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ABSTRACT: Development of light-harvesting properties and inhibition of photogenerated charge
carrier recombination are of paramount significance in the photocatalytic process. In the present work, we
described the synthesis of core−shell heterostructures, which are composed of titanium oxide (TiO2) and
cerium oxide (CeO2) deposited on a reduced graphene oxide (rGO) surface as a conductive substrate.
Following the synthesis of ternary rGO-CeO2@TiO2 and rGO-TiO2@CeO2 nanostructures, their
photocatalytic activity was investigated toward the degradation of rhodamine B dye as an organic
pollutant under UV light irradiation. The obtained structures were characterized with high-resolution
transmission electron microscopy, field-emission scanning electron microscopy, energy-dispersive X-ray
spectroscopy, Fourier transform infrared spectroscopy, X-ray diffraction, Brunauer−Emmett−Teller, X-
ray photoelectron spectroscopy surface analysis, and UV−Vis spectroscopy. Various parameters including
pH, catalyst dosage, temperature, and contact time were studied for photocatalysis optimization.
Heterostructures showed considerable advantages because of their high surface area and superior
photocatalytic performance. In contrast, rGO-CeO2@TiO2 showed the highest photocatalytic activity,
which is attributed to the more effective electron−hole separation and quick suppression of charge
recombination at core−shell phases. A biological assay of the prepared heterostructure was performed to determine the cytotoxicity
against breast cancer cells (MCF-7) and demonstrated a very low survival rate at 7.65% of cells at the 17.5 mg mL−1 concentration of
applied photocatalyst.

1. INTRODUCTION
The presence of organic pollutants in water reservoirs is
regarded as one of themost critical environmental problems that
impact the natural ecological systems through growth inhibition
of living organisms and creatures in water. Also, water pollution
is the determining factor for human beings’ safety. Among the
pollutants in wastewater, organic materials are the most
common agents released during industrial processes.1 The
accumulation of industrial organic compounds in water
reservoirs would harm the aquatic ecosystem.2 Dye wastes are
indicated as one of the most important pollutants that can be
observed easily by the human eye and are resistant against
natural decomposition.3 Dyes are extremely stable agents during
oxidation reactions and light exposure because of their
complicated aromatic molecular structures.4−6 Thus, treating
wastewater, particularly removing their organic contaminants, is
assumed as one of the most challenges in the wastewater refining
process.2 Diverse methods of wastewater refining for dye
removal contain biological, chemical, and physical procedures
like using selective filters, chemical coagulation, nonaerobic
treatment, flotation, membrane separation, and electrochemical
coagulation, which have been applied recently.7 However, the
major drawbacks of these methods are high operational
expenditures, creation of poisonous byproducts, technical

limitations, ineffective dye decomposition, and low reported
sensitivity to a variable wastewater flow. Another problem is the
presence of one or more benzene rings in the chemical structure
of dye compounds that are not easily degradable in biological
and chemical processes. Furthermore, most of the dyes are
resistant to standard treatment methods. One of the applied
methods in advanced oxidation processes is photocatalysis,
which is assumed as an effective and ecologically friendly
approach in the environmental pollution control field.8

Photocatalysis is referred as the green technology that presents
several advantages such as facile construction,9 low energy
consumption,10 handling of reacting conditions,11 and absence
of secondary pollution.12 The photocatalytic procedure can be
performed under visible light or/and UV light irradiation.2 It has
been reported that semiconductor-based catalysts have been
considered for photocatalytic degradation of organic dyes in
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water treatment procedures.13−16 Because of the photocatalytic
activity of semiconductors, the absorbed light with higher energy
than the semiconductor band gap will result in the generation of
electron−hole pairs.17 The generated holes and electrons can
accelerate redox reactions, which results in the destruction of
organic compounds in wastewater.18,19 Various semiconductor-
based photocatalysts are being applied to treat the wastewater
contaminants. The most frequently applied semiconductors
include ZnO, TiO2, CeO2, Ag3PO4, CdS, and so on,

20 which are
considered as visible or UV light photocatalysts for oxidation of
water molecules and photodecomposition of organic com-
pounds.2 Among them, TiO2 has been extensively applied in
photocatalytic structures because of its intrinsic features like
high efficiency, chemical stability, low cost, and nontoxicity.21,22

Nevertheless, the practical application of photocatalytic
technology is greatly limited because of the low quantum
effectiveness and the wide band gap (3.2 eV) of TiO2.

23,24 The
development of photocatalytic activity of TiO2 has been
considered in many studies through different strategies
including integration with metal ions25 or organic compounds,26

tailoring morphology,27 and formation of nanocomposites.28

Therefore, one of the useful strategies to overcome TiO2
deficiencies includes coupling TiO2 with other narrow-band
gap semiconductors for improving the absorption of visible
light.29 The integration of TiO2 with several metal oxides such as
SnO2−TiO2, ZrO2−TiO2, ZnO−TiO2, Bi2O3−TiO2, WO3−
TiO2, Cu2O−TiO2, CeO2−TiO2, and In2O3−TiO2 has
improved the activity of applied photocatalysts.30−36 The
synthesized heterogeneous nanocomposites showed a remark-
able function and performance compared with applied TiO2
NPs alone. The remarkable properties of these nanocomposites
would be broad visible light absorption, long charge carrier
lifespan, and high rate of charge separation and transfer.37

Among different inorganic oxide catalysts, CeO2 has been
considered in many studies because of its great thermal
constancy, easy transition between Ce(IV) and Ce(III)
oxidation states, high UV absorption ability, and enhanced
electrical conductivity. Particularly, the oxygen released byCeO2
as an oxygen carrier plays a crucial role in oxidation
reactions.38,39 Coupling TiO2 with CeO2 could enhance the
separation of electron−hole pairs and the photocatalytic
activity.40 Many core−shell-based structures have been
fabricated recently as photocatalysts, which are composed of
two or three composited semiconductors because they could
create multiple interfaces in order to increase their functional
properties.41 Li et al. prepared an α-Fe3O4@TiO2 micro-
structure through a controlled coating process, which showed
superior photocatalytic activity toward degradation of rhod-
amine B (RhB) dye.42 Ye et al., synthesized Fe3O4/SiO2/TiO2
composite with a core−shell structure, which showed higher
RhB dye degradation in comparison with TiO2 NPs as well as
Fe3O4/SiO2 structures.

43 The observed enhanced photo-
catalytic activity of photocatalysts with a core−shell structure
is commonly attributed to the created photoinduced electron−
hole through the formation of heterojunction interfaces in the
core−shell structures.44 Another efficient strategy to improve
the function of the semiconductor photocatalyst involves the
application of carbon substances in the composite, which
displays an efficient electron transfer substrate. For this purpose,
two-dimensional carbon substances such as activated carbon,
graphene oxide (GO), graphene, and graphdiyne have been
applied in the semiconductor photocatalytic structure.45

Graphene has recently attracted much attention because of its

intrinsic high electrical conductivity, large surface area, superior
mechanical features, excellent optical transparency, great
thermal/chemical stability,46 and also their capability of
anchoring molecules on its base planes through guest−host
interaction.45 Graphene is a one-layer sheet of sp2-hybridized
carbon atoms in a lattice that resembles a two-dimensioned
honeycomb.47 Previous studies have illustrated that combining
mineral materials with graphene improved their photocatalytic
activities.48 Thus, the integration of core−shell structures with
graphene would enhance the performance of organic pollutant
degradation and result in the increment of the photocatalytic
properties. There are several reports on different biological
applications of nanomaterials.49−53 Among the different bio-
logical assays, cell cytotoxicity would be a crucial and
determining factor for synthesized nanostructures, which was
also discussed in the previous studies.54 In the present study, we
constructed an effective and low-cost photocatalyst for RhB
degradation. The nanosized TiO2 and CeO2 powders were
synthesized to prepare the TiO2@CeO2 and CeO2@TiO2
core−shell structures. To lower the recombination rate of
photogenerated electrons and hole pairs, the core−shell
structures were deposited on the graphene surface via
aminopropyltriethoxysilane. Morphology and features of
synthesized nanocomposite photocatalysts were determined
by field-emission scanning electronmicroscopy (FESEM), high-
resolution transmission electron microscopy (HRTEM),
energy-dispersive X-ray spectroscopy (EDS), X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), Fourier
transform infrared (FT-IR) spectroscopy, UV−Vis spectrosco-
py, and Brunauer−Emmett−Teller (BET) analysis. The photo-
catalytic performance of applied nanocomposites was assayed
for removal and adsorption of RhB dye under the irradiation of
UV light. Optimization of the RhB degradation experiment was
conducted using some factors, such as the dosage of catalysts,
the concentration of dye, temperature, and solution pH.
Biological assay of experiment was performed through the
determination of cell toxicity of the superior photocatalyst in the
MCF-7 cell line.

2. EXPERIMENTAL SECTION
2.1. Materials and Chemical Agents. To prepare the

applied solution, deionized water was used throughout the
experiment. Tetrabutyltitanate (TBOT, C6H36O4Ti; 99%),
hydrazine hydrate (N2H4·H2O; 50%), ammonia (NH3; 28%),
ammonium bicarbonate (NH4HCO3; 99%), and cerium(III)
nitrate hexahydrate (Ce(NO3)3·6H2O; 99.99%) were bought
from Sigma-Aldrich, Germany. Graphite powders (99.5%),
ethanol (C2H5OH; 99.5%), sulfuric acid (H2SO4; 98%), sodium
nitrate (NaNO3; 99%), potassium permanganate (KMnO4;
98.5%), hydrogen peroxide (H2O2; 30%), sodium hydroxide
(NaOH; 99%), hydrochloric acid (HCl; 30%), and 3-amino-
propyltriethoxysilane (APTES; 98%), were purchased from
Merck. Other chemicals used in the experiments had analytical-
purity grades without further purification.
2.2. Characterization Techniques. Spectroscopy analysis

and determination of optical bandgaps of synthesized photo-
catalysts were performed using a UV−Vis spectrophotometer
(Shimadzu, Japan) to optimize the conditions of the photo-
catalytic degradation and photocatalytic degradation. A hotplate
stirrer was used to stir solutions to conduct the photocatalytic
experiments under an 11 W UV-A lamp. Sonication was
performed with a Hielscher ultrasonic processor (50 kHz, 200
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W, UTR200, Germany) equipped with a titanium probe with 10
mm diameter, which was applied to homogenize the solution.
The physical as well as morphological features of the

synthesized photocatalysts were ascertained using diverse
characterization techniques. To obtain the XRD pattern and
crystalline nature of nanostructures, a Philips analytical
diffractometer was applied. The FT-IR analysis was performed
by FT-IR spectroscopy (Shimadzu 8400, Japan). X-ray spec-
troscopy (EDX Tescan Brno-Mira Lmu), field-emission
scanning electron microscopy (FESEM energy-dispersive),
and TEM (JEM-2200FS, JEOL, Japan) equipped with an
Oxford Instruments X-MaxN 80 T EDS-detector, at 200 keV
primary beam energy were used to identify the morphology and
size of the synthesized nanomaterial. The instrument was
operated in conventional TEM mode, using a TemCam-XF416
(TVIPS, Germany), and scanning mode (STEM), using a bright
field (BF) and a high-angle annular dark field detector. For
sample preparation, the nanocrystals were dispersed in ultrapure
water in an ultrasonic bath for 20 min, dropped on holey-carbon
TEM grids, and dried under vacuum conditions for 1 day. XPS
analysis was performed using a Thermofisher Theta Probe XPS
system, and the Avantage software package was utilized for
assessment of obtained spectra. A monochromatic Al Kα X-ray
source (1486.6 eV) with a spot size of 400 μm and a power of
100 W was used for irradiation of samples. For access to high-
resolution spectra, a pass energy of 20 eV and an energy step size
of 0.05 eV were used. Standard charge shift reference of the
spectra was performed through a peak of adventitious carbon at
285.0 eV. The C 1s and O 1s photoelectron peaks with linear or
Shirley background subtraction and normalization using Sco-
field sensitivity factors were used for qualitative and quantitative
analyses of obtained results. For measurement of the nanoma-
terial BET surface, a BET belsorp mini II tool was applied using
the nitrogen physical adsorption at 100 and 300 °C before
performing experiments, and finally, the nanomaterials were
degassed for 4 h.
2.3. Synthesis of TiO2 Nanoparticles. A simple sol-

hydrothermal-based procedure was used to achieve the anatase
TiO2 nanoparticles. TBOT was applied as the titanium source.
At first, 4 mL of TBOT was added to 60 mL of ethanol under
continuous stirring at ambient temperature. Later on, 80 mL of
deionized water was added to the solution dropwise under
strenuous stirring. As a result, a white solution mixture was
obtained while being stirred continuously for 30 min. In the next
stage, the acquired mixture along with 2.0 g of ammonium
bicarbonate was moved into a 200 mL Teflon-linear steel
autoclave and kept at 160 °C for 12 h, and later it was cooled at
ambient temperature. The obtained precipitate was ultimately
rinsed with deionized water and dehydrated alcohol. Then, the
obtained precipitate was dried at 50 °C for 12 h. Ultimately, it
was collected and utilized for more investigation.55

2.4. Synthesis of CeO2 Nanocubes. A hydrothermal
method was applied for the synthesis of CeO2 nanocubes as
mentioned before.56 10 mL of Ce(NO3)3·6H2O (4 mM) and 70
mL of NaOH (480 mM) were prepared in deionized water.
Then, the Ce(NO3)3 solution was added drop by drop to the
solution of NaOH, and the suspension was stirred for 30 min at
room temperature so that a pale purple solution was obtained.
Then, the mixture transferred to a Teflon-lined stainless-steel
autoclave, and it was heated up to 180 °C for 24 h. The obtained
CeO2 nanocubes were centrifuged and washed with deionized
water several times until the pH became neutral, and afterward,
they were washed many times using ethanol. The product was

then dried for 24 h at 80 °C under vacuum conditions and later
calcined in an air atmosphere at 600 °C for 5 h to obtain the
yellow CeO2 nanocubes.
2.5. Synthesis of CeO2@TiO2 Core−Shell Nanospheres.

The CeO2@TiO2 core−shell was synthesized according to the
Stober method.56 TBOT served as the TiO2 precursor for
synthesis of the CeO2@TiO2 shell. Briefly, 0.075 g of CeO2
nanocubes were added to 100 mL of absolute ethanol, and then
it was dispersed and mixed with the concentrated ammonia
solution (0.30 mL, 28%) by ultrasonication for 20 min. Then,
TBOT (0.75 mL) was added dropwise for 2 min, and then the
mixture was stirred at 45 °C for 24 h. Then, the obtainedmixture
was centrifuged, and the precipitate was rinsed with deionized
water and ethanol three times. The synthesized powder was
dehydrated at 100 °C overnight and then calcined at 500 °C for
2 h in air so that its organic species were removed.
2.6. Synthesis of TiO2@CeO2 Core−Shell Nanospheres.

In a typical process, using a facile hydrothermal method, the
TiO2@CeO2 core−shell was synthesized. To achieve this
purpose, in the beginning, 0.035 g TiO2 nanoparticles were
added to 35 mL of NaOH (480 mmol). Following, 0.912 g
Ce(NO3)3·6H2O was dissolved in 10 mL of deionized water.
Then, the Ce(NO3)3 solution was added drop by drop to the
NaOH solution for 2 min and stirred for 30 min at ambient
temperature. The obtained solution was carried over to a 100
mL Teflon-lined stainless-steel autoclave and then heated for 24
h at 180 °C so that the TiO2@CeO2 core−shell was acquired.
After centrifugation, the product was washed using deionized
water so that the pH became neutral, and afterward, it was
washed three times with ethanol. The precipitate was then dried
for 24 h at 80 °C under vacuum conditions, and later it was
calcined for 5 h at 600 °C in air to prepare the TiO2@CeO2
core−shell nanosphere.
2.7. Synthesis of Reduced GO (rGO). According to the

Hummers method, GO was synthesized from graphite flakes.57

In the initial step, a mixture including 3 g of graphite and 1.5 g of
NaNO3 was added to 69 mL of H2SO4. The temperature of the
obtained solution was then cooled down to 0 °C using an ice
bath while stirring for 1 h. Then, 3 g of KMnO4 was precisely
mixed with the above solution to retain the reaction temperature
below 20 °C. Following, the solution mixture was stirred for 30
min at 35 °C and then, 138 mL of ultrapure deionized water was
slowly added, so that the amount of exothermic heat was
generated that increased the temperature to 98 °C. The
temperature was kept constant for 15 min, and then 420 mL
of warm water was added to create another exotherm condition,
followed by slowly adding 10 mL of H2O2 (30%). The obtained
solution was centrifuged and washed with HCl (5%) and
deionized water to purify the mixture. The obtained solid
material was dried at 65 °C under vacuum to obtain graphite
oxide. After that, 1 g of graphite oxide was added to 2000 mL of
deionized water in a round-bottom flask to obtain a
heterogeneous yellow-brown solution. This solution was
sonicated for 1 h to become a homogeneous solution. Then,
10.5 mL of hydrazine hydrate (50%) and 14.2 mL of NH3 (25%)
were added to the solution of 2000 mL of GO to prepare the
rGO. In the next step, using refluxing the mixture for 24 h in an
oil bath of 98 °C, GO nanosheets were reduced to graphene.
This product was separated using centrifugation, and then it was
washed with deionized water and ultimately dried at room
temperature.57

2.8. Synthesis of rGO-NH2. For amine functionalization of
rGO, 100mg of rGOwas added to 100mL of ethanol in a round-
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bottom flask. Then, 200 μL of APTES was added dropwise to
the solutionmixture asmentioned above under constant stirring.
Subsequently, the mixture was refluxed at 80 °C for 12 h, and
then it was cooled to ambient temperature. The surface-
functionalized material (rGO-NH2) was then collected by
centrifugation and finally washed with ethanol.58

2.9. Synthesis of rGO-CeO2@TiO2 and rGO-TiO2@CeO2.
TiO2@CeO2 and CeO2@TiO2 (10 Mm, 1 mL) solutions were
added to the above rGO-NH2 suspension separately with the
same procedure. The reaction solution mixture was reacted for 6
h. Then, it was heated at 80 °C for 2 h, and then it was cooled to
ambient temperature. The prepared products, rGO-CeO2@
TiO2 and rGO-TiO2@CeO2, were collected by centrifugation
and washed with ethanol.58

2.10. Photocatalytic Activity Measurements. To
evaluate the photocatalytic performance of the as-prepared
photocatalyst, the degradation of RhB was assessed using UV
light irradiation. For optimization of the photocatalytic process,
some parameters were assayed, which include the degradation
time, pH effect, temperature effect, and concentration of the
photocatalyst. After the optimization process, a small amount of
the photocatalyst (30 mg) was dispersed in 100 mL of RhB
aqueous solution (3mg L−1) under 298 K temperature and pH 9
condition. Then the solution was stirred for 30 min in darkness,
and the adsorption/desorption equilibrium was attained. In the
next step, the photocatalytic activity was achieved by an 11 W
UV lamp, while the distance between the beaker base and UV
light source was 20 cm. This test was performed under UV light
for 180 min, and the solution aliquots (3 mL) were taken out
every 20 min during the test, and later they were centrifuged in
order to remove the particles of the photocatalyst. In each
aliquot, the RhB concentration was determined using a UV−Vis
spectrometer at the 554 nm absorption wavelength. The
percentage of the RhB degradation rate was measured using
eq 1.

= ×C C
C

Dye degradation (%) 100t

t

0

(1)

where C0 and Ct represent the initial and the residual pollutant
concentration before and after UV light irradiation, respectively.
To fit the experimental data, the first-order kinetic equation (eq
2) was applied.

= ×i
k
jjj y

{
zzzC

C
k tln 0

app (2)

In the abovementioned equation, kapp is the reaction rate
constant and t is the reaction time.
2.11. Adsorption Tests. In the same way, the adsorption

ability of photocatalysts was determined by the adsorption
experiments of RhB in darkness. In this experiment, 30 mg of
catalyst was added to 100 mL of RhB solution with the same
concentration under the specific condition including 298 K and
pH 9. The solution was stirred for another 30 min under dark
conditions to achieve the absorption−desorption equilibrium.
Then, 5 mL of sample were taken out every 20 min intervals
regularly and centrifuged to separate the catalysts. Finally, the
absorbance values of samples at the wavelength of λmax = 554 nm
were recorded using a UV−Vis spectrophotometer.
2.12. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetra-

zolium Bromide (MTT) Assay. To determine the toxicity of
the applied photocatalyst, we performed the cell toxicity
experiment by MTT assay. The MCF-7 cell line was prepared

from the Iranian Biological Resource Center (IBRC C10082,
IBRC, Tehran, Iran) and cultured in DMEM/F12 medium
supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin. In the present experiment, MTT
analysis was used to determine the cell viability; 10,000 cells
per each well were incubated in 96-well plates containing 100 μL
of 5% FBS and then incubation at 37 °C for 48 h. After
incubation for 48 h, different concentrations of applied
photocatalyst were added to the wells and incubated for another
48 h. Afterward, 59 μL of MTT (5 mg mL−1) was added to each
well and incubated for another 5 h. Then 110 μL of dimethyl
sulfoxide was used to solubilize the generated formazan crystals,
and the absorbance at 570 nm was recorded through a
microplate reader to determine the cell viability. The cell
viability was determined according to the cell viability = A of
treated cells/A of control sample cells × 100. The assay results
were expressed as the mean ± SD of triplicates.

3. RESULTS AND DISCUSSION
3.1. Structural and Morphological Features of

Prepared Nanostructures. To evaluate the catalyst’s
effectiveness, morphology plays a crucial role. The morphology
and structure of nanostructures were tested using FESEM and
HRTEM. Figure 1 represents the images that are attained
employing FESEM of nanoparticles, core−shell nanospheres,
and ternary nanocomposites of (a) TiO2, (b) CeO2, (c) CeO2@
TiO2, (d) TiO2@CeO2, (e) rGO-CeO2@TiO2, and (f) rGO-
TiO2@CeO2. As shown in Figure 1a, TiO2 nanoparticles have
demonstrated a good structural uniformity while the edges and
the grains are obviously spherical, and the TiO2 nanoparticles
showed uniform distribution without any agglomeration.59,60

Moreover, it was measured that the TiO2 nanoparticles have an
average diameter of around 21.81 nm (Figure S1a). As presented
in Figure 1b and S1b, the CeO2 nanocubes had a smooth surface
while an average size about 30.97 nm. Figure 1c shows that CeO2
nanocubes after being coated with TiO2 transformed to bigger
and rougher NPs. The obtained results implied that CeO2@
TiO2 core−shell nanospheres were formed with mean diameter
about 35.74 nm (Figure S1c). In addition, Figure 1d showed that
TiO2 spherical nanoparticles after being wrapped in the cerium
oxide shell and the TiO2@CeO2 core−shell nanospheres had
still spherical form compared with TiO2 spheres, but the
obtained surface was rougher and textured because of the
presence of CeO2 nanoparticles deposited on the TiO2 spheres.
The mean TiO2@CeO2 core−shell nanosphere size was 27.93
nm (Figure S1d). Figure 1e,f clearly showed that after adding
rGO, the CeO2@TiO2 and TiO2@CeO2 core−shell nano-
spheres were uniformly placed on the rGO sheets while there
were ripples and wrinkles.61 Thus, these consequences reveal
further that rGO-CeO2@TiO2 and rGO-TiO2@CeO2 ternary
nanocomposites were successfully synthesized. Additionally, the
agglomeration procedure is usually reported when core−shell
nanospheres are deposited on graphene sheets. The agglomer-
ation of core−shell nanospheres may increase the photocatalytic
efficiency because the recombination between photogenerated
charge pairs was inhibited using the interparticle charge transfer
induced in agglomerates.62 To investigate the composition of
rGO-CeO2@TiO2 and rGO-TiO2@CeO2 ternary nanocompo-
sites, EDSwas applied (Figure 1g−l). As illustrated in Figure 1i,j,
all the spectrum elements, involving titanium (Ti), cerium (Ce),
and oxygen (O), correspond to the core−shell nanospheres.
Furthermore, Figure 1k,l shows the presence of Ti, Ce, O, and C,
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which clearly demonstrate successful formation of ternary
nanocomposites.
The EDS elemental mapping of rGO-CeO2@TiO2 and rGO-

TiO2@CeO2 ternary nanocomposites is shown in Figure 2a,b,
which approves the coexistence of all elements in the ternary
nanocomposites and also confirms the uniform spread of Ti, Ce,
C, and O elements.
TEM results of the as-prepared TiO2@CeO2 and CeO2@

TiO2 and core−shell nanospheres are presented in Figure 3.
CeO2@TiO2 core−shell nanospheres with typical sizes are
shown in the TEM image of Figure 3a, and an HRTEM image of
a single nanosphere is presented in Figure 3b. HRTEM proved
the formation of a core−shell structure and the sizes of the CeO2
core and TiO2 shell were 31 and 4.5 nm respectively. The
marked interplanar ‘d’ spacing of 0.36 nm of the CeO2@TiO2
structure corresponds to the (101) plane of the anatase TiO2
shell, whereas the fringes of the core are not resolved in this
projection of the structure. By scanning transmission electron
microscopy (STEM) combined with EDS, we determined the
elemental composition of another CeO2@TiO2 core−shell
nanosphere. The recorded EDS map is shown in Figure 3c and
displays the Ce and Ti distribution and confirms the nanosphere
composition of a CeO2 core and a TiO2 shell. The TiO2 is not
evenly distributed, which could be induced by the facets of the
nanocrystal core, which are well visible in Figure 3b. The reason
could be either a simple geometric effect of a faceted core in a
sphere-shaped shell or different growth kinetics on top the
different facets. Figure 3d is a sum spectrum of the EDSmap and
shows clearly the Ce, Ti, and O peaks (as well as a C peak from
the C-grid membrane). A quantitative analysis results in 49 at%
O, 16 at% Ti and 35 at% Ce, pointing to a not fully oxidized
structure. From the presented map in Figure 3c, a line scan was
extracted, which is displayed in Figure 3e, and it approves the
CeO2 core and a thin layer of TiO2 forming the shell structure.
The concentration of Ti decreased toward the center of the
nanocrystal but never reaches zero, a result of the geometrical
projection of the core−shell structure by the measurement. On
the basis of these results, we can conclude that the CeO2@TiO2
core−shell nanospheres had been accomplished.
The TEM results of the TiO2@CeO2 core−shell nanospheres

are illustrated in Figure 3f−j. Again, an overview of the TiO2@
CeO2 nanospheres shown in Figure 3f nanospheres with typical
sizes and theHRTEM allows a view of the shape and crystallinity
(Figure 3g). The diameter of the core was measured for this kind
of crystal with 27 nm while the shell thickness was around 2.2
nm. TheHRTEM image of the TiO2@CeO2 nanosphere depicts
the lattice fringes of the shell at a d-spacing of 0.31 nm
corresponding to the d-spacing of the (111) plane of CeO2.
Again, EDS was performed to analyze the presence of the
different elements. The STEM-EDS elemental mapping (Figure
3h) of this sphere clearly indicates a well-defined, thickness-
varying CeO2 shell on a TiO2 core, confirming the core−shell
structure. The sum spectrum in Figure 3i represents the peaks of
Ti, O, and Ce indicating the formation of TiO2 and CeO2. It is
clearly visible that the different Ce and Ti peak size compared to
Figure 3d, leading to a different quantification result of 57.5 at %
O, 36.5 at % Ti and 6 at % Ce. This result fits well with the
thinner shell thickness compared to the CeO2@TiO2 core−shell
nanospheres, which can also be observed in the extracted line
scan data of Figure 3j. The Ce ions were merely located in the
shell region, and additionally, the Ti ions decreased strongly
toward the surface. By observing all the above consequences, we
could conclude the successful preparation of TiO2@CeO2

Figure 1. FESEM images of (a) TiO2 nanoparticles, (b) CeO2
nanoparticles, (c) CeO2@TiO2 core−shell nanospheres, (d) TiO2@
CeO2 core−shell nanospheres, (e) rGO-CeO2@TiO2 ternary nano-
composites, and (f) rGO-TiO2@CeO2 ternary nanocomposites; EDS
spectra of (g) TiO2 nanoparticles, (h) CeO2 nanoparticles, (i) CeO2@
TiO2 core−shell nanospheres, (j) TiO2@CeO2 core−shell nano-
spheres, (k) rGO-CeO2@TiO2 ternary nanocomposites, and (l) rGO-
TiO2@CeO2 ternary nanocomposites.
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core−shell nanospheres, and they confirmed the formation of a
thin CeO2 shell around the TiO2 core.
3.1.1. FT-IR Analysis. FT-IR spectroscopy was performed to

reveal the presence of the functional groups on the synthesized
nanoparticles and nanocomposites. The FT-IR spectra for (a)
TiO2, (b) CeO2, (c) rGO, (d) rGO-CeO2@TiO2, and (e) rGO-
TiO2@CeO2 are shown in Figure 4. The bands at 1640 and 3400
cm−1 were attributed to bending vibration and O−H stretching
and of the water molecules or the other substances containing
hydroxyl groups.46 A specific band was observed with wide
absorption at the area with lower energy (<800 cm−1) which
illustrates the anatase O−Ti−O lattice. Generally, the obtained
peaks lower than 600 cm−1 were attributed to metal oxide
vibration and stretching modes. FT-IR spectra of pure CeO2 in
Figure 4b show a band at 505 cm−1 that corresponds to Ce−O
vibration stretching mode.63 According to Figure 4c, the GO
peak decreased due to thermal exfoliations, and thus the peak of
oxygen functional groups was completely reduced and totally
removed. Thus, two wide peaks at 1562 and 1186 cm−1 were
observed for the rGO. The peak at 1562 cm−1 can be attributed
to the aromatic C�C stretch. The peak at 1186 cm−1 is related
to the C−O stretch. This observation approved that themajority
of oxygen functional groups in the GO were removed through
thermal exfoliations in the synthesis conditions.64 Figure 4d
shows the FT-IR spectrum of the rGO-CeO2@TiO2 ternary
nanocomposite while the absorption bands that were around
700 cm−1 correspond to the combination of Ti−O−Ti and Ti−
O−C vibration, proposing that CeO2@TiO2 core−shell nano-
spheres have been bonded on the carbon layers of rGO
chemically. The absorption band that appears at around 1600
cm−1 is due to the skeletal vibration of rGO sheets.46 The
spectrum of CeO2@TiO2 core−shell nanospheres in compar-
ison with TiO2 and CeO2 was roughly identical to them.
Moreover, a new broad band appears at about 505 cm−1, which
suggests that the scarce earth element Ce exists in the product in
the form of an oxide.40 As a result of the above facts, we can
conclude that there is a coupling impact between the CeO2@
TiO2 core−shell nanosphere and graphene. Additionally, in
Figure 4e, the characteristic bands in rGO and the broad band
were observed below 1000 cm−1, which resulted from
disappearance of the cerium band in the rGO-TiO2@CeO2
ternary nanocomposite due to the low amount or merging CeO2
with the specific band of TiO2.
3.1.2. XRD Analysis. To determine the crystal phase and

structure nanomaterials, the XRD analysis has been performed.
The XRD patterns of (a) CeO2@TiO2, (b) TiO2@CeO2, (c)
rGO-CeO2@TiO2, and (d) rGO-TiO2@CeO2 are illustrated in
Figure 5. Figure 5a,b represented the characterization of anatase
state of TiO2 nanoparticles via diffraction peaks at 25.38°,
38.02°, 48.10°, 55.7°, and 62.77° that correspond to (101),
(004), (200), (105), and (211) diffraction planes, which in turn
refer to JCPDS card NO. 21-1272.65 In the attained spectrum,
no extra peaks were seen showing that the TiO2 anatase state was
pure. Also, Figure 5a,b, represented that the diffraction feature
peaks at (2θ) = 28.46°, 33°, 47.46°, 56.31°, 59.06°, and 69.06°
corresponded with the face centered cubic structure of CeO2 at
(111), (200), (220), (311), (222), and (400) planes (JCPDS
NO. 34-0394), respectively.65 Thus, Figure 5a showed that
almost all the diffraction peaks of CeO2@TiO2 core−shell
nanospheres correspond with those of the TiO2, whereas the
diffraction peaks at 28.3° and 33° proved the existence of CeO2.
Because of the appearance of titanium dioxide peaks, the specific
peak of cerium oxide was covered up. The impurity diffraction

Figure 2. Elemental mapping of (a) rGO-CeO2@TiO2 ternary
nanocomposites and (b) rGO-TiO2@CeO2 ternary nanocomposites.
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peaks were not found, implying that the product was highly pure.
Based on Figure 5b, the diffraction peaks of the core−shell
produced particles were in correspondence with the cubic
structure of CeO2 and anatase TiO2, which indicated that TiO2

nanoparticles were wrapped with the CeO2 shell through the
sol−gel hydrothermal method. Moreover, in this pattern no
other diffractive peaks exist. The obtained observation suggested
that the interface formation between TiO2 and cubic CeO2

Figure 3. (a) TEM image of CeO2@TiO2 core−shell nanospheres, (b) HRTEM image of a CeO2@TiO2 core−shell nanosphere, (c) EDS map of a
CeO2@TiO2 core−shell nanosphere, (d) sum spectrum of the CeO2@TiO2 nanosphere EDS map, (e) extracted line scan through the sphere,
indicated by the blue rectangle in (c), (f) TEM image of TiO2@CeO2 core−shell nanospheres, (g) HRTEM image of a TiO2@CeO2 core−shell
nanosphere, (h) EDSmap of a TiO2@CeO2 core−shell nanosphere, (i) sum spectrum of the TiO2@CeO2 nanosphere EDSmap, and (j) extracted line
scan through the sphere, indicated by the blue rectangle in (h).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c04338
ACS Omega 2022, 7, 30601−30621

30607

https://pubs.acs.org/doi/10.1021/acsomega.2c04338?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04338?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04338?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04338?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04338?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


becomes constant thermodynamically, and there was no new
phase. As shown in Figure 5c, the XRD pattern of decreased GO
(rGO) depicts a wide reflection at 24.7° that confirms few layer
graphene sheets and a little concentrated peak around 44°which
shows a turbostratic behavior of nonorderly carbon layers after
removing the oxygen that includes functional groups,66 and this
corresponds to (002) and (100) crystal planes of rGO
nanosheets. Nevertheless, the existence of graphene could not
be differentiated using the XRD pattern of the ternary
nanocomposites because the feature peak locality of the rGO
(002) plane is very near to that of the (101) plane of anatase (at
25.38°), and the two peaks may overlap around 25° in the XRD
background.46

In the XRD pattern, the ternary nanocomposite was identical
to that of as-prepared pure TiO2 and CeO2. In the ternary
nanocomposite, no other phases had been observed, which
approves the purity of the synthesized substance. The mean
crystalline size of nanocomposites was measured applying the
formula of Scherrer,48 and the obtained values were 8.17 and
6.85 nm for CeO2@TiO2 and TiO2@CeO2 structures,

respectively. The crystal size of core−shell nanospheres was
calculated and is shown in Table 1.

3.1.3. XPS Analysis.The chemical composition and oxidation
mode of the elements were determined by XPS analysis. The
survey scan from 0 to 1200 eV revealed all elements including Ti,
Ce, O, and C of the CeO2@TiO2 and TiO2@CeO2 core−shell
nanospheres in Figure 6a. Figure 6b−g showed XPS spectra of
Ce 3d, Ti 2p, and O 1s, respectively. In Figure 6b,e, the Ce 3d
spectra were fit with eight peaks, in which v and u represent the
3d5/2 and 3d3/2 spin orbitals, respectively. Eight peaks were
determined at binding energies of 882.39, 883.59, 888.78,
889.25, 900.23, 904.14, 907.65, and 916.74 eV using the XPS
curve fitting procedure. The above peaks are named v, v′, v″, v‴,
u, u′, u″, and u‴ respectively. The precise scan of Ce 3d3/2 and
Ce 3d5/2 modes are presented in Figure 6b,e, and also, the
oxidative peaks are seen at 889.25 and 882.39 eV attributed to a
satellite peak, which may originate from the spin-orbit coupling
effect and resulted in separation or splitting of the energy level.
The first oxidation peak is attributed to Ce 3d3/2 mode with a Ce
3d9 4f2 O 2p5 ultimate state. The second oxidation peak is shown
by Ce 3d9 4f1 O 2p6 mode. Figure 6a,e depicts the oxidative Ce
3d5/2 peaks at 889.25 and 882.39 eV as features of the oxidation
mode of Ce4+ ions, Ce 3d9 4f1 O 2p5, and Ce 3d9 4f2 O 2p4,
respectively.48 Figure 6c,f represents the oxidative state and
chemical nature of Ti4+ ions. The oxidation peaks exhibited at
462 and 466.5 eV are related to the oxidation mode of binding
energy for Ti 2p1/2 and Ti 2p3/2 representing that Ti4+ ions are
present with octahedral oxygen coordination.67 The O 1s
spectra that are obtained for TiO2@CeO2 and CeO2@TiO2 and
core−shell nanospheres are shown in Figure 6d,g, respectively.
Both the major peaks were asymmetric, which showed the
minimum existence of two types of oxygen on the surface. The
fitted peak OI at a BE of 531.5 eV indicated a surface oxygen
lattice, namely, electron-bonded oxygen. Another observed peak
OII at a BE of 532.6 eV was attributed to chemically absorbed
oxygen having the shape of−OH/−CO32− or adsorbed water.56
The atomic concentrations of TiO2@CeO2 and CeO2@TiO2

core−shell nanospheres are indicated in Table 2. The Ti atomic
concentration on CeO2@TiO2 was 9.49%, which illustrated that
the CeO2 surface was covered with TiO2, and the Ce atomic
concentration on TiO2@CeO2 was 1.25%, which confirms the
formation of TiO2@CeO2 core−shell nanospheres.
3.1.4. BET Analysis.The surface area and the pore diameter of

used nanostructures are illustrated in the BET analysis. By
applying N2 adsorption−desorption measurements, the adsorp-
tion features of the synthesized nanostructures were inves-
tigated. Figure 7a−d display nitrogen adsorption−desorption
isotherms of the synthesized CeO2@TiO2, TiO2@CeO2 core−
shell nanospheres, and rGO-CeO2@TiO2, rGO-TiO2@CeO2
ternary nanocomposites. According to the obtained results, the
data were measured by the BET equation and are displayed in
Table 3. In comparison to the IUPAC classification, the entire
adsorption−desorption isotherms displayed a type IV curve with
H3 hysteresis loops, confirming the presence of mesoporous
with a mean diameter of 2−50 nm pore sizes. Based on Table 3,
CeO2@TiO2 core−shell nanospheres have increased the area of

Figure 4. FT-IR spectra of (a) TiO2 nanoparticles, (b) CeO2
nanoparticles, (c) rGO, (d) rGO-CeO2@TiO2 ternary nanocompo-
sites, and (e) rGO-TiO2@CeO2 ternary nanocomposites.

Figure 5. XRD patterns of (a) CeO2@TiO2 core−shell nanospheres,
(b) TiO2@CeO2 core−shell nanospheres, (c) rGO-CeO2@TiO2
ternary nanocomposites, and (d) rGO-TiO2@CeO2 ternary nano-
composites.

Table 1. Size Characterization of Core/Shell Samples

sample 2θ (°) FWHM (rad) diameter (nm)

CeO2@TiO2 25.2 0.0174 8.17
TiO2@CeO2 28.45 0.02 6.85
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Figure 6.XPS analysis of the representative samples: (a) survey scan spectra of CeO2@TiO2 andTiO2@CeO2 core−shell nanospheres, (b) XPSCe 3d
data for CeO2@TiO2 core−shell nanospheres, (c) XPSTi 2p data for CeO2@TiO2 core−shell nanospheres, (d) XPSO 1s data for CeO2@TiO2 core−
shell nanospheres, (e) XPS Ce 3d data for TiO2@CeO2 core−shell nanospheres, (f) XPS Ti 2p data for TiO2@CeO2 core−shell nanospheres and, (g)
XPS O 1s data for TiO2@CeO2 core−shell nanospheres.
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the surface in small amounts in comparison to TiO2@CeO2
core−shell nanospheres, whereas rGO-CeO2@TiO2 and rGO-
TiO2@CeO2 ternary nanocomposites showed a remarkable
increase in the specific surface area.
The BET surface area of CeO2@TiO2, TiO2@CeO2, rGO-

CeO2@TiO2, and rGO-TiO2@CeO2 was 20.456, 13.887,
55.375, and 54.876 m2/g, respectively. The adsorption section
of nitrogen isotherms and the Barrett−Joyner−Halenda
procedure were used to calculate the corresponding pore size
distribution patterns (Figure 7). The average pore diameter for

CeO2@TiO2, TiO2@CeO2, rGO-CeO2@TiO2, and rGO-
TiO2@CeO2 was 27.904, 26.194, 26.102, and 23.901 nm,
respectively. The obtained results have displayed an increasing
amount of adsorbed N2 after addition of rGO (up to 0.3614 and
0.3279 cm3/g) from 0 to 0.9 for P/P0 and showed great
enhancement in pore volumes. Therefore, it was concluded that
rGO-CeO2@TiO2 and rGO-TiO2@CeO2 had much larger pore
volumes and surfaces than other samples and exhibited a high
decrease in the pore diameter as compared with CeO2@TiO2
and TiO2@CeO2. The enhancement of the special surface area
in ternary nanocomposites caused the possibility of enhancing
the surface-active region and, in turn, resulted in the charge

Table 2. XPS Data of CeO2@TiO2 and TiO2@CeO2 Core−
Shell Nanospheres

sample peak
energy
(eV)

peak width
FWHM, (eV)

peak area
(counts)

atomic
(%)

CeO2@TiO2 Ti 2p 458.92 2.21 93894.3 9.49
Ce
3d

882.34 2.73 37711.91 17.2

O 1s 530.06 2.53 103295.6 67.67
C 1s 284.71 1.97 13777.87 5.63

TiO2@CeO2 Ti 2p 458.9 2.23 24904.66 22.23
Ce
3d

882.93 4.5 322039.6 1.25

O 1s 529.96 2.51 76141.17 57.03
C 1s 284.96 1.15 2473.15 19.49

Figure 7. Nitrogen adsorption−desorption isotherms of (a) CeO2@TiO2 core−shell nanospheres, (b) TiO2@CeO2 core−shell nanospheres, (c)
rGO-CeO2@TiO2 ternary nanocomposites, and (d) rGO-TiO2@CeO2 ternary nanocomposite, inset: pore size distribution of the prepared samples
from the adsorption isotherm measurement.

Table 3. Surface Area, Volume, and Pore Size Distribution of
CeO2@TiO2 Core−Shell Nanospheres, TiO2@CeO2 Core−
Shell Nanospheres, rGO-CeO2@TiO2 Ternary
Nanocomposites, and rGO-TiO2@CeO2 Ternary
Nanocomposites

samples

surface area
BET (SBET)
(m2/g)

pore size
(nm)
BJHads

total pore volume
(P/P0 = 0.990) (cm3/g)

CeO2@TiO2 20.456 27.904 0.1427
TiO2@CeO2 13.887 26.194 0.0909
rGO-CeO2@TiO2 55.375 26.102 0.3614
rGO-TiO2@CeO2 54.876 23.901 0.3279
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transport. Also, the nanocomposite could enhance dye molecule
degradation during the photocatalytic activity that results in a
greater photocatalytic function in ternary nanocomposites. Not
only enhancement in the surface area but also reduction in the
pore size led to an increase in pore volume, which optimized the
adsorption procedure by rGO-CeO2@TiO2 and rGO-TiO2@
CeO2.
3.2. Electronic and Optical Features of the Samples.

The UV−Vis diffuse reflectance spectra of (I) TiO2, (II) CeO2,
(III) CeO2@TiO2, (IV) TiO2@CeO2, (V) rGO-CeO2@TiO2,
and (VI) rGO-TiO2@CeO2 are plotted in Figure 8a. The band

gap edge of TiO2 is around 400 nm. It shows the powerful light
absorption of TiO2 in the UV range, particularly at wavelengths
that are lower than 400 nm. This would be because of the charge
transfer in the material, especially from the transferred electrons
from the valence band (VB) to conduction band (CB).68 Also,
the band gap edge of CeO2 was around 500 nm. The CeO2@
TiO2 core−shell nanospheres showed the redshift compared
with TiO2. This result is attributed to the cerium oxide that may
absorb UV and visible light that could be caught by the TiO2.

40

Therefore, it was concluded that deposition of the TiO2 shell

improved the light-harvesting effectiveness of CeO2.
56 In

addition, the adsorption edge of TiO2@CeO2 core−shell
nanospheres was around 400 nm, and it showed a strong
photoabsorption. Figure 8a (V and VI) displayed the presence of
not only absorption peaks of rGO at 272 nm (the excitation of π-
plasmon of the graphitic structure)69 but also CeO2@TiO2 and
TiO2@CeO2 absorption around 320−350 nm, indicating the
existence of rGO and core−shell nanospheres. Such diversity in
absorption features of applied ternary nanocomposites indicated
that core−shell nanospheres were successfully located in rGO
sheets. The reduction in the ternary nanocomposites absorption
peak intensity proved the effective application of the created
electron−hole pairs via the carbon substrate and core−shell
nanospheres. Furthermore, by using the Tauc plot method, the
optical band gap energies were measured. Figure 8b showed the
results and the Tauc equation as follows (eq 3):

=h h E( ) ( )n
g (3)

where hν is the identical photon energy (eV), α represents the
absorption coefficient, β shows a proportionality constant, Eg
presents the band gap (eV) of the sample substance, while n is an
exponent that gets values of 1/2 and 2 based on the nature of
electronic transition. For measuring direct band gap replace-
ment was n = 1/2 and also for indirect band gap was n = 2. After
the replacement n = 1/2, the Tauc formula for direct band gap
will be as presented in eq 4.

=h h E( ) ( )2
g (4)

The curve of the graph was depicted as (αhν)2 versus hν.
Thus, for determining the band gap, we fit the data absorption to
the direct transition equation using extrapolating the linear part
of the curve to absorption that is equal to zero.70 Therefore, the
energy band gaps of TiO2, CeO2, CeO2@TiO2, TiO2@CeO2,
rGO-CeO2@TiO2, and rGO-TiO2@CeO2 were identified to be
3.15, 2.74, 2.42, 2.65, 2.03, and 2.2 eV, respectively (Figure 8b).
The measured values of band gap nanoparticles and core−shell
nanospheres could be compared with previous research
studies.40,56 It is distinct that the band gap energy of the
core−shell nanospheres reduced after it was coated. The
obtained results demonstrated that after forming core−shell
nanospheres the value of band gap decreases gradually and
hence, results in photocatalytic degradation of RhB dye under
UV light irradiation. As is shown, the optical consequences
depict the reduction of the band gap of the ternary nano-
composites in comparison with core−shell nanospheres, which
was because of its higher application efficiency of UV light as
compared with TiO2, CeO2, TiO2@CeO2, and CeO2@TiO2.
The study of the energy plot of rGO-CeO2@TiO2, as well as
rGO-TiO2@CeO2, reveals that rGO has the main role in
improving the effective electron transfer from the bandgap of
core−shells to the rGO surface. Thus, this confirmed the higher
optical features of ternary nanocomposites that lead to enhanced
photocatalytic performance.
3.3. Photocatalytic Degradation Performance. The

photocatalytic performance of the prepared photocatalysts was
achieved by the determination of the degradation rate of RhB
under UV light irradiation. The effective conditions for the
degradation process, such as solution pH, catalyst dosage, time,
and temperature, were optimized by applying TiO2 nano-
particles as a control sample.
3.3.1. Effect of Photocatalyst Concentration. The photo-

catalyst amount effect on RhB degradation was investigated by

Figure 8. (a) UV−Vis diffuse reflecting spectra, (b) bandgap energies
of (I) TiO2, (II) CeO2, (III) CeO2@TiO2 core−shell nanospheres,
(IV) TiO2@CeO2 core−shell nanospheres, (V) rGO-CeO2@TiO2
ternary nanocomposites, and (VI) rGO-TiO2@CeO2 ternary nano-
composites.
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altering the mass concentration of initial TiO2 in the range of
0.03−0.45 g L−1 for 100 mL of RhB dye with 3 mg L−1

concentration at the pH = 9, while the contact duration was
180 min. The degradation curves of RhB with different dosages
of TiO2 are presented in Figure 9a while using UV light. The
degradation rate reached 22% within 180 min when the amount
of TiO2 was 0.03 g L−1. Increasing the photocatalyst amount
from 0.03 to 0.3 g L−1 resulted in the increase of active sites on
the photocatalyst and then enhanced the degradation
effectiveness of RhB, which reached 55% after 180 min
treatment at the maximum, while the amount of the catalyst
was 0.3 g L−1. This result also originated from the increase of the
number of photons and dyemolecules that were absorbed on the
surface of the photocatalyst, which is in turn resulted in a
combination interaction of the efficient surface area and light
diffusing of the catalyst.71 The more enhancements in the
amount of the catalyst to 0.45 g L−1 had a negative impact on the
degradation effect of RhB. High concentration of catalysts
caused an increase in the light scattering and reduced light
penetration due to the agglomeration. Therefore, OH· radicals
as the first oxidants in the photocatalytic system were reduced,
and subsequently, the degradation effect of RhB increased.72

Then, 0.3 g L−1 of catalyst was the most suitable amount and was
applied for the future experiments.
3.3.2. Effect of pH. pH plays a crucial role in treating

wastewater because it greatly affects hydroxyl radicals’
production, particularly in the dye degradation. Thus, RhB
decolorization was performed in the range of pH 5 to 11. The
test was conducted with 0.3 g L−1 of TiO2 NPs as well as the 100

mL dye concentration of 3 mg L−1 under UV light irradiation.
For preparation of alkaline and acidic environments, the 0.1 M
NaOH andHCl solutions were used, and every dish was put on a
hotplate stirrer for 180 min at ambient temperature. In the TiO2
system under UV illumination, the degradation amount of the
RhB dye at alkaline pH values was greater than twofold
enhancement when pH enhanced from 5 to 9. The maximum
degradation rate was obtained at pH 9 (Figure 9b). While the
pH values gradually increased, the photodegradation rate of the
organic dye was also increased. The obtained results were
obviously coordinated with the electrostatic interaction between
the RhB dye and the surface of the photocatalyst, based on the
pH of the suspension.71 In general, the impact of the pH value
on the photocatalytic activity is ascribed to the surface
absorption of the catalyst and its connection with the ionic
form of the organic mixture (anion or cation) between the
catalyst surface and the organic molecules and regarding
electrostatic attraction or repulsion the photodegradation
enhances or inhibits, respectively. However, RhB dye is an
ionizable compound, so the enhancement of the reaction value
at alkaline pH could be attributed to the high hydroxylation of
the photocatalyst surface because of the existence of a great
amount of OH− ions. At the alkaline pH (pH > 9), the
electrostatic adsorption was optimized, and the hydroxyl groups
on the catalyst surface reduced at the same time. This results in
the decrease of the photodegradation value at pH> 9. Therefore,
an optimal pH value of 9 was selected for the photocatalytic
activity of RhB on the TiO2 catalyst surface.

71 Moreover, it is
noteworthy that under acidic pH conditions, dye removal

Figure 9. Rate of RhB degradation in the presence of TiO2 under (a) different concentrations of catalyst, (b) range of pH, and (c) different
temperatures.
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Figure 10.UV−Vis spectra for RhB dye adsorption: (a) without catalyst for 180 min, (b) CeO2 nanoparticles for 180 min, (c) TiO2 nanoparticles for
180 min, (d) CeO2@TiO2 core−shell nanosphere for 180 min, (e) TiO2@CeO2 core−shell nanosphere for 180 min, (f) rGO-CeO2@TiO2 ternary
nanocomposite for 60 min, and (g) rGO-TiO2@CeO2 ternary nanocomposite for 60 min.
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decreases considerably because titanium oxide nanoparticles
react with hydrogen ion and lose their oxygen and being water-
soluble in water (eq 5), and subsequently lose their photo-
catalyst characteristic.73

+ ++ +TiO 2H Ti H O2(s) (g) (aq)
4

2 (L) (5)

3.3.3. Temperature Effect on the RhB Degradation. As
represented in Figure 9c, the effect of temperature on the
degradation rate of TiO2 nanoparticles was investigated. A 100
mL solution containing RhB dye was prepared under the
optimal conditions involving a catalyst dosage of 0.3 g L−1 and
pH = 9 and. The prepared solutions were incubated at
temperatures of 298, 303, 308, and 313 K and then exposed
by UV light for 180 min at 20 min intervals. Then, the
effectiveness of photodegradation was calculated according to
obtained results. Obviously, temperature creates a powerful
effect on the degradation rate of TiO2 nanoparticles while the
temperature enhanced. The degradation rate increased from
55% at 298 K to 75.20% at 313 K, due to the significant effect of
increased temperature on the quantity of RhB removal from the
solution and the observed activity presumed as an endothermic
procedure. The observed dye removal rate was enhanced after
addition of the TiO2 photocatalyst and temperature increase,
which may originate from faster molecule movement, which
results in the increase of the efficient collision between RhB and
TiO2 nanoparticles. Therefore, it enhances the feasibility of
molecules of dyes on the photocatalyst substrate. Also, more free
radicals and bubble formation will occur in dye solution at
higher temperatures. Finally, the rate of electron−hole pair
recombination decreases at the high temperature, and therefore,
it causes the increase in dye degradation of the photocatalyst
more effectively. Thus, after optimization 298 K was exploited as
the optimal temperature in this experiment.
3.3.4. Photocatalytic Measurement and Analysis. The

photocatalytic activity of functional nanostructures was
determined through obtained optimized factors. Figure 10a−g
represents the degradation curves of RhB solution degradation
by adding catalyst samples including (a) without catalyst, (b)
CeO2, (c) TiO2, (d) CeO2@TiO2, (e) TiO2@CeO2, (f) rGO-
CeO2@TiO2, and (g) rGO-TiO2@CeO2 under the optimal
conditions. In this research, CeO2 and TiO2 nanoparticles and
TiO2@CeO2 and CeO2@TiO2 core−shell nanospheres were
constantly stirred for around 30 min in darkness to achieve the
stability of adsorption−desorption equilibrium before irradi-
ation. Afterward, the entire solution that involved the dispersed
sample was located under UV light irradiation. UV light
irradiation led to more electron excitation and photogenerated
holes in the VB and electrons in the CB of applied ternary
nanocomposite constituents. This process produces plenty of
powerful free radicals, which could decompose the RhB dye
more efficiently. As the consequences attained displayed in
Figure 10, the photocatalytic function of rGO-CeO2@TiO2, as
well as rGO-TiO2@CeO2 ternary nanocomposites, is much
more optimized than that of the other samples, which makes
them efficient for the degradation of RhB. In Figure 10a, the
blank experiment without a photocatalyst was researched for
comparison as well. We observed that the lack of the
photocatalyst resulted in degradation in the darkness conditions,
and ∼3.21, 1.7, 5.3, and 5.1% of the initial dye were removed
from the aqueous solutions that contain CeO2, TiO2, CeO2@
TiO2, and TiO2@CeO2 in 30 min, respectively. In addition,
about 2% of the initial dye was removed from rGO-CeO2@TiO2,

and rGO-TiO2@CeO2 solution during 10 min. The photo-
catalytic degradation curves of nanoparticles, core−shell
nanospheres and ternary nanocomposites were compared to
determine their efficiencies. As illustrated in Figure 10b,c, CeO2
and TiO2 nanoparticles could degrade 53.43 and 31.45% of RhB
dye molecules while exposed under UV light irradiation for 180
min, respectively. It is noteworthy that the effectiveness of RhB
degradation by CeO2 and TiO2 is approximately lower under
UV light irradiation, which is due to its wide band gap with low
performance under UV light.40 Thus, for CeO2 nanocubes and
TiO2, the dye adsorption peak at about 554 nm has a little
reduction in strength with no hypochromic shift even after being
irradiated for 180min. Hence, Figure 10d,e obviously shows that
when the CeO2@TiO2 and TiO2@CeO2 core−shell nano-
spheres existed in the RhB solution, the reduction of intensity of
the 554 nm peak is more than that for the solution containing
CeO2 nanocubes and TiO2. The reduction of absorbance is
caused by the split of the conjugated chromophore structure.56

Therefore, cerium dioxide (CeO2) and titanium dioxide (TiO2)
are assumed to be a proper material in combination form due to
their thin band gap and the Ce4+/Ce3+ reversible redox couple.2

According to Chen et al., the RhB dye degradation occurred
using the CeO2/TiO2 nanocomposite.

56 In the presence of the
CeO2/TiO2 nanocomposite in the RhB solution, the reduction
of the 554 nm peak was higher than the intensity of solutions
having CeO2 nanocubes and TiO2. Therefore, it is assumed that
combining CeO2 and TiO2 creates a core−shell structure, which
facilitates an optimized UV light degradation reaction of CeO2/
TiO2 in comparison with those of CeO2 nanocubes and TiO2.
Figure 10d,e shows the CeO2@TiO2 and TiO2@CeO2 core−
shell nanosphere degradation rate around 78.37 and 67.46%
under irradiation by UV light for 180 min, respectively.
Ultimately, it was seen that the rGO-CeO2@TiO2 and rGO-
TiO2@CeO2 ternary nanocomposites possess much greater
photocatalytic degradation impact on RhB compared to other
samples (Figure 10f,g). The obtained results showed 90.35 and
88.2% RhB dye degradation after being exposed to UV light
irradiation for 60 min that affirmed the accumulative effect of
rGO content on the photocatalytic reaction. The results
displayed that the appropriate band gap and interfacial structure
of ternary nanocomposites played an effective role in enhancing
the photocatalytic activity, which stimulates the greatly effective
disintegration of photogenerated holes and photoinduced
interfacial charge transfer. Additionally, it was concluded that
graphene is the convenient electron acceptor and transporter
because it has two-dimensions also a p-conjugation structure.46

The rGO presence optimizes the electron transport that is
transferred from the sensitizer to core−shell nanospheres.
Furthermore, rGO can decrease the recombination process of
the photogenerated charge carrier. Both the sensitizer and rGO
developed the photoactivity of core−shell nanospheres to the
UV light and make electrical transport more efficiently that, in
turn, increases the rates of photodegradation.62 Wen et al.
reported the RhB dye degradation using the CeO2−TiO2−rGO
composite.74 They illustrated that the ternary system effect of
the CeO2−TiO2−rGO composite photocatalyst enhanced the
photocatalytic degradation of RhB organic solution compared
with the binary system of the CeO2−TiO2 or TiO2−rGO
composite photocatalyst. Figure 10f,g shows that when the
ternary nanocomposite was applied as a photocatalyst, the violet
color of the activity solution changes into a colorless solution.
Consequently, the ternary nanocomposite (rGO-CeO2@TiO2
and rGO-TiO2@CeO2) photocatalysts irradiated with light

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c04338
ACS Omega 2022, 7, 30601−30621

30614

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04338?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


photons. The photogenerated electrons from the VB) electrons
to CB are caught by the rGO sheets using a semiconductor
carbon heterojunction. At the same time, an equal number of
holes have been formed in semiconductor core−shell nano-
spheres. The electrons are received from the CB of semi-
conductors by rGO sheets. This procedure greatly increased
photogenerated charge separation effectively. These scattered
electrons and holes reacted with oxygen and OH directly to

create highly reactive radicals of O2· and OH·.45 Table S1
represents the photocatalytic reaction of all used samples.
3.3.5. Adsorption Activity of RhB. For determination of the

nanostructure adsorption value, the adsorption of RhB was
determined by the CeO2 and TiO2 NPs, TiO2@CeO2, and
CeO2@TiO2 core−shell nanospheres as well as rGO-CeO2@
TiO2 and rGO-TiO2@CeO2 ternary nanocomposites under the
optimal conditions (Figure 11a−f). To investigate the
appropriate exposure time, the adsorption rate of RhB was

Figure 11.UV−Vis spectra for RhB dye adsorption: (a) CeO2 nanoparticles for 180 min, (b) TiO2 nanoparticles for 180 min, (c) CeO2@TiO2 core−
shell nanospheres for 180 min, (d) TiO2@CeO2 core−shell nanospheres for 180 min, (e) rGO-CeO2@TiO2 ternary nanocomposites for 60 min, and
(f) rGO-TiO2@CeO2 ternary nanocomposites for 60 min.
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determined under dark conditions to measure the pure
adsorption. Obviously, the CeO2 and TiO2 NPs indicated
21.42 and 15.65% as well as CeO2@TiO2 and TiO2@CeO2
core−shell nanospheres exhibited 33.01 and 29% of RhB dye
molecules adsorption in 180 min, respectively. The amounts of
adsorption of CeO2@TiO2 and TiO2@CeO2 core−shell
nanospheres were optimized after using rGO considerably.
Additionally, rGO-CeO2@TiO2 and rGO-TiO2@CeO2 ternary
nanocomposites could absorb 80.79 and 76.28% of RhB dye
during 30 min. Therefore, the RhB adsorption values were as

follows: rGO-CeO2@TiO2 > rGO-TiO2@CeO2 > CeO2@TiO2
> TiO2@CeO2 > CeO2 > TiO2.
As presented in Table 3, it was concluded that reduction of

pore sizes enhanced the pore number and also increased the
entire volume of pores that finally created more surface area for
RhB adsorption. Table S2 represents the adsorption reaction of
the samples. The data showed the trend of reduction in RhB
adsorption after contact time increase because the RhB filled the
pores. The comparison between RhB degradation and RhB
adsorption is illustrated in Figure 12a,b using the as-prepared
samples. In comparison, the photocatalytic degradation in rGO-

Figure 12. (a) Photodegradation of RhB under UV−Vis irradiation by CeO2 nanoparticles, TiO2 nanoparticles, CeO2@TiO2 core−shell nanospheres,
TiO2@CeO2 core−shell nanospheres, rGO-CeO2@TiO2 ternary nanocomposites, and rGO-TiO2@CeO2 ternary nanocomposites. (b) Comparison
of RhB dye adsorption by CeO2 nanoparticles, TiO2 nanoparticles, CeO2@TiO2 core−shell nanospheres, TiO2@CeO2 core−shell nanospheres, rGO-
CeO2@TiO2 ternary nanocomposites and, rGO-TiO2@CeO2 ternary nanocomposites.

Figure 13. (a) Photodegradation and adsorption kinetics of RhB by the applied synthesized samples under UV light and dark conditions, (b)
photodegradation and adsorption kinetic analysis of RhB by different samples, (c) photodegradation rate of RhB degradation by synthesized samples
under UV light, and (d) adsorption rate of RhB by synthesized samples under dark conditions.
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CeO2@TiO2 was superior to that of other samples that could
nearly degrade 90.35% of the RhB dye in an aqueous solution.
Thus, we concluded that the efficiency of the photocatalytic
reaction could be enhanced by increasing the contact surface of
the photocatalyst with target pollutants to be readily react with
the short-lived OH• free radicals and to serve as scavengers for
generated e− and h+.
3.3.6. Kinetics of Applied Reaction. The RhB dye

concentration (C/C0) was determined using CeO2 and TiO2
NPs, CeO2@TiO2 and TiO2@CeO2 core−shell nanospheres,
and rGO-CeO2@TiO2 and rGO-TiO2@CeO2 ternary nano-
composites under UV light and darkness conditions to display
the adsorption kinetic and photodegradation activities,
respectively. Figure 13a shows that the rGO-CeO2@TiO2
ternary nanocomposite demonstrated the best photocatalytic
activity compared with other samples. The degradation
efficiency of RhB was in the following order: rGO-CeO2@
TiO2 > rGO-TiO2@CeO2 > CeO2@TiO2 > TiO2@CeO2 >
CeO2 > TiO2 and RhB adsorption effectiveness in darkness was
also follows: rGO-CeO2@TiO2 > rGO-TiO2@CeO2 > CeO2@

TiO2 > TiO2@CeO2 > CeO2 > TiO2. The pseudo-first-order of
kinetic models were used to investigate the kinetics of RhB
adsorption and photodegradation by eq 6 as follows:

=i
k
jjj y

{
zzzC

C
ktln 0

(6)

where t and k show time and the photodegradation constant
rate, respectively, and were calculated in accordance with the
patterns of ln(C0/C) vs time. The constant rate values are
displayed in Figure 13b−d. The rGO-CeO2@TiO2 and rGO-
TiO2@CeO2 ternary nanocomposite photodegradation had a
most superior rate constant value of 0.0395 and 0.0366 min−1

compared with rGO-CeO2@TiO2 and rGO-TiO2@CeO2
ternary nanocomposite adsorption of 0.0268 and 0.0247
min−1, CeO2@TiO2 and rGO-TiO2@CeO2 core−shell nano-
sphere photodegradation of 0.0085 and 0.0063 min−1, CeO2@
TiO2 and TiO2@CeO2 core−shell nanosphere adsorption of
0.0023 and 0.0019 min−1, CeO2 and TiO2 nanoparticle
photodegradation of 0.0039 and 0.0022 min−1, and CeO2 and

Figure 14. Stability test of (a) reuse experiments of rGO-CeO2@TiO2 ternary nanocomposite for RhB photocatalytic degradation. (b) XRD analysis
of the rGO-CeO2@TiO2 ternary nanocomposite before and after four consecutive recycling photocatalysis.

Figure 15. (a) Proposedmechanism of RhB degradation through electron transfer in the rGO-CeO2@TiO2 ternary nanocomposite, and (b) proposed
mechanism of RhB degradation through electron transfer in the rGO-TiO2@CeO2 ternary nanocomposite.
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TiO2 nanoparticle adsorption 0.0013 and 0.0008 min−1.
Therefore, the photocatalytic performance of rGO-CeO2@
TiO2 was much more effective than that of the other samples. In
addition, the obtained constant rate values showed that all
prepared nanostructures had more adsorption efficiency under
UV light irradiation than in darkness and also, the RhB dye
degradation was faster and in greater amount under UV light.
3.4. Reusability and Stability of the rGO-CeO2@TiO2

Ternary Nanocomposite. Stability and reusability are crucial
factors for the photocatalytic reaction because the high
constancy of the catalyst is important in industry’s economies.
Figure 14a represents the reusability of the rGO-CeO2@TiO2
ternary nanocomposite for RhB photodegradation. It was
investigated over four cycles at UV light irradiation, and the
concentration of dye was adjusted every time to its initial rate.
The photocatalyst/dye molecules were collected after each
experiment and rinsed with deionized water, to reuse them in the
next cycle under identical test conditions. Photocatalysts were
reapplied for four cycles and the degradation values were
attained as follows: 90.35, 86.24, 82.87, and 77.83%. Of course,
the effectiveness of the rGO-CeO2@TiO2 ternary nano-
composite did not reduce considerably, which showed that the
catalyst constancy and sustainability were quite suitable for
practical application in purifying the environmental contami-
nants. The XRD plots of the rGO-CeO2@TiO2 are displayed in
Figure 14b after four runs. It could be apparently observed that
the structure and phase of rGO-CeO2@TiO2 remained identical
and showed that rGO-CeO2@TiO2 had a perfect stability for
RhB photocatalytic degradation.
3.5. Photocatalytic Mechanism. To understand the

enhanced photocatalytic function of rGO-CeO2@TiO2 and
rGO-TiO2@CeO2 ternary nanocomposites, the proposed
mechanism is shown in Figure 15a, It was suggested that the
mechanism is on the basis of electron−hole induction as well as
electron transfer under UV light irradiation. The procedure of
charge transfer from nanocomposites toward dye caused dye
degradation. During dye treatment with UV light illumination,
electrons were stimulated from the VB into CB, and thus the
separation of electron−hole pairs occurred. The holes in the VB
and the electrons in the CB reacted indirectly or directly with
molecules of water and oxygen and created OH· radicals and
peroxide, respectively. The degradation procedure of various
organic dyes was performed under UV light illumination and
was dependent on the oxidation of active oxygen functional
groups. The generated free radicals resulted in the degradation
reaction and then converted the organic pollutants into CO2 and
H2O as well as inorganic anions. Previously, many ternary
nanocomposites have been considered as suitable photo-
catalysts.48 Figure 15a suggests and illustrates a feasible model
concerning the photocatalytic activity of CeO2@TiO2 under UV
light irradiation. Deposition of the TiO2 shell around CeO2
nanocubes created a heterojunction structure that increased
photoinduced charge separation. CeO2 could be incited when
exposed to UV light, which results in creation of holes in the VB
and migration of electrons to the CB. During the photocatalytic
process, the excited electrons in the CB of CeO2 transfer to the
CB of TiO2 due to its more negative CB energy than that of
CeO2.

40 These electrons reduce the surface-adsorbed O2 on
TiO2 and then generate the perhydroxyl radical (OOH·) and
superoxide radical anion (O2d

·−), and generated radicals can react
to produce hydroxyl radical (OH·),56 and their degradation
activity results in N-deethylation of RhB. The CeO2 holes

oxidized the surface-adsorbed OH− or H2O in order to produce
OH· that had a similar role to the above-generated OH· on TiO2.
Nonetheless, both CeO2 and TiO2, after exposing in the light
with λ > 470 nm, were not excitable, and the RhB is the sole light
absorbing kind that was incited to the dye-excited mode
(RhB*). In addition, the excited electron by RhB* transfers to
the CB of TiO2 and then changes to the radical cation (RhBd

·+).56

Thus, in the CeO2@TiO2 core−shell structure under UV light
irradiation, electrons (e−) are simulated from the VB to the CB
of the TiO2 shell, making holes (h+) in the VB. In the absence of
rGO, numerous charges quickly recombine and result in a low
photocatalytic reaction. However in the ternary nanocomposite,
the CeO2@TiO2 core−shell nanospheres are in close contact
with rGO that can create a synergic effect.46 The rGO serves as
an electron acceptor as well as the transporter to separate the
photogenerated electron−hole pairs efficiently and prevent the
recombination of photogenerated electron−hole pairs. This
process led to participation of most holes in the photoinduced
oxidation procedure and enhancement of the photocatalytic
reaction. On the other hand, the plot mechanism of photo-
catalytic activity for the rGO-TiO2@CeO2 ternary nano-
composite is presented in Figure 15b. At the first step, UV
light can incite both CeO2 and TiO2 that result in generation of
photogenerated holes (h+) in the VB and electrons (e−) in their
CB.40 The e− in the CB of CeO2 transfers to the rGO easily. In
the TiO2@CeO2 core−shell nanospheres, the TiO2 core that is
wrapped by the CeO2 shell has low access to oxygen, OH or
surface-absorbed water molecules. Thus, the created electron−
hole pairs are combined again in the TiO2 core. The
recombination rate is reduced via adding rGO due to efficient
separation of electron and hole pairs. Basically, this is on the
basis of perfect conductive and absorption abilities of rGO
layers. However, the existence of TiO2@CeO2 core−shell
nanospheres on the rGO substrate inhibits the stacking of rGO
layers and enhances the entire effective surface area considerably
in order to absorb and ruin organic pollutants from the water
solution. Thus, ternary nanocomposites displayed a higher
degradation percentage compared with the TiO2@CeO2 core−
shell nanospheres.67 Therefore, according to the above photo-
catalytic degradation study, the proposed possible mechanism is
briefly explained as follows (eqs 789101112):

+
+ +

hrGO CeO @TiO

rGO CeO @TiO (e h )
2 2

2 2 CB VB (7)

+ hrGO TiO @CeO rGO TiO @CeO2 2 2 2 (8)

+ ·e O O2 2 (9)

+ +·O H O OH OH2 2 2 (10)

++ ·h OH OH (11)

+ + +· ·OH O CO H O oxidation products2 2 2 (12)

If the present charge carrier pairs (e−/h+) not scavenged on
the ternary composite surface by water molecules or trapped
within the photocatalyst defect sites. They may recombine and
result in photonic efficiency and compromise the OH• radical
production and inhibit the dye photodegradation. Also, it has
been demonstrated that the recombination timescale of e− and
h+ is in the order of nanoseconds.75 Therefore, it is critical to
provide adequate scavengers for these charge carriers in the
aqueous system. As a result, a gradual transfer of electrons in
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rGO-CeO2@TiO2 and rGO-TiO2@CeO2 ternary nanocompo-
sites led to electron charge transfer via their interfaces effectively
and so enhance the photocatalytic efficiency. According to the
obtained results, the rGO-CeO2@TiO2 ternary nanocomposite
showed higher photocatalytic performance compared to the
ternary rGO-TiO2@CeO2 nanocomposite, which was attributed
to the abovementioned interpretations.
3.6. Cytotoxicity of the rGO-CeO2@TiO2 Ternary

Nanocomposite. The toxic effect of the photocatalytic
nanocomposite against breast cancer cells (MCF-7) was
determined through MTT assay. MCF-7 cells were treated
with different concentrations (35, 17.5, 8.75, 4.38, 2.19, and 1.09
mg mL−1) of the rGO-CeO2@TiO2 nanocomposite for 24 h.
The obtained results are shown in Figure 16, which revealed that

the applied nanocomposite significantly inhibited the prolifer-
ation rate of breast cancer cells. The obtained results exhibited
dose-dependent potential to induce cell death in MCF-7 cells.
The cytotoxicity of the nanocomposite showed a dose-
dependent toxic effect with IC50 of about 1 mg mL−1. Highest
toxicity (92.35%) was observed in the concentration of 17.5 mg
mL−1, which was constant in higher concentration. Hence, the
rGO-CeO2@TiO2 nanocomposite showed a potent antiprolif-
eration effect on the breast cancer cells. This may be attributed
to generation of free radicals by the nanostructure constituents.
These free radicals including hydrogen peroxide, superoxide
onions, and hydroxyl radicals contribute to serious damage to
biological macromolecules such as proteins, carbohydrate, and
lipids and also breakage in the cell DNA structure.76 The
accumulation effect of these alterations led to apoptosis of
applied cancer cells.

4. CONCLUSIONS
In summary, we have synthesized graphene-based core−shell
heterostructure rGO-CeO2@TiO2 and rGO-TiO2@CeO2
nanocomposites to explore their photocatalytic activity on
RhB organic pollutant organic dye. The rGO-CeO2@TiO2
ternary nanocomposite showed higher photocatalytic activity
because of efficient photogenerated charge carrier separation,
reduction of charge recombination, and also a lower band gap
value according to the depicted mechanism. MTT assay of the
rGO-CeO2@TiO2ternary nanocomposite also showed cell
cytotoxicity with IC50 of 1 mg mL−1, which illustrated its
further biological application.
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