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Abstract: Zinc oxide (ZnO) is a well-known semiconductor material due to its excellent electrical,
mechanical, and unique optical properties. ZnO nanoparticles are widely used for the industrial-scale
manufacture of microelectronic and optoelectronic devices, including metal oxide semiconductor
(MOS) gas sensors, light-emitting diodes, transistors, capacitors, and solar cells. This study proposes
optimization of synthesis parameters of nanosized ZnO by the electrospinning technique. A Box—
Behnken design (BB) has been applied using response surface methodology (RSM) to optimize the
selected electrospinning and sintering conditions. The effects of the applied voltage, tip-to-collector
distance, and annealing temperature on the size of ZnO particles were successfully investigated.
Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images confirm
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calcination temperature of 600 °C. The results suggest that nanosized ZnO with precise control of
size and morphology can be fabricated by varying electrospinning conditions, precursor solution

concentration, and sintering temperature.
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Publisher’s Note: MDPI stays neutral 1. Introduction

Zinc oxide (ZnO) is an eminent semiconductor material due to its excellent electrical,
mechanical, and unique optical properties. ZnO has a wide direct band gap width (3.37 eV),
a vast excitation binding energy (60 meV), and ultraviolet (UV) absorption ability at
room temperature, as well as various distinctive characteristics, including high electron
mobility and excellent transparency [1-3]. It is well known that particle size reduction
significantly affects the fundamental properties of semiconductor materials, especially
nanosized metal oxides, which are typically 1-100 nm in size [4]. Nanosized metal oxides
and semiconductors are of particular interest because they exhibit physical and chemical
features and benefits [5,6], where their structural properties, lattice symmetry, and cell
parameters as well as electrical and optical characteristics vary depending on their particle
size [7,8].

In particular, ZnO nanoparticles are commonly used for the industrial manufactur-
ing of microelectronic and optoelectronic devices, including metal oxide semiconductor
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(MOS) gas sensors, light-emitting diodes, transistors, capacitors, and solar cells [9-11]. The
high surface area and large volume-to-diameter ratios of nanostructured ZnO (nanorods,
nanoflowers, nanowires, and nanoparticles) have enticed scientists to expand their applica-
tions in various fields [12]. For instance, the photoactivity properties of ZnO are affected by
particle size and surface-to-volume ratio, and nanometer-sized particles have a substantially
higher photodegradation efficiency than micrometer-sized ones [13]. It was discovered that
nanostructured ZnO gas sensors are chemically and thermally stable and able to operate at
room temperature without heating, which helps with saving energy [14-17].

Several methods exist to synthesize ZnQO, such as chemical vapor deposition, thermal
evaporation, sol-gel, magnetron, and electrospinning [18]. Among them, electrospinning is
the most effective, low-cost, versatile, and facile technique for the fabrication of nanofibers
and nanoparticles with controllable size and morphology, using precursor solutions con-
taining metal salts and polymers [19]. High voltage is applied to the precursor solution
droplet during electrospinning, forming a Taylor cone. As a result, a nonwoven fiber mat is
produced and collected on a substrate [18,20]. Many parameters influence the conversion
of precursor solution to nanofibers, as well as the shape and diameter of the nanofibers.
The set of properties associated with the spinning solution includes the polymer molec-
ular weight, solution viscosity (controllable by solution concentration), surface tension,
and solvent dielectric constant. Furthermore, process parameters include applied voltage,
humidity, air velocity in the electrospinning chamber, temperature, the distance between
the tip of the nozzle and the collector plate, flow rate of the solution, and collector rotation
speed [21]. Electrospun metal oxide fibers are beneficial for producing self-assembled
and self-arranged metal oxide particles with well-defined morphology and structure by
annealing [22]. PVP-ZnAc nanofibers with a smooth surface and a diameter of 250 nm were
also obtained by this method, followed by hydrothermal growth and thermal treatment.
The diameter of fibers was minimized to 60 nm after the oxidation process, which was
caused by the crystallization of ZnO and polymer decomposition [23-25]. With a similar
technique, ZnO nanofibers that possess excellent photocatalytic activity were fabricated,
and the effects of polymer concentration, annealing temperature, and time on the size and
morphology were explored [26-28]. Likewise, several works have been reported on the
synthesis of ZnO nanoparticles by using other polymers such as Polyacrylonitrile (PAN),
polyvinyl acetate (PVA), and others. For instance, ZnO nanofibers with a diameter of
50-100 nm were formed by preparing PVA /ZnAc composite fibers using the electrospin-
ning technique followed by annealing treatment [29]. It should be noted that synthesis
parameters of ZnO nanostructured materials can be optimized by varying the solvent and
precursor type, electrospinning parameters, and the effect of sintering temperature and
environment [27].

To obtain ZnO nanoparticles of the required size and structure using electrospinning, it
is essential to optimize the synthesis conditions by employing the response surface method-
ology (RSM) and the Box—-Behnken design (BB). The main goal of RSM is to determine the
optimal operating parameters of the system, and one of its advantages is the reduction in
the number of experimental runs required to obtain sufficient data for acceptable statisti-
cal results. In addition, RSM makes it possible to evaluate the simultaneous interaction
of these variables and model the selected response parameters; likewise, the predicted
data is usually consistent with the experimental data [30]. In recent years, due to these
benefits, RSM has become the most popular method for optimization processes [31-33].
Agarwal et al. [34] produced polylactic acid-based nanofibers and investigated the impact
of various electrospinning conditions using the RSM method. It has been indicated that the
distance between the collector and the nozzle, the applied voltage, and the concentration of
the solution affect the diameter of the generated fibers. It was observed that the size of the
fibers was first reduced and then increased with the increase of voltage, and these findings
were consistent with the RSM method. Using the RSM method, the effective parameters on
the diameter of polyurethane/polypyrrole-p-toluene sulfonate (PU/PPy-pTS) electrospun
fibers were also studied, and the concentration of polymer solution and applied potential
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were found to be the most effective factor in determining of the fiber diameter [35]. Nowa-
days, RSM has been frequently utilized in the evaluation of the electrospinning conditions
for fiber and particle synthesis [36-38], where statistical software Design Expert can be
used for designing these experiments. So far, there has been no literature found on the opti-
mization of ZnO nanoparticle-obtaining conditions by RSM in the electrospinning process
using PVP and ZnAc. In this study, ZnO nanoparticles were synthesized from a PVP/ZnAc
precursor solution using the electrospinning method and sintering, and their synthesis
parameters were optimized by utilizing the RSM method. The use of RSM to optimize the
conditions for electrospinning and sintering of ZnO nanoparticles facilitates the procedure
and allows for the consideration of interactions between the selected parameters as well as
the advancement of the process. Furthermore, guiding the experimental approach to save
time and lower the cost assists in the control of morphology and diameter by conducting a
smaller number of experimental runs. In addition, RSM helps evaluate the impact of each
factor on the resulting ZnO diameter through a high-quality process [39,40].

PVP/ZnAc fibers were previously electrospun with fixed parameters such as precursor
solution, annealing temperature, and spinning time to obtain a uniform diameter [41]. In
this study, an efficient investigation of ZnO nanoparticle synthesis was carried out by
optimizing and varying the parameters such as applied voltage and distance between
collector and nozzle, sintering temperature, taking into account their interaction and effect
of each condition. The modeling was conducted using Design Expert Software and the RSM
method. Ideal conditions were set, under which pure and well-shaped ZnO nanoparticles
with higher crystallinity and an average minimal diameter of 43 nm were synthesized by
electrospinning and sintering processes. In our study, a power of 16 kV, a distance of 12 cm
from the nozzle to the collector, and a sintering temperature of 600 °C were found to be
optimal conditions for fabricating the smallest particles.

2. Materials and Methods
2.1. Materials

Materials for fiber preparation: Zinc acetate (ZnAc) (99.99% purity) and Polyvinylpyrroli-
done (PVP, >99.99% purity, M, = 40,000) were purchased from Sigma Aldrich (Amsterdam,
The Netherlands). Al foil (~20 mm) and 99% pure ethanol were used.

2.2. ZnAc-PVP Nanofiber Preparation and ZnO Synthesis

PVP solution in ethanol (8 wt%) was prepared and stirred for 5 h. Then, ZnAc (1 g)
was added to 10 mL of PVP solution and stirred for an additional 5 h. The spinning solution
was injected through a stainless steel needle connected to a high-voltage DC power supply
of 12-16 kV and a distance of 8-12 cm and electrospun. Nanofibers were accumulated
on the Al foil, and the obtained PVP-ZnAc composite nanofibers were annealed in air at
600-800 °C (at a heating rate of 5 °C/min) for 2 h.

2.3. Experimental Design, Statistical Analysis, and Optimization by RSM

In the electrospinning and sintering processes, the most effective synthesis parameters
and their ranges that affect ZnO particle diameter and properties were determined by
performing a preliminary experiment and reviewing the literature [42]. These parameters
were the applied potential (X;: 12-16 kV), the distance between the collector and the nozzle
(X2: 8-12 cm), and the calcination temperature (X3: 600-800 °C). Fifteen experiments were
conducted based on the BB design and optimized by the RSM method. Each experiment
was run twice, and the average response was taken into consideration. The ranges of
minimum and maximum coded values of process parameters in the present study were
fixed according to the initial trial runs (presented in Table 1). A second-order polynomial
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model with the coded independent variables (X;,j) was used to obtain minimized-size ZnO
particles (Y) as shown in the equation below (Equation (1)):

n

n n
Y =Dy ) biXi+ Y biXf+ Y biXX 1)
i=1 i=1 i<l=1

Table 1. Parameters and levels for the optimal design.

Independent Variables Factor X; Range and Level
-1 0 +1
Applied potential (kV) X1 12 14 16
Distance (cm) X2 8 10 12
Calcination temperature (°C) X3 600 700 800

Here, Y is the response variable to be modeled (ZnO size), X; and X; define the
independent variables, by is the constant coefficient; b; is the coefficient of linear effect,
bj; is the coefficient of interaction effect, b;; is the coefficient of quadratic effect, and n is
the number of variables. To specify the significance of the model, an ANOVA (analysis of
variance) was conducted. The response surface and contour plots of the model-predicted
responses were applied to specify the interactive relations between the significant variables.
Design Expert, v. 8.0.7.1 (Stat-Ease Inc., Minneapolis, MN, USA), was used for designing
the tests as well as regression and graphical analysis of the obtained data.

2.4. Characterization

The microstructure and morphology of the fibers and ZnO nanoparticles were ob-
served by scanning electron microscopy (SEM, EDX ZEISS Crossbeam 540, Zeiss, Germany).
Samples for SEM analysis were coated with 5 nm gold by an automatic sputter coater
(Q150T, Tokyo, Japan) to reduce charging. The structure of the obtained fibers and ZnO
nanoparticles were observed by transmission electron microscopy (TEM, JEOL JEM-1400
Plus, Peabody, MA, USA). The accelerated voltage of the TEM was 120 kV. The structural
properties of the ZnO samples were characterized by X-ray diffraction (XRD; Rigaku Smart-
Lab, Tokyo, Japan). The optical properties of the obtained samples were studied using an
Evolution 300 UV-Visible Spectrophotometer.

3. Results and Discussions
3.1. Response Surface Model

This study used an efficient RSM modeling approach based on a three-level BB design
with three variables to reveal the influence of the chosen spinning and sintering parameters
on the size of the electrospun and sintered ZnO nanoparticles. Optimization is highly
desired to see the effect of the various electrospinning conditions on the structural integrity
of fibers. To achieve optimal conditions, a set of measurable investigative factors such as
applied potential, distance between nozzle and collector, sintering temperature, and the
observed response of the specified conditions were selected. Among the chosen parameters,
the most influential one is the applied potential because it directly causes elongation of a
polymer fluid drop retained at a needle tip by surface tension. At some threshold potential
difference, the charge repulsion overcomes surface tension, and viscous forces within the
fluid drop. A complex force balance governs the ejection of a fluid jet and the subsequent
creation of nanofibers [20]. It has been noted that the formation of electrical arcs between
electrodes is responsible for the discontinuous withdrawal of fluid jet beyond the maximum
potential difference and the smallest separation distance set [43]. In the current research, the
potential difference was divided into three levels, ranging from 12 kV to 16 kV. The spinning
of the fibers started at 12 kV, and an accumulation of polymer solution mass near the needle
tip, combined with the short residence time of the droplets, can explain the erratic behavior
of the solution. The fibers obtained at this voltage in the observed microscopic fields
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had larger diameters. Bead-free weaved threads were electrospun under a constant feed
rate (1 mL/h) and separation distance value (12 cm) with an applied potential difference
of 12 kV (Figure 1a), where the average size of the obtained fibers was 193 nm; 14 kV
(Figure 1b), where the average size of the obtained fibers was 125 nm; and 16 kV (Figure 1c),
where the average size of the obtained fibers was 91 nm. Drop formation at the needle
tip should have a longer residence time, and the charged ejected jet should have a longer
“time-of-flight” under these ideal conditions, which should boost solvent evaporation and
the formation of fiber from the solution [44].

Figure 1. SEM micrographs of the PVP-ZnAc fibers at a constant distance of 12 cm; a flow rate of
1 mL/h; and applied potential of (a) 12 kV, (b) 14 kV, and (c) 16 kV.

Three variables of the spinning—calcination temperature (X;), tip-to-collector distance
(X2), and applied potential (X3)—were selected for the optimization process to form ZnO
particles. The interaction effect of the chosen parameters on the response observed in the
experimental runs can be explained using the analysis of variance (ANOVA). Furthermore,
the adequacy of the model was examined using diagnostic diagrams, and the model
should be validated by evaluating the optimum experimental conditions, as previously
explained [45]. The optimization results show the parameter interaction effect, which
consists of 15 experiments, as is presented in Table 2. For each experiment, the ZnO
diameter (the response) was measured; a two-set average is noted in Table 3, column Y.
When one decides if the overall results are significant, the F statistic must be used in
combination with the p-value. The p-value indicates the degree to which the data is
consistent with the null hypothesis. The successive p-value of <0.0001 and F value of
99.22 indicate significant model terms. In this scenario, there were key model terms: A, B,
C, A%, B?, and C2. Only the quadratic terms for the two electrospinning variables made it
into the refined model, which was an interesting finding [43]. Coefficient of variance (CV)
indicates the reproducibility of the model, for which a value of less than 10% is desirable [46].
According to the results, the CV value is 3.38%, and the model was statistically valid. The
predicted residual error sum of squares (PRESS) is cross validation used in data analysis to
offer a statistical summary of model performance [47]; the obtained PRESS of the model is
58.71. The adjusted R? of 0.9546 in the improved model agreed reasonably well with the
expected R? of 0.9424. Figure 2 depicts the relationship between the measured diameter of
the ZnO particles and the models” anticipated diameter. The linear correlation coefficient
indicates reasonable agreement between the experimental and model values across the
factor space.

Table 2. ANOVA for response surface reduced quadratic model.

Source Sum of Squares df Mean Square F Value p-Value
Model 982.28 3 327.43 99.22 0.0001 significant
A-Temperature 593.77 1 593.77 179.93 0.0001
B-Distance 0.093 1 0.093 0028 0.8697
Residual 36.30 11 3.30
C-Applied potential 9.19 1 9.19 2.79 0.1233
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Table 2. Cont.

Source Sum of Squares df Mean Square F Value p-Value
Lack of fit 35.62 9 3.96 11.64 0.0816 not significant
Pure error 0.68 2 0.34
Cor total 1018.58 14
Std. Dev. 1.82 R? 0.9644

Mean 53.79 Adj R? 0.9546

CV % 3.38 Pred R-Square 0.9424

PRESS 58.71 Adequate 22.609

Precision

Table 3. Box-Behnken design matrix containing 15 experimental runs.

Run Order Calcination Tip-to-Collector Applied Response, Y (ZnO Predicted Values
Temperature (°C) Distance (cm) Potential (kV) Size in nm) (ZnO Size in nm)
1 800 8.00 14.00 66 65.68
2 800 8.00 12.00 65 65.30
14 600 10.00 16.00 46 46.34
9 700 8.00 12.00 64.30 65.03
8 800 10.00 16.00 45.20 44.52
10 600 12.00 12.00 65.10 64.28
5 600 8.00 16.00 53.60 52.12
6 800 10.00 12.00 62.00 62.11
7 700 12.00 14.00 54.00 53.90
11 700 8.00 16.00 45.00 44.88
15 700 10.00 14.00 50.00 50.12
3 600 12.00 14.00 44.00 44.50
13 700 10.00 14.00 52.00 52.23
4 800 12.00 12.00 44.60 44.52
12 600 12.00 16.00 43.00 43.23
70.00
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Figure 2. Plot of the model-predicted versus observed response of ZnO particle average size.

3.2. Response Surface Plots

The ZnO nanoparticles’ diameter and the response variables are shown in
three-dimensional surface plots in Figure 3 versus two factors at a time (with the third variable
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kept constant at the center value of (0)). As shown in Figure 3b, at 16 kV applied potential
and 12 cm distance (feed rate of 1 mL/h constant), nanoparticles with the smallest diameter
were formed. However, when the voltage and distance were reduced to the absolute mini-
mum of 12 kV and 8 cm, the largest average diameter fibers (193 nm) were generated. These
plots revealed a few generalized conclusions about electrospun ZnO nanoparticles: (a) the
particle diameter changed in an inverse relationship to the applied voltage, (b) increasing
the distance of separation led to a decrease in fiber diameter, and (c) fiber diameter was
smaller for the minimal value of calcination temperature of 600 °C.
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Figure 3. Response surface plots of ZnO diameter (response) versus (a) distance and temperature,
(b) voltage and temperature, and (c) voltage and distance.

The Box-Behnken (BB) design [48] is a part of the standard response surface approach
and can be used to establish, analyze, and identify the quantitative correlation among elec-
trospinning variables and mean particle diameter. When compared to other symmetrical
second-order experimental designs such as Doehlert, central composite, and three-level
factorial designs in terms of efficiency and characteristics, the use of BB design is common
in industrial research due to the economic advantages that require only three levels for
each factor, with the settings of 1, 0, +1 [49]. In this study, the relationship between the
following variables was investigated using the BB design three-level, three-factor model.
In combination with RSM, this design is frequently used to optimize a variety of physical,
chemical, and biological processes [50,51]. Fiber diameter accord of different polymeric
materials has been studied using various electrospinning parameters [52]. Numerous
studies on electrospinning support these findings of fiber diameter variation in response to
parametric manipulation. Changing the distance between the tip and the collector which
has a tremendous effect on flight time and field strength significantly impacts the fiber
morphology. Separation distance and fiber diameter are opposite to each other, and in many
cases, the droplet formation was due to the inability of the jet to maintain sufficient distance
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between the tip and the collector as a result of the increased field strength [53]. To stretch
the solution before it deposits on the collector, one can increase the separation distance,
leading to a decreased fiber diameter [54]. An increase in fiber diameter is associated with
decreased field strength when separated by a greater distance [55]. However, fibers are not
deposited if the separation distance is too large [54]. Because of this, it appears that voltage
and the resulting electric field have a significant impact on the jets’ stretching, acceleration,
and diameter. A higher voltage causes the solution to be stretched out more in the jet
due to stronger columbic forces, which reduces the fiber size [56,57]. It is known that the
formation of beads cannot be completely avoided at higher voltages. However, here, no
beads were observed in the selected range of applied potential, and it was excellent for the
fabrication of nanosized fibers. Below 12 and above 16 kV, the possibility of the formation
of beads is raised. The density of the beads increases with the rise of voltage, and the beads
unite to form a thicker diameter fiber [50,51,58].

3.3. Response Surface Plotting and Characterization of ZnO Nanoparticles at Optimized Conditions

As demonstrated in Figure 3, response surface plots illustrate the effect of interaction
between sintering temperature, the distance between nozzle and collector, and the applied
voltage on the size of ZnO nanoparticles. The nanoparticle size became bigger as the
calcination temperature increased from 600 to 800 °C. The fundamental reason for this is
that an increase in temperature influences the growth of crystal. The particle size grew
rapidly as the temperature rose from 600 to 800 °C. These findings could imply that the
increase in size was mainly due to crystal development, as evidenced by multiple previous
investigations [59,60]. When these two parameters (voltage and calcination temperatures)
are combined, they have a more significant impact on particle size, comparable to the effects
seen in Figure 3a,b. At a constant calcination temperature of 600 °C, the particle size of ZnO
changes dramatically as the voltage is reduced from 16 to 12 kV. The electrospinning process
and calcination temperature highly influenced the diameter of ZnO nanoparticles. Previous
optimization by employing response surface methodology was used to form smooth and
homogeneous nanofiber architectures [59]. SEM images shown in Figure 1 represent fibers
before annealing, whilst Figure 4 shows those after calcination. Figure 5 provides EDS
mapping of the obtained ZnO nanoparticles. By optimizing the electrospinning parameters,
uniform and bead-free fibers were obtained. The average diameter of electrospun and
sintered ZnO nanoparticles was determined using the Image ] program. The experimental
design parameters were evaluated by varying processing settings with a fixed collector
distance of 12 cm and applied potential in the range from 12 kV to 16 kV. A significant
decrease in diameter is due to the fact that a higher electrical voltage and distance con-
tribute to a greater stretching of the polymer, resulting in a decrease in the diameter of the
electrospun fiber and particles. A constant flow rate of 1 L/min was maintained throughout
the experiment. As shown in Figure 4a—c, the formation of well-shaped ZnO particles can
be observed after annealing of the obtained fibers at various temperatures from 600 °C
to 800 °C.

Figure 4. SEM images of the ZnO nanoparticles synthesized at a constant applied potential of 16 kV;
a distance between collector and nozzle of 12 cm; a flow rate of 1 mL/h; and calcination temperature
of (a) 600 °C, (b) 700 °C, and (c) 800 °C.
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Figure 5. (a,b) EDS mapping showing the distribution of ZnO nanoparticles, (c) zinc, and (d) oxygen

synthesized at an applied potential of 16 kV, a distance of 12 cm, a flow rate of 1 mL/h, and a
calcination temperature of 600 °C.

We performed an analysis of SEM/EDS micrographs of all electrospun ZnO nanopar-
ticles shown in Figure 5. From the EDS report, the weight percentage and atomicity of Zn
and O were 88.2 and 11.8, respectively, which is close to the bulk ZnO weight percentage.

Figure 6 displays the UV-Vis absorption spectra of ZnO nanoparticles produced at
optimized conditions using the electrospinning technique; absorbance was measured in
the range of 300-600 nm wavelengths. With the decrease of ZnO particle size, the energy
gap widens due to their quantum size effect, caused by the confinement of electrons within
particles of dimensions smaller than the bulk counterpart [61]. The energy band gap
of a semiconductor becomes more pronounced when the size of the nano-crystallites is
smaller than the Bohr radius of the bulk excitation [62]. In nanoscale materials, columbic
interactions between holes and electrons are critical and charge carriers can be quantum
bound, which changes the semiconductor’s valence and conduction bands [63].
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Figure 6. UV-Visible spectra and energy band gap of ZnO nanoparticles synthesized at a constant

applied potential of 16 kV, a distance between collector and nozzle of 12 cm, a flow rate of 1 mL/h,
and a calcination temperature of 600 °C.
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The UV-Vis absorption spectra of synthesized ZnO nanoparticles showed an absorp-
tion peak at 320 nm. The Tauc plot of the samples showed that the band gap of the ZnO
nanoparticles prepared at a calcination temperature of 600 °C was 3.72 eV, which is compa-
rable to the previously reported value [64]. Equation (2) was used to calculate the direct
band gap energy:

ohv = A[hv — E]" )

Characterization of ZnO nanoparticles using UV-Vis spectrum analysis is usually used
to study the size and shape of the particles [65]. The rate and width of the surface plasma
on the absorbent depend on the size and shape of the nanoparticles. It is worth noting that
the obtained Eg value was different from the band gap of bulk ZnO (3.37 eV). Bang gap
can be attributed to the optical confinement effect, corresponding to the size and length of
nanoparticles [66].

3.4. XRD Patterns and Transmission Electron Microscopy (TEM)

TEM examination was conducted to ascertain the size of the nanoparticles (given in
Figure 7a). The ZnO nanoparticles fabricated under optimized conditions reveal that the
particles are hexagonal with slight variation in thickness, which corroborates with the SEM
results. The majority of ZnO nanoparticles are sphere-shaped and have an average particle
size of 43 nm. The XRD patterns of ZnO nanoparticles fabricated by electrospinning
at calcination temperatures of 600, 700, and 800 °C are shown in Figure 7b. All of the
peaks in the XRD patterns correspond to the structure of ZnO wurtzite. The intensity
of the peaks and the average crystallite size increased with the increasing calcination
temperature, indicating the formation of ZnO nanoparticles with a larger size and an
increase in crystallinity [67]. The diffraction peaks were assigned to the ZnO (100), (002),
(101), (102), (110), (103), (200), (112), (201), and (202) planes, respectively. All of the peaks
were in excellent agreement with the JCPDS card No. 89-1397, indicating the development
of pure ZnO phase upon calcination [41].
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ﬁ
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Figure 7. (a) TEM micrographs of ZnO nanoparticles synthesized at a constant applied potential of
16 kV, a distance between collector and nozzle of 12 cm, a flow rate of 1 mL/h, and a calcination
temperature of 600 °C. (b) XRD patterns of ZnO nanoparticles synthesized at a constant applied
potential of 16 kV; a distance between collector and nozzle of 12 cm; a flow rate of 1 mL/h; and
calcination temperatures of 600 °C, 700 °C and 800 °C.

4. Conclusions

The present work vouches for the successful application of a BB design and RSM
method to predict the diameter of electrospun and sintered ZnO nanoparticles. The selected
method and the applied experimental design effectively determined the optimal parameters
of the three chosen variables to fabricate ZnO nanoparticles with minimal diameter by
the electrospinning technique. The selected variables (applied potential, distance between
nozzle and collector, and calcination temperature) had a significant effect on the ZnO
nanoparticles’ size, where the results of a second-order polynomial regression model
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were satisfactory. The model can be used to develop strategies for fine tuning the shape
and size of electrospun fibers and particles depending on the application. In this work,
ZnO nanoparticles with an average size of 43 nm were successfully synthesized under
optimal conditions. The optimal electrospinning conditions to produce minimum-size
Zn0O nanoparticles were an applied potential of 16 kV and a distance between the collector
and nozzle of 12 cm. To obtain pure and hexagonal structure ZnO nanoparticles from the
ZnAc-PVP fiber, a calcination temperature at 600 °C was found to be optimum. SEM, EDS,
and TEM characterization results describe the formation of well-shaped ZnO nanoparticles;
the XRD pattern indicates a highly crystalline pure phase and that the band gap of the ZnO
nanoparticles is 3.72 eV.

Author Contributions: Conceptualization, A.R., SK.,, B.S., Z.B. and A.M,; funding acquisition, S.K.,
B.S. and A.M.; investigation, A.R.; methodology, A.R., A.B. and N.K.; project administration, B.S.
and A.M.; supervision, A.M.; visualization, A.R.; writing—original draft, A.R.; writing—review
and editing, SK., B.S. and A.M. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the research grant OPCRP2021001 “Development of highly
sensitive MOS-based nano-film gas sensors” from Nazarbayev University.

Data Availability Statement: All data supporting the conclusions of this article are included within
the article.

Conflicts of Interest: The authors declare that they have no competing interest.

References

1. Choi, K,; Kang, T.; Oh, S.-G. Preparation of disk shaped ZnO particles using surfactant and their PL properties. Mater. Lett. 2012,
75,240-243. [CrossRef]

2. Ahangar, E.G.; Abbaspour-Fard, M.H.; Shahtahmassebi, N.; Khojastehpour, M.; Maddahi, P. Preparation and Characterization of
PVA /ZnO Nanocomposite. J. Food Processing Preserv. 2015, 39, 1442-1451. [CrossRef]

3. Ong, C.B,; Ng, L.Y.; Mohammad, A.W. A review of ZnO nanoparticles as solar photocatalysts: Synthesis, mechanisms and
applications. Renew. Sustain. Energy Rev. 2018, 81, 536-551. [CrossRef]

4. Baig, N.; Kammakakam, I; Falath, W. Nanomaterials: A review of synthesis methods, properties, recent progress, and challenges.
Mater. Adv. 2021, 2, 1821-1871. [CrossRef]

5. Nair, A.K,; Mayeen, A.; Shaji, LK.; Kala, M.S.; Thomas, S.; Kalarikkal, N. Optical Characterization of Nanomaterials. In
Characterization of Nanomaterials; Elsevier: Amsterdam, The Netherlands, 2018; pp. 269-299.

6. Malakar, A ; Kanel, S.R.; Ray, C.; Snow, D.D.; Nadagouda, M.N. Nanomaterials in the environment, human exposure pathway,
and health effects: A review. Sci. Total Environ. 2021, 759, 143470. [CrossRef]

7. Jayanthi, K.; Chawla, S.; Chander, H.; Haranath, D. Structural, optical and photoluminescence properties of ZnS: Cu nanoparticle
thin films as a function of dopant concentration and quantum confinement effect. Cryst. Res. Technol. 2007, 42, 976-982. [CrossRef]

8.  Wang, X,; Hanson, ].C; Liu, G.; Rodriguez, ].A; Iglesias-Juez, A.; Fernandez-Garcia, M. The behavior of mixed-metal oxides:
Physical and chemical properties of bulk Ce;_TbxO, and nanoparticles of Ce;_xTbxOy. J. Chem. Phys. 2004, 121, 5434-5444.
[CrossRef]

9.  Chavali, M.S.; Nikolova, M.P. Metal oxide nanoparticles and their applications in nanotechnology. SN Appl. Sci. 2019, 1, 607.
[CrossRef]

10.  Sun, Q.; Xu, Y,; Gao, Z.; Zhou, H.; Zhang, Q.; Xu, R.; Zhang, C.; Yao, H.; Liu, M. High-Performance Surface-Enhanced Raman
Scattering Substrates Based on the ZnO/Ag Core-Satellite Nanostructures. Nanomaterials 2022, 12, 1286. [CrossRef]

11. Duangmanee, S.; Poo-Arporn, Y.; Janphuang, P.; Leuasoongnoen, P.; Tonlublao, S.; Kamonpha, P.; Saengchai, N.; Chanlek, N.;
Saisombat, C.; Kidkhunthod, P; et al. An Operando X-ray Absorption Spectroscopy Study on Sensing Characteristics of Vertically
Aligned ZnO Thin Film for Methane Gas Sensors. Nanomaterials 2022, 12, 1285. [CrossRef]

12.  Siddheswaran, R.; Sankar, R.; Ramesh Babu, M.; Rathnakumari, M.; Jayavel, R.; Murugakoothan, P.; Sureshkumar, P. Preparation
and characterization of ZnO nanofibers by electrospinning. Cryst. Res. Technol. |. Exp. Ind. Crystallogr. 2006, 41, 446-449.
[CrossRef]

13.  Khan, I; Saeed, K.; Khan, I. Nanoparticles: Properties, applications and toxicities. Arab. J. Chem. 2019, 12, 908-931. [CrossRef]

14. Wang, L.; Kang, Y.; Liu, X.; Zhang, S.; Huang, W.; Wang, S. ZnO nanorod gas sensor for ethanol detection. Sensors Actuators B
Chem. 2012, 162, 237-243. [CrossRef]

15. Viter, R.; Chaaya, A.A.; Iatsunskyi, I.; Nowaczyk, G.; Kovalevskis, K.; Erts, D.; Miele, P.; Smyntyna, V.; Bechelany, M. Tuning of

Zn0O 1D nanostructures by atomic layer deposition and electrospinning for optical gas sensor applications. Nanotechnology 2015,
26,105501. [CrossRef] [PubMed]


http://doi.org/10.1016/j.matlet.2012.02.031
http://doi.org/10.1111/jfpp.12363
http://doi.org/10.1016/j.rser.2017.08.020
http://doi.org/10.1039/D0MA00807A
http://doi.org/10.1016/j.scitotenv.2020.143470
http://doi.org/10.1002/crat.200710950
http://doi.org/10.1063/1.1781116
http://doi.org/10.1007/s42452-019-0592-3
http://doi.org/10.3390/nano12081286
http://doi.org/10.3390/nano12081285
http://doi.org/10.1002/crat.200510603
http://doi.org/10.1016/j.arabjc.2017.05.011
http://doi.org/10.1016/j.snb.2011.12.073
http://doi.org/10.1088/0957-4484/26/10/105501
http://www.ncbi.nlm.nih.gov/pubmed/25694034

Nanomaterials 2022, 12, 1733 12 of 13

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Franco, M.A; Conti, P.P; Andre, R.S.; Correa, D.S. A review on chemiresistive ZnO gas sensors. Sensors Actuators Rep. 2022,
4,100100. [CrossRef]

Xuan, J.; Zhao, G.; Sun, M; Jia, F; Wang, X.; Zhou, T.; Yin, G.; Liu, B. Low-temperature operating ZnO-based NO, sensors: A
review. RSC Adv. 2020, 10, 39786-39807. [CrossRef]

Bolarinwa, H.; Onuu, M.; Fasasi, A.; Alayande, S.O.; Animasahun, L.; Abdulsalami, I.; Fadodun, O.; Egunjobi, I. Determination
of optical parameters of zinc oxide nanofibre deposited by electrospinning technique. J. Taibah Univ. Sci. 2017, 11, 1245-1258.
[CrossRef]

Wang, S.-X.; Yap, C.C.; He, J.; Chen, C.; Wong, S.Y.; Li, X. Electrospinning: A facile technique for fabricating functional nanofibers
for environmental applications. Nanotechnol. Rev. 2016, 5, 51-73. [CrossRef]

Shin, Y.M.; Hohman, M.M.; Brenner, M.P.; Rutledge, G.C. Electrospinning: A whipping fluid jet generates submicron polymer
fibers. Appl. Phys. Lett. 2001, 78, 1149-1151. [CrossRef]

Banikazemi, S.; Rezaei, M.; Rezaei, P; Babaie, A.; Eyvazzadeh-Kalajahi, A. Preparation of electrospun shape memory polyurethane
fibers in optimized electrospinning conditions via response surface methodology. Polym. Adv. Technol. 2020, 31, 2199-2208.
[CrossRef]

Baji, A.; Mai, Y.-W. Engineering ceramic fiber nanostructures through polymer-mediated electrospinning. In Polymer-Engineered
Nanostructures for Advanced Energy Applications; Springer: Berlin, Germany, 2017; pp. 3-30.

Vuong, N.M.; Chinh, N.D.; Huy, B.T;; Lee, Y.I. CuO-decorated ZnO hierarchical nanostructures as efficient and established sensing
materials for HyS gas sensors. Sci. Rep. 2016, 6, 26736. [CrossRef] [PubMed]

Shingange, K.; Swart, H.; Mhlongo, G. H2S detection capabilities with fibrous-like La-doped ZnO nanostructures: A comparative
study on the combined effects of La-doping and post-annealing. J. Alloy. Compd. 2019, 797, 284-301. [CrossRef]

Kumar, V.; Singh, N.; Kumar, V.; Purohit, L.P.; Kapoor, A.; Ntwaeaborwa, O.M.; Swart, H.C. Doped zinc oxide window layers for
dye sensitized solar cells. J. Appl. Phys. 2013, 114, 134506. [CrossRef]

Ren, X; Ying, P; Yang, Z.; Shang, M.; Hou, H.; Gao, F. Foaming-assisted electrospinning of large-pore mesoporous ZnO nanofibers
with tailored structures and enhanced photocatalytic activity. RSC Adv. 2015, 5, 16361-16367. [CrossRef]

Ghafari, E.; Feng, Y.; Liu, Y.; Ferguson, I.; Lu, N. Investigating process-structure relations of ZnO nanofiber via electrospinning
method. Compos. Part B Eng. 2017, 116, 40—45. [CrossRef]

Di Mauro, A.; Zimbone, M.; Fragala, M.E.; Impellizzeri, G. Synthesis of ZnO nanofibers by the electrospinning process. Mater. Sci.
Semicond. Processing 2016, 42, 98-101. [CrossRef]

Oliveira, V.H.; da Silva, E.P.; de Marques, V.S.; Rubira, A.F; Silva, R.; Cava, C.E.; Lourengo, S.A.; Muniz, E.C. Electrospun fibers
of poly (vinyl alcohol): Zinc acetate (PVA: AcZn) and further ZnO production: Evaluation of PVA: AcZn ratio and annealing
temperature effects on ZnO structure. J. Nanoparticle Res. 2020, 22, 322. [CrossRef]

Borkowski, J.J. Graphical methods for assessing the prediction capability of response surface designs. In Response Surface
Methodology and Related Topics; World Scientific: Hackensack, NJ, USA, 2006; pp. 349-378.

Roudi, A.M.; Salem, S.; Abedini, M.; Maslahati, A.; Imran, M. Response Surface Methodology (RSM)-Based Prediction and
Optimization of the Fenton Process in Landfill Leachate Decolorization. Processes 2021, 9, 2284. [CrossRef]

Pereao, O.; Laatikainen, K.; Bode-Aluko, C.; Fatoba, O.; Omoniyi, E.; Kochnev, Y.; Nechaev, A.; Apel, P; Petrik, L. Synthesis
and characterisation of diglycolic acid functionalised polyethylene terephthalate nanofibers for rare earth elements recovery.
J. Environ. Chem. Eng. 2021, 9, 105902. [CrossRef]

Rakhmanova, A.; Wang, T.; Xing, G.; Ma, L.; Hong, Y; Lu, Y; Xin, L.; Xin, W.; Zhu, Q.; Lii, X. Isolation and identification of
microorganisms in Kazakhstan koumiss and their application in preparing cow-milk koumiss. J. Dairy Sci. 2021, 104, 151-166.
[CrossRef]

Agarwal, P,; Mishra, PK.; Srivastava, P. Statistical optimization of the electrospinning process for chitosan/polylactide nanofabri-
cation using response surface methodology. J. Mater. Sci. 2012, 47, 4262-4269. [CrossRef]

Ebadi, S.V.; Semnani, D.; Fashandi, H.; Rezaei, B. Synthesis and characterization of a novel polyurethane/polypyrrole-p-
toluenesulfonate (PU/PPy-pTS) electroactive nanofibrous bending actuator. Polym. Adv. Technol. 2019, 30, 2261-2274. [CrossRef]
Ghelich, R.; Jahannama, M.R.; Abdizadeh, H.; Torknik, ES.; Vaezi, M.R. Central composite design (CCD)-Response surface
methodology (RSM) of effective electrospinning parameters on PVP-B-Hf hybrid nanofibrous composites for synthesis of
HfB2-based composite nanofibers. Compos. Part B Eng. 2019, 166, 527-541. [CrossRef]

Sarlak, N.; Nejad, M.A.F,; Shakhesi, S.; Shabani, K. Effects of electrospinning parameters on titanium dioxide nanofibers diameter
and morphology: An investigation by Box-Wilson central composite design (CCD). Chem. Eng. J. 2012, 210, 410-416. [CrossRef]
Li, L, Jiang, Z.; Xu, J.; Fang, T. Predicting poly(vinyl pyrrolidone)’s solubility parameter and systematic investigation of the
parameters of electrospinning with response surface methodology. J. Appl. Polym. Sci. 2013, 131, 40304. [CrossRef]

Dayan, C.B.; Afghah, F.; Okan, B.S.; Yildiz, M.; Menceloglu, Y.; Culha, M.; Koc, B. Modeling 3D melt electrospinning writing by
response surface methodology. Mater. Des. 2018, 148, 87-95. [CrossRef]

Chelladurai, S.J.S.; Murugan, K.; Ray, A.P.; Upadhyaya, M.; Narasimharaj, V.; Gnanasekaran, S. Optimization of process
parameters using response surface methodology: A review. Mater. Today Proc. 2020, 37, 1301-1304. [CrossRef]

Zhang, Q.N.; Tang, D.Y,; Yu, Z.Q.; Lv, H.T. Preparation of ZnAc/PVP Composite Fibers and ZnO Nanofibers. Appl. Mech. Mater.
2014, 665, 296-299. [CrossRef]


http://doi.org/10.1016/j.snr.2022.100100
http://doi.org/10.1039/D0RA07328H
http://doi.org/10.1016/j.jtusci.2017.01.004
http://doi.org/10.1515/ntrev-2015-0065
http://doi.org/10.1063/1.1345798
http://doi.org/10.1002/pat.4940
http://doi.org/10.1038/srep26736
http://www.ncbi.nlm.nih.gov/pubmed/27231026
http://doi.org/10.1016/j.jallcom.2019.05.060
http://doi.org/10.1063/1.4824363
http://doi.org/10.1039/C4RA15421E
http://doi.org/10.1016/j.compositesb.2017.02.026
http://doi.org/10.1016/j.mssp.2015.08.003
http://doi.org/10.1007/s11051-020-05048-6
http://doi.org/10.3390/pr9122284
http://doi.org/10.1016/j.jece.2021.105902
http://doi.org/10.3168/jds.2020-18527
http://doi.org/10.1007/s10853-012-6276-7
http://doi.org/10.1002/pat.4655
http://doi.org/10.1016/j.compositesb.2019.01.094
http://doi.org/10.1016/j.cej.2012.08.087
http://doi.org/10.1002/app.40304
http://doi.org/10.1016/j.matdes.2018.03.053
http://doi.org/10.1016/j.matpr.2020.06.466
http://doi.org/10.4028/www.scientific.net/AMM.665.296

Nanomaterials 2022, 12, 1733 13 of 13

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Xue, J.; Wu, T,; Dai, Y.; Xia, Y. Electrospinning and Electrospun Nanofibers: Methods, Materials, and Applications. Chem. Rev.
2019, 119, 5298-5415. [CrossRef]

Ray, S.; Lalman, J.A. Using the Box-Benkhen design (BBD) to minimize the diameter of electrospun titanium dioxide nanofibers.
Chem. Eng. J. 2011, 169, 116-125. [CrossRef]

Silva, PM.; Torres-Giner, S.; Vicente, A.A.; Cerqueira, M.A. Management of Operational Parameters and Novel Spinneret
Configurations for the Electrohydrodynamic Processing of Functional Polymers. Macromol. Mater. Eng. 2022, 307, 2100858.
[CrossRef]

Zhang, Z.; Zheng, H. Optimization for decolorization of azo dye acid green 20 by ultrasound and H,O, using response surface
methodology. J. Hazard. Mater. 2009, 172, 1388-1393. [CrossRef] [PubMed]

Ghafari, S.; Aziz, H.A.; Isa, M.H.; Zinatizadeh, A.A. Application of response surface methodology (RSM) to optimize coagulation—
flocculation treatment of leachate using poly-aluminum chloride (PAC) and alum. . Hazard. Mater. 2008, 163, 650-656. [CrossRef]
[PubMed]

Noordin, M.; Venkatesh, V.; Sharif, S.; Elting, S.; Abdullah, A. Application of response surface methodology in describing the
performance of coated carbide tools when turning AISI 1045 steel. |. Mater. Processing Technol. 2004, 145, 46-58. [CrossRef]
Angel, N.; Guo, L.; Yan, F.; Wang, H.; Kong, L. Effect of processing parameters on the electrospinning of cellulose acetate studied
by response surface methodology. J. Agric. Food Res. 2019, 2, 100015. [CrossRef]

Bezerra, M.A.; Santelli, R.E.; Oliveira, E.P; Villar, L.S.; Escaleira, L.A. Response surface methodology (RSM) as a tool for
optimization in analytical chemistry. Talanta 2008, 76, 965-977. [CrossRef] [PubMed]

Zhang, J.; Fu, D.; Xu, Y,; Liu, C. Optimization of parameters on photocatalytic degradation of chloramphenicol using TiO, as
photocatalyist by response surface methodology. J. Environ. Sci. 2010, 22, 1281-1289. [CrossRef]

Ba-Abbad, M.M.; Kadhum, A.A.H.; Mohamad, A.B.; Takriff, M.S.; Sopian, K. Optimization of process parameters using D-optimal
design for synthesis of ZnO nanoparticles via sol-gel technique. |. Ind. Eng. Chem. 2013, 19, 99-105. [CrossRef]

Ramakrishna, S. An Introduction to Electrospinning and Nanofibers; World Scientific: Singapore, 2005.

Megelski, S.; Stephens, ].S.; Chase, A.D.B.; Rabolt, J.F. Micro- and Nanostructured Surface Morphology on Electrospun Polymer
Fibers. Macromolecules 2002, 35, 8456-8466. [CrossRef]

Zhao, S.; Wu, X.; Wang, L.; Huang, Y. Electrospinning of ethyl-cyanoethyl cellulose/tetrahydrofuran solutions. J. Appl. Polym. Sci.
2003, 91, 242-246. [CrossRef]

Lee, J.S.; Choi, K.H.; Ghim, H.D.; Kim, S.S.; Chun, D.H.; Kim, H.Y.; Lyoo, W.S. Role of molecular weight of atactic poly(vinyl
alcohol) (PVA) in the structure and properties of PVA nanofabric prepared by electrospinning. J. Appl. Polym. Sci. 2004,
93, 1638-1646. [CrossRef]

Wasim, M.; Sabir, A.; Shafiq, M.; Jamil, T. Electrospinning: A fiber fabrication technique for water purification. In Nanoscale
Materials in Water Purification; Thomas, S., Pasquini, D., Leu, S., Gopakuma, D., Eds.; Elsevier Inc.: Amsterdam, The Netherlands,
2019; pp. 289-308.

Xiong, J.; Liu, Y,; Li, A.; Wei, L.; Wang, L.; Qin, X,; Yu, ]. Mass production of high-quality nanofibers via constructing pre-Taylor
cones with high curvature on needleless electrospinning. Mater. Des. 2020, 197, 109247. [CrossRef]

Krishnappa, R.V.N.; Desai, K.; Sung, C. Morphological study of electrospun polycarbonates as a function of the solvent and
processing voltage. |. Mater. Sci. 2003, 38, 2357-2365. [CrossRef]

Alias, S.; Ismail, A.; Mohamad, A.A. Effect of pH on ZnO nanoparticle properties synthesized by sol-gel centrifugation. J. Alloys
Compd. 2010, 499, 231-237. [CrossRef]

Jaafar, S.H.; Zaid, M.H.M.; Matori, K.A.; Ab Aziz, S.H.; Kamari, HM.; Honda, S.; Iwamoto, Y. Influence of Calcination
Temperature on Crystal Growth and Optical Characteristics of Eu** Doped ZnO/Zn,SiO, Composites Fabricated via Simple
Thermal Treatment Method. Crystals 2021, 11, 115. [CrossRef]

Smith, A.; Nie, S. Semiconductor Nanocrystals: Structure, Properties, and Band Gap Engineering. Accounts Chem. Res. 2009,
43,190-200. [CrossRef]

Ferreira, D.L.; Sousa, ].C.L.; Maronesi, R.N.; Bettini, J.; Schiavon, M.A.; Teixeira, A.V.N.C.; Silva, A.G. Size-dependent bandgap
and particle size distribution of colloidal semiconductor nanocrystals. J. Chem. Phys. 2017, 147, 154102. [CrossRef]

Geetha, M.; Nagabhushana, H.; Shivananjaiah, H. Green mediated synthesis and characterization of ZnO nanoparticles using
Euphorbia Jatropa latex as reducing agent. J. Sci. Adv. Mater. Devices 2016, 1, 301-310. [CrossRef]

Debanath, M.; Karmakar, S. Study of blueshift of optical band gap in zinc oxide (ZnO) nanoparticles prepared by low-temperature
wet chemical method. Mater. Lett. 2013, 111, 116-119. [CrossRef]

Chitsazi, M.R.; Korbekandi, H.; Asghari, G.; Bahri Najafi, R.; Badii, A.; Iravani, S. Synthesis of silver nanoparticles using methanol
and dichloromethane extracts of Pulicaria gnaphalodes (Vent.) Boiss. aerial parts. Artif. Cells Nanomed. Biotechnol. 2016,
44, 328-333. [CrossRef]

Musa, I.; Qamhieh, N.; Mahmoud, S.T. Synthesis and length dependent photoluminescence property of zinc oxide nanorods.
Results Phys. 2017, 7, 3552-3556. [CrossRef]

Golsheikh, A.M.; Kamali, K.Z.; Huang, N.M.; Zak, A K. Effect of calcination temperature on performance of ZnO nanoparticles
for dye-sensitized solar cells. Powder Technol. 2018, 329, 282-287. [CrossRef]


http://doi.org/10.1021/acs.chemrev.8b00593
http://doi.org/10.1016/j.cej.2011.02.061
http://doi.org/10.1002/mame.202100858
http://doi.org/10.1016/j.jhazmat.2009.07.146
http://www.ncbi.nlm.nih.gov/pubmed/19717231
http://doi.org/10.1016/j.jhazmat.2008.07.090
http://www.ncbi.nlm.nih.gov/pubmed/18771848
http://doi.org/10.1016/S0924-0136(03)00861-6
http://doi.org/10.1016/j.jafr.2019.100015
http://doi.org/10.1016/j.talanta.2008.05.019
http://www.ncbi.nlm.nih.gov/pubmed/18761143
http://doi.org/10.1016/S1001-0742(09)60251-5
http://doi.org/10.1016/j.jiec.2012.07.010
http://doi.org/10.1021/ma020444a
http://doi.org/10.1002/app.13196
http://doi.org/10.1002/app.20602
http://doi.org/10.1016/j.matdes.2020.109247
http://doi.org/10.1023/A:1023984514389
http://doi.org/10.1016/j.jallcom.2010.03.174
http://doi.org/10.3390/cryst11020115
http://doi.org/10.1021/ar9001069
http://doi.org/10.1063/1.4999093
http://doi.org/10.1016/j.jsamd.2016.06.015
http://doi.org/10.1016/j.matlet.2013.08.069
http://doi.org/10.3109/21691401.2014.949726
http://doi.org/10.1016/j.rinp.2017.09.035
http://doi.org/10.1016/j.powtec.2017.11.065

	Introduction 
	Materials and Methods 
	Materials 
	ZnAc-PVP Nanofiber Preparation and ZnO Synthesis 
	Experimental Design, Statistical Analysis, and Optimization by RSM 
	Characterization 

	Results and Discussions 
	Response Surface Model 
	Response Surface Plots 
	Response Surface Plotting and Characterization of ZnO Nanoparticles at Optimized Conditions 
	XRD Patterns and Transmission Electron Microscopy (TEM) 

	Conclusions 
	References

