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Abstract—A relatively low-temperature molten salt assisted synthesis is developed to prepare MAX phase
solid solutions in the Ti2AlC–V2AlC system, to be used as precursors for the preparation of heterometallic
MXenes Ti2 – xVxC. When the synthesis temperature is 1000°С, Ti1V1AlC, Ti0.5V1.5AlC, and Ti0.2V1.8AlC
samples (despite the formation of a MAX phase and a systematic shift of ref lection (002) in response to pro-
gressing vanadium-for-titanium substitution) typically feature appreciable amounts of impurity phases,
namely Al2O3 and vanadium (their reflections are partially overlapping). An increase in synthetic temperature
to 1100°С appreciably reduces the amount of impurities and, in a Ti1V1AlC sample, decreases the unit cell
parameter a, which yet far exceeds the calculated and published values (while the parameter c corresponds
with those values). Thermal analysis of Ti2AlC, Ti1V1AlC, and V2AlC samples in the range 20–1000°С shows
that the oxidation resistance decreases in the progress of vanadium-for-titanium substitution in a MAX
phase. Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) are used to study
the microstructure of the prepared Ti2AlC and V2AlC phases.
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INTRODUCTION
Although MAX phases were discovered in carbide

and nitride systems as long ago as in the middle of the
last century during the study of refractory systems [1–
5], a new wave of scientific interest in them has been
observed in recent years [6–12]. The prior attention to
these compounds was as to components of refractory
ceramic materials that could improve crack resistance
and thermal shock resistance owing to their structural
features [13, 14], namely, layerness (for example, in
M2 + xAl(Si)Cx phases) arising from large spacings
between M2 + xCx carbide layers interlayered by alumi-
num atoms; cracks are deviated while propagating to
lose energy. One more important aspect is an option to
improve the oxidation resistance and mechanical
properties of ZrB2/HfB2 UHT ceramic materials [15–
19], which are extremely promising for use in oxygen-
containing environments at temperatures above
2000–2500°C [20–25].

Now MAX phases are used as precursor materials
for manufacturing new 2D nanomaterials, namely,
MXenes M2 + xCxTy [6, 7, 26, 27], which are predicted
to be used very widely as, e.g., components of sensor
materials [28–33], current sources, and supercapaci-
tors [26, 34–36], in various biomedical applications
[27, 37–39], and in other fields.

Therefore, the task arose of developing most cost-
effective and reproducible methods for the synthesis of
sufficiently large batches of precursors, that is, MAX
phases with a tailored ratio of transition metals, which
can be crucially important for the properties of
MXenes based on them.

It is well known that the preparation of phase-pure
MAX phase samples is a difficult task, for they usually
contain impurities of transition-metal carbides, sili-
cides (in the case of M2 + xSiCx), or intermetallics with
aluminum (in the case of M2 + xAlCx), and oxides of all
metals of the system involved. In the context of the
subsequent preparation of MXenes, an important
requirement is to minimize the content in the MAX
phases of individual metal carbides and transition-metal
oxides (removal of which can affect the in-plane stoichi-
ometry of the thus-prepared MXenes M2 + xCxTy).

The most popular preparation of MAX phases is via
hot pressing or cold pressing followed by sintering at
sufficiently high temperatures (~1400–1500°C) [40–
42]. In addition, hot pressing or spark plasma sintering
most often uses graphite molds, due to which an addi-
tional carburization of the system is possible and,
accordingly, the formation or an increase in the con-
tent of MC impurity phases can occur. Therefore, it is
necessary that an excess of aluminum be used in the
705
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Fig. 1. Schematics of MAX phase synthesis in the Ti2AlC–V2AlC system.
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synthesis and a deficit of carbon or metal carbides in
the precursor systems.

One of the simplest, energy efficient, and afford-
able in terms of equipment costs is the molten salt
assisted synthesis of MAX phases [43–48]. This
method showed sufficient efficiency in the prepara-
tion of individual MAX phases, e.g., Ti3SiC2, Ti2AlN,
Ti3AlC2, and V2AlC, but it is rarely used to prepare
more complex compositions in which one transition
metal partially substitutes for another. Luo et al. [45],
for example, described the synthesis of compounds in
the (V1 – x – yTixCry)2AlC system in molten NaCl/KCl
in the molar ratio 1 : 1 at 1100°С followed, after the
salts were removed, by heat treatment under argon at
1400°С.

The preparation of MAX phases in the Ti2AlC–
V2AlC system that would be interesting for the further
synthesis of MXenes Ti2 – xVxCTy as components for
energy and chemical gas sensors, is poorly docu-
mented [49–54]. For preparing a compound of com-
position (Ti0.5,V0.5)2AlC, for example, the precursor
metal powders and graphite were encapsulated into
borosilicate ampoules at 650°С and then heated to
1600°С under isostatic hot pressing conditions at
100 MPa for 8 h [49, 50]. The as-prepared
(Ti0.5,V0.5)2AlC had a high oxidation resistance com-
pared to V2AlC. In [51, 52], the synthesis of a com-
pound of similar composition involved mixing TiH2,
V, Al, and graphite powders in the molar ratios 1 : 1 :
(0.9–1.2) : 1, stirring milling them in a ball mill with
stearic acid, compaction into tablets, and in vacuo sin-
tering under stepwise heating to 1500°С. Zou et al.
[51] noted that the TiVAlC product contained metal
carbides and metallic vanadium impurities. Yazdan-
parast et al. [53], in their preparation of heterometallic
MXene TiVC, synthesized MAX phase TiVAlC as the
precursor via hot pressing of powdered titanium,
vanadium, aluminum, and graphite in the molar ratio
1 : 1 : 1.3 : 1 at 1450°С (the exposure time was 2 h).
They observed a rather large amount of impurity
Ti3AlC2, another MAX phase [53]. Wang et al. [54], in
RUSSIAN JOURNAL O
their study targeted at preparing MXenes (Vx,Ti1 – x)2C
(х = 1, 0.7, 0.5, 0.3, 0), prepared the relevant alumi-
num-containing MAX phases via milling of titanium,
vanadium, aluminum, and graphite powders (n(Ti +
V) : n(Al) : n(C) = 2 : 1.3 : 1) and heat treatment at
1450°С for 2 h. Judging from X-ray diffraction pat-
terns [54], those solid solutions featured significant
amounts of MAX phase M3AlC2.

The purpose of this paper is to study the possibility
of a relatively low-temperature molten salt assisted
synthesis to provide MAX phases in the Ti2AlC–
V2AlC system containing the lowest possible amounts
of impurities that would be relatively easy to remove in
the preparation of corresponding MXenes.

EXPERIMENTAL
The reagents used, namely powders of metallic tita-

nium (99.9%, 0.5–100 μm), aluminum (99.2%, 30 μm),
vanadium (99.9%, 40–100 μm), graphite (type MPG-8),
potassium bromide (99%, Ruskhim), were mixed in
molar ratios n(Ti + V) : n(Al) : n(C) = 2 : 1.2 : 0.8.
These molar ratios slightly differ from the rations n(Ti +
V) : n(Al) : n(C) = 2 : 1.1 : 0.9–1 proposed in most
works, due to our decision to neglect the loss of
desired phases in favor of producing impurities that
would be relatively easy to remove during the synthesis
of MXenes (excessive precursor metals, titanium alu-
minides, vanadium, and possibly aluminum oxide).
The titanium and vanadium ratios were chosen to sat-
isfy the following formulas: Ti2AlC, Ti1.8V0.2AlC,
Ti1.5V0.5AlC, Ti1V1AlC, Ti0.5V1.5AlC, Ti0.2V1.8AlC, and
V2AlC; that is, vanadium should substitute for part of
titanium atoms in the course of MAX phase synthesis
(Fig. 1). Next, dried potassium bromide powder was
added to the mixed powder in the weight ratio 1 : 1 [43,
55]. The mixture was homogenized in a PM 100 (Retsch)
planetary ball mill using a ZrO2 milling drum and WC
balls in ethanol at 300 rpm for 12 h. After the milled
product was dried at 70–80°С, tablets 2 cm in diame-
ter and 1–1.5 cm thick were formed, and then were
placed into Alundum crucibles and covered with the
F INORGANIC CHEMISTRY  Vol. 67  No. 5  2022



SYNTHESIS OF MAX PHASES 707

Fig. 2. (a) X-ray diffraction patterns of MAX phase Ti2 – xVxAlC samples prepared at 1000°С and (b, c) magnified fragments
thereof in the vicinity of (b) reflection (002) and (c) reflection (103).

20 40 60 80

13 14

I

I

(002)

2θ, deg

(b)

(а)

39 40 41 42

I (103)

2θ, deg

2θ, deg

(c)Al2O3

Al2O3V2AlC

V2AlC

Ti2AlC

Ti2V1.8AlC

Ti0.5V1.5AlC

Ti1V1AlC

Ti1.5V0.5AlC

Ti1.8V0.2AlC

Ti2AlC

TiC
Ti3AlTiAl

V

V

KBr powder. MAX phase synthesis was fulfilled in a
muffle at 1000°С for 5 h (the first series) and at 1100°С
for 3 h (the second series). Once cooled fully, the sam-
ples were washed with hot water and then dried at 110–
120°С.

The X-ray diffraction patterns of MAX phase sam-
ples were recorded on a Bruker D8 Advance diffrac-
tometer (CuKα radiation, 0.02° resolution with a sig-
nal accumulation time of 0.3 s per point). Phase iden-
tification was fulfilled in the software MATCH!—
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vo
Phase Identification from Powder Diffraction, Ver-
sion 3.8.0.137 (Crystal Impact, Germany) using the
Crystallography Open Database (COD) supple-
mented with data on Ti2AlC and V2AlC hexagonal
phases.

The thermal behavior of the prepared MAX phase
powders in f lowing air was studied on an SDT Q-600
TG/DSC/DTA simultaneous thermal analyzer in the
range 20–1000°С; the heating rate was 10 deg/min,
the air f low rate was 250 mL/min.
l. 67  No. 5  2022
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Fig. 3. Unit cell parameter (a) a and (b) c depending composition for MAX phases Ti2 – xVxAlC prepared at 1000°С (blue curve)
and at 1100°С (pink curve); green curves refer to V2AlC [57] and Ti2AlC [1, 56].
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Fig. 4. X-ray diffraction patterns of MAX phases Ti1V1AlC, Ti0.5V1.5AlC, and Ti0.2V1.8AlC prepared at 1100°С.
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The microstructure of the prepared Ti2AlC and
V2AlC phases was studied by transmission electron
microscopy (TEM, Jeol JEM-1011 equipped with an
Orius SC1000W digital camera). For Ti2AlC, the par-
ticle morphology was in addition studied by scanning
electron microscopy (SEM) on an NVision 40 (Carl
Zeiss) three-beam workstation; the elemental compo-
sition was estimated in 45 × 60 μm areas by means of
an EDX Oxford Instruments X-MAX 80 attachment.
RUSSIAN JOURNAL O
RESULTS AND DISCUSSION

The phase identification of the products synthe-
sized at 1000°С (Fig. 2) showed that a MAX phase of
211 stoichiometry (M2AlC) was formed in all compo-
sitions, as evidenced by the characteristic set of reflec-
tions, especially the strong (002) reflection with its
intrinsic systematic shift upon partial substitution of
vanadium for titanium. Minor MAX phase M3AlC2
F INORGANIC CHEMISTRY  Vol. 67  No. 5  2022
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Fig. 5. DSC and TG curves in f lowing air for (a) Ti2AlC, (b) V2AlC, and (c) Ti1V1AlC samples prepared at 1000°С and (d) a
Ti1V1AlC sample prepared at 1100°С.
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was not formed under the conditions used. The Ti2AlC
[1, 56] and V2AlC [57] individual phases exceeded 82
and 86% respectively. The major impurities were alu-
minum oxide [58] (8–10%), titanium carbide [59] and
vanadium carbide [60] (4 and 1.6%, respectively),
Ti3Al [61], TiAl, and metallic vanadium [62]. The sit-
uation with intermediate phases is significantly differ-
ent, especially for Ti1V1AlC, Ti0.5V1.5AlC, and
Ti0.2V1.8AlC. Very strong partially overlapping reflec-
tions from Al2O3 and vanadiuum impurity phases
appear near the strongest reflection of the mixed MAX
phase.

The full-profile analysis in the TOPAS software
gave average unit cell parameters (Fig. 3, blue curve).
From Fig. 3, one can see the following: while parame-
ter c only slight deviates from Vegrad’s law (which may
indicate increased spacings between carbide planes in
the MAX phase lattice), the parameter a = 3.11 Å for
composition Ti1V1AlC even exceeds the respective
value for individual Ti2AlC (a = 3.04–3.06 Å [1, 56]).
Not only this observation signifies that some vana-
dium does not enter the strucure of the newly formed
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vo
MAX phase, but it can also signify a significant disor-
der in M2C planes.

Since the formation of a single-phase Ti1V1AlC
with unit cell parameters close to the calculated values
is documented in the literature, proceeding from the
additive scheme (a = 2.98 Å, с = 13.42 Å [50]) we
decided to carry out an additional experiment to syn-
thesize Ti1V1AlC, Ti0.5V1.5AlC, and Ti0.2V1.8AlC at
1100°С.

The 100°С increase in synthesis temperature led to
a significant decrease in mounts of Al2O3 and exces-
sive vanadium in the samples (Fig. 4). Although the
Ti0.5V1.5AlC sample had the least phase purity as
judged from its X-ray diffraction patterns, the unit cell
parameters calculated by full-profile analysis (Fig. 3,
pink curve) showed that Ti1V1AlC yet featured the
greatest deviation from the linearity of the unit cell
parameter a = 3.07 Å depending MAX phase compo-
sition. However, there is an obvious tendency for the
unit cell parameters to approach the theoretical values
as the synthesis temperature increases.

The data imply that the significantly larger values
of the unit cell parameter a, typical of the Ti1V1AlC
l. 67  No. 5  2022
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Fig. 6. TEM microstructure images of V2AlC powder; arrows point to areas with a moire pattern.
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samples prepared either at 1000°С or at 1100°С (with
its actual coincidence with the calculated parameter
c), are probably associated with disorder in M2C lay-
ers. One more argument in favor of this conclusion
comes from the theoretical work [63], in which the
Ti2AlC–V2AlC system was classified with the group of
systems for which the disorder-to-order transition
requires an elevated temperature (~1500°C). It is also
worth mentioning that the preparation of solid solu-
tions of the above system at 1450–1600°С is docu-
mented in the available literature. In this work, we
found that the molten salt assisted synthesis does pro-
duce MAX phase solid solutions in this system (except
RUSSIAN JOURNAL O
for Ti1V1AlC) even at as low temperature as 1000–
1100°С.

The oxidation resistance in f lowing air was studied
for the end-members (MAX phases Ti2AlC and
V2AlC) and for Ti1V1AlC samples (Fig. 5). In every
sample, temperature elevation gives rise exclusively to
a weight gain owing to the oxidation of the produced
hexagonal carbides and some impurities in them. The
oxidative resistance of Ti2AlC far exceeds that for
V2AlC: the observable weight increment for Ti2AlC
starts at ~480°С against ~400°С for V2AlC (Figs. 5a,
5b). In addition, oxidation in the Ti2AlC sample is a
stepped process, and its greatest development is
F INORGANIC CHEMISTRY  Vol. 67  No. 5  2022



SYNTHESIS OF MAX PHASES 711

Fig. 7. TEM microstructure images of Ti2AlC powder; arrows point to areas with a moire pattern.
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observed at temperatures above 800°С (with attendant
exotehrms peaking at 821 and 907°С). For V2AlC, two
well-defined oxidation steps can likewise be recog-
nized but at far lower temperatures: in the range 500–
600°С and at 600–650°С. Noteworthy, the V2AlC
sample does not experience weight gain at 700°C.

For the Ti1V1AlC samples prepared at 1000 or
1100°С (Figs. 5c and 5d, respectively), it is difficult to
recognize pronounced oxidation steps on DSC and
TG curves. In either sample, weight gain starts in the
range 440–450°С, which is an intermediate value
between those in the Ti2AlC and V2AlC samples. A
sharp weight gain occurs in the range 500–700°С,
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vo
with an attendant exotherm peaking at 593°С (for the
sample prepared at 1000°С). For the Ti1V1AlC sample
syntehsized at 1100°С, the exotherm peak temperature
shifts toward lower temperatures to 584°С, but a
shoulder appears at 616°С. Thus, we may state that the
oxidation resistance systematically decreases as vana-
dium-for-titanium substitution progresses in the
Ti2AlC phase.

The TEM microstructure study of V2AlC powder
(Fig. 6) showed that the powder was comprised of
strong intergrowths of particles (400 nm or more in
diameter), often with hexagonal faceting. Since the
compound tends to cleavage owing to its structure,
l. 67  No. 5  2022
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Fig. 8. (a–c) Microstructure of a Ti2AlC sample and (d) its EDX surface analysis data.

1 μm

200 nm

1 μm

(a)

(c)

(b)

(d)
n(Al) : n(C) = 1.04
n(Ti) : n(C) = 1.98

0 0.5 1.0 1.5 2.0 2.5 3.0
keV

3.5 4.0 4.5 5.0 5.5 6.0

С
Ti
O

Al

Ti

Ti
areas of different thickness appear on the micro-
graphs, and Figs. 6e and 6f feature a stratified chip of
a particle on which steps of planes are clearly visible.
In addition, arrows show the areas of the particles with
the moire pattern, which is typical of layered struc-
tures.

Similar inferences may refer to the Ti2AlC sample
as well (Fig. 7). On can see on its TEM micrographs
that the powder is comprised of intergrown aggregates
of particles with sizes of 200–300 nm or more; the
moire pattern on them indicates their layered struc-
ture. In addition, Figs. 7e and 7f feature a set of exfo-
liated f lat particles, also covered with a moire pattern.

The SEM images (Fig. 8) also verify that the
Ti2AlC sample is comprised of layered particles. Fig-
ure 8a shows a chip of such an entity and crack propa-
gation with deviations on some layers typical of MAX
phases. Imaging in the average atomic number con-
trast mode (Fig. 8b) indicates the absence of large
impurity particles in the product; they can predomi-
nantly be distributed along grain boundaries and in-
between grains. Energy dispersive analysis shows that
the molar ratio n(Ti) : n(С) is nearly as specified. The
aluminum amount slightly exceeds the Ti2AlC stoichi-
ometry but is lower than entered the reaction, likely
due to loss in the course of synthesis, specifically due
to oxidation upon heating before the molten potas-
sium bromide shielding layer was formed.
RUSSIAN JOURNAL O
CONCLUSIONS
We have considered the details of relatively low-

temperature molten salt assisted synthesis (at 1000 and
1100°С) of MAX phase solid solutions in the Ti2AlC–
V2AlC system.

The developed method provides desired phases
whose exceeds 82–86% in the product, and avoids for-
mation of large amounts of impurities that are difficult
to remove during subsequent MXene preparation, pri-
marily highly disperse titanium and vanadium mono-
carbides (their percentage is within 1.6–4%). In addi-
tion, neither of the prepared samples featured impuri-
ties of other MAX phases, e.g., M3AlC2, while their
presence in complex MAX phases in the system of
interest was documented elsewhere.

When the synthesis temperature is 1000°С,
Ti1V1AlC, Ti0.5V1.5AlC, and Ti0.2V1.8AlC samples
(despite the formation of a MAX phase and a system-
atic shift of reflection (002) in response to progressing
of vanadium-for-titanium substitution) feature appre-
ciable amounts of Al2O3 and vanadium (their reflec-
tions are partially overlapping). Full-profile analysis
shows that the unit cell parameter a in a Ti1V1AlC
sample is even superior to the respective value in indi-
vidual Ti2AlC. An increase in synthetic temperature to
1100°С appreciably reduces the amount of impurities;
the unit cell parameter a also decreases, but yet appre-
ciably exceeds the calculated and published values [50]
(while the parameter c corresponds with those values).
F INORGANIC CHEMISTRY  Vol. 67  No. 5  2022
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Likely, this situation is not due to the ratio n(Ti) : n(V)
in a conventional M2C plane, but due to disorder, and
higher heat-treatment temperatures can help to level it
out [63].

Thermal analysis of Ti2AlC, Ti1V1AlC, and V2AlC
samples in the range 20–1000°С shows that the oxida-
tion resistance decreases as vanadium-for-titanium
substitution in a MAX phase progresses.

The microstructures of prepared Ti2AlC and V2AlC
phases have been studied by TEM and SEM.
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