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ABSTRACT

Ce and Zn oxide nanomaterials were effectively fabricated via one pot green and eco-
friendly hydrothermal route. Ce and Zn oxide nanomaterials, terpineol, ethyl cellulose, and
double distilled water were grinded and sonicated in four steps for improved coating. An
efficient sonication route for improved coating of nanocomposite paste on glass for environ-
mental application was investigated. Better dispersion of nanopaste by sonication for coat-
ing on glass was effective. The paste was deposited on the glass substrate through the
Doctor Blade-coating and annealed in atmosphere at 550°C. The Ce and Zn oxide nanoma-
terials were characterized by thermo gravimetric analysis (TG-DTG), Fourier transform
infrared, X-ray diffraction, field emission scanning electron microscopy, energy dispersive
X-ray spectrometry, and UV-vis diffuse reflectance (DRS) spectroscopy techniques. Experi-
mental studies for photocatalytic degradation of di-azo Naphthol Blue Black (NBB) textile
dye from water systems revealed that Ce-Zn coupled oxide nanocomposite coated on glass
was more effective in degradation of the dye compared with single Ce and Zn oxide
nanomaterials.
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1. Introduction

Recently, much attention has been paid on the
application of sono-chemical techniques for fabrication
of nano-sized materials for their small size, uniform
dispersion and high surface areas [1-6]. Among nano-
sized materials, more efforts have been focused on the
preparation of photocatalyst nanomaterials for their
potential technological applications in environmental
purposes. Among nanomaterials, more studies have
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been performed on the nano-sized ZnO as an n-type
semiconductor photocatalyst for its non toxicity, high
stability, and low cost for degradation of environmen-
tal pollutants. Nano-sized ZnO has a wide direct band
gap (Eg) of 3.37 eV which absorbs ultraviolet (UV)
light for the degradation of environmental pollutants
[7]. An important disadvantage for the practical use of
nano-sized ZnO particles in treating waste water is
the separation of these small size materials from water
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for recycling. Immobilization and coating the photo-
catalyst on to the surface of solid substrates has been
an efficient method to solve the separation problem.
Coating the photocatalyst paste on to the surface of
solid substrates would have an excellent application
for industrial production for its simple process and
low cost [8]. Improving dispersion of nanoparticles in
the paste by ultrasonication has been shown to be
very effective [9]. Irradiation of nano-sized zinc oxide
promotes an electron from valence band (VB) to con-
duction band (CB) leaving a hole in VB. Fast recombi-
nation of electrons and holes in zinc oxide as
semiconductor and photocatalyst greatly reduces the
efficiency of photocatalysis degradation. Coupling zinc
oxide with another semiconductor oxide with different
redox energy levels would increase the charge separa-
tion and decrease electron-hole recombination which
results in efficiency of photocatalysis degradation
[10-12]. Among metal oxide semiconductor photocata-
lysts, cerium oxide is the most active oxide catalyst in
the rare earth oxide series and excellent material for
photocatalytic applications [13-15]. Coupling cerium
oxide with zinc oxide would result in the formation of
composite mixed Ce-Zn oxide. Upon irradiation of
composite mixed Ce-Zn oxide, the photo-generated
electrons in the CB of cerium oxide travel to the CB of
zinc oxide and photo-generated holes move from the
VB of zinc oxide to the CB of cerium oxide rather than
recombination of electron-hole [16-19].

In this research, we present a simple one pot green
and eco-friendly hydrothermal route for the fabrica-
tion of Ce-Zn oxide nanomaterials using water as a
green solvent. Characterization of Ce-Zn oxide nano-
materials was performed by TG-DTG, Fourier trans-
form infrared (FT-IR), X-ray diffraction (XRD), field
emission scanning electron microscopy (FESEM),
Energy dispersive X-ray spectrometry (EDAX), and
DRS. Ce-Zn oxide nanomaterials, terpineol, ethyl cel-
lulose, and double distilled water were grinded and
sonicated in four steps for better dispersion of nano-
materials in the paste matrix. The paste was coated on
the glass using Doctor Blade-coating, annealed and
applied for photocatalytic degradation of di-azo Naph-
thol Blue Black textile dye from water systems.

2. Materials and methods
2.1. Materials

Di-azo Naphthol Blue Black, ammonium cerium
nitrate, (NHg),Ce(NO3)e (548.23 g/mol, 99% Merck
Chemical), and Zinc nitrate as precursor Zn
(NO3)2-6H,O (297.47 g/mol, 99% Merck Chemical)
were used without any purification.
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2.2. Sono-catalyst preparation

2.2.1. Synthesis of Zn—-Ce nanocomposite from zinc
nitrate and ammonium cerium nitrate as precursors via
hydrothermal method

Ammonium cerium nitrate, (NHg)>Ce(NO3)g,
(3.323 g, 6 mmol) and zinc nitrate hexa-hydrate, Zn
(NO3),-6H,0, (1.803 g, 6 mmol) were dissolved in dis-
tilled water (20 mL) (0.3 mol L™"). The pH value of the
final reaction solution was adjusted to 9-10 by drop
wise addition of ammonium hydroxide solution.
Hydrothermal treatment was performed in a Teflon-
lined stainless steel autoclave at 110°C for 12 h. Then
the solution was filtered, washed several times with
distilled water, and dried at 70°C with formation of
phosphoric yellow powder (Fig. 1).

2.2.2. Sonication route for improved coating of
nanocomposite paste on glass

Ce-Zn oxide nanomaterials (0.80 g) were grinded
in a mortar and 130 pL of acetic acid was added and
stirred at 5 min. Diluted water (130 uL) was added
with stirring for one minute (5 times). Ethanol
(130 uL) was added and stirred for one minute (15
times). Ethanol (300 uL) was added and stirred for one
minute (6 times). All of the samples were sonicated
for 3 min. Terpineol (0.8 mL) was added and the paste
solution was sonicated for 3 min (3 times). The mix-
ture was sonicated in an ultrasonic bath (Games,
Model: Ultra 8060D-H, England) to achieve the homo-
geneity of Ce-Zn oxide nanomaterials. A solution of
0.4 g ethyl cellulose in 5mL ethanol was stirred for
5 min and sonicated for 3 min and added to the reach
of paste solution; then the all of solutions sonicated

| (NH,):Ce (NOy)¢ (3.323g) | | Zn (NOy),.6H:0 (1.803 g) |

[
- Distilled water (20 ml)
! L
Vigorous stirring i
[2 : Addition of 0.1 M

| NaOH until pH=9- 10
i -

Heat treatment in Teflon-lined stainless
steel autoclave @ 110°Cfor 12 h
[
v
| Filtered and washed with distilled |
water and dried at 70 °C

Fig. 1. Flow chart for the preparation of hetero-structured
Zn—Ce oxide nanocomposite using ammonium cerium
nitrate and zinc nitrate as precursors via hydrothermal
method at 110°C for 12 h.
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for 3 min (3 times). The solvent was evaporated in a
rotary evaporator at r.t. Pastes of ZnO, CeO,, and
ZnO-CeO, nanomaterial were coated on a glass slide
(6 cm x 2 cm and 2 pm thickness) separately by Doctor
blade method and the thin films annealed at 550°C for
2 h (Fig. 2).

2.2.3. Photocatalytic application of sono-catalyst Ce~Zn
oxide nanomaterials paste coated on glass by sonication
route

Di-azo Naphthol Blue Black (NBB) textile dye solu-
tion as dye with a concentration of 20 ppm (calculated
from the standard curve) and pH 3 was prepared as
an initial solution and its absorbance was determined
by Cary 500 UV-vis spectrophotometer at 620 nm. The
dye solution was exposed to O, gas for 20 min. Thin
films coated with nanoparticles photocatalyst were
added separately into a Peti dish containing 20 mL
contained 20 ppm of dye solution. The aqueous sys-
tems were magnetically stirred in the dark for 1h to
reach adsorption—desorption equilibrium of dye on
the nanoparticles photocatalyst and then exposed to
UV light. The irradiation distance between the lamp
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and the sample was 8 cm. The reaction system was
illuminated by a 250-W mercury lamp at different
times and the concentration of the dye was deter-
mined by measuring the absorbance by UV-vis spec-
trophotometer at maximum absorption wavelength of
620 nm for photocatalytic activity examination.

2.3. Analytical methods

The mixtures were sonicated in an ultrasonic bath
(Games, Model: Ultra 8060D-H, England) to achieve
the homogeneity of Ce-Zn oxide nanomaterials. Pure
Ce oxide, pure Zn oxide, and Ce/Zn nanostructures
were each coated on borosilicate glass by Doctor Blade
technique and spin coating method (Spin Coater,
Modern Technology Development Institute, Iran).
Ce-Zn oxide nanomaterials were characterized by
X-ray diffractometer (D8 Advance, BRUKER). Band
gap of cerium zinc oxide nanocomposite was
determined using diffuse reflectance spectra (DRS) by
a V-670 JASCO spectrophotometer and Munk relation-
ship. The morphology of Ce-Zn oxide nanomaterials
was analyzed by field emission scanning electron
microscopy (FE-SEM, Hitachi, and model S-4160 at

| ZnO: CeO2 powder (08 2) |

I [Diluted water (130 pl) & stirring (1 min)] * 5 times

v

I Grind in a mortar I

J,c—— Acetic acid (130 ul)

| Stirring (5 min)

v

v

r [Ethanol (130 pl) & stirring (1 min)] * 15 times

L

I [Ethanol (300 pl) & stirring (1 min)] * 6 times

v

I Sonicate with ultrasonic home 3min * 3 times

[ Terpimol(3mp |

v

( Sonicate with ultrasonic home 3 min * 3 times

I Solution of ethyl cellulose (4 g) |

)

in ethanol (5 ml) ]

v

[ Sonicate with ultrasonic home 3 min * 3 times

v

Evaporate the ethanol with stirring @ r.t .

Fig. 2. Flow chart of sonication conditions for the preparation of hetero-structured Zn-Ce oxide nanocomposite paste for

coating on glass by Doctor Blade.
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100,000-time magnification). The chemical composition
analysis of cerium zinc oxide nanocomposite was
studied by energy-dispersive X-ray (EDXS) connected
to the FE-SEM. A UV spectrophotometer (Varian Cary
500 Scan) was applied to analyze the pollutant dye
concentrations. FT-IR absorption spectra of cerium
zinc oxide nanocomposites were obtained using KBr
disks on a JASCO FT-IR 6300.

3. Results and discussions
3.1. Sono-catalyst characterization
3.1.1. Structural study of sono-catalyst by FT-IR

FT-IR spectrum of Ce-Zn oxide nanocomposites
synthesized from zinc nitrate and ammonium cerium
nitrate via hydrothermal method dried at 70°C are
shown in Fig. 3. The vibrational peak at 3,414 cm™" is
attributed to the hydroxyl group of water present in
the solution. The peak at 1,383 cm™' corresponds to
the bending vibrational mode of the hydroxyl group.
The bands in locations of 429, 505, 844, 1,063,1,122,
and 1,514 cm™! are attributed to metal oxide M-O or
M-O-M vibrations in binary =zinc-cerium oxide
(M =Zn or Ce). The results given by FI-IR analysis
further confirm the formation of binary Ce-Zn oxide
and thus support the XRD results.

3.1.2. Optical study by UV—vis absorption spectra
(DRS)

The absorption spectra of single pure Ce and sin-
gle pure Zn oxide nanostructures were presented for
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Fig. 3. FT-IR spectra of Zn—Ce oxide nanocomposite using
ammonium cerium nitrate and zinc nitrate as precursors
via hydrothermal method at 110°C for 12 h.
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comparison with the hetero-structured Zn-Ce oxide
nanocomposite. Zn—-Ce coupled oxide nanocomposite
showed the highest absorption coefficient in the UV
region of 200-370 nm. The band gap energies of the
photocatalyst given by Tauk plot are equal to 3.06,
2.85 and 2.27 eV and for pure ZnO, CeO,, and ZnO-
CeO, nanocomposite, respectively (Figs. 4a—4c. The
results showed that the optical band gap energy of the
Ce-Zn coupled oxide nanocomposites (2.27 eV) is
much lower than that of pure Zn oxide nanoparticle
(3.06 eV). The results showed that electron excitation
in Ce-Zn coupled oxide nanocomposites occurs in the
visible region (4 = 546 nm), while the electron excita-
tion in pure Zn oxide nanoparticle occurs in the UV
region (1 = 405 nm).

3.1.3. X-ray diffraction (XRD) study

The nanocomposite diffraction peaks matched the
standard data for a hexagonal zinc Oxide ZnO (JCPDS
5-0664). The sample shows peaks attributed to the
ZnO at 31.751 (100), 34440 (002), 36252 (101),
62.870 (103), 66,388 (200), 67.917 (112), 69.057
(201), and 81.405 (1 04), and for cubic cerium oxide
CeO, (JCPDS 1-0,800). The sample shows peaks attrib-
uted to the CeO, at 28.550 (11 1), 47.485 (22 0), 56.343
(311), and 76.707 (3 3 1) (Fig. 5).

3.1.4. Morphological study by field emission scanning
electron microscope (FESEM)

Fig. 6 shows the micrograph of Zn—-Ce coupled
oxide nanocomposite coated on glass after four steps
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Fig. 4a. Tauk plot of pure single Zn oxide nano-particle
using zinc nitrate as precursors via hydrothermal method.
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Fig. 4b. Tauk plot of pure single Ce oxide nano-particle
using ammonium cerium nitrate as precursors via
hydrothermal method.
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Fig. 4c. Tauk plot of Zn—Ce oxide nano-composite using
ammonium cerium nitrate and zinc nitrate as precursors
via hydrothermal method at 110°C for 12 h.

of sonication at 100,000 magnifications in 100 nm scale.
It is clear from Fig. 7 that, the nanoparticles were well
dispersed and similar types of particles in dispersion
have been observed [20]. The nanoclusters formed
among the particles in application of ultra-sonication
process for better colloidal dispersion of nanofluid
and the nanoclusters did not fully break down even
after being exposed to prolonged ultra-sonication.

3.2. Compositional analysis of Zn—Ce coupled oxide
nanocomposite coated on glass

Energy dispersive X-ray spectroscopy (EDX) analy-
sis was carried out to analyze the composition of
Zn—Ce coupled oxide nanocomposite coated on glass
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Fig. 5. XRD patterns of hetero-structured Zn—Ce oxide
nanocomposite paste by ultra-sonication conditions coated
on glass.
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Fig. 6. FESEM images of hetero-structured Zn—Ce oxide
nanocomposite paste at sonication conditions coated on
glass.

after four steps of sonication. The EDX spectra of these
oxides are shown in Fig. 7 and the results showed
peaks corresponding to Zn, Ce. The results of EDX
analysis are in agreement with XRD data.

3.3. Photocatalytic degradation and mechanism

The photocatalytic activity of single pure Ce
oxide, single pure Zn oxide nanostructures, and het-
ero-structured Zn—-Ce oxide nanocomposite was char-
acterized by the degradation test of di-azo Naphthol
Blue Black (NBB) textile dye in water systems. The
changes in the absorption spectra of di-azo Naphthol
Blue Black exposed to irradiation for various irradia-
tion times (0, 20, 40, 60, 80, 100, and 120 min) in the
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Fig. 7. EDX spectra of hetero-structured Zn—Ce oxide
nanocomposite paste at sonication conditions coated on
glass.

presence of single pure Ce oxide, single pure Zn
oxide nanostructures, and hetero-structured Zn-Ce
oxide nanocomposite coated on glass are shown in
Fig. 8. The absorption maxima at 620 and 650 nm
decreased gradually with the extension of irradiation
time. As can be seen in Fig. 9, the photocatalytic
activity of hetero-structured Zn-Ce oxide nanocom-
posite is much higher than single pure Ce oxide, sin-
gle pure Zn oxide nanostructures. The superior
photocatalytic activity of hetero-structured Zn-Ce
oxide nanocomposite Ce can be attributed to the inter
particle electron and hole transfer between cerium
oxide and zinc oxide and thus the delayed recombi-
nation of photo-excited electron-hole pairs. When Zn
oxide is coupled with Ce oxide, it forms n-n type

0.8 -
€ 0 min
20 min
40 min
60 min
80 min
100 min
120 min

0.6

0.4 1

Absorbance

0.2 4

500 550 600 650 T00 750 800

Wavelength/nm

Fig. 8. The change in absorption spectra of di-azo Naph-
thol Blue Black exposed to irradiation for various irradia-
tion times (0, 20, 40, 60, 80, 100, and 120 min) in the
presence of hetero-structured Zn—Ce oxide nanocomposite
coated on glass.
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Fig. 9. In(Cy/Cy) vs. time (min) (first-order reaction) for the
photocatalytic degradation of di-azo Naphthol Blue Black
exposed to irradiation for various irradiation times (0, 20,
40, 60, 80, 100, and 120 min) in the presence of single pure
Ce oxide, single pure Zn oxide nanostructures, and hetero-
structured Zn-Ce oxide nanocomposite coated on glass.

heterojunction. In such junction electron transfer can
occur from semiconductor with low work function
(CeO,) to the other with high work function (ZnO)
until the Fermi levels equalize. This creates an elec-
tron depleted layer at the interface of ZnO and CeO,
which bends the energy band. The enhanced photo-
catalytic performance of composite CeO,-ZnO is
attributed to the combined effect of the formation of
depleted layer at the surface of CeO,—ZnO, hence
lower electron-hole recombination and better charge
separation. Moreover, the optical band gap energy of
the Ce-Zn coupled oxide nanocomposites (2.27 eV) is
much lower than that of pure Zn oxide nanoparticle
(3.06 eV) and electron excitation in Ce-Zn coupled
oxide nanocomposites occurs at visible region
(A =546 nm), while the electron excitation in pure Zn
oxide nanoparticle occurs at UV region (1 =405 nm).
The photocatalytic degradation of di-azo Naphthol
Blue Black (NBB) textile dye in water systems in the
presence of single pure Ce oxide, single pure Zn
oxide, and hetero-structured Zn-Ce oxide nanocom-
posite coated on glass follows the pseudo-first-order
kinetics (Fig. 9) and it can be expressed as follows:
In(Cy/C) = kt, where C, is the initial concentration of
Naphthol Blue Black at t=0min, C, the concentra-
tion of Naphthol Blue Black at irradiation time ¢ and
k is the rate constant [21,22].

4. Conclusions

In summary, Ce and Zn oxide nanomaterials were
fabricated via hydrothermal route, grinded, and
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sonicated in four steps for improved coating. An effi-
cient sonication route for improved coating of
nanocomposite paste on glass for environmental appli-
cation was investigated. Better dispersion of nanopaste
by sonication for coating on glass was effective. The
paste was deposited on the glass substrate through
the Doctor Blade-coating and annealed in atmosphere
at 550°C. The Ce and Zn oxide nano-sized sono-cata-
lysts were characterized by FT-IR, XRD, FESEM,
EDAX, and DRS spectroscopy techniques. Experimen-
tal studies for photocatalytic degradation of di-azo
Naphthol Blue Black (NBB) textile dye from water sys-
tems revealed that Ce-Zn coupled oxide nanocompos-
ite paste sonicated in four steps coated on glass was
more effective in degradation of the dye compared
with single Ce and Zn oxide nanomaterials.
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