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Metal oxide semiconductors (MOS) occupy a prominent position in both academic research and industrial
applications owing to their diverse and distinctive properties, including electrical, optical, mechanical,
magnetic, and electrochromic characteristics. In this study, we focused on zinc oxide nanoparticles (ZnO
NPs) synthesized via a cost-effective co-precipitation method. Characterization techniques such as FT-
IR, powder XRD, XPS, and UV-vis spectroscopy confirmed the successful synthesis of ZnO NPs, which
exhibited an optical band gap of approximately 3.16 eV. Dielectric studies showed a dielectric constant
value of ~98 at 10° Hz, remaining stable at higher frequencies due to reduced charge accumulation at
grain boundaries. Impedance spectroscopy indicated that increasing temperature decreased the

semicircle radius in Cole—Cole plots, reflecting enhanced charge carrier mobility and confirming
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frequency, suggesting improved charge carrier mobility. These findings underline the promising potential
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1. Introduction

Zinc oxide (ZnO) nanoparticles (NPs) have emerged as one of
the most versatile semiconductor nanomaterials due to their
distinctive properties, including wide band gap semi-
conductivity, optical transparency, chemical stability, and
piezoelectric characteristics. Crystallizing in a thermodynami-
cally stable hexagonal wurtzite phase, ZnO exhibits strong ionic
bonding between Zn>" and O*>~ ions, which underpins its wide
direct band gap (~3.37 eV), high exciton binding energy (~60
meV), substantial electron mobility, and excellent thermal and
mechanical stability."* These intrinsic properties have posi-
tioned ZnO as a promising candidate for a wide range of
applications, including ultraviolet (UV) photodetectors, trans-
parent electronics, gas sensors, solar cells, supercapacitors,
piezoelectric nanogenerators and light-emitting diodes
(LEDs).*" Furthermore, ZnO can serve as a photocatalyst for
biodiesel production through the esterification and trans-
esterification of fatty acids and oils, thereby broadening its
applications in energy harvesting and environmental technol-
ogies.'® Beyond electronic and optoelectronic applications, ZnO
NPs exhibit notable antimicrobial activity through reactive
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oxygen species generation, Zn>" ion release, and membrane
disruption. Their broad-spectrum efficacy and relatively low
cytotoxicity make them promising alternatives to conventional
antibiotics and bactericides."***

ZnO nanostructures with diverse sizes, morphologies, and
crystal structures have been synthesized using various tech-
niques, including hydrothermal,** solvothermal,* co-precipita-
tion,” sonochemical,* sol-gel,> microemulsion,*® chemical
vapor deposition,” thermal decomposition,*® microwave irra-
diation,* and laser ablation.** Among them, co-precipitation is
particularly attractive due to its simplicity, scalability, and cost-
effectiveness.”® These methods influence key parameters such
as crystallite size, defect density, morphology, and composi-
tional purity that directly affect the physical, thermal, and
chemical properties of ZnO nanoparticles.*® Calcination
temperature is critical for achieving high phase purity,
controlling crystallite growth, and stabilizing the wurtzite
phase. Annealing at 500 °C has been shown to significantly
improve crystal quality by reducing structural defects, thereby
enhancing the optical properties of ZnO NPs.**"** A key strategy
for optimizing ZnO NPs for optoelectronic applications involves
tuning their band gap and carrier dynamics through methods
such as doping or nanostructuring. The incorporation of
foreign elements into the ZnO NPs lattice can introduce local-
ized states or modify native defect concentrations, while
reducing particle size to the nanoscale can induce quantum
confinement effects.*® These modifications have been shown to
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significantly improve the electrical, magnetic, photocatalytic,
and luminescent behavior of ZnO nanomaterials.’*-*

According to research findings, the dielectric and AC elec-
trical properties of ZnO NPs are closely linked to microstruc-
tural features such as crystallite size, grain boundaries, and
lattice defects, as well as the presence of additional charge
carriers.***** Especially, dielectric permittivity is governed by
interfacial (Maxwell-Wagner) and orientation (dipolar) polari-
zation, while AC conductivity arises from charge -carrier
hopping and defect-mediated transport mechanisms.*”*>*
Grain boundaries, in particular, act as charge trapping sites and
influence space-charge (interfacial) polarization, particularly at
low frequencies, which in turn affects both dielectric constant
and loss characteristics.”” These properties can change signifi-
cantly when ZnO NPs are doped or alloyed with other metals or
materials.>***>* Variations in nanoparticle size can also lead to
changes in the dielectric constant.®**** The large dielectric loss
observed at low frequencies is typically attributed to impurities
and crystal defects within the ZnO NPs. Moreover, in composite
systems, both the dielectric constant and dielectric loss gener-
ally increase with increasing particle size.*

Despite extensive literature on ZnO nanostructures, there
remains significant scope for further investigation, particularly
regarding their potential applications. Especially, limited
reports systematically correlate synthesis temperature, crystal-
lite size, morphology, dielectric/conducting behavior and
bandgap of pure ZnO NPs (Table 1). This study aims to fill that
gap and to explore the applicability of ZnO nanoparticles
calcined at 500 °C in terms of dielectric permittivity, conduc-
tivity and bandgap. Zinc oxide nanoparticles (ZnO NPs) were
synthesized via a simple and cost-effective chemical precipita-
tion method, followed by calcination at 500 °C. The structural,
morphological, and compositional features of the ZnO NPs were
characterized using FT-IR, PXRD, FE-SEM, and EDX analyses.
Temperature- and frequency-dependent dielectric permittivity
and dielectric loss, and electrical conductivity, along with the
optical band gap, were systematically investigated and
compared with values reported for ZnO NPs by other research
groups (Table 1). Notably, doping ZnO nanoparticles with
metals or carbon-based materials would significantly enhance
their dielectric constant and electrical conductivity, thereby
making such modified compositions promising candidates for
advanced energy storage applications.

2. Experimental section
2.1 Materials

All reagents were of analytical grade and used as received
without further purification. Zinc nitrate hexahydrate
(Zn(NO3),-6H,0), sodium hydroxide (NaOH), and ethanol
(EtOH) were purchased from Merck (India). Double-distilled
water was used for all solution preparations.

2.2 Preparation of ZnO NPs

ZnO nanoparticles synthesized via a simple co-
precipitation method.*® In a typical procedure, 0.1 M aqueous

were
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solution of Zn(NO3),-6H,0 (298 mg) was prepared and stirred
magnetically at room temperature for 30 min. Aqueous NaOH
(0.2 M) was then added dropwise to the zinc nitrate solution
under continuous stirring until the pH reached ~10. A white
precipitate of zinc hydroxide (Zn(OH),) formed immediately.
The mixture was stirred for an additional 2 h to ensure complete
reaction. The resulting precipitate was separated by centrifu-
gation, washed several times with distilled water and ethanol to
remove residual ions and by-products, and then dried in a hot
air oven at 80 °C overnight. The dried powder was subsequently
calcined at 500 °C in a muffle furnace for 6 h in air to obtain
phase-pure ZnO nanoparticles.

2.3 Characterization

Powder X-ray diffraction (PXRD) measurements were performed
using a Bruker D8 Advance diffractometer equipped with Cu Ko
radiation (A = 1.5406 A), and operated at 40 kV and 40 mA.

The crystallite size was estimated using the Debye-Scherrer
equation. FT-IR spectra were recorded on a Nicolet iS10 from
Thermo Fisher Scientific using the KBr pellet method in the range
of 4000-400 cm ™", Scanning electron microscopy (SEM) images
were obtained using a JEOL JSM-6610 series scanning electron
microscope at an operating voltage of 30 kV to analyze surface
morphology and particle aggregation. X-ray photoelectron spec-
troscopy (XPS) measurements were performed using a PHI Versa
Probe III scanning XPS microprobe with Al Ko radiation (1486.6
eV) for surface chemical state analysis. UV-Vis-NIR absorption
spectra were collected using a Shimadzu UV-3600 Plus UV-Vis-NIR
spectrophotometer in the wavelength range of 200-2500 nm. X-ray
photoelectron spectrometer measurements were carried out using
a Thermo Scientific K-Alpha analyzer, which features a 180° double
focusing hemispherical analyzer with a 128-channel detector, an Al
Ko micro-focused monochromator with a variable spot size, and
an ion gun with an energy range of 100-4000 eV. Particle size
analysis was conducted using a Malvern Zeta Sizer Ver. 8.02 (serial
number: MAL1043157).

2.4 Electrical measurements

A broadband dielectric spectroscopy (Model-Concept 80)
measurement was conducted using a Novocontrol (GmbH,
Germany) Alpha Analyzer over a wide frequency range from
10° Hz to 10° Hz and a temperature range from 170 K to 350 K.
The experiment involved applying an AC electric field to the
pellet form of ZnO NPs placed between two parallel circular
copper plates (diameter = 20 mm) separated by 0.1 mm Teflon
spacers at 25 °C. The temperature was controlled by a Novo-
control Quatro Cryosystem, which maintains temperature
stability better than 0.1 K. Impedance spectroscopy has been
extensively used to study the physical processes that determine
complex electrical functions such as dielectric permittivity and
conductivity. The real (¢/) and imaginary (¢”) parts of the
dielectric permittivity of ZnO NPs are calculated based on the
following eqn (1) and (2):

’ Ct

€ = od (1)
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& =¢tand 2)

where C is the capacitance in farads, F, ¢ is the sample thickness
in centimetre, A is the cross-sectional area in cm?, and ¢, is the
permittivity of free space, equal to e, = 8.854 x 10 "* F cm™ .
The AC conductivity (o,c) was calculated by eqn (3)

oac = LI(RS) (3)

where R (Q) was obtained from arc extrapolation to the Z’ axis on
the Nyquist curve. L and S are the thickness and surface area of
the sample, respectively.

3. Result and discussion

3.1 Characterization

The FTIR spectrum of the synthesized ZnO NPs calcined at 500 °©
C was determined in the region of 500-4000 cm™*, as shown in
Fig. S1. Five major IR modes were noted at 559, 1352, 1385,
1598, and 3427 cm ™ '. The peak observed in the range of 500~
800 cm ! was attributed to the characteristic ZnO stretching
vibration, which serves as a good evidence for the formation
and stabilization of ZnO NPs.*” The bands observed at 1598 and
3427 cm™ " were due to the stretching vibration of the OH group
present in physically absorbed water, which may have been
introduced during pellet preparation.*® The peaks at 1352 and
1385 cm™ ' were associated with the bending vibrational mode
of the OH group found in methanol, which could have been
present after washing the NPs.*

The powder XRD pattern of the ZnO NPs calcined at 500 °C
(Fig. 1) provided evidence for their crystalline nature and
hexagonal phase, with the lattice parameters of a = b = 3.2494 A
and ¢ = 5.2108 A and space group P6smc. No impurities were
detected, which is consistent with the standard JCPDS file (036-
1451) (Tables S1-S5). The values of the ZnO lattice parameters
(a, b and c) are determined using eqn (4):*

2 2 2
1 _i[h +hk+k}+% ()

d(hkl)z 3 a

g —— ZnONPs
3 e
:
2
)
c
2
£
| JCPDS NO. 00-036-1451
T T || T T I T || T |I.III I.
20 25 30 35 40 45 50 55 60 65 70 75 80

2 Theta (degree)

Fig. 1 PXRD pattern of the ZnO NPs calcined at 500 °C, confirming
a hexagonal wurtzite phase.
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where d is the interplanar distance and A, k, [ are the Miller
indices.

The average crystallite size (D) calculated using Debye-
Scherrer's eqn (5) was ~15.8 nm. This value aligns with the
previous report for ZnO NPs,** confirming the reliability of the

Debye-Scherrer method for estimating nanoparticle
dimensions.
D = 0.942/8 cos 6 (5)
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Fig. 2 (a) XPS survey spectrum of the ZnO NPs calcined at 500 °C; (b

and c) XPS core level scan of Zn 2p and O 1s.
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Grain aggregates size
=70 to 150 nm

Fig.3 SEMimages of ZnO NPs calcined at 500 °C. (a) Low-magnification image revealing nanoparticle aggregation; (b) high-magnification view
showing polyhedral to nearly spherical morphology and grain-boundary features.

where 1 is the incident X-ray wavelength (CuKo. = 1.54056 A),
8 is the full width at half maximum (FWHM) of the respective
peak and 6 represents the Bragg angle of diffraction.

The surface element compositions of the ZnO NPs calcined
at 500 °C were characterized using X-ray photoelectron spec-
trometer (XPS) analysis, as shown in Fig. 2. The XPS survey
spectrum revealed high signals for zinc and oxygen elements,
confirming the successful formation of ZnO NPs.** The binding
energies of the Zn 2p spectral peaks were found to be 1021.9 and
1045.1 eV, for Zn 2p;/, and Zn 2p,,, respectively. Additionally,
the peak at 532.1 eV corresponds to oxygen ions within the ZnO
lattice, while the peak at 530.6 eV is attributed to the presence of
OH on the surface. These results collectively confirm the pres-
ence of ZnO NPs and their characteristic surface compositions.

Scanning electron microscopy (SEM) was employed to
investigate the morphology of the ZnO NPs at varying magnifi-
cations (Fig. 3). At low magnification (Fig. 3a), the particles
appeared as agglomerated clusters arranged in a porous struc-
ture. The grains exhibited irregular shaped and varied in size,
forming loosely packed aggregates.*»**** Numerous voids and
intergranular spaces were visible, acting as grain boundaries,
although these boundaries were less well-defined at this
magnification (Fig. S4). Most grains measured approximately
26-181 nm in diameter, while some larger features, up to

© 2025 The Author(s). Published by the Royal Society of Chemistry

~200 nm, likely corresponded to fused or overlapping crystal-
lites rather than individual grains. In contrast, the individual
grains became more distinct, displaying morphologies that
range from polyhedral to nearly spherical at high magnification
(Fig. 3b). The grains, measuring approximately 12.5 to 33.3 nm,
exhibited a nanoscale morphology with well-defined bound-
aries (Fig. S4), in good agreement with the crystallite size
determined from PXRD analysis. The surfaces of the grains
appeared clean and smooth, indicating crystalline growth
during calcination at 500 °C. Based on the morphological
features, it is suggested that a nanocrystalline network in which
well-defined grain boundaries separate crystalline domains
provides a large specific surface area and numerous interfacial
sites for charge trapping.>**® These observations may support
the inference of grain boundary-driven dielectric behavior, as
noted in the impedance and dielectric measurements (vide
infra).

Fig. S2 presents the EDX analysis of the elemental compo-
sition of ZnO NPs calcined at 500 °C. The analysis confirmed the
presence of zinc (Zn), oxygen (O) and carbon (C, due to carbon
tape during the measurement) with no specified impurities
detected. Particle size analysis further corroborated that the
ZnO NPs calcined at 500 °C were in the nanoscale range, with
particle sizes varying from 78 to 142 nm,*® as illustrated in

RSC Adv, 2025, 15, 36749-36759 | 36753
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Fig.4 Dielectric constant (k) versus frequency for ZnO NPs calcined at
500 °C, measured at various temperatures (170-350 K).

Fig. S3. This finding aligns with the XRD pattern, which indi-
cates that the synthesized ZnO NPs exhibited good crystallinity.

3.2 Dielectric permittivity

The dielectric properties of ZnO NPs displayed significant
improvements due to the presence of interfacial and orientation
polarizations at low and high frequencies, respectively.”” Fig. 4
presents the frequency dependent (10% to 10° Hz) dielectric
constant («) of ZnO NPs calcined at 500 °C under measurement
temperatures ranging from 170 to 350 K. At low frequency (10°
Hz), the dielectric (k) of ZnO NPs was ~98, gradually decreasing
with increasing the frequency until reaching a plateau at high
frequencies. This plateau may be attributed to the slower
movement of charges and reduced charge accumulation at
grain boundaries within the dielectric material.*® In general,
dielectric materials consist of strongly conducting grains and
poorly conducting grain boundaries. In ZnO NPs, charge accu-
mulation can occur due to several factors, including the grains,
grain boundaries, the presence of defects (such as oxygen
vacancies and interfacial dislocations), and various polariza-
tions. This accumulation leads to complete polarization in
response to the applied electric field, which explains the
increased relative k values observed at lower frequencies.”>*
However, at high frequencies, electric dipoles struggle to
respond adequately to the changing electric field. Factors such
as slower charge movement, reduced charge accumulation at
grain boundaries (which act as traps or barriers), and the
presence of space charge polarization at these boundaries
contribute to the observed decrease in the dielectric constant
(K).SS

The effect of temperature on the dielectric response was also
measured, with results shown in Fig. 5. As the temperature
increased, the dielectric constant (k) varied, peaking at 350 K
(10 Hz). This increase in dielectric constant (kx = ~98) is
attributed to enhanced thermal vibrations and increased
molecular motion, which facilitate more efficient polarization
against the applied electric field.>”*

36754 | RSC Adv, 2025, 15, 36749-36759
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Fig.5 Dielectric constant (k) versus temperature for ZnO NPs calcined
at 500 °C, measured at various frequencies (10 to 10° Hz).

3.3 Dielectric loss

The dielectric loss, also known as tangent loss, in dielectric
materials refers to the dissipation of energy as heat when
polarization lags behind the applied electric field. This
phenomenon is significantly influenced by impurities and
imperfections within the crystal lattice.®* Typically, dielectric
loss arises from several mechanisms, including interfacial
polarization (due to space charge migration), direct current
(DC) conduction, and molecular dipole movement, commonly
referred to as dipole loss.®® Fig. 6a illustrates the frequency
dependence of the dielectric loss (tan 6) for ZnO NPs calcined at
500 °C, measured over a temperature range of 170-350 K. At
lower frequencies, the dielectric loss significantly increased,
reaching a value of 0.98 at 10> Hz. This increase can be attrib-
uted to the sluggish response of molecular orientations to the
applied electric field, along with charge accumulation at inter-
faces and interfacial polarization.”* Conversely, at higher
frequencies, the dipoles within the ZnO NPs encountered
difficulties in aligning effectively with the applied field.
Consequently, the ability of ZnO NPs to dissipate energy as
dielectric loss diminished. This behavior underscores the
complex interplay between frequency, molecular orientation,
and dielectric properties in ZnO NPs. Fig. 6b shows the
temperature dependence of the dielectric loss (tan ¢) for ZnO
NPs calcined at 500 °C, measured over the frequency range of
10° to 10° Hz. At low temperatures (<250 K), the dielectric loss
remained nearly independent of temperature. However, at
around 350 K, a significant increase in dielectric loss was
observed, which can be attributed to space charge polarization
and interfacial polarization effects. The relatively low dielectric
loss at higher frequencies indicates that ZnO NPs are promising
candidates for high-frequency device applications.

3.4 Impedance spectra analysis

The impedance characteristics of the materials provide precise
predictions regarding the contributions of grains, grain

© 2025 The Author(s). Published by the Royal Society of Chemistry
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10° Hz.

boundaries, and electrode-material interfaces during charge
transport in the material under investigation.®® The impedance
analysis diagram for ZnO NPs calcined at 500 °C is obtained by
plotting the imaginary component of impedance (Z") against
the real component of impedance (Z') over a frequency range of
10° to 10” Hz and a wide temperature range of 170-350 K (see
Fig. 7, Cole-Cole plot). In Fig. 7, the symbols represent the
experimental data, while the solid line represents the fitted
data. An incomplete semicircle is observed below 220 K, indi-
cating that the ZnO NPs may lack sufficient thermal energy to
overcome potential barriers or initiate dynamic processes that
affect charge carriers.®® As the temperature increased, a fully
resolved semicircle emerged, demonstrating a decrease in
resistance at higher temperatures, which reflects the impedance

1.4x107
N CPE m 170K ¥ 200K ® 280K
2 180K @ 210K * 290K
7
1.2x10 A 190K 220 K 300 K
R, 230K ® 310K
1.0x107 A 240K ® 320K
. *x 250K * 330K
E 8.0%10° i/ ® 260K 340K
S </ / 270K 350 K
E" 6.0x10° f FitResult
4.0x10°
2.0x10°
0.0 +

T T T T T T
0.0  50x10° 1.0x10° 1.5x10° 2.0x10° 2.5x10° 3.0x10° 3.5x10°
Z' (ohm)

Fig. 7 Nyquist plots (Z” vs. Z') of ZnO NPs calcined at 500 °C,
measured between 170-350 K (Inset: equivalent circuit model used
for fitting impedance spectra).

© 2025 The Author(s). Published by the Royal Society of Chemistry

characteristics. The rise in temperature led to an increase in
charge carrier mobility due to the additional thermal energy,
resulting in a semicircle with a decreasing radius in the Cole-
Cole plot, which is indicative of typical semiconductor behavior.
The reduction in the semicircle radius is attributed to the
enhanced charge carrier mobility facilitated by the increased
thermal energy as the temperature rises.

The findings from the impedance study were validated by
fitting the experimental data to a theoretical electrical equiva-
lent circuit model using ZsimpWin 2.0 software. This approach
confirms the validity of the theoretical model in demonstrating
the electrical properties of the materials. In this equivalent
circuit, R; typically represents the series resistance associated
with the external circuit elements,*” while R, denotes the charge
transfer resistance,®® which is often linked to the interfacial
electron transfer process rather than grain resistance. Addi-
tionally, the constant phase element (CPE) accounts for devia-
tions in grain capacitance. The measured Electrochemical
Impedance Spectroscopy (EIS) data at selected temperatures
were analyzed using ZsimpWin software to obtain the values of
series resistance (R,), grain resistance (R,), and grain capaci-
tance (CPE), as represented in Table S6. Based on this analysis,
we concluded that the electrical properties of ZnO NPs are
predominantly influenced by grain boundary effects rather than
grain (bulk) characteristics (Fig. S5).°”°

3.5 AC conductivity

To investigate the electrical property of the ZnO NPs calcined at
500 °C, we measured the frequency-dependent electrical
conductivity as a function of temperature. The AC conductivity
(0ac) measurement indicated that the temperature-dependent
electrical conductivity of ZnO NPs calcined at 500 °C
increased from 10~° to 107> S cm ™" measured over a frequency
range of 10° to 10° K (Fig. 8). This phenomenon is observed in
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(@) AC conductivity (oac) versus frequency for ZnO NPs calcined at 500 °C, recorded over the measurement temperature range of 170—

350 K and (b) AC conductivity (oac) versus temperature for ZnO NPs calcined at 500 °C, recorded over the measurement frequency range of 10®

to 10° Hz.

many materials, including polymers and semiconductors.” It
was noted that the AC conductivity remained almost constant
up to 10" Hz. Above 10* Hz, it gradually increased up to 10> Hz,
and then, rose rapidly from 10 to 10® Hz. As the temperature
increased, the AC conductivity (65c) of ZnO NPs also increased
due to the enhanced hopping of charge carriers.”” At low
frequencies, a feeble conductivity was attributed to the forma-
tion of less conductive grain boundaries, resulting from
a limited number of charge carriers tunneling through the
potential barrier.”” However, an increment in the conductivity
was observed due to a large number of charge carriers that
could overcome the potential barrier at high frequency.” These
results suggest that ZnO NPs exhibited frequency- and the
temperature-dependent behavior characteristic of
semiconductors.

The activation energy (E,) of the semiconductivity of ZnO
NPs was calculated with the use of the Arrhenius equation, oac
= 0 exp(—EJ/ksT), where o, is the pre-exponential factor, E, is
the activation energy, T is the temperature in kelvin, and kg is
the Boltzmann constant. Fig. 9 illustrates the plot of g5c vs. 10%/
T for ZnO NPs calcined at 500 °C from which the activation
energy, E, was determined to be 0.068 eV, corroborating the
previous report.” This result provides a strong indication of the
semiconducting nature of the ZnO NPs.

3.6 Optical band gap

The solid-state UV-visible absorption spectrum of the ZnO NPs
calcined at 500 °C exhibited an absorption peak at <400 nm,
corresponding to the electronic transition between the Zn;4 and
O,,, states in hexagonal wurtzite ZnO NPs.”® The optical band
gap of the ZnO NPs was determined from the diffuse reflectance
data using the Tauc relation:”

36756 | RSC Adv, 2025, 15, 36749-36759

(ahv) = B(hv — E)" (6)

where « is the absorption coefficient, B is a constant called the
band tailing parameter, E, is the optical band gap, % is the
Planck's constant and » is the frequency of incident photons,
and ‘n’ is an index, which is equal to 2, 3, 1/2 and 1/3 for indirect
allowed, indirect forbidden, direct allowed and direct forbidden
transitions, respectively. We found that the only linear fit
between (ahw)" and hv was obtained for n = 1/2, indicating
a direct allowed transition” and the value of E; obtained for this
transition was 3.16 eV (Fig. 10), which is in agreement with the
reported value of the band gap for ZnO NPs.” These findings
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Fig. 9 Arrhenius plot of In aac versus 1000/T for ZnO NPs calcined at
500 °C, yielding an activation energy of 0.068 eV.
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indicates a direct allowed band gap of 3.16 eV.

demonstrate that the ZnO NPs calcined at 500 °C are, indeed,
promising materials for low-frequency devices, enhancing their
performance and efficiency due to their improved dielectric
characteristics and reduced energy gap.

Compared to earlier reports summarized in Table 1, ZnO
NPs synthesized in this study exhibit a distinctive combination
of properties. The crystallite size, ranging from 7 to 24 nm, is
smaller than that of most co-precipitated or sintered samples,
leading to enhanced grain boundary effects. This material is
characterized by a high dielectric constant of approximately 98
at 10° Hz, coupled with a relatively low dielectric loss of about
0.96. This sets it apart from solution- and sol-gel-based ZnO
NPs, which typically demonstrate lower dielectric constants and
significantly higher losses. Moreover, while most studies do not
provide impedance data, our work includes a detailed Nyquist
analysis that clearly illustrates thermally activated hopping
conduction. Alongside a direct band gap of 3.16 eV, these
findings afford a deeper understanding of charge transport,
grain boundary effects, and relaxation dynamics, thereby
offering a more complete characterization than earlier studies.
This thorough evaluation highlights the significant potential of
ZnO NPs for advanced electronic technologies.

4. Conclusions

In this study, ZnO NPs were successfully synthesized by
a simple, fast, cost-effective precipitation method, followed by
calcination at 500 °C. XRD structural analysis confirmed the
formation of highly crystalline ZnO with a hexagonal wurtzite
structure with an average crystallite size of ~15.8 nm. SEM and
particle size analysis revealed that the synthesized ZnO NPs
possessed a nanostructured morphology, composed of multiple
crystallites, which supports the existence of grain boundaries
within each ZnO NPs. The optical characterization showed
a direct band gap of 3.16 eV, consistent with quantum

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(Left) UV-visible absorption spectrum, and (Right) UV-visible diffuse reflectance spectrum of ZnO NPs calcined at 500 °C. Tauc plot

confinement in nanoscale ZnO. At a low frequency of 10° Hz, the
ZnO NPs exhibited a high dielectric constant of 98 and
a dielectric loss of 0.97. A decrease in both the dielectric
constant and dielectric loss was observed with increasing
frequency, likely due to the due to reduced interfacial polari-
zation and formation of grain boundaries between ZnO NPs.
Impedance spectroscopy confirmed the semiconducting nature
of these nanoparticles, with temperature-dependent Nyquist
plots showing enhanced charge carrier mobility at elevated
temperatures. Electrical conductivity measurements showed an
AC conductivity in the range of 10™® to 107> S ecm ™', indicating
that charge carrier mobility is primarily governed by thermally
activated hopping mechanism. The calculated activation energy
of 0.068 eV further supported the temperature-dependent
conductivity behavior. These findings suggest that ZnO NPs
calcined at 500 °C hold significant potential for the develop-
ment of high-performance electronic devices.
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