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Novel TiO,/GO/CuFe,O4 nanocomposite:

a magnetic, reusable and visible-light-driven
photocatalyst for efficient photocatalytic removal
of chlorinated pesticides from wastewaterf

A. M. Ismael,£? A. N. El-Shazly,
and S. S. M. Hassan®

$*P' S, E. Gaber,® M. M. Rashad,® A. H. Kamel®

A TiO,/GO/CuFe,O,4 heterostructure photocatalyst is fabricated by a simple and low-cost ball-milling
pathway for enhancing the photocatalytic degradation of chlorinated pesticides under UV light
irradiation. Based on the advantages of graphene oxide, TiO,, and CuFe,O4 the nanocomposite
exhibited visible light absorption, magnetic properties, and adsorption capacity. Integrated analyses using
XRD, SEM, TEM, and UV-visible techniques demonstrated that the nanocomposite exhibited a well-
defined crystalline phase, sizes of 10-15 nm, and evincing a visible light absorption feature with an
optical bandgap energy of 2.4 eV. The photocatalytic degradations of 17 different chlorinated pesticides
(persistent organic pollutants) were assayed using the prepared photocatalyst. The photocatalytic activity
of the nanocomposite generated almost 96.5% photocatalytic removal efficiency of typical pesticide
DDE from water under UV irradiation. The superior photocatalytic performance was exhibited by the
TiO,/GO/CuFeOy, catalyst owing to its high adsorption performance and separation efficiency of photo-
generated carriers. The photocatalyst was examined in 5 cycles for treating uncolored pesticides with

rsc.li/rsc-advances

1. Introduction

Water pollution has become one of the most dangerous issues
that threaten our world because of its severe impact on human
health and the whole ecosystem.*” There are various major
classes of water pollutants such as heavy metal ions, textile dyes,
phenols, fertilizers, and pesticides that are responsible for
contamination of both groundwater and surface water.** Due to
their high toxicity, long durability, and resistance to degrada-
tion by traditional methods, pesticides could be considered as
one of the most common organic pollutants.>® Advanced
oxidation processes are the most effective strategies proposed
for wastewater treatment because of their ability to completely
degrade persistent organic pollutants.”® Semiconductor-based
photocatalysis has been known as a green, simple, and cost-
effective technique for the complete degradation of organic
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purposeful separation using an external magnetic field.

contaminants, as well as being efficiently utilized in various
other photocatalytic applications, hydrogen production, carbon
dioxide reduction and solar cell water splitting.®*>

Titanium dioxide (TiO,) is a much used photocatalyst
because it is non-toxic, chemically and photochemically stable,
readily available, and easy to synthesize."'* However, TiO, has
two major demerits: it possesses a wide bandgap energy value of
3.2 eV for pure anatase, which limits its activity under UV irra-
diation, and it exhibits rapid electron-hole recombination,
which decreases its photocatalytic performance.'*'® Various
strategies, including doping by metallic/nonmetallic species,
dye sensitization, as well as coupling with narrow bandgap
semiconductors, have been developed to expand its photo-
response into the visible light region, decrease electron-hole
pair recombination and increase its activity for the removal of
toxic pollutants from industrial effluents.*”*°

Besides, an improvement in the photocatalytic activity of
TiO, has been obtained by loading with carbonaceous mate-
rials, especially graphene and graphene oxide (GO), as prom-
ising supports for photocatalysts owing to their high carrier
mobility and large specific surface area, allowing them consid-
eration.”®” It is noted that in previous studies on graphene/
TiO, and GO/TiO, nanocomposites, they displayed an excellent
performance in the destruction of organic dyes using both
ultraviolet and visible light radiation when compared to pure

This journal is © The Royal Society of Chemistry 2020
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TiO, due to the synergetic effects caused by graphene.*** Gra-
phene is generally used as an efficient electron acceptor for
photo-induced charge carriers, thus significantly suppressing
the recombination of photo-generated electron-hole pairs and
enhancing the performance of the nanocomposite.>®

To facilitate the separation of photocatalyst material for
recycling, a TiO, photocatalyst could be modified by coupling
with magnetic material, which can be facilely isolated from
solution by inducing an external applied magnetic field.>”*® It
was reported that the incorporation of Fe;O, and spinel ferrites
such as CoFe,0,, NiFe,O,, or ZnFe,0, into TiO, could cause
a change in its magnetic properties and allow the easy recovery
of photocatalysts.”*=* Although spinel-structured materials
exhibit photocatalytic properties, they have low valence band
offsets and poor photoelectric performance. That is attributed
to the insufficient energy for the reduction of molecular oxygen
by photo-induced electrons, which is the primary electron
scavenger in most photocatalytic reaction systems. Therefore,
the improvement in the performance of TiO, using spinel
ferrites could not be accredited to the photocatalytic activity of
the spinel ferrites, but it results from the extension of the visible
light response of the combined system with charge transfer
behavior.*

From the environmental point of view, enhancing the photo-
response and improving the visible light absorption spectrum,
the coupling between semiconductor nanocomposites and
graphene looks tremendously meaningful. Thus, it is supposed
that the fabrication of a heterostructure photocatalyst of TiO,,
CuFe,0,4, and GO is promising; the combination of CuFe,0O,
and TiO, with p-n heterojunction can enhance the absorption
of TiO, to the visible light region. Also, supporting both of them
with a GO matrix would increase the absorptivity of the
pollutants and enhance the charge separation efficiency of TiO,
and allow easy separation from solution. Thus, herein, we
demonstrate a simple one-pot method to synthesize a ternary
nanocomposite based on TiO,/GO/CuFe,0O, to be used as an
effective photocatalyst to remove pesticides from wastewater.
The proposed nanocomposite possesses multiple functions
where TiO, represents the main active phase, GO provides an
electron transition pathway to reduce recombination rate in
TiO, and enhance its photocatalytic activity, while CuFe,O, as
a magnetic material allows separation of the prepared nano-
composite. To the best of our knowledge, this is the first report
of the effect of TiO,/GO/CuFe,0, nanocomposite as a smart
photocatalyst toward photodegradation of 17 types of pesticide.
The as-prepared nanocomposite was characterized using XRD,
SEM, TEM, and DRS. We confirmed the photocatalytic response
of the as-prepared photocatalyst under UV light as well as easy
separation and high performance, where it showed promising
results for the removal of pesticides from wastewater.

2. Experimental
2.1. Materials

Spinel-structured copper ferrite (CuFe,O,) powders have been
synthesized using the co-precipitation method. Chemical grade
iron(m) nitrate nonahydrate, Fe(NO;);-9H,O, and copper(u)
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nitrate, Cu(NO;),-6H,0, were used as the starting materials.
Sodium hydroxide (NaOH, ADWIC 98%) and hydrochloric acid
(HCl, ADWIC 33%) were utilized for pH adjustment. Graphite
powder (Alfa Aesar), sulfuric acid (H,SO,4, 99.9%, Sigma-Aldrich),
potassium permanganate (KMnO,, Analar analytical grade), and
potassium nitrate (KNO;, ACROS) were used for the preparation of
graphene. Titanium isopropoxide [Ti(OCH(CHjs),),] (99.99%) was
used to synthesize anatase TiO, nanoparticles using the hydro-
thermal route. Standard reference chlorinated pesticides (AccuS-
tandard, USA), n-hexane (HPLC-isocratic grade, Sigma-Aldrich),
dichloromethane (HPLC grade, Sigma-Aldrich) and anhydrous
sodium sulfate (ACS Reagent Grade, MP Biomedicals, LLC, France)
were used.

2.2. Synthesis of the heterostructure photocatalyst

2.2.1. Synthesis of CuFe,0,. Copper ferrite nanoparticles
were synthesized by the co-precipitation method using
Cu(NO3),-6H,0 (0.01 mol) and Fe(NO3);-9H,0 (0.02 mol) in
stoichiometric amounts as starting materials. Then, the
precipitation was performed by slowly adding NaOH (1 M) until
pH was equal to 8. After complete precipitation, the resulting
product was washed several times by distilled water and dried at
60 °C overnight. The sample was annealed at 800 °C for 2 h.

2.2.2. Synthesis of GO. GO was produced using the modi-
fied Hummers method from pure graphite powder. Typically,
27 mL of sulfuric acid (H,SO,) and 3 mL of phosphoric acid
(H;PO,) (volume ratio 9 : 1) were mixed to get a homogenous
solution. Then 0.225 g of graphite powder was added into the
mixed solution under stirring condition. 1.32 g of potassium
permanganate (KMnO,) was then added slowly into the solu-
tion. This mixture was magnetically stirred for 6 h until the
solution became dark green. After that, 2 g of KNO; was added
to the solution after 15 min. This solution was then stirred at
room temperature for 2 h. Later 200 mL of distilled water was
added to the solution. 10 mL of 30% H,0, was dropped slowly,
and 600 mL of distilled water was added to the solution. The
filtrate obtained was washed with HCl (10%). The brown
suspension obtained was heated in a muffle furnace for 30 min
at 60 °C and then allowed to cool overnight in air.

2.2.3. Synthesis of TiO,. The TiO, nanoparticles were
prepared via a hydrothermal method. 25 mL titanium iso-
propoxide [Ti(OCH(CHj;),)4] was added to 100 mL of distilled
water under vigorous stirring for 10 min with ammonium
hydroxide at pH 7. After stirring for another 10 min, the mixed
solution was transferred to a 150 mL Teflon-lined stainless steel
autoclave. The autoclave was kept in an electric oven at 100 °C
for 24 h. After cooling down to room temperature, samples were
washed with deionized water several times and dried at 80 °C
for 10 min.

2.2.4. Synthesis of the TiO,/GO/CuFe,0, nanocomposite.
Initially, 5 g of TiO, powder was blended with 2.5 g GO and 2.5 g
CuFe,0, powder to produce the TiO,/GO/CuFe,O, nano-
composite. Then, a 10 g portion of the mixture was thoroughly
mixed with 20 g zirconia in a grinding bowl. The weight ratio of
the product material per ball was 1:10. The ball-milling
process was carried out at 550 rpm for 3 h.
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2.3. Physical characterization

Powder X-ray diffraction (XRD) was carried out using a Bruker
AXS diffractometer (D8-ADVANCE, Germany) with Cu Ko (A =
1.54056 A) radiation, operating at 40 kv and 40 mA. The
diffraction data were recorded for 26 values between 10 and 80°.
The morphologies of the prepared samples were directly
observed via field emission scanning electron microscopy (SEM)
with a JSM-7800F instrument (JEOL, Japan). Transmission
electron microscopy (TEM) images were obtained using a 2010F
instrument (JEOL, Japan). The UV-visible-NIR absorption
spectra were recorded using a spectrophotometer with diffuse
reflectance configuration. The measurements were performed
using a V-570 spectrophotometer (Jasco, Japan), with an inte-
grating sphere reflectance unit.

2.4. Photocatalytic degradation of pesticides

The prepared photocatalyst was transferred to a quartz reaction
cell containing an aqueous solution of the test chlorinated
pesticides. A 150 W xenon arc lamp with wavelength of 365 nm
(CHF-XQ-500W, Beijing Changtuo Co. Ltd) was immersed in the
cell and used as a UV radiation source. After 20 min of
immersion and pesticide adsorption on the catalyst, the pho-
tocatalytic degradation of the pesticides was followed using
a GC-MS system (Agilent 7890A) coupled with a 5975C triple-
quadrupole MS and a computer with MassHunter software
(version B.05.00412) for data acquisition and processing (Agi-
lent Technologies). The GC system was equipped with a 7693
autosampler and an air-cooled multimode inlet. The injection
volume was 1.0 pL in splitless mode. Analytes were separated
with two HP-5 ms Ultra Inert capillary columns from Agilent (30
m x 250 pm x 0.25 pm), connected at a backflush union. The
column head pressure was set at 9.3825 psi at a constant flow
rate of 1.0 mL min~ ", using helium as a carrier gas. The column
temperature was programmed as follows: the initial tempera-
ture was 80 °C (for 1.0 min hold time) and increased to 175 °C at
30 °C min~ ' (for 4.0 min hold time), ramped to 225 °C at
3 °C min~" (for 6.0 hold time). The total run time was 30.9 min.
By GC-MS, we can analyze the pesticides before UV irradiation
and after UV irradiation. Removal of pesticide from water is
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Fig. 1
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evaluated by using 6630B method (liquid-liquid extraction gas-
chromatography) then take 1 mL to analyze it. Table 1 presents
the results after UV irradiation at various times and different
concentrations of 0.1, 0.15, and 0.05. Thus, the concentration of
the decomposed pesticides was measured as a function of
irradiation time and compared with a calibration graph previ-
ously constructed.

3. Results and discussion

3.1. Characterization of TiO,/GO/CuFe,0, nanocomposite

The crystal structure of the prepared TiO,/GO/CuFe,O, nano-
composite was investigated using XRD analysis. The XRD
profile of TiO,/GO/CuFe,O, nanocomposite reveals the pres-
ence of crystalline anatase TiO, peaks with no extra detectable
peaks in the diffraction pattern for GO and CuFe,0, (Fig. 1a).
This indicated the presence of relatively low percentage of GO
and CuFe,O, in the nanocomposite. On the other hand, the
EDX spectrum of the composite (Fig. 1b) demonstrates the
presence of Ti, Cu, C, Fe, and O elements, distinctly elucidating
that GO and CuFe,0, existed in the nanocomposite.

SEM and TEM analyses were used to analyze the morphology
of the nanocomposite. The SEM image (Fig. 2a) shows that TiO,/
GO/CuFe,0, particles were of inhomogeneous size and aggre-
gated together. Fig. 2b-d display the TEM images at different
magnifications in which a clear uniform dispersion of TiO, and
CuFe,0, nanoparticles with a size of ~15 nm (Fig. 2b) on the GO
nanosheets was formed in the process of ball milling. Also
demonstrated was a prospective electrostatic attraction between
GO, TiO,, and CuFe,0, nanoparticles. Meanwhile, TiO, and
CuFe,0, covered the surface of the GO nanosheets, as also
presented in Fig. 2c and d.

The TiO,/GO/CuFe,0, nanocomposite was further charac-
terized using UV-visible diffuse reflectance spectroscopy, and
the results are depicted in Fig. 3a. TiO, displayed a light
response over the range of 300-400 nm, which is probably due
to the band-to-band transition of anatase TiO,.** The absorption
of the TiO,/GO/CuFe,0, nanocomposite extended to the visible
light region, and this observation is attributed to the creation of
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(a) X-ray diffraction pattern and (b) EDX analysis of the as-synthesized TiO,/GO/CuFe,O4 nanocomposite.
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a new valence band resulting from the hybridization of C,, and
O,, atomic orbitals.** In this study, the bandgap energy is
calculated from the Kubelka-Munk theory and was found to be
2.4 eV (Fig. 3b), which is lower than that reported in the liter-
ature for pure TiO, (E; = 3.2 eV).>**'** The formation of the
TiO,/GO/CuFe,0, nanocomposite causes a narrowing in the
TiO, bandgap due to the good interactions between TiO, and
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(a) SEM and (b—d) TEM images of the as-synthesized TiO,/GO/CuFe,O4 nanocomposite.

GO in the nanocomposite structure; therefore, GO enhanced
the absorption of TiO, in the visible light region.

3.2. Photodegradation of pesticides using TiO,/GO/CuFe,0,
nanocomposite

At the beginning of each experiment, the collectors were stirred
for about 10 min to homogenize the solution. The initial
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(a) Diffuse reflectance spectrum and (b) Tauc plot of the TiO,/GO/CuFe,O4 nanocomposite.
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Table 1 The retention times of the different pesticides and their photocatalytic decomposition in absence and presence of UV illumination
catalyzed by TiO,/GO/CuFe,O4 nanocomposite

Retention Initial concentration Concentration after Concentration after
Pesticide time (ppb) 20 min (dark conditions) 20 min UV illumination
A-BHC 8.965 924.75 357.83 71.99
B-BHC 9.871 967.82 283.90 63.31
G-BHC 10.114 953.25 411.01 121.08
D-BHC 11.021 777.78 389.23 228.17
Heptachlor 13.033 928.64 418.29 261.95
Aldrine 14.607 933.76 178.25 37.86
Heptachlor epoxide 16.586 820.17 312.27 87.87
Endosulfan (1) 18.420 768.24 309.41 103.52
Dieldrine 19.790 701.61 318.23 106.17
DDE 19.970 910.79 164.66 31.74
Endrine 20.921 679.51 392.83 73.01
Endosulfan (2) 21.463 725.27 299.78 152.21
DDD 22.170 778.29 344.69 186.04
Endrine aldehyde 22.525 746.55 311.87 220.34
Endosulfane sulfate 23.833 694.52 549.93 469.42
DDT 24.212 688.98 352.03 278.33
Methoxychlor 28.059 561.10 408.90 321.05
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Fig. 4 (a—o) Peak elution change of selected pesticides vs. retention times using the TiO,/GO/CuFe,O4 nanocomposite.
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concentration of pesticides was 0.5 mg L~ ". During the experi-
ments of photocatalytic degradation, GC was used to detect the
produced materials. The retention times of the different pesti-
cides and their photocatalytic decomposition in the absence
and presence of UV illumination are shown in Table 1. Fig. 4
shows the results of the photocatalytic degradation of 17
pesticides in aqueous solution using the TiO,/GO/CuFe,O,
nanocomposite. Fig. 4a-o depicts the photodegradation curves
of some pesticides using the TiO,/GO/CuFe,0, catalyst in the
absence and presence of UV illumination (365 nm). All tested
pesticides were sufficiently removed without and with UV irra-
diation. Photocatalysis of pesticides involves two steps, i.e., (i)
adsorption onto the TiO,/GO/CuFe,0, nanocomposite surface
followed by (ii) photodegradation in the presence of UV
radiation.

The use of graphene enhanced significantly the degradation
of pesticides in the dark. It has been reported that a C-Ti or C-
O-Ti bond acts as a dopant in TiO, or CuFe,0,, leading to the
TiO,/GO/CuFe,0, nanocomposite being a visible-light-driven
photocatalyst. Furthermore, GO could enhance the e -h"
separation through its - stacking between pesticides and an
aromatic group of GO.**** Fig. 5a shows the normalized
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concentration change (C/C,) versus degradation time for the
TiO0,/GO/CuFe,0, nanocomposite, where C, is initial concen-
tration and C is the concentration of pesticide at time ¢. At the
end of the experiment, the remaining concentration of pesti-
cides ranged from 20.8% for endosulfane sulfate to 70% for B-
BHC. Under UV irradiation, the degradation of pesticide
reached 96.5% for DDE.

Kinetic information indicated that the experimental data
were best fitted with a pseudo-first-order linear trans-
formation* as presented in Fig. 5b:

In(C/Cy) = —kt (1)
where k is the rate constant of a pseudo-first-order reaction.
Upon UV light illumination, DDE is completely degraded by
TiO,/GO/CuFe,0, photocatalyst, and the degradation rate
constant is 0.0838 min " (Fig. 5c).

3.3. Repeated use of the TiO,/GO/CuFe,0, photocatalyst

Repeated use of a photocatalyst is an essential issue in the
practical application of a catalysis process. When using TiO, as
a photocatalyst, it is difficult to effectively recover the catalyst

as ¥ ‘ | (b)
4 ' L]
4.0 % &
35" ABHC i ¢
| B-BHC $ w
1+ G=BHC 1 -
© 3.04 v Heptachlor t
Q 4 Adrine ‘:
(&) 25 <4 Heptachlor epoxide | ‘
£ “°7 Endosulf(1) ! Y
= 1 Oleldrine .
2.04 * DDE ' ]
|® Endosulf(2) ! b
2 DDD I
1.5 endrine aldhyde ! 4
{ % Endisulfane sulfate : L]
104 * poT I
®  Methoxy Chlor !
L) L] L) ] L]
0 10 20 30 40

Time, min

K, min

TIEILIIFIY
!f@

Fig. 5

&

egf-;e
74

(a) Removal efficiency of selected pesticides as a function of irradiation time, (b) In(C/Co) vs. time (min) curve for photodegradation of

selected pesticides and (c) photodegradation rate in the presence of the TiO,/GO/CuFe,O4 nanocomposite.
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Fig. 6 (a) Photograph of the magnetic nanocomposite solution, (b)
nanocomposite.
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Fig. 7 Proposed mechanism of charge separation via a direct Z-type scheme under UV illumination.

from the photocatalytic reactor, even with the assistance of
high-speed centrifugation. Consequently, loss of photocatalyst
and decrease of its photocatalytic activity are noticed in subse-
quent recycling processes. In addition to the higher catalytic
effect of the prepared nanocomposite catalyst, it can be simply
isolated from the reaction medium by using a magnet (see
Fig. 6a). The recovered photocatalyst was used for 5 cycles
without any noticeable loss in activity and efficiency; see Fig. 6b
for the photodegradation efficiency with DDE. As an example of
the tested pesticides, DDE was subjected to photodegradation
with recovered catalyst, and the catalytic activity almost
remained the same even after 5 cycles, where the removal effi-
ciency reached 95.05%.

3.4. Mechanism of action of TiO,/GO/CuFe,0,

The mechanism proposed for an explanation of the enhance-
ment of photocatalytic degradation of pesticides over the TiO,/
GO/CuFe,0, nanocomposite is illustrated in Fig. 7. Under the
irradiation of UV light, there is excitation of electrons in the
valence band (VB) to the conduction band (CB) of both semi-
conductors TiO, and CuFe,0O, and leaving holes behind. The

34812 | RSC Adv, 2020, 10, 34806-34814

photoexcited electrons of CuFe,0, would transfer to TiO,, as the
CB of CuFe,0, is more negative than the CB of TiO,, and the
holes of the VB of TiO, would simultaneously migrate to the VB
of CuFe,0,. After that, the GO sheet which is interfacially in
contact with TiO, and CuFe,O, nanoparticles can capture the
photogenerated electrons and act as a charge carrier for the
electrons.” The pesticide molecules can be adsorbed on the
surface of the nanocomposite with conjugation among pesti-
cide and aromatic regions of GO as proved by the high
adsorption capacity of pesticides on the TiO,/GO/CuFe,0,
nanocomposite. The remaining holes can directly oxidize the
adsorbed pesticide and form hydroxyl radicals ('OH) and
superoxide radicals (O," ") to produce CO, and H,O as a non-
toxic product. Therefore, the high photocatalytic activity of the
TiO,/GO/CuFe,0, nanocomposite is related to the high charge
separation and easy transfer of photoinduced charge carriers
according to the GO-promoted Z-scheme mechanism.

4. Conclusion

A TiO,/GO/CuFe,0, nanocomposite was prepared by physical
mixing of nanomaterials by a facile ball-milling approach. The

This journal is © The Royal Society of Chemistry 2020
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structure of the nanocomposite was characterized using XRD,
EDX, SEM, and TEM techniques. Typically, TEM analysis indi-
cated that the TiO, and CuFe,0, nanoparticles, with a mean
diameter of 10-15 nm, were homogeneously dispersed over the
GO layers. The photocatalyst exhibits a high removal efficiency
for 17 different chlorinated pesticides (persistent organic
pollutants) under UV light. The catalyst is easily isolated from
the reaction medium and reused for at least 5 cycles. These
promising findings will shed light on the expected utilization of
the TiO,/GO/CuFe, 0, nanocomposite in various photocatalytic
applications to address environmental/energy issues such as
carbon dioxide reduction, hydrogen production, and solar cells.
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