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A facile approach to hexagonal ZnO nanorod assembly

K. Uma Æ S. Ananthakumar Æ R. V. Mangalaraja Æ
K. P. O. Mahesh Æ T. Soga Æ T. Jimbo

Received: 7 August 2008 / Accepted: 14 October 2008 / Published online: 4 November 2008

� Springer Science+Business Media, LLC 2008

Abstract Nanocrystalline ZnO nanorods were success-

fully grown by ultrasonication using an acidic ethanolic

zinc acetate precursor solution followed by a flow coating

process and annealing at 600 �C. The ZnO nanorods

obtained were hexagonal in shape and showed a high

degree of uniformity in size and distribution. These sam-

ples were characterized by X-ray diffraction (XRD),

energy dispersive X-ray (EDX) spectroscopy, X-ray

photoelectron spectroscopy (XPS), scanning electron

microscopy (SEM) and Raman spectrophotometry and the

results are discussed. This approach appears to be the

easiest way to fabricate bulk ZnO nanorods.

Keywords ZnO � Nanorod � Ultrasonication �
Flow coating process

1 Introduction

As one of the most important wide band gap semicon-

ductors (3.3 eV at 298 K) with a large exciton binding

energy, ZnO nanostructures have attracted a high degree of

interest for the fabrication of various types of nano-devices

[1, 2]. One dimensional ZnO structures are considered

especially important due to their capability for providing

low-dimensional electron confinement [3–5] which has a

large scope in the design and construction of functional

electronic devices in the application areas of sensing, field

emission, photovoltaics and optoelectronics. ZnO nano-

crystallites with controlled size, shape and specific orien-

tation on the substrate surface are a prerequisite for

achieving high performance when actually used in appli-

cations. Methods including chemical, electrochemical,

physical and chemical vapour deposition have been

reported for preparing oriented ZnO nanorods and nano-

wires. The synthesis has also been extended to

hydrothermal [6], solvothermal [7], sol–gel [8], laser

ablation [9], solution [10] and template-assisted growth

techniques [11]. Other than these techniques, catalyst-

assisted growth is also employed for bulk nanostructures

[12]. However, it often suffers from the disadvantage of

introducing metal catalysts at comparatively high temper-

atures, which makes the whole synthesis more complex.

The metal catalyst may also introduce impurities in the end

product which directly affects the semiconducting proper-

ties of the ZnO nanostructures. In recent years, with the

rapid development of ultrasound technology in chemistry,
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sonochemical methods are being suggested for preparing

ZnO nanostructures under ambient conditions [13]. Many

materials synthesis experts claim that in sonochemical

techniques, the ultrasonic waves produce micro-bubble

reactors with large amounts of energy available for any

chemical reaction to occur. Generation of temperatures up

to *5000 K and pressures of approximately 1800 atmo-

sphere is expected when the microbubbles collapse during

ultrasonic cavitation [14, 15]. However, due to the extre-

mely high cooling rates in excess of 1010 K/s by the

surrounding bulk liquid, sonochemical synthesis can be

exploited for ZnO nanostructures under normal tempera-

ture and pressure without any additional heating of the

precursor mixture. Hence, this technique is fast, simple and

convenient. In this work, we have attempted to adopt the

ultrasonication method for obtaining ZnO nanorods. Zinc

acetate as a precursor in an ethanol medium was employed

and no surfactant or organic amine was used as reported in

earlier works [16, 17]. To our knowledge, the synthesis of

ZnO nanorods by simple ultrasonication of the precursor

solution prepared in an acidic medium followed by flow-

coating and thermal annealing has seldom been reported

[18, 19].

2 Experimental

ZnO nanorod assembly was fabricated over Corning glass

substrates having an area of 2 cm 9 2 cm. The ultrasonic

energy was generated by a laboratory ultrasonic cleaner

(USK-2A, 100 V, 50–60 Hz, China). The equipment was

fitted with transducers at the bottom and the ultrasonicator

was powered by a generator with automatic tuning to the

resonant frequency and 60 Hz wave modulation. A soni-

cation frequency of 40 kHz was selected for the synthesis.

The sonication energy was given for a total duration of

15 min in five steps with an interval of 20 s every 3 min.

At this frequency, the thermal energy generated inside the

reaction mixture was conveniently mild and therefore

evaporation of the ethanol solvent was prevented. Also,

under the given conditions, it was envisaged that the

reactants would undergo a controlled rate of thermo-

hydrolysis. Optimum conditions were reached by many

trial experiments. In fact we observed that continuous

ultrasonication induced only precipitation and segregation

of zinc hydroxides.

Zinc acetate di-hydrate salt (Zn(CH3COO)2 � 2H2O,

Nacalai Tesque Chemical Co. Ltd., 99.5%) was used as the

precursor for growing ZnO nanorods. Anhydrous ethanol

(Hayashi pure chemical Co., Ltd., 99%) solvent was used

to induce the hydrolysis reaction of zinc acetate di-hydrate

and HCl acid (Hayashi pure chemical Ind., Co., Ltd.) was

used to achieve controlled hydrolysis. The precursor

solution was maintained at a pH value of 3. In a typical

synthesis 0.5 g of Zn(CH3COO)2 � 2H2O was dissolved in

10 mL of ethanol solvent. About 4 g of 10 wt.% HCl/

ethanol solution was prepared and was added slowly to the

Zn(CH3COO)2 � 2H2O/ethanol solution with sonication.

The precursor solution became transparent after sonication

for 10 min. The zinc acetate di-hydrate was completely

miscible in acidified ethanol. From this parent solution

several drops were deposited on the Corning glass surface

at a constant rate. Before coating, the Corning (7059) glass

substrates were ultrasonically cleaned for 10 min in ace-

tone then in methanol and dried with nitrogen. The coated

glass substrates were kept in an electrically preheated

chamber at 300 �C for 5 min and then the solution was

deposited again. This procedure was repeated five times.

Finally, the substrates were annealed at 600 �C for 3 h in

an air atmosphere at a rate of 20 �C/min. A white layer of

oxide coating was seen on the substrate surface after

annealing. The morphology of the coating was observed by

scanning electron microscopy (SEM, S-3000H Hitachi).

The crystallinity of the ZnO coating was analyzed using an

X-ray diffractometer (X-ray diffractometer—JEOL) with

Cu Ka radiation. The sample was also tested for X-ray

photoelectron spectroscopy (X probe SSX-100). Raman

spectra were recorded using a Raman spectrometer (NRS

1500W Raman Spectrometer—JASCO) with an excitation

wavelength of 523 nm.

3 Results and discussion

The X-ray diffraction analysis of ZnO coated glass sub-

strates in the deposited and annealed conditions is

presented in Fig. 1. The diffraction pattern of un-annealed

coatings shows broad and weak peaks that confirm the

formation of ZnO nuclei even in the deposited condition.

The X-ray pattern further shows that the peaks are semi-

crystalline and become fully crystalline after annealing at

600 �C (Fig. 1b). All the peaks belong to hexagonal bulk

ZnO and the X-ray pattern matches well with the JCPDS

card No. 89-1397. The high intensity and narrow spectral

width of the ZnO peaks obtained in the XRD pattern

suggest that the ZnO coating has good crystalline quality

with (101), (100), and (002) lattice planes. It is also seen

that the annealing temperature of 600 �C is adequate for

achieving well crystallized and oriented ZnO nanorods.

When the deposited precursor coatings are subjected to

300 �C, zinc acetate di-hydrate is probably decomposed

and produces active primary ZnO nuclei which further acts

as a seed layer. When the deposition is repeatedly per-

formed, the freshly formed nuclei from the precursor

solution have a tendency to lead the growth from the seed

layer. Once the nuclei are formed, there are large numbers
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of dangling bonds, defects, or traps on the nuclei surface

and during annealing further nucleation and growth occurs

in a specific pattern. In this experiment active zinc nuclei

are formed by ultrasonication and well-defined, crystalline,

hexagonal faces are grown on the glass surface by

annealing at a temperature of 600 �C. The translucent ZnO

coated glass substrates under deposited conditions become

opaque after annealing.

SEM images of the ZnO coatings in (a) as grown and (b)

annealed at 600 �C conditions are presented in Fig. 2. The

deposited coatings exhibit only a layered microstructure

(Fig. 2a). The layers became well crystallized randomly

oriented hexagonal ZnO rods during annealing and Fig. 2b

clearly shows the nanorod assembly. These nanorods have

dimensions ranging from 400 to 500 nm and only a few

rods showed sizes as large as 600 nm. However, this is the

largest size obtained by this technique.

The stoichiometry of the samples was examined by the

EDX spectrum as shown in Fig. 3. Only zinc and oxygen

signals have been detected, suggesting that the nanorod is

indeed made up of Zn and O. The Zn/O ratio is about 1.18,

indicating an oxygen deficiency in the fabricated zinc oxide

coatings. The results are further confirmed by the XPS

analysis which is presented in Fig. 4. The major elements

Zn and O with minor C peaks were detected from the XPS

spectra.

The typical Raman spectrum of the ZnO nanorods is

shown in Fig. 5. The spectrum shows an intense peak at

441 cm-1. When it is compared with the bulk ZnO, there is

a shift of 2 cm-1. It corresponds to the E2 mode of the

wurtzite ZnO crystal. It further supports that the coatings

consist of ZnO nanorods [20]. The peak at 330 cm-1

should be assigned to the second order Raman spectrum

arising from zone-boundary phonons 3E2H-E2L, while the

dominant peak at 569 cm-1 is contributed by the E1 (LO)

Fig. 2 SEM images of the Corning glass substrates a ZnO layers at

300 �C, b annealed coated layers at 600 �C

Fig. 3 EDX spectrum of ZnO nanorods deposited on Corning glass

annealed at 600 �C in air ambient
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Fig. 1 XRD pattern of Corning glass substrates (a) as deposited and

heated at 300 �C at air ambient, (b) substrates annealed at 600 �C in

air ambient
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mode of ZnO associated with oxygen deficiency. This

weak intensity of the E1 (LO) mode demonstrates that there

is only limited oxygen vacancies in the ZnO nanorods. The

red shift of the Raman spectrum in the nanostructures is

usually related to phonon confinement effects caused by

three factors the nano-dimension of the material, crystal

defects, and lattice strains. The broadened Raman shifts

from 1039 to 1184 cm-1 are known to be the vibration

modes due to the multiple-phonon scattering process [21].

These results of the Raman spectrum imply that the pre-

pared nanorods have low defects and strains.

During ultrasonication, a cavitation effect is usually

noticed which plays a key role in the resulting nanostruc-

tures [22]. The ultrasonication not only provided the

mechanical energy to dissolve the zinc precursor in the

given solvent [23] but also induced molecular dispersion

and micro-thermal effects in the system by which the for-

mation of primary Zn2? nuclei occurred in the reaction

mixture. Such an initial nucleation stage is crucial for

vertical and in-plane alignments of the nanorods. It is

reasonable to mention that zinc ionic clusters deposited on

the glass substrates serve as the nucleation centers for the

growth of ZnO nanorods. The mechanism of ZnO nanorod

assembly may be as follows: The zincacetate dihydrate is

dissolved in ethanol and complete dissolution of the pre-

cursor is ensured by acid addition. Sonication induces the

hydrolysis reaction in the presence of HCl/ethanol due to

dissociation of ethanol and molecular-thermal heating. As a

result, zinc hydroxide nuclei and acetic acid by-products are

formed. When the sonicated precursor solution is spread

over the glass substrate surface and subjected to heating at

300 �C, the ethanol evaporates rapidly but acetic acid

leaves slowly. This results in homo-polycondensation to

form semicrystalline ZnO nuclei. These grow to fully

crystalline dense ZnO nanorods during annealing at 600 �C.

In our work, we have demonstrated the growth of ZnO

nanorods in anhydrous ethanol medium at low pH without

using any metallic catalysts. It appears that nanorod for-

mation is most likely a self-catalytic process determined by

the temperature and vapor pressures of Zn and oxygen. The

pH value, sonication and initial reaction temperature (\60

degrees) are significant factors to be strictly controlled for

forming the active seed layer as well as to achieve ZnO

nanorod assembly.

4 Conclusions

We have presented a simple route to synthesize ZnO

nanorods. Raman scattering indicates that the nanorods
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Fig. 4 XPS spectrum of ZnO nanorods deposited on Corning glass

annealed at 600 �C in air ambient
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have a hexagonal wurtzite phase with a fully crystalline

quality with less structural defects. Ultrasonication appears

to be advantageous for achieving active primary ZnO seed

nuclei which favors oriented growth of ZnO nanorods. This

procedure shows significant advantages when compared to

other reported techniques especially in terms of simple

processing equipments, low cost and that it can also be

applied to large glass/polymer surfaces.
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