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Enhanced photo-catalytic activity of CeO,-ZnO nano-structure
for degradation of textile dye pollutants in water
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ABSTRACT

Cerium-zinc oxide nano-composite was synthesized by co-precipitation technique using zinc chloride
(ZnCl)), cerium (II) chloride hepta-hydrate (CeCl,.7H,0) and ammonium hydroxide as precipita-
tion agent. The structural, morphological, thermal and spectroscopic properties of cerium-zinc oxide
nano-composites were performed by Fourier transform infrared (FTIR), X-ray diffraction (XRD), field
emission scanning electron microscopy (FESEM), transmission electron microscope (TEM), energy-
dispersive analysis X-ray (EDAX) spectrometry, and UV-Vis diffuse reflectance spectroscopy (DRS)
techniques. The FTIR spectra confirmed the presence of bands at 504 and 411 cm™ are related to vibra-
tions of Ce-O and Zn-O, respectively. The band at 886 cm™ is due to the formation of Ce-O-Zn bond.
The XRD result confirmed that the cerium-zinc oxide nano-composite obtained by co-precipitation
technique possessed structure of cubic phase. The EDAX results confirmed the elemental distribution
of cerium-zinc oxide nano-composite. The FESEM and TEM images showed sphere-like nano-particles
that are agglomerated on the bulk-rods particles with an average size of about 31 nm. The DRS spectra
of the cerium-zinc oxide nano-composite showed that absorption edge of ZnO was shifted to visible
region. The optical band gap energy of the CeO,-ZnO is measured to be 2.75 eV, which is relatively
lower than that of bare ZnO (3.37 eV). The CeO,-ZnO nano-composite showed higher degradation
efficiency for photo-catalytic degradation of C.I. Acid Black 1 textile dye when compared with the bare
Zn0O and bare CeO,. The reduced band gap energy lowered the rate of electron-hole pair recombina-

tion and increased the photo-catalytic degradation yield of dye pollutant.
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1. Introduction

CeO, is one of the main rare earths used in different
industries for the catalytic degradation of environmental
pollutants [1-3] and as a biomedical material with improved
properties [4-6]. Nano-sized cerium dioxide plays an industri-
ally significant role as exhaust catalysts, solid oxide fuel cells,
gas sensors, ultraviolet absorbents and glass-polishing materi-
als [7,8]. Zinc oxide as a semiconductor material has attracted
wide research attention and applications because of its large
direct band gap, non-toxicity, and abundance in nature [9,10].
Zinc oxide with a wide band gap (3.37 eV) absorbs photons
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in UV region of solar irradiation, while this UV irradiation
make small portion of the solar light. The quantum yield of
zinc oxide as photo-catalyst is low, which is related to its high
electron-hole recombination rate. There are great needs to
activate zinc oxide on the visible portion of solar irradiation
and decrease its electron-hole recombination. The composite
formation between zinc oxide and rare earth elements can
activate zinc oxide on the visible portion of solar irradiation
and decrease its electron-hole recombination [11,12]. Recently,
the effects of CeO, coupling on the structural, optical and
photo-catalytic properties of ZnO nano-particle have been
reported [13]. There are some reports that photo-catalytic
activity of cerium dioxide-titanium dioxide photo-catalyst
decreased electron-hole recombination [3,14]. Among the
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different synthesis methods available, co-precipitation is a
simple and inexpensive method for the industrial prepara-
tion of metal oxide catalysts [15]. Discharge of chemicals into
the water systems can be harmful to aquatic life and need to
be treated before their release into the environment. Among
treatment methods, semiconductor photo-catalyst with band
gap at visible solar irradiation has many advantages with a
disadvantage of their application in the form of aqueous slur-
ries, which encounter technological problems of recycling and
separation from the slurry. This problem can be solved by
coating of photo-catalyst on the support substrates [16]. The
objectives of this research were to prepare and characterize the
cerium-zinc oxide nano-composite and deposition on glass for
photo-catalytic performance of aquatic pollutant degradation.

In continuation of our research in semiconductor metal oxide
nano-structure materials [17-22], here we report for the first
time the co-precipitation synthesis, structural, morphological,
thermal and spectroscopic studies on cerium-zinc oxide
nano-composite coated on glass surface for heterogeneous
photo-catalytic mineralization of textile dye in aqueous envi-
ronment. The structural, morphological, thermal and spectro-
scopic properties of cerium-zinc oxide nano-composites were
investigated by FTIR, XRD, field emission scanning electron
microscopy (FESEM), energy-dispersive analysis X-ray (EDAX),
Thermogravimetric-derivative thermogravimetric (TG-DTG)
analysis and diffuse reflectance spectroscopy (DRS) techniques.
In order to overcome the problem of photo-catalyst separation
from water system, cerium-zinc oxide nano-composites were
coated on glass surface by doctor blade method. We have found
that the cerium dioxide incorporation into zinc oxide lattice
decreased the band gap energy of zinc oxide from 3.37 to 2.75
eV demonstrating its excitation energy at visible region of solar
irradiation at 451 nm.

2. Experimental setup
2.1. Photo-catalyst synthesis

All reagents were of analytical grade and used as received
without further purification. In a general co-precipitation
preparation, 5 mmol of cerium (III) chloride heptahydrate
(CeCl,.7H,O) (1.891 g) and 30 mmol zinc chloride (ZnCl,)
(4.238 g) were dissolved in 300 mL distilled water at room
temperature and vigorously stirred for about 30 min for com-
plete mixing. The pH was adjusted to 10 by dropwise addition
of NH,OH solution. The reaction mixture was then stirred at
80°C for 6 h. After the reactions, white solid precipitates were
obtained, filtered and washed with water and ethanol several
times and dried at room temperature. The resulting white
powders were calcined at 400°C for 5 h (Fig. 1).

2.2. Coating thin film photo-catalyst on glass

Cerium-zinc oxide nano-composite was coated on borosil-
icate glass by doctor blade technique and spin coating method
(Spin Coater, Modern Technology Development Institute,
Iran) as follows: 130 uL of glacial acetic acid was added to 0.8 g
of ZnO-CeO, powder and stirred for 5 min. Absolute ethanol
(130 pL) was added and stirred for 1 min (15 times). Absolute
ethanol (300 pL) was added for 1 min (6 times), sonicated for
2.5 min. Terpineol (0.8 mL) was added, and the paste solution
were sonicated for 3 min (3 times). A solution of 0.4 g ethyl

Fig. 1. Flow chart for preparation cerium-zinc oxide nano-composite
particles by co-precipitation technique using zinc chloride (ZnCl,),
cerium (IIl) chloride hepta-hydrate (CeCl,.7H,0) and ammonium
hydroxide as precipitation agent.

cellulose in 5 mL ethanol was sonicated for 3 min (3 times) and
added to the previous paste solution, stirred for 5 min and son-
icated for 3 min (3 times). The solvent was evaporated in arotary
evaporator at room temperature (r.t.). The paste of ZnO-CeO,
nano-composite was coated on a glass slide (6 cm x 2 cm
and 2 um thickness) by doctor blade method, spin coating and
annealed at 550°C for 2 h (Fig. 2).

2.3. Photo-catalyst characterization

The phase purity of the cerium-zinc oxide nano-compos-
ite thin films was characterized by X-ray diffraction (XRD)
using X-ray diffractometer (D8 Advance, Bruker, Germany)
with Cu Ka radiations (A = 1.540562 A) operated at voltage
of 40 kV and current of 30 mA. The surface morphology of
cerium-zinc oxide nano-composite thin films was analyzed
by FESEM (Hitachi, S-4160, Japan). The chemical composition
analysis of cerium-zinc oxide nano-composite was studied by
energy-dispersive X-ray spectroscopy (EDXS) connected to the
FESEM. Bang gap of cerium-zinc oxide nano-composite was
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determined using diffuse reflectance spectroscopy (DRS) by
a V-670 JASCO spectrophotometer and Munk relationship.
A UV spectrophotometer (Varian Cary 500 Scan) was applied
to analyze the pollutant dye concentrations. FTIR absorption
spectra of cerium-zinc oxide nano-composites were obtained
using KBr disks on a JASCO FT-IR 6300. The microstructure
and morphologies were investigated by a Leo 912 AB trans-
mission electron microscopy (TEM). Cerium-zinc oxide
nano-composite thin films were coated on glass using doctor
blade method and spin coating method (Spin Coater, Modern
Technology Development Institute, Iran).

2.4. Photo-catalyst application

C.I. Acid Black 1 textile dye was chosen as a model pol-
lutant of textile industry wastewater. The C.I. Acid Black 1
solution with a concentration of 20 ppm (calculated from
the standard curve) was prepared as an initial dye solution.

G lacial Acetic acid

35 ul

[ Ethanol 15x35 nL

Sample powder
02g

in 15 min

[ Ethanol 3mL ]_

_[ Terpineol 0.8 mL ]

Ethanol 8<85 nLL
in 8 min

2.5 min sonicated

mL ethanol to above solution

Evaporated to
obtain paste form

[ Adding 0.1 g ethyl cellulose in1.2 J

Fig. 2. Flow chart for coating of cerium-zinc oxide nano-
composite on glass.
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The dye solution exposed at O, gas for 20 min. Glass-coated
cerium-zinc oxide nano-composite was immersed into a Petri
dish with 20 mL of the dye solution and maintained at dark
for 1 h. The reaction system illuminated by a 250-W Hg lamp
at different times, and the concentration of the dye solution
was determined by measuring the absorbance at 620 nm.

3. Results and discussion
3.1. Structural analysis
3.1.1. XRD study

Nano-particles were characterized by XRD analysis
using X-ray diffractometer in the diffraction angle range 26
= 10°-90° using Cu Ka radiation (A = 1.540562 A) operated
at voltage of 40 kV and current of 30 mA. The crystallite size
of the cerium-zinc oxide nano-composite was estimated by
using the Scherer’s equation, (0.91)/(cosO), by measuring the
line broadening of main intensity peak, where A is the wave-
length of Cu Ka radiation, (3 is the full width at half-maxi-
mum (FWHM), and O is the Bragg’s angle. The crystalline
structure and averaged crystal size is summarized in Table 1.

Table 1

XRD data of cerium-zinc oxide nano-composite particles
by co-precipitation technique using zinc chloride (ZnCl,),
cerium (III) chloride hepta-hydrate (CeCl,.7H,0) and ammonium
hydroxide as precipitation agent annealed at 400°C for 5 h

Phase d-spacing  (hkl) Phase  d-spacing  (hkl)
(nm) (nm)
CeO,  0.31100 (111) ZnO 0.14769 (103)
ZnO 0.28159 (100) ZnO 0.14071 (200)
ZnO 0.26019 (002) ZnO 0.13790 (112)
ZnO 0.24760 (101) ZnO 0.13590 (201)
CeO,  0.19001 (220) ZnO 0.19099 (102)
CeO,  0.16200 (311) ZnO 0.16099 (110)
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Fig. 3. XRD pattern of cerium-zinc oxide nano-composite parti-
cles by co-precipitation technique using ZnCl,, CeCl,.7H,O and
ammonium hydroxide as precipitation agent annealed at 400°C
for 5 h.
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Fig. 3 shows the XRD patterns for the binary ZnO-CeO, nano-
composite, which provide further insight into the crystal-
linity. The diffraction pattern matched the standard data for
hexagonal zinc oxide and cubic cerium oxide phases. Lattice
parameters for a hexagonal wurtzite zinc oxide (JCPDS 5-0664)
were: a=b=3.250 A and ¢=5209 A, a = =90° and y = 120°.
The result showed peaks attributed to the ZnO at d-spacing
in nm = 0.28159 (100), 0.26019 (002), 0.24760 (101), 0.19099
(102), 0.16099 (110), 0.14769 (103), 0.14071 (200), 0.13790 (112)
and 0.13590 (201). The XRD pattern consisted peaks for cubic
cerium oxide (CeO,) (JCPDS 1-0800) with lattice parameters
ata=b=c=541 and a = =y = 90°. These results showed
peaks attributed to the CeO, at 0.31100 (111), 0.19001 (220)
and 0.16200 (311). The diffraction pattern matched the stan-
dard data for hexagonal wurtzite zinc oxide and cubic cerium
oxide phases. The results showed a binary oxide nano-
structure for the coupled ZnO-CeO, nano-composites, which
consist of their characteristic peaks of both wurtzite ZnO and
cubic phase CeQO,. The XRD results showed the characteris-
tic peaks of both hexagonal wurtzite ZnO and cubic phase
CeO,, which is consistent with recent reports [23-25] (Fig. 3)
(Table 1). The ionic radii of Ce* and Ce* are 0.103 and 0.092
nm, respectively, which are larger than that of Zn*" ion of 0.074
nm reported by the others [23-28]. Hence, it is difficult for Ce**
and Ce* to enter the crystalline lattice of ZnO to substitute
Zn*. The Ce* and Ce*" ions seem more likely to form complex
with the surface oxygen of ZnO. The presence of redox couple
Ce’*/Ce* could enhance the photo-catalytic of the ZnO-CeO,
nano-composite, which acts as an electron scavenger, and
photogenerated electrons in conduction band (CB) of ZnO are
transferred to CB of CeO, and reduce the rate of electron/hole
recombination [23,29].

3.1.2. Fourier transform infrared (FTIR) study

The chemical structure of the cerium-zinc oxide
nano-composite prepared by co-precipitation method
from chloride precursor and calcined at 400°C was ascer-
tained by the FTIR spectroscopy. The FTIR spectroscopy
of cerium-zinc oxide nano-composite was recorded on
JASCO FT-IR 6300 spectrometer using KBr pellet. The FTIR
spectra were recorded at room temperature in the wave
number range of 500-4,000 cm™. The FTIR spectra of the
above sample are shown in Fig. 4. The band positions at
3,435 cm™! were attributed to the characteristic O-H stretch-
ing vibrations. The peak is observed at 3,435 cm™ due to
O-H stretching vibrations interacting through H bonds.
The absorption bands observed at 504 and 411 cm™ are
related to stretching vibrations of Ce-O and Zn-O, respec-
tively. The band at 886 cm™ is due to the formation of
Ce—-O-Zn bond. All characteristic peaks in FTIR spectrum
were analyzed and confirmed the formation of cerium-zinc
oxide composite phase (Fig. 4).

3.2. Microstructural analysis
3.2.1. FESEM study

The surface morphology of the cerium-zinc oxide
nano-composite was performed with the aid of FESEM. Fig. 5
shows the FESEM image of the glass deposited cerium-zinc
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Fig. 4. FTIR spectra of cerium-zinc oxide nano-composite parti-
cles by co-precipitation technique using ZnCl,, CeCl,.7H,0 and
ammonium hydroxide as precipitation agent annealed at 400°C
for 5 h.
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Fig. 5. FESEM image of cerium-zinc oxide nano-composite parti-
cles by co-precipitation technique using ZnCl,, CeCl,.7H,0 and
ammonium hydroxide as precipitation agent annealed at 400°C
for 5 h.

oxide nano-composite calcined at 400°C for 5 h. It is observed
that the surfaces consist of sphere-like nano-particles that are
agglomerated on the bulk-rods particles. The average size of
nano-particles is about 40 nm (Fig. 5).

3.3. Compositional analysis

Fig. 6 shows the elemental analysis of cerium-zinc
oxidenano-composite confirmed by EDAX. In the EDAX
pattern, presence of Ce, Zn and O showed that expected ele-
mental analysis was observed (Fig. 6). The EDAX results also
proved that the precursors used for the preparation have fully
undergone the chemical reaction to form the cerium-zinc
oxide nano-composite. Particle size distribution showed the
average particle size of 31 nm (Fig. 7).
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Fig. 6. EDAX pattern of cerium-zinc oxide nano-composite parti-
cles by co-precipitation technique using ZnCl,, CeCl,.7H,O and
ammonium hydroxide as precipitation agent annealed at 400°C

for 5 h.
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Fig. 7. Particles distribution of cerium-zinc oxide nano-composite
particles by co-precipitation technique using ZnCl,, CeCl,.7H,0
and ammonium hydroxide as precipitation agent annealed at
400°C for 5 h.

3.4. TEM study

Fig. 8 shows a typical TEM micrograph of the synthesized
cerium-zinc oxide nano-composite coated on glass. We have
found that cerium-zinc oxide nano-composites were affiliated
well on the surface of glass with an average size of 33 nm.

3.5. Optical study by ultraviolet—visible DRS (UV-Vis DRS)
analysis

UV-Vis DRS is a powerful characterization method
to study the band gap energy of semiconductors.
The absorption spectrum of solid cerium-zinc oxide
nano-composite was shown in Fig. 9. The band gap of the
cerium-zinc oxide nano-composite was estimated using
Kubelka-Munk plot (Fig. 10). The band gap was calcu-
lated by extrapolating the linear region of the plot [30].
The band gap was determined to be 2.75 eV. The optical
band gap energy of the CeO,-ZnO is relatively lower than
that of bare ZnO (3.37 eV).

Fig. 8. Transmission electron microscopy (TEM) of cerium-zinc
oxide nano-composite particles by co-precipitation technique
using ZnCl,, CeCl,.7H,O and ammonium hydroxide as precip-
itation agent annealed at 400°C for 5 h.
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Fig. 9. UV-Vis diffuse reflectance spectroscopy (DRS) absorption
spectra of cerium-zinc oxide nano-composite particles by co-pre-
cipitation technique using ZnCl, CeCl,.7H,O and ammonium
hydroxide as precipitation agent annealed at 400°C for 5 h.

3.6. Photo-catalytic degradation and mechanism

Photo-catalytic degradation of C.I. Acid Black 1 for different
irradiation times and the change in optical absorption spectra
of C.I. Acid Black 1 by cerium-zinc oxide nano-composite
coated on glass is shown in Fig. 11. The disappearance of the
band at 610 nm indicates that C.I. Acid Black 1 (Fig. 11) has
been photo-degraded. CeO,-ZnO nano-composite coated on
glass surface by doctor blade method provided an effective
way for cost-effective, simple and fast process. Fig. 12 shows
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Fig. 10. Munk plot derived from UV-Vis DRS spectra of ceri-
um-zinc oxide nano-composite particles by co-precipitation
technique using ZnCl,, CeCl,.7H,O and ammonium hydroxide
as precipitation agent annealed at 400°C for 5 h.
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Fig. 11. Time-dependent absorption spectra of C.I. Acid Black
1 for different irradiation times using cerium-zinc oxide nano-
composite particles coated on glass as photo-catalyst.
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Fig. 12. Ln (C/C,) vs. time (min) for the photo-catalytic degra-
dation kinetics of the C.I. Acid Black 1 for different irradiation
times using cerium-zinc oxide nano-composite particles coated
on glass as photo-catalyst.
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Fig. 13. Schemes for the photo-catalytic degradation mechanisms
of C.I. Acid Black 1 using cerium-zinc oxide nano-composite par-
ticles coated on glass as photo-catalyst.

the photo-catalytic degradation kinetics of the C.I. Acid Black
1 under irradiation in the presence of pure CeO,, pure ZnO
and ZnO-CeO, nano-composite prepared by co-precipitation
method from chloride precursor as thin films photo-catalyst.
The CeO,-ZnO nano-composite shows higher degradation
efficiency when compared with the bare ZnO and bare CeO,.
Zinc oxide is a p-type semiconductor, and cerium dioxide is
an n-type material. Fig. 13 shows photo-catalytic reaction
schemes for degradation of dye molecule. Upon irradiation
of cerium-zinc oxide nano-composite under UV light, both
cerium oxide and zinc oxide can be activated with the band
gap energies of zinc oxide and cerium oxide, which are 3.37
and 1.38 eV, respectively. Photo-catalytic degradation of C.I.
Acid Black 1 in the presence of pure ZnO nano-particles are
lower than the CeO,-ZnO nano-composite due to the value of
3.37 eV band gap of ZnO. In the photo-catalytic mechanism,
oxygen adsorbed on the surface of photo-catalyst can trap
the photo-generated electron [31] and the electron transfer to
oxygen may be the rate-determining step in semiconductor
photo-catalysis [32]. Cerium (IV) ion as a Lewis acid traps the
photo-excited electron in the system of CeO,-ZnO, since it is
superior to the oxygen molecule in the ability of trapping elec-
trons [33]. The electrons trapped in cerium (IV) ion are then
transferred to the adsorbed oxygen molecule by oxidation pro-
cess, which reduced electrons-holes recombination [34].

4. Conclusions

Cerium-zinc oxide nano-composite coated on glass was
prepared by co-precipitation technique using ZnCl,, cerium
(II) chloride hepta-hydrate and ammonium hydroxide as
precipitation agent. The structural, morphological, thermal
and spectroscopic properties of cerium-zinc oxide nano-
composites were performed by FTIR, XRD, FESEM, EDAX,
TG-DTG and DRS techniques. The FTIR spectra confirmed
the presence of bands related to vibrations of Ce-O, Zn-O
and Ce-O-Zn bonds. The XRD results confirmed that the
cerium-zinc oxide nano-composite possessed structure of
cubic phase. The EDAX results confirmed the elemental dis-
tribution of cerium-zinc oxide nano-composite. The FESEM
images showed sphere-like nano-particles that are agglom-
erated on the bulk-rods particles with an average size of
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about 31 nm. The DRS spectra of the cerium-zinc oxide nano-
composite showed that absorption edge of ZnO was shifted to
visible region. The optical band gap energy of the CeO,-ZnO
is measured to be 2.75 eV, which is relatively lower than that
of bare ZnO (3.37 eV). The reduced band gap energy lowered
the rate of electron-hole pair recombination and increased
the photo-catalytic degradation yield of dye pollutant.
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