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Introduction

Effect of temperature on the structure, catalyst and
magnetic properties of un-doped zinc oxide
nanoparticles: experimental and DFT calculationy

Masoomeh Sharbatdaran & * and Mehdi Janbazi

Zinc oxide nanoparticles were synthesized using sol-gel and hydrothermal techniques and characterized at
different calcination temperatures (400, 500, and 600 °C). The study included an analysis of morphology,
crystalline phase, particle size, elemental analysis, specific surface area and chemical state. Various
characterization methods were employed, including scanning electron microscopy (SEM), transmission
electron microscopy (TEM), X-ray powder diffraction (XRD), surface analysis (BET), nitrogen absorption
and desorption (N,-desorption), Fourier transform infrared spectroscopy (FTIR), thermal analysis (TGA-
DSC), temperature-programmed reduction of hydrogen (H,-TPR). Additionally, magnetic properties ZnO
nanoparticles were investigated by electron spin resonance (ESR). The investigation revealed changes in
reduction behavior, electron spin states, and magnetic properties. The interplay between defects,
crystallization, and stability underscores the complexity of ZnO-NPs. These findings contribute to our
understanding of nanomaterials and their potential applications in various fields. Density Functional
Theory (DFT) calculations with a Hubbard U correction were performed to investigate native defects in
ZnO and ZnOCH structures under oxygen-poor (low temperature), oxygen-rich (high temperature) and
equilibrium (average temperature) conditions. The formation energies of native defects were calculated,
and ESR spectra were simulated to analyze the presence and absence of C=0O, C-O, CH, and OH
bands, as well as to identify the native defects present during growth. The results of the formation
energy calculations and the simulated ESR spectra showed that the growth environment influences the
native defects that occur during the ZnO preparation process. Inconsistencies between the calculation
of formation energy and the ESR spectra suggested that the C=0O, C-O, CH, and OH bands were
negligible and could be disregarded in the ZnO nanoparticles. The findings from this study contribute to
a deeper understanding of ZnO-NPs, enabling the optimization of their properties for specific
applications, such as effective catalysts in chemical reactions.

Zinc oxide (ZnO) nanoparticles have garnered significant
attention in the field of nanotechnology due to their unique

With the emergence of nanotechnology, various inorganic
nanostructures like metal nanoparticles and metal oxides have
been exploited due to their inherent properties such as optical,
magnetic, absorptive and catalytic abilities.”> Among these
materials, zinc oxide nanoparticles have garnered significant
attention in both basic and applied research. Zinc oxide belongs
to the group of semiconductors and has a wide bandwidth for
electron flux, which plays an important role in catalytic
activities.* On the other hand, zinc oxide is generally known to
be a suitable host for a range of modifying elements.*”
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properties and versatile applications. With a wide range of
potential uses spanning from sunscreen formulation to opto-
electronic devices and biomedical applications, ZnO nano-
particles offer a promising avenue for innovation and
advancement in various industries.'*** This introduction aims
to explore the properties, synthesis methods, and diverse
applications of ZnO nanoparticles, shedding light on their
significance in the realm of nanomaterials and their potential to
drive advancements in technology, healthcare, and environ-
mental remediation.****

Electron spin resonance, is a powerful technique used for the
characterization of materials with unpaired electrons, such as
transition metal ions, defects in crystals, and certain organic
radicals.’'® When it comes to the characterization of ZnO, ESR
can provide valuable insights into the electronic structure and
defects present in the material. In the context of ZnO, ESR can
be used to study various defects and impurities within the
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crystal lattice. ZnO is known to exhibit a variety of intrinsic and
extrinsic defects, such as oxygen vacancies, zinc interstitials,
and various impurities, which can significantly influence its
properties and behaviour in different applications.””*

By subjecting ZnO samples to ESR analysis, researchers can
observe the behaviour of unpaired electrons in the material
when exposed to a magnetic field. This can provide information
about the local environment of the defects, their concentration,
and their impact on the material's properties, such as its elec-
trical and optical behaviour.”> Moreover, EPR can be used to
investigate the influence of external factors, such as tempera-
ture and irradiation, on the defects within ZnO, offering valu-
able insights into the stability and dynamics of these defects
under different conditions.”® In summary, ESR characterization
of ZnO can provide crucial information about the nature of
defects and impurities within the material, shedding light on its
electronic structure and behaviour.> This knowledge is essen-
tial for understanding and optimizing the performance of ZnO
in various applications, including semiconductor devices,*
photocatalysis®*® and sensors.”

ZnO nanoparticles (ZnO-NPs) are indeed suitable for use in
optical and magnetic devices due to their unique properties that
differ significantly from bulk ZnO.*® The specific objectives of
studying ZnO-NPs instead of bulk or surface ZnO include the
fact that ZnO-NPs exhibit size-dependent properties, such as
increased surface area, quantum confinement effects, and
altered electronic and optical behaviors. These characteristics
make them more suitable for applications in optoelectronic
devices, sensors, and catalysts.” The synthesis of ZnO-NPs
allows for the introduction and control of defects at the nano-
scale, which can significantly influence their magnetic and
electronic properties.*® Understanding these defects is crucial
for optimizing the performance of devices. ZnO-NPs can be
tailored for specific applications, such as in photonic devices,
where their optical properties can be fine-tuned for better
performance.*® Their magnetic properties, influenced by
defects, can also be harnessed for spintronic applications. The
high surface-to-volume ratio of ZnO-NPs enhances their reac-
tivity, making them more effective in catalytic processes
compared to bulk ZnO.*

Considering that the properties of ZnO nanoparticles
prepared by the sol-gel route strongly depend on calcination
temperature, we have used different temperature in order to
identify and characterize defects in ZnO, such as vacancies,
interstitials and concentration of these defects. By studying the
ESR spectra of ZnO samples, researchers can gain insights into
the nature and, which can impact the material's electronic and
optical properties.

In other words, aim of present study was to evaluate the
influence of the temperature on the textural, electronic, optical,
and magnetic properties of the final sol-gel derived ZnO nano
particles. In this context, ZnO nanoparticles was prepared by
sol-gel method and after calcination at different temperature,
the electronic, optical, and magnetic properties of ZnO struc-
tures were investigating in order to provide insights into their
fundamental properties and potential applications in various
fields.
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In this work, a theoretical study using DFT+U was conducted
to investigate native defects in ZnO and ZnO-CH, including the
presence of C=0, C-O, CH, and OH bands in the ZnO structure
under oxygen-poor (low temperature), oxygen-rich (high
temperature), and equilibrium (average temperature) condi-
tions. The native defects considered in this supercell included
oxygen vacancies (Vp), interstitial oxygen (O;), zinc vacancies
(Vzn) interstitial zinc (Zn;), O at V,(0z,) and Zn at Vo(Zno) as
well as defect complexes, such as O;Vz,, Zn;Vo, OiZn;, and Vozy.
The calculated formation energies revealed that the growth
environment affected the types of intrinsic defects formed in
ZnO and ZnOCH. Ultimately, the ESR spectra were simulated
for the native defects to provide further verification of the defect

types.

Experimental
Preparation of gels

To prepare zinc oxide nanoparticles, a 0.2 M zinc nitrate solu-
tion was made and placed in a beaker containing oil. The
solution was stirred vigorously at 100 °C for one hour at a speed
of 1000 rpm. Meanwhile, 0.435 grams of polyvinyl pyrrolidone
(PVP) was dissolved in a 5 ml flask with a mixture of water and
ethanol in a 1:4 ratio. Additionally, 3 ml of diethylene glycol
was prepared. First, PVP was rapidly added to the zinc nitrate
mixture, followed by the dropwise addition of diethylene glycol.
The resulting solution was stirred at 1000 rpm for two hours,
during which it underwent hydrolysis through the slow addition
of 50 ml of sodium hydroxide (NaOH) solution. The hydrolysis
mixture was stirred vigorously at the same speed, with the rate
of NaOH addition and aging time consistently maintained at 20
minutes for all experiments. Mineral-polymeric structures
formed after hydrolysis, and a complete stable sol was achieved
after allowing two hours following the NaOH addition. The
formed sol was then placed in an ultrasonic bath at 80 °C for 30
minutes. Subsequently, it was reheated under the same stirring
speed and temperature conditions as before, reaching reflux for
20 hours. Afterward, the sol was transferred to a glass container
and subjected to a hydrothermal process at 90 °C for approxi-
mately 48 to 72 hours. The solvent was removed by filtration,
and the resulting gels were dried at 150 °C overnight. Finally,
the dried gels were calcined in air at temperatures of 400, 500,
and 600 °C for two hours.

Computational methods

This research examined supercells including 2 x 2 x 3,2 x 3 X
2,2 x 3 x 3and 3 x 3 x 3 of ZnO consisting of 24, 24, 36 and
54Zn atoms and 24, 24, 36 and 540 atoms, respectively (Fig. 1).
To analyze the presence and absence of C=0, C-O, CH, and OH
bands, four carbon atoms and four hydrogen atoms were
considered, along with their effects on material properties such
as defect formation energy and ESR spectra, in 2 x 2 X 3,2 x 3
x 2,2 x 3 x 3,and 3 x 3 x 3 supercells (Fig. 1). The mentioned
supercells were optimized by calculating Density Functional
Theory (DFT) through the PBE functional, DZVP Gaussian basis
set, and Gaussian and Plane Waves (GPW) methods, in addition

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Optimized 2 x 2 x 3,2 x 3 x2,2x3x3and3 x 3 x3
supercells of ZnO and ZnOCH.

to GTH pseudopotentials, using the CP2K software package.**
The energy cut off was chosen to be 320 Ry.

The electronic structures and parameters of ESR as g-tensor
components and hyperfine coupling constants (HFCCs) were
then measured by applying the optimized structures in the
QUANTUM ESPRESSO software.** The spin-polarized, gradient-
corrected PBE functional was employed in the DFT framework.**
A series of energy cutoffs—20, 30, 40, and 50 Ry—were tested for
the auxiliary plane-wave basis set, along with various k-point
configurations, includinga 1 x 1 x 1,1 X 2 X 2,2 X 2 X 2,2 X
3 x 3,3 x3x3and3 x4 x 4 Monkhorst-Pack grid, until
convergence in the energy band gap was achieved. To accurately
describe the electronic structures, the DFT+U method was
employed, applying the Hubbard U correction to the Zn-3d and
O-2p states. Different values for Up(O) and Ud(Zn) were
explored within the ranges of 0-12 eV and 8-12 eV, respectively,
to ensure precise calculations of energy band gap. It was
determined that an energy cutoff of 40 Ry, a k-point grid of 2 x 3
x 3 Monkhorst-Pack, Up(O) of 11 eV, Ud(Zn) of 10 eV, and
a charge density of 320 provided optimal convergence. Finally,
the formation energy and ESR parameters were calculated using
the GW and Gauge-Including Projector Augmented Wave
(GIPAW) method, respectively.**

Results and discussion

In order to obtain more information about the structure of
prepared zinc oxide nanoparticles and their effect along with
the calcination temperature after the synthesis of nanoparticles
(400, 500 and 600 °C) various structural investigations were
carried out.

The chemical nature of zinc oxide samples was investigated
by FT-IR spectroscopy at room temperature and more infor-
mation about the role of calcination process in their formation
mechanism was obtained. As shown in Fig. S1,} the bands at
445 and 492 cm ™' became sharper and cleaner after calcination
of ZnO at 500 °C, which confirms the formation of Zn-O
stretching vibration bond. The overlap of the mentioned bands

© 2024 The Author(s). Published by the Royal Society of Chemistry
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at temperatures of 400 and 600 °C shows that the ZnO crystal
network is completely formed at 500 °C. These two bands
correspond to the hexagonal structure of ZnO. The bands at
1176 and 1271 cm ™" indicate the Lewis acidity caused by the
C=C stretching vibration, which is caused by the presence of
a small percentage of organic components in the samples. Also,
the present bands at 1399, 1455 and 1617 cm ' show the
asymmetric stretching vibrations of Brensted C=0 acidity sites,
CH, bending and C-O symmetric stretching respectively, which
are caused by chelating and cross-linking factors such as poly-
vinyl pyrrolidone and diethylene glycol. Carbon impurities can
be found in the final samples, if the calcination energy is less
than the amount of energy required for the growth of inorganic
nanoparticles. Also, the vibrations of 2349 and 2413 cm™,
which belong to O-C-O molecules, shifted to higher wave-
lengths and disappeared along with the heating of the samples.
The bands recorded in the region of 2924 cm ™" in ZnO samples
are related to the asymmetric stretching vibrations of CH
among the impurities, they have weakened and sometimes
disappeared by applying the heating process. Finally, the broad
band in the region of 3400 and 3545 cm ™", which indicates the
presence of stretching vibrations of surface hydroxyl groups and
stretching vibrations of water or moisture absorbed from the
environment, shows pure ZnO based on calcination tempera-
tures and ZnO pure nanoparticles show a decrease in both
intensity and resolution in this band from 400 to 600 °C.

The formation and morphology of the synthesized nano-
particles were carried out under SEM magnification. The role of
calcination temperature is shown in the corresponding micro-
graphs in Fig. S2.1 As shown in Fig. S2,T increasing temperature
resulted in irregular shapes nanoparticles. In addition, homo-
geneity and small size distribution can be observed after calci-
nation. The presence of some larger particles in the
micrographs can be attributed to the clumping and overlapping
of smaller particles during the synthesis process.

TEM micrographs of ZnO at 500 °C is shown in Fig. 2. The
micrograph confirms the nanometer-scale grain size of the
sample, as well as the irregular shapes morphology. This article
proves the polycrystalline nature of nanoparticles. In addition,
the surfaces, edges and smooth and homogeneous structure of
the nanoparticles are clear in the image, which confirms the
good quality of the prepared nanostructures and provides an
almost uniform distribution of dark and light areas. Size and

Fig. 2 TEM micrographs of ZnO nanoparticles calcined at 500 °C.
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shape studies confirm that nanocrystalline structures have been
successfully obtained after the calcination process, which is
consistent with the SEM microscopic result.

In order to investigate the effect of temperature on the
structural properties of ZnO nanoparticles, calcination was
performed at temperatures of 400, 500 and 600 °C for 2 hours.
Fig. 3 shows the X-ray diffraction patterns of ZnO nanoparticles
calcined at different temperatures.

The phase identification obtained from XRD analysis shows
that the ZnO phase is at the angles of 31.7263, 43.3185, 36.2672,
43.7376, 56.5757, 62.8713, 66.4008, 67.9343, 69.1294, 77.1440,
81.2778, 89.1972, 92.6086 and 95.2282 have pages (100), (002),
(101), (102), (110), (103), (200), (112), (201), (202), (104), (203),
(210) and (211) respectively, which has a hexagonal lattice
appears. This phase is fully compatible with the standard card
number 005-0664.

From the XRD data, the particle size of the prepared crystals
was estimated by the Debye-Sherer equation.

The crystal size of prepared ZnO nanoparticles was calcu-
lated using the average of three long peaks at the angles of
31.7263°, 43.3185° and 36.2672° at temperatures of 400, 500
and 600 °C and was about 32, 34 and 37 nm respectively.

In order to explain the thermal behaviour of the prepared
zinc oxide nanoparticles, their thermal analysis was investi-
gated by TGA/DSC. As shown in Fig. 4, the total weight loss at
800 °C is about 69.5%. The weight loss from 40 to 110° is about
3.5% which accompanied with endothermic peaks in its DSC
curves. The weight loss in this temperature range is primarily
associated with the elimination of physically adsorbed water or
solvent. The zinc oxide nanoparticles, also show about 66%
weight loss in the 280-480 °C temperature range along with
exothermic peaks in their DSC curves. These peaks are associ-
ated with the combustion of organic materials cross linking.
The small exothermic peak observed at 650 °C in the DSC
thermogram without weight loss in TGA can be attributed to the
formation of the crystalline phase of zinc oxide.

The N, adsorption-desorption isotherm at 77 K measured
for ZnO nanoparticles after calcination at 400, 500 and 600 °C.
Fig. 5 displays the isotherms of the three samples.
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Fig. 3 XRD patterns of ZnO nanoparticles calcined at 400, 500 and
600 °C.
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Fig. 4 DSC and TGA curves of ZnO nanoparticles.

Nitrogen adsorption/desorption analyses were performed in
order to investigate the textural properties of the resulted
compounds. Based on the pore distribution, it is assumed that
the isotherm plot is close to type IV and the pores are close to
meso species on the basis of IUPAC definition. The calculation
of surface area and pore size distribution was obtained based on
the BET and BJH methods.**

The surface area, pore volume, and pore diameter were
determined as 32.16 m* g %, 0.02 cm® g~ * and 1.17 nm for ZnO
nanoparticles after calcination at 400 °C and 35.43 m* g~ ", 0.03
cm?® g¢7! and 1.20 nm for ZnO nanoparticles after calcination at
500 °C and 10.01 m* g%, 0.01 cm® g~ ! and 3.08 nm for ZnO
nanoparticles after calcination at 600 °C, respectively (Table 1).
The surface areas are in the range of 10-35 m”> ¢~ ' and among
all samples, ZnO-500 has the highest surface area, pore volume
and pore size, and ZnO-600 has the lowest surface area. The
absorption capacity in the samples increases by raising the
temperature to 500 °C, because the crystallization process takes
place.

After that, it decreases at 600 °C, because the size of the
crystals has increased, which leads to less porosity and space
between grain boundaries. In fact, this pattern can be related to
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Fig. 5 N, adsorption—desorption isotherms of ZnO nanoparticles
calcined at (a) 400, (b) 500 and (c) 600 °C.
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Table 1 Physisorption results of ZnO nanoparticles®

ZnO (°C) Sger (M g™ 1) TPV (ml g™ ") APD (nm)
400 32.16 0.02 1.17
500 35.43 0.03 1.20
600 10.01 0.01 3.08

“ (TPV) Total Pore Volume, (APD) Average Pore Diameter.

the spaces between the grains in the samples. The number of
adsorbed and desorbed molecules at low relative pressure (P/P,)
(about 0.98) is used to check the specific surface area by BET
and BJH analyses. From the results of the BET and BJH graphs
shown in Fig. 6, it can be seen that a major fraction of the pore
diameter in all samples is less than 5 nm.

As shown in the figures, the heating process shows an
increase in the calculated surface area values of the BET and
BJH analyses from 400 to 500 °C, where crystallization of the
system occurs. While this parameter drops drastically for the
heated sample at 600 degrees. Although at 600 degrees, the
samples are completely crystalline, but increasing the temper-
ature reduces the interfacial space through further growth of
crystals, resulting in a lower surface-to-volume ratio.

Reducibility of the prepared nanoparticles helps to better
understand the structural features, especially the surface
features. This behaviour was investigated by reduction reaction
with hydrogen gas and the results of H,-TPR analysis profiles
(Fig. 7).

Partial reduction of both surface and bulk in the ZnO
structure can be observed by TPR diagrams of samples calcined
at different temperatures. These observations relate the posi-
tion of TPR peaks to the crystal size. With the growth of ZnO

0.0020
[
0.0015
0.0010 \
0.0005 \
\O
0.0000 - -
_
0
£
£ 00154 b
v
R
o 0,010
£
2
g i
S 0.005 l
2 ol
£ 0000
0.015 a
0.010
0.005 -
|
00004 ™

T T T T
0 100 200
Pore Diameter (nm)

Fig. 6 Pore size distribution of ZnO nanoparticles calcined at (a) 400,
(b) 500 and (c) 600 °C.
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crystals by heating until reaching the full crystal lattice at 500 ©
C, the surface-to-volume ratio decreases and more mass atoms
become available. Hence, higher temperatures are required for
their location of the reduction peaks (around 100 °C) which
regeneration. The difference in the intensity and appeared as
awide band overlapping between ZnO nanoparticles calcined at
400 and 500 °C is proof of this.

Hydrogen consumption for ZnO nanoparticles calcined at
400 °C appears as an overlapping band consisting of small
shoulders at 220 and 280 °C and the main peak at 400 °C. Partial
reduction at relatively low temperatures can be attributed to
hydrogen absorbed both on the surface and in the mass of ZnO
nanoparticles, which is carried out as the following reaction:

ZnO + H, — HZn-OH

The shoulders become weaker for calcined ZnO nano-
particles at 500 °C, but leave the main peak centered at 400 °C.

Oxidation and electron spin states of the synthesized nano-
particles were studied by electron spin resonance (ESR) spec-
troscopy (Fig. 8). ZnO bulk powder on the micrometer scale is
antimagnetic and does not exhibit any activity in the presence of
a magnetic field.*” But experimental research has revealed that
stability fluctuations in ZnO profiles can be obtained, where the
conditions of the synthesis method and optimization are deci-
sive for various magnetic properties. Here, polycrystalline ZnO

RSC Adv, 2024, 14, 31153-31164 | 31157
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Fig. 8 ESR signals of ZnO nanoparticles calcined at (a) 400, (b) 500
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nanoparticles with randomly oriented planes show broad
isotropic and Gaussian-shaped ESR spectra at ambient
temperature with constant peak-to-peak splitting (AH,,). The
relative intensities of the ESR signals for the samples obtained
in the heating process at 400, 500 and 600 °C are about 190.0,
1.20 and 56.0%, respectively (Fig. 8a-c). Fluctuation in ESR
intensities in the presence of an applied magnetic field
expresses the direct effect of the calcination process on the
structure of ZnO nanoparticles.

The ZnO sample calcined at 400 °C is not yet fully crystallized
and has a large number of defects, including positions caused
by charged oxygen vacancy and interstitial zinc species in its
structure, both on the surface and in the bulk. The observed
broad signal points to the combination of local magnetic fields
in the ZnO system caused by both defects related to zinc and
oxygen species with the external magnetic field. On the other
hand, until now, a large number of researches have been con-
ducted in the field of studying the electron spin resonance
behaviour in the ZnO system, which relate the splitting to
oxygen vacancy species with a negative charge (Vo ') or positive
charge (Vo™).3%%

Oxygen vacancy may be present, but not persistent (Fig. 12a).
Conversely oxygen vacancy capable of trapping electrons in the
presence of an applied magnetic field, thus producing para-
magnetic F centers.* According to the results obtained from H,-
TPR analysis, interstitial centers on (Zn"") (Zn — Zn*' + e”) and
(zn™") (zn + e — Zn') can originate from the ionization of
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charged oxygen vacancy species on the surface of nanoparticles,
and hence they create paramagnetic resonances with total spin
angular momentum (S) equal to 1.2. The fully stable ESR signal
at room temperature leads to the presence of charged intersti-
tial Zn and charged oxygen vacancy species sites, it was
explained in theoretical section. By applying the heating process
on the samples after synthesis and obtaining the crystal lattice
for the ZnO sample calcined at 500 °C, the intensity of the ESR
signal drops sharply. Electrons are more bound in this system
and as the H,-TPR profile of this sample confirms, their avail-
ability leads to the reduction of Zn™ and Zn™ ' interstitial
species to Zn. A further increase in ZnO crystal size with calci-
nation at 600 °C led to a sharp drop in surface effects, and
subsequently, defects related to charged zinc vacancy and
charged interstitial oxygen.

Theoretical results

As highlighted in the ESR analysis, the weak ferromagnetic
ordering observed in the ZnO structure might be caused by the
native defects and defect complexes. In this part of the study,
the native defects in the ZnO and ZnOCH structure were iden-
tified by utilizing DFT within the formalism of GGA+U at 400,
500 and 600 °C.

First, the effects on the electronic structure of ZnO were
accurately investigated by optimizing the geometrical structures
of pure ZnO and those incorporated with C=0, C-O, CH, OH
bands and native defects were predicted. Table 2 lists the Lattice
parameters for unit cell of optimized 2 x 2 x 3,2 x 3 x 2,2 x 3
x 3 and 3 x 3 x 3 supercells of ZnO and ZnOCH. Lattice
parameters of a and ¢ respectively calculated to be 3.27 A and
5.22 A for the optimized 2 x 3 x 3 and 3 x 3 x 3 supercells of
pure ZnO. Low deviation was found between the calculated and
experimental values,*>** demonstrating the model's reliability
and validity. The lattice parameters increased after the intro-
duction of C=0, C-0O, CH, OH bands.

In practice, the supercell sizes required to achieve absolute
convergence would be prohibitively large for feasible calcula-
tions. We performed band structure calculations for supercells
that included 2 x 2 x 3,2 x 3 x 2,2 X3 x3and 3 x 3 x 3 of
ZnO (see Fig. S31). Also, accurate determination of the energy
band gap of ZnO is critically dependent on ensuring that all
calculations converged across a wide range of variables,
including energy cutoff, k-point selection, Hubbard U correc-
tions applied to the Zn-3d and O-2p states, and charge density
(see Fig. S4-S71). Our evaluations indicated that for 2 x 3 x 3

Table 2 Lattice parameters for unit cell of optimized 2 x 2 x 3,2 x 3
x 2,2 x 3 x 3and 3 x 3 x 3 supercells of ZnO and ZnOCH

Zno ZnOCH

a (A) c(A) a(d) c(A)
2x2x3 3.37 5.16 3.53 5.36
2x3x2 3.41 5.23 3.62 5.41
2x3x3 3.27 5.22 3.34 5.30
3x3x3 3.26 5.22 3.34 5.23

© 2024 The Author(s). Published by the Royal Society of Chemistry
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supercell with an energy cutoff of 40 Ry, a charge density of 320
Ry, a k-point grid of 2 x 3 x 3 (Monkhorst-Pack), Up(O) of
11 eV, and Ud (Zn) of 10 eV were necessary for accurate deter-
mination of the energy band gap.

These structures, together with the spin-polarized, orbital-
the projected Density of States (DOS) are presented in Fig. 9. The
semiconductor of pure ZnO with its valence band at the bottom
and top of the conduction bands located at the I' point of the
Brillouin zone and the resulted direct band gap is shown in
Fig. 9. Its optical band gap was calculated to be 3.41 eV, which
has good agreement with its experimental value (3.37 eV).***>

The formation energies were computed for all the defect
types mentioned so as to determine the thermodynamic
stability and identify the most abundant native defects and
defect complexes. These energies for native defects could be
calculated in different charge states (0, +1, and —1) as follows:**

AE{(D) = Ei(D) — Et(ZnO) + > mit; + q(Evem + Er)

+ Ecorr- (1)

where E,(ZnO) and E(D) stand for the total energy of the pure
ZnO and the defective ZnO supercell, respectively; n; shows the
number of atoms of type i added to the supercell or removed
from it with negative and positive values, respectively; u; is the
chemical potential of the atomic species i (Zn or O); g represents
the defect charge; Eygy, is the valence band maximum for pure
ZnO and Er demonstrates the Fermi energy. Finally, E.o;
represents a sum of relevant correction terms. In our case, it
addressed the interaction between the defect and its spurious
periodic images, specifically correcting for the unwanted
coulombic interactions between a charged defect and its near-
est neighboring images due to periodic boundary conditions.
Since the formation energy was calculated using periodically
repeated finite-sized supercells, artificial long-range elastic and
electrostatic interactions could arise between the periodic
defect images. If the supercells are not sufficiently large in all
dimensions, the Coulomb interactions between the defect
charge and its nearest periodic images will not diminish,
leading to a spurious contribution to the total energy of the
defective system. However, when sufficiently large supercells
are employed, the interactions between the defect and its

Energy(eV)

2 —Spin up
—Spin down

2 - = '
I'Z EA I'B D V4

Fig. 9 The electronic band structures, TDOS of pure ZnO.
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spurious periodic images, as well as with the jellium back-
ground, become negligible.*

The chemical potential is influenced by the experimental
conditions, under which the material is synthesized. To deter-
mine these quantities, we used the relationship uz, + o = tzno,
assuming both species were in thermal equilibrium with ZnO.
Additionally, the chemical potentials had to adhere to the
boundary conditions o = 1/2u0, and pz, = pz, (bulk). Under
specific growth conditions, we considered oxygen-rich scenarios
where uo = 1/2u0, or zinc-rich scenarios where uz, = (bulk). In
oxygen-rich conditions, uz, = Ezno (bulk) — 1/2Eo, and in zinc-
rich conditions, po = Ezno (bulk) — 1/2E,, (bulk). Here, the Ez;,0
(bulk), Ez, (bulk), and Eo, represented the total energies of bulk
ZnO, Zn, and gas-phase O, molecules, respectively. For the gas-
phase O, molecules, we simulated two oxygen atoms at
a distance of 1.2 A within artificial periodic conditions in a cubic
box with a side length of 10 A. The value of the chemical
potential uo was derived from the total energy of an O, mole-
cule. The calculated chemical potential of the atomic species
zinc and oxygen under three conditions and total energy of the
ZnO and ZnOCH with incorporating native defects listed in
Tables S1-S9.}

The growth environment could affect the formation energy
during the experimental process of preparation. Low and high
flow rates of oxygen at low and high temperatures were regarded
as oxygen-poor and -rich conditions, respectively. Now, let us
examine the effect of supercell size on the formation energy. To
study Vo defects, we constructed supercells of sizes 2 x 2 x 3, 2
x 3 x2,2x3x3,and 3 x 3 x 3, each containing a V defect
(Fig. S8t), and performed complete structural relaxations. The
formation energies of the V defects were measured under three
conditions at Ep =0 eV defectin2 x 2 X 3,2 X3 x 2,2 x3 x3
and 3 x 3 x 3 supercells for ZnO and ZnOCH structures before
correcting the band gap and showed in Fig. 10. As shown, the
formation energies for Vo defects in 2 x 3 x 3 and 3 x 3 x 3
supercells display only a slight difference. The highest value,
approximately 0.64, corresponds to the —1-charge state under
oxygen-rich and equilibrium conditions. The Coulomb inter-
actions between the defect charge and its nearest periodic
images will insignificant. Consequently, 2 x 3 x 3 supercell was
employed to calculate the formation energies of other defects.

8 - 4
6F : 4
—Total (Spin up)

4 —Total (Spin down)
2r E=34leV T
0 - .
2 +

-50 50

0
DOS(Electrons/eV)
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before correcting the band gap (values for O-poor, O-rich and equilibrium conditions are presented at £r =

The supercells of ZnO and ZnOCH with incorporating native
defects are depicted in Fig. S9.1 The formation energies of the
native defects were measured under both conditions at Ex =
0 eV and showed in Fig. 11.

Lower formation energies indicated a higher likelihood of
defect occurrence. The following key points could be made with
regard to the calculated results: under oxygen-poor conditions
(400 °C) and Er = 0 eV, Zng(Zno), Vo(Vo), Zn;Ve(Zn;Ve) and
Zn;(Vozn) for ZnO (ZnOCH) structure had the lowest formation
energies, showing to be the most dominant defects, respec-
tively. Under equilibrium conditions (500 °C) and Er = 0 eV,
Vo(0;) for ZnO (ZnOCH) structure had the lowest formation
energies, showing to be the most dominant defect. Similarly,
under oxygen-rich conditions (600 °C) and Ex = 0 €V, V,(0y),
0i(Vzn) and Oz,(Oz, and Veyzy,) for ZnO (ZnOCH) structure had
the lowest formation energies, showing to be the most domi-
nant defect, respectively. For three conditions, the formation
energies of the O;Vz,(OiVz,), OiZn;(OiZn;) and Voz,(Zn;Vo)
defects in different charge states were too high, indicating that
they were present in very low abundances.

Energy levels are often introduced by defects within the band
gaps of semiconductors corresponding to transitions between
varied charge states of the same defects. These transition levels,
e(q/q’), defined as the position of Fermi level with equal

31160 | RSC Adv, 2024, 14, 31153-31164

0 eV).

formation energies of the charge states of g and ¢’ can be
derived using the following expression:**

“(a/) =

Considering the Fermi level at the maximum valence band,
the formation energy of a D defect in the charge state of g is
denoted as E* (D% E¢ = 0). The significance of the transition level
of ¢(g/q’) is that the charge states of g and ¢’ are stable when the
Fermi-level positions are below and above that level, respec-
tively. Fig. 12 plots the formation energies of the most dominant
defects in their charged states under oxygen-poor, oxygen-rich
and equilibrium conditions as a function of the Fermi energy.
As the figure shows, defects are not persistent in a neutral
charge state for ZnOCH structure.

Furthermore, we simulated the ESR spectra of the native
defects for verification. The unpaired electrons localized on the
paramagnetic species, which might be intrinsic to the material
or triggered by the defects, were detected through ESR spec-
troscopy. An ESR spectrum arises from the interaction of an
external magnetic field with an unpaired electron spin, as well
as the interaction with neighbouring nuclear spins known as

(Dt B = 0) — E'(DY; Er = 0)

q—q @

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(values for O-poor, O-rich and equilibrium conditions are presented at Ef =

the interaction of HFCCs. The resonance field position was
determined in the simulated ESR spectrum by calculating ESR
parameters like the g-factor, HFCCs, and basic parameters of
magnetic field sweep range and microwave frequency as
follows:*

By — hy — Amy 3)

gB.

where m;, 8., and B, represent the quantum number of nuclear
spin, Bohr magneton, and magnetic field strength in mT,
respectively.

However, since only the isotopes of oxygen-17 and zinc-67
possessed a nuclear spin and HFCC and their natural abun-
dances are negligible and hydrogen atoms, which possessed
a high-abundance isotope with a nuclear spin, exhibited a very
small HFCC therefore the HFCC had a negligible effect on the
ESR spectrum and the resonance field position.

Hence, the centers of the ESR spectrum were primarily
delineated by the electronic g-value. It is important to note that
charged defect states are paramagnetic, while neutral defect
states are diamagnetic and do not contribute to the ESR spec-
trum. The simulated EPR spectra for the native defects in the
charge states of +1 and —1 are portrayed in Fig. 13. By
comparing the positions of resonance fields in the simulated
ESR spectrum with those in the experimental spectrum, one

© 2024 The Author(s). Published by the Royal Society of Chemistry

0 eV).

could infer the presence or absence of defects. However, the
overlap of ESR spectra resulting from different defects made it
impossible to determine defect concentrations accurately.

Comparison of the calculated resonance field positions for
native defects in the ZnO structure (Fig. 13) with the experi-
mental ESR spectra in Fig. 8 indicated that the concentrations
of the OV, 'Y, 0;zn;""Y and Vg,V defects were very
low or practically zero that had the height formation energy in
three conditions. The high intensity of the ESR spectrum at
348.5 mT for the sample prepared at 400 °C suggested a high
concentration of Zne™ ™Y and Vo™V that had the lowest
formation energies at 400 °C. The decrease in the intensity and
width of the ESR spectrum at 348.5 mT for the sample prepared
at 500 °C indicated that the concentrations of the Vo™ defect
had decreased that had the lowest formation energies at 500 °C.
The ESR spectrum at 348.5 mT for the sample prepared at 600 °©
C suggested a relatively high concentration of V""" and
0,1V defects that had the lowest formation energies at 600 °C
and low concentration of Og,"("Y defect that had approxi-
mately low concentration in 600 °C. The ESR spectra indicated
that the lowest defect concentration occurred at 500 °C, sug-
gesting that this temperature represented the equilibrium state
for synthesizing zinc oxide.

A comparison of the calculated resonance field positions for
native defects in the ZnOCH structure (Fig. 13) with the

RSC Adv, 2024, 14, 31153-31164 | 31161
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Fig. 12 Calculated formation energies of the most dominant defects in their charged states under oxygen-poor, oxygen-rich and equilibrium
conditions for ZnO (a—c) and ZnOCH (d—f) structures as a function of the Fermi energy, respectively.

e
o

Normalized Intensity (a.u.)
s =
T

ESR spectra of native defects in the ZnO structure for charge state of +1
— T T T T T T

ESR spectra of native defects in the ZnO structure for charge state of -1
T T T

Normalized Intensity (a.u.)
=

o
f —0 (b) [ -o;
| =
| ol 3 |
40z’ S 05F I 4 o.izn
| i /
2 | | o
/ - | % W
= 5 Z 0 £ 1
h -
\' Vorm 3 Voza
Py X -
‘ —V ] Vlu
-z £.05F !
| + S -
[ \ ZnVy) z | V!
| —zn" Il 7!
M " i . L . " i) 1 VWY, : . "o
335 340 345 350 355 360 365 370 375 340 345 350 355 360 365
magnetic Field (mT) Magnetic Field (mT)
; ESR spectra of native defects in the ZnOCH structure for charge state of +1 | £SR spectrs O nafive defects in o ZnOCH struchims or dmgj ShiE oA ] -
— : : ' - ; : : - [
© =9 @ I | K
| i - ‘ 0\,—11
| [ CASS i “ e
{0z’ = 05 \ :\‘ . O‘KZn‘
i E | -0
| % i i
[y E —vy
) o =0 = i
77 +1 3 f / Vo
{f OZn N 1 [ =
[l v+ = | Vi
‘ o g [ g
| I 5-05F I 12,
i < [ Zv!
| vy | ne
L+ - /n
M ) . : . A : A ) <1 - : - : > - : : =
335 340 345 350 355 360 365 370 375 380 385 3200 325 330 35 0 A3 350 335 d60 365
- N b P - Magnetic Field (mT
Magnetic Field (mT) L (mT)

Fig. 13 The simulated ESR spectra of the native defects in the ZnO (a and b) and ZnOCH(c and d) structures for charge states of +1 and —1in
room temperature. Microwave frequency v = 9.77 GHz.
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experimental ESR spectra in Fig. 8 indicated that the concen-
trations of the defects Oz, 'Y, Vo™V, Vo 1Y, v, 1Y),
ZnVo Y, Zny Y were very low or practically zero, which
had low formation energy under at least one of the growth
environment conditions. In contrast, there was a relatively high
concentration of the Zn;"*"Y and 0;Zn;"'" defects, with the
0;Zn; 'Y defect having the hight formation energy in three
conditions. Additionally, the concentration of O;vzn" Y and
0,1V defects were relatively low, with the 0;"'("Y defect
exhibiting very low formation energy in o-rich condition.

A comparison of the resonance field positions in the simu-
lated ESR spectrum for ZnOCH with the experimental spectrum
revealed that defects with lower formation energies appeared at
field positions that did not align with the experimental field
positions. In contrast, defects with higher formation energies
coincided with the experimental field positions. This inconsis-
tency between formation energy and field position suggested
that C=0, C-0O, CH, OH bands were negligible and could be
disregarded in the ZnO nanoparticles.

Conclusions

In conclusion, the study on zinc oxide nanoparticles (ZnO-NPs)
revealed valuable insights into their formation, structural
properties, and morphology. The FT-IR spectroscopy analysis
confirmed the presence of Zn-O stretching vibration bonds,
while SEM and TEM imaging revealed irregular shapes with
nanometer-scale grain sizes. The successful formation nano-
crystalline structures after calcination was further supported by
XRD patterns. Moving forward, addressing any impurities,
optimizing calcination temperatures and exploring application-
specific behaviours will deepen our understanding of ZnO-NPs
and improve their practical applications across various fields.

Additionally, the investigation into ZnO-NPs highlighted
intriguing behaviours related to calcination temperature. The
reduction peaks observed in TPR diagrams indicated significant
changes in both surface and bulk properties, while ESR spec-
troscopy provided insights into electron spin states and
magnetic behaviour. The interplay between defects, crystalli-
zation, and stability emphasizes the complexity of ZnO-NPs and
their potential for diverse applications.

The results of the formation energy calculations and ESR
spectra simulations showed that during the ZnO preparation
process, the growth environment influences the native defects
that occur. The calculated formation energies and simulated
ESR spectra indicated that under oxygen-poor conditions (400 °©
C), the defects Zng, Vo, Zn;Vo and Zn; were more likely to occur,
while Vz,, O; and Oy, were more probable under oxygen-rich
conditions (600 °C). Under equilibrium conditions (500 °C),
Vo defect, with low concentrations, was the dominant defect.
Therefore, the formation energies and ESR spectra of defects
suggest that the optimal conditions for preparing zinc oxide
nanoparticle occurred in the 500 °C. Finally, the inconsistency
between calculated of formation energy and the field position
suggested that the C=0, C-O, CH, and OH bands were negli-
gible and could be disregarded in the ZnO nanoparticles.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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This study on ZnO nanoparticles reviews various synthesis
methods, focusing on the combination of sol-gel and hydro-
thermal techniques, which produce high-purity nanoparticles
with controlled morphology while analysing the impact of
calcination temperature on defect formation. It effectively
utilizes Density Functional Theory (DFT) to investigate native
defects examining their influence on electronic and magnetic
properties in oxygen-rich and oxygen-poor environments. The
research reveals insights into the weak ferromagnetic ordering
attributed to defects and emphasizes the critical role of calci-
nation temperature in determining structural and electronic
properties, linking it to defect formations. By highlighting the
applications of ZnO nanoparticles in areas like photocatalysis,
sensors, and spintronics, the study offers a fresh perspective on
optimizing their performance through tailored synthesis and
defect engineering. Overall, it advances the understanding of
nanomaterial properties and their implications for various
technological applications.
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