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Waals forcet

H. Zhang,®® Z. H. Fu,® D. Legut, T. C. Germann® and R. F. Zhang (& *2®

The stability of the stacked two-dimensional (2D) transition metal carbides and their interlayered friction in
different configurations are comparatively studied by means of density functional theory (DFT). At
equilibrium, a larger interlayer distance corresponds to a smaller binding energy, suggesting an easier
sliding between them. The oxygen-functionalized M,CO, possesses much lower sliding resistance than
the bare ones due to the strong metallic interactions between the stacked M,C layers. Compared to the
parallel stacking order of M,CO,-I, the mirror stacked M,CO,-1I possesses better lubricant properties. At
strained states, normal compression substantially enhances the sliding barrier owing to more charges
transferring from the M to O atom. Furthermore, the in-plane biaxial strain may effectively hinder the
interlayer sliding, while the uniaxial strain fundamentally modifies the preferred sliding pathway due to
anisotropic expansion of surface electronic state. These results highlight that the functionalized MXenes
with strain-controllable frictional properties are promising lubricating materials because of their low
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1. Introduction

Atomic-scale friction within nanolayered materials can depend
dramatically on the weakly bonded interlayer forces and topo-
logical structure of the contact surfaces, providing insight into
the atomistic mechanism of energy dissipation and super-
lubricity, a state with near-zero friction.”® While the
macroscopic-scale friction between two solids rubbing together
can be readily determined in experiments, little is known about
the microscopic mechanism by which the atomic-scale fric-
tional forces are generated, especially for the newly developed
2D materials. The main challenge to explore the atomistic
friction in nanolayered materials originates from the nonlocal
electronic polarization and its anisotropy that is accompanied
by a rather strong contribution of n-body electronic correlations
to the adhesion.* In the past decade, with the development of
first principles methods in quantifying the weakly bonded
interlayer interactions, some progress has been achieved in
understanding the mechanism of interlayer sliding of the
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sliding energy barrier and excellent mechanical properties.

widely studied 2D materials such as graphene,>” hexagonal
boron nitrides,*® both for elucidating their fundamental fric-
tional and tribological properties. In the meanwhile, another
distinct atomistic mechanism has also been revealed for the
layered molybdenum disulfide (MoS,), in which the friction-
induced orientation of easy basal planes is responsible for
sliding with the stacking of the sulphur basal plane being
maintained.'>"*

With the emergence of novel 2D transition metal carbides,
carbonitrides and nitrides, collectively referred as MXenes,"
their versatile chemistry, promising stability, superior
mechanical strength and flexibility, and excellent electro-
chemical and remarkable electronic properties have brought
much interest due to their potential applications including
energy storage, electromagnetic interference shielding, rein-
forcement for composites, water purification, gas- and biosen-
sors, and photo-, electro- and chemical catalysis.'* Nevertheless,
the frictional properties and its atomistic mechanism in
MXenes remain unclear, which needs further investigations
ranging from engineering studies of micromechanical lubrica-
tion to atomistic simulations at nano-scale. In this aspect, some
preliminary works have been reported more recently for some
specific MXenes. For instance, Ti;C, have been explored as
additives for tribological applications, and the addition of Ti;C,
can reduce the adhesive wear and plow friction."*® Hu et al.
reported the intrinsic interlayer coupling in pristine MXenes,
and demonstrated that the functional terminations (OH, O, and
F) weaken the interlayer coupling as compared with the bare
counterparts.”’
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Although the equilibrium bonding characteristics have
shown to play a critical role on the interface sliding of MXenes,
the tunable effect of strain that was always ignored, must be
included for the following reasons: (1) the profound strain effect
on electrochemical and other functional properties have been
widely reported. For example, Wang et al. reported a method to
modify the catalytic activity by directly and continuously control
the lattice strain of platinum catalyst."® Yun et al. has revealed
that the indirect to direct band gap transition of 2D materials
may occur under the external strain.’ Zhao et al. studied the
strain effect on the magnetic properties of monolayer MXenes
and calculated the change of magnetic moment under strain for
M,C.>° (2) It is generally recognized that the high pressure
service environment is common for the lubricants, and there-
fore the frictional properties may be significantly modified in
the complex strain environments. Accordingly, it is much
necessary to further explore how the frictional properties and its
atomistic mechanism of MXenes change under the applied
strains. For this purpose, modern first principles method within
framework of density functional theory has provided a unique
solution to the related studies whether at equilibrium or under
strains by extracting the potential energy surface (PES) associ-
ated with the interlayer sliding, providing an essential under-
standing of their tribological behavior.*

In this paper, we have firstly investigated the sliding energy
barriers of the oxygen-functionalized M,CO, (M = Ti, Zr, Nb,
Mo, Hf, Ta, and W), and found that the Ti,CO, possess the
lowest barrier among them. Secondly, taking Ti,CO, as
a representative, we provide a comprehensive first-principles
investigation on its stacking stability and interface sliding
with different bilayer orientations at equilibrium by quantifying
the relative adhesion energies and potential energy profile
within the sliding plane. Thirdly, we extend our investigations
on the variation of potential energy surfaces and minimum
energy paths when the multiaxial loadings are imposed on the
Ti,CO,. We found that the normal strain and biaxial in-plane
strains increase the sliding energy barriers without changing
the sliding path, while the uniaxial in-plane strain may modify
the easiest sliding path by increasing the barrier parallel to the
strain direction and simultaneously decreasing the barrier
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along the other orthogonal directions. These results suggest
interestingly that a proper control of uniaxial strain may make
MXenes possess the superlubricity. Finally, a comprehensive
analysis of bond topologies and electronic structures is further
performed to underline the atomic mechanism of the variation
of energy barrier as the increasing strain. These results high-
light that the functionalized MXenes are promising lubricating
materials because of its low sliding energy barrier and excellent
mechanical property.

2. Theoretical methods

The DFT calculations within the generalized gradient approxi-
mation (GGA)* of Perdew, Burke and Ernzerhof (PBE)*® and the
projector augmented wave (PAW) pseudopotentials®* were per-
formed using the Vienna ab initio simulation package (VASP)*
with a plane wave kinetic energy cutoff of 600 eV. Lattice
parameters and atomic coordinates were optimized with an
energy convergence of 10”° eV per cell. The criterion for force
convergence during the relaxation was 10° eV A™'. A TI-
centered Monkhorst-Pack grid of 12 x 20 x 3 was used to
sample the Brillouin zone during the structural optimization. A
vacuum layer of over 15 A was adopted to guarantee the isolated
slab boundary condition. To preserve this vacuum spacing, the z
components of cell vectors remain unchanged, but atomic
positions are optimized in all directions. In bilayer systems, the
dispersive interaction and electrostatic interactions determine
the interlayer structures and properties of the models. Thus, as
a full-fledged total-energy functional, the vdW-DF2 is used to
include dispersive interaction in our DFT calculations, which
have also been adopted in previous studies.>*” To study sliding
energy barriers of bilayer systems, the top layer is displaced
along x and y directions within the quarter of the rectangular
unit cell (Fig. 1a). Then all possible relative displacements are
deduced using symmetry operation. At each displacement all
atoms of the system are relaxed in z direction and fixed in x and
y direction, and then the total energy of the system E (including
both layers) is calculated. In addition, we have tested the effect
of different functionals and & points and provided the results in
Fig. S1-S3 of ESL.}
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Fig.1 Geometric arrangement (a) and potential energy profile (b) for the linear translation of upper MXenes layer above a fixed one. The x-axis
sliding energy barrier, the layer distance, the in-plane oxygen distance, and lattice constant of M,CO, (M = Ti, Zr, Nb, Mo, Hf, Ta, and W) (c) at
Minl. Geometric arrangements for the most relevant positions (Minl, Max, Min2, and Saddle) along the profiles are shown in Fig. S4.f The
schematic diagrams of the layer distance and the in-plane oxygen distance are shown in Fig. S5.1
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Flexibility of 2D layered materials can be quantified by the
critical strain at which the ideal strength reaches. In the case of
biaxial tension strains, the equal tension strains are simulta-
neously applied in the zigzag and armchair directions. To be
noted that the ideal strength sets up the upper limit of the
material in reality, and can also be applied to many materials in
experiments, especially in the 2D material.”® The applied strain
is defined as ¢ = (a — ao)/a,, where a and a, are the lattice
constants of the strained and unstained materials, respectively.
In the simulations of uniaxial stress, the geometry relaxation is
performed for both the lattice basis vectors and the atomic
coordinates by keeping the applied in-plane strain component
fixed and relaxing the other in-plane strain component until
their conjugate stress components, i.e., Hellmann-Feynman
stresses, reach less than 0.1 GPa. For a 2D material, the
dimensional length normal to the 2D layer is kept constant
during the relaxation in order to keep a sufficient thickness of
vacuum. Such relaxation scheme is accomplished by slightly
modifying the VASP code with specific constraints of strain
components. To make sure that the strain path is continuous,
the starting position at each strain step must be taken from the
relaxed coordinates of the previous step. Because the crystal
symmetry may be changed and the Brillouin zone would
significantly deform at large strain, we adopted a high energy
cutoff of 600 eV and verified the convergence of tensile calcu-
lations with different k-point grids. A similar scheme for stress-
strain calculation of 3D crystals has been described and thor-
oughly evaluated in our previous papers.>*°
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3. Results and discussion
3.1 Bilayer sliding at equilibrium

As reported in previous X-ray photoelectron spectroscopy (XPS)
and Energy Dispersive Spectrometer (EDS) analyses, MXenes are
generally terminated with various functional groups such as O,
OH and F when they are selectively etched from the precursor
MAX phases using acidic-fluoride-containing solutions.*® With
the following three considerations, we shall focus on the
oxygen-functionalized MXenes in the latter sections: (i) the
majority of functional groups was determined to be oxygen
during the etching process;* (ii) the post-processing at high
temperature or the lithiation reactions will always induce the
conversion from -OH to -O functional groups;* and (iii) the
oxygen-functionalized MXenes were predicted to be thermody-
namically and dynamically stable.*

Fig. 1 shows the calculated sliding energy barriers along the
x-axis direction together with the variations of the layer
distances, the distance of the in-plane adjacent oxygen atoms,
and the lattice constants of M,CO, (M = Ti, Zr, Nb, Mo, Hf, Ta,
and W). It reveals that the sliding energy profiles of M,CO, can
be generally characterized by two different minima (labeled as
Min1 and Min2) and two maxima (labelled as Saddle and Max),
and their geometric arrangements are shown in Fig. S4.f When
the transition metal species changes, a significant variation of
energy barriers is closely related to the variation of the lattice
constants. As shown in Fig. S5, a larger in-plane distance of
adjacent oxygens leads to a larger hollow among three adjacent
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Fig. 2 Side and top view of bilayer Ti,CO,-I (a) and Ti,CO,-II (b). The top view just contains the atoms in the blue dotted frame. The PESs of the
Ti,CO,-1 (c) and Ti,CO,-I (d) as a function of relative displacement of the two layers in the x and y directions.
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oxygen atoms. As for Min1, the upper oxygen atom is located at
the center of the triangle which connects the lower three adja-
cent oxygen atoms. Because of the coulombic force between the
upper and lower oxygen atoms, a larger hollow leads to
a smaller interlayer distance ds. As for Max, the interlayer
distances dy of different M,CO, are almost the same. Therefore,
it is hard to switch from stable position to unstable position for
M,CO, with a larger lattice constant because of its further
movement (dy — ds) between the two layers. Because they show
strong similarity of the calculated energy barrier profile to that
of the widely studied Ti,CO,, we shall take it as illustrative case
in the following sections for comprehensive first-principles
investigations on its stacking stability and interface sliding
with different bilayer orientations.

In general, two kinds of configurations were proposed for the
stacked Ti,CO, bilayers, i.e., configuration I is stacked with
bilayers in parallel sequence (see Fig. 2a), while configuration II
corresponds to the anti-parallel stacking sequence with a mirror
symmetry between the top and bottom layer (see Fig. 2b). It is
seen that the two configurations cannot be transformed into
each other by translational operation, but a rotation of 180
degree along z axis can get the transformation between the two
configurations. To show the stacking orders more clearly in
Fig. 2a and b, only six atom layers surrounded by the blue
dotted box are shown in both side-view plot and top-view plot.
Fig. 2c and d presents the calculated PES of the Ti,CO,-I and
Ti,CO,-II as a function of the relative in-plane displacement
along x and y directions. It is found that along the minimum
energy pathway (MEP), the position marked by symbol “L” in
both Ti,CO,-I and Ti,CO,-II corresponds to the minimum
stacking energy, while the position marked by symbol “H”
indicates the local maxima along the MEP. The position marked
by symbol “M” in Ti,CO,-I corresponds a local minimum,
indicating the occurrence of a metastable state. Fig. 3 shows the
variation of relative energies with the in-plane displacement
along path I and path II for Ti,CO,-I and Ti,CO,-II. It is seen
that the energy barrier of Ti,CO,-II (0.019 eV) is nearly half less
than that of Ti,CO,-I (0.045 eV), indicating a larger sliding
resistance for the Ti,CO,-I.

The binding energy (E},) is always used to quantify the work
required to remove an individual layer from a multilayered
host,** providing an essential indicator for optimizing the pro-
cessing procedure in the synthesis of a standalone 2D structure,
as well as for understanding the underlined interlayer bonding
nature. For clarity, the binding energy hereafter is referred to as
the absolute value of the formation energy of a stacked multi-
layer from isolated monolayers by stacking in a certain ordered
arrangement. The binding energy, Ey, is expressed as

1

Ey= —
DY

(ZEmonolayer - Ebilayer)7 (1)
where A is the area of the (0001) surface in a unit cell of the bulk
structure, Emonolayer i the total energy of the optimized mono-
layer, and Eyjjayer is the total energy of the optimized bilayer. The
coefficient “2” before Enonolayer cOTresponds to two monolayers,
and “2” in the denominator means two interface surfaces in
a unit cell.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 The top view and PES of bilayer Ti,CO,-I (a) and Ti,CO,-Il (b).
Variation of the energies of Ti,CO, of two configurations with the
sliding displacement along the path | and path Il marked in (c).

Table 1 presents the calculated binding energies E, of
Ti,CO,-1, Ti,CO,-11, Ti,C-1, and Ti,C-II, and compared with that
of graphene, and the calculated PES of graphene and Ti,C are
compared in Fig. S6 in the ESL.{ It can be generally seen that the
binding energy of configuration I is greater than that of
configuration II for all MXenes, resembling the relative values of
the sliding energy barrier and the interlayer distance between
configuration I and configuration II. Therefore, a larger inter-
layer distance corresponds to a smaller binding energy, sug-
gesting a lower sliding resistance. Furthermore, the energy
barrier and binding energy of Ti,C is found to be much higher
than those of Ti,CO, and graphene, suggesting that the metallic

Table 1 The energy barriers AE, the binding energies Ey, the lattice
parameter a, and the interlayer distances ds for the different bilayers
systems

AE Ey
Systems (eV per cell) (meV per A2 per cell) a (&) ds (A)
Ti,CO,-1 0.044 10.23 3.085 2.605
Ti,CO,-11 0.017 9.75 3.083 2.656
Ti,C-1 0.237 115.0 3.113 2.425
Ti,C-1I 0.099 112.7 3.102 2.830
Graphene 0.002 9.20 2.464 3.535
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difference Ae of Tiand O with normal strain (b). The variation of the energy barrier with normal strain from 2% to 14% for Ti,CO5,-1 (c) and Ti,CO,-
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bonding in the bare MXenes plays a crucial role in the
enhancement of the sliding resistance.

3.2 Bilayer sliding under normal strain

We next study the variation of potential energy surfaces and
minimum energy paths of MXenes under multiaxial loadings.
In order to study the effect of the normal strain on the friction
property, both layers are represented by periodically repeating
rectangular unit cells and the spacing z between the bottom
atomic plane of the upper layer and the top atomic plane of the
lower layer is fixed (see Fig. 4a). For each value of z, the fixed
atomic layer at the top is displaced along x and y directions
within the quarter of the rectangular unit cell. Then all possible
relative displacements between fixed atomic layers are deduced
using symmetry operation. At each displacement all atoms of
the system except those of fixed top and bottom planes are
relaxed and the total energy of the system E (comprising both
layers) is calculated. The applied normal strain is defined as ¢ =
(z — z0)/zo, where z and z, are the thickness of strained and
unstained materials at the z direction, respectively. A similar
scheme has been described and thoroughly evaluated in
a previous paper.*®

Fig. 4c and d shows the variation of the energy barrier with
normal strain changing from 2% to 14% for Ti,CO,-I and
Ti,CO,-1I, respectively. It can be seen that the MEP under
normal strain is similar to that without strain. Compared to
Ti,CO,-11, a nearly five times higher energy barrier is found for
Ti,CO,-I to slide at different normal strains. To be noted that
a general trend is observed that normal strain will increase the

55916 | RSC Adv., 2017, 7, 55912-55919

energy barrier. In order to underline the physics for the varia-
tion of energy barrier, we further investigate the electronic
interaction between upper and lower layers via the Bader charge
analysis. We calculated the charges of Ti and O atoms at the
stable site (es) and the transition site (er) of Ti,CO,-I and
Ti,CO,-1I, and in Fig. 4a. Fig. 4b (as indicated in the dashed
box), we presented the variation of charge difference (Ae = es —
er) between the stable site (es) and the transition site (er) of
Ti,CO,-I and Ti,CO,-II with normal strain. It is observed that
more electrons transfer from Ti atom to O atom with the
increasing normal strain, and totally the Ae of Ti,CO,-I is larger
than that of Ti,CO,-II. In brief, the increasing trend of energy
barrier is exactly proportional to that of charge difference,
suggesting that the charge difference between the stable site
and the transition site provides an electronic explanation on the
sliding energy barrier.

3.3 Bilayer sliding under biaxial and uniaxial in-plane strain

To investigate the intrinsic mechanical responses to tensile
strain, we have considered three loading conditions: biaxial
tension, uniaxial tension along x direction (the zigzag direc-
tion), and uniaxial tension along y direction (the armchair
direction). Fig. S7 in the ESIf presents the calculated stress-—
strain curves for Ti,CO, under both biaxial and uniaxial load
conditions. It is observed that Ti,CO, can sustain large strains
of 19%, 24% and 29% under biaxial and uniaxial tensions along
x and y directions, respectively, being obviously larger than
those of graphene (15%, 20%, and 24%). Fig. 5a and b show the
sliding energy barriers of Ti,CO,-I and Ti,CO,-II at biaxial

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 The variation of the energy barrier with biaxial strain (a, b), x-axis strain (c, d), and y-axis strain (e, f) for Ti,CO,-I and Ti;CO,-II.

tension strains, respectively. Because of the unchanged
symmetry, the biaxial strain affects only the amplitude of the
energy barrier but does not change the MEP. In such case, the
energy profile along the path from A to B shows exactly the same
feature as that along the path from B to C. As the biaxial tension
strain increases, the energy barrier increases as well. Fig. 5¢ and
d show the sliding energy barriers of Ti,CO,-I and Ti,CO,-II
under the tension along x-axis, respectively. The energy barrier
along the path from B to C is obviously higher than that along
the path from D to C so that the MEP is firstly from E to D and
then to C. For Ti,CO,-1, the energy barrier along the optimal
sliding path increases with the increasing tension strain along
x-axis, whereas the energy barrier for Ti,CO,-II decreases.
Fig. 5e and f show the sliding energy barriers of Ti,CO,-I and
Ti,CO,-II under tension along y-axis, respectively. The energy
barrier along the path from B to C is less than that along the
path from A to B, indicating that it is preferred to slide from B to
C. For Ti,CO,-1, a preferred sliding path is firstly from A to B and
then to C, and the relevant energy barrier increases as the strain
increases along y-axis. In the case of Ti,CO,-II, two preferred
sliding paths are observed firstly from A to B and then to C. The

This journal is © The Royal Society of Chemistry 2017

energy barrier from A to B increases with the increasing tension
strain along y-axis, while along the path from B to C, the energy
barrier decreases with the increasing strain along y-axis when
the strain is less than 5%. The lowest energy barrier
appears when the applied strain along y-axis is about 5%. When
the strain is more than 5%, a metastable state is observed at the
midpoint between B and C, the corresponding
energy barrier increases with the increasing tension strain
along y-axis.

To gain a deeper insight into the effect of the strain, we
consider the variations of energy barrier along the lengthened

and

path and the shortened path under tension strains, respec-
tively. In the geometrical aspect, the biaxial tension strain and
tension along x-axis will lengthen the path from B to C, while
the tension along y-axis will shorten that path and instead
lengthen the path from A to B. As shown in Fig. 6a, the energy
barrier of the corresponding lengthened path increases as the
tension strain increases. Along the shortened path from B to C
under tension along y-axis, it is seen that the energy barrier
does not monotonically decrease as the strain along y-axis
increases, but a minimum value is observed at the tension

RSC Adv., 2017, 7, 55912-55919 | 55917
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axis strain, respectively.

strain of 5%. To figure out why the minimum energy barrier
appears at the tension strain of 5%, the deformed electronic
structures are calculated at different strain states. Fig. 6d-f
show the deformed band structures of Ti,CO, under uniaxial
tension along y direction. Because of the coupling effect
between the bilayers, the upper and lower bands become
much closer, and accordingly we focus on the most relevant 12
bands near the Fermi level. It can be seen that when the
tension strain along y-axis is less than 5%, the gap increases
with the increasing strain. As shown in Fig. 5f, the relative
energy at x = 1.5 decreases as the increasing y-axial strain from
0 to 5%, which corresponds to a phase transformation
accompanied by gap opening, i.e., the stable phase is gradually
shifted from x = 1 to x = 1.5. The gap opening reaches the
maximum and the system becomes the most stable state at the
tension strain of 5%. After that, the strain leads to structural
instability of the system so that its gap opening decreases and
the barrier increases. Therefore, the ground state structure
changes when the strain reaches a certain value under uniaxial
tension in agreement with the variation of energy barrier,
while the variation of gap opening shows an opposite trend
before and after the structure change. In brief, the stretching
of the path will increase the energy barrier along it, while the
shortening of the path to a proper distance will generate the
largest gap which can make the energy barrier close to 0. As
shown at Fig. S8 in the ESI,{ the stretching along the A-D path
will produce the MEP from F to A to B. In a similar manner, the
stretching along the B-E path, the MEP becomes from D to E
and then to F, while the stretching along the A-D path, the
MEP prefers from F to A and then to B. Therefore, the uniaxial
strain may fundamentally modify the MEP due to anisotropic
expansion of surface electronic state.

55918 | RSC Adv., 2017, 7, 55912-55919

4. Conclusion

The stability and friction of the stacked two-dimensional tran-
sition metal carbides in different configurations are systemati-
cally studied. The key findings are summarized below:

(1) The oxygen-functionalized MXenes with larger lattice
constants are more difficult to slide because the larger oxygen
hollow at the surface hinders its sliding.

(2) The bare MXenes is found to possess much higher sliding
resistance than the oxygen-functionalized one due to the strong
metallic bonds between the stacked layers.

(3) Compared to the parallel stacked M,CO,-I, the mirror
stacked M,CO,-II possesses a better lubricant property due to
their much lower sliding energy barrier.

(4) Normal compression may effectively enhance the sliding
barrier, while the in-plane biaxial tension may effectively hinder
the interlayer sliding owing to different charges transferring
from M to O atom.

(5) The uniaxial tension strain will fundamentally modify the
MEP due to anisotropic expansion of surface electronic state. The
in-depth analysis of deformed band structures under uniaxial
tensions indicates that the gap shows an opposite variation as
compared to the energy barrier, and the barrier reaches the
minimum at the certain uniaxial strain.
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