
Nanoscale

PAPER

Cite this: Nanoscale, 2017, 9, 7501

Received 6th March 2017,
Accepted 30th April 2017

DOI: 10.1039/c7nr01609c

rsc.li/nanoscale

Phase transition and in situ construction of lateral
heterostructure of 2D superconducting α/β Mo2C
with sharp interface by electron beam irradiation†
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Lateral heterostructures of 2D materials have several interesting properties and potential applications, and

they are usually fabricated by chemical vapor deposition. However, it still remains a great challenge to

fabricate 2D lateral heterostructures with well-controlled patterns and sharp interfaces. Herein, we found

that the 2D α-Mo2C crystal, a recently emerging 2D superconductor, experiences a phase transition from

the α phase to β phase on electron beam irradiation in a transmission electron microscope because of the

migration of carbon atoms among the molybdenum octahedrons. Combined with first-principles calcu-

lations, the carbon atom migration paths and the corresponding energy barriers were discussed. Utilizing

this unique phase transition property of 2D α-Mo2C crystal, we demonstrated the precise in situ construc-

tion of the lateral heterostructure of 2D superconducting α/β Mo2C with a well-controlled pattern and

sharp interface using advanced aberration-corrected scanning transmission electron microscopy.

Introduction

Abundant two-dimensional (2D) atomic crystals with a variety
of properties provide a platform that allows the creation of 2D
vertical and lateral heterostructures with numerous interesting
properties and potential electronic and optoelectronic
applications.1–12 Currently, several 2D lateral heterostructures
such as graphene/h-BN and MoS2/WSe2 have been fabricated
by chemical vapor deposition (CVD).2,3,7,12 However, it is very
difficult to fabricate heterostructures with well-controlled pat-
terns and sharp interfaces. Alternatively, in situ electron beam
irradiation provides a precise way to fabricate 2D lateral
heterostructures,13–19 which utilizes phase transition or local
modification of 2D materials under electron beam irradiation.
For example, the H → T phase transition of MoS2 under elec-
tron irradiation leads to the fabrication of the monolayer semi-
conductor–conductor 2D lateral heterostructure.19 However,
the T-phase MoS2 is unstable,20 and it can be easily destroyed
by electron beam irradiation.17,18

Ultrathin transition metal carbides (TMCs) and MXenes are
an emerging class of novel 2D materials with several fascinat-
ing properties and promising applications.21–27 For example,
CVD-grown high-quality ultrathin Mo2C crystals have been
demonstrated to be a very stable and clean 2D superconductor
system,21–23 and MXenes have potential applications in electro-
chemical energy storage, catalysis, and thermoelectric energy
conversion.24–27 Similar to MoS2, very interestingly, Mo2C has
two different phases, i.e. orthorhombic (α) and hexagonal (β)
phases, depending on the different distribution of interstitial
carbon atoms in the Mo matrix.22,28,29 They have been shown
or theoretically predicted to have different properties such as
superconducting transition temperature (TC) and catalytic
activity.30–34 This opens up the possibility for constructing
lateral heterostructures of 2D superconducting α/β Mo2C.

It is known that vortex matter in mesoscopic superconduc-
tors is strongly affected by the geometry of the sample.35,36 In
the lateral heterostructures of 2D superconducting α/β Mo2C,
the strong geometrical confinement at the interfacial regions
could impose a potential barrier for the vortex transverse
motion, forming an effective one-dimensional wire for vortex
matter. This can provide a promising platform for studying
vortex physics at the nanoscale. In addition, it has been widely
demonstrated that the heterostructures of different catalysts
have much higher catalytic activity than individual ones
because of the synergistically enhanced activity at the inter-
face. For example, the heterostructures of MoC–Mo2C and
Fe3C–Mo2C remarkably improve the hydrogen evolution reac-
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tion.37,38 Therefore, our lateral heterostructure of α/β Mo2C
also provides a platform to investigate the synergistic effects
between α and β phases at the interface, which are likely to
improve the catalytic activities in some reactions. However,
how to fabricate this heterostructure in a well-controlled
manner and with a sharp interface is still unknown.

Herein, we found that electron beam irradiation can induce
phase transition from the α phase to β phase in a 2D α-Mo2C
crystal, as observed using transmission electron microscopy
(TEM), because of the migration of carbon atoms among the
molybdenum octahedrons. The carbon migration paths and
the corresponding energy barriers were discussed based on
first-principles calculations. Utilizing this unique phase
transition property of 2D α-Mo2C crystal, we demonstrated the
precise in situ construction of the lateral heterostructure of the
2D superconducting α/β Mo2C with a well-controlled pattern
and sharp interface with the help of advanced aberration-
corrected scanning transmission electron microscope (STEM).

Experimental details

The 2D α-Mo2C crystals were synthesized by CVD on a Cu/Mo
substrate and transferred to the TEM grid by etching away the
Cu in (NH4)2S2O8 solution, as reported in our previous study.21

The thicknesses of the crystals are less than 10 nm (Fig. S1†).
FEI Tecnai T12 working at 120 kV accelerating voltage was
used to collect the selected area electron diffraction (SAED)
patterns. High-angle angular dark-field (HAADF)-STEM
measurements were conducted on a 300 kV FEI Titan G2
60–300 equipped with a high-brightness field-emission gun
(X-FEG), double spherical aberration correctors and a mono-
chromator. Vienna ab initio simulation package (VASP) within
the density functional theory (DFT) was used to perform the
first-principles calculations. The Perdew–Burke–Ernzerhof
form of the generalized gradient approximation (GGA) was
used as the exchange–correlation functional. Mo 4p64d55s1

and C 2s22p2 served as the valence states using the projector
augmented wave (PAW) pseudopotentials with an energy cutoff
of 500 eV. For the 2 × 2 × 2 one-carbon-atom-migrated super-
cell, the Brillouin zone was sampled with a 3 × 3 × 3
Monkhorst–Pack k-point mesh. The structural optimization
was performed through the conjugate-gradient (CG) method
until the Hellmann–Feynman force on each atom was less
than 5 meV Å−1.

Results and discussion

As shown in Fig. 1a and b, α-Mo2C is composed of hexagonal
closely packed (HCP) molybdenum atoms and octahedral-
interstitial carbon atoms that present an ordered zigzag con-
figuration in every layer perpendicular to the lattice vector
b-axis direction. Because of the off-center deviation of the
carbon atoms in the octahedrons, the sublattice of Mo atoms
is, consequently, slightly distorted.22,39 β-Mo2C is a disordered

high-temperature counterpart of ordered room-temperature
phase α-Mo2C.

39 Different from α-Mo2C, β-Mo2C comprises rig-
orous HCP Mo atoms with octahedral centers randomly occu-
pied by interstitial carbon atoms (Fig. 1c). It is noted that the
theoretical probability for the occupation of carbon atoms at
the octahedral sites is 50%.39,40 However, the projections
along the [100] zone axis of α-Mo2C and [0001] zone axis of
β-Mo2C have indistinguishable atomic configurations (Fig. 1b
and d).

Fig. 2a shows a bright-field (BF) TEM image of an octagonal
2D α-Mo2C crystal, and Fig. 2b shows a SAED pattern that was
taken from a circular area of ∼1.2 μm in diameter in Fig. 2a.
Superlattice diffraction spots denoted by red arrows are
observed in Fig. 2b. Fig. 2d and e show the simulated ED pat-
terns of α- and β-Mo2C, respectively. It can be found that the
only difference between the orthorhombic phase and hexa-
gonal phase lies in whether the superlattice diffraction spots
enclosed by the red circles exist or not. The (040) and (002) ED
spots of α-Mo2C could be correspondingly indexed as the
(12̄10) and (101̄0) ED spots of β-Mo2C after phase transition. In
α-Mo2C, the carbon atoms are distributed orderly and attract
each other in the Mo octahedrons, leading to a regular distor-
tion of the HCP lattice. However, there is no Mo lattice distor-
tion in the β phase because of the disordered and random dis-
tribution of carbon atoms, which mutually offset the inter-
action. Therefore, the α phase generates superlattice diffrac-
tion spots in the ED patterns, but the β phase does not. It is
important to note that the orthorhombic characteristic ED
spots (superlattice diffraction spots) disappear after irradiation
for about 30 min with a beam current density of ∼4.2 A cm−2,
as shown in Fig. 2c, indicating that the order–disorder tran-
sition from α-Mo2C to β-Mo2C occurs. Fig. 2f shows the inten-
sity evolution of the superlattice diffraction spot (020) against

Fig. 1 Schematic of crystalline structure of α-Mo2C and β-Mo2C. (a, c)
Unit cells of α-Mo2C (a) and β-Mo2C (c). (b, d) Projections along the
[100] direction of α-Mo2C (b) and [0001] direction of β-Mo2C (d).
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irradiation time with a beam current density of ∼3.3 A cm−2 in
another sample, which is used to evaluate the dynamic
process. The dramatic decrease in the intensity in the first
8 min implies the rapid order–disorder transition. As the
irradiation proceeds, the transition slows down due to the con-
tinuous decrease in the concentration of the ordered carbon
vacancies.

We also investigated the influence of electron beam
irradiation on the domain boundaries of regular multi-domain
2D α-Mo2C crystals. Fig. 3a shows a TEM image of a hexagonal
2D α-Mo2C crystal, which is composed of six regular triangular
domains (labelled as ①–⑥) with rotational symmetry and

well-defined line-shaped domain boundaries, as reported in
our previous study.22 Area ③ was subjected to electron beam
irradiation for 40 min. Fig. 3b shows the SAED pattern
obtained from area ⑦ in Fig. 3a. The dark-field (DF) images in
Fig. 3c–e were produced by selecting the domain-related (020)
superlattice diffraction spots (labelled as I, II, and III
in Fig. 3b). It is worth noting that all the areas except for
③ present regular triangular domains in the DF images, and
the original line-shaped domain boundaries of area
③ assigned by yellow arrows in Fig. 3d disappear because of
the order–disorder transition (α → β) induced by electron
beam irradiation for 40 min.

Fig. 2 (a) BF-TEM image of an octagonal 2D α-Mo2C crystal. (b, c) SAED patterns obtained from the area marked by a circle in (a) before irradiation
and (b) after irradiation (c). (d, e) Simulated electron diffraction pattern of α-Mo2C (d) and β-Mo2C (e). Superlattice diffraction spots are enclosed by
red circles in (d). (f ) Evolution of the intensity of superlattice diffraction spot (020) against irradiation time. The spots enclosed by yellow circles in (b)
and (d) are the characteristic (020) spots.

Fig. 3 (a) BF-TEM image of a hexagonal multi-domain 2D α-Mo2C crystal. The domain boundaries are indicated by straight lines, and the domains
are labelled by ①–⑥. Area ⑦ is the center of the crystal. (b) SAED pattern obtained from area ⑦ in (a). (c, d, e) DF-TEM images produced by selecting
the domain-related (020) type ED spots I, II, and III in (b), respectively.
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It is noted that α-Mo2C and β-Mo2C are closely crystallo-
graphically related, namely, aα ¼ cβ;

ffiffiffi

3
p

bα ¼ 2cα; bα ¼ 2aβ,
29,39

which is the basis of the order–disorder phase transition.
During the order–disorder phase transition process, carbon
atoms migrate among the molybdenum octahedrons by break-
ing the original ordered zigzag configuration and redistribute
randomly in the molybdenum octahedrons with a theoretical
occupation probability of 50%. Consequently, the original dis-
torted HCP Mo sublattice relaxes to rigorous HCP configur-
ation along with the formation of hexagonal β-Mo2C. As shown
below, the tiny atomic displacement of the Mo sublattice can
be detected by aberration-corrected STEM. Due to the 2D
nature, the ultrathin α-Mo2C crystal is likely to lose carbon
atoms from the surface during electron beam irradiation.
Since the relationship of lattice parameters in the two phases
is not changed (Fig. 2b and c), we propose that the lost carbon
atoms are of small quantity compared to the carbon atoms in
the lattice. Consequently, the chemical formula of 2D Mo2C
after electron beam irradiation can be written as Mo2C1−x,
where x is a small number far less than 1.

As shown in Fig. 4a, every carbon atom in α-Mo2C lattice
has six neighboring octahedral vacancies. To reveal the ener-
getic features of the order–disorder phase transition, eight
main migration paths proposed for every carbon atom were
analyzed. Fig. 4a shows a layer of octahedrons occupied and
unoccupied by carbon atoms in the view of the [100] projective
direction. There are two equivalent O1-type octahedral
vacancies (that are not shown in Fig. 4a) parallel to the lattice
vector a-axis direction. A carbon atom must push through the
center of three planar molybdenum atoms labeled by the
numbers 1, 4, and 7 in Fig. 4a, which comprise one surface of
an octahedron. Since the carbon atoms are present in a zigzag
configuration and are off-center in the octahedrons for α-Mo2C
(Fig. 1b), O2-, O3-, and O4-type vacancies are not equivalent in
terms of the same carbon atom. However, the migration paths
of the carbon atom are somewhat similar for the three types of
vacancies mentioned above. Herein, only O2 is analyzed for
brevity. There are two migration paths marked by the black
straight line and blue broken line, as shown in Fig. 4a. For the
straight line migration path, the carbon atom must push
through the center of number 6 and number 7 molybdenum
atoms, which comprise one ridge of the octahedron. However,
for the broken line migration path, the carbon atom must first
push through the co-surface (composed of numbers 4, 6, and
7 molybdenum atoms) of the octahedron and the tetrahedron
composed of numbers 4, 6, 7, and 8 molybdenum atoms;
second, it has to proceed toward the center of the tetrahedron.
Third, it must push through another surface (composed of
numbers 6, 7, and 8 molybdenum atoms) of the tetrahedron;
finally, it reaches the site of the O2-type vacancy. The migration
paths of the O3- and O4-type vacancies are similar to those of
the O2-type vacancy in addition to the existing two broken line
paths for the O4-type vacancies in the light of symmetry.

Fig. 4b schematically illustrates the carbon atom migration
processes, where the purple balls represent molybdenum
atoms interacting most strongly with the migrated carbon

atom, and the red balls superimposed on the solid black
circles denote the original sites of carbon atoms before
migration in the α-Mo2C lattice. Fig. 4c is the system energy
corresponding to every migration local site of the carbon atom
in Fig. 4b. For simplicity, only the molybdenum atoms neigh-
boring to the migrated carbon were relaxed, while the other
atoms were fixed when relaxing the images of the transition
paths, which avoid the migrated carbon in the transition path
shifting to the neighboring octahedral or tetrahedral void
during the relaxation period. We regard the energy difference
between the maximum and original value as the energy barrier
in each migration path. Table 1 shows the energy barriers of
eight migration paths. Clearly, migration path I, which is par-
allel to the incident electron beam direction, has the minimal
energy barrier. It is, consequently, proposed that the prob-
ability of migration path I is maximal. Because the carbon
atoms with a zigzag configuration attract each other,22 the off-
center direction of the carbon atom shown in Fig. 4a is along
the O2 vacancy direction, and the carbon atom must overcome
the attraction originating from the neighboring carbon atoms
in the same layer to reach the O3 vacancy. As a result,
migration path IV has the maximal energy barrier. Moreover,
we also find that the broken line migration paths have smaller
energy barriers than straight line migration paths. Generally,
the migration paths that carbon atoms push through the
surface composed of three molybdenum atoms can occur
easily compared to those carbon atoms that have to push
through the center of two molybdenum atoms. It is noted that
the maximal energy that an electron accelerated by 120 kV
transmits to the carbon atom is 24.51 eV.41,42 It is large
enough to drive a carbon atom to migrate along any migration
path mentioned above just with a different migration possi-
bility. However, based on the ED and subsequent atomic-scale
HAADF-STEM results, the Mo atom is stable enough in the
lattice and cannot be driven to other sites by electron beam
irradiation. Therefore, the order–disorder transition is indeed
related to the carbon atom migration in the Mo sublattice.

Advanced aberration-corrected STEM with atomic-scale
electron beam probe not only allows the detection of little
atomic displacement of the Mo sublattice during phase tran-
sitions but also provides an ideal tool to precisely in situ con-
struct the lateral heterostructure of 2D superconducting α/β
Mo2C with a well-controlled pattern and sharp interface.
Fig. 5a shows a high-resolution HAADF-STEM image of a 2D
α-Mo2C crystal in the view of the [100] direction, where area I
with a designed pattern was subjected to higher beam current
density irradiation than area II. The inset in Fig. 5a is the
corresponding fast Fourier transform (FFT) of the
HAADF-STEM image. Fig. 5b demonstrates the inverse FFT
image produced with the (020) twin spots marked by red
circles in the inset of Fig. 5a. Similar to the diffraction contrast
DF imaging theory, the area that produces the selected FFT
spots is bright in the inverse FFT image. Therefore, area II
retains the original α phase, while the α phase transforms to
β phase in area I. This leads to the formation of a lateral
heterostructure of 2D superconducting α/β Mo2C with a sharp
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interface of a few atoms width. Moreover, the transition areas
irradiated by the electron beam are quite stable. No structural
change was found even after storing under ambient conditions
for a few weeks.

It is known that vortex matter in mesoscopic superconduc-
tors is strongly affected by the geometry of the sample.35,36

Since the observed phase boundaries in our crystals are very
sharp with a width of a few atoms, quantum confinement will
become important and might lead to spatial modulation of
the superconducting order parameter across the interface of

Fig. 4 Schematic of the carbon atom migration and the corresponding system energy with the migrated carbon atom stopping at the local sites in
the α-Mo2C lattice. (a) Migration paths of a carbon atom in the α-Mo2C lattice marked by dashed lines. (b) Local sites of the migrated carbon atom.
(c) System energy corresponding to the migrated carbon atom stopping at the local sites in the α-Mo2C lattice.

Table 1 Energy barriers of eight migration paths of the carbon atom in
α-Mo2C lattice

Straight line migration paths
(eV) Broken line migration paths (eV)

I (O1) II (O2)
IV
(O3)

VI
(O4)

V
(O3)

VII
(O4)

VIII
(O4)

III
(O2)

4.703 11.899 14.847 13.593 7.296 6.631 7.166 7.175
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crystals, inducing a nanoscale inhomogeneous superconduct-
ing phase. As a result, for instance, when the superconducting
state in such interfacial structures is under an applied mag-
netic field, it is likely that the vortices could be first nucleated
near the interfacial regions. The strong geometrical confine-
ment near the interfacial regions could impose a potential
barrier for the vortex transverse motion, forming an effective
one-dimensional wire for vortex matter. This provides a prom-
ising platform for studying vortex physics at the nanoscale. In
addition, this lateral heterostructure also provides a platform
to investigate the synergistic effects between the α and β
phases at the interface, which are likely to improve the cata-
lytic activities in some reactions. Furthermore, we can also
obtain 2D β-Mo2C crystals with exactly the same morphology
and thickness with the original 2D α-Mo2C crystals by electron
beam irradiation, which can be used to investigate the intrin-
sic differences in the superconducting transition temperature
and catalytic activity for various reactions between these two
phases of Mo2C crystals.

Conclusions

We investigated the microstructure change of 2D α-Mo2C crys-
tals under in situ electron beam irradiation in TEM. It was
found that electron beam irradiation can induce phase tran-
sition from α phase to β phase in a 2D α-Mo2C crystal, where
the carbon atoms migrate from a zigzag configuration to
random occupation, and the distorted HCP configuration of
molybdenum atoms relaxes to a rigorous HCP configuration.
The first-principles calculations show that carbon atom
migration parallel to the incident electron beam direction has
the minimal energy barrier. Utilizing this unique phase tran-
sition property of 2D α-Mo2C crystal, the lateral hetero-
structures of 2D superconducting α/β Mo2C with a well-con-
trolled pattern and sharp interface were fabricated using
advanced aberration-corrected STEM.
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