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The industrial waste can cause significant harm to human health and to the environment.
Organic dyes in particular are environmentally dangerous since they may cause the death
of aquatic life or contaminate the feed chain. Thus, one of the current research fields
consists of the development of an inexpensive and environmentally friendly method to
purify wastewater from organic contaminants. Among the others, Zinc oxide (ZnO) is
considered one of the most effective photocatalysts for the decomposition of organic
pollutants in water. In this work, we developed a highly efficient low-temperature and
environmentally safe synthesis method to obtain photocatalytically active nanostructured
Zn0O by chemical precipitation from a solution. The effect of the technological conditions of
synthesis on the photocatalytic properties is considered in detail, the correlation with the
morphology, structural, and optical properties of the synthesized ZnO samples is
determined. It was found that the maximum photocatalytic activity with respect to the
decomposition of the dye rhodamine-B (RhB) is achieved for samples synthesized at
NaOH molar concentration from 0.4 to 0.7 M; in this case, the sizes of crystallites along the
crystallographic direction 002 reach maximum values of ~42 nm. On the contrary, the sizes
of crystallites along the directions 100 and 101 decrease monotonically from 30 to 25 nm
with an increase in the molar concentration of NaOH from 0.14 to 1 M.

Keywords: chemical low-cost deposition method, zinc oxide, optical and structural properties, photocatalytic
activity, rhodamine-B

INTRODUCTION

Most of nowadays industries such as textile, paint, cellulose, plastic, food, and cosmetics
industries, as well as agriculture and livestock farming, are responsible for the discharge of
harmful chemical organic dyes into rivers and groundwater (Qi et al., 2017; Nguyen and Nguyen,
2020). These chemicals are not biodegradable, lead to environmental pollution, harming both
the ecological state of water bodies and human health (Sousa et al., 2018). For this reason, in
recent years scientists have been focusing on developing alternative safe physical and chemical
methods for removing organic dyes from wastewater (Hodges et al., 2018; Jeon et al., 2018;
Mirzaeifard et al., 2020; Ferreira et al., 2021). One of the most promising methods is
photocatalysis, a process in which UV light is used to activate the chemical degradation of a
substance in the presence of a catalyst which decreases the process activation energy and
increases the reaction rate. Wide bandgap semiconductor materials such as TiO, (Katal et al.,
2020), CuO (Khiavi et al., 2019; Al-Namshah, 2021), Cu,O (Su et al., 2018), pure and doped ZnO
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(EL-Dafrawy et al., 2021; Islam and Azam, 2021; Ramirez et al.,
2021; Tasso Guaraldo et al.,, 2021), In,O5; (Shanmuganathan
et al., 2021), Fe,03 (Cao et al., 2020; Zhang et al., 2020), and
other oxides have proven to behave as excellent photocatalysts.
As shown in a recent paper (Liang et al, 2022), the
photocatalytic properties of ZnO can be drastically
enhanced by doping and forming a porous nanosized
structure containing ZnO/CdS heterojunctions. An upscale
utilization of these compounds in large-scale wastewater
treatment applications calls for the development of an
inexpensive and environmentally friendly method for their
synthesis.

Zinc oxide (ZnO) is a wide-band gap (3.37eV) n-type
semiconductor with a high exciton binding energy (60 meV)
(Huang et al., 2015) and, in its nanostructured form, is
actively used as a base material for solar cells (Consonni et al.,
2019; Wibowo et al., 2020), photocatalysis (Aljaafari, 2020; Naji
et al., 2020), gas sensors (Wang et al., 2020; Kang et al.,, 2021),
optoelectronic (Harun et al, 2017) and photonic devices
(Rahman, 2019; Zakria et al., 2019), in rubber and plastic
fillers (Shuai et al., 2021). Several synthesis methods have been
proposed in the literature to obtain ZnO nanoparticles with
controlled morphology, such as precipitation (Adam et al,
2018), pyrolysis (Wallace et al., 2013), hydrothermal (Alshamsi
and Hussein, 2018; Mohan et al.,, 2020) and sol-gel methods
(Harun et al., 2017; Haque et al., 2020), thermal evaporation
(Hamid et al., 2021), mechanochemical (Otis et al., 2021), and
others (Ong et al.,, 2018).

However, often the synthesis methods proposed for obtaining
photocatalysts have significant drawbacks. For example, the flame
spray pyrolysis method (Widiyandari et al., 2020) requires special
equipment, uses fossil fuels in addition to zinc precursors, and its
performance is difficult to scale. The hydrothermal method
(Khudiar et al, 2021) uses reactors that withstand high
pressures at temperatures above 100°C, the processing time is
difficult to reduce due to the limited heating rate of a massive
hydrothermal reactor, and the scaling of the method is costly. A
number of synthesis methods require complex expensive
equipment, for example, the thermal evaporation method
(Ahmoum et al, 2021) uses vacuum equipment, the high-
intensity mechanochemical grinding (Shu et al, 2021) uses
ball mills and high-strength grinding jars and balls to prevent
contamination of the target product. Promising synthesis
methods of such products, as photocatalysts are only those
methods that do not use expensive equipment as well as long
technological processes and can be easily scaled up.

An important applied problem 1is the photocatalytic
degradation of dyes such as Rhodamine. Rhodamine-B
(C28H3;CIN,03) is a toxic fluorescent artificial dye widely used
in the industry for example, in the production of colored
cardboard, paper or for dyeing leather products. Rhodamine-B
is one of the most widely used dyes in the textile industry. A
significant part of cosmetics, mainly decorative, having reddish
tints, is also made using this dye.

In this work, we developed a highly efficient low-temperature
environmentally friendly synthesis method of photocatalytically
active nanostructured zinc oxide for the photostimulated
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decomposition of organic dyes, in particular, rhodamine. Zinc
oxide was synthesized by precipitation from a solution containing
a Zn precursor. The effect of the alkali concentration in the
starting solution on the morphology, structural, optical, and
photocatalytic properties of the synthesized ZnO samples has
been studied. A relationship has been found between the
photocatalytic activity with respect to the decomposition of
the rhodamine-B (RhB) dye, on the one hand, and the
crystallite size and photoluminescence intensity, on the other
hand. It is shown that the maximum photocatalytic activity is
achieved simultaneously with the maximum crystallite size along
the 002 direction and the minimum photoluminescence intensity
at NaOH concentration during synthesis in the range of
0.4-0.7 M.

METHODS

ZnO nanopowders were obtained by a low-cost chemical
precipitation method from a distilled water solution
containing zinc acetate dihydrate (CH;COO),Zn x 2H,0 and
sodium hydroxide NaOH. For all solutions the concentration of
zinc acetate (ZnAc,) was 0.1 M. Initially, the zinc precursor and
the alkali were dissolved in water separately for 30 min. To
precipitate zinc oxide nanoparticles (ZnO NPs), sodium
hydroxide solution at room temperature was added dropwise
to a glass containing the zinc acetate solution, afterwards the
entire solution was thoroughly mixed with a magnetic stirrer for
15min at room temperature. The resulting precipitate was
thoroughly washed with distilled water, separated by
centrifugation, and then dried in an oven at 100°C for 12h.
The obtained ZnO powders were annealed in a muffle furnace ata
temperature of 450°C for 1h. We prepared several samples by
starting from different initial alkali concentration, namely from
0.14 to 2M NaOH. In the following we discuss the structure,
morphology and photocatalytic properties of all obtained
samples, named as follows: ZP 20 (0.14 M), ZP 15 (0.27 M),
ZP 19 (0.4M), ZP 22 (0.53M), ZP 26 (0.7 M), and ZP 23
(1.06 M).

To study the photocatalytic degradation of the RhB dye in the
presence of the ZnO NPs under ultraviolet irradiation, 9 mg of
each ZnO sample was added to an aqueous solution containing
0.16 mg of RhB per 1 L of distilled water. The solution was treated
in an ultrasonic bath for 30 min, followed by stirring with a
magnetic stirrer at room temperature. Ultraviolet illumination
was provided by a mercury arc lamp (LEH Germany UL Q 14 4P
SE) with a power of 14 W. The mercury lamp was located in a
flask with the prepared dye solutions.

RESULTS AND DISCUSSION

Sample Morphology

The morphology of the synthesized samples was studied by
means of an electronic scanning microscope (SEM) with a
direct-filament tungsten cathode (FEI Company) Quanta 200i
3D. Figure 1 shows the morphology of the ZnO particles
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FIGURE 1 | SEM images of the ZnO samples: (A)—ZP 20, (B)—ZP 15, (C)—ZP 19, (D)—ZP 22, (E)—ZP 26, (F)—ZP 23.

obtained at various starting NaOH concentration. An analysis of
the SEM images highlights that an increase NaOH concentration
in the growth solution (keeping all other synthesis parameters
unchanged) leads to a decrease in the geometric parameters
(diameter and length) of the synthesized ZnO particles
(Table 1). In particular, at NaOH concentration of 0.14 M,
large pointed elongated particles form (Figure 1A) while at a
concentration of 0.27 M smaller particles of irregular spherical
shape (Figure 1B) appear. At (0.4-0.7) M ZnO grows in the form
of thin 2D plates (Figures 1C-E). An increase in the alkali

concentration of the growth solution makes it possible to
obtain thinner 2D ZnO structures, but at higher NaOH
concentration, the ZnO particles tend to coalesce (see Figure 1F).

Transmission electron microscopy (TEM) images were
obtained with a JEM-2100 transmission electron microscope
operating at an acceleration voltage of 200kV (Figure 2).
Results of TEM analysis of ZP 15 and ZP19 samples with
different morphology correspond to SEM images (Figures 1B,C).

Table 1 shows that an increase of the sodium hydroxide
concentration in the growing solution up to 0.4 M leads to a
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TABLE 1 | Physicochemical characteristics of the samples.

Sample

ZP 20, 0.14 M NaOH
ZP 15, 0.27 M NaOH
ZP 19, 0.4 M NaOH
ZP 22, 0.53 M NaOH
ZP 26, 0.7 M NaOH
ZP 23, 1.06 M NaOH

FESEM

Thickness d, nm

315 £ 20
120 £ 5
32+5
33+5
335
80+5

Length I, nm

1000 + 20
400 £ 5
1000 = 5
800 + 5
605 + 5
250 + 10

Low-Cost Synthesis of Photocatalitycally Active ZnO

2

Aspect ratio, I/d Cell parameters, A Band gap, eV
a c
3.2 3.252 5.213 3.1
3.3 3.252 5.211 3.05
31.25 3.253 5.209 2.95
23.5 3.251 5.207 2.9
18.3 3.251 5.208 2.82
3.1 3.252 5.213 3.07

500 nm

FIGURE 2 | TEM images of the ZnO samples: (A)—ZP 15, (B)—ZP 19.
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FIGURE 3 | XRD spectra of all synthesized ZnO samples.

gradual increase on the ZnO NP aspect ratio (AR) but with a
further increase of the NaOH concentration the AR decreases.
The ZP 19 sample has the highest AR.

Phase Studies

XRD measurements were performed on an X-ray
diffractometer X’pert MPD PRO (PANalitical) under the
same conditions for all samples. The XRD peaks have been

labelled according to the reference spectra (JCPDS Card No.
80-0075) of wurtzite ZnO structure (Figure 3).

Among all the observed diffraction peaks, the (101) reflex is
particularly intense (Figure 3) that demonstrates the
crystalline nature of the nanoplatelets. A high degree of
ordering along (101) direction in comparison with the
intensity of other peaks has a significant effect on aspect
ratio of particles (Zak et al., 2013). All synthesized samples
of the considered series show a slight difference in the intensity
and width of the diffraction peaks.

The ZnO crystallites sizes (D) were estimated based on the
XRD analysis for the most intense peak (101) by employing the
Scherrer’s formula,

D =kM/Bcosd (1)

here k = 0.89 is a dimensionless coefficient (Scherrer’s constant),
1 = 1.54 A is the wavelength of CuKa radiation, 8 is the diffraction
angle, and B is the width of the peak at half-height in radians. The
values obtained in this way are consistent with the electron
microscopy observation. The evaluating results of the crystal
lattice parameters of the samples using Williamson—Hall
method (Mote et al, 2012) are shown in Table 1. All the
studied ZnO samples show a hexagonal wurtzite structure
with P63mc space group (Kumaresan et al, 2017) and good
crystalline quality, since all diffraction reflexes are very close to
the reference sample peaks and correspondingly also the
estimated lattice parameters (JCPDS Card No. 80-0075,
a—3.2539 A and c—5.2098 A).
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FIGURE 4 | (A) UV-Visible spectra and (B) Tauc's plot for the determination of the ZnO samples band gap.
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Absorbance Spectra

The optical characteristics of the materials is particularly relevant
since it allows predicting the possible photocatalytic behavior of
the samples under UV/Vis illumination. The optical absorption
spectra of all studied samples, measured with a two-beam UV/Vis
Lambda 35 spectrophotometer (PerkinElmer), are shown in
Figure 4A.

All ZnO NP samples are transparent in the visible region of the
electromagnetic spectrum and absorb light in the UV range.
Figure 4B shows the Tauc’s graphs which can be used to identify
the samples absorption edge and thus evaluate the optical band
gap (E,) using the following equation:

(ahv)= A (hv - Eg)" (2)
here a is the absorption coefficient; hv is the photon energy; A is a
proportionality coefficient; n = 0.5, since ZnO refers to direct

bandgap semiconductor material (Rusdi et al., 2011). The
equation for the proportionality coefficient A has the form

A =ad =-InT 3)

Here d is the thickness of the film; T is the transmittance
coefficient. The plot of value (ahv)* against energy hv allows
calculating the value of band gap E, by extrapolating the linear
part of the curve to the horizontal axis. According to Figure 4B,
the width of the optical band gap of the samples is in the range of
2.82-3.1eV. The estimated band gap values for all ZnO NP
samples are summarized in Table 1. In all cases, the actual gap
value turned out to be smaller than the reference ZnO value of
3.37 eV (Huang et al., 2015). In particular, the smallest value was
found for the ZP 26 sample (~2.82 eV) while the largest for the ZP
20 sample (~3.1 eV). The relationship between the E, value and
the photocatalysis efficiency was discussed in (Ong et al., 2018)
and shown in (Di Mauro et al,, 2017; EL-Dafrawy et al., 2021;
Ramirez et al., 2021).

Photocatalytic Activity

The photocatalytic activity of our ZnO samples was studied by
verifying the degradation of a test organic molecule, namely the
rhodamine-B (RhB) dye. Upon UV optical excitation of the ZnO
nanoparticles, electron-hole (e"—h") pairs are formed, which,

Excitation

FIGURE 5 | Diagram of the RhB decomposition mechanism on the ZnO NPs surface.

Degradation products

Degradation products
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due to the large surface/volume ratio, are easily transferred to the
NP surface inducing the rhodamine-B degradation (Ruellas et al.,
2019; Azfar et al., 2020; Blazeka et al., 2020). According to the
literature [see e.g., (Ong et al., 2018; Khiavi et al., 2019; Nguyen
and Nguyen, 2020)], the photocatalytic degradation mechanism
can be summarized as follows: absorption of a UV photon excites
an electron to the NP conduction band (CB); the electron, e,
moves to the surface of ZnO NP and it is transferred to an oxygen
molecule dissolved in the rhodamine containing solution; the
oxygen molecule, O,, is transformed into a superoxide anion
¢0,", and subsequently, after capturing a proton from the

solution it generates a HOOse radicals. At the same time the
hole, h*, generated in the NP valence band (VB) moves to the NP
surface reacting either with a water molecule or with a hydroxide
(OH") originating a reactive OHe species. Hydroxyl radicals and
superoxide anions, being the most powerful oxidizing
intermediates, cause decomposition of RhB molecules
adsorbed on the surface of ZnO NPs. Thus, the negatively
charged surface of ZnO promotes the release of holes, which
decompose organic matter without an intermediate step. These
intermediates are eventually converted into CO,, H,O and
mineral acids, as summarized in Figure 5.
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TABLE 2 | Photocatalytic efficiency of the ZnO samples.

Sample R* after 150 min, % k, min~’ Kay, min~" Kay, hr™?
min max
ZP 20, 0.14 M NaOH 88.36 0.013 0.016 0.015 0.875
ZP 15, 0.27 M NaOH 89.42 0.014 0.017 0.016 0.959
ZP 19, 0.4 M NaOH 97.36 0.024 0.034 0.029 1.731
ZP 22, 0.53 M NaOH 96.85 0.023 0.029 0.026 1.566
ZP 26, 0.7 M NaOH 97.08 0.024 0.028 0.026 1.533
ZP 23, 1.06 M NaOH 87.36 0.011 0.014 0.013 0.794
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FIGURE 8| Photocatalytic activity (A) and half-width of X-ray reflections 100, 002, and 101 (B) of the synthesized samples depending on the molar concentration of
NaOH in the growth solution.

Figure 6 shows the degradation spectra of the aqueous RhB
solution containing the different ZnO samples described in the
previous sections. As it is apparent from an analysis of Figure 6
the maximum absorption intensity of the initial RhB solution
with ZnO powder occurs at 554 nm.

With increasing exposure time, the intensity of the RhB
absorption gradually decreases in the presence of the ZnO
NPs, which indicates a decrease in the concentration of RhB
dye as time proceeds. The relative concentration of the RhB dye
decreases with increasing exposure time, which implies that, for
all our ZnO samples, the RhB dye significantly degrades on the

ZnO NP surfaces under the influence of UV illumination, already
after 30 min of exposure.

It is noted that with an increase in the alkali concentration in
the growth solution from 0.14 M (ZP 20, Figure 6A) up to 0.4 M
(ZP 19, Figure 6C), the photocatalytic activity of the ZnO
samples increases, with a further increase in the NaOH
concentration, the photoactivity decreases (ZP 23, Figure 6F).

To quantitative analysis the photocatalytic activity of the
different ZnO samples, we calculated the ratio R = C/C, at a
function of exposure time (see Figure 7A), where C is the dye
concentration after irradiation with UV light at maximum
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absorbance intensity (554 nm), while C, is the initial dye
concentration. The value of the photodegradation rate k of the
ZnO NPs was estimated using the kinetic model proposed by
Langmuir-Hinshelwood (Di Mauro et al., 2017; Magalhdes et al.,
2017; Godin et al., 2018), according to which:

In(C/Co)= —kt )

Hence

_InR _In (Cy/C)
Tt t

k )

The dependence of In (Cy/C) as a function of the exposure
time is shown in Figure 7B. The results of the photocatalytic
efficiency of the synthesized samples with respect to RhB
degradation, including the minimum ky;, maximum k.
after 30, 60, 90, 120, and 150 min and the average rate k,, of
dye degradation are shown in Table 2. Value k,, characterizes an
angle of the linear curves slope in Figure 7B. It is usualy k;,,, was
observed after first 30min of irradiation, minimal
photodegradation rate kg, was noted after 150 min of

exposure. The percentage of the degraded dye in an aqueous
solution for 150 min of illumination in the presence of ZnO NPs
is estimated from the ratio R* = 100 (1-R).

From an analysis of Figures 7A,B and from the data reported
in Table 2, it can be noticed that the photocatalytic activity of ZP
19, ZP 22, ZP 26 samples is higher than that of ZP 15, ZP 20, ZP
23 samples. The dependence of the photocatalytic activity of the
synthesized samples on the NaOH molar concentration during
synthesis is nonmonotonic, as shown in Figure 8A.

The XRD and PL data have been analyzed to determine the
possible reasons for this non-monotonic relationship. The width
of the XRD line of the most intense reflections 100, 002, and 101
depending on the molar concentration of NaOH in the growth
solution are shown in Figure 8B. Figure 9A shows the PL spectra
for the obtained ZnO samples, and Figure 9B shows the
dependence of the integrated PL for the same samples on the
molar concentration of NaOH. It can be seen that the XRD data
for the 002 reflections (Figure 8B) and the integral PL intensity
(Figure 9B) have nonmonotonic dependences on the NaOH
molar concentration and correlate well with the data on
photocatalytic activity (Figure 8A).

The correlation of the photocatalytic activity of the samples
with the XRD and PL data needs to be discussed. As can be seen
from Figure 8A, the half-width of the 100 and 101 reflections
increases monotonically with an increase in the NaOH molar
concentration, i.e., the crystallite sizes along the corresponding
crystallographic directions decrease. On the other hand, there is a
correlation between the half-width of the 002 reflection
(Figure 8B) and photocatalytic activity (Figure 8A), and the
maximum photocatalytic activity is reached at the maximum
particle size along the 002 direction.

Estimates of the particle sizes along 100 and 101 using the
Scherrer formula give a value of 31 * 2nm at a NaOH
concentration of 0.14M, and the particle sizes decrease
linearly with increasing NaOH concentration to 25 + 2nm at
a concentration of 1 M. A similar estimate using the Scherrer
formula shows that the particle size along 002 nonmonotonically
depends on the concentration of NaOH, the average particle size
along 002 crystallographic direction reaches a maximum of 42 +
2 nm at concentrations of 0.4-0.7 M (Figure 8A). The data on the
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morphology of the samples shown in Figures 1, 2 also indicate
that rods and plates of ZnO nanocrystals mainly grow at a growth
solution concentration of 0.4-0.7 M NaOH.

At the same concentrations, the maximum photocatalytic
activity is reached (Figure 8B) so it can be concluded that
both the size of the particles and their shape, which provides a
high specific surface area, have an important influence on the
photocatalytic activity. Since the particle sizes along the
crystallographic ~ direction 002 reach a maximum at
concentrations of 0.4-0.7 M, i.e., growth in this direction is
very favorable, one can expect a low concentration of defects
in the volume and on the surface of the synthesized samples.

The PL spectra also agree with this conclusion. As shown in
Figure 9, PL intensity of the radiative recombination through
deep defect states in samples obtained at NaOH concentrations in
the growth solution of 0.4-0.7 M reaches a minimum value.
These results may indicate a reduced concentration of defects
in the volume and surface of ZnO nanocrystals in such samples.
That is, the intensity of radiative recombination is minimal in the
samples due to the low concentration of defects. These results
unambiguously indicate that the concentration of defects in the
volume and surface of ZnO nanocrystals is low, and, accordingly,
the photogenerated free-carrier lifetime is long in such samples. It
is the factor of the long lifetime of nonequilibrium carriers that
can be the main reason for the high photocatalytic activity of ZnO
samples. To concretize the possible photocatalytic mechanism of
ZnO nanoparticles, it is necessary to carry out experiments on the
analysis of the active species capture, similarly to (Xu et al., 2022).
Such work is planned for the next stage of our research.

Reusability

One of the advantages of photocatalysis is the reusability of the
catalyst (Pirhashemi et al., 2018). In this work, experiments were
carried out to verify the possibility of multiple use of the ZnO NPs
as photocatalysts. To check ZnO reusability, the photocatalytic
activity of the ZP 19 sample was tested five times. The irradiation
time for each test was 150 min. After each rhodamine-B
degradation test, the solution was centrifuged to separate the
ZnO NPs, that were then added to a new fresh dye solution. The
initial dye concentration was the same for all tests.

Figure 10 shows that the photocatalytic activity of ZP 19
sample remained almost unchanged after five cycles. These
results confirm that ZP 19 photocatalyst has good recyclability
properties.

CONCLUSION

A simple environmentally friendly chemical precipitation
method of photocatalytically active ZnO NPs from an aqueous
alkaline solution (NaOH) containing zinc acetate at room
temperature has been developed. Subsequent heat treatment
was used to improve the crystalline quality of the precipitates.
The influence of the NaOH concentration on the morphology,
structural, optical and photocatalytic properties of the

Low-Cost Synthesis of Photocatalitycally Active ZnO

synthesized samples was studied. All studied ZnO samples
demonstrate hexagonal wurtzite structure. It is shown that the
change in the concentration of alkali in the initial growth solution
significantly effects the morphology and aspect ratio of ZnO NPs.
The study of the influence of the alkali concentration on the
photocatalytic activity of the synthesized ZnO NPs with respect to
the degradation of the rhodamine-B organic dye in aqueous
solution under the UV radiation showed that RhB decomposes
by approximately 97.36% in 150 min in the presence of ZnO
samples synthesized from a solution with an alkali concentration
of (0.4-0.7) M, having the highest AR value of 31.25-18.3,
respectively.

The highest rate of dye degradation ~0.03 min~' during the
first 30 min of exposure was recorded for samples synthesized
at an alkali growth solution concentration of 0.4-0.7 M.

It is shown that zinc oxide samples with the highest
photocatalytic activity also demonstrate the maximum
crystallite size along the 002 direction and the minimum
photoluminescence intensity through deep levels.

Therefore, the main factors that contribute to high
photocatalytic activity are the high specific area of the
samples and the low concentration of defects.

Thus, the proposed method of synthesis of ZnO NPs is
simple, economical, does not require complex expensive
equipment, heating or calcination. It is suitable for large
scale production of high active ZnO photocatalysts for the
decomposition of organic pollutants under UV radiation due
to its simplicity, low cost, high productivity, recyclability and
excellent product characteristics.
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