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a b s t r a c t
In the current investigation, copper substituted cobalt manganese spinel oxide (CuxCo1–xMn2O4) pho-
tocatalyst was prepared via the co-precipitation method. The synthesized nanoparticles were char-
acterized by X-ray diffraction, field emission scanning electron microscopy, and Fourier-transform 
infrared spectroscopy. The prepared Cu0.2Co1–0.2Mn2O4 nanoparticle exhibited excellent photocata-
lytic activity for degradation of typical organic-based dye Methylene blue (MB). Furthermore, the 
comparative study of pure CoMn2O4 and Cu-substituted CoMn2O4 nanoparticles (NPs) towards 
the photocatalytic performance was also conducted. As compared to the CoMn2O4 nanoparticles, 
the CuxCo1–xMn2O4 nanoparticles exhibited excellent photocatalytic capability for the degradation 
of MB dye. After 80 min of visible light irradiation, the decomposition of MB by CuxCo1–xMn2O4 
nanoparticles was higher as compared to degradation MB dye in the presence of copper substituted 
CoMn2O4 NPs. Copper substituted cobalt manganese oxide nano-photocatalyst was also used for 
comparative study. The Cu0.2Co(1–0.2)Mn2O4 showed excellent (~86%) photocatalytic performance in 
contrast with Cu0CoMn(1–0)O4 (22%), Cu0.5Co(1–0.5)Mn2O4 (57), Cu0.1Co(1–0.1)Mn2O4 (60%), Cu0.15Co(1–0.15)
Mn2O4 (73%) for the degradation of MB in visible light irradiation. The enhanced photocatalytic 
activity is mainly attributed to the optimized bandgap, which might have developed by the inclu-
sion of copper ions into the CoMn2O4 spinel oxide. The copper substitution not only contributed 
to the inhibition of photo-induced electron–hole pairs but also assisted a great redox capabil-
ity. CuxCo1–xMn2O4 photocatalyst holds great potential for massive pollutant treatment due to the 
superb photocatalytic performance for organic pollutants.
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1. Introduction

Increased utilization of fossil fuels involved the rapid 
depletion of energy resources as well as raised environmen-
tal safety concerns [1]. Environmental pollution is the most 
debatable subject for the last few decades. Water (ground 
and surface) being an indispensable entity to living organ-
isms is always at risk due to commercialization and eco-
nomic growth. To control pollution, the removal of pollut-
ants from water such as hydrocarbons, organic dyes, and 
pesticides is of great interest [2,3]. Typically the organic dyes 
and pesticides due to their large applications and persistence 
are being extensively studied [4,5]. Nevertheless, pollutants 
are of great risk to environmental safety, their remedia-
tion and mitigation demand more resources and energy 
[6]. The waste of simulated dye is the main derivatives of 
organic hydrocarbons which are utilized as a pigment in 
large quantities in different industries such as textiles, cos-
metics, food, paper, and medicines [7]. The effluents of 
industries are contaminated with organic dyes, hence can 
pose a potential threat to aquatic organisms [8]. The elimi-
nation or remediation of these pollutants from effluents is, 
therefore, an important strategy to reduce the hazards asso-
ciated with these chemicals [9]. Different approaches such as 
physical adsorption, oxidation, and microbial degradation 
are being studied and investigated. Photocatalysis being a 
cheap, easy and environmentally friendly technique has 
been extensively studied so far for the mitigation of organic 
toxins. If there is a suitable photocatalyst, sunlight or UV 
light are successfully applied to completely mineralized or 
convert them into non-toxic compounds [10]. This is a green 
method for the rapid deterioration of these dyes which 
results in the conversion of toxic compounds into non-
toxic compounds [11]. Developing materials and technol-
ogies for a sustainable environment, aiming at removing 
dye effluents effectively, has been the consensus of many 
scientists, industrialists, and governments [12].

In the past few years, the formation of metal-based semi-
conductors is of much attention for the study of photoca-
talysis [13,14]. Nanostructured materials have been widely 
used because of their significant magnetic, electrical, optical, 
and chemical characteristics. These nanostructured mate-
rials are inaugurated to be regulated by their size, shape 
as well as surface by volume ratio between all [15]. Due to 
their remarkable properties, these materials are widely used 
for the formation of many advanced materials having well- 
defined structures [16]. Consequently, much more interest 
has been provided to the formation of carbon-based nano-
materials, transition metals and metal oxides which are used 
as a catalyst. In the last few years, oxides of metals have been 
detailed studied because they are highly reactive as well as 
have long-term chemical and thermal stability, moreover, 
recycling and restoration properties make them affordable 
catalysts. For the various organic catalytic reactions, the 
spinel-type metal-based oxides (AB2O4) are considered as a 
catalyst [17]. However, composites of manganese oxide have 
quite strong adsorption capabilities [18]. Besides, CoMn2O4 
spinel nanostructure has attracted the researcher’s consid-
eration due to its cost-friendly production, environmen-
tally friendly, stability, and broad applications, for example, 
photocatalysis and electro-catalysis [19].

However, the use of CoMn2O4 as a photocatalyst is 
restricted because of their strong electron-hole pair recombi-
nation ability and very low charge separation capacity. Such 
behavior of CoMn2O4 photocatalyst devalues its significance 
in photocatalysis [3]. To reduce the recombination of charges, 
these nanostructured are used to prepare their composites 
which are generally used instead of these, as a result, the pho-
to-induced electron can travel from one material to another 
material because of appropriate matching of energy band at 
the surface [20]. These features are further increased through 
the usage of divalent MIs, for example, Ni2+, Co2+, Cu2+ as a 
dopant. Between the all divalent metal ions (MIs), the Cu2+ 
peculiarly exhibited remarkable catalytic characteristics with 
CoMn2O4 NPs. Omidvar et al. [21] prepared a GO/Fe3O4/Pd 
nanocomposites via a simple method and its catalytic activ-
ity has been tested for the reduction of 4-nitrophenol, Methyl 
orange, Methylene blue (MB), and Congo red. The transmis-
sion electron microscopy (TEM), X-ray diffraction (XRD), 
scanning electron microscopy (SEM), energy- dispersive X-ray 
spectroscopy (EDS), and Fourier-transform infrared (FT-
IR) spectroscopic analyses confirmed the formation of GO/
Fe3O4/Pd nanocomposite. Nasrollahzadeh et al. [22] reported 
the advanced carbonaceous nanomaterials and methodolo-
gies for photocatalysis purpose. The prepared catalyst was 
deployed for the elimination of contaminants and ionic met-
als in aqueous media, and as a novel nanosorbent for waste-
water, drinking, and groundwater treatment. Naghdi et al. 
[23] synthesized the Cu/GO/MnO2 nanocomposite through 
the reduction of Cu2+ ions to Cu(0) in the presence of Cuscuta 
reflexa leaf extract and immobilization of CuNPs on the GO/
MnO2 surface under organic solvent-free conditions. The GO/
MnO2 and Cu/GO/MnO2 nanocomposites were fully charac-
terized by various techniques such as FT-IR, XRD, field emis-
sion scanning electron microscopy (FE-SEM), TEM, high-res-
olution transmission electron microscopy, EDS, Brunauer–
Emmett–Teller, thermogravimetric analysis, vibrating sam-
ple magnetometer and elemental mapping. Nasrollahzadeh 
et al. [24,25] prepared the Pd nanoparticles (NPs)/reduced 
graphene oxide (rGO) nanocomposite in a one-pot process 
by using Euphorbia stenoclada extract as antioxidant media 
in the absence of any surfactant, dangerous reactants, or 
using external energy input. Catalytic potential of the fab-
ricated Pd-rGO nanocomposite was examined for the deg-
radation of environmental contaminants including Cr(VI), 
4-nitrophenol, Congo red, Methylene blue (MB) and Methyl 
orange. Nasrollahzadeh et al. [26] discussed that green-syn-
thesized and biogenic nanocatalysts and nanomaterials can 
cost-effectively and proficiently eliminate the inorganic, 
organic, pharmaceutical, and heavy metal pollutants from 
the aqueous streams. Nasrollahzadeh et al. [27,28] reported 
the natural biopolymers, polymeric organic molecules pro-
duced by living organisms or renewable resources, are 
considered greener, sustainable, and eco-friendly materials.

Among many organic pollutants, the typical organic 
dye Methylene blue (MB) has been used to study the pho-
tocatalytic performance of synthesized nanoparticles under 
visible light. The processes included in photocatalysis have 
been explained through the degradation of the Methylene 
blue mechanism.

Here in this paper, the Cu-substituted CoMn2O4 
nanoparticles as a photocatalyst are used to study the 
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effect of various reaction parameters, for example, tem-
perature, pH, and amount of photocatalyst on photocata-
lytic efficiency in a detailed manner. The results indicate 
that Cu substituted CoMn2O4 nanoparticles photocatalyst 
are a promising candidate in photocatalytic applications 
under visible light.

2. Experimental section

2.1. Materials

The list of materials that are used for the preparation of 
CoMn2O4 and Cu-substituted CoMn2O4 is listed below in 
Table 1.

2.2. Synthesis of CoMn2O4 nanoparticles

A co-precipitation strategy was utilized to fabricate 
the CoMn2O4 nanoparticles. Manganese acetate and cobalt 
chloride aqueous solutions of equal molarity (0.1 M) were 
prepared in (1:1) water–ethanol mixture and after that 
solutions were mixed to get a clear reaction mixture. Ti 
thus reaction mixture, oxalic acid (0.5 g) was added with 

consistent stirring. After the dissolution of oxalic acid, 
sodium hydroxide (10 mL of 1 M) was added and stirred 
again for 12 h at 80°C. The addition of sodium hydroxide 
turned the color of the solution into dark green. After the 
completion of the reaction, the precipitates were washed 
with water and ethanol to elute the unreacted precursors. 
The precipitates were dried in an oven at 60°C for almost 
24 h and calcined at 450°C for 2 h. The calcined samples 
were packed and stored for further structural, spectral and 
photocatalytic properties studies [29,30]. The entire syn-
thetic experimental procedure is depicted in Fig. 1.

2.3. Synthesis of Cu-substituted CoMn2O4 nanoparticles

The above-synthesized CoMn2O4 nanoparticle was sub-
stituted with copper in different weight % ratios which are 
shown in Table 2.

2.4. Characterization

XRD technique was employed to investigate the crystal 
structure and phase determination of the above-prepared 
spinel oxide nanoparticles. ZEISS LEO SUPRA 55 was used 
for morphological analysis. Fourier-transform infrared 
spectroscopy was performed for structure interpretation. Table 1

List of chemicals used in the synthesis of pure CoMn2O4 and 
Cu-substituted CoMn2O4 nanoparticles

Sr. No. Chemical name Molecular formula

1. Manganese acetate Mn(CH3COOH)2

2. Cobalt chloride CoCl2·6H2O
3. Oxalic acid C2H2O4

4. Sodium hydroxide NaOH
5. Ethanol C2H5OH
6. Copper acetate CuCl2

7. Distilled water H2O

Table 2
Composition of copper substituted CoMn2O4 nanoparticles

Sr. No. Composition Cu (weight%), X = Cu

1. CoMn2O4 X = 0, (0%)
2. Cu0.05Co(1–0.05)Mn2O4 X = 0.05, (5%)
3. Cu0.1Co(1–0.1)Mn2O4 X = 0.1, (10%)
4. Cu0.15Co(1–0.15)Mn2O4 X = 0.15, (15%)
5. Cu0.2Co(1–0.2)Mn2O4 X = 0.2, (20%)

 

Fig. 1. Synthesize Cu-substituted CoMn2O4 and unsubstituted CoMn2O4 nanoparticles.
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Optical characterization of the samples was done by UV-Vis 
dual-beam spectrophotometer.

2.5. Photocatalytic experiment

For the study of photocatalytic activity of pure 
CoMn2O4 and Cu-substituted CoMn2O4 nanoparticles, 
Methylene blue (MB) was used for oxidative photodeg-
radation. In this experiment, solar light was used as an 
energy source for the photocatalysis experiment. In the 
procedure of photocatalysis, the powdered sample (5 mg) 
was added in Methylene blue (50 mL of 5 ppm) solution. 
The solutions were prepared in distilled water. In order to 
produce strong adsorption-desorption equilibria between 
the dye solution and sample used as a photocatalyst, 
continuously stirring is required in the dark for 30 min. 
To eliminate all the photocatalyst particles, the 5 mL of 
sample was centrifuged at pre-determined intervals of 
visible light. By applying the same photocatalytic condi-
tions, various factors such as, amount of catalyst that has 
a great influence on the photocatalyst activity and rate of 
degradation of dye were studied in detail. The % removal 
of MB dye was calculated by the given equation:

X
C
C
t%� � � �1
0

 (1)

where C0 is the initial concentration and Ct is the concentra-
tion at any time ‘t’ of MB dye.

3. Results and discussion

3.1. XRD analysis

XRD diffraction studies were used to examine the 
crystalline structure of pure and Cu-substituted CoMn2O4 
nanoparticles. The recorded XRD patterns are given in 
Fig. 2. From Fig. 2 it is clear that all the prepared samples 
have the almost same XRD patterns. The formation of spi-
nel structure has good consistency with JCPDS card no. 
77-0471 [31,32]. As it is clear from the figure that there is no 
formation of secondary phase and no impurity in the XRD 
pattern, therefore the prepared samples have high crys-
tallinity. Typical 2θ values with their corresponding hkl 
values are given in Table 3.

After the substitution of copper in the CoMn2O4 crys-
tal lattice, the extra peaks in the diffraction patterns of 
the substituted samples have appeared. These peaks are 
given in Table 3. These peaks have good consistency with 
the development of the CuO pattern of JCPDS card no. 
05-0661. The three peaks at angle 38.7° and 49° and 68.9° 
corresponds to CuO in the remaining four substituent 
particles which indicated the substitution of desired cop-
per in CoMn2O4 nanoparticles along with the appearance 
of the secondary phase of copper oxide.

The crystallite size of CoMn2O4 nanoparticle was 
determined by the Debye–Scherrer formula,

D K
�

�
� �cos

 (2)

where K is the constant (0.99), λ represents the wavelength 
of the X-rays beam used in X-ray diffractometer, β is full-
width at half maximum and θ is Bragg’s diffraction angle.

3.2. FE-SEM analysis

The morphological study of the above-prepared 
nanoparticles was performed through a field emission 
scanning electron microscope. The room temperature mor-
phological analysis was carried out for pure spinel oxide 
nanoparticles (CoMn2O4) and one typical sample from 
Cr-substituted CoMn2O4 nanoparticles. Fig. 3a shows the 
morphological structure of pure CoMn2O4 nanoparticles and 
Fig. 3b shows the Cu-substituted CoMn2O4. It is confirmed 
from the SEM analysis that the prepared nanoparticles have 
some agglomeration. The agglomeration might be due to 
multiple reasons. For example, the most common reason is 

Fig. 2. XRD patterns of pure spinel and Cu-substituted spinel 
oxide nanoparticle x = 0 corresponds to CoMn2O4; x = 0.05 corre-
sponds to Cu0.05Co(1–0.05)Mn2O4; x = 0.1 corresponds to Cu0.1Co(1–0.1)
Mn2O4; x = 0.15 corresponds to Cu0.15Co(1–0.15)Mn2O4; x = 0.2 corre-
sponds to Cu0.2Co(1–0.2)Mn2O4 NPs.

Table 3
The 2θ values for corresponding peaks appeared in XRD spectra 
of pure CoMn2O4 and Cu-substituted CoMn2O4 nanoparticles

2θ hkl

CoMn2O4 29.3° (112)
33.5° (103)
36.27° (211)
44.25° (220)
58.36° (321)
60.8° (224)
64.3° (400)

Cu0.2CoMn(1–0.2)O4 38.7° (111)
48° (–202)
68.1° (220)
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that this the inherent property of metal oxide particles, that 
they can aggregate easily if they were not handled prop-
erly. The second reason may be the inappropriate handling 
during sample preparation for SEM analysis. On average 
the particle size was found <50 nm in both images.

3.3. FT-IR analysis

FT-IR spectra of pure CoMn2O4 and substituted CoMn2O4 
are shown in Fig. 4. There are several peaks observed in the 
spectra. All these peaks have been explained as follows. The 
peak observed at 3,410 cm–1 corresponded to the vibration 
band of –OH. The absorption peaks appeared at 1,037 and 
1,620 cm–1 corresponded to C–O–C and C=C respectively. 
The vibration bands near at 2,930 and 2,840 cm–1 were for 
C–H bond represented the three types of functional groups 
having oxygen, –OH, CH–O–CH and C=O. The adsorp-
tion peaks under 1,000 cm–1 mostly common in all manga-
nites. The two main absorption peaks were shown at 500 
and 612 cm–1. These peaks are due to the bending vibra-
tion of manganese oxide (MnO) and cobalt oxide (CoO) of 
spinel CoMn2O4 [33]. All these vibration bands were iden-
tified in the spectrum for CoMn2O4 as well as the typical 
stretched vibrational absorption peaks observed at 2,933 and 
1,030 cm–1 belong to the symmetric and asymmetric stretch-
ing vibration of the O–H and Cu–O bond corresponds to all 
Cu-substituted CoMn2O4 nanoparticles [34].

3.4. Current-voltage measurements

The current-voltage measurements for Cu substituted 
spinel oxide was carried out by using a Kiethely source 
meter. Fig. 5 represents the I-V curves for all five sam-
ples of different compositions of as-prepared spinel oxide 
nanoparticles. From the figure, it was seen that the I-V 
profile of pure CoMn2O4 nanoparticles is tilted and less 
linear. The linear behavior was observed to increase with 
increase Cu-contents in prepared spinel oxide nanoparti-
cles. This linear behavior indicated the increased conduc-
tivity of prepared spinel oxide nanoparticles. Thus, it has 
been concluded that the substitution of Copper increased 
the conductivity of CoMn2O4 spinel oxides.

The electrical conductivity (σ) values for all samples were 
calculated by using the following common mathematical 
equation.

� �
w
RA

 (3)

where ‘w’ is the width of pellet, R for the resistance, and A 
for the area of samples pellets. The conventional digital 
screw gauge was used to determine the width ‘w’ and area 
‘A’ of prepared pellets.

3.5. UV-Visible analysis

The UV-visible spectra of CoMn2O4 nanoparticles 
along with its derivative prepared by Cu-substitution 

 
Fig. 3. FE-SEM illustrations of (a) CoMn2O4 NPs and (b) Cu0.2Co(1–0.2)Mn2O4.

Fig. 4. FT-IR spectra of x = 0 corresponds to CoMn2O4; x = 0.05 
corresponds to Cu0.05Co(1–0.05)Mn2O4; x = 0.1 corresponds to 
Cu0.1Co(1–0.1)Mn2O4; x = 0.15 corresponds to Cu0.15Co(1–0.15)Mn2O4; 
x = 0.2 corresponds to Cu0.2Co(1–0.2)Mn2O4 NPs.
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with different percentages were recorded in the UV-Visible 
range of 200–800 nm. The information of transformation of 
negatively charged electrons inside the atom and mol-
ecules can be studied through UV-Vis spectra. Various 
parameters are used to investigate the photocatalysis 
of the materials. These parameters are the crystallinity 
of material, its absorption capability, attachment of the 
dye onto the surface of crystal structure, and reunion of 
charge carriers. The UV-Visible spectrum of CoMn2O4 
spinel nanoparticles has been clearly shown in Fig. 6a. 
This spectrum contains the wide peak that appeared 
at 561 nm [35]. The UV-Vis absorption spectra of cop-
per substituted cobalt manganese oxide (CoMn2O4) with 
different ratios are displayed in Figs. 6b–e. The sharp 
band at 425 nm and 220 nm for CuO confirmed that the 
pure CoMn2O4 and Cu-substituted CoMn2O4 are highly 
efficient to absorb in ultraviolet and visible regions.

The optical bandgap energy highly depends on the size, 
dimensions, and shape of the prepared particles. Bandgap 
energy of the prepared nanoparticles was evaluated from 
the Tauc Eq. (4) [36].

α ν νh A h E
n

g( ) = −( )  (4)

In this equation α represents the absorption coefficient, 
h is for plank’s constant, ν for light energy, A is the charac-
teristic constant of the particle, Eg represents the bandgap 
energy and n is a constant which depends upon the nature 
of the transition of electrons. It can be ½ for indirect and 2 
for direct transition. By plotting a graph between (αhν)2 on 
the y-axis and hν on the x-axis, the bandgap of a particle 
can be calculated. The straight line of the resulted curve is 
extrapolated to the x-axis, to obtain the value of band gap 
energy in electron-volts (eV) [37,38]. Figs. 7a and 6b–e rep-
resent the Tauc plots of Cu0Co(1–0)Mn2O4, Cu0.05Co(1–0.05)Mn2O4, 
Cu0.1Co(1–0.1)Mn2O4, Cu0.15Co(1–0.15)Mn2O4 and Cu0.2Co(1–0.2)
Mn2O4 respectively. The calculated values of the bandgap 
for x = 0, x = 0.05, x = 0.1, x = 0.15 and x = 0.2 were 1.540, 
1.538, 1.536, 1.531 and 1.529 eV respectively. Cu0.2Co(1–0.2)
Mn2O4 has a broad value of bandgap energy than all other 
synthesized Cu-substituted CoMn2O4 spinel oxides.

3.5.1. Mechanism of photocatalytic degradation

In the presence of sunlight, the photocatalytic reactions 
are treated to perform redox reactions. The reason for tak-
ing place the oxidation–reduction reactions is to expose 
the photocatalyst to sunlight. After that, conduction band 
holes are generated due to the excitation of valance elec-
trons and produced by electron–hole pairs. The redox 
reaction took place due to these valance electrons. In pho-
tocatalysis when aqueous medium than H2O is used and 
then hydroxyl (OH–) react with hole and form OH• radical 
which plays the role of primary oxidant. The electron–hole 
pair is developed when Cu-substituted CoMn2O4 NPs are 
exposed to visible light. Besides these, the electron–hole 
pairs recombine when we used unsubstituted CoMn2O4 
NPs, while in Cu-substituted CoMn2O4 NPs, there elec-
tron-hole pair recombination was decreased. The reaction 
of electrons present in the conduction band with oxygen 
gives O2

•–. The MB dye is degraded by these O2
•– radicals. At 

the end, the complete degradation of Methylene blue dye 
happens which changed into non-toxic compounds such as, 
SO4

2–, Cl–1, NO3–, CO2, H2O, and NH4
+ [39] (Fig. 8).

The possible mechanism of the photodegradation of the 
MB can be expressed as follows:

CuCoMn O CoMn O e h2 2 cb vb4 4+ → + +− +hν  (5)

e O Ocb
− •−+ →2 2  (6)

OH O MBdye Photodegradation products• •−+ + →2  (7)

3.5.2. Photocatalytic efficiency

All above-synthesized nanoparticles were evaluated for 
photocatalytic activities. During the photocatalytic exper-
iment, the efficiency of these photocatalysts was inves-
tigated by photo-aging removal of Methylene blue (MB) 
in visible light and monitored the decomposition rates. 
Photocatalyst (2 mg) was dissolved in 50 mL of 5 ppm 
MB dye solution and kept in dark to establish adsorption- 
desorption equilibria. The photocatalytic activity is 

 
Fig. 5. I-V profiles of x = 0 corresponds to CoMn2O4; x = 0.05 corre-
sponds to Cu0.05Co(1–0.05)Mn2O4; x = 0.1 corresponds to Cu0.1Co(1–0.1)
Mn2O4; x = 0.15 corresponds to Cu0.15Co(1–0.15)Mn2O4; x = 0.2 corre-
sponds to Cu0.2Co(1–0.2)Mn2O4 NPs.



211N. Bashir et al. / Desalination and Water Treatment 231 (2021) 205–216

gradually increased as the substituent percentage increased. 
After 80 min of visible light, the fall in absorption rate was 
seen. The degradation rate of Methylene blue (MB) in the 
existence of photocatalyst, commonly obeys the pseudo-
first- order kinetics. The % degradation of the MB was 
evaluated under the given relation in Eq. (8).

%degradation � � �
�

�
�

�

�
� �� 1 1000C

Ct
 (8)

where ‘C0’ and ‘Ct’ is the concentration of dye before and 
after intervals of time. The value of the rate constant of 

the dye for the synthesized samples was measured by tak-
ing the natural logarithm of the pseudo-first-order kinetics 
expression in Eq. (9).

�
�

�
�

�

�
� �ln

C
C

kt
t

0  (9)

where C0 and Ct are the concentrations of dye before and 
after time intervals and k symbolized for the rate constant 
of pseudo-first-order [40,41]. The behavior of Cu-substituted 
CoMn2O4 nanoparticles towards photo-degradation is 
displayed in Fig. 9.

 
Fig. 6. UV-Vis spectrum and insect Tauc plot of (a) Cu0Co(1–0)Mn2O4 NPs, (b) Cu0.05Co(1–0.05)Mn2O4 NPs, (c) Cu0.1Co(1–0.1)Mn2O4 NPs, 
(d) Cu0Co(1–0)Mn2O4 NPs and (e) Cu0.2Co(1–0.2)Mn2O4 NPs.



N. Bashir et al. / Desalination and Water Treatment 231 (2021) 205–216212

It was obvious from the experiment that MB dye was 
remained stable or slightly degraded in the absence of 
Cu-substituted photocatalyst under UV-Visible region. 
Among different nano-photocatalysts, the dye color began 
to fade over 30–40 min of irradiation time. After specific 
intervals of time, a reduction in the peak intensities of all 
samples was observed. After 70–80 min, complete degrada-
tion of MB dye occurred and new bands with shorter inten-
sities were observed. The rate of degradation and kinetics 
of nanocatalysts of synthesized copper substituted particles 
are shown in Figs. 10 and 11.

When Ct/C0 against time plotted, it was noted that the 
degradation of MB happened more rapidly with photocat-
alyst which is 20% substituted with copper than all other 
photocatalysts in Fig. 11.

The study of proficiency of catalysts to remove a dye, 
rate constant (k), and half-life (t1/2) have been given in Table 4.

It is clearly seen (Table 4) that the degradation rate 
constant is increased as the percentage of the substituent 
of nanoparticles increased. The Cu0.2Co(1–0.2)Mn2O4 nanopar-
ticle photocatalyst showed excellent results towards 
Methylene blue dye degradation than other Cu-substituted 

 
Fig. 7. Tauc plot of (a) Cu0Co(1–0)Mn2O4 NPs, (b) Cu0.05Co(1–0.05)Mn2O4 NPs, (c) Cu0.1Co(1–0.1)Mn2O4 NPs, (d) Cu0Co(1–0)Mn2O4 NPs and 
(e) Cu0.2Co(1–0.2)Mn2O4 NPs.
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Fig. 8. The photocatalytic mechanism for CoMn2O4 photocatalyst.

 
Fig. 9. Absorption spectra of MB dye solution at different time intervals in the presence of, (a) Cu0Co(1–0)Mn2O4, (b) Cu0.5Co(1–0.5)Mn2O4, 
(c) Cu0.1Co(1–0.1)Mn2O4, (d) Cu0.15Co(1–0.15)Mn2O4 and (e) Cu0.2Co(1–0.2)Mn2O4 NPs.
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other nanoparticles photocatalyst. Bandgap, size, and sur-
face area of the particles are linked with heterogeneous 
photocatalysis. The light adsorbed by a photocatalyst 
is increased with an increase in surface area as a result 
increased in the adsorption capacity of that catalyst [42,43]. 

The highest photodegradation potency of Cu0.2Co(1–0.2)
Mn2O4 is ascribed to different variables, that is, the high 
surface area of the materials, the tiny size of particles, 
short bandgap. The rate of photocatalysis is improved by 
providing a great number of active sites on the surface 

 Fig. 10. % rate of degradation for MB at particular time intervals under different nano-photocatalyst.

 

(a) (b)

Fig. 11. Photocatalytic degradation description using UV-Vis light: (a) Kinetics of Cu0Co(1–0)Mn2O4, Cu0.5Co(1–0.5)Mn2O4, Cu0.1Co(1–0.1)
Mn2O4, Cu0.15Co(1–0.15)Mn2O4 and Cu0.2Co(1–0.2)Mn2O4 NPs. (b) Comparison of rate constant of Cu0Co(1–0)Mn2O4, Cu0.5Co(1–0.5)Mn2O4, 
Cu0.1Co(1–0.1)Mn2O4, Cu0.15Co(1–0.15)Mn2O4 and Cu0.2Co(1–0.2)Mn2O4 NPs.

Table 4
The pseudo-first-order degradation rate (k), half-life time of reaction (t1/2), and kinetic factors of % dye degradation for CoMn2O4 and 
Cu-substituted CoMn2O4 nanoparticles

Photocatalyst Dye % degradation Degradation time (min) K (min–1) t1/2

Cu0Co(1–0)Mn2O4 MB 22 80 0.00263 266.5
Cu0.05Co(1–0.05)Mn2O4 MB 57 80 0.0096 72.1
Cu0.1Co(1–0.1)Mn2O4 MB 60 80 0.0116 59.7
Cu0.15Co(1–0.15)Mn2O4 MB 73 80 0.0150 46.2
Cu0.2Co(1–0.2)Mn2O4 MB 86 80 0.020 34.6
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of nanoparticles which can be gained by the smallest size 
and large surface area of the particles. Although, to elude 
association of photogenerated electrons and holes on the 
interface of the photocatalyst Cu0.2Co(1–0.2)Mn2O4 compar-
atively has a short band gap between the all five synthe-
sized nanocatalysts and also improves the photocatalytic 
proficiency. This may imply that the mixture of binary met-
als with transition metal oxides particularly Cu0.2Co(1–0.2)
Mn2O4 can show improved photocatalytic activity and 
these oxides can have a decent influence on ecological 
health to dissipate dangerous trashes. The comparison 
table of dye degradation of above-synthesized sample 
with other related nanoparticles are given in Table 5.

4. Conclusion

In summary, the prepared CuxCo1–xMn2O4 photocat-
alyst via co-precipitation demonstrated good photocata-
lytic activity for the photo-degradation of Methylene blue 
(MB) dye. The nanoparticles were characterized by XRD 
and FE-SEM and FT-IR. The result of the XRD spectra con-
firmed their purity. The size obtained from FE-SEM showed 
that the particles in nano-range. The maximum degrada-
tion was attained within 80 min. Copper substituted cobalt 
manganese oxide nano-photocatalyst was also used for 
comparative study. The Cu0.2Co(1–0.2)Mn2O4 showed excel-
lent (~86%) photocatalytic performance in contrast with 
Cu0CoMn(1–0)O4 (22%), Cu0.5Co(1–0.5)Mn2O4 (57), Cu0.1Co(1–0.1)
Mn2O4 (60%), Cu0.15Co(1–0.15)Mn2O4 (73%) for the degrada-
tion of MB in visible light irradiation. The enhanced pho-
tocatalytic activity is mainly attributed to the development 
of CuxCo1-xMn2O4 heterojunction that not just contributed 
to the separation of photo-induced electron-hole pairs, but 
also assisted a great redox capability. Therefore, CuxCo1–

xMn2O4 (x = 0.2) photocatalyst can be highly efficient for 
polluted wastewater decontamination.
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