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Abstract ZnO is a very promising material because of its wide range of applica-
tions in electronics, photonics, optics and as energy storage materials. Zinc oxide
nanorods were synthesized using a simple hydrothermal method at lower temper-
ature and nano spheres by solvothermal method. The formation process of ZnO
nanorods and nanospheres is discussed. The X-ray diffraction pattern indicates that
the nanorods and nanospheres have hexagonal wurtzite structure. The high reso-
lution transmission electron microscopy (HRTEM) images reveal that the synthe-
sized ZnO nanorods grow along 〈001〉 direction. The optical properties were
studied by UV visible absorption and photoluminescence spectroscopy.

1 Introduction

Nanomaterials of transparent conducting oxides with unique morphologies are
currently of great interest to researchers because of wide possibilities in different
technological applications. ZnO is a wide band gap (3.37 eV) transition metal oxide
n-type semiconductor with large exciton binding energy (60 meV) and has wide
range of applications because of its optical, electrical, magnetic, piezoelectric
properties [1–3]. It is used in fabricating devices like gas sensors, solar cells and
lithium ion batteries [4–6] etc. ZnO nanostructures with different morphologies like
nanorods, nanotubes, nanowires, nanosheets, nanobelts, nanoflowers, hierarchial
nanostructures [7–12] have been synthesized by various physical methods and wet
chemical methods. The synthesis of 1D ZnO have been reported by different
physical methods like chemical vapour deposition (CVD), pulsed laser deposition
(PLD), MOVCD, template assisted growth [13, 14] and also by wet chemical
methods like hydrothermal/solvothermal method, sol-gel method [7, 15, 16]. The
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synthesis by wet chemical method is comparatively easy at relatively low tem-
perature. 1D nanostructures with dissimilar surfaces will differ in their geometric
and electronic structures and therefore show different functional properties.
Therefore, for fabricating devices, it is necessary to control the crystal morphology,
size and shape of the faces of metal oxide crystal. Thus one dimensional nanos-
tructures can be used to fabricate various nano devices like UV detectors, nano
lasers, solar cells, gas sensors and as anode materials for lithium ion batteries [4–6,
17–19]. Here we report the synthesis and characterization of ZnO nanorods by
hydrothermal method at low temperature and nanospheres with hexagonal faces by
a simple solvothermal method. The crystalline nature of the sample was charac-
terized using XRD, the morphology of the sample was examined using HRTEM,
the band gap was determined by UV-Vis absorption and reflectance spectra, optical
properties were studied using room temperature photoluminescence.

2 Experimental

2.1 Synthesis of ZnO Nanorods

All chemicals used were of analytical grade and were used without any further
purification. 100 ml of 0.1 M ammonia solution and 50 ml of 0.1 M zinc acetate
dihydrate solution was prepared. Ammonia solution was taken in a burette and
slowly added drop wise into 50 ml zinc acetate solution under mild stirring.
A white gelatinous precipitate is formed. It was then stirred for about an hour. The
precipitate was thoroughly washed with water several times. The washed precipitate
was ultrasonically dispersed in 80 ml of deionized water. It was then transferred to
a Teflon lined stainless steel autoclave and kept in a furnace at 100 °C for 12 h. The
precipitate was then washed, filtered and dried in vacuum at 80 °C for further
characterization.

2.2 Synthesis of ZnO Nanospheres

All chemicals used were of analytical grade and were used without any further
purification.1 mmol of zinc acetete dehydrate was dissolved in 160 ml of
1-propanol. It was magnetically stirred for an hour and transferred into a 200 ml
Teflon lined autoclave and heated at 160 °C for 24 h. A white precipitate formed
was washed with water and ethanol several times and dried at 80 °C for 12 h. It was
then calcined at 500 °C for 2 h.
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3 Formation and Growth Mechanism

3.1 ZnO Nanorods

ZnO is a polar crystal with Zn rich positive plane 〈001〉 and an oxygen rich neg-
ative plane h00�1i. Since we have not used any templates or surfactants for the
growth of ZnO nanorods, the concentration of Zn2+ to OH− ions in the solution
plays a major role in the morphology of the crystal structure. The ratio of NH4OH:
Zn(CH3COO)2.2H2O is 2:1, the OH− ions are not just a source of hydroxyl ions,
but will also act as a capping agent . Due to the high concentration of OH− ions,
they will be adsorbed on the h001i plane of ZnO. Thus OH− ions will allow the
growth of crystal along h001i direction [20]. The overall reaction for the growth of
ZnO rods may be summarized as follows

Reaction of ZnðCH3COOÞ2 �H2O with NH4OH

NH3H2O $ NHþ
4 þOH�

Zn2þ þ 2OH� ! ZnðOHÞ2
Hydrothermal treatment of ZnðOHÞ2

ZnðOHÞ2 þ 2OH� $ ½ZnðOHÞ4�2�

ZnðOHÞ4
� �2�$ Zn2þ þ 4OH�

Zn2þ þ 2OH� $ ZnOþH2O

It is concluded that the concentration of OH− ions in the solution and [Zn(OH)4]
2−

radical plays an important role during hydrothermal process for the formation of ZnO
rods.

3.2 ZnO Nanospheres

The formation of ZnO nanospheres is facilitated by the hydrolysis of caboxylate
(zinc acetate) and by the condensation reaction in the alcohol medium. The
hydroxyl group that binds to the Zn species is released by esterification.
Susequently a Zn–O–Zn bond is generated by the condensation of Zn hydroxyl
species with elimination of water.
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Reaction of ZnðCH3COOÞ2 � 2H2O with C3H7O

2C3H7OHþZn CH3COOð Þ2! 2CH3COOC3H7 þZnðOHÞ2
ZnðOHÞ2 ! ZnOþH2O

4 Characterization

XRD studies to analyze the crystalline nature was made using X PAN analytical
X’pert PRO diffractometer with Cu-Ka k = 1.54060 Å. The optical absorption
spectra of ZnO nanoparticles were characterized by UV-Vis spectrophotometer
Shimadzu UV-3600. The High Resolution Transmission Electron Microscopy
(HRTEM) and selected area diffraction pattern (SAED) were obtained on a
Jeol/JEM 2100 operated at a voltage of 200 kV. Room temperature PL was
recorded on a Cary Eclip spectrophotometer with an excitation wavelength of
255 nm.

5 Results and Discussion

5.1 XRD Analysis

The XRD pattern of the zinc oxide nanorods is given in Fig. 1a and that of
nanospheres is given in Fig. 1b. The peaks present in the spectrum confirms the
polycrystalline nature of the nanostructures, corresponding to that of hexagonal
ZnO with lattice constants a = 3.249 Å and c = 5.206 Å. The peak positions
matched well with the standard data for ZnO (JCPDS card no. 36-1451). No other
crystalline by products are found in the pattern, indicating that the as prepared ZnO
has a pure wurtzite nature. The average crystallite size D was calculated using
Scherrer equation D = 0.9k/bcosh. The average crystallite size is about 26 nm and
that of nanospheres is 18 nm.

5.2 Williamson-Hall Analysis

In X-ray diffraction, the peak broadening is caused mainly by particle size and
lattice strain. Average particle size is usually measured using X-ray profile analysis.
It is also seen that crystal imperfections, like lattice dislocations lead to lattice strain
and is a measure of lattice constants. To estimate the crystallite size and lattice
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strain the W-H analysis of XRD data was used. In nanocrystalline ZnO the strain
induced by crystal imperfections and distortion is calculated by using the formula:

e ¼ bhkl
tan h

ð1Þ

where e is the strain, bhkl is the FWHM of the diffraction peak and h is the Bragg
angle. Though the particle size and strain result in peak broadening, they are
independent of each other and therefore the peak can be written as sum of particle
size and strain as follows:

bhkl ¼
kk

D cos h
þ 4e tan h ð2Þ
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Fig. 1 XRD spectra of ZnO
a nanorods, and
b nanospheres
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From the above two equations, we get

bhkl cos h ¼ kk
D

þ 4e sin h ð3Þ

Equations (2) and (3) are known as W-H equations. A W-H plot for the
nanostructures is obtained with 4sinh along the x-axis and b cosh along the y-axis
as shown in Fig. 2a, b. The crystallite size of ZnO nanospheres from the plot is
around 20 nm which is in good agreement with that calculated using Scherrer
formula, but for ZnO nanorods it is found to be 45 nm. The particle size for
nanorods does not match with that calculated using Scherrer formula because of the
morphology and oriented growth of the crystal in a particular direction. As crys-
tallite size measures the size of the coherent diffracting domains, the crystallite size
may not be generally the same as the particle size due to the formation of
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polycrystalline aggregates. The micro strain due to the lattice deformation for ZnO
nanorods is found to be 0.22 % and that for ZnO nanospheres is 0.20 %.

5.3 High Resolution Transmission Electron Microscopy
(HRTEM)

Figure 3a, b gives the HRTEM micrographs of synthesized ZnO nanorods. The
samples show almost uniform nanorods with around 25 nm diameter and 150 nm
length with an aspect ratio of 6 without much agglomeration. As we can see small
bright spots making up the rings, each spot arising from Bragg reflection of an
individual crystallite, it is concluded that the ZnO samples have polynanocrystalline

Fig. 3 HRTEM images of ZnO a nanorods, b single nanorod, c Lattice resolved image of single
nanorod, and d SAED pattern
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nature. Figure 3c shows the image of a single nanorod grown along the 〈001〉
direction. The fringe width of 0.28 nm corresponds to the 〈010〉 plane of ZnO.

Figure 4a, b gives the HRTEM micrographs of synthesized ZnO nanospheres.
The samples show almost uniform spheres with around 20 nm diameter without
much agglomeration. The hexagonal faces of the spheres can be clearly seen in
TEM images. Figure 4c shows the hexagonal face of a single nanosphere. As we
can see small bright spots making up the rings, each spot arising from Bragg
reflection of an individual crystallite, it is concluded that the ZnO nanostructures
have polynanocrystalline nature (Figs. 3d, 4d).

Fig. 4 HRTEM images of ZnO a nanospheres, b nanospheres with hexagonal faces, c Lattice
resolved image of single nanosphere, and d SAED pattern
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5.4 UV-Vis Spectroscopy

UV-Vis spectroscopy was used to characterize the optical absorptions of ZnO
nanoparticles. Figure 5a, b shows the absorption peak of UV spectra of nanor-
ods and nanospheres are at 312 and 340 nm respectively. To determine the optical
band gap of the synthesized ZnO the reflectance spectra was carried out. The diffuse
reflectance (DR) spectrum for ZnO nanorods, and nanospheres with their corre-
sponding Tauc’s plot is shown in Figs. 6a, b and 7a, b. To determine the exact band
gap value of ZnO, the reflectance values were converted to absorbance by applying
Kubelka-Munk function [21]. The band gap can be determined by the following
formula.
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a ¼ Kðhm� EgÞn�2

hm

where a is the absorption coefficient, K is a constant, Eg is the band gap, and n = 1
for direct transition. The relationship between the absorption co-efficient a and the
photon energy hm for direct allowed transition is given as ðahmÞ2 ¼ Bðhm� EgÞ
where hm is the photon energy Eg is the apparent optical band gap. The direct band
gap of (ahm)2 against hm plot is extrapolated to intersect the energy axis at a = 0.
The band gap is found to be 3.34 eV for nano rods and 3.39 eV for nano spheres
respectively.
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5.5 Photoluminescence Studies

Figure 8a shows the photoluminescence spectra of ZnO nanorods. The emission
spectra was obtained at an excitation wavelength of 255 nm using a Xe flash
lamp. The spectra shows emission only in the blue region with a strong emission
peak centered at 428 nm and two peaks at 405 and 448 nm respectively and the
well known green luminescence of ZnO at 510 + 50 nm is quenched.
Photoluminescence (PL) is an effective tool to study the optical properties and also
about the defect levels in semiconductor materials. The origin of luminescence
centers are investigated as it finds application in the field of optoelectronics.
Luminescence of ZnO in different regions of the visible spectrum (UV-Blue, Green,
Yellow) can be due to intrinsic or extrinsic point defects. The deep level emission in
ZnO has been attributed to different intrinsic defects in the crystal of ZnO such as
oxygen vacancies (VO), oxygen interstitial (Oi), zinc vacancies (VZn), zinc inter-
stitial (Zni) and oxygen anti-site (OZn) and zinc anti-site (ZnO) [22]. Previous PL
studies on ZnO nano structures show that the optical properties of ZnO change with
crystal morphology even in the absence of dopants [23]. It has been reported that
the optical properties ZnO rods are enhanced with increase in their aspect ratio.
Zeng et al. [24] reported that blue emission of ZnO nano particles originate from
transitions involving Zn interstitial defect states. It is also reported that low tem-
perature annealing provides enough ionization energy and increases the concen-
tration of charge in Zn interstitials, strengthening blue emissions. Monticone et al.
[25] also have reported that for ZnO prepared at high OH− ion concentration the
emission in the green region is strongly suppressed. It can therefore be concluded
that the strong blue emissions are due to the transition from the Zn interstitial defect
states because of the morphology and as the sample is synthesized at low
temperatures.

Figure 8b shows the PL spectra of ZnO nanospheres. The emission spectra was
obtained at an excitation wavelength of 340 nm using a Xe flash lamp. The spectra
shows emission only in the UV region at 388 nm and blue region with a strong
emission peak centered at 415 nm and two shoulders are at 401 and 423 nm
respectively and the well known green luminescence of ZnO at 510 + 50 nm is
quenched. Two minor peaks are seen at 473 and 481 nm respectively. The peak at
388 nm is considered as the characteristic band edge emission of ZnO or the
excitonic recombination [23, 25]. Blue emission in ZnO is due to the transition from
the Zn interstitial defect states Zni slightly below the conduction band to the valence
band. Blue emissions can also be due to the extended Zni states which are slightly
below the simple Zni state to the valence band [23]. The many peaks in the blue
region can be attributed to emissions from the extended Zni to the valence band.
Zeng et al. have also done an interesting observation that for blue emissions the
excitation wavelength is not in accordance with the band gap, it takes either a
slightly higher or lower value. Here the excitation given for ZnO nanorods is
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slightly below the band gap and for ZnO nanospheres it is near band gap value.
Therefore it can be concluded that the blue emissions from the nano ZnO spheres is
due to the transitions from the several extended sub states related to the Zni defect
states below the conduction band edge.

6 Conclusion

ZnO nanorods are synthesized by a hydrothermal technique at low temperature and
ZnO nanospheres are synthesized by solvothermal method. The structural, mor-
phological and optical properties were analyzed. XRD showed that the synthesized
ZnO nanorods and nano spheres have hexagonal wurtzite structures. UV-Vis
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spectroscopy confirmed the band gap of ZnO nanorods to be 3.34 eV and nano-
spheres to be 3.39 eV. The PL spectra of ZnO rods was found to be dominated by a
strong and sharp emission in the blue region and the exciton emission in the UV
region and well known emission in the green region was suppressed. The PL
spectra of ZnO nanospheres found to be dominated by a strong and sharp emission
in the blue region and the exciton emission in the UV region but the well known
emission in the green region was suppressed. 1D ZnO nanostructures are consid-
ered ideal as it finds applications in devices like gas sensors, Li ion batteries etc.
The blue luminescence of ZnO nanorods and nanospheres would have potential in
visible light emission and biological fluorescence labeling application. It can also be
used to fabricate UV detectors and solar cells.
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