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A B S T R A C T

We report on the microstructural characterization of a multilayer AlOx-Cr2AlC thin film grown at 580 ◦C by 
direct current magnetron sputtering. Instead of stabilizing a two-dimensional carbide derivative, intentional 
periodic excess oxygen incorporation during thin film deposition leads to the formation of a 3D-Cr2(C1-yOy) phase 
within the AlOx-Cr2AlC multilayered film. The microstructure of the film was investigated by combining various 
imaging techniques in aberration corrected scanning transition electron microscopy. The distribution of C and 
related defects at atomic scale was revealed by the integrated differential phase contrast method.

1. Introduction

Two-dimensional (2D) transition metal borides (MBenes) or carbides 
(MXenes) exhibit great potential for application in sustainable energy 
technologies [1–4]. Due to their distinctive features – such as large 
surface area, excellent mechanical and thermal stability, as well as 
metallic conductivity – they are promising candidates for various 
energy-related applications, including battery electrodes, electro
catalysis, photocatalysis, and energy storage systems [2–6]. Typically, 
precursor materials such as transition metal aluminium boride (MAB) 
and transition metal aluminium carbide (MAX) phases are synthesized 
at temperatures exceeding 1000 ◦C [7,8]. Subsequent aluminium dein
tercalation, often achieved by chemical etching with concentrated acidic 
or alkaline solutions, leads to the formation of their 2D derivatives; 
termed MBenes and MXenes, respectively [9,10]. However, the draw
backs of high synthesis temperatures for precursor materials, along with 
concerns related to toxicity, laboratory safety, as well as health issues 
associated with handling etching agents, and the extended dein
tercalation time of partial aluminium etching, present challenges in both 
2D MBenes and MXene production [11,12]. Moreover, the stability of 
2D MBenes and MXenes in the solution phase is often questioned, as 
various compositional defect phases form simultaneously. For instance, 
stabilizing a Cr2C MXene from the Cr2AlC MAX phase through chemical 

etching poses a formidable challenge [13] due to bulk and anisotropic 
chromium carbides being favored over the 2D Cr2C MXene phase during 
chemical etching [14,15]. Cr-based MXenes are challenging to synthe
size [15,16] as they show low synthesizability scores [17] compared to 
other transition metal carbides, predicted by machine learning model. 
Theoretical studies predict 2D Cr2C MXene as a superior material in 
various applications, such as electrocatalysis for hydrogen evolution 
reaction (HER) [18–21], hydrogen storage [22], oxygen evolution re
action (OER) [19,21], and lithium and non-lithium-ion batteries 
[23–25]. The proposed significance of Al-deintercalated Cr2AlC MAX 
phase requires a new synthesis approach. An alternative and straight
forward method has been established for synthesizing 2D MoB MBene 
from the parental precursor MoAlB MAB phase, without the need for 
chemical etching [26,27]. This method can be executed at a lower 
synthesis temperature compared to bulk synthesis using a thin film 
approach [28,29]. In this approach, Al deintercalation occurs due to the 
presence of residual oxygen during thin film deposition, resulting in the 
formation of a MoAlB-2D MoB MBene-AlOx heterostructure at grain 
boundaries [26,27]. This approach effectively reduces the cost and time 
needed for high-temperature and chemical etching processes, which are 
problematic for industrial applications and pose safety concerns.

In this work, we report on the formation of 3D Cr2(C1-yOy) phase at 
AlOx-Cr2AlC interfaces in a multilayered thin film synthesized by 
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intentional periodic oxygen incorporation at 580 ◦C using physical 
vapor deposition. A detailed analysis utilizing various imaging tech
niques in advanced scanning transmission electron microscopy (STEM) 
was performed. The atomic position of C column in both Cr2AlC and 
Cr2(C1-yOy) phases was determined by integrated differential phase 
contrast (iDPC) STEM imaging. The projected interatomic bond dis
tances of Cr2(C1-yOy) phase were in good agreement with theoretical 
distances obtained from density functional theory (DFT) calculations. As 
this 3D Cr2(C1-yOy) phase has not been observed previously, its func
tional properties and potential applications are yet to be explored.

2. Experimental Methods

Multilayer AlOx-Cr2AlC thin films were deposited by direct current 
(DC) magnetron sputtering (DCMS) in a laboratory-scale high-vacuum 
deposition chamber using a single ternary 2″ compound Cr2AlC target 
(Plansee Composite Materials GmbH, Germany) operated at 200 W. 
10x10x0.5 mm3 single crystalline MgO (100) (Crystal GmbH, Germany) 
were used as substrates and kept at floating potential. The target-to- 
substrate distance was 10 cm and the target was facing the substrate. 
The base pressure at the deposition temperature of 580 ◦C was < 2.30 ×
10− 6 mbar. Sputtering was conducted at an Ar (99.999 % purity) pres
sure of 0.50 Pa. To deposit multilayer thin films, after each 6 min of pure 
Ar deposition, oxygen was periodically introduced for 2 min during the 
deposition. The overall deposition time was 1 h leading to a film 
thickness of ~ 1.6 µm as shown by electron microscopy.

3. Transmission electron microscopy

A probe corrected ThermoFisher Titan Themis was operated at an 
acceleration voltage of 300 kV for conducting STEM investigations. 
Microstructural characterizations were initially carried out using a 
focused ion beam (FIB) lift-out TEM sample, which was prepared using a 
Thermo Fisher Scientific dual beam Scios 2 HiVac system. In addition, 
cross-sectional and plan-view TEM samples were prepared and thinned 
down below 20 nm by conventional mechanical polishing and Ar ion 
milling in a Gatan PIPS. A convergence angle of 23.8 mrad was chosen 
for high resolution STEM. Collection angles ranging from 10–16 mrad 
and 78–200 mrad were used for annular bright field (ABF) and high 
angle annular dark field (HAADF) imaging, respectively. During iDPC 
STEM, the collection angle was adjusted to 10–53 mrad. The microscope 
is equipped with a Bruker SuperX detector for energy-dispersive X-ray 
spectroscopy (EDX) analysis. Energy electron loss spectroscopy (EELS) 
was performed at 1 eV energy resolution measured from full width at 
half maximum (FWHM) of the zero-loss peak. Selected area electron 
diffraction (SAED) experiment was done with an image corrected 
ThermoFisher Titan Themis.

4. Density functional theory

Density functional theory calculations were used to estimate and 
compare the bond lengths with the measured ones. The initial structural 
model of Cr2(CO) was constructed by substituting O in place of Al in a 
Cr2AlC MAX phase structure obtained from literature [30]. The calcu
lations were carried out using the Vienna Ab initio Simulation Package 
(VASP) [31,32] and the generalized gradient approximation with 
Perdew-Burke-Ernzerhof [33] parametrization for the electron–electron 
exchange and correlation interactions. The used pseudo-potentials for 
each element, i.e., Cr, O, C, treat semi-core states as valence such as 
Cr_pv: 3p63d54s1, O: 2s22p4, C: 2s22p2. The ion–electron interactions 
were described using the projector augmented wave method [34], with a 
plane-wave cut-off of 500 eV. The corresponding Brillouin zone was 
sampled with a 13 × 13 × 3 Monkhorst-Pack k-point mesh [35]. The 
Methfessel-Paxton [36] smearing of 0.15 eV was applied. A convergence 
criterion of 10-6 eV (per supercell) was used for the total energy during 
the electronic self-consistency cycles. The total energy convergence of 

10-5 eV (per supercell) was applied for ionic relaxations during struc
tural optimizations. The cells were relaxed regarding size, shape, and 
atomic positions. Since Cr2AlC is antiferromagnetic in the ground state 
[37], the calculations for Cr2(CO) were considered with the spin- 
polarized antiferromagnetic with the initial magnetic moments 3.0, 
1.0, 0.5 for Cr, O, C, respectively. Though the resultant magnetic 
moment was zero after optimization, the antiferromagnetic calculation 
is in the ground state compared to ferromagnetic and non-magnetic 
calculations, as revealed by the total energy, see Table 1.

5. Results and discussion

The microstructure of the synthesized AlOx-Cr2AlC multilayer thin 
film is readily visible in the representative HAADF STEM micrograph 
shown in Fig. 1(a). White arrows highlight the repeating amorphous 
AlOx layers in the film, formed during synthesis due to the introduction 
of oxygen. In low magnification HAADF STEM images, Cr2AlC and AlOx 
can be distinguished by Z (atomic number) contrast: the bright regions 
are Cr-rich while the dark grey areas are Al rich, given that the intensity 
is roughly proportional to Z2 [38]. Pores with a size of ~ 30–70 nm 
(marked by yellow arrows) appear throughout the film in the interface 
regions, and additional investigations covering small to large pores are 
provided in the supplementary material (fig. S1). It is reasonable to 
assume that the pore formation observed in the MAX phase layer is 
caused by Al deintercalation, which in turn results in both the formation 
of 3D-Cr2(C1-yOy) as well as Al vacancy clustering. Fig. 1(b) shows a 
higher magnification of a section of the film where Cr2AlC and Cr2(C1- 

yOy) phases are differentiated. Selected area electron diffraction (SAED) 
and fast Fourier transformations (FFTs) confirm the presence of Cr2AlC 
MAX phase with lattice parameters a = 2.8 ± 0.1 Å and c = 13 ± 0.1 Å 
in accordance with previously reported values from our group [39–41]. 
A detailed structure parameter analysis is available in the supplemen
tary material (fig. S2).

The Cr2(C1-yOy) grains exhibit a relatively brighter appearance, 
indicated by red arrows in the HAADF STEM image, compared to the 
MAX phase. The Cr2AlC regions show characteristics of columnar 
growth, with the grains grown perpendicular to the substrate surface. 
The average length and width of the grains are ranging from 150 to 250 
nm and 40 to 150 nm, respectively. A similar measurement was carried 
out for Cr2(C1-yOy) grains with their length and width varying between 
10 to 50 nm and 5 to 40 nm, respectively. The areal fraction of Cr2(C1- 

yOy) regions compared to the Cr2AlC MAX phase is <15 %. The sup
plementary material (fig. S1-S2) includes a representative grain size 
measurement to provide a statistical analysis of the formation of both 
Cr2AlC and Cr2(C1-yOy) domains in terms of average size and distribu
tion. X-ray diffraction (XRD) data are presented in supplementary 
Fig. S3. Due to low volume fraction of the Cr2(C1-yOy) phase, no indi
cation of its phase formation can be inferred from the XRD data.

The chemical composition of the film was measured on a represen
tative section of the film (Fig. 1(a)) and the corresponding EDX maps of 
the constituting elements (Cr, Al, C, and O) are shown in Fig. 1(c)-(f) 
along with substrate constituent Mg (Fig. 1(g)). It is evident from the 
STEM EDX maps that Cr and C are mostly constrained to the Cr2AlC 
layers and uniformly distributed therein while Al and O are distributed 
over the whole film thickness with their highest concentration in the 
AlOx layers (Fig. 1(c)-(f)). Interestingly, the Al concentration at the 

Table 1 
Estimated total energy and formation energy of 3D Cr2AlC, 3D Cr2OC, and 2D 
Cr2OC in their preferential magnetic states from density functional theory 
calculations.

System Preferable Magnetic state Total energy (eV/atom) Ef (eV/atom)

Cr2AlC Antiferro − 8.1853 − 0.100
3D Cr2OC Antiferro − 8.9680 − 0.714
2D Cr2OC Ferro − 8.6150 − 0.361
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interfaces to the MAX phase is higher compared to the center region of 
AlOx regions, while small traces of Cr seem to be only present in that 
center region. The preferential Al distribution indicates a selective 
removal of Al from the Cr2AlC structure into the AlOx layers. This can be 
rationalized based on the MAX phase bonding state: the metallic M− A 
bonds within the MAX phase are significantly weaker compared to the 
covalent/ionic M− X bonds, rendering Al the most weakly bound species 
and, hence, facilitating its removal [15]. The EDX maps shown in Fig. 1
(c)-(g), a clear separation of Cr2AlC and AlOx layers can be seen, while 
Cr2(C1-yOy) cannot be identified conclusively. Since O Kα (0.525 keV) 
and Cr Lα (0.573 keV) lines have a similar characteristic X-ray energy 
range, accurate chemical quantification by STEM EDX is challenging. 
Therefore, STEM EELS has been carried out to analyze the relative 
atomic composition of Cr2AlC and Cr2(C1-yOy) phases. The elemental 
EELS analysis involves five measurements over Cr2(C1-yOy) grains, 
yielding an approximate composition of Cr: 60 ± 1.79 at%, C: 32.2 ±
1.67 at%, and O: 8.06 ± 1.05 at%. A similar statistical mean average 
measurement over Cr2AlC grains revealed their composition to be ~ Cr: 
50.44 ± 3.63 at%, Al: 22.46 ± 1.25 at%, C: 24.8 ± 1.06 at%, and O: 2.3 
± 1 at%.

Fig. 2 shows a more detailed microscopic characterization of the 
AlOx-Cr2AlC multilayer film. The existence of the Cr2(C1-yOy) phase is 
evident from the Z contrast in the low magnification HAADF STEM 
image (Fig. 2 (a)) as the regions appear brighter compared to the Cr2AlC 
regions. Therefore, concurrent phase formation of Cr2AlC along with 
Cr2(C1-yOy) at the grain boundary is observed. Fig. 2(b) shows a high 

resolution (HR) HAADF STEM image of the region marked by the white 
dotted rectangle in Fig. 2(a). A representative ideal structural overlay 
(Cr, Al, and C atomic columns marked here and throughout this work by 
red, green, and orange dots, respectively) is given for the easier 
distinction of individual phases. Due to Z contrast, Cr columns appear 
brighter, while Al columns exhibit a dark grey contrast. Caused by its 
low scattering amplitude, the light element C is invisible in the micro
graph. A FFT shown in the top left inset of Fig. 2(b), confirms the syn
thesis of hexagonal Cr2AlC MAX phase along the [10–10] zone axis (ZA), 
while the structure of the 3D Cr2(C1-yOy) crystal is revealed by the FFT 
inset given in the bottom right corner. The lattice parameter ‘c’ of this 
phase is measured to be around 4.6 ± 0.1Å and is in very good agree
ment with our DFT-calculated value of 4.75Å. The slight difference of ~ 
3 % might result from the calculations being performed at 0 K and in 
thermodynamic equilibrium, while the samples were synthesized at high 
temperature and under kinetically limited conditions.

It is evident from Fig. 2 that concurrent phase formation of Cr2AlC 
and 3D-Cr2(C1-yOy) occurs at the grain boundaries in the vicinity of AlOx 
regions. This is accompanied by a significant decrease of the Al con
centration within the matrix in proximity to the AlOx layers. Hence, the 
formation of 3D-Cr2(C1-yOy) phase is indicated to be caused by incor
porated oxygen, facilitating the out-diffusion of Al from the Cr2AlC 
grains, and in turn leading to the formation of amorphous AlOx at the 
grain boundaries. The STEM EDX line scan across a grain boundary, 
shown in Fig. 2(h)-(i), reveals an Al concentration profile consistent with 
our proposed mechanism in which Al out-diffusion drives the formation 

Fig. 1. (a) Overview of AlOx-Cr2AlC multilayer thin film in cross-sectional HAADF STEM image. White arrows identify AlOx. Pores are marked by representative 
yellow arrows. (b) HAADF STEM micrograph distinguishing grains of Cr2AlC MAX and oxygen containing Cr2(C1-yOy) phases by red arrows. (c)-(g) present elemental 
STEM EDX mapping of Cr, Al, C, O, and Mg of the region shown in (a).
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of the 3D-Cr2(C1-yOy) phase. This observation aligns with our earlier 
studies on the synthesis of 2D MoB MBene in a MoAlB MAB phase thin 
film, where residual oxygen gas induced Al deintercalation and forma
tion of amorphous AlOx regions at grain boundaries [26,27]. While a 2D 
MoB MBene structure within the transition metal boride (MoAlB MAB 
phase) was observed, the transition metal carbide (Cr2AlC MAX phase) 
results in the formation of a 3D-Cr2C phase containing additional oxy
gen. This is in line with literature report stating that bulk and anisotropic 
chromium carbides are being favored over the 2D Cr2C MXene phase 
during chemical etching [14]. Fig. 2(c) shows a high magnification 
image of the region marked by a red dotted rectangle in Fig. 2(a). Here, 
additional formation of Cr2(C1-yOy) near a pore is observed. However, 
the exact role of pore formation for the occurrence of oxygen containing 
Cr2(C1-yOy) phase needs to be investigated further. More images 
showing similar areas are available in the supplementary material (fig. 
S4). Elemental STEM EDX maps from the region in Fig. 2(a) are shown in 
Fig. 2(d)-(g) to further support these findings.

Fig. 3(a) shows a plan view HAADF STEM micrograph of a Cr2(C1- 

yOy) grain along the [001] orientation. Other phases including Cr2AlC 

MAX, amorphous AlOx, and pores are marked in the image, their pres
ence being indicated by the different Z contrast. A chemical analysis by 
STEM EDX mapping provides further indication for the coexistence of 
these various phases in the supplementary material (fig. S5). HRSTEM 
characterization of the 3D-Cr2(C1-yOy) phase of the area within the white 
dotted rectangle in Fig. 3(a), located in the vicinity of a grain boundary, 
is shown in Fig. 3(b). The white arrow indicates the direction of 
increased crystal thickness, causing an increase in intensity (as shown in 
the supplementary material fig. S6) from the grain boundary towards 
the center of the grain. The FFT inset in Fig. 3(b) confirms the hexagonal 
structural characteristic of the 3D-Cr2(C1-yOy) phase along the [001] ZA. 
A higher magnification HAADF HRSTEM image from the region marked 
with the white rectangle in Fig. 3(b) is shown in Fig. 3(c). It can be 
readily seen that a honeycomb structure is formed by the Cr atomic 
columns, with C atoms most likely occupying the center of the hexagon. 
The C atoms are not visible here due to their low scattering amplitude. 
The lattice parameters ‘a’ and ‘b’ were measured to be ~ 3 ± 0.1 Å and 
are therefore in excellent agreement with the DFT-predicted value of 
3 Å. For the identification of the light element C, simultaneous 

Fig. 2. (a) HAADF STEM image of AlOx-Cr2AlC grain with Cr2(C1-yOy) phase. The interface of the Cr2AlC-Cr2(C1-yOy) heterostructure is shown in a higher 
magnification in the HRSTEM image in (b). Here and throughout the text, red, green, and orange coloured dots represent Cr, Al, and C atomic columns in the ideal 
structural overlays, respectively. (c) HRSTEM micrograph of Cr2(C1-yOy) phase in the vicinity of a pore in the region marked by a red rectangle in (a). (d)-(g) present 
EDX maps of Cr, Al, C, and O recorded of the region shown in (a). (i) STEM EDX line profile shows the Al concentration variation across the Cr2AlC − Cr2(C1-yOy) −
AlOx regions (h).
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acquisition of HAADF (Fig. 3(d)) and ABF STEM (Fig. 3(e)) of the region 
marked with the red rectangle in Fig. 3(b) were performed. ABF STEM, a 
well-recognized method used for imaging light elements, where the in
tensity is proportional to Z1/3 [42], reveals C atoms as a faint white 
contrast and Cr columns as bright regions in Fig. 3(e). A projected 
experimental Cr-C bond distance of 1.75 ± 0.1 Å was measured from 
this region, aligning well with the Cr2(C1-yOy) system simulated by DFT 
calculations, for which a bond distance of 1.73 Å is predicted.

To precisely locate the position of C columns in both Cr2AlC and 
Cr2(C1-yOy) phases, simultaneous acquisition of HAADF and iDPC STEM 
were performed along with EELS measurements (Fig. 4(a)-(d)). A 
HAADF STEM image of the Cr2AlC MAX phase along the [10–10] ZA is 
shown in Fig. 4(a)) and the corresponding iDPC STEM micrograph is 
presented in Fig. 4(b). Fig. 4(c) depicts a HRSTEM image of the Cr2(C1- 

yOy) phase along the [100] ZA and its corresponding iDPC STEM image 
(Fig. 4(d)) reveals the positions of the Cr and C atomic columns. Changes 
in the image contrast for the C columns are identified by white arrows in 
the iDPC STEM micrographs (Fig. 4(b) and (d)). This could be due to 
missing atomic columns of C in both Cr2AlC and Cr2(C1-yOy) phases. The 
identification of such C defects serves to confirm the theoretical pre
dictions made by DFT calculations [43]. To Baben et al. have demon
strated that, unlike Ti2AlC and V2AlC MAX phases, the formation of a C 
vacancy requires a minimal energy of 0.9 eV in the Cr2AlC MAX phase 
[43]. Moreover, the calculations propose that oxygen incorporation can 
partly substitute the carbon atomic column within the lattice. A 
comparative STEM EELS measurement was performed to distinguish the 
chemical and fine electronic structures of Cr2AlC and Cr2(C1-yOy) phases 
(Fig. 4(e)). The O K edge at 532.6 eV shows an oxygen content of around 
8.06 ± 1.05 at% within the Cr2(C1-yOy) phase. By correlating iDPC, 
STEM EELS, and DFT calculations, it is indicated that incorporated 

oxygen may either replace some of the C columns or occupy the va
cancies in the atomic column of carbon [42].

The magnetron sputtering technique has proven effective in syn
thesizing a 2D MoB MBene within a MoAlB/AlOx heterostructure film 
[26,27], while yielding a 3D-Cr2(C1-yOy) phase in a multilayer Cr2AlC/ 
AlOx film. Our analysis suggests that the emergence of the 3D-Cr2(C1- 

yOy) phase is likely caused by the selective out-diffusion of aluminium 
from the Cr2AlC MAX phase grain. The diffusion is facilitated by the 
oxygen incorporation during the synthesis process, resulting in the for
mation of AlOx regions at the grain boundaries. The formation of the 3D- 
Cr2(C1-yOy) phase is thereby favored over the formation of the 2D MXene 
derivative. This is consistent with the comparison of the predicted en
ergy of formation of 3D-Cr2(CO) with the competing 2D variant and the 
MAX phase Cr2AlC (Table 1), which clearly indicates that the energet
ically most stable configuration is 3D-Cr2(CO). The negative energy of 
formation of 0.1 eV/atom for Cr2AlC is consistent with the here reported 
formation of Cr2AlC as no oxygen is present / incorporated, while – in 
presence of oxygen − the experimentally observed formation of the 3D- 
Cr2(C1-yOy) phase vs the 2D-Cr2(C1-yOy) is again consistent with the 
more negative energy of formation for the 3D variant compared to the 
2D variant. Hence, the here observed formation of 3D-Cr2(C1-yOy) phase 
can be rationalize based on DFT predictions. Exploring magnetic do
mains at Cr2AlC-Cr2(C1-yOy) grain boundaries using a combination of 
DPC STEM and DFT presents an intriguing direction for future research.

6. Conclusion

In summary, we present a comprehensive microstructural charac
terization of an AlOx-Cr2AlC multilayered thin film synthesized by 
magnetron sputtering. Formation of a 3D-Cr2(C1-yOy) as well as 

Fig. 3. A grain of Cr2(C1-yOy) is identified along the [001] ZA (a). The region marked with a white dotted rectangle at the grain boundary is analyzed in (b)-(e). 
HAADF STEM shows increasing crystal thickness along the direction of the white arrow (b). The FFT inset reveals a hexagonal crystal structure of Cr2C. An HRSTEM 
image acquired from white rectangle shows a hexagonal honeycomb structure of Cr2C phase (c). Correlating HAADF (d) and ABF STEM (e) images are compared to 
identify the atomic structure of C within the Cr2C phase.
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amorphous AlOx phases has been revealed utilizing advanced STEM 
imaging techniques. The formation of both phases was attributed to the 
selective out-diffusion of Al from the Cr2AlC MAX phase, facilitated by 
the incorporated oxygen. Thereby, the formation of 3D-Cr2(C1-yOy) is 
favoured over the formation of a 2D MXene, which is consistent with 
DFT predictions.
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Fig. 4. Simultaneously acquired HAADF and iDPC STEM images of Cr2AlC (a)-(b) and Cr2(C1-yOy) (c)-(d). Atomic arrangement of Cr, Al, and C in Cr2AlC (b) and Cr 
and C in Cr2(C1-yOy) (d) are identified and marked in the iDPC STEM image. White arrows denote missing atomic columns of C in both Cr2AlC and Cr2(C1-yOy) phases. 
(e) A comparison of EELS from Cr2AlC and Cr2(C1-yOy) grains is shown in (e).
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