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MXenes have currently drawn considerable attention in functional materials and energy storages, because of
their versatile and excellent properties. However, few works have been made on Mxenes' piezoelectricity.
Applying the density-functional theory, we show that M,CO, (M = Sc, Y, La) MXenes possess large Poisson's
ratio and in-plane piezoelectricity comparable to that of 2H-MoS,. Furthermore, M>CO, MXenes have strong out-
of-plane piezoelectricity, which is highly desirable for ultrathin piezoelectric devices (cantilever and diaphragm)
with the d3; operating mode. For a MXene diaphragm the piezoelectricity-generated charges mainly concentrate

in six areas, which are determined by the lattice symmetry. In particular, the in-plane piezoelectric charges are
localized near the circular clamped boundary, whereas the out-of-plane piezoelectric charges are inside the
pressure-induced bubble. Our observations propose a realistic way to collect the piezoelectricity-induced
charges, making these systems very promising for energy harvesting and piezoelectric sensing.

1. Introduction

MXenes, a new class of two-dimensional (2D) crystals, are experi-
mentally extracted from the known MAX phase, i.e., a family of ternary
carbides and nitrides, by etching the “A” layer in the MAX structure,
where “M” is a transition metal, “A” is a group IIIA or IVA (i.e., groups
13 or 14) element, and “X” is C or N. The MXenes’ chemical formula is
usually written as M, 41X, Tx (n = 1-3), where Ty is the surface termi-
nations O, OH and/or F, naturally introduced into the pristine M,,; 1X,
during the acid etching process [1]. Since the synthesis of 2D titanium
carbide in 2011 [2], MXenes have drawn considerable attention in
functional materials and energy storages due to their versatile and ex-
cellent chemical and physical properties [1,3-7]. For chemical func-
tional properties and applications, the high ion intercalation capacity
and low intercalation voltages suggest MXenes (e.g., TizCy [8,9],
TizCoTy [9,10], VoCTy [11], NbyCTy [11], and O-terminated M,C with

M = Sc, Ti, V, or Cr [12]) as materials for ion intercalation batteries
and supercapacitors; the large heavy metal sorption capacity makes
MXenes (e.g., TizCo,(OH/ONa),F»_ [13] and MXene-iron oxide [14])
useful for water purifications; and the molecular sieving effect makes
MXenes (e.g., Ti3CoT,) effective for gas separation [15]. For physical
functional properties and applications, the metallic TizC,Ty with high
conductivity and large flexibility are used as a thin layer of electro-
magnetic interference shielding [16]; the functionalized M,;C with
M = Sc, Ti, Zr, and Hf, especially oxygenated M,C, exhibit a semi-
conducting behavior [17-19], which is favorable to field-effect tran-
sistors especially for biosensors owing to the hydrophilic surface
property [20] and visible-light driven photocatalysts due to the large
visible-light absorption as well as the efficient separations of photo-
activated electron-hole pairs [21,22]; Mo,C MXene and some double
transition metal oxygen-functionalized carbides (or nitrides) MXenes
display corresponding emergent quantum states, i.e., the 2D
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superconductivity [23] and topological insulators [24-27], and hence
offer a research platform for new physics; some MXenes also exhibit
ferromagnetic and antiferromagnetic features [28-31], with an appli-
cation on spintronics; and the oxygen-functionalized scandium carbide
monolayers have a switchable spontaneous polarization [32], which
permits Sc,CO, MXene to be ferroelectric or antiferroelectric states
with applications on information storages.

In this context, a natural question arises whether MXenes also pre-
sent some unique features in piezoelectricity, an another common but
important physical functional property. The answer is affirmative for
the 2D ordered double transition metals carbides with the largest in-
plane piezoelectricity [33]. However, the piezoelectric feature for the
semiconducting MXenes has not been studied yet. Generally, piezo-
electricity is a linear cross-coupling between mechanical and electrical
responses in non-centrosymmetric dielectric crystals. Owing to its high
response sensitivity, robust and efficient transformation capability be-
tween electrical and mechanical signals (or energy), and simple tech-
nical feasibility, piezoelectricity is intensively applied in sensors,
transducers and energy harvesting devices [34,35]. Recently, the birth
of piezoelectricity in 2D materials has injected new vitality into the
electromechanical coupling theories at nanoscale [36,37] and also
paved a way towards embedding these new 2D piezoelectric materials
in piezotronics, nano-electromechanical system and energy conversion
system [38-41]. Hundreds of 2D materials are found to be piezoelectric,
including, for instance, transition-metal dichalcogenides (TMDCs)
[37,42-51] and oxides (TMDOs) [42,44], groups III [52,53] and IV
[54-56] monochalcogenides, groups III-V semiconductors [42,57,58],
modified graphene [59] and zinc oxide sheets [60]. Most of these
known 2D piezoelectric materials only have an in-plane piezo-
electricity. Only a fraction of them exhibit an out-of-plane piezo-
electricity (e.g., the piezoelectric strain coefficient d3;). Usually, strong
out-of-plane piezoelectric effect and its inverse effect are highly desir-
able for piezoelectric cantilever and diaphragm devices with the ds;
piezoelectric mode, such as loudspeaker (and microphone) [61], sensor
[62] and vibration energy harvesting [63,64]. This is because the
cantilever and diaphragm structures are easy to vibrate back and forth,
and the vertical piezoelectric polarization produced by the piezo-
electricity is compatible with the bottom/top gate technologies. Mas-
sive efforts have been made for searching 2D piezoelectric materials
with large ds;, such as decorated graphene [59], Janus models of
TMDCs [43], group-III chalcogenides [53], functionalized h-BN [65]
and a-In,Se; [66]. However, the out-of-plane piezoelectricity in these
known 2D materials is weak.

Herein, we report the piezoelectric property of oxygen functiona-
lized MXenes (labelled as M,CO, with M = Sc, Y, and La), as depicted
in Fig. 1a, where the noncentrosymmetric adsorption of oxygen atoms
at the top and bottom surfaces breaks the original inversion symmetry
of M,C, and the hybridization between d orbitals of M atoms and p
orbitals of O atoms induces a band gap. Both the broken inversion
symmetry and semiconducting nature enable a considerable intrinsic
piezoelectricity for M;CO5 MXenes. The density-functional perturbation
theory calculations show that, M,CO, MXenes have a remarkable
flexibility, an in-plane piezoelectricity comparable to that of 2H-MoS,
and the largest out-of-plane piezoelectricity among the known 2D ma-
terials. Especially, the piezoelectric strain coefficients d3; of Sc,CO,
MXene is up to 0.78 pm/V. This will result in a vertical piezoelectric
voltage 0.1V only inside an ultrathin thickness (0.38 nm) of Sc,CO»
monolayer under a 2.5% strain. We further make piezoelectric response
simulations for a circular M>CO, MXene diaphragm. The simulated
results indicate that the nonuniform positive and negative charges
produced by the in-plane piezoelectricity mainly concentrate in six
regions near the clamped circular boundary but the out-of-plane pie-
zoelectric charges are located inside the bubble. Therefore, our results
give an experimental proposal for how to collect the piezoelectric
charges induced by both the in-plane and out-of-plane piezoelectricity
and pave a way for further designing MXene-based piezoelectric energy
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harvesting in near future.

2. Results and discussion
2.1. Crystal structure and device models of M>CO, Mxenes

Fig. 1a shows both the top and side views of the crystal structure of
Sc,CO, monolayer, as a representative of the 2D M,CO, compounds,
owing to their structural similarities. The overall honeycomb lattice
consists of transition metal atoms, but the honeycomb lattice is actually
composed of the up and down triangular sub-lattice layers, as shown
from the side view in the x-z plane. All these carbon atoms are inside
the two layers of transition metal atoms. In addition, two oxygen atom
layers are stably adsorbed at two non-equivalent sites: the low oxygen
layer is just below the carbon atoms, and the up oxygen layer is directly
above the next-nearest transition metal atoms. Such a 2D hexagonal
structure clearly lacks an inversion center for both in-plane and out-of-
plane directions. Therefore, these insulating M,CO, monolayers have
both the in-plane and out-of-plane piezoelectricity. If a tension along x
axis is applied, the piezoelectric polarizations can appear along both x
and z directions for the M,CO, MXenes, where the armchair direction of
transition metal atoms has been set as the x direction. Consequently, the
corresponding piezoelectric stress tensor e reads

en —en 0
e=|0 0 —e1,
e ey 0 (€]

where e;; and e3; represent the in-plane and out-plane piezoelectric
stress components in Voigt notation, respectively. The piezoelectric
stress coefficients e;; and es3; are independent, and hence both of them
need be calculated. The stiffness tensor C for the system reads.

Cn G O
C=[Ca Cu 0 |
0 0 Ce (2)

where Cgs = (C1; — C12)/2. Using ey, = dy Crn, We can write the corre-
sponding piezoelectric strain tensor components d;; and ds; as

diy = en/(Ciy — Ciy), d3; = e31/(Cry + Cia). 3

The forms of these piezoelectric and stiffness constants in Egs.
(1)~(3) for MoCO, MXenes are the same as those for TMDCs [45], be-
cause of the same D3y, (6m2) point group. It should be figured out that,
in literatures there are usually two expressions for ey and dyg with
factors of 2 or 1/2, because the shear strain and stress with the corre-
sponding factors are used in the definitions of piezoelectric coefficients,
e.g8., ey = —en/2, dy = —dyy [42], and ey = —eyy, dy/2 = —dy; [45].
However, the relation in Eq. (3) remains and hence there is no influence
on calculation results of d;; and ds;. Fig. 1b shows a Sc,CO, MXene
cantilever. If a uniaxial tension is applied along the positive x axis, an
opposite force will be produced at the left side for the cantilever with a
clamped left terminal (which is not depicted for clarity). Consequently,
the out-of-plane piezoelectricity will induce a vertical piezoelectric
voltage V| under the d3;; mode. We also consider a Sc;CO, MXene
diaphragm with a radial symmetry, as shown in Fig. 1lc. The dia-
phragm's edge is clamped with the radius R, and a vertical airflow is
used to induce a uniform vertical pressure on this membrane. Here we
consider a steady flow to guarantee a constant vertical pressure on the
membrane. Due to the vertical pressure, the membrane is deformed
with an out-of-plane displacement, and the polarizations and charges
are generated by both in-plane and out-of-plane piezoelectricity. The
generated piezoelectric voltage, polarizations and charge density for
these devices will be studied later.
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Fig. 1. (a) Crystal structures of Sc,CO, MXene from
the top view in x-y plane and the side view in x-z
plane, where the purple, brown and red spheres re-
present the scandium, carbon and oxygen atoms,
respectively. (b) A Sc,CO, MXene cantilever. If the
left end of the cantilever is clamped, it will suffers an
opposite force due to the right uniaxial tension, and
then a vertical piezoelectric voltage V, is generated
by the out-of-plane piezoelectric polarization P,. (c)
A Sc,CO, MXene diaphragm with a radial symmetry
and the clamped edge radius R, where a steady air-
flow is applied to enable a uniform constant pressure
in the vertical direction. (For interpretation of the
references to color in this figure legend, the reader is
referred to the Web version of this article.)

2.2. Band structures

In general, a piezoelectric material should have a band gap for
prohibiting current leakage. Therefore, it is necessary to examine the
electronic structures of M,CO, monolayers before the piezoelectric
calculations. It is known that PBE functional is effective to estimate the
electronic properties but usually underestimates the band gap of a
material. The alternative HSE hybrid functional can supply more ac-
curate calculations on electronic structures. Consequently, here we
adopt the HSE functional with 25% exact exchange to calculate the
band structures of M,CO, monolayers, as plotted in Fig. 2. The up
conduction bands and down valence bands near the Fermi energy for
M,CO, MXenes are mainly contributed by both the d orbitals of metal
atoms and the p orbitals of C and O atoms. It is different from that for
transition metal dichalcogenide monolayers such as 2H-MoS,, where
the contributions from p orbitals of S atoms are weak near the Fermi
energy [67-69]. The HSE functional results show that the band gaps for
Sc,CO,, Y5CO, and LayCO, are 2.86 €V, 2.34€eV and 1.29 eV, respec-
tively. Therefore, M,CO, MXenes are good semiconductors for piezo-
electricity with relatively large band gaps.

2.3. Elastic properties

The relation between piezoelectric strain and stress tensors is con-
nected by the elastic stiffness tensor, i.e., e, = dj Cyn. Therefore, after
the calculations of band structures, we need to further calculate the
elastic stiffness coefficients to determine their piezoelectric properties.
It is a fact that any one single crystal is comprised of ionic cores and
electrons. Naturally, the mechanical and piezoelectric properties con-
tain both electronic and ionic contributions. An effective method for
separating the electronic and relaxation contributions to piezo-
electricity is the clamped-ion and relaxed-ion models. The clamped-ion
model neglects the ionic internal displacements and hence only con-
tains the electronic contribution. The relaxed-ion model is corre-
sponding to the experimental value. Therefore, the ionic contribution is
the difference between the relaxed-ion and clamped-ion results. The
elastic stiffness coefficients (C;» and C;;, with C;; = Cy, for a

hexagonal lattice), Poisson's ratios (i.e., v = C;5/C;;) and Young's
modulus (i.e., Y = (CA — C3)/C11) of M,CO, monolayers for both the
relaxed-ion and clamped-ion cases are obtained after optimizing the
geometries, and their values are listed in Table 1. The ionic internal
relaxation releases part of stress in the relaxed-ion case, and hence the
real elastic stiffness coefficients are less than those for the clamped-ion
case. As seen in Table 1, these elastic stiffness coefficients satisfy the
Born criteria of 2D hexagonal structures, i.e., C;; > 0, and C; — Cj, > 0
[70], thereby ensuring their mechanical stabilities. In addition, C;1, C12
and Y decrease with an increase of the atomic number for the transition
metal atom. The single layer Sc,CO, among these M>CO, monolayers
has the maximum Young's modulus (120 N/m), which is smaller than
that of BN (275.9 N/m) and graphene (341 N/m) [71,72], but can be
comparable to that of monolayer TMDCs (103-139 N/m) [71]. The
calculated results also show that the M,CO, monolayers possess large
Poisson's ratios more than that of rubber (~0.5) and 2D ZrO, [44]. The
small Young's modulus and the large Poisson's ratios indicate that
M,CO, MXenes are easy to be deformed. Therefore, M,CO, MXenes are
very favorable for novel flexible piezotronics and nanoelectronics.

2.4. In-plane piezoelectricity

Fig. 3 shows the calculated results of piezoelectric stress coefficient
e11 and strain coefficient dy; for MoCO, monolayers (M = Sc, Y, La) for
both clamped-ion and relaxed-ion cases. The corresponding piezo-
electric values for h-BN and MoS, monolayers in available data [45] are
also listed for comparison. As we can see, the relaxed-ion piezoelectric
results are positive and the clamped-ion results are negative. This
means that the electronic and ionic polarizations for these materials
have obviously opposite signs. In addition, in view of the fact that the
real piezoelectric value (a relaxed-ion result) is the sum of ionic con-
tribution and electronic contribution (a clamped-ion result), from Fig. 3
we can conclude that the ionic contribution to the in-plane piezo-
electricity should be much larger than the electronic contribution for
M,CO, MXenes. This feature is quite different from that of MoS,, where
the electronic contributions dominate the in-plane piezoelectricity
[45,51]. From Sc,CO; to YoCO, and then to La,CO», the piezoelectricity
increases with the increasing atomic number of the transition metal
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Fig. 2. Calculated Band structures of M,CO, monolayers from the HSE hybrid functional. Band structures for (a) Sc;COs, (e) Y2CO», and (i) La;CO., respectively.
Contributions from d orbitals for (b) Sc, (f) Y, and (j) La, respectively. Contributions from s and p orbitals of C in (c) ScoCO,, (g) Y2CO2, and (k) LayCO,, respectively.
Contributions from s and p orbitals of O in (d) Sc,COs, (h) Y>CO,, and (1) La;CO,, respectively. Here, the Fermi energy is set to zero.

Table 1
Calculated clamped-ion and relaxed-ion elastic stiffnesses C;; and Cj5, Young's
modulus (Y) and Poisson's ratios (v) for My;CO, MXenes.

Materials Clamped-ion Relaxed-ion
Ciy C12 Y v Cn (&P Y v
N-m™) N-m™)
Sc,CO, 211 94 169 0.445 165 86 120 0.521
Y>CO, 183 81 147 0.443 142 78 99 0.549
La,CO, 148 81 103 0.547 107 77 52 0.719

atoms. The real piezoelectric coefficients (i.e., relaxed-ion cases) of
Sc,CO, (€11 = 2.69 X 1071°C/m, dy; = 3.41 pm/V) are close to those
of MoS, (e1; = 3.64 x 107 '°C/m, dy; = 3.73 pm/V) [45], but larger
than those for h-BN (e;; = 1.38 X 107 °C/m, d;; = 0.6 pm/V) [45]
and 2D graphitic carbon nitride (g-C3N4 with e;; = 1.0 X 1071°C/m)
[73]. The piezoelectric coefficients of Y,CO, (e11 = 3.92 X 10™'°C/m,
dy; = 6.16 pm/V) and LayCO, (e;; = 6.81 x 107 1°C/m, dy; = 22.32
pm/V) monolayers are obviously larger than those for transition metal
dichalcogenide monolayers (11 = 2.47-3.92 x 107 °C/m,
di; = 2.19-9.13 pm/V) [45], group III monochalcogenides
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Fig. 3. Calculated piezoelectric stress coefficient e;; in (a) and strain coefficient
dyq in (b) for M,CO, (M = Sc, Y, La) MXenes under both clamped-ion and re-
laxed-ion cases. Here the corresponding coefficients of h-BN and MoS, [45] are
also listed for comparison.

(e17 = 0.57-1.47 x 107'°C/m, dy; = 1.46-2.30 pm/V) [52], Janus
group III chalcogenide monolayers (e;; = 0.67-3.60 x 10~ 1°GC/m,
dy;; = 1.18-8.47 pm/V) [53], group VI buckled monolayers
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Table 2
Calculated piezoelectric coefficients e3; and di3; for M,CO, (M = Sc, Y, La)
MXenes under both the clamped-ion and relaxed-ion cases.

Materials Clamped-ion Relaxed-ion
e3; (pC-m™1) ds; (pm-V~1) ez (pC-m™1) ds; (pm-v—1)
ScaCO, 116 0.38 196 0.78
Y>CO, 4.22 0.02 88 0.40
La,CO, — 047 — 0.002 120 0.65

(e11 = 0.15-1.57 x 107 °C/m, dy; = 0.33-5.42 pm/V) [74], group
I1I-V compounds (e;; = 0-2.40 x 10~ '°C/m, d;; = 0-5.5 pm/V) [42]
and most of group II-VI  semiconductor  monolayers
(e17 = 0.09-3.18 x 10~ °C/m, dy; = 1.04-23.8 pm/V) [75].

2.5. Out-of-plane piezoelectricity

The asymmetric oxygen adsorption along the z direction also results
in an out-of-plane piezoelectricity for M,CO, monolayers. This means
that an in-plane stress or strain would induce a polarization change
vertical to the plane. A large out-of-plane piezoelectric response is
highly desired for 2D materials, since it not only adds an additional
spatial piezoelectric degree of freedom but also is compatible with the
nowadays bottom/top gate technologies. Therefore, we further calcu-
late the out-of-plane piezoelectric coefficients e3; and ds; for M,CO,
MXenes under both clamped-ion and relaxed-ion cases and list their
values in Table 2. For Sc,CO, monolayer, the electronic and ionic
contributions to the out-of-plane piezoelectricity have the same signs
and comparable magnitudes. However, for Y,CO, and La;CO», the out-
of-plane piezoelectricity is mainly determined by the ionic contribu-
tions because the electronic contribution from the clamped-ion calcu-
lations vanishes dramatically as shown in Table 2. The relaxed-ion
piezoelectric strain coefficients (d3;) have large values: 0.78 pm/V,
0.40 pm/V, and 0.65 pm/V for Sc,CO,, Y5CO,, and La,CO,, respec-
tively. The out-of-plane piezoelectricity d3; of M,CO, MXenes is ob-
viously higher compared with other 2D known materials, including the
Janus transition metal dichalcogenide monolayers (0.03 pm/V) [43],
functionalized h-BN (0.13 pm/V) [65], kalium decorated graphene (0.3
pm/V) [59], Janus group-III materials (0.46 pm/V) [53], and a-In,Ses
(0.415 pm/V) [66]. Especially, ScoCO, monolayer has the largest out-
of-plane d3; (0.78 pm/V) among all atomic-thick 2D materials, to the
best of our knowledge. The large out-of-plane piezoelectric effect to-
gether with high flexibility would endow these M>CO, MXenes poten-
tial applications on ultrathin piezoelectric cantilever and diaphragm
devices. It should be noted that there is an obvious difference between
piezoelectric coefficients ds; and dz; even though both of them are
related to the out-of-plane piezoelectric polarization. The coefficient d33
represents the piezoelectric response between the out-of-plane polar-
ization and the out-of-plane deformation, while ds; is referred to as the
coupling between the out-of-plane polarization and the in-plane de-
formation. In previous piezoresponse force microscopy (PFM) experi-
ments [47,73], the coefficient d33 for 2D g-C3N,4 and MoS, is measured
by checking the out-of-plane deformation resulting from a vertical
electric field. However, the in-plane deformation should be examined to
measure ds; for M,CO, MXenes.

2.6. Piezoelectric voltage in a M,CO, MXene cantilever

Assuming that the charges generated by the in-plane piezoelectricity
satisfy a model of two parallel line charges, one can write the voltage
across the plane as Vj = (B,/7€)In(L/a) [76], where the armchair edge is
defined as the x axis, P, is the x-directional piezoelectric polarization, &
is the dielectric constant, L is the x-directional distance between the two
line charges, and the radius a of the line is supposed to be the lattice
constant. However, the line charge model is not suitable for the out-of-
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plane piezoelectricity. Fig. 1b shows the d3; piezoelectric model of
M,CO, MXenes, where the left clamped end of the cantilever suffers an
opposite force due to the uniaxial tension. An out-of-plane voltage is
induced by the vertical (out-of-plane) piezoelectric polarization P,. The
vertical piezoelectric voltage V| is approximately described by a capa-
citor model with top and bottom parallel plates. Consequently, the
vertical voltage reads

E_Q- V)ESIE _ @ =»)(Cu + Cn)dy

Vi =

XX XX
3 3 § @)
where P, = (g« + €y)e5; is the z-directional polarization with
€yy = —VEx, v is the Poisson's ratio, and & should be the dielectric con-

stant of M;CO, monolayer because the vertical electric field passes
through the material itself. Notice that Eq. (4) is only valid for in-plane
uniform deformation. Eq. (4) shows that V| is determined by the in-
trinsic elastic and dielectric properties in a cantilever structure for a
fixed strain €. Therefore, the quantity g,; = (1 — v)es/¢ is effective to
compare the voltage V) in a cantilever for different 2D materials with
Ds;, (6m2) point group. We take a Sc,CO, monolayer as an example,
where & = 2.51§ [77] with the vacuum dielectric constant &), v = 0.521
in Table 1, and e3; = 196 pC/m in Table 2. According to Eq. (4) the
voltage can be estimated by V| ~4¢,, with the unit of V in the Sc,CO,
MXene cantilever. Usually, many 2D materials can sustain a large
elastic strain higher than 15% owing to their membrane's features. We
also check that the largest strain for MXenes, for instance, the elastic
strain limits are 14% and 17% along the armchair (x) and zigzag (y)
directions, respectively, for Sc,CO, monolayers (Fig. S1 in
Supplementary material I). Therefore, even for a relatively moderate
strain, a considerable voltage can be generated by the out-of-plane
piezoelectricity in M,CO, MXenes, which are suitable for the d3; mode
piezoelectric devices with the bottom/top gates and an ultrathin
thickness less than 1nm. In addition, one can further design multi
MXene layers separated by flexible insulating medium to enlarge the
total voltage.

2.7. Piezoelectric charge density in a M,CO, MXene diaphragm

Generally, it is difficult to make an analytical expression for both
the in-plane and out-of-plane piezoelectric voltages for a 2D piezo-
electric diaphragm, because both the polarization and charge density
are nonuniform during the deformation process. However, the analysis
of piezoelectric polarizations and charge density distributions can
suggest where the positive and negative electrodes should be in order to
collect the charges for energy storage and piezoelectric sensing. Fig. 4
show the piezoelectric charge density distribution on the 2D M,CO,
piezoelectric diaphragm under the airflow, as depicted in Fig. 1c. Ob-
viously, these charge densities are nonuniform. In Fig. 4a, the positive
and negative charges generated by the in-plane piezoelectricity mainly
concentrate in six regions near the clamped boundary, i.e., 7~R. In
Fig. 4b, the charges generated by the out-of-plane piezoelectricity are
also located in six regions but inside the circle, i.e., r < R. In addition,
from the charge density's magnitude denoted by the color bars, we can
see that the charge density generated by the out-of-plane piezo-
electricity is obviously larger than that generated by the in-plane pie-
zoelectricity. These positive charges are inside the golden areas and
these negative charges lie in the blue areas. Therefore, for the M,CO,
MXene bubble in Fig. 4c, the golden and blue areas are suitable to be
touched the positive and negative electrodes, respectively, to collect
these piezoelectricity-generated charges for piezoelectric sensing and
energy harvesting. The piezoelectric polarization fields determining the
charge density are also calculated and plotted in Fig. S2. Egs. (8)-(10)
indicate that the charge density is dependent on the factor cos(36),
which is determined by the lattice symmetry of M>CO5 MXene. If 0 is
defined as the angle between the radial direction and zigzag edge, the
charge density is a function of sin(36), because there is an angle
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Fig. 4. (a) Calculated charge density p;,(r) induced by the in-plane piezoelectricity in Eq. (8) from the top view, (b) Calculated charge density po..(r) induced by the
out-of-plane piezoelectricity in Eq. (9) from the top view, and (c) Calculated total charge density p(r) in Eq. (10) for the MXene bubble generated by the airflow
shown in Fig. 1c. Here,a = —1,b = —0.5, R = 500nm, hy = 50nm, and all the charge densities are rescaled with the same unit py. The white circle is the clamped edge.

difference of 30° between zigzag and armchair edges. We also estimate
the size of piezoelectricity-generated charge density. We consider
Sc,CO, MXene as an example. For Sc,CO, MXene, the previous calcu-
lations show that, v =0.521, e;; =269 x 107°C-m~!, and
s = 1.16 X 1071°C-m~1. According to p, = (1 + v)hie;1/R® given in
method section, the charge density is estimated to be (0.51 x 10%cm™2)e
with the elementary charge e, for a diaphragm with typically experi-
mental parameters R = 500nm and h, = 50nm.

3. Conclusions

In conclusion, based on the density-functional theory, we in-
vestigate the electronic structures, elastic properties and piezoelectric
properties for M>CO, (M = Sc, Y, La) MXenes. M>CO, monolayers have
a larger Poisson's ratio than rubber. The clamped- and relaxed-ion
model calculations show that M,CO, monolayers have large in-plane
and out-of-plane piezoelectricity, which mainly results from the ionic
contributions. Especially, Sc,CO, MXene has the largest out-of-plane
piezoelectricity with its d3; = 0.78 pm/V among the known 2D mate-
rials. Therefore, M,CO, MXenes are very suitable for ultrathin piezo-
electric devices under the d3; operating mode. We construct a vertical
piezoelectric voltage formula for a M,CO, MXene cantilever. We also
perform the piezoelectric response simulations on the charge density in
a circular piezoelectric MXene diaphragm. The simulation results in-
dicate that, the charges generated by both the in-plane and out-of-plane
piezoelectricity concentrate in six regions determined by the lattice
symmetry of M,CO, MXene. The in-plane piezoelectric charges mainly
distribute near the clamped boundary, but the out-of-plane piezo-
electric charges are located inside the bubble. Therefore, our results not
only supply an experimental proposal for how to detect the piezo-
electric responses, but also offer an insight into piezoelectric energy
harvesting and sensing based on MXenes.

4. Calculation setup
4.1. Calculation details of DFT

The present calculations are performed within the framework of
density functional theory in VASP [78,79]. Exchange and correlation
effects were treated self-consistently with a generalized gradient ap-
proximation (GGA) using a Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional [80]. Electron-ion interactions were described by
the projector augmented plane-wave method [81,82]. Electron wave-
functions were expanded in a plane-wave basis set with an energy
cutoff of 600eV. For structure optimization, a conjugate gradient
scheme without any symmetry restrictions was used for the total energy
and Hellmann-Feynman forces to converge to within 1077 eV and
0.005 eV/A, respectively. The Brillouin zone was sampled on grids of

24 X 24 x 1 within the gamma center scheme. In order to prevent the
periodic interaction along the z-direction, 20 A of vacuum space was set
between the neighboring layers. A high precision and computationally
more expensive Heyd-Scuseria-Ernzerhof (HSE) hybrid functional [83]
was employed to calculate the electronic structure of the GGA-PBE
optimized phases. The coefficients of the elastic stiffness tensor and the
piezoelectric tensor were obtained using density-functional perturba-
tion theory [84,85], which has been shown to give a successful estimate
of the piezoelectric properties for a wide range of materials [86]. Here,
a highly dense k-point mesh, 36 X 36 x 1, was used to accurately predict
these tensor components.

4.2. Calculation details of piezoelectric charge density

We carry out the analysis of the charge density for a diaphragm
structure of M,CO5 MXenes with a radial symmetry and a clamped edge
radius R, as shown in Fig. 1c, where a steady airflow enables a uniform
vertical pressure on the 2D membrane. The in-plane displacement reads
(cos 6, sin 8)u(r), where u(r) is the radial displacement as a function of
the radius r, and 0 is the angle between the radial vector and the
armchair edge along the x axis. The deflection (i.e., out-of-plane dis-
placement) usually takes an parabolic function of the radius r
(0 <r <R),ie, h(r) =ho(1 — (r/R)?? [87], where hy is height of the
plate center. Experiments and finite element simulations show that for a
2D material under a vertical pressure a modified parabolic profile is a
good approximation [88-90], for hy <« 2R, namely, 10k, < 2R. There-
fore, we write the modified parabolic profile for M,CO, MXenes as

h(r) = ©(R — r)ho[(a — b) — a(r/R)* + b(r/R)*], (5)

where O (x) is the Heaviside step function, and the three parameters a, b
and hy determine the deflection profile. The piezoelectric tensor of
M,CO, MXene connects the polarization P with the strain e in a cy-
lindrical coordinate system (Supplementary materials II and III), as
follows:

P. = ey1 (& — €s9)c08(20),
P, = ey1(ge0 — &7)sin(20),
PZ = e}l(Err + Ees), (6)

where 6 is the azimuth angle, and the strain components ¢, and egp are a
function of the in-plane radial displacement u(r) and the deflection h(r)
with the following expressions:

S| L0 )
dr 2 dr r

" )

Because the linear piezoelectric effect mainly induces the charge for
a relatively small out-of-plane displacement, here we neglect the weak
strain gradient effect on the polarization. Although there is no need to
distinguish which charges are induced by the in-plane piezoelectricity
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and which charges are induced by the out-of-plane piezoelectricity in
experiments, it is convenient to divide the charges into two parts for
theoretical analysis. Using p(r) = —V-P, we can obtain the charge
density p,,(r) induced by the in-plane piezoelectricity, the charge
density p,,, (r) induced by the out-of-plane piezoelectricity and the total
charge density p(r) , respectively, as follows (Supplementary material
11D:

pm(l')
_ 8abr®  4b*r’ _ (6a*> — 16ab + 12b))R*
= po[(—3R3 = )@(R r) + 3 o R)]
cos(30), 8
ot (®) = p, o[—a + 2b(r/R)*]O(R — r)cos(36), 9)
P (1) = py, (1) + £, (x), (10)

where p, = (1 + v)hien/R?, and Po0 = (1 = v)hges)/R%. Tt is convenient
to rescale p,,(r) with the same unit p, as p,(r) by rewriting
£.0 = (0,0/Py)Py- It should also be mentioned that the simulation
methods can be further extended to dynamical systems with a time-
depending pressure, if we know the time-depending expressions of
parameters a, b and hy.
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