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ABSTRACT

Cerium dioxide (CeQO,) zinc oxide (ZnO) and CeO,-ZnO nano-structures were synthesized by
co-precipitation technique and the synergetic effect of coupled oxide (CeO,/ZnO) for photo-catalytic
degradation of Amido Black 10B in water was investigated. The synthesized nano-particles were
characterized using TG-DTG, FESEM, XRD and DRS for their thermal and physicochemical property.
TG-DTG results of the precursors showed three steps of weight loss at 163°C (3%), 204°C (6.6%) and
560°C (21.72%). The crystallite size of the CeO,, ZnO and CeO,/ZnO was calculated using XRD data
with an average size of 9.80, 19.65 and 32.21 nm, respectively. The XRD results showed well-crystalline
mixed phases of cubic cerium oxide (CeQO,) and hexagonal zinc oxide (ZnO). Pure CeO,, ZnO and
CeO,/ZnO nano-composite were tested for their photo-catalytic degradation of Amido Black 10B tex-
tile dye in water as an aquatic environmental pollutant. The photo-catalytic reactivity results showed
an enhanced photo-catalytic activity of coupled CeO,/ZnO compared to single oxides. This was related
to the synergetic effect of coupled CeO,/ZnO due to the improved separation of photo-generated
electron-hole pairs.

Keywords: Pure CeO,; Pure ZnO; CeO,-ZnO; Nano-structure; Coupled oxide; Synergetic;
Photo-catalytic reactivity; Amido Black 10B; Textile dye; Environmental pollutant

1. Introduction

Spinel metal oxide as advanced materials have become
an important area of research for their potential advantages
and applications [1]. The composite of metal oxides could
promote the separation of photo-induced charge carriers
[2-4]. Among metal oxides, zinc oxide nanostructures have
attracted more attention for their interesting properties and
extensive use in a range of applications [5-7]. Cerium (IV)
oxide, also known as ceria is a rare earth metal oxide. Ceria
have excellent redox properties with many applications in
fuel cells, water dissociation and catalytic reactions owing
to the redox couple feature of Ce(IlI)/Ce(IV) [8-10]. Binary
composites of cerium dioxide have been reported for their
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catalytic reactions [11]. Sherly et al. have reported the effect
of CeQ, coupling on the structural, optical and photocatalytic
properties of ZnO nanoparticle [12]. Lamba et al. studied the
catalytic degradation of direct blue 15 dye and its simulated
dye bath effluent under solar light using CeO,-ZnO nano-
disks [13]. He et al. demonstrated enhanced optical prop-
erties of hetero-structured ZnO-CeO, nano-composite [14].
Nano-composites are prepared by different synthetic meth-
ods using physical and chemical means. The properties of
the nano-composites are improved compared to their single
counterparts due to the strong surface interactions between
the components of nano-composite in binary oxide systems
[15]. Zinc oxide and ceria are applied as heterogeneous cata-
lysts for oxidation reactions [16,17]. Reports on the prepara-
tion and uses of binary zinc oxide-ceria nano-structures are
limited. The Ce(Ill) and Ce(IV) ions form complex with the
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Fig. 1. The structure of Amido Black 10B textile dye as a model of
aquatic environmental pollutant.

surface oxygen of ZnO. The presence of redox couple Ce(III)/
Ce(IV) could enhance the photocatalytic of the ZnO-CeO,
nano-composite which act as an electron scavenger and pho-
togenerated electrons in conduction band (CB) of ZnO are
transferred to CB of CeO, [18,19]. To the best of our knowl-
edge, the preparation of coupled CeO,-ZnO nano-structures
and its synergetic effect of coupled CeO,-ZnO on photo-
catalytic degradation of Amido Black 10B in water are not yet
reported in the literature.

In this research, coupled CeO,-ZnO nano-structures
(CZN) were synthesized by using co-precipitation technique
and fully characterized using TG-DTG, FESEM, XRD and
DRS. Additionally, the synergetic effect of coupled oxide
(CeO,/Zn0O) for photo-catalytic degradation of Amido Black
10B in water was investigated (Fig. 1).

2. Experimental
2.1. Materials

The Amido Black 10B, CeCl,.7H,0 and ZnCl, was pur-
chased from Merck, Germany and used as supplied for
the synthesis and application of CeO,, ZnO and CeO,-ZnO
nano-structures.

2.2. Experimental procedure for preparation of CeO,, ZnO and
CeO,-ZnO nano-structures

2.2.1. Experimental procedure for preparation of CeQO,
nano-particles

CeO, nano-particles were prepared by co-precipitation
method from an aqueous solution of CeCl..7H,O. The solu-
tion was obtained by dissolving 1.891 g cerium(III) chloride
heptahydrate in 50 mL deionized water and adding NH,OH
until pH = 10. White precipitate was obtained, filtered,
washed with distilled water, dried at 100°C for 5 h and cal-
cined at 300°C for 5 h (Fig. 2).

2.2.2. Experimental procedure for preparation of ZnO
nano-particles

To an aqueous solution of zinc chloride (20 mL,
0.5 mol.L™"), an aqueous solution of NaOH: Na,CO, (2:1 wt)
was dropped at a constant rate under vigorous stirring to
form precipitate till pH = 6.5. The precipitating solution was
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Fig. 2. Flow chart for preparation CeO, nano-particles by
co-precipitation technique.

prepared by mixing 2:1 (wt.) of NaOH: Na,CO, in deionized
water (1 M) (10 g of sodium hydroxide and 5 g sodium car-
bonate in 297 mL distilled water). Precipitation of the Zn* ions
occurred by addition of NaOH:Na,CO, at pH~6.5. Stirring
was continued until a white precipitate was obtained. The
precipitate was filtered and washed with distilled water and
dried in an oven overnight at 60°C. The obtained precipitate
was subject to calcinations at 700°C for 5 h. Calcination was
performed in air at atmospheric pressure (Fig. 3).

2.2.3. Experimental procedure for preparation of coupled
CeO,/Zn0O nano-composite

Zinc Chloride (ZnCl), Cerium (III) Chloride heptahy-
drate (CeCl,.7H,0) were used in the present study with-
out further purification. A solution of CeClL.7H,O (1.891 g,
0.005 mol.L") and ZnCl, (4.238 g, 0.03 mol.L") were dissolved
in distilled water (300 mL) with a constant stirring for about
30 min at room temperature and then the pH was adjusted to
10 by drop wise addition of NH,OH solution. The solution
was stirred at 80°C for 6 h. White precipitates were obtained,
filtered and washed with distilled water and ethanol several
times and dried at room temperature. The resulting white
powders were calcined at 400°C for 5 h.

2.3. Experimental procedure for immobilization pure CeO,, pure
Zn0O and CeO,/ZnO nano-structures

Pure CeO,, pure ZnO and CeO,/ZnO nano-structures were
each coated on borosilicate glass by Doctor Blade technique
and spin coating method (Spin Coater, Modern Technology
Development Institute, Iran) as followings: 130 uL of glacial
aceticacid was added to 0.8 g of pure CeO,, pure ZnO and CeO,/
ZnO nano-structures were each and stirred for 5 min. Absolute
Ethanol (130 pL) was added and stirred for 1 min. (15 times).
Absolute ethanol (300 puL) was added for 1 min. (6 times),
sonicated for 2.5 min. Terpineol (0.8 mL) was added and the
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paste solutions were sonicated for 3 min. (3 times). A solution
of 0.4 g ethyl cellulose in 5 mL ethanol was sonicated for 3 min.
(3 times) and added to the previous paste solution, stirred for
5min. and sonicated for 3 min. (3 times). The solvent was evap-
orated in a rotary evaporator at room temperature. The pastes
were coated on a glass slide (6 x 2 cm and 2 pm thickness) by
Doctor-blade method.

2.4. Physicochemical property characterization of CeO,, ZnO
and CeO,-ZnO nano-structures

The thermo gravimetric analysis (TG) of cerium-zinc
oxide nano-composite was carried out by Perkin Elmer STA
6000 in argon atmosphere (flow rate = 20 mL min™) in the
temperature range 50°C-650°C (heating rate = 20°C min™).
Cerium-zinc oxide nano-composite thin films were charac-
terized by X-ray diffractometer (D8 Advance, BRUKER). The
crystallite sizes of the samples were estimated by using the
Scherer’s equation and measuring the line broadening of
main intensity peak as follows:

D = (0.9A)/(B cos0) 1)

where A is the wavelength of Cu Ka radiation, { is the full
width at half-maximum, and O is the Bragg’s angle. The
surface morphology of cerium-zinc oxide nano-composite
thin films was analyzed by field emission scanning electron
microscopy (FE-SEM, Hitachi, and model S-4160. The chemi-
cal composition analysis of cerium-zinc oxide nano-composite
was studied by energy-dispersive X-ray (EDXS) connected to

20 ml ZnCls
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[ Stirred at 25 °C

Adding NaOH:Na;CO;
until pH~6.5

i N
Filtered and washed
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Fig. 3. Flow chart for preparation ZnO nano-particles by
co-precipitation technique.

the FE-SEM. Bang gap of cerium-zinc oxide nano-composite
was determined using Diffuse Reflectance Spectra (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. FT-IR absorption
spectra of cerium-zinc oxide nano-composites were obtained
using KBr disks on a JASCO FT-IR 6300.

2.5. Experimental procedure for photo-catalytic activity of
CeO,, ZnO and CeO,-ZnO nano-structures

Amido Black 10B as a model of pollutant in wastewater
of textile industry was used. Each glass slide coated with
pure ZnO, pure CeO, or ZnO-CeO, nano-particles were sep-
arately immersed into a petri dish with 20 mL of 20 ppm dye
solution bubbled with O, gas for 20 min. and maintained at
dark for 1 h. The reaction systems illuminated by a 250 W
Hg lamp at different times and the concentration of the dye
solution determined by measuring the absorbance at 620 nm
by UV-Vis spectrophotometer for photo-catalytic activity
examination. The percentage of degradation was calculated
by using the following equation:

Degradation (%) = (C,~C,)/C, x 100(%) 2)

where C, is the initial concentration of dye and C, is the dye
concentration after degradation. The rate values for the deg-
radation of dye were calculated by employing first order rate
equation:

InC/C, =k, ®)

where k is first order rate constant.

3. Results and discussion
3.1. Thermal study

The thermal gravimetric analysis (TG) curves together
with the derivatives of the thermal gravimetric curves (DTG)
of ZnO-CeO, powders are shown in Fig. 4. The DTG curve
is often useful to show extra detail such as small events at
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Fig. 4. TG and DTG curves of the dried powder precursors for
preparation of CeO,-ZnO nano-composite before calcinations.
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some temperatures which are hard to be been seen on the
TG curve itself. It was sometimes used to determine inflec-
tion points on the TG curve, to provide reference points for
weight change measurements. The first step in weight loss
was 3% at 163°C which corresponds to the loss of residual
water. The large weight loss of 6.6% and 21.7% between
204°C and 560°C is ascribed to the decomposition of ammo-
nium hydroxide and chloride precursors. The DTA results
show that thermal decomposition of cerium precursor and
zinc precursor occurs below 700°C at endothermic peak and
exothermic peaks [20-24].

3.2. X-ray diffraction (XRD) study of CeO,, ZnO and CeO,-ZnO
nano-structures

Nano-particles were characterized by XRD analysis
using X-ray diffractometer in the diffraction angle range
20 = 10°-90°. The crystallite size of the samples were esti-
mated by using the Scherer’s equation, (0.9 A)/(3 cos0), by
measuring the line broadening of main intensity peak, where
A is the wavelength of Cu Ka radiation, 3 is the full width
at half-maximum, and 0 is the Bragg’s angle. The results
showed that the crystallite sizes of samples as 11, 32 and
33 nm for pure CeO,, ZnO and ZnO-CeO,, respectively. Fig. 5
shows the XRD patterns of the pure CeO, prepared by co-
precipitation method from chloride precursor. The diffraction
peaks matched the standard data for a cubic cerium oxide
CeO, (JCPDS 43-1002) by a=b=c=5.41, a = =y =90° cal-
culated density is 7.21, volume of cell as 158.46 and Z = 4. The
peaks are attributed to the CeO, at 20 = 28.550 (111), 33.077
(200), 47.485 (220), 56.343 (311), 59.091 (222), 69.418 (400),
76.707 (331), 79.079 (420) and 88.431 (422). Fig. 6 shows the
diffraction peaks matched the standard data for a hexagonal
zinc oxide, ZnO (JCPDS 1-1136) by a=b = 3.242 and ¢ = 5.176,
a=p=90%nd vy =120° calculated density is 5.66, volume of
cell is 47.11 and Z is 2. The sample shows peaks attributed to
the ZnOat 20 = 31.820 (100), 34.331 (002), 36.496 (101), 47.569
(102), 57.168 (110), 63.204 (103), 66.763 (200), 67.861 (112),
68.999 (201, 72.675 (004) and 76.809 (202). The XRD patterns
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Fig. 5. XRD pattern of CeO, nano-structure prepared by
co-precipitation method from CeCl.7H,O precursor and
calcinations temperature of 300°C.

of cerium-zinc oxide nano-composite exhibited characteristic
diffraction peaks of both ZnO and CeQ, crystalline phases
(Fig. 7) together with the XRD patterns of pure cerium oxide
and pure zinc oxide nano-particles. The results are in agree-
ment with the reported previous work [25].
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Fig. 6. XRD pattern of ZnO nano-structure prepared by
co-precipitation method from ZnCl, precursor and calcinations
temperature of 700°C.
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Fig. 7. XRD pattern of (a) CeO,, (b) ZnO and (c) ZnO-CeO,
nano-structures prepared by co-precipitation method from chlo-
ride precursors.
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3.3. Micro-structural study by field emission scanning electron
microscope

The micro-structural study of the cerium-zinc oxide
nano-composite was analyzed using FESEM (Fig. 8). It is
observed that the surfaces consist of sphere-like nanopar-
ticles that are agglomerated on the bulk-rods particles. The
average size of nano-particles is about 42 nm.

3.4. Optical study of CeO,, ZnO and CeO,-ZnO nano-structures
by ultraviolet—visible (UV-Vis-DRS) analysis

The absorption spectra of the cerium dioxide and
zinc oxide nanostructures prepared by co-precipitation
are shown in Figs. 9(a) and (b) respectively. The absorp-
tion spectra of the zinc oxide showed absorption peaks
at 252 and 343 nm which is the characteristic absorption
peaks corresponding to the wurtzite hexagonal phase. The
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Fig. 8. XRD pattern of ZnO-CeO, nano-structures prepared by
co-precipitation method from cerium (III) chloride hepta-hydrate
(CeCl,.7H,O) precursors and calcinations temperature of 400°C.
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absorption spectra of the cerium dioxide nanostructure
showed absorption peaks at 269 and 328 nm which are the
characteristic absorption peaks corresponding to the cubic
fluorite structure of CeQO,. Band gap energies cerium diox-
ide (Fig. 10(a)), zinc oxide (Fig. 10(b)) and CeO,-ZnO (Fig.
11) nanostructures were determined by Munk plot. The cor-
related band gap energies of zinc oxide, cerium dioxide and
CeO,-ZnO nano-structures were found to be 3.21, 2.90 and
2.75 eV, respectively.

3.5. Comparing the photo-catalytic activities of single phase CeO,,
single phase ZnO and binary phase CeO,-ZnO nano-structures
for photodegradation of Amido Black 10B textile dye in water
under irradiation

Photo-catalytic activities of CeO,, ZnO and CeO,-ZnO
nano-structures coated on glass were examined for their
potential application in degradation of Amido Black 10B
(Fig. 12) as a model textile dye pollutant of water envi-
ronment. The absorption spectra of Amido Black 10B were
taken in the wave-length range 500-800 nm. The results
showed a characteristic absorption peak at 620 nm of
Amido Black 10B (Fig. 12). The time-dependent changes
in concentration of the Amido Black 10B are depicted in
Fig. 13. Fig. 12 show the absorption spectra of Amido
Black 10B textile dye as model of environmental pollutant
in water at different concentrations with the maximum at
A =620 nm. Fig. 13 show the calibration curve of Amido
Black 10B dye in water derived from UV-Vis spectra of dye
at A =620 nm. A reference test was done without using any
photo-catalyst and the results showed negligible degree
of photodegradation of Amido Black 10B dye in water.
Figs. 14(a)—(c) show the time dependent optical absorption
spectra of Amido Black 10B aqueous solution using sin-
gle phase ZnQO, single phase CeO, and binary phase CeO,-
ZnO nano-structure photo-catalysts, respectively. The
photocatalytic activities of the single phase CeO,, single
phase ZnO and binary phase CeO,-ZnO nano-structures
were compared for photo-degradation of Amido Black
10B textile dye in water under irradiation (Fig. 15(a)).
The photo-catalytic degradation reaction can be assumed

252 nm
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Fig. 9(a). UV-Vis DRS absorption spectra of pure CeO, nano-structure prepared by co-precipitation method from chloride precursors.
(b). UV-Vis DRS absorption spectra of pure ZnO nano-structure prepared by co-precipitation method from chloride precursors.
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Fig. 10(a). Munk plot of pure CeO, nano-structure prepared by co-precipitation method from chloride precursors. (b). Munk plot of
pure ZnO nano-structure prepared by co-precipitation method from chloride precursors.
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Fig. 11. Munk plot of ZnO-CeQO, nano-composite prepared by
co-precipitation method from chloride precursors.
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Fig. 12. Absorption spectra of Amido Black 10B textile dye as
model of environmental pollutant in water at different concen-
trations.

1.2

1.0 ¥ = 0.0478x

R? = 0.9999
0.8 -

0.6 1

Abs

0.4 1

0.2 4

0.0 T T

0 5 10 15 20
Concentration(ppm)

Fig. 13. Calibration curve of Amido Black 10B dye in water at
different concentrations derived from UV-Vis spectra of dye at
A=620 nm.

to follow a pseudo first-order expression: In(C/C) = k,
where C/C, is the normalized Amido Black 10B textile dye
concentration and k is the apparent reaction rate (min™)
(Fig. 15(b)). The binary phase CeO,-ZnO nano-structure
samples exhibit photo-catalytic activity superior to single
phase ZnO and single phase CeO, nano-structures (shown
in Figs. 15(a) and (b). The photo-catalytic activities have
been defined as the overall degradation rate constants of
the single phase CeO,, single phase ZnO and binary phase
CeO,-ZnO nano-structure photo-catalysts. By plotting
In(C,/C)) as a function of irradiation time, through regres-
sion (Fig. 15(b), the k constant from the slopes of the simu-
lated straight lines can be obtained. The observed reaction
rate constant (k, min™) for photo-degradation of Amido
Black 10B textile dye in water by binary phase CeO,-ZnO
nano-structure photo-catalysts (0.0045 min~') were higher
than those of single phase CeO, (0.0032 min™) and single
phase ZnO (0.0012 min™). The synergetic effect of binary
phase CeO,-ZnO nano-structure photo-catalysts could be
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Fig. 14(a). Time dependent optical absorption spectra of Amido Black 10B aqueous solution by thin film of ZnO nanomaterial
synthesised via coprecipitation method from zinc chloride. (b). Time dependent optical absorption spectra of Amido Black 10B
aqueous solution by thin film of CeO, nanomaterial synthesized via co-precipitation method from cerium chloride. (c). Time depen-
dent optical absorption spectra of Amido Black 10B aqueous solution by thin film of ZnO/CeQO, nano-composite synthesized via
co-precipitation method from zinc and cerium chloride as precursors.
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Fig. 15(a). C/C, vs. irradiation time (min) for photocatalytic degradation of the Amido Black 10B textile dye as model of envi-
ronmental pollutant in water under irradiation in the presence of (a) pure CeO, (b) pure ZnO and (c) ZnO-CeO, nano-composite
prepared by co-precipitation method from chloride precursor. (b). Plot of Ln(C/C, ) vs. time (min) (pseudo-first order reaction)
for photocatalytic degradation of the Amido Black 10B textile dye as model of environmental pollutant in water under irradia-
tion in the presence of pure CeO,, pure ZnO and ZnO-CeO, nano-composite prepared by co-precipitation method from chloride

precursor.

related to the redox couple Ce(III)/Ce(IV) and coexistence
of Ce* and Ce’" on the surface of binary phase oxides [15].
The Ce(IV) ion act as an electron scavenger and the life-
time of the electron-hole pair is extended which decreases
the rate of electron-hole recombination and higher photo-
catalytic activity. Binary phase CeO,-ZnO nano-structure
exhibites a large surface area with smaller crystal size
compared with pure ZnO and CeO,, a better photo-catalyst
with more active adsorption sites supported by XRD and
FESEM analysis [26,27]. A likely mechanism for the higher
photo-catalytic activity of Amido Black 10B using and
CeO,-ZnO nano-composite compared to CeO, and ZnO
nano-structures coated on glass is the higher absorption
maxima around 451 nm (band gap 2.75 eV) of CeO,-ZnO
nano-composite and thus absorb of the visible light and

electrons-hole charge separation. This performance is
associated to the incorporation of cerium ions into the zinc
oxide lattice and more electron-hole pairs are produced
and better photo-catalytic effect. The electrons trapped in
the cerium ion sites are subsequently transferred to sur-
rounding adsorbed O,, and hence extending the lifetime
of the electron-hole pair [28-33]. The photo-generated
holes at the VB travels to the surface of photo-catalyst
and combines with hydroxyl group on composite surface
with formation of hydroxyl radicals. The electrons in CB,
reacts with oxygen molecule and forms superoxide radi-
cal. Hydroxyl and superoxide radicals are strong oxidants
which oxidize the organic pollutants with formation of
intermediate and consequently complete oxidation to
water and carbon dioxide (Fig. 16).
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Fig. 16. Schematic photocatalytic degradation by binary phase of
CeOz/ZnO nano-composite.

4, Conclusions

Pure CeO,, pure ZnO and CeO,/ZnO nano-structures
were synthesized by co-precipitation technique and char-
acterized using TG-DTG, FESEM, XRD and DRS. TG-DTG
results of the precursors of CeO,-ZnO showed three steps of
weight loss were at 163°C, 204°C and 560°C. The crystallite
size of the CeO,, ZnO and CeO,/ZnO was calculated using
XRD data with an average size of 9, 19 and 32 nm, respectively.
The XRD results showed that the synthesized nano-particles
were well-crystalline mixed phases of cubic CeO, and hex-
agonal ZnO. The CeO,, ZnO and CeO,/ZnO were tested for
their photo-catalytic reactivity towards the degradation of
Amido Black 10B textile dye in water as an environmental
pollutant. The photo-catalytic reactivity results showed an
enhanced photo-catalytic activity of coupled CeO,/ZnO com-
pared to single oxides. This was related to the synergetic
effect of coupled CeO,/ZnO due to the improved separation
of photo-generated electron-hole pairs.
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