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Abstract
Photocatalytic degradation of pollutants using nanoparticles presents a promis-
ing method globally. However, effectively harnessing light absorption while
mitigating recombination and nanoparticle agglomeration remains challenging.
Here, we explore the synthesis and characterization of zinc oxide nanoparti-
cles for photocatalytic dye removal in water. The ZnO catalyst, controlled by
impurity amount, is developed, demonstrating a notable impact on photolytic
performance. Various zinc precursors, namely, zinc acetate, zinc sulfate, zinc
nitrate, and zinc chloride, were used in the precipitation technique. Optical
characterization showed distinct band transitions and UV-dominant absorp-
tion peaks, indicating the presence of different impurities in each precursor.
Photocatalytic performance is assessed using Rhodamine B decomposition with
the sample prepared from zinc acetate, demonstrating enhanced photocatalytic
activity attributed to its larger surface area, surface defects, and superior mor-
phology, enabling efficient organic pollutant degradation. Oxygen vacancies
aid in charge carrier separation, crucial for effective photocatalysis. The mate-
rial’s intense interaction with pollutants and a high photocurrent density of
5.18 µAcm−2 highlight superior electron–hole pair separation capabilities influ-
enced by morphology and impurity-generated defects, significantly boosting
its overall photocatalytic reaction. These findings emphasize the critical role
of precursor selection in designing effective ZnO-based photocatalysts, water
treatment, and environmental remediation applications.
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1 INTRODUCTION

Industrial evolution has created a lot of negative envi-
ronmental influences, such as water pollution due to
careless release of waste products into water bodies
and drainage systems. The use of solar energy-assisted
semiconductor processes known as photocatalysis in
removing contaminants like dye has been an area of
focus.1,2 Oxide semiconductors, such as zinc oxide (ZnO),
niobium oxide (Nb2O5), cuprous oxide, titanium oxide
(TiO2), and tin oxide (SnO2), have attracted a lot of
interest in this photocatalytic application. Still, ZnO and
TiO2 have been the most prominent. In the photoox-
idation of organic compounds, ZnO is more efficient
than TiO2.3 Zinc oxide is a semiconductor activated
with UV light during solar application because of its
wide energy band gap.4 It is an excellent material for
excitonic devices.5,6 Its broad chemistry provides versa-
tility for low-threshold optical pumping, wet-chemical
etching, and biocompatibility.7 It has good catalytic,
optoelectronic, electrical, and photochemical properties,
which make it useful in gas sensing, medicine, varis-
tors, photodetectors, and light-emitting diodes.8,9 Its
chemical and physical properties change depending on
its nanostructure morphology. Several different meth-
ods have been used to synthesize ZnO on nanoscales,
such as hydrothermal methods,10 laser ablation,11 sol–
gel methods,12 electrochemical depositions,13 chemical
vapor deposition,14 combustion method,15,16 thermal
decomposition,17 coprecipitations,18 ultrasound,19 and
two-step mechanochemical-thermal synthesis.20 Precur-
sor inconsistency has been a significant problem in the
chemical synthesis of ZnO nanoparticles that require a Zn
source. Researchers chose the Zn source without consid-
ering the effect of possible impurities precipitated with
the end product (ZnO). For example, Bilecka et al.21 and
Hong et al.22 used zinc acetate, Tseng et al.23 used chloride
precursor, and Wahab et al.24 and Thirumavalavan et al.25
used zinc nitrate, whereas Sharma et al.26 used zinc
sulfate.
Numerous scientific investigations have unveiled inno-

vative approaches to designing floating photocatalytic
systems by anchoring highly active photocatalysts onto
floatable substrates. By facilitating direct interaction with
illuminated light and oxygen molecules at the water/air
interface, these systems optimize photocatalytic efficiency
by generating more reactive species crucial for catalytic
reactions.27 Moreover, the easy retrieval of used photo-
catalysts for subsequent processes minimizes secondary
pollution and operational costs. The study underscored the
efficacy of developed floating photocatalysts across various
applications and outlined the diverse floating substrates
and potential mechanisms involved in their operation.
Furthermore, emerging self-floating photocatalytic sys-

tems are deliberated upon, combining photothermal and
photocatalytic effects to introduce a new class of float-
ing photocatalysts that harness abundant solar energy for
water desalination and purification.
Moreover, heterogeneous photocatalysis offers an

energy-efficient solution to environmental and energy
challenges by suppressing charge recombination. Form-
ing heterojunctions among photocatalyst components
enhances charge separation but can disrupt charge
transfer.28 Constructing homojunction within a single
semiconductor is a promising alternative, ensuring a well-
matched lattice and strong bonding for effective charge
migration. With built-in electric fields, this homojunc-
tion facilitates efficient charge separation and transfer.
Research on emerging homojunction photocatalysts for
degrading wastewater pollutants shows excellent potential
for improved performance in photocatalytic processes,
encouraging further exploration in this field.28
Further, it is reported elsewhere29 that the worldwide

issue of antibiotic contamination in aquatic environments
has led to research focusing on degrading these persis-
tent compounds. Heterogeneous photocatalysis is being
explored as an effective and environmentally friendly
method for eliminating these pollutants. Graphitic carbon
nitride (g-C3N4), a metal-free photocatalyst, has gained
attention for its unique properties but faces challenges
such as limited visible-light absorption and charge
recombination. Researchers are developing g-C3N4-based
heterojunction systems with compatible semiconductors
to address these issues and enhance their photocatalytic
performance. By integrating various semiconductors
into Z- and S-scheme structures with g-C3N4, significant
progress has been made in improving the degradation of
antibiotics.29 The study discussed recent advancements
in using g-C3N4 heterojunction systems for antibiotic
removal and outlined future research directions and
challenges.
This work investigated the photocatalytic activity of dif-

ferent ZnO samples synthesized from zinc acetate, zinc
nitrate, zinc chloride, and zinc sulfate in the degradation
of Rhodamine B (RhB) solution.

2 EXPERIMENTAL SECTION

2.1 Materials and synthesis

Analytical grades of zinc chloride (ZnCl2), zinc sulphate
(ZnSO4), zinc nitrate (Zn(NO3)2 ⋅ 4H2O), zinc acetate
(Zn(CH3COO)2), and sodium hydroxide (NaOH) used
in this study were purchased from Sigma-Aldrich. RhB
contaminants were purchased from LAMBDA PKYSIK.
To obtain ZnO, Zn salts (X) were precipitated with

sodium hydroxide according to the following equa-
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F IGURE 1 (A) Absorbance spectra of the synthesized ZnO samples and (B) Tauc plot used to obtain the band gap of the synthesized
ZnO samples.

tion: X + 2NaOH → Zn(OH)2 + Y. The precipitates were
obtained alongside with Zn(OH)2 represented by Y were
NaNO3, NaCl, CH3COONa, and Na2SO4 for Zn(NO3)2 ⋅

4H2O, ZnCl2, Zn(CH3COO)2, and ZnSO4 salts (X), respec-
tively. The precipitate obtained was filtered and washed to
remove impurities, and the obtained endproductwas dried
to obtain ZnO nanoparticles. The white precipitate was
washed twice with deionized water and ethanol, which is
now assumed to be Zn(OH)2, to remove impurities. The
samples obtained were labeled Zs, Zn, Zc, and Za, which
correspond to zinc oxide obtained from zinc sulfate, zinc
nitrate, zinc chloride and zinc acetate. ZnO was obtained
by drying Zn(OH)2 a 400

◦
C.30

2.2 Material characterization

Bruker advance-D8 diffractometer was used to investigate
the crystallization of the prepared ZnO samples, and Jasco
670 double beam spectrophotometer was used to acquire
their UV–Vis absorption spectra. The morphology of the
sampleswas obtainedwith a scanning electronmicroscope
(SEM) (JEOL JSM-6610LV). Fluorolog FL3-iHR, HORIBA
Jobin Yvon, using a Xenon lamp light source with 370 nm
excitation wavelength, was used to obtain the photolumi-
nescence (PL) property. X-ray photoelectron spectroscopy
(XPS) experiments of the ZnO samples were carried out
using the ESCALAB-250Xi system (Thermos-Scientific)
with Al Kα radiation (ℎ𝑣= 1486.6 eV), and the spectra
obtained were analyzed with Avantage software.

2.3 Photodegradation experiment

Photocatalytic capabilities of ZnO samples were investi-
gated by suspending the synthesized ZnO samples (0.1 g)
in 200 mL of RhB solution under an ultraviolet light fil-
ter equipped with 500 W Xenon lamp (Oriel). To ensure
adsorption equilibrium between the ZnO samples and
RhB, the suspension was kept under stirring in the dark
for 25 min before exposure to the UV light. The particles
were separated from the RhB solution by centrifugation at
4000 rpm, 2 min at regular intervals of 12 min. However,
the amount of RhB removed was quantified by mea-
suring the absorption property at 554 nm using UV–Vis
spectroscopy (JASCO V-670).
Nitrogen adsorption–desorption measurements were

carried out using ChemBET 3000 Instrument to deter-
mine the Brunauer–Emmett–Teller (BET) surface area.
Before measurement, samples were kept in a desiccator
until testing. The ZnO nanoparticles’ photoelectrochemi-
cal analysiswas conducted using the PARSTAT4000with a
three-electrode configuration. The process involved utiliz-
ing the synthesized ZnO nanoparticles on fluorine-doped
tin oxide (FTO) substrates as the working electrode, with
Pt wire as the counter electrode and Ag/AgCl as the ref-
erence electrode. A Xenon arc lamp provided light and a
0.1 M Na2SO4 aqueous solution served as the electrolyte.
The working electrode preparation included a slurry solu-
tion of ZnO photocatalyst, polyethyleneglycol-400, and
ethanol coated on theFTO substrate using the doctor-blade
method, dried at 300◦C for 45 min in a muffle furnace.
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8272 ILYAS et al.

F IGURE 2 X-ray diffraction (XRD) patterns of the synthesized
ZnO samples (Za, Zc, Zn, and Zso).

3 RESULTS AND DISCUSSION

3.1 Absorption property

The absorption property of the ZnO samples was deter-
mined from the UV–Vis absorption spectra shown in
Figure 1A. The absorption peak of the ZnO samples lies
in the UV-spectral region at wavelengths of 353, 370, 361,
and 359 nm for Zc, Za, Zn, and Zs samples, respectively.
The absorptions of Zn, Zs, and Zc are found in the deep UV
region, whereas that of Za is found in the far UV region,
which implies that the Za sample covers a wider range
of the UV spectral region than other samples. The plot of
(𝛼ℎ𝑣)

𝑘
vs ℎ𝑣 (where the value of k represents the type of

transition)was linearly extrapolated to obtain the band gap
of the samples from the absorption spectrum, as shown in
Figure 1B. Zs and Zn show an indirect (k= 1/2) band gap of
3.24 eV, whereas Za and Zc show a direct (k = 2) band gap
of 3.22 and 3.29 eV, respectively.

3.2 Structural and morphological
analysis

The crystal structure of the synthesized ZnO samples was
characterized using the X-ray diffraction (XRD) technique.
A typical XRD pattern of the ZnO samples is shown in
Figure 2. The diffraction peaks labeled in the pattern
are matched with the reported values for ZnO crystal,
which has a hexagonal wurtzite structure with lattice con-
stants a = 3.248 Å and c = 5.206 Å (JCPDS card, No.

36-1451). Discrepancies observed include the appearance of
peaks before the significant peaks, which are signatures of
precipitates mentioned in the chemical reaction.
There are few or no such extra peaks in the XRD pat-

tern of the Za sample, but populated peaks are observed in
the Zs sample. The peak with the highest intensity differs
in the samples. The (1 0 1) plane has the highest intensity
for Za and Zn samples, but the (1 0 0) plane for Zs and Zc
samples. The crystal size of the samples has an inverse rela-
tionshipwith the fullwidth at halfmaximumof the highest
peak observed in the XRD pattern according to the Scher-
rer formula.31 Therefore, the Za sample with the broadest
peak has the smallest crystal size (∼1.12 nm), and Zc has
the largest crystal size (∼4.46 nm). The SEM images of the
synthesized ZnO nanoparticles are shown in Figure 3A.
It is found that the Za sample is composed of intercon-
nected spherically shaped particles, the Zs sample shows
a two-dimensional flat plate appearance, and Zn shows an
irregularly shaped flower-like morphology. In contrast, Zc
shows an interconnected coral creep appearance. Hence,
the morphology of the synthesized ZnO samples differs in
appearance.

3.3 Photoluminescence spectra

The radiative recombination of photogenerated electrons
and holes generates PL spectra. This measures the charge
carrier trapping and transfer efficiency in the semicon-
ductor. The PL spectra obtained from the synthesized Za,
Zc, Zs, and Zn samples are shown in Figure 3B. The PL
results show a broad peak at ∼ 555 nm for Zc and Zn and
∼570 nm for Za and Zs. The broad peak in the visible spec-
trum region is the superimposition of the yellow and green
emissions caused by extrinsic and intrinsic defects due to
oxygen vacancy and interstitial oxygen in theZnO samples.
The ZnO samples have different PL emission intensities,
the highest in the Za sample and the lowest in the Zn
sample. This suggests oxygen defects vary in all the ZnO
samples, which play a significant role in the photocatalytic
activity.

3.4 XPS analysis

An XPS analysis of the ZnO samples was done to inves-
tigate further the oxidation state of the samples’ major
elements (Zn and O). The spin–orbit split observed in the
Zn 2p peak of the synthesized ZnO samples is compared,
and the Zn 2p3/2 peak is shown in Figure 4. TheO1s peak of
the ZnO samples is compared and shown in Figure 5. For
the Za sample, the Zn 2p3/2 peak was a single peak located
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F IGURE 3 The scanning electron microscope (SEM) morphology of all the synthesized samples: (A) Za; (B) Zn; (C) Zs; (D) Zc; and (E)
photoluminescence (PL) spectra.

F IGURE 4 X-ray photoelectron spectroscopy (XPS) analysis, Zn 2p3/2 spectra of the synthesized ZnO samples with (A) Za, (B) Zn, (C) Zc,
and (D) Zs.
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8274 ILYAS et al.

F IGURE 5 X-ray photoelectron spectroscopy (XPS) analysis, O1s spectra of the synthesized ZnO samples with (A) Za, (B) Zn, (C) Zc, and
(D) ZS.

at 1021.7 eV, a signaturemin−1 of Zn2+ inmetal oxides, con-
firming the formation of ZnO in the chemical reaction.32–34
The O1s peakwas deconvoluted into two peaks at 531.5 and
529.8 eV, associated with carbonates or oxygen vacancies35
and metal oxides,36,37 respectively. This shows a trace of
carbonate from zinc acetate used in the chemical reac-
tion, which can positively or negatively impact the ZnO
samples. For the Zn sample, the Zn 2p3/2 peak was fit-
ted into two peaks at 1021.438,39 and 1022.7 eV,40 which
are associated with metal oxide and hydroxide, respec-
tively. O1s peak was fitted into two peaks at 531.6 and
530.2 eV, which are associatedwith hydroxides41 andmetal
oxides,42 respectively. This indicates that the annealing
process was insufficient to remove all the hydrogen in the
sample, leading to the formation of hydroxides. For Zs sam-
ples, the Zn 2p3/2 peak was fitted into peaks at 1021.8 and
1023.4 eV, which are associated with ZnO33,34 and ZnSO4
in the sample.32
Hence, the ZnO source (ZnSO4) was not wholly pre-

cipitated during the chemical reaction. The O1s peak was
fitted with two peaks at 531.5 and 529.3 eV, linked with sul-
fates and metal oxides43 in the sample. The Zn 2P3/2 peak

was fitted for the Zc sample with two peaks. The peak at
1022.4 eV is assigned to ZnO,44 and the halide formed due
to the Zn–Cl bond in the sample is represented by the peak
at 1023.3 eV.45 The O1s peak was fitted into two peaks at
532.7 and 531.1 eV, associated with chlorates, chemisorbed
oxygen, surface O.H−. groups or dissociated oxygen46 and
metal oxides, respectively. Hence, traces of chlorine from
ZnCl2 are still in the ZnO samples.

3.5 Photocatalytic investigation

The photodegradation activity of the ZnO samples was
investigated using the degradation of the model RhB in
water in the presence of the samples. The change in con-
centration C/C0 as a function of the time of irradiation
under UV light is shown in Figure 6A. The decomposition
rate of the ZnO samples increases as the time of irradiation
increases. At the same time, there is no sign of decom-
position of RhB in the absence of ZnO catalysts (denoted
as Blank in Figure 6A). It is important to note that the
Zn sample has the best performance up to about 48 min,
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F IGURE 6 (A) Rhodamine B (RhB) degradation activities of samples Za, Zc, Zs, and Zn, (B) absorption spectra of RhB solution after
60 min irradiation, and (C) relationship between the absorption edge wavelength and rate constant of the synthesized ZnO samples.

where the efficiency of the photocatalytic degradation of
RhB increases in the order of Zs <Zc <Za <Zn. The sample
Za has overtaken Zn in performance at about 48min. of UV
photo-irradiation, and the order of photocatalytic degra-
dation efficiency changes to Zs < Zc < Zn < Za. The rate
constant is obtained by fitting the RhB degradation process
using first-order kinetics.2 A plot of ln(C/Co) against time,
which shows they exhibit a linear profile, is used to obtain
the rate constant in the bottom left corner of Figure 6A.
Za sample has the highest value (0.05063 min−1), Zs has
the most negligible value (0.00785 min−1), and the activ-
ity decreases in the order Za > Zn > Zc > Zs. Therefore,
Za remains the best sample if the rate constant is consid-
ered. Further investigation into the degradation rate was
done by comparing the absorption spectrum of the sam-
ples after 60 min, as shown in Figure 6B, which shows Zs
has the highest absorption intensity and Za has the least
absorption intensity and the absorption intensity increases
in the order Za < Zn < Zc < Zs. As the amount of RhB
that was removed has been estimated by the depreciat-
ing absorption curve, Za remains the sample with the best
photoactivity. The relation between the absorption edge,
wavelength, and the rate constant of the zinc oxide samples
is shown in Figure 6C. This indicates that the Za sample
with the highest absorption edge wavelength (370 nm) has
the highest rate constant.

3.6 BET surface area analysis

We have performed the BET experiment on the various
samples, and the results are presented in Figure 7A–D,
describing the N2-adsorption and desorption isotherms,
showcasing a distinct crossover region where the adsorp-
tion and desorption curves intersect. This crossover point
indicates a measurement-induced influence on the mate-
rial under examination. Notwithstanding this effect, utiliz-
ing the BET method provides comparative studies on the

surface area and pore volume of all the synthesized sam-
ples of surface area values from 13.7 to 9.5 m2/g and corre-
sponding pore volume from0.05 to 0.03 cm3/g, particularly
calculated from the initial adsorption segment.
Table 1 systematically presents a comprehensive depic-

tion of the BET Method outcomes, encompassing surface
area, micropore surface area, cumulative volume, and
average pore diameter for a thorough assessment.
Among all synthesized ZnO samples, Za stands out

for its superior surface area, which indicates the pres-
ence of more active adsorption crucial for photocataly-
sis. This characteristic could enhance Za’s photocatalytic
performance, making it a promising material for such
applications.47
Remarkably, the findings highlight the superior surface

area and large pore size facilitating dye adsorption, thereby
improving light harvesting and electrolyte diffusion in the
dye-sensitized solar cell exhibited by Za relative to the
other ZnO precursor powders. This elevation in surface
area implies a heightened availability of active adsorp-
tion sites, thereby facilitating enhanced photocatalytic
performance compared to the alternative ZnO precursor
compositions. This heightened activity associated with Za
is potentially linked to its comparatively smaller average
crystallite size than other precursor powder variants, as
elucidated in literature sources.48
RhB mineralization was quantified through photocatal-

ysis using Equation (1) to determine the extent of mineral-
ization achieved. This equation illustrates the total organic
carbon concentrations before and after the photocatalysis
reaction. The analysis unveiled that the Za sample demon-
strated the highest RhB mineralization percentage across
the UV light spectrum, consistent with the degradation
assessments on RhB. Data about the UV light photocatal-
ysis treatment are visually represented in Figure 8. The
notable efficiency of Za powder in facilitating substan-
tial mineralization rates under varying light conditions
underscores its efficacy, whereas Zs represents the least
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F IGURE 7 N2-isotherm of all the synthesized samples (A) Zn, (B) Za, (C) Zc, and (D) Zs.

TABLE 1 Obtained surface area, micropore surface area, average pore diameter, and pore volume results from the
Brunauer–Emmett–Teller (BET) characterization of all the synthesized samples.

Samples
Surface area
(m2/g)

Micropore surface
area (m2/g)

Average pore
diameter (nm)

Pore volume
(cm3/g)

Zs 9.46 7.88 78.83 0.045
Zn 10.68 2.67 17.36 0.037
Zc 11.49 2.55 37.02 0.048
Za 13.71 1.25 23.68 0.044

mineralization rate.

% mineralization =
Change in concentration
initial concentration

. (1)

The comparative study of Za, Zn, Zc, and Zs photocat-
alysts for removing RhB dye in an aqueous suspension
underUV light illuminationhas provided valuable insights
into their photocatalytic performance. The results show
that Za exhibited the highest photodegradation efficiency
of 97.2%, followed by Zn at 92.4%, Zc at 80%, and Zs at 76%
after 60 min of UV light exposure. This indicates that Za
has the most effective photocatalytic activity among the
studied precursors for RhB dye degradation.
Surface properties, particularly in Za, have been empha-

sized as influencing the photocatalytic activity of ZnO
precursors. The absorption peak of Za in the absorption

spectra suggests superior light absorption capabilities com-
pared to the other precursors, which is crucial for initiating
photocatalytic reactions.
Za’s larger surface area and surface defects contribute

significantly to its enhanced photocatalytic activity by
providing more active sites for the adsorption of organic
pollutants. These factors promote the initiation of redox
reactions necessary for degrading organic dyes like RhB.
Surface defects such as oxygen vacancies enhance charge
carrier separation and mobility, which is critical for
efficient photocatalysis. The Za sample’s improved adsorp-
tion of organic pollutants promotes efficient interaction
between the organic dye and the photocatalyst, facilitating
degradation. The redox reactions initiated by Za lead to
enhanced photocatalytic activity and effective degradation
of the RhB dye solution.
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F IGURE 8 All the synthesized ZnO samples were mineralized
through total organic carbon analysis after the photocatalytic
procedure under UV light conditions.

3.7 Transient photocurrent and Nyquist
impedance analysis

Photocurrent measurements were conducted to assess
electron–hole pair separation in all the synthesized ZnO
nanoparticles under Xenon arc lamp illumination, leading
to photocurrent density values of approximately 5.18, 4.77,
4.15, and 3.69 µAcm−2, for Za, Zc, Zn and Zs respectively
(Figure 9A).49
Sample Za demonstrated a significantly higher pho-

tocurrent density of 5.18 µAcm−2 compared to other
synthesized samples, attributed to its enhanced mor-
phology and surface properties contributing to the tran-
sient photocurrent enhancement.50 Further analysis via
SEM indicated that Za nanoparticles were relatively
smaller (approximately 1.12 ± 0.15 nm) than other sam-
ples, reinforcing the observed enhancement in photocur-

rent response. This enhancement led to improved cat-
alyst degradation efficiency in comparison to different
samples.
Moreover, electrochemical impedance spectroscopywas

employed to investigate the interfacial charge transfer
interaction and carrier separation in the synthesized ZnO
nanoparticles, with corresponding Nyquist impedance
spectra1 presented in Figure 9B. The smaller arc radius
of the Za sample, compared to other synthesized ZnO
nanoparticles, indicates its superior electron–hole separa-
tion capabilities.51 Combining the results from transient
photocurrent, Nyquist impedance spectral analysis, and
PL studies confirmed that Zs demonstrates the least
performance. At the same time, Za nanoparticles exhib-
ited enhanced electron–hole pair separation, potentially
influenced by morphology, inter-band carrier transitions,
and the impurity-generated defect factors of the pre-
cursors, thereby uniquely influencing the photocatalytic
performance.52 Consequently, Za’s photocatalytic activity
was significantly enhanced.

4 DISCUSSION

The photodegradation capability of the ZnO samples
is affected by several factors, such as optical band gap,
crystal defects, structural properties, and morphology.
Investigations have been made and reported. Since all
these factors are different for the synthesized ZnO samples
due to differences in the zinc source, impurity precipitated
with these samples will be a significant factor causing the
difference in photocatalytic activity. Electrons from the
electron–hole pairs generated in the ZnO are transferred
from the valence band to the conduction band when
the samples are irradiated with UV light because the
absorbed photon has energy within the range of the band
gap of the semiconductor. This is easier in direct-band

F IGURE 9 (A) Photocurrent response and (B) electrochemical impedance spectroscopy (EIS) Nyquist plot for all the synthesized
samples.
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gap materials. The separation of electron–hole pairs
determines the photocatalytic process because holes
generated remove the RhB contaminants in water. Hence,
band gap plays a significant role in the performance of
the synthesized ZnO samples. As shown in Figure 6A,
Zn and Za samples have a competitive effect during the
degradation of RhB because Za becomes more effective at
about 48 min of reaction. This might be due to the indirect
band transition associated with Zn samples. The transition
of electrons to the conduction band is assisted by the
phonon-generated momentum, which might not be suffi-
cient after 48min reaction time. The transition of electrons
in Za is direct; hence, the effectiveness continues after
48 min.
On the other hand, electron–hole recombination is also

easier in direct-band gap materials. Photogenerated car-
riers in defect-free ZnO crystals experience fast surface
recombination. However, impurity can hinder this, caus-
ing crystal defects in the samples. The crystal defects some-
times improve photocatalytic reaction when they facilitate
the separation of photogenerated electron–hole pairs by
trapping photogenerated holes that react with electron
donors. The visible emission (400–700 nm) observed in
the samples’ PL spectra suggests that many surface defects
exist in the ZnO samples. Hence, surface defects need to
be considered one major factor. Notice that the sample
Za is a direct-band gap material with the best photocat-
alytic properties. It also has the highest visible emission
in the PL result compared to other samples. This means
the crystal defect formed in the samples correlates with the
photocatalytic activity of the samples.
The enhanced photocatalytic activity of Za, attributed

to its larger surface area and surface defects, provides
more active sites for organic pollutant adsorption, which
is crucial for initiating redox reactions that degrade
organic dyes like RhB. Surface defects such as oxygen
vacancies improve charge carrier separation and mobil-
ity, which is essential for efficient photocatalysis. Za’s
increased interaction with organic pollutants effectively
facilitates degradation. Za exhibited a notably higher pho-
tocurrent density of 5.18 µAcm−2 compared to other syn-
thesized samples thanks to its superior morphology and
surface characteristics that enhance the transient pho-
tocurrent. The smaller arc radius of Za, reflecting its
exceptional electron–hole separation capabilities, outper-
forms other ZnO nanoparticles. Results from transient
photocurrent, Nyquist impedance spectral analysis, and
PL studies indicate Za’s superior electron–hole pair separa-
tion, likely influenced by morphology, carrier transitions,
and impurity-generated defects in the precursors, all con-
tributing to its exceptional photocatalytic performance.
Consequently, Za demonstrates significantly improved
photocatalytic activity.

5 CONCLUSIONS

In summary, we explore an in-depth understanding of
the photocatalytic properties of ZnO, where an intrigu-
ing study was conducted to synthesize four distinct types
of nanostructured ZnO samples via precipitation meth-
ods, utilizing zinc acetate, zinc nitrate, zinc chloride, and
zinc sulfate as precursors. The primary objective was to
investigate the efficiency of the synthesized catalysts in
degrading the RhB pollutant. The results show that all
the as-synthesized ZnO samples exhibited commendable
photocatalytic performance. Notably, the ZnO obtained
from zinc acetate outperformed the others, demonstrating
the highest level of effectiveness. A plethora of advanced
analytical techniques are used to comprehensively dis-
cuss the underlying factors influencing the performance of
the synthesized ZnO catalyst. XRD, XPS, absorption spec-
trum analysis, SEM, and PL spectroscopy were leveraged
to unravel valuable insights into the ZnO samples’ proper-
ties. The enhanced photocatalytic activity of Za’s sample,
attributed to its larger surface area, surface defects, and
superior morphology, excels in organic pollutant degra-
dation. The material’s oxygen vacancies improve charge
carrier separation, which is crucial for efficient photo-
catalysis. Again, the interaction with pollutants and high
photocurrent density of 5.18 µAcm−2 (Za) also highlight
superior electron–hole pair separation capabilities, influ-
enced by morphology and impurity-generated defects,
boosting overall photocatalytic activity significantly.
Hence, this study underscores the significance of careful

synthesis and comprehensive characterization in tailoring
the properties and optimizing the efficiency of ZnO-based
photocatalysts for widespread applications.
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