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Piezoelectricity is pivotal for applications in micro/nanoelectromechanical (MEMS/NEMS) systems.
Inducing such property into the two-dimensional ScoCTT’ MXenes (where T and T’ are the func-
tionalization atoms) via homogeneous and heterogeneous surface functionalization is explored. The
functionalization atoms T and T’ located at the upper and lower surfaces, respectively, are identical
in the case of homogeneous functionalization, while they differ in the case of heterogeneous function-
alization. Upon T and T’ exchange, an additional reverse heterogeneous configuration is generated.
The heterogeneous functionalization of ScaCTg induces an extraordinary in-plane and out-of-plane
piezoelectric effect owing to symmetry breaking. Interestingly, both heterogeneous and its reverse
configuration show approximately identical geometrical, energetic, and even elastic properties, but
rather different piezoelectric coefficients. The obtained piezoelectric effect is more than ten times

larger than the experimentally measured piezoelectricity of MoSs-monolayer. Our study suggests a

Qatar

way toward more efficient nanoscale piezoelectric devices based on ScoC MXenes.

I. INTRODUCTION

MXenes are a class of 2D transition metal carbides
and/or nitrides' that have gained considerable attention
in recent years. MXene is produced by selectively remov-
ing certain layers from the My +1AX,, Ty, known as MAX
structure phase, (where n = 1, 2, or 3; M is a transition
metal like Sc, Ti, Cr; A is primarily made up of elements
from group ITIA or IVA like Al; X is C or N; and T is the
surface termination including O, OH, and/or F atoms)
to create a single-layered material. MXenes provide dis-
tinct physical and chemical characteristics including ex-
ceptional conductivity, high surface area, strong mechan-
ical stability, and top-notch electro- and physico-chemical
performance.? MXene materials have been studied for
various purposes including energy storage, water purifica-
tion, electromagnetic interference shielding, and biomedi-
cal applications. To that end, there have been many liter-
ature reviews and research articles published on MXenes
in recent years, covering various aspects of their synthe-
sis, characterization, properties, and applicautions.:s’9

Regardless of surface functionalization, the distinct

composition of MXenes (diverse combination between
M and X constituents) could lead to a distinguishable
set of derivatives that open the avenue to tune chemi-
cal and/or physical properties of the pristine MXenes.
For instance, pristine MXenes, My, 41Xy, exhibit a non-
piezoelectric behavior due to the existence of an inversion
center of symmetry, however, such piezoelectric behav-
ior can be readily induced via ordered double-transition
metal and/or chemical doping.'"

Piezoelectricity is the ability of non-centrosymmetric
materials to transform a mechanical field into an elec-
tric field, or vice versa.!! This property becomes ex-
tremely useful in the persistent quest for the fabrica-
tion of nanoscale devices and nano-electromechanical
systems (NEMS). Indeed, piezoelectric nanomaterials
(PNMs) have been employed for the design of many novel
nanodevices, such as nanogenerators, nanosensors, nan-
odiods, and nanotransistors, among others.'>~ 'Y Many
2D materials provide a piezoelectric response, however,
most of them solely show an in-plane piezoelectric ef-
fect, with a very small portion that possesses out-of-plane

piezoelectricity. An out-of-plane piezoelectric response



refers to an induced polarization perpendicular to the
2D plane of the material (xy-plane), which implies the
accessibility of bottom/top gate technologies in versatile
applications.?? An attempt has been performed in order
to induce piezoelectricity in pristine graphene (intrinsi-
cally non-piezoelectric) via carbon substitution, where a
large in- and out-of-plane piezoelectric response has been
retrieved.?!22

Recent studies were concerned with piezoelectricity
of MXenes. For instance, Khazaei et al.!? considered
a group of MAX phases (IMAX) ((M'Q/3M/1'/3)2AIC)
with in-plane ordered double transition metals (M’ and
M"); where M’ = Mo, W, and V, while M" =Y,
Sc, and Zr atoms. The authors confirmed that the
F or OH-terminated 2D iMXenes (2D derivatives of
iMAX) are generally metallic, while the O-terminated
(Mog/3Y1/3)2C, (Mog/35¢q/3)2C, (W 3Yy3)2C, and
(W /35¢1 /3)2C iMXenes are semiconductors and possess
a giant in-plane piezoelectric coefficient; 45 x 10710 C/m
compared to 4.5 x 10710 C/m and 38 x 1071Y C/m for
in-plane?? and out-of-plane?! responses from functional-
ized graphenes, respectively. Interestingly, the iMXene
piezoelectric response is 15 times larger than the exper-
imentally measured e piezoelectric coefficient of free-
standing single layer molybdenum disulfide (MoSs).%?
Furthermore, in 2019 Tan et al.
gated a series of oxygenated MXenes (MaCOg; M = Sc,

theoretically investi-

Y, La) to be used as ultrathin piezoelectric devices (can-
tilevers and diaphragms). The considered systems show
very strong out-of-plane piezoelectricity which is highly
eligible for the intended application.?* An exhaustive in-
spection for a novel ferroelectric MXene phase with a
large piezoelectric response and an exceptional auxetic-
ity has recently been realized.?® In this respect, three
types of ferroelectric MXenes phases (type-I: NbaCSo
and TasCSs, type-II: ScoCOg and YoCOo, type-III:
ScaCSo and Y2CSs) were theoretically examined, where
giant out-of-plane and in-plane piezoelectric responses
have been reported; in particular, the response prompted
by type-III MXenes.

In the present study, the piezoelectric effect induced
in ScoCTT’ 2D materials by applying homogeneous (T
=T = 0, S, Se, and Te) and heterogeneous (T # T’
=0, S, F, and Cl) functionalizations is investigated. In
the considered 2D MXenes, the mixed site functional-
ized with T- or T’-atoms being metal top on the upper

surface and carbon bottom at the lower surface of ScoC

nanosheet has been examined. This site has been cho-
sen to break down the inversion symmetry center and
to prompt piezoelectricity. Here, the effect of surface
termination on piezoelectricity will be discussed. The al-
teration of electronic and geometrical properties of ScoC
that are manifested by surface functionalization will be
examined. The in- and out-of-plane piezoelectric re-
sponse will be calculated and analyzed. The origin of
different contributions to piezoelectricity and the factors
that influence each will be extensively discussed. Thereby
we extend previous studies’?® towards a wider range of
functionalizing atoms as well as heterogeneous function-

alizations.

II. COMPUTATIONAL DETAILS

All calculations within the present study are per-
formed using the plane-wave basis projector-augmented
wave (PAW)?0 method as implemented in the Vi-
enna ab initio Simulation Package (VASP).?"?® The
DFT exchange—correlation potential was described by
the generalized gradient approximation (GGA) via
Perdew-Burke-Ernzerhof (PBE) functional.”” An energy
cutoff of 500 eV is applied to control the expansion limit
of electron wavefunctions in the plane-wave basis set.
For geometry optimization, a conjugate gradient scheme
without any symmetry restrictions was used for the to-
tal energy and Hellmann-Feynman forces convergence,
here set to be 1076 ¢V and 0.005 eV/A respectively. A
unit cell (5 atoms),including the upper and lower surface
functionalization, is considered. A larger supercell (4 x
4 x 1; 80 atoms) was also examined and nearly identical
results are found for both elastic and piezoelectric prop-
erties. The Brillouin zone (BZ) was sampled at 12 x 12
x 1 gridmesh that corresponds to 19 irreducible k-points
in the 15 BZ. To prevent any spurious interaction along
the z-direction between the surface and its image, 15 A of
vacuum space was included. An exploratory calculation
using 20 A of vacuum space has been performed, where
the difference in the piezoelectric response does not ex-
ceed 0.5%.

The non-vanishing coefficients of elastic stiffness
and piezoelectric tensors were obtained using density-
functional perturbation theory, which has been shown to
give a good estimate of the piezoelectric properties for a

wide range of materials.?’ The computation of piezoelec-



tric constants will be decomposed into the purely elec-
tronic contribution that arises from the clamped-ion cal-
culation and the nuclear “internal-strain” contribution
that was obtained after a full relaxation of the strained
atomic positions. Indeed, these response properties can
be generally expressed as a sum of the two contribu-
tions: the purely electronic “clamped-ion” and nuclear
‘internal-strain”. The static piezoelectric constant e;,

can be given, for instance, as:

1
ey = eicvamp + eﬂ,uc} (1)
Here, ef\l,amp refers to the calculation of the variation of

polarization after applying a mechanical field, and under

clamped-ion conditions, while eﬂ/“d indicates the piezo-
electric response after the full relaxation of the relative
positions of atoms induced by the mechanical field i.e.
“applied strain”, and can be computed by optimizing the
atomic positions within the strained cell.>!?? Note that,
for those hexagonal 2D systems, the piezoelectric strain
parameters, dq1, are related to the piezoelectric stress

tensors as follows: dy; = e11/(Cq1 - C12).

III. RESULTS AND DISCUSSION
A. Homogeneous Functionalization

Generally, there are three typical configurations for the

surface functionalization of the 2D MoX layer: 1) M-top

J

The effect of increasing the functionalization atom
size is investigated on homogeneous functionalization by
putting T = T/ = O, S, Se, and Te. The geometrical,
elastic, and piezoelectric properties of these structures
are given in Table I. Based on the symmetry analysis
of these 2D structures, the stiffness tensor, C, has only
two independent components; Ci; and Cjio, while the
piezoelectric tensor will show eq; and e3; for in-plane
and out-of-plane response, respectively. The numerical
values for both elastic and piezoelectric coefficients are
given in Table I, where electronic “clamped-ion” and to-

tal “relaxed” in parentheses, i.e. including the nuclear

configuration, where the functionalization atom T is lo-
cated top to the metal atom on both the upper and lower
surfaces of the 2D MXene, 2) X-top configuration, here
the T-atom is located top to the X atom, and finally 3)
Mixed configuration, where the functionalization atom
T is M-top on one side and X-top on the other side of
the 2D M2X nanosheet, see panel a, Figure 1. Piezo-
electricity is the second derivative of system energy with
respect to a mechanical field, and it exists exclusively
in non-centrosymmetric materials. Hence, the larger the
symmetry breaking, the larger the piezoelectric response
becomes. So, the Mixed configuration is expected to be
the most promising configuration for the piezoelectric ef-
fect. Based on the literature,?%2° ScoCTy (T = O and
S) MXenes show a considerable piezoelectric response
and can be considered good candidates for such inves-
tigation of different functionalization (atom and type).
For each T-atom, three different structures are consid-
ered; T = T’ (homogeneous functionalization), T # T’
(heterogeneous functionalization), and T” # T (reverse-
heterogeneous functionalization), note that T and T’ re-
fer to the functionalization on the upper and lower sur-
faces of 2D MXene monolayer, respectively. A graphical
representation of our considered MoXTT/ MXenes, with
T = T/ for homogeneous functionalization and T # T’
for heterogeneous and inverted-heterogeneous function-

alization, is introduced in Figure 1, panel b.

contribution, constants are reported. From a geometrical
point of view, as the functionalization atom size increases
the lattice constant, a, increases and the distance of T
from the MXene surface increases, see the given values
for distances d in Table I; the two Te atoms are placed
at 0.24 and 0.16 A from the upper and lower surfaces,
compared to 0.21 and 0.11 A for O-functionalized ScoC
MXene.

Since the O-atom has the smallest atomic size among
VI-group elements, the O atom will be closer to the 2D
MXene surface than the Te atom leading to a more rigid

structure for O-functionalized MXene (larger elastic con-
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T=T
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FIG. 1: Graphical representation of the considered ScoCTT’ MXenes; panel a introduces the three different functionalization
configurations: M-top, X-top, and Mixed, while panel b reports various functionalization types: homogeneous (T = T'),
heterogeneous (T # T'), and reversed heterogeneous (T # T'); T and T are taken as O, S, Se, Te, F, Cl. For the heterogeneous
case, one can obtain its reversed configuration by just exchanging between T and T, green and yellow balls. Violet spheres are
used to indicate Sc metal, white-grey for carbon, while green and yellow are used to represent functionalization atoms. The
red/blue arrow refers to the vertical distances between Sc/C and the upper/lower functionalization atom, respectively.

TABLE I: Geometrical, elastic, and piezoelectric properties
of homogeneous functionalized ScoCTsa, T = O, S, Se, and
Te. Geometrical parameters including lattice constants, a,
vertical distance between Sc/C and T-atoms, dyir/dc 1/,
respectively, are given in A. The two independent compo-
nents of elastic constants, C1; and Cjpa, as well as, the in-
plane and out-of-plane piezoelectric coefficient, e;; and es3q,
are reported, where the available data within the literature
are given for comparison. Both electronic “clamped-ion” and
total “relaxed” (values within parentheses) contributions to
these response properties (elastic and piezoelectric) are intro-
duced separately.

Geometrical parameters Elastic constant in N/m  Piezoelectric coefficient in pC/m

system a  dvr  dg g Ci1 Ci2 °11 °31
ScpCOy  3.42  0.21 0.11 217 (170) 97 (89) -440 (277) 112 (213)
Ref.24 211 (165) 94 (86) -430 (269) 116 (196)
Ref. 25 (285) (203)
ScpCSy  3.74  0.23 0.13 154 (94) 64 (65) -388 (799) 80 (154)
Ref. 25 (867) (110)
ScpCSey  3.80  0.23 0.14 140 (88) 56 (58) -355 (850) 93 (148)
ScyCTey  3.91  0.24 0.16 125 (78) 49 (55) -352 (1148) 82 (121)

stant) and a more flexible Te-functionalized one (smaller

elastic constant). This is confirmed by the elastic stiffness
constants, C11 and Cjg, in Table I; the total C1; = 170
and 78 N.m !, and Cq2 = 89 and 55 N.m !, for O and
Te functionalized ScaC MXene, respectively. Here, the
mechanical response dominated by the electronic contri-
bution, while the vibrational contribution is quite small
and, generally, has an opposite sign, see Figure 2. In-
eterstingly, the considered 2D functionalized MXenes are
generally softer than the conventional 2D graphene and
hexagonal boron nitride, h-BN, where Cy; is greater than
300 N-m 121,22

The considered 2D MXenes show both in-plane and
out-of-plane piezoelectric responses. The in-plane re-
sponse can be deduced from the numerical values of the
piezoelectric coefficient e11, which implies an induced po-
larization through the x-direction as a result of an ap-
plied mechanical field in the same direction. The out-

of-plane can be observed from the values of e3q; applied



mechanical field through the x-direction and induced po-
larization via the z-direction. The electronic contribution
to the in-plane piezoelectric coefficient decreases going
from O towards Te, being -440 pC/m and -352 pC/m
for ScoCO2 and ScoCTes, respectively. The total con-
tribution to piezoelectricity (sum of electronic and vi-
brational contributions) is given within the parentheses
in Table I. Here, the vibrational contribution predomi-
nates for the in-plane piezoelectric response, contrarily
to the mechanical response that was dominated by the
electronic contribution, an overview of the relative elec-
tronic and vibrational contributions is provided in Figure
2. It is worth mentioning that, all considered function-
alized MXene have a mixed configuration, and hence the
deformation of the cell should lead eventually to a huge
change in the polarization, due to the displacement of

the T atom. Generally, in the linear regime piezoelec-
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tricity describes the polarization induced by an applied
mechanical field. Such induced in-plane polarization will
increase as the size of the T-atom increases, Table I. This
is attributed to the enormous vibrational contribution to
the e11 due to the more flexible structure in the case of
ScaCTeg, 1500 pC/m, for instance, see Figure 2. The
situation is quite different for the out-of-plane piezoelec-
tricity. As the cell is deformed (always in-plane defor-
mation), the T-atom approaches the Sc and C planes of
the ScoC sheet, and hence the induced out-of-plane po-
larization decreases as the T-atom size increases. This is
apparent from numerical data for the esq constant, start-
ing from 213 pC/m for ScoCOq till it reaches 121 pC/m
for ScoCTes. Our obtained results for both mechanical
and piezoelectric properties are comparable to the previ-

ously reported PW-calculations.?*2°
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FIG. 2: Electronic (orange) and vibrational (green) contributions to both elastic (left): Cj; (top) and Ci2 (bottom), and
piezoelectric (right): ej; (top) and e3; (bottom) properties for various ScoC MXenes.



The projected density of states (PDOS) for the con-
sidered homogeneous functionalization is represented in
Figure 3, where the d states of Sc metal, as well as, the p
states of carbon and functionalization atoms on the up-
per and lower surface T and T/ (here T = T'), are given in
panels a, b, ¢, and d for ScoCOg, ScaCSsa, ScoCSes, and
ScoCTes, respectively. ScoCOsg, ScaCSo, and ScoCSes
systems are being semiconductors with small band gap
values of 2.15, 2.07, and 1.77 eV, respectively. While
ScoCTey MXene shows a conducting behavior with a very
small PBE-band gap of 0.48 eV. The conduction bands
are dominated by the d states of Sc-metal in all MX-
ene cases, except for ScoCTes structure. On the other
hand, the valence band is independent on the size of
the functionalization atom. The main contributions to
the valence bands are the d and p states of Sc and C
atoms, respectively, for smaller functionalization atoms
with domination of other orbitals as the size of the func-
tionalization atoms increase, Figure 3. Apparently, the
contribution of p states of T and T’ atoms in the va-
lence band, is increasing from O to Te, which is corre-
lated to their polarizability trend. This leads eventually
to the appearence of particular DOS for ScoCTeg struc-
ture; panel d in Figure 3. Although different levels of
calculation are considered, our obtained PBE-band gap
for ScoCO9 is comparable to previously reported HSEQ6-
band gap of 2.86 eV2* or 2.90 V.2

B. Heterogeneous Functionalization

Here, the most common elements used for the function-
alization of MXenes (O, S, F, and Cl) were considered in
order to investigate the influence of such heterogeneous
functionalization on both geometrical and piezoelectric
properties of ScoCT MXene. In the heterogeneous func-
tionalization, the T-atom on the upper surface differs
from the functionalization atom on the lower surface, T/,
see Figure 1, panel b. Since, we consider exclusively the
mixed configuration of the MXene, the functionalization
on the upper surface is metal top (M-top), while that on
the lower surface is carbon bottom (C-bottom). The ex-
change between T and T’ has been investigated as well,

where the most stable structure is indicated. Indeed, the

relative stability between the two considered heteroge-
neous functionalization (T-atom on the upper surface in
one case, and its reverse configuration with yellow-atoms
being at the bottom surface, Figure 1) is found to be in-
significant. However, the particular preference of some
functionalization atoms to be M-top or C-bottom can be
deduced from the given data in Table II. For instance,
the oxygen prefers to be M-top if it exists with sulfur,
however, when it comes with halogen (F or Cl), the con-
figuration with halogen atom at M-top is 0.37 and 0.07
eV more stable for F and Cl atoms, respectively. The big
size of the Cl-atom, compared to F-atom, plays a crucial
role in such stability, see geometrical parameters in Table
II. The sulfur atom is less electronegative than the oxy-
gen, and hence the halogen (being F or Cl) prefers the
M-top site, with an energy difference of 0.23 eV and 0.27
eV for F and Cl functionalized MXenes, respectively.

TABLE II: Geometrical (lattice constant, a, and distances,
dyet and de /) and Energetic (total energy, E, and energy
difference, AE) parameters of heterogeneous functionalized
ScoC. The order is that the first atom is M-top and the second
one is C-bottom.

Functionalization elements a dyv- dC*T/ E AE
(A) (eV/atom) (eV)
0,s 3.59 0.18 0.13 -37.95299 0
S,0 3.52 0.25 0.11 -37.55257  -0.40
O,F 3.29 0.23 0.16 -38.17004 [¢]
F,0 3.29 0.25 0.15 -38.54052 0.37
0,C1 3.39 0.21 0.19 -36.24438 0
C1,0 3.37 0.28 0.15 -36.31295 0.07
S,F 3.21 0.30 0.17 -34.85030 [¢]
F,S 3.43 0.24 0.18 -35.08130 0.23
S,Cl1 3.31 0.29 0.20 -32.83299 0
Cl,s 3.52 0.27 0.18 -33.10317 0.27
F,Cl1 3.32 0.24 0.28 -35.24739 0
CLF 3.32 0.28 0.16 -35.24947 0.00

The projected density of states (PDOS) for such het-
erogeneous functionalized ScoC MXenes is given in Fig-
ure 4, where the red lines represent the d states of Sc-
metal, green lines for p states of carbon, while blue and
magenta lines are used to indicate, respectively, the p
states of functionalization atom, T and T’; here T #
T’. For reverse heterogeneous functionalization (right
column within Figure 4), and in order to reduce the

ambiguity with respect to heterogeneous, the same color
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FIG. 3: Projected Density of States (PDOS) for the homoge-
neous functionalization of ScoCT MXene. The d states of Sc
metal, as well as, the p states of carbon and functionalization
atoms on the upper and lower surface T and T’ (here T =
T’), are given in panels a, b, ¢, and d for ScaCOa, ScaCSo,
ScaCSeg, and ScaCTeg, respectively. The vertical dashed pur-
ple line represents the zero-shifted fermi level.

Since the energy difference between the heterogeneous
and reverse heterogeneous is insignificant, less than 0.5
eV, it will be interesting to see whether the mechanical

is used to represent the same atom whether it is metal
top (upper surface) or carbon bottom (lower surface).
Similar to homogeneous functionalization, the conduc-
tion bands are composed essentially of the d states of
Sc-metal, while the valence bands are formed by carbon
in most cases, or its bottom-lying functionalization atom,
T’, Figure 4. Interestingly, ScoCFCI and ScoCCIF sys-
tems gave very similar contributions to the DOS, in par-
ticular for the valence region confirming the electronic
configuration similarity, as confirmed by the zero energy
difference obtained in Table II.

and piezoelectric properties differ. The numerical val-
ues for the elastic constant, Cyy, and the direct piezo-

electric coefficients, e;y, are given in Table III. Interest-
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FIG. 4: Projected Density of States (PDOS) for the heterogeneous functionalization of the considered ScoC MXene. The d
states of Sc metal, as well as, the p states of carbon, T and T’ (here T # T'), are represented by red, green, blue, and magenta
lines, respectively. Each heterogeneous functionalization (left column) and its inverse configuration (right column) is reported
for comparison. The vertical dashed purple line represents the zero-shifted fermi level.

ingly, the elastic stiffness constants for the heterogeneous oxygen functionalized ScoC MXene decrease when com-



pared to the homogeneous case. For instance, for all
O-functionalized systems, the C11 never reaches the 170
N.m ! of the homogeneous case, Table I. This is due to
the incorporation of the other functionalization atom.
Generally, the decrease in the elastic constant makes
the system less rigid resulting in easy deformation, and
hence some soft modes may exist. Like homogeneous
functionalization, the elastic response is predominated
by the electronic contribution, the vibrational contribu-
tion to the elastic constants is very small and bears an
opposite sign with respect to the electronic one. The vi-
brational contribution to Cq; and Cqa equals -54 N.m™
and -1 N.m ™! for ScoCOS; and -46 N.m ™! and -9 N.m™!
for ScoCSO. For all other functionalized heterogeneous
systems, the vibrational contribution to elastic constants
have the same (or even less for some systems, Table III)
order of magnitude as the OS-functionalized ScoC MX-
ene. From the inspection of data within Table III, one
can deduce that the mechanical properties for the hetero-
geneous functionalized ScoC systems are not much influ-
enced by the position of T and T'. The difference be-
tween the heterogeneous and its reverse configuration is
very small, the maximum difference equals 21 N.m ™! and
29 N.m ! for the total values of Cq1 and Cj2 of ScoCSF
and its reverse ScoCFS, respectively.

The piezoelectric properties for the six considered het-
erogeneous functionalized ScoC MXene are introduced
in Table III, where the electronic and total (values in
parentheses) contributions to both the in-plane and out-
of-plane direct piezoelectric constants, e;; and e3q, are
reported. Apparently, the piezoelectric responses are
extremely sensitive to the alignment of the functional-
ization atom on the surface, contrarily to the mechani-
cal properties, which are alignment independent. Con-
sequently, the induced polarization will differ when O-
atom, for example, being metal-top or carbon-bottom.
Hence, in some cases, the two configurations (heteroge-
neous and its reverse) present completely different re-
sponses. For instance, the O,F and F,O configurations
introduce completely different numbers for the total and
electronic contributions to the in-plane piezoelectric con-
stants; 1086 pC/m and 3093 pC/m for the total con-
tribution, and -10 pC/m and -1486 pC/m for electronic
contribution, respectively. Furthermore, the S,F and F,S
functionalized ScoC have opposite sign for the total val-
ues of e11, -160 pC/m and 332 pC/m. Actually, the

vibrational contribution to the piezoelectric coefficients

plays a pivotal role for this behavior, being very large
and bearing an opposite sign with respect to the elec-
tronic. Moreover, such vibrational contribution predom-
inates in the piezoelectric response, since the movement
of the functionalization atoms (on the upper and lower
surfaces) will lead to a considerable change of the induced

polarization.

TABLE III: Elastic and piezoelectric properties of heteroge-
neous functionalized ScoC, and its reverse configuration. The
two independent components of elastic constants, C1; and
Ci2, as well as, the in-plane and out-of-plane piezoelectric
coefficient, e;; and e31, are reported, where both electronic
“clamped-ion” and total “relaxed” (values within parenthe-
ses) contributions are individually reported.

Elastic in N/m Piezoelectric in pC/m

Functionalization elements Cqi1 Cio e11 e31

0,s 187 (133) 84 (83)  -417 (537) 97 (220)
S,0 183 (137) 72 (63) -377 (442) 297(336)
O,F 199 (146) 88 (69) -10 (1086) 295 (416)
F,O 207 (165) 83 (68) -1486 (3093) 249 (284)
0,C1 195 (147) 82 (63) -234 (621) 144 (280)
C1,0 199 (164) 74 (65) -204 (107) 119 (184)
S,F 173 (155) 80 (67)  -225 (-160) 332 (358)
F,S 170 (134) 60 (38) -71 (332) 389 (412)
S,Cl 161 (132) 68 (46) -169 (78) 215 (218)
(&S] 159 (123) 55 (37)  -138 (274) 264 (277)
F,Cl 194 (173) 57 (43) -60 (154) 119 (160)
CL,F 193 (172) 56 (42) -60 (151) 119 (159)
H,F (chair) graphene’? (-31)

H,F (chair) h-BN3% (187) (26) (181) (77)

F,H (chair) h-BN3% (200) (32) (84 ) (-7)

For out-of-plane piezoelectricity, the values of e3; vary
considerably from one configuration to another and from
functionalization element to another but with, however, a
more regular conduct compared to the in-plane response.
The total values for the es; coefficient (values within
parentheses) are all of the same order of magnitude. The
electronic contribution for O,S and S,0 functionalized
systems introduces two distinct numbers of 97 and 297
pC/m and this can be attributed to the large stability
difference (comparing to all other considered functional-
ization) between the two configurations; O,S configura-
tion is more stable than S,O by 0.40 eV, see Table II. In-
terestingly, the two F,Cl and CLF configurations, which
exhibit similar energetic and geometrical parameters ex-
cept for some vertical distances that depend on F and
Cl atomic size (Table II), give almost identical mechani-

cal and piezoelectric responses. This confirms the equal



preference of F and CI atoms to occupy either M-top or
C-bottom sites.

It is worth comparing our obtained results with the
available mechanical and piezoelectric properties of het-
erogeneous surface functionalization of both graphene
and h-BN 2D systems. For the graphene system, the two
functionalization atoms H and F are C-top, with an atom
located over the two irreducible carbons of graphene,
leading to a chair-like structure. Since graphene carbons
are identical, so the heterogeneous functionalization and
its reverse will lead to the same configuration. For h-
BN, it would be different if H or F atoms were B- or
N-top, as shown in Table III. The lowest obtained e3; for
CLF functionalized ScoC-MXene is more than two times
larger than the highest obtained value of 77 pC/m for
H,F (chair) h-BN.?* Moreover, our largest value of 416
pC/m for e3; of the O,F system is interestingly five times
larger than that of HF (chair) h-BN.

To conclude, let us compare the absolute value of piezo-
electricity of the best systems we have been discussing in
the present study (F,O and its inverse), with that of other
2D and 3D piezoelectric systems. For instance, in-plane
piezoelectricity of F,O functionalized ScoC-MXene or
even its inverse O,F are about 10 and 4 times larger than
the in-plane experimentally measured one of the h-MoSq
monolayers.”> Furthermore, present converse piezoelec-
tric constants di; = 25 pm/V and 10 pm/V for F,O and
its inverse are comparable to those of bulk materials like
quartz (d;; = 2.3 pIn/V),35 Sip.83Gen.1602 (d11 = 5.5
pm/V),30 GaN (dzz = 3.7 pm/V),?" AIN (d33 = 5.6
pm/V).37

IV. CONCLUSION

The present study reports the results of ab initio quan-
tum chemical investigations for both homogeneous and
heterogeneous functionalized 2D ScoC MXenes as po-
tential piezoelectric materials. Here, the mixed config-
uration of functionalized MXene is exclusively consid-
ered, where T = T’ for homogeneous functionalization

and T # T’ for heterogeneous functionalization includ-

10

ing its reverse counterpart. As going down in the peri-
odic table (from O towards Te), the selected MXene be-
comes less rigid, since the functionalization atom prefers
This leads to the

presence of some soft vibrational modes and commands

to be located far from the surface.

a large vibrational contribution to the piezoelectric re-
sponse. Furthermore, the band gap decreases going from
O to Te functionalization and the systems show a con-
ducting behavior, in good accordance with the previously
reported studies in the literature. Hence, heterogeneous
functionalization and its reverse configuration of MXene
have been shown to produce giant both in-plane and out-
of-plane piezoelectric responses. Interestingly, both het-
erogeneous and its reverse functionalization display very
similar geometrical, energetic, and even elastic proper-
ties, with however extremely distinct piezoelectric prop-
erties, which are dominated by vibrational contribution.
This is attributed to increasing the induced polariza-
tion, when the ScoC surfaces functionalized differently.
Overcoming the experimental challenge to realize differ-
ent functionalization at MXene surfaces, the proposed
strategy may use these MXenes for improved nanoscale

piezoelectric applications.
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