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Abstract
In this study, as-prepared and Ag-decorated ZnO/Zn(OH)2 composite nanopar-
ticles (NPs) were obtained using the sol–gel technique. First, the effect of aging
on the structural, optical, andmorphological features was examined. AgNPs can
interact with the electronic structure of ZnO/Zn(OH)2 NPs, resulting in changes
in their energy levels. It was found that the composite NPs obtained after 6 h
solution aging increased in full width at half maximum and good crystallinity
of the structures from the X-ray diffraction (XRD) measurements. The Raman
spectrum supports the experimental data obtained from XRD and Fourier trans-
form infrared, a material containing a mixture of ZnO and Zn(OH)2. From the
morphological study, Ag NPs were successfully decorated on the ZnO/Zn(OH)2
surface, and composite NPs did not change the morphological appearance of
the structure. Second, the photocatalytic performance of the samples was inves-
tigated. In the experimental setting, ultra-violet A light was employed as the
irradiation source, whereas rhodamine B (RhB) was used as the dyestuff. The
photo-degradation of the RhB dyestuff on composite NPs was observed to be
98.5% and 92.5% for 6 and 2 h aged samples, respectively. OnAgNPs, the catalytic
performance of the sample was increased up to 95% after 180 min.
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1 INTRODUCTION

Nanotechnology has greatly contributed to the develop-
ment of new materials by enabling the production of
nano-sized particles with unique sizes and morphologies.
Nanostructured metal oxide materials occupy an impor-
tant place in many fields of chemistry, physics, materials
science, and biotechnology.1 Metal oxides form an attrac-
tive class of materials in the scientific world due to their
interesting electrical properties ranging from insulator

to semimetallic behavior, high dielectric constants, wide
band gaps, and outstanding optical performance. In gen-
eral, the d-shells of transition metal oxides are partially
filled, whereas the shells of positive metal ions are filled
with electrons. This unique electronic structure of metal
oxides determines thematerial’smetallic, semiconducting,
or insulating properties.2,3
Thanks to its valuable properties in many places, ZnO

has inevitably become one of the materials with applica-
tions in different fields. ZnO has an II–VI group, a large
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Eg of 3.37 eV, and a significant binding energy of 60 eV
at room temperature. The abundance of the element zinc
and the low cost, non-toxicity, and chemical inertness
of ZnO make it even more attractive.4 Besides, its excel-
lent transmittance, stability, and conductivity, especially
at low substrate temperatures, make it a suitable candi-
date for various fields.5 They have been used in areas,
such as pH sensors, nanolasers, flexible devices, thin film
transistors, transparent electrodes, spintronics, biosensors,
optical memories, liquid-crystal displays (LCDs), touch
panels, and organic light-emitting devices (OLEDs). ZnO
also has good electronic and optical properties due to
the non-stoichiometry caused by inherent defects such as
oxygen vacancies and interstitial Zn atoms in the crys-
tal lattice.6 Depending on these properties, it generates
electron-hole pairs under UV or visible light irradiation,
making it suitable for different optical applications. For
example, this generated electron-hole pair can interact
with O2 and H2O adsorbed on the ZnO surface to form
⋅O2

− and ⋅OH−, respectively, which can ultimately reduce
and oxidize organic pollutants (such as dye) CO2 and H2O,
respectively. This makes ZnO an alternative material for
photocatalytic applications.
ZnO semiconductor photocatalyst has a large area in

the removal of organic pollutants. In the photocatalytic
oxidation process, ZnO interacts with ultra-violet A (UVA)
as a source of radiation and converts to an active form.
Studies have shown that ZnO is not only active in the
visible range. In a study by Samad et al., ZnO’s oxidation
efficiency for the relief of As(III) in a single stage was
combined with CuO, and a significant performance was
achieved.7 In another study, Hanh et al. made ZnO-added
Cu synthesis to remove the MCP drug in the insecti-
cide market. The synthesized Cu–ZnO photocatalytic
performance was excellent, and they concluded that it
increased the decomposition of MCP into CO2, H2O,
and harmless substances.8 Isai and his friends modified
2% of ZnO, preserving the hexagonal wurtzite structure.
ZnO’s photocatalytic efficiency increased, and the more
promising activity of ZnO was produced.9
Many coating methods, such as sol–gel, hydrothermal,

dip-coating, drop-casting, and successive ionic layer
adsorption and reaction (SILAR) methods, have been
used for coating ZnO structures.10–12 Among these coating
methods, the sol–gel method is preferred because of
its versatility, low cost and low-temperature process,
environmental compatibility, reusability, and durability.
In addition, the sol–gel method offers good chemical and
mechanical resistance, porous structure, homogeneous
coating potential over a large area, and microstructure
control.13 The sol–gel method converts molecular pre-
cursors into an oxide network through hydrolysis and
condensation reactions. Sol–gel chemistry involves hydrol-

ysis to form reactive Zn–OH groups and condensation
processes to form bridged oxygen.14
He et al. investigated the performance of ZnO nanos-

tructures prepared by the precipitation–calcination
method in methylene blue dye and observed a maximum
performance of 92%.15 Zhang et al. also reported the pho-
tocatalytic activity of vacuum-assisted ZnO nanoparticles
(NPs) in methylene blue dye with high performance.16 In
another study, ZnO thin films deposited by a high vacuum
technique showed high photocatalytic performance for
orange G dye in the liquid phase.17 Compared to the
methods mentioned above that require vacuum, which is
difficult, complex, and costly, the ZnO structures that we
have obtained relatively easily in our study have provided
an alternative to the literature mentioned above by using
them in photocatalytic applications with similar or higher
performance.
Our research investigated the synthesis and character-

ization of hybrid ZnO/Zn(OH)2 structures. This area has
yet to be thoroughly explored compared to the extensive
research on pure and doped ZnO NPs. This particular
hybrid configuration has demonstrated the ability to create
synergistic effects that significantly improve photocatalytic
performance. This can be attributed to the dye molecules,
which can form intermolecular and intramolecular bonds
due to the presence of a large number of hydroxyl groups.
In addition, silver NPs (Ag NPs) were deposited on the
surface of this hybrid structure to enhance the catalyst’s
photocatalytic activity of the catalyst by acting as an elec-
tron trap to prevent electron–hole recombination. This
study’s resultsmay guide future research aimed at optimiz-
ing photocatalytic efficiency. The information presented
here will broaden the scope of hybrid nanomaterials while
paving the way for the investigation of comparable hybrid
structures containing diverse material combinations. In
this research, the X-ray diffraction (XRD), Fourier trans-
form infrared (FTIR) spectroscopy, Raman spectroscopy,
UV–vis spectrophotometer, scanning electron microscopy
(SEM), and energy-dispersive X-ray (EDX) measurements
were used to examine the optical properties, surface mor-
phologies, and structural characteristics of as-prepared
and Ag-decorated ZnO/Zn(OH)2 NPs.

2 EXPERIMENTAL PROCEDURES

In the synthesis of ZnO nanostructures, zinc acetate dihy-
drate (C4H10O6Zn) was employed as our zinc precursor,
identified by its CAS number 5970-45-6, obtained from
Carlo Erba. NaOH pellets with CAS number 1310-73-2
were used to adjust the pH of the prepared precursor
solutions. In the initial step of the experimental proce-
dure, approximately 2.31 g of C4H10O6Zn were dissolved
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in 100 mL of deionized water at room temperature. This
solution was stirred for approximately 30 min at the same
temperature to achieve a more uniform mixture. Some
prior research has shown that the morphology of ZnO
nanostructures derived from the zinc acetate precursor
varies with pH. Specifically, ZnO nanostructures exhibited
a rodlike morphology when the pH of the Zn precursor
solution at 11 and 13.18 Therefore, the pH of the solution
was adjusted to 11. The pH 11 solutions were stirred on a
magnetic stirrer at 80◦C for 2 h and then cooled to room
temperature. The resulting precipitate underwentwashing
with deionized water and ethanol and was subsequently
dried in an oven at 80◦C for 6 and 2 h. Finally, we decorated
the ZnO/Zn(OH)2 composite nanostructures, which had
undergone a 2-h drying process, with Ag NPs prepared
using the oleic acid and oleylamine reduction method
developed by our research team, as described in the
literature to enhance their photocatalytic performance.19
Multiple techniques were employed to analyze the pre-
pared samples. XRD was conducted using a PANalytical
Empyrean diffractometer equipped with Ni-filtered CuKα
radiation (the instrument was operated at 45 kV and
40 mA at room temperature to produce X-rays with a
wavelength of λ = 1.54 050 Å). Raman was performed
using a WITech Alpha 300R micro-Raman spectrometer
with a back-illuminated CCD detector. In addition, the
surface morphology and optical properties of the samples
were evaluated using Quanta FEG 450-FEI brand SEM,
Shimadzu UV-3600 Plus UV–vis–NIR spectrophotometer,
and Thermo Nicolet 6700 brand FTIR spectroscopy at
4 cm−1 resolutions, respectively. The photocatalytic per-
formances of the obtained ZnO/Zn(OH)2 nanostructures
were investigated by the photo-degradation of rhodamine
B (RhB) dye. ZnO/Zn(OH)2 nanostructures were adjusted
to a concentration of .1 g/L, transferred to a cuvette filled
with 5 mL of aqueous RhB solution (5 ppm), and kept in
the dark for 30 min. A photo-reactor apparatus (Luzchem,
LZC-4X) comprising a UVA lamp, emitting a wavelength
of 350 nmwith a power density of 1000W/m2, was utilized
as the light source.
For photo-catalysis studies, the UVA source and the

sample were also placed at a distance of 10 cm. A UV–vis
spectrophotometer (PG Instruments, T80+) was used
to study the photo-degradation of RhB, and residual
concentrations of RhB at 554 nm were obtained at deter-
mined times according to the Beer–Lambert law. As stated
previously, determining C/C0 values, which indicate the
RhB concentration over time, is crucial for investigating
photo-catalysis procedures. C signifies the concentration
of RhB at a specific time during the experiment and was
obtained via measurement of the sample’s absorbance at
a specified wavelength. The C0 term denotes the initial
RhB concentration in the reaction mixture. It is typically

determined by evaluating the initial absorbance or the
known concentration of the RhB solution before the
photo-catalysis experiment. Therefore, the RhB solution
prepared at a concentration of 5 ppm was kept in the dark
for 30 min before the catalyst was added, and the C/C0
curves obtained under these conditions were analyzed for
photo-catalysis performances.

3 RESULTS AND DISCUSSIONS

3.1 XRD investigations

TheXRD spectra of the two composite NPs (6 and 2 h aged)
produced due to solution aging are given in Figure 1A,B.
The most dominant peak of the ZnO structure is in the
orientation (101) with an angle of 2θ of around 36◦. The
XRD patterns show that the crystal structure of the 6
and 2 h structures is hexagonal, according to PDF card
no. 36-1451. From the XRD results, it was seen that the
coated 6-h-aged structure had a crystal structure. In addi-
tion, the Zn(OH)2 peaks, including a little bit of water
with the PDF card no. 20-1436, decreased, and sharper
and higher intensity peaks appeared in the sample, which
was grown after 6 h of aging, compared to the sample
grown after 2 h of aging, which shows us that the ZnO
structure has emerged. Parameters such as the crystal
structure of the produced composite NPs and the calcu-
lated crystallite size are related to the intensity of the
peaks and the half maximum width (FWHM) values.20
Crystallite sizes are inversely proportional to the FWHM
value of the diffraction peak obtained by XRD. The fact
that the diffraction peak is relatively narrow and sharp
corresponds to a large crystallite size and good crys-
tallization. As seen in the figures, the peak intensities
of the composite NPs, which were grown as the solu-
tion aged, increased, and narrow and sharp peaks were
formed.
The XRD pattern of the Ag-decorated ZnO structure

is shown in Figure 1C. The polycrystalline nature of the
Ag-decorated ZnO structures is visible from the XRD pat-
tern. All peaks were indexed, and Ag-decorated ZnO was
compatible with that of the hexagonal phase. As the signif-
icant 2θ values of both materials are very close, the value
of 2θ, a severe peak, was observed in the spectrum. The
peak position or intensity of Ag NPs is cubic according to
PDF card no. 04-0783. It is seen that it is pretty compati-
ble with the Ag@ZnO NPs or nanostructures obtained in
the literature.21 Sakir et al. reported that the crystallite size
for ZnO was around 57.6 nm, and for AuNPs@ZnO, it was
around 21 nm in their study.22
To analyze the growth of crystals, the particle size

(D) of samples was calculated by measuring the width
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ERDOGAN et al. 2013

F IGURE 1 X-ray diffraction pattern of samples after (A) 6 h,
(B) 2 h aging times, and (C) Ag@ZnO.

corresponding to half the height of the diffraction peaks
using the following modified Scherrer equation23:

ln 𝛽 = ln
0.9 𝜆

𝐷
+ ln

1

cos 𝜃

where D is the size of the crystal, λ is the incident X-ray
wavelength (1542 Ǻ), β is the FWHM, and θ is the angle
of the XRD peaks. As can be seen from Figure 2A,B, if we
plot the data for lnβ to ln (1/cosθ), a slope with a line and
a crossing of ln 0.9λ/D should have existed. By using this
equation, the crystal sizes were found in decreasing order
and are given in Table 1.

In the Williamson–Hall (W–H) method, sinθ is used
instead of 1/cosθ as in the Scherrer equation. This impor-
tant fundamental difference allows for the separation
of microstructural, small crystalline size, and a reflec-
tion enlarged by micro tension. Accordingly, the crystal
dimensions can be calculated by the following equation24:

𝛽cos𝜃 =
𝐾𝜆

𝐷
+ 4𝜀sin𝜃

where β is the full width at the middle maximum at 2θ, θ
is the diffraction angle, K is a constant equal to 0.9, λ is the
X-ray wavelength (0.154 nm), D is the crystal size in nm,
and ε is the lattice tension. Figure 3A,B shows the graphs
of different aging time-coated ZnO structures by the W–H
method and Ag-decorated ZnO structure, respectively.
The crystallite size found by the Scherer equation shows a
significant decrease with increasing aging time compared
to the results obtained from the W–H method. The main
reason for the variability here is that the internal stresses
are not included in calculating the crystallite size in the
Scherrer method.25

3.2 Optical investigations

Diffuse reflectance spectroscopy can be easily applied to
solid-powder samples from the UV to IR regions. This
method calculates the band gap energy of semiconduc-
tors by collecting the light resulting from the absorption
and scattering of the material and converting it into
quantitative data.26 UV–vis diffuse reflectance spectra of
ZnO/Zn(OH)2 structures at different aging times and Ag-
decorated ZnO are given in parts (a) and (b) of Figure 4,
respectively.
The data obtained by this technique are used to calcu-

late the band gaps of semiconductors using the following
Kubelka–Munk function27:

𝐹 (𝑅) =
(1 − 𝑅)

2

2𝑅
=
𝐾

𝑆

where R is the diffuse reflectance of the sample, and K
and S represent the absorption and scattering coefficients.
The band gap energy (Eg) of the semiconductor sample
can be determined by linear plotting of [F(R)hʋ]2 versus
hʋ. The optical band gap values of the obtained structures
as a result of the aging of 2 and 6 h were found to be
3.59 and 2.89 eV for ZnO phase and 5.32 and 5.20 eV for
Zn(OH)2 phase, respectively. Band gap values of different
solution-aged samples in the UV–vis diffuse reflectance
spectra of ZnO/Zn(OH)2 composite NPs in Figure 5A
are corresponded to Zn(OH)2 phase, which is in good
agreement in the literature.28 As the solution aged, the
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2014 ERDOGAN et al.

F IGURE 2 Graphs of (A) 6 and 2 h aging times and (B) Ag@ZnO samples by the modified Scherrer method.

TABLE 1 Various parameters from structural examination.

Aging time (hkl) dhkl (Å) 2θ (◦) FWHM (◦) DSR (nm) DWH (nm)
6 h (100)

(002)
(101)

2.8279
2.6075
2.4771

31.60
34.35
36.85

.1145

.2143

.1624

52.34 115.50

2 h (100)
(002)
(101)

2.8132
2.6024
2.4751

31.77
34.42
36.25

.2184

.5546

.0619

60.37 116.00

Ag@ZnO (111)
(200)
(220)
(311)

2.3555
2.0413
1.4415
1.2311

38.16
44.32
64.57
77.43

.3968

.6684

.4084

.4572

15.41 12.48

Note: dhkl, interplanar distance; DSR, the size of crystal obtained from Scherrer plot; DWH, the size of crystal obtained fromWilliamson–Hall plot.
Abbreviations: FWHM, full width at half maximum.

band gap of the samples decreased. Changes in optical
band gaps relative to ZnO nanostructure morphology
further confirm that nanostructure crystallinity, crystal
growth directions, intrinsic defects like oxygen vacancies,
and crystal grain size lead to a smaller effective band gap
of nanostructured ZnO than the bulk value of 3.37 eV.29
In addition, a decrease in the band gap of both ZnO and
Zn(OH)2 phased was observed with the addition of Ag NPs
on the surface of the ZnO/Zn(OH)2 structure. The possible
reasons for this situation are discussed as follows. Ag NPs
exhibit surface plasmon resonance (SPR), a phenomenon
that occurs when the conduction electrons in the NPs
are collectively released in response to incident light. The
absorption of photons at specific wavelengths by Ag NPs
can change the overall optical properties of the composite.
The SPR of Ag NPs can interact with the electronic
structure of ZnO/Zn(OH)2 NPs, resulting in changes in
their energy levels. This interaction can effectively reduce
the band gap of the composite, making it more sensitive to
lower energy photons. In addition, the presence of Ag NPs

on the surface of ZnO/Zn(OH)2 NPs can introduce defects
and surface states into the composite material. These
defects and surface states can trap charge carriers (elec-
trons and holes) and create localized energy levels in the
band gap. This can lead to a reduction in the effective band
gap observed in the material. As a result, the interaction
between Ag and the ZnO/Zn(OH)2 surface can also lead to
changes in the energy levels of the semiconductor, affect-
ing its optical properties. Similar observations have been
made by the other researcher for Ag-decorated ZnO.30,31
The colloid structure of the solution being more stable due
to aging and the formation of a longer compound network
allowed the produced composite NPs to become more
stable.
It is seen that the band gap values calculated for the

Ag-decorated ZnO, as seen in Figure 5B, are very close
to the sample aged for 6 h. This already shows us that
the Ag-decorated ZnO nanostructure was made from a
sample aged for 6 h. We see similar studies in the lit-
erature, which show very close band gap values of ZnO
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ERDOGAN et al. 2015

F IGURE 3 Graphs of (A) 6 and 2 h aging times and (B) Ag@ZnO samples by the Williamson–Hall (W–H) method.

F IGURE 4 UV–vis diffuse reflectance spectra of (A) ZnO/Zn(OH)2 structures with various aging times and (B) Ag-decorated ZnO.

F IGURE 5 Kubelka–Munk graph of samples after (A) 6 and 2 h aging times and (B) Ag@ZnO.
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2016 ERDOGAN et al.

and Ag/ZnO nanostructures.32 This shows us that the
nanostructure we obtained was successfully synthesized
with Ag decoration.

3.3 Morphological investigations

SEM images were taken to examine the surface mor-
phology and nanostructure of the obtained samples after
different aging times. From the SEM images (see Figure 6),
it is seen that the surface morphology is affected by the
aging time. The imaged composite NPs give the appear-
ance of a granular structure composed of tiny grains that
appear to be aggregated with some porosity. As the aging
time increased,we saw that the compositeNPswere denser
structures made up of larger particles characterized by
more effectively packed nanocrystals. Ag NPs were suc-
cessfully decorated on the ZnO surface, and both Ag and
ZnO NPs did not change the morphological appearance
of the structure. Ag-decorated SEM image clearly shows
that it was found that Ag NPs were seen as bright particles.
Results from SEM images are consistent with observations
from XRD.
EDX spectroscopy analysis was performed to determine

the chemical compositions andmineralogical structures of
Ag-decorated ZnO and ZnOwith different aging times (see
Figure 7). The characteristic Zn, O, and C elements were
determined in the EDX analysis of the samples obtained
after 6 and 2 h of aging. Except for these peaks, no severe
and characteristic peaks were observed. In the EDX analy-
sis of Ag-decorated ZnO, ZnO characteristic elements and
Ag elements were determined. In particular, the presence
of the Ag element shows that the nanostructures in ZnO
are not replaced by Ag ions; they do not enter between the
layers and are only decorated on the surface of the ZnO
structure.

3.4 FTIR investigations

To qualitatively determine the composition and possible
interaction of the components of the samples and their
chemical content and to determine the functional groups
of ZnO, Zn(OH)2, and Ag-decorated ZnO for different
aging times, FTIR analysis was performed, and the
obtained spectra are given in Figure 8A,B. Due to their
interatomic vibrations, metal oxides generally give an
absorption band below 1000 cm−1 wave number. In the
literature, the absorption peak of 453 cm−1 wave number
corresponds to the Zn–O stretch band in the ZnO lattice.
It has been reported as a characteristic peak representing
the ZnO structure.33 In our study, the absorption peak
at wave numbers 635 and 488 cm−1 indicates the Zn–O

F IGURE 6 Scanning electron microscopy (SEM) images of the
ZnO for (A) 6 h aging time, (B) 2 h aging time, and (C) Ag@ZnO
sample. (The inset surrounded by red shows the magnified surface
morphology.)

stretch in the ZnO lattice. Peaks at a wave number value
of 1000 cm−1 correspond to the characteristic bands of
Zn(OH)2.34 In our study, these peaks correspond to 877,
919, and 1002 cm−1 wave numbers. The bands at 2923 and
2996 cm−1 can be attributed to the symmetric–asymmetric
C–H stretching vibration. The bands between 1400 and
1600 cm−1 are related to the C = O stretching vibration
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ERDOGAN et al. 2017

F IGURE 7 Energy-dispersive X-ray (EDX) spectrum of synthesized ZnO samples with different aging times and Ag@ZnO sample.

of ZnO and Ag-decorated ZnO structures. The peak band
observed at the wave number value of 3600 cm−1 is due
to the O–H bonds belonging to the small amount of water
remaining on the surface of the crystals.35
The lack of displacement of the IR bands of ZnO and the

absence of new IR bands show that Ag NPs are decorated
on the structure surface, and related spaces without
bonding with ZnO, and these data are also supported by
other techniques. Few Ag ions can be demoted to Ag0 by
hydroxyl groups from the ZnO and Zn(OH)2 structures. If
this oxidation takes place, band formation to the carbonyl
group (C = O) will appear at 1634 cm−1.36,37

3.5 Raman investigations

Raman spectroscopy is a vibration spectroscopy with a
wide application area in the academic field. With this
method, information can be obtained about the bonds
made by the atoms or molecules that make up matter by
examining the inelastic scattering of photons sent from the
light source by the atoms or molecules.38 Raman spectrum
was obtained on a micro-Raman spectrometer equipped
with a DPSS laser emitting at 532 nm wavelength. The
laser power on the sample was kept at 10 mW to avoid
laser-induced sample annealing and modification.
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2018 ERDOGAN et al.

F IGURE 8 Fourier transform infrared (FTIR) spectra of samples after (A) 6 and 2 h aging times and (B) Ag@ZnO.

F IGURE 9 Raman spectra of the Zn(OH)2 and ZnO after 6
and 2 h aging times.

The Raman spectrum (Figure 9) showed the peaks of
vibration modes from ZnO and Zn(OH)2. The peak with
the maximum intensity of 99 cm−1 corresponded to the
(low) vibration mode E2. Additionally, multiphonons with
A1 symmetry can be observed at 1075 cm−1. The peaks
below 350 cm−1 correspond to lower corresponded to high-
energy vibrationmodes.39 Themaximum intensities found
at 142 and 234 cm−1 were attributed to ZnO translational
vibration modes. Other vibration combinations (M1) were
found at 178 cm−1.40 Therefore, the Raman spectrum sup-
ports the experimental data obtained from XRD and FTIR,
a material containing a mixture of ZnO and Zn(OH)2.

3.6 Photocatalytic investigations

The photocatalytic performance of the samples synthe-
sized in the framework of this study has also been

investigated. In the experimental setting, UVA light was
employed as the irradiation source, whereas RhBwas used
as the dyestuff. As the energy of the UVA light is relatively
close to the visible region, the degradation of the RhB dye
can be easily observed by optical absorption spectroscopy.
Therefore, in many cases, UVA radiation interacts with
molecules andmaterials similarly to visible light, and it has
sufficient energy to initiate chemical changes in RhB dye
molecules.
Faheem et al.28 concluded that the ZnO/Zn(OH)2

structure adsorbs more dyestuff than pure ZnO, thanks to
the presence of surface hydroxyl (–OH) groups that can
develop non-covalent interactions with the dye molecule.
As a result of this structural formation, photocatalytic
processes are promoted by the increased adsorption of
dye molecules, and the performance of the photocatalyst
increases. We synthesized the ZnO/Zn(OH)2 structure
instead of pure ZnO. The surface features of the catalysts
also play an essential role in the charge–transfer process
of dyestuffs such as RhB and photo-degradation, which is
responsible for dye adsorption. The formation of reactive
oxygen species (ROS), which is one of the important
parameters in photo-catalysis applications where ZnO is
used as catalyst and RhB as dyestuff, is described in detail
in Ref. [41]. Figure 10A shows that each catalyst stably
degraded the RhB dye. According to the findings of a
newly published publication by our research group,42 the
negative charge repulsion between the catalyst surface and
the dyestuff might slow down the degradation process. As
a result, the slow decline curve seen in Figure 10B for RhB
can be attributed to this.
Moreover, the photo-degradation of the RhB dyestuff on

ZnO/Zn(OH)2 was observed to be 98.5% and 92.5% for 6 and
2 h aged samples, respectively, after 180 min. In order to
increase the photocatalytic activity of the sample subjected
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F IGURE 10 Experimental setup used for photocatalytic measurement (*), time depended on C/C0 curves (A) and pseudo-first-order
kinetics of the photocatalytic degradation (B).

to a 2 h drying process, Ag NPs were decorated to the sam-
ple surface as seen in SEM photographs (Figure 6C), and
the catalytic performance of the sample was increased up
to 95%. The Ag NPs’ SPR properties allow for greater light
absorption, particularly in the UV and visible range. This
is advantageous compared to pure ZnO/Zn(OH)2 mate-
rial due to its wider band gap. This broadening of the
absorption range leads to the formation of more electron–
hole pairs, which is essential for efficient photo-catalysis.
In addition, Ag NPs contribute additional charge carriers
to the composite system through SPR-mediated electron
excitation. When Ag NPs absorb photons and generate
hot electrons, these electrons can be effectively injected
into the conduction band of ZnO/Zn(OH)2. This proce-
dure enhances the quantity of charge carriers accessible for
catalytic reactions, subsequently promoting photocatalytic
activity. The salient aspect is the lessening of electron–hole
recombination, as it is fundamental for achieving effective
photo-catalysis. This occurrence prolongs the lifespan of
charge carriers in the composite system and lessens the
likelihood of recombination. The prolonged recombina-
tion time enablesmore charge carriers to take part in redox
reactions on the surface of ZnO/Zn(OH)2, thereby boost-
ing photocatalytic efficacy. According to the literature,43–46
numerous parameters, such as the surface morphology
of the catalyst and the optical band gap, have a direct
impact on the catalyst’s performance in photocatalytic
applications.

Meanwhile, Uma et al.47 demonstrated that the optical
band gap of ZnO reduced in the composite ZnO film
formed by using gC3N4, making ZnO highly perfor-
mant in the photocatalytic degradation of RhB dyestuff.
Moreover, efficient photocatalytic degradation may
result from the high concentration of defects on the
surfaces of ZnO nanostructures and hence from sur-
face morphology.48 From this, the observed decrease
in the optical band gap of ZnO/Zn(OH)2 NPs after Ag
decoration may be closely linked to the enhanced photo-
catalytic performance. Ag NPs’ SPR properties increase
the formation of charge carriers by capturing and trans-
ferring incident light energy. This effect, combined with
their ability to minimize electron–hole recombination,
contributes to the superior photocatalytic effectiveness
observed in the scope of this investigation. Moreover,
taking all these considerations into account, the low
optical band gap and particle size, as well as the rod-
like morphology, explain why the sample obtained by
6 h aging is relatively more efficient in removing RhB
dye.
Table 2 compares the performance of ZnO catalysts

recently synthesized with different characteristics and
used in the photocatalytic decomposition of RhB dye.
According to this, it is seen that RhB dyestuff is degraded
between 60% and 98% depending on different UV or sun-
light irradiation times. Therefore, the easily synthesized
ZnO/Zn(OH)2 catalyst proposed in this study is more
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TABLE 2 Performance of ZnO catalysts with different characteristics in photocatalytic degradation of rhodamine B (RhB) dye.

Catalyst Pollutant % Degradation Time interval (min) Refs.
Al/ZnO RhB 97 120 49

ZnO nano-disc RhB 90 90 50

ZnO nanostructure RhB 97.75 70 51

ZnO nano-powder RhB >95 80 52

ZnO film RhB 11

Ba/ZnO RhB 88.81 160 54

ZnO nanoparticles RhB 95.41 160 55

B/Sn-doped ZnO
nanoparticles

RhB 65.6 60 56

ZnO nanoparticles RhB >95 120 57

ZnO nanopowder RhB 98.5 180 This work

F IGURE 11 Photo-stability test of ZnO/Zn(OH)2 during RhB
degradation.

performant than the literature in Table 2 for the degra-
dation of RhB dye and may be preferable and improved
for the researchers. Besides, the degradation costs of dyes
and toxic molecules are another important parameter for
photo-catalysis applications. Therefore, it is very impor-
tant to investigate the reusability of photocatalyst materi-
als. At this point, it is expected that the corrosion that may
occur in ZnO during the photo-catalysis process will not
impair the photo-stability of ZnO. The photo-degradation
of RhB by ZnO/Zn(OH)2 (aged for 6 h) was carried out for
three repeated cycles to observe whether this occurs.
According to Figure 11, ZnO/Zn(OH)2 NPs exhibited

good photostability, supporting their reusability after each
cycle. Nevertheless, a slight decrease in performance was
observed in cycle 3. The possibility of dissolution of ZnO
by photo-corrosion was considered a possible reason for
this slight decrease in degradation efficiency. When the
time-dependent C/C0 data given in Figure 10A are plotted
in terms of ln(Co/C), linear graphs are obtained, showing

that the degradation follows first-order kinetics indepen-
dent of the morphology of the ZnO particles. Langmuir–
Hinshelwood kinetic equations are often used to describe
first-order degradation.58,59 The pseudo-first-order rate
constants (k) and R-square values obtained according to
this approach have been tabulated in Figure 10B. As can
be seen from this table, the highest k value for RhB dye for
0.0217 was obtained for the ZnO catalyst aged for 6 h. Fur-
thermore, the correlation coefficient values R for all cata-
lysts were calculated around .95, confirming the proposed
kinetic model for the de-colorization of RhB dyes.

4 CONCLUSION

ZnO/Zn(OH)2 composite NPs were prepared by the sol–
gel method using solutions aged at different times in the
spin coating device. Among these samples, it was seen
that the sample with the solution aged for 6 h was found
to have the best structural and optical properties. XRD
diffraction patterns showed that ZnO NPs, Ag NPs, and
Ag@ZnO core–shell nanostructures were polycrystalline.
UV–vis spectrometry results confirmed that the decrease
in the band gap of both ZnO and Zn(OH)2 phases was
observed with the addition of Ag NPs on the surface of the
ZnO/Zn(OH)2 structure. SEM images revealed that ZnO
and Ag NPs were found and were seen as bright particles.
The characteristic elements Zn, O, and C were determined
in the elemental analysis of the samples obtained after 6
and 2 h of aging. In addition, the RhB dye removal from
aqueous solutions with Ag-decorated ZnO nanostructure
was investigated. The results obtained from the study show
us that it is an adsorbent that can be used efficiently in
removingAg@ZnOby the adsorptionmethod. In addition,
reusability tests were carried out using the best catalyst
ZnO/Zn(OH)2 (aged for 6 h). It was found that the degrada-
tion percentageswere higher in the third cycle. The highest
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pseudo-first-order rate constant (k) andR-square values for
RhB dye were found to be 0.0217 and 0.95, respectively.
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