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ABSTRACT

Ce-doped ZnO nanoparticles with various doping concentrations of cerium ion were prepared by the co-precipitation
method. All prepared nanoparticles were characterized by electron spin resonance (ESR), energy-dispersive X-ray
spectroscopy (EDX), X-ray diffraction (XRD) and UV-Vis diffuse reflectance spectroscopy. All nanoparticles show
X-ray diffraction pattern that matched with ZnO in its wurzite structure and average grain size was in the range of 13 -
16 nm. UV-Vis measurements indicated a red shift of the photophysical response of ZnO after doping that was exhi-
bited in reflection spectra in the visible region between 300 - 800 nm. In addition, it has been found from electron spin
resonance measurements that defects, which are likely to be oxygen vacancy and an electron trapped at cerium site are
formed in our Ce-doped ZnO particles. Photocatalytic activities of Ce-doped ZnO were evaluated by irradiating the
nanoparticles solution to ultraviolet light by taking methyl orange as organic dye. The experiment demonstrated that the
photodegradation increased as doping concentrations increased at first and then decreased when the doping concentra-
tion exceeded 9 at%. It is proposed that the photocatalytic activity is strongly dependent on the formation of oxygen
vacancy and an electron trapped at cerium site.
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1. Introduction ions doping could increase the photocurrent response and
the separation of electron-hole pairs under UV illumina-
tion [7-12]. Since CeO, has a band gap of ~3 eV and
shows interesting properties that are similar to that of
ZnO, the mixed of both materials have been investigated
for the searching of highly efficient photocatalysis [13].
Unfortunately, little work has been reported on the fab-
rication and photocatalytic activity of organic conta-
minants by Ce-doped ZnO. In addition, the dopant sites,
defect induced by the doping have strong impact on the
structural and optical properties of Ce-doped ZnO [14].
So the preparation and characterization of Ce-doped ZnO
still need further research.

Until know, different synthesis routes have been deve-
loped and reported for preparation Ce-doped ZnO such
as pulsed laser deposition, hydrothermal method, thermal
evaporation, pyrolysis wet-chemical etching, chemical-
combution process, electrochemical synthesis and sol-gel
method [15-23]. In this paper, we report a systematic
study on the effect of Ce ion as a dopant in ZnO nan-
oparticles. The samples have been prepared by co-preci-
pitation method. The effect of Ce doping on the elec-
tronic states, structural and optical properties and the
photocatalytic activity was evaluated.

Metal oxide semiconductor materials such as TiO, and
ZnO have attracted extensive attention in the recent years
due to their photocatalytic ability in the degradation of
organic pollutant in water and air. Among various oxide
semiconductor TiO, and ZnO are most suitable candidate
for widespread environmental applications due to their
biological and chemical inertness, strong oxidation power
and cost effectiveness and long-term stability against
photo- and chemical corrosion [1-5]. Although TiO, is
universally considered as the most photo active catalyst,
ZnO is a suitable alternative to TiO, as it has similar
band gap energy and its lower cost and better perfor-
mance compared to TiO, in the degradation of several
organic contaminants [6]. However, the photocatalytic
efficiency depends on the competition between electron-
hole recombination process and surface chemical reac-
tion. It is shown that the surface chemical reactions could
not occur, if recombination process of electron and hole
occurs too fast.

In order to improve photocatalytic activity, some li-
teratures have proved that the incorporation of rare earth

"Corresponding author.

Copyright © 2013 SciRes. MSA



146 Characteristics and Photocatalytics Activities of Ce-Doped ZnO Nanoparticles

2. Experimental

Zinc (1) sulfate (ZnSO4 7H,0, 99%), cerium (IV) sulfate
(Ce(S504),4H,0, 99%) and sodium hydroxide (NaOH)
are used as zinc and cerium sources, respectively. All
chemicals were used without further purification.
Ce-doped ZnO nanoparticles were synthesized by re-
acting appropriate amounts of zinc (II) sulfate
(ZnSO47H,0, 99%, Merck), and cerium (IV) sulfate
(Ce(S0O4),'4H,0, 99%, Merck) were dissolved in distilled
water. This solution then placed in an ultrasonic cleaner
operating at 57 kHz for 2 h. After sonication the solution
was stirred at room temperature. At the same time, 3.83 g
NaOH was dissolved into 950 ml de-ionized water and a

homogenous solution was obtained after constant stirring.

Then, the solution of alkaline was added into the solution
containing ZnSO, 7H,0 and Ce(SOy,),-4H,0 by dropwise
under constant stirring until the final pH of the solution
reached 13. The solution was further stirred for 0.5 h
under constant magnetic stirring and then allowed to re-
main at room temperature for 18 h. The obtained pre-
cipitates were centrifuged and washed several times with
ethanol and distilled water to remove residual and un-
wanted impurities. The final product was dried in a vac-
uum oven at 100°C for 4 h yielding Ce-doped ZnO pow-
ders.

Electron spin resonance (ESR) measurements were
performed using an X-band JEOL JES-REIX at room
temperature and an X-band spectrometer equipped with a
9.1 GHz field modulation unit. The amount of sample
used in all measurements was the same. DPPH was used
as the standard sample served for field calibration. The
crystal structures of synthesized nanoparticles were ana-
lyzed using X-ray diffractometer (XRD). The existence
and composition of Ce dopants were determined by en-
ergy-dispersive X-ray spectroscopy (EDX). The UV-Vis
absorption spectra of the samples was measured on a
Shimadzu UV-Vis spectrophotometer with an integrating
sphere and a spectral reflectance standard over a wave-
length range of 250 - 800 nm, by diffuse reflectance.

The photocatalytic activities of the Ce-doped ZnO
photocatalysts were evaluated by the degradation of
methyl orange (MO). The details of the measurement
were described as follows: 10 mg of Ce-doped ZnO as
photocatalysts are dispersed under magnetic stirring for
15 min. The light source of illumination was 20 Watt and
fixed 30 cm above the treated solution. The decay of MO
concentration during illumination process was monitored
by UV-Vis absorbance measurements after aliquot sam-
pling at regular time intervals. Control experiments with-
out any light were also performed.

3. Results and Discussion

The Ce concentrations of the samples were determined
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using EDX measurements. Figure 1 provides representa-
tive EDX spectra for the Ce-doped ZnO particles. Ele-
mental analysis revealed that the samples contain target
elements within the detection limit of EDX. Quantitative
characterization of the Ce/Zn ratio was performed by
calculating the area of the corresponding spectral K lines.
The amounts of Ce in the ZnO particles was found to
vary between 3 - 19 at.%. Four different random areas in
the sample were chosen and about the same Ce concen-
tration was obtained for all of them. This result suggested
that the distribution of Ce is homogeneously. It is seen
that the amounts of Ce incorporated in the samples are
slightly lower than their nominal composition introduced
in the synthesis. The data shown in Table.l illustrates
how the Ce incorporation in ZnO particles varies as a
function of the initial cations ratio used in the synthesis.
It appears that the amounts of Ce and incorporated in the
samples are slightly lower than the amounts of Ce intro-
duced in the synthesis.

XRD patterns of Ce-doped ZnO samples plotted in
Figure 2 showed a similar feature. All patterns were fit-
ted by means of the MAUD program using the Rietveld
to determine the crystal structure, phase and lattice pa-
rameters. All samples revealed strong XRD peaks due to
the hexagonal wurtzite phase and no other impurity
phases were observed. The XRD peak positions gradu-
ally change with doping, revealing interesting variations
in lattice parameters a, and ¢ and lattice volume V.

The average size of the precipitate crystallites <D>
was estimated with the Scherrer peak broadening method:
<D> = 0.89 1/DcosQ, where 1 is the X-ray wavelength, D
is the line broadening at half-height and Q is the Bragg
angle of the particles. From 26 values, the inter-planar
spacing d of the peaks is calculated. The lattice constants,
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Figure 1. EDX spectra of the Ce-doped nanocrystalline ZnO
particles at various doping concentrations. The spectra are
shifted vertically for clarity.
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Figure 2. XRD patterns of the Ce-doped nanocrystalline

ZnO particles synthesized with different concentrations of
Ce.

the variation of aspect ratio (c/a), lattice volume ¥, inter-
planar space d and the average crystallite size <D> are
also summarized in Table 1.

In fact, the ionic radii of Ce*" and Ce*" ions are 0.093
and 0.103 nm, respectively, larger than Zn*>" ion, so it is
difficult for Ce ions to enter the the ZnO lattice structure.
However, the c/a is almost constant and has good corre-
lation with the standard value (1.60). The results sug-
gested that the incorporation of Ce ion in the ZnO matrix
has no or little effect in the entire crystal structure.
George et al. [24] expected that the substitutional doping
to change the bond distances reflected through the
change in unit cell lattice parameters and the peak inten-
sities can be affected by the change in electron density
due to substitution of atoms. The bond-length calculated
from the formula defined by Ref [24], has also tabulated
in Table 1. As can be seen that the variation of bond
length with respect to aspect ratio in our samples also
does not follow any particular trend as reported by
George et al. [24]. According to George et al. [24] the
decrease in lattice parameters can be attributed to re-
placement of Zn ions with Ce ions while the increase in
lattice paremeters can be due to interstitial incorporation
of Ce ions in ZnO matrix. In addition they suggested that
at low Ce concentrations interstitial incorporation is

favored while at high Ce concentrations, substitution and
interstitial incorporation of Ce are comparable. Compar-
ing our XRD results with the results obtained from
George et al. [24], we believed that the decrease in lattice
parameter can be attributed to replacement of Zn ion with
Ce ion in ZnO lattice, where both processes substitution
and interstitial substitution are taken place.

Figure 3 shows the diffuse-reflectance spectra, R, as a
function of wavelength for samples shown in Figure 2.
The inset of Figure 3 shows the band-gap as a function
of the doping concentrations obtained from diffuse re-
flectance spectra. The band-gap energy of the Ce-doped
ZnO samples was calculated from the diffuse-reflectance
spectra by plotting the square of the Kubelka-Munk
function F(R) vs. the energy in electron volts. The linear
part of the curve was extrapolated to F(R)* = 0 to calcu-
late the direct band-gap energy. It is seen that the absorp-
tion edge shifts to lower energies/longer wavelength. It is
thought that the lattice strain induced by the lattice dis-
tant could lead to some shift in the band gap. However,
the deformation of lattice distance is not big enough to
play a major role in the determination of the band gap.
Igbal et al. [25] in their photoluminescence measure-
ments reported that the Ce-doped ZnO nanowires exhibit
a large red shift of UV emission. They believed that
when Ce ion is incorporated into ZnO matrix, the Ce
electron localized states were formed and introduce elec-
tron states into the band-gap of ZnO. These electron
states locate closer to the lower edge of conduction band
to form the new lowest unoccupied molecular orbital,
which results in the band gap reduction and makes even-
tually the red shift in UV emission.

The observed ESR spectra of Ce-doped ZnO for vari-
ous Ce compositions measured at room temperature are
summarized and shown in Figure 4. All curves were
normalized to each sample weight and the integrated
ESR line of DPPH used as a standard. In the range of
dopant investigation, the ESR spectra can satisfactorily
be fitted to two Gaussian lines: 1) a narrow line with the
g-value range from 2.0717 to 2.0666 and 2) a broad line
with the g-value ~1.98. It is well known that Ce element
has two different oxidation states, namely Ce*" and Ce*".
Even if Cerium (IV) sulfate is used as the dopant we
suspect that both Ce*" and Ce™" oxidation also reside in
our Ce-doped ZnO samples. It is known that the Ce*

Table 1. The Ce/Zn ratio introduced in the synthesis and from EDX spectra, lattice constants, lattice volume V, ratio of lattice
parameters (c/a), bond length I, inter-planar space d and average crystallite size of Ce-doped ZnO nanoparticle.

Sample [Ce/Zn]  at% a=b(A) c(A)  volume (A%) c/a [(A) oo dooa dior <D>nm
0.03 3 3.2567 5.2203 47.9492 1.6029 3.7443 2.8204 2.6101 2.4814 16.5
0.06 5 3.2521 5.2166 47.7799 1.6041 3.7418 2.8164 2.6083 2.4783 15
Ce doped ZnO
0.1 9 3.2517 5.2153 47.7563 1.6039 3.7409 2.8160 2.6076 2.4779 14
0.2 19 3.2508 5.2137 47.7153 1.6038 3.7397 2.8153 2.6068 2.4772 13.5
Copyright © 2013 SciRes. MSA
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Figure 3. Diffuse-reflectance spectra of the Ce-doped nano-
crystalline ZnO particles synthesized at various doping
concentrations. The inset shows the correlated optical band

gap of the Ce-doped nanocrystalline ZnO particles as a
function of the doping concentrations.
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Figure 4. The ESR spectra of the Ce-doped nanocrystalline
ZnO particles doped with various doping concentrations.

oxidation state is more stable compared to Ce®" oxidation
state in the presence of air [26]. However, Ce*" ion is
diamagnetic and cannot be detected by ESR, while the
Ce®" ion is paramagnetic with spin 1/2. In addition the
dopant Ce*" ions have a strong tendency to attract elec-
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trons [25]. Once an electron is trapped in Ce*" ion, a
transitions between 5d and 4f orbitals become possible
[25], which could take part in an electron signal in the
ESR spectrum. To compensate for the charge imbalance,
the oxygen vacancy was formed [27,28].

According to the first-principle theoretical studies, the
oxygen vacancy has the lowest formation energy among
the donor like defects but forms a deep electronic defect
state [29].

It is also known that the oxygen vacancy could occur
in three different charge states: 1) neutral oxygen va-
cancy; 2) singly ionized oxygen vacancy and 3) doubly
ionized oxygen vacancy [14,30]. Based on g value, most
of the experimental investigations of oxygen vacancies in
undoped ZnO fall on two catagories [31] one set of re-
ports associate oxygen vacancies with the g-value of 1.96,
the other with g value of 1.990. In earlier paper [32-34],
it was shown that the g-value 1.96 of ESR line in un-
doped ZnO correlates well with electron conductivity and
originates from shallow donors. Later, Kasai [32] and
Hausmann [35] argued that shallow donors in ZnO are
related to the oxygen vacancy, whereas the low field
signal with the g-value of 1.99 is generally attributed to
singly ionized oxygen vacancies or unpaired electron
trapped on an oxygen vacancy site. By analyzing and
comparing our ESR signal with signal reported in the
literature, we believed that the ESR spectra obtained for
samples in the present study can both be ascribed to Ce*
and an unpaired electron trapped in Ce** (a narrow line)
or Ce’, although it is impossible to distinguish unambi-
guously between the two cases from knowledge of the
g-value alone, since the Ce*" ion is not paramagnetic
center. A signal at g value of 1.98 (a broad line) has been
assigned to an unpaired electron trapped on an oxygen
vacancy site or singly ionized oxygen vacancy, respec-
tively. The corresponding spin concentrations in the
broad and narrow line as a function of doping concentra-
tions have been listed in Table 2. At doping concentra-
tion of 3 at%, the line shape of the sample is dominated
by Ce*" ions or an unpaired electron trapped in Ce*". In-
terestingly, at this doping concentrations the signal at
g-value of 1.98 was not observed. It is believed that, the
concentrations of oxygen vacancy were low and made it
difficult to detect the ESR signal. As the doping concen-
tration increased, the narrow line shifted to higher ap-
plied magnetic field, and the line width increased. The
line width was found in the range of approximately 18 to
21 G. Increasing the doping concentrations from 3 to 19
at%, the total number of spins contributing to this line
decreases, indicating a decrease in concentrations of Ce*"
ions or an unpaired electron trapped in Ce*, while the
total number of spin contributing to the broad line in-
creased, suggesting that the concentration of oxygen va-
cancy increased with increasing doping concentrations.

MSA



Characteristics and Photocatalytics Activities of Ce-Doped ZnO Nanoparticles 149

Table 2. The g values, peak width (Hpp) and peak area of the deconvoluted ESR signals as a function of doping concentra-

tion.
Sample A% Signal 1 Signal 2
g value Hpp (G) Int. Area (10°) g value Hpp (G) Int. Area (10°)
3 - - - 2.0666 18.48 23.5
5 1.9761 18.66 20.6 2.0673 15.88 17.7
Ce-doped ZnO
9 1.9788 21.04 339 2.0701 17.54 15.8
19 1.9765 25.84 425 2.0717 21.80 43
The photocatalytic activity of Ce-doped ZnO was ob-
served on the photodegradation of methyl orange (MO) without catalyst o
under UV irradiation. Time dependent UV-Vis absorp- (@) -t=20
tion spectra of the photocatalytic degradation of MO in o _—
the presence of Ce-doped samples are shown in Figure 5. E . . . —_
It is seen that the absorbance for the maximum peak at )
463 nm decreases, indicating the occurrence of the de- g (b)
struction of MO and the formation of some intermediates % P
[36]. The blank test with an absence of Ce-doped ZnO -ﬁ '
catalyst shows little change in absorbance at 464 nm,
indicating that the catalyst and light are essential for
photocatalytic degradation. Figure 6 showed the In ©
(Cy/C)) as a function of time curves of the MO photode- Ce 5 at.%
gradation using various concentration of Ce in Ce-doped
ZnO photocatalysts, where Cy, and C,was the concentra- =
tion of the primal and remaining MO, respectively. It is E @
found that all curves followed a first order reaction ki- 5 Celiai
netic model, Ln (Cy/C,) = kt, where k is rate constant of g ’
the degradation. —P:
The degradation rate of MO catalyzed by Ce-doped 2
ZnO improves with increasing Ce doping and the Ce- <
doped ZnO catalysts with 9 at% of Ce show the highest @
photodegradation rate. While the Ce-doping content ex- Ce 19 at.%
ceeds 9 at%, the photocatalytic activity of Ce-doped ZnO
catalysts decreases with an increase of the Ce-doping ; i i —
content. 200 300 400 500 600 70(

To explain the cause of Ce-doped ZnO catalysts in
photocatalytic activity, it is important to understand the
photocatalytic mechanism in semiconductor. It is known
that upon irradiation by light with energy higher or equal
to the band gap, valence band electron can be excited to
the conduction band leaving a hole behind. If the charge
separation is maintained and the catalysts are dispersed
in the MO, the electron and hole could migrate to the
particle surface and participated in redox reaction with
the adsorbed organic species [37,38]. On the basis of our
photocatalytic results, it is believed that the difference in
photocatalytic activity with doping concentrations not
really relates to the surface adsorption ability, but also
relates to the influence of doping concentration on struc-
ture and the concentration of electron acceptor (Ce*" ions)
and oxygen vacancies [36]. Li et al. [39] based on pho-
toluminescence measurements proved that Ce doping can

Copyright © 2013 SciRes.
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Figure 5. Time dependent UV-Vis absorption spectra of the
photocatalytic degradation of methyl-orange in the pre-
sence of Ce-doped ZnO samples.

accelerate the separation efficiency of charge carriers.
According to their results the Ce 4f level plays an impor-
tant role in interfacial charge transfer and elimination of
electron-hole recombinations. Moreover, Ce ions could
act as an effective electron scavenger to trap the conduc-
tion band electrons and efficiently transfer the photoge-
nerated electrons. In addition to the reaction process de-
scribe above, the defect states such as oxygen vacancy
could also serve as favorable electron scavenger to trap
electron, recombination is prevented and subsequent re-
dox reactions can occur [36,40].

In our investigation, it is apparent from the ESR spec-
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Figure 6. The Ln (Cy/C,) as a function of time curves of the

methyl-orange photodegradation using various concentra-
tion of Ce in Ce-doped ZnO photocatalyst.

tra of Ce-doped ZnO catalysts that there is an increase
and a decrease in oxygen vacancy and Ce ion signals,
respectively. It is therefore quite certain that there exist
two competing trapping centers for photogenerated elec-
trons. It is suggested that the formation of trapping center
energy levels might be the reason to eliminate or reduce
the probability of electron-hole recombination and to
enhance the photocatalytic activity. According to the
ESR results, the total spin concentrations in both trapping
centers of 9 at% was the largest as can be seen in Figure
7, consequently the probability of the photogenerated
electron trapped in these center was the highest and the
separation of electron and hole pairs is the most efficient.
That might be the reason why the optimal dosage of ceria
was 9 at% under UV illumination. Our results are con-
sistent with the results of earlier studies of photolumi-
nescence and photocatalytic in Ce-doped TiO, samples
[39,41,42], which suggested that the lower photolumi-
nescence might indicate fewer electron-hole recombina-
tion and lead to the increase in photocatalytic activity.

4. Conclusions

A serie of Ce-doped ZnO particles have been prepared by
a co-precipitation method and their structural, optical and
photocatalytic activation as a function of doping concen-
tration is investigated. From these studies the major find-
ings are the following.

Copyright © 2013 SciRes.
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Figure 7. Correlation between rate constant with the total
spin concentrations in both trapping centers as a function
Ce doping concentration in Ce-doped ZnO samples.

1) The characteristic of these samples exhibited that
Ce dopant has a strong effect on structural and optical
properties, which could be shown in a significant reduc-
tion in the band gap, the formation of new states due to
doping level and the presence of an oxygen vacancy.

2) From the ESR spectra in our dopant range, we ob-
tained two resonances: (1) a narrow line with g-value
range from 2.0717 to 2.0666 attributed to an electron
trapped in Ce*" and (2) a broad line with a g-value re-
mainning unchanged at 1.98 assigned to the presence of
oxygen vacancy. With increasing doping concentrations,
the number of spins due to oxygen vacancy increased,
while the number of spins due to an electron trapped in
Ce*" ions decreased.

3) It just appears that the observed change in the num-
ber of total spin in both paramagnetic centers is accom-
panied by a change of photocatalytic activity.

4) Our results has suggested that the photocatalytic ac-
tivity mechanisms are therefore strongly determined by
two different electron trapping mechanisms, and there-
fore two different trapping paths involving both para-
magnetic centers that significantly enhance and better
separate electron-hole pairs.

5) Moreover, it is also shown that the photocatalytic
activity increased with the increase of cerium ion content
and then decreased when the cerium ion exceeded its
optimal value.
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