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INTRODUCTION

Zinc oxide (ZnO) nanoparticles have gained considerable
attention in recent years due to their exceptional properties
and diverse applications [1]. ZnO, a versatile semiconductor
material, exhibits excellent optical, electrical and catalytic
properties, making it suitable for various environmental and
technological applications. One such application is the degrad-
ation of dyes, which are a major class of organic pollutants in
wastewater [2]. The synthesis of ZnO nanoparticles has been
extensively studied and various methods have been employed
to obtain nanoparticles with desired properties. Among these
methods, the sonochemical route has gained considerable
popularity due to its simplicity, cost-effectiveness and ability
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to produce nanoparticles with uniform size and morphology.
Sonochemistry involves the use of high-frequency sound waves
to induce chemical reactions and promote the formation of
nanomaterials [3].

The degradation of dyes using ZnO nanoparticles has
emerged as a promising approach for wastewater treatment.
Dyes, commonly used in industries such as textiles, printing
and paper manufacturing, are known to be persistent and toxic
to the environment. Traditional dye removal techniques often
face limitations such as high cost, low efficiency and secondary
pollution. Therefore, the development of efficient and eco-
friendly methods for dye degradation is of great importance
[4]. ZnO nanoparticles offer several advantages for dye degra-
dation. First, their wide band gap enables efficient absorption
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of UV light, which can be used to activate the photocatalytic
properties of ZnO. Under UV light irradiation, ZnO nano-
particles generate reactive oxygen species (ROS) such as
hydroxyl radicals (•OH), which exhibit strong oxidative prop-
erties and can effectively degrade organic dyes into harmless
products. Additionally, ZnO nanoparticles possess a large
surface area-to-volume ratio, providing abundant active sites
for dye adsorption and catalytic reactions [5-7].

In addition to their photocatalytic activity, ZnO nano-
particles have been investigated through electrochemical studies
to understand their electrochemical behaviour and potential
applications in various electrochemical systems [8]. These
studies involve evaluating the charge transfer processes occur-
ring at the surface of ZnO nanoparticles, including the redox
reactions and electron transfer kinetics. In this context, this
study aims to synthesize ZnO nanoparticles via the sonochem-
ical route and investigate their applications in the degradation
of dyes under UV light irradiation. The uniform particle size
and band gap of the synthesized ZnO nanoparticles will be
characterized, along with their electrochemical properties. The
findings from this study will contribute to advancing the under-
standing of ZnO nanoparticles and their potential utilization
in environmentally friendly dye degradation and electrochemical
applications.

EXPERIMENTAL

Synthesis of ZnO nanoparticles (ZnO NPs): The probe
sonication technique was utilized to synthesize ZnO NPs from
the precursors zinc nitrate and sodium hydroxide. In brief,
ZnO NPs was synthesized by adding a 0.5 M solution of NaOH
dropwise to a 1 M solution of zinc nitrate in a 205 mL beaker
and persistently stirring the mixture until precipitation was
achieved. The solution was further sonicated using an ultra-
sonic pulse of 30 ± 2 kHz for about 1 h at 45 ºC which results
in the formation of a white gelatinous precipitate. The obtained
precipitate was subjected to thorough washing with distilled
water to remove any impurities or residual reactants. Following
the washing step, the precipitate was subjected to calcination
at a temperature of 600 ºC.

Zn(NO3)4 + 4NaOH → Zn(OH)4↓ + 4NaNO3 (1)

Zn(OH)4 → ZnO(OH)2↓ + H2O (2)

Zn(OH)2 → ZnO + H2O (3)

Characterization: The crystalline nature and phase struc-
ture of ZnO NPs were investigated by XRD spectrometer-
Shimadzu PXRD-7000 X-ray diffractometer with CuKα radi-
ation (λ = 1.541 Å). FTIR analyses of the sample were carried
out using a Perkin-Elmer Spectrum-1000 FTIR spectrophoto-
meter with KBr pellets in 4000-400 cm-1 region. The Elico SL-
150 UV-vis spectrophotometer with a range of 200-800 nm was
used to study the sample’s optical properties and to study the
degradation. The cyclic voltammetry measurement was perfor-
med using a three-electrode setup with a carbon paste electrode
mixed with ZnO as the working electrode, platinum wire and
Ag/AgCl as counter and reference electrodes, respectively and
a 0.1 N HCl solution as electrolyte on an electrochemical analyzer
(CHI608E potentiostat).

Fabrication of working electrode: For the fabrication
of the working electrode graphite powder, silicon oil and synth-
esized ZnO nanoparticles in the ratio of 70:15:15 was manually
ground using an agate mortar for around 30 min. A handmade
Teflon cavity tube was then filled with the resulting paste. On
a piece of weighing paper, the packed carbon paste’s surface
was smoothed [9].

RESULTS AND DISCUSSION

P-XRD studies: In Fig. 1, the PXRD pattern of the ZnO
nanoparticles would typically display a series of diffraction
peaks. The peaks in the diffraction pattern correspond to the
crystal planes of the ZnO nanoparticles. The positions and
intensities of the diffraction peaks were compared with the
JCPDS card no. 89-1397 for ZnO [10]. The analysis revealed
that the experimental peaks were in excellent agreement with
the reference pattern, indicating the successful synthesis of
ZnO nanoparticles with a wurtzite crystal structure. The average
crystallite size (D) of the ZnO nanoparticles was estimated to
be 25 nm by analyzing the line broadening observed in the X-
ray diffraction spectra using Scherrer’s formula. This size deter-
mination provides valuable information about the dimensions
of the ZnO nanoparticles and confirms their nanoscale nature.
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Fig. 1. PXRD Patterns of ZnO nanoparticles
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The crystal lattice parameters of the synthesized ZnO
nanoparticles were determined using eqn. 2 [11]:
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The obtained PXRD analysis results for ZnO nanopar-
ticles synthesized through the sonochemical method are
presented in Table-1. The table includes the Miller indices (h
k l) corresponding to each diffraction peak, the interplanar
spacing (d-spacing) calculated using the Bragg’s equation, the
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TABLE-1 
FWHM VALUES, CRYSTALLITE SIZES, d-SPACING  
AND MILLER INDICES FOR ZnO NANOPARTICLES 

2θ (°) FWHM (°) Crystallite 
size (nm) 

d-spacing Miller 
indices (hkl) 

31.7718 0.52570 21.00 2.77416 100 
34.4284 0.47840 18.74 2.51285 002 
36.2487 0.39180 20.78 2.37621 101 
47.5427 0.58790 16.93 1.81100 102 
56.5926 0.50070 18.81 1.52500 110 
2.8538 0.71720 17.65 1.35734 103 

67.9535 0.74930 16.30 1.26835 112 
69.1215 0.64660 19.32 1.23788 201 

Average crystallite size = 25.0 nm 

 

peak broadening and crystallite size was calculated using full
width at half-maximum (FWHM) values and Scherrer’s
equation.

The nanoparticles synthesized in this study demonstrated
minimal ∆dhkl values, approximately 10-3 nm, indicating a close
match between the observed d-spacing of the diffraction planes
and the standard values. The deviation in d-spacing, which
measures the displacement of diffraction lines, is an indicator
of the microstrain present in the nanopowder sample. To deter-
mine the microstrain in the particles along the direction normal
to the diffraction plane, the observed d-spacing (d0) of the prep-
ared sample is compared to the spacing in the standard sample
(ds). If d0 > ds, it indicates a positive microstrain, suggesting
the presence of residual tensile stress. Conversely, if d0 < ds, it
signifies a negative micro-strain, indicating the generation of
residual compressive stress on the surface. This comparison
provides valuable insights into the magnitude and nature of
the residual stresses within the synthesized nanoparticles was
determined as ∆dhkl. If d0 > ds, a positive micro-strain indicated
the presence of residual tensile stress. Conversely, if d0 < ds, a
negative micro-strain indicated the generation of residual com-
pressive stress on the surface. These findings offer valuable
insights into the nature and magnitude of the residual stresses
present within the synthesized nanoparticles.

FTIR studies: In the case of ZnO nanoparticles, the peak
at 484 cm-1 corresponds to the characteristic stretching vibra-
tion of Zn-O bonds, which are the primary bonds in the ZnO
crystal lattice. The peak at 3400 cm-1 represents the broad stret-
ching vibration of hydroxyl groups (O-H) or adsorbed water
molecules (H-O-H). It indicates the presence of surface hydroxyl
groups or moisture absorbed on the surface of ZnO nano-
particles. The peak at 1626 cm-1 is typically associated with
the stretching vibration of adsorbed water molecules (H-O-H).
It further supports the presence of water on the surface of the
nanoparticles. The peaks in the range of 1649-1400 cm-1 encom-
pass several possible vibrational modes. It could be attributed
to the presence of carboxylic acids (-COOH) or carbonyl groups
(-C=O) indicating the presence of organic species or functional
groups on the surface of ZnO nanoparticles. The peak at 2424
cm-1 suggests the presence of carbon dioxide (CO2) or carbonate
species (CO3

2−) adsorbed on the surface of ZnO nanoparticles.
It may indicate the interaction of ZnO nanoparticles with atmos-
pheric carbon dioxide or the presence of carbonate impurities

in the sample (Fig. 2). Overall, the observed FTIR peaks
provide valuable insights into the surface chemistry of ZnO
nanoparticles. The peaks associated with Zn-O bonds confirm
the presence of ZnO nanoparticles, while the peaks related to
hydroxyl groups, adsorbed water molecules, organic species
and carbonate species indicate the presence of surface funct-
ional groups and potential impurities. The FTIR analysis serves
as a useful tool for understanding the surface properties and
potential applications of ZnO nanoparticles [12].
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Fig. 2. FT-IR spectra of ZnO nanoparticles

UV-DRS studies: In case of ZnO nanoparticles with a
band gap of 3.35 eV, the UV-DRS studies provide valuable
information about their light absorption and electronic transi-
tions. In UV-DRS, the material is illuminated with a broad
range of UV and visible light wavelengths and the amount of
light reflected was measured. The absorption spectrum obtained
from UV-DRS analysis can be used to determine the band gap
energy of the material. The ZnO nanoparticles with a band
gap of 3.35 eV would exhibit strong absorption in the UV
region, extending into the visible range. The absorption edge,
which corresponds to the onset of significant absorption, would
be observed at a wavelength corresponding to the band gap
energy. In the UV-DRS spectrum of ZnO nanoparticles, a sharp
increase in absorption would be observed in the UV region,
typically below 400 nm. This strong absorption is attributed
to the direct band gap transition in ZnO nanoparticles, where
electrons are excited from the valence band to the conduction
band. The band gap energy of 3.35 eV indicates that ZnO nano-
particles can efficiently absorb light in the UV region and a
portion of the visible region. This makes them suitable for
various applications such as photocatalysis, UV sensors and
optoelectronic devices. UV-DRS studies provide quantitative
information about the optical properties of ZnO nanoparticles,
including their band gap energy. This information is crucial
for understanding the light absorption and electronic transitions
occurring in the material, enabling researchers to optimize its
performance for specific applications. The diffused reflectance
was calculated by Kubelka-Munk function F(R):
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2(1 R)
F(R)

2R

−= (3)

where R represents the reflectance.
The Kubelka-Munk function enables the characterization

of the powders based on their reflectance properties, providing
the valuable insights into the absorption coefficient and optical
behavior of the ZnO nanoparticles.

By utilizing Tauc relation the optical energy bandgap of
the synthesized material was determined [13] and the relation
is given in eqn. 4:

F(R) hν = A (hν – Eg)n (4)

where for direct and for indirect transitions n values were taken
as ½ and 2.

The synthesized ZnO nanoparticles exhibited a calculated
energy band gap of 3.35 eV, as illustrated in Fig. 3. The energy
band gap of a material significantly influences its catalytic
performance. A highly efficient photocatalyst demonstrates a
broad absorption range encompassing both the UV and visible
spectra. As the size of the material decreases, the quantum con-
finement effect becomes more prominent. This effect leads to
the generation of a higher number of electron-hole pairs, ultim-
ately enhancing the photocatalytic efficiency of the material [13].

1 2 3 4 5 6 7
Energy (eV)

2500

2000

1500

1000

500

0

f(
R

)h
ν2

Band gap = 3.18 eV

200 300 400 500 600 700 800
Wavelength (nm)

100

80

60

40

20

0

R
ef

le
ct

an
ce

 (
%

)

Fig. 3. Diffuseareflectance spectra (inset) and energy gap spectra of ZnO
nanoparticles

Morphological studies: Significant insights into the mor-
phological characteristics of the ZnO nanoparticles have been
obtained through the effective utilization of TEM micrographs
and patterns. Fig. 4a-b illustrates the TEM images, HRTEM and
SAED patterns of the as-synthesized ZnO nanoparticles, reve-
aling their predominantly spherical shape, although both

Fig. 4. (a&b) TEM images, (c) HRTEM and (d) SAED pattern of ZnO NPs
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regular and asymmetric geometries are observed. The presence
of nanoparticles with sizes ranging from 25 to 30 nm, or even
smaller, indicates the efficiency of the probe sonication method
employed during synthesis. This efficient sonication prevented
the formation of agglomerated particles, ensuring the formation
of well-dispersed individual nanoparticles [14].

Photocatalytic studies: In the dye decolorization experi-
ments, a circular glass reactor with a surface area of 176.6 cm2

was utilized. The reactor contained a 125 W medium-pressure
mercury vapor lamp, which served as the UV light source. Each
experimental run involved the dispersion of approximately 60
mg of photocatalyst into a 250 mL solution containing 20 ppm
of dye. The photocatalyst was evenly distributed within the
solution, ensuring optimal contact between the catalyst and the
dye molecules. To initiate the photocatalytic reaction, the reac-
tion mixture was subjected to direct irradiation by placing the
lamp at a distance of 23 cm from the reactor. This distance was
chosen to optimize the light intensity reaching the reaction
mixture. The medium-pressure mercury vapour lamp emitted
UV light, which is known to activate the photocatalyst and
facilitate the degradation process. Throughout the experiment,
a magnetic stirrer was employed to ensure proper mixing of
the reaction mixture. Vigorous stirring helped to maintain a
homogeneous distribution of the dye and photocatalyst, enhan-
cing the contact between the two and promoting efficient degr-
adation. The extent of adsorption (Q) was determined using
the following eqn 3:

o(C C)V
Q

W

−= (5)

where Co and C represent the concentrations of dye solution
before and after adsorption, respectively; V denotes the volume
of reaction mixture and W represents the weight of catalyst
(g).

During the course of the experiment, samples of 5 mL were
withdrawn at regular intervals from the suspensions. These
samples were immediately centrifuged and filtered through a
Whatman filter paper to remove any catalyst particles. Subse-
quently, the filtered solution was subjected to spectrophoto-

metric analysis to determine the concentration of dye remaining
in the solution.

Decolourization of direct green (DG) dye: Fig. 5a-b
illustrates the outcomes of the photocatalytic studies conducted
using ZnO nanoparticles prepared using the probe sonication
method, as evaluated through the photo-decolourization of
direct green dye under sunlight and UV light irradiation. The
Fig. 5a indicates that ZnO nanoparticles demonstrates significant
photocatalytic activity, attributed to the rapid recombination of
photogenerated electrons and holes [15]. The sample exhibited
a decolorization efficiency of 66.07% after 120 min of UV light
irradiation, indicating its effective dye degradation capabilities.
However, under sunlight irradiation, ZnO showed a slightly
lower efficiency, achieving 67.93% dye degradation within
the same 120 min timeframe. These results highlighted the
photocatalytic potential of ZnO nanoparticles indicating their
ability to degrade direct green dye effectively, particularly under
UV light irradiation.

Table-2 shows the UV-visible spectral analysis results of
the decolourization kinetics of the direct green dye at different
time intervals (ranging from 0 to 120 min) at a specific wave-
length of 620 nm. The data clearly illustrates a consistent decre-
ase in the direct green dye concentrations over time when ZnO
nanoparticles are present. This indicates a significant reduction
in the colour intensity of the dye under both sunlight and UV
light irradiation. To further analyze the decolorization process,
logarithm values of C/Co were calculated using eqn. 6, where
Co and C represent the dye concentration at t = 0 min and the
respective testing time and k is the first-order rate constant.
From the results obtained, it is clear that the reaction follows
first-order kinetics as the results showcase that relationship
between the log (C/Co) and k is linear. The slope values for
ZnO nanoparticles synthesized by the green and chemical
methods were determined as 0.020155 min-1 and 0.0101502
min-1, respectively. The dye degradation of direct green and
fast orange dyes was calculated using the concentration of
dye remaining during photocatalysis by the following equation:

oC C
Degradation (%) 100

C

−= × (4)
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Fig. 5. (a&b) UV-Vis absorbance spectra of direct green (DG) for ZnO NPs synthesized by probe sonication method under sunlight and UV light irradiation

Vol. 35, No. 12 (2023) Study of Bi-functional Applications of ZnO Nanoparticles Synthesized via Sonochemical Route  2933



Furthermore, the photocatalytic decolorization efficiency
(% D) of the direct green dye was determined using eqn. 7,
where (% D) represents the efficiency of photo-decolorization,
the initial concentration of the dye solution is denoted as Co,
while the concentration of dye after a specific time is repres-
ented as C. The below given mechanism is a general explan-
ation for the degradation of direct green dye by the synthesized
ZnO nanoparticles.

ZnO + UV light → e– + h+ (8)

h+ + H2O → OH• + H+ (9)

O2 + e– → O2
•− (10)

O2
•− + H+ → OOH• (11)

ZnO + O2
•− + 2H+ → ZnO + H2O2 (12)

ZnO(e–) + H2O2 + e– → ZnO + OH• + OH– (13)

Dye + (O2 + O2
•− + OOH•) → Decolorization product (14)

The efficient decolorization of dyes and organic pollutants
in wastewater into less harmful compounds such as CO2 and
H2O is primarily attributed to the presence of active oxygen
species (O2, O2

•−) and hydroxyl free radicals. In this context,
photocatalytic studies have revealed that ZnO nanoparticles

prepared using the probe sonication method exhibit notable
effectiveness in the decolorization of direct green dye. These
ZnO nanoparticle demonstrate a strong ability to generate the
necessary active oxygen species and hydroxyl free radicals,
which are crucial for the degradation of dyes and organic conta-
minants, leading to their transformation into environmentally
benign substances [16].

Decolourization of fast orange dye: The photocatalytic
decolourization effectiveness of fast orange dye was also inves-
tigated using ZnO nanoparticles prepared via the probe soni-
cation method under both sunlight and UV light irradiation.
The rate of decolorization of the dye particles was evaluated
based on the catalyst mass and concentration used. Fig. 6a-b
depicts the absorption peak of fast orange dye at 610 nm under
sunlight and 510 nm under UV light irradiation, showing a
gradual decrease over time (from 0 to 120 min), indicating
the photo-decolorization capability of ZnO nanoparticles.

Table-3 presents a summary of the kinetic parameters and
percentage degradation obtained from the experimental data.
The results indicate that ZnO nanoparticles prepared by the
probe sonication method exhibited a fast orange dye decol-
orization efficiency of 67.93% and 94.66% under sunlight and
UV light irradiation, respectively, after a 120 min irradiation
time. These findings highlight the promising photocatalytic

TABLE-2 
RATE CONSTANTS AND KINETIC STUDIES OF ZnO NANOPARTICLES SYNTHESIZED FOR  

THE DECOLORIZATION OF DIRECT GREEN (DG) UNDER UV LIGHT 

20 ppm Direct green + 60 mg ZnO + sunlight 20 ppm Direct green + 60 mg ZnO + UV 
t 

C C/Co log C/Co -log C/Co D (%) C C/Co log C/Co -log C/Co D (%) 
0 
15 
30 
45 
60 
75 
90 

105 
120 

0.184 
0.172 
0.154 
0.138 
0.116 
0.093 
0.071 
0.062 
0.059 

1 
0.934 
0.836 
0.750 
0.630 
0.505 
0.385 
0.336 
0.320 

0 
-0.0296 
-0.0777 
-0.1249 
-0.2006 
-0.2967 
-0.4145 
-0.4736 
-0.4948 

0 
0.0296 
0.0777 
0.1249 
0.2006 
0.2967 
0.4145 
0.4736 
0.4948 

0 
6.52 
16.30 
25.00 
36.95 
49.45 
61.41 
66.30 
67.93 

0.227 
0.183 
0.147 
0.117 
0.110 
0.106 
0.094 
0.085 
0.077 

1 
0.806 
0.647 
0.515 
0.484 
0.466 
0.414 
0.374 
0.339 

0 
-0.0936 
-0.1890 
-0.2881 
-0.3151 
-0.3316 
-0.3829 
-0.4271 
-0.4698 

0 
0.0936 
0.1890 
0.2881 
-0.3151 
-0.3316 
-0.3829 
-0.4271 
-0.4698 

0 
19.38 
35.24 
48.45 
51.54 
53.30 
58.59 
62.55 
66.07 
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performance of ZnO nanoparticles in the degradation of fast
orange dye, with higher degradation rates observed under UV
light compared to sunlight.

Here, the degradation kinetics of fast orange dye follows
pseudo-first order kinetics and the results are shown in Table-3,
which also aligns with the Langmuir-Hinshelwood model. This
model suggests that the reaction rate is proportional to the
concentration of dye and the active sites on ZnO nanoparticles’
surface. Furthermore, the UV-Visible absorption spectra provide
evidence of a greater extent of photocatalytic degradation of
the dye when ZnO nanoparticles were employed under UV light
irradiation. The absorption spectra demonstrate a significant
reduction in the dye’s concentration, indicating the effective-
ness of ZnO nanoparticles as photocatalysts in promoting the
degradation process.

The enhanced photocatalytic activity observed under UV
light irradiation can be attributed to the following factors: (a)
the use of UV light has sufficient energy to excite electrons
from the valence band to the conduction band of ZnO, creating
electron-hole pairs. UV light consists of higher energy photons
compared to visible light, which leads to increased excitation
of electrons from the valence band to the conduction band of
the ZnO NPs. This promotes the generation and transportation
of electron-hole pairs, which are vital for the degradation of the
dye molecules; (b) the catalyst has higher absorptive capacity
for the fast orange dye, since the π−π interaction between ZnO
and the fast orange dye molecules leads to a stronger adsorption
of the dye onto the catalyst surface under UV light irradiation.
This improved adsorption facilitates efficient contact between
the dye and the active sites on the ZnO nanoparticles, enhan-
cing the photocatalytic degradation process. Taken together,
these factors contribute to the higher photocatalytic activity
exhibited by ZnO nanoparticles under UV light irradiation,
resulting in increased efficiency and degradation of the fast
orange dye molecules [17,18].

Electrochemical sensor studies: The electrochemical
studies were performed using a three-electrode system, where
the working electrode consisted of a composite material comp-
osed of 70% graphite, 15% ZnO nanoparticles and 15% silicon
oil. This composite material served as the working electrode
for the cyclic voltammetric measurements. During the cyclic
voltammetric studies, the voltage range of -0.4 V to +0.6 V
was applied to the working electrode. Within this range, the

TABLE-3 
RATE CONSTANTS AND KINETIC STUDIES OF ZnO NANOPARTICLES SYNTHESIZED BY PROBE SONICATION  

METHOD FOR THE DECOLORIZATION OF FAST ORANGE (FO) UNDER SUNLIGHT AND UV LIGHT 

20 ppm Fast orange + 60 mg ZnO + sunlight 20 ppm Fast orange + 60 mg ZnO + UV 
t 

C C/Co log C/Co -log C/Co D (%) C C/Co log C/Co -log C/Co D (%) 
0 
15 
30 
45 
60 
75 
90 

105 
120 

0.184 
0.171 
0.154 
0.137 
0.117 
0.092 
0.072 
0.062 
0.059 

1 
0.929 
0.836 
0.744 
0.635 
0.500 
0.391 
0.336 
0.320 

0 
-0.0319 
-0.0777 
-0.1284 
-0.1972 
-0.3010 
-0.4078 
-0.4736 
-0.4948 

0 
0.0319 
0.0777 
0.1284 
0.1972 
0.3010 
0.4078 
0.4736 
0.4948 

0 
7.06 
16.30 
25.54 
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oxidation and reduction potentials associated with the ZnO
nanoparticles were determined. The oxidation potential for
the ZnO nanoparticles was found to be 0.64 V, indicating the
voltage at which the oxidation reaction occurs on the surface
of the working electrode. This potential represents the energy
required to remove electrons from the ZnO nanoparticles,
resulting in the formation of oxidized species. Similarly, the
reduction potential for the ZnO nanoparticles was determined
to be 0.39 V. This potential corresponds to the voltage at which
the reduction reaction takes place on the working electrode. It
represents the energy required to add electrons to the ZnO
nanoparticles, leading to the formation of reduced species.

The CV curves for the ZnO nanoparticles is presented in
Fig. 7. It is important to note that the observed capacitance in
the CV curve does not exhibit the typical rectangular shape
associated with an electrical double-layer capacitor [19]. Instead,
the curve indicates a different behaviour attributed to a redox
mechanism. The CV curve shows an anodic peak, which corre-
sponds to the oxidation of ZnO nanoparticles into Zn2+ ions.
Conversely, the cathodic peak represents the reduction of Zn2+

ions back to ZnO nanoparticles. The observation of a quasi-
reversible electron transfer process indicates that the electron
transfer reaction in question occurs with some degree of revers-
ibility. In other words, while the electron transfer is not compl-
etely reversible, it is not entirely irreversible either occurring
during the oxidation and reduction reactions [20]. In a CV
measurement, the applied potential was varied cyclically and
the resulting current response was recorded. The potential differ-
ence (EO − ER) between the oxidation and reduction potentials
determines the overall direction of the redox reaction. If the
potential difference is positive (EO > ER), the reaction is more
favourable for oxidation and electrons flow from the species
with the lower oxidation potential to the species with the higher
reduction potential. Conversely, if the potential difference is
negative (EO < ER), the reaction is more favourable for reduction
and electrons flow from the species with the higher oxidation
potential to the species with the lower reduction potential. A
smaller difference suggests a higher degree of reversibility
[21]. In case of ZnO electrodes, it is evident that the difference
between the oxidation and reduction peaks is greater for the
sample prepared using the sonochemical method. The calcu-
lated values for EO and ER were found to be 0.6414 V and
0.3941 V, respectively (Fig. 7). When the difference between
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Fig. 7. Cyclic voltammogram of ZnO electrode at different scan rate V/s
Ag/AgCl electrode

EO and ER is smaller, the evolution of oxygen during the oxid-
ation process becomes easier. This leads to increased charge
efficiency, improved utilization of the active material and higher
reversibility of the electrochemical reaction of the electrode
[22].

The stable state of the electrochemical impedance measu-
rements were measured using Ag/AgCl electrode in the frequ-
ency range of 1 Hz to 1 MHz with 5 mV AC amplitude. The
Nyquist plots of different ZnO electrodes are shown in Fig. 8.
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Fig. 8. Nyquist plot of ZnO NPs electrode

The overall impedance (Z) of the prepared electrode can
be expressed as:

Z(w) = Z′ + jZ″ = ZRe + jZIm = R + j X (14)

j 1= − (15)

where Z′ or ZRe and Z″ or ZIm were the real and imaginary
parts of the impedance [23].

The impedance spectra of the ZnO electrode exhibit larger
impedance values, indicating increased resistance to the flow
of electric current. This higher impedance can be attributed to
several factors, including the presence of ZnO layer and the

electrochemical processes occurring at the electrode-electrolyte
interface.

When a depressed semicircle is observed in the high-
frequency region of the EIS spectrum, it suggests the presence
of a capacitive element in the system. By incorporating the
constant phase element (Q1) into the equivalent circuit, a more
accurate representation of the electrochemical system can be
achieved, allowing for a better fit of the experimental data
obtained from techniques such as electrochemical impedance
spectroscopy (EIS).

CPE n

1
Z

Y(j )
=

ω (16)

In the equation, ω represents the angular frequency in rad
s–1 and Y and n are adjustable parameters associated with the
constant phase element (Q1). The value of n in the constant
phase element (Q1) can indeed take on the values of 1, 0 or
0.5, corresponding to different electrochemical phenomena:
when n = 1, it represents the double-layer capacitance (Cdl).
When n = 0, it represents the resistance (R) of the system. When
n = 0.5, it represents the Warburg diffusion (W) behaviour.

The Nyquist plots of impedance measurements for different
ZnO electrodes are represented by the equivalent circuit shown
in Fig. 9. In this circuit, the high-frequency region intercepting
the semicircle on the real axis of the Nyquist spectrum corres-
ponds to the solution resistance (Rs), which indicates resistance
at the electrode-electrolyte interface. The semicircles observed
in the plot are attributed to either interfacial charge transfer
resistance (Rct) or polarization resistance (Rp), which are conn-
ected in parallel to the double-layer capacitance (C). Overall,
the observation of a straight line in the low-frequency region
of the Nyquist plot indicates the presence of a Warburg element,
emphasizing the importance of diffusion processes in the electro-
chemical system being studied. The observation of a straight
line in the low-frequency region of the Nyquist plot suggests
that the diffusion of zinc ions and electrons into the pores on
the surface of the ZnO electrodes plays a significant role in
the electrochemical behaviour of the system [14]. The semi-
circle shape arises due to the interplay between the capacitive
behavior of the electrical double layer and the resistive behavior
of the charge transfer process. The diameter of the semicircle
is related to the charge transfer resistance (Rct) with larger semi-
circles corresponding to higher resistance values. Within the
equivalent circuit, the constant phase element (Q) is placed

C

Rs

Rct

W

C

R1

Q

Fig. 9. Equivalent circuit of the Nyquist plots of an impedance measurement
of different ZnO electrode
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in parallel with the charge-transfer resistance (Rct) and the
leakage resistance (Rl) [23].

The ZnO nanoparticles used to detect lead (Pb) have cyclic
voltammograms, which are shown in Fig. 10a. A sharp shift
in the locations of the oxidation and reduction peaks suggests
that the ZnO nanoparticles used to make the carbon paste
electrode are appropriate for use as sensors in acidic media at
concentrations of 1 to 5 mM. Additionally, the current response
grows with additional injections of 1 mM lead over 50s of
sampling time, reaching steady state in under 3s. The anodic
oxidation and reduction peaks on the ZnO electrode are at -
0.2 V and -0.815 V, respectively (Fig. 10b). On the anodic and
cathodic sides of the lead sensor, there are additional peaks on
the cyclic voltammogram, with oxidation peaks at -0.535 and
-0.791 V and reduction peak shifted to at -0.275 V. The CV of
the ZnO electrode in the presence and absence of a lead sensor
is shown in Fig. 10b, confirming that the peak positions clearly
change when lead is added to the electrolyte.

Fig. 10c, shows the anodic and cathodic current responses
in relation to lead concentration. The ZnO electrode sensor
exhibits an approximately linear trend in with decrease in
anodic current at both potentials, but a rise in cathodic current
at -0.275 V as lead concentration was increased. This further
highlights the exceptional sensitivity of the ZnO modified
electrode to the electrochemical activity of the heavy metal
under study.

Conclusion

In summary, ZnO nanoparticles were successfully synthe-
sized through the sonochemical route and their crystallinity
was confirmed using XRD analysis. Optical studies revealed
that the synthesized ZnO nanoparticles possess a bandgap of
3.35 eV. Morphological investigations demonstrated that the
nanoparticles were well-dispersed and exhibited a crystalline
structure. The catalytic applications of these synthesized nano-
materials were examined by employing them for the degra-
dation of direct green and fast orange dyes under both visible
and UV light conditions. Remarkably, the ZnO nanoparticles
exhibited excellent catalytic properties, achieving a degradation
efficiency of 94.6% for fast orange dyes within 120 min. More-
over, electrocatalytic studies demonstrated a redox reaction,
indicating that the material is suitable for both photocatalysis
and electrochemical lead sensor.
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