
Journal of Sol-Gel Science and Technology
https://doi.org/10.1007/s10971-023-06049-2

ORIGINAL PAPER: SOL-GEL AND HYBRID MATERIALS FOR ENERGY,
ENVIRONMENT AND BUILDING APPLICATIONS

Application of CuO and its composite with polyaniline on the
photocatalytic degradation of methylene blue and the Cr(VI)
photoreduction under visible light

Ozcan Koysuren 1
● Hafize Nagehan Koysuren2

Received: 15 October 2022 / Accepted: 17 January 2023
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2023

Abstract
Copper oxide (CuO) as the photocatalyst nanoparticle was prepared by the solution combustion technique. During the
synthesis, iron atom source, which was iron nitrate, was added to the reaction medium to obtain iron doped CuO
nanoparticles. In addition, the iron doped CuO nanoparticles were combined with the conducting polymer, which was
polyaniline, through the in-situ polymerization technique. The chemical and crystal structure, optical property and the
photocatalytic activity of the CuO nanoparticles and their composites were studied as a function the dopant atom
concentration of CuO and the photocatalyst composition of the composites. The prepared samples were characterized by
Fourier-transform infrared spectroscopy, X-ray powder diffraction, X-ray photoelectron spectroscopy, fluorescence
spectroscopy, field emission scanning electron microscopy, energy dispersive X-ray (EDX) spectroscopy and UV-Vis
absorption spectroscopy. The photocatalytic activity of the prepared samples was evaluated by the photocatalytic
degradation of a model dye, methylene blue, under visible light irradiation. In addition, the Cr(VI) photoreduction efficiency
of the prepared samples were studied. Iron atoms might enter into the substitutional sites of CuO. The iron atoms might act
as a trapping center to capture the photoinduced charge carriers of CuO, promoting both the charge separation and the
photocatalytic activities. The photocatalytic dye degradation efficiency and the Cr(VI) photoreduction efficiency of the iron
doped CuO increased by almost 17% compared to undoped CuO. The composites with low polyaniline content might
promote the charge separation because of the difference between the band potentials of CuO and polyaniline as shown in the
graphical abstract. The composite with 80 wt.% of the iron doped CuO exhibited the highest photocatalytic dye degradation
of almost 72% and the Cr(VI) photoreduction efficiency of almost 56%.
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Graphical abstract
Proposed photocatalytic dye degradation and Cr(VI) photoreduction mechanism of CuO-Fe3/Pani

Keywords CuO ● Polyaniline ● Doping ● Photocatalytic dye degradation ● Cr(VI) photoreduction

Highlights
● Doping CuO with iron atom and coupling CuO with polyaniline enlarged the optical band gap energy and enhanced both

the photocatalytic dye degradation efficiency and the Cr(VI) removal efficiency.
● Doped CuO and CuO/Polyaniline composites provided low recombination rate of the photogenerated charge carriers.
● Superoxide radicals dominated the photocatalytic dye degradation reaction.
● The potential for use of CuO as a photocatalyst has been increased by doping with iron atom and compounding with

polyaniline.

1 Introduction

Environmental pollution has become one of the most con-
cerned issues in the sustainable development of human
society all over the world. The treatment of organic pollu-
tants in the wastewater has attracted great attention among
the scientists, studying mainly on the environmental issues.
Especially, the organic dyes, released to the aquatic envir-
onment by the textile, paper, leather, coating and photo-
chemical industries, are not self-degradable and lead to
severe environmental contamination both in aquatic system
and terrestrial system [1]. The organic dye molecules can
affect the biological cycles, especially the photosynthesis
process. Organic dye molecules can absorb a broad spec-
trum of visible light, giving rise to a reduction in the amount
of light used for the photosynthesis. In addition, some of the
organic dyes are known to be as carcinogenic. Thus, it is
important to separate the organic dyes from the wastewater
prior to the discharge into rivers or oceans [2]. In addition to
organic dyes, hexavalent chromium (Cr(VI)) is a highly
toxic metal ion, leading to serious health problems such as
cancer and liver damage. Cr(VI) ions are also commonly
found in the wastewater of certain industries such as
mining, metal plating and leather. The Cr(VI) pollution in
the wastewater has become a serious environmental pro-
blem. It is also important to eliminate the Cr(VI) ions in

wastewater before they are released into the environment
[3].

Photocatalytic decolorization based on the use of a
semiconducting photocatalyst is an effective technique for
the treatment of the wastewater [4, 5]. In addition, the
photoreduction of highly toxic Cr(VI) ions to less toxic
Cr(III) ions using the semiconducting photocatalyst has
been considered to be an environmentally promising tech-
nology [3]. CuO, a p-type semiconductor, has a narrow
band gap and has been utilized in various applications such
as gas sensors, lithium-ion electrode materials, super-
capacitor electrode materials, optical switch and hetero-
geneous catalysis [4, 5]. In recent years, intensive studies
have been carried out on the photocatalytic dye degradation
application of CuO because of its superior properties such
as redox selectivity, chemical and physical stability, and
low production cost. The main drawback of CuO is the high
recombination rate of the photoexcited charge carriers under
illumination [6]. In order to improve the photocatalytic
activity of CuO, metal or non-metal doping has been
applied to CuO. The optical and electronic properties of
CuO, especially the photocatalytic activity, vary depending
on its morphological and crystal structure. The morphology
and especially the crystal structure determine the energy
band diagram of the semiconducting material. It has been
known that metal or non-metal doping could lead to a
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change in the crystal structure and the reactivity of the
semiconducting material, which could also affect both the
energy band diagram and the photocatalytic activity. In
addition, the metal or non-metal doping could result in the
formation of structural defect such interstitial defects and
oxygen vacancies, which might enhance the intensity of the
charge carriers and suppress the recombination rate of the
photoexcited electron-hole pairs [7]. In the literature, CuO
was doped with nickel atom [8], cerium atom [7], zinc atom
[9], lanthanum atom [6], silver atom [10], lithium atom [11],
cadmium atom [12], manganese atom [13], erbium atom
[14], molybdenum atom [15], magnesium atom [16] and
iron atom [5, 17, 18], respectively. George et al. (2022)
obtained an optical band gap of 2.26 eV with the iron doped
CuO. The photocatalytic dye degradation efficiency of the
iron doped CuO was found to be 62% under the visible light
illumination (500W Xenon lamp) at 60 min [18]. As an
example of non-metal doping, CuO was doped with nitro-
gen atom [19] and carbon atom [20], respectively. Doping
CuO with a metal or non-metal atom to enhance the Cr(VI)
photoreduction efficiency is also a promising strategy. In
the literature, CuO/Cu2O composite was doped with Ag
atom [21] and TiO2/CuO composite was doped with Cu
atom [22] to enhance the Cr(VI) photoreduction efficiency
of the CuO based composites.

As an alternative to the metal or non-metal doping,
coupling the semiconducting material with a conducting
polymer could yield composites with enhanced photo-
catalytic activity. Polyaniline as a conducting polymer has
been known as a good photosensitizer and contributes to the
photocatalytic activity of the semiconducting materials with
its specified features. Polyaniline is a highly conducting
polymer, possessing π conjugated electrons on the back-
bone of its polymer chain and can absorb the visible light
spectrum of the sunlight. Under a light source, the valence
band electrons of polyaniline can be excited to its conduc-
tion band to form photoexcited electron-hole pairs. The
specified properties of polyaniline allow it to be involved in
the photocatalytic dye degradation process [23]. In the lit-
erature, within the scope of the study of the photocatalytic
degradation of organic pollutants, polyaniline was com-
pounded with TiO2 [24], SrSnO3 [25], ZnO [26], WO3 [27],
AgCl [28] and BiOCl [29], respectively. Faisal et al. [25]
prepared the composite of SrSnO3 with polyaniline, which
resulted in the formation of a heterojunction structure
between the composite components, accompanied by an
increase in the degradation of organic pollutants in water
due to the promotion of the photoexcited charge carriers.
The photocatalytic degradation efficiency of methylene blue
for the polyaniline/SrSnO3 (5/95 wt./wt.) composite was
83% at 240 min [25].

Within the scope of this study, CuO was doped with iron
(Fe) atoms. It was thought that the iron atom might act as

an electron trap as shown in the graphical abstract,
improving both the photocatalytic dye degradation effi-
ciency and the Cr(VI) photoreduction efficiency of CuO.
Although there are a few studies on the photocatalytic dye
degradation efficiency of the iron doped CuO in the lit-
erature, no studies were found on the Cr(VI) photoreduc-
tion efficiency of the iron doped CuO and its composite
with polyaniline. Unlike the studies in the literature, in this
study, the iron doped CuO was also coupled with poly-
aniline. In addition to the dye degradation activity, the
Cr(VI) removal efficiency of the prepared samples was
studied. Because of the difference between the band
potentials of CuO and polyaniline, coupling CuO nano-
particles with polyaniline in the composite structure might
promote the charge separation on CuO, enhancing the
photocatalytic activity.

2 Experimental

2.1 Materials and methods

CuO nanoparticles were synthesized through the solution
combustion technique. For this purpose, copper(II) nitrate
trihydrate (CuO(NO3)2·3H2O), which was the oxidizer, and
citric acid (C6H8O7·H2O), which was the fuel, were to used
to synthesize CuO in nanoparticle morphology. CuO was
thought to be synthesized according to the reaction given
below [30]:

CuO NO3ð Þ2�3H2Oþ C6H8O7 � H2O ! CuOþ gaseous products

ð1Þ

The oxidizer and the fuel were used in a 1/1 (mol/mol)
stoichiometric ratio. The specified chemicals, copper(II)
nitrate trihydrate (1.0 g) and citric acid (0.869 g), were
dissolved in distilled water (30 ml) using a magnetic stirrer.
The solution was then continued to be stirred on a preheated
plate at 100 °C. The solution started to evaporate in a few
hours and turned into a viscous gel. When the heating
continued at 100 °C, the viscous gel began to a self-
sustaining combustion reaction. The as-prepared material
was ground to fine powder and calcinated at 400 °C for 4 h
to obtain CuO nanoparticles in the crystal structure. To
obtain the iron doped CuO, iron (III) nitrate nonahydrate
(Fe(NO3)3•9H2O) as the iron (Fe) atom source was added
into the copper(II) nitrate trihydrate-citric acid solution
before heating. The weight ratio of both Fe to CuO were
adjusted to be 1, 3 and 5%, respectively. The same process
steps applied to produce undoped CuO were followed to
produce the iron doped CuO. The samples doped with 1, 3
and 5 wt.% Fe atoms were named as CuO-Fe1, CuO-Fe3
and CuO-Fe5, respectively.
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The in-situ polymerization technique was applied to
couple the iron doped CuO nanoparticles with polyaniline
(Pani) in the composite structure. Pani was obtained through
the oxidation of aniline hydrochloride (C6H5NH2·HCl),
monomer, with ammonium peroxydisulfate ((NH4)2S2O8),
oxidant, according to the reaction (2). The molar ratio of the
monomer to the oxidant was set to 4/5 [31].

4nC6H5NH2 � HClþ 5n NH4ð Þ2S2O8 !
4 C6H4NH½ �2 C6H4NHþCl�½ �2
� �

nþ 2nHCl þ 5nH2SO4

þ5n NH4ð Þ2SO4

ð2Þ

In detail, aniline hydrochloride was dissolved in distilled
water to obtain a 0.04M solution. CuO nanoparticles were
dispersed in the monomer solution and stirred for 1 h. using
the magnetic stirrer. At the same time, ammonium perox-
ydisulfate was dissolved in distilled water in a separate
beaker to obtain a 0.05M solution. Then, the oxidant
solution was added into the monomer solution. The as-
prepared solution was stirred overnight. Next day, the
composite precipitate was collected on filter and rinsed with
acetone. Finally, the composite particles were dried at 60 °C
for 24 h [32]. The CuO ratio of the composite structure was
set to 20, 40, 60, 80 wt.%, respectively. For this purpose,
CuO-Fe3 nanoparticles, which provided the highest photo-
catalytic activity among the iron doped CuO, were used. In
order to distinguish among the composite samples, they
were labeled as CuO-Fe3/Pani(x/100-x) (x= 20, 40, 60,
80), respectively.

3 Structural, morphological and optical
characterization

Fourier-transform infrared (FTIR) spectroscopy of the pre-
pared samples was acquired from 400 cm−1 to 4000 cm−1

by Perkin Elmer 400 model spectrophotometer with a
resolution of 4 cm−1. FTIR spectra was used to reveal the
chemical structure of both undoped and doped CuO, and
their composites with polyaniline. The X-ray diffraction
(XRD) pattern of the prepared samples was obtained with
Inel Equinox 1000 model X-ray diffractometer using a
CoKα radiation source (λ= 1.788970 Å) at 30 mA and
30 kV with scanning in the range of 20° to 70°. The crystal
structure of both undoped and doped CuO and their com-
posites with polyaniline was studied. X-ray photoelectron
spectroscopy (XPS) analysis of CuO and the iron doped
CuO was conducted on a PHI 5000 VersaProbe model XPS
instrument operating with a monochromated Al Kα radia-
tion source (1486.6 eV). The structural effect of the iron
doping on CuO was investigated using the XPS spectra. The
fluorescence spectroscopy was utilized to compare the

recombination rate of the photoexcited charge carriers on
the photocatalyst samples. The fluorescence spectrum of the
CuO nanoparticles and the composite samples was recorded
on a Lumina model fluorescence spectrophotometer
(Thermo Scientific) at the excitation wavelength of 320 nm.
The morphology of the samples was studied using a field
emission scanning electron microscope (FE-SEM,
QUANTA 400 F). The elemental composition of the sam-
ples was investigated by energy dispersive X-ray (EDX)
spectroscopy (JXA-8230 EDX Microanalysis Instrument).
The UV–Vis absorption spectroscopy of all samples was
acquired from 200 nm to 800 nm using a UV–Vis spectro-
photometer (Genesys 10 S, Thermo Scientific).

4 Characterization of the photocatalytic
performance

The photocatalytic dye degradation activity of the as-
prepared samples was investigated using methylene blue as
a model dye in an aqueous solution under visible light
irradiation. To prepare the model dye solution, methylene
blue (1.0 mg) was dissolved in distilled water (100 ml) and
then the as-prepared photocatalyst sample (50 mg) was
dispersed in the methylene blue solution in the dark for half
an hour to ensure equilibrium of the prepared solution.
Afterward, the suspension was exposed to visible light
irradiation using a 300W lamp (Osram Ultravitalux) under
stirring. A distance of about 15 cm between the visible light
lamp and the suspension was maintained. To keep the
temperature of the suspension constant, the system was
ventilated by a fan. After the visible light irradiation, a
sample (3 ml) was taken from the suspension. The sample
suspension was centrifuged to remove the photocatalyst
particles from the dye solution. The photocatalytic dye
degradation efficiency was monitored using the UV–Vis
spectrophotometer every 30 min. The percentage of the
photocatalytic degradation of methylene blue was calcu-
lated using the following Eq. (3):

Dye degradation eff :% ¼ C0 � Cð Þ=C0 � 100 ð3Þ
where C0 and C are the solution concentrations before the
visible light illumination and after the visible light
illumination, respectively [33].

The following pseudo-first-order kinetic model (4) was
utilized to evaluate the reaction kinetics of the methylene
blue degradation [34]:

ln C0=Cð Þ ¼ kt ð4Þ
The reaction rate constant k can be obtained from the slope
of the ln(C0/C) vs. t graph from 0 to 240 min.

To study the effect of reactive radicals formed during the
photocatalytic dye degradation reaction, tert-butanol (6 ml/
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100 ml dye solution) as a hydroxyl radical scavenger and
ascorbic acid (1 mg/100 ml of the dye solution) as a
superoxide radical scavenger were dispersed in the model
dye solution in the presence CuO and CuO-Fe3, respec-
tively [35]. In order to evaluate the effects of ambient
conditions on the photocatalytic degradation of the model
dye, hydrogen peroxide (H2O2) (1 ml/100 ml dye solution)
was added into the dye solution, containing CuO, CuO-Fe3
and CuO-Fe3/Pani(80/20), respectively. In addition, the
ambient pH of the model dye solutions, containing undoped
CuO, CuO-Fe3 and CuO-Fe3/Pani(80/20), separately, was
adjusted to 4 and 10 using HCl (0.1 M) and NaOH (0.1 M),
respectively. In addition to the simulated organic dye
solutions, it was planned to evaluate the efficiency of the
photocatalyst samples, CuO, CuO-Fe3 and CuO-Fe3/
Pani(80/20), in real wastewater sample obtained from
Ankara Central Wastewater Treatment Plant. The real
wastewater experiment was similar to that of the simulated
dye solution experiment except the utilization of wastewater
instead of distilled water. Within the scope of the reusability
test, the dye solution was centrifuged at 7000 rpm to sepa-
rate the photocatalyst samples. Then, they were rinsed with
distilled water and dried at 60 °C. The dried photocatalyst
particles were re-dispersed in the dye solution for the next
cycle of the photocatalytic dye degradation experiment [36].
To evaluate the effect of the initial solution concentration on
the photocatalytic dye degradation efficiency, the simulated
dye solution with different initial solutions concentrations
of methylene blue (10, 20, 30 and 40 mg/l) was prepared. In
addition, the photocatalyst (CuO-Fe3/Pani(80/20)) con-
centration of the simulated dye solution was changed in the
range of 0.25 g/l–1.0 g/l to study the effect of photocatalyst
concentration on the photocatalytic dye removal rate.

The Cr(VI) photoreduction experiment of the prepared
samples was also conducted under the visible light irra-
diation. To prepare a simulated Cr(VI) solution, 2 mg of
K2Cr2O7 was disperse in 100 ml of distilled water. 50 mg of
the prepared samples was added into the as-prepared solu-
tion. After the adsorption-desorption equilibrium attained
between the photocatalyst particles and the Cr(VI) ions, the
Cr(VI) solution was exposed to the visible light irradiation.
A sample (2 ml) was extracted from the Cr(VI) solution
every 60 min and was centrifuged to separate the photo-
catalyst particles from the sample solution. The Cr(VI)
concentration of the supernatant solution was measured by
diphenylcarbazide photometric technique [37]. The percent
photoreduction of Cr(VI) was calculated using the follow-
ing equation [22]:

%Cr VIð Þ photoreduction ¼ C0 � C�ð Þ=C0 � 100 ð5Þ
where C0 is the initial concentration of the Cr(VI) solution
and C* is the concentration of the Cr(VI) solution at the
time the sample is taken.

5 Results and discussion

5.1 FTIR analysis

Chemical structure of the as-prepared samples was inves-
tigated using FTIR spectroscopy. Figure 1 exhibits FTIR
spectrum of CuO, CuO-Fe3 and CuO-Fe3/Pani(80/20). The
transmission peaks observed at around 475 and 593 cm−1

were attributed to the stretching vibration of the Cu-O bond
(Fig. 1a) [38]. When compared with the FTIR spectrum of
CuO, the spectrum of the CuO-Fe3 (Fig. 1b) does not
exhibit distinct shift in the wave number. The intensity of
the transmission peak observed at around 593 cm−1 seems
to decrease slightly with the iron doping. It is clear that CuO
was synthesized successfully. There are two additional
transmission peaks at around 1365 and 1738 cm−1 on the
FTIR spectrum of CuO and CuO-Fe3, which might be
linked to bending vibrations of the asymmetric C-O struc-
ture and the O-H bond, respectively [39, 40]. The noticed
transmission peaks do not belong to the CuO chemical
structure. The reason for these transmission peaks might be
the precursor chemicals used to synthesize CuO. On the
other hand, the iron doping does not seem to change the
chemical bond structure of CuO.

Figure 1c exhibits FTIR spectrum of CuO-Fe3/Pani(80/
20). The composite sample exhibits the transmisson peak at
around 800 cm−1, which was assigned to the out of plane
vibrations of the =C-H bond of polyaniline [41]. The
transmission peak at around 1150 cm−1 might belong to the
plane bending vibration of the C-H bond on the aromatic
structure. The peak seen at around 1300 cm−1 was due to
characteristic vibrations of the protonated polyaniline. The
indicated peak can be thought as a measure of the degree of
delocalization of Pani electrons [42]. The peaks present at
around 1050 and 1230 cm−1 were attributed to the C-N
stretching vibration of the benzenoid structure and the peak
present at around 1490 cm−1 was attributed to the C= C

Fig. 1 FTIR spectroscopy analysis: FTIR spectrum of a CuO,
b CuO–Fe3 and c CuO–Fe3/Pani(80/20)
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stretching vibration of the benzenoid structure. The trans-
mission peak at around 1590 cm−1 might be due to the
C=N stretching vibration of the quinonoid structure of the
conducting polymer. The transmisson band observed
between 3200–3600 cm−1 was assigned to the stretching
vibration of the N-H bond [41]. The composite sample also
exhibit the characteristic transmisson peaks of CuO at
around 475 and 593 cm−1 (Fig. 1c) [38].

5.2 XRD analysis

XRD diffractogram of undoped CuO exhibits the typical
diffraction peaks of the CuO crystal structure, which were
attributed to the monoclinic CuO crystal structure (JCPDS
No. 05-0661) [6]. On the XRD diffractogram of CuO
(Fig. 2a), there are diffraction peaks at 37.20°, 40.62°,
44.28°, 50.59°, 56.23°, 61.72°, 67.45°, 71.68°, 75.07°,
77.38° and 79.54°, which might be indexed to (−111),
(200), (−112), (−202), (202), (−113), (−311), (220),
(312), (311) and (−204) planes of the monoclinic CuO
crystal. The diffraction peak intensities and their widths
indicated the crystalline nature of the synthesized CuO
nanoparticles (Fig. 2) [43]. With the iron doping, the
intensity of the diffraction peaks of CuO at 40.62°, 44.28°,
75.07° and 79.54° decreased slightly. In addition, the dif-
fraction peaks of CuO at 67.45°, 75.07° and 79.54° shifted
toward higher diffraction angles, revealing that the iron
atoms were successfully integrated into the CuO crystal
structure (Fig. 2b) [7]. The slight decrease in the specified
peak densities indicated that the iron atoms slightly dis-
rupted the crystal structure of CuO. The average crystallite
size, calculated using the Scherrer formula, decreased from
15.08 to 13.69 nm with the iron doping [43]. According to
the XRD diffractogram of CuO and CuO-Fe3 (Figs. 2a and
2b), all the diffraction peaks belong to the CuO crystal
structure and no different peaks were observed, revealing
that the iron doping did not result to form any new phase in

the CuO crystal structure. The XRD diffractogram of CuO-
Fe3/Pani(80/20) is illustrated in Fig. 2c. Figure 2c exhibits a
broad band with a low intensity at around 25°, which might
be due the amorphous polymer phase of the composites
[44, 45]. On the diffractogram of the CuO-Fe3/Pani(80/20)
composite (Fig. 2c), the peaks at 37.50°, 40.95°, 44.64°,
50.70°, 56.56°, 62.17°, 67.91°, 72.06° and 77.46° belong to
the characteristic crystal planes of CuO. When compared
with undoped CuO and CuO-Fe3, the diffraction peaks of
CuO shifted toward higher diffraction angles, which might
be due to the interaction between the conducting polymer
and CuO-Fe3.

In the context of the reusability test of the as-prepared
catalysts, the stability of CuO nanoparticles after the pho-
tocatalytic degradation study was studied using the XRD
analysis. Figure 2d shows the XRD diffractogram of the
four times of recycled CuO. For the four times of recycled
CuO, the characteristic diffraction peaks of CuO shifted
slightly toward lower diffraction angles and the intensity of
the characteristic diffraction peaks decreased slightly
(Fig. 2d). No additional diffraction peaks were observed on
the XRD diffractogram of the four times of recycled CuO,
revealing no structural changes on CuO. According to the
XRD analysis, CuO retained its crystalline structure to some
extent and is a suitable photocatalyst for repeated uses.

5.3 XPS analysis

XPS analysis was performed to investigate the chemical
content of both undoped and doped CuO and the electronic
state of elements within the CuO structure. The overall
spectrum of the iron doped CuO is illustrated in Fig. 3a,
which reveals the presence of the dopant atoms in CuO in
addition to Cu and O atoms. Besides the peaks linked to the
Cu, O and Fe atoms, there is a peak in the overall spectrum
of all samples at ~280 eV belonging to the C atom, which
might result from the precursor chemicals of CuO (Fig. 3a).
The Cu 2p spectra of CuO illustrates the Cu 2p3/2 peak at
931.5 eV with two satellite peaks at 939.8 and 942.8 eV,
respectively (Fig. 3b). Also, the Cu 2p spectra exhibits the
Cu 2p1/2 peaks a 951.7 eV with a satellite peak at 961.3 eV.
The noticed peaks can be attributed to the Cu2+ state of
copper atoms within the CuO structure [46]. There was a
small shift toward lower energy in the binding energy of the
peaks with the iron doping (Fig. 3b). There was an increase
and a decrease in the peak intensity at 931.5 eV with CuO-
Fe1 and CuO-Fe3, respectively.

The O 1 s spectra of CuO exhibits two peaks at 528.4 and
530.3 eV, which were assigned to the O2− state of oxygen
within the CuO structure and surface adsorbed O2 mole-
cules, respectively (Fig. 3c) [46]. Compared to CuO, the
peaks of the O 1 s spectrum for both CuO-Fe1 and CuO-Fe3
shifted slightly towards lower binding energy and increased

Fig. 2 XRD spectroscopy analysis: XRD spectrum of a CuO,
b CuO–Fe3, c CuO–Fe3/Pani(80/20) and d four times of recycled CuO
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significantly in intensity (Fig. 3c). The Cu 2p spectra and
the O 1 s spectra indicated that both undoped and doped
CuO was synthesized successfully. The Fe 2p spectrum of
CuO-Fe1 and CuO-Fe3 exhibits two broad peaks at
approximately 710 and 720 eV (Fig. 3d), which were
attributed to the Fe 2p3/2 and Fe 2p1/2 electronic states of
the Fe atom, respectively. The noticed peaks revealed that
the iron atom was integrated into the chemical structure of
CuO [47].

5.4 Fluorescence study

To reveal the effect of doping of CuO with the iron atom, and
the effect of compounding CuO with polyaniline, the fluor-
escence spectrum of the CuO, CuO-Fe3 and CuO-Fe3/
Pani(80/20) samples was compared on Fig. 4. The main rea-
son for the fluorescence emissions was the recombination of
the photoexcited electron-hole pairs. In addition, the intensity
of the emission bands is directly proportional to the recom-
bination rate of the photoexcited charge carriers. In general,
the lower fluorescence band intensity indicated the suppressed
recombination rate, which results in an enhanced photo-
catalytic activity [48]. According to Fig. 4, all samples
exhibited two emission bands in the range of 470–520 nm and
660–620 nm, respectively. The emission band observed
between 470–520 nm might be due to the oxygen vacancy.
The singly ionized oxygen vacancy could emit the specified
emission as a result of the recombination of a singly ionized
electron with a photoinduced hole. Another major emission
band might be attributed to the interstitial defect of the inter-
stitial copper atoms or anti-oxygen sites [49]. High emission
intensity of undoped CuO implied that the recombination rate

of the photoinduced charge carriers on CuO was high. The
emission intensity of both bands of CuO-Fe3 was lower than
that of undoped CuO (Fig. 4b), which revealed that the
recombination rate of the photoexcited electron-hole pairs of
CuO was suppressed with the iron atom doping. In addition,
the emission intensity of both bands of the composite sample
was lower than that of CuO, implying that compounding CuO-
Fe3 with polyaniline suppressed the recombination rate of
the photogenerated charge carriers on CuO-Fe3. Among the
samples, the CuO-Fe3/Pani(80/20) composite exhibited the
lowest emission intensities (Fig. 4c).

5.5 Morphological analysis

Figures 5 and 6 exhibit the FESEM images and EDX
spectrum of CuO, CuO-Fe1, CuO-Fe3, CuO-Fe3/Pani(40/60)

Fig. 4 Fluorescence spectroscopy analysis: Fluorescence spectrum of
a CuO, b CuO–Fe3 and c CuO–Fe3/Pani(80/20)

Fig. 3 XPS spectroscopy
analysis: a XPS general survey
spectrum and high resolution
XPS spectrum of b Cu 2p, c O
1s, d Fe 2p obtained for the iron
doped CuO
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and CuO-Fe3/Pani(80/20). These images displayed the
uniform morphology of round-like nanoparticles belonging
to both doped and undoped CuO. The size of undoped CuO
nanoparticles were about 100–200 nm in diameter (Fig. 5a).
No significant change in particle size and shape was
observed with the iron doping (Figs. 5b and 5c). The ele-
mental composition of the specified nanoparticles was
obtained by using the EDX spectroscopy. According to the
EDX analysis (Fig. 6a), CuO was composed of Cu, O and C
atoms. The presence of the C peak on the EDX spectrum of
CuO indicated that the CuO precursor chemicals might not
be converted to CuO completely. The EDX spectrum of the
iron doped CuO exhibits the peaks belonging to Cu, O, C,
Fe atoms. The presence of the iron atom in CuO was
proved. The EDX spectrum of the iron doped CuO also
exhibits the C peak (Fig. 6b-c).

Figures 5d, e and 6d, e illustrate the FESEM images and
the EDX spectrum of CuO-Fe3/Pani(40/60) and CuO-Fe3/
Pani(80/20). These images exhibit that the iron doped CuO
nanoparticles were covered with a thin polyaniline layer.
When the CuO-Fe3/Pani(40/60) composite and the CuO-
Fe3/Pani(80/20) composite were compared, the thickness of
the polymer layer coated on the CuO-Fe3 nanoparticles
seemed to be almost the same (Fig. 5d, e). The EDX
spectrum of the composite samples revealed the successful
coating of Pani on to the photocatalyst nanoparticles. The
EDX spectrum of the polyaniline composites depicts the
peaks belonging to C, N, O, S and Cu atoms (Fig. 6d, e).

In order to investigate the stability of the CuO nano-
particles after the photocatalytic degradation study, the
FESEM images of the four times of recycled CuO, CuO-
Fe3 and CuO-Fe3/Pani(80/20) were also obtained (Fig. 7).

Fig. 5 Morphology analysis:
SEM images of a CuO,
b CuO–Fe1, c CuO–Fe3,
d CuO–Fe3/Pani(40/60) and
e CuO-Fe3/Pani(80/20)

Fig. 6 EDX spectroscopy analysis: EDX spectrum of a CuO, b CuO–Fe1, c CuO–Fe3, d CuO–Fe3/Pani(40/60) and e CuO–Fe3/Pani(80/20)
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The FESEM images illustrate sphere-like structures of CuO
in agglomated form. No significant changes in pure and
doped CuO morphology was observed, which showed that
CuO maintained its stability after the photocatalytic dye
degradation tests.

5.6 UV-Visible absorption study

Figure 8a illustrate the UV-Vis absorption spectrum of
undoped and doped CuO nanoparticles prepared with
varying dopant amounts of Fe atoms. Both undoped and the
iron doped CuO nanoparticles exhibited light absorption in
the wavelength range of 200–250 and 250–750 nm
(Fig. 8a). The absorption intensity of the iron doped CuO
nanoparticles was higher than that of undoped CuO in the
wavelength of 250–750 nm, indicating the enhancement of
light absorption ability of CuO with the iron doping
(Fig. 8a). The increase in the light absorption ability was
parallel to the increase in the iron atom content. In the
literature, Zhu et al. (2015) observed a red shift with the
iron doping [5]. However, a blue shift was observed with
the iron doping in the present study, which might be
attributed to the interaction of the conduction band electrons
with the 3d electrons of the iron atom [7].

UV-Visible absorption spectrum of the CuO-Fe3/Pani
composites illustrates the absorption peaks at around 270
and 550 nm. The peak at 270 nm might be assigned to
π→ π∗ transition or exciton transition. The peak observed
at 550 nm might be attributed to the polaron-π∗ and π-
polaron transition on the cationic species of polyaniline
[50]. As the content of the conducting polymer in the
composite increased, the intensity of the specified peaks at

270 and 550 nm increased. According to Fig. 8b, combining
CuO-Fe3 with polyaniline within the composite structure
seemed to be beneficial in terms of the visible light
absorption ability of doped CuO. Polyaniline was a good
sensitizer for CuO and expanded the photoactive region of
undoped and doped CuO in the visible light region [50].

The optical band gap energy of all samples was estimated
using the Tauc equation given below [7]:

αhvð Þ2¼ A hv� Eg

� � ð6Þ

where α is the absorption coefficient, hν is the photon
energy of incident light, A is a constant and Eg is the optical
band gap energy. Figures 9 and 10 show (αhν)2 versus hν
plots of as the prepared samples. The optical band gap
energy was estimated by extrapolating the linear part of the
curves to the x-axis [7]. The estimated band gap value of
undoped CuO was 1.15 eV and increased to 1.25, 1.30, and
1.40 eV for CuO-Fe1, CuOFe-3 and CuO-Fe5, respectively
(Fig. 9). The observed increase in the optical band gap
energy might be attributed to the Burnstein-Moss effect.
When CuO was doped with the iron atoms, electrons of the
dopant atom might fill the conduction band states, pushing
the Fermi level to the higher energy states [51, 52].
According to the Burnstein-Moss theory, the lifting of the
Fermi energy level into the conduction band of the material
gives rise to the band gap broadening, known as the blue
shift [51, 52].

The estimated values of the optical band gap for CuO-
Fe3/Pani(80/20), CuO-Fe3/Pani(60/40), CuO-Fe3/Pani(40/
60) and CuO-Fe3/Pani(20/80) were 1.40, 2.00, 2.25 and
2.40 eV, respectively (Fig. 10). The results revealed that the

Fig. 8 Optical property analysis:
UV–Vis absorption spectrum of
a CuO–Fe and b CuO–Fe3/Pani

Fig. 7 Morphology analysis:
SEM images of the four times of
recycled a CuO, b CuO–Fe3 and
c CuO–Fe3/Pani(80/20)
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composites possessed wider band gap compared to CuO-
Fe3. As polyaniline content of the composites increased, the
optical band gap continued to expand [52].

5.7 Photocatalytic dye degradation activity

The absorbance of methylene blue with CuO-Fe was lower
than that of undoped CuO (Fig. S1). Figure 11a illustrates
the photocatalytic degradation of methylene blue with time
in the presence of the iron doped CuO nanoparticles. At the
end of 240 min of visible light irradiation, the degradation
rate of pure CuO, CuO-Fe1, CuO-Fe3 and CuO-Fe5 was

46.0, 49.5, 62.9 and 60.5%, respectively. The iron doping
seemed to be beneficial in terms of increasing the photo-
catalytic efficiency. The highest degradation was obtained
with CuO-Fe3. Cu2+ ions might be replaced by the Fe2+

ions, which might result in an expansion in the crystal lat-
tice of CuO due to the difference between the ionic radii of
Cu2+ (0.73 Å) and Fe2+ (0.78 Å) [7, 53]. The specified
lattice expansion might suppress the recombination of the
photoexcited charge carriers. In addition, the iron atom
might behave as electron traps (Fig. 12a), suppressing the
recombination rate of the photoinduced charge carriers on
CuO [7]. In the literature, metal or non-metal doping

Fig. 10 Optical property
analysis: Tauc’s plot for
a CuO–Fe3/Pani(80/20),
b CuO–Fe3/Pani(60/40),
c CuO–Fe3/Pani(40/60) and
d CuO–Fe3/Pani(20/80)

Fig. 9 Optical property analysis:
Tauc’s plot for a CuO,
b CuO–Fe1, c CuO-Fe3 and
d CuO-Fe5
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provided almost 10–20% enhancement in the photocatalytic
dye degradation efficiency within 240 min under visible
light irradiation. George and his coworkers improved the
dye removal rate from 42 to 60% within 240 min [18].
Compared with studies in the literature (Table 1), a sig-
nificant improvement of almost 20% in the photocatalytic
dye degradation efficiency was achieved with the iron
doping.

Methylene blue with the CuO-Fe3/Pani(80/20) and CuO-
Fe3/Pani(60/40) composites exhibited lower absorption
peaks compared to CuO-Fe3, which indicated that com-
bining CuO-Fe3 with Pani has been found to be successful
in terms of the photocatalytic activity (Fig. S2). Figure 11b

exhibits the graph for degradation rate of methylene blue
with the CuO-Fe3/Pani composites under the visible light.
The photocatalytic degradation rate of methylene blue was
about 71.9, 69.6, 48.8 and 34.8%, when the CuO-Fe3/
Pani(80/20), CuO-Fe3/Pani (60/40), CuO-Fe3/Pani(40/60)
and CuO-Fe3/Pani(20/80), respectively, were used as pho-
tocatalysts under the visible light irradiation. When com-
pared with CuO-Fe3, the CuO-Fe3/Pani(80/20) and CuO-
Fe3/Pani(60/40) composites provided higher photocatalytic
degradation activity. Because of the difference between the
band potentials (Fig. 12b), combining CuO-Fe3 nano-
particles with polyaniline in the composite structure might
cause the photoexcited electrons to move from the con-

Fig. 12 Photocatalytic activity
mechanism: Proposed
photocatalytic dye degradation
and Cr(VI) photoreduction
mechanisms of a CuO–Fe and
b CuO–Fe3/Pani

Table 1 Comparison with
previous reports of CuO doped
with metal or non-metal atoms

Dopant atom Light source Dye removal rate of
CuO

Dye removal rate of
doped CuO

Ce (0.6 mM) [7] Xe lamp (800 > λ > 200 nm) ~76% in 240 min. 90.4% in 240 min.

La (5.78 wt.%) [6] Xe lamp (800 > λ > 200 nm) ~79.4% in 240 min. ~90.9% in 240 min.

Ag (4 wt.%) [10] Xe lamp (300W) ~40% in 40 min. ~65% in 60 min.

Li (5 mol.%) [11] Tungsten lamp (300W) ~86% in 120 min. ~93% in 120 min.

Ca (1.38 at.%)
[12]

Xe lamp (800 > λ > 200 nm) 84.26% in 240 min. 92.33% in 240 min.

Mn (2 wt.%) [13] UV-Visible light ~79% in 480 min. ~87% in 480 min.

Fe (0.01 mol) [5] Visible light - ~62% in 60 min.

Fe [18] Hg lamp (50W) ~42% in 240 min. ~60% in 240 min.

N [19] Visible light (λ > 420 nm) - ~80% in 75 min.

C [20] Xe lamp (150W) ~70% in 240 min. ~90% in 240 min.

Fig. 11 Photocatalytic activity
measurement: Photocatalytic
degradation rate of methylene
blue in the presence of
a CuO–Fe and b CuO–Fe3/Pani
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duction band of Pani (−1.90 eV) to the conduction band of
CuO-Fe3 (−0.70 eV) [54, 55]. At the same time, the pho-
toinduced holes of CuO-Fe3 might transfer to the valence
band of Pani. Because of the delocalized π-conjugated
structures, polyaniline has high electron transfer ability,
leads to fast charge separation on polyaniline [56]. Hence,
the recombination rate of the photoexcited electron-pairs
might be reduced at a certain extent. On account of pro-
moting the separation of the photoinduced charge carriers,
higher photocatalytic efficiency was obtained with the CuO-
Fe3/Pani(80/20) and CuO-Fe3/Pani(60/40) composites
compared to CuO-Fe3. The same effect could not be
achieved with the CuO-Fe3/Pani(40/60) and CuO-Fe3/
Pani(20/80) composites. The specified composites have
high Pani content and the CuO-Fe3 nanoparticles might be
covered with a dense polymer layer. Photocatalytic activity
takes place on the photocatalyst surface [57]. It was thought
that Pani layers covering the CuO-Fe3 nanoparticles might
reduce the contact surface area of the photocatalyst with the
methylene blue molecules, resulting in a lower degradation
efficiency compared to CuO-Fe3. According to these
results, the content of the conductive polymer in the com-
posite structure should be kept limited.

The reaction rate constant values, obtained from Fig. S3a
and b, are listed in Table 2. According to Table 2, the iron
doped CuO nanoparticles had higher k values than that of
undoped CuO. According to the literature, the value of the
reaction rate constant for the iron doped CuO was 1.5 times

higher than that of undoped CuO [5]. A similar 1.5-fold
increase was observed in the reaction rate constant value.
Among the composites, CuO-Fe3/Pani(80/20), CuO-Fe3/
Pani(60/40) and CuO-Fe3/Pani(40/60) provided higher k
values compared to undoped CuO. The highest k value
obtained by the CuO-Fe3/Pani(80/20) composite was
almost 1.9 times as high as that of undoped CuO. High R2

values close to 1 indicated the compatibility of the dye
degradation data with the pseudo-first-order kinetic model.

5.8 Real wastewater and reusability study

In order to examine the effects of real wastewater environ-
ment on the photocatalytic activity, the photocatalytic degra-
dation of methylene blue added into a real wastewater sample
was also studied. The degradation rate of methylene blue
solutions prepared using distilled water and real wastewater in
the presence CuO was 46.0 and 37.8%, respectively, in
240min (Fig. 13a). When a real wastewater was used instead
of distilled water to prepare the methylene blue solution,
59.2% dye degradation was obtained in the presence of CuO-
Fe3 (Fig. 13a). The degradation rate of the model dye solution
prepared using distilled water and real wastewater by CuO-
Fe3/Pani(80/20) was 71.9 and 66.9%, respectively, in
240min (Fig. 13a). According to these results, the photo-
catalytic activity of the noticed samples reduced in the
methylene blue solution prepared using the real wastewater.
The greatest reduction about 18% was found in the photo-
catalytic dye degradation of undoped CuO. The decrease in
the photocatalytic efficiency was attributed to the decrease in
the effective surface area required for dye degradation. It was
thought that the pollution in the wastewater adsorbed to the
photocatalyst surface, reducing the required surface area for
the photocatalytic degradation reaction.

The stability of the as-prepared photocatalysts was stu-
died through the reusability test. The photocatalytic degra-
dation rate of methylene blue for four times of recycled
CuO, CuO-Fe3 and CuO-Fe3/Pani(80/20) was 29.1, 41.9
and 55.3%, respectively after 240 min (Fig. 13b). CuO,
CuO-Fe3 and CuO-Fe3/Pani(80/20) retain 63.2, 66.5 and
76.9% of its photocatalytic activity, respectively, at the 4th

catalytic cycle. The highest photocatalytic activity among

Table 2 Adjusted parameters of the pseudo-first-order kinetic model

Sample k (min−1) R2

CuO 0.0028 0.9848

CuO-Fe1 0.0031 0.9776

CuO-Fe3 0.0041 0.9886

CuO-Fe5 0.0038 0.9908

CuO-Fe3/Pani(80/20) 0.0054 0.9870

CuO-Fe3/Pani(60/40) 0.0050 0.9926

CuO-Fe3/Pani(40/60) 0.0030 0.9859

CuO-Fe3/Pani(20/80) 0.0019 0.9597

Fig. 13 Photocatalytic activity
measurement: a Photocatalytic
removal rate of methylene blue
prepared using distilled water
and real wastewater,
b reusability study of the
recovered photocatalysts
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four times of recycled samples was obtained with the CuO-
Fe3/Pani(80/20) composite, indicating that CuO com-
pounded with a polymer matrix had a better reusability
compared to pure CuO. In addition, the composite sample
could be recycled more easily compared to pure CuO
nanoparticles. The reduction in the photocatalytic dye
degradation rate might be due to the intermediate products
adsorbed to the surface of the photocatalyst nanoparticles.
The intermediate products might block the active sites of the
photocatalyst nanoparticles and might not be removed from
the photocatalyst surface during rinsing with distilled water
[48].

5.9 Effect of scavengers on the photocatalytic
activity

Under the visible light irradiation, electrons from the
valence band of CuO could be excited to its conduction
band, which gave rise to the formation of holes in the
valence band (7). The photoinduced electron-hole pairs
could move to the surface of CuO, where they could par-
ticipate in the photocatalytic degradation reaction. The
photoinduced electrons could react with surface adsorbed
O2 molecules to form superoxide (·O2

−) radicals (8) and the
photoinduced holes could react with surface adsorbed water
molecules to form ·OH radicals (9).

CuOþ hv ! e� þ hþ ð7Þ

O2 þ e� ! �O�
2 ð8Þ

H2Oþ hþ ! �OHþ Hþ ð9Þ

The reduction potential of O2 to form superoxide radical,
which is −0.33 eV vs. NHE, is more positive than the
conduction band potential of CuO (−0.70 eV) [54, 58].
Hence, the photoexcited electrons of CuO could reduce the
surface adsorbed O2 molecules to the superoxide radicals.
The superoxide radicals could decompose the organic dye
molecules (10) [1]:

�O�
2 þ organic dye ! degradation products ð10Þ

Alternatively, the superoxide radicals could be reduced
by the photoexcited electrons of CuO to H2O2 (11), which
could also be reduced to hydroxyl radicals since the redox
potential of the H2O2/·OH couple (0.38 eV) is more positive
than the conduction band potential of CuO (12) [59]. The
conduction band potential of CuO is more negative than the
reduction potential of ·O2

− to form H2O2, which is 0.695 eV
vs. NHE [60].

�O�
2 þ 2Hþ þ e� ! H2O2 ð11Þ

H2O2 þ Hþ e� ! H2Oþ �OH ð12Þ

In order to visualize the degradation effect of the super-
oxide radical, ·O2

− scavenger was added into the reaction
medium of CuO and CuO-Fe3, separately. The photocatalytic
degradation efficiency of CuO and CuO-Fe3 for methylene
blue with ·O2

− scavenger was found to be 21.6 and 33.9%,
respectively (Fig. 14a, b). There was a significant decrease in
the photocatalytic activity of the specified photocatalysts. This
showed that the superoxide radicals had an important role in
the photocatalytic degradation of methylene blue. The greatest
reduction in the photocatalytic activity was observed by CuO-
Fe3 (Fig. 14b).

Because the redox potential of the couple H2O/·OH,
which is 2.27 eV vs. NHE, is more positive than the valence
band potential of CuO (0.88 eV), surface adsorbed H2O
molecules could not be oxidized by the photoexcited holes
of CuO to form ·OH radicals [54, 58]. The possible invol-
vement of ·OH radicals in the photocatalytic degradation
reaction was investigated by the trapping experiment using
·OH radical scavenger (Fig. 14a, b). The photocatalytic
degradation rate of methylene blue for CuO and CuO-Fe3
decreased from 46.0, 62.9 to 44.7, 61.1%, respectively after
240 min. There was a slight decrease in the degradation
values, indicating the inactiveness of the hydroxyl radical.
Since the H2O/·OH redox potential is higher than the
valence band of CuO, the generation of the hydroxyl radical
from H2O on the valence band of CuO seemed to be
impossible. The hydroxyl scavenger test results supported
this statement. The reason for the slight decrease in the
degradation efficiency might be the hydroxyl radical,

Fig. 14 Photocatalytic activity
measurement: Photocatalytic
degradation rate of methylene
blue with superoxide radical
scavenger and hydroxyl radical
scavenger, separately, in the
presence of a CuO and
b CuO–Fe3
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formed through the reduction reaction of H2O2 on the
conduction band of CuO (12) [59]. Hence, the superoxide
radical might the only reactive species, which participated
actively in the photocatalytic degradation of methylene
blue.

5.10 Effect of pH on the photocatalytic activity

Wastewater, including organic dye solutions, can have dif-
ferent pH values, and acidic or basic pH values can change
the surface charge of the photocatalyst, which might affect the
electrostatic interaction between the dye molecules and the
photocatalyst. The difference in surface charges might also
affect the adsorption ability of the photocatalyst. Since the
redox potentials of radical formation change depending on the
pH of the reaction medium, a marked change in the formation
rate of superoxide and hydroxide radical can also be expected
[48]. When the pH of the reaction medium was higher than 7,
the pH of the solution might be above CuO’s point of zero
charge [48]. Hence, the surface of both undoped and doped
CuO might become negatively charged, enhancing the elec-
trostatic attraction between CuO and the positively charged
methylene blue molecules [34]. According to Fig. 15a–c, the
photocatalytic degradation rate of methylene blue for CuO,
CuO-Fe3, CuO-Fe3/Pani(80/20) increased from 46.0, 62.9,
71.9% to 53.8, 76.0, 79.2%, respectively, after 240min of the
visible light irradiation at pH= 10. It was observed that the
possible improvement in the electrostatic interaction at high
pH value promoted the photocatalytic degradation efficiency.

On the other hand, the photocatalytic degradation rate of
methylene blue for CuO, CuO-Fe3, CuO-Fe3/Pani(80/20)
decreased from 46.0, 62.9, 71.9% to 34.9, 51.8, 69.6%,
respectively, within 240min at pH= 4 (Fig. 15a–c). When
the pH of the methylene blue solution was acidic, the pH of
the solution might be below CuO’s point of zero charge [48].
Thus, the surface of the photocatalyst nanoparticles, CuO and
CuO-Fe3, might become positively charged, suppressing the
electrostatic attraction between the photocatalyst nano-
particles and the positively charged dye molecules, and also
the photocatalytic degradation efficiency. In addition, CuO
nanoparticles might react with the acid molecules to generate
its salt in the acidic pH, which might also reduce the for-
mation of ·O2

− radicals on the surface of CuO and the pho-
tocatalytic degradation efficiency [48]. The photocatalytic
activity of the CuO-Fe3/Pani(80/20) composite reduced in the
acidic pH value and improved in the basic pH value. Pani in
the composite structure did not alter the pH dependent pho-
tocatalytic behavior of CuO.

5.11 Effect of H2O2 on the photocatalytic activity

Hydrogen peroxide, which is a strong oxidative chemical,
has been utilize to reduce both chemical oxygen demand

and biological oxygen demand in wastewater. In addition,
hydrogen peroxide has been utilized to improve the existing
physical or biological wastewater treatment processes. H2O2

is a chemical with a high probability of being present in the
solution environment as a reaction intermediate of the
photocatalytic dye degradation reactions. In order to study
the effects of ambient conditions on the photocatalytic
activity of CuO, H2O2 was added into the methylene blue
solution. When the photocatalyst samples, CuO, CuO-Fe3
and CuO-Fe3/Pani(80/20), were used in combination with
H2O2, the degradation rate of methylene blue increased
slightly (Fig. 15d). The conduction band potential of CuO
(−0.70 eV) is more negative than the reduction potential of
H2O2 (0.38 eV) to form hydroxyl radicals (12) [59]. Hence,
H2O2 molecules could be reduced on the conduction band
of CuO with the photoinduced electrons to form additional
hydroxyl radicals, which could decompose the organic dye
molecules into small harmless molecules. In addition, H2O2

is a good electron acceptor, which provides it a high
reduction tendency on the CuO surface [1]. According to
Fig. 15d, addition of a small amount H2O2 into the reaction
medium seemed to effective in terms of the photocatalytic
degradation efficiency. The photocatalytic degradation
efficiency of CuO, CuO-Fe3 and CuO-Fe3/Pani(80/20) for
methylene blue with H2O2 (l mg/ml) were found to be 49.6,
72.9 and 87.6%, respectively, at 240 min. The degradation
efficiency of the CuO-Fe3/Pani(80/20) composite for
methylene blue increased almost 16%.

5.12 Effect of the intial dye concentration and the
photocatalyst loading on the photocatalytic
activity

The intial dye concentration is an important parameter in the
wastewater treatment. In this context, the effect of the intial
dye concentration (10, 20, 30 and 40 mg/l) on the photo-
catalytic activity of the CuO-Fe3/Pani(80/20) composite
was studied. According to Fig. 16a, the photocatalytic dye
degradation efficiency of CuO-Fe3/Pani(80/20) composite
decreased as the initial dye concentration increased. When
the initial dye concentration changed from 10 to 40 mg/l,
the dye removal rate decreased from 71.9 to 50.7%. When
the initial dye concentration increases, the amount of dye
molecules adsorbed on the photocatalyst surface also
increases, preventing the photocatalyst from absorbing
photons and reducing the photocatalytic dye degradation
efficiency [61]. The photocatalyst content of the dye solu-
tion is another important parameter influencing the phto-
catalytic dye degradation efficiency. According to Fig. 16b,
the photocatalytic dye degradation efficiency of the CuO-
Fe3/Pani(80/20) composite enhanced from 63.3 to 76.9%
when the catalyst content of the dye solution increased from
0.25 to 0.75 g/l. Then, there was a slight decrease in dye
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degradation efficiency as the photocatalyst content con-
tinued to increase to 1.0 g/l. When the photocatalyst con-
centration of the dye solution is dilute, the photocatalyst can
absorb fewer photons required for the photocatalytic
activity, leading to low efficiency. Increasing the photo-
catalyst concentration leads to an enhancement in photo-
catalytic activity due to the increase in the photon
absorption ability. However, after a certain concentration,
the photocatalyst may block the light transmittance of the
dye solution, leading to a decrease in the photocatalytic dye
degradation efficiency [61]. Accordingly, increasing the

photocatalyst concentration too much causes not only a
catalyst waste, but also a reduced photocatalytic activity.

5.13 Photocatalytic reduction of Cr(VI)

Fig. S4 exhibits absorbance changes of Cr(VI) in the presence
of the as-prepared samples. It was noticed from Fig. 16c that
CuO-Fe3 exhibited enhanced photoreduction performance
than that of pure CuO. 32.8% and 49.9% of Cr(VI) was
reduced within 240min by CuO and CuO-Fe3, respectively.
In the literature, there is no study on the Cr(VI) photoreduction

Fig. 16 Photocatalytic activity
measurement: a The
photocatalytic dye degradation
rate of CuO–Fe3/Pani(80/20)
with different initial solution
concentration of methylene blue,
b effect of the photocatalyst
(CuO–Fe/Pani(80/20))
concentration on the
photocatalytic dye degradation
rate, c the Cr(VI) photoreduction
rate of CuO, CuO–Fe3,
CuO–Fe3/Pani under visible
light irradiation

Fig. 15 Photocatalytic activity
measurement: Effect of pH on
the photocatalytic degradation
rate of methylene blue in the
presence of a CuO, b CuO–Fe3,
c CuO–Fe3/Pani(80/20), d effect
of H2O2 on the photocatalytic
degradation rate of methylene
blue in the presence of CuO,
CuO-Fe3 and CuO/Fe3/Pani,
respectively
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of pure CuO or doped CuO. Metal atom doping was applied to
CuO heterojunction structures [21, 22] Within this scope,
Udayabhanu and his coworkers obtained 55% Cr(VI) removal
rate with Cu doped TiO2/CuO heterojunction structure in
240min. Compared with the CuO studies in the literature, the
photoreduction rate of Cr(VI) was increased by about 20%,
and a significant value of approximately 50% Cr(VI) removal
rate was obtained with the iron doped CuO [21, 22]. After
240min of the visible light irradiation, the Cr(VI) photo-
reduction rate of CuO-Fe3/Pani(80/20), CuO-Fe3/Pani(60/40),
CuO-Fe3/Pani(40/60) and CuO-Fe3/Pani(20/80) was 56.1,
54.1, 37.0 and 18.7%, respectively (Fig. 16c) Obviously, the
Cr(VI) photoreduction efficiency of the CuO-Fe3/Pani com-
posites decreased with increasing the Pani content of the
composite. The optimized composition of CuO-Fe3 in the
composites was 80%. The conducting polymer might block
the active surface required for the Cr(VI) photoreduction
reaction. According to the Cr(VI) photoreduction results,
combining CuO-Fe3 in the composite structure with the con-
ducting polymer was beneficial in terms of the photoreduction
efficiency. However, the Pani phase of the composite should
be the minority phase to take advantage of the synergy effect
of the composite. The possible Cr(VI) photoreduction
mechanism was also illustrated in Fig. 12. Since the reduction
potential of the Cr(VI)/Cr(III) couple (1.33 eV vs. NHE) is
more positive than the conduction band potential of both CuO
and Pani, the photogenerated electrons of both CuO-Fe3 and
Pani might reduce the Cr(VI) ions according to the following
reaction (13) [57]:

Cr2O
2�
7 þ 14Hþ þ 6e� ! 2Cr3þ þ 7H2O ð13Þ

Doping CuO with the iron atom and coupling it with
Pani enhanced the Cr(VI) photoreduction rate, which might
be due to the suppression in the recombination of the
photoexcited charge carriers.

6 Conclusion

In summary, the solution combustion technique was applied
to prepare undoped CuO and the iron doped CuO nano-
particles. The photocatalytic dye degradation experiments
revealed that the iron atom doping induced a blue shift of
the light absorption. The addition of the iron atoms
enhanced both the photocatalytic dye degradation efficiency
and the Cr(VI) photoreduction efficiency of CuO under the
visible light irradiation. The improved photocatalytic
activity of doped CuO was attributed to the electron trap-
ping ability of the dopant atom. Based on the radical sca-
venger experiments, superoxide radicals were considered to
be the active species in the photocatalytic dye degradation
reaction. The CuO-Fe3/Pani(80/20) composite was

exhibited to be highly recyclable up to four consecutive
cycles with a 22.1% loss in the dye degradation efficiency.
The use of real wastewater instead of distilled water to
prepare the dye solution slightly affected the photocatalytic
activity of the as-prepared samples. Hydrogen peroxide
added into the reaction medium improved the dye degra-
dation efficiency of the prepared photocatalyst samples.
Within the scope of this study, the potential for use of CuO
as a photocatalyst has been increased by doping with a
metal atom and compounding with a conducting polymer.
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