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Abstract

ZnO nanostructured particles doped with 0–3% Ce were successfully synthesized by an ultrasonic solution method. Phase and

morphology characterized by XRD, FTIR, SEM, TEM, HRTEM, SAED and EDX revealed the presence of hexagonal wurtzite ZnO

nanoneedles with E2H vibration at 426 cm�1, composing of the corresponding elements and growing in the [0 0 1] direction. The 3%

Ce-doped ZnO nanoneedles showed the 3.00 eV direct energy gap and 392.6 nm emission by UV–visible absorption and

photoluminescence (PL) spectroscopy, including the most effective photocatalytic activity in the solution containing methylene blue.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The II–VI semiconductors doped with rare-earth (RE)
metals are very important for the present technology. They
are promising for use as optoelectronic and luminescent
devices: fluorescent lamps, cathode ray tube (CRT) phos-
phors and image intensifiers for X-ray screens [1]. RE
atoms possessing special 4f shells are known as excellent
candidates for luminescence centers of doped materials due
to the transition of intra-4f or 4f–5d narrow emission line.
The transitions play important roles in the absorption of
RE atoms in the UV range. An energy transfer process
from excited semiconductor host to doping lanthanide
atoms promoted the doped nanocrystals to circumvent
absorption of optically centers with remarkable improve-
ment of luminescent properties [2,3].

Wurtzite ZnO (3.37 eV energy gap and 60 meV exciton
binding energy at room temperature) is high electrochemical
e front matter & 2012 Elsevier Ltd and Techna Group S.r.l. A
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stability and non toxicity n-type oxide [2,4–7]. It is one of the
most dominant UV-activated photocatalysts for air and
water treatment due to its high photosensitivity and oxida-
tion potential, and low cost. Lanthanide-doped ZnO nano-
crystals are one of new classes of luminescent materials for
advanced display and lighting applications [1,2]. Thus ZnO
is a promising candidate for treatment of environmental
pollution, solving the problem of energy depletion and
suitably doped with luminescence centers.
In this research, we succeeded in doping Ce into wurtzite

ZnO by sonochemistry. Phase, morphologies, UV–visible
absorption and photoluminescence were studied, including
the investigation of photocatalytic property of Ce-doped
ZnO under the UV light.

2. Experimental details

To prepare 0–3% Ce-doped ZnO, 0.005 mol Zn(NO3)2 �
6H2O and 0–3 mol% Ce(NO3)3 � 6H2O were dissolved into
100 ml deionized water under vigorous stirring till complete
dissolution. Subsequently, NH4OH solution was slowly
dropped into these solutions until the pH reaching at 9.5
and colorless solutions were achieved. Each of colorless
solutions was sonicated in 35 kHz ultrasonic bath for 5 h.
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The precipitates were synthesized and collected for further
characterization.

The photocatalytic activities of the as-synthesized sam-
ples were determined by measuring the degradation of
methylene blue (MB) solution under UV light irradiation.
The 500 mg photocatalyst was added to 100 ml 10�5 M
MB aqueous solution. The solution was magnetically
stirred for 60 min in the dark environment to establish
adsorption/desorption equilibrium of MB on surfaces of
the photocatalyst. Then the UV light was turned on to
initiate the photocatalytic reaction.
Fig. 1. (a) XRD and (b) FTIR spectra o

Fig. 2. SEM images of (a) undoped ZnO, and ((b)
3. Results and discussion

Fig. 1(a) shows XRD spectra of Ce-doped ZnO with
different Ce3þ contents. For pure ZnO, the peaks were at
2y of 32.11, 34.75, 36.59, 47.85 and 56.93 degree corre-
sponding to the (1 0 0), (0 0 2), (1 0 1), (1 0 2) and (1 1 0)
planes of hexagonal wurtzite ZnO of the JCPDS No. 36-
1451 [8]. By doping Ce3þ in ZnO, only the ZnO peaks
were still detected. No diffraction peaks of doping
atoms or other phases were detected, indicating that the
Ce3þ ions completely substituted for Zn2þ ions in ZnO
f ZnO with and without Ce doping.

–(d)) 1, 2 and 3% Ce-doped ZnO, respectively.
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lattice. Ce3þ concentration could be too low to be detected
by XRD.

FTIR spectra (Fig. 1(b)) of the 0–3% Ce-doped ZnO,
analyzed over the wave number of 400–4000 cm�1, show
Fig. 3. TEM images, HRTEM images and SAED patterns of

Fig. 4. UV–visible absorption and the (ahn)2 v
strong bands at around 450–500 cm�1 with one broad band
at 3300–3600 cm�1. In this research, pure ZnO and 1–3%
Ce-doped ZnO show the same strong absorption bands at
426 cm�1 with the shoulders at 565 cm�1, assigned as E2H
(a) and (b) pure ZnO and (c) and (d) 3% Ce-doped ZnO.

s hn plots of ZnO and 3% Ce-doped ZnO.



Fig. 5. (a) PL spectra of ZnO with and without Ce doping. Gaussian

analysis of (b) ZnO and (c) 3% Ce-doped ZnO.
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vibration and oxygen vacancies of wurtzite ZnO crystal,
respectively [9]. For every two Ce3þ ions doped into ZnO
crystal, one O2� vacancy formed to maintain electroneutrality
of the crystal. Considering the ionic radii of Zn2þ and Ce3þ

[6,10,11], it was likely that Ce3þ partially substituted for Zn2þ

in the ZnO crystal. An absorption bands at 3300–3600 cm�1 is
the O–H stretching of adsorbed water on the sample surface.

Pure ZnO (Fig. 2(a)) was nanoneedle-like particles with
sharp tips on both ends. A base width at the middle and
tapered tips were 100 nm and 25 nm with 1 mm long.
By doping with Ce (Fig. 2(b)–(d)), the morphology of
1–3% Ce-doped ZnO remained as nanoneedles, but their
lengths were increased to 2–3 mm. The elemental distribution
of 3% Ce-doped ZnO nanoneedles were characterized by
EDX. Zn, O and Ce were shown on the elemental EDX-
maps (result not shown), implying that Ce atoms were very
distributive in the sample.

TEM and HRTEM images and SAED pattern (Fig. 3(a)
and (b)) represent phase and morphology of pure ZnO
nanoneedles with 800 nm long, uniform diameter and
slightly rough surface. The HRTEM image was analyzed
on edge part of a typical ZnO nanoneedle. The (0 0 2) fringe
at right angle to the [0 0 1] growth direction with 2.61 Å
apart were detected, in consistent with that of the bulk
wurtzite ZnO crystal. Some defects were also detected.
The SAED pattern shows a bright spot pattern of single
crystal of hexagonal ZnO. Consider the 3% Ce-doped ZnO
images and SAED pattern (Fig. 3(c) and (d)), they revealed
the straight nanoneedles of single crystal with smooth
surface and 80 nm in diameter. The d-spacing values
measured from the SAED pattern with zone axis of [1–10]
are 1.62 Å, 1.38 Å and 2.61 Å, well agree with the (1 1 0),
(1 1 2) and (0 0 2) lattice planes of hexagonal ZnO phase,
respectively. These indicated that 3% Ce-doped ZnO nano-
needles grew along the [0 0 1] direction.

Formation mechanism of ZnO nanoneedles proceeded
in a sonochemical bath as follows. First, zinc nitrate, water
and ammonium hydroxide absorbed ultrasound energy
and followed by the dissociation process to form primary
ions. Second, [Zn(OH)4]

2� complex ions formed and
further decomposed to give ZnO molecules [12], which
nucleated and grew as nanoneedles. Their preferential
growth were along the [0 0 0 1] direction due to the
intrinsic anisotropy in growth rate (v) with v[0 0 0 1]4
v[0 1-1 0]4v[0 0 0 -1]. The structure of ZnO single crystal
can be described as a number of alternating planes of
coordinated Zn2þ and O2� ions, the positively charged
Zn-(0 0 0 1) and negatively charged O-(0 0 0 1) polar sur-
faces. Due to the decreasing in the concentration of ZnO2

2�

monomers by the rapid nucleation of ZnO, the absorption
of OH� on the positively charged plane dominated the
competition of ZnO2

2� growth units. Thus, the OH� ions
stabilized the surface charge of Zn-(0 0 0 1) to some degree,
leading to the formation of nanoneedle-like ZnO along the
[0 0 0 1] direction [13,14]. When the doping material was
also mixed, Ce3þ ions diffused and resided in the ZnO
nanoneedles.
UV absorption (Fig. 4) of undoped ZnO and 3%
Ce-doped ZnO was investigated in 225–800 nm wavelength
range. They presented well defined excitonic absorption
peaks at 366 nm, corresponding to the band-to-band



Fig. 6. UV–visible absorption of (a) pure ZnO and (b) 3% Ce-doped ZnO.

Fig. 7. Decolorization efficiencies of ZnO with and without Ce doping.
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transition of ZnO [15], and at 370 nm of 3% Ce-doped
ZnO with red shifted absorption as compared to that for
ZnO. The direct energy gaps of undoped ZnO and 3%
Ce-doped ZnO were determined to be 3.03 and 3.00 eV,
respectively.

PL spectra (Fig. 5) of ZnO with and without Ce doping
were studied using 318 nm excitation wavelength. They
showed broad emissions in the wavelength range of 325–
600 nm. The 3% Ce-doped ZnO showed higher emission
intensity than any other products. Upon doing the Gaus-
sian analysis for pure ZnO and 3% Ce-doped ZnO with
the highest intensity, the spectra were disintegrated into
three emission peaks at 393.1 nm, 442.9 nm and 495.6 nm
for pure ZnO, and 392.6 nm, 433.7 nm and 482.2 nm for
3% Ce-doped ZnO-corresponding to the UV, blue and
blue-green emissions, respectively [16,17]. The first was
caused by the characteristic of near-band-edge emission of
free exciton recombination process [18], but the second and
third were possibly associated with oxygen vacancies [16]
and other defects.

MB is adopted as a representative organic pollutant to
evaluate the photocatalytic performance of the as-
synthesized Ce-doped ZnO. UV–visible absorbance
(Fig. 6) of undoped ZnO and 3% Ce-doped ZnO during
photocatalysis for 0–300 min shows that the absorbance of
MB for ZnO was gradually decreased, but that for 3% Ce-
doped ZnO was decreased at much faster rate. Fig. 7
shows the MB degradation rate for ZnO with and without
Ce doping under UV light for different lengths of time.
Obviously, 3% Ce-doped ZnO shows the most effective in
photocatalysis in these solutions. During the first 140 min,
MB concentration was rapidly decreased to 32, 70 and
87% for ZnO, 1% Ce-doped ZnO and 3% Ce-doped ZnO,
respectively. For 240 min, the MB degradation efficiency
for 3% Ce-doped ZnO was higher than 98%, 1.97 times
the degradation efficiency of ZnO (49.81%). The higher
the concentration of oxygen defects on the surfaces of
Ce-doped ZnO nanocrystals is, the stronger the photo-
catalytic activity will be. Finally, the experimental results
presented in this article will be very useful for the research
on other metallic/semiconducting catalysts with high cat-
alytic activities.
4. Conclusions

Undoped ZnO and 1–3% Ce-doped ZnO nanoneedles
were successfully synthesized in a controlled sonochemical
process. The PL spectrum of 3% Ce-doped ZnO showed a
strong emission at 392.6 nm with other two weak visible
emissions. The facile, reproducible and effective route pre-
sented a useful method for the RE3þ-doped ZnO system.
High crystalline quality and good optical properties of the
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Ce-doped ZnO nanoneedles can lead the material to be a
candidate for different applications in the future.
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