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Abstract: Rare-earth cerium (Ce)-doped zinc oxide (ZnO)
spherical nanoparticles were synthesized by using the
co-precipitation method. The doped materials were
characterized by means of the X-ray diffraction, Wil-
liamson-Hall Plot, and field emission scanning electron
microscopy analyses. The prepared nanoparticles exhibit
a hexagonal wurtzite structure as observed from the XRD
measurements. Energy dispersive X-ray spectroscopy data
confirmed the purity of the prepared samples. The photo-
catalytic activity of the rare-earth Ce-doped ZnO spherical
nanoparticles was investigated through the degradation
of methylene blue (MB) and p-nitrophenol (PNP) solution
under UV light radiation. Among the different amounts
of dopant, 5 mole% Ce-doped ZnO nanoparticles showed
the highest degradation with UV light radiation for both
MB dye and PNP solution. The particle size, morphology,
and separation of the photo-induced electron—hole pair
are the main factors that influence photocatalytic activity.
The probable mechanisms of photocatalytic degradation
and mineralization of MB and PNP are also explained by
liquid chromatography—mass spectrometry analysis.

Keywords: methylene blue; photocatalytic activity;
p-nitrophenol; rare-earth metal; zinc oxide.

1 Introduction

The extremely high emission of organic pollutants from
various industries, such as textile, printing, petroleum,
pesticides, paint, and pharmaceuticals, into the aquatic
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medium has created serious environmental problems.
Some of the organic pollutants cannot be fully degraded
as they have stable chemical structures [1]. Such organic
pollutants have been found to be harmful because of
their non-biodegradability, high toxicity, and carcino-
genic effects on humans and aquatic life [2]. Hence, their
removal/degradation before discharge from the industries
is a leading concern among researchers in this field. In
recent years, the use of heterogeneous semiconductor pho-
tocatalysts has been attempted for the removal of organic
pollutants from industrial waste due to their advantages,
including high efficiency, simplicity of scale up, and low
cost [3]. The different semiconductor photo catalysts have
been used in the arena of the photocatalytic degradation
of organic pollutants [4-6]. Among the semiconductor
metal oxides, zinc oxide (ZnO) is a commonly used semi-
conductor because of its low cost, non-toxicity, and high
surface area [7]. Remarkably, ZnO is a stable photocatalyst
and is susceptible to photo-corrosion, which supports its
reusability [8]. In addition, the fast recombination of the
electron-hole pair in ZnO is a limiting factor in the pho-
tocatalytic degradation process. Numerous attempts have
been made to improve the photocatalytic performance of
ZnO0 [9-11]. Many researchers have attempted doping tech-
niques of ZnO to improve its catalytic performance. Metal
ions have been considered as an important dopant that
can be used to regulate and improve the photocatalytic
properties of ZnO [12]. In this regard, various methods
have been used to produce metal ion-doped ZnO nano-
structures [13-16]. Metal ions can act as electron trapping
agents to hinder electron-hole recombination, thereby
increasing the photocatalytic activity [17]. However, in our
previous study, we noted that the transition metal-doped
metal oxide can form levels deep in the band gap of semi-
conductor and act as recombination centers that can sig-
nificantly suppress photocatalytic activity [18].

In addition to this, rare-earth metals have good
thermal stability, due to their 4f electron and multi-
electron arrangement. Rare-earth metals can trap pho-
toinduced electrons, thereby reducing the recombination
of the electron—hole pairs [19]. The studies of Zong et al.
[20] and Korake et al. [21] explored the high photocatalytic
activity of Eu-doped ZnO nanoparticles. Khatamian et al.
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[22] successfully synthesized Ln (La, Nd or Sm)-doped
ZnO nanoparticles and studied their photocatalytic activ-
ity in the degradation of p-nitrophenol (PNP). It has been
found that the Ln-doped ZnO nanoparticles have a higher
rate of PNP degradation compared with the undoped ZnO
[23]. Amongst others, Ce-doped ZnO have attracted much
attention due to the Ce*/Ce* redox couple, which influ-
ences the photo-induced charge generation and transfer,
together with the elimination of the electron—hole recom-
bination [24]. The use of rare-earth metal as a dopant has
also received great attention due to its atypical properties
arising from the availability of the 4f shell. To the best of
our knowledge, only a few studies have reported the pho-
tocatalytic degradation of organic pollutants by the ZnO
nanoparticles doped with rare-earth metal ions. The aim
of this study was to analyze the physical parameters and
photocatalytic activity of Ce-doped ZnO with different
contents of Ce in the degradation of methylene blue (MB)
and PNP, along with the degradation of the intermediate
products.

2 Materials and methods
2.1 Materials

For the synthesis of the ZnO nanoparticles, analytical-grade zinc
nitrate Zn (NO,), 6H,0 cerium nitrate hexahydrate [Ce (NO,),-6H,0]
was procured from (MDB Chemicals Pvt. Ltd., Jalgaon, MS India).
Millipore deionized water was used throughout the experimentation.
All the chemicals were used as they were received from the supplier
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without further purification. All the reagents and chemicals was from
Merck, India. Origin 6.0 professional was used to draw the plots and
graphs. Chem draw 8.1 was used to write chemical reactions.

2.2 Synthesis of Ce-doped ZnO nanoparticles

Undoped and Ce-doped ZnO nanostructures were prepared by
following the simple co-precipitation technique using zinc nitrate
[Zn (NO,), 6H,0] as the substrate precursor for the preparation of the
Zn0; Ce nitrate hexahydrate [Ce (NO,), - 6H,0] was used as a precursor
for dopant loading. In brief, the process begins with the dissolution
of zinc nitrate [Zn (NO,), 6H,0] in ethanol. Suitable amounts of Ce
nitrate (Ce/Zn being 3%, 5%, and 8 % molar ratios) were added to the
above solution under vigorous agitation. A known amount of NaOH
dissolved in deionized water was added dropwise to the above vig-
orously stirred solution. After 2 h of stirring, the colloids were dis-
persed using sonication (20 mm probe, Dakshin Ultrasound 22 KHZ
120 W) for 15 min at room temperature. The synthesized and doped
Zn0 material were collected by filtration, washed several times with
deionized water, and then dried at 80°C for 18 h (overnight). After
grinding, the samples were calcined at 550°C for about 4 h in a muffle
furnace. The flowchart for the synthesis of the Ce-doped ZnO nano-
structures is shown in Figure 1.

2.3 Characterization

The structural information of the undoped and Ce-doped ZnO samples
were recorded in the range of 20°-80° at room temperature on Brucker
D8 advance powder diffractometer (Cu Ko radiations A=1.5416A). The
morphology and purity of the samples were investigated with field
emission scanning electron microscope (FESEM) from Hitachi. The
intermediates produced by photocatalytic degradation were analyzed
by liquid chromatography-mass spectrometry (LC-MS).

Zn (NO,),6H,0 in 25 ml ethanol (1M) Ce (NO;); 6,0 in

ratio 0.0, 0.3, 0.5 and 0.8

25 ml ethanol with mole

L ]

l Mixing

l Stirring for 2 h at room temperature |

l Addition of NaOH (2M)

| Stirring for 2 h at room temperature |

Ultrasonication for 15 min

| Filtration and washing with deionsed waterl

| Overnight drying at 80°C

l Grinding and calcination at 550°C I

IFormation of Ce-ZnO nanoparticlesl

Figure 1: Schematic diagram of the Ce-doped ZnO nanoparticle synthesis.
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Figure 2: Schematic diagram of the photocatalytic experimental
setup.
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2.4 Photocatalytic experiment

Photocatalytic experiments were performed using a 125-W UV lamp
as a light source placed vertically in a batch reactor. The reactor
was surrounded by a cooling jacket circulated with water to con-
trol the temperature. The schematic diagram of the photocatalytic
experimental setup is shown in Figure 2. The photocatalytic analy-
sis of undoped and Ce-doped ZnO nanoparticles was carried out
through the degradation of an aqueous solution of two different
organic pollutants (MB and PNP) under UV light illumination. The
prepared solution (25 ml, 20 ppm with 20 mg catalyst) was placed
in a dark spot for 30 min to reach the equilibrium between the
MB solution and the catalyst. Then, the solution was exposed to
the UV radiation. Aliquots (10 ml) were collected from the above
solution at regular time intervals. The collected aliquots were sub-
jected to centrifugation and the supernatants were used to record
the absorption spectra on a Shimadzu UV-1800 spectrophotometer.
After recording the spectra, the collected aliquots were transferred
into the previous dye solution. The degradation of the organic pol-
lutants was monitored by UV-visible absorption spectroscopy in
the wavelength range of 200-800 nm with distilled water as the
reference medium. All the experiments were carried out at identi-
cal conditions and at room temperature. We determined the per-
centage removal of organic pollutants from the aqueous solution
using the equation

C -C
% removal = {OC[} %100, )]

o

where C, and C, are the initial and final concentrations of the organic
pollutants in the aqueous solution, respectively.

3 Results and discussion

Figure 3 shows the X-ray diffraction (XRD) patterns of
undoped and Ce-doped ZnO with different amounts of
cerium (0%, CEZ), (3%, CEZ3), (5%, CEZ5), and (8%,
CEZ8). The dominant peaks at 20 =30.78, 34.29, 35.35,
46.74, 54.74, 62.09, 64.13, 66.21, 66.86, 72.26, and 74.78
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Figure 3: XRD patterns of the undoped and Ce-doped ZnO samples.

and their corresponding lattice planes (100), (002),
(101), (102), (110), (103), (200), (112), (201), (004), and
(202), respectively reveal that the synthesized nanopar-
ticles exhibited good crystalline nature with a wurtzite
hexagonal structure, which agreed with the JCPDS card
number (01-075-1533). The c/a ratio slightly increased
through the presence of Ce in the ZnO lattice and for all
doped samples, the ratio is almost constant at 1.62. The
results suggest that doping ZnO with Ce does not signifi-
cantly alter the wurtzite ZnO nanostructures of the mate-
rial. Hence, the Ce ions are incorporated into the lattice
of the ZnO. Further, lower intensity peaks appeared for
CEZ5 and CEZS8 at 26 =28° and 49°, which can be attrib-
uted to the (111) and (220) planes, respectively, thereby
confirming the formation of the secondary phase of
CeO, [25]. No other impurity peaks are observed in the
XRD pattern of the Ce-doped ZnO nanoparticles, which
suggest that the Ce ions are uniformly substituted into
the ZnO lattice. Moreover, with increasing Ce concentra-
tion, the intensity of the prominent diffraction peaks
decreased and the peaks shifted marginally towards
a lower angle. These results suggest that Ce doping
decreased the crystalline quality and crystallite size as
well as altered the lattice parameter values of the ZnO
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Table 1: Physical parameters of the undoped and Ce-doped ZnO samples.

Samples Lattice parameters Volume X-ray c/aratio Bond Crystallite W-H grain Strain ()
a— cell (A) density length (L) size D (nm) size (nm)

CEZ 3.2987 5.2738 49.6959 5.4416 1.5987 2.0062 36.10 50.96 0.000939

CEZ3 3.3038 5.3671 50.7318 5.3305 1.6245 2.0197 35.65 45.89 0.000684

CEZ5 3.3041 5.3647 50.7201 5.3317 1.6236 2.0195 34.78 45.59 0.000798

CEZ8 3.3044 5.3681 50.7609 5.3274 1.6245 2.02 33.22 37.87 0.000464

nanoparticles [26]. George et al. [27] reported that the
interstitial incorporation of Ce ions in the ZnO lattice
increased the lattice parameters, whereas the replace-
ment of Zn ions with Ce ions tend to decrease the lattice
parameters. The increase in the lattice parameters and
volume reveals that larger ionic radii Ce** and Ce** (0.092
and 0.103 nm, respectively) have been successfully incor-
porated into the Zn*?ion (0.74 A°) sites. Table 1 shows the
structural data of the XRD patterns of undoped and Ce-
doped ZnO nanoparticles.

The average crystalline size (D) is calculated by using
the Debye Scherrer’s formula [18],

A 00052 4 Y =0.00272 + 0.0009391 X B
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where 1 is the wavelength of the X-ray radiation
(A=1.5416A), K is the shape factor (0.9), 8 is the FWHM in
the radians, and 6 is the Bragg’s angle in degree.

The average crystallite size decreased with the
increase in the amount of Ce, indicating the formation of
Ce—0-Zn on the surface of the doped samples, which may
hinder the growth of the crystal grains [28]. The volume
of unit cell is calculated from the values of the lattice con-
stants by using the formula
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Figure 4: (A-D): The W-H plot of 3, ,cos6 versus 4sin6 for the undoped and Ce-doped ZnO nanostructures.
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_ 2
V=0.866a"c. (3)

The influence of Ce doping on the structure of the ZnO
nanoparticles can be observed by calculating the Zn-0
bond length “L” using the equation [29]

(4)

For the wurtzite structure, the u parameter is given by

a2

u=—-+0.25.

3¢

The deviations observed in the volume (V) and bond
length (L) values are very small, which indicate that the
lattice structure of the ZnO is not altered significantly with
the introduction of Ce. The calculated bond length values
ofall the prepared samples are tabulated in Table 1. Various
peaks have been used from XRD pattern to understand the
peak broadening with lattice strain. The crystalline size
and strain are estimated by using the Williamson—Hall
method [30], which calculates the crystallite size and
strain-induced broadening using the equation

Figure 5: SEM images of the undoped and Ce-doped ZnO samples.
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Bcosh = % +4¢esin@, (5)

where j is the FWHM in radians, D is the crystalline size
in nm, A is the wavelength of the X-ray and ¢ is the strain.
The intercept and the slope of the W-H plot of Scos6
versus 4sin® (Figure 4A-D) give the average crystallize
(D) size and strain (¢), respectively. Moreover, doping of
Ce results in decrease of crystallite size and lattice strain,
owing to increase in lattice parameters and volume of
each unit cell. From the plot, the average crystallite size
and strain ¢ were calculated. The results are presented in
Table 1.

The surface morphologies of the undoped and Ce-
doped ZnO nanostructures (CEZ samples) prepared by
the co-precipitation route were investigated via FESEM
and are shown in Figure 5. All images clearly reveal that
the average sizes of the prepared samples are in the nano-
metric scale. Further, the nanoparticles are uniformly dis-
tributed throughout the surface, with few agglomerations
and clusters of various shapes. The size and shape of the
particles also change with the increase in doping concen-
tration, such that, with an increase in doping level of Ce
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ions, the fairly spherical shape of nanoparticles changes
to a marginally elongated shape. Li et al. [31] reported the
same preferential growth in one direction in the shape
of their Ce-doped ZnO. Thus, the effect of doping leads
to the changes in the morphology of the nanoparticles.
The elemental compositions of undoped and Ce-doped
ZnO (CEZ samples) were analyzed using energy disper-
sive X-ray spectroscopy (EDX) analysis measurement, as
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shown in Figure 6. The spectra indicate the presence of
Zn, Ce, and O as the major elements. EDX spectra prove
the purity of the samples as there are no traces of other
foreign elements.

The photocatalytic potentials of undoped and Ce-
doped ZnO nanoparticles were analyzed through the
degradation of MB and PNP. Figure 7A and B present the
time-dependent UV-vis spectra of MB and PNP during the
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Figure 6: EDX spectra of the Ce-doped ZnO.
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Figure 7: (A) Time-dependent UV-vis spectra of the (A) MB and (B) PNP during UV radiation with catalyst.
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Figure 8: Percentage removal curve for the (A) MB and (B) PNP.

radiation with the catalyst. The absorption peak intensi-
ties of MB at 661 nm and of PNP at 401 nm gradually disap-
pear with the increase in radiation times. The percentage
removal curves of the MB and PNP (Figure 8A and B)
indicate that the photocatalytical degradation efficiency
increases with increase in Ce content. In 90 and 150 min,
the concentrations were reduced by 99.9% for MB and by
97% for PNP, respectively, with the use of the 5% Ce-doped
Zn0 (CEZ5) photocatalyst. Further, CEZ5 has the highest
photocatalytic efficiency as compared with the undoped
and all other doped ZnO samples.

Many researchers reported that the photocatalytic
activities of the ZnO nanomaterials strongly depend on
their sizes. The nanomaterials with the smaller size exhibit
better photocatalytic activity due to the higher surface
area [26]. Our results also agree with this by up to 5% Ce
doping level. However, the degradation efficiencies of
both MB and PNP become lower with the further increase
in the Ce doping concentration. On this basis, we presume
that the particle size and shape would be main reason for
the change of photocatalytic activity up to certain level of
doping. Other factors, such as the recombination of the
photogenerated electron-hole, also play very important
roles in the photocatalytic activity. Moreover, rare-earth
metals ions can effectively reduce the recombination of

Figure 9: Plausible mechanism of the degradation of the MB and PNP.

60 80 100 120 140 160
Time (min)

photogenerated electron—hole pairs by trapping the elec-
trons, which in turn, facilitates the efficient separation of
the photoinduced electrons and limits the charge recom-
bination in the electron-transfer processes [32]. Further,
Ce ions exist in two oxidation states: Ce* and Ce*" at
the catalyst surface [33]. Ce**-doped ZnO would increase
surface defects, which can enhance the photocatalytic
efficiency. Ce**ions can act as a scavenger by trapping the
conduction band electrons, and reduce into Ce*, which
can decrease electron—hole recombination. The pho-
togenerated h+ on the catalyst surface go through charge
transfer with the adsorbed water molecules to generate
the active hydroxyl radical (OH). Further, the reduction of
molecular O, by the photogenerated electron results in the
generation of the ‘0, radicals. A scavenger study revealed
that hydroxyl radicals and super oxide radicals are the
active species responsible for the photodegradation of MB
and PNP [34]. The expected plausible mechanisms of MB
and PNP degradation are presented in Figure 9. As can be
seen, the photocatalyst CEZ5 exhibited higher catalytic
efficiency for both the MB and PNP. However, when the
amount of Ce* ions is higher than the optimum amount
(5%), the high concentration of Ce ions act as the recombi-
nation centers of electrons and hole, hence decreasing the
photocatalytic activity.

Degradation
products
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Table 2: Average decoloration rates for the MB and PNP.

Samples Average decolortion Average decolortion

rate for MB (pg/h) rate for NP (ug/h)
CEZ 142.9 165.76
CEZ3 230.64 177.32
CEZ5 361.57 201.93
CEZ8 246.31 167.84

The average decolorization rates (ug/h) under the
abovementioned conditions (25 ml, 20 ppm with 20 mg
catalyst) are calculated by using the formula [35]

CxDx1000
100 xt

(6)

Average decolorization rate (ug/h) =

where C is the initial concentration of dye (mg/l) and D
is the dye decoloration (%) after time t (h). The average
decoloration rate obtained during the photocatalytic deg-
radation of MB and PNP are tabulated in Table 2. As can be
seen, CEZ5 has the highest average decoloration rate for
the MB and PNP amongst all the prepared samples.

The reaction rate constants (k) for the photocatalytic
degradation of MB and PNP using Ce doped ZnO nano-
structures are calculated by using the equation

In [COJ =kt,
C[

where C is the initial concentration, C, is the concentra-
tion at time t, and k is the first-order rate constant. CEZ5
exhibited excellent photocatalytic performance with
higher rate constants for the MB and PNP degradation,
which are presented in Figure 10A, B and Table 3). The cor-
relation coefficient values (R?) are greater than 0.9, which
indicates that the photocatalytic degradation of the MB
and PNP follows the first-order kinetics.

@
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Table 3: Rate constants (k) for the photocatalytic degradation of the
MB and PNP.

Samples Rate constant k Correlation

for MB (min-) coefficient values (R?)
CEZ 0.01454 0.97271
CEZ3 0.03183 0.98786
CEZ5 0.04591 0.99678
CEZ8 0.0269 0.99609

PNP (min-?)

CEZ 0.01172 0.995
CEZ3 0.01381 0.99742
CEZ5 0.02013 0.99913
CEZ8 0.01333 0.99836

Degradation of the MB and PNP can be explained
on the basis of AOPs promoted by heterogeneous photo-
catalysis. This process involves the generation of e-and h*,
which then generate the ‘0, and ‘OH radicals, respectively.
These radicals are highly reactive and act as degrading
agents. In order to understand the degradation pathway
and intermediates that form during the photocatalytic
degradation, LC—MS analysis was carried out. The mecha-
nistic pathway of the photodegradation of MB dye to form
intermediates using the CEZ5 nanoparticles is shown in
Figure 11. The initial step of the MB degradation would be
to attack the ‘OH radicals that convert the C-S+=C and
C=N-C bonds to the C-SH (=0),-C and C-NH-C, respec-
tively. The intermediates at m/z 301, 291, and 319 shown
in Figure 11 are in accordance with the results reported by
Hu et al. [36].

The PNP is very stable in the absence of catalyst
under UV light radiation, but undergoes degradation in
the presence of the CEZ5 catalyst under UV light, result-
ing in the formation of some intermediate products. The
aromatic intermediates identified by the LC-MS analysis
are benzoquinone (m/z 107), hydroquinone (m/z 109,)
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Figure 10: Plot of In(C,/C) versus time for the degradation of the (A) MB and (B) PNP.
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and 1,2,4-trihydroxybenzene (m/z 125). The initiation of
the photocatalyic degradation takes place because of the
attack of the 'OH radical at the ipso position of the PNP

to release the nitro group, and the aromatic ring would
transform into benzoquinone and hydroquinone. Further,
the phenolic group of the hydroquinone increases the
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electron density at the ortho and para position and may
convert the aromatic ring into 1,2,4-trihydroxybenzene.
The plausible intermediate formation pathway during the
catalytic oxidation of the PNP by the CEZ5 photocatalyst is
shown in Figure 12.

4 Conclusions

In this study, the undoped and Ce-doped ZnO spherical
nanoparticles have been successfully synthesized by using
the modified co-precipitation method. XRD data revealed
that the synthesized nanoparticles exhibited good crystal-
line nature with a wurtzite hexagonal structure. The c/a
ratio slightly increased by introducing Ce into the ZnO
lattice, and for all doped samples, the ratio is almost con-
stant at 1.62. Ce doping decreased the crystallinity and
crystallite size and alters the lattice parameters values
of the ZnO nanoparticles. FESEM analysis confirmed the
uniform distribution of the ZnO nanoparticles through-
out the surface with few agglomerations and clusters of
various shapes. The size and shape of particles change
with the increase in doping concentration of Ce. Photocat-
alytic efficiency increased gradually with an increase of
the Ce content up to a certain doping level for both the MB
and PNP. Ce** ions also act as a scavenger to trap the con-
duction band electrons, which is responsible for reduc-
ing the electron—hole recombination, thereby increasing
the photocatalytic efficiency. The probable intermediates
of the MB and PNP during photodegradation have been
described on the basis of the LC-MS analysis.

Nomenclature

initial concentration

final concentration

shape factor (0.9)

wavelength of X-ray radiation
full width half maxima (FWHM)
strain

® >R OO0
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