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Chapter

Advances in Piezoelectric  
Two-Dimensional Materials for 
Energy Harvesting
Rafael Vargas-Bernal

Abstract

The design of piezoelectric energy harvesting systems can be exploited for the 
development of self-powered sensors, human-powered devices, and regenerative 
actuators, as well as the development of self-sustained systems with renewable 
resources. With the introduction of two-dimensional materials, it is possible to 
implement piezoelectric nanostructures to exploit environmental energies, taking 
advantage of their flexible mechanical structures. This chapter aims to study the 
relevant contribution that piezoelectric two-dimensional materials have in energy 
harvesting. Among the two-dimensional piezoelectric materials analyzed are phos-
phorene, MXenes, Janus structures, heterostructured materials, and transition metal 
dichalcogenides (TMDs). These materials are studied through their performance 
from a piezoelectric point of view. The performance achieved by two-dimensional 
piezoelectric materials is comparable to or even better than that achieved by bulk 
piezoelectric materials. Despite the advances achieved so far, many more materials, 
as well as structures for the implementation of energy harvesting devices or systems, 
will be proposed in this century, so this research topic will continue to be interesting 
for research groups around the world.

Keywords: two-dimensional materials, piezoelectric materials, transition metal 
dichalcogenides (TMDs), heterostructures, energy harvesting, morphotropic phase 
boundary (MPB), Janus structures, MXenes, phosphorene

1. Introduction

The direct piezoelectric effect was discovered in 1880 by Pierre and Jacques Curie 
in quartz crystal (silicon dioxide, SiO2) [1]. In the direct piezoelectric effect, it is pos-
sible to generate an electrical charge proportional to the applied mechanical effort. In 
the reverse piezoelectric effect, a proportional geometric deformation is achieved by 
an applied voltage [1]. It was not until 1947 that Shepard Roberts that the first poly-
crystalline piezoelectric ceramic based on barium titanate (BaTiO3) was discovered 
to exhibit 100 times more piezoelectricity than quartz. In the 1950s, it was discovered 
that other oxides such as lead titanate (PbTiO3) and lead zirconate (PbZrO3) have 
twice the piezoelectric properties of barium titanate. Each material has a Curie 
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temperature above which piezoelectricity disappears. In addition, for each polycrys-
talline piezoelectric material, there is a cation ratio that must be optimized to reach 
the morphotropic phase boundary (MPB), which produces the presence of rhombo-
hedral and tetragonal phases that allow adjusting the piezoelectric properties. In a 
piezoelectric material, through the applied mechanical stress, it is possible to achieve 
a total separation of positive and negative charges thanks to the non-centrosymmetric 
structure of the piezoelectric material. Due to the harmful influence of lead found in 
piezoelectric materials on the safety of workers who process these materials, as well as 
the damage to soil and water, researchers are investigating the possibility of develop-
ing lead-free piezoelectric materials. Piezoelectric materials are mainly applied to 
energy harvesting and sensing [2–36]. Without a doubt, one of the contributions that 
motivated energy harvesting was the use of zinc oxide (ZnO) nanowires as a piezo-
electric nanogenerator using nanomaterials [26]. Through the use of two-dimensional 
materials, it is possible to exploit both semiconductor properties and piezoelectric 
properties for the tuning and transport of charge carriers [2–36].

The electromechanical interaction in these materials is related to a linear constant 
between the displacement or electric field and the stress or strain achieved mechani-
cally called piezoelectric coefficient and expressed as C/N or m/V [1]. The piezoelec-
tric coefficients of materials are not uniform along the crystalline directions, that is, 
are anisotropic, so it is necessary to consider the crystalline direction that will be used 
in the design of devices that take advantage of piezoelectric properties. Piezoelectric 
materials enable the development of applications such as energy harvesting in living 
environments by creating self-powered sources to power electronic devices at the 
nanoscale. To assess the piezoelectric performance of a material, four main piezoelec-
tric coefficients can be distinguished: the piezoelectric charge coefficient or piezo-
electric strain coefficient (d), the piezoelectric voltage coefficient or voltage output 
constant (g), the piezoelectric stress coefficient (e), and the piezoelectric stiffness 
coefficient (h). Of the 32 possible crystalline solid groups, there are 20 piezoelectric 
groups and 10 ferroelectric groups. All ferroelectric materials have pyroelectric 
behavior and all of them are piezoelectric; by contrast, piezoelectric materials are 
not necessarily pyroelectric or ferroelectric. The most frequently used piezoelectric 
coefficient is d and it relates the open circuit charge density to the applied mechani-
cal stress and regularly uses two subscripts. The first subscript states the direction in 
which the electrical polarization is induced, and the second subscript specifies the 
direction in which the stress is applied. This relates the electromechanical coupling 
coefficient k, to the relative dielectric constant kT at a constant stress, and the elastic 
compliance at a constant electric field sE, as well as the electric permittivity of the 
vacuum ε0, and this is expressed mathematically e=

0
.

T E
asd k k s  The two most 

important d constants in the case of nanomaterials are d31 (induced strain in direction 
1 per unit electric field applied in direction 3) and d11 (induced strain in direction 1 
per unit electric field applied in direction 1). The piezoelectric stress coefficient (e) 
can also be defined for the subscripts 11 and 31 of the material for the reverse piezo-
electric behavior. For two-dimensional materials, subscripts 11 are considered the 
in-plane piezoelectric response, while subscripts 31 and 33 are used for the out-of-
plane piezoelectric response.

The rest of this chapter has been organized as follows: In Section 2, a summary of 
the basic concepts associated with piezoelectricity and two-dimensional materials is 
presented. Next, novel piezoelectric materials are examined using comparative tables 
and graphs of their in-plane and out-of-plane performance in Section 3. In Section 
4, applications of two-dimensional materials in energy harvesting and related topics 
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are described. Future research directions related to these materials are discussed in 
Section 5. Finally, the conclusions of this chapter are presented.

2. Basic concepts

A two-dimensional material is a crystalline solid with at least one of its dimensions 
on the nanoscale. In 2004, graphene was the first two-dimensional material to be 
discovered, and this is a carbon-based material with a thickness of one atom [2]. 
Two-dimensional layered materials can be classified as homoatomic when they only 
contain one chemical element in their structure, such as graphene, phosphorene, 
antimonene, and heteroatomic when they contain more than 1 chemical element 
in their structure as in the case of hexagonal boron nitride (h-BN), α-phase indium 
sulfide (α-In2S3), gallium arsenide (GaAs), etc. Two-dimensional layered materials 
with homostructure are naturally centrosymmetric because they do not show out-
of-plane piezoelectricity and have in-plane piezoelectricity; however, this quality 
depends on the degree of ionization of their covalent bonds. The advantage of 
two-dimensional layered materials with heterostructure exhibits naturally in-plane 
and out-of-plane piezoelectricity. Two-dimensional materials are arranged in layers 
that are stacked and held together through weak van der Waals interactions. Since the 
discovery of graphene, a large set of two-dimensional materials based on the chemical 
elements of groups IVA, IIIA-VA, IIB-VIA, and other chalcogenide metals of group 
B have been discovered and proposed. These materials exhibit unique chemical and 
physical properties that sometimes differ from those of their bulky counterparts [3, 
6–24]. Two-dimensional layered materials are interesting options for implementing 
energy conversion, harvesting, and storage applications due to their high surface 
area, processing, and assembly versatility, as well as multiple novel surface chem-
istries. In these materials, the d33 and g33 piezoelectric coefficients corresponding to 
out-of-plane piezoelectricity have zero or none, while the d31 and g31 piezoelectric 
coefficients corresponding to in-plane to out-of-plane piezoelectricity have a mod-
est value. Two-dimensional materials to be exploited piezoelectrically must have a 
large surface-to-volume ratio, extraordinary electrical properties, and extremely low 
noise level, which also lead them to be used in sensing applications. When compar-
ing sensors based on microelectromechanical systems (MEMS) with sensors based 
on two-dimensional materials, the latter are much lighter and smaller, have lower 
power consumption, have more flexibility, and show superior sensitivity. In addition 
to reducing the thickness of the two-dimensional material, other strategies that can 
be used to provide these same non-centrosymmetry properties are functionalization 
and doping of the crystal lattice to favor its anisotropy and thereby achieve better 
piezoelectric properties [11]. Other approaches that are being used to increase the 
piezoelectric properties are the generation of defects in the layers or the implementa-
tion of heterostructured materials based on two-dimensional materials. Because all 
the atoms in two-dimensional materials are exposed on their surface, it is possible 
to tune their physical properties. Within these properties, piezoelectric properties 
can be used to maximize energy harvest using micro- and nanoelectromechanical 
systems. Applications of nanoscale piezoelectric materials are transducers, actuators, 
and energy harvesters for fields such as piezotronics and nanorobotics.

For a material to present piezoelectric properties, the unit cell must not have 
a symmetrical center so that an anisotropic dipole moment occurs, which is 
called dielectric polarization [3]. This phenomenon is observed in crystalline and 
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semicrystalline dielectric materials when an electric field is applied. The polarization 
orients the cations and anions found in the material either partially or completely in 
the direction of the field, the higher the orientation the better the piezoelectric coef-
ficient of the material, especially when this response is achieved under a continuously 
oscillating field. Traditional applications of piezoelectric materials are in microbal-
ances, high-resolution mechanical actuators, and quartz oscillators [28].

Wearable nanogenerators to generate power can be implemented using mechani-
cally flexible materials that present piezoelectric properties such as two-dimensional 
materials [2]. The piezoelectric properties of transition metal dichalcogenides 
(TMDs) appear only in monolayers and disappear in bilayers. So far, transition metal 
dichalcogenides (TMDs) with odd layer numbers have piezoelectric properties due to 
the absence of inversion symmetry. When the two-dimensional material is mechani-
cally bent at both ends, the nanosheet is expanded, which causes the polarized charges 
to deliver a flow of electrons toward an external charge, as illustrated in Figure 1. 
When the two-dimensional material is mechanically released, the electron flow stops. 
The periodic stretching and releasing of the two-dimensional material can produce an 
alternating piezoelectric output. This output will be capable of generating a voltage 
that can be exploited to harvest energy from a source that can generate an oscillating 
mechanical stress on the two-dimensional material.

3. Novel piezoelectric materials

In Ref. [4] the authors using a data mining algorithm of more than 50,000 inor-
ganic crystals identified that there are 1173 two-dimensional layered materials. Three 
hundred twenty-five of these materials have piezoelectric monolayers [4]. They also 
found that there are 98 loosely bound Van der Waals heterostructures. According 
to Refs. [3, 6], different types of two-dimensional materials with piezoelectric 
properties can be distinguished. The first type is made up of dichalcogenides based 
on conventional and Janus-type transition metals. The second type is based on 
compounds based on the elements of groups IIA and VIA. The third type is based on 
compounds based on the elements of groups IIIA and VA. The fourth type is made up 
of compounds based on conventional and Janus-type group IIIA-VIA elements. The 
fifth type is made up of compounds based on the elements of the IVA and VIA groups. 

Figure 1. 
The basic principle of piezoelectricity in two-dimensional materials.
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Finally, the sixth type is constituted by the compounds based on two elements of the 
VA group. To produce a non-centrosymmetric structure in materials, it is necessary 
to use methodologies to modify the interfacial interaction between the ions or layers 
of the two-dimensional material, produce atomic adsorption on the surface, and/or 
introduce different defects that can modify the piezoelectric properties [3].

Transition metal dichalcogenides have the MX2 structure based on two different 
chemical elements, a transition metal M and a chalcogen X atom [3]. Transition metal 
dichalcogenides have an ultra-thin thickness, tunable bandgap, and unique mechani-
cal, optical, and electronic properties [5]. Multiple derivatives of 2D materials can 
be obtained through alloying and van der Waals heterojunctions. The symmetry 
of two-dimensional materials can be modified through the application of stress or 
electric field, growth on substrates, or the formation of heterojunctions. Symmetry 
breaking can be achieved using the Janus structure by modifying chalcogenides based 
on chemical elements of groups VIA and/or IIIA. The Janus structure is obtained by 
changing the monolayer MX2 by the MXY structure where X, Y = S, Se, and Te, and 
X is different from Y. This causes the electrical charge distributions between the M-X 
and M-Y layers to differ because the atomic radii and electronegativities are different 
for elements X and Y. Examples of these materials are the stable monolayers MoSSe, 
WSSe, WSeTe, and WSTe and the unstable monolayers MoSeTe and MoSTe.

Atomic layer substitution or Janus substitution can also be used on group IV 
monochalcogenides to break their symmetry to enrich optical and electrical proper-
ties [6]. Group IV two-dimensional monochalcogenides include the following materi-
als: germanium sulfide (GeS2), germanium selenide (GeSe2), germanium telluride 
(GeTe2), tin sulfide (SnS2), tin selenide (SnSe2), and tin telluride (SnTe2). Due to the 
geometry of the parent materials, Janus substitution can be performed in three dif-
ferent ways: (1) A chalcogen (S, Se, or Te) is replaced to produce a ternary material, 
(2) a crystallogen (Ge) is replaced or Sn to produce a ternary material, and (3) both 
a chalcogen and a crystallogen are replaced to produce a quaternary material. With 
Janus substitution, 15 two-dimensional materials of group IV monochalcogenides can 
be produced: Ge2SSe, Ge2STe, Ge2SeTe, Sn2SSe, Sn2STe, Sn2SeTe, GeSnS2, GeSnSe2, 
GeSnTe2, GeS/SnSe, GeS/SnTe, GeSe/SnS, GeSe/SnTe, GeTe/SnS, and GeTe/SnSe. 
These materials present mechanical stability, dynamic stability, and energetic 
stability. Only GeS/SnTe provides dynamic instability. These materials exhibit high 
piezoelectric coefficients, direct-to-indirect band transitions, as well as high figures 
of merit for thermoelectric effects. The symmetry breaking produced by Janus 
substitution leads to high vertical piezoelectric coefficients to increase the efficiency 
of energy harvesting and other applications that will be described in the chapter.

In the case of transition metal dichalcogenides, the d11 piezoelectric coefficient 
ranges from 2.12 to 13.54 pm/V [3]. In the case of Janus-type transition metal 
dichalcogenides, the range of the in-plane d11 piezoelectric coefficient is from 2.26 
to 5.30 mp/V, and for the out-of-plane d31 piezoelectric coefficient is from 0.007 to 
0.30 pm/V. The d11 piezoelectric coefficient for the IIA-VIA compounds ranges from 
−1.16 to 26.7 pm/V, and this value increases as the atomic number of the group IIA ion 
decreases and it decreases as the atomic number of the group VIA ion increases. In the 
case of IIIA-VA compounds with in-plane structure, the d11 piezoelectric coefficient 
ranges from 0.09 to 5.5 pm/V. For these same materials with a non-planar structure, 
the d11 piezoelectric coefficient ranges from 0.02 to 1.50 pm/V and the d31 piezoelec-
tric coefficient ranges from 0.02 to 0.57 pm/V. The values of both coefficients increase 
with decreasing the atomic number of group VA atoms or increasing the atomic 
number of the group IIIA atom except for aluminum, gallium, and indium nitrides. 
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For the IIIA-VIA compounds, the values of the d11 piezoelectric coefficient are in the 
range of 1.12 to 1.98 pm/V. The values of the d11 and d31 piezoelectric coefficients for 
the IIIA-VIA Janus-type compounds range from 1.91 to 8.47 pm/V and from 0.07 
to 0.46 pm/V, respectively. In the case of IVA-VIA compounds, the values of the d11 
piezoelectric coefficient range from 75.43 to 250.28 pm/V for a zigzag orientation. 
For these materials but with armchair orientation, the value of the d11 piezoelectric 
coefficient is in the range of 20.7 to 921.56 pm/V. In the case of a hexagonal orienta-
tion, the d11 piezoelectric coefficient ranges from −5.65 to −4.63 pm/V. Furthermore, 
the e14 piezoelectric coefficient ranges from 345 to 381 pC/N. Finally, in the VA-VA 
compounds the alpha (α) phase and the beta (β) phase occur, and the d11 piezoelectric 
coefficients range from 6.94 to 243.45 pm/V and from 0.67 to 4.83 pm/V, respectively. 
The values of the piezoelectric coefficients for both phases increase as the atomic 
number of the VA ion increases.

Two-dimensional piezoelectric nanosheets that have been proposed for energy 
sensing and harvesting applications include hexagonal boron nitride (h-BN), molyb-
denum sulfide (MoS2), and tungsten diselenide (WSe2) by exploiting their excellent 
mechanical flexibility and excellent piezoelectric response [10]. The use of two-
dimensional materials with an odd number of layers allows the inversion of symmetry 
to be broken, which leads to strong piezoelectricity. For very specific cases, it has been 
shown that an even number of layers can reach considerable piezoelectric coefficients 
[11]. Even the armchair or zigzag crystal orientation of the layers of the two-dimen-
sional material used in the piezoelectric material influences the value of the achieved 
piezoelectric coefficient [12]. In addition to traditional two-dimensional materials, 
novel emerging materials based on post-transition metals such as tin disulfide (SnS2) 
are being proposed as piezoelectric materials. These materials present an out-of-plane 
piezoelectric response of 2 ± 0.22 pm/V for a thickness of 4 nm, whose value is higher 
than that obtained for materials such as lithium niobate (LiNbO3) whose average 
value is around 1 pm/V.

The authors in Ref. [7] have estimated through ab initio simulation using density-
functional theory the piezoelectric coefficients of 37 two-dimensional materials 
among which are transition metal dichalcogenides, oxides, and III-V compounds. 
The values obtained in Ref. [7] have been plotted through Figures 2–5, to visualize the 
wide variety of possible piezoelectric two-dimensional materials. Figure 2 shows 
the values reached for the coefficients d11 and e11 in the plane for two-dimensional 
transition metal dichalcogenides (TMDs) with a 2H phase. The d11 coefficient for 
the dichalcogenides reaches values ranging from 2.12 pm/V for WS2 to 13.45 pm/V 
for CdTe2. In the case of the e11 coefficient for the same materials, it ranges from 184 

Figure 2. 
d11 and e11 piezoelectric coefficients for two-dimensional transition metal dichalcogenides with 2H phase.
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pC/N for NbTe2 to 654 pC/N for CrTe2. The values of the piezoelectric coefficients d11 
are very similar to those achieved by bulk piezoelectric materials such as quartz-alpha 
(α-SiO2) (2.3 pm/V), gallium nitride (GaN) (3.1 pm/V), and aluminum nitride (AlN) 
(5.1 pm/V). Most volumetric lead zirconates (PZT) have piezoelectric coefficients d11 
on the order of 360 pm/V. Volumetric molybdenum disulfide (MoS2) has a coefficient 
e11 of 290 pC/N.

Figure 3 depicts the values reached for in the plane coefficients d11 and e11 in the 
plane for different two-dimensional II-VI oxides with primitive (p) structures. The d11 
coefficient for the dichalcogenides reaches values ranging from 1.39 pm/V for BeO to 
73.1 pm/V for PbO. In the case of the e11 coefficient for the same materials, it ranges 
from 132 pC/N for BeO to 333 pC/N for CdO.

Figure 4 illustrates the values reached for in the plane coefficients d11 and e11 in 
the plane for some two-dimensional III-V compounds with primitive (p) or blende 

Figure 5. 
d31 and e31 piezoelectric coefficients for two-dimensional III-V compounds.

Figure 3. 
d11 and e11 piezoelectric coefficients for two-dimensional II-VI oxides.

Figure 4. 
d11 and e11 piezoelectric coefficients for two-dimensional III-V compounds.
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Nanomaterial e31 [7] e31 (clamped-ion) [8] e31 (relaxed-ion) [8]

GaP 52.6 59 450

GaAs 8.20 90 280

GaSb 0.80 69 190

InP 25.1 100 480

InAs 12.6 130 310

InSb 2.3 84 170

Table 2. 
Compilation of e31 piezoelectric coefficients for some two-dimensional III-V compounds predicted by different 
simulation techniques.

(b) structures. The d11 coefficient for dichalcogenides reaches values ranging from 
0.02 pm/V for InP to 5.50 pm/V for InN. In the case of the e11 coefficient for the same 
materials, it ranges from 0.5 pC/N for InP to 240 pC/N for BP.

Figure 5 shows the values reached for the out-of-plane coefficients d31 and e31 in 
the plane for different two-dimensional III-V compounds with hexagonal structures. 
The d11 coefficient for dichalcogenides reaches values ranging from 0.016 pm/V for 
GaSb to 0.568 pm/V for AlAs. In the case of the e11 coefficient for the same materials, 
it ranges from 0.8 pC/N for GaSb to 40.1 pC/N for AlAs.

The authors in Ref. [8] have predicted through first-principles calculations some 
piezoelectric coefficients of III-V compounds for gallium arsenide (GaAs), gallium phos-
phide (GaP), gallium antimonide (GaSb), indium arsenide (InAs), indium phosphide 
(InP), and indium antimonide (InSb). The simulations consider in their determination 
both clamped ions and relaxed ions [8]. In Tables 1–4, to study the behavior of piezo-
electric two-dimensional III-V compounds, comparisons are made between the values 
obtained by Refs. [7, 8] for the piezoelectric coefficients e11, e31, d11, and d31, respectively. 
The simulated values illustrate trends related to the assumptions about the theoretical 
principle and the mechanical physical state in which the ions are simulated to operate, 
which do not necessarily illustrate the actual experimentally obtained piezoelectric coef-
ficient but serve to confirm the relevance of using two-dimensional materials in energy 
harvesting compared to other conventional materials already used for years.

The authors of Ref. [9] used density functional perturbation theory (DFPT) 
and first-principles calculations to predict the piezoelectric coefficients of 

Nanomaterial e11 [7] e11 (clamped-ion) [8] e11 (relaxed-ion) [8]

GaP 25.9 307 44

GaAs 49.0 289 33

GaSb 33.2 254 25

InP 0.5 290 40

InAs 1.7 281 32

InSb 17.9 252 24

Table 1. 
Compilation of e11 piezoelectric coefficients for some two-dimensional III-V compounds predicted by different 
simulation techniques.
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two-dimensional oxides of IIA/IIB groups. Tables 5 and 6 present compilations of 
the values obtained for the d11 and e11 piezoelectric coefficients. The simulated values 
vary depending on the simulation conditions and these are very similar considering 
the second and last columns, but not for all materials. Through the tables and figures 
in this section, it can be broken down that the values obtained in the simulations must 
be verified because similar values, or with significant differences, were obtained.

The values are attractive from the point of view that these materials allow the 
implementation of applications where out-of-plane piezoelectric coefficients can be 

Nanomaterial d11 [7] d11 (clamped-ion) [8] d11 (relaxed-ion) [8]

GaP 1.29 5.10 0.96

GaAs 1.50 6.06 0.93

GaSb 1.42 6.91 0.90

InP 0.02 6.33 1.45

InAs 0.08 7.48 1.20

InSb 1.15 8.36 1.16

Table 3. 
Compilation of d11 piezoelectric coefficients for some two-dimensional III-V compounds predicted by different 
simulation techniques.

Nanomaterial d31 [7] d31 (clamped-ion) [8] d31 (relaxed-ion) [8]

GaP 0.310 0.062 0.51

GaAs 0.125 0.12 0.40

GaSb 0.016 0.12 0.33

InP 0.390 0.13 0.74

InAs 0.248 0.20 0.51

InSb 0.058 0.17 0.35

Table 4. 
Compilation of d31 piezoelectric coefficients for some two-dimensional III-V compounds predicted by different 
simulation techniques.

Nanomaterial d11 [7] d11 (clamped-ion) [9] d11 (relaxed-ion) [9] d11 (DFPT) [9]

BeO 1.39 1.25 4.62 1.43

MgO 6.63 18.2 5.00 7.69

CaO 8.47 9.63 10.2 10.2

SrO — 12.6 13.3 7.40

BaO — 27.4 24.5 1.07

ZnO 8.65 5.90 9.29 8.57

CdO 21.7 8.57 8.21 23.4

Table 5. 
Compilation of d11 piezoelectric coefficients for some two-dimensional IIA/IIB-VI oxides predicted by different 
simulation techniques.
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exploited, as opposed to where the materials only exhibit in-plane piezoelectric prop-
erties. The computational simulation with different approaches and the experimental 
corroboration of the piezoelectric performance of two-dimensional materials must be 
exhaustively studied to guarantee that the values of the piezoelectric coefficients are 
exploited more efficiently for all the applications that are proposed. In the previous 
discussion, it can be deduced that some materials do not present piezoelectric proper-
ties in bulk size; however, these are present when they are used with thicknesses of 
some atomic layers and thus are designated two-dimensional materials. Even the oppo-
site of what was mentioned above is also feasible. These materials can be surface-mod-
ified appropriately under one or more crystal directions [28]. The addition of atoms 
and/or defects at the surface level is one of the possibilities to achieve materials with 
piezoelectric or ferroelectric properties. Even the free electrical charges in these mate-
rials must be controlled by either physical or virtual gates depending on the properties 
of the material to achieve piezoelectricity. The mechanical stability analysis of the 
piezoelectric behavior has allowed us to determine that the order of stability decreases 
in the following order: oxides, sulfides, selenides, and tellurides. Furthermore, the 
mechanical stability is reduced as the radius of the transition metal is decreased in the 
case of transition metal dichalcogenides (TMDs). To guarantee mechanical stability in 
a 2D piezoelectric material, it must have a low heat of formation.

A recent type of SnXY Janus monolayers (where X = Te, Se, S, O; Y = Te, Se, S, O; 
X ≠ Y) is being investigated because it presents static, dynamic, electronic, and ther-
modynamic stabilities that can be exploited to produce two-dimensional piezoelectric 
materials [29]. Of this family of two-dimensional materials, those based on tin behave 
as direct band semiconductors (SnOS and SnOSe with band gaps of 1.74 and 0.33, 
respectively) or indirect band semiconductors (SnSSe, with band gap of 1.69 eV). 
The d11 piezoelectric deformation coefficient of selenium tin oxide (SnOSe) reaches 
a value of 27.3 pm/V, which is an order higher than that reported for materials such as 
MoS2 or quartz. Two-dimensional tin-based chalcogenides using Janus monolayers 
can be applied for piezoelectric applications such as energy harvesting and sensors.

4. Applications

The direct use of two-dimensional piezoelectric materials is in the implementation 
of compact sensors and actuators, flexible electronics, micro-electromechanical 

Nanomaterial e11 [7] e11 (clamped-ion) [9] e11 (relaxed-ion) [9] e11 (DFPT) [9]

BeO 132 123 385 146

MgO 230 557 152 236

CaO 155 152 167 156

SrO — 156 167 90.6

BaO — 232 202 7.24

ZnO 266 174 261 253

CdO 333 112 109 319

Table 6. 
Compilation of e11 piezoelectric coefficients for some two-dimensional IIA/IIB-VI oxides predicted by different 
simulation techniques.
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systems (MEMS), as well as energy harvesting that takes advantage of both the direct 
and inverse piezoelectric effects [11, 12]. Piezoelectric materials can be applied in the 
implementation of nanogenerators, information storage, and piezo-catalysis, as well 
as in biomedicine [3]. With the introduction of sensor networks and the Internet of 
Things (IoT), batches of sensors that are capable of being self-powered and operating 
as energy harvesters that exploit piezoelectric properties need to be researched and 
developed [12]. The first piezoelectric microgenerator was proposed by Glynne-Jones 
et al. in 2001 [25]. The nanogenerator concept was first proposed by Zhong Ling 
Wang et al. in 2006 [26]. After this, researchers around the world launched extensive 
research to develop nanomaterials and nanosystems to convert mechanical energy 
into electrical energy. Energy harvesters can then be considered the miniaturized 
replacement for battery-based power supplies for fully portable and/or wearable 
applications. Piezoelectric nanogenerators provide green and sustainable energy to 
implement self-powered nanosensors and nanosystems that operate wirelessly and in 
real time [23]. Nanosystems that directly benefit from self-powered systems are reso-
nators, optoelectronic devices, and biosensors [24]. Furthermore, these nanogenera-
tors can be used in piezo-photonics to tune the performance of photovoltaic devices 
and/or solar cells. Self-powered systems avoid frequent charging and replacement that 
are required by battery-based power systems. Battery-based systems take up too much 
space and are very heavy, which limits their portability and ability to incorporate 
them into wearable systems. Human activities such as finger typing and breathing 
may be capable of generating electrical powers on the order of 6.9 mW and 0.83 W, 
respectively. Wearable electronics require powers of the order of 200 microwatts to 
1 watt, which can be achieved by the natural biomechanics of the human being, and 
its reduction is feasible when designing all systems using nanomaterials. Among the 
biomechanical movements from which energy can be harvested are the movement of 
elbow joints, heel strikes, leg movements, and arm swings [26].

If a deformation by tension or compression is applied to a piezoelectric material, 
a piezo-potential is generated in the pair of metal electrodes found at the ends of 
the material [3]. Electrons and holes as electric carriers are attracted to the piezo-
potential with opposite polarity and an electric current is generated on a charge. 
If the strain is produced continuously, then a continuous current and voltage are 
generated. In this way, the nanogenerator converts mechanical energy into electrical 
energy. Nanogenerators based on piezoelectric two-dimensional materials have been 
implemented using molybdenum diselenide (MoSe2) [12], α-phase indium selenide 
(α-In2Se3) [13], black phosphorus or phosphorene (BP) [14], molybdenum disulfide 
(MoS2) [15], MoS2/In2Se3 Van der Waals heterostructure [16], hexagonal boron 
nitride (h-BN) [10], zinc oxide (ZnO) [17], tungsten diselenide (WSe2) [18], and 
other materials.

A piezoelectric nanogenerator based on a molybdenum diselenide (MoSe2) 
nanosheet has been used to power a molybdenum disulfide (MoS2)-based pH sensor 
and a photodetector based on a molybdenum disulfide-tungsten diselenide (MoS2/
WSe2) [12]. This molybdenum diselenide (MoSe2)-based nanogenerator provides an 
output voltage of 60 mV with a strain of 0.6%, which is approximately 50% larger 
than for a molybdenum disulfide (MoS2)-based nanogenerator. Thanks to its excellent 
performance, this nanogenerator is capable of non-invasively monitoring vital signs 
to determine the respiratory rate and heart rate.

A simple boron nitride (BN) nanosheet when mechanically deformed can produce 
an alternating piezoelectric output of 50 mV and 30 pA [10]. For this material, a 
piezoelectric voltage coefficient (g11) was determined experimentally with a value of 
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2.35 × 10−3 Vm/N. When this material was deposited as active material on a polyimide 
substrate, an energy harvester was produced with an output voltage of 9 V, a current 
of 200 nA, and an output power of 0.3 μW.

Human skin is an organ capable of perceiving external environmental stimuli 
or changes against variables such as temperature, humidity, and pressure [19]. 
Applications such as prosthetics, medical equipment, wearable devices, robots, and 
others have benefited from the development of electronic skins. The concept of 
artificial or electronic skin was proposed in the early 1980s by George Lucas as a future 
application concept. The first versions implemented showed limited flexibility, low 
resolution, and poor sensitivity. Therefore, new versions must take advantage of artifi-
cial intelligence and wearable technology for the development of health monitoring 
and prosthetic devices. In addition, the active materials to design these electronic skins 
must be sensitive, flexible, and independent of their shape and size. The application of 
piezoelectric nanogenerators and piezotronics allows the implementation of electronic 
skins that can exceed even the performance of electronic skins for the development of 
sensors with high spatial resolution, fast response speed, ultra-sensitivity, low power 
consumption, excellent durability, and ability to electrical self-supply.

IIIA-VIA compounds exhibit the coexistence of in-plane and out-of-plane piezo-
electricity caused by hexagonal stacking, which makes them interesting for energy 
harvesting and electronic skin [13]. An α-phase indium selenide (α-In2Se3)-based 
nanogenerator was implemented with 0.76% strain producing a peak voltage and cur-
rent of 35.7 mV and 47.3 pA, respectively. The d33 piezoelectric coefficient of α-In2Se3 
changes from 0.34 pm/V for a monolayer to 5.6 pm/V for the bulk version.

One of the great challenges of piezoelectric materials is to produce out-of-plane 
polarization in active materials by exerting stress along the direction perpendicular to 
the nanosheet [20]. Achieving this polarization could improve the efficiency of piezo-
electric transfer and make medical devices such as sphygmomanometers (for indirect 
blood pressure measurement) and tactical sensors such as bionic robot skins a reality. 
Heterostructures based on two-dimensional materials such as tin nitride (Sn3N4)-
indium oxide (In2O3), germanium nitride (Ge3N4)-gallium oxide (Ga2O3), and silicon 
nitride (Si3N4)-aluminum oxide (Al2O3) have been studied by first-principle calcula-
tions seeking to increase the out-of-plane piezoelectric coefficients. The piezoelectric 
coefficients d33 and e33 were determined for the two-dimensional materials and their 
values have been plotted in Figure 6. The maximum value of d33 is 5290 pm/V cor-
responding to Sn3N4-In2O3 and the maximum value of e33 is 3869 pC/N corresponding 
to Si3N4-Al2O3. These materials are made prospects for energy harvesting applications 
as well as for blood pressure meters or bionic skin of robots.

Figure 6. 
d33 and e33 piezoelectric coefficients for some heterostructures based on two-dimensional materials.
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Phosphorene or black phosphorus (BP) presents interesting properties such as 
thickness-dependent bandgap and high carrier mobility, due to its anisotropic optical, 
electronic, mechanical, thermal, and ionic transport characteristics [14]. Phosphorene 
has a d11 piezoelectric strain coefficient of −9.48 pm/V in the armchair direction. 
Phosphorene nanosheets deliver an output current of 4 pA when a compression strain 
of −0.72% is applied to them. With all these qualities, phosphorene can be proposed 
for use in strain sensors, nanogenerators, and piezoelectrically tuned transistors.

Due to a low out-of-plane piezoelectric response of α-In2Se3, research has been 
initiated on the possibility of modifying two-dimensional materials through het-
erostructures to increase their value. The use of the α-In2Se3/MoS2 heterostructure 
can increase the value of the d33 piezoelectric coefficient [16]. The d33 piezoelectric 
coefficient for the α-In2Se3/MoS2 heterostructure has a value of 17.5 pm/V. This value 
increases with the increase in the number of layers of the two-dimensional material 
but becomes saturated when it reaches 40 nm in thickness.

For a tungsten diselenide (WSe2) bilayer nanosheet, the d11 piezoelectric coef-
ficient was 3.26 ± 0.3 pm/V, whose value is higher than the d11 coefficient of 2.3 pm/V 
for volumetric α-quartz [18]. The mechanical deformation for a bilayer is 0.95%, 
while for a monolayer it is 0.63%. WSe2 bilayers feature high piezoelectric coefficients 
and good mechanical durability for a wide strain range that could be exploited to 
harvest the energy required by a small liquid crystal display without applying an 
external power supply.

Next, a diversity of two-dimensional materials is proposed for the development 
of sensors and energy harvesting, and the values of the piezoelectric coefficients 
reached are reported, seeking their application, especially for their application 
outside the plane. Materials such as graphene, thanks to surface modification tech-
niques, can produce in-plane and out-of-plane piezoelectricity reaching 37,000 pC/N 
for the d33 coefficient, 12,500,000 pm/V for the e33 coefficient, and 0.3 pm/V for the 
d31 coefficient [21]. For phosphorene, the values of the piezoelectric coefficients are 
59 pC/N for the e11 coefficient and 1.06 pC/N for the e31 coefficient. The piezoelectric 
coefficient e11 for α-phase indium selenide (α-InSe) is 57 pC/N, and for fluorinated 
hexagonal boron nitride (F-h-BN) it is 84 pC/N. For phosphorene oxide (P4O2)-two-
dimensional monolayer, the piezoelectric coefficients reach values of 54 pm/V for d11, 
−10 pm/V for d31, and 21 pm/V for d26. For lithium-doped black phosphor (P4Li2), the 
piezoelectric coefficient d31 ranged from 2.5 to 6.28 pm/V depending on the approxi-
mation used. Two-dimensional materials such as antimonene and arsenene can reach 
strain limits of 58 and 24% in the armchair and zigzag directions, respectively, which 
are higher when compared to other two-dimensional materials such as graphene, 
molybdenum disulfide (MoS2), or phosphorene. Other two-dimensional materials 
that offer out-of-plane piezoelectricity are oxygen-functionalized MXenes (M2CO2) 
where M can be scandium (Sc), yttrium (Y), or lanthanum (La), which have a d31 
coefficient in the range of 0.4 to 0.78 pm/V, and a coefficient e31 in the range of 88 to 
196 pC/N, for the case of relaxed ions [22].

The use of vertically aligned two-dimensional flexible zinc oxide nanodiscs 
for the design of a piezoelectric nanogenerator was reported in Ref. [23]. This 
nanogenerator used thermally annealed discs and generated a direct current (DC) 
output voltage of 17 V and a current density of 150 nA/cm2. These values increased 
by 7 times the voltage and 5 times the current density if the pristine version of the 
same material had been used. This performance improvement was achieved thanks 
to superficial passivation and the reduction of oxygen vacancies in the two-dimen-
sional material.
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A recent alternative that has been reported is the possibility of developing nano-
generators with piezoelectric and triboelectric properties to develop self-powered 
systems [24]. Achieving the maximum performance of this nanogenerator implies 
taking advantage of the synergistic coupling between both types of mechanisms lead-
ing to increased electrical outputs as well as raising the energy conversion efficiency. 
When two materials that are electrically charged are placed in friction with each 
other, electrification is produced which is induced by contact, giving rise to a tribo-
electric effect. Like the piezoelectric effect, a triboelectric couple is produced which is 
directly dependent on the relative electrical polarity induced by the induced electrical 
charge. Two-dimensional materials such as hexagonal boron nitride (h-BN), metal-
organic scaffolds (MOFs), and transition metal dichalcogenides (TMDs) have been 
proposed to induce triboelectricity. Some of these materials exhibit both triboelectric 
properties and piezoelectric effects. Thanks to these qualities, it is possible to decrease 
the internal resistance, increase the generation of electrical charge, and produce 
additional electrical charge trapping sites. Involving both electrical mechanisms in 
the same design makes it feasible to increase the total power output since both effects 
work efficiently under mechanical deformation, be it compression, tension, and/or 
vibration. The triboelectric effect operates on the surface of the material, while the 
piezoelectric effect operates on the volume of the material below the surface. In this 
way, it is possible to increase polarization by changing the structure of the material, 
optimizing energy harvesting, and maximizing energy conversion.

According to the previous paragraphs, the main applications derived from energy 
harvesting with two-dimensional piezoelectric materials are summarized in Figure 7. 
In addition to the applications summarized in Figure 7, there is the possibility of 
developing humidity, magnetic field, and mechanical force sensing. These materials 
possess unique piezoelectric properties relative to their nanowire-based or volumetric 
counterparts. Laboratory tests as well as computer simulations have shown that 
two-dimensional piezoelectric materials can be easily modified to achieve different 
piezoelectric coefficients by including a different number of layers in the design [27].

An alternative strategic implementation for harvesting mechanical energy is the 
development of piezoelectric nanogenerators [30]. Materials such as molybdenum 
disulfide (MoS2) can take advantage of their centrosymmetric structures to produce 
electricity through the distortion of the crystalline lattice due to the mechanical 

Figure 7. 
Main applications from energy harvesting with two-dimensional piezoelectric materials.
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deformation produced by the polarization of the charge of the constituent ions. 
However, an odd number of layers in the two-dimensional material structure must 
be used to achieve piezoelectric voltage and current outputs, which is not possible for 
structures with an even number of layers. Better results in piezoelectric performance 
are achieved when the number of layers tends to a smaller value.

Recently, a direct current generator using piezoelectric two-dimensional ZnO 
nanosheets has been implemented to produce an open-circuit voltage of 0.9 V, a 
current density for short-circuit current of 16.4 μA, and a power density of 600 nW/
cm2 for 4000 cycle operation using 4 kg of force [31]. Due to its mechanical reliabil-
ity, flexibility, and high output power, this generator has the potential to be used as a 
power source for portable devices and as a mechanical sensor.

Due to the small thickness and light weight of two-dimensional materials, the 
suspended application of these materials produces significant mechanical fragility [32]. 
Therefore, the practical application of these materials involves the use of substrate 
materials to guarantee good quality of the layers as well as good stability in all the senses 
previously discussed. In this way, the deformation on the layers of the two-dimensional 
material can be homogeneous and precisely controlled throughout the substrate. 
Therefore, the use of polymer-based composite materials that include two-dimensional 
material is one of the common strategies to replace the use of a fixed and inflexible 
substrate, especially for wearable piezoelectric electricity generation applications.

Two-dimensional materials based on cobalt telluride (CoTe2) can be used to 
generate electricity from waste heat using triboelectric and piezoelectric properties as 
energy harvesters [33]. The piezo-triboelectric nanogenerator can produce a voltage 
of 5 Volts when a force of 1 N is applied to it operating in a temperature range of 32 to 
90 degrees Celsius.

Both mechanical flexibility and bandgap tunability are the strategic advantages of 
using two-dimensional materials in the implementation of data memories and electronic 
sensors [34]. To more appropriately exploit two-dimensional materials, it is necessary 
to increase the quality of their synthesis on a large scale and at a low cost, understand 
the relationship between the magnetic domain pattern and the applied external electric 
field, as well as determine the values of the piezoelectric coefficient, Curie temperature, 
and polarization value and in all crystalline directions of the material.

Piezoelectric materials take advantage of the mechanical deformation produced 
by ambient energies to develop applications such as nanogenerators as well as optical, 
mechanical, and magnetic sensors [35]. These make use of electrical polarization 
to perpendicularly deform a material by either stretching it when a positive voltage 
is applied or contracting it when a negative voltage is applied. Magnetic behavior 
is achieved when a two-dimensional material is doped or vacancies or defects are 
induced on the original structure.

Piezoelectric materials can replace batteries by exploiting energy from the envi-
ronment for the design of self-powered devices with power consumption in the range 
of microwatts or milliwatts [36]. These materials offer an environmentally friendly 
alternative by avoiding the disposal of waste batteries that have not been manufac-
tured and recycled with green technologies.

5. Future research directions

One of the great challenges of this century is to exploit the piezoelectric properties 
for the implementation of functional, sensitive, and innovative electronic devices 
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[21]. With the miniaturization of electronic devices, it is necessary to develop strate-
gies for the selection of materials that can be exploited for this purpose. There are 
more than 7000 possible two-dimensional materials that can be modified to achieve 
optimization of piezoelectric properties. Among the strategies to modify the piezo-
electric properties are deformation, atom or Janus substitution, functionalization, 
and introduction of defects in a premeditated way. Furthermore, it is possible to stack 
the two-dimensional nanosheets with similar or dissimilar materials to design het-
erostructured materials whose piezoelectric properties are completely different from 
those of their components. Since the piezoelectric properties thanks to these strate-
gies can be tuned for the design of pressure sensors, piezotronics, piezo-catalysis, and 
energy harvesting, researchers around the world will continue to develop scientific 
research to take full advantage of piezoelectricity in two-dimensional materials. The 
suitability of the chosen material to exploit piezoelectricity comes from the following 
factors: difference in electronegativity between the atoms of the unit cell of the mate-
rial, impact on health and the environment of the material, cost reduction and ease of 
the synthesis process of the material, as well as additional material properties. These 
factors must be considered to choose, design, and integrate the best two-dimensional 
materials to take the design from the laboratory phase to the practical phase for com-
mercial production.

The study of piezoelectric two-dimensional materials is not complete [21]. Both 
computational modeling and experimental characterization should be further devel-
oped to predict in-plane and out-of-plane piezoelectric behaviors more accurately for 
various possible theoretical and technological possibilities. In addition, it is neces-
sary to establish standards for test protocols, study the triboelectric effects involved, 
and complement the necessary terminology to be able to study the piezoelectric 
properties of two-dimensional materials. Despite the progress made in the research 
of two-dimensional piezoelectric materials, a lot of research must be carried out to 
understand their piezoelectric behavior because conventional models and theories 
are not able to explain the effects found in them. The use of density functional 
theory and molecular dynamics (MD) calculation will continue to be a vital reference 
source for calculating, optimizing, and predicting the piezoelectric properties of 
two-dimensional piezoelectric materials. A comprehensive study of the differential 
charge density, surface electronegativity, difference in atomic radii, anion-cation 
polarization ratio, effective Born charges, and elastic constants of two-dimensional 
piezoelectric materials must be developed to exploit the next generation of applica-
tions of high-added value.

6. Conclusions

Two-dimensional materials have undoubtedly attracted the interest of researchers 
around the world not only for their extraordinary properties but also for the innumer-
able possibilities of technological development and unprecedented scientific research. 
The wide range of possibilities to produce anisotropy in its piezoelectric properties 
extends its applications in energy harvesting, tactical sensors, medical devices, and 
electronic skins. Despite the advances achieved so far, computational modeling and 
experimental characterization of the piezoelectric properties of two-dimensional 
materials are still necessary to achieve a complete study of the most suitable materials 
to take advantage of the properties in conventional and emerging applications. The 
graphs of the piezoelectric coefficient values presented in this chapter illustrate, in 
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addition to the great diversity of possible materials, a wide possibility of both in-plane 
and out-of-plane coefficient values. Concerning the piezoelectric properties of com-
monly used zinc oxide (ZnO) and gallium nitride (GaN) nanowires, the piezoelectric 
coefficients of the two-dimensional materials are 2 orders of magnitude larger. 2D 
piezoelectric materials can withstand very large deformations for their dimensions. 
In this century, all two-dimensional materials must be synthesized and studied 
to exploit the piezoelectric properties, and these can be exploited with maximum 
efficiency by knowing the specific conditions suitable for each material.
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