
(Tag gMoy,)sAB, (A = Al, Si, P, Ga, Ge)
(Ta.sWo.2)sAB, (A = Al, Si, Ge)
(Cro.sMg,)sAB, (A = P; M" =V, Mo, W, Fe, Co)
(Cro.sMny 5)sAB, (A = Si)
(MOO.SMGQ)SABZ (A = Si; M" = Sc, Hf)
(Mo,.sM( ,)sAB, (A = Si, P, Ge; M” = Ti, Ta)
(M0o.5Vo.2)5AB; (A = Ge)
(Moo sMy ,)sAB, (A = Si, P, Ga, Ge; M” = Nb, W)
(Wo.sM{ ,)sAB, (A = Si; M” = Sc, Nb, Mo, Mn)
(Wo.sMg ,)5AB, (A = Si, P; M” = Ti, V)
(Wo.sTao.)sAB, (A = Si, Ga)
(Mny Mg ,)sAB, (A = Si, P; M" =V, Mo, W)
(Mn, Mg ,)sAB, (A = Si, P, Ge; M" = Cr, Fe)
g:[no.sc/?o.z)sABz (A_= .P) o

€0.sM( ,)sAB, (A = Si, P, Ge; M" = Cr, Mn)
(Feo.3C0y.2)5AB; (A = Si, P
(Coo.sM{,)sAB, (A = Si, P,) Ge; M” = Mn, Fe)

found that out of the 910 compositions considered initially,
only 157 are found to be thermodynamically stable. Out of
these, 36 have the chemically ordered 0-MAB as the preferred
structure while 121 have the disorder solid solution as the
favored distribution of M’ and M'”’. The information displayed
in Fig. 3 thus only represent the chemical distribution of M’
and M” of the lowest energy, and thus do not explicitly show
how close or far in energy the two different chemical distribu-
tions are, i.e., 0-MAB vs. solid solution.

Fig. 4a shows the energy difference, AE Hynvas —
Gsolid solution Map, between the chemically ordered o-MAB and
the disordered solid solution MAB phase, as a function of the
electronegativity difference of M” and M/, Ay = yy» — xwe, fOr
the 157 phases predicted stable in Fig. 3. AE < 0 represents the
phases with chemical order (0-MAB) of the lowest energy and
AE > 0 those phases which favor a disordered solid solution. In
addition, experimentally reported quaternary MAB phases are

© 2022 The Author(s). Published by the Royal Society of Chemistry
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marked. It is found that there is no clear correlation between
AE and Ay, as indicated by the scattering data. Furthermore,
instead of looking at Ay we also choose to present the electro-
negativity of the individual metals, y,y and yy», in Fig. 4b,
together with the preferred chemical distribution of M’ and M”
in blue (0-MAB) and red (solid solution MAB). Once again, we
find no clear correlation between the individual electronegativ-
ity of M’ and M” and any specific preference for the phase being

chemically ordered or disordered. Data including all 910 com-
positions are shown in Fig. S6 (ESIt), which further support
that electronegativity cannot be used to explain when 0-MAB or
solid solution MAB is to be expected.

In Fig. 5, we instead look at AE for the 157 stable phases as a
function of the size difference of M” and M’, Ar = ryr — ryy,
where, once again, AE < 0 represents the phases with preferred
chemical order (0-MAB) and AE > 0 represents phases which
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size difference, Ar, of M” and M’ for phases identified as stable. The color of each hexagon represents the number of stable phases. Experimentally known
0-MAB phase is indicated by a black cross and solid solution MAB phases by red circles. (b) Atomic size r of M” as a function of M’ for stable compositions
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ryr = ry- Histograms are given for each axis with a bin size of 0.025 A.
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favor a disordered solid solution. First to note is that similar
results are found for all A-elements indicating that the impact
on the choice of A is minimal and does not influence the energy
difference between order and solid solution (see Fig. S7, ESIT).
From the data we find a correlation, where AE decreases/
increases upon decreasing/increasing the Ar value. More spe-
cifically, data points with AE < 0, i.e., where the chemical order
(0-MAB) is energetically preferred, are only found for Ar < 0
which means that the size of M” should be smaller than that of
M. In contrast, for Ar > 0 where ry» > iy only disorder solid
solution MAB phases are found as indicated by AE > 0.
Experimentally known quaternary T2 phases are also marked
in Fig. 5a where solid solutions (red circles) are all found in the
region where the size of the metals is similar, ryy ~ r\y while
TisMoSiB, 0-MAB (black cross) is found at Ar = —0.08.

From the individual size of the metals, r\y and ryy, in Fig. 5b we
also find that stable 0-MAB phases (blue) are comprised of M” with
a size smaller than 1.40 A (corresponds to M” typically from Groups
6 to 9) and M’ with ryy > 1.38 A (corresponds to M’ typically from
Group 4 or from Periods 5 and 6 combined with Groups 5 and 6).
Data in favor of solid solution MAB (red) are more scattered
and include a combination of metals of all sizes. An additional
comparison including all 910 compositions is shown in Fig. S8
(ESIY).

All of the five synthesized solid solution (M{ Mj,)sAB,
phases have AE > 0, i.e., solid solutions are favored, and are
comprised of metal combinations where both the size and
electronegativity of M’ and M” are similar. This is consistent
with the Hume-Rothery rules which state that a solid solution
is expected when the alloying elements have a similar size and
electronegativity.®® To explain why AE < 0, favoring chemically
ordered 0-MAB, is only valid for Ar < 0, we could argue that M”
should be smaller than M’ because M” is constrained in a layer
together with B. M/, on the other hand, forms a layer by itself
where there is somewhat more space. By looking at the indivi-
dual size of the metals in Fig. 5b we find that both metals
should be rather small, e.g., no large Sc or Y atoms are found
among the stable 0-MAB phases (see Fig. 3). The reason for this
could be related to the structure, which cannot accommodate
the metals if they are too large. For example, M" = Y would
result in an overall expansion of the structure which, in turn,
would lead to increased bond lengths, decreased interaction
strengths and thus reduced internal stability of the structure.
Indications for such arguments are visualized from a structural
point-of-view in Fig. S9 and S10 (ESIt), where the large size of
M” and M’ results in phases far from being stable and with
large lattice parameters. All stable and ordered phases (o-MAB)
display similar calculated lattice parameters, with 5.8 A < a <
6.2 A and 10.9 A < ¢ < 11.8 A. This can be compared with all
compositions with calculated lattice parameters in the range of
53A<a<70Aand95A < ¢ < 144A

To summarize the key results governing the formation of o-
MAB or solid solution, we find indications for ordered o-MAB
being the preferred structure over a solid solution when the size
of M’ is larger than M” and where M’ should not be too large.
No clear corresponding correlation could be identified when
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the solid solution (M{¢M{,)sAB, is the preferred structure.
However, it should be noted that all of the five experimentally
known solid solution MAB phases are comprised of metals of
similar sizes.

To date, there have been many failed attempts to convert
traditional ternary metal borides (MAB phases) into their 2D
counterparts.”**"*> This contrasts to MXenes which are being
successfully derived through complete etching of A from ternary
metal carbides or nitrides (MAX phases).*®* One reason for this may
be the stronger interlayer bonding between metals and the A-layer
in MAB phases as compared to MAX phases. Alloying can be used as
an approach for modifying the interlayer interaction, which could
facilitate the conversion from 3D into 2D. This has been recently
demonstrated for Mo,/;Sc,/;AIB, and Mo,3Y,3AIB, which was con-
verted into Mo,;B,_, boridene.?® Furthermore, in a most recent
study, we synthesized Ti;M0SiB,, an 0-MAB phase with proven out-
of-plane chemical order of Ti and Mo, from which we subsequently
derived a new 2D material, TiO,Cl,, of high yield and in the form of
delaminated sheets.’” The parent materials needed to realize these
2D materials were obtained through metal alloying of ternary MAB
phases. This emphasizes that in our quest for finding novel 2D
materials we must explore and enlarge the palette of materials from
which they originate. In this work we demonstrate that there are
numerous thermodynamically stable candidates not yet synthesized
but promising for experimental realization.

Conclusion

In conclusion, we have performed a systematic theoretical
study of the phase stability of quaternary T2 phases upon
alloying between M’ and M” from Groups 3 to 9 (Sc, Y, Ti, Zr,
Hf, V, Nb, Ta, Cr, Mo, W, Mn, Fe, and Co) for various A-
elements (Al, Si, P, Ga, and Ge). We not only confirm all
synthesized phases to date with chemical order (o-MAB) or
disorder (solid solution) but also predict 35 stable o-MAB
phases and 121 stable solid solutions. These hypothetical
phases remain to be experimentally verified, and synthesis is
encouraged. The preference for order or solid solution upon
metal alloying in T2 phases is dictated mainly by the size
difference between the alloying metal elements. Chemically
ordered 0-MAB (M,M"AB,) is energetically favored when M/,
next to the A layer, is larger than the metal M” in the M"-B
layer. Phases with similar sizes of M’ and M” or with M’ smaller
than M” show a preference for the formation of disordered
solid solution (Mj¢Mj,)sAB,. This study demonstrates that
alloying is a viable path towards novel elemental combinations,
to extend the chemical space of T2 phases which, in turn,
allows for potentially tuneable and advantageous properties.
Furthermore, we expand the family of potential parent phases
for the derivation of 2D materials from chemical exfoliation.
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