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Abstract: The synthesis of reliable, cost-effective, and eco-friendly ZnO piezoelectric
nanoparticles (NPs) can contribute to nanotechnology applications in electronics, sensors,
and energy harvesting. Herein, ZnO NPs were synthesized using a hydrothermal method
under varied reaction times and adding ammonium hydroxide, which provided an ad-
vantage of a low-cost, scalable, low-temperature, and environmentally friendly process.
Characterization through UV–Vis spectroscopy revealed absorption peaks between 374 and
397 nm, showing a blue shift compared to bulk ZnO (400 nm) attributable to nanoscale di-
mensions. Transmission Electron Microscopy (TEM) analysis indicated particle dimensions
with length and width ranges from 150 to 341 nm and from 83 to 120 nm, respectively. X-ray
diffraction (XRD) confirmed high-crystalline quality, with crystallite sizes calculated using
the Scherrer equation. In addition, the effective mass model provided an estimated band
gap that matched with the reported data. Also, the lattice parameters, interplanar distances,
and Zn-O bond lengths were consistent with Joint Committee on Powder Diffraction Stan-
dards (JCPDS). Finally, a ZnO NP film was deposited on a steel substrate, which generated
a displacement of 150 nm under a square wave voltage of 10 V. The piezoelectric behavior
of the synthesized ZnO NPs can be useful for fabrication of piezoelectric nanogenerators.
The proposed synthesis can allow ZnO NPs with potential application in electronic devices,
energy harvesters, and transducers.

Keywords: nanoparticles synthesis; energy harvesters; hydrothermal method; piezoelectric
nanogenerators; ZnO nanoparticles

1. Introduction
The synthesis of zinc oxide (ZnO) nanoparticles (NPs) has gained significant scien-

tific interest due to the unique chemical and physical properties of these NPs that arise
specifically at the nanoscale. Unlike bulk materials, nanoparticles exhibit a high surface-
area-to-volume ratio, providing increased surface contact sites that are crucial for catalytic,
sensor, and energy applications [1]. However, the synthesis of ZnO NPs with precise size,
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morphology, and crystallinity is a challenge. In addition, the synthesis of these nanoparti-
cles requires a scalable and cost-effective process with minimum environmental impact.
Variations in synthesis conditions (e.g., temperature, pH, and precursor concentration)
can drastically alter nanoparticle morphology and functionality. Therefore, synthesis of
optimal parameters is necessary to achieve desired properties of nanoparticles for specific
applications. Furthermore, the reproducible and controlled formation of ZnO NPs can
allow the fabrication of ZnO films for applications in piezoelectric devices and sensors, in
which the nanoparticle size and shape affect their performance.

ZnO is an n-type semiconductor from Groups II–VI which can have three different
structures: wurtzite (hexagonal structure), zinc blende (cubic), and rock salt (cubic) [2].
The ZnO wurtzite is the most stable structure with lattice constants of a = 3.2498 Å and
c = 5.2066 . In the wurtzite structure, the Zn2+ cation is surrounded by four O2− anions
and vice versa. This tetrahedral atomic arrangement is non-centrosymmetric in the ZnO
crystal structure. When unstressed, the centers of mass of the positive and negative ions
coincide at the center of the tetrahedron. There is no net polarization in the unit cell. Upon
the application of pressure at an apex of the tetrahedron, the centers of mass of the cations
and anions are relatively displaced, making the generation of a net polarization or charges
on the crystal surface [3]. ZnO is an abundant natural metal oxide, chemically stable
in air, low-cost and biologically safe with a wide band gap (3.37 eV), and large exciton
binding energy (60 meV) [4,5]. These properties of ZnO NPs allow their application in
nanogenerators [6,7], solar cells [8,9], photocatalysis [10], electrochemiluminescence [11],
and gas sensors [12,13].

There are several methods for ZnO synthesis such as hydrothermal [14,15], laser
ablation [16], microwave [17], chemical vapor deposition [18], electrochemical [19], and
sol–gel [20], among others. Moreover, ZnO nanostructures can be synthesized as nanoparti-
cles [21], nanorods [22], nanobelts [23], nanosheets [24], nanotubes [25], and nanowires [26].
It is due the relation between properties and morphology of the ZnO nanostructures.

Herein, we propose a cost-effective, low-cost, scalable, and eco-friendly hydrothermal
synthesis method for producing high-quality ZnO nanoparticles at a low temperature
(150 ◦C) under variable reaction times. By adjusting the reaction conditions and adding
ammonium hydroxide in select cases, we investigate the effects of hydroxide concentration
on the morphology, crystallite size, band gap, and lattice parameters of the ZnO nanoparti-
cles. The low strain observed with lattice parameter measurements for ZnO NPs confirms
the stability and structural quality of the synthesized ZnO NPs, which are demonstrated
by their XRD patterns and stable electrical properties. Furthermore, we study the ZnO
NPs synthesis routes using Transmission Electron Microscopy (TEM), UV–Vis spectroscopy,
X-ray Diffraction (XRD), and electrical behavior via hysteresis loops. These measurements
of the ZnO nanoparticles show the versatility and robustness of the proposed synthesis.
By using a fotonic sensor, we measure the displacements of a ZnO NPs under square
wave voltages from 1 to 10 V. Thus, we report the relationships of the synthesis-structure
properties of ZnO nanoparticles, which allow a scalable and sustainable method for fabri-
cation of ZnO NPs. These ZnO nanoparticles have potential applications in piezoelectric
nanogenerators, sensors, transducers, and consumer electronics.

2. Materials and Methods
2.1. Materials

Zinc acetate dihydrate (Zn(CH3COO)2·2H2O) from the Sigma-Aldrich chemical com-
pany (St. Louis, MO, USA), ethylenglycol (solvent 99.8%), isopropyl alcohol (solvent
99.9%), and deionized water with a concentration of 1 M of ammonium hydroxide (30% of
concentration in the container) were purchased from J.T. Baker.
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2.2. ZnO Synthesis by Hydrothermal Method

The ZnO nanoparticles were synthesized by a modified methodology of Elvira-
Hernández et al. [27]. We employed a hydrothermal method, which is one of the most
widely used synthesis methods for the growth of ZnO nanorods due to its low cost and low
temperature [28]. The reactions were placed in a beaker that was subsequently mixed with
a magnetic stirring until all components were completely dissolved (see Figure 1a,b). The
solution had 500 mg of zinc acetate dihydrate dissolved in 10 mL of ethylene glycol and
3 mL of deionized water for each reaction. For reactions with (*), the ammonium hydroxide
was used, 50 microliters of deionized water with a 1 M of ammonium hydroxide concen-
tration. This mixture was stirred in magnetic stirring for 20 h to completely dissolve the
zinc acetate. After this, the solutions were put into a Teflon-lined stainless steel autoclave
and left to react (see Figure 1c). Table 1 shows the temperature and time for each reaction.
The products were centrifuged and washed with isopropyl alcohol thrice at 15,000 rpm for
15 min (see Figure 1d).
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Figure 1. Reaction methodology: (a) solution on a magnetic stirring, (b) completely dissolved solution,
(c) solution into a Teflon-lined stainless steel autoclave in a muffle, and (d) washed and centrifuged.

Table 1. Temperature and time for each reaction.

Reaction Temperature (◦C) Time (Min)

ZnO-1 150 90
*ZnO-1 150 90
ZnO-2 150 180
*ZnO-2 150 180
ZnO-3 150 360

Note: For reactions with (*), the ammonium hydroxide was used.

The thermal and high-pressure conditions produced in the reactor by ethylene glycol
can dissociate the zinc acetate, generating Zn2+ ions, and the acetate ions react with the
water, forming acetic acid and hydroxyl ions. The hydroxyl ions can bind with the Zn2+,
producing zinc hydroxide that can generate oversaturated nucleation points and precipitate
in more stable species for temperature and reaction time. The Zn(OH) dehydrates and
produces ZnO that nucleates in a heterogeneous system [29]. The ammonium hydroxide
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can produce more hydroxyl ions, favoring the Zn(OH) and decreasing the growth time
of ZnO.

2Zn(CH3COO)2·2H2O → 2Zn2+ + 4(CH3COO)− + 4H2O

4(CH3COO)− + 4H2O → 4CH3COOH + 4OH−

2Zn2+ + 4OH− → Zn2(OH)4

Zn2(OH)4 → 2ZnO

2.3. Characterization Methods

UV–Vis spectroscopy was collected with a Shimadzu UV-2401PC spectrophotometer
(Shimadzu, Kyoto, Japan) at room temperature; the ZnO nanoparticles were dispersed
in isopropyl alcohol. Powder X-ray diffraction measurements were made with KαCu
(λ = 1.54183 Å) using a Ni filter Ultima IV (Rigaku, Tokyo, Japan), operated in a Bragg–
Brentano geometry with 40 kV voltage and 44 mA of emission current, equipped with
a D/tex Ultra detector. The diffraction patterns were registered in an angular interval
from 20◦ to 80◦ at 2θ with an angular resolution of 0.02◦ and velocity of 10◦/min. The
powder was put on a glass holder sample. The morphological study was realized by
transmission electron microscopy with a TITAN microscope supplied by FEI-Company
(Hillsboro, OR, USA). The samples were prepared with a few drops of ZnO redispersed
in isopropyl alcohol (0.1 mg/mL) on a lacey carbon grid. Finally, the electrical behav-
ior was characterized by the Precision PiezoMEMS tester for Radiant Technologies, Inc.
(Albuquerque, NM, USA) equipment.

3. Results and Discussion
3.1. UV–Vis

The formation of nanoparticles was carried out by dissociation in the zinc acetate,
generating Zn and acetate ions. When the acetate ions are protonated with water, they
form acetic acid and hydroxyl ions. The hydroxyl ions join the Zn2+ ion producing a
zinc hydroxide; with the help of the temperature of the medium and the reaction time,
upon dehydration ZnO is generated. Moreover, the relative surface activities of various
growth facets under given conditions determine the surface morphology of the grown ZnO
structure [29]. Finally, the size and shape of the nanoparticles can affect the properties of
the materials [30]. The absorption spectrum obtained had a blue shift compared to the bulk
material due to these factors. Figure 2 shows the absorption spectrum from each ZnO NP
reaction, with ZnO synthesis peaks observed between 374 and 397 nm. It is attributed to
ZnO (see Table 2). The absorption peak was generally centered between 374 and 379 nm in
all samples. Only one sample had a bathochromic shift. This contribution is due to the easy
nucleation favored for ammonium hydroxide, which increases the size of the structure and
agglomerates due to the increase in hydroxyl groups.

Table 2. Maximum absorption peak values from each ZnO nanoparticle reaction.

Reaction Maximum Value Peak

ZnO-1 379 nm
*ZnO-1 374 nm
ZnO-2 376 nm
*ZnO-2 387–397 nm
ZnO-3 377 nm

Note: For reactions with (*), the ammonium hydroxide was used.
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Figure 2. Normalized UV–Vis absorbance from each ZnO nanoparticle reaction. Note: For reactions
with (*), the ammonium hydroxide was used.

3.2. TEM

The TEM images (Figure 3a–e) show the width and large histograms of the size
distribution of each reaction, confirming the particle formation at the nanoscale. These
nanoparticles were corroborated with free software ImageJ (https://imagej.net/ij/) and
measured in length and width. The mean length and width of the ZnO nanoparticles are
around 150 to 341 nm and 72 to 120 nm, respectively (see Table 3).
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Figure 1. This is a figure. Schemes follow the same formatting.

Table 1. This is a table caption. Tables should be placed in the main text near to the first time they
are cited.

Title 1 Title 2 Title 3
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Entry 2 Data Data 1
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Figure 3. TEM images and histograms for each ZnO nanoparticle reaction of length and width:
(a) ZnO-1, (b) *ZnO-1, (c) ZnO-2, (d) *ZnO-2, and (e) ZnO-3. For reactions with (*), the ammonium
hydroxide was used.

Figure 3a depicts ZnO NPs of reaction ZnO-1, which have a well-defined column
shape between length and width. From Figure 3b, we observe that the reaction *ZnO-1
generated ZnO NPs with high average size in both length and width and a slightly pointed
shape. On the other hand, Figure 3c shows that reaction ZnO-2 produced ZnO NPs with a
sharp morphology, and the difference between length and width is still well-defined. From
Figure 3d, we report that reaction *ZnO-2 generated ZnO NPs with sharper morphology.
Finally, Figure 3e illustrates that reaction ZnO-3 produced ZnO NPs with a well-defined
morphology between length and width. The morphology indicates bigger growth on

https://imagej.net/ij/
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reactions with ammonium hydroxide and a sharpy shape in the end of each nanoparticle,
which may be due to hydroxyl ion enrichment. Thus, more faces are encouraged in their
growth. On the other hand, reaction *ZnO-2 indicates that the longer the reaction time, a
solution enriched in hydroxyl ions produces particles with a more dispersed size.

Table 3. Mean, standard deviation, and minimum and maximum size (nm) of the ZnO nanoparticles.

Reaction Mean Standard Deviation Minimum Maximum

Length (nm)
ZnO-1 164 82 40 389
*ZnO-1 177 77 44 572
ZnO-2 150 81 43 558
*ZnO-2 341 139 67 952
ZnO-3 168 64 49 363

Width (nm)
ZnO-1 72 24 33 145
*ZnO-1 87 32 31 256
ZnO-2 84 36 42 261
*ZnO-2 120 53 44 321
ZnO-3 83 28 43 209

Note: For reactions with (*), the ammonium hydroxide was used.

3.3. XRD

The X-ray diffractogram of ZnO NPs shows good quality in all reactions and does not
present any impurity or precursor residue. Reflections match with the crystalline planes of
the material structure and prove the formation of a hexagonal wurtzite phase (see Figure 4).
Moreover, the peak broadening suggests the presence of small nanocrystals in samples.
The mean crystallite size was calculated by the Scherrer equation, then the dislocation
density was determined. Moreover, interplanar distance and wurtzite lattice constants
were obtained and compared with the data registered JCPDS Card No. 36–1451 (See Tables
S1 and S2). Therefore, the bond length from the tetrahedral of the wurtzite structure was
calculated using the lattice constants, which proved the small or null presence of strain
in the ZnO nanoparticles. Also, the band gap of the ZnO NPs was calculated using an
effective mass model [31–34].
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3.3.1. Crystallite Size and Lattice Parameters

Crystallite is a domain in the material with the same crystallographic orientation. Its
size has a significant influence on chemical, physical, and mechanical properties of metallic,
ceramic, and polymeric nanomaterials [35]. Through the Scherrer equation, we determined
an approximation of the average crystallite size of each reaction (See Table S3):

D =
kγ

βcos θ
(1)

where D is the crystallites size, k = 0.9 is the Scherrer constant, γ = 0.154183 is the
wavelength of the X-ray source in nanometers, β is the Full Width at Half Maximum
(FWHM) in radians, and θ the peak position (in radians). All crystallite size were taken
from each plane and an average size was obtained, Dm.

δ =
1

D2
m

(2)

A dislocation defined as a line of structural discontinuities running throughout each
crystal or grain [36] is defined per unit of volume as δ, and it was calculated with the average
crystallite size for each reaction (Table 4). The presence of wide-reaching dislocations in the
samples can produce significant peak broadening. Due to their implications, dislocation
density and crystallite size are a main part of diffraction analysis [37].

Table 4. Crystallite size (nm) for each plane, mean size (nm), and dislocation density ∂ (nm−2) for
each ZnO NPs reaction.

Plane <h,k,l> ZnO-1 *ZnO-1 ZnO-2 *ZnO-2 ZnO-3

Dm 30.82 32.03 29.5 30.99 34.69
δ
(
×10−4) 10.54 9.75 11.49 10.41 8.31

Note: For reactions with (*), the ammonium hydroxide was used.

The hexagonal closed packed arranged with zinc and the oxygen atoms coordinate
with each other in an equivalent position. In addition, interplanar spaces from the wurtzite
structure were calculated according to Bragg’s law [38]. To obtain the lattice constants, we
calculated the interplanar distance, which is a function of the unit cell parameters, and the
Miller indices describe every set of crystallographic planes [39]. For a hexagonal crystal
system, the inverse square of the interplanar distance has a relation with lattice constants a
and c. Finally, a and c were calculated taking plane (1 0 0) to obtain a, and (0 0 2) to c.

Interplanar distances obtained from XRD match with the (h k l) planes registered in
the JCPDS card data. Moreover, Table 5 shows the lattice parameters calculated for every
reaction, comparing them to the JCPDS card.

Table 5. Lattice parameters from XRD data and JCPDS data in Angstroms (Å).

Lattice Parameters ZnO-1 *ZnO-1 ZnO-2 *ZnO-2 ZnO-3 JCPDS

a 3.26 3.25 3.26 3.25 3.24 3.25
c 5.22 5.21 5.22 5.21 5.19 5.21

c/a 1.6 1.6 1.6 1.62 1.6 1.60
V 47.9 47.6 47.9 47.78 47.17 47.62

Note: For reactions with (*), the ammonium hydroxide was used.
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Lattice parameters (a = b), c, c/a, and volume V match with JCPDS card data. The
c/a ratio has a correlation with the bond length L through the positional parameter in the
wurtzite structure u, which is calculated in [38].

u =
a2

3c2 + 0.25 (3)

Parameter u represents the relative shift of the anionic sublattice with respect to
cationic sublattice in the c direction [40]. In the wurtzite structure of ZnO, zinc atoms
occupy the special position 1/3, 2/3, 0, and oxygen occupies 1/3, 2/3, and u [40]. For and
ideal wurtzite, the bond length for the c-axis and the parallel to a, b direction are equal (see
Figure 5). To calculate the bond length into the c direction, Lc was used [40].

Lc = c·u (4)
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Table 6 summarizes the values obtained, comparing them with the reported Zn-O
bond length in the unit cell.

Table 6. Values of u, LC, and Lab for each reaction. LC and Lab have units in Angstroms (Å).

Parameters ZnO-1 *ZnO-1 ZnO-2 *ZnO-2 ZnO-3 References

u 0.3799 0.3799 0.3800 0.3799 0.3798 0.375 [42] **

Lc 1.9816 1.9773 1.9816 1.9800 1.9715 1.98 [41] **

Lab 1.9816 1.9773 1.9816 1.9800 1.9715
1.9654 [38]
1.98 [41] **
1.9767 [43]

Note: For reactions with (*), the ammonium hydroxide was used. ** For an ideal ZnO wurtzite.
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3.3.2. Band Gap Estimation from Effective Mass Model Equation

The energy band gap can be determined by its relation to the crystallite size at quantum
dot, En

Gap. This equation is due to the relation between electron and hole positions, induced
by the Coulomb interaction [44]:

En
Gap = Eb

Gap +
h2

8er2

(
1

me
+

1
mh

)
− 1.8e2

4πεεor
(6)

where Eb
Gap is the energy gap on bulk ZnO (3.37 eV), r is the radius of the average crys-

tallite size, me is the effective mass of the electron (0.24 mo), mh is the effective mass of
hole (0.45 mo), mo is the rest mass of the electron

(
9.11 × 10−31kg

)
, ε is the relative per-

mittivity (8.66), εo is the permittivity of free space
(
8.854 × 10−12Fm−1), h is the Planck’s

constant
(
6.626 × 10−34 Js

)
, and e is the charge of the electron

(
1.602 × 10−19C

)
[33]. Table 7

summarizes the values obtained by Equation (6).

Table 7. Band gap calculated by each reaction (eV).

Parameter ZnO-1 *ZnO-1 ZnO-2 *ZnO-2 ZnO-3 Bulk

Band Gap 3.47 3.46 3.48 3.47 3.45 3.34
Note: For reactions with (*), the ammonium hydroxide was used.

The band gap analysis using the mass model equation shows dependence with the
suggested synthesis. Due to the importance of the shape and size of the ZnO nanoparticles
and their role in the band gap value, more characterizations must be implemented to obtain
a relationship between proposed synthesis and band gap values.

3.4. Hysteresis Loop

Electrical characterizations were conducted in a powder sample that was compressed
into a pill (see Figure 6). Then, silver paint was deposited on the top and the bottom of the
ZnO powder pill to close the circuit. The material was polarized after interacting with an ex-
ternal electric field. The ZnO pill exhibited a 0.1 kV/cm coercive field, 3.47 × 10−4µC/cm2

remanent polarization, and 9.479 × 10−4µC/cm2 saturation polarization (see Figure 7).
These results confirm the piezoelectric nature of the ZnO material.
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3.5. Application

The MTI-2100 fotonic sensor is a fiber-optic measurement system (with a dual channel)
that performs noncontact displacement and vibration measurements. By using fiber-
optic technology, MTI-2100 does not apply load on the measurement target, and it is not
affected by magnetic and electrical fields. We used this MTI-2100 fotonic sensor to measure
the displacements of a beam that was fabricated using a steel substrate and a ZnO NP
film synthetized with our method. This film was deposited on the outer surface of the
steel substrate. A 20 MHz DDS function generator (BK PRECISION 4040B) and a digital
oscilloscope (Agilent Technologies DSO3102A, Santa Clara, CA, USA) were used in the
measurements of the displacements of the beam, which were generated by the supplied
voltages. Square wave voltages from 1 to 10 V with a frequency of 1 Hz were supplied to the
beam, which generated displacements of the beam (Figure 8a,b). The beam displacement
was generated by the ZnO piezoelectric film. A second measurement of the beam was
made with square wave voltages at 50 Hz and values from 1 to 10 V and 10 to 1 V (see
Figure 9a,b). These measurements showed the piezoelectric effect of the ZnO NPs film
that was deposited on the beam surface. When the supplied voltage is kept constant, the
displacement of the beam is also kept constant. For voltages of 10 V at 1 and 50 Hz, the
maximum displacement of the beam was close to 150 nm.
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Figure 9. Displacement of a beam composed of a ZnO NPs film, which was generated by square
wave voltages at 50 Hz. Supplied voltages from (a) 1 to 10 V and (b) 10 to 1 V.

Finally, the thickness of the ZnO NPs film was measured using KLA Tencor D-600.
The thickness of the ZnO NPs film was around 7000 nm (see Figure 10).
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4. Conclusions
We studied the impact of the reaction time and ammonium hydroxide addition on the

morphology and properties of ZnO nanoparticles using a hydrothermal method. Consistent
dimensions of the ZnO NPs were observed across different reactions, which demonstrated
the repeatability of the proposed synthesis. The best morphological control of the ZnO NPs
was achieved in reactions without ammonium hydroxide, probably due to enhanced growth
along specific crystal faces. Furthermore, optical analysis reported a blue shift relative to
bulk ZnO in most samples aside from reaction *ZnO-2, which showed a bathochromic
shift that can be attributed to facile nucleation under modified conditions. XRD analysis
confirmed high crystallinity and uniform crystallite sizes across reactions, regardless of
hydroxide presence, while calculated band gaps aligned well with the literature values,
reinforcing the reliability of the proposed synthesis. However, due to the influence of the
shape and size of the ZnO nanoparticles in their electrical and mechanical properties, more
characterizations must be developed to optimize the proposed synthesis.

Characterization of hysteresis loops of the ZnO NPs showed their piezoelectric prop-
erties in the reactions. Moreover, a ZnO NP film was deposited on the surface of a steel
beam to measure its displacements due to piezoelectric effect under square wave voltages
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of 1 and 10 V at 1 and 50 Hz. These ZnO NP films can be used to fabricate piezoelectric
nanogenerators and self-powered sensors, as well as nanotransducers.

In future research work, we will investigate the thermal decomposition (TG-DSC)
curves of the ZnO NPs films.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/technologies13010018/s1, Table S1: Peak points (degrees)
for each reaction; Table S2: Interplanar distances from XRD data and JCPDS card in Angstroms (Å);
Table S3: Crystallite size (nm) for each plane and for each reaction.
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