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A novel magnetic cadmium titanate—copper ferrite (CdTiO3s/CuFe,O4) nanocomposite, in which spherical
CuFe,O4 nanoparticles were loaded onto the surface of CdTiOz nanoplates, was successfully synthesized
via a sol-gel hydrothermal route at 180 °C. The structure, morphology, magnetic and optical properties of
the as-prepared nanocomposite were respectively characterized by Fourier transform infrared (FT-IR)
spectroscopy, X-ray diffraction (XRD), field emission scanning electron microscopy (FESEM), energy
dispersive X-ray (EDX) spectroscopy, transmission electron microscopy (TEM), Brunauer—Emmett—Teller
(BET) surface area analysis, UV-visible diffuse reflectance spectroscopy (DRS), vibrating sample
magnetometry (VSM) and photoluminescence (PL) spectroscopy. The photocatalytic activity of this novel
CdTiOz-based magnetic nanocomposite was investigated for the degradation of organic dye pollutants
such as methylene blue (MB), rhodamine B (RhB), and methyl orange (MO) in the presence of H,O,
under visible light irradiation. The results showed that the photocatalyst completely degraded three dyes
within 90-100 min. Compared with pure CdTiOz and CuFe,Oy, the heterogeneous CdTiOz/CuFe,O4
nanocomposite exhibited significantly enhanced photocatalytic efficiency. On the basis of the results of
the OH trapping and photoluminescence (PL) experiments, the enhanced photocatalytic performance
was mainly ascribed to the efficient separation of photo-induced electron—hole pairs and the formation
of highly active hydroxyl radicals (OH) species in the CdTiOs/CuFe,O, photocatalytic oxidation system.
The PL measurements of the CdTiOz/CuFe,O4 nanocomposite also indicated an enhanced separation of

photo-induced electron—hole pairs. Moreover, the nanocomposite could be easily separated and
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Accepted 14th May 2019 recycled from contaminant solution using a magnet without a decrease in their photocatalytic activity
due to their good magnetic separation performance and excellent chemical stability. Based on these
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photocatalyst for converting solar energy to chemical energy for environmental remediation.

CdTiO3/CuFe,O4 nanocomposite could be a promising visible-light-driven magnetic

rsc.li/rsc-advances

(AOPs) have been used to eliminate a wide range of organic
contaminants from water and air."> In this context, heteroge-

1. Introduction

Nowadays, the world energy crisis and environmental pollution
have become main issues in the lives of humans.* Organic dye
effluents from the textile and dyeing industries are one of the
largest groups of pollutants discharged into the environment
without adequate treatment.®* Although conventional biological,
physical, and chemical methods have been established for
wastewater treatment, in these cases, the pollutant is only
transferred from the liquid phase to the solid phase and further
treatment is necessary to purify the resulting sludge.*** Addi-
tionally, pollutants with very low concentrations are still difficult
to remove from wastewater.'* Advanced oxidation processes
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neous photocatalysis is considered one of the most potent AOPs
because of its potential applications in the degradation of organic
contaminants.”*® Among the various AOPs, the semiconductor-
based photocatalysis is an effective and low-cost strategy for the
treatment of water pollutants and disinfection."” In this method,
organic compounds can be completely degraded to H,O and CO,
by photocatalysis and no secondary pollutants are generated."®*

Metal oxide-based semiconductor photocatalysts have been
extensively applied in the field of environmental remediation
due to their unique physicochemical properties, nontoxicity,
and excellent photocatalytic activity.”*** In recent decades,
titanium dioxide (TiO,) has attracted considerable attention
due to its low-cost, nontoxicity, and chemical inertness.>
Nevertheless, its use is limited to UV light irradiation due to its
wide band gap structure (3.2 eV).2**’ It is well known that UV
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light is just 4% of solar radiation, while visible light is about
43%. Therefore, the design and synthesis of highly efficient
visible-light-driven photocatalysis is an important research
focus.?*3¢

Over the past several years, titanium-based perovskite-type
oxides with formula of MTiO; (M = Ca®", Ba*>", sr**, Pb*, ...)
have been widely studied because of their ferroelectric, dielec-
tric, piezoelectric, pyroelectric and photostrictive properties,
which make these ceramics eligible to be defined as ‘smart’.**
They also showed interesting properties as non-linear optics
and humidity sensors. Among this smart family, cadmium
titanate (CdTiOj3) is much less studied because it is not ferro-
electric at room temperature. From a fundamental point of
view, however, CdTiO; represents an interesting system for the
investigation of the nature of the ferroelectric and structural
phase transitions.*”*> Cadmium titanate has also been used as
a conductive material,***” optical fibers,*® and humidity
sensing.*” In addition, like other titanium-based systems, there
is the possibility that it may have unexplored potential for
application in photocatalysis.*® However, little previous studies
showed that the CdTiO; with a wide band gap of 3.5 eV like TiO,
has no significant photocatalytic activity under visible light
irradiation.” Forming a heterostructure by combining CdTiO;
with a narrow band-gap semiconductor is an effective route to
enhance the visible-light response and improve the charge
separation efficiency.*'

Nanostructured spinel-type ferrites (MFe,O45; M = Mn*",
Fe”*, Co®", Ni*, Cu®**, zn**, ...) have been considered as
a promising candidate for efficient photocatalysts because of
their small band gaps (1.3-2.1 eV), high photochemical
stability, low cost, easy synthesis and unique magnetic proper-
ties.*” For these reasons, the use of nanoscale spinel-type
ferrites in the fabrication of magnetic photocatalyst nano-
composite is very beneficial.****® Thus, it is possible to improve
the efficiency of photoinduced charge separation in CdTiO; by
coupling it with magnetic spinel-type CuFe,O, nanoparticles,
resulting in high photocatalytic performance. Furthermore, its
magnetic nature makes composite magnetically separable from
the reaction mixture in a convenient manner.

In the present study, a novel magnetic cadmium titanate-
based photocatalyst (CdTiOz/CuFe,O,) composite
prepared by a facile sol-gel hydrothermal route. The composi-
tion, microstructure and optical properties of the synthesized
nanocomposite were fully characterized by various physical
techniques. The visible-light photocatalytic activity of CdTiO5/
CuFe,0, nanocomposite was evaluated based on the degrada-
tion of organic dyes in the presence of H,0,. The effects of
various parameters (e.g. H,O, quantity, the catalyst dosage, and
initial dye concentration) on the degradation process were also
investigated. Furthermore, the activity of CdTiO3/CuFe,O,
nanocomposite was compared with those of pure CdTiO; and
CuFe,0, under similar conditions. Furthermore, a possible
mechanism for solar-light photoactivity of the nanocomposite
was proposed. To the best of our knowledge, there are no
reports on the preparation and photocatalytic properties of
magnetic CdTiO;-based hybrids in the degradation of aqueous
organic pollutants under visible light.
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2. Experimental

2.1. Materials

Cadmium acetate (Cd(CH3;COO),, 98%), tetrabutyl orthotita-
nate (Ti(C4HoO)4, 99%), iron(m) chloride hexahydrate (FeCl,-
-6H,0, 98%), copper(u) chloride dehydrate (CuCl,-2H,0, 98%),
sodium acetate (CH3;COONa, 98%), potassium hydroxide (KOH,
98%), glycerol (C3HgO3, 99%), ethanol (C,HsOH, 98%), acetic
acid (CH;COOH), diethyl ether ((C,H;),0), hydrogen peroxide
(H,0,, 30%), methylene blue (MB, C;6H;5CIN;S, 98%), methyl
orange (MO, C;4H,,N3NaO;S, 98%), and rhodamine B (RhB,
C,gH3,CIN,O3, 98%) were purchased from Merck chemical
company and used as received.

2.2. Characterization techniques

XRD patterns were measured on a XPertPro Panalytical X-ray
diffractometer instrument with Cu Ka radiation (A = 1.54056
A) in the range 26 = 10-80° with a scan speed of 10° min*.
Infrared spectra were recorded from Schimadzu FT-IR 160
spectrophotometer in transmission mode from 4000 to
400 cm ! using KBr pellets. The morphology and elemental
analysis of the CdTiOs/CuFe,0, nanocomposite were observed
by Field emission scanning electron micro-
scopy-energy-dispersive X-ray spectroscopy (FESEM-EDX) on
a Mira3 Tescan scanning electron microscope equipped with an
energy-dispersive X-ray unit. Transmission electron microscopy
(TEM) images were taken on EM10C electron microscope
operating at n voltage of 100 kV. Magnetic measurements were
employed using a vibrating sample magnetometer (VSM,
Daneshpajoh Kashan Co, Iran) with a maximum magnetic field
of 10 kOe at room temperature. The UV-vis diffuse reflectance
spectra (DRS) were obtained on a Sinico S4100 spectropho-
tometer using BaSO, powder as a standard. UV-Vis spectra of
dye solutions were analyzed at room temperature using a Cary
100 UV-visible spectrophotometer. The Brunauer-Emmett-
Teller (BET) analysis was performed to obtain a specific surface
area of CdTiO;/CuFe,O, nanocomposite by a PHS-1020
PHSCHINA instrument. The photoluminescence (PL) spectra
were measured using a fluorescence spectrophotometer of the
samples (F-4500, Hitachi) at an excitation wavelength of
330 nm. The loading amount of CuFe,O, in the composite
adsorbent and the concentrations of Cu and Fe metals in the
filtrates and solutions after recovering photocatalyst were
determined by inductively coupled plasma atomic emission
spectrometer (PerkinElmer ICP-AES, USA).

2.3. Synthesis of CuFe,0, nanoparticles

In a typical experiment, 0.54 g FeCl;-6H,0 and 0.14 g CuCl,-
-2H,0 were dissolved in 30 mL of 1 : 1 glycerol-water solution
by magnetic stirring for 30 min. Then, 0.8 g NaCH;COO-3H,0
was added into the mixed solution under vigorous stirring for
20 min. The mixture was then poured into a Teflon-lined
stainless steel autoclave of 40 mL capacity. The autoclave was
placed in an electric oven at a temperature of 200 °C for 12 h.
After 12 h, the autoclave was allowed to cool to room

This journal is © The Royal Society of Chemistry 2019
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temperature. The product was separated by and washed with
deionized water 3 times before being dried at 60 °C overnight.

2.4. Synthesis of the CdTiO;/CuFe,0, nanocomposite

In a typical procedure, cadmium acetate (1.5 mmol) was dis-
solved in distilled water (15 mL). Then, it was introduced into
a prepared solution of tetrabutyl orthotitanate (1.5 mmol)
which was dissolved in ethanol (15 mL). After stirring for
15 min, CH;COOH (0.3 mL) was added to the mixture to control
the hydrolysis of tetrabutyl orthotitanate. To this mixture 0.2 g
CuFe,0, nanoparticles sonicated in 10 mL of deionized water
was added. The mixture was stirred at room temperature for 5 h,
afterward it was kept under magnetic stirring at 40 °C
constantly. With the evaporation of water and CH3;COOH,
a light yellow transparent gelatin, as the unique starting source
of this hydrothermal preparation, was prepared. Then sufficient
amount of the gelatin was put into a 50 mL Teflon-lined stain-
less autoclave. The autoclave was filled with KOH (1 M) solution
up to 80% of its total volume and maintained at 200 °C for 24 h,
the resulting precipitates were filtered, washed with distilled
water, ethanol and ether and then dried at ambient tempera-
ture. The ICP-AES results indicated that the loading amount of
CuFe,0, in the as-prepared CdTiO;/CuFe,O, nanocomposite
was estimated to be 38 wt%. For comparison, pure CdTiO;
powder was prepared by using current method in the absence of
CuFe,0,.

2.5. Photocatalytic tests

The photocatalytic activities of the as-synthesized samples were
evaluated by the degradation of MB dye aqueous solution under
visible-light irradiation. All experiments were carried out in
a cylindrical Pyrex cell with a 400 W high-pressure mercury
lamp with a UV-cutoff filter as the visible-light irradiation
source (A = 420 nm), and temperature was controlled by the
circulating water. In a typical procedure, 30 mg of as-
synthesized materials were dispersed into 30 mL of dyes
aqueous solution and the suspensions were shaken for 30 min
in the dark prior to visible-light illumination to obtain an
adsorption-desorption equilibrium. After that, 0.5 mL of 30%
H,0, was added to the mixture, and then irradiated. 2 mL
aliquot of the reaction solution was collected regularly at
a certain time interval, and the photocatalyst was separated
using an external magnet. The MB dye absorption intensity was
measured at maximum absorbance wavelength of 664 nm via
a UV-Vis spectrophotometer. The degradation efficiency of the
MB was calculated using the following equation:

Degradation efficiency (%) = 100 (Cy — C,)/Cy )]

whereas C, and C, are the initial concentration of dye and
concentration after regular irradiation, respectively. Similar
experiments were conducted to evaluate the effect of initial dye
concentration (12.5, 25, 37.5, 50 mg L"), catalyst dosage (10, 20,
30, 40, 50 mg) and amount of 30% H,0, (0, 0.25, 0.5, 0.75, 1 mL)
on the photocatalytic activity of CdTiOs;/CuFe,O; nano-
composite. To investigate the photocatalytic stability and
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reusability of the samples, the photocatalytic activity measure-
ments mentioned above were repeated for 5 cycles using an
aqueous MB solution (25 mg L™"). After each cycle, the spent
photocatalyst was separated from the treated MB solution,
washed with deionized water, dried in an oven, and used again
for the next photodegradation cycle. Photocatalytic activity of
the CdTiOs/CuFe,0, was also evaluated by the degradation of
RhB and MO aqueous solution in a same manner. To detect the
active species generated in the photodegradation process, the
scavengers isopropyl alcohol (IPA; 5 mmol L"), and disodium
ethylenediaminetetraacetate (Na,EDTA; 5 mmol L™ ') were
added into the solution of MB. The photocatalytic process was
the same as that described in the above.

3. Results and discussion

3.1. FTIR analysis

FT-IR spectra of pure CuFe,O,, pristine CdTiO; and CdTiO3/
CuFe,0, nanocomposite are shown in Fig. 1. In Fig. 1(a),
a characteristic band at around 580 cm™ ' corresponds to the
stretching vibration of Fe-O bond, confirms the formation of
magnetic CuFe,0, nanoparticles.” Fig. 1(b) indicates the FT-IR
spectrum of pure CdTiO; phase. Absorption peaks at 711, 526
and 426 cm™ " can be related to the stretching vibrations of O-
Ti-O, Ti-O, Cd-O bands, respectively.*® These results provided
that CdTiO; was successfully synthesized. As shown in Fig. 1(c),
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Fig. 1 FT-IR spectra of (a) CuFe,Og4 (b) CdTiOs and (c) CdTiOs/
CuFeZO4.
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the characteristic spectral bands verified the existence of the
both CdTiO; and CuFe,O, in the CdTiO;/CuFe,O, nano-
composite and two broad peak were also observed at about
2800-3700 cm™ ' and 1400-1700 cm™ " due to the stretching
vibration and deformation of the absorbed water molecules.*
The characteristic band of CuFe,O, in the nanocomposite
appeared as a shoulder at 582 cm ™ due to overlapping with the

stretching band of CdTiO; at 525 cm™ .

3.2. XRD analysis

Fig. 2 shows the XRD patterns of CuFe,0,, CdTiO; and CdTiOs/
CuFe,0,. The diffraction peaks of spinel-type CuFe,O, nano-
particles at 35.4°, 43.3°, 53.6°, 57.1° and 62.7° in Fig. 2(a) are
assigned to the (261), (400), (422), (511), and (440) planes
(JCPDS card no. 25-0283), respectively.®® In addition, the
diffraction peaks appeared at 17.9°, 20.4°, 22.9°, 31.1°, 34.1°,
53.7° and 59.3° can be indexed as (003), (101), (012), (104), (110),
(116) and (214) diffraction planes of CdTiO; phase (JCPDS, card
no. 29-0277), respectively (Fig. 2(b)).** It is obvious in Fig. 2(c)
that the XRD pattern of nanocomposite sample exhibits
diffraction peaks corresponding to both CuFe,O, and CdTiO;
phases and no other impure peaks can be observed, indicating
that this sample is composed of CuFe,O, and CdTiO; phases

0 CdTiO:
< CuFe:04

Intensity (a. u.)

10 20 30 40 50 60 70 80
2Theta (degree)

Fig. 2 XRD patterns of (a) CuFe,O,4, (b) CdTiOsz and (c) CdTiOs/
CuFeZO4.
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and the CdTiO;/CuFe,O, composite has been successfully
prepared. The diffraction peaks of 35.4 and 53.7 from CuFe,O,
overlapped with the peaks from CdTiO;, and the relative
intensity of these peaks for CdTiO,;/CuFe,O, nanocomposite
increased. The average size of the CuFe,O, was found of about
20 nm using Debye-Scherrer equation:** Dxgp = 0.94/(8 cos 6),
where Dxgp is the average crystalline size, A is the wavelength of
Cu Ko radiation, § is the full width at half maximum of the
diffraction peak, and @ is the Bragg angle.

3.3. SEM and EDX analyses

The shape and morphology of the as-synthesized CdTiOj3,
CuFe,0, and CdTiO;/CuFe,0, samples were investigated by FE-
SEM, and the results are shown in Fig. 3. The SEM images of
CuFe,0, sample in Fig. 3(a) show a large quantity of nearly
uniform spherical nanoparticles with diameters 15-25 nm. The
SEM images in Fig. 3(b) and (c) show that the bare CdTiO;
sample was formed from nanoplates with smooth surface which
were loosely aggregated. The thickness and width of nanoplates
are estimated to be about 50 nm and 250-650 nm, respectively.
As can be observed, the porous structure was formed by self-
assembly of these nanoplates. SEM images of the CdTiO3/
CuFe,0, nanocomposite are shown in Fig. 3(d)-(f). From the
images, it is evident that the shape and morphology of CdTiO3/
CuFe,0, are similar to those of the pure CdTiOj3, but a lot of
sphere-like CuFe,O4 nanoparticles are homogeneously distrib-
uted over the surfaces of plate-like CdTiO; nanostructures.

The existence of elements in the nanocomposite was detec-
ted by EDX spectroscopy and the results are shown in Fig. 4.
From EDX spectrum in Fig. 4(a), the Cd, Ti, Cu, Fe and O
elements are clearly observed at their corresponding keV values.
The distribution of elements present in the nanocomposite was
also studied using EDX mapping analysis, and the results are
shown in the Fig. 4(b). The corresponding elemental mappings
show all elements are uniformly distributed over the nano-
composite, confirming the homogeneity of the nanocomposite
sample. These results confirm that the obtained product was
formed with high purity.

3.4. TEM analysis

The size and microstructure of the as-prepared CdTiOz/CuFe,O,
sample were further investigated by TEM. The sample was
sonicated in ethanol for 30 min and a drop of the suspension
was dried on a carbon-coated microgrid for TEM measure-
ments. The TEM images in Fig. 5 show that the nanocomposite
was formed mainly from plate-like particles with a weak
agglomeration. From the TEM images in Fig. 5(a) and (b), it is
clear that the CdTiO3/CuFe,O, contains a plate-like structure
with the lengths of 250-650 nm and thicknesses of several
nanometers. From images, it can be clearly seen that a lot of
sphere-like CuFe,O, nanoparticles were well deposited on
CdTiO; nanoplates. As evident from the images, the
morphology of the CdTiOz/CuFe,0, sample from TEM images
agreed with the SEM results. After being loaded with CuFe,0,
nanoparticles, the plate-like structure of CdTiO; is maintained
but the distinct CuFe,0, aggregates were attached to the edge

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 SEM images (a) CuFe,Oy, (b and c) CdTiO3, and (d—f) CdTiOz/CuFe,O,.

and surface of the CdTiO; sample. The synergistic interactions
between CuFe,0, and CdTiO; led to decreased aggregation of
the CuFe,0, nanoparticles. The size of CuFe,0, particles was
calculated to be in the range of 15-25 nm from the measure-
ments on the TEM micrographs which is in close agreement
with the average size obtained from XRD analysis.

3.5. BET surface area analysis

Fig. 6 presents the N, adsorption-desorption isotherms of pure
CuFe,0,, pristine CdTiO; and CdTiO;/CuFe,O, nanocomposite
samples. As shown in Fig. 6(a) and (b), CdTiO; and CdTiOs/
CuFe,0, composites display typical type IV isotherms with a H3
hysteresis loops according to the IUPAC classification, indi-
cating the presence of large mesopores structures.**** The
Brunauer-Emmett-Teller (BET) surface area values for
CuFe,0,, CdTiO; and CdTiO3/CuFe,O, were calculated to be
43.512,14.023 m* g~ " and 13.514 m* g~ ', respectively (Table 1).
Obviously, there are only small differences among the surface
area values of CdTiO; and CdTiOs/CuFe,0, samples. It is well
known that the surface area is an important factor for enhanced
photocatalytic activity due to the increase of adsorption activity
and reaction sites. However, the photocatalytic activity of pure
CuFe,0,, pristine CdTiO; are lower than that of CdTiOs/
CuFe,0, composite though their surface area and adsorption
activity are the highest. The results indicate that there are other
factors influencing the photocatalytic efficiency besides the

This journal is © The Royal Society of Chemistry 2019

specific surface area of one photocatalyst, including good
visible light absorption properties, efficient charge transfer and
the inhibition of electron-hole pairs recombination. It can be
speculated that the different photocatalytic activity of the
samples could not be determined by the BET surface areas in
the process of dye degradation. Furthermore, we also calculated
the pore size distributions by using the Barrett-Joyner-Halenda
(BJH) method from the adsorption branches of the N,
isotherms (the insets of Fig. 6). The CdTiO; and CdTiOs/
CuFe,0, heterojunction samples have a broad pore size distri-
bution centered at about 47.22 and 19.99 nm, respectively
which reveal the existence of nanopores. The presence of
nanopores may serve as transport paths for organic pollutant
molecules. As given in Table 1, the CdTiO;/CuFe,O, hetero-
junction demonstrated a significant decrease pore volume and
pore diameter compared with the pure CuFe,O, and pristine
CdTiO; probably owing to the introduction of CuFe,0, nano-
particles into the pores of the CdTiO;. The pores of CdTiO;/
CuFe,0, were further occupied by the CuFe,O, nanoparticles
which resulted in a further decrease in pore volume and surface
area.

3.6. Optical properties analysis

UV-vis diffuse reflectance spectra of the samples were measured
and the results are shown in Fig. 7. The UV vis spectrum of pure
CdTiO; sample (curve (i) in Fig. 7(a)) shows a strong absorption

RSC Adv., 2019, 9, 15615-15628 | 15619
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Fig. 4 (a) EDX spectrum and (b) elemental mappings of the CdTiOs/
CuFe,O4 nanocomposite.

band from the UV to the visible light region with a clear
absorption edge at 460 nm. The UV vis spectrum of CuFe,0,
sample (curve (ii) in Fig. 7(a)) exhibits a broad absorption band
in the visible range. However, after coupling CdTiO; with
CuFe,0,, the obtained composite exhibited a wide absorption
band that covered the whole visible region (curve (iii) in
Fig. 7(a)). The CdTiOz/CuFe,O, had a significant red-shift
toward the visible light region. Obviously, the visible light
absorption of CdTiO;/CuFe,O, heterojunction is better than
that of CdTiO;, which possibly results good visible-light utili-
zation. The band gap energy (E,) of samples can be deducted

70 nm

Fig. 5 TEM images of the CdTiOz/CuFe,O4 nanocomposite.
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Fig.6 Nitrogen adsorption—desorption isotherms of (a) pure CuFe,O4
and (b) pristine CdTiOz and CdTiOs/CuFe,O4 nanocomposite samples.
The insets show pore size distribution curves.

from the formula:* (ahv)* = B(hv — E,), where «, v, and B are
absorption coefficient, light frequency and proportionality
constant, respectively. The (ahv)” versus hv curves for CdTiO;,
CuFe,0, and CdTiO;/CuFe,O, nanocomposites are shown in
Fig. 7(b). The value of hv extrapolated to « = 0 gives the
absorption band gap energy. From Fig. 7(b), curves (i)-(iii), the
band gap energies were estimated to be 3.55, 1.55 and 2.20 eV
for CdTiO;z;, CuFe,O, and CdTiO;/CuFe,O, nanocomposite
samples, respectively, indicating that the introduction of
CuFe,0, decreased the E, of CdTiO;. Furthermore, the decrease

This journal is © The Royal Society of Chemistry 2019
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Table 1 The textural properties of as-prepared samples
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Sample BET surface area (Sggr, m> g ") Total pore volume (V,,, cm® g~') Average pore diameter (rp, nm)
CuFe,0, 43.512 0.199 10.65
CdTiO; 14.023 0.156 47.22
CdTiO;/CuFe,04 13.514 0.068 19.99

of E; upon composite formation confirms electronic coupling
between CdTiO; and CuFe,O,. The visible light photocatalytic
activity of CdTiO;/CuFe,0, could be attributed to the existence
of this broad band with the E, of 2.20 eV. After the decoration of
CuFe,0, on the surface of CdTiO;, CdTiO;/CuFe,O, hetero-
junction displays a broad photoabsorption from ultraviolet to
visible light with an edge around 750 nm. This fact reveals that
CdTiO;3/CuFe,0, heterojunction has a broad photoabsorption
region, resulting in great potential as an excellent visible light
driven photocatalyst.

3.7 Magnetic properties analysis

Fig. 8 shows magnetization hysteresis curves of the CuFe,O,
and CdTiO;/CuFe,0, nanocomposite at room-temperature. The

Absorbance

500 600
Wavelength (nm)

5 3
hv (eV)

Fig. 7 (a) UV-vis DRS and (b) band gap energies of: (i) CdTiOs, (ii)
CuFe,0y4 and (iii) CdTiOs/CuFe,O4 nanocomposite.

This journal is © The Royal Society of Chemistry 2019

samples exhibit zero coercivity (H. = 0) and near-zero rema-
nence magnetization (M, ~ 0) at room temperature, reflecting
their superparamagnetic properties. However, because of the
presence of diamagnetic CdTiOs, the saturation magnetization
of CdTiO3/CuFe,04 nanocomposite is reduced to 19.17 emu g~
as compared with that of pure CuFe,O, (55.03 emu g~ '). The
composite still exhibits superparamagnetic characteristics. As
shown in the inset of Fig. 8, the CdTiO;/CuFe,O, nano-
composite could be easily separated from the wastewater with
a common magnet and quickly collected on the side of the glass
vial in a short time, which indicates that CdTiO;/CuFe,O,
nanocomposite can be easily recycled from wastewater by
external magnetic field and it can be readily re-dispersed back
into the aqueous phase due to its zero coercivity.>® The facile
separation and recovery of CdTiO;/CuFe,O, composite is very
favorable for its practical applications.

3.8. Photocatalytic performance

The photocatalytic activity of CdTiO;/CuFe,O, nanocomposite
was evaluated by H,0,-assisted degradation of organic dyes in
aqueous solutions under visible light irradiation. As shown in
Fig. 9(a), the intense absorption peak of MB dye at 664 gradually
decreased in during the different reaction times and dis-
appeared after 90 min. Also, color change of the MB solution
from blue to almost colorless with increasing irradiation time
indicated its complete degradation. The control experiments

60 4
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Fig. 8 Room-temperature magnetic hysteresis loops of (a) pure
CuFe,04 and (b) CdTiOs/CuFe,O4 nanocomposite. The photo inset
shows magnetic separation of the photocatalyst from aqueous dye
solution before and after dye degradation using a magnet.
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were carried out under different conditions. The results of MB
dye degradation rate are shown in Fig. 9(b). Curve (I) in Fig. 9(b)
shows that MB decomposition is negligible without the catalyst
and H,0, under visible light irradiation. CdTiOz/CuFe,0,
nanocomposite (without H,0,) under visible light irradiation
degraded 23% of MB (curve (II)). The photodegradation effi-
ciency of MB in the presence of H,O, alone (without catalyst)
was 21% (curve (III)). CdTiO3/H,0, system removed only 18% of
MB dye (curve (IV)) in 90 min whereas CuFe,0,/H,0, system
degraded MB dye about 61% at the same time (curve (V)). The
degradation percentage of MB by CdTiO;/CuFe,O, nano-
composite in the presence of H,0, without visible light illu-
mination (in the dark) was 72% (curve (VI)). Curve (VII) in
Fig. 9(b) shows photocatalytic capability CdTiO3/CuFe,0,4/H,0,
system under visible light irradiation that indicates the highest
photocatalytic activity, 100% of MB was degraded in 90 min.
Thus, it can be concluded that complete degradation of MB dye
occurs when simultaneously CdTiO;/CuFe,O, nanocomposite
and H,0, are present in the reaction solution under visible light
irradiation. In order to study the photocatalytic degradation
rate of MB under different conditions, a pseudo-first-order
kinetic model was used (eqn (2)), and the results were dis-
played in Fig. 9(c).

In(Cy/C) = kyppt 2
where, Cy, and C are the MB concentrations before and after
visible light irradiation, respectively, k,pp is the pseudo-first-
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=
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g
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Fig. 9
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order rate constant and ¢ is irradiation time. The slope of the
line of In(C/Cy) vs. t is reaction rate constant (k,pp). From
Fig. 9(c), the k,pp, values for visible light irradiation alone, H,O,/
vis, CuFe,0,/H,0,/vis, CdTiO;/H,0,/vis, CdTiO;/CuFe,0,/
H,0,, CdTiO;/CuFe,0,4/vis and CdTiO;/CuFe,0,/H,0,/vis were
calculated to be 0, 0.0043, 0.0107, 0.005, 0.0165, 0.0024 and
0.049 min ", respectively. The kinetic rate constant of CdTiO3/
CuFe,0, nanocomposite is much higher than those of other
catalyst samples. Based on the above results, one can conclude
that CdTiO3/CuFe,O, nanocomposite is much more active than
pristine CdTiO; and pure CuFe,0,.

3.8.1. Effect of H,0, concentration. To investigate the
influence of H,O, concentration on MB degradation, a series of
experiments were done with different amounts of H,0,, while
the initial concentration of dye and other parameters were
constant and the results are presented in Fig. 10(a). It is clear
that the degradation rate of MB dye increased with increasing
H,0, amount. At higher concentration of H,0,, more ‘OH
radicals were achieved. Therefore, the photodegradation activity
was improved.®”

3.8.2. Effect of photocatalyst dosage. Fig. 10(b) shows the
effect of photocatalyst amount on the MB degradation under
visible light illumination. It can be clearly seen that with the
increase of the catalyst amount from 10 to 50 mg, the degra-
dation rate of MB dye in aqueous solution increased. This may
be due to the increase in active sites resulting from higher
amount of catalyst which generate more 'OH radicals and
facilitate the further and faster degradation of dye molecules.*®

20 30 40 S0 60 70 80 90 100
Time (min)

0 10

(M -+ Visible light only
an -+ CdTiO3/CuFe;04 +Vis
am ---H;O; +Vis
Iv) -« CdTiOs + H20; + Vis
(V) - CuFe:04+ H20:+Vis
(VD) =+ CdTiO3/CuFe:04+H,0:
(VII) = CdTiO3/CuFe;04 +H20; +Vis

(a) Photocatalytic degradation of MB under different conditions. (b) Concentration changes of MB at 664 nm as a function of irradiation

time. (c) Plot of In(Co/C) against the irradiation time. Conditions: MB (25 mg L™, 30 mL), H,O, (0.15 M), catalyst (1 g L™) and reaction time of

90 min.
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Fig. 10 Effects of (a) H,O, amount, (b) CdTiO3/CuFe,O4 dosage and (c) initial dye concentration on the photocatalytic degradation. Conditions:
MB (25 mg L%, 30 mL), H,O, (0.15 M), catalyst (30 mg) and time = 90 min.

3.8.3. Effect of initial concentration of MB. Fig. 10(c) shows
the effect of the initial MB concentration on its photocatalytic
degradation percentage. For this purpose, different initial
concentration of MB from 12.5 to 50 mg L™ was studied under
visible light irradiation. As shown in Fig. 10(c), a more time
needed to achieve the suitable degradation at higher concen-
tration of MB dye. At a constant catalyst dosage, amount of
H,0,, and reaction time, the number of generated "OH radicals
for the degradation the dye molecules remains constant with
increasing dye initial concentration, resulting degradation
efficiency decreases.>*

To study the scope of this method, the photocatalytic
degradation of MO and RhB dyes was also evaluated. Accord-
ingly, similar experiments were performed and the results are
shown in Fig. 11. As shown in Fig. 11(a) and (b), the RhB and
MO dyes were degraded completely in 90 and 100 min,
respectively. The slower degradation of MO molecules can be
related to its high redox potential. As compared in Fig. 11(c),
this novel photocatalytic system exhibits excellent capacity for
the degradation of MB, RhB and MO under visible light
irradiation.

To check the effectiveness of our photocatalyst, the degrada-
tion efficiency of the present work was compared with some of
the earlier reported photocatalysts®**" and the results are pre-
sented in Table 2. It is clear that the earlier studies have utilized
high power xenon and mercury lights for the degradation of low
concentration of dyes (5-10 mg L") with more quantity of

This journal is © The Royal Society of Chemistry 2019

photocatalyst (50-300 mg) and longer times (100-300 min). From
Table 2, it can be seen that our catalyst showed higher degrada-
tion efficiency for high concentration dye with less amount of
photocatalyst in lesser time under mild conditions in visible light
when contrasted with the other most reported works. These
results affirmed that our photocatalyst is more superior and/or is
better than that of those observed in the previous reports.

3.9. Possible photocatalytic mechanism

The above results reveal that CdTiOs;/CuFe,0, nanocomposite
exhibits a higher photocatalytic activity than those of pristine
CdTiO; and pure CuFe,0,4. The enhanced photocatalytic activity
of CdTiO;/CuFe,0, can be attributed to the synergetic effects of
strong visible-light absorption and p-n junction structure
causing effective separation of photo generated holes and
electrons. CuFe,0, is a p-type semiconductor with a narrow
band gap while CdTiO; is an n-type semiconductor with a large
band gap.** The positions of the conduction band (CB) and
valence band (VB) of n-type CdTiO; and p-type CuFe,O, can be
computed using the atom's Mulliken electronegativity defini-
tion (eqn (3) and (4)):**

EVB =X — Ee + 1/2Eg [3)

(4)

where Eyg is the VB potential, Ecg is the CB potential, E® is the
energy of free electrons on the hydrogen scale (ca. 4.5 €V), E is

Ecp = Evg — E,

RSC Adv., 2019, 9, 15615-15628 | 15623
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Fig. 11 Photocatalytic degradation of (a) RhB and (b) MO. (c) Comparison of the photocatalytic degradation of MB, RhB and MO dyes.
Conditions: [dye] = 25 mg L™%; [catalyst] = 0.1 g L™%; [H,O,] = 0.15 mol L~* and reaction times of 90-100 min.

the band gap energy and x is the absolute electronegativity of
the semiconductor. On the basis of the above equations, the Eyp
and Eqg of n-CdTiO; were calculated to be 1.08 eV and —2.47 eV,
whereas the potentials for CuFe,0, were estimated to be 0.27 eV

and —1.28 eV, respectively.

According to the above results, the energy band schematic
diagram for CuFe,0, and CdTiO; were illustrated in Fig. 12. The
band gap of CdTiO; is 3.55 eV and thus it cannot be excited
under visible light irradiation. However, CuFe,O, with the band
gap of 1.55 eV can be easily excited to generate holes and

Table2 Comparison of visible-light-driven photocatalytic performance of CdTiOs/CuFe,O4 nanocomposite with other reported nanomaterials

[Dye] Volume (mL)/ Degradation(%)

Photocatalyst Irradiation source Dyes (mgL™") catalyst (mg) /time (min) Ref.
CdTiO;/CuFe,0, 400 W Hg lamp (A = 420 nm) MB & RhB 25 30/30 100/90 This work
CdTiO; UV lamp (1 = 300 nm) R6G 10 100/100 100/300 61
CuFe,0,4/TiO, 250 W High pressure Hg lamp MB 12 100/100 47/150 62
TiO,/PbTiO; 300 W High pressure Hg lamp (1 = 420 nm) MB ~3.2 65/300 80/300 63
TiO,/Fe;0, 250 W High pressure Hg lamp (1 = 300 nm) RhB 10 60/200 96.3/80 64
ZnO/Cds Sun light RhB 5 80/20 100/90 65
rGO/MoS, SOL2/500S lamp (A = 295 nm) MB 12.5 8.5/6.5 95/300 66
P25/CoFe,0,/graphene 500 W Xenon lamp MB 40 30/30 100/240 67
Graphene/TiO,/Fe;0, 300 W Hg lamp RhB 5 50/10 100/25 68
g-C3N,/Fe;0,/BiOI 50 W LED lamp (visible-light source) MB ~4 250/100 98/180 69
LaFeO3/GrO 300 W Xe arc lamp (1 > 400 nm MB 0.5 100/10 98/70 70
LaFeO,/g-C3N, 500 W Xe arc lamp (1 = 420 nm) RhB 15 100/20 85/160 71
Bi,S3/Bi,0,CO3 300 W Xe lamp (2 > 400 nm) RhB 10 50/50 100/30 72
CdS/Bi,0,CO; 300 W Xe lamp (1 > 400 nm) MB 10 50/40 67/90 73
CdS/ZnFe,0, 500 W Xe lamp (1 > 400 nm) RhB 10 100/50 98/60 74
CuFe,0,4/g-C3N, 300 W Tungsten light lamp (2 = 400 nm) RhB 10 100/50 90/150 75
Ag;PO,/GO/NiFe,0, 300 W Xe arc lamps (2 = 400 nm) RhB 10 100/20 98/30 76
SrTiO;3/NiFe,0, 500 W Xe lamp(2 = 400 nm) RhB 20 100/100 100/120 77
Ag;PO,/MgFe,0, 300 W Xe arc lamp (A = 400 nm) RhB 10 100/20 100/30 78
SrTiO3/TiO, 50 W High-pressure Hg lamp (UV, A = 313 nm) RhB 10 100/10 100/60 79
MoS,/Fe;0, 500 W High-pressure xenon lamp (A = 420 nm) MB 30 —/25 98/120 min 80
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Fig. 12 Schematic illustration of excitation and separation of photoinduced electron—hole pairs for CdTiOz/CuFe,O,4 heterojunction under

visible-light irradiation.

electrons under visible light irradiation in its VB and CB,
respectively. Before contact, the conduction band and Fermi
level (Ey) position of CuFe,0, is lower than those of CdTiO;. In
the case of contact between p-type CuFe,0, and n-type CdTiO3,
the electrons will diffusion from CdTiO; to CuFe,0, due to the
more negative CB of CdTiOj3, which results in accumulation of
negative charges in CuFe,O, close to the junction.”"* Mean-
while, a positive section in CdTiO; near the junction will
generate after the holes transfer from CuFe,O, to CdTiO;. The
Fermi energy level of CuFe,O, is moved up, and simultaneously
the Fermi level of CdTiO; is moved down to form an equilib-
rium state, where the inner electric field is formed and the CB of
CuFe,0, is higher than that of CdTiO;. Under visible-light
illumination, CuFe,0, could be easily excited and induced the
generation of photoelectrons and holes. According to the
schematic diagram in Fig. 12, the excited electrons on the CB of
the CuFe,0, transfer to that of CdTiO;, and simultaneous the
holes remain in the VB of CuFe,0,.%* The internal electric field
can promote the migration of photogenerated carriers.
Accordingly, the p-n junction formed in the CdTiO;/CuFe,O,
interface will be beneficial for separation of the photogenerated
electron-hole pairs, and the recombination probability of
electron-hole pairs can be consequently reduced.*® The sepa-
rated electrons and holes are then free to initiate reactions with
the dye molecules adsorbed on the photocatalyst surfaces. The
photogenerated electrons will be used to active H,0O, to produce

hydroxyl radicals ("OH). Some of holes maybe directly involved
in the oxidation of MB to produce unstable MB" as a target of
OH attack. On the other hand, the produced hydroxyl radicals
(‘OH) resulting from reaction of the electrons in CB with H,0,
were active enough to degrade MB to the innocent products CO,
and H,0, etc. (eqn (5)-(9)).*®

CdTiO5/CuFe;O4 + hv — ecp™ + hypt (5)
H,0, + ecg~ — "OH + OH™ (6)
hys* + OH — "OH )

MB + hyg" — MB™ (unstable) (8)
MB* + "OH — CO, + H,O + ... 9)

The separation of photoexcited carriers was further validated
by their photoluminescence (PL) property. Fig. 13(a) exhibits the
room-temperature PL spectra of pristine CdTiO; and CdTiO3/
CuFe,0,. The pristine CdTiO; nanoparticles show the PL
spectrum with high intensity, indicating high radiative recom-
bination. Moreover, CdTiO;/CuFe,O, heterojunction has
a similar peak shape and peak position, but much lower PL
intensity, suggesting that the sample possessed the high sepa-
ration efficiency of photogenerated electrons and holes. The
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Fig. 13

(a) PL spectra excited at 325 nm of (i) pure CdTiO3 and (ii) CdTiOs/CuFe,O4 samples and (b) the photocatalytic degradation of MB over

the CdTiOs/CuFe,Q4 in the presence of different scavengers under visible-light irradiation.
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Fig. 14 (a) Cycling runs of CdTiOz/CuFe,O, in the photodegradation
of MB. Each run of photocatalytic reactions lasted for 90 min. (b) XRD
and (c) FT-IR of the recovered nanocomposite after the 3rd run.

results indicated that the CdTiO;/CuFe,O, heterojunction is
favorable at suppressing radiative recombination. This led to
better utilization of electron and hole pairs induced by light
irradiation.

To further evaluate what kind of species plays a main role in
the photo degradation process of dyes, in this reaction system,
isopropanol and disodium ethylenediamine tetraacetate (EDTA)
were used as be the scavengers of “OH radicals and holes (hyg"),
respectively. As shown in Fig. 13(b), EDTA decreased the pho-
todegradation rate slightly, demonstrating the minor role of
holes (hyg"). In contrast, the photocatalytic degradation effi-
ciency of MB decreases significantly in the presence of iso-
propanol, demonstrating that ‘OH radicals play a main role in
the photocatalytic degradation of MB. According to these
results, it can be concluded that "OH radicals are the major
active species in the photocatalytic reaction, and holes were less
involved.
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3.10. Recyclability and stability tests

The reusability of photocatalysts is a noteworthy issue in prac-
tical applications, especially for the separation property and
their stability. The CdTiOs;/CuFe,O, nanocomposite has
magnetism due to the presence of CuFe,O, nanoparticles. To
confirm the magnetic properties of the CdTiOs;/CuFe,O,,
a separation experiment was conducted as follows. The inset of
Fig. 4 showed that the CdTiO;/CuFe,0,4 has magnetic properties
that can solve the separation problem of photocatalysts via
magnetic separation. The CdTiO;/CuFe,O, was reused three
times to test the stability of CdTiO;/CuFe,0, nanocomposite on
the photodegradation of MB. After each photocatalytic degra-
dation experiment, the nanocomposite was separated from the
dye solution by a permanent magnet, washed with distilled
water, dried at 60 °C and used in a new cycle. As shown in
Fig. 14(a), the recycled catalyst activity showed no significant
change after three recycles. The amounts of Cu, Fe and Cd
metals in the filtrate were also determined to be about less than
0.1% by ICP-AES analysis. In addition, XRD and FT-IR spectra of
the fresh and recycled catalyst did not exhibit obvious differ-
ences even after three cycling runs (Fig. 14(b) and (c)). These
findings confirm the composite has a good stability during the
photocatalytic degradation of dyes.

4. Conclusion

In summary, a novel magnetically recyclable CdTiOs/CuFe,O,
nanocomposite was successfully constructed by attachment of
spherical CuFe,O, nanoparticles onto the surface of CdTiO;
nanoplates via a sol-gel hydrothermal process for the first time.
The photocatalytic activity of CdTiOs/CuFe,O, nanocomposite is
significantly enhanced for removal of organic dyes under visible
light irradiation. The enhanced photodegradation performance
can be attributed to the promoted separation and inhibited
recombination of electron-holes pairs in the heterostructures of
CdTiO;/CuFe,0, nanocomposites. Moreover, the excellent room
temperature superparamagnetism and stability of CdTiOs/CuFe,0,
nanocomposites ensure the convenient magnetic separation. Since
the unique CdTiO3/CuFe,O, material with high activity and recy-
clable magnetic separation, it has potential applications in organic
pollutant removal and environmental remediation.
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