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ABSTRACT

TiO,-CeO; heterostructure was synthesized by a simple hydrothermal technique, with an
average particle size of 21 nm, and high uniformity from the common precursors. For the
characterization of the catalyst properties, the techniques of X-ray Diffraction (XRD), Fourier-
Transform Infrared Spectroscopy (FTIR), and Transmission Electron Microscopes (TEM) were
used. The TiO,-CeO; heterostructure exhibited higher photocatalytic activity than TiO; in the
removal of methylene blue (MB) dye under visible light irradiation. The combination of TiO2-CeO;
facilitated electron pathways, creating favorable conditions for efficient separation of electron-
hole pairs and enhancing the photocatalytic activity of the material. The TiO.-CeO;
heterostructure demonstrated rapid and highly efficient photodegradation of methylene blue,
achieving an 89.79% removal rate after 120 minutes of irradiation. This performance, coupled
with enhanced visible light utilization, suggests wide applications in the field of photocatalysis.

Keywords: TiO2 nanoparticles; TiO2-CeOz2 heterostructure; Methylene blue and photocatalytic degradation.
1. INTRODUCTION

Untreated wastewater discharged by the textile industry poses a significant threat to water
bodies, adversely affecting both aquatic ecosystems and human health [1]. Of particular concern
is the waste from textile dyeing, as synthetic dyes, commonly used for their cost-effectiveness and
durability, present challenges in degradation. The persistent color and resistance to breakdown in
their waste necessitate thorough treatment before release into natural water systems. This
precaution is vital, given that 1-15% of these dyes cannot be recycled and require proper disposal
[2]. During the dyeing Methylene blue (MB), a prevalent textile dye, sees only 5% utilization
during the dyeing process, with the remaining 95% typically discharged as challenging-to-degrade
waste due to its high stability [3], addressing this waste issue is crucial. Multiple approaches, such
as electrocoagulation [4], adsorption [5], electrochemical methods [6], and photocatalytic
degradation [7], have been employed. Notably, photocatalytic degradation emerges as a superior
choice, demonstrating the capacity to break down organic compounds into simpler and more
environmentally friendly components [8].

Titanium dioxide (TiO,) is a well-known semiconductor material frequently employed in
photodegradation processes to address environmental issues. Nevertheless, TiO, possesses a
relatively wide band gap energy of 3.28 eV, that only operates well in the UV light range (4% of
solar radiation), making it less efficient for degrading organic pollutants [8]. To harness the
potential of the remaining 46% of solar radiation in the visible light spectrum, efforts have been
made to lower band gap energy and inhibit recombination processes. Various methods have been
explored to reduce the band gap energy of TiO; and enhance its performance under visible light
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through the creation of a coupling or heterojunction with other semiconductor materials [9].
Combining TiO. with various metal oxides, such as SnO,, ZnO, WOs3, Cu,0, CeO; enhances
photocatalyst performance compared to using TiO; alone [10]. These synthesized nanomaterials
exhibit broad visible light absorption, prolonged charge carrier lifespan, and improved charge
separation and transfer rates. Among inorganic oxide catalysts, CeO, has gained attention for its
thermal stability, facile transition between Ce(IV) and Ce(lll) oxidation states, substantial UV
absorption, and enhanced electrical conductivity [11]. Especially, released oxygen acts as an
oxygen carrier, crucial in oxidation reactions. Combining TiO, with CeO; enhances electron-hole
pair separation and boosts photocatalytic activity. Recent studies have developed heterostructures
using TiO2 and CeO- as photocatalysts to optimize their functional properties [12].

In this study, a TiO,-CeO- heterostructure was synthesized using a cost-effective hydrothermal
technique, suitable for continuous industrial-scale production and environmental remediation
applications. The photocatalytic activity of the TiO,-CeO; heterostructure was examined with MB
dye under visible light irradiation. Significantly enhanced photocatalytic activity was observed
compared to pure TiO, nanoparticles.

2. EXPERIMENTAL DETAILS

2.1. Materials

Titanium(1V) butoxide (Ti(C4Hg0)4, 97.0%), Cerium(l11) nitrate hexahydrate (Ce(NO3)s.6H,0,
99.99%), Ammonium hydroxide (NHsz in H>O, 28%) were purchased from Sigma-Aldrich,
Germany. Methylene Blue (MB, CisH1sCIN3S), Ethanol (C2HsO, 95%), Glycerol (CsHsOs3) were
bought from AR Xilong, China. All chemicals used in the experiments had analytical purity grades
without further purification.

2.2. Preparation of TiO; and TiO2-CeO; heterostructure

In a standard procedure, the TiO,-CeO- heterostructure composite was synthesized using the
hydrothermal method [12]. Initially, 2 mL of titanium(IV) butoxide and 10 mL of glycerol were
added directly to 60 mL of ethanol, and the mixture was stirred magnetically for 30 minutes at 250
rpm. Subsequently, the blended solution was transferred into a 100 mL hydrothermal autoclave
reactor and maintained at 180 °C for 24 hours, followed by cooling to room temperature. The
resulting samples were separated, washed multiple times with deionized water and ethanol, and
then dried at 80 °C in an oven for 10 hours. In the next step, 3.0 grams of Ce(NO3)3-6H.0 were
dissolved in 30 mL of deionized water, followed by 0.5 grams of the TiO- dispersed into the
obtained solution. The pH value was adjusted to around 10 by adding ammonia solution, and the
mixture was continuously stirred for 4 hours at ambient temperature. The solution was transferred
to a 100 mL Teflon autoclave, held at 180 °C for 24 hours, and washed with deionized water and
ethanol. The obtained products were dried for 24 hours at 80 °C under vacuum conditions and
calcined for 3 hours at 500 °C with a heating rate of 5 °C /min.

2.3. Characterization of photocatalysts

The structural properties of the samples were investigated on the X-ray diffraction device D8
Advance Bruker (Germany) using Cu-ka radiation (geometry 0 - 20 and A = 1.5418 A). The FTIR
was carried out to characterize the functional groups of the nanostructures using a Spectrum Two
FT-IR DTGS instrument, model L1600400, serial number 102717, over the wavelength range of
400 - 4000 cm™* at the Institute of Chemistry, Vietnam Academy of Science and Technology. The
determination of the images and material structure was conducted through the employment of
Transmission Electron Microscopes (TEM) using the JEM 1010 instrument from Japan, located at
the National Institute of Hygiene and Epidemiology. The ultraviolet-visible (UV-Vis) absorption
spectra were obtained in the wavelength range of 200 nm to 1000 nm using a Cary-60 UV-Vis
spectrophotometer (American) at the Centre for Practice and Experiment, Vinh University.
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2.4. Photocatalytic degradation studies

The photocatalytic activity was tested with MB, which is a common textile dye that appeared
in the wastewater textile industry. Firstly, 50 mg of sample (TiO.- CeO; heterostructure) was taken
into a beaker and mixed with 100 mL of MB solution (9,38.10° mol/L) at room temperature.
Subsequently, the suspension was magnetically stirred in the dark for 60 minutes at 200 rpm until
the catalyst system reached saturation. Then, the photocatalytic reaction was carried out under
visible light irradiation (the spherical xenon lamp simulates the sun, AHD350W ultra-high
pressure short). During the stirring, at various periods, approximately 5 mL of suspension was
taken out, centrifuged at 10.000 rpm, stored in the dark, and measured the absorbance of the
supernatant at a certain wavelength A = 665 nm. For comparison, additional experiments are
conducted under identical conditions using TiO2 and without the heterostructure.

The removal efficiency (E (%)) of MB was calculated using:

E(%) — CO _Ct

100% 1)

0

where Co and C; are the concentration of the initial and remaining MB, respectively.
3. RESULTS AND DISCUSSION

3.1. Structural characterization

The crystallinity properties of the TiO,-CeO, heterostructure is investigated by X-ray
diffraction (XRD) technigue and the result is illustrated in figure 1.
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Figure 1. XRD pattern of TiO.-CeO: heterostructure.

Firstly, the observed blue point diffraction peaks in the XRD pattern are well-matched with the
anatase TiO; structure (JCPDS card no. 89-492 [13]), specifically on the (101), (004), (200), (105),
(204), and (215) diffraction planes, showcasing high crystallinity of the (101) crystal surface in
the TiO»-CeO- heterostructure. Secondly, the red points in the XRD reveal distinct diffraction
peaks on the (111), (200), (220), (311), (400), (331), and (420) diffraction planes of CeO in the
heterostructure (JCPDS No.75-8371 [14]), aligning with the pure cubic structure of CeO.. No
diffraction peaks of other species were detected, confirming the successful preparation of the TiO,-
CeO; heterostructure. Fan et al. [16] noted that the crystallinity of a TiO»-CeO, heterostructure is
lower than that of single-phase TiO, due to lattice distortion caused by differences in lattice
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parameters between TiO, and CeO- crystals. Additionally, the CeO, peak in Fig. 1 is less sharp
and prominent than that of TiOx, indicating inferior crystallinity compared to TiO,, supporting the
findings of Meng et al. [16].

The average crystalline size of the TiO, and TiO,-CeO- heterostructure was calculated using
the Debye—Scherrer Equation (2) and was found to be 17.01 nm and 18.48 nm, respectively [15].

~0.89.4 )
p.cosé 2)
where D represents the estimated nanocrystallite size, A is the wavelength of X-ray diffraction

radiation in nanometers, 6 is the diffraction angle, and f is the full width at half maximum (FWHM)
of the (101) plane of anatase and the (111) plane of CeO..

3.2. FTIR spectrum analysis

The Fourier transform infrared technique was employed to investigate the chemical bonding in
the TiO,-CeO; heterostructure, as figure 2.
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Figure 2. FTIR spectrum of TiO; and TiO,-CeO- heterostructure.

The FTIR spectrum of TiO can be observed in several peaks at 524.58 cm?, 695.34 cm?,
1140.80 cm?, and 1641.17 cm™. According to the standard spectra of TiO,, the peaks at 524.58
cm? and 695.34 cm™ are in the absorption range 450 - 800 cm, which are attributed to the
vibration of Ti-O bond in TiO, (anatase phase) lattice, it confirmes that the organic ligand was
completely eliminated after calcined in a muffle furnace at 500 °C. The absorption peak of 1140.80
cm™could be the C-O vibration. The remaining peak of 1641.17 cm™ was assigned to the bending
vibration of water molecules absorbed on the surface of the materials [16]. Meanwhile, the
spectrum of TiO.-CeO, heterostructure showed some peaks at 478.87 cm?, 779.42 cm™, 1626.92
cm?, 2343.52 cmva 3375.73 cm, which identify the chemical bonds as well as functional groups
in the compound. The intense bands at 478.87 cm-1 and 779.42 cm™ are the fundamental stretching
band (Ce-O) of CeO,, which indicates the corresponding bands attributed to the metal-oxygen
bond. The peak is around 650 cm™ due to the stretching vibration mode Ti-O-Ti vibration
superposed with the Ti-O—Ce of metal oxide [10]. The IR peak at about 1660-1600 cm™ (peak at
1626.92 cm™) [14] can be assigned to the O-H bending vibrations of water molecules. The
absorption bands seen at 3400.79 cm™* could be attributed to the OH stretching vibration, meaning
the sample is moist when measured [10].
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3.3. Morphological characterization

Figure 3 illustrates the formation of the TiO,-CeO- heterostructure, where TiO2 nanoparticles
are amalgamated with CeO,, exhibiting a spherical shape with excellent dispersion and uniformity.
Nevertheless, the resulting surface exhibits higher roughness and texture, primarily attributed to
the deposition of CeO, nanoparticles onto the TiO, surface. The average size of the TiO,-CeO;
heterostructure is 21 nm, slightly larger than the pristine TiO2, mainly due to particle aggregation,
resulting in the formation of continuous clusters. This observation aligns with a study by M.
Malekkiani et al., where TiO,-CeO-, particles, synthesized from TiO,, displayed an average size of
27.93 nm [19].
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Figure 3. TEM image of TiO.-CeO: heterostructure.
3.4. Photocatalytic activity

To investigate the absorption effect of MB, its degradation under visible light without using a
catalyst was investigated, as shown in figure 4. The degradation efficiency of MB was 3,15% after
light illumination for 120 minutes without a catalyst (control sample), and the photolysis of MB
was negligible. TiO,-CeO; provided a photodegradation efficiency of MB at 59.76% after 60 min
of irradiation and practically 89.79% after 120 min, while TiO; produced a degradation efficiency
of only 30.68% after 120 min of illumination. These results indicated that the TiO,-CeO,
heterostructure successfully improved the photodegradation capability of TiO; (an increase of over
59.11% when compared to the use of TiO, alone). The enhanced photocatalytic degradation of MB
dye in a TiO,-CeO heterostructure solution is attributed to its high adsorption capacity,
simultaneous adsorption of MB dye on TiO; and oxidation by hydroxyl radicals (OH*) on the
conduction band of TiO. due to the contribution of CeO,. Ce* species function as electron
scavengers, capturing excited electrons from TiO;, thereby retarding the recombination of
electron-hole pairs (e" - h* pairs) in TiO, and promoting the formation of superoxide anion radicals
("O2) and hydroxyl radicals OH*) on the surface of CeO, (figure 5).
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Figure 4. The MB removal efficiency under visible light irradiation.

o
£=

o

Tap chi Nghién citu KH&CN qudn su, 93 (2024), 99-105 103



Hoa hoc & Moi truong

o g @ e | CeO, % @ ‘~‘~—6é--—>(i e .
2 gradation Products
"\—\Q Tio, | W N
© _VB | Y ——>HO+H'
(s ) VB _h" hT bt
TNy @ @ ‘\\ @ Adsorbed Methylene Blue
H,0 VB: Valence Band
(o)

CB: Conduction Band
Figure 5. Photocatalytic mechanism of TiO,-CeO- heterostructure.

4. CONCLUSIONS

Using a facile hydrothermal technigque, a TiO2-CeO; heterostructure was synthesized, and
confirmed through XRD data, revealing the presence of anatase TiO2 and cubic structures of CeO,
in the material. The prepared TiO»-CeO; heterostructure demonstrated excellent integration
between TiO, and CeO,, exhibiting an average size of approximately 21 nm with spherical shapes
and uniform dispersion. When used as the photocatalyst, the TiO,-CeO; heterostructure revealed
quick and highly effective photodegradation of methylene blue with a removal percentage of
89.79% after 120 min of irradiating time. The superior photocatalytic performance of the materials
is attributed to efficient photon-energy harvesting and enhanced charge separation. This is
achieved through exciton-coupled charge transfer processes at the interfaces of the semiconductors
TiO; and CeO, suppressing the recombination of electron-hole pairs in TiO, and promoting the
formation of superoxide anion radicals (*O") and hydroxyl radicals ("OH) on the surface of CeOs.
The heterostructure expands the light response range into the visible region, greatly improving
visible light utilization, with potential applications in photocatalysis.
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TOM TAT

Téang cwong hoat tinh phan hily quang héa xanh methylen
bang hé xic tac di the TiO,-CeO, dwéi birc xa anh sang kha kién

Cdu triic di thé TiO-CeQ, duoc tong hop bang phirong phap thiy nhiét don gian, cé
kich thirde hat trung binh 21 nm va cé do dong déu cao so véi cdc tién chat thong thuong.
Cdc ddc trung cia chat xiic tdc dwrge xdc nhdn théng qua cdc ky thudt nhiéu xa tia X (XRD),
quang phé hong ngoai bién doi Fourier (FTIR) va kinh hién vi dién tir truyén qua (TEM).
Céu tric di thé TiO»-CeOy thé hién hoat tinh quang xuc tac 16t hon so véi TiO; trong viéc
loai b6 thudc nhudm xanh methylene (MB) dudi bire xa dnh sang kha kién. Suw két hop ciia
TiO»-Ce0;, tgo ra cdac dwong truyén dién tir, tao diéu kién thudn loi cho viéc phan tach hiéu
qua cdc cdp dién tir-16 trong va tang cwong hoat déng quang xiic tac ciia vit liéu. Cdu tric
di thé TiO»-CeQ; thé hién sw phdan hity quang nhanh va hiéu qua cao ciia xanh methylen,
dat 1y 1¢ logi bo 89.79% sau 120 phiit chiéu xa. Hiéu sudt nay, ciing voi viéc ting cuong sir
dung dnh sang kha kién, goi y cdc g dung réng rdi trong linh vuee quang xiic tdc.

Tir khoa: Hat nano TiO2; Céu tric di thé TiO2-CeO2; Xanh methylene; Phan hily quang xtc tac.
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