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of MXene domains and
compositional defects in magnetron sputtered
V2AlC-AlOx heterostructures revealed by theory
and experiments†

P. J. Pöllmann, ‡a R. Sahu,‡§ab M. Feč́ık, a C. Scheubc and J. M. Schneider ad

We report on direct formation of nanometer-sized V2C and novel V3C2 MXene domains at V2AlC-AlOx

heterostructure interfaces synthesized by physical vapor deposition. Their formation is facilitated by local

Al deintercalation from V2AlC MAX phase into AlOx enabled by the selected architecture maximizing the

contact area of V2AlC MAX phase and AlOx. Furthermore, the formation of VC, V3AlC2, V5AlC4, V7AlC6,

V8AlC7, and V10AlC9 compositional defects is observed by aberration-corrected transmission electron

microscopy and formation thereof is, together with the MXene formation, rationalized by density

functional theory calculations. The applied synthesis approach thus shows the potential to be a step

towards the chemical etching-free production of MXenes and can be further extended to other MXene

compositions, since the A elements typically have a large affinity to oxygen.
Introduction

Since the discovery of graphene,1,2 the scientic interest in
inorganic two-dimensional (2D) materials has been on the rise
and the search for novel compounds is still ongoing. One ever-
expanding class of 2D materials are transition metal carbides,
nitrides, and carbonitrides – oentimes collectively called
MXenes to emphasize their structural similarity to graphene –

where M designates the transition metal and X carbon or
nitrogen.3,4 They are usually prepared by selective wet chemical
etching of the A element (referring to III A or IVA elements) from
their nanolaminated parent MAX phases, where MX layers are
interleaved with A layers, yielding 2D Mn+1Xn sheets.5,6 Bulk
MAX phases are typically synthesized at above 1000 °C,7–9 and
are subsequently used as precursors for 2D MXenes.3,4,8,10 Over
70% of publications describing such synthesis pertain to Ti-
based MXenes.11
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A member of the ternary MAX phases, V2AlC, has been
studied due to its irradiation tolerance12 and the almost iden-
tical electrical resistivity for lm thicknesses of 10–50 nm which
might be of great potential for future semiconductor applica-
tions.13 Moreover, it has been demonstrated that V2AlC can be
synthesized at temperatures as low as 580 °C employing
magnetron sputtering.14,15

Etching of V2AlC with hydrouoric acid (HF) leads to selec-
tive removal of Al and formation of V2CTx MXene, which
showed high capacity and high cycling rates during testing as
electrode materials for lithium-ion batteries.8 Regarding further
MXenes obtained from the V–Al–C system, the synthesis of
V4C3Tx by chemical etching of V4AlC3 MAX phase has been
reported.16–18 To the authors' knowledge, the V3C2Tx MXene has
been explored only theoretically, even though the calculations
found it a promising candidate for synthesis due to the
reasonably high exfoliation energy (0.199 eV Å−2) obtained for
V3AlC2.19 Theoretical investigations also predicted this MXene
possesses great potential as an anode material for metal-ion
batteries due to its good electrical conductivity and high theo-
retical storage capacity.20

Similar to MAX phases, ternary MAB phases (where B
designates boron) also exhibit 2D derivatives known as MBenes,
which are analogously synthesized by selective etching of the A
element.21–23 For these materials, a straightforward process for
direct synthesis of 2D MoB MBene domains by magnetron
sputtering MoAlB, which were found to form in the vicinity of
AlOx (x referring to the varying molar content of oxygen within
the Al–O regions) regions at grain boundaries, was reported.24–26

It was suggested that these AlOx regions are formed by oxygen
This journal is © The Royal Society of Chemistry 2025
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incorporation during deposition and that they facilitate local
deintercalation of Al from MoAlB, leading to the formation of
nanometer-sized MBene domains without chemical etching.

As several MXenes have been previously reported within the
V–Al–C system,8,16–18 we investigate the formation of MXenes in
the vicinity of AlOx regions,24–26 capitalizing on the previously
identied Al-deintercalation tendency into AlOx regions, by
maximizing the AlOx-MAX phase contact area through design of
a multilayer architecture and the introduction of AlOx layers
during growth. We show the direct formation of V2CTx and
V3C2Tx MXene domains in direct current magnetron sputtered
(DCMS) thin lms, demonstrating the potential of the proposed
novel architecture without employing chemical etching. We
furthermore report on several new MAX phase compositional
defects and rationalize their formation based on density func-
tional theory (DFT) calculations.

Experimental
Thin lm synthesis and analysis

V2AlC-AlOx heterostructures have been synthesized by direct
current magnetron sputtering (DCMS) in a laboratory-scale
high-vacuum physical vapor deposition (PVD) chamber using
a ternary 200 V2AlC target (Plansee Composite Materials GmbH,
Germany) which was operated at 200 W and sequentially
opening the O2 gas ow aer every 6 min for 2 min during the
sputtering. The target was facing the single-crystalline 10 ×

10 mm MgO (001) substrates at a distance of 10 cm. The
substrates were kept at oating potential and a temperature of
580 °C at the base pressure of 1.6 × 10−6 mbar while the Ar
deposition pressure of 0.5 Pa along with the deposition time of
60 min led to a lm thickness of about 1.2 mm.

High-resolution scanning transmission electron microscopy
(HRSTEM)

Scanning transmission electron microscopy (STEM) analysis
was conducted utilizing a probe-corrected ThermoFisher Titan
Themis at an accelerating voltage of 300 kV. Microstructural
characterizations were carried out using cross sectional
samples. STEM samples were prepared and thinned to below
30 nm by conventional mechanical polishing and Ar ion milling
in Gatan PIPS. A semi-convergence angle of 23.8 mrad was
selected for high-resolution (HR) STEM imaging. Semi-
collection angles ranging from 78–200 mrad and 24–96 mrad
were employed for high angle annular dark eld (HAADF) and
annular dark eld (ADF) STEM, respectively. The microscope
was equipped with a Bruker SuperX detector for energy-
dispersive X-ray spectroscopy (EDX) analysis.

Density functional theory (DFT)

All periodic density functional (DFT) calculations were per-
formed using Quantum ESPRESSO (QE)27,28 in version 7.2.
Electron exchange and correlation were described via the
generalized gradient approximation (GGA) functional as
parametrized by Perdew, Burke, Ernzerhof (PBE).29 All elements
within the investigated structures were described by
This journal is © The Royal Society of Chemistry 2025
pseudopotentials provided in Standard solid-state pseudopo-
tentials (SSSP) PBE Precision package30 in version 1.3.0. To
account for the van der Waals interactions, Grimme's D3
correction31 was employed utilizing damping proposed by Becke
and Johnson.32–34 All the calculations were facilitated by use of
the Atomic Simulation Environment (ASE)35 with employing the
slightly modied extension XEspresso36 allowing to properly
handle QE input and output les.

Based on performed convergence tests for MAX structures,
we chose 45 Ry and 360 Ry as the kinetic cutoff for wave-
functions and charge density, respectively. For bulk structures
of the constituting elements – fcc Al, fcc C and bcc V – the cutoff
values were taken directly from the SSSP PBE Precision v1.3.0,30

cutoff tables: 30/240 Ry for Al, 45/360 Ry for C and 40/320 Ry
for V. Convergence thresholds were set to 10−5 Ry and 10−4 Ry/
Bohr for the total energy and forces, respectively. Brillouin zone
was sampled by G-centered Monkhorst–Pack grid37 with k-
points spacing of 0.2 Å−1. Vacuum thickness along the z-axis for
MX structures was chosen as 12 Å. All calculations herein were
performed without consideration of spin polarization. Infor-
mation about the models used and their creation, together with
additional information about the calculation's settings, can be
found in the ESI Fig. S1 and S2.†

All initial structures were rst subjected to geometry opti-
mization allowing their unit cells to change volume as well as
shape. For MX structures, z-direction of the unit cell was kept
xed. During the optimization, Gaussian smearing with
a spread of 0.01 Ry was used. This yielded lattice parameters
shown in ESI Table S3.† No changes in space groups during the
optimizations were observed. Obtaining the ground state
geometries, the structures underwent additional single point
calculation utilizing the optimized tetrahedron method38 to
obtain accurate total energies. These were then used to calculate
the energies of formation Ef of MAX phases against their
constituting elements at 0 K following the equation

Ef ¼ EMAX
TOT

N
�
X

i

xi

Ei
TOT

ni
; (1)

where the summation goes over the constituting elements –

i = V, Al, C (i = V, C) for the MAX (MX) case, N is a number of
formula units per the unit cell, xi is a stoichiometric coefficient
of an element i, and ni is the total number of atoms within
a bulk system of an element i.
Results and discussion

Following the herein proposed architecture, a heterostructure
has been synthesized and its multilayered nature is readily
visible in the low magnication HAADF STEM micrographs in
Fig. 1a. The dark grey regions consist of AlOx (yellow arrows)
whereas the brightest regions are identied as V2AlC MAX
phase (white arrows), as the intensity (I) is roughly proportional
to Z2 (Z referring to the atomic number).39 The V2AlC layers on
the MgO substrate exhibit narrow, randomly oriented grains
with small pores visible as dark spots (red arrows) in the HAADF
micrographs while the AlOx layers show a dened and
J. Mater. Chem. A, 2025, 13, 25590–25598 | 25591
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Fig. 1 (a) Overview of V2AlC-AlOx multilayer thin film in cross sectional HAADF STEM image. A section of the film reveals chemical composition
of V, Al, C and O in STEM EDX maps (b–e).
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continuous microstructure (Fig. 1a). The average length and
width of the grains are in a range of approximately 70 to 150 nm
and 15 to 40 nm, respectively. Along with X-ray diffraction, fast
Fourier transformations (FFTs) of the HAADF images conrm
the presence of V2AlCMAX phase with lattice parameters a= 2.8
± 0.1 Å and c = 13.5 ± 0.2 Å (see ESI Fig. S4 and S5†). This is in
good agreement to the values predicted by DFT (ESI S3†) with
a difference of around 3% for both a and c parameters. Pore
sizes vary between approximately 10 to 40 nm. The chemical
composition was measured by EDX and the corresponding
compositional maps of the constituting elements (V, Al, C, and
O) are shown in Fig. 1b–e. It is evident from the STEM EDX
maps, that V and C are uniformly distributed and constrained to
the V2AlC layers, while Al and O are distributed over the whole
sample with their highest proportion in the AlOx layers (Fig. 1b–
e). This preferential Al distribution is a rst indication of Al
deintercalation from the MAX phase into AlOx. The selective
removal of Al from the Vn+1AlCn structure can be rationalized
based on the Al bonding: metallic V–Al bonds in the MAX phase
are with a calculated bond energy of 1.09 eV signicantly weaker
compared to the covalent/ionic V–C bonds with 2.77 eV.40

Hence, Al is the most weakly bound species within the phase,
facilitating its deintercalation. The presence of oxygen within
the V2AlC layers might result from residual gas incorporation
during the deposition process or might be surface oxide formed
aer lamellae preparation.41,42

In Fig. 2, the formation of 2D derivatives of vanadium-based
MAX phases is observed in the HAADF HRSTEM micrographs
for a domain adjacent to an AlOx region. A delaminated region,
serving as evidence of a 2D phase, is indicated by white arrows,
25592 | J. Mater. Chem. A, 2025, 13, 25590–25598
see Fig. 2a. A higher magnication of the region marked with
a dotted rectangle in Fig. 2a is shown in Fig. 2b.

The atomic columns of V are visible as bright dots, while Al
columns appear dark grey in the HAADF HRSTEM micrograph.
Due to their low scattering amplitude, the signicantly lighter
elements C and O are invisible in the micrograph. A represen-
tative overlay identifying individual atomic columns (here and
throughout the text: V as red, Al green, and C as blue) is shown
in Fig. 2c as a guide for the eye for easier distinction of indi-
vidual phases.

Fig. 2b reveals an Al-deprived region in the proximity of the
AlOx regime that further indicates the effectiveness of the
applied architecture for Al deintercalation. This region (grey
dotted rectangle) is shown in a higher magnication in Fig. 2c
revealing a variation in the interlayer distance to the nearest-
neighbor Vn+1Cn subunit as indicated by the ideal structural
overlay. These modulations in distance lead to a layer bending
of the Vn+1Cn subunits in the vicinity of AlOx regions. While in
pristine V2AlC regions the projected in-plane distance between
the V2C subunits is 2.51 Å (blue dotted distance markers in
Fig. 2e), the distances in the bent regions varies between 2± 0.1
Å (purple) and 3.2 ± 0.15 Å (white), resulting in relative differ-
ences of −23% and +24% compared to the pristine V2AlC
regions, respectively. The relative differences for V3C2 subunits
are 1.7 ± 0.1 Å (−32%) and 5.2± 0.1 Å (+105%) compared to the
projected distance for V3C2 subunits in pristine V3AlC2 (2.5 Å).
This is consistent with our previous observations for structur-
ally similar MBene domains formed in MoAlB MAB phase,24–26

and indicates local formation of V2CTx as well as V3C2Tx MXene
domains. The areal fraction of MXene domains relative to all
This journal is © The Royal Society of Chemistry 2025
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Fig. 2 HAADF STEM micrographs showing formation of V2CTx and V3C2Tx MXene domains (a–e) including representative overlays of V (red), Al
(green), C (blue) atomic positions as a guide for the eye. Al delaminated 2D MXene layers are identified by white arrows in (a) and (d).
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other phases is estimated to be close to 1% as determined by
high-resolution analysis, whereas the areal fraction determined
for the MBene was <1%.25

Layer bending characteristic for V2CTx and V3C2Tx MXene
domains can also be observed in other regions of the lm in
Fig. 2d, while the HRSTEM micrograph in Fig. 2e reveals
a delaminated layer of a V3C2Tx MXene derivative. The
delaminated layer can be clearly identied by the measured
projected distance of 5.23 Å (dotted orange distance markers).
V2CTx MXene has been previously reported experimentally,8

however, the formation of V3C2Tx MXene has not been reported
to date. It has, nonetheless, been studied by computational
methods predicting it to be a promising candidate for synthesis
due to the reasonably low exfoliation energy of V3AlC2 of around
2.9 eV (3.0 eV for V2C);19,43 hence, supporting the here observed
experimental formation. It is also in good agreement with
deintercalation barriers (Ed) to form Vn+1CnTx MXenes from the
corresponding Vn+1AlCn (n = 1–9) phases calculated herein (see
ESI S6†). The deintercalation barriers for all compositions were
found to be around 3.5 eV, and therefore in a regime which can
be overcome in the employed synthesis scenario, as has been
shown for structurally similar MBenes.24–26 However, it needs to
be noted that the calculations were performed at 0 K and
without taking any kinetic effects into account, both of which
will inuence nal height of the barriers. The difference of
approximately 0.5 eV to the values reported previously for
Vn+1Cn

19,43 arises from the inclusion of van-der-Waals interac-
tions to the calculations performed herein.
This journal is © The Royal Society of Chemistry 2025
The observed formation of V2CTx and V3C2Tx MXene
domains, as opposed to hypothetical Vn+1CnTx MXenes for n > 2,
can be rationalized considering the present phase population:
since mostly V2AlC and V3AlC2 are observed in the sample, as
shown further in Fig. 3, the feasibility of MXene formation via Al
deintercalation is the highest for these compositions, owing to
the fact that deintercalation barriers are similar for all n
(ESI S6†).

The detected formation of V2CTx and V3C2Tx MXene
domains shows the potential of the employed synthesis
approach. Since during magnetron sputtering the environ-
mental conditions can be precisely modulated, it might be
feasible to tune surface terminations of MXenes during
synthesis. Furthermore, the synthesis approach is not limited to
the current V–Al–C MAX phase system, since a wide range of
MAX phases has been previously synthesized using PVD
processes.15,44 Synthesis of these MXene domains also yields
potential for their application in metal-ion batteries as stated
above.8,20

Moreover, two novel MAX phase compositions, V5AlC4 and
V6AlC5, are observed in Fig. 2b (zoomed in from grey dotted
square in Fig. 2a) and e, respectively.

The HAADF STEM micrograph in Fig. 3a shows a defective
grain of V2AlCMAX phase adjacent to an amorphous AlOx region.
A chemical composition analysis by a STEM EDX mapping is
provided in the ESI S7.† The HRSTEM image taken from the
region specied in Fig. 3a at the grain boundary (dotted grey
square) is displayed in Fig. 3b. The atomic arrangement of the
J. Mater. Chem. A, 2025, 13, 25590–25598 | 25593
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Fig. 3 HAADF STEM micrographs of a defective V2AlC grain showing formation of multiple low order compositional defects (a–e) including
representative overlays of V (red) –Al (green) –C (blue) atomic positions as a guide for the eye. (e) ADF STEM image showing hexagonal atomic
arrangement of 3D VC phase acquired from the region marked in the HRSTEM image in (d).

Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 5

/2
6/

20
26

 1
0:

11
:4

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
V2AlC MAX phase, as well as various compositional defect pha-
ses, are visible along the [100] zone axis.

While the expected composition of the MAX phase would be
solely the 211-type V2AlC due to the sputter target composition,
various Al-decient compositional defect phases including
V3AlC2, V4AlC3, V5AlC4, and V6AlC5 are observed additionally
(Fig. 2b, e and 3b–d). Among the various compositional defects,
V3AlC2 exhibits increased density within the thin lm – we have
observed the formation up to a few layers of this phase (see ESI
S8†). While V4AlC3 has been reported experimentally,45,46 and
has even been shown to be a precursor for V4C3Tx MXene
synthesis,16–18,47 the formation of V3AlC2 and V5AlC4 have not yet
been reported experimentally to date. For V3AlC2, rst-
principles studies have been carried out predicting higher
bulk and Young's moduli in comparison to Ti3AlC2.48,49 In case
of V5AlC4, there is no literature data available. Hence, we
employed DFT calculations to obtain energies of formation Ef
for Vn+1AlCn (n = 1–9) phases – the results are summarized in
Fig. 4 and S9.† As can be readily seen, all studied compositions
exhibit negative energies of formation indicating thermody-
namic stability for all phases compared to the constituting
elements. Consequently, the concurrent (defect) phase forma-
tion of Vn+1AlCn exhibited in Fig. 3 (and Fig. 2b) can be
25594 | J. Mater. Chem. A, 2025, 13, 25590–25598
rationalized based on both the energies of formation as well as
local variations in the surface chemical composition during
growth.

It has to be noted though, that the calculations (Fig. 4 and
S9†) pertain to 0 K and that competing phases are not consid-
ered. Upon consideration of competing phases utilizing
previous reports, the 211 and 312 type exhibit a negative
enthalpy of formation of −0.072 eV per atom and −0.005 eV per
atom while V4AlC3 is with 0.006 eV per atom metastable.50

However, due to the kinetically limited nature of the employed
PVD synthesis, formation of V4AlC3 is also expected here, as has
been shown before for structurally similar MAB phases.24,25,51

A rough estimation of the fractions of the described defect
phases is conducted by measuring the maximum number of
intersection points of the compositional defects (CD) within
a given length inside a defective V2AlC MAX phase grain,
yielding a defect population density. Exemplarily for V5AlC4, the
estimation of the defect phase population within the given
grain is computed to be ∼0.056 nm−1 along the 25 nm black
line shown in Fig. 3a. Similar measurements were carried out
for all defect phase compositions yielding average populations
of 0.44, 0.18, and 0.038 nm−1 for the V2AlC, V4AlC3, and V3AlC2

phases within the defective V2AlC matrix, respectively.
This journal is © The Royal Society of Chemistry 2025
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Fig. 5 HAADF HRSTEM micrographs of a defective V2AlC grain showing
representative overlays of V (red) –Al (green) –C (blue) atomic positions

Fig. 4 Energies of formation (Ef) obtained via DFT calculations for
Vn+1AlCn (n = 1–9) compositions at 0 K.

This journal is © The Royal Society of Chemistry 2025
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The effectiveness of the employed layer architecture for
localized Al deintercalation is demonstrated by the fact that
a 3D crystal of VC, completely deprived of Al, is formed (red
dotted rectangle, Fig. 3a). The HAADF STEM micrograph of this
region (Fig. 3d) reveals the concurrent formation of V2AlC and
VC phases. To reveal the exact lattice positions of C atoms
within the VC phase, ADF STEM imaging, a well-recognized
technique for light atom detection,52 was performed and is
shown in Fig. 3e. Combining observations of both HAADF and
ADF STEM imaging, a honeycomb crystal structure of the VC
phase is evident. Similar images from other regions of the lm
are available in the ESI S10.†

A further MAX phase grain nestled within an AlOx region is
shown in the HAADF HRSTEM micrograph in Fig. 5a, along
with higher magnied regions in Fig. 5b, c and the overlay of the
ideal structure similar to Fig. 3. Chemical composition analysis
using STEM EDX mapping is provided as evidence of the coex-
istence of MAX-AlOx regions, see ESI S7.† As can be seen in
Fig. 5b and c, multiple compositional defect phases including
V4AlC3, V7AlC6, V8AlC7, and V10AlC9 can be observed in addition
formation of multiple high order compositional defects (a–c) including
as a guide for the eye.
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to the expected V2AlC. Their presence can be explained by the
DFT-predicted energies of formation which are very close to
V2AlC, suggesting all these defect phases can be readily formed.
The energetic difference between individual phases, was found
to be very small (approximately 41 meV per atom between
V4AlC3 and V10AlC9 pertaining to the highest difference), and
thus can be easily overcome in a metastable synthesis scenario
as the one employed here. This has been shown by the synthesis
of metastable TiAlN by magnetron sputtering, for which ener-
getic barriers of 123–181 meV per atom have been predicted53 as
well as for compositional defects in sputtered MoAlB MAB
phase, with a maximum barrier of formation of 40 meV per
atom.26 Thus, the formation of all observed Vn+1AlCn composi-
tions can be rationalized based on their similar energies of
formation and the kinetically limited synthesis scenario
employed here.

To the best of our knowledge, this is the rst report of novel
compositions V7AlC6, V8AlC7, and V10AlC9, which – together
with V3AlC2,V5AlC4, and V6AlC5 shown in Fig. 2 and 3 – extend
the known MAX phase family, and show the effectiveness of
local Al deintercalation by the employed multilayered
architecture.

As has been shown above, MXenes can be readily formed
utilizing the chemically activated deintercalation of Al from the
parent MAX phase structure. Thus, this synthesis approach is
not limited to specic Mn+1AXn phases and can potentially be
used to obtain other novel MXene compositions. Furthermore,
it can be envisioned that, by precisely tailoring the chemical
composition to the desired MAX structure, and employing less
energetic deposition conditions, the formation of larger areas
thereof could be facilitated and thus leading to preferential
formation of the corresponding MXene conguration.

Conclusions

A novel architecture based on providing an interface area
between V2AlC MAX phase and AlOx regions has been employed
during direct current magnetron sputtering thereof. It was
demonstrated that the resulting multilayered structure effi-
ciently locally deintercalated Al from the MAX phase leading to
formation of multiple hitherto unreported Vn+1AlCn composi-
tional defect phases including V3AlC2, V5AlC4, V6AlC5, V7AlC6,
V8AlC7, and V10AlC9. Moreover, successful synthesis of V2CTx

and V3C2Tx MXene domains was demonstrated using HRSTEM,
and formation thereof was rationalized by DFT calculations.
Further investigations on the exact nature of surface termina-
tions of the reported MXene domains are encouraged. More-
over, the utilization of PVD for synthesis would potentially allow
for the precise tuning of these terminations and is not limited to
the V–Al–Cmaterial system studied here. The herein introduced
synthesis approach thus shows the potential to be a step
towards the chemical etching-free production of MXenes.
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