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We report on the synthesis of the ﬁrst two-dimensional transition
metal nitride, Ti4N3-based MXene. In contrast to the previously
reported MXene synthesis methods – in which selective etching of
a MAX phase precursor occurred in aqueous acidic solutions –
here a molten ﬂuoride salt is used to etch Al from a Ti4AlN3
powder precursor at 550 °C under an argon atmosphere. We
further delaminated the resulting MXene to produce few-layered
nanosheets and monolayers of Ti4N3Tx, where T is a surface
termination (F, O, or OH). Density functional theory calculations of
bare, non-terminated Ti4N3 and terminated Ti4N3Tx were performed to determine the most energetically stable form of this
MXene. Bare and functionalized Ti4N3 are predicted to be metallic.
Bare Ti4N3 is expected to show magnetism, which is signiﬁcantly
reduced in the presence of functional groups.

The family of two-dimensional (2D) materials—solids with
high aspect ratios and thicknesses of a few atomic layers—has
grown far beyond graphene.1–4 2D transition metal carbides
and carbonitrides, known as MXenes, are one of the latest
additions to this family. Interest in researching the properties
of MXenes is still growing.5–9 MXenes have been produced by
selectively etching the A layers from MAX phases.10–13 The
latter are named after their constituent elements: in Mn+1AXn,
M is an early transition metal, A is a group IIIA or IVA element,
X is C and/or N, and n = 1, 2 or 3.14,15 There are currently over
70 MAX phases known and an even greater amount of solid
solutions of these phases.15–17 These materials have a layered
hexagonal crystal structure with the P63/mmc symmetry, where
M layers are nearly closed packed and X atoms fill the octahedral sites, and adjacent Mn+1Xn layers are interleaved with
pure A-layers.18 The M–X bond in MAX phases has a predomi-
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nantly mixed covalent/metallic character, whereas the M–A
bond is metallic,19 therefore the bonds between the MAX
layers cannot be easily broken mechanically.14 Since the M–A
bonds are weaker than the M–X bonds, we have shown that it
is possible to selectively etch the A-layers with aqueous solutions containing fluoride ions, such as aqueous hydrofluoric
acid (HF),10 a mixture of lithium fluoride and hydrochloric
acid,20
or
with
ammonium
bifluoride,21
yielding
10,11,14,22
MXenes.
In this process, the Al atoms are removed,
and the M–X layers are terminated with O, OH and/or F atoms,
producing functionalized MXenes.14 Functional groups, or terminations, are abbreviated as T in the general formula
Mn+1XnTx.
Other methods of selectively removing the A element have
also been reported but produced phases that are not MXenes,
such as heating the MAX phase under vacuum,23 immersion
in liquid metal,24 or molten salts,24,25 or by treatment in anhydrous HF at 55 °C.26 Etching in molten salts also selectively
removes the A atoms, e.g. Al in Ti2AlC27 and Si in Ti3SiC2.25 In
these molten salt etching procedures, however, de-twinning of
the Mn+1Xn layers occurred, resulting in the formation of a
non-stoichiometric Ti–C rock salt structure with partially
ordered vacancies.25,27
Although treatment in aqueous acidic solutions works well
for producing carbide and carbonitride MXenes, for reasons
that are not clear they fail to etch out A layers from nitridebased MAX phases.28,29 For example, treating Ti4AlN3 in dilute
HF at room temperature (RT) produces nanosheets of
Ti4AlN3.28 To date, several MXenes have been synthesized
including Ti3C2, Ti2C, Nb2C, V2C, Ta4C3, Mo2C, (Mo2Ti)C3,
Zr3C2 among others,11–13,22,30,31 but until now, nitride MXenes
have not been reported. The diﬃculty in producing nitride
MXenes may be caused by two factors. The calculated cohesive
energies of Tin+1Nn are less than those of Tin+1Cn, whereas the
formation energies of Tin+1Nn from Tin+1AlNn are higher than
those of Tin+1Cn from Tin+1AlCn.32 Lower cohesive energy
implies lower stability of the structure of Tin+1Nn, whereas the
higher formation energy of Tin+1Nn implies that the Al atoms
in Tin+1AlNn are more strongly bonded, therefore requiring
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more energy for their extraction.14 Another possibility of why
nitride MXenes have previously not been produced is that the
lower stability of Tin+1Nn caused it to dissolve in aqueous HF
solution, the etchant used to chemically exfoliate Tin+1AlNn to
produce Tin+1Nn.14
Nitride MXenes have several potential advantages over their
carbide counterparts. Transition metal nitrides are known to
have higher electronic conductivities than carbides,33 they are
therefore suitable candidates for electrodes in electrochemical
capacitors.34 TiN is known as a promising plasmonic material,
suggesting that nitride MXenes also oﬀer better performance
for transformation optics and metamaterial devices.35 Based
on the computational results, it has been predicted that Ti4N3
with O, F, or OH functional surface groups has a higher
density of states, DOS, at the Fermi level, N(EF), than either
Ti4C3 or Ti3C2 with the same terminations.36 Furthermore,
N(EF) increases with increasing n in Tin+1Xn for carbides and
nitrides covered with functional groups.36 The increased electron count due to the presence of N atoms may outweigh the
withdrawal of electrons by surface groups, thereby further preserving a functionalized nitride MXene’s metallic character.14
This work investigated the heating of Ti4AlN3 in a molten
salt under an argon (Ar) atmosphere in order to synthesize
Ti4N3Tx. X-ray diﬀraction (XRD), Raman spectroscopy and
transmission electron microscopy (TEM) confirmed the selective etching of Al atoms from Ti4AlN3 and the preservation of
the Ti–N bonds in a layered hexagonal Ti4N3 structure as a
result of this procedure. The method herein reported has the
potential to be applied to other MAX phases to produce their
corresponding MXenes. Density functional theory (DFT) calculations were also used to analyze the stability, and the electronic and magnetic properties of this MXene.
Details of Ti4AlN3 and Ti4N3Tx synthesis and molten salt
treatment can be found in the ESI.† In short, Ti4AlN3 powder
was mixed with a fluoride salt mixture in a 1 : 1 mass ratio.
The fluoride salt mixture comprised of 59 wt% of potassium
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fluoride (KF), 29 wt% of lithium fluoride (LiF), and 12 wt% of
sodium fluoride (NaF) and corresponds to the ternary eutectic
composition in this salt system. The mixture of Ti4AlN3 and
fluoride salt was heated at 550 °C for 30 min, with a heating
rate of 10 °C min−1 from room temperature under Ar flow in
an alumina crucible. The synthesis process is schematically
shown in Scheme 1.
The XRD pattern of the molten salt treated Ti4AlN3 – before
dissolving the salt – shows evidence for five diﬀerent fluoride
phases (Fig. 1a), all of which contain Al, revealing the
depletion of Al from Ti4AlN3 due to its reaction with the
molten salt mixture (compare the bottom and middle XRD patterns in Fig. 1). The absence of Ti-containing fluorides in the
XRD pattern confirms the selective etching of Al. The presence
of Ti4AlN3 peaks shows that there are non-etched MAX phase
particles remaining after the salt treatment. In addition, two
new peaks appear near the original Ti4AlN3 (002) peak, which
is at ∼7.6°. The first peak, around ∼6.3°, is quite broad (left
dashed line in Fig. 1a and S1†), and possibly due to the (002)
peak of a layered structure, with a c-lattice parameter (c-LP) of
27 Å, possibly of Ti4N3Tx. One can argue that this broad peak
comes from diﬀuse scattering. However, the appearance of
another broad peak at 12.7° (second dashed line in Fig. 1a and
S1†), which can be the (004) peak, suggests that the ∼6.3° peak
is not from diﬀuse scattering. These two peaks are the first evidence for Ti4N3Tx formation, which are discussed further
below. We noted the presence of another peak at 8.9° 2θ −
marked with a dotted line and a question mark in Fig. 1a – in
both the untreated and the molten salt treated Ti4AlN3. In the
MAX phases, the M3AX2 phases have a peak at around 9° 2θ.
However, to our knowledge, Ti3AlN2 does not exist. Further
studies are needed to understand the nature of this peak.
To dissolve the Al-containing fluorides, diluted sulfuric
acid (H2SO4) was used. The etching products were subsequently removed by washing with deionized (DI) water followed by centrifugation and decanting the supernatant fluid

Scheme 1 Schematic illustration of the synthesis of Ti4N3Tx by molten salt treatment of Ti4AlN3 at 550 °C under Ar, followed by delamination of the
multilayered MXene by TBAOH.
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Fig. 1 (a) XRD patterns of Ti4AlN3, molten salt treated Ti4AlN3, and delaminated Ti4N3Tx. All peaks for the molten salt treated Ti4AlN3 are identiﬁed,
all the ﬂuoride salt peaks are marked and the Ti4AlN3 peaks are not marked, which match the bottom (Ti4AlN3) pattern. Peaks possibly corresponding
to rutile (TiO2) are marked with arrows in the top (d-Ti4N3Tx) pattern. (b) SEM image of molten salt treated Ti4AlN3 at 550 °C for 0.5 h under Ar ﬂow.
(c) SEM image of few-layered Ti4N3Tx particle on an alumina ﬁlter substrate. The inset in (c) shows the Tyndall eﬀect for delaminated ﬂakes dispersed
in water.

until the pH was at least 6. After the last decanting step, the
sediment was filtered on a polypropylene membrane. Its XRD
pattern (Fig. S1 in the ESI†) shows that almost all the fluoride
salts are removed and that the resulting powder contains
Ti4N3Tx and unetched Ti4AlN3.
To delaminate the multilayered Ti4N3Tx MXene into fewand single-layered flakes and remove the non-etched Ti4AlN3,
the powder was mixed with tetrabutylammonium hydroxide
(TBAOH) (see the ESI†).37 The TBAOH was then removed by
washing with DI water and then centrifuged and decanted. DI
water was added to the remaining powder, probe sonicated for
0.5 h and centrifuged at 5000 rpm for 0.25 h. The supernatant
suspension was then filtered to collect the smaller delaminated Ti4N3Tx flakes. These flakes are henceforth referred to as
delaminated Ti4N3Tx or d-Ti4N3Tx.
Typical of all the MAX to MXene transformations, the (00l)
peaks broaden and shift to lower angles as a result of an
increase in the c-LP. As discussed earlier, the XRD pattern of
Ti4AlN3 after molten salt treatment shows a quite weak broad
peak at 6.3°. A stronger broad peak, at a similar 2θ, is the
strongest peak in the d-Ti4N3Tx pattern (top pattern in Fig. 1a),
showing a shift of the (002) peak from 2θ = 7.6° to ∼6.3°,
corresponding to the c-LPs of 23 Å to ∼28 Å, for Ti4AlN3 and
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Ti4N3Tx, respectively (Fig. 1a). This increase can be due to: (i)
intercalation of ions during molten salt treatment, which was
also observed in its XRD pattern (middle pattern Fig. 1a) and/
or, (ii) water intercalation in between the layers after delamination in an aqueous solution. This increase is smaller than
those of the previously reported M4X3 MXenes such as
Nb4C3,38 etched in aqueous HF, that resulted in a c-LP of 31 Å.
The larger c-LP of Nb4C3Tx is due to the higher water content
between MXene layers.38 The nature of intercalation between
the nitride layers is not clear at this stage. The (002) peak of
delaminated Ti4N3Tx is also quite broad (Fig. 1a), which can
be due to poor alignment of the small MXene flakes in the dry
film. Two broad peaks at 28° and 36° were also observed
(arrows in Fig. 1a), which possibly belong to rutile (TiO2),39
which is typically present as a result of delamination in
TBAOH and DI water. This can also possibly be due to the slow
oxidation of Ti4N3Tx in aqueous solutions.40
Evidence of etching the Ti4AlN3 to form Ti4N3 was also provided by scanning electron microscopy (SEM) (Fig. 1b), which
showed typical accordion-like structures. The latter, with
clearly visible open layering, in a single particle, are characteristic of selective etching, in general41 and HF etched MXenes
in particular.10 Energy-dispersive X-ray spectroscopy (EDX) of
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the product, at low magnification, indicated that Al was still
detected in a Ti : Al ratio of 4.0 : 0.9, which is similar to the
starting Ti4AlN3, however, based on the XRD result (Fig. 1a),
this could be attributed to Al-containing fluorides.
The delaminated Ti4N3Tx particles were small, in the range
of a few hundred nm (Fig. S2 in the ESI†). In a few cases,
much larger flakes of about 1 µm in lateral size were observed
as shown in Fig. 1c, which were more than a few layers thick,
since they were not transparent to the 5 kV electron beam in
SEM. Solutions of delaminated Ti4N3 flakes in DI water exhibit
the Tyndall eﬀect, shown by shining a laser beam through the
solution (the inset in Fig. 1c), thereby confirming that this was
a colloidal solution.
Furthermore, small Ti4N3Tx flakes – with morphologies
typical of other MXene flakes12,38 – were observed in TEM
micrographs (Fig. 2a and b). EDX determined these flakes to
have no Al, thus confirming the formation of Ti4N3Tx.
Selected-area electron diﬀraction (SAED) (top inset in Fig. 2b)
of these Ti4N3Tx flakes viewed normal to the basal (002) plane confirms their single-crystal nature, and the fact that the hexagonal
symmetry (P63/mmc) of the parent MAX phase after exfoliation is
retained. The a-LP of this flake from SAED is measured to be
∼2.9 Å, which is similar to that of the Ti4AlN3 precursor,32 indicating that, like all other MXenes synthesized to date, removing Al
did not alter the in-plane structure of the nitride layers.
The Raman spectra of the untreated Ti4AlN3 and molten
salt treated/acid washed Ti4AlN3 are shown in Fig. 2c. The
Raman spectrum of the former is generally similar in terms of
the peak positions previously reported.42 The observed oscillation modes of certain symmetry groups of Ti4AlN3 are hence
labeled after fitting the spectra with products of Gaussian and
Lorentzian functions. Certain diﬀerences therein among the
corresponding intensities of certain peaks could be due to the
variations of vacancies and defects in the diﬀerent samples
analyzed. Moving forward, ω2 (134.6 cm−1), ω5 (237.1 cm−1)
and ω10 (595.5 cm−1) are E1g group (irreducible representation)
vibrations, which contain in-plane (shear) modes of Ti and N
atoms. These peaks should remain present in the Ti4N3Tx
spectrum after etching Al from Ti4AlN3, but they decline in
intensity and broaden presumably due to the increased inter-
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layer spacing of the MXene structure, as can be seen in the
bottom pattern of Fig. 2c. This change in the Raman spectra
can be understood by visualizing parallels with the behavior of
other 2D materials, such as the G-band of bilayer graphene,
analogous to MXene, compared to that of few-layer graphene,
analogous to the MAX phase.43 The ω4 (212.5 cm−1), ω7
(378.1 cm−1), and ω8 (548.5 cm−1) modes are A1g symmetry
out-of-plane vibrations of Ti and N atoms. Therefore, if the Al
interlayer is removed, the peaks of these vibrations are
expected to red-shift, broaden and change their shape
(Fig. 2c), analogous to the 2D-band of few-layered graphene
versus that of bilayer graphene.44
The E2g modes ω3 (184.2 cm−1) and ω9 (558.6 cm−1) are inplane oscillations of Ti and N atoms, coupled to the minor
oscillations of Al atoms. After etching, the Al atoms are
exchanged with lighter atoms (such as H, F or O). Therefore,
the intensities of such coupled oscillations are suppressed
more than those of the E1g oscillations mentioned. The broadening of these peaks in the Raman spectrum of Ti4N3Tx could
occur because of the increased disorder of the structure upon
introduction of various surface moieties during etching, as
well as decreased interlayer spacing. These features are present
in the Ti4N3Tx spectrum, indicating the removal of the Al layer.
The in-plane E2g symmetry mode ω6 (251.2 cm−1) is present in
the Ti4AlN3 spectrum in Fig. 2c, diverse from the case of the
corresponding Raman spectrum previously reported.42 The
energy of this mode, which consists of small oscillations of Ti
and N atoms coupled to high-amplitude oscillations of Al, can
be largely attributed to the latter. Elimination of Al would thus
have the most impact on this peak. Indeed, diminishing of
this peak evident in Fig. 2c confirms the successful removal of
Al layers. It is important to note here that the Raman spectra
of some spots in the acid washed molten salt treated Ti4AlN3
were similar to that of the non-treated Ti4AlN3 and are not
shown here. This is in agreement with the XRD results
(Fig. S1†), suggesting that non-etched Ti4AlN3 particles coexist
with Ti4N3Tx after the molten salt treatment.
To study the structure and electronic properties of non-terminated Ti4N3 and terminated Ti4N3Tx (T = F, O, and OH)
monolayers, we carried out spin-polarized density functional

Fig. 2 TEM micrograph of (a) several delaminated ﬂakes and (b) an individual Ti4N3Tx ﬂake. The inset in (b) shows the SAED pattern of the Ti4N3Tx
ﬂake showing the hexagonal basal plane symmetry of the parent MAX phase. (c) Raman spectra of Ti4AlN3 (red curve) and delaminated Ti4N3Tx (blue
curve), with corresponding vibrational peaks found by ﬁtting with a product of Gaussian and Lorentzian functions.
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theory (DFT) calculations using the Vienna ab initio Simulation
Package (VASP).45,46 Details of the DFT calculations are further
explained in the ESI.† Monolayer Ti4N3 was constructed from a
MAX phase with a calculated lattice parameter a = 2.9915 Å
and a thickness of L = 7.44 Å as shown in Fig. 3a. This result
agrees well with the measured a-LP from the SAED pattern
(Fig. 2b) and the previously predicted lattice parameters using
the Perdew–Burke–Ernzerhof (PBE) method (a = 2.9929 Å).32
The a-LPs of terminated Ti4N3Tx were set equal to those of
non-terminated Ti4N3, where the error in the lattice parameter
is less than 0.03 Å.36 We first evaluated the relative stability of
the fully terminated Ti4N3 monolayers with diﬀerent arrangements of surface terminations (F, O, and OH). Two energetically favorable arrangements of the surface terminations are
considered, A and B, shown in Fig. 3b and c. Fig. 3(d–f ) illustrates three possible arrangements of the surface terminations,
namely AA, AB, and BB, in the fully terminated Ti4N3Tx monolayers. The total energy diﬀerences with respect to configuration AA are listed in Table 1. Our calculations indicate that
configuration AA (Fig. 3d) has the lowest energy for the F and
O terminations, whereas for OH, the AB configuration (Fig. 3e)
is more stable. This result is consistent with the previous DFT
results for Ti4N3Tx.36 In the case of carbide MXenes, configuration AA has been shown both experimentally and theoretically
to be the most stable configuration.36,47,48
We then evaluated the formation energies of diﬀerent
surface terminations in order to predict which surface termination is more energetically preferred. In our case:
Eform ðTÞ ¼ fEtot ðTi4 N3 Tx Þ  EðTi4 N3 Þ  xEðTÞg=x
where Eform(T ), Etot (Ti4N3Tx), E(Ti4N3), and E(T ) are the formation energies of the termination group, the total energies of
the terminated Ti4N3Tx monolayers, non-terminated Ti4N3
monolayers, and surface termination groups (–F, –O, and –OH)
calculated from VASP, respectively. The formation energies of
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Table 1 Relative stability of functionalized Ti4N3Tx with diﬀerent
arrangements of surface terminations, where the most stable conﬁguration is in the bold font. Formation energies of –F, –O, and –OH surface
terminations with single-side and double-side covered Ti4N3Tx MXene.
Calculated magnetic moment per unit cell for Ti4N3Tx MXene. Note in
all cases x = 2

E–E0 (eV)
Eform (eV)

Single (Ti4N3T)
Double(Ti4N3T2)
Magnetic moment per unit
cell (µB)

Ti4N3

Ti4N3Fx

Ti4N3Ox

Ti4N3(OH)x

AA
AB
BB
N/A
N/A
7.00

0.000
0.085
0.159
−5.804
−5.781
0.88

0.000
0.5284
1.046
−7.855
−7.773
0.37

0.000
−0.012
0.010
−5.332
−5.347
0.00

single-sided and double-sided terminated Ti4N3Tx monolayers
are listed in Table 1. Based on these results we conclude that
O terminations are energetically preferred compared to F and
OH functional groups, while the OH termination is the least
favorable one (even compared to F) with an energy diﬀerence
of more than 0.4 eV per unit cell.
In order to shed light on the electronic properties of
Ti4N3Tx, we calculated the spin-polarized partial density of
states (PDOS) of the most stable configurations considering
the contribution of diﬀerent orbitals as shown in Fig. 4. For
the Ti4N3Tx and Ti4N3 monolayers, the main contribution near
the Fermi level comes from the Ti 3d orbital, while a hybridization between the Ti 3d orbital and the N 2p orbital occurs
from −2.0 to −8.0 eV below the Fermi level. The calculated
total DOS at the Fermi level of bare, F-, O-, and OH-terminated
Ti4N3 monolayers are 4.62, 4.0, 3.8, and 1.9 eV per unit cell
respectively. This result indicates that the Ti4N3 monolayers
are more metallic while the terminations lower the DOS at the
Fermi level, similar to carbide MXenes.36 On the other hand,
the low DOS at the Fermi level of the OH terminated Ti4N3Tx
monolayer partially explains why OH is not energetically favor-

Fig. 3 (a) Crystal structure of Ti4N3 monolayers (top and side views are shown). For the single-sided terminations, two energetically favorable
arrangements of the surface terminations are considered: (b) hollow site of surface Ti denoted by A, and (b) atop site of carbon denoted by B. In the
case of double-sided terminations, the possible conﬁgurations of terminations are (d) AA-Ti4N3Tx, (e) AB-Ti4N3Tx, and (f ) BB-Ti4N3Tx.
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Fig. 4 Spin-polarized partial density of states of Ti4N3 monolayers and surface terminated Ti4N3Tx. The Fermi levels are set to zero and are indicated
by the red line. TDOS refers to total density of states.

able. Note that previous studies32,36 have only discussed the
non-spin-polarized PDOS of the F terminated Ti4N3Tx case,
while here we are reporting a spin-polarized study on all possible terminations in Ti4N3Tx (T = F, O, and OH). In Fig. 4, a magnetic moment of 7.0 µB per unit cell is predicted for bare Ti4N3,
which results mainly from the unoccupied 3d orbitals of the Ti
atoms. Surface terminations such as OH dramatically lower the
magnetic moment to zero. These results diﬀer from the previously reported DFT results which found that while a magnetic
moment exists for the bare Tin+1Nn, functionalization with O, F,
H, or OH groups reduces the magnetic moment to zero.36
In summary, we synthesized the first nitride MXene, twodimensional titanium nitride, Ti4N3Tx. This was achieved by
heating Ti4AlN3 in a molten fluoride salt, a method that has
not been previously reported to produce MXenes from their
corresponding MAX phases. Delamination of multilayered
Ti4N3Tx particles into few and monolayers was also achieved.
DFT calculations of simulated Ti4N3Tx determined that O terminations on Ti4N3Tx (T = O) are the most energetically favorable compared to F and OH functional groups, while the OH
termination is the least favorable. Relative to these terminated
Ti4N3Tx simulations, bare, non-terminated Ti4N3 is calculated
to have the highest density of states, as well as a magnetic
moment of 7.0 µB per unit cell.
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