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ABSTRACT: We report on the synthesis of computationally predicted out-of-plane chemically oMAB___ Ta,CiSiB,
ordered transition metal borides labeled o-MAB phases, Ta,M"SiB, (M” = V, Cr), and a2 sttt sy
structurally equivalent disordered solid solution MAB phase Ta,MoSiB,. The boride phases were SSSGMEAEE -ttt
prepared using solid-state reaction sintering of the constituting elements. High-resolution scanning SEMEEEEOE - ¢ T,
transmission electron microscopy along with Rietveld refinement of the powder-X-ray diffraction e @ Cr
patterns revealed that the synthesized 0-MAB phases Ta,CrSiB, (98 wt % purity) and Ta,VSiB, -:v:w.»»::.:.1”m1

(81 wt % purity) possess chemical ordering with Ta preferentially residing in the 16 position and .. v e —

Cr and V in the 4c position, whereas Ta,MoSiB, (46 wt % purity) was concluded to form a |
disordered solid solution. Density functional theory (DFT) calculations were used to investigate

the dynamic stability, elastic properties, and electronic density states for the MAB phases, confirming the stability and suggesting the

borides based on Cr and Mo to be stiffer than those based on V and Nb.

DT

B INTRODUCTION chemical order. As an example of the latter, a MAB phase
with in-plane ordering, (Mo,;3Sc/3),AIB,, was recently
reported, obtained from solid-state reaction sintering in
which the molar ratio of Mo and Sc was about 2:1."* Notably,
this so called i-MAB phase could be selectively etched into a
2D material, Mo,/;B,, being referred to as boridene or

Transition metal carbides and borides are two families of
ceramic materials with very useful properties such as good
thermal stability owing to their high melting point"” and
excellent mechanical groperties due to their high hardness and
low compressibility.”” In the last decade, tremendous research

efforts have been done on exploring these ceramic materials. MBene,” showing good catalytical properties.16
The most well-known class of layered ceramics is the family of Similarly, by adding Mo to TisSiB, (a T2 phase) in a ratio of
transition metal nitrides or carbides, so-called MAX phases. Ti/Mo equal to 4:1, out-of-plane chemical order could be
The MAX phases have a general formula (M, HAXn)f’ where established, thereby forming a so called o-MAB phase,
n=1,2,3, or 4, M = transition metal (e.g,, Ti, V, Mo, Nb or Mo, TiSiB,."” This phase could be converted into single sheets
Cr), A = an element from group IIIA or IVA (e.g, Al or Si), of 2D TiOxCIy.17 Later on, Dahlqvist and Rosen reported a
and X = C or N. Selective etching of specific layers of MAX systematic theoretical protocol to predict the stability of
phases results in a class of 2D materials known as MXene” quaternary MAB phases derived from T2 phases with a general
showing promise for a wide range of applications, including formula M,"M"AB,, where A = Al, Si, P, Ga, Ge, In, and Sn."?
outstanding electrochemical and catalytic properties.’ These quaternary MAB phases can either be 0-MAB phases
A family of materials resembling the MAX phases are layered with out-of-plane chemical order or disordered solid
ceramics based on B, called MAB phases. The MAB phases are solutions.'® Notably, the study predicted 35 0-MAB phases
chemically diverse and can exist in a variety of crystall as well as 121 solid solutions, showing that alloying is a fruitful
structures, involving orthorhombic M,,,AB,, (n = 1-3), pathway for expanding the concept of T2 phases to include

hexagonal M,AB,,” monoclinic M,,,;AB, (n = 1, 2),*’ and the
tetragonal M;AB, (also known as T2 phases).'” So far, a
variety of T2 phases have been prepared, including Mo;SiB,,"
WSSiBZ,10 FesSiBz,11 and MnSSiBz,11 possessing unique
chemical (e.g., high oxidation stability'”) and physical (good
elasticity” and superconductivity'®) properties.

To expand the chemistry of the MAB phase family and
include more transition metals, many attempts have been made
to synthesize quaternary MAB phases based on two M
elements, forming either a disordered solid solution or

novel elemental combinations. To date, Mo,TiSiB, is the only
member of the 0-MAB phases to be experimentally reported;'”
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accordingly, there is a need to develop experimental
approaches to also realize other members of this o-MAB
phase family.

Inspired by the properties of (guaternary MAB phases and
the recently synthesized MBene," herein, we report computa-
tionally driven synthesis and characterization of quaternary
tantalum-based o-MAB phases, in particular, Ta,CrSiB, and
Ta,VSiB,. Also, Ta;MoSiB, was investigated, showing
preference for chemical disordered solutions (a solid solution).
The structure, composition (sample purity), and chemical
ordering of the prepared phases were investigated using X-ray
diffraction (XRD), scanning electron microscopy (SEM)
equipped with an energy dispersive X-ray (EDX) detector,
and atomically resolved high-resolution scanning transmission
electron microscopy (HR-STEM) analyses. Furthermore, using
density functional theory (DFT) calculations, we predicted the
dynamic stability, elastic properties, and electronic density
states of the materials investigated herein.

B RESULTS AND DISCUSSION

The characteristic crystal structure of Ta,M"SiB, phases for
out-of-plane chemical ordering is presented in Figure 1 along
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Figure 1. Crystal structure of chemically out-of-plane ordered o-MAB
phases, Ta,M"SiB,, shown for three zone axes: (a) [100], (b) [110],
and (c) [111]. The projected atoms with yellow crosses in images b
and c, as well as all metal atoms in image a (i.e., all red and blue
spheres in image a), have an equivalent number of atoms in their
corresponding atomic columns along the shown zone axes. Hence,
they can be used to conclude chemical ordering based on contrast in
HR-STEM images due to the atomic mass difference between Ta and
M.

the primary [100], [110], and [111] zone axes. The chemical
ordering can be revealed using atomically resolved HR-STEM
imaging by observing the contrast differences between the
transition metal atomic columns along [100] (see Figure 1a) as
well as the transition metal atomic columns marked by yellow
crosses along the [110] and [111] zone axes (see Figure 1b,c).
Since the atomic columns along these axes have the same
number atoms in the projection, the observed contrast
differences can be attributed to the mass contrast between
Ta and M".

The Ta,M"SiB, phases were prepared using solid-state
reaction sintering of the constituting elements as described in
the experimental section. The morphology and composition of
the prepared boride phases were examined by SEM imaging
and EDX analysis (see Figure S1). The EDX data
quantification showed that the atomic ratios of Ta/Cr/Si in
Ta,CrSiB, were 66:16:18 at % (see Table S2) which agrees
well with the theoretical atomic ratios of the elements of about
4:1:1.

The atomic structure and sample purity of the boride phases
were analyzed using a combination of HR-STEM imaging as
well as XRD with Rietveld refinement. HR-STEM images for
Ta,CrSiB, matched the simulated structure model along the
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[110] and [100] zone axes quite well (see Figure 2a,b).
Furthermore, the observed mass contrast in the HR-STEM
images confirmed the chemical ordering of Ta and Cr (see
Figure 2a,b). It should be noted that Ta is heavier than Cr;
therefore, the brighter atomic columns in HR-STEM images
should represent Ta and darker atomic columns represent the
Cr atoms. The T2 phases have a tetragonal crystal structure of
I4/mcm symmetry, where the Ta and Cr elements occupy the
two different Wycoft sites 161 and 4¢, respectively. In addition,
the Si and B atoms are not resolved under the applied HR-
STEM imaging conditions due to being relatively light
elements compared to Ta and Cr.

XRD analysis combined with Rietveld refinement showed
that the experimentally observed pattern (black crosses in
Figure 2c) matches the simulated (calculated) pattern based
on the structure model (red line in Figure 2c). The differences
between the experimental and the calculated pattern are small,
as shown by the blue line in Figure 2c. The Rietveld refinement
showed a high purity of the prepared Ta,CrSiB, sample (98.7
wt %) with y* about 7.96. The amount of the impurity phase,
TaB, was approximately 1.3 wt % (see Table S3). The structure
analysis of Ta,CrSiB, showed a typical T2 structure with a
tetragonal unit cell (a = b = 6.072(6) A; c: 11.465(1) A) and
I4/mcm symmetry. The detailed refinement data are
summarized in Tables S3 and S4.

Ta,VSiB, was similarly prepared using solid-state reaction
sintering as discussed in the experimental section. The SEM
combined with EDX analysis showed that the atomic ratios of
Ta/V/Si in the experimentally prepared Ta,VSiB, were
65:17:18 at % (see Figure S1 and Table S2) which is in
good agreement with the theoretical values (4:1:1). HR-STEM
imaging revealed a chemically ordered structure of Ta,VSiB,
phase, as shown by a HR-STEM image along the [100] zone
axis (see Figure 3a). From a difference in contrast, it can be
concluded that the Ta and V elements primarily occupy the
two different Wycoff sites 161 and 4c, respectively. The XRD
pattern of the experimentally prepared Ta,VSiB, (black crosses
in Figures 3b and S2) matched well the simulated XRD pattern
(red line in Figures 3b and S2). Rietveld refinement for the
XRD pattern (with y* about 6.33) displayed a sample purity of
Ta,VSiB, of about 81.0 wt % and the presence of the impurity
phases TaB, TasSiB,, Ta,B, and V;Si, with an estimated
content as shown in Table S3. Rietveld refinement also showed
that Ta,VSiB, has a typical T2 structure with a tetragonal unit
cell (a=b:6123(4) A c: 11.456(1) A; & = p =y = 90.0°) and
I4/mcm symmetry (see Table S4).

The Ta,MoSiB, showed the lowest purity among the three
prepared boride samples, 41 wt %, with the ternary TaSiB
being the majority phase of the sample, of 46.2 wt %, as seen
from the Rietveld refinement (see Tables S3 and S4). Other
competing phases were TaB, Mo,B, and MoB, although they
are of minor concentrations. Based on DTF calculations and
thermodynamic considerations, including effects from entropy
(see Note S1 and ref 17), the Ta,MoSiB, phase prefers the
formation of a disordered solid solution of Ta and Mo. HR-
STEM imaging along the [100] and [111] zone axes confirmed
a disordered metal arrangement in Ta,MoSiB, (see Figure S3)
since no relative contrast differences could be distinguished (cf.
Ta,CrSiB, and Ta,VSiB, above). Still, Rietveld refinement
indicated that Ta,MoSiB, has a T2 structure with a tetragonal
unit cell (a = b: 6.166(3) A c: 11.485(9) A; a = =y = 90.0°)
and I4/mcm symmetry (see Figure 3c and Table S4).
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Figure 2. Structure of the Ta,CrSiB, 0-MAB phase: (a) and (b) HR-STEM images of Ta,CrSiB, along the zone axes [110] and [100], respectively.
The schematic crystal structure for each zone axis is overlayed on its respective HR-STEM image. The scale bar in (a) and (b) is 1 nm. (c) XRD
pattern of the Ta,CrSiB, sample showing the measured pattern (black crosses), Rietveld generated simulated pattern (red line), and the difference
between both patterns (blue line). The orange and pink ticks represent the peak positions of the phases Ta,CrSiB, and TaB, respectively.

DEFT calculations were performed for the Ta,M"SiB, phases
with M” =V, Cr, Nb, and Mo. The Ta,NbSiB, phase was
included in the theoretical analysis to allow a comparison
between boride phases with M” elements from group V (i.e., V
and Nb) and group VI (i.e., Cr and Mo) in the periodic table
of elements, all of which have been reported thermodynami-
cally stable (from theory) as a solid solution (M” equal to Nb
and Mo) or in the form of an 0-MAB phase (M” equal to Cr
and V)."® A theoretical analysis including the relative stability
between ordered and disordered boride phases is summarized
in the supporting information Note S1 and Table SS, in line
with previous work.'® The theoretical results presented are
therefore for disordered solid solutions Ta,MoSiB, and
Ta,NbSiB, and for chemically ordered o-MAB phases
Ta,CrSiB, and Ta,VSiB,, unless otherwise noted.

The magnetic configuration of the Cr atoms was tested as
ferromagnetic or anti-ferromagnetic; however, all phases
converged to a non-magnetic state, and we thus approximate
the materials to be non-magnetic. The dynamic stability was
investigated through phonon calculations and dispersion plots
(see Figure S4). The different MAB phases did not show
significant differences as they exhibit positive and real-value
modes across the spectrum. Accordingly, it is reasonable to
consider all of these phases to be dynamically stable.

The elastic properties of the boride phases were also
theoretically investigated. As summarized in Table 1 and Note
S2, the calculated elastic constants for MAB phases with M
elements from group VI (Cr and Mo) featured slightly stiffer
properties than those with M element from group V (V and
Nb). However, the latter trend was not seen when going from
period IV to V (i.e, MAB phases with Nb is softer than V,

whereas MAB phases with Mo is stiffer than Cr). This
observation was based on the elastic constants ¢; as well as
moduli By, Gy, and E, (see Table 1 and Figure S5). All boride
phases showed indications of being brittle, in terms of Pugh
and Frantsevich, as well as the two Pettifor criteria (see Figure
SS). Even so, the hypothetically ordered Ta,MoSiB, phase (a
solid solution is theoretically predicted and experimentally
confirmed in the present paper) exhibited a slightly stiffer
property and more brittle characteristic than the other boride
phases. Future experimental investigations of the elastic
properties are motivated to further confirm the theoretically
estimated brittleness.

The electronic density of states (DOS) for the boride phases
was theoretically evaluated (see Figure S6). As a general trend,
the different boride phases featured metallic characteristics
with a sharp valley near the Fermi level. In particular, the Fermi
levels ended up above the local minimum for boride phases
with Cr or Mo, whereas the Fermi levels for boride phases with
V or Nb ended below the local minimum. These findings are in
a good agreement with the expected trend as the boride phases
with M” from group VI typically have higher electronic density
compared to those phases with M” from group V. Further
insights into the hybridization between Ta, M”, Si, and B
orbitals are discussed in Note S3.

Bl CONCLUSIONS

In summary, we present a solid-state reaction sintering
protocol to prepare a computationally driven family of
transition metal borides (o-MAB phases) with general formula
Ta,M"SiB, (M’ V, Cr) and a structurally equivalent
disordered solid solution Ta,MoSiB,. The Ta,CrSiB, and
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Figure 3. (a) HR-STEM image of the Ta,VSiB, 0-MAB phase along the zone axes [100] with its corresponding crystal structure overlayed on the
image. The scale bar is 1 nm. (b) XRD pattern of the Ta,VSiB, sample showing the measured pattern (black crosses), Rietveld generated pattern

(red line), and the difference between both patterns (blue line). The oran,
bottom) represent the peak positions of the phases Ta,VSiB,, TaB, TasSiB,,

ge, pink, dark red, green, and turquoise ticks (arranged from top to
Ta,B, and V;Si, respectively. (c) XRD pattern of the disordered solid

solution Ta,MoSiB, sample showing the measured pattern (black crosses), Rietveld generated pattern (red line), and the difference between both
patterns (blue line). The orange, pink, and dark red, green, and turquoise ticks (arranged from top to bottom) represent the peak positions of the

phases Ta,MoSiB,, TaSiB,, TaB, Mo,B, and MoB,, respectively.

Ta,VSiB, phases featured a chemically ordered structure as
confirmed by atomically resolved HR-STEM imaging. The
Ta,MoSiB, phase formed a thermodynamically stable dis-
ordered solid solution alloy in good agreement with theoretical
The XRD analysis combined with Rietveld
refinement suggested a high purity of the as-prepared o-MAB
phases Ta,CrSiB, (98 wt %) and Ta,VSiB, (81 wt %), while
the Ta,MoSiB, showed a lower purity (41 wt %). The phases
were predicted to be dynamically stable, and the calculated

predictions.

electronic density states of MAB phases indicated metallic
characteristics though with a sharp local minimum near the
Fermi level. Furthermore, the calculated elastic constants of
the MAB phases with M” elements from group VI (Cr and
Mo) were stiffer than those with the M” element from group V
(V and Nb).
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B EXPERIMENTAL AND COMPUTATIONAL
METHODS

Synthesis Description. Elemental powders (their characteristic
details are given in Table S1) for each desired phase were mixed using
an agate mortar and pestle in the atomic ratios corresponding to the
targeted stoichiometry, see Table S3. After mixing, the powders were
cold pressed into disks of 0.5 cm diameter and 1 cm thickness using a
manual hydraulic press with a pressure of 70 kPa. The cold pressed
disks were placed in an alumina crucible which was then placed in a
horizontal tube furnace. The furnace was heated and cooled at a rate
of S °C/min under an Ar flow of 5 sccm. The soaking temperature
and time are listed in Table S3. After cooling, the samples were
crushed into powder using mortar and pestle and sieved through a
450-mesh sieve.

Materials Characterization Techniques. The structure and
weight percentage of the phases present in the produced samples were
characterized using XRD of the powders by filling a groove of
dimensions 20 X 20 X 1 mm in a glass holder. The measurements
were conducted using a PANalytical diffractometer equipped with a
Cu K, radiation source (step size = 0.0084° 26 and time per step = 32
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Table 1. Elastic Constants of All Ta,M"SiB, Structures, Including the Hypothetically Ordered Ta—Nb and Ta—Mo Phases for

which Solid Solutions (SQS Models) Are Expected”

Ta—V Ta—Cr (Ta—Nb)
. 474.1 4793 4747
. 4325 4390 432.0
¢z 136.3 150.9 1247
13 154.0 162.0 146.2
Cas 187.4 202.9 1743
Ces 152.1 156.3 148.0
By, 252.1 260.7 246.1
Gy 166.8 1722 163.0
E, 410.0 4234 400.7
Gu/By 0.662 0.661 0.665
v 0.229 0.229 0.229
— -334 -409 ~28.1
Ciy—Ces ~158 —54 —234

Ta—Nb (SQS) (Ta—Mo) Ta—Mo (SQS)
472.7 502.8 492.4
425.5 449.1 445.1
125.7 139.1 134.6
144.6 159.6 156.7
175.1 198.3 189.6
147.1 163.5 150.7
244.4 263.3 258.4
162.6 177.4 170.4
399.2 434.6 419.1

0.665 0.674 0.660

0.228 0.225 0.230
-30.5 —38.7 —-329
-21.5 —24.5 —16.1

“The Hill averages for Bulk, Shear, and Young’s Modulus are shown, as well as values for G/B, Poisson ratio v and Cauchy pressures c¢;3—c,, and

c13—Cgs used for assessing ductility.

s). The divergence slits and receiving slit of 1/2° and S mm,
respectively, were used along with a Ni beta filter. To obtain the
structural parameters and weight percentages of the phases in a
sample, Rietveld refinement of the XRD pattern was performed using
FullProf. code.'””® The refined parameters were five background
parameters, scale factors (from which the phases’ weight percentage
was obtained), lattice parameters, X and Y profile parameters, and
atomic positions for all the phases, in addition to the global isotropic
thermal displacement parameter and asymmetry parameters for the
major phases. The dependency of Ta/M”(V, Cr, Mo) intermixing on
the refinement was assessed by evaluating ?, and the obtained results
were only used if the refinement reduced y* by at least 10%. If not, no
intermixing was allowed, and the occupancies were fixed during the
refinement.

The microstructure and chemical composition were obtained by
SEM, SEM (LEO 1550), combined with an EDX spectrometer. The
EDX measurements were acquired from at least 15 particles, all
containing Ta, M”, and Si in atomic ratios close to 4:1:1, respectively.
Particles that have a stoichiometry close to the secondary phases
identified by the XRD Rietveld refinement were excluded. To resolve
the atomic structure and ordering of the out-of-plane ordered phases,
high-resolution scanning transmission electron microscopy (HR-
STEM) imaging was performed using the Linkoping double-corrected
FEI Titan® (S)TEM operated at 300 kV, employing a high-angle
annular dark-field (HAADF) detector. The HAADF signal intensity of
the atomic columns in the STEM images is considered as directly
interpretable scaling with atomic number (~2Z7).*'

Computational Methods. First principle calculations were
carried out using DFT as implemented in the Vienna ab initio
software package (VASP).>>?? Exchange—correlation effects were
treated within the generalized gradient approximation of Perdew—
Burke—Ernzerhof** Phonon calculations were carried out using
density functional perturbation theory, as implemented in VASP and
PhonoPy.”’

We started the calculation by relaxing the structures, both with
regards to internal atomic structure and cell shape until optimal
energy and stress were zero. Using this optimized structure, we carried
out further calculations of electronic band structure and DOS as well
as determination of elastic constants and phonon dispersions.

The primitive unit cell of a 4112 MAB has a tetragonal symmetry
and holds a total of 32 atoms, even as the formula unit Ta,M"SiB, has
8 atoms. The atomic structure is shown in Figure 1. The relaxations
were done using a kmesh of 16 X 16 X 8. DOS was calculated with a
kmesh of 20 X 20 X 10, while the electronic band structure was
determined for a total of 120 points along each symmetry line. In the
phonon calculations, we used 2 X 2 X 2 supercells with a 4 X 4 X 2
kmesh. In all calculations, we set the cutoff energies for the plane-
wave expansion to 400 eV.
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For the disordered structures, we used a 160 atom SQS*° and a
kmesh of S X § X § for the relaxations and 7 X 7 X 7 when
determining the electronic DOS. The elastic constants were
determined by straining the relaxed equilibrium structure along
several different directions using strain tensors €. The stress 6 was
obtained from the VASP output, and the elastic constant tensor C was
obtained through the relation 6= Ce. Details can be found in the
supplemental info.
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