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Introduction

Water is a basic resource for the survival of all living organ-
isms. Only 0.03% of the water on the Earth’s surface is suit-
able for human consumption. Since the late 20th century, 
pollution of clean water resources has become a serious 
problem with the development of transportation and urban 
drainage systems, industrial waste, human activities and 
agricultural activities [1, 2]. The life of living things is nega-
tively affected by the mixing of harmful organic/inorganic 
substances into clean water. Inorganic substances include 
metal acid and heavy metal ions [3], oxyacid ions [4], pes-
ticides [5] and organic dyes [6] cause the light penetration 
value range to narrow.

Rhodamine B (RhB) and Direct Red 23 (DR23) are 
examples of organic dyes that are widely used in various 
industries such as textiles, paper and food due to their water 
solubility and effectiveness. However, their use raises envi-
ronmental safety concerns [7–10]. Therefore, purification 
of these polluting dye groups from clean water sources has 
become a scientific and technological issue. In this context, 
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Abstract
Zinc oxide (ZnO) structures are used in the field of environmental issues, especially photocatalysts, due to their superior 
physical and chemical properties. In this study, ZnO structures were produced using the hydrothermal technique. The 
physical and photocatalytic properties of the synthesized ZnO structures were investigated. The crystal size of ZnO was 
calculated using XRD patterns and found to be 27–36 nm using the modified Scherrer equation, 33–40 nm using the Wil-
liamson Hall model depending on the precursor amount. Scanning electron microscope (SEM) images of the produced 
ZnO structures revealed that it had a structure in the form of cauliflower morphology. Changing of the ZnO structure with 
decreasing precursor amounts clearly narrowed the band gap energy. Experimental studies of photocatalytic activity of 
ZnO photocatalysts were examined in a UV-cabinet, under Ultraviolet–A (UVA) light irradiation and by degradation of 
Rhodamine B (RhB) and Direct Red 23 (DR23) binary mixture of dyestuff against time. As a result of the experimental 
studies, it was observed that the photocatalytic activity of ZnO structure showed 97.16% higher degradation efficiency 
in 180 min. In line with kinetic studies, the photocatalytic half-life of the RhB + DR23 dyestuff was calculated between 
31.79 min and 52.91 min for all structures, reaction rate constant (k) was calculated as highest 0.0218 1/min for Z 36.6 
RhB degradation, and the regression coefficient (R2) values were calculated between 0.54 and 0.98 for all structures.
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expectations from developing technologies have to meet 
the environmental and economic demands and at the same 
time offer the desired level of material functionality and effi-
cacy. Therefore, the purification of wastewater from organic 
dye effluents and the increasing demand for clean water 
resources worldwide are widely investigated by research-
ers [11, 12]. Different water purification methods have been 
developed depending on the type and density of impurities 
in the water. A variety of techniques, including membranes 
[13], filtration [14], electrochemistry [15] and photocataly-
sis [16], have been employed in the physico-chemical and 
biological treatment process. Some of these processes are 
expensive and inefficient, and can produce harmful side 
products [17]. Therefore, environmentally friendly piezoca-
talysis can be given as an example. It has recently been used 
for the treatment of wastewater [18]. Piezoelectric catalysis 
takes advantage of the piezoelectric effect and uses mechan-
ical vibration to produce active species on opposite surfaces 
of matter for degradation of dye. Piezoelectric materials 
might benefit from a built-in electric field because of their 
inherent non-centrosymmetric property [19].

Photocatalysis has recently attracted a great deal of 
research attention as a highly efficient and environmentally 
friendly treatment of by-products, and is seen as a promis-
ing technology with the potential to improve air and water 
quality, reduce energy consumption and reduce pollution 
[20]. The photocatalyst, activated by visible light or UV 
light irradiation, converts pollutants in wastewater into non-
toxic, harmless inorganic products such as carbon dioxide 
(CO2) and water (H2O). In this context, studies on the devel-
opment of new materials have been increased to prevent dye 
contamination and increase photocatalytic efficiency. Tran-
sition metals, metal nitrides, metal sulphides, perovskites, 
noble metals, metal oxides and carbon-based materials are 
classes of materials commonly used as photocatalysts [21, 
22]. Metal oxides are the most ideal nanomaterials for water 
and wastewater treatment with their high surface-to-volume 
ratio and surface areas [23]. In studies, semiconductor metal 
oxides such as zinc oxide (ZnO) [24], iron oxide (Fe2O3) 
[25], titanium dioxide (TiO2) [26] and tungsten oxide (WO3) 
[27] attract great attention in photocatalytic applications.

Among these materials, ZnO is the most widely used 
photocatalyst compared to other semiconductor materials 
with its many superior properties. ZnO is used in dyestuffs, 
pharmaceutical industry, plastic materials, food, beverage 
and dry foods, etc [28]. It is a non-toxic semiconductor 
widely used as a pigment and filler for whitening. It also 
appears as a UV absorber, which is frequently preferred in 
the cosmetic industry and beauty care products. With the 
development of industry, nano-structured ZnO is solution-
oriented for removing inorganic and organic pollutants from 
water, cleaning of various diseases caused by dirty water, 

asthma, many harmful bacteria from dirty water, having a 
photovoltaic mechanism to collect the energy from the sun 
in a certain area [29]. He et al. [30] conducted a study on 
the photocatalytic degradation of methyl orange dye at a 
concentration of 20 mg/L using ZnO photocatalysts of vari-
ous characteristic structures and sizes produced by the sol-
vothermal method. The ZnO photocatalyst with the highest 
photocatalytic activity resulted in the decolouration of 44% 
of the methyl orange dye within 20 min, which suggests that 
the photocatalytic activity is influenced by the characteristic 
structure of the photocatalyst. Chen et al. [31] conducted a 
study on the production of ZnO nanocrystals through sol-
vothermal reactions of n-butylamine and tetrahydrofuran 
with zinc acetate. They investigated the photocatalytic per-
formance of ZnO nanocrystals prepared by different meth-
ods in degrading methyl orange dye and found that their 
most efficient sample degrades 85% of methylene orange 
dye in 180 min. The literature suggests that nanoparticles 
with varying geometries display distinct characteristics and, 
consequently, different photocatalytic efficiencies [32]. Our 
study is aimed to enhance the interaction between ZnO and 
organic dye by utilizing the numerous nanoscale protrusions 
and branches of ZnO nanoparticles in the cauliflower geom-
etry [33, 34]. Thus, the aim is to achieve efficient adsorp-
tion of organic pollutants and high absorption of incident 
radiation by providing high light scattering and reflection 
through the hierarchical structure of cauliflower geometry 
[35]. Currently, various methodologies have been employed 
for the synthesis of zinc oxide (ZnO) nanoparticles [36, 37]. 
Notably, the hydrothermal approach stands out as being 
particularly conducive to yielding ZnO nanoparticles with 
cauliflower morphology. This method facilitates the tai-
lored manipulation of synthesis parameters, including reac-
tion temperature, duration, and precursor concentration. 
In recent studies, ZnO nanoparticles were prepared by the 
hydrothermal method for dye treatment technologies over-
looks piezocatalysis and photocatalysis. Thin carbon/ZnO 
showed superior performance in piezoelectric catalytic deg-
radation of RhB [38]. In another study, composite catalyst 
prepared by modifying ZnSnO3 and zeolitic imidazolate 
framework-8 (ZIF-8) by a simple hydrothermal method 
and demonstrated enhanced photocatalytic activity in CO2 
reduction [39]. The obtained ZnSnO3/Bi4Ti3O12 catalysts 
significantly enhanced the piezocatalytic degradation per-
formance of RhB [40]. By subjecting zinc precursor solu-
tions to high-temperature and high-pressure conditions 
in the presence of a hydroxide source, the hydrothermal 
method ensures effective nucleation, thereby fostering the 
formation of ZnO nanoparticles characterized by the desired 
cauliflower geometry [41].

In this study, ZnO photocatalyst structure with different 
precursor concentration was synthesized by hydrothermal 
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method. With the photocatalytic effect, under UV light irra-
diation, the binary mixture of RhB and DR23 dyestuff was 
degraded and transformed into harmless products, and the 
degradation efficiency of the dye was calculated using the 
UV-vis spectrophotometer and the degradation efficiency 
equation of photocatalysts against time in photocatalytic 
processes.

Experimental

To synthesize ZnO structures, the method used for ZnO syn-
thesis in the literature was used [42], and different amounts 
(36.6, 46.6 and 56.6 mM) of the precursor zinc chloride 
(ZnCl2) were used in our study. 0.498 g, 0.635 g, and 0.771 g 
of these amounts were dissolved in double distilled water 
until the pH value was 9, using triethylamine (TEA) as a pH 
adjuster. The prepared solution was mixed in an ultrasonic 
bath for approximately 10 min until a homogeneous mixture 
was achieved. After the mixing process was completed, the 
resulting solution was rested at room temperature for 1  h 
and transferred to a 100 mL teflon autoclave and kept at 
200 °C for 2 h. After the obtained material was cooled at 
room temperature, it was washed first with ethanol and then 
with pure water to remove impurities and left to dry at room 
temperature. The structures synthesized in the presence of 

different amounts of precursor are named Z 36.6, Z 46.6, 
and Z 56.6. The experimental mechanism of ZnO photo-
catalytic experiment on RhB + DR23 binary dye mixture is 
given in Fig. 1.

In this section, the structural, morphological, and pho-
tocatalytic properties of ZnO structures prepared by the 
hydrothermal synthesis technique were examined in detail 
using various analytical techniques. Structural properties of 
ZnO structures such as phases, half maximum peak width, 
crystallization levels, and grain size were examined using 
the X-ray diffraction technique. SEM and EDS microscopes 
were used to determine the morphological properties and 
elemental contents of ZnO structures. Finally; the photocat-
alytic activities of ZnO structures were investigated using 
the aqueous solution of RhB and DR23 binary mixture 
dyestuffs, which are organic impurities. To achieve this, a 
mixture was prepared by combining 22 ml of Rhodamine B 
(RhB) solution with a concentration of 5 parts per million 
(ppm) and 28  ml of Direct Red 23 (DR-23) dye solution 
with a concentration of 30 ppm. Given that the dye content 
of the DR-23 solution was 30%, its absorbance was adjusted 
to match that of the 5 ppm RhB solution. Additionally, in the 
photocatalytic performance tests, a catalyst mass of 40 mg 
was employed. Photocatalytic properties of ZnO structures, 
such as photocatalytic rate constant and photocatalytic effi-
ciency, were determined.

Fig. 1  The experimental mechanism of ZnO photocatalytic on RhB + DR23 binary dye mixture
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peaks of ZnO. All these diffraction peaks consist of wurtz-
ite (hexagonal) structure compatible with JCPDS Card 
No 36-1451 and space group P63mc [44]. Interestingly, a 
new phase was formed in the sample synthesized with 46.6 
mM ZnCl2 precursor. This phase was identified as chloride 
lamellar phase (Zn5(OH)8Cl2.H2O). Further increasing and 
decreasing the ZnCl2 precursor concentration, only ZnO is 
formed and the chloride phases disappear. Here, the incom-
plete conversion of ZnO may be due to the agglomeration or 
nucleation of the chloride phases of ZnCl2 at a concentration 
of 46.6 mM. Another possible reason for this situation is the 
change in the reaction kinetics between ZnCl2 and [OH-] 
at the same concentration. It is important to note that this 
analysis is based solely on the experimental parameters and 
not on subjective assessments. Also, it has been reported 
that a similar phase is formed in ZnO structures using dif-
ferent ZnCl2 precursor values [45, 46]. High concentrations 
of the zinc precursor can lead to an increased presence of 
Zn2+ ions during the hydrothermal process. This contrib-
utes to the formation of more Zn-O bonds in the resulting 
ZnO thin films and potentially affects the crystallinity of the 
films. Higher concentrations of Zn2+ can potentially pro-
mote enhanced crystal growth and larger crystal sizes, thus 
affecting the overall structural quality of ZnO films [47]. 
This suggests that the concentration of zinc precursor plays 
an important role in modulating the structural properties of 
the material during the hydrothermal process.

Crystallite size values of ZnO structures were calculated 
by modified Debye-Scherrer (D-R) and Williamson-Hall 
(W-H) methods using XRD data. Debye-Scherrer develops 
a correlation that gives the relationship between crystallite 
size (D) and peak width and is given in equation below [48]:

lnβ = ln
0.9 λ

D
+ ln

1
cosθ

Here, D is the average crystallite size, λ is the X-ray wave-
length, β is the half-peak width (radians) of the maximum 
intensity peak, and θ is the XRD diffraction angle of the 
maximum intensity peak. As can be seen from Fig. 3 (a), if 
we plot the data for lnβ to ln (1/cos θ), a slope with a line 
and a crossing of ln 0.9λ/D should have existed. The values 
calculated using this equation is given in Table 1.

According to W-H method, the crystal dimensions can be 
calculated by the equation shown below [49]:

β cosθ = Kλ

D
+ 4ϵ sinθ

When this equation is expressed according to the equation 
y = x + b, the y-axis indicates 𝛽𝑐𝑜𝑠𝜃 and the x-axis indicates 
4𝑠𝑖𝑛𝜃. Therefore, when the graph is drawn using the 𝜃 and 

Results and discussions

XRD analysis

X-ray Diffraction (XRD) analysis helps determine the crys-
tal structure of the material, crystal size, crystallite size 
distribution and purity of the material. XRD was used to 
investigate the nature of the crystal growth and the phases 
in which the prepared material were formed. XRD patterns 
of ZnO structures with different amounts of precursors pro-
duced by the hydrothermal synthesis method were obtained 
at 40  kV voltages and 40  mA current using CuKα radia-
tion with a wavelength of 0.154 nm in the range of 20–80°. 
Data were collected with an angular resolution of 0.02°. 
Our research focuses on using XRD to investigate the crys-
tal properties of ZnO structures. Primary objectives include 
identifying synthesized ZnO structures and examining the 
effect of Zn precursor concentration on diffraction peaks. 
The XRD patterns to be used for this purpose are shown in 
Fig. 2.

Accordingly, when the XRD diffraction patterns of the 
produced ZnO structures were examined, it was seen that 
the full width half maximum (FWHM) of the obtained 
peaks were small and their crystallization levels were high. 
Surfaces with high energy are thought to lead to faster crys-
tallization. Conversely, surfaces with low energy are found 
to expand slowly. This phenomenon implies that crystal 
planes with low surface energy are favored. In general, 
the most intense peaks in XRD diffractions correspond to 
exposed crystal surfaces with low energy [43]. The pres-
ence of 11 peaks with different intensities and widths (100), 
(002), (101), (102), (110), (103), (200), (112), (201), (004), 
and (202) indicate that the ZnO structures are produced. 
This is an indication that it has a polycrystalline structure. In 
addition, these detected peaks are characteristic diffraction 

Fig. 2  X-ray diffraction pattern of ZnO structures
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growth-dominated phase, resulting in a change in crystal 
size. While the interplay between precursor concentration 
and crystal size facilitates faster crystal growth of higher 
concentrations, it can also lead to increased nucleation den-
sity and challenges such as potential agglomeration [51]. 
In the literature survey, the average crystallite size values 
obtained for ZnO nanoparticles conducted by Mustapha et 
al., the W-H and D-R analysis showed large differences and 
the crystal size recorded as much higher as compared to our 
results [52]. The crystallite size of ZnO nanostructures with 
different zinc acetate dehydrate concentration conducted by 
Rajamanickam et al. reported that, the largest crystallite size 
was at 56.34  nm, while the smallest value was 42.26  nm 
[53].

β values obtained according to the XRD output, the average 
crystal size can be calculated since its value is known from 
the Kλ/D part, which expresses the b value according to the 
equation y = ax + b as illustrated in Fig. 3 (b). The values cal-
culated using this equation is given in Table 1.

The observed change in crystal size at low concentrations 
followed by a more gradual change at higher concentrations 
can be attributed to the growth dynamics during hydro-
thermal synthesis [50]. At low precursor concentrations, 
crystal formation starts because of a preferred nucleation 
condition and crystal size changes because of a thresh-
old concentration required for effective nucleation. When 
the precursor concentration is increased to higher values, 
the system jumps from a nucleation-dominated phase to a 

Table 1  Various parameters from structural examination (dhkl: interplanar distance, FWHM: full-width half maximum, DSR: the size of crystal 
obtained from Scherrer plot, DWH: the size of crystal obtained from Williamson-Hall plot
Precursor concentration (hkl) dhkl(Å) 2θ (°) FWHM(°) DSR(nm) DWH(nm)
36.6 mM (100)

(002)
(101)
(102)
(110)
(103)
(112)

2.8149
2.6046
2.4764
1.9107
1.6244
1.4768
1.3778

31.75
34.39
36.23
47.53
56.59
62.85
67.95

0.3342
0.2440
0.3620
0.4410
0.3741
0.4412
0.4345

27.59 33.72

46.6 mM (100)
(002)
(101)
(102)
(110)
(103)
(112)

2.8149
2.6039
2.4764
1.9111
1.6246
1.4770
1.3775

31.75
34.40
36.23
47.52
56.58
62.84
67.97

0.2233
0.2238
0.2387
0.2191
0.2528
0.2522
0.2461

36.26 39.94

56.6 mM (100)
(002)
(101)
(102)
(110)
(103)
(112)

2.8089
2.5995
2.4718
1.9080
1.6225
1.4753
1.3768

31.82
34.46
36.30
47.60
56.66
62.92
68.01

0.3158
0.2373
0.3442
0.4125
0.3729
0.4384
0.4436

29.67 35.35

Fig. 3  Crystallite size graphs of ZnO structures by (a) D-R and (b) W-H method
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of ZnO structures using different precursor concentrations 
shows that they have morphology called “cauliflower”. ZnO 
is a polar crystal with a basal positive polar plane (0001) 
and a negative polar plane (000–1) [54]. The positive polar 
plane is rich in Zn, while the negative polar plane is rich in 
O. These polar planes are thermodynamically unstable due 

Morphological analysis

Figure  4 shows the SEM images of the ZnO structures 
used in the study. The fact that semi-spherical nanoparti-
cles appear larger in some regions is due to agglomeration. 
When these images are examined, the general appearance 

Fig. 4  SEM images of ZnO structures with histogram charts (a) Z 36.6 (b) Z 46.6 and (c) Z 56.6
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Cl for Z 46.6 sample indicates an undesired impurity during 
the film synthesis stage.

FTIR analysis

Fourier Transform Infrared Spectrophotometry (FTIR) is 
used to detect bond formations between elements in the 
structure to be measured. In this respect, the structural for-
mation of the sample can be understood by measuring the 
vibration emitted by the bond formations within the struc-
ture at certain frequencies. This helps in the detection of 
functional groups in the measured material. It is possible 
to obtain spectral data in a wide spectrum range simultane-
ously with FTIR spectrometer devices. With this technique, 
it is possible to perform qualitative and quantitative ana-
lyzes of organic or inorganic solid, liquid and gas samples 
very quickly using IR active molecule properties.

In Fig.  5, there is a peak at the wave number value 
between 600  cm− 1 and 850  cm− 1 originating from Zn-O-
Zn vibration. It is evident from the combined antisym-
metric and symmetric stretching vibrations of Zn–O–Zn 
bond (945 cm− 1) and bending vibration (1041 cm− 1) [57]. 
The peak at wave number 1380 cm− 1 and 1501 cm− 1 cor-
responds to the C-O stretching mode [58]. OH stretching 
vibrations in the wave number range of 3200 to 3500 cm− 1 
arise from the presence of H2O in the ZnO structure, and 
their intensity decreases and expands depending on the pre-
cursor concentration. Peaks appeared in the wave number 
range of 2856 and 2927 cm− 1 due to symmetric and asym-
metric C-H bonds. Metal oxides generally give absorption 
bands below 1000  cm− 1 wave number due to interatomic 
vibrations. Changes in width, strength, and position with the 
addition of concentration of zinc precursor, particularly at 
46.6 mM, may be the result of differences in growth chemis-
try or structural and atomic environment. The emergence of 
the absorption bands observed in the region and the increase 
in the C-O and C-H stretching frequencies that also occur at 
this precursor concentration are consistent with the change 
in the reaction kinetics between ZnCl2 and [OH-] at the 
same concentration. The decrease in intensity at 56.6 mM 
concentration is probably due to the poor clearing stability 
of the instrument, or it can be concluded that the variation 
in peak intensities is due to the unequal presence of specific 
OH functional groups chemisorbed on the ZnO surfaces. 
In the literature, the absorption peak at a wave number of 
453  cm− 1 corresponds to the Zn-O stretching band in the 
ZnO lattice and is reported as the characteristic peak repre-
senting the ZnO structure [59].

to the effect of their surface dipoles, but have high growth 
rates due to the reduction in their surface energies. In the 
hydrothermal process, coordination or electrostatic interac-
tions may facilitate the binding of the hydroxyl groups to 
the metal cations, as has been shown by Wang et al. [55]. 
This means that the absorbed Zn2+ ions react with OH− 
groups to form Zn(OH)4

2−. Zn(OH)4
2− is then dehydrated to 

form ZnO. Briefly, the concentration of OH− in the reaction 
solution and thus the pH of the solution plays an important 
role in determining the morphology of the ZnO crystallites. 
The reason for using TEA in this study is due to the possibil-
ity of a selective attack on TEA molecules by surface ⋅OH 
radicals. Additionally, nanosized ZnO materials with a wide 
variety of shapes can be produced using TEA. Therefore, 
for the controlled synthesis of the flower-like ZnO morphol-
ogy, the experimental parameters and in particular the pH 
of the solution (here 9) is an element to be optimized. The 
above discussion given above can be divided into reaction 
steps as shown in the study of Shi et al. [56].

Zn2+ + 2OH− → Zn (OH)2� (1)

Zn (OH)2 + 2OH− → Zn (OH)2−
4 � (2)

Zn (OH)2−
4 → ZnO + 2H2O + 2OH−� (3)

The average particle sizes for ZnO structures by histogram 
given in Fig. 4 were found to be 34.74 nm, 44.85 nm, and 
37.42  nm, respectively. It is seen that these results are in 
agreement with the crystal size values calculated with dif-
ferent methods using the XRD data.

When the spectrum was examined, only the presence 
of Zn and O elements were detected. The data obtained 
as a result of the analysis show that no contamination was 
observed. The atomic percentages of the elements corre-
spond to a 1:1 stoichiometry ratio. The atomic percentages 
of Zn and O elements can be seen in Fig. 4. The presence of 

Fig. 5  FTIR spectra of ZnO structures
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density of defects, and thus a higher optical band gap was 
observed in the Z 56.6 sample. Considering the data pre-
sented in Table 2 and the optical bandgap obtained with the 
photocatalytic performances of the samples synthesized in 
our study, it was observed that increasing ZnCl2 concentra-
tion caused an increase in the optical bandgap, but led to 
a decrease in the photocatalytic reaction rate constants (k) 
and half-life values (t₁/₂). These findings clearly confirm the 

Optical analysis

UV-Vis reflectance spectra of the samples as a function of 
the wavelength range from 200 to 500  nm are shown in 
Fig. 6. It is observed that all samples with different precursor 
amounts have two shoulder-shaped reflection bands in the 
UV region. The entrance of the precursors into ZnO lattice 
may be associated with the increase observed in the amount 
of reflectance and a further strong decrease for increasing 
precursor amount that was seen in the reflectance spectra. In 
addition, decrease in reflectance value after around 300 nm 
is linked to the optical transitions occurring in the optical 
band gap.

Another parameter to be considered in photocatalytic 
reactions is the band gap energy (Eg), because the photo-
catalyst needs radiation to be activated and the energy of 
this radiation depends on the Eg value of the semiconductor. 
The optical band gap of ZnO values were determined by 
the conversion of the reflectance values to absorbance. The 
Kubelka–Munk equation is used to convert the reflectance 
spectra to the equivalent of absorption spectra [60]:

F (R) = (1 − R)2

2R

F(R) and R are the equivalent of the absorption coefficient 
and the reflectivity, respectively. The [(F(R)hν)]2- hν graph 
drawn to determine the Eg values ​​of the ZnO structures is 
given in Fig. 7. These curves were extrapolated and the Eg 
values ​​were calculated from the point where the linear parts 
intersect the x-axis.

Accordingly, the energy band values of the ZnO struc-
tures were found to be 3.38 eV, 3.42 eV, and 3.45 eV, respec-
tively, with increasing ZnCl2 amount. As can be seen here, 
as the precursor amount increases, the energy band gaps 
widen. This shows the effect of the blue shift obtained in 
the reflectance curve on the band gap. Also, in a study by 
Wang et al. [61], it was mentioned that as the concentration 
of oxygen vacancies increases, impurity states become more 
delocalized and overlap with the valence band edge, result-
ing in narrowing of the band gap. Considering the XRD 
and SEM results obtained in our results, in parallel with the 
observation made by Wang et al., the crystallite quality has 
increased as a function of ZnCl2 doping, which means that 
the defects and impurity states on the surface are reduced. 
This may have caused an increase in the optical band gap. 
In addition, the presence of Cl− ion in the structure was 
observed in the SEM analyses of sample Z 46.6, although 
the crystal quality showed a decreasing trend at Z 56.6. Due 
to this situation, as mentioned by Alshgari et al. [62], in their 
studies, a slight decrease was observed between the conduc-
tion band and valence band of ZnO due to the increased 

Table 2  Degradation reaction kinetic parameters of RhB + DR23 
binary dyes using different precursor amounts
Kinetic Parameter Z 36.6 Z 46.6 Z 56.6
k (1/min) RhB 0.0218 0.0188 0.0131

DR23 0.0150 0.0133 0.0187
R2 RhB 0.6489 0.9800 0.8722

DR23 0.5484 0.7386 0.7630
t1/2 (min) RhB 31.79 36.87 52.91

DR23 46.21 52.11 37.06

Fig. 7  [(F(R)hν)]2- hν graph of ZnO structures

 

Fig. 6  Diffuse reflectance spectra of ZnO structures

 

1 3

1282



Journal of the Australian Ceramic Society (2025) 61:1275–1291

that the maximum absorption peaks for the binary mixture 
solution kept under UV light using ZnO structures as cata-
lysts occur at a wavelength of 554 nm for RhB and 520 nm 
for DR23. Additionally, at the end of 180 min, Z 36.6, Z 
46.6, and Z 56.6 synthesis provided color removal of 93.1% 
for RhB and 93.5% for DR23, 96.9% for RhB and 97.1% 
for DR23, and 94.3% for RhB and 93.5% for DR23, respec-
tively. It was observed that the ZnO structure synthesized 
in the presence of 46.6 mM ZnCl2 precursor concentration 
had the best photocatalytic activity in binary mixture dye 
removal. The fact that the degradation efficiency increases 
with increasing time intervals shows that the photocatalytic 
activity also increases. When the two dyes are combined 
into an integrated dye, it is expected to produce synergistic 
effects between the catalytic reactions, which can signifi-
cantly accelerate the degradation of organic pollutants. The 
present study demonstrates the potential synergistic effect 
of ZnO structures in the catalytic process for the degrada-
tion of RhB and DR23 binary mixture dyes. The presence 
of ZnCl2 precursors during photocatalysis causes faster 
degradation due to the provision of extra nuclei, which in 
turn creates additional deformations in the liquid medium, 
leading to the formation of more free radicals or additional 
oxidative species in the system, thus enhancing this effect.

The XRD results indicate that the sample prepared at 
46.6 mM precursor concentration contains a chloride phase. 
These chloride ions may be present in the ZnO crystal lattice 
as impurities, such as interstitial and substitutional defects, 
and may have influenced the electronic structure of ZnO 
to enhance its photocatalytic performance. Additionally, 
the chloride phase may have contributed favorably to the 
active surface areas of the nanostructures by causing surface 
roughness. These speculations offer a potential explanation 
for why ZnO cauliflower nanostructures, obtained using 
46.6 mM ZnCl2 precursor salt, are responsible for the effi-
cient photocatalytic degradation of both dyes. The increase 
in photocatalytic activity results with increasing time inter-
vals was associated with efficient charge separation and 
improved absorption of light irradiation as a result of dif-
ferent precursor concentrations. Electrons activated by light 
rays falling on the ZnO structure react with oxygen mole-
cules to form O•2− radicals. The positive holes in the valence 
band of ZnO can react with water to form OH− radicals and 
positive protons. Positive holes enable the production of 
OH• radicals from OH− radicals. More OH− radicals can be 
produced than O•2− radicals, which react with positive pro-
tons. Both O•2− and OH• radicals are strong oxidizing agents 
that can degrade the binary mixture dye RhB + DR23 to CO2 
and H2O, which are harmless to the environment and waste-
water treatment applications [63].

The percentage degradation values of the ZnO synthesis, 
RhB + DR23 binary mixture dye, plotted against time in the 

inverse relationship between optical band gap and photo-
catalytic performance and demonstrate the consistency of 
the results of our study.

Photocatalytic analysis

Experiments were carried out in a closed UV-cabinet to 
determine the adsorption capacities and photocatalytic 
activities of the synthesized ZnO photocatalysts. The effi-
ciency of the degradation of the binary mixtures of the dyes 
RhB and DR23, selected as pollutants, was studied simul-
taneously under the illumination of a UVA lamp with a 
wavelength of 365 nm in the UV chamber. The binary mix-
ture was consisted of 22 ml of 5 ppm RhB and 28 ml of 
30 ppm DR-23 dyes from RhB and DR-23 stock solutions, 
respectively, used to simulate impurity dyes. The solutions 
were placed in the dark for 30 min to ensure that all samples 
started at the same initial conditions to maintain consistency 
and reproducibility. The solutions were then transferred into 
tubes and kept in a UV cabinet under UVA light at varying 
time intervals.

Before measuring the absorbance values of the samples 
at the specified intervals on the UV-Vis spectrophotometer 
apparatus, the absorbance value was calibrated by zeroing it 
with RhB + DR23 dye solution. The tubes in which adsorp-
tion-desorption balance was achieved were first taken at 
the zeroth minute and the absorbance value was measured. 
This procedure was repeated for all samples under UVA 
light irradiation in the UV cabinet. Care was taken not to 
expose the tubes to light while taking them from the UV 
cabinet. The absorbance values obtained as a result of the 
180-minute experimental measurement were noted. The 
changes in adsorption capacity and photocatalytic degrada-
tion efficiency percentages (%) of all samples depending on 
time (min) were examined. Dyes have specific character-
istic absorption peaks in the visible region in the range of 
400–700 nm. The photocatalytic activity in this process; it 
depends on the generation of electron-hole pairs in the band 
gap, which causes the formation of reactive radical species 
and species absorbed on the catalyst surface under UV light.

The percent color removal as a result of photocatalytic 
degradation was calculated with equation below:

color removal % = C0 − Ct

C0
x100

Here, C0 is the initial dye concentration of the dye, and Ct 
is the dye concentration at any time t after the irradiation 
begins. The absorption spectra obtained as a result of the 
degradation of RhB + DR23 binary mixture dyestuffs solu-
tion with ZnO photocatalysts under the influence of UV 
light are given in Fig. 8. When Fig. 8 is examined, it is seen 
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amounts of ZnCl2 precursor and RhB + DR23 binary mix-
ture dye is shown in Fig. 10.

In the kinetic model shown in Fig.  10, the slope of 
each line shows the reaction rate constant for that reac-
tion. The kinetic parameters of the degradation reaction of 
RhB + DR23 binary mixture of dyes with ZnO photocata-
lyst synthesized in different amounts of ZnCl2 are given in 
Table 2. In the extracted kinetic parameters, the highest R2 
value is the photocatalytic degradation reaction of RhB dye, 
which is degraded by the ZnO photocatalyst synthesized 
using 46.6 mM precursor concentration, but the reaction 
with the highest value of the reaction rate constant is the 
photocatalytic degradation reaction of 46.6 mM precursor 
concentration synthesis. As can be seen from the k and t1/2 
values, the synthesis with the best photocatalytic activity is 
the Z 36.6 synthesis. The electrons in the valence band can 
be excited to the conduction band and when the energy of 
the photons is greater than or equal to the band gap energy 

degradation curve under UV light are shown in Fig. 9. The 
photocatalytic activity of synthesized various morphologies 
of ZnO structures is presented in Table 3.

Photocatalytic degradation of RhB and DR23 dyes can be 
modeled by a first-order reaction. According to this model, 
the kinetic equation is as follows:

ln

(
Ct

C0

)
= −kt

Here, C0 is the dye concentration of the dye before the irra-
diation starts, and Ct is the dye concentration of the dye at 
time t after the irradiation starts, t is the reaction time and 
k is the reaction rate constant. The reaction rate constant 
k was calculated from the slope of the graph formed after 
drawing the graph of ln(Ct/C0) against time. The first-order 
reaction kinetics graph of the photocatalytic degradation 
reaction of ZnO photocatalyst synthesized with different 

Fig. 8  Absorption spectra of ZnO photocatalysts under the influence of UV light

 

1 3

1284



Journal of the Australian Ceramic Society (2025) 61:1275–1291

of the ZnO films, electron-hole pairs are formed. These 
photoexcited electrons and holes interact with the binary 
dye mixture molecules and degrade the mixed dye through 
reactions. Thus, it is thought that at low precursor ZnCl2 

Table 3  Comparison study of degradation for different morphological 
ZnO nanostructures
Photocatalyst Pollutant Deg-

rada-
tion 
%

Irra-
diation 
time 
(min)

Refs.

ZnO/nanocellulose MB 79 300 [64]
ZnO-Cube RhB 71 240 [65]
ZnO RhB 91 360 [66]
ZnO RhB 93 240 [67]
Ba/ZnO RhB 88.81 160 [68]
B/Sn doped ZnO 
nanoparticles

RhB 65.6 60 [69]

Fine pineapple leaf fiber/ZnO Congo red 95 300 [70]
ZnO nanopowder RhB 98.5 180 [71]

Fig. 10  Graph of kinetic model in the photocatalytic degradation of 
RhB + DR23 dye with the synthesized ZnO photocatalyst

 

Fig. 9  Degradation graph of ZnO synthesis under UV light
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by increasing the active surface area, which is important 
for photocatalytic activity [72]. The most important param-
eter affecting photocatalytic activity is the lifetime of the 
photoexcited electrons and holes. According to the elemen-
tal analysis results, we think that the O element, which is 
less abundant in the structure of ZnOs than Zn, may have 
prevented the formation of these defects by settling in the 
surface volume regions, instead of creating defects in the 
material that can act as junction centers for electrons and 
holes in the structure. In this way, the recombination of elec-
tron and hole pairs in the photocatalysis process may have 
been prolonged and the photocatalytic activity may have 
increased [73].

As can be seen, the Z 46.6 photocatalyst showed good 
activity in degrading all the dyes, but the time required for 
complete degradation of each dye varied. The different sen-
sitivity of the dyes to photocatalytic degradation by Z 46.6 
was attributed to the nature of the dyes, their molecular 
structures and different reactivity during the photocatalysis 
process, dye concentration, absorption characteristics and 
alignment of the energy levels of the dyes with the energy 
levels of the coumarin-sensitive ZnO photocatalysts [80]. 
Furthermore, depending on the nature of the dyes, pH con-
ditions can have a significant effect on the degradation effi-
ciency, as some dyes degrade faster at moderate pH ranges 
while others have better degradation pathways at strongly 
basic or acidic pH [81]. Similar study was conducted by 
Cherif et al., the ZnO thin films prepared by spray pyroly-
sis showed a photocatalytic performance of 73% and 61% 
depending on the different conditions [82].

Figure 11 shows the photocurrent as a function of time 
results of the structures that provide us with information 
about the charge recombination processes taking place in 
the materials investigated in this work. As seen in the figure, 
when the light is turned on, the current suddenly increases 
and reaches a constant value depending on the light inten-
sity. When the light is turned off, the current reaches its 
initial value. These results show that the fabricated diodes 
exhibit strong photosensitive behavior. When the diode is 
exposed to light intensity, the amount of charge carriers 
created by the light increases and then current is generated 
due to the presence of free electrons. During synthesis, due 
to the creation of crystal lattice distortion, electron/hole 
recombination was greatly reduced. In addition, the test of 
intermittent on-off visible light cycle used to test the light 
sensitivity of photocatalytic activity also shows a noble 
response. Furthermore, the high photoresponse indicates 
excellent separation of photogenerated charge carriers. 
The photocurrents of the Z 46.6 and Z 56.6 structures are 
significantly higher than that of the Z 36.6 structure under 
light-on and light-off conditions, implying low electron-
hole recombination rate and excellent electron transport for 

molarity in the ZnO structure, the photoexcited electrons 
act as effective trap sites, thus providing more degradation 
of the organic dye mixture and increasing its photocatalytic 
activity. In addition, in photocatalytic applications, the sur-
face properties resulting from the lifetime of photoexcited 
holes and electrons are the main determinants of the pho-
tocatalytic activity of a structure. The crystal size of the Z 
36.6 structure is lower than other structures. When both 
surface properties and crystal size analyses are considered, 
these properties can act as electron trapping centers while 
the holes can produce high levels of hydroxyl radicals and 
thus contribute to the degradation of organic dye molecules 
on the surface.

By determining the reaction rate constant k, the photo-
catalytic half-life (t1/2) of the RhB + DR23 binary mixture of 
dyestuffs was calculated with equation given below:

t1/2 = ln2
k

The values of these data obtained from experimental studies 
of photocatalytic activity of photocatalysts in RhB + DR23 
dyestuffs are shown in Table 2.

The photocatalytic activity of the ZnO structures in this 
study in the removal of RhB + DR23 binary mixture dyes 
was found to be high compared to studies conducted with 
other binary dyes given in Table 4. We believe that the rea-
son for this is that the ZnO structures we produced have 
a wide direct band gap value and the defects in the band 
structure enable the recombination of electron-hole pairs to 
take longer. In addition, the fact that ZnO cauliflower struc-
tures have a small crystallite size and a porous morphology 
enables these materials to have high photocatalytic activity 

Table 4  Comparison of the photocatalytic performance of different 
binary dyes mixture
Photocatalyst Mixture of 

dyes
Degra-
dation 
%

Irra-
diation 
time 
(min)

Refs.

Cu2SnS3 nanostructures RhB + MO 80 240 [74]
UiO-66/BiFeO3 RhB + MO > 82 

and 
> 84

180 [75]

ZnS Quantum Dots RhB + BG > 88 
and 
> 72

- [76]

TiO2
nanoparticles

RhB + MB > 92 
and 
> 93

180 [77]

CeO2/Co3O4/Ag/Ag3PO4 RhB + MB > 63 100 [78]
Chitosan/CuO/CeO2 MB + AB113 92 and 

91
60 [79]

ZnO RhB + DR23 94 and 
95

180 This 
work
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Fig. 11  Current transient measurements of ZnO structures
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photocatalytic activity of ZnO structures was determined 
by performing photocatalytic tests for RhB + DR23 binary 
mixture of dyestuffs. It was determined that the amount of 
ZnCl2 precursor in the synthesis stage affected the result-
ing product and photocatalytic activity. As a result of tests 
performed with dyes, it was determined that ZnO photocata-
lysts have high degradability in short irradiation times. In 
addition, the photocatalytic activity rate constant and per-
cent degradation values, which determine the photocatalytic 
activity, were calculated with first-order rate equations by 
examining the photocatalytic activity kinetics. As a result 
of these calculations, it was determined that ZnO structures 
had a high rate constant and reached 97% degradation value 
in a short time. Moreover, different amount of precursor 
increased the photocatalytic efficiency for ZnO structures 
because it decreases the recombination and separation effi-
ciency of electron-hole pair. As a result, in this study, it was 
determined that ZnO structures produced with a practical 
and low-cost production technique have high photocatalytic 
properties and have potential for use in these areas.
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