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Synthesis of new M-layer solid-solution 312 MAX
phases (Ta;_,Ti,)zAlC, (x = 0.4, 0.62, 0.75, 0.91 or
0.95), and their corresponding MXenes+
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Quaternary MAX phases, (Ta;_,Tix)3AlC, (x = 0.4, 0.62, 0.75, 0.91 or 0.95), have been synthesised via
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The MAX phases are a class of hexagonal nano-layered carbides
and nitrides with general formula M,,;;AX,,, where n = 1, 2, 3,
etc. and referred to by their stoichiometry - for example M,AX as
211°, M3AX, as ‘312’ and so on. Whilst the ‘M’ is generally an
early transition metal, ‘A’ an A-group element and ‘X’ either
carbon or nitrogen, all three sites may consist of more than one
element in either solid solution or ordered form (such as the M',
M" ordered ‘0-MAX’ phases).! This vast chemical diversity
results in a wealth of material structures and properties, with
more than 155 phases known to date — a number that likely
represents a small proportion of the material possibilities. The
MAX phases have attracted attention due to their interesting
mix of ceramic and metallic properties. Like ceramics, some
MAX phases are elastically rigid (Young's modulus > 300 GPa),*
strong at high temperatures,® lightweight (<4.5 ¢ ecm™®) and
creep and oxidation resistant.** Like metals, MAX phases have
shown excellent electrical and thermal conductivity,*”
machinability,® thermal shock resistance® and even damage
tolerance.” Recently, the interest in MAX phase materials has
increased dramatically because they are the feedstock for their
two-dimensional derivatives, MXenes.'* MXenes are typically
obtained via etching of the MAX phase ‘A-layer’ and subsequent
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a new MXene, has also been synthesised. All materials contain an M-layer solid
solution of Ta and Ti, with a variable Ta concentration, paving the way for the synthesis of a range of
alloyed (Ta, Ti)sC,T, MXenes with tuneable compositions for a wide range of potential applications.

chemical delamination of the two-dimensional ‘MX-layers’.
They have the general formula M,,.,X,,T,, where T, refers to the
MX-layer surface terminations - usually -OH, -O, and/or -F.***?
MXenes have shown potential for use in a large range of
applications, including photo- and electro-catalysis,">** energy
storage and conversion,"'® the development of novel hybrid
nanocomposites,'”** biosensors,' water purification,* electro-
magnetic interference shielding,* lubrication,* and conductive
inks.?*>*

The discovery of new MAX phases and, by extension, new
MXenes with different/improved properties can thus be highly
valuable. Here we report on the successful synthesis of a range
of 312 MAX phase materials, where M is a solid solution of Ta
and Ti with variable Ti : Ta ratios, A = Al and X = C. The work
builds on previous experimental reports of a 211 MAX phase
with similar elemental components - (Ta; _,Ti,),AlC (0 <x <1),>
and the pure M-layer 312 MAX phases M;AIC, (M = Ta or Ti).**
Our experimental realisation of the (Ta;_,Ti,);AlC, (0 < x < 1)
system was motivated by recent theoretical predictions
demonstrating the phase stability of TaTi,AlC, and Ta,TiAlC,
by Dahlqvist and Rosen.”® We further demonstrate successful
exfoliation of (Tag3sTige2)3AlC, to generate a new MXene
composition (Tag 35Tip.62)3CoTx-

Synthesis of the (Ta; ,Ti,);AlC, quaternary, with nominal
starting compositions of x = 0.5, 0.66, 0.8, 0.90 and 0.95, was
investigated starting from TaC, TiC, Ti and Al powders (Tables
S1 and S2, ESIT). Powder mixtures were uniaxially cold-pressed
at 250 MPa before being heated to 1600 °C for 8 h in a pressure-
less flowing Ar tube furnace. Powder X-ray diffraction (XRD)
analysis showed each sample contained peaks consistent with
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Fig. 1 (a) Ti/Ta fractions for target (diamonds) and actual (crosses)
(Ta,Ti)sAlC, materials. (b) (Ta,Ti)sAlC, MAX phase concentrations
in wt%. The x-axis for (a) and (b) is the Ta concentration in at%. (c) XRD
diffractograms of as-synthesised materials with variable nominal initial
Ta concentrations (right y-axis). The (0002) basal peaks have been
identified for the (Ta;_,Tiy)3AlC, phase in each composition, with the
positions of (Ta,Ti)C, (x = 2) impurity peaks labelled with stars. Actual
compositions have been colour coded across all plots.

a hexagonal P63/mmc symmetry 312 MAX phase (Fig. 1c), with
unit cell volumes ranging from 153.29 + 0.03 A® (153.29(3) A%)}
to 156.0(1) A® for (TageoTip.01);AlC, and (Ta,eTig.4);AlC,
respectively (Table S3, ESIt). A fairly linear increase in cell
volume with increasing Ta at% is seen, indicating increasing
substitution of the Ti M-site with Ta (atomic radius of 1.45 A
compared to 1.40 A).*® This puts the cell volumes in the expected
range between the reported value of 151.8(2) A® for Ti;AIC,, and
the value of 158.73(1) A® reported for Ta;AlC,,”* as expected
(Fig. S3, ESIt). The highest phase purity of better than 85 wt%
was obtained for Rietveld refined compositions of (Tag s
Tig.75)3Alp.77C, and (Tag 3gTip.62)3Al0.61C, (Fig. 1 and Table S2,
ESIT).

The best fitting of the XRD data was achieved with the Al
layer arranged in the a-312 stacking configuration for (Tag ,s-
Tio.75)3Al0.77C2, (Ta.38Tio.62)3Al0.81C2 and (Tap.eTig.4)3AlC,, with
(Tag.05Tiz.05)3A1C, and (Tag g9Tig.01)3AlC, arranged in the B-312
configuration (see Table S3, ESIT). For most of the samples, the
major impurity peaks were those belonging to cubic (Ta,Ti)C, (x
= 2) and small quantities of Al,O; and TiAl, (for discussion, see
‘XRD’, ESIT). The sample with the highest starting Ta content
(50 at%), however, produced a multitude of additional phases,
including at least two that have not been identified. As such,
structural refinement used a combination of the Rietveld and
Pawley methods, that indicated the presence of the expected
312 MAX phase as well as up to five further MAX phases (‘XRD’
and Fig. S4, ESIT).*" The lower purity and presence of these extra

{ Herein this error notation will be used, in which the number in parentheses is
the numerical value of the standard uncertainty referred to the corresponding last
digit of the quoted result.
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Fig. 2 (a—c) STEM micrographs at varying magnifications of B-
(Tag 35 Tio.62)3Alp 81C>, viewed along the [1010] zone axis. (c) has been
Fourier filtered, with the refined structural model overlaid and the unit
cell outlined in white. Ti, Ta, Aland C atoms are represented by green,
red, blue and brown spheres, respectively. Additionally, an integrated
HAADF intensity line profile has been overlaid. (d) SAED micrograph
obtained viewing along the same zone axis, with the (0008) and (0110)
lattice plane reflections identified by red arrows. (e) HAADF STEM
micrograph with a stacking fault near the centre, as viewed along the
[1120] zone axis. (f) Integrated horizontal line scan profile of (e) (black
line), with compositional line profiles obtained from the elemental
maps in (i), (i) and (iii), representing EDS profiles of Ti, Ta and Al in
green, red and blue respectively.

phases at the highest Ta concentration suggests a Ta solubility
limit in the Ti M-layers.

Energy dispersive X-ray spectroscopy (EDS) implemented
within a scanning electron microscope (SEM) was also used for
characterisation. EDS provided mean Ti:Ta ratios in the
primary phase regions that decreased with increasing Ta
concentrations in the starting mixtures (Fig. 1a). In particular,
the sample with intended formula (Ta,/3Ti,/;3);AlC, produced
a Ti : Ta ratio of 1.62 : 1 compared with the expected 2 : 1 from
the starting mixture (Table S2, ESIt). This is due to the forma-
tion of Ti-rich (Ta,Ti)C, (x =< 2) impurities during synthesis (see
‘XRD’, ESIT). Both SEM- and scanning transmission electron
microscope (STEM) EDS quantitative analysis indicated a sub-
stoichiometric Al content in (Tag,sTip75)34l0.77C, and

RSC Adv, 2021, 11, 3110-314 | 31M
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Fig. 3 (a) XRD scans of TizC,T, MXene partially intercalated with H,O (*), delaminated (Tag 3gTio.62)3C2T, MXene (**), ML (Tag 38Tio.62)3C2T2
MXene (***) and (Tag 38Tio.62)3Alo.81Co. A variety of basal plane peaks have been identified, with (Ta,Ti)C, impurity peaks identified with stars.
Additionally, portions of the central two scans have been rescaled to emphasise basal peaks (insets). (b) STEM micrograph of a (Tag 38Tig.62)3C2T-
MXene flake suspended on a holey C-film. (c) Atomic resolution STEM micrograph of the surface of the flake in (b) viewed close to the [64101]
zone axis, with a magnified and filtered portion (inset) showing the interatomic spacing. (d) SAED micrograph of a single flake, as viewed along the
[0001] zone axis, with the (1010) and (1120) lattice plane reflections labelled. (e) Atomic resolution HAADF STEM micrograph of pristine ML MXene
as viewed along the [1010] zone axis, with a proposed structural model overlaid. Ti, Ta and C atoms are represented by green, red and brown
spheres, respectively. Additionally, an integrated HAADF intensity line profile has been overlaid in black. (f) STEM micrograph of a (Tag zg-
Tio62)3CoT, flake, with a monolayer edge curled up to align along the [1010] viewing axis. Inset: magnified and filtered view of the white box with

an integrated vertical line profile overlaid.

(Tag.38Tip.62)3Al0.81Cs. Synthesis trials with increased nominal
starting Al stoichiometries as high as 1.6 resulted in a decrease
in MAX phase purity and increasing quantities of Al,O; and
TiAl,. This suggests that the reduced Al occupancy is a thermo-
dynamic effect rather than being due to a deficiency of Al in the
starting mixture.

The characteristic 312 MAX phase layered structure of
(Tag.35Tio.62)3Al0.81C2 can be seen in the high angle annular dark
field (HAADF) STEM micrographs in Fig. 2¢ and e, aligned with
the [1010] and [1120] zone axes, respectively. The positions of Al
in Fig. 2c are consistent with the B-312 stacking configuration,
in contrast to the XRD data, which is likely the result of an o-
B transformation during TEM sample preparation, as reported
by one of us previously.® The HAADF STEM data also reveals that
the central metal layers (M™) have visibly higher HAADF inten-
sities than the metal layers that sandwich it (M") (see Fig. S1, ESI
for diagramt), indicative of a higher atomic number and hence
a higher Ta concentration. This is in-line with the XRD data, in
which M" and M" Ta site occupancies converged to 0.340(6) and
0.466(7), respectively (Table S2, ESIf). This preferential
elemental enrichment is distinct from the full out-of-plane
ordering seen in quaternary 312 o-MAX phases with a 2 : 1 M-
element starting ratio." Nonetheless, similar preferential
enrichment of the centre M" layer has been observed in 312 M-
layer solid solution MAX phases such as (Cr,V);AlC,."*> Lattice

3M2 | RSC Adv, 2021, 11, 3110-3114

parameters obtained from selected area electron diffraction
(SAED) patterns, like in Fig. 2d, of @ = 3.01(2) A and ¢ = 18.59(2)
A, are also in good agreement with bulk lattice parameters from
XRD (a = 3.0981(1) A and ¢ = 18.6140(7) A, see Table S3, ESI{). It
should be stressed at this point that the pristine MAX phase
layered structure is occasionally interrupted by stacking faults
of varying thickness that, at times, penetrate entire crystallites
(Fig. 2a, b and e). Structurally, these defects can be thought of as
either few-layer ternary carbide impurities, or as MX layers in
the MAX phase matrix with an unexpected number of M-layers —
such as the 6 shown in Fig. 2e, compared with the expected 3.

High resolution EDS scans, performed over several regions
on (Tag 35Tio.62)3Al0.81C, grains, show the expected elemental
segregation of Ti, Ta and Al layers, as seen in Fig. 21(i, ii, and iii),
respectively. Quantitative STEM-EDS analysis provided Ti : Ta
ratios, excluding stacking faults, from 1.6-1.9 : 1, with a mean
value of 1.7(1) : 1, which is close to the 1.62(2) : 1 obtained from
SEM-EDS. Note that electron channelling effects and the limited
spatial resolution prevent absolute quantification of the relative
Ti:Ta concentrations in M" versus M' sites (see ‘Electron
microscopy’, ESI for methodst).

To demonstrate the potential to produce solid solution Ta/Ti
MXenes, we used an in situ HF etching process at 20 °C for 12 h,
similar to that performed by Ghidiu et al.*® (see ‘Synthesis’,
ESIT). Etching of the (Tag 35Tio.62)3Al0.81C, sample produced the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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expected (Tag3sTip.e2)3C,T, MXene (Fig. 3). Characteristic
multilayer (ML) flakes were observed following vacuum drying
of the MXene suspension (Fig. 3b), with SEM-EDS analysis
revealing a 2:1 Ti:Ta ratio over micrometre sized areas -
including contributions from Ti-rich (Ta,Ti)C, impurities
(similar to the parent MAX phase sample). The etching resulted
in a c-lattice parameter increase from 18.6140(7) A to 19.7(1) A
(Fig. 3a). After sonication, this increased dramatically to 34.9(4)
A, indicating full intercalation of the MX-layers. This suggests
a similar formation mechanism to that proposed for producing
Ti;C,T, MXene from the parent Ti;AlC, MAX phase, where Al is
replaced by terminating species in the etchant such as -OH, -F,
or =0, followed by intercalation of the MX-layers by Li",
allowing for full delamination via sonication.'®*>** The lower
intensity of (Ta,Ti)C, peaks in the XRD of the delaminated
MXene compared to the parent MAX phase (Fig. 3a) suggests an
improvement in the purity of the sample (better than the 87.9(2)
at% of the parent MAX phase) achieved via sonication and
centrifugation.

STEM imaging and diffraction was further used to investi-
gate the MXene structure. The pre-delamination (Tag 35Ti¢.62)3
C,T, ML produced lattice parameters of ¢ = 3.14(3) A and ¢ =
11.8(1) A, with a being similar to the parent MAX phase and ¢
reduced following the removal of the Al layer. SAED performed
on a fully exfoliated monolayer (Ta3sTig¢,)3C.T, flake was
indexed using a hexagonal basis (Fig. 3d), and produced an a-
lattice parameter of 2.97(3) A, which is in agreement with the
value of 2.98(3) A obtained from fast Fourier transform of the
high resolution STEM data (e.g. Fig. 3e), and slightly less than
the value of 3.0981(1) A in the parent phase. The monolayer
sheet thickness was estimated from HAADF-STEM analysis of
the curled-up edge of a single flake as 4.9(5) A (Fig. 3c) - close to
the MX-layer (4.85(2) A) in the parent phase. Furthermore, the
HAADF contrast suggests Ta enrichment in the M" layer relative
to the M' layer, as also observed in the parent MAX phase.

Conclusions

In summary, a new quaternary (Ta; ,Ti,);AlC, phase system has
been synthesised with a variable Ta : Ti ratio (x = 0.4, 0.62, 0.75,
0.91 or 0.95) and up to 87.9(2) at% purity. The ‘M’ sites exist as
a solid solution of Ta and Ti, with a higher concentration of Ta
in the central M" layers. Experimental results suggest a mean Ta
M-layer concentration limit between 38 and 60 at%, beyond
which the formation of several alternative MAX phases is fav-
oured, and thus a significant reduction in phase purity. The
(Tag.3sTi0.62)3Al0.861C2 MAX phase was used to synthesise a new
solid solution MXene - (Tag3sTio.e2)3CoT, — via chemical
etching, with the synthesis pathway likely to be similar to the
unalloyed Ti;C,T, MXene. It is proposed that this approach can
be used to synthesise a range of alloyed (Ta,Ti);C,T, MXenes,
with compositions that can be optimised for a wide range of
potential applications.
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