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Asymmetric MXene/monolayer transition metal
dichalcogenide heterostructures for functional applications

Baihai Li
Woon-Ming Lau>®

"2, Haoran Guo?, Yunrui Wang?, Wenxu Zhang', Qiuju Zhang?, Liang Chen?, Xiaoli Fan*, Wanli Zhang', Yanrong Li' and

A versatile two-dimensional (2D) molecular bilayer heterostructure of asymmetric MXene/monolayer transition metal
dichalcogenide (aMXene/mTMDC) with a high interfacial built-in electric field is here simulated, where aMXene is an aMXene with
the top or bottom electronegative atom plane of MXene removed. The asymmetric structural design of aMXene leads to a high
dipole moment perpendicular to the 2D molecular plane. Although the unpassivated metal atoms in the aMXene are unstable and
electropositive, coupling them to the electronegative chalcogenide atoms in an aMXene/mTMDC bilayer resolves this deficiency.
The dipole field tunable by the specific composition of aMXene/mTMDC is leveraged to engineer unusual band structures, band
alignments, and charge redistribution/injection in the bilayer. The simulated design of several aMXene/mTMDC bilayers for possible
use in spintronics, microelectronics/optoelectronics, and catalysis/photocatalysis are shown.
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INTRODUCTION

A heterostructure merges together two different materials and
can thus yield synergetic properties and applications. With the
discovery and development of atomic monolayer materials, such
as graphene,'? and molecular monolayer materials,®> such as
monolayer transition metal dichalcogenides®'' (referred to as
mTMDCs therein), and monolayer boron nitride, the most elegant
form of a heterostructure can be realized by synergetically
coupling two different stable atomic/molecular monolayers.'>
Indeed, novel hetero-bilayers such as mTMDC/graphene,®'*'®
graphene/mTMDC/graphene,”® mTMDC/hBN,'* mTMDC/hBN/gra-
phene,'* and monolayer phosphorus/mTMDC'’ have been
demonstrated, with versatile industrial relevance to electronics/
optoelectronics,'>?'  spintronic  devices,”’  energy-storage
devices,?? and catalysts.>*2*

In comparison to the well-known and functionally versatile
mTMDCs, the monolayer family of “MXene™®32 is much younger
in development, but it holds a rather unique competitivity against
other molecular monolayers. In brief, MXene is a 2D molecular
monolayer formed with its central core comprising a stack of
“metal-carbon-metal” atom plane. The construction of a stable and
free-standing MXene, however, requires the termination of the
two electron-rich metal surfaces with electron-accepting groups
such as O, F, and OH. These passivating groups are typically
referred to as the T groups. Hence, a MXene has a stack of T{M
(CM)JT, with M in the experimentally known MXenes being Ti, V,
Nb, Ta, TigsNbg s, and Vo 5Cros>%3" Like mTMDCs, MXenes can be
semiconducting or metallicc hence, MXenes also share the
excellent industrial relevance to energy conversion,*® energy
storage,>* water purification,® chemical sensors,*® photo- or

electro-catalysis,®>” and biomedical*®*° applications. Following

the rise of MXenes, bilayer heterostructures comprising MXenes
emerge quickly. For example, MXene/mTMDC bilayers have
already been studied computationally,**™** and those bilayers
with the MXene composition of {(OH),F, _ JTiCTi{(OH),F,; _,} and
the mTMDC composition of MoS, or WS, have been synthesized
to form functional nano-field-effect transistors.** In short, the
development of bilayer heterostructures comprising MXene or
MXene-like monolayers is expected to bear important impacts.
Herein, we disseminate our invention of another new bilayer-
heterostructure family with a special derivative of MXene as a
monolayer constituent. Specifically, this derivative can be created
by replacing one of the two T planes of an MXene by an mTMDC.
Alternatively, it can also be created by using the mature chemical
vapor deposition (CVD) or atomic layer deposition (ALD) approach
to deposit one monolayer of metal carbide onto an mTMDC and
to subsequently oxidize the top-layer metal atoms. In fact, CVD of
large-area, high-quality ultrathin Mo,C has already been success-
fully demonstrated.***® This special derivative of MXene is
referred as “asymmetric MXene (aMXene)” to differentiate the
obvious asymmetry in T{M(CM);} from the structure of T{M(CM);}T.
This invention is important because an aMXene has an unusually
high dipole perpendicular to the 2D plane to qualify its
competitive advantage as outstanding molecular monolayers.
The invention is also practical because aMXene/mTMDC is a stable
bilayer heterostructure. Indeed, asymmetric 2D monolayer struc-
tures such as SMoSe*”**® and bilayer heterojunctions such as (Cl,)-
(Bi;2017)-(M0S,)* have been successfully synthesized. To articu-
late the chemistry, physics, and engineering applications of
aMXenes, we adopt aMXene/mTMDC bilayers as exemplars of all
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possible aMXene-based bilayers and draw a set of design rules for
the application-oriented development of aMXene/mTMDC
bilayers.

The essence of our invention is drawn with the first-principles
computational approach with which we survey a vast variety of
aMXene/mTMDC combinations and distill from the database of
electronic structures and properties those combinations satisfying
the currently market-driven application-oriented requirements.
Particularly, from such a computational study (as specified in
computational methods), we draw design rules covering the
choice of the chemical constituents and the synthetic route in
making stable aMXene/mTMDC for: (a) spintronics, applications
that require proper manipulation of spin polarization; (b) efficient
optoelectronics and fast electronics, applications that require
proper band structures, proper charge redistribution, and
quantum confinement; (c) catalysis, applications that require
proper band structures and proper alignment of band structures
with the chemical potentials of the relevant catalytic reaction.
Obviously, these design rules are also drawn with the objectives of
demonstrating the important engineering functions derived from
the asymmetry and dipole nature of aMXenes.

RESULTS AND DISCUSSION

An aMXene monolayer is not stable by itself and is best stabilized
by a stable monolayer partner having surface termination with
electronegative atoms to form a stable functional bilayer
heterostructure. While MXenes are known to be thermodynami-
cally and chemically stable, our proposed aMXenes are unstable
due to the disruption of the proper surface passivation in MXenes.
As such, the first and most important design rule for the
development of practical aMXenes is drawn to address this
instability. An aMXene is best deposited on a stable monolayer
partner having surface termination with electronegative atoms to
pair with the “bare” electropositive metal atoms on the
unpassivated surface of an aMXene.

Particularly, mTMDC is chosen as the exemplary monolayer
partner because mTMDC bears important scientific and techno-
logical impacts by itself, and because the chalcogenide surface
termination of mTMDC perfectly satisfies the present design rule
of adopting an electronegative partner to stabilize aMXene. The
origins of such interfacial stabilization are clearly shown by the
following bonding parameters that are deduced from the
geometry-optimized configurations of the representative
aMXene/mTMDC examined in the present work (details of all
such configurational data are included in Part A of Supplementary
information):

(@) The Heyd-Scuseria-Ernzerhof (HSE) calculated exothermic
binding energies of the aMXene/mTMDC bilayer complexes
range 0.2-0.95 eV per unit cell, as shown in Table S2. For
comparison, the Perdew-Burke-Ernzerhof (PBE) calculated
binding energies are in the even higher range of
0.49-1.36eV (Table S3). As such, aMXene/mTMDC com-
plexes are stable. In comparison, the binding energy for
chemically stable complexes formed by hydrogen bonding
typically ranges from 0.2 to 0.4eV, and common van der
Waals bonds with the binding energy in the range of
0.1-0.3 eV*° are weaker than hydrogen bonds, but are still
strong enough to yield stable 2D van der Waals hetero-
structures with TMDCs. As shown in Table S2, MoS, and
MoSe, in the Sc,CO/MoS, and Sc,CO/MoSe, heterostruc-
tures are enlarged by 526 and 2.24%, while they are
compressed by <4.94% in the other aMXene/mTMDC
heterostructures. The aMXene monolayers also bear
some strains to construct heterostructures, where the
largest strain of 5.58% occurs to the V,CO monolayer in
Vzco/MOSez.
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(b) The extent of charge redistribution at the interface is
adequately high and compositionally tunable (0.16-0.6
electron per metal-chalcogenide pair), as calculated by
the standard Bader method,”' ™3 and shown in Table S4. The
Ti,CO/MoS, bilayer is the highest and Cr,CO/MoSe; is the
lowest in charge transfer among all aMXene/mTMDC
complexes analyzed in this work. These data and additional
pictorial presentations of charge distribution and transfer
(Figs. S2 and S3, illustrated in Part B of Supplementary
information) further articulate the relevant chemical inter-
actions and bond formation. More importantly, charge
distributions also link bonding chemistry to device engi-
neering and catalyst development because adequate charge
injection to the conduction/valence band of an optoelec-
tronic/electronic device is the key in device engineering and
charge injection to a critical reaction transition state is also
fundamental to catalysis.

(c) The aMXene/mTMDC bilayers have relatively small inter-
facial separations of 0.18-0.25nm. These values are
significantly shorter than the relevant interfacial separations
including 0.31 nm for MoSe,/MoS,,>* 0.28 nm for Zr,CO,/
MoS,* and other MXene/mTMDC bilayers,** and 0.33 nm
for Sc,CF,/MS, and Sc,CFo/MSe, (M = Mo, W).*" Among all
these bilayers, Ti,CO/MoS, has the shortest interlayer
separation (0.18 nm) and thus has the strongest interfacial
interactions with the binding energy of 1.36 eV per unit cell.
In these bilayers, Cr,CO/MoS, is the weakest in bilayer
interaction with the longest interlayer separation of 0.23 nm
and a binding energy of 0.70 eV per unit cell. The interlayer
separations for Sc and V are both 0.20 nm.

With the evidence of the stability of aMXene/mTMDC bilayers,
we stress that aMXene/mTMDC can be readily synthesized with
the prevalent method of forming molecular-layer materials by
ALD. This synthetic route is viable because monolayer mTMDCs
can now be routinely synthesized by direct vapor deposition and
solvothermal precipitation of monolayer mTMDCs, and by
chemical exfoliation of bulk mTMDCs. With a monolayer mTMDC
as a substrate, one can adopt the known techniques of metal-
carbide ALD**®' to deposit a stack of M(CM); and yield aMXene/
mTMDC by oxidizing the top surface of the M(CM); stack of metal
carbide, or by other similar surface passivation reactions. We note
that recently single-layer titanium carbide has been successfully
grown on the MXene of Ti;C,.%* Conceivably, the same single-layer
titanium carbide can also be grown on mTMDC, and the
subsequent oxidation of the top metal atom layer can yield
aMXene/mTMDC heterostructures.

After establishing the viability of making aMXene/mTMDC, we
would like to articulate the rich chemistry in the exemplary family
of aMXene/mTMDC bilayer complexes, with the best known
mTMDC (MoS,) and with the best obvious choices of aMXenes
(those with Sc, Ti, V, and Cr as the metal constituents) to construct
aMXene/mTMDC. To clarify the bonding details, we adopt the
scheme of OM.oCM./SMMoS. o (with the small font labels
describing the local chemical bonding condition) to describe the
stack of atomic planes in these aMXene/MoS, bilayers.

To comprehensively complete the analysis of chemical nature
and its implications for these aMXene/MoS, bilayers, we adopt the
spin-polarized HSE calculation methods to track the atomic origins
of unpaired spins and magnetic moments, and to draw later a
design rule from such fundamental information for spintronics,
optoelectronics, and catalysis. Briefly, while those bilayers with
aMXene comprising Sc and Ti have near-zero magnetic moments,
as shown in Table S4, those comprising V and Cr have rather high
magnetic moments. Based on a 2 x 2 supercell, we consider four
types of magnetic orderings including ferromagnetism (FM) and
A-, C, and G-type anti-FM (AFM) for the V and Cr atoms in
the V,CO/MoS, and Cr,CO/MoS; bilayers, as shown in Fig. S4. Our
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full-optimization computation shows that the A-type ferrimagnetic
ordering is the energetically favorable configuration with 0.35 and
0.52eV per unit cell lower than the energies of the C-type
ferrimagnetism for the V,CO/MoS, and Cr,CO/MoS, bilayers,
respectively. In addition, the initially assigned FM and G-type AFM
configurations are optimized to be A-type and C-type ferrimag-
netism, respectively. In the A-type ferrimagnetic ordering, the
magnetic moments are aligned parallelly and equally within each
layer, but alternate in sign and values between layers, as displayed
in Fig. S5. In addition, Table S4 shows that the respective atom-
specific magnetic moments are 1.57 and —1.23ug for the V. and
V_s atoms in the OVCV/SMoS bilayer stack, and 2.80 and —2.92ug
for the Cro and Crs atoms in the OCr.oCCr.s/SMoS stack. These
results clearly show that the V,CO/MoS; and Cr,CO/MoS, bilayers
comprise strong magnetic moments and are adequate for
spintronic applications.

An aMXene monolayer can offer a large dipole moment and
thus a high built-in electric field. The simplest aMXene
comprises a stack of OMCM atom planes and is referred to as
M,CO therein. Electrons are depleted at the M-terminated side
and accumulated at the oxide face of such a simple stack. This

polarization induces an internal electric field E_f with the
direction pointing from the M termination to the O termination.
Due to the presence of such an electric field, the emission of
electrons is much more difficult on the O-terminated face than
on the M-terminated face. In other words, the work function of
M,CO is highly face-dependent, with the work function of the O-
terminated face much higher than that of the M-terminated
face, as shown in Fig. 1a. Our results on the work functions,
spatial electrostatic potential distributions, built-in electric fields,
and band alignments of several aMXene/mTMDC examples are
summarized in Fig. 1b, with the results on dipole moments
included in Fig. 2. Clearly, aMXene/mTMDC bilayers can
be designed to compete with other bilayers by taking
advantage of the asymmetric and uniquely strong dipolar
nature of aMXenes.

Here, we take Sc,CO/MoS, as an example to articulate the
dipolar nature of aMXene/mTMDC bilayers, with the labeling
protocol of OSc oCSc.s/S.scM0oS . to clarify atom locations in the
0OScCSc/SMoS stack. The aMXene of Sc,CO has a very strong
dipole moment of 0.21eA by itself. Upon the bilayer stack
formation, each electropositive Sc_s atom loses 0.24 electrons and
each electronegative Ss. atom gains 0.32 electrons, as shown in
Table S4, with additional charge transfer participants to balance
the loss/gain of charge. Such a complex process of interfacial
charge transfer further increases the original internal electric field

— —
E; in Sc,CO but, at the same time, induces another electric field E,

in the opposite direction pointing from Sc_s to S_y.. This field E_z)
automatically limits the drainage of electrons from Sc,CO to MoS,,
and its presence makes the dipole moment of the bilayer of
Sc,CO/MoS, smaller than that of the free-standing Sc,CO
monolayer, as shown in Fig. 2. In comparison to the case of
Sc,CO/MoS,, the dipole reduction during the formation of Cr,CO/
MoS, is smaller because the interfacial interaction of Cr,CO/MoS,
is weaker than that of Sc,CO/MoS,. As such, the interfacial charge

transfer, the strength of E_; and the dipole reduction induced by
bilayer formation are all compromised accordingly. From the MoS,
side of Sc,CO/MoS,, one sees that the electrons donated from
Sc,CO are mainly kept around the S_s. atoms, as shown in Table S4

and Fig. S2. Hence, the field E_; is not evenly distributed but
highly spatially localized near the bilayer interface, as shown in
Fig. 1b.

Some additional results on several other examples of aMXene/
mTMDC bilayers are included in Fig. S6 in part C of Supplementary
information. Consistently in all these aMXene/mTMDC bilayers, the
electrons injected from aMXene to mTMDC are highly localized at
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Fig. 1 a The comparison of work functions of the isolated aMXene
M,CO (M=Sc, Ti, V, Cr) and MoX, (X=S, Se), evaluated by the
difference between vacuum level (VL) and Fermi levels (E;). The
vacuum levels of metal side in MyCO and MoX, are shifted to 0eV. b
The plane-averaged electrostatic potential difference of M,CO and
MoS, after the formation of M,CO/MoS, heterostructures. The balls
and arrows stand for the atom positions and the direction of the
internal electric field, respectively

the aMXene/mTMDC interface. If the mTMDC constituent is an
intrinsic semiconductor (like MoS, and MoSe,), the internal electric
field turns it to n-type, and the electrons injected from aMXene are
accumulated in the conduction band edge of the mTMDC and
spatially localized at the aMXene/mTMDC interface. Such details
and the relevant applications are illustrated and explained later.

Spintronics can be designed with aMXene/mTMDC having
adequate constituents to engineer appropriate spin-polarization
and spin-specific properties. The combination of both semicon-
ducting and spin-specific properties in some aMXenes and
mTMDCs offers a rather unique opportunity for the development
of novel spintronics with our proposed aMXene/mTMDC bilayer
heterostructures. Since the spin-specific nature of mTMDCs,
particularly those of VS, and VSe,%*®* have already been
adequately reported, we focus on the nature of V,CO/MoS, and
Cr,CO/MoS, to demonstrate how spintronics can be developed by
coupling spin-specific aMXenes to mTMDCs having no spin
polarization.
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Fig. 2 The HSE calculated dipole moments of the most stable
aMXene M,CO and M,CO/MoX, (M=Sc, Ti, V, Cr; X=S, Se)
heterostructures

The band structures shown in Fig. 3a, b, as well as Fig. S8a, b
highlight such opportunities in developing spintronics with V,CO/
MoS, and Cr,CO/MoS,, as well as V,CO/MoSe, and Cr,CO/MoSe,.
First, the semiconducting nature of MoS,, and then the half-
metallic properties of V,CO and Cr,CO (Fig. S7a, b) are largely
preserved in their complexes, likely due to the relatively weak
interfacial interactions in V,CO/MoS, and Cr,CO/MoS, in reference
to all aMXene/mTMDC complexes analyzed in this work. More
specifically, the partial band structure assignable to MoS, shows a
bandgap of about 2.0eV, good for electronic applications
requiring a wide operational range in temperature. For the case
of V,CO/MoS; (Fig. 3a), the partial band structure of V,CO shows a
very narrow bandgap (about 0.1 eV) in the spin-up channel. In this
channel, the Fermi level of the bilayer crosses the edge of the
conduction band, with the CBM locating between the K and G
points and valence band maximum (VBM) staying at the K-point.
More importantly, the CBM mainly comprises the hybridized Mo-
4d, Sy-3p, and S_y,-3p orbitals belonging to the MoS, constituent
and VBM mainly comprises the V.-3d states belonging to the
aMXene constituent, and this facilitates desirable spatial charge
separation when e-h pairs are produced in V,CO/MoS,. Overall,
our results show an approximate device model of V,CO/MoS, in
which V,CO forms an ohmic contact on n-type MoS,.

In the spin-down channel, V,CO/MoS, shows a rather dispersed
band structure around the Fermi level. Although the MoS, bands
hybridize with V,CO to some extent, the characteristics of MoS,
can still be identified at the vicinity of the Fermi level, as marked
by the blue circles in Fig. 3a. Most importantly, the Fermi level
lying in the band gap of MoS; and the partial bands of V,CO show
the presence of an n-type Schottky barrier with the height of
0.49 eV. As such, electrons are transferred from V,CO to MoS, via
the spin-up channel while the transfer is hindered in the spin-
down channel, due to the presence of a very small band gap in
the spin-up channel and of a large Schottky-barrier height in the
spin-down channel. Therefore, the spintronic function of spin
filtering can be realized in the V,CO/MoS, bilayer.

In the case of Cr,CO/MoS,, the presence of a striking half-
metallic magnetism is evident, as shown in the band-structure
results in Fig. 3b. Specifically, an intrinsic semiconductor feature is
found in the spin-up channel and a metallic-like character appears
in the spin-down channel. The half-metal gap (Eng = Ef — Evgm) is
calculated to be 0.88 eV, suggesting that electrons transported
near the Fermi level are virtually 100% spin polarized even when
the heterostructure is under a relative large external voltage bias.
In contrary to the case of V,CO/MoS,, electron transport is
impeded in the spin-up channel, but facilitated in the metallic-like
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spin-down channel. It is important to note that the partially
occupied bands crossing E¢ along the high-symmetry zone axes of
G-M and K-G in the spin-down channel, as shown in Fig. 3b, are
mainly hybrids of Crs-3d and Mo-4d states. This critically shows
the spintronic function of spin injection from Cr,CO into MoS; in
Cr,CO/MoS; can be readily realized. In this context, V,CO/MoS, is
inferior to Cr,CO/MoS..

The spintronic operation in Cr,CO/MoS, is expected to facilitate
fast electron transport with several good reasons. First, the bands
crossing the Fermi level are largely dispersed, as shown in the
right panel of Fig. 3b. This suggests high electron mobility.
Second, electron injection from Cr,CO/MoS, is facilitated by the
special asymmetric and dipolar nature of aMXene, not by the
reliance of dopants and defects. As such, detrimental deficiencies
in ordinary approaches of designing and fabricating MoS,
electronics, such as Coulombic impurity scattering,®® deficiencies
which bar high carrier mobility, are circumvented in aMXene/
mTMDC bilayers, with Cr,CO/MoS, as an exemplar. Third, only
spin-down electrons participate in the spintronic operation of
Cr,CO/MoS,; this also further supports fast transport.

With the promising results on Cr,CO/MoS,, we extend the
investigation to Cr,CO/MoSe,, Cr,CO/WS,, and Cr,CO/WSe,;
unsurprisingly, all these bilayers possess similar half-metallic
properties (see Fig. S8(b) and S9 in Part E of Supplementary
information). The origin of the magnetism is further explained by
Fig. S10 in Part F of Supplementary information.

Efficient optoelectronics and fast electronics can be designed
with aMXene/mTMDC having adequate semiconducting constitu-
ents to facilitate optoelectronic and fast-electronic operations.
Since many known MXenes are semiconductors with very high
carrier mobility and many mTMDCs have bandgaps around 1-2 eV
with reasonably high carrier mobility, aMXene/mTMDC bilayers
can potentially function as high-efficiency optoelectronics and fast
electronics. Further, the bilayer formation does not simply
juxtapose the two sets of virgin band structures of the two
monolayer constituents but promises additional merits. For
example, prior to forming a bilayer, Sc,CO and MoS, are calculated
to be two semiconductors with respective bandgaps of 0.55 (Fig.
S7(c), as well as Fig. S11 in part G of Supplementary information)
and 2.21 eV, and with a rather large band offset. In addition, the
electron affinity of Sc,CO is much smaller than that of MoS, and
MoSe,, as shown in Fig. 4. In the Sc,CO/MoS, bilayer, the
positively charged Scs atom of Sc,CO, with the loss of 0.24
electrons during the bilayer formation (Table S4), sets a strong
field to push the conduction band of the underlying MoS,
constituent all the way down until it crosses the Fermi level of the
bilayer. As such, the MoS, constituent is an n-type 2D-
semiconducting molecular layer. At the same time, the negatively
charged S.. atom, with the gain of 0.36 electrons during the
bilayer formation (Table S4), also sets an opposite field to pull the
valence band of the overlaying Sc,CO constituent all the way up
until it touches the Fermi level of the bilayer. As such, the Sc,CO
constituent is a p-type 2D-semiconducting molecular layer.
Therefore, a peculiar heterostructure having a p-type 2D-
semiconducting molecular layer on an n-type 2D-semiconducting
molecular layer is constructed. Across the 2D plane, the bilayer is
metallic-like with electron transport responsible for electrical
conductivity along the MoS, layer, and with hole transport
responsible for electrical conductivity along the Sc,CO layer. As
discussed earlier, these carrier transports are expected to be
highly mobile because the carrier generation is induced by an
adequate electric field and not by doping. As such, mobility
reduction by scattering is prevented. While fast carrier transport
along the bilayer plane is facilitated with no directional restriction,
any current flow crossing the plane is dictated and directionally
controlled by the rectifying diode property of the p—n junction.

Importantly, a thorough examination of the band structure
evolution during the Sc,CO/MoS; bilayer formation shows that the
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interlayer charge re-distributions also wipe out nearly all density of
states (DOS) of Sc,CO from its VMB to 3.0 and 3.5 eV above the
VBM, and nearly all DOS of MoS, from its CBM to 2.01 and 1.68 eV
below this CBM in the spin-up and spin-down channels,
respectively. In addition, the respective effective masses of hole
(my*) and electron (m.*) of MoS, part in Sc,CO/MoS, at the K-
point are 0.12 and 0.08m, and are much smaller than the values of
the pristine single-layer MoS,.%7%® As such, the carrier mobility in
MoS, of Sc;CO/MoS, can be significantly improved. This set of
data, which are included in Fig. S12 in part G of Supplementary
information, and the band-structure data in Fig. 3¢ thus show the
presence of a p—n junction with an extremely large built-in voltage
and with high carrier mobility. We expect that with a small
external bias, the diode is conductive via electron tunneling across
the junction. With a moderate forward bias, the diode returns to
its normal-off state and supports no current flow. After reaching
an appropriate forward biasing, the diode allows a current flow
with the typical operation of a forward-biased diode.

In addition, the peculiar band structures of the Sc,CO/MoS,
bilayer also imply that the bilayer can absorb photon irradiation in
the solar spectrum for the generation of electron-hole pairs,
mainly with electrons from the filled DOS derived from the Sc
and C atoms of Sc,CO to the empty DOS derived from the Mo
atoms of MoS,. As such, photo-induced electron-hole pairs are
very well spatially separated. Undesirable electron-hole recombi-
nation is thus prevented, and high-performance optoelectronics
can thus be designed.

Similar to Sc;CO/MoS,, partially occupied bands crossing the
Fermi level are also present in the band structure of Ti,CO/MoS,.
Thus, Ti,CO effectively serves as an ohmic contact and an agent to
maintain MoS; as an n-type semiconductor (Fig. 3d). The strong
interfacial interaction in Ti,CO/MoS, alters the partial band
structures of Ti,CO and MoS, significantly from the free-
standing monolayer counterparts. The spin-polarizing property
of the pristine Ti,CO (Fig. S7(d)) induced by the unpaired electrons
almost vanishes in the Ti,CO/MoS, complex. The partial band
structure of MoS, shows a bandgap of around 1.2 eV, significantly
smaller than that of the free-standing monolayer MoS,. Never-
theless, this bandgap is large enough for electronic operation in a
wide temperature range.

Catalysts and photocatalysts can be designed with aMXene/
mTMDC having adequate constituents to supply electrons/holes
at an appropriate chemical potential for the facilitation of catalytic
reactions. Since the controllable internal electric field of an
aMXene/mTMDC can be tuned by its bilayer composition, this
tunability is a powerful means to adjust the electronic states of the
constituents of the aMXene/mTMDC to match the chemical
potential requirement of a specific chemical reaction for enhan-
cing the reaction rate. For example, MoS, and other mTMDCs are
known to catalyze the hydrogen evolution reaction (HER: 2H' +
2e - H,1), as long as the location of the reduction potential in
reference to the standard hydrogen electrode is below the
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conduction band minimum of the mTMDC catalyst. In principle,
this “state-alignment” condition is satisfied in the case of MoS,
because the reduction potential for HER is indeed below the
conduction band of MoS,. As such, an n-type MoS, with an ohmic
contact to supply a flow of electrons can adequately facilitate HER.
In another scenario, an intrinsic semiconducting MoS, can also
facilitate HER under the irradiation of photons having high
enough energy to excite electrons from the valence band to the
conduction band. In practice, an applied voltage bias of the MoS,
electrode in the reaction bath is required to push forwards the
HER, and such an additional reaction requirement is often referred
to as a means to overcome the overpotential of the electrode. This
overpotential problem typically is caused by the presence of
surface states and thereby a surface band bending on the
electrode surface. The presence of the strong internal electric field
and dipole moment in aMXene/mTMDC can be engineered to
circumvent this overpotential problem.

In compliance to the present Design Rule, the band structures
of Sc,CO/MoS, and Ti,CO/MoS, shown in Fig. 3¢, d indicate that
both are good catalysts for HER because Sc,CO and Ti,CO in these
M,CO/MoS, bilayers are both narrow bandgap materials and
readily serve as an ohmic contact to supply a flow of electrons to
MoS,. Further, the presence of Sc,CO or Ti,CO exerts an
appropriate electric field to maintain MoS, as an n-type
semiconductor with Fermi level well above the reduction potential
for HER. The schematic energy diagrams in Fig. 1b pictorially show
that these M,CO/MoS, bilayers analyzed in this present work can
outperform MoS; in HER catalysis. Indeed, the expectation is
verified by the HER calculations. The Gibbs free energy changes
AGy are —0.3 and 4.4 meV for one H adsorption at the S-vacancy
site on the 3 x3 MoS, supercell basal plane of the Sc,CO/MoS,
and Ti,CO/MoS, bilayers, respectively. In comparison, the value of
AGy is calculated to 68.2 meV for the free-standing MoS, with the
same S-vacancy concentration, and the result is consistent with
other theoretical results.®®

Judging by the recent development in both practical synthesis
and HER applications of nanopolygons of mTMDCs,'®”%”" we add
here that deposition of proper aMXene on nanopolygon mTMDC
instead of large domains of MTMDCs is the best way to engineer
the next generation of highly effective HER catalysts.

In closing this section by designing effective catalysts with
aMXene/mTMDCs, we add that while engineering HER catalysts
with aMXene/mTMDCs of Sc,CO/MoS, and Ti,CO/MoS, is
scientifically sound, these Sc,CO/MoS, and Ti,CO/MoS, bilayers
both have interfacial interactions that shrink the bandgap of the
partial band structure of MoS, significantly in reference to the
bandgap of the free-standing monolayer MoS,. Although HER is
facilitated, the half-reaction of oxygen evolution reaction (OER) in
water splitting is not supported. Interestingly, the band structures
of bilayers with weak interfacial interactions, such as V,CO/MoS,
and Cr,CO/MoS, (Fig. 3a, b), seem to fit the design attributes for
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catalyzing both HER and OER. In short, aMXene/mTMDCs expand
the horizon of catalysis with 2D molecular layers.

In conclusion, a new 2D molecular-layer family, aMXenes, is
created by shaving off the surface-passivating atoms/functional
groups on one of the two faces of an MXene. Practically, an
aMXene is made and stabilized by depositing a metal-carbide
stack on a substrate surface terminated with electronegative
atoms/functional groups. When the substrate is also a molecular
monolayer such as mTMDC, an omnipotent bilayer is yielded. We
show that such aMXene/mTMDC bilayers are stable and can be
best made by ALD. We also show that the unique strong dipole
nature of aMXene can be translated to a large variety of novel
electronic structures and innovative applications in aMXene/
mTMDC. The same design concepts can be adopted to develop
other aMXene/2D-monolayer heterostructures.

METHODS

Spin-polarized first-principles calculations were performed by using the
Vienna Ab initio Simulation Package (VASP).”?> The projector augmented
wave (PAW) potentials73 were used for the treatment of core electrons. The
exchange correlation interactions were treated within the generalized
gradient approximation using the PBE functional.”* In addition, we applied
the Heyd-Scuseria-Ernzerhof (HSE)”>~7 method to calculate the electronic
structures, in order to overcome the deficiency of standard Density
Functional Theory (DFT) in describing the exchange correlation energy. To
avoid interactions between the slabs along the vertical direction, a vacuum
layer with the total thickness of 3.0 nm was used at the both sides of the
heterostructures. The energy cutoff was set to 450 eV and a force tolerance
of 0.02eV/A on each atom was used for convergence criterion. For HSE
calculations, the exact exchange contribution is represented by a
combination of 25% HF (exchange with exact) and 75% PBE. The
Monkhorst-Pack’® K-points sampling of 15x15x1 and 7x7x1 were
employed in the conventional DFT and HSE calculations, respectively. The
interfacial adhesion energy (E,qgn) is calculated by: E.qn = Emxene + Etmp —
Eheteros iN Which Epeteror Ermp, and Epxene represent the total energies of the
heterostructures, MoS, (or MoSe;) and MXene, respectively.

DATA AVAILABILITY

All data generated or analyzed during this study are included in this published article
(and its supplementary information files).

ACKNOWLEDGEMENTS
This work was supported by National Key R&D Program of China (No.
2017YFB0406403), National Natural Science Foundation of China (Grant No.

51872306), Open Foundation of State Key Laboratory of Electronic Thin Films and
Integrated Devices (KFJJ201607), Special Program for Applied Research on Super
Computation of the NSFC-Guangdong Joint Fund (the second phase, No. U1501501),
and the program for Ningbo municipal science and technology innovative research
team (2015B11002)

AUTHOR CONTRIBUTIONS

B.L. and L.C. designed research; Y.W., H.G., and B.L. performed research; W.Z,, Q.Z,, L.C,,
X.F, W.Z, YL, and W.-M--L. analyzed data; and B.L,, L.C., and W.-M.L. wrote the paper.
All authors discussed and commented on the manuscript.

ADDITIONAL INFORMATION

Supplementary information accompanies the paper on the npj Computational
Materials website (https://doi.org/10.1038/s41524-019-0155-6).

Competing interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences

B. Li et al.

REFERENCES

1.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

Novoselov, K. S. et al. Electric field effect in atomically thin carbon films. Science
306, 666-669 (2004).

. Geim, A. K. & Novoselov, K. S. The rise of graphene. Nat. Mater. 6, 183-191 (2007).
. Coleman, J. N. et al. Two-dimensional nanosheets produced by liquid exfoliation

of layered materials. Science 331, 568-571 (2011).

. Mak, K. F,, Lee, C, Hone, J, Shan, J. & Heinz, T. F. Atomically thin MoS2: a new

direct-gap semiconductor. Phys. Rev. Lett. 105, 136805 (2010).

. Radisavljevic, B., Radenovic, A., Brivio, J., Giacometti, V. & Kis, A. Single-layer MoS2

transistors. Nat. Nanotechnol. 6, 147-150 (2011).

. Chhowalla, M. et al. The chemistry of two-dimensional layered transition metal

dichalcogenide nanosheets. Nat. Chem. 5, 263-275 (2013).

. Lauritsen, J. et al. Atomic-scale insight into structure and morphology changes of

MoS 2 nanoclusters in hydrotreating catalysts. J. Catal. 221, 510-522 (2004).

. Lauritsen, J. V. et al. Size-dependent structure of MoS2 nanocrystals. Nat. Nano-

technol. 2, 53-58 (2007).

. Jaramillo, T. F. et al. Identification of active edge sites for electrochemical H2

evolution from MoS2 nanocatalysts. science 317, 100-102 (2007).

. An, Y, Fan, X, Luo, Z. & Lau, W.-M. Nano-polygons of monolayer MS2-best

morphology and size for HER catalysis. Nano Lett. 17, 368-376 (2017).

. Wang, Q. H,, Kalantar-Zadeh, K., Kis, A, Coleman, J. N. & Strano, M. S. Electronics

and optoelectronics of two-dimensional transition metal dichalcogenides. Nat.
Nanotechnol. 7, 699-712 (2012).

. Geim, A. K. & Grigorieva, I. V. Van der Waals heterostructures. Nature 499,

419-425 (2013).

. Britnell, L. et al. Strong light-matter interactions in heterostructures of atomically

thin films. Science 340, 1311-1314 (2013).

. Lee, G-H. et al. Flexible and transparent MoS2 field-effect transistors on hex-

agonal boron nitride-graphene heterostructures. ACS Nano 7, 7931-7936 (2013).

. Duan, X. et al. Lateral epitaxial growth of two-dimensional layered semiconductor

heterojunctions. Nat. Nanotechnol. 9, 1024-1030 (2014).

. Lee, C-H. et al. Atomically thin p-n junctions with van der Waals heterointerfaces.

Nat. Nanotechnol. 9, 676-681 (2014).

. Deng, Y. et al. Black phosphorus-monolayer MoS2 van der Waals heterojunction

p-n diode. ACS Nano 8, 8292-8299 (2014).

. Gong, Y. et al. Vertical and in-plane heterostructures from WS2/MoS2 monolayers.

Nat. Mater. 13, 1135-1142 (2014).

. Yoo, Y., Degregorio, Z. P. & Johns, J. E. Seed crystal homogeneity controls lateral

and vertical heteroepitaxy of monolayer MoS2 and WS2. J. Am. Chem. Soc. 137,
14281-14287 (2015).

Withers, F. et al. Light-emitting diodes by band-structure engineering in van der
Waals heterostructures. Nat. Mater. 14, 301-306 (2015).

Xu, X, Yao, W., Xiao, D. & Heinz, T. F. Spin and pseudospins in layered transition
metal dichalcogenides. Nat. Phys. 10, 343-350 (2014).

da Silveira Firmiano, E. G. et al. Supercapacitor electrodes obtained by directly
bonding 2D MoS2 on reduced graphene oxide. Adv. Energy Mater. 4, 1301380
(2014).

Li, Y. et al. MoS2 nanoparticles grown on graphene: an advanced catalyst for the
hydrogen evolution reaction. J. Am. Chem. Soc. 133, 7296-7299 (2011).

Peng, R. et al. In-plane heterojunctions enable multiphasic two-dimensional (2D)
MoS2Nanosheets as efficient photocatalysts for hydrogen evolution from water
reduction. ACS Catal. 6, 6723-6729 (2016).

Yu, W. J. et al. Highly efficient gate-tunable photocurrent generation in vertical
heterostructures of layered materials. Nat. Nanotechnol. 8, 952 (2013).

Naguib, M. et al. Two-dimensional nanocrystals produced by exfoliation of
TisAlC,. Adv. Mater. 23, 4248-4253 (2011).

Naguib, M., Mochalin, V. N., Barsoum, M. W. & Gogotsi, Y. 25th Anniversary Article:
MXenes: a new family of two-dimensional materials. Adv. Mater. 26, 992-1005
(2014).

Naguib, M. et al. Two-dimensional transition metal carbides. ACS Nano 6,
1322-1331 (2012).

Tang, Q., Zhou, Z. & Shen, P. Are MXenes promising anode materials for Li ion
batteries? Computational studies on electronic properties and Li storage cap-
ability of Ti3C2 and Ti3C2X2 (X =F, OH) monolayer. J. Am. Chem. Soc. 134,
16909-16916 (2012).

Anasori, B, Lukatskaya, M. R. & Gogotsi, Y. 2D metal carbides and nitrides
(MXenes) for energy storage. Nat. Rev. Mater. 2, 16098 (2017).

Zhong, Y. et al. Transition metal carbides and nitrides in energy storage and
conversion. Adv. Sci. 3, 1500286 (2016).

Ling, Z. et al. Flexible and conductive MXene films and nanocomposites with high
capacitance. Proc. Natl. Acad. Sci. USA 111, 16676-16681 (2014).

Lin, H, Wang, X, Yu, L, Chen, Y. & Shi, J. Two-dimensional ultrathin MXene
ceramic nanosheets for photothermal conversion. Nano Lett. 17, 384-391 (2017).
Lukatskaya, M. R. et al. Cation intercalation and high volumetric capacitance of
two-dimensional titanium carbide. Science 341, 1502-1505 (2013).

npj Computational Materials (2019) 16

np)


https://doi.org/10.1038/s41524-019-0155-6

np)

B. Li et al.

35.
36.

37.

38.
39.

40.

41.

42.

43,

44,
45,
46.
47.
48.

49.

50.
51.
52.
53.
54,
55.

56.

57.

58.

59.

npj Computational Materials (2019) 16

Ding, L. et al. A two-dimensional lamellar membrane: MXene nanosheet stacks.
Angew. Chem. Int. Ed. 56, 1825-1829 (2017).

Kim, S. J. et al. Metallic Ti3C2T x MXene gas sensors with ultrahigh signal-to-noise
ratio. ACS Nano 12, 986-993 (2018).

Xie, X, Chen, S., Ding, W., Nie, Y. & Wei, Z. An extraordinarily stable catalyst: Pt NPs
supported on two-dimensional Ti3C2X2 (X=OH, F) nanosheets for oxygen
reduction reaction. Chem. Commun. 49, 10112-10114 (2013).

Lin, H., Chen, Y. & Shi, J. Insights into 2D MXenes for versatile biomedical
applications: current advances and challenges ahead. Adv. Sci. 5, 1800518 (2018).
Lin, H, Wang, Y. Gao, S, Chen, Y. & Shi, J. Theranostic 2D tantalum carbide
(MXene). Adv. Mater. 30, 1703284 (2018).

Li, X, Dai, Y., Ma, Y., Liu, Q. & Huang, B. Intriguing electronic properties of two-
dimensional MoS2/TM2CO2 (TM =Ti, Zr, or Hf) hetero-bilayers: type-ll semi-
conductors with tunable band gaps. Nanotechnology 26, 135703 (2015).

Ma, Z. et al. Tunable band structures of heterostructured bilayers with transition-
metal dichalcogenide and MXene monolayer. J. Phys. Chem. C 118, 5593-5599
(2014).

Liu, Y., Xiao, H. & Goddard, W. A. Il Schottky-barrier-free contacts with two-
dimensional semiconductors by surface-engineered MXenes. J. Am. Chem. Soc.
138, 15853-15856 (2016).

Gan, L--Y,, Zhao, Y.-J,, Huang, D. & Schwingenschlogl, U. First-principles analysis of
MosS 2/Ti 2 C and MoS 2/Ti 2 CY 2 (Y=F and OH) all-2D semiconductor/metal
contacts. Phys. Rev. B 87, 245307 (2013).

Xu, J., Shim, J,, Park, J-H. & Lee, S. MXene electrode for the integration of WSe2
and MoS2 field effect transistors. Adv. Funct. Mater. 26, 5328-5334 (2016).
Gogotsi, Y. Chemical vapour deposition: transition metal carbides go 2D. Nat.
Mater. 14, 1079-1080 (2015).

Xu, C. et al. Large-area high-quality 2D ultrathin Mo2C superconducting crystals.
Nat. Mater. 14, 1135-1141 (2015).

Zhang, J. et al. Janus monolayer transition-metal dichalcogenides. ACS Nano 11,
8192-8198 (2017).

Lu, A. Y. et al. Janus monolayers of transition metal dichalcogenides. Nat.
Nanotechnol. 12, 744-749 (2017).

Li, J. Zhan, G, Yu, Y. & Zhang, L. Superior visible light hydrogen evolution of
Janus bilayer junctions via atomic-level charge flow steering. Nat. Commun. 7,
11480 (2016).

Lu, N. et al. MoS2/MX2 heterobilayers: bandgap engineering via tensile strain or
external electrical field. Nanoscale 6, 2879-2886 (2014).

Bader, R. F. W. Atoms in Molecules: A Quantum Theory (Oxford University Press,
New York, 1990).

Tang, W., Sanville, E. & Henkelman, G. A grid-based Bader analysis algorithm
without lattice bias. J. Phys. Condens. Matter 21, 084204 (2009).

Yu, M. & Trinkle, D. R. Accurate and efficient algorithm for Bader charge inte-
gration. J. Chem. Phys. 134, 064111 (2011).

Kang, J., Li, J., Li, S--S., Xia, J.-B. & Wang, L.-W. Electronic structural Moiré pattern
effects on MoS2/MoSe2 2D heterostructures. Nano Lett. 13, 5485-5490 (2013).
Klug, J. A. et al. Atomic layer deposition of amorphous niobium carbide-based
thin film superconductors. J. Phys. Chem. C 115, 25063-25071 (2011).

Sarr, M. et al. Tailoring the properties of atomic layer deposited nickel and nickel
carbide thin films via chain-length control of the alcohol reducing agents. J. Phys.
Chem. C 118, 23385-23392 (2014).

Choi, S-K. et al. Properties of plasma-enhanced atomic layer deposited TiCx
films as a diffusion barrier for Cu metallization. Thin Solid Films 590, 311-317
(2015).

Zhong, Y. et al. Monolayer titanium carbide hollow sphere arrays formed via an
atomic layer deposition assisted method and their excellent high-temperature
supercapacitor performance. J. Mater. Chem. A 4, 18717-18722 (2016).

Kim, J. B. et al. A controlled growth of WNx and WCx thin films prepared by
atomic layer deposition. Mater. Lett. 168, 218-222 (2016).

60.

61.

62.

63.
64.
65.
66.

67.
68.
69.
70.
71.
72.
73.

74.

75.
76.
77.

78.

Ahn, H. J. et al. Very low-work-function ALD-erbium carbide (ErC 2) metal elec-
trode on high-K dielectrics. IEEE Trans. Electron Devices 63, 2858-2863 (2016).
Sarr, M. et al. Atomic layer deposition of cobalt carbide films and their magnetic
properties using propanol as a reducing agent. Appl. Surf. Sci. 379, 523-529
(2016).

Sang, X. et al. In situ atomistic insight into the growth mechanisms of single layer
2D transition metal carbides. Nat. Commun. 9, 2266 (2018).

Ma, Y. et al. Evidence of the existence of magnetism in pristine VX2 monolayers
(X=S, Se) and their strain-induced tunable magnetic properties. ACS Nano 6,
1695-1701 (2012).

Xu, K. et al. Ultrathin nanosheets of vanadium diselenide: a metallic two-
dimensional material with ferromagnetic charge-density-wave behavior. Angew.
Chem. Int. Ed. 52, 10477-10481 (2013).

Yu, Z. et al. Realization of room-temperature phonon-limited carrier transport in
monolayer MoS2 by dielectric and carrier screening. Adv. Mater. 28, 547-552
(2016).

Yun, W.S., Han, S. W.,, Hong, S. C., Kim, I. G. & Lee, J. D. Thickness and strain effects
on electronic structures of transition metal dichalcogenides: 2H-MX2 semi-
conductors (M = Mo, W;X =S5, Se, Te). Phys. Rev. B 85, 033305 (2012).
Cheiwchanchamnangij, T. & Lambrecht, W. R. L. Quasiparticle band structure
calculation of monolayer, bilayer, and bulk MoS2. Phys. Rev. B 85, 205302 (2012).
Peelaers, H. & Van de Walle, C. G. Effects of strain on band structure and effective
masses in MoS2. Phys. Rev. B 86, 241401(R) (2012).

Li, H. et al. Activating and optimizing MoS2 basal planes for hydrogen evolution
through the formation of strained sulphur vacancies. Nat. Mater. 15, 48 (2016).
Ago, H. et al. Controlled van der Waals epitaxy of monolayer MoS2 triangular
domains on graphene. ACS Appl. Mater. Interfaces 7, 5265-5273 (2015).

Voiry, D. et al. Enhanced catalytic activity in strained chemically exfoliated WS2
nanosheets for hydrogen evolution. Nat. Mater. 12, 850-855 (2013).

Kresse, G. & Hafner, J. Ab-initio molecular-dynamics for open-shell transition-
metals. Phys. Rev. B 48, 13115-13118 (1993).

Blochl, P. E. Projector augmented-wave method. Phys. Rev. B 50, 17953-17979
(1994).

Perdew, J. et al. Atoms, molecules, solids, and surfaces: applications of the
generalized gradient approximation for exchange and correlation. Phys. Rev. B 46,
6671-6687 (1992).

Heyd, J., Scuseria, G. E. & Ernzerhof, M. Hybrid functionals based on a screened
Coulomb potential. J. Chem. Phys. 118, 8207 (2003).

Paier, J. et al. Erratum: “Screened hybrid density functionals applied to solids” [J.
Chem. Phys. 124, 154709 (2006)]. J. Chem. Phys. 125, 249901 (2006).

Seriani, N., Pompe, W. & Ciacchi, L. C. Catalytic oxidation activity of Pt;0, surfaces
and thin films. J. Phys. Chem. B 110, 14860-14869 (2006).

Monkhorst, H. J. & Pack, J. D. MP mesh. Phys. Rev. B 13, 5188 (1976).

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2019

Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Asymmetric MXene/monolayer transition metal dichalcogenide heterostructures for functional applications
	Introduction
	Results and discussion
	Methods
	Supplementary information
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGMENTS




