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We report a new and highly efficient method to synthesize zinc oxide (ZnO) nanostructures having
a variety of sizes and shapes. A simple chemical reaction is followed that utilizes the oxidation
of metallic zinc in the presence of an appropriate catalyst. This one-step method has advantages
such as low temperature and atmospheric pressure synthesis, high yield of more than 90% and
excellent optical and crystalline properties of the product. X-ray diffraction pattern of the samples
shows hexagonal phase of ZnO with particles size in the range of 60—75 nm. Scanning electron
microscope and transmission electron microscope images of the ZnO show hexagonal and rod-
shaped nanoparticles. UV-visible spectra of the dispersed samples show strong absorption peaks
at ~378 nm. The photoluminescence spectra show a strong emission peak at ~388 nm indicating
good optical characteristics. The product formed is found to be dependent on the ratio of the starting
materials and on other reaction conditions such as temperature, time etc. This method is suitable
for large-scale production of nanosized ZnO and could be extended for the synthesis of other metal
oxides, such as MgO etc.
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1. INTRODUCTION ball milling'* are available for the synthesis of ZnO
nanostructures. However, simple methods for preparation
of high quality nanostructures with high yield and good
control on shape and size are very less. Among all these

techniques, chemical methods are preferred because of its

Zinc oxide, one of the II-VI semiconductors has received
extensive attention because it has the richest family of
nanostructures among all elements both in terms of struc-

tures and properties. Synthesis of different nanostructures
of ZnO such as nanorods,! nanoplates,2 nanoflowers,’ hol-
low sphere,* fibers,? nanowires,® hexagonal nanoparticles,’
nanobelts,} nanocomb, nanospiral, nanoring,9 etc. have
been reported using varieties of growth methods. ZnO
nanostructures are used in many optoelectronic and
piezoelectric devices, varistors, capacitors, sensors, etc.
Depending on the size of the nanostructures, their various
properties such as optical and electrical properties change.
This is mostly due to the quantum confinement effect and
the surface effects; the finite size of the nanostructured
materials that confines the spatial distribution of the elec-
trons gives rise to the quantized energy levels. In recent
years enormous research efforts have been made to find
novel methods for the synthesis of these nanostructures
with well control of size and shape.

Different physical and chemical methods such as sol-
gel,'® hydrothermal,'! electrochemical,'? spray pyrolysis,'?
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ease, low cost and reproducibility and doping is easier in
these methods.

In this paper, we report a simple, low cost, low tem-
perature method with high yields (>90%) of ZnO nano-
structures having sizes in the range of 60-70 nm using
two different catalysts. Depending on the catalyst and
reaction conditions, different shapes such as rods, nee-
dles, hexagonal particles, flower-like shapes are obtained.
The as-synthesized ZnO nanostructures were characterized
using X-ray diffraction (XRD), Scanning electron micro-
scope (SEM), UV-visible absorption, Photoluminescence
and Raman spectra. The effects of particle size and shape
on optical properties are discussed.

2. EXPERIMENTAL DETAILS

All chemicals were used as purchased from MERCK. 1.2 g
of Zn powder was added to a round bottom flask fitted
with a reflux condenser. Water and 30% H,O, solution
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were added to this flask which was stirred continuously at
~363 K for 5 hrs. Water to H,O, ratio was 1:1 (v/v) for
all the reactions. Two catalysts named as A or B was used
for these reactions and either of the two was added to the
reaction mixture after few minutes of starting the reaction.
White colored precipitates were formed in the reaction
solution indicating the formation of ZnO, which were sep-
arated by centrifuge and subsequently washed with dis-
tilled water. The powder formed was dried in vacuum. The
powders were marked as CAT-A and CAT-B depending
on the catalysts used i.e., catalyst A and B respectively. It
was observed that all the reactions yielded 90-95% yield
and the reaction could be scaled to much higher quantities
without appreciable loss in the final product.

The as-grown ZnO powders were then characterized
using a powder X-ray diffraction (XRD) system (Seifert
3003 T/T) with CuKe radiation (1.541 A) used with a
Ni filter to study the structural properties and estimate
the average particle size. Morphology of the nanopar-
ticles were imaged using scanning electron microscope
(SEM) and energy dispersive X-ray (EDX) analysis was
performed to estimate the impurity content in as pre-
pared powders. Transmission electron microscopy (TEM)
measurements were carried out with 200 keV electrons
(2010 UHR JEOL). Optical properties of the powders
were studied using UV-visible absorption, photolumines-
cence and Raman measurements. UV-vis absorption spec-
tra were taken using a spectrophotometer (Shimadzu 3101
PC). Photoluminescence spectra were obtained at room
temperature using He-Cd laser (325 nm) as an excitation
source and Jobin-Yvon T64000 spectrometer equipped
with a cooled charged coupled detector. Raman spectra
were recorded in the backscattering geometry using ver-
tically polarized 488 nm Ar*t laser beam, double grating
monochromator and cooled photo multiplier tube.

3. RESULTS AND DISCUSSION
3.1. Structure and Morphology

X-ray diffraction pattern of ZnO nanoparticles grown with
catalyst A and B are shown in Figure 1. The patterns show
several strong peaks related to the hexagonal structure of
the ZnO. From the high intensity of the peaks, it is found
that the nanoparticles have good crystallinity. To verify the
quality of the product, we measured the XRD pattern for
commercially available ZnO nanopowder (Sigma Aldrich)
and found that XRD patterns are identical in line width
and intensity with the spectra recorded for our ZnO sam-
ples grown after 6 hours of reaction. Depending on the
growth time and reaction temperature, the crystallinity of
the product varies. For short duration reaction, ZnO, is
formed in addition to the formation of ZnO. ZnO crys-
tallite size grows with increasing reaction time at appro-
priate temperature. The crystallite sizes of the powders
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Fig. 1. X-ray diffraction pattern of the as-synthesized ZnO nano-
structures with catalyst A (CAT-A) and catalyst B (CAT-B).

were estimated from spectral line shape using Scherrer’s
formula:
D=0.9A/Bcosb (1)

where B, 0, A and D represents full width at half max-
ima of the peaks, Bragg angle, wavelength of X-ray and
particle size, respectively. This equation neglects the effect
of strain on the XRD line shape broadening. Crystallite
sizes calculated using (1) are found to be of average size
~51 nm and ~49 nm for CAT-A and CAT-B samples,
respectively. When the strain effect is taken into considera-
tion in analyzing XRD line shape, crystallite size will come
out slightly smaller than the above estimate. However, due
to anisotropic strain on differently oriented nanocrystals, it
is not straightforward to calculate strain in the present case.

The morphology of the nanostructures was studied using
SEM. The SEM images as shown in Figures 2(a—d)
exhibit hexagonal shaped nanoparticles and nanorods.
Figure 3 shows a typical TEM image of ZnO nanorods
and nanoparticles from sample CAT-B. Nanorods of diam-
eter 50—-60 nm is found in this sample. Electron diffraction
pattern shown in Figure 3 confirm that these nanorods are
crystallized.

3.2. Optical Properties

UV-vis absorption spectra of the ZnO samples are shown
in Figure 4. The room temperature spectra exhibit strong
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Fig. 2. SEM images of samples: (a) CAT-A and (b) CAT-B for reaction
time 4 hours. (c) CAT-A after 6 hours of reaction, (d) CAT-B after 6 hours
of reaction.

excitonic absorption peaks at ~378.2 nm and ~376.2 nm
for samples CAT-A and CAT-B, respectively. Slight blue
shift of the absorption peak was observed from the bulk
ZnO peak. This might be caused by the weak quantum
confinement effect in the ZnO crystallites. Strain and sur-
face defects in the nanocrystal may likely to contribute to
the shift of the absorption edge.

Room temperature photoluminescence spectra are
shown in Figure 5. The spectra show strong UV emission

J. Nanosci. Nanotechnol. 8, 1-5, 2008

Fig. 3. TEM images of CAT-B sample. (a) ZnO nanorod and nanopar-
ticles, (b) higher resolution image of a single nanorod, (c) diffraction
pattern showing crystalline structure.
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Fig. 4. UV-vis absorption spectra of CAT-A and CAT-B.
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Fig. 5. Room temperature photoluminescence spectra of CAT-A and
CAT-B. Excitation wavelength—325 nm.

band peaked at 388 nm (3.196 eV) and 386.9 nm
(3.206 eV) for CAT-A and CAT-B respectively. The spec-
tral line width is ~0.16 eV in both cases. The UV emission
originates form the recombination of free excitons through
an exciton—exciton collision process corresponding to near
band edge emission of wide band gap ZnO. Some of the
samples grown at lower temperature and shorter duration
show defect related band in the higher wavelength region
(not shown).

Figure 6 shows Raman spectra of these two samples.
The spectra show several peaks characteristic of vibra-
tional modes in ZnO. The peak positions and FWHMs are
derived by the fitting Lorentzian line shapes to the spec-
tra in each sample. Peak at ~328 cm™' in Figure 6(b) is
due to E,—E,,; . Peaks at 376.8 cm™! and 415.9 cm™! are
due to well known A,(TO) and E,(TO) modes. The modes
E,(TO) and A,(TO) reflect the strength of the polar lat-
tice bonds. These two modes are not present in sample
CAT-A. E"®" mode at 438 cm™' is most prominent in
these samples similar to bulk ZnO. The Eghigh) mode rep-
resents the band characteristic of wurtzite phase.!”” Peak
position and FWHM are almost identical in these two sam-
ples suggesting that samples are of good quality. The broad
feature at ~508.1 cm™! is related to multiphonon scatter-
ing processes. Peak at 572.9 cm™! is related to A,(LO)
mode. In bulk ZnO, A,(LO) mode at 578 cm~! has been
attributed to oxygen vacancy or zinc interstitial or their
complexes.'® Contribution of this mode is negligible in
CAT-A sample as shown in Figure 6(a). This suggests that
defects are less in CAT-A samples. In general, most of
the Raman bands are broader that the line width found
from bulk ZnO. This is due to the size distribution and
strain in the small crystallites. No substantial shift in the
Raman peaks with respect to the spectra of bulk ZnO indi-
cates that phonon confinement effect is not so prominent
in these nanoparticles or nanorods. As the size grows with
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Fig. 6. Raman spectra of (a) CAT-A and (b) CAT-B samples. Con-
stituent peaks are fitted with Lorentzian line shape after background
subtraction.

increasing reaction time, line shape broadening reduces in
these ZnO nanostructures.

4. CONCLUSIONS

A simple low temperature chemical method for the syn-
thesis of ZnO nanoparticles and nanorods in gram level
quantities is reported. This method yields greater than 90%
of high purity product in the presence of any of the two
catalysts. The XRD pattern shows good crystallinity of the
product and average particle size or rod diameter was cal-
culated to be ~50 nm. SEM and TEM studies confirm
hexagonal shapes and crystallinity of the nanoparticles.
As-grown samples show absorption peak at ~378 nm as
expected. The PL spectra recorded at room temperature
show strong UV emission peak at 388 nm indicating good
optical properties of the samples. Raman spectra showed
vibrational bands characteristics of ZnO in these samples.
The product quality is comparable to the commercially
available ZnO nanopowder.
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