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Abstract

One of the current world's challenging issues concerns the design, development,
and exploitation of efficient devices for energy harvesting that, in the last few

years, has gathered a growing interest not only from academia but also from an
industrial point of view. Although the general concept of (macro)energy harvesting
has been successfully exploited for centuries in the design of passive solar power
systems, as well as wind and water mills, only during the last 10 to 15 years there
has been particular attention toward the development of effective (micro)energy
harvesting systems, exploiting the energy from the ambient provided by light,
radiofrequency radiation, or motion/vibration/thermal sources. These (micro)energy
harvesting systems require efficient and reliable materials to convert the input
environmental energy into an exploitable electrical output. In this context, among
the most currently employed ceramics, zinc oxide (ZnO), both micro- and nano-
structured, is gaining more and more importance in the design of energy harvesting
devices because of its interesting features that comprise low cost, high piezoelectric
characteristics, and ease of production, among others. The present work aims to
summarize the current state-of-the-art on the use of ZnO micro- and nano-structures
for the design and manufacturing of advanced piezoelectric devices and to provide
the reader with some recent progress that may pave the way toward further
advances in the forthcoming years.

Keywords Energy harvesting, ZnO, Piezoelectric behaviour, Bulk piezoceramic ZnO
systems, Polymer-ZnO piezoelectric systems

1 Introduction

The energy harvesting (or scavenging) concept stems from the current wide use of elec-
tronic battery-powered devices, which can also be wearable and implantable. Some com-
mon battery-powered devices are presented in Fig. 1, together with their average power
consumption and energy autonomy. In particular, these applications usually require
lightweight, compact, and low-cost energy sources, which ensure the desired manage-
ability and energy autonomy [1].
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Fig. 1 Some current common battery power devices. Legend: C=average energy consumption; A=energy
autonomy

However, despite the significant improvements of the batteries currently employed,
the impact in terms of size, costs, and sustainability has pushed both academia and the
industrial world toward the seeking of suitable reliable alternatives that comprise: i) the
substitution of batteries with miniaturized fuel cells [2], which possess higher energy
density; ii) the delivery of the needed energy to devices through wireless modes (this
strategy has already been exploited for Radio Frequency Identification (RFID) tags,
despite some issues regarding the need of specific transmission infrastructures [3]; iii)
the harvesting of the ambient energy (vibrational, thermal, motion energy, RF radiation,
or light). This last strategy can exploit electrostatic, electromagnetic, or piezoelectric
mechanisms for converting motion/vibration energy into electrical energy, generating
from micro- to milliwatts of power based on the ambient conditions [4—6]. In particu-
lar, piezoelectric conversion of motion/vibration is gaining increasing interest because of
the ease of processing, the high conversion efficiency, and the wide availability of effec-
tive piezoelectric materials [7-9].

From a general point of view, in a piezoelectric transducer, movement or vibrations
promote the deformation of a piezoelectric capacitor, hence producing a voltage that can
be stored and used on demand. This effect can be achieved by employing three main
piezoelectric materials, i.e., piezopolymers, polymer matrix-based piezocomposites, and
piezoceramics. At present, piezoceramics are preferred as they account for high energy
conversion rates and remarkable electro-mechanical coupling constants. However, look-
ing at the most currently employed piezoceramics, PZT (lead zirconate titanate) shows
some environmental problems due to the toxicity of lead [10], while BaTiO; (barium
titanate), despite interesting piezoelectric features, shows some limitations concern-
ing its low Curie temperature (not exceeding 160 °C [11]), which restricts the envisaged
technological applications. Additionally, aluminium nitride (AIN) has a relatively low
piezoelectric coefficient, resulting in limited energy harvesting efficiency and low out-
put voltage; it is also brittle, making it unsuitable for flexible or stretchable applications
unless used as a thin film [12]. Besides, such a polymer as PVDF needs poling, its piezo-
electric output is relatively low, and it has limited thermal stability (up to~ 150 °C) [13].

Page 2 of 30
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Conversely, ZnO is emerging as an effective piezoelectric material, as it is a lead-
free and low-cost material, it can be synthesized in different structures (microspheres,
short and long needles, flowers, bi-pyramids, nanorods, nanotetrapods...), and can be
employed both as piezoelectric bulk material and in the form of film, even as a piezo-
filler in polymer matrices that do not exhibit any piezoelectric feature [14—18]. Table
1 collects the key properties of ZnO alongside other prominent piezoelectric materials
[19-22].

The current interest in ZnO as a piezoceramic material is well evidenced by the
increasing number of scientific articles that have appeared in the literature to date
(Fig. 2).

Despite the huge number of reviews in the scientific literature on piezoelectric systems
for energy harvesting, most of them are not specifically focused on ZnO but discuss the
piezoelectric behavior of different materials (also including zinc oxide) [22-37]. Further-
more, some notable papers that specifically address the piezoelectric properties of ZnO
are not up to date [38-42].

Therefore, this review aims to provide readers with an up-to-date overview of the
use of ZnO as an effective piezoelectric material for energy harvesting. First, we will
describe its structure and synthesis methods. Then, we will summarize some of ZnQO’s

main properties, focusing specifically on its piezoelectric behavior. Lastly, we will discuss

Table 1 Key properties of main piezoelectric materials for energy harvesting

Property ZnO BaTiO; PZT AIN PVDF
Material Type Inorganic Inorganic Inorganic Inorganic nitride Ferro-
semiconductor  ferroelectric ferroelectric semiconductor electric
ceramic polymer
Typical Output Moderate Moderate— High (~1-20) Low (~0.1-1) Low—
Voltage (V) (~0.1-5) High (~1-10) Moderate
(~0.1-5)
Energy Conver- ~ Moderate High Very high Low-moderate Low-mod-
sion Efficiency erate
Piezoelectric ~10-15 ~190 ~200-600 ~5 ~20-30
Coefficient (ds3) pC/N
(PC/N)
Poling Not required Required Required Not required Required
Requirement
Thermal Stability Moderate (up Moderate High (~350°C Very high (>600 °C) Limited
to~300 °C) (~130°CCurie Curie (~100-
temperature)  temperature) 150 °C)
Chemical/ Moderate (sensi- Moderate High Excellent Moderate
Environmental tive to moisture/
Stability uv)
Flexibility Low Low Very low Low High
CMOS* Moderate Poor Poor Excellent Moderate
Compatibility
Fabrication Ease  Easy (low-temp  Moderate Difficult High (thin-film deposition)  Very easy
methods, solu- (sintering, (solution
tion processing) high-temp) processing)
Integration in Good (com- Limited Limited Moderate Excellent
Flexible Systems  posites with
polymers)
Typical Forms Nanowires, Ceramics, Bulk ceramics, Thin films (MEMS/NEMS) Films,
for Energy nanorods, films thick/thin electros-
Harvesting thin films, films pun fibers,
composites composites

" CMOS =Complementary Metal-Oxide Semiconductor
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Fig. 2 The number of publications (from 2001 to 2024) in peer-reviewed journals, dealing with “ZnO AND Piezo-
electric” (AND is the Boolean operator; data collected from the Web of Science.™ database, www.webofscience.
com, accessed on 14 October 2024)

some recent applications of this piezoelectric ceramic embedded in a polymer matrix or
grown on a selected substrate as a crystal with specific morphology and orientation. We
will highlight the current limitations and challenges and discuss possible research trends
for the coming years.

2 Structure, properties, and morphology of ZnO
Although ZnO typically crystallizes in the hexagonal wurtzite structure, it can also exist
in cubic zincblende or rocksalt forms under certain conditions [4] (Fig. 3). At ambient
temperature and pressure, wurtzite is the thermodynamically stable form of ZnO [7]. It
belongs to the space group of P6 3mc and is characterized by a ratio of the lattice con-
stants ¢/a similar to the ideal value of a hexagonal cell (i.e., 1.633) [10]. Zincblende ZnO
is stable only when grown on a substrate with a cubic lattice structure. From a crystal-
lographic point of view, the zincblende and wurtzite structures share a similar atomic
arrangement, with the main distinction being the orientation of adjacent tetrahedral
units. In the zincblende structure, the angle between these units is 60°, whereas in the
wurtzite phase, it is 0°. This difference in angular configuration results in distinct crystal
symmetry and lattice properties for each phase [11]. In addition to these polymorphs,
ZnO can crystallize in the rocksalt form when the pressure increases above 10 GPa [14],
with the transition pressure depending on both temperature and grain size [4]. The high
bond polarity of ZnO makes the wurtzite more stable than the zincblende structure [15].
ZnO is a white, powdery material at room temperature and has a variety of unique
properties that make it valuable in many fields as resumed in Table 2 [43-45]. Among
them, it is worth highlighting that ZnO is an II-VI semiconductor with a direct wide
band gap (E5=3.37 eV [16, 17]) and is ideal for ultraviolet (UV) and blue wavelength
optoelectronic applications, due to its substantial exciton binding energy (60 meV [46]).
Its refractive index, as low as 2.05 [47, 48], leads to better light coupling, enhanced emis-
sion efficiency, and reduced optical losses, making it particularly beneficial for such
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Fig. 3 ZnO crystal structures represented by sticks and balls: cubic rocksalt (a), cubic zincblende (b), and hexago-
nal wurtzite (c). Reprinted with permission from [4].
Copyright Elsevier, 2020

Table 2 Main properties of ZnO
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(c)
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Zincblende Wurtzite

o [08)1 ]
b

Appearance Amorphous white or yellowish white powder
Density (g/cm?) 5.606

Melting point (°C) 1975

Nature of oxide Amphoteric species
Thermal conductivity (W/(mK) 0.6-1.2

Linear expansion coefficient (K™) 2-6x107°

Bandgap at room temperature (eV) 3.37

Bandgap at 4 K (eV) 344

Relative dielectric constant 8.66

Refractive Index 204

Intrinsic carrier concentration (1/cm?) 10'6-10%

Exciton binding energy (meV) 60

Breakdown voltage (V/cm) 5.0x10°0

Electron Hall mobility at 300 K (cm?/(V-s)) 200

Hole Hall mobility at 300 K (cm?/(V-s)) 5-50

lonicity (%) 62

devices as light-emitting diodes (LEDs) and laser diodes. ZnO has intrinsic antibacterial

properties, making it useful in medical and cosmetic products [49, 50].

ZnO is thermally stable and can withstand high temperatures without decomposing;

for these reasons, it is used as a catalyst in various chemical reactions [51-53]. Also,

ZnO exhibits piezoelectricity due to its non-centrosymmetric wurtzite crystal structure,

which allows it to generate an electric field in response to mechanical stress along the

ZnO c-axis by shifting the positions of the centers of the positive Zn and negative O

charges, thus altering the dipole moments within the crystal. This piezoelectric effect

makes ZnO suitable for applications including pressure and strain sensors and mechani-

cal energy harvesting from vibrations or motion [52, 54—57].
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ZnO can be synthesized in various morphologies, each significantly influencing the
electronic, optical, and catalytic properties, which makes them versatile for various
technological applications [52]. Indeed, ZnO nanostructures can be classified into dif-
ferent dimensions based on their shape and size, namely: zero-dimensional (0D), one-
dimensional (1D), two-dimensional (2D), and three-dimensional (3D) forms. 0D ZnO
structures are nanoparticles or quantum dots with all three dimensions confined to the
nanometer scale. They are usually spherical or nearly spherical, having a size range of
a few nanometers; they can be employed in bio-imaging, drug delivery, and sensors,
among others (Fig. 4A).

1D ZnO structures are elongated in one dimension, giving rise to the formation of
nanorods, nanofibres, nanowires, nanobelts nanotubes nanohelixes, nanoribbons nanor-
ings, and nanoneedles. As the other two dimensions are remarkably confined, these
structures are provided with high aspect ratios [52, 53] (Figs. 4B-E). 1D ZnO has wide-
spread potential application in electronics, field-effect transistors (FETs), gas sensors,
and nanogenerators [58]. Conversely, 2D structures have two dimensions extended in
a plane, with the third dimension being very thin, hence originating nanowhiskers, hex-
agonal, nanoplates, porous nanosheets, ultrathin nanosheets, nanoflakes, nanowalls,
nanosheets or thin films. The large specific surface area and polar faces [59] possessed by
2D ZnO make ZnO nanosheets superior candidates not only for solar cells but also for
photocatalysis: indeed, the large specific surface area of ZnO enables more contaminants
to be adsorbed onto its active surface, thus leading to more pollutants being attacked by
hydroxyl radicals.

Finally, 3D structures are complex architectures formed by the assembly of lower-
dimensional units (0D, 1D, or 2D); they exhibit three extended dimensions and vari-
ous morphologies like flowers, hierarchical structures, or mesoporous frameworks
microspheres (Fig. 5). Due to larger surface-to-volume ratios and porosity, they can be
employed in gas sensing and energy storage applications.

Fig. 4 Typical Scanning Electron Microscopy (SEM) images of (A) 0D ZnO nanospheres employed for the fabrica-
tion of microcantilevers. Reprinted with permission from [56].

Copyright Elsevier, 2017. (B) 1D ZnO needles. Reprinted with permission from [56]. Copyright Elsevier, 2017. (C)
1D ZnO nanorods. Reprinted with permission from [57]. Copyright ACS, 2006. (D) 1D ZnO nanowires, potentially
suitable for the fabrication of nanogenerators. Reprinted with permission from [61]. Copyright Elsevier, 2009. (E) 1D
Zn0 nanobelts, suitable for the fabrication of 1-D nanoscale sensors, transducers, and resonators. Reprinted with
permission from [60]. Copyright ACS, 2003
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Fig. 5 (A and B) Typical field emission SEM (FESEM) images of various 3D flower-like ZnO structures at different
magnifications. Reprinted with permission from [62].

Copyright Elsevier, 2007. (C and D) 3D structure of rose-like ZnO nanoflowers at different magnification. Reprinted
with permission from [63]. Copyright Elsevier, 2009. (E-G) SEM image of ZnO hierarchical nanorings grown from
hexagonal nanodisk (E) and from triangle nanodisk (F); magnified SEM image showing the secondary ZnO nanow-
ires (G). These nanorings are potentially suitable for the fabrication of electrodes for gas sensing. Reprinted with
permission from [64]. Copyright Elsevier, 2018

3 Synthesis of ZnO micro- and nano-structures

ZnO can be synthesized through various techniques, utilizing both solution-based and
vapor-phase approaches. Solution methods encompass sol—-gel, microemulsion, precipi-
tation/co-precipitation, hydrothermal, solvothermal, polyol, sonochemical, microwave-
assisted, and electrospinning techniques [65]. Vapor phase preparation includes pulsed
laser deposition [66], molecular beam epitaxy (MBE) [4], physical vapor deposition [67,
68], thermal evaporation [69], chemical vapor deposition [63, 70] (including metal—
organic chemical vapor deposition (MOCVD) [71], and plasma enhanced chemical
vapor deposition (PECVD) [72].

The most common approach for ZnO synthesis is the sol-gel method because of its
low cost, simplicity, and relatively mild synthesis conditions (“soft chemistry”) [73]. In
addition, the nanoparticles’ morphology can be tuned by controlling the reaction rate.
The sol-gel method consists of a series of consecutive chemical steps, starting with



Duraccio and Malucelli Discover Materials (2026) 6:44 Page 8 of 30

hydrolysis, followed by condensation, polymerization, and ending with the growth and
aging of particles [74]. More in detail, a ZnO precursor is first dissolved in alcohol; then,
an alkali solution (e.g., NaOH or NH,OH) is added dropwise to the precursor solution
under stirring. The solution is aged, leading to the formation of a gel that is dried and
then calcined at high temperatures (300-500 °C) to form ZnO nanoparticles. Zn pro-
poxide and acetate are the most employed precursors as they readily react with water
and enhance the hydrolysis reaction [75]. Precursors, solvents, and additives used during
the sol—gel synthesis of ZnO nanoparticles are thoroughly reviewed elsewhere [75].

As found in the scientific literature, selective control of the pH of the sol—gel solution
alters the size and optical properties of ZnO nanoparticles [76]. Calcination and anneal-
ing temperature also play an essential role in tailoring the size, shape, and optical prop-
erties of the synthesized ZnO nanoparticles [77]. Capping agents/surfactants introduced
as additives also affect the morphology of the synthesized oxide [76].

Similarly to the sol-gel process, such low-temperature wet chemical methods as
hydrolysis, precipitation, and hydrothermal processes are cost-effective and scalable:
they have been used to prepare a wide variety of ZnO nanostructures [78]. In a typi-
cal precipitation and co-precipitation reaction, a reducing agent (generally an inorganic
alkali) reacts with a zinc salt. This produces a precipitate that is washed and calcined
at a certain temperature, allowing to obtain particles with desired morphology and
characteristics [79]. In solvothermal and hydrothermal processes, a zinc salt and a base
(e.g., NaOH) are dissolved in hot solvents (other than water) or water, respectively, and
transferred to an autoclave under high pressure (1-10.000 atm) and temperature (100—
1000 °C). These methods are also useful for the synthesis of different metastable and
thermodynamically stable ZnO structures through the tailoring of the reaction condi-
tions [80, 81].

In the microemulsion method, micelles provide a well-defined nanoreactor environ-
ment offering precise control over the size, shape, and uniformity of the resulting ZnO
nanoparticles [82—84]. The process involves the preparation of two microemulsions con-
taining the same two immiscible liquids (usually oil and water) and a surfactant. One
microemulsion includes Zn salt (i.e., Zn** ions), and the second a precipitating agent
(usually a base like NaOH or NH,OH). The emulsions are mixed under controlled condi-
tions, and the reactants from the two water droplets diffuse and react inside the drop-
lets. Zinc hydroxide is the first product formed inside the microdroplets and undergoes
thermal decomposition by aging the solution, leading to the formation of ZnO nanopar-
ticles inside the water droplets [82]. The resulting microemulsion is broken down by
adding a polar solvent like ethanol or acetone, which separates ZnO nanoparticles from
both surfactant and oil. ZnO nanoparticles are then collected by centrifugation or filtra-
tion. This method is often used when monodispersity is crucial, such as in optoelectron-
ics, catalysis, or sensor technology: indeed, the microemulsion can effectively control
the particle size and protect the nanoparticles from excess aggregation due to its “cage”
effect. However, it requires careful optimization of the reaction conditions and is more
suited for lab-scale production than large-scale industrial synthesis [82].

In the polyol method, ZnO is nucleated and grows in a high-boiling polyol like ethyl-
ene glycol, diethylene glycol, tetraethylene glycol, or glycerol. The polyol acts as a solvent
and stabilizing agent that limits particle growth and suppresses particle agglomeration.
Further, the synthesis is easy to perform and requires neither multi-sequential steps nor
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advanced experimental conditions or equipment [85, 86]. Microwave-assisted [87, 88]
and sonochemical synthesis [89] employ microwave radiation and ultrasonic waves,
respectively, for the preparation of ZnO particles. The application of these waves to a
zinc precursor and a base solution facilitates the formation of particles with a uniform
particle size distribution [90].

Electrospinning is also recognized as a versatile, simple, and low-cost technique for
preparing inorganic nanofibers with a wide range of compositions, uniform diameters,
and substantial lengths [91, 92]. Some papers report about electrospun ZnO nanofi-
bers obtained from ZnO precursor solutions mixed with poly(vinylacetate) (PVAc) [93],
poly(vinylpyrrolidone) (PVP) [94], or poly(vinyl alcohol) (PVA) [95].

Among vapor-phase techniques, Chemical Vapor Deposition (CVD) is predominantly
used for the production of thin films and coatings, particularly in semiconductor manu-
facturing and materials science, due to its versatility and precision [96]. The CVD tech-
nique involves chemical reactions of zinc precursors (in the vapor phase), which give
rise to the deposition of a solid material onto a substrate through nucleation and ori-
ented growth. By changing the experimental conditions, such as the distance between
substrate and source, gas flow rate, process temperature, and catalyst, it is possible to
change the shape, density, and size of ZnO nanostructures [97]. Compared to other
vapor processes, CVD is a low-cost, low-maintenance, and effective process for deposit-
ing uniform films exhibiting good adhesion to the growing substrate. Besides, the easi-
ness of controlling the growth rate accounts for the high reproducibility of the obtained
nanostructures [97].

Solution-based methods for ZnO synthesis offer numerous advantages over vapor-
phase methods, including lower costs, milder experimental conditions, better scalability,
easier control over particle morphology, and environmental friendliness. They are more
versatile and simpler to implement, making them highly attractive for many applica-
tions, particularly when working with temperature-sensitive substrates or when large-
scale production is desired. However, the choice of method ultimately depends on the
specific application requirements, as vapor-phase methods might be preferred for appli-
cations requiring high-purity ZnO films or precise thin-film deposition [98].

4 Energy harvesting: the role of ZnO

Energy harvesting involves capturing and converting energy from the environment
into usable electrical energy. This energy can originate from various sources, includ-
ing solar radiation, thermal gradients, kinetic or vibrational energy, and electromag-
netic waves [19, 99, 100]. The main objective of energy harvesting is to power small
electronic devices, sensors, or systems without relying on external batteries or power
supplies, thereby promoting sustainability and minimizing energy waste. Energy har-
vesting is essential for the development of self-sustaining devices within the Internet of
Things (IoT) and for decreasing reliance on batteries, thus fostering the advancement
of greener and more efficient technologies [101-103]. Mechanical energy is the most
abundant ambient energy source and can be efficiently captured and converted into use-
ful electrical power [104]. Piezoelectric energy harvesting is a highly convenient method
for capturing ambient mechanical energy and converting it into electrical power. This
is because it operates only through the material intrinsic polarization, without the
need for material contact, external voltage source, or magnetic field, as required by
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triboelectric, electrostatic, and electromagnetic energy harvesting methods, respectively
[105]. According to Priya’s theoretical calculation [106], piezoelectric energy harvesting
devices have an energy density that is 3 to 5 times greater than that of electrostatic and
electromagnetic devices.

Piezoelectric energy harvesting devices have a broad spectrum of applications in vari-
ous fields, including water applications, transportation, structures, aerial uses, smart
systems, microfluidics, wearable and implantable electronics, biomedical devices, and
tissue regeneration [19, 107, 108].

As far as ZnO is concerned, several bending beam structures have been built and their
piezoelectric properties analyzed for wireless sensor networks [109-111] and portable
electronics [112-114]. ZnO nanogenerators are increasingly used in smart cities [115],
agriculture [116, 117], or industrial settings to monitor such conditions as temperature,
pressure, or structural health without the need for external power sources. ZnO-based
energy harvesters can be used as power sensors embedded in buildings, bridges, and
roads to monitor their structural integrity [118, 119]. The sensors are self-powered by
harvesting mechanical energy from ambient vibrations or environmental factors like
wind or traffic. ZnO nanostructures can be integrated into textiles or other flexible
materials to create flexible, wearable energy harvesting systems suitable for applications
in smart clothing or wearable electronics [113, 120—125]. An example of wearable elec-
tronics inserted in shoes is reported in Fig. 6 [126].

The generation of electricity from body movements makes ZnO devices ideal for pow-
ering small devices to detect human motions and subtle physiological activities, with
potential for motion capture, tactile perception, health monitoring, clinical diagnosis
[115], and also for monitoring vital signs, such as heart rate or muscle activity [127-131]
(Fig. 7).

5 Recent energy harvesting applications of “bulk” piezoceramic ZnO systems
ZnO piezoceramics have been employed quite extensively to design highly efficient
“bulk” (i.e., not incorporated into a polymer matrix) piezoelectric devices. The present
paragraph will summarize some recent scientific outcomes.

Kim and co-workers [132] tried to solve the issue related to the design of piezoceramic
haptic devices, which usually exhibit high piezoelectric coefficients but show some lim-
its as far as their elastic strain (i.e., the displacement over the entire thickness of the

Fig. 6 Prototype of a piezoelectric film inserted in a shoe. Reprinted with permission from [126].
Copyright Elsevier, 2006
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Fig. 7 Example of potential applications of flexible PVDF/ZnO piezoelectric film device converting human mo-
tions (a), including finger bending (b), knee and elbow bending (c), finger tapping (d), breathing (e), speaking (f),
and radial carotid and wrist pulse (g). Power density and instantaneous peak voltage (h) of the device as a function
of the load resistance at 10 Hz and under repeated pressure of 53 kPa. Circuit diagram for capacitor charging and
discharging to lighten a LED lamp. The effective working area is 0.4 x 1.2 cm.? (i). Representative charging curves of
various capacitors (j). Reprinted with permission from [121].

Copyright Elsevier, 2023

material) is concerned. To this aim, a truss-like 3D ZnO hollow nanostructure was man-
ufactured employing proximity field nanopatterning and atomic layer deposition on an
SU-8 epoxy layer template (Fig. 8) at four different processing temperatures (namely, 90,
165, 250, and 300 °C). Dual AC resonance tracking piezoresponse force microscopy tests
highlighted a piezoelectric coefficient as high as 9.2 pm/V.

Further, around 10% elastic limit was measured through compression tests carried out
on the 3D ZnO hollow nanostructure, suggesting its suitability for the design of efficient
haptic devices.

Abu Ali et al. [133] exploited plasma-enhanced atomic layer deposition for fabricating
ZnO thin films (thickness below 70 nm) deposited either on a poly(ethylene terephthal-
ate) or glass substrate. The deposition on the former substrate accounted for higher
values of piezoelectric current and charge (beyond 1.8 nA and 80 pC, respectively) com-
pared to the nanofilms deposited on glass (0.3 nA of piezoelectric current and 30 pC of
charge). This finding was ascribed to the high flexibility of the polymer substrate com-
pared to glass. Besides, the increase in deposition temperature accounted for a strength-
ening of the produced piezoelectric current signal (when mechanical stress was applied
along the polar axis in the hexagonal ZnO structure), due to the growth of the deposited
film along the (002) crystallographic orientation.

Scanning spreading resistance microscopy was specifically exploited by Synhaivskyi
and co-workers [134] to assess the piezoelectric effectiveness of ZnO nanowires (Fig. 9)

Page 11 of 30
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Fig. 8 Conceptual schematics (a) and SEM images (b) of 3D ZnO hollow nanostructure deposited at 90, 165, 250,
and 300 °C after removal of the epoxy template. XRD patterns of 3D ZnO hollow nanostructure before (black)
and after additional annealing (red) for each deposition temperature (c). Legend: ALD =atomic layer deposition.
Reprinted with permission from [132].

Copyright Elsevier, 2020

Fig. 9 Cross-sectional (90°) field emission scanning electron microscopy (FESEM) image (a) of 2.5% Ga-doped
nanowires after CBD deposition. Tilted cross-sectional (84°) FESEM image (b) of 2.5% Ga-doped nanowires after
encapsulation in a silica matrix and chemo-mechanical polishing (average roughness: 3.2 nm). Reprinted with
permission from [134].

Copyright ACS, 2021

doped with either Ga or Al and grown on silicon substrates through chemical bath
deposition.

The doping process accounted for a remarkable increase in the electrical conduc-
tivity of ZnO nanowires, achieving concentrations of free charge carriers as high as
(7.6 +3.6) x 101 cm™ for the material doped with Ga.

Besides, the ZnO nanowires, even highly doped, showed piezoelectric properties: this
finding was ascribed to an augmented surface trap density effect that promoted a Fermi
level pinning at the pH values used during the doping processes.

Liu et al. [135] fabricated an interesting piezotronic structure made of ZnO nanoplate-
lets, which combines the piezoelectric effect with semiconducting features, suitable for
the design of smart micro/nano-electromechanical systems, nanorobotics, and human—
machine interfacing devices. In particular, a preferred orientation of inner ZnO nano-

platelets accounted for better carrier transport control, thus increasing the electrical
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conductivity of the bulk material, working at 200-400 MPa pressure. In these condi-
tions, the measured maximum sensitivity and related gauge factor were as high as 1.149
uS m~! MPa~! and 467-589, respectively.

Polewczyk et al. [136] exploited x-ray diffraction and atomic force microscopy tech-
niques to investigate the role of thermal treatments and sputtering gas composition on
the piezoelectric response of ZnO thin films (thickness: 300 nm) in heterostructure-
based devices. More specifically, the use of a variable deposition temperature between
room temperature and 573 K, together with the introduction of 75% oxygen in the
sputtering gas, accounted for the obtainment of ZnO films on a silica/silicon substrate
with very low surface roughness (about 2—-3 nm), good orientation along the c-axis and
columnar grains (with a diameter of about 45 nm in the surface plane). Further, the
growth of these structures on bottom titanium electrodes induced a moderate piezo-
electric response, with 1.9+0.3 pm/V for the depositions performed at 573 K.

Large (i.e., with a surface area larger than 30 cm?) single ZnO crystals (possibly doped
with Ga) were prepared through a hydrothermal process as piezocatalytic materi-
als by Wang and co-workers [137], who investigated the catalytic hydrogen evolution
from pure water. When this latter was excited by ultrasound in the dark, a significant
hydrogen production activity was observed, with a maximum rate beyond 5900 pmol/h
m?. Besides, both the distribution and magnitude of the piezoelectric potential of the
synthesized ZnO single crystals were found to be strictly dependent on thickness and
exposed crystal plane.

Nikolaev and co-workers [138] demonstrated the possibility of remarkably enhancing
the efficiency of the piezoelectric chemosensors by employing ZnO nanorod arrays syn-
thesized on metal contacts as sensing elements. To this aim, different synthetic strategies
(namely, hydrothermal, electrochemical, and carbothermal techniques) were success-
fully employed. In particular, the carbothermal process accounted for the obtainment
of perfect, dense, and homogeneous nanorod arrays with good piezoelectric proper-
ties (Fig. 10), suggesting their suitability for the design of efficient bulk resonators with
noticeable photo and gas sensitivity.

Golovanov et al. [139] succeeded in synthesizing thick piezoelectric ZnO films fab-
ricated on both sides of various substrates (namely, lithium niobate and quartz plates,
and Kapton films) using the magnetron sputtering technique. To fix the issue related
to the different thermal expansion coefficients of the ZnO films and the substrates, the
sputtering conditions were optimized: this way, it was possible to obtain ZnO films

>
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Fig. 10 SEMimage (a) of nanorods obtained by carbothermal synthesis on the Au electrode. The current-voltage
characteristic (b) of the Au/ZnO nanorods/ZnO film/Au/SiO,/Si structure. Reprinted from [138] under CC-BY 3.0
License
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with a thickness of up to 15 pum, grain size of 0.3 um, high piezoelectric modules (i.e.,
7.5 pC/N), providing, after the application of mechanical stress, an electrical voltage
of around 35 mV, enough to design effective autonomic micro-energetic energy-store
systems.

Tran and co-workers [140] exploited density functional theory calculations to dem-
onstrate the possibility of restoring the buckling of ultrathin 2D ZnO sheets, and, there-
fore, their piezoelectric features, through the incorporation of defects (i.e., adsorbed O,
or O/Zn vacancies) into the piezoceramic material. In particular, the presence of 25%
Zn vacancy concentration in a 1.48 nm thick ZnO sheet resulted in an e;; value that
exceeded the bulk by 120%. These results suggested the suitability of the surface-modi-
fied ZnO nanosheets for the design of piezoelectric nanogenerators for energy harvest-
ing and efficient nano-based optoelectronic devices.

Similarly, a recent study from Yu et al. [141] utilized (0001)-oriented ZnO single crys-
tals (thickness of about 0.2 mm) for the fabrication of Bulk Acoustic Wave resonators,
i.e., radio frequency devices able to convert X-ray dose rate into a resonant frequency
offset (Fig. 11). The resonant frequency offset of the detector was recorded under dark
field and X-ray irradiation through the readout circuit, made of a frequency mixing cir-
cuit, an oscillator circuit based on a Pierce oscillator circuit structure, and an STM32
microcontroller. Changes in X-ray dose rate were observed based on the variation of the
resonant frequency, which, in turn, was affected by the changes in the ZnO piezoelectric
field as a consequence of the X-ray irradiation.

To summarize, Table 3 collects the main research outcomes for the systems discussed
in the present paragraph.

6 Recent energy harvesting applications of polymer-ZnO piezoelectric
systems

For energy harvesting applications, ZnO fillers can also be embedded into inert poly-
mers primarily to combine the advantages of both materials. In fact, ZnO, as a ceramic
material, is often brittle and rigid on its own. By incorporating the filler into a polymer
matrix, the resulting composite becomes more flexible and mechanically robust, allow-
ing the device to withstand repeated deformations without cracking [142]. The polymer
matrix helps distribute mechanical stress evenly across the composite, protecting the
piezoelectric filler from damage and increasing the device’s endurance [143, 144]. Also,
by varying the amount of piezoelectric filler and the type of polymer, the mechanical and
electrical properties of the composite can be finely tuned for specific applications [145].

(a) (b)

Zn0O

Fig. 11 Schematic diagram (a) and photo (b) of the ZnO single crystal Bulk Acoustic Wave detector. ZnO single
crystal has a size of 5x5x0.2 mm. and the electrodes of Al have a thickness of 100 nm. Reprinted with permission
from [141].

Copyright Elsevier, 2024
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Table 3 Main research outcomes for “bulk” piezoceramic ZnO systems

Authors System Main outcomes Ref

H.Kimetal 3D ZnO hollow 9.2 pm/V piezoelectric coefficient [132]
nanostructure

T. Abu Ali Zn0 thin films depos-  high piezoelectric current and charge values (beyond 1.8 nAand  [133]

etal ited on PET substrate 80 pC, respectively)

O. Syn- ZnO nanowires High concentrations of free charge carriers (7.6 x 1 0" em™) [134]

haivskyietal doped with Gaor Al when ZnO are doped with Ga

S.Livetal Zn0O nanoplatelets Under 200-400 MPa pressure, high maximum sensitivity and [135]

related gauge factor of 1.149 uS m~" MPa~" and 467-589,
respectively
V. Polewczyk  ZnO thin films depos- Moderate piezoelectric response (1.9+0.3 pm/V) for the deposi-  [136]
etal ited on Ti electrodes  tions performed at 573 K
B.Wang etal Single ZnO crystals Distribution and magnitude of the piezoelectric potential strictly ~ [137]
dependent on crystal thickness and exposed crystal plane

E. Golovanov ZnO nanorod arrays ~ High piezoelectric modules (7.5 pC/N) and electrical voltages of ~ [139]
etal ca.35mV

K.Tranetal  Ultrathin 2D surface-  25% Zn vacancy concentration accounted for ey; values exceed-  [140]
modified ZnO sheets ing the bulk by 120% (sheet thickness of 1.48 nm)

Z.Yuetal Single ZnO crystals Suitability for the design of Bulk Acoustic Wave Resonators [141]

The presence of the polymer, which acts as an insulator, prevents leakage of electrical
charge and helps to accumulate the charge generated by the piezoelectric filler [146].
Also, it allows for a larger surface area to be subjected to mechanical stress, which can
increase the amount of energy harvested [147]. From the fabrication point of view, poly-
mers are generally cheaper and easier to process than ceramics or single-crystal piezo-
electric materials [143, 145, 148]. This allows for the development of devices that can be
integrated into clothing, wearables, and soft robotics, fabricated into various shapes and
sizes, and versatile for a wide range of energy harvesting applications, from small-scale
sensors to large-scale structural health monitoring systems [149]. The most employed
matrices for the preparation of piezoelectric composites are poly(dimethylsiloxane)
(PDMS) [52, 150, 151] and photocurable resins [152, 153]. PDMS is a polymer charac-
terized by such important properties as flexibility, chemical stability, biocompatibility,
hydrophobicity, and high thermal and thermo-oxidative stability [154]. It is widely used
in the fabrication of flexible devices because of its mechanical properties [155]. Cauda
et al. [52] used PDMS to prepare composites containing ZnO particles with different
morphologies (i.e., microwires, multipods, and desert roses) and aspect ratios, synthe-
sized by a hydrothermal process, intending to investigate the piezoelectric output power
dependence on the filler morphologies used. They found that an output voltage of about
9V and a maximum power of 55 mW were obtained when 40 wt.% of the highest aspect-
ratio ZnO filler (i.e., the microwires) was used (Fig. 12).

Jeronimo et al. [150] prepared PDMS/ZnO nanocomposites using two different ZnO
morphologies (i.e., nanoflowers and nanospheres) at different loadings (up to 10 wt.%).
The composites containing nanoflowers produced a higher and more stable electri-
cal response compared to the commercial nanoparticles, hence demonstrating that the
proper selection of the geometry of the nanofillers is of paramount importance to maxi-
mize the piezoelectric response.

Zhang et al. [151] sought to enhance the dielectric and piezoelectric properties of
PDMS by incorporating spherical ZnO microparticles at four different volume frac-
tions (namely, 14, 24, 34, and 44 v.%). The ZnO microparticles were aligned via dielec-
trophoresis, improving the connectivity between ZnO interfaces, and thereby boosting
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Fig. 12 Schematic representation and photo of the PDMS/ZnO device assembled within the electrodes. PDMS/
ZnO has dimensions of 10x 10x 1 mm?; PMMA and the copper-metalized rectangles are 20x 10 mm.? (a); peak-
to-peak output voltages (b) obtained after compression (at 75 Hz of oscillating frequency and 0.2 mm peak-to-
peak displacement) of the PDMS/ZnO composites based on the four different ZnO morphologies at different ZnO
filler concentrations (i.e,, 20, 30, 40, and 50 wt.%). Legend: DRs=desert roses, MPs=multipods, MWs=microwires,
Cs=commercial particles. Reprinted with permission from [52].
Copyright Elsevier, 2015
the overall piezoelectric performance. Notably, at a low volume fraction of 14 v.%, the
ds; value of the oriented sample exhibited a significant increase compared to the unori-
ented one (0.4 vs. 0.05 pC/N, respectively). Beyond 24 v.% of ZnO, the dj; of the ori-
ented sample showed only a small increase, reaching a saturation point. This behavior
contrasted with randomly oriented ZnO composites, where d;; improved significantly at
higher filler loadings. When the volume fraction was 44%, the oriented composite dem-
onstrated nearly doubled d;; compared to the unoriented composite (0.52 pC/N vs. 0.27
pC/N, respectively).

UV-curable systems are widely employed in the preparation of piezoelectric systems
due to several key advantages, meeting the complex demands of piezoelectric device
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fabrication while offering efficiency and versatility [55]. UV curing is compatible with
advanced fabrication techniques like photolithography. This enables high-resolution pat-
terning, which is essential for creating intricate structures in microelectromechanical
systems (MEMS) and other miniaturized piezoelectric devices [152, 155-157].

Prashanthi et al. [152] incorporated 20 wt.% of ZnO nanoparticles into SU-8 photo-
resist. More specifically, a layer of SU-8 was spin-coated onto a silicon substrate featur-
ing a Ti/Au deposition and subsequently underwent thermal treatment to remove the
residual solvent. Notably, the film exhibited a ds; coefficient of 6.2 pm/V, aligning closely
with the values reported for bulk ZnO.

Kandpal et al. [156] found that the resonant frequency response of the piezoelectric
device based on Su-8/Zn0, increased from 15 to 23 pm/V with increasing the ZnO load-
ing from 5 to 20 wt.%. In another work, SU-8/ZnO at 15 wt.% of ZnO exhibited open
circuit voltages of 570 mV, when stressed by regular finger pressing [157].

Malucelli and co-workers employed bis-phenol A ethoxylate diacrylate (Ebecryl 150)
for preparing UV-cured composite films filled with ZnO micro- and nano-objects [56,
158, 159]. In particular, the influence of the different ZnO morphologies (incorporated
at 4 wt.% loading) on the piezoelectric response of 150 um thick films was studied [56].
Flower-like morphologies showed the best piezoelectric performance at both 150 Hz
and at the resonance frequency, reaching a maximum RMS voltage of 0.914 mV when
5.79 g of acceleration was applied. These findings were attributed to the fact that, in the
flower-like morphologies, a higher amount of the (002) crystallographic planes could
be found parallel to the applied mechanical solicitation and, thus, more effective from a
piezoelectric point of view.

In a further research effort, the same group assessed the impact of the ZnO loading
(ranging from 4 to 20 wt.%) on the piezoelectric performance of the UV-cured films
[158]: RMS output voltages of 4.94 mV and 1.85 mV at 5 g of acceleration were mea-
sured for the composite films embedding 20 wt.% flower-like and needle-like ZnO,
respectively.

To enhance the piezoelectric responses of these Ebecryl150/ZnO composites, Signore
et al. added cellulose nanocrystals (CNCs), a powder vapor-deposited AIN layer onto
the top surface, and an anchored proof mass on the beam tip [159]. They demonstrated
that CNCs negatively impacted the piezoelectric properties of the composite films com-
pared to those with ZnO. This finding was attributed to the lower crystallinity of cel-
lulose nanocrystals and their poorer interfacial adhesion with the polymer matrix. On
the other hand, the deposition of a nitride layer on the flower-like ZnO composite film
accounted for a significant increase in the RMS voltage from 1.0 to 3.9 mV. This output
voltage further improved with the addition of a proof mass, reaching 4.5 mV.

ZnO was also added to ferroelectric polymers such as poly(vinylidene fluoride)
(PVDF) [160-164] and poly(vinylidene fluoride-co-trifluoroethylene) copolymer (PVDE-
TrFE) [144] for improving the piezoelectric performances of the polymer device.

PVDF is the most studied polymer as a nanogenerator, due to its biocompatibility,
flexibility, and good piezoelectric features. The B-phase of PVDF is polar and shows
the strongest ferroelectric and piezoelectric response [165]. ZnO nanoparticles can
enhance the p-phase formation and the piezoelectricity of PVDF polymer. Consider-
ing that ZnO is inherently piezoelectric due to its non-centrosymmetric wurtzite crys-
tal structure, it does not require poling [166]. However, poling is often necessary when
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incorporating a piezoelectric material into a polymer matrix to form a composite with
an overall enhanced piezoelectric response. This is mainly because the polymer com-
ponent (e.g., PVDF) contains randomly oriented dipoles that require alignment using
an external electric field. Poling facilitates the alignment of these dipoles and may also
improve interfacial charge transfer between ZnO and the polymer, thereby enhancing
the composite’s performance [167, 168]. The process permanently polarizes the material,
so careful control and optimization are crucial to ensuring the reliability and efficiency
of piezoelectric devices [55, 166].

Among the most recent works on PVDF composites, Mahapatra et al. grew ZnO
nanorods by hydrothermal method and incorporated them into a PVDF matrix in the
concentration range of 5-15 wt.% [143]. The open-circuit voltage of these systems
increased from approximately 4 to 14.6 V as the ZnO nanorod loading in the polymer
matrix increased from 0 to 10 wt.%; besides, further increase in ZnO nanorod loading
provided a detrimental effect on the piezoelectric behavior (Fig. 13).

The observed piezoelectric trend (below 10 wt.% ZnO nanorod loading) was attrib-
uted to the presence of the PVDF B-phase, while the subsequent decreased output volt-
age was ascribed to changes in the dielectric constant and remnant polarization. The
system embedding 10 wt.% ZnO was employed for developing a shoe insole pedometer,
which was successfully tested over 5000 steps at various walking frequencies, ranging
from 0.5 to 2 Hz, and speeds between approximately 1.4 and 5.5 km/h.

Pursuing this research, the same group designed a self-powered UV sensor with high
responsivity by combining a flexible ZnO (in the form of nanorods)-PVDF piezoelectric
nanogenerator and a photodetector for continuous real-time monitoring of UV radia-
tion [169]. The device showed remarkable performance, as witnessed by 93% sensitivity,
7.14V responsivity, 0.67 s response time, and 4 s recovery time.

Li et al. [144] modified ZnO nanoparticles through the concurrent addition of a dis-
persant (n-propylamine) and a silane coupling agent (i.e., perfluorooctyltriethylsilane)
and were then incorporated into PVDF-TrFE (Fig. 14). The average d; value of the film
containing modified ZnO was around 34.7 pC/N, which was remarkably higher than
that of the unfilled PVDF-TrFE film (about 20.0 pC/N). The average value of the output
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Fig. 13 The open circuit voltage PVDF/Zn0O-based device with different ZnO concentrations. Reprinted with per-
mission from [143].
Copyright Elsevier, 2023
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Fig. 14 The schematic structure of the device. The thickness of the whole film was determined from the SEM
image of the cross-section and was approximately 22 um (a). Image showing the optical transmittance of the
PVDF-TrFE/ZnO composite film after ZnO modification with silane (b). Side-view SEM image of the device (c). Digi-
tal image of the device (d) and its flexibility (e). Legend: ITO=Indium Tin Oxide; PEN = poly(ethylene naphtalate);
PVDF-TrFE = poly(vinylidene fluoride-co-trifluoroethylene) copolymer. Reprinted with permission from [144].
Copyright Elsevier, 2019

voltage of the fabricated piezoelectric nanogenerator obtained by sandwiching the film
between ITO and Au layers was 2.65 V (the unfilled film exhibited an output voltage of
2.13 V). After 1000 testing cycles, the output voltage of the device remained stable at
2.40 V, demonstrating the generator's excellent mechanical durability and its potential
suitability for flexible, smart device applications.

Poly(acrylonitrile) (PAN) [170] gained attention as a ferroelectric polymer because
it may exhibit a better piezoelectric response than PVDE, despite a limited capacity to
convert mechanical energy into electrical energy [171]. PAN/ZnO composites were pre-
pared by solution casting after mixing PAN and two different types of ZnO at 5 wt.%
loading, namely: spherical ZnO (ZnP) obtained by precipitation and ZnO nanowires
(ZnW) synthesized through a hydrothermal method. It was found that, without any
external poling, all the films showed increasing output voltage with increasing tapping
frequency. More specifically, for the PAN film, the voltage rose from approximately 1 to
14.3 V; for PAN/ZnP, it increased from 10 to 40 V, and for PAN/ZnW, from 16 to 52 V as
the frequency was raised from 1 Hz to 3.1 Hz, respectively.

Zhu et al. [172] exploited electrospinning to obtain PVDF membranes incorporating
cellulose nanofibers loaded with ZnO (through the hydrothermal method). The resulting
composite membranes showed longitudinal piezoelectric coefficients (d;;) of 31+2.07
pC/N; besides, the application of a 45 N force accounted for open-circuit voltage and
short-circuit current of 11.8 V and 452 nA, respectively.

Motora and co-workers developed a piezoelectric nanogenerator comprising a ZnO/
PVDF membrane obtained through electrospinning [173]. Under 12 N force, this nano-
generator could harvest power density, voltage, and output current of 20.1 mW/m? 50V,
and 1.15 pA, respectively. Besides, the energy scavenging provided by the nanogenerator
was enough to light 20 green LEDs and display an LCD timer for 1 s. Finally, the device
showed outstanding cyclic charging and discharging properties, making it potentially
suitable for practical energy harvesting applications.

Rahsepar et al. employed the Taguchi design experiment for optimizing the figure
of merit of KNN-0.8Z2nO embedding polyvinylidene fluoride-hexafluoropropylene
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copolymer at different loadings (namely 20, 30, and 40 wt.%), and prepared by cold sin-
tering (at 400 MPa, 200 °C for two hours) [174]. 20 wt.% of the copolymer accounted for
a dj; coeflicient of 43.2 pC/N, showing the best figure of merit (i.e., 1.95 pmz/ N).

Moezzi and co-workers incorporated different amounts of ZnO nanoparticles (from
5 to 40 wt.%) into a poly(lactic acid) matrix, aiming to obtain low-cost piezoelectric
“sustainable” films [175]. Applying 1 kgf impact pulse pressure and working at 3 Hz fre-
quency accounted for high piezoelectric features, as evidenced by short-circuit current
values and normalized peak-to-peak open circuit voltages as high as 167.1 nApp/g, and
8.55 Vpp/g, respectively.

Huang et al. designed novel polyacrylonitrile nanofiber-based flexible piezoelectric
sensors embedding MXene and polydopamine-modified ZnO (3 to 10 wt.% ZnO load-
ing) [176]. The devices showed outstanding linearity and high sensitivity, up to about
29 V/N. Besides, they highlighted fast swift response and recovery times (respectively of
49 and 40 ms), together with excellent mechanical behavior and durability.

Wang et al. exploited a one-pot synthesis method for obtaining piezoelectric hydro-
gels: to this aim, ZnO nanoparticles (up to 4.4 wt.% loading) and carboxylated multi-
walled carbon nanotubes (at 22.2 wt.% loading) were incorporated into a hydrogel made
of poly(vinyl alcohol), agar, and tannic acid [177]. The piezoelectric hydrogel with the
highest zinc oxide loading was able to produce stable piezoelectric signals (93.4 mV volt-
age generated under the impact of a 100 g weight, 50 mm free fall), suitable for energy
harvesting purposes.

Misra and co-workers synthesized solid and hollow zinc oxide nanorods, to be
employed with PDMS in the manufacturing of piezoelectric touch and bending sen-
sors [178]. In particular, under the application of 400 nN force, the piezoelectric poten-
tial values of hollow and solid zinc oxide nanorods-based sensors were about 1200 and
200 mV, respectively. These findings were ascribed to the different aspect ratios of the
two nanostructures.

Taleb et al. exploited two different techniques, namely spray coating and casting, for
preparing ZnO/poly(vinylidene fluoride-trifluoroethylene) copolymer composite films
[179]. The use of the casting method and the incorporation of 20 wt.% of zinc oxide
ensured a good piezoelectric response, with a ds; of 48.93 pm/V and a high sensitivity
(about 18.5 mV/N): these characteristics suggested the potential of the obtained films
both as tactile sensors in a gripping robot and as wearable devices, able to monitor the
movement in human arms.

Wang and co-workers investigated the piezoelectric features of electrospun
poly(vinylidene fluoride-trifluoroethylene) copolymer nanofibers loaded with AIN (at
0.1 wt.%) and ZnO (at different loadings, namely, 0.5, 1, and 1.5 wt.%) [180]. In par-
ticular, the presence of 1.5 wt.% of zinc oxide allowed for measuring 23 V open-circuit
voltage and 65 nA short-circuit current in the final device, hence demonstrating its suit-
ability for efficiently monitoring human movements through the recognition of signal
features from several finger postures.

He et al. designed and developed a self-powered piezoelectric sensor made of 3D
porous fluorine-containing polyimide and ZnO nanoparticles (5-20 wt.% loading),
exploiting a water vapor-induced fast phase separation technique [181]. 15 wt.% of zinc
oxide accounted for exceptional piezoelectric sensitivity (0.75 V/N), high voltage output
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(4 V), fast response and recovery time (15 and 20 ms, respectively), and remarkable
durability (beyond 9000 cycles).

Fernandez-Gil and co-workers demonstrated that aligning ZnO microrods (at 5-30
wt.% loading) in 3D-printed polycaprolactone in the presence of conductive particles
like thermally reduced graphene oxide (at 0.2 or 0.5 wt.%) allows for obtaining high-
performing piezoelectric devices with boosted piezo-response [182]. More specifically,
the composites embedding 30 wt.% of zinc oxide and 0.5 wt.% of thermally reduced gra-
phene oxide showed maximum voltage generation of about 142 and 696 mV, respectively
during the application of a remote pressure produced by ultrasonic waves and the appli-
cation of a direct contact mechanical pressure exerted by a linear actuator.

To summarize, Table 4 collects the main research outcomes for the systems discussed
in the present paragraph.

7 Challenges and limitations of ZnO-Based piezoelectric Nano/microstructures
and composites

ZnO has been widely studied as piezoelectric material due to its intrinsic non-centro-
symmetric wurtzite structure, ease of synthesis, and environmental compatibility [38,
41] Additionally, ZnO-polymer composites have gained traction for their combination
of mechanical flexibility and enhanced piezoelectric response [52]. Despite these advan-
tages, both ZnO and its polymer composites face notable challenges that limit their
practical applications. A key limitation lies in material quality and defect control. In ZnO
nanostructures, such defects as oxygen vacancies and zinc interstitials can lead to charge
screening, reducing the piezoelectric output. [183, 184] In composites, poor dispersion
or aggregation of piezoelectric filler within the polymer matrix can cause inconsistent
performance and low efficiency [158, 185]. Mechanical stability is also a concern. In fact,
ZnO nanowires are prone to fracture; besides, in composites, the interface between ZnO
and the polymer often suffers from weak adhesion, limiting stress transfer and device
durability [186]. Although ZnO itself does not require poling, poling becomes essential
in ZnO-polymer composites to align the polymer dipoles and optimize the piezoelec-
tric performance. This step must be carefully controlled to avoid poor reproducibility
and low output [167, 168]. In terms of output performance, both systems generally pro-
duce low voltages and currents, with energy conversion efficiencies affected by para-
sitic losses, charge trapping, and non-optimized interfaces. Therefore, further research
efforts are required to solve these issues in the coming years.

Scalability and integration represent major bottlenecks. Achieving uniform ZnO
nanostructure orientation or consistent ZnO dispersion in polymers over large areas is
challenging. Moreover, many fabrication methods lack compatibility with standard man-
ufacturing processing [187]. Finally, environmental stability and biocompatibility pres-
ent concerns. ZnO can degrade when exposed to moisture [188] or UV light radiation
[189-191]. While ZnO composites offer some protection, their long-term performance
requires further validation [192]. In summary, although ZnO-based piezoelectric struc-
tures and their composites show great potential, it is crucial to address issues related
to material defects, mechanical integrity, output efficiency, interfacial engineering, and
process scalability for them to transition into reliable, real-world devices.
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Table 4 Main research outcomes for polymer-ZnO piezoelectric systems

Authors System Main outcomes Ref
V. Cauda Zn0 particles with different  ZnO microwires at 40 wt.% accounted for an output voltage [52]
etal morphologies in PDMS of about 9V and a maximum power of 55 mW
K. Jeroni- Zn0O nanoflowers in PDMS More stable electrical responses compared to devices [150]
mo et al embedding the commercial nanoparticles
X.Zhang Spherical ZnO microparticles  dj; values of 0.4 and 0.52 pC/N respectively with 14 and 44 [151]
etal in PDMS v.% of ZnO loadings
K.Prashan-  ZnO nanoparticles in SU-8 ZnO nanoparticles at 20 wt.% accounted for ds; values of [156]
thietal 6.2 pm/V
M. Kandpal ZnO particles in SU-8 Zn0 nanoparticles at 20 wt.% accounted for ds5 values of [142]
etal 23 pm/V
B.Krishna  ZnO particles in SU-8 Zn0O nanoparticles at 15 wt.% accounted for open circuit [157]
etal voltages of 570 mV
G. Malucelli ZnO flowers ina UV-curable At 4 wt% loading, a maximum RMS voltage of 0914V was  [56]
etal acrylic resin achieved under 5.79 g of acceleration
D. Duraccio ZnO flowers or needlesina At 20 wt.% loading, a maximum RMS voltage of 4.94 and [158]
etal UV-curable acrylic resin 1.85 mV was achieved under 5 g of acceleration for the
composites embedding flowers or needles, respectively
M.A. Zn0 flowers and CNCs in a 3.9 mV RMS voltage was achieved when a AIN layer was [159]
Signore UV-curable acrylic resin deposited on the composite films
etal
A. Mahapa- ZnO nanorods in PVDF 10 wt.% of ZnO accounted for 14.6 V of open-circuit voltage  [143]
traetal
A.Mahapa- ZnO nanorods in PVDF High piezoelectric performance (93% sensitivity, 7.14V [169]
traetal responsivity, 0.67 s response time, and 4 s recovery time)
J.Lietal Silane coupling agent- Average ds; value of 34.7 pC/N and output voltage of 2.65V  [144]
modified ZnO particles in (which decreased to 2.40V after 1000 testing cycles)
PVDF-TrFE
G. Kaur Spherical ZnO or ZnO At 5 wt.% loading, spherical ZnO and ZnO nanowires [170]
et al nanowires in PAN accounted for 14.3 and 40 V output voltages (at 1 Hz
frequency)
Q Zhuetal Cellulose nanofibers loaded  dj3 values of about 31 pC/N, 11.8V open-circuit voltage and  [172]
with ZnO in PVDF 452 nA short-circuit current (applying 45 N force)
K.G.Mo-  ZnO/PVDF electrospun Under 12 N force, 20.1 mW/m?, 50V, and 1.15 A harvested, [173]
toraetal membranes respectively
H.Rahse-  KNN-0.8ZnO embedding At 20 wt.% of copolymer, dy; values of 43.2 pC/N [174]
par et al PVDF-hexafluoropropylene
M. Moezzi  ZnO nanoparticles in At 40 wt.% loading, short-circuit current values and normal-  [175]
etal poly(lactic acid) ized peak-to-peak open circuit voltages as high as 167.1
nApp/g, and 8.55 Vpp/g, respectively
Y.Huang PAN nanofiber sensors Linearity and high sensitivity up to 29 V/ N; fast swift re- [176]
etal embedding MXene and sponse and recovery times (49 and 40 ms, respectively)
modified ZnO
H.Wang Hydrogels embedding ZnO  Stable piezoelectric signals (93.4 mV voltage generated [177]
tal nanoparticles and carboxyl-  under the impact of a 100 g weight, 50 mm free fall)
ated multi-walled carbon
nanotubes
M. Misra Hollow and solid ZnO Under 400 nN force, 1200 and 200 mV piezoelectric poten-  [178]
etal nanorods in PDMS tial values of hollow and solid ZnO
S.Taleb Zn0 particles in PVDF-TrFE At 20 wt.% loading, d35 of 48.93 pm/V and a high sensitivity  [179]
etal (about 18.5 mV/N)
J.Wang Electrospun PVDF-TrFE em- 0.1 wt.% of AIN and 1.5 wt.% of ZnO accounted for 23V [180]
etal bedding ZnO and AIN open-circuit voltage and 65 nA short-circuit current
PHeetal ZnO nanoparticlesin 3D At 15 wt.% loading, exceptional piezoelectric sensitivity [181]

porous fluorine-containing
polyimide

(0.75V/N), high voltage output (4 V), fast response and
recovery time (15 and 20 ms, respectively), and remarkable
durability (beyond 9000 cycles)
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Table 4 (continued)

Authors System Main outcomes Ref
F. Zn0O microrods and reduced 30 wt.% of ZnO and 0.5 wt.% of thermally reduced gra- [182]
Ferndndez- graphene oxide in 3D- phene oxide accounted for maximum voltage generation

Giletal printed polycaprolactone of ~142 mV (applying a remote pressure produced by

ultrasonic waves) and 696 mV (applying a direct contact
mechanical pressure exerted by a linear actuator)

8 Future perspectives

The advancement of ZnO-based piezoelectric nano/microstructures and composites is
expected to be driven by innovative material combinations and intelligent design strate-
gies. Hybridization with other functional materials like ferroelectrics, two-dimensional
materials (e.g., MoS,, graphene), and conductive polymers [22, 193, 194], holds signifi-
cant promise for enhancing piezoelectric performance, mechanical adaptability, and
multifunctionality. In parallel, doping approaches are being actively explored to modu-
late ZnO’s electrical properties, minimize charge screening, and improve piezoelectric
efficiency. [38, 42]. Furthermore, integrating artificial intelligence (AI) and machine
learning could be a powerful way to speed up material optimization, guide device design,
and adjust processing parameters more accurately [195-197]. These strategies, together
with ongoing efforts to develop scalable and compatible fabrication techniques, will be
pivotal in advancing ZnO-based piezoelectric systems toward practical applications
in wearable electronics, self-powered sensors, and next-generation energy harvesting
technologies.

9 Conclusions

The piezoelectric properties of ZnO are currently very interesting and are attracting
increasing attention not only from academia but also from industry. Although its piezo-
electric properties are lower than those of other piezoceramics like BaTiO; and lead
zirconate titanate, ZnO is a lead-free and low-cost material. In addition, it can be eas-
ily processed into different shapes and morphologies, each with different piezoelectric
properties and a high degree of tunability according to the piezoelectric device to be
designed and implemented. It is also worth noting that, unlike perovskite piezoceramics,
crystallographically oriented ZnO micro- and nanostructures do not require external
poling for their piezoelectric use, notwithstanding the possibility of exploiting doping
processes on ZnO, which have already demonstrated their high potential for increasing
the overall piezoelectric efficiency.

All these characteristics highlight the potential of ZnO both as a single piezo crystal
grown on a specific substrate with an individual shape/morphology and as a piezo filler
in various thermoplastic and thermosetting polymer matrices that do not exhibit any
piezoelectric property. Besides, it exhibits piezoelectric features even without polariza-
tion. When ZnO structures are incorporated into a polymer matrix, they can still gener-
ate an electrical response under mechanical deformation even without polarization. The
piezoelectric behavior depends on how ZnO is distributed and oriented within the poly-
mer. If ZnO is well-aligned in a certain direction and evenly distributed in the polymer
matrix, the piezoelectric response can be more effective, as it allows for better exploiting
coherent and additive contributions from each piezoelectric domain. However, align-
ing the ZnO structure to maximize its piezoelectric response can be somewhat chal-
lenging and costly. A not-very-high piezoelectric response can still be useful in various
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applications, especially where the main focus is on mechanical flexibility, cost-effective-
ness, or specific material properties over strong piezoelectric effects. In particular, in
flexible electronics and wearables, materials with a low piezoelectric response might be
preferred when mechanical flexibility is prioritized over high piezoelectric sensitivity.

However, some current limitations must be overcome to widen the use of this piezo-
ceramic. First, despite the large number of ZnO micro- and nano-structures, the cur-
rent research is somewhat limited to the utilization of only a few of them, particularly
referring to such nano-objects as nano-rods/needles, nanosheets, and nanobelts. Con-
versely, the exploration of the piezoelectric characteristics of other ZnO structures (like
flowers, helixes, whiskers, hierarchical (nano)rods, and polyhedral cages, among others)
is still in its infancy, though some literature works seem to indicate a big potential. In
addition, despite the ease of synthesizing ZnO structures, current research is still lim-
ited to laboratory-scale synthesis processes: industrial use would require these synthesis
processes to be easily scalable to produce sufficient quantities to manufacture industrial
piezo devices.

It seems reasonable to posit that interest in assessing the piezo-conversion efficiency
of these different ZnO structures will continue to grow. This will undoubtedly promote
the development of novel, reliable piezoelectric architectures that are durable and capa-
ble of effectively converting stray vibrations from crowded buildings, running vehicles,
and human bodies into usable electrical energy.
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