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ABSTRACT

In the present work, truncated octahedron and octahedron-shaped Cu,0 and Cu,0/TiO, QD composite
have been synthesized using the precipitation method and used as a photocatalyst. Synthesized material
was characterized by using various analytical techniques- XRD, SEM, TEM, and UV-visible DRS. TEM images
clearly show that the TiO, was highly dispersed and firmly anchored on single crystals of copper oxide in
Cu,0/Ti0,-QD composite and also confirmed the truncated octahedron and octahedron shapes of copper
oxide. The excellent performance of synthesized Cu,0/TiO,-QD photocatalyst has been proven to be the
maximum degradation (89.00%) of Congo red dye at pH=6. The effect of various parameters in the dye
degradation such as the influence of pH, amount of photocatalyst, concentration of dye, and reusability
of the photocatalyst has been studied. The highest degradation rate was found with concentrations of
Congo red dye 9 mg/L, 150 mg/L of Cu,0/TiO, QD, and 110 min. Thus, the photocatalytic performance

of Cu,0/Ti0,-QD composite revealed the excellent and effective degradation of Congo-red dye.
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INTRODUCTION

Worldwide textile, paper, and dye industries
release their effluents containing organic dyes,
in freshwater. The dyes are non-biodegradable,
highly poisonous, containing colored pigments
that are harmful to living organisms [1].
Numerous remedial plans are developed for the
decontamination purpose of wastewater and some
of them are related to the consumption of energy
[2]. A photocatalyst is a material that absorbs solar
light which is a renewable energy source. In recent
years semiconductor material as a photocatalyst has
attracted enormous attention for energy storage and
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in environmental fields [3-4]. It has great potential
to solve energy and pollution-related issues [5-7].
Cu,0 is a p-type semiconductor with a
direct band gap of ~2.1 eV [8]. It is widely used
as a photocatalyst due to its large abundance,
non-toxicity, and easy preparation [9,10]. The
attainment of semiconductor performance
strongly depends on its structural factors viz.,
shape, size, and crystallization [11-14]. In the last
few years, the shape and size-controlled Cu,0 was
synthesized in the form of various polymorphs like
nanocubes [15], octahedra [16], nanowires [17],
and cuboctahedra [18]. In addition to structural
factors, the surface potential and electronic
properties of the faces (110), (111), and (100) of
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Cu,0 nanostructures also have a positive impact
on photocatalytic performance. These properties
were analyzed by using high-resolution Kelvin
probe force microscopy [19] and it showed the
surface energy order as 110>111>100 [20]. Among
these (110) is a higher surface energy facet with
a greater density of Cu swinging bonds on the
surface. In recent studies, it was suggested that the
nanostructures with higher energy facets exposed
were more active and two different facets, with
slight differences in surface energy, could accelerate
the separation of photoexcited electron-hole pairs
[21]. So, shape-controlled heterostructures play
an important role in boosting photocatalytic
performance. Therefore, the synthesis of material
with exposed facets is an effective strategy to
enhance the photocatalytic activity of Cu,O. Several
research groups synthesized Cu,O with exposed
110 facets but they used a rigorous synthesis
process and formed a less stable catalyst. To get rid
of this problem, Su and coauthors developed a new
process of Cu,O polyhedron synthesis [22].

Cuprous oxide has great potential in
photocatalysis but it is suffering from photo
corrosion induced by photo-reduction or photo-
oxidation [23]. So, there is a need to synthesize a
composite of Cu,0 with other semiconducting
materials. The inner electrostatic field of p-n
heterojunction enhances the separation efficiency
of electron-hole pairs thereby increasing
photocatalytic performance [24]. There are
many Cu,0 semiconductor heterojunctions were
reported such as WO,/Cu,O [25], Cu,0 /ZnO [26],
and CuO / Cu,0O [27] having good to excellent
degradation efficiency.

TiO, is one of the most effective n-type
semiconductors with a band gap of 3.2 eV [28].
Since it is a cheap material and has high chemical
stability and high charge mobility [29-31], it is
widely used as a good photocatalyst. However, it
has some limitations such as low absorption of solar
light and fast recombination rate of electron-hole
pairs [32]. Generation of p-n heterojunction would
be a good solution to exceed the limitations. Also,
the p-n heterojunction enhances photocatalytic
performance due to suitable alignments of band
gaps at the interface of the p-n junction [33]. There
are many TiO, semiconductor heterojunctions
were reported such as Nb,O,/TiO, [34], CdS/TiO,
[35], and g-CN,/TiO, [36] with their excellent
activity. Recently, many authors reported the
synthesis of Cu,0/TiO, [37, 38]. Table 1. shows the
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Table 1. Summary of recently used Cu,O and TiO, composites and their corresponding efficiency.

Ref.

Removal capacity

(%)

Light Source

Pollutant Concentration

(mg/L)

30
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41

81.45
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Table 2. The variation of NaOH volume during synthesis of Cu,O.

Case H.0 CuCl: (0.1M) SDS NaOH (1M) mL NH,OH.HCI
mL mL g (0.1M) mL
I 100 7.5 1.3 5 35
I 100 7.5 1.3 7.5 35
NaOH NH_OH. HCI -
— — —> + a
Anhydrous Cu,0 Tio,-QD CuZO/TiOZ-QD
CuCI2

Fig. 1. Schematic representation of synthesis of Cu,0/TiO,-QD photocatalyst

Cu,0 and TiO, based heterojunctions and their
photocatalytic potential.

In the present study, we have synthesized a
Cu,0/TiO,-QD photocatalyst for the degradation
of Congo Red dye [39, 40]. UV-DRS, XRD, SEM,
and TEM techniques were used to characterize
the synthesized material. The photocatalytic
performance of Cu,0/TiO,-QD was examined for
the rapid decolorization of Congo red dye under
visible light exposure at room temperature. Also,
the degradation performance of Congo red dye
at various concentrations and pH was analyzed
using a UV-VIS spectrophotometer. The stability
of a photocatalyst was studied by the XRD
technique after use.

We have developed a simple and effective
method for the synthesis of truncated octahedron
and octahedron-shaped Cu,0O by varying the
amount of sodium hydroxide (0.1M).

EXPERIMENTAL
Reagents and Materials

Commercially available Copper chloride
(CuCl,, Merck, 99.00%), Sodium hydroxide
(NaOH, Loba, 99.00%), Ti-nanoxide R/SP (TiO,-
QD, Sigma Aldrich, 99.00 %), Sodium dodecyl
sulfate (SDS, Sigma Aldrich, 99.50%) and Congo
red dye (CR, Sigma Aldrich, 99.00 %) were
procured from Omkar Traders, Maharashtra,
India and used without further purification. The
stock solution and solution of the respective
concentrations of Congo red dye (2, 4, 6, 8, 9,
10, and 15 mg/L) were prepared using deionized
water.
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Preparation of Cu,0

The copper (I) oxide nanoparticles were
synthesized  using the  surfactant-assisted
precipitation method. Herein, 7.5 ml, 0.1M Copper
Chloride [CuCl,] was taken in a round bottom
flask containing 100 mL deionized water, and 1.3
g Sodium dodecyl sulfate [SDS] was added to the
above solution. To obtain a precipitate solution
Cu(OH), with a pH of 8-9, 1M NaOH solution was
slowly added. The variation in the amount of NaOH
used is shown in Table 2. Then after 0.1 M NH,OH.
The HCI solution was added under vigorous
stirring and a color change was observed from blue
to orange after the complete addition. The solution
was kept in a water bath for 1 h and centrifuged at
5000 rpm for 5 min. The obtained precipitate was
washed with enough water/ethanol (1:1) to remove
the surfactant and dried at room temperature to
obtain copper (I) oxide nanoparticles [20].

Synthesis of Cu20/TiO2-QD Composite

10 mg copper (I) oxide nanoparticles in 10
ml ethanol were stirred for 30 min on a magnetic
stirrer and commerecially available TiO,-QD sol was
added to it to obtain the precipitate. The mixture
was centrifuged at 8000 rpm and the obtained
precipitate was filtered and washed several times
using ethanol: water (1:1) solvent. To get Cu,0O/
TiO,-QD composite the obtained precipitate was
dried at room temperature. Schematic represantat-
ion is shown in Fig. 1.

MATERIAL CHARACTERIZATION
Different analytical techniques were used to
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Fig. 2. XRD patterns of (a) Cu,O in case (I), (b) Cu,O in case (1I), (c) TiO,-QD (d Cu,O, Cu,0/TiO,-QD and TiO,-QD.

characterize the synthesized material. The optical
and band gap energy was studied by using UV-
DRS analysis and it was performed on UV-DRS
Shimadzu-1800. An X-ray diffraction analysis was
carried out using a copper X-ray diffractometer (Cu
Ka =0.1541 nm) operated at 40 kV and 40 mA. The
morphology of the composite was analyzed using
a Scanning Electron Microscope and Transmission
Electron Microscope (Zeiss Libra 120).

Photocatalytic degradation experiments

The photocatalytic performance of the
Cu,0/TiO,-QD composite was studied for the
degradation of Congo red dye under visible light
irradiation. The progress of the dye degradation was
monitored by measuring the absorbance at regular
time intervals using a UV-Vis spectrophotometer
(Shimadzu-1800, India) at 498 nm. It was observed
that the absorbance of the dye solution decreases
with the increasing time of exposure, which
indicates that the concentration of Congo red dye
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decreases. To estimate the degradation percentage
of the photocatalyst following equation was used;

Cp—Ct

Degradation percentage = ( ) # 100 (1)

r

Where, Cis the dye concentration at time zero,
and C_ is the dye concentration at different times t.

RESULTS AND DISCUSSION
XRD Analysis

Figs. 2 (a)and 2(b) show the X-ray Diffractogram
of Cuprous Oxide for cases (I) and (II) respectively.
The sharp peaks at 20; 29.553, 36.417, 42.295,
52.452, 61.341, 69.566, 73.523, 77.320 corresponds
to Miller indices (110), (111), (200), (211), (220),
(310), (311) and (222) respectively, indicating
the face-cantered cubic structure (JCPDS No.
05-0667). This Cu,O crystal has a cubic crystal
structure in which an oxygen atom is present at
the center with Cu atoms occupying half of the
tetrahedral sites. No diffraction peaks of Cu or
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Fig. 3. SEM images of Cu,O in case (I) at various magnifications

CuO were observed which indicates the high
purity of synthesized material. Furthermore, the
intensity ratio of the (200) and (111) peaks play
an important role in differentiating their shapes
and it was reported that the value of this ratio is
lowered for truncated octahedron than octahedron
shape [47] and our results reveal that the shape of
particles in case (I) were of truncated octahedron
shape and in case (II) corresponds to octahedron
structure respectively. Also, the high intensity of
peaks in XRD confirms the good crystallinity of
particles. Fig. 2 (c) is the XRD pattern of TiO,-QD
and it exhibits the anatase phase (JCPDS No. 21-
1272). The broad diffraction peaks in XRD were
observed due to the small crystallite size of TiO,-
QDs. Fig. 2 (d) shows the XRD of Cu,0, TiO, and
Cu,0/TiO,-QDs composite. In the Cu,0/TiO,-
QD composite, no characteristic peak of anatase-
TiO, was detected due to its low content and high
dispersion in the composite.

The crystallite size of synthesized materials
was calculated from XRD data using the Scherrer
equation. The Scherrer equation can be written as:

kA
- Beosf )
Where, X = 1.5406 A is the wavelength of Cu
Ka radiations, k=0.9 is the shape factor, 6, and
B are Braggs angle and FWHM respectively
corresponding to the highly intense peak [48].
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The calculated sizes of Cu,O, TiO,-QD, and
Cu,0/TiO,-QD were found to be 60 nm, 12 nm,
and 58 nm respectively. The result showed that the
crystallite size of Cu,0 and Cu,O/TiO,-QD are
almost similar as there is a dispersion of TiO,-QD
on the facets of Cu,O and it does not alter the shape
and size of Cu,O.

SEM AND TEM analysis

The morphology and microstructure of Cu,O
were confirmed using the SEM technique. Fig. 3.
shows SEM images of Cu,O particles showing an
average size of 0.5 um and confirmed the truncated
octahedron shape possessing 12 hexagonal (110)
faces and 6 square (100) faces [49]. No other
morphologies were detected in the SEM images
which established the formation of mono-dispersed
Cu,0 with shape-controlled morphology. The
hollow truncated octahedron shape case (I) of
Cu,O was also depicted by the TEM technique and
it is shown in Fig. 4(a), these results are impeccable
with SEM analysis (Fig. 3(b) and 3(c)).

Fig. 4(b, c) shows TEM images of Cu,0
(octahedron shape); case (II). The Cu,0/TiO,-QD
composite is formed by loading TiO, nanoislands
on copper oxide nanoparticles. Fig. 4(d, e) TEM
images somehow demonstrate that Cu,0/TiO,-QD
heterojunctions were successfully generated.

Uv-visible diffused Reflectance Spectra
The optical properties of the samples were

J. Water Environ. Nanotechnol., 8(4): 406-416 Autumn 2023
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Fig. 4. TEM of (a) Cu,O in case (I), (b, ¢) Cu,O in case (II), (d, e) Cu,0/TiO,-QD.

investigated by UV-visible diffused reflectance
spectra. Fig. 5, shows the diffuse reflectance spectra
of samples of pure TiO,, Cu,0, and Cu,0/TiO,-QD
composites. Pure TiO, showed absorption only in
the UV region, while pure Cu,0O showed strong
absorption in the visible region. Cu,0/TiO,-QD
composite is not only showing strong absorption
in the UV region but also the absorption was
shifted to the visible region when the amount of
Cu,O increased. The composite showed greater
absorbance, which may be because of good
interaction between TiO, and Cu,O, generating
more stable hollow electron pairs thereby increasing
photocatalytic performance.

Photocatalytic Study
Effect of pH

The effect of the pH of an aqueous solution on
the CR dye was examined at different pH (4, 5, 6,
7, and 8) at 25°C wherein the initial concentration
of catalyst (150 mg/L) and concentration of CR
dye (9mg/L) were taken. Fig. 6. showed that the
degradation efficiency was increased from pH 4
to 6 whereas it was decreased at pH 7 and 8. The
pH affects the surface charge of the photocatalyst.
Every photocatalyst has a property of pHzpc (50).
The photocatalytic surface will become positively
charged at low pH than pHzpc which adsorb
anionic molecules preferentially. pH beyond pHzpc
of photocatalyst, results in negatively charged
surface and adsorb cationic dye molecules (51). As
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CR dye is an anionic diazo dye it will show more
photocatalytic efficiency at pH 6.

Effect of initial concentration of CR on effluent

The effect of various concentrations (2, 4, 6, 8, 9,
10, and 15 mg/L) of Congo red dye was studied at
25 *Cand pH =6, wherein the initial concentration
of catalyst was 150 mg/L. Fig. 7. revealed that the
percentage degradation of the CR dye increases
initially with an increase in the concentration of
dye up to 9 mg/L. It is because of the availability of
more adsorption sites on the photocatalyst surface
which enhances the ability of adsorption of the CR
molecules. These sites are saturated with time as they
get covered with the adsorbed molecules causing a
decline in the percentage of photodegradation with
a further increase in concentration [52].

Effect of Cu,0/TiO,-QD dosage

The effect of Cu,0/TiO,-QD dose on the
CR dye was examined using various catalyst
concentrations (100, 150, 200 mg/L) at 25 °C and
the initial concentration of CR dye was 9mg/L. Fig.
8. Shows that the degradation efficiency for the
concentration 150 mg/L of Cu,O/TiO,-QD was
greater than 100mg/L and 200mg/L concentrations.
In general, the rate of photocatalytic degradation
of organic pollutants increases with photocatalyst
dose, due to an increase in active sites. But if the
concentration of the catalyst increases beyond the
optimum amount the scattering effect of light also
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Fig. 7. Effect of concentration of Congo red dye at pH=6 and
25°C.

increases thereby decreasing degradation efficiency
[53]. So, in the present study, 150 mg/L of Cu,0/
TiO,-QD catalyst concentration was selected as the
optimum concentration for CR dye degradation.

Reusability of the photocatalyst

To prove the excellent efficiency of a prepared
photocatalyst, the reusability of the photocatalyst
was examined by performing recycling
experiments. After the recycling experiment, the
structural stability of the recycled photocatalyst
was confirmed from XRD analysis wherein no
change in XRD peak positions was observed (Fig.
9). It reveals the good stability of the photocatalyst.

Photocatalytic Degradation of CR dye at optimum
conditions

The present work deals with the photocatalytic
study of  shape-controlled Cu,0/TiO,-QD
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Fig. 8. Effect of concentration of photocatalyst (pH =6; 25°C)
on degradation.

composite. The photocatalytic experiments
were conducted by exposing the catalyst and dye
solution to the visible light source. Fig. 10 shows the
degradation results of Congo red dye. A comparison
between the photocatalytic performance of as-
synthesized ~Cu,0/TiO,-QD  composite and
reported heterojunction revealed that the shape-
controlled Cu,0/TiO,-QD composite has higher
efficiency and capability of dye degradation [54-
56].

Photocatalysis mechanism

Fig. 11. indicates a schematic view of the charge
transfer processes of a prepared photocatalyst
under visible light irradiation. When visible light
incident on the photocatalyst, the electrons-hole
pairs get produced in which the photogenerated
electrons in the conduction band transfer to the
conduction band of TiOZ, and at the same time hole
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on the valence band of TiO transfers to the valence
band of Cu O [57]. Hence, the recombination
rate of electron-hole pairs decreases, and the OH-
and O2- radicals carry out further degradation
reactions. The proposed mechanism of degradation
of CR dye is given in Fig. 11.

CONCLUSION

In this work, a simple precipitation method
was used to synthesize truncated octahedron
and octahedron Cu,0 and Cu,0/TiO,-QD
composite. The morphological, structural, and
optical properties of the as-prepared material were
investigated by XRD, SEM, TEM, and UV-visible
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DRS techniques. TEM images clearly show that
the TiO, was highly dispersed and firmly anchored
on single crystals of copper oxide in Cu,0O/TiO,-
QD composite. The photocatalytic efficiency was
investigated by studying factors like the influence
of pH, catalyst dose, the concentration of dye, and
reusability of the photocatalyst and it was found
that 89% of Congo red dye degradation occurred
at pH=6 within 110 minutes using 150 mg/L of
catalyst concentration. For the first time, we have
reported the greater degradation (89.00%) of
Congo red dye by Cu,0O/TiO,-QD photocatalyst.
Experimental findings showed that Cu,O/TiO,-
QD composite has a substantial ability to degrade
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CR dye, and its usage in the treatment of effluents
containing this dye is suggested.
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ABBREVIATIONS AND SYMBOLS

SDS Sodium dodecyl sulphate
UV-DRS Ultra-Violet diffuse reflectance spectroscopy
XRD X-Ray Diffraction
SEM Scanning Electron Microscopy
TEM Transmission Electron Microscopy
QD Quantum Dots
CR Congo red
Cu,0 Copper oxide
Cu Copper
Cds Cadmium sulfide
WO, Tungsten oxide
Fe,O;: ferric oxide
TiO,;: titanium oxide
CuCl,;: Copper chloride;
NaOH: Sodium hydroxide;
e- Electron
h+ Hole
hv Energy (photon
A Wavelength
B Peak broadness at full width of half maximum
intensity
26 Bragg diffraction angle
nm Nanometres
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