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ABSTRACT
In recent decades, pollution increases in water resources endanger human life and other living 
organisms. Researchers have applied different methods to eliminate water contaminants. 
Photocatalytic is one ofaz these methods that have been used widely for wastewater 
treatment. In this study, a series of Mn, Fe, Co, Ni, and Cu-doped ZnO nanorods were applied 
as visible-light-activated catalysts for oxytetracycline (OTC) degradation. Characterization 
of the nanorods was performed using XRD, FE-SEM, UV-Vis, and PL techniques. The results 
demonstrate that the photocatalytic activity of the samples highly depends on the morphology, 
size, and band gap energy. The UV–Vis spectroscopy indicates that Fe doping has reduced the 
band gap energy to 2.91 eV. The variation of the band gap permits the absorption of low-
energy photons and the excitation of valence band electrons. The photoluminescence spectra 
reveal that doping has an effective role in inhibiting the recombination of electron/hole pairs 
during the photocatalytic process. The Mn-doped sample exhibits significantly increased 
photocatalytic activity and greater degradation rate constant (k) in comparison with the pure 
ZnO.
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INTRODUCTION
Zinc oxide, abbreviated ZnO, is a n-type 

semiconductor. This implies that the conduction 
band is essentially teeming with electrons, giving 
birth to an abundance of intriguing optical and 
electrical features. The most remarkable is its 
bandgap energy of 3.37 eV, which gives it the rare 
ability to absorb UV radiation while remaining 
completely transparent in the visible spectrum. At 
room temperature, its exciton binding energy is 
60 MeV, which is relatively high. This is in sharp 
contrast to other semiconductors that are more 
widely utilized, such as silicon and gallium arsenide, 
whose exciton binding energies are quite low. It is 
also a chemically stable molecule that may thrive 

in extremely unfavorable settings. Its durability 
makes it appropriate for a wide range of electronic 
and industrial applications. Besides, it has been 
synthesized in different nanostructures, such as 
nano combs [7, 8], nanotubes [9], nano springs 
[10], nanorods [11], nanorings [12], nanowires 
[13], nanoflowers [14] and every one of them has 
different applications. Among them, nanorods 
due to their unique properties, such as a high 
aspect ratio, a large surface area, biocompatibility, 
photocatalytic properties, high electron mobility, 
and distinctive electrical and electrochemical 
properties, have diverse applications in fields such 
as medicine, the environment and the electronic 
industry[15-22]. Doping has the potential to 
influence the crucial characteristics of ZnO, such 

http://creativecommons.org/licenses/by/4.0/.


S. Fathi, et al. / Oxytetracycline photodegradation by transition metals doped ZnO nanorods

J. Water Environ. Nanotechnol., 8(3):254-266 Summer 2023 255

as its morphological and optical properties, making 
it suitable for a diverse range of applications. Cu-
doped ZnO nanorods have been shown to have 
high photocatalytic and sonocatalytic activity 
in the degradation of water contaminants like 
methylene blue (MB) and chromium (VI) from 
aqueous solutions. Cu-doped ZnO nanorods can 
also be used for water disinfection due to their 
antibacterial properties[16, 17, 23-25]. Co-doped 
ZnO nanorods illustrated unique magnetic and 
semiconducting properties that made them useful 
for a variety of applications like UV photodetectors 
and magnetic field sensors [26-28]. Ni-doped ZnO 
nanostructures have shown promising results in 
a range of applications including electrical device 
use. Because Ni-doped ZnO nanostructures have 
a critical attribute known as long-term current 
stability, electron-emitter devices can benefit 
from utilizing these materials [29]. In applications 
involving humidity sensing, Fe-doped ZnO 
nanorods have also demonstrated outstanding 
performance [30, 31]. Moreover, Mn-doped ZnO 
nanorods displayed outstanding stability and 
reusability in photocatalytic degradation activities, 
making them appropriate for applications 
requiring long-term and sustainable environmental 
remediation [32]. Among all nanostructure 
synthesis techniques, the hydrothermal method is 
a simple, cheap, and environmentally friendly way 
to create pure and doped ZnO nanostructures that 
yield high-quality, homogeneous nanostructures 
at low temperatures. Doped ZnO nanostructures 
can be made by adding the correct dopant ions 
into the precursor solution. For preparing pure and 
doped ZnO nanorods, the hydrothermal method 
has the advantage of being more easily accessible 
than chemical vapor deposition and pulsed 
laser deposition due to the lower temperatures 
and pressures required for their execution. The 
hydrothermal approach shows promise as a means 
of preparing doped ZnO nanostructures with a 
range of dopant ions for use in fields as diverse as 
environmental remediation, electronics and sensing 
[33, 34]. The effect of doping with transition metals 
(TM) on the structural, morphological and optical 
properties of ZnO nanorods will be investigated in 
detail.

EXPERIMENTAL
Materials

Zinc acetate dihydrate (Zn (CH3COO)2.2H2O), 
Zinc nitrate tetrahydrate (Zn (NO3)2 .4H2O), 

Manganese (II) nitrate tetrahydrate (Mn (NO₃) 
₂.4H₂O), Iron (III) nitrate nonahydrate (Fe 
(NO3)3.9H2O), Cobalt(II) nitrate hexahydrate 
(Co(NO3)2.6H2O), Nickel(II) nitrate hexahydrate 
(Ni(NO3)2.6H2O), Copper(II) nitrate trihydrate 
(Cu(NO3)2.3H2O), Hexamethylenetetramine 
(C6H12N4) and Ethanol (99%) manufactured by 
Merck company.

Preparing the seed layers
First, the quartz substrates were cleaned for 

20 min with an ultrasonic cleaner, ethanol, and 
acetone. Later on, to prepare seed layers, we made 
a zinc acetate dihydrate and ethanol solution 
with a concentration of 5 mM. The spin-coating 
approach was used to deposit the seed layers on 
the substrates, repeating the process six times for 
each sample at a speed of 2000 rpm for 30 seconds. 
The samples were spin-coated six times, dried for 
15 min at 110 °C each time then all of the samples 
were annealed at 350 °C.

The growth of nanorods on the seed layer
After making the seed layers, we used deionized 

water as a solvent for the pure ZnO sample to 
make a solution of Zinc nitrate tetrahydrate and 
Hexamethylenetetramine with a molar ratio of 
1:1. For other samples, we used Manganese (II) 
nitrate tetrahydrate, Iron(III) nitrate nonahydrate, 
Cobalt(II) nitrate hexahydrate, Nickel(II) nitrate 
hexahydrate, Copper(II) nitrate trihydrate as 
sources of Mn, Fe, Co, Ni, Cu doping and the atomic 
concentration ratio of all elements to Zn were 6 
mol %. The optimal conditions for the preparation 
of nanorods were obtained from the scientific 
literature [35]. All growth solutions for pure and 
other doped samples were stirred for 30 min to get 
a homogenous solution. Then, the seed layers were 
placed in pure and doped growth solutions inside 
an autoclave reactor. Subsequently, the autoclave 
reactor was placed in the oven for 3 hours at 90 
°C for each sample. After that, pure and doped 
samples were taken out of the autoclave and oven 
and annealed in a furnace at 400 °C. The whole 
process of the nanorods preparation, from the first 
step of the seed layer preparation to the doping 
stage with transition metals, is shown in Fig. 1. For 
the X-ray diffraction test, we used a Tongda TD-
3700 device with wavelength radiation (𝜆 = 1.5406 
Å) in the range of (2θ = 20 – 80°). Morphological 
and structural properties of all pure and doped 
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  Fig. 1. (a) Schematic representation of the ZnO seed layer solution, (b) spin coating and (c) the growth process of ZnO nanorods
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samples were studied using a field emission 
scanning electron microscope (MIRA3-TESCAN). 
The optical properties of all the pure and doped 
samples were analyzed by a photometer (JASCO 
FP-6200) with a 320 nm excitation wavelength.

Process of photocatalytic degradation
The photocatalytic degradation of OTC in an 

aqueous suspension under visible light was used 
to evaluate the photocatalytic activity of pure 
and TM-doped ZnO nanorods. Initially, a 5 ppm 
OTC aqueous solution was formulated. Afterward, 
samples were suspended in an aqueous solution. 
180 min were spent exposing a catalyst solution 
suspension to visible light. The solution was 
sampled at various 30 min intervals and examined 
using UV–Vis spectroscopy and absorption spectra.

RESULTS AND DISCUSSION
The structural study of the samples

X-ray diffraction (XRD) is a standard method 
for analyzing the crystallinity of materials. The XRD 
pattern reveals the crystal structure of the material 
by depicting how X-rays scatter off the atoms in the 
sample. The first broad peak exhibited between 20 
and 30° in Fig. 2, is attributable to the amorphous 

glass substrate. The indices (100), (002), (101), and 
(103) correspond to the Bragg peaks seen at 31.8, 
34.49, 36.26 and 62.88°. These peaks are indicative 
of the presence of a crystalline phase with a 
wurtzite crystal structure and are characteristic of 
both pure and doped ZnO nanorods. The position 
and intensity of these peaks provide information 
regarding lattice parameters and crystal structure 
orientation. Specifically, the Bragg peaks seen 
for Co-doped, Ni-doped, and Cu-doped ZnO 
nanorods suggest that these dopants have been 
integrated into the crystal lattice and are occupying 
certain positions within the crystal structure. The 
disappearance of the Bragg peak at 62.88° for Mn-
doped ZnO and Fe-doped ZnO nanorods suggests 
that these dopants affect the crystal structure of 
ZnO differently. The absence of additional peaks 
linked to metallic oxides of Mn, MnO, Fe, FeO, 
Co, CoO, Ni, NiO, Cu, CuO, and other impurity 
phases is indicative of the incorporation of 
doped Mn, Fe, Co, Ni, and Cu ions into the ZnO 
lattice. This indicates that the dopants have been 
successfully incorporated into the crystal structure 
of the ZnO nanorods without the formation of a 
distinct phase of metallic oxides. The absence of 
these additional peaks further verifies that the 

 

  Fig. 2. XRD patterns of pure and TM-doped ZnO nanorods
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XRD patterns observed for pure and doped ZnO 
nanorods conform to the hexagonal wurtzite 
crystal structure, following the standard ICDD 
cards (card no. 96-901-1663). This suggests that 
the doping technique did not appreciably affect 
the crystal structure of the ZnO nanorods and that 
the dopants are evenly distributed inside the ZnO 
host lattice. The absence of extra peaks associated 
with metallic oxides and the confirmation of the 
hexagonal wurtzite structure of pure and doped 
ZnO nanorods are both favorable signals of 
successful dopant incorporation and high crystal 
quality. The nanorods are preferentially aligned 
along the c-axis, which is perpendicular to the 
substrate surface, as indicated by the high intensity 
of the (002) diffraction peaks for all samples. 
This indicates that the c-axis, which is a common 
development direction for ZnO nanorods, controls 
the growth of the nanorods to a significant degree. 
The Scherrer equation is a widely employed method 
for estimating the crystallite size of a substance 
based on its XRD pattern. With this equation, one 
may determine the crystallite sizes of Mn2+, Fe2+, 
Co2+, Ni2+, and Cu2+ doped ZnO. The Scherrer 
equation establishes a relationship between the 
FWHM of a diffraction peak and the size of the 
crystallites [31, 36, 37]:

                         

(1)

Where D is the crystallite size, K is the Scherrer 
constant (typically around 0.9), λ is the X-ray 
wavelength, β is the FWHM of the peak and θ is 
the Bragg angle. The average size of crystallites 
estimated from XRD patterns of pure and doped 
ZnO with Mn, Fe, Co, Ni, and Cu is shown in Table 
1. These samples had respective average diameters 
of 41.6, 36.2, 39.6, 52, 46.2 and 39.6 nm.

The morphological study of the samples
The morphologies of both pure and TM-

doped ZnO nanorods were analyzed using field 
emission scanning electron microscopy. The length 
and cross-sectional views of these nanorods are 
depicted in Fig. 3, FE-SEM images and a long-
normal function (Eq. 2) were utilized to calculate 
the diameters and lengths of pure ZnO and doped 
nanorods:

                   

(2)

Where D0  is the median diameter or length and 
σ is the distribution. The mean diameter or length 
is ⟨D⟩ =  D0·exp(σ2/2) and the standard deviation is 
σD = ⟨D⟩·[exp(σ2) – 1]1/2 were calculated using the fit 
parameters D0 and σ. The estimated lengths of pure 
ZnO and ZnO doped with Mn, Fe, Co, Ni, and Cu 
are 798.15, 436.86, 845.14, 703.02, 501.57, and 412.41 
nm, respectively, as shown in Table 1. Fig. 4, displays 
the estimated nanorod diameters of pure ZnO and 
ZnO doped with Mn, Fe, Co, Ni, and Cu, which are 
114.6, 91.44, 107.22, 106.38, 94.38, and 110.51 nm, 
respectively. Each nanorod possesses a hexagonal 
wurtzite structure. The growth direction of the 
nanorods observed through FESEM corresponds 
well with the intensity of the (002) peak in the X-ray 
pattern for both pure and TM-doped ZnO samples. 
Additionally, the findings indicate that all the pure 
and TM-doped ZnO nanorods have high crystalline 
quality. Fe-doped and pure ZnO nanorods had 
the longest length and largest diameter among the 
samples, respectively, while Cu-doped and Mn-doped 
ZnO nanorods had the smallest length and diameter, 
respectively. The EDX spectra in Fig. 5, depict the 
sample composition, which included transition 
metals (Mn, Fe, Co, Ni, Cu, and Zn), oxygen, silicon 
(from the quartz substrate), and carbon, confirming 
the existence of transitional elements in the samples.

⟨ ⟩
⟨ ⟩
⟨ ⟩

Table 1. Crystallite size ⟨D⟩XRD, mean diameter ⟨D⟩SEM and mean length ⟨L⟩SEM of nanorods. The PL peak position (NBE) and band 
gap energy (Eg) of the samples.
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  Fig. 3. FE-SEM images of pure and TM-doped ZnO nanorods
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The optical properties of the samples
The band gap values of both pure and TM-

doped ZnO nanorods are illustrated in Fig. 6. 
To determine the optical bandgap values of the 
prepared nanorods, we employed Tauc’s equation 
(Eq. 3) and analyzed the UV-Vis (DRS) optical 
absorbance spectra [33, 38]:

        
(3)

Tauc’s equation (Eq. 3) contains the absorption 
constant (α), the photon energy (hv), a constant 
(K), and the band gap energy (Eg). The band gap 
values of pure and Mn, Fe, Co, Ni, and Cu-doped 
ZnO are listed in Table 1, ranging from 2.91 eV 
for Co-doped ZnO to 3.29 eV for Cu-doped ZnO. 
This suggests that Cu-doped ZnO has the greatest 

band gap energy, while Fe-doped ZnO has the 
lowest. Fig. 7, illustrates Gaussian fitting diagrams 
of the photoluminescence (PL) spectrum for 
both pure and TM-doped ZnO nanorods. The 
corresponding values for different samples are 
shown in Table 1. The first peak was recorded for 
pure ZnO at 384.63 nm and for other transition 
metals (Mn, Fe, Co, Ni, and Cu) doped ZnO 
was measured at 392.48, 394.23, 389.80, 388.52, 
and 392.12 nm, respectively, all of which were 
located in the UV emission zone. The PL strength, 
corresponding to exciton recombination, was 
higher in the TM-doped ZnO nanorods than in 
the pure sample and Fe-doped ZnO exhibited the 
maximum value among all samples. The second 
peak was situated in the visible emission zone, 
ranging from 400 to 700 nm for all samples. The 

  Fig. 4. Diameter of pure and TM-doped ZnO nanorods
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 Fig. 5. EDX spectra of pure and TM-doped ZnO nanorods
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Fig. 6. Photoluminescence (PL) spectra of pure and TM-doped ZnO nanorods
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first peak represents near-band edge emission 
(NBE) caused by the band-to-band recombination 
of excitons in the pure and TM-doped ZnO 
nanorods. The second peak in the visible zone 
describes deep-level emission (DLE) due to 
intrinsic defects such as Vzn, Zni and Vo, Oi, as well 
as extrinsic impurities. Additionally, the intensity 
of NBE peaks was higher than that of DLE peaks 

for all samples, indicating the crystallinity quality 
of the samples [35].

The photocatalytic activities of the nanorods
The rate of OTC photodegradation by pure 

and TM-doped ZnO nanorods is depicted in Fig. 
8A. The image demonstrates that Mn-doped ZnO 
nanorods degrade more quickly than pure ZnO 

 

  
Fig. 7. Tauc plots to estimate the band gap energy (Eg)of pure and TM-doped ZnO nanorods
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nanorods. Pure and Ni-doped ZnO nanorods, on 
the other hand, display slower degradation rates. To 
compute the percentage of pollutant degradation, 
use the following formula:

     
(4)

where C0 is the initial concentration and C is the 
OTC concentration after a certain amount of time 
being exposed to radiation. The photodegradation 
percentages of samples containing pure ZnO and 
those doped with Mn, Fe, Co, Ni, and Cu were 
determined to be 40.42, 62.90, 54.54, 48, 35.80 
and 42.85%, respectively. The scientific literature 
suggests that several factors affect how well a 
photocatalyst works. Some of these factors are 
the synergistic effect of metal and zinc, oxygen 
vacancies, a decrease in size, and a slowing down 
of the rate at which electron-hole pairs come back 
together. Based on the FE-SEM images, it has 
been observed that the average diameter of Mn-
doped ZnO nanorods is smaller than that of pure 
ZnO nanorods. Hence, Mn-doped ZnO nanorods 
possess a higher surface-to-volume proportion 
than pure ZnO nanorods. It is well known that a 

high surface-to-volume ratio enhances the rate 
of degradation. As per Fig. 8B, Mn-doped ZnO 
nanorods demonstrate a faster degradation rate 
compared to pure ZnO nanorods. Thus, the results 
derived from FE-SEM pictures and the Scherrer 
equation have been confirmed. A first-order 
kinetic model can be utilized to investigate the 
photocatalytic process:

                                              

(5)

The concentration at time t is in mg/.L-1 is 
represented by C, while the starting concentration 
is denoted by C0 and k denotes the rate constant in 
min-1. It is a well-known fact that a higher kinetic 
rate corresponds to better catalytic performance. 
Fig. 8B displays the k values and according to the 
graph, the kinetic rate obtained for Mn-doped ZnO 
nanorods is greater than that of the other samples, 
indicating their superior catalytic performance 
[32].

CONCLUSION
This study hydrothermally prepares pure and 

 

 

 
Fig. 8. A) Photocatalytic degradation of OTC by pure and TM-doped ZnO nanorods and B) The kinetic graphs for the pseudo-first-or-
der reaction of OTC by pure and TM-doped ZnO nanorodsa
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TM-doped ZnO nanorods on quartz substrates. 
(XRD) analysis confirms the incorporation of Mn, 
Fe, Co, Ni, and Cu ions into the ZnO structure. 
(FE-SEM) images showed nanorods growing 
perpendicular to the seed layer. Morphological 
analysis showed that different elements doped 
nanorods with different diameters and lengths. 
By doping ZnO nanorods with transition metals, 
the energy of the band gap was altered. Gaussian 
fitting showed that doped ZnO photoluminescence 
(PL) spectra had stronger ultraviolet zone peaks 
than pure ZnO. This study assesses the synthesized 
materials’ photocatalytic efficiency, which uses light 
to start chemical reactions. This study examines how 
nanorod diameter and length affect photocatalytic 
efficiency and oxytetracycline degradation. Mn-
doped nanorods were the best photocatalysts.
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