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a b s t r a c t

ZnO nanosphericals and nanobundles well dispersion have been synthesized using [(N,N′-
bis(salicylaldehydo)ethylenediamine)zinc(II)]; [Zn(salen)] as precursor via two methods. Nanosphericals
of ZnO has been prepared via thermal decomposition of [Zn(salen)] in the presence of oleylamine at 290 ◦C
for 90 min. Also nanobundle of ZnO has been synthesized via thermolysis of [Zn(salen)] in the air at 500 ◦C
eywords:
nO
hermolysis
hermal decomposition
anobundle

for 5 h. The as-synthesized products were characterized by powder X-ray diffraction (XRD), transmission
electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS) and scanning electronic microscopy
(SEM). The room temperature photoluminescence (PL) spectra of both nanostructures are dominated by
the green emission attributed to the oxygen vacancy (VO) related donor–acceptor transition. Presence
of several infrared (IR) inactive vibrational modes in the Fourier transform infrared (FT-IR) absorption

dicat
anosphericals spectra of the samples in
by native defects.

. Introduction

Zinc oxide (ZnO), which has a bulk, direct band gap of 3.3 eV at
oom temperature with a free exciton binding energy of 60 meV, is
mong technologically important semiconducting materials with
nique properties, such as optical transparency, electric conduc-
ivity, piezoelectricity and near-UV emission [1]. This metal oxide
as a variety of applications, including chemical sensors [2], cat-
lysts [3], UV light-emitters [4], photovoltaics [5] cantilevers [6]
nd other optoelectronic devices [7]. In addition, ZnO is nontoxic,
t least in the bulk form, relatively cheap and stable in air [8].

In the past decade, various different physical or chemical syn-
hetic approaches have been developed to produce ZnO, including
apor phase oxidation, thermal vapor transport and condensation
TVTC), chemical vapor deposition (CVD), precipitation, sol–gel,

icroemulsion, hydrothermal, solvothermal and sonochemical
ethods [9–21].
Currently, the method of thermal decomposition of

rganometallic precursors coordinating with solvents is being

sed more and more, which results in relatively stable nanopar-
icles for organic monolayer protection [22–26]. Choi et al. [27]
eported a method for the large-scale synthesis of uniform-sized
exagonal shaped ZnO nanocrystals by thermolysis of Zn–oleate

∗ Corresponding author at: Institute of Nano Science and Nano Technology, Uni-
ersity of Kashan, Kashan, P.O. Box 87317–51167, Iran. Tel.: +98 3621 5555333;
ax: +98 361 5552935.
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es a breakdown of translational symmetry in the nanostructures induced

© 2010 Elsevier B.V. All rights reserved.

complex. Liu et al. [28] reported synthesis of ZnO nanoparticles
from thermal decomposition of zinc acetylaceton; [Zn(acac)2]; as
a good precursor. Recently, our group [29] reported on the facile
synthesis of ZnO nanoparticles via thermolysis of new precursor
([bis(2-hydroxyacetophenato)zinc(II)]) coordinating with solvents
oleylamine and triphenylphosphine (TPP).

Another method for synthesizing metal oxides ultrafine pow-
ders, the metallorganic molecular precursor way, has been
regarded as one of the most convenient and practical techniques,
because it not only enables to avoid special instruments and com-
plicated processes and severe preparation conditions, but also
provides good control over purity, composition, homogeneity,
phase and microstructure of the resultant products. By choosing a
proper metallorganic molecular precursor, coupled with a rational
calcining procedure [30–32] or other thermolysis processes, tiny
and crystalline products could be obtained under the conditions
significantly milder than those employed in conventional solid-
state synthesis, usually in the absence of any other templates or
surfactants [33].

In order for investigating on the role of precursor in size
and shape of ZnO nanoparticles, in the continuation of previous
works we decided to prepare ZnO nanocrystals from [(N,N′-
bis(salicylaldehydo)ethylenediamine)zinc(II)]; [Zn(salen)] com-
plex as a novel precursor. ZnO nanostructures with controlled

morphology simply were synthesized through (i) thermal decom-
position in the presence of oleylamine and (ii) simple cal-
cinations of [(N,N′-bis(salicylaldehydo)ethylenediamine)zinc(II)];
[Zn(salen)] in the air. Through these techniques, nanosphericals
and nanobundles could be synthesized by a precise variation of the

dx.doi.org/10.1016/j.jallcom.2010.08.060
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:salavati@kashanu.ac.ir
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Fig. 1 shows the XRD patterns (10◦ < 2� < 80◦) of the obtained
[Zn(salen)] precursor (Fig. 1a), ZnO nanospherical (Fig. 1b) and
ZnO nanobundles (Fig. 1c). The XRD pattern in Fig. 1b is consis-
tent with the spectrum of ZnO, and no peak attributable to possible
2 M. Salavati-Niasari et al. / Journal of

ethod of synthesis. Here, we report a simple, green, low-cost, and
eproducible process for the synthesis of ZnO nanocrystals. In this
rocess, oleylamine was used as both the medium and the stabiliz-

ng reagent. To the best of our knowledge the use of [Zn(salen)] as
recursor in nanoparticles synthesis approach is made for the first
ime. Optical properties of the obtained ZnO nanostructures were
tudied by room temperature photoluminescence and infrared
pectroscopy techniques.

. Experimental procedure

.1. Materials

All the chemical reagents used in our experiments were of analytical grade
nd were used as received without further purification. Zinc(II) acetate dihydrate,
alicylaldehyde and 1,2-ethylenediamine, oleyleamine, toluene and ethanol were
btained from Merck Co. and Aldrich Chemie and used as received.

.2. Characterization

XRD patterns were recorded by a Rigaku D-max C III, X-ray diffractometer using
i-filtered Cu K� radiation. Elemental analyses were obtained from Carlo ERBA
odel EA 1108 analyzer. Scanning electron microscopy (SEM) images were obtained

sing Philips XL-30ESEM equipped with an energy dispersive X-ray spectroscopy.
ransmission electron microscopy (TEM) images were obtained utilizing Philips
M208 transmission electron microscope with an accelerating voltage of 100 kV.
ourier transform infrared (FT-IR) spectra were recorded with Shimadzu Varian
300 spectrophotometer in KBr pellets. X-ray photoelectron spectroscopy (XPS) of
he as-prepared products was performed on an ESCA-3000 electron spectrometer
ith nonmonochromatized Mg K� X-ray as the excitation source. Thermogravimet-

ic analysis (TGA) were carried out using a thermal gravimetric analysis instrument
Shimadzu TGA-50H) with a flow rate of 20.0 ml min−1 and a heating rate of
0 ◦C min−1. Room temperature photoluminescence (PL) was studied on an F-4500
uorescence spectrophotometer.

.3. Preparation of N,N′-bis(salicylaldehyde)ethylenediamine; H2salen [34]

The symmetrical Schiff base ligand N,N′-bis(salicylaldehyde)ethylenediimine,
16H16N2O2 (H2salen), was prepared according to previously published methods,
y refluxing 0.05 mol of salicylaldehyde (Merck-Schuchard, purified by distillation)
nd 0.025 mol of ethylenediamine (Aldrich Chemie, 99%, purified by distillation) in
0 ml of dried ethanol, for 30 min and cooling the reaction mixture. The Schiff base
as separated as yellow needles and was recrystallized twice from methanol (yield

0%). The compound is stable at room temperature and has been characterized by
R spectroscopy and elemental analysis. The microanalytical results for the mass
ractions w of C, H and N were as follows: for (H2salen), C16H16N2O2, calculated C,
1.62; H, 6.01; N, 10.44, found C, 71.59; H, 6.03; N, 10.45%. The ligand was studied
y d.s.c. over the temperature range 320–410 K and no phase transitions were found
efore the melting temperature (melting point: 168 ◦C). 1HNMR (CDCl3): ı 13.23 (br
, 2H, OH), 8.36 (s, 2H, He), 8.31 (m, 2H, Hb), 7.24 (dd, 2H, Hd), 6.96 (d, 2H, Ha), 6.86
m, 2H, Hc), 3.95 (s, 4H, Hf, g).

.4. Preparation of [N,N′-bis(salicylaldehydo)ethylenediamine]zinc(II);
Zn(salen)]

Ligand N,N′-bis(salicylaldehyde)ethylenediimine, (H2salen), (2 mmol) was dis-
olved in 15 mL of ethanol, mixed with Zn(OAc)2. 2H2O (2 mmol, in ethanol) at 60 ◦C
nd stirred for 5 h. The yellow precipitates were washed several times using dis-
illed water and dried in the air. The identification of the resulting products were
ased on powder X-ray diffraction (XRD), Fourier transform infrared spectrometer
FT-IR) and elemental analysis in addition to visual observation of the color of the
eaction mixture. Anal. Calc. for [Zn(salen)]; ZnC16H14N2O2: C, 57.94; H, 4.25; N,
.45%. Found: C, 57.98; H, 4.27; N, 8.48%.

.5. Synthesis of ZnO nanospheres

The current synthetic procedure is a modified version of the method devel-
ped by Hyeon and co-workers for the synthesis of nanocrystals for metals that
mploys the thermal decomposition of transition metal complexes [35,36]. In
his synthesis, ZnO nanospheres were prepared by the thermal decomposition of
Zn(salen)]–oleylamine complex as precursor. The [Zn(salen)]–oleylamine complex
as prepared by the reaction of 0.7 g [Zn(salen)] with 6 ml of oleylamine. The result-
ng solution was heated to 170 ◦C and kept at that temperature for 90 min. Then, the
emperature was increased to 240 ◦C and kept 70 min. As the reaction proceeded,
he solution became slightly cloudy and dark gray, which demonstrated the forma-
ion of ZnO nanocrystals. The solution was then cooled to room temperature, and
0 ml ethanol was added to yield a white precipitate, which was then separated by
entrifuging. The final products were washed with ethanol for at least three times
Scheme 1. Schematic for preparation of ZnO nanostructures.

to remove impurities, if any, and dried at 50 ◦C. The resulting product was easily
redispersable in nonpolar solvent such as toluene (Scheme 1).

2.6. Synthesis of ZnO nanobundle

ZnO nanobundles were produced by subjecting 0.01 mol of the as-prepared
[Zn(salen)] powders to thermal treatment at a relatively low temperature (500 ◦C) in
the air. An average temperature increase of 30 ◦C is recorded every minute, before the
temperature reached 500 ◦C, and after keeping the thermal treatment at 500 ◦C for
5 h, it was allowed to cool unaffectedly in the room temperature. The ZnO nanobun-
dle was washed with ethanol and distilled water for three times and dried in the air
at 50 ◦C.

3. Results and discussion
Fig. 1. XRD patterns of (a) [Zn(salen)], (b) ZnO nanosphericals and (c) ZnO nanobun-
dles.
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mpurities is observed. All of the reflection peaks of the XRD pat-
ern for ZnO nanosphericals that can be indexed well to hexagonal
hase ZnO (space group: P63mc; JCPDS No. 79-0205), with cal-
ulated cell parameters a = 3.25 Å and c = 5.21 Å. Fig. 1c shows the
RD pattern of ZnO nanobundles can be indexed well to hexagonal
hase ZnO (JCPDS No. 79-0205) with calculated cell parameter. The
harp diffraction peaks manifestation shows that the obtained ZnO
anostructures have high crystallinity. The crystallite sizes of the
s-synthesized ZnO, Dc, were calculated from the major diffraction
eaks of the base of (1 0 1) using the Scherrer formula (Eq. (1)):

c = K�

ˇ cos �
(1)

here K is a constant (ca. 0.9), � is the X-ray wavelength used in
RD (1.5418 Å), � is the Bragg angle and ˇ is the pure diffraction
roadening of a peak at half-height, that is broad due to the crys-
allite dimensions. The size of the crystallite was estimated from
ebye–Scherrer equation 21 nm.

Fig. 2 shows a comparison of FT-IR spectrum of (a) [Zn(salen)],
b) ZnO nanospherical, (c) free oleylamine and (d) ZnO nanobun-
les. The spectra of the [Zn(salen)] gave evidences for the synthesis
f the complex since two bands at 1550 cm−1 (attributed to �C C)
nd at 1600 cm−1 (attributed to �C N) which are characteristic
f the [Zn(salen)] complex appeared the IR spectra of the pre-
ursor. The broad absorption bands at ∼3400 cm−1 encompass
he O–H stretching vibrations of adsorbed water [37]. The strong

eak around 475 cm−1 shows a distinct stretching mode of crystal
nO. Presence of oleylamine group on ZnO nanoparticles (Fig. 2b)
s indicated by two peaks at 2945 and 2853 cm−1 which repre-
ents the C–H stretching modes of the oleylamine carbon chain
nd matches with oleylamine spectrum (Fig. 2c). In our measure-

Fig. 3. SEM images of (a) ZnO nanospherical and (b) ZnO nanobundles. TE
Fig. 2. FT-IR spectra of (a) [Zn(salen)], (b) ZnO nanospherical, (c) free oleylamine
and (d) ZnO nanobundles.

ment, number of weak peaks between �1000 and 1400 cm−1 are

attributable to the asymmetric stretching of the –CH2 groups, ter-
minal –CH3 and CH of oleylamine. The broad absorption band
of O–H stretching (∼3400 cm−1) is due to adsorbed water on the
external surface of the samples during handling to record the spec-

M images of (c) ZnO nanospherical and (d and e) ZnO nanobundles.
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ig. 4. The wide XPS spectrum of the ZnO nanocrystals. (Inset shows the high-
esolution XPS spectra taken for the Zn 2p and O 1s region of ZnO).

ra. The H–OH bending vibration appears at 1635 cm−1 [38]. The
trong broad peak around 460 cm−1 shows a distinct stretching
ode of crystal ZnO in Fig. 2d. There was no evidence of free precur-

or [Zn(salen)] in the as-prepared sample, if there was absorption
f [Zn(salen)] on the surface of the ZnO particles, a distinct car-
onyl peak around 1600 cm−1 and the peaks attributed to aromatic
ings around 600–1000 cm−1 (Fig. 2a) should appear in the FT-
R spectrum. The inset of Fig. 2 shows the FT-IR spectra of the
nO nanobundles in the frequency range where vibrational modes
elated to ZnO are observed. For as-prepared ZnO nanobundles,
hree bands located at about 550, 510 and 460 cm−1 are observed.
hese bands do not match with any IR-active vibrational mode for
ulk ZnO [39]. Several authors have reported similar anomalous
ibrational modes in ZnO attributed to local vibrational modes of
mpurities or defects [39].

The microstructures and morphology of the products have been
xamined by SEM and TEM images (Fig. 3a–e), respectively. Fig. 3a
nd c shows spherical shape of the obtained product by thermal
ecomposition [Zn(salen)] in the presence of oleylamine. Fig. 3a
ives an overall view of the product, revealing the surface mor-
hology of the ZnO spheres by SEM image. It can be seen that
he products are tiny, aggregated nanoparticles with spherical
hapes. TEM image of the product has been given in Fig. 3b. Fig. 3b
hows ZnO microspheres that have been formed of small spheres
ormed of ZnO nanoparticles. The size of nanoparticles obtained
rom the XRD diffraction patterns are in close agreement with the
EM studies which shows average size of 10 nm. These sizes are
early spherical and confirm the SEM micrograph. It is observed
hat in spite of agglomeration of nanospheres, they have a nar-
ow size distribution. Fig. 3(c)–(e) shows SEM and TEM images of
nO nanobundles. As shown in Fig. 3d and e nanobundles with a
iameter of ca. 20 nm have been observed. These nanobundles have

ikely been formed by the aggregation of ZnO nanospheres drawn
ogether. Further observation at higher magnification reveals that
ach nanobundles actually consists of nanoparticles that are indi-
idually ca. 20 nm in diameter (Fig. 3e). These nanoparticles are
equentially connected together to form nanobundles with lengths
n the order of ca. 1–2 �m.

Further evidence for the purity and composition of the products
as obtained by X-ray photoelectron spectra (XPS). The survey XPS

pectra of the samples suggested the presence of Zn and O, as well

s C reference. The binding energies obtained in the XPS analysis
ere corrected for specimen charging by referencing the C 1s to

84.60 eV. The high-resolution spectrum of Zn 2p is given in Fig. 4.
he obtained binding energy (BE) values of Zn 2p3/2 and 2p1/2 are
021.53 and 1044.70 eV, respectively. The spin–orbit splitting is
Fig. 5. Room temperature PL spectra for (a) ZnO nanospherical and (b) ZnO
nanobundles.

the difference between BE values of Zn 2p3/2 and Zn 2p1/2 levels.
The observed spin–orbit splitting is 23.17 eV, just the same as zinc
oxides [40]. The oxygen spectrum has also been shown in Fig. 4.
The peak O 1s at 530.72 eV can be attributed to oxygen O2− in the
lattice of zinc oxide. This indicates the formation of ZnO as a pure
product of the decomposition of [Zn(salen)] as single precursor. No
obvious peaks for other elements or impurities were observed.

Room temperature PL spectra of the zinc oxide nanostructures
are shown in Fig. 5 (excitation = 300 nm). The spectrum of the ZnO
nanospheres (Fig. 5a) mainly consists of three emission bands: (i) a
strong UV emission band at 421 nm (2.94 eV), (ii) a week blue-green
band at 480 nm (2.58 eV) and (iii) a green band at 524 nm (2.36 eV).
The strong UV emission corresponds to the exciton recombina-
tion related near-band edge emission of ZnO [41,42]. Wang and
co-workers calculated the energy levels of the intrinsic defects in
undoped ZnO films and indicated them as – oxygen vacancy (VO),
zinc vacancy (VZn), interstitial oxygen (Oi), interstitial zinc (Zni)

and antisite oxygen (Ozn) [43]. The weak blue-green emission cor-
responds to the singly ionized oxygen vacancy in ZnO, and this
emission results from the recombination of a photo-generated hole
with the individually ionized charge state of the specific defect
[44,45] as in the case of ZnO nanowires reported by Wang and
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ao [46]. The low intensity of the green emission may be due to
he low density of oxygen vacancies during the preparation of the
nO, whereas the strong room temperature UV emission intensity
hould be attributed to the high purity with perfect crystallinity
f the synthesized ZnO. The PL spectrum for ZnO nanobundles are
iven in Fig. 5b. In this picture three peaks were observed, but in
omparison to Fig. 5a, a little red shift can be observed, because of
ize effect.

. Conclusion

In conclusion, ZnO nanospheres were synthesized by thermol-
sis of [Zn(salen)] as precursor using oleylamine and without it
nder mild conditions. The crystallite size of the nanocrystals can
e estimated between 20 and 30 nm. Since the hired precursor is
heap, air-stable, and readily available for many metal elements,
his synthesis may represent a rather environmentally friendly and
eneral approach towards many other metal oxide nanocrystals.
his precursor has steric hindrance and therefore there was no need
o use two surfactants for size control. Also the novel precursor was
hermally treated without using any surfactant and ZnO nanobun-
les were synthesized. Moreover thermal decomposition method
mploys an inexpensive, reproducible process for the large-scale
ynthesis of ZnO nanocrystals.
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