
Zinc oxide (Zinc oxide (ZnOZnO) is an important multifunctional semiconductor with a wide ) is an important multifunctional semiconductor with a wide bandgapbandgap (3.4 (3.4 eVeV). ). 
It has a stable It has a stable wurtzitewurtzite structure with lattice spacing of a=0.325 nm and c=0.521 nm [1structure with lattice spacing of a=0.325 nm and c=0.521 nm [1--4]. It 4]. It 
has attracted much research interest due to its unique optical, has attracted much research interest due to its unique optical, acoustic, luminescent, acoustic, luminescent, 
electronic and optoelectronic properties electronic and optoelectronic properties 

Many methods have been used to prepare the Many methods have been used to prepare the ZnOZnO material as onematerial as one--dimensional (1D) dimensional (1D) 
nanostructures with different morphologies including nanostructures with different morphologies including nanowiresnanowires, , nanorodsnanorods, , nanotubesnanotubes, , 
whiskers, whiskers, nanocrystalsnanocrystals, , nanobeltsnanobelts and other superstructures [1,3,5]. They represent a broad and other superstructures [1,3,5]. They represent a broad 
class of class of nanoscalenanoscale building blocks that have been used to assemble functional devibuilding blocks that have been used to assemble functional devices such as ces such as 
lasers, lasers, photodetectorsphotodetectors, field emitters, acoustic and short wavelength optical devices,, field emitters, acoustic and short wavelength optical devices, gas gas 
sensors, piezoelectric transducers and actuators, solar cells etsensors, piezoelectric transducers and actuators, solar cells etc [3,5c [3,5--7]7]

There are several methods to synthesize There are several methods to synthesize ZnOZnO nanostructures, such as nanostructures, such as vapourvapour transport transport 
process catalyst free (process catalyst free (vapourvapour--solid process / VS) or catalyst assisted (solid process / VS) or catalyst assisted (vapourvapour--liquidliquid--solid solid 
process / VLS), process / VLS), epitaxialepitaxial electrodepositionelectrodeposition (ED), sol(ED), sol--gel method, polymer assisted growth, gel method, polymer assisted growth, 
metalmetal--organic chemical organic chemical vapourvapour deposition (MOCVD), pulsed laser deposition (PLD), aqueous deposition (MOCVD), pulsed laser deposition (PLD), aqueous 
chemical methods and hydrothermal methods [1,7]chemical methods and hydrothermal methods [1,7]

Low temperature hydrothermal synthesis (at 95 Low temperature hydrothermal synthesis (at 95 °°C or between 150 C or between 150 –– 250 250 °°C) is becoming C) is becoming 
popular for environmental reasons, since water is used as the repopular for environmental reasons, since water is used as the reaction solvent  than organics. action solvent  than organics. 
This method is also more convenient and economic for largeThis method is also more convenient and economic for large--scale preparation of wellscale preparation of well--ordered ordered 
ZnOZnO nanowire/nanorodnanowire/nanorod arrays compared to VLS, CVD and ED methods, which require arrays compared to VLS, CVD and ED methods, which require 
sophisticated equipment and rigorous conditions (such as singlesophisticated equipment and rigorous conditions (such as single--crystalline crystalline sustratessustrates) [10]) [10]

The aim of this work is firstly to synthesize The aim of this work is firstly to synthesize The aim of this work is firstly to synthesize ZnOZnOZnO nanostructures by hydrothermal nanostructures by hydrothermal nanostructures by hydrothermal 
method and secondly to investigate the influence of water, ethanmethod and secondly to investigate the influence of water, ethanmethod and secondly to investigate the influence of water, ethanol (ol (ol (EtOHEtOHEtOH) and ) and ) and 
polyethyleneglycolepolyethyleneglycolepolyethyleneglycole (PEG) and the reaction time at constant temperature on the (PEG) and the reaction time at constant temperature on the (PEG) and the reaction time at constant temperature on the 
morphology / dimensions and structure of the final productsmorphology / dimensions and structure of the final productsmorphology / dimensions and structure of the final products
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Table 1. Table 1. Table 1. Raw materials and conditions for the hydrothermal synthesis of Raw materials and conditions for the hydrothermal synthesis of Raw materials and conditions for the hydrothermal synthesis of ZnOZnOZnO nanostructuresnanostructuresnanostructures

The Raw materials and conditions for the hydrothermal synthesis The Raw materials and conditions for the hydrothermal synthesis of of ZnOZnO nanostructures are nanostructures are 
presented in Table 1.presented in Table 1.
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4Zn OH −( )According to literature [5] the growth unit of According to literature [5] the growth unit of ZnOZnO crystal is the complex         . The formation crystal is the complex         . The formation 

mechanism of mechanism of ZnOZnO crystallite under hydrothermal condition begins with the formatcrystallite under hydrothermal condition begins with the formation of the ion of the 
growth unit : growth unit : 

2 2
44 ( )Zn OH Zn OH+ − −+ =

and proceeds with the incorporation of growth unit into the newland proceeds with the incorporation of growth unit into the newly formed crystal lattice by the y formed crystal lattice by the 
oxolationoxolation reaction under reaction under supersaturationsupersaturation condition : condition : 

2 2 4
4 4 2 6 2( ) ( ) ( )Zn OH Zn OH Zn O OH H O− − −+ = +

Finally, when the size of the clusters                          Finally, when the size of the clusters                          reaches the size of the soreaches the size of the so--called called 
““critical nucleuscritical nucleus””, , ZnOZnO powders are precipitatedpowders are precipitated

(z 2y-2x 2)-
x 1 y 1 z 2 Zn O OH + +
+ + +

For the quantification of the For the quantification of the unreactedunreacted Zn contained in the incumbent solution as received Zn contained in the incumbent solution as received 
from the autoclave after the completion of the reaction, the profrom the autoclave after the completion of the reaction, the procedure is as follows : the cedure is as follows : the 
incumbent solution is volumetric measured and 1 incumbent solution is volumetric measured and 1 mLmL of this solution is diluted with of this solution is diluted with bidistilledbidistilled
water to form a diluted solution of 250 water to form a diluted solution of 250 mLmL, and then the percentage of , and then the percentage of unreactedunreacted Zn is Zn is 
measured with Atomic Absorption Spectroscopy (AAS). The results measured with Atomic Absorption Spectroscopy (AAS). The results are presented in Table 2, are presented in Table 2, 
whereas the amount of Zn in the incumbent solution is calculatedwhereas the amount of Zn in the incumbent solution is calculated in percentage and the in percentage and the 
difference corresponds to the percentage of reacted Zn. The yieldifference corresponds to the percentage of reacted Zn. The yield of Zn is high fluctuating d of Zn is high fluctuating 
approximately between 90 and 96 % approximately between 90 and 96 % w/ww/w..
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Table 2.Table 2. Amount of Zn containing in the incumbent solution Amount of Zn containing in the incumbent solution 
determined by AAS and amount of reacted Zndetermined by AAS and amount of reacted Zn

Based on the SEM images (Images 1Based on the SEM images (Images 1--8), the final products show a growing 8), the final products show a growing behaviourbehaviour along the along the 
cc--axis with morphologies of straight or flowerlike / axis with morphologies of straight or flowerlike / starlikestarlike rods, either ending with regular rods, either ending with regular 
hexagonal prism or with hexagonal pyramidhexagonal prism or with hexagonal pyramid

Image 1.Image 1.Image 1. 1Z1Z1Z---111

Material 1ZMaterial 1Z--1 (Image 1) consists of mainly 1 (Image 1) consists of mainly 
amorphous material and very few single rods or amorphous material and very few single rods or 
rods in branched structures deposited on itrods in branched structures deposited on it

Image 2.Image 2.Image 2. 1Z1Z1Z---333

Image 3.Image 3.Image 3. 2Z2Z2Z---111

Image 4.Image 4.Image 4. 2Z2Z2Z---333Image 5.Image 5.Image 5. 2Z2Z2Z---202020

Image 6.Image 6.Image 6. 4Z4Z4Z---111

The material received after 3 h (Image 2 / 1ZThe material received after 3 h (Image 2 / 1Z--3) 3) 
consists of a) single rods, b) few flowerlike or consists of a) single rods, b) few flowerlike or 
starlikestarlike branched structures and c) amorphous branched structures and c) amorphous 
material covered with a and b material covered with a and b 
Most rods of this material, either alone or branched Most rods of this material, either alone or branched 
have ends with regular hexagonal pyramid have ends with regular hexagonal pyramid 
structurestructure

Image 7.Image 7.Image 7. 5Z5Z5Z---111

Image 8.Image 8.Image 8. 9Z9Z9Z---111

In the material 5ZIn the material 5Z--1 (Image 7) there are a) 1 (Image 7) there are a) 
single rods, b) many flowerlike or single rods, b) many flowerlike or starlikestarlike
branched structures, c) some amorphous branched structures, c) some amorphous 
material covered with a) and b) formsmaterial covered with a) and b) forms
It is characteristic for this material that the It is characteristic for this material that the 
rods, branched or not, have ends with regular rods, branched or not, have ends with regular 
hexagonal prism structurehexagonal prism structure

The material 4ZThe material 4Z--1 (Image 6) consists of a) 1 (Image 6) consists of a) 
very few single rods, b) very few branched very few single rods, b) very few branched 
rods and c) much of amorphous materialrods and c) much of amorphous material
All rods of this material, branched or not, All rods of this material, branched or not, 
have sharp ends have sharp ends 

In Image 3, material 2ZIn Image 3, material 2Z--1 consists of a) single rods, b) few flowerlike or 1 consists of a) single rods, b) few flowerlike or starlikestarlike branched branched 
structures and c) a tuft made of oriented whiskersstructures and c) a tuft made of oriented whiskers
The same material received after 3 h (Image 4 / 2ZThe same material received after 3 h (Image 4 / 2Z--3) or 20 h (Image 5 / 2Z3) or 20 h (Image 5 / 2Z--20) give similar 20) give similar 
products of a) single rods and b) flowerlike or products of a) single rods and b) flowerlike or starlikestarlike branched structures branched structures 

The material 9ZThe material 9Z--1 (Image 8) consists of a) single 1 (Image 8) consists of a) single 
rods, b) flowerlike or rods, b) flowerlike or starlikestarlike branched structures branched structures 
and c) some amorphous material covered with a) and c) some amorphous material covered with a) 
and b) forms. The rods, branched or not have and b) forms. The rods, branched or not have 
ends with regular hexagonal pyramid structure.ends with regular hexagonal pyramid structure.

By increasing the incubation time, the amorphous regions are decBy increasing the incubation time, the amorphous regions are decreased and more rods, reased and more rods, 
branched or not with ends of regular hexagonal pyramid structurebranched or not with ends of regular hexagonal pyramid structure are formed and their are formed and their 
dimensions are increased (comparison between 1Zdimensions are increased (comparison between 1Z--1 and 1Z1 and 1Z--3)3)
By increasing the proportion of PEG, the amorphous regions are fBy increasing the proportion of PEG, the amorphous regions are further reduced and many urther reduced and many 
flowerlike or flowerlike or starlikestarlike branched structures are formed, which have ends with regular hebranched structures are formed, which have ends with regular hexagonal xagonal 
prism structure (comparison between 1Zprism structure (comparison between 1Z--1 and 5Z1 and 5Z--1)1)
The use of ethanol without water (4ZThe use of ethanol without water (4Z--1) leads to very few single or branched rods and much of 1) leads to very few single or branched rods and much of 
amorphous material, therefore water is necessary to be used in tamorphous material, therefore water is necessary to be used in the initial solution for the he initial solution for the 
hydrothermal process (comparison between 1Zhydrothermal process (comparison between 1Z--1 and 4Z1 and 4Z--1)1)
On the other hand, the use of increased amount of water, withoutOn the other hand, the use of increased amount of water, without ethanol (materials 2Zethanol (materials 2Z--1, 2Z1, 2Z--
3, 2Z3, 2Z--20, 9Z20, 9Z--1) leads to the formation of 1) leads to the formation of nanostructurednanostructured material without amorphous regions, material without amorphous regions, 
in the forms of single rods or branched, forming flowerlike or in the forms of single rods or branched, forming flowerlike or starlikestarlike structures with ends of structures with ends of 
regular hexagonal pyramid structure. Under these conditions, regular hexagonal pyramid structure. Under these conditions, ZnOZnO nanostructures are nanostructures are 
sufficiently formed already by one hour, and extended time does sufficiently formed already by one hour, and extended time does not contribute to any not contribute to any 
improvement in the nanostructuresimprovement in the nanostructures
Comparing the Comparing the ZnOZnO structures of this group of materials (second group, structures of this group of materials (second group, materialsmaterials 2Z2Z--1, 2Z1, 2Z--3, 3, 
2Z2Z--20, 9Z20, 9Z--1)1) with that of the first group (1Zwith that of the first group (1Z--1, 1Z1, 1Z--3, 5Z3, 5Z--1, 4Z1, 4Z--1), it is observed that the 1), it is observed that the 
particle dimensions are greater for the second groupparticle dimensions are greater for the second group
Although the precipitation yield is very high, not all products Although the precipitation yield is very high, not all products are in crystalline nanostructure are in crystalline nanostructure 
form, as is observed in SEM images and in X ray diffraction pattform, as is observed in SEM images and in X ray diffraction patternserns

All diffraction peaks can be indexed All diffraction peaks can be indexed 
and corresponded to the known and corresponded to the known 
wurtzitewurtzite--structured (hexagonal) structured (hexagonal) ZnOZnO, , 
with lattice constants with lattice constants αα and c in and c in 
agreement with that of literatureagreement with that of literature

Correlating the X ray diffraction Correlating the X ray diffraction 
patterns of all materials, the material patterns of all materials, the material 
4Z4Z--1 exhibit more amorphous than 1 exhibit more amorphous than 
crystalline structurecrystalline structure

(a) (b)

Figure 1.Figure 1. X ray diffraction patterns of materials (a) X ray diffraction patterns of materials (a) 
2Z2Z--1 and (b) 4Z1 and (b) 4Z--1 1 
The above observation is also confirmed by SEM images concludingThe above observation is also confirmed by SEM images concluding that material 4Zthat material 4Z--1 has 1 has 
much of amorphous regions. The much of amorphous regions. The diffractogramsdiffractograms of materials 2Zof materials 2Z--1, 2Z1, 2Z--3, 2Z3, 2Z--20 and 9Z20 and 9Z--1 1 
exhibit high exhibit high crystallinitycrystallinity. . 
The material which is in the form of flowerlike or The material which is in the form of flowerlike or starlikestarlike structures (5Zstructures (5Z--1) has a variety of 1) has a variety of 
orientation and a low orientation and a low crystallinitycrystallinity is observed from its is observed from its diffractogramdiffractogram
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