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Earlier studies of the formation of ZnO nanostructures using the zinc-air cell method have indicated a 

rich presence of nanostructures such as hierarchical nanowires, nanorods, flower-like and nano-needles 

with an inherent hexagonal wurtzite structure. Controlling the growth orientation of semiconductor 

nanostructure arrays, particularly nanowires bears vital importance for their applicability in the fields 

nano-electronics. The ZAC system method appears to be almost free from impurities, although post-

heating and annealing may contribute some impurities, the most notable being carbon. Other effects, 

such as UV-Visible wavelength absorption have been observed as the likely result of structural defects 

and intrinsic excitons. This article therefore attempts to correlate the observed structural forms to the 

main determinants in the ZAC method thereby providing a reference point for the further synthesis of 

these forms using the method. 
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1. INTRODUCTION 

There is presently much interest in zinc oxide (ZnO) nanostructures due to the variety of 

possible morphologies that it can form and the ease with which it lends itself to low cost processing. 

ZnO is an n-type semiconductor material with wide band gap and large exciton binding energy of 3.37 

eV and 60 meV respectively. The low variability of the band gap of ZnO with temperature is 

considered advantageous in applications where temperature stability is important. In addition, ZnO 

displays a wide variety of structures at the nanoscale such as nanorods, nanowires, nanoflakes and 

nanoneedles. This opens up a myriad of potential applications in the medical and technological 

industries, hence its present popularity as an important research material. ZnO has found application in 

surface acoustic wave (SAW) filters, photonic crystals, light emitting diodes, photo-detectors, optical 
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modulator waveguides, varistors, gas sensors, dye sensitized solar cells, field emission, photo-catalysts 

and many others [1, 2]. The particular morphology, size and orientation may further our understanding 

of quantum effects, electrical and optical properties [3-6]. A better grasp of the conditions of the 

formation of these nanostructures may also lead to improved, novel nanostructures with improved 

functionality or altogether new and unique properties. The growing body of the literature reports many 

and varied synthesis techniques for the different nanostructures of ZnO [7-12]. The authors have 

themselves previously reported successful synthesis and investigations of ZnO nano-needles using a 

zinc-air cell system (ZAC) [14, 15]. The XRD studies appear to suggest that this method allows 

different nanostructures to be obtained depending on the variation of parameters such as discharge 

time and electrolyte type. Therefore, in this paper, we investigate and outline the feasibility of 

synthesizing different nanostructures by varying electrolyte concentration at fixed annealing 

temperature.  

 

 

2. EXPERIMENTAL 

Solutions of pure sodium hydroxide of different concentration ranging from 0.5 to 2M were prepared 

in distilled water using commercial sodium hydroxide pellets CP of 2, 4, 6 and 8g of NaOH 

respectively from Associated Chemical Enterprises (Pty) Ltd. A homogeneously mixed solution was 

obtained under constant magnetic stirring at room temperature. The solutions were then cooled to room 

temperature before being injected into the cell enclosure containing a large area of 99.9% by mass pure 

zinc and an air cathode composed of steel wool and recycled void paper to allow the transfer of 

electrons from the anode to the cathode. The cell was then allowed to discharge over one hour into a 

470Ω resistor. The use of the constant load is to keep the discharge current, which doubles as a 

deposition current, reasonably constant over the discharge time of the cell. This is plausible since the 

cell output voltage was more or less steady ~1.1V during the experimental runs. The motivation for 

this is the widely reported effect of discharge current on the observable nanostructures that are formed. 

After the discharge the zinc plate was removed and cut into several 1x1cm
2
 pieces before annealing at 

450
o
C for 60mins. CuKα radiation of XRD of 1.5418Å wavelength was used to determine the crystal 

structure. Particle morphology and chemical composition of the samples were studied using the Joel 

JSM-9800F Field Emission scanning electron microscope (FE-SEM) equipped with a dispersive x-ray 

spectrometer (EDS). The optical properties were studied using a Perkin-Elmer Lambda 950 UV-Vis 

spectrometer [14-16].   

 

 

3. RESULTS AND DISCUSSION 

3.1. Crystal structure versus concentration.  

Figure 1 shows the XRD patterns of the synthesized ZnO nanostructures at a uniform annealing 

temperature of 450
o
C and varying electrolyte concentration. All the observable diffraction peaks in the 

figure are assigned to either hexagonal ZnO or pure hexagonal zinc (standard JCPDS cards: 80-0075 

and 04-0831 respectively). The X-ray reflection planes are (100), (002), (101), (102), (110), (103), 
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(200), (112) and (200) and correspond to the 2θ angles of 31.8
o
, 34.4

o
, 36.3

o
, 47.5

o
, 56.5

o
, 62.7

o
, 66.3

o
, 

67.9
o
 and 69.0

o
.  

 

 
 

Figure 1. XRD patterns of ZnO nanostructures versus concentration at fixed annealing temperature. 

 

The other prominent diffraction peaks in the figure (labeled as *Zn) conform to pure 

hexagonal-structured zinc. No foreign impurities were observed. The figure suggests that as the 

concentration increases the crystallographic structure changes resulting in the formation of hierarchical 

nanowires, nanorods, flower-like and nano-needle structures which are in agreement with FE-SEM 

images. Application of the Debye-Scherrer equation [12, 14] with a Scherrer constant of 0.9 gives the 

results in Table 1.   

 

Table 1.  Shows the ZnO nanostructures, the 2θ value, the annealing temperature value and particle 

sizes 

 

Concentration (M) ZnO 

Nanostructure 

 

 

2θ (degrees)  Particle sizes 

(nm) 

 

90() 

 

 

‘a' 

(Ȧ) 

0.5 Nanowires   36.01  24.49 

0.6 Nanorods  36.32  86.18 

1 Flower-like  36.08  29.01 

2 Nano-needles  36.05  34.52 
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Table 2 summarizes the lattice parameters a and c obtained assuming first order diffraction on 

the (100) with the angles: 36.01
o
, 36.32

o
, 36.08

o
 and 36.05

o
.  

 

Table 2. Shows the estimated hexagonal structure lattice constants 

 

ZnO Nanostructure FWHM  (100) 

 

2θ 

(degrees) 

Lattice a (nm)  Lattice c (nm) 

 

 

 

‘a' 

(Ȧ) 

Nanowires  0.3596 31.5090 3.2746  5.6719 

Nanorods 0.3091 31.7169 3.2537  5.6356 

Flower-like 0.2849 31.5733 3.2681  5.6606 

Nano-needles 0.2902 31.5417 3.2713  5.6661 

 

3.2. Morphology and chemical analysis  

The effect of the NaOH concentration on the final morphology of ZnO nanoparticles was 

studied by FE-SEM. The results are shown in Figure 2 (a)-(d). The heat treatment temperature used to 

produce the ZnO morphologies was fixed at 450 °C. Figure 2 (a) shows hierarchical ZnO 

nanostructures obtained by synthesizing the material with 0.5M concentration. Hierarchical ZnO 

nanostructures are distributed uniformly and compactly. By controlling the appropriate amount of 

concentration, the hierarchical structure was transformed into nanorods as shown in Figure 2 (b). 

Further increase in electrolyte concentration resulted in a flower-like and nano-needles nanostructures 

as shown Figure 2 (c)-(d). The changes in morphology are thought to arise because of the increase in 

ionic conductivity as the electrolyte concentration increases. Similar results were observed by Ridhuan 

et al [18] although their focus was on the transformation of inhomogeneous ZnO nanorods into 

homogeneous well aligned nano-needles. Moazzen et al have also reported the transformation of ZnO 

particles from spherical nanoparticles to cauliflower-like nanostructures when the concentration ratio is 

increased [19]. Liu et al [20] have also investigated the growth of ZnO films having controlled of 

morphology by varying the concentration of NaCl additive in the reactant. They suggest that the 

resulting variation of ZnO-film morphology is due to the enhanced ionic strength of the electrolyte. 

This is thought to be due to the promotion of both the concentration of the reactants and also the 

specific adsorption of organic groups. Similar results were also obtained by Yin et al [21], although 

their primary focus was on nano-rods obtained over a wide range of concentrations and treatment 

temperatures. The chemical analysis for ZnO nanostructures using EDS showed no foreign impurities 

besides carbon which is attributed to post heating as show in Figure 3. However, in spite of the 

prominent zinc, oxygen and carbon peaks in the EDS spectrum the weight percentage of Zn, and O 

elements obtained from EDS is nearly stoichiometric. 

Figure 2 shows the FE-SEM photographs of the nanostructures summarized in Table 1 and 

Table 2. 
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Figure 2. FE-SEM images after sample annealing at 450
o
C versus electrolyte concentration. In (a) 

heirachical ZnO nanowires at 0.5M (b) nanorods, 0.6M (c) flower-like at 1.0M and (d) 

nanoneedles at 2M. 

 

 

 

 

 

Figure 3. Chemical compositions of ZnO nanostructures 

 

3.3. Band gap from UV-Vis spectroscopy  

Figure 4 shows the UV-Vis spectra of the ZnO nanostructures. The hierarchical nanowires, 

nanorods, flower-like and nano-needles exhibit two strong absorption peaks between ~300nm-380nm. 
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The optical absorption of direct band gap ZnO nanostructures can be calculated using the Kubelka–

Munk function in Equation (5) and Tauc’s relation, Equation (6) [12, 14].  

                       (5) 

and 

             ,                         (6) 

where   is absolute reflectance of the sample layer,    is photon energy (  is Planck’s constant 

and   is photon frequency) and       for a direct band gap semiconductor like ZnO. 

 

 

 
 

Figure 4. UV-Vis absorbance spectra of ZnO nanostructures 

 

The absorption peaks around ~300nm -310nm may be explained in terms of structural defects 

associated with either Zn or O vacancies. The absorption peaks around ~370nm-380nm conform to the 

well-known intrinsic band gap absorption of ZnO and indicates that the synthesized nanostructures are 

in a spatial confinement in contrast to the bulk of ZnO. Figure 5 is the extrapolation of            

versus   , a technique that leads to the determination of the optical band gap [14]. Table 3 reports the 

estimated band gaps of the various synthesized nano-structures. The estimated band gaps show low 

variance between the different nanostructures, averaging 3.1 eV with a variance of ~2.7%. This 

variance is within the limits of measurement error. It is interesting to note that at the numerically close 

electrolyte concentrations of 0.5M and 0.6M concentrations two distinct nano-structural forms appear 

to dominate. There are two possible explanations for this observation. First, there may be a critical 

concentration at which the one form begins to dominate. Secondly, it is widely reported that the 

transformation of nanostructures could be due to the non-uniform current distribution on the zinc 

plates. As the surface profile of the zinc plate changes due to the increasing presence of a given 

nanostructure, it is likely that there are also localized differences in the current density on plate due to 

these nanostructures, leading to the formation of different nanostructures around those sites. This 

possibility is interesting and warrants further investigation. 
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Figure 5. Plot of             versus photon energy    of ZnO nanostructures 

 

Table 3. Estimated optical band gap of ZnO nanostructures 

 

ZnO nanostructure  Band gap (eV) 

 

90() 

 

 

‘a' 

(Ȧ) 

Nanowires   3.2 

Nanorods  3.0 

Flower-like  3.1 

Nano-needles  3.1 

 

 

 

4. CONCLUSIONS 

In this paper we extend earlier investigations of the fabrication of ZnO nanostructures using the 

ZAC system method by suggesting a simple classification of nanostructure as a function of electrolyte 

concentration. The XRD analysis shows that the synthesized ZnO nanostructures are built on the 

hexagonal wurtzite structure and that there were no foreign impurities besides the carbon which came 

as results of post heating. The presence of wire, rod, needle and flower-like nanostructures were 

confirmed by FE-SEM analysis. The band gaps of these nanostructures were calculated using Tauc’s 

equation and found to be around 3.1eV for all nanostructures.  Therefore, it can be concluded that this 

method is suitable for the production of ZnO nanostructures that are important in many industrial 

applications such as LEDs, UV photo detectors, sensing and for other optoelectronic devices. 
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