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Abstract

Dilute magnetic semiconductor Zn,;_,Cu,O (x=0, 1.5, 3.0, and 4.5%) nanorods were prepared by hydrothermal method.
The impact of dopant concentration on the physical properties was investigated along with the anti-bacterial and photo-
catalytic activities. Synthesis of ZnO nanorods was confirmed by the characteristic band at 380 nm in UV—Visible spectra
of the synthesized samples. A red shift in absorbance spectra was observed from 380 to 465 nm with an increase in dopant
concentration. The hexagonal wurtzite geometry and rod-like morphology of Cu-doped ZnO nanorods having an average
size of 29 nm were confirmed by X-ray diffraction analysis (XRD) and scanning electron microscopy (SEM), respectively.
An increase in the crystallinity of the material was observed with an increase in the dopant (Cu) ratio without any alteration
in geometry. EDX analysis was used to confirm the purity of samples. FTIR spectra were recorded to explore the functional
group present in samples. The hysteresis loop drawn by a vibrating-sample magnetometer (VSM) was utilized to analyze the
ferromagnetic behavior. As-synthesized pure and Cu—ZnO nanorods were evaluated for their photocatalytic behavior for the
photodegradation of methyl orange (MO) dye. Zn, _ ,Cu,O with x=4.5%, pH 3, and catalyst dosage of 0.5 g has shown the
maximum efficiency. Results elucidated > 81% degradation of MO dye with a rate constant (k) value of — 1.930x 10~ min~!
in just 90 min of exposure to a visible light source. ZnO nanorods have also exhibited anti-bacterial potential against gram-
positive and gram-negative strains of bacteria. However, smaller size nanorods were found more effective to suppress the
growth of gram-negative bacteria. A slight decrease (11%) in catalytic potential was observed in the 5th cycle during recy-
cling and reuse experiments.

Keywords Cu-doped ZnO nanorods - Doping - Nanorods - Photocatalysis - Anti-bacterial activity - Regeneration studies -
The effect of pH and catalyst dosage

Introduction 2015). ZnO is a unique metal oxide material possessing

novel characteristics, such as an n-type semiconductor, low
energy band gap (3.37 eV), and larger excitation binding
energy (60 meV) (Kumbhakar et al. 2021). In microelec-
tronic appliances that are in recent demand of time, it is vital
to incorporate the spin and charge of an electron as an addi-
tional degree of freedom in electronic/spintronic gadgets.

During the last two decades, in nanomaterial science, noble
metals, ferrites, and metal oxides have gained considerable
attention from researchers due to their outstanding electri-
cal and magnetic properties (Zaman et al. 2022; Ali et al.
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The desired property can be designed by synthesizing dilute
magnetic semiconductor (DMS) NPs having room tempera-
ture ferromagnetism (RTF). These DMS-NPs have excellent
dielectric and electrical abilities with varying frequencies of
applied electric field and temperature (Ramirez et al. 2021).
Mostly, transition metals were used for the doping of ZnO
in order to improve the effectiveness of ZnO NPs (Shkir
et al. 2022). For the synthesis of these NPs, a variety of
methods can be adopted, such as hydrothermal (Wu et al.
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2021), sol—gel (Naik et al. 2020), co-precipitation (Kant
et al. 2021), and auto-combustion method (Kotresh et al.
2021). However, the hydrothermal method is preferred to
obtain uniform morphology and size-controlled crystalline
nanoparticles. Additionally, this technique is robust, cheap,
and uses water as a solvent (Tariq et al. 2023; Gan et al.
2020).

Owing to the exclusive properties, ZnO and doped oxides
have been explored extensively in many fields such as pho-
tocatalysis (Jabbar et al. 2022; Muktaridha et al. 2021; Ali
et al. 2021a, b; Ali et al. 2020), anti-bacterial agents (Ali
et al. 2021a, b; Salam et al. 2021), gas sensors (Mortezag-
holi et al. 2022), solar cells (Colak and Karakose 2022),
varistor (Ge et al. 2021), and cancer treatment (Shi et al.
2021). These days, with a growing number of industries,
industrial waste became a challenging and critical issue for
the survival of the ecosystem. Plastic, paper, food, textile,
and other industries use hazardous dyes, such as Congo red,
methyl orange, and direct black organic dye for the prepara-
tion of their products (Ahmed et al. 2021). The liquid waste
of these industries is discharged into rivers, lakes, seas, and
groundwater without any purification. This contaminated
liquid pollutes the storage of water and affects the life of
amphibians (Sajid et al. 2022; Guoliang et al. 2022). The
researcher tried many chemical and physical methods for

the purification of contaminated water, but these were not
feasible, either in terms of cost or effectiveness. Metal oxide
NPs played an important role in dye degradation because of
their large surface defects (Anjum et al. 2021). It is a very
effective technique because it has an appropriate band gap
and absorbs UV or visible light and generates many elec-
tron—hole pairs for photocatalysis. ZnO NPs were proven as
a good photocatalyst and the photocatalyst activity of ZnO
NPs increased as they doped with transition metals, because
the dopant increases the surface defect and decreases the
band gap of NPs (Usman et al. 2022; Maqgbool et al. 2023;
Sattara et al. 2023).

ZnO NPs can be used as an anti-bacterial agent because
they can suppress the growth of bacterial strains effec-
tively. Bacterial infection is very dangerous to health;
sometimes it is too fatal and becomes a cause of death.
Bacteria are in the micrometer range and their cell wall is
porous, through which nanoparticles can easily pass and
penetrate the cell of bacteria (Zaman et al. 2022). Genera-
tion of reactive oxygen species (ROS), releasing of ions
of NPs, and accumulation of NPs are three mechanisms
through which ZnO NPs affect the normal functioning
of the cell of bacteria. In all these mechanisms, protein
and DNA are destroyed by NPs which cause the growth
inhibition or death of bacteria (Jabbar et al. 2022).

Photocatalytic activity
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Scheme 1 Photocatalytic and anti-bacterial activity of Cu-doped ZnO nanorods
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Fig. 1 Solution color of a Zn precursor, b Cu precursor, ¢ pure ZnO, d Cu-doped ZnO on achieving desired pH, and e finally prepared Cu-doped

ZnO

In the present research work, we have reported the synthesis
of Cu-doped ZnO nanorods by hydrothermal method with varia-
ble dopant concentrations. Subsequent to the characterization of
NPs, these have been subjected to estimation of their electrical
and magnetic properties. Ultimately, pure and doped ZnO NPs
have been evaluated for their photocatalytic potential to degrade
MO dye and suppress the growth of various bacterial strains as
shown in Scheme 1. The effect of pH, light intensity, and catalyst
dosage on the photodegradation of MO dye has been studied to
optimize the reaction conditions. Furthermore, the reusability
of the developed catalyst was evaluated in repeated cycles by
measuring the % degradation of dye in each cycle successively.
To the best of our knowledge, this composition of nanostructures
has not been studied so far for these applications.

Experimental
Materials and methods

Analytical grade zinc chloride (ZnCl,.2H,0), sodium
hydroxide (NaOH), and copper (II) chloride dihydrate were
purchased from Riedel-deHaen, Honeywell-Fluka®, and
Sigma Aldrich, respectively. Powder XRD (PXRD) analy-
sis was carried out by XRD (JDX-3532, JEOL, Japan) with
Cu-Ka lines (wavelength 1.5418 A). SEM (JISM5910, JEOL,
Japan) having maximum magnification and resolving power
(300,000X and 2.3 nm) was used to capture the pictures of
samples for morphological analysis of samples. The UV—Vis-
ible (Shimadzu Japan, Pharmaspec-1700) was used to record
the absorbance spectra in the range of 200 to 800 nm. LCR
meter, Keithley -V measurement (model 2100) was used to
measure the electrical properties of samples.

Synthesis of Zn,_,Cu,0 nanorods
Pure and copper-doped ZnO NPs were synthesized by hydro-

thermal method. For the preparation of pure ZnO nanorods,
2 M solutions of NaOH were added dropwise in 20 mL of
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0.4 M solution of ZnCl,.2H,0 until pH 9 was achieved with
constant stirring. After 2 h, the colloidal system was cen-
trifuged for 30 min at 1000 rpm. Subsequently, the mixture
was filtered, and the solid was dried at 60 °C. The dried
sample was stored in an airtight bottle for further analysis
and application.

Cu-doped ZnO NPs (Zn, _ Cu,O at x=1.5%, 3.0%, and
4.5%) were prepared by the same method by the addition of
desired dopant solution of CuCl,.2H,0. The prepared solu-
tion with different colors is shown in Fig. 1.

Photocatalytic activity

The photocatalytic potential of samples was evaluated for
the decomposition of hazardous dye, i.e., MO, by exposure
of samples under a visible light source (solar simulator, 300
W) following the previously reported method (Ishaque et al.
2023; Ali et al. 2023). Briefly, a 20 ppm solution of MO dye
was prepared by dissolving 20 mg of dye in 1000 mL of dis-
tilled water. In 100 mL of dye solution, the desired amount
of catalyst was added and the flask was kept in the dark for
20 min to develop adsorption—desorption equilibria. Subse-
quently, each sample was exposed to the visible light source,
and absorbance spectra (at 4,,,, =468 nm) were recorded
after every 10 min by eluting out 3 mL of sample solution
from the mixture. Dye decomposition (%) was measured
using Eq. 1 by utilizing the decrease in absorbances of sam-
ples after regular intervals.

. Co B Ci
% Dye degradation = C x 100 €h)

where C, is the initial concentration of MO dye and C; is
the concentration of dye after regular time intervals under
exposure to light. A schematic decrease in absorbance with
the passage of time is represented in Fig. 2.

The effect of pH, catalyst dosage, and intensity of light
on the catalytic efficiency of the catalyst were determined by
varying the pH in the range of 3 to 11, catalyst dosage from
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Fig.2 Decrease in absorbance of light by nanorods with the passage
of time

0.1 to 1 g, and light intensity by varying the distance from
the lamp. For the determination of the effect of one param-
eter, other variables were kept constant at optimum values.

Disk diffusion assay

The disk diffusion method was used to evaluate the anti-bac-
terial potential of as-synthesized samples as reported in the
literature (Zaman et al. 2023; Siddique et al 2022). Briefly,
four bacterial strains, two gram-positive (Staphylococcus
aureus, Bacillus subtilis) and two gram-negative (Escheri-
chia coli, Pasteurella multocida), were grown in the nutrient
agar solution (10 g/500 mL) for 24 h at 4 °C. Fresh agar
nutrient broth solution (3 g/100 mL) was prepared by heating
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on a water bath and poured in the sterilized Petri dishes on
cooling. pH 7 of the medium was maintained throughout
the process. Bacterial strains were added to Petri dishes as a
source of seedlings. After the solidification of the agar, steri-
lized paper disks loaded with a solution of samples in DMSO
(1 mg/mL) were placed on the agar surface. Rifampicin was
used as a positive control. Petri dishes were placed in an incu-
bator for 24 h at 37 °C. Subsequently, the zone of inhibition
of each disk was measured in millimeters (mm).

Statistical analysis

Triplicate analysis was carried out for each photocatalytic
and anti-bacterial test. The results were analyzed statistically
by ANOVA. Statistical significance was accepted at a level
of p<0.05. All the results were reported as mean + SD.

Results and discussion
Optical properties

The absorbance spectra of pure ZnO and doped ZnO NPs
recorded by a UV-Visible spectrophotometer revealed the
synthesis of ZnO NPs by the appearance of a characteristic
peak at 380 nm. A red shift in 4,,,, was observed from 380
to 465 nm with an increase of dopant concentration from 0.0
to 4.5% as shown in Fig. 3(a). This shift was attributed to the
plasmonic effect of dopant noble metal atoms in nanorods.
Copper atoms contain free electrons that are scattered on
the surface of nanorods and can easily interact and absorb
the interacting light radiations. Moreover, the broadening of
the absorption band also occurs due to the surface plasmon
resonance effect (Saber et al. 2020).

(b)
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Fig.3 a UV-Vis spectrum for Cu-doped ZnO nanorods. b Tauc’s plot for Cu-doped ZnO nanorods
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Absorbance spectra have been utilized to calculate
the energy band gap of nanorods using Tauc’s relation as
shown in Eq. 2 (Neamen 1992).

«hv=A(hv—E,)’ ®)

For bulk ZnO semiconductors, the optical band gap is
3.37 eV while it reduces to 3.27 eV in the case of ZnO
nanorods due to a decrease in particle size. The opti-
cal band gap was decreased gradually with an increase
of dopant concentration from 3.18 to 3.14 eV and
then to 2.7 eV for x=1.5, 3.0, and 4.5%, respectively
(Fig. 3(b)). This effect is because the free electrons of
copper can easily absorb light and shift to the conduc-
tion band of ZnO in addition to the shifting of electrons
from the valence band to the conduction band. High sur-
face area and improved interaction of light are major
reasons for the better catalytic and solar applications of
nanomaterials.

FTIR spectra

FTIR spectrum was recorded to get information about the
purity and functional groups present in the synthesized
nanomaterial. Prominent peaks corresponding to the Zn-O
bond were found in the region of 400-500 cm™' consistent
with the literature (Nagaraju et al. 2017). No additional
peaks were found except the O—H broad peak in the region
of 3200-3400 cm™!, which proved the purity of the sam-
ples. The comparative FTIR of the samples is shown in
Fig. 4.
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Fig.4 FTIR spectra of Zn, _ ,Cu,O with varying dopant concentration
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Crystal structure and surface morphology

The crystal structure and phases of samples were deter-
mined by XRD analysis. Figure 5 represents the XRD
pattern of the Zn; _ ,Cu,O (x=0.0, 1.5, 3.0, and 4.5%)
nanorods. All the diffraction peaks corresponded to the
hexagonal wurtzite structure with space group (P 63 m c¢)
of the zinc oxide structure (match file no. 96-900-8878)
with preferred orientation along (101) plane. The sharp-
ness of the peaks revealed the purity of the wurtzite phase
and well crystalline nature of the samples. With the substi-
tution of Zn*2 by Cu*? ions, the peak intensity increases,
and a slight blue shift was observed. The increases in peak
intensity correspond to more crystallinity of doped nano-
material. It happened due to annealing at 500 °C for 2 h
in the electric furnace. The lattice constant was expanded
from 3.238 to 3.242 A and no peaks were matched with
CuO in the XRD pattern, which showed the absence of
secondary phases.

The average crystallite size was found 29 nm, calculated
by Debye-Scherer’s formula (Cullity 1956) using Eq. 3.

_ 091
h pcosfd 3

Crystal parameters like a, ¢, c/a, unit cell volume, and
bond length are given in Table 1.

Figure 6 shows the moving boundaries on attaching
the Zn interstitials and substitutional copper ions, and the
retardant force provides resistance to the moving parti-
cle’s growth. If the driving force < the retarding force, the
particle’s growth does not occur further. So, Cu*? ions
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Fig.5 XRD pattern of Zn, _ ,Cu,O with varying dopant concentration
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Table 1 Parameters calculated from XRD pattern of various dopant
concentrations

Parameters Zn,_Cu,O
x=0.0% x=1.5% x=3.0% x=4.5%
2 0 (deg) 36.35 36.31 36.33 36.32
D (nm) 29.73 29.85 29.86 29.90
a(h) 3.238 3.243 3.241 3.242
c(A) 5.192 5.196 5.193 5.196
cla 1.603 1.602 1.602 1.603
d-spacing (A) 2.467 2471 2.469 2.470
L (nm) 1.9712 1.9737 1.9725 1.9732
v (A)? 47.14 47.32 47.24 47.29
. x=4.5 at%
.8 x=3.0 at%
= x=1.5 at%
x=0.0 at%
S\_=

i

>

Intensity (arb. units)
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w
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Fig.6 The shifting of (100) and (002) peaks with dopant concentra-
tion

prevented the growth of crystalline grains. The narrow
width and highly intense peaks present in the X-ray dif-
fractogram of the Cu-doped ZnO nanorods indicated that
the nanorods were highly crystalline in nature.

X30000  05um

X30000 " H0.5um

SEM images of the samples are shown in Fig. 7. Nanorods
of pure and Cu-doped ZnO NPs can be observed in the images
(Fig. 7). Mostly, nanorods of ZnO are formed by the hydrother-
mal process because every oxygen ion (O*7) and zinc ion (Zn**)
in their respective planes are joined tetrahedrally with their four
neighbors. Due to this ionic assembly, the crystal lacks central
axis symmetry to reveal piezoelectric properties. So, the crystal
owes polarization along the c-axis that makes the crystal lattice
stable with the polar surfaces and it grows in rod-like morphology.

EDX analysis

EDX analysis was carried out to check the purity of samples
synthesized by hydrothermal process. EDX spectra of the
sample are shown in Fig. 8.

EDX spectra revealed the purity of the sample owing
to the presence of peaks of copper, zinc, and oxygen. The
absence of any other peaks has proved the 100% purity of
samples with the given composition.

VSM analysis

VSM analysis was carried out to determine the ferromag-
netic nature of samples at room temperature. In Fig. 9, the
magnetization of samples was plotted as a function of the
applied field (M-H) at room temperature, which showed
the ferromagnetic nature of the synthesized materials. The
hysteresis loop revealed that the remnant magnetization of
Cu-doped sample increases with the increase of Cu concen-
tration. Because of the doping, overlapping occurs between
empty 3d orbitals of copper ions and donor electron states
of ZnO at the Fermi level which introduces long-range ferro-
magnetic ordering. The coercivity also increases from 171.9
to 219.9 Oe for maximum dopant concentration. It is because
of the domain-wall pinning process, in the crystal structure
of doped samples, oxygen vacancies provide pinning sites
to introduce domain-wall movement and enhance coercivity.
The results showed the diamagnetic magnetic nature of ZnO
NPs converted into ferromagnetic on Cu doping. Table 2

X30,000 0.5um X30.000 O.STIm

Fig.7 SEM micrographs of Zn, _ ,Cu,O nanorods at a x=0.0%, b x=1.5%, c x=3.0%, and d x=4.5%

@ Springer



95866

Environmental Science and Pollution Research (2023) 30:95860-95874

Fig.8 EDX spectra of Cu- cl Spectrum 1
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shows the different parameters such as Curie temperature,
saturation magnetization, remnant magnetization, and coer-
cive field variation as the concentration of Cu was changed.

Electrical properties
The electrical properties of semiconductor ZnO nanorods

can be significantly improved by the introduction of elec-
tron-rich noble metals like copper. Therefore, the effect of

Cu doping at various concentrations was observed on electri-
cal properties. Figure 10(a) shows the variation of resistivity
with temperature. This variation can be explained based on
the exact location of cations in the microstructure of the
crystal. If Cu** and Cu'™ exist at lattice sites due to electron
hopping, so by Cu doping lattice expands and electron hop-
ping possibility decreases; that is, DC conductivity decreases
and resistivity increases. But with increasing temperature,
hopping occurs and resistivity decreases, where T, is the

Table 2 Magnetic properties of Dopant concentra- Curie tempera-  Saturation magnetiza- Remnant magnetiza-  Coercive field
Cu-doped ZnO NPs tion x (at%) ture T, (K) tion M, (emu/g) tion M, (emu/g) H, (Oe)

0.0 323 0.57 0.044 208.2

1.5 342.5 0.88 0.049 171.9

3.0 353 0.72 0.053 209

4.5 423.2 0.65 0.053 219.9
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Fig. 10 a Variation of resistivity with temperature for several dopant concentrations. b Variation of activation energy with dopant concentration.
¢ Variation of drift mobility with temperature for several dopant concentrations

Curie temperature that increases with doping concentration.
In Fig. 10(b), the activation energy is much influenced by the
carrier concentration of the donor and impurity’s energy lev-
els. An increase in donor amount (increment in Cu doping)
shifts the Fermi level up in the energy gap which reduces
the activation energy. Figure 10(c) shows that the resistivity
increases with Cu doping and the mobility of charge carri-
ers decreases. Drift mobility is less at low temperatures and
increases sharply at high temperatures. Table 3 shows the
I-V measurement of different doped samples and how DC
conductivity, activation energy, and drift mobility vary with
various concentrations of Cu.

Dielectric properties

Dielectric properties are useful parameters for the applica-
tions of nanomaterials in supercapacitors. Figure 11 (a) and
(b) show the higher value of relative permittivity and &, for
all samples at low frequency ‘f’, due to the dominant effect of
oxygen and grain boundary defects because defects contrib-
uting to polarizability lags the electric field at high f. In Cu-
doped ZnO samples, the electrons shifting dominate between
Cu and Zn ions at low f. When the electric field frequency is
lower, charge carriers hopping between Cu and Zn ions occur
and electrons follow the electric field. So, higher tangent loss
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Table 3 Different parameters

Electrical parameters Zn,_Cu,0
found from -V measurement of
Zn,_,CuO x=0.0% x=15% x=3.0% x=4.5%
DC conductivity op (7! em™) 731x1077 32x1078 1.28x1078 3.34x107°
Activation energy E, (eV) 0.299 0.267 0.273 0.172
Drift mobility p 4 (cm? V™'s™") 4.01x 1071 1.73x 10712 5.44x10713 1.57x107"3
35 10
(a) —=— X=0.0at% (b —a— X-0.0 at%
20 —e—X=1.5at% —o— X=15at%
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Fig. 11 Dielectric properties of Cu-doped ZnO NPs: a real, b imaginary, ¢ dielectric tangent loss factor, and d impedance vs. frequency

‘tan(6)” and &, are observed at low f as shown in Fig. 10 (a)
and (c) as intrinsic donor defects reduce at high Cu doping
which provides an impedance to reduce €. From XRD results,
more porosity and density reduce €, €, and tan(5). Imped-
ance analysis reveals that AC conductivity reduces with Cu
doping, so an inverse process occurs for impedance analysis as
impedance increases with Cu doping as shown in Fig. 10(d).

AC conductivity
AC conductivity of pure and doped ZnO NPs slightly depends upon
frequency. Figure 12 indicates that the AC conductivity of ZnO NPs

increases with frequency and shows a decrement in AC electrical
conductivity with increasing Cu doping. The larger copper atoms in

@ Springer

grain act as a barrier to trap charge carriers which in turn decrease
electrical mobility. However, more Cu ions would get segregated
at the grain boundaries when the doping level of Cu is high. So,
the density of electrical carriers at the grain boundaries would be
high, the resistance of the grain boundaries would be reduced, and
the barrier height would decrease. Thus, the AC conductivity is
improved with an increased amount of Cu doping in ZnO.

The anti-bacterial potential of Zn,_,Cu,0 nanorods

The anti-bacterial potential of Zn, _,Cu,O nanorods evalu-
ated by the disk diffusion method revealed the noxious
nature of these particles against both strains, gram-positive
and gram-negative bacteria (Table 4). It was observed that
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Fig. 12 Variation of AC conductivity with frequency for different
dopant concentrations

the anti-bacterial activity of doped ZnO NPs increased with
an increase in dopant concentration. Moreover, the doped
NPs were found more active against gram-negative strains of
bacteria as compared to gram-positive which may be attrib-
uted to the relatively thin cell wall of these strains. The outer
cell wall of gram-positive bacteria is relatively thick which
prevents the crossing of NPs into the cell. On crossing the
membrane barrier, NPs may interact with the genetic mate-
rial of the cell or inhibit the enzyme actions which ultimately
ceases bacterial growth. The comparative anti-bacterial
potential of Zn,; _,Cu,O is represented in Fig. 13.

Photocatalytic activity

Photocatalysis is an effective way to degrade dyes and other
water pollutants by light irradiation. Appropriate band gap
between conduction and valence band permits the photoex-
citation of electrons to degrade the dyes. In this regard, the
photodegradation of MO dyes was studied employing the
prepared nanorods as the photocatalysts. It was observed that

Table 4 Measured ZOI for Zn, _ ,Cu,O samples with different types
of bacteria

Dopant concentration Zone of inhibition (nm)

Gram-positive
bacteria

Gram-negative
bacteria

S. aureus B. subtilis E. coli  P. multocida

x=0.0% 5+0.3 5+0.1 5+0.2 5+0.3
x=15% 7402 7.5+03 10+03 10.5+0.2
x=3.0% 8§+0.2 9+02 12402 12+0.5
x=4.5% 10+0.2 11+02 15+0.5 16+0.3
Rifampicin (standard) 26+0.6 24+1.0 28+04 28+0.7

Fig. 13 Comparative chart of anti-bacterial activities of samples

the % dye degradation goes on increasing with an increase
in dopant concentration which may be attributed to the more
availability of electrons in the conduction band of ZnO due
to doping as shown in Fig. 14(a).

Kinetic insight into the degradation reaction revealed that
the reaction followed the pseudo-first-order kinetics and the
rate constant was found to increase with the increase of dopant
concentration as shown in Fig. 14(b). At pH 3 and 10-cm dis-
tance from the lamp, the maximum rate constant (k) was found
to be—0.019 min~! when the dopant concentration was 4.5%.

For a better understanding of the mechanism and effect of
reaction parameters, the degradation of MO dye was inves-
tigated using Zn, _ ,Cu,O (x=4.5%) nanorods at varying
reaction conditions by applying one-parameter one-time
approach. Results are provided in Fig. 15.

Effect of pH

Figure 15(a) shows the effect of pH on catalytic efficiency to
degrade MO dye. The surface charge of NPs can be modi-
fied by changing the pH of the media. A decrease in the
pH of media produces a positive charge on the surface and
vice versa (Sajid et al. 2020). Since MO is an anionic dye,
a decrease in pH facilitates the adsorption of dye on the
catalyst surface and enhances the degree of degradation.
A significant decrease of % dye degradation was observed
for Cu-doped ZnO NPs (x=4.5%) at the same time interval
(90 min) and catalyst dosage (0.5 g) with the increase of pH
above 7 due to negative charge on the surface which reduces
the adsorption of dye. At pH 11, the degradation potential
was further reduced because, at this pH, ZnO NPs may be
ionized to ZnO,™ ions. Maximum degradation was observed
at pH 3 due to a positively charged surface.
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Effect of catalyst dosage

Figure 15(b) shows the effect of catalyst dosage on catalytic
efficiency to degrade MO dye. Results illuminated that an
increase in catalyst doze increases the dye removal efficiency.
Increasing the amount from 0.1 to 0.5 g increased the deg-
radation efficiency (Fig. 15(b)). After this, a constant period
can be noted which then decreases on increasing catalyst doze
beyond 0.8 g. Increasing the amount of catalyst increased the
active sites in the media, which ultimately adsorb pollutants
and degrade and desorbed back into the solution. After a
certain catalyst dosage (>0.8 g), a decrease of % dye degra-
dation was observed which may be due to aggregation of NPs
at high concentrations. Additionally, the high catalyst con-
centration impacted the penetration of light negatively due
to high turbidity which made the solution opaque solution.

Effect of light intensity

The impact of light on dye degradation is shown in Fig. 15(c).
The impact was varied by increasing/decreasing the distance
of the light source from the experimental solution. It can be
observed from Fig. 15(c) that light intensity has a minor effect
on dye degradation. A slight decrease in % degradation was
observed with a decrease in light intensity (with an increase
in distance from the lamp) and vice versa. The band gap sen-
sitization mechanism is not affected by the intensity of light.

Proposed mechanism

Based on the experimental results and literature shreds of evi-
dence, the degradation of MO dye has proceeded through the
following mechanism (Batra et al. 2022; Ajmal et al. 2014).

Photoexcitation

The photocatalytic reaction is initiated by the absorp-
tion of photons of incident light on the catalyst. Electron
absorbs the photon of incident light equal to or greater than
the band gap and jumps to the conduction band from the
valence band. As a result, electron—hole pair is generated,
indicated by Eq. 4.

ZnO + hv(UV) — ZnO(e~(CB) + h*(VB)) “)

lonization of water

Electron-deficient holes in the valence band of NP react
with the water molecule to produce hydroxyl radicals
(Eq. 5) which are strong oxidizing agents. These reacting
agents react with MO molecules (or any organic pollut-
ants) non-selectively and rupture the bonds. This rupturing

of molecules produces other reactive species by molecular
decomposition. The produced reacting species may also
attack microorganisms such as bacteria by rupturing their
cell barriers resulting in their deactivation and crease their
growth ultimately.

H,O0(ads) + h*(VB) — OH(ads) + H* (ads) 3)

Oxygen ionosorption

Oxygen being highly electronegative in nature can eas-
ily accept electron present in the conduction band to form
anionic superoxide radical as shown in Eq. 6. This radical
is a strong oxidizing agent which may cause further oxi-
dation of pollutant species. Formation of this radical by
accepting the electron also prevents the recombination of
electron—hole pairs.

0, + ¢ (CB) = O} (ads) (6)

Protonation of superoxide

Superoxide radical reacts with hydrogen ions to produce
multiple oxidizing species by chain reactions as repre-
sented in Eqgs. 7-12. All these species can break down the
organic structures present/adsorb on the surface of NPs.

0, (ads) + H* 5 HOO (ads) 7
HOO (ads) — H,0,(ads) + O, ®)
H,0,(ads) — 20H (ads) ©)]
Dye + 20H" — intermediates — CO, + H,0 (10)
Dye + h*(VB) to oxidation products (11
Dye + ¢” (CB) to reduction products (12)

Recovery and recycling

Regeneration of the catalyst was carried out to check the
reusability of the catalyst several times. In this regard, the
catalyst was regenerated five times after successive uses.
After every use, the mixture was centrifuged for 20 min at
5000 rpm to recover the catalyst. The supernatant liquid
was discarded and the remaining mixture was rinsed with
distilled water three times. After washing, NPs were oven
dried at 60 °C for 5 h (Ranjith and Kumar 2017). After
five-time uses, a very slight decrease (11%) in the activity
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Fig. 16 Cycling stability of the prepared catalyst

of the catalyst was observed for the degradation of the dye
as shown in Fig. 16. Hence, it was believed that this catalyst
can be reused after robust regeneration to purify the waste-
water with minimum loss in activity.

Conclusion

Zn, _ ,Cu,0 (x=0%, 1.5%, 3.0%, and 4.5%) nanorods were
fabricated through the hydrothermal method with different
dopant concentrations. All synthesized samples have exhib-
ited hexagonal crystal structure and the crystallinity of sam-
ples was improved with increasing dopant concentration.
SEM images revealed the nanorod-like morphology of sam-
ples. UV-Visible spectra revealed a red shift in the optical
band gap from 3.14 to 2.7 eV and FTIR analysis confirmed
the purity and presence of only Zn—O and O-H bonds in the
samples. The purity of samples was further confirmed by
the EDX analysis. The dielectric properties of all samples
were studied from kHz to MHz frequency range and noted
that Cu doping decreased the dielectric constant and tangent
loss while improving the impedance. The AC conductivity
decreases with an increase in Cu dopant concentration. DC
measurements results illuminated an increase in resistivity and
drift mobility with improved dopant concentration. Moreover,
magnetic properties, remnant magnetization, and coercivity
upgraded with increasing dopant concentration. All the sam-
ples were found biologically active against gram-positive and
gram-negative strains of bacteria with maximum inhibition
with highly doped nanorods. The photocatalytic activity was
also improved with increasing Cu content due to a red shift
in the energy band gap. The effect of pH and catalyst dosage
revealed the maximum % MO degradation at pH 3 using a
0.6-g catalyst. Moreover, the reusability study of catalyst has
shown a slight decrease in catalyst activity after five cycles.
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