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highly efficient CuO/ZnCo2O4/
CNTs ternary composite for photocatalytic
degradation of hazardous pollutants

Norah Alomayrah,a Mustabshira Ikram,b Sonia Zulfiqar, cde Sultan Alomairy,f

Mohammed Sultan Al-Buriahi,g Imran Shakir,h Muhammad Farooq Warsi *b

and Eric W. Cochran *d

In the current study, CuO, ZnCo2O4, CuO/ZnCo2O4, and CuO/ZnCo2O4/CNTs photocatalysts were

prepared to remove crystal violet (CV) and colorless pollutants (diclofenac sodium and phenol) from

wastewater. Herein, sol–gel and co-precipitation methods were used to synthesize CuO and ZnCo2O4,

respectively. The sonication method was used to synthesize CuO/ZnCo2O4 and a CNTs-based

composite (CuO/ZnCo2O4/CNTs). From the UV-Vis spectra of CuO, ZnCo2O4, CuO/ZnCo2O4, and CuO/

ZnCo2O4/CNTs, the optical band gap value was calculated to be 2.11, 2.18, 1.71 and 1.63 eV respectively.

The photocatalytic results revealed that CuO/ZnCo2O4/CNTs exhibited higher degradation of 87.7%

against CV dye, 82% against diclofenac sodium, and 72% against phenol as compared to other prepared

photocatalysts. The OHc radical is identified as the active species in the photocatalytic process over

CuO/ZnCo2O4/CNTs. The impact of several parameters, such as pH, concentration, and catalyst dosage,

has also been investigated. The better activity of the CNTs-based composite was due to the synergic

effect of both CuO/ZnCo2O4 nanocomposite and carbon nanotubes. Therefore, the synthesized CuO/

ZnCo2O4/CNTs photocatalyst has the potential to degrade organic wastewater effluents effectively.
1. Introduction

Water is one of the essential substances for the existence of life
on the surface of the Earth.1 The fast growth of industries has
resulted in the shortage of clean water, which poses a severe
threat to living organisms.2,3 There are numerous causes of
water pollution.4,5 As a consequence of different industrial
processes, oils, organic solvents, heavy metals, textiles, mining,
dyes, and harmful pollutants are discharged into the water.6,7

Dyes discharged in the water from industries have a large
production cycle, slow decay, low discoloration, and toxic
effects on human health and marine life. Therefore, dyes have
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received a lot of interest during their discharge in industrial
effluents.8 Various conventional techniques, including occu-
lation, adsorption, precipitation, sedimentation, chlorination,
chemical oxidation, and photocatalytic degradation, have been
employed to extract the harmful pigments from the industrial
effluents.9–12 Among all the techniques, photocatalytic degra-
dation has attracted the most attention because of its simple
operation, low energy consumption, low cost, low secondary
pollution, and high efficiency.13 Photocatalysis is a green,
cutting-edge, quick, and affordable technology that uses semi-
conducting materials as photocatalysts under irradiation of
light to eliminate all industrial potentially contaminates and
other hazardous chemicals from water.14,15 These materials are
more effective, have a larger surface area, exible band gaps,
and require less energy to generate photo-excited states.16,17

Excited electrons and produced holes serve as the main reac-
tants in photocatalytic processes.9 They interact with water and
molecular oxygen to form secondary active species which
interact with organic dyes and decompose them into simpler
molecules.18

Metal oxide nanoparticles have several interesting charac-
teristics, such as distinct electrical structures, as well as many
phases, sizes, shapes, multiple oxidation states, and catalytic
pollutant removal capabilities.19,20 Copper oxide (CuO) is one of
the signicant p-type semiconductors among the transition-
metal oxides and has gained a lot of attention because of its
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra04395b&domain=pdf&date_stamp=2024-08-08
http://orcid.org/0000-0002-5692-6334
http://orcid.org/0000-0002-9290-1476
http://orcid.org/0000-0003-3931-9169
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04395b
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014034


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 6
/1

2/
20

26
 5

:4
6:

51
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
narrow band gap.21 CuO is a transition metal oxide with a wide
range of uses in different industries, including batteries, pho-
toelectrochemical water splitting, photodetectors, super-
capacitors, chemical and biosensors, and photovoltaic
devices.22 CuO is closely related to high-Tc superconductors and
has also been widely used as a potent heterogeneous catalyst to
fully convert hydrocarbons into CO2 and H2O. CuO nano-
structures have been employed in a wide range of settings, such
as magnetic storage media, chemical and gas sensors, catalysis,
in antitumor therapy, as biomedicine to prevent bacterial
infection, and in photocatalysis to break down organic pollut-
ants from wastewater.23 Harish et al. synthesized a ZnO/CuO
nanocomposite and found that the composite showed excel-
lent efficiency for the removal of organic effluents.24 Katal et al.
prepared CuO lms for photocatalytic degradation of MB dye.25

Hossain et al. synthesized CuO/CdS by an ultrasound-assisted-
wet-impregnation method and found that the nanocomposite
exhibited excellent degradation capacity by degrading 75% of
MB dye.26 Atta ur Rehman et al. synthesized binary metal doped
CuO nanocatalysts. The results revealed that the doping in CuO
facilitates the excitation process and signicantly increases the
photocatalytic activity of the material.27

Mixed metal oxides that have been extensively researched
have a spinel structure and have the general formula of AB2O4.28

Examples of these oxides are CuGa2O4,29 CuFe2O4,30 ZnFe2O4,31

CoFe2O4,32 MnCo2O4,33 CoMn2O4,34 and ZnCo2O4.35 Among
these, ZnCo2O4 is a typical spinel material and has attracted
a lot of attention owing to its exceptional electronic structural
properties and potential use as an anode material and gas
sensor.36,37 The spinel ZnCo2O4 is a p-type semiconductor and
has garnered signicant interest due to its low cost, nontoxicity,
earth-abundant nature, narrow energy band (Eg), and better
electron conductivity as compared to single metal oxides like
ZnO, Co3O4.38 Because of its unique energy band structure (2.0
eV), the electrons within these bands show transition more
readily. This lowers the rate of photogenerated electron–hole
recombination.39 Recent research on ZnO and other metal
oxide-based nanocomposites has shown that a greater photo-
catalytic activity can be achieved because of the efficient trans-
fer of charge carriers.40 Tauque et al. synthesized a CuO–ZnO
nanocomposite using hydrothermal approach. The results
showed that the maximum photocatalytic activity achieved in
the case of CuO–ZnO nanostructure.41 Goswami et al. synthe-
sized heterostructured cation-doped ZnO–ZnCo2O4 nano-
composites. The results demonstrate heterojunction interfaces,
which aid in the separation and transfer of electron–hole pairs,
causing increased photocatalytic activity.42 Combinations of
semiconductors, such as ZnO/ZnCo2O4,42 CaFe2O4/ZnCo2O4,43

and SnO2/ZnCo2O4,28 have also been investigated in order to
improve photo-efficiency of the prepared materials. The syner-
gistic effect of copper, zinc and cobalt, metals as CuO/ZnCo2O4

increased the catalytic activity of nanocomposite as compared
to pristine CuO and ZnCo2O4. It is a facile approach to form the
CuO/ZnCo2O4 nanocomposite because the electrical band
structures of the two materials match perfectly.44 The interac-
tion of these semiconductors generally results in the formation
of an inherent potential that enhances the photocatalytic
© 2024 The Author(s). Published by the Royal Society of Chemistry
effectiveness of the prepared composite. Moreover, the CuO/
ZnCo2O4 nanocomposite exhibits effective separation of pho-
togenerated electron–holes pairs because of the synergistic
effects of the metals present in the composite. Zhu et al.
synthesized a CuO/ZnO composite and found that the
composite showed better photocatalytic activity as compared to
pristine CuO and ZnO.45 Jahanshahi et al. found that a ZnCo2O4/
g-C3N4/Cu nanocomposite showed enhanced photocatalytic
performance towards the MNZ degradation.46

One way to overcome the limitations and to further improve
the photocatalytic properties of CuO/ZnCo2O4 is to combine it
with carbonaceous nanomaterials like carbon nanotubes
(CNTs),47 reduced-graphene oxide (rGO),48 graphene,49 and
fullerenes.50 Carbon nanotubes (CNTs) have attracted a lot of
interest in photocatalytic research because of their excellent
conductivity and large surface area.51 CNTs have been used in the
synthesis of composites because of their special properties,
including large specic surfaces, high tensile strength, corrosion
resistance, and chemical stability. In the photocatalytic process,
CNTs can separate charge carriers by capturing photoinduced
electrons, thus extending their lifespan and accelerating the
photocatalytic efficiency of prepared material, and leading to the
effective breakdown of organic pollutants.52 Saravanakkumar
et al. reported the synthesis of CuO/ZnO/CNTs thin lms and
exhibited excellent degradation of Rhodamine-B.53

To the best of our knowledge, no reports exist on the
synthesis of a CuO/ZnCo2O4 and CuO/ZnCo2O4/CNTs
composite using the sonication route and their application in
photocatalytic degradation of pollutants presented in this
study. Nonetheless, in the literature, there are several studies,
including the synthesis of diamond-like ZnCo2O4,54 CuO,19 Cu-
ln-Zn-S@ZnCo2O4@ln2O3,55 Cu-doped ZnO@CNTs,56 and ZnO/
ZnCo2O4.42 Herein, we provide an efficient method for synthe-
sizing CuO/ZnCo2O4/CNTs composite to improve the photo-
catalytic activity by lowering the electron–hole pair
recombination rate. Various physicochemical methods have
been used to characterize all the synthesized materials. This
research provides a pathway to comprehend the strategic effect
of composite in visible light photocatalysis.
2. Experimental
2.1. Chemicals

Copper nitrate hemi(pentahydrate) (Cu(NO3)2$2.5H2O, 99.5%),
sodium hydroxide (NaOH), cobalt chloride hexahydrate
(CoCl2$6H2O, 98.0%), zinc nitrate hexahydrate (Zn(NO3)2-
$6H2O, 98%), oxalic acid (C2H2O4, 99.9%), ethanol (C2H5OH,
96%), and carbon nanotubes (CNTs) were used for the synthesis
of various photocatalysts. All chemicals were obtained from
Sigma-Aldrich.
2.2. Synthesis of CuO

The sol–gel method was used for the synthesis of CuO nano-
leaves. Firstly, 100 mL of 0.1 M solution of copper nitrate was
prepared. The prepared solution was stirred to form a blue-
colored homogenous solution. 0.2 M NaOH solution was then
RSC Adv., 2024, 14, 24874–24897 | 24875
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added drop-wise. The solution was ultrasonicated at 80 °C for 2–
3 h and then cooled at room temperature for several hours. This
resulted in the formation of black-colored precipitates.
Washing with ethanol was done to remove the impurities. The
obtained product was calcined at 400 °C for 4 h.57
2.3. Synthesis of ZnCo2O4

ZnCo2O4 nanoparticles were synthesized by a typical co-
precipitation method. The cobalt chloride and zinc nitrate
salts were used as starting materials, ethanol (C2H5OH) as
solvent, and oxalic acid (C2H2O4) as complex agent. In 30 mL
C2H5OH solution, 9 mmol C2H2O4, 6 mmol CoCl2$6H2O, and
3 mmol Zn (NO3)2$6H2O were dissolved separately. The solu-
tions were labeled A, B, and C respectively. Solution B and C
were then added to solution A and stirred uniformly for an hour.
This resulted in a turbid suspension. The pale pink precipitates
were collected through centrifugation. This resultant slurry was
then subjected to washing with ethanol. Drying was carried out
at 120 °C for 8 h. The dried product was cooled at ambient
temperature. Calcination was done at 500 °C for 2 h.58
2.4. Synthesis of CuO/ZnCo2O4

CuO/ZnCo2O4 nanocomposite was synthesized using an ultra-
sonication technique. 30 mL of distilled water containing 0.5 g
CuO and 0.5 g of ZnCo2O4 were subjected to sonication for two
hours. Next, the product was dried in an oven for 5 h.
Fig. 1 Synthetic protocol for the preparation of CuO/ZnCo2O4/CNTs co

24876 | RSC Adv., 2024, 14, 24874–24897
2.5. Synthesis of CuO/ZnCo2O4/CNTs composite

Fig. 1 shows the synthesis of CuO/ZnCo2O4/CNTs using a soni-
cation technique, 0.4 g of CuO and 0.4 g of ZnCo2O4 were dis-
solved in 20 mL of CNTs suspension. The mixture was subjected
to sonication for 1 h and then dried at 80 °C for 5 h. The dried
product was ground and used for the photocatalytic
experiments.
2.6. Characterization

The crystal structure and purity of the prepared samples were
examined using a Bruker D8 Advance powder diffractometer.
Morphological analysis and energy dispersive X-ray (EDX) were
recorded using Hitachi SU4800 eld emission scanning electron
microscope (FESEM). XPS measurements were performed on
a Kratos Analytical-Amicus. Photocatalytic measurements were
performed using a dual-beam spectrophotometer (Cary-60).
2.7. Photocatalytic activity

The degradation of diclofenac sodium (drug), phenol and CV
dye (pollutant) was carried out to assess the photocatalytic
performance of the fabricated samples. The photocatalytic
experiment was carried out using a 200 watt tungsten bulb.
7 ppm CV solution was prepared in a 1000mL beaker. The pH of
the prepared solution was kept at 6. Four beakers containing
70 mL of CV solution and 30 mg of CuO, ZnCo2O4, CuO/
ZnCo2O4, and CuO/ZnCo2O4/CNTs were prepared respectively.
The adsorption and desorption of photocatalysts and dye were
mposite.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Structural parameters of CuO and ZnCo2O4

Sample CuO ZnCo2O4

Crystal system Monoclinic Cubic
Lattice constant a (Å) 4.747 8.299
Lattice constant b (Å) 3.320 —
Lattice constant c (Å) 5.094 —
Cell volume V (Å)3 78.67 571.58
Space group C2/c Fd3m
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carried out by placing these beakers in the dark for about
30 min. Following the dark reaction, 4 mL of the homogenous
mixture was taken out of each beaker. An Agilent Cary-60 UV
spectrophotometer was used to measure the UV light absorp-
tion of the solutions aer the reaction mixture was centrifuged
in order to settle down the suspended photocatalyst. The solu-
tion was put under a 200 watt tungsten bulb irradiation for the
subsequent experiment. Aer every 10 min, 4 mL of sample
solutions were taken out, centrifuged and their absorbance was
recorded. The procedure continued for 90 min. The diclofenac
sodium and phenol photodegradation process followed the
same procedure. The following eqn (1) was utilized to calculate
the percentage degradation, in which Ao represents the absor-
bance at zero minutes. At shows absorbance at various periods
of time;

Degradation ð%Þ ¼ 1� At

Ao

� 100 (1)
3. Results and discussion
3.1. X-ray diffraction (XRD) analysis

XRD analysis was used to assess the crystallinity and crystal
phases of the synthesized materials.59 Fig. 2 shows the diffrac-
tion pattern of CuO, ZnCo2O4, CuO/ZnCo2O4, and CuO/
Fig. 2 XRD patterns of (a) CuO (b) ZnCo2O4 (c) CuO/ZnCo2O4 and CuO

© 2024 The Author(s). Published by the Royal Society of Chemistry
ZnCo2O4/CNTs. Fig. 2(a) shows the XRD pattern of CuO. All of
the diffraction peaks are assigned to the CuO monoclinic phase
(lattice constants a = 4.74722 Å, b = 3.320797 Å, and c =

5.094737 Å), which matches well with JCPDS Card No. 048-
1548.60 The diffraction peaks at 2q values of 32.5°, 35.4°, 38.7°,
48.7°, 53.4°, 58.2°, 61.5°, 66.2°, 68.1°, 72.3°, and 75.2° corre-
spond to (110), (002), (111), (202�), (020), (202), and (113�), (311�),
(220), (311), and (222�) hkl planes. In Fig. 2(b), XRD data shows
the diffraction planes of ZnCo2O4. The cubic phase of ZnCo2O4

is responsible for all the diffraction peaks. The diffraction peaks
at 2q values of 31.2°, 36.8°, 38.4°, 44.7°, 48.9°, 55.5°, 59.2°,
65.1°, and 77.2° correspond to (220), (311), (222), (400), (331),
(422), (511), (440), and (553) hkl planes. These peaks are
matched well with JCPDS 023-1390.61 There are some extra
peaks and these remaining peaks exhibited the presence of
/ZnCo2O4/CNTs.

RSC Adv., 2024, 14, 24874–24897 | 24877
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Fig. 3 FESEM images of (a and b) CuO (c and d) ZnCo2O4 (e and f) CuO/ZnCo2O4 and (g and h) CuO/ZnCo2O4/CNTs.
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ZnO. These peaks are associated with the (002), (102), (103),
(112), and (201) hkl planes (JCPDS 00-036-1451). These peaks are
matched with the diffraction peaks at 2q = 34.4°, 47.5°, 62.8°,
67.9°, and 69.1° respectively. A peak at 41.2° corresponding to
24878 | RSC Adv., 2024, 14, 24874–24897
(200) hkl plane is mainly because of CoO (JCPDS 48-1719).62 As
in Fig. 2(c), the XRD spectrum of CuO/ZnCo2O4 includes
combined peaks of both CuO and ZnCo2O4. The introduction of
CNTs in CuO/ZnCo2O4 has no signicant effect on the structure
© 2024 The Author(s). Published by the Royal Society of Chemistry
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of CuO/ZnCo2O4 as seen in Fig. 2(c). Peak shiing and intensity
alteration was observed in the XRD pattern of CuO/ZnCo2O4/
CNTs Fig. 2(c). Using the cell soware, the lattice parameters of
CuO and ZnCo2O4 were determined and presented in Table 1.
The crystallite/grain sizes were calculated by using the following
Debye–Scherrer eqn (2).63

D ¼ kl

b cos q
(2)

where D represents the average particle size, l corresponds to
the X-ray wavelength, b is the full-width at half-maximum, q
represents the diffraction angle, and K is a constant (0.89),
respectively. The grain sizes calculated using the aforemen-
tioned eqn (2), for CuO, ZnCo2O4, CuO/ZnCo2O4, and CuO/
ZnCo2O4/CNTs were found to be 12.9 nm, 19.1 nm, 9.8 nm, and
Fig. 4 Energy-dispersive X-ray elemental maps of CuO (a) Cu and (b) O

Fig. 5 Energy-dispersive X-ray elemental maps of ZnCo2O4
( (a) Zn (b) C

© 2024 The Author(s). Published by the Royal Society of Chemistry
8.1 nm, respectively. The literature indicates that a sample with
a smaller grain size has a greater ability for charges to ow
across it.64 Eqn (3) was used to calculate the surface area of CuO
and ZnCo2O4.65

Surface area ¼ 6000

G:S� rx
(3)

The extent to which grain boundaries are broken down affects
surface area. The CuO and ZnCo2O4 had a surface area of 115 m2

g−1, 92.3 m2 g−1, with a grain size of 12.9 nm and 19.1 nm,
respectively. Arun Kumar et al. synthesized nanocomposite and
found that the nanocomposite had a small grain size of 0.50 nm
as compared to pristine TiO2 (4.74 nm) and SiO2 (0.63 nm). Their
.

o and (c) O.

RSC Adv., 2024, 14, 24874–24897 | 24879
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Fig. 6 Energy-dispersive X-ray elemental maps of CuO/ZnCo2O4 (a) Cu (b) Zn (c) Co and (d) O.
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BET analysis showed that nanocomposite showed a large surface
area of 303 m2 g−1 as compared to pristine samples.66

These results revealed that surface area is correlated with
grain size. The smaller the value of grain size, the greater the
surface area. CuO/ZnCo2O4 and CuO/ZnCo2O4/CNTs have small
grain sizes as compared to CuO and ZnCo2O4, so they will offer
higher surface area and an increased number of sites where
degradation of pollutants occur. It was further validated
through Thakur et al. research on PANI/CNTs/MoS2. It was
found that the surface area of PANI was increased from 17.85
m2 g−1 to 23.14m2 g−1 resulting from the incorporation of CNTs
into the PANI matrix.67 Guo et al. synthesized TiO2–CNTs
composite and found that CNTs-based composite has small
crystallite size as compared to pristine TiO2.68
3.2. FESEM and EDX analysis

Field emission scanning electron microscopy (FESEM) was used
to investigate the apparent morphology of the synthesized
samples.69 Fig. 3 shows the FESEM micrographs of CuO,
ZnCo2O4, CuO/ZnCo2O4, and CuO/ZnCo2O4/CNTs that were
taken at different magnications. Fig. 3(a and b) shows the
nano-leaves like morphology of CuO. Nanoparticles are clearly
seen in the micrographs of ZnCo2O4 Fig. 3(c and d). The pres-
ence of both nano-leaves and nanoparticles in Fig. 3(e and f)
suggests the successful synthesis of CuO/ZnCo2O4. Fig. 3(g and
h) validates the successful integration of CNTs into the CuO/
ZnCo2O4 matrix, leading to the synthesis of the CuO/ZnCo2O4/
CNTs composite. The presence of nanotubes, nano-leaves, and
nanoparticles can be clearly seen in Fig. 3(g and h). The
24880 | RSC Adv., 2024, 14, 24874–24897
addition of carbon nanotubes into the CuO/ZnCo2O4 matrix
further increases the surface area and number of active sites,
thus improving the degradation of harmful pollutants.

EDX analysis further veried the purity and chemical struc-
ture of the prepared samples. The EDX elemental maps of CuO,
ZnCo2O4, CuO/ZnCo2O4, and CuO/ZnCo2O4/CNTs are shown in
Fig. 4–7, respectively. EDX elemental maps of CuO veried the
presence of Cu and O elements. Whereas the EDX maps of
ZnCo2O4 reveal the presence of Zn, Co, and O elements. The
EDX results of CuO/ZnCo2O4 and CuO/ZnCo2O4/CNTs also
conrm the formation of the synthesized materials. The
elemental analysis of the prepared samples shows the prom-
inent signals for Cu, Zn, Co, O, and additionally C in the case of
CNTs composite. Table 2 shows the elemental data of all the
prepared samples.
3.3. X-ray photoelectron spectroscopic (XPS) analysis

The chemical and surface constituents of the fabricated
samples were identied by means of XPS analysis.70 Fig. 8 (a–e)
shows the XPS spectrum along with the binding energies and
the presence of elements distributed on the surface of the
sample. In the C 1s spectrum, three prominent peaks of sp2

hybridized carbon (CI), sp
3 hybridized carbon (CII), and –COO

bond (CIII) appeared with the binding energies of 284.6 eV,
285.5 eV, and 288.7 eV. The XPS spectrum of the sample clearly
indicates the presence of CNTs as shown in Fig. 8(a). Addi-
tionally, the O 1s XPS spectrum shows two peaks at 531.9 eV and
533.1 eV, which are assigned to the crystal lattice oxygen (OI)
and adsorbed oxygen (OII), respectively, as can be seen in
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Energy-dispersive X-ray elemental maps of CuO/ZnCo2O4/CNTs (a) Cu (b) Zn (c) Co (d) O and (e) C.

Table 2 Elemental data of CuO, ZnCo2O4, CuO/ZnCo2O4, and CuO/
ZnCo2O4/CNTs photocatalysts

Sr. no. Sample name Elements Atom% wt%

1 CuO Cu 40.86 73.30
O 59.14 26.70

2 ZnCo2O4 Zn 29.02 52.97
Co 12.78 21.03
O 58.20 26.00

3 CuO/ZnCo2O4 Cu 8.43 16.61
Zn 21.15 42.85
Co 4.22 7.71
O 66.20 32.83

4 CuO/ZnCo2O4@CNTs Cu 14.29 29.98
Zn 14.67 31.66
Co 2.79 5.43
O 44.55 23.53
C 23.70 9.40

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8(b).71 In the Co 2p spectrum, two distinctive peaks at
781 eV and 796.4 eV correspond to the Co 2p3/2 and Co 2p1/2
with two satellite peaks having the binding energies of 782.6 eV
and 797 eV, respectively, as shown in Fig. 8(c).72 Moreover, two
peaks of Cu 2p3/2 and Cu 2p1/2 with the binding energies of
934.4 eV and 954.2 eV were seen in the XPS spectrum of Cu 2p as
seen in Fig. 8(d). In addition, two satellite peaks appeared at
943.2 eV and 962.6 eV in Cu 2p spectra. In Fig. 8(e) Zn 2p
indicates two peaks of 2p3/2 and 2p1/2 having the binding energy
of 1022.2 eV and 1045.4 eV respectively.
3.4. Optical analysis

The optical spectra of CuO, ZnCo2O4, CuO/ZnCo2O4, and CuO/
ZnCo2O4/CNTs are shown in Fig. 9(a–d), respectively. Within the
200–300 nm range, the produced samples displayed the highest
absorption. The following eqn (4) was used to determine the
band gap;
RSC Adv., 2024, 14, 24874–24897 | 24881
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Fig. 8 High-resolution XPS spectra of (a) C 1s, (b) O 1s, (c) Co 2p, (d) Cu 2p, and (e) Zn 2p in CuO/ZnCo2O4@CNTs.
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(ahv)1/n = A(hv − Eg) (4)

where a represents the absorption coefficient, v is the energy of
the photon, and A demonstrates constant of proportionality.
The band gap energy of the synthesized photocatalysts was
analyzed to determine the effectiveness of the catalysts in dye
degradation.73 In the literature, the band gap energy ranging
from 1.23 to 3.26 eV is required for photocatalysts to function
effectively.74 A graph is plotted between hv and (ahv)2. The
optical band gap energies obtained from the Tauc plots by
extrapolating the curves in the direction of the x-axis are
24882 | RSC Adv., 2024, 14, 24874–24897
displayed in Fig. 10. It was observed that CuO, ZnCo2O4, CuO/
ZnCo2O4 and CuO/ZnCo2O4/CNTs have band gap energies of
2.11, 2.18, 1.71 and 1.63 eV respectively.
3.5. Electrochemical impedance spectroscopic (EIS) analysis

Electrochemical impedance spectroscopy (EIS) was used to
study the Rct and Rs values of the prepared samples. Using the
potentiostat half-cell structure and an alkaline electrolyte (1 M
KOH), the value of Rs was determined. Nyquist plot (Fig. 11)
generally displays the resistance of the interface layer at the
electrode surface, where Z0 denotes actual resistance and Z00
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 The UV-Visible spectral profiles of (a) CuO (b) ZnCo2O4, (c) CuO/ZnCo2O4 and (d) CuO/ZnCo2O4/CNTs.

Fig. 10 Tauc plots for (a) CuO (b) ZnCo2O4, (c) CuO/ZnCo2O4 and (d) CuO/ZnCo2O4/CNTs.

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 24874–24897 | 24883
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Fig. 11 EIS measurements: (a) Nyquist plots for all fabricated photocatalysts. (b) Magnified high-frequency region of Nyquist plots.
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denotes imaginary resistance. For CuO, ZnCo2O4, CuO/
ZnCo2O4, and CuO/ZnCo2O4/CNTs, the Rs values are 1.68 U,
0.94 U, 0.56 U, and 0.04 U respectively. In EIS spectra, the arc
radius depicts the charge transfer rate. A smaller arc radius of
CuO/ZnCo2O4/CNTs shows a higher charge-transfer process
because photogenerated electrons and holes are effectively
separated, which enhances the electron transfer during the
redox reaction. Therefore, the low Rs value of CuO/ZnCo2O4/
Fig. 12 Mott–Schottky diagrams of (a) CuO (b) ZnCo2O4 (c) CuO/ZnCo

24884 | RSC Adv., 2024, 14, 24874–24897
CNTs, as compared to other electrode materials, exhibits high
conductance and allows the degradation of organic contami-
nants more effectively by photocatalysis.
3.6. Mott–Schottky analysis

In order to enhance our understanding of the electrical nature
and intrinsic characteristics of semiconductor materials, Mott–
Schottky technique was used. This analysis was used to examine
2O4, and (d) CuO/ZnCo2O4/CNTs.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the type of semiconductor (p-type or n-type). A GAMRY Interface
5000 E was used to conduct themeasurements. The potential vs.
1/C2 provides the value of the at band potential for CuO,
ZnCo2O4, CuO/ZnCo2O4, and CuO/ZnCo2O4/CNTs electrodes
(Fig. 12). The following formula (5) was used to calculate the at
band potential (EFB):

1

C2
¼ 2

33oND

�
E � EFB � KbT

q

� (5)

Fig. 12 illustrates the negative slopes for CuO, ZnCo2O4,
CuO/ZnCo2O4, and CuO/ZnCo2O4/CNTs, demonstrating that
they are p-type semiconducting materials. The values of at
band potential (EFB) for CuO, ZnCo2O4, CuO/ZnCo2O4, and
CuO/ZnCo2O4/CNTs are −0.10, −0.54, −0.58, and −0.63 V
respectively. In comparison to other synthesized nanocatalysts,
the CuO/ZnCo2O4/CNTs has a higher negative at band poten-
tial value as shown in Fig. 12. This negative at band potential
value promotes rapid charge movement in the semiconducting
material and greatly inhibits charge carrier recombination as
compared to other electrode materials. EFB affects redox
processes, kinetics, and alignment of energy levels. A higher
negative EFB value indicates a faster redox reaction. Therefore,
CuO/ZnCo2O4/CNTs show a faster redox process as compared to
CuO, ZnCo2O4, and CuO/ZnCo2O4.
Fig. 13 Absorption spectra of (a) CuO (b) ZnCo2O4 (c) CuO/ZnCo2O4, a

© 2024 The Author(s). Published by the Royal Society of Chemistry
4. Photocatalytic studies
4.1. Photodegradation of crystal violet

The photodegradation activity of CuO, ZnCo2O4, CuO/ZnCo2O4,
and CuO/ZnCo2O4/CNTs was investigated using crystal violet,
a colored organic pollutant. Fig. 13 shows the absorption
spectra of the fabricated samples. Fig. 14(a and b) shows the
kinetics plots for the photodegradation of crystal violet by
various photocatalysts. CuO/ZnCo2O4/CNTs, CuO/ZnCo2O4,
ZnCo2O4, and CuO were able to degrade 87.7%, 78%, 61.5%,
and 45.6% of the crystal violet dye, respectively. Among the
other photocatalysts, CuO/ZnCo2O4/CNTs has the highest pho-
tocatalytic efficiency as shown in Fig. 14(c). The rate constants
for crystal violet dye degradation by CuO, ZnCo2O4, CuO/
ZnCo2O4, and CuO/ZnCo2O4/CNTs are shown in Fig. 14(d) as
0.006, 0.009, 0.016, and 0.022 min−1, respectively. The highest
value of rate constant in the case of CNTs-based composite is
mainly because of the synergetic effect of both CNTs and CuO/
ZnCo2O4 that increase the effectiveness of this photocatalyst
compared to CuO/ZnCo2O4 that has low photodegradation
efficiency. Introduction of CNTs offers enhanced surface area
and active sites to maximize adsorption while lowering the rate
at which photogenerated species recombine. By forming
a composite of CuO with ZnCo2O4, the band gap was reduced as
compared to pure CuO and ZnCo2O4. Table 3 shows various
parameters for CV degradation by the prepared photocatalysts.
nd (d) CuO/ZnCo2O4/CNTs for CV dye degradation.

RSC Adv., 2024, 14, 24874–24897 | 24885
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Fig. 14 (a and b) Kinetic plots (c) % degradation and (d) rate constant plot for CV dye degradation using CuO, ZnCo2O4, CuO/ZnCo2O4, and
CuO/ZnCo2O4/CNTs.

Table 3 Calculated parameters for CV dye degradation using various
photocatalysts

Photocatalyst Degradation (%) k (min−1) t1/2 (min) R2

CuO 45.6 0.006 115.5 0.945
ZnCo2O4 61.5 0.009 77.0 0.960
CuO/ZnCo2O4 78 0.016 43.3 0.976
CuO/ZnCo2O4/CNTs 87.7 0.022 31.5 0.989

Table 4 Comparison of photocatalytic activity of already reported catal

Sr. no. Photocatalysts Pollutant

1 CuO 4-Nitrophenol
2 ZnCo2O4 MB
3 Ag–ZnCo2O4 MB
4 ZnCo2O4 CV
5 Ti2C/ZnCo2O4 CR
6 CNTs/CuxO MB
7 ZnO/CuO CV
8 ZnO/CuO/Ag MO
9 CuO CV
10 ZnCo2O4 CV
11 CuO/ZnCo2O4 CV
12 CuO/ZnCo2O4/CNTs CV

24886 | RSC Adv., 2024, 14, 24874–24897
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Table 4 shows the comparison of the photocatalytic activity of
already reported catalysts with the materials synthesized in this
work.

The kinetics was examined using the eqn (6);

−ln[At/Ao] = kt (6)

Eqn (7) was used to calculate the half-life;
ysts with current study

Light source Degradation (%) References

Visible light 72% 75
Sunlight 41.97% 76
Sunlight 58.02% 76
Visible light 84.3% 77
Visible light 78% 78
LED light 84% 79
Hg-vapor lamp 90% 80
Xe/Hg 1000W 52.34% 81
Tungsten bulb 45.6% Current work
Tungsten bulb 61.5% Current work
Tungsten bulb 78% Current work
Tungsten bulb 87.7% Current work

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Absorption spectra of (a) CuO (b) ZnCo2O4 (c) CuO/ZnCo2O4, and (d) CuO/ZnCo2O4/CNTs for diclofenac sodium degradation.

Fig. 16 (a and b) Kinetic plots (c) % degradation, and (d) rate constant plot for diclofenac sodium degradation using CuO, ZnCo2O4, CuO/
ZnCo2O4, and CuO/ZnCo2O4/CNTs.

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 24874–24897 | 24887
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Table 5 Calculated parameters for diclofenac sodium degradation
using various photocatalysts

Photocatalyst Degradation (%) k (min−1) t1/2 (min) R2

CuO 41.89 0.007 99.01 0.979
ZnCo2O4 57.53 0.010 69.3 0.971
CuO/ZnCo2O4 70.02 0.012 57.75 0.973
CuO/ZnCo2O4/CNTs 82 0.016 43.31 0.966
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t1=2 ¼ ln2

k
¼ 0:6931

k
(7)
4.2. Photodegradation of diclofenac sodium

The photocatalytic performance of the prepared photocatalysts
was investigated for the degradation of diclofenac sodium.
Absorption plots are shown in Fig. 15(a–d). Fig. 16(a and b)
shows the kinetics proles for the diclofenac sodium degrada-
tion. The rate constant values in the case of CuO, ZnCo2O4,
CuO/ZnCo2O4, and CuO/ZnCo2O4/CNTs photocatalysts were
found to be 0.007, 0.01, 0.012, and 0.016 min−1. The % degra-
dation values using the prepared photocatalysts are shown in
Fig. 16(c). The maximum degradation of diclofenac sodium was
Fig. 17 Absorption spectra of (a) CuO (b) ZnCo2O4 (c) CuO/ZnCo2O4, a

24888 | RSC Adv., 2024, 14, 24874–24897
found to be 82% using CuO/ZnCo2O4/CNTs photocatalyst,
respectively. Composite with CNTs shows higher degradation as
compared to other prepared catalysts. The degradation
parameters for diclofenac sodium are displayed in Table 5.
4.3. Photodegradation of phenol

The photocatalytic activity of the as-prepared CuO, ZnCo2O4,
CuO/ZnCo2O4, and CuO/ZnCo2O4/CNTs photocatalysts was
investigated through the degradation of colorless pollutant
such as phenol. The absorption plots of prepared photocatalysts
are shown in Fig. 17. The rate constant for each prepared
photocatalyst was determined using the linear plots, and the
results are shown in Fig. 18(d) and Table 6. The rate constants
for the photodegradation of phenol in the presence of CuO,
ZnCo2O4, CuO/ZnCo2O4, and CuO/ZnCo2O4/CNTs photo-
catalysts were found to be 0.007, 0.009, 0.010, and 0.014,
respectively. Fig. 18(a and b) shows the kinetics plots for the
degradation of phenol. The removal percentage of phenol in the
presence of CuO, ZnCo2O4, CuO/ZnCo2O4, and CuO/ZnCo2O4/
CNTs photocatalysts was calculated as 51%, 57.8%, 64.3%, and
72%, respectively (Fig. 18(c)).
4.4. Recyclability experiment

A recyclability experiment was conducted to assess the stability
of the fabricated photocatalyst (CuO/ZnCo2O4/CNTs) towards
nd (d) CuO/ZnCo2O4/CNTs for phenol degradation.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 18 (a and b) Kinetic plots (c) % degradation, and (d) rate constant plot for phenol degradation using CuO, ZnCo2O4, CuO/ZnCo2O4, and
CuO/ZnCo2O4/CNTs.

Table 6 Calculated parameters for phenol degradation using various
photocatalysts

Photocatalyst Degradation (%) k (min−1) t1/2 (min) R2

CuO 51 0.007 99.0 0.995
ZnCo2O4 57.8 0.009 77 0.979
CuO/ZnCo2O4 64.3 0.010 69.31 0.974
CuO/ZnCo2O4/CNTs 72 0.014 49.5 0.977
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the CV decolorization. Four photocatalytic cycles were used to
test the reusability of the material. Fig. 19(a) shows the recy-
clability plot of CuO/ZnCo2O4/CNTs photocatalyst for the
removal of CV dye. Aer each cycle, there was a very small
decrease in the % photodegradation using CuO/ZnCo2O4/CNTs
(Fig. 19b). Aer the rst cycle, the photocatalyst degrades 87.7%
of CV dye. The result demonstrated that even aer four cycles,
the CuO/ZnCo2O4/CNTs retained 80% degrading efficiency.
Actually, the total catalyst efficiency was reduced by the
adsorption of organic intermediates and during the process of
washing aer every cycle run.82

4.5. Trapping tests

A scavenging mechanism was employed to examine the roles of
various photo-active species in the photocatalytic degradation
of CV dye using CuO/ZnCo2O4/CNTs, with different quenchers
© 2024 The Author(s). Published by the Royal Society of Chemistry
present. Salicylic acid and 2-propanol were used to quench
hydroxyl radicals.83 While ethylenediaminetetraacetic acid
(EDTA) and silver nitrate (AgNO3) were used to quench holes
and electrons respectively. The trapping experiment was
examined using the same photocatalytic process (Fig. 20).

The results demonstrate that OHc is the main active species
in the degradation of crystal violet because it represents the
minimum degradation as compared to other scavengers. CuO/
ZnCo2O4/CNTs degrade, 55.1% of CV dye in the presence of 2-
propanol and 51.7% in the presence of salicylic acid. CV dye
shows degradation of 76.5% in the presence of EDTA and 84.2%
in the presence of silver nitrate. Table 7 shows the parameters
calculated for CV degradation in the presence of scavengers.
The activity displayed by photo-reactive species in the degra-
dation of CV dye follows the following order.

OHc > h+ > e− (8)
5. Photodegradation mechanism

The pollutant degradation pathway using CuO/ZnCo2O4/CNTs
is shown in Fig. 21. Eqn (9) and (10) were used to determine the
values of the valence band potential (EVB) and conduction band
potential (ECB).
RSC Adv., 2024, 14, 24874–24897 | 24889
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Fig. 19 (a) At/Ao vs. time plot of CV dye degradation by CuO/ZnCo2O4/CNTs and (b) % efficiency shown by the CuO/ZnCo2O4/CNTs for the
removal of CV dye for four consecutive cycles.

Fig. 20 Scavenging plots for CV dye degradation (a) At/Ao vs. time (b) −ln At/Ao vs. time (c) % degradation, and (d) rate constant plot in the
presence of different quenchers using CuO/ZnCo2O4/CNTs.

Table 7 Calculated parameters for CV degradation in the presence of
scavengers

Photocatalyst % degradation k (min−1) t1/2 (min) R2

Salicylic acid 51.7 0.007 99.01 0.984
2-Propanol 55.1 0.008 86.63 0.979
EDTA 76.5 0.015 46.20 0.956
AgNO3 84.2 0.018 38.50 0.941
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ECB = c − Ee − 0.5Eg (9)

EVB = Eg + ECB (10)

In this case, c denotes absolute electronegativity, Ee is the
energy of free electrons, Eg is the band gap energy.

When the CuO/ZnCo2O4/CNTs photocatalyst is exposed to
visible light, the excited electrons move from the valence band
24890 | RSC Adv., 2024, 14, 24874–24897 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 21 Mechanism of degradation of pollutants by CuO/ZnCo2O4/CNTs.
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to the conduction band, leaving holes behind. Subsequently,
the photoexcited electrons transfer from the conduction band
(CB) of CuO to the CB of ZnCo2O4. This causes the abundance of
electrons in ZnCo2O4. These electrons are then trapped by
Fig. 22 Effect of pH on CV dye degradation (a and b) kinetics plots, (c)

© 2024 The Author(s). Published by the Royal Society of Chemistry
CNTs. Meanwhile, VB of CuO became hole-rich. These photo-
generated electrons react with O2 to form O2c

−, which then
contributes to the degradation of pollutants through a series of
reactions. On the surface of the CuO/ZnCo2O4/CNTs, holes and
% degradation and (d) rate constant under CuO/ZnCo2O4/CNTs.

RSC Adv., 2024, 14, 24874–24897 | 24891
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electrons cause oxidation–reduction reactions. These reactions
produced hydroxyl radicals. When these O2c

− and OHc degrade
the pollutants, environmentally safe byproducts (CO2 and H2O)
are produced. The following equations illustrate the photo-
catalytic mechanism.

CuO/ZnCo2O4 + hv/ CuO(eC.B
− + hV.B

+)

+ ZnCo2O4(eC.B
− + hV.B

+) (11)

ZnCo2O4(eC.B
−) + CNTs / CNTs(e−) + ZnCo2O4 (12)

CNTs(e−) + O2 / O2c
− + CNTs (13)

CuO(hV.B
+) + H2O / H+ + OH− + CuO (14)

CuO(hV.B
+) + OH− / CuO + OHc (15)

O2c
− + OHc + pollutants / degradation products (16)

6. Effect of pH

The photo-oxidation of organic dyes is signicantly impacted by
the wide range of pH levels of the wastewater from different
industries. Solutions with varying pH values (2, 4, 6, 7, 9, and 11)
were used to examine the impact of the initial pH of the CV dye.
The pH was maintained by using solutions of sodium hydroxide
Fig. 23 Effect of dye concentration on (a and b) kinetics plots of CV dy

24892 | RSC Adv., 2024, 14, 24874–24897
(0.2 M) and hydrochloric acid (0.2 M). Fig. 22(a–d) shows the
behavior of CV dye solutions of various pH in the presence of
CuO/ZnCo2O4/CNTs. The results showed that the CV dye
degradation rate was higher at pH values between 6 and 11 as
compared pH 2 and 4. This trend suggests that the rate of dye
degradation onto the surface of the CuO/ZnCo2O4/CNTs is
maximum at pH= 6. CV dye was found to degrade at a maximal
rate of k = 0.022 min−1, which drops sharply to 0.019 min−1 at
pH 7. The electrostatic connection between the substrate and
photocatalyst surfaces was linked to the degradation patterns at
basic and acidic pH levels.84 The percentage of dye degradation
was low at acidic pH. This could be because of the increased
development of H+ ions on the surface of the photocatalyst,
which reduced the rate of degradation and the adsorption of
molecules. Higher pH values resulted in increased degradation
efficiency because more hydroxyl radicals were generated owing
to the greater concentration of OH− ions in the alkaline
medium.
7. Effect of dye concentration

In order to further investigate the efficiency of the prepared
CuO/ZnCo2O4/CNTs, the effect of dye concentration was exam-
ined. The degree of photocatalytic reaction rate at the surface of
the photocatalyst can be inuenced by the initial dye concen-
tration. When the concentration of dye is high, there will be
e, (c) % degradation and (d) rate constant under CuO/ZnCo2O4/CNTs.

© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04395b


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 6
/1

2/
20

26
 5

:4
6:

51
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
intense competition among the dye molecules to become
adsorbed on the photocatalyst surface.85 The process of photo-
degradation nally slows down or stops. Therefore, the experi-
ments were conducted under CuO/ZnCo2O4/CNTs with varying
dye (CV) concentrations to investigate the concentration effect.
The ndings are shown in Fig. 23(a–d).

The rate and degradation of the dye decreased as the
concentration of CV increased. For 7 ppm, the degradation
percentage was 87.7% and for 42 ppm, the degradation dropped
to 61%. The obtained results showed that increasing dye
concentration provides a larger number of dye molecules,
which in turn enhances competition for the adsorption process.
The active sites are coated with dye molecules, which lower the
percentage of degradation.
8. Effect of catalyst dosage

The photocatalyst dosage affects the surface area, light
absorption efficiency, and photo-removal process for organic
dyes.82,86 Photocatalytic tests were conducted with varying
concentrations of CuO/ZnCo2O4/CNTs (5–40 mg) in order to
examine the dosage effect on CV dye degradation. The outcomes
are shown in Fig. 24(a–d).

It is evident from the results that an increase in catalyst
concentration is correlated with a rise in the photodegradation
percentage. When the dosage of photocatalyst was increased
Fig. 24 Effect of catalyst dosage on (a and b) kinetics plots of CV dye, (

© 2024 The Author(s). Published by the Royal Society of Chemistry
from 5 mg to 30 mg, the rate of CV dye degradation increased as
well. The percentage degradation of CV dye did not signicantly
change with an additional increase in catalyst dosage. At
a catalytic dosage of 30 mg, the highest degradation rate of
87.7% was noted. Actually, more light exposure increases the
capacity of the CuO/ZnCo2O4/CNTs to absorb photons and
ultimately enhances photocatalytic efficiency. The availability of
a higher surface area for the adsorption of additional dye
molecules and the rise in the mass to volume ratio of photo-
catalyst are both credited with the increase in the rate of CV dye
degradation.
9. Conclusions

In this work, CNTs were introduced into CuO/ZnCo2O4 using
a sonication technique to synthesize CuO/ZnCo2O4/CNTs
nanocomposite. Various physicochemical aspects of the
prepared photocatalysts, such as phase identication,
morphology, purity, and optical properties, were identied
through XRD, FESEM, EDS, and UV-Vis spectroscopy. The band
gap values of the prepared photocatalysts followed the order
ZnCo2O4 > CuO > CuO/ZnCo2O4 > CuO/ZnCo2O4/CNTs. The rate
constant value for the degradation of CV dye, diclofenac
sodium, and phenol using CuO/ZnCo2O4/CNTs was found to be
0.022, 0.016, and 0.014 min−1 respectively. Aer being exposed
to visible light, CuO/ZnCo2O4/CNTs showed high percentage
c) % degradation and (d) rate constant under CuO/ZnCo2O4/CNTs.

RSC Adv., 2024, 14, 24874–24897 | 24893
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degradation of 87.7% of the CV dye, whereas the % degradation
of diclofenac sodium and phenol were found to be 82% and
72% respectively. Among all the photocatalysts, the highest
degradation efficiency was achieved with CuO/ZnCo2O4/CNTs
for all pollutants examined in this study, owing to the presence
of CNTs in the composite that offers enhanced surface area and
active sites for the rapid and efficient breakdown of organic
contaminants.
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