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Abstract 

Zinc oxide (ZnO) nanorods were grown on a ZnO seed layer using chemical solution 

deposition, and their growth behavior over various timescales was investigated. The 

structural properties of the nanorods were investigated using x-ray diffraction (XRD) 

and field emission scanning electron microscopy (FESEM), and the pH of the solution 

was measured both before and after the reaction process. It was observed that the 

nanorods grew in two stages, with the first stage from 0-6 h time and the second stage at 

12-24 h of time. When they were given 24 h of reaction time, the length and aspect ratio 

of the nanorods reached ~2.6 m and ~54, respectively. The pH value of the solution 

changed during the whole process, and on reaching a pH value ~8.1 after 36 h, the 



nanorods exhibited very stable size dimensions. The most effective growth time to yield 

nanorods with high aspect ratios was determined to be 24 h. 
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1. Introduction 

Recently, the demand for zinc oxide (ZnO) nanorods has significantly increased due 

to their potential for application in novel nano-scaled electronics and optoelectronics 

[1-7].  

Growth behavior of ZnO nanorods are strongly dependent on the factors during 

formation, such as concentration [7,8], pH [9-11], dopants [12,13], temperature [14,15], 

and time [14,16,17]. One technique used in the formation of ZnO nanorods is chemical 

solution deposition (CSD); compared to typical dry process, CSD features lower costs, a 

simpler experimental design, and a greater potential for scale-up, and can be performed 

at a lower process temperature (< 100 ºC) [8,14,15,18-20]. Several studies on the 

growth-time-dependent properties of nanorods have already been conducted, but at less 

than 20 h [8,10,14,17]. In these studies, the vertical growth of the nanorods was 

continuous and steady up to a certain reaction time, and this critical time for effective 

growth of the nanorods was also dependent on the process conditions. Beyond critical 

time, however, the growth behavior changed noticeably. Lockman et al. reported that 

the length of the nanorods was independent of time, while, the diameter of the nanorods 

continued to increase [16]. Meanwhile, Amin et al. reported that after reaching certain 

length and diameter, rate of growth along these dimensions became lesser [14]. 



However, the effects of reaction times longer than 20 h have been studied only rarely. 

On the other hand, most studies have focused on adjusting the pH value of the initial 

solution, and invested the effects of the pH value on the properties of the nanorods 

[9-11]. In this study the growth behavior of the ZnO nanorods, as well as pH value of 

the solution, were monitored as a function of reaction time (up to 36 h). 

 

2. Experimental 

Before growth of the ZnO nanorods, a seed layer was prepared by sol-gel using an 

zinc acetate dihydrate (Zn(CH3COO)2·2H2O, 0.25 M) dissolved in ethanol, 

2-methoxyethanol (2ME) and Milli-Q. Solution was dropped onto the fluorine doped tin 

oxide (FTO) coated glass substrate (Solaronix, 2  2 cm2) and spin-coated at a speed of 

2000 rpm for 30 s. It was dried at 250 ºC for 5 min and then annealed at 350 ºC for 30 

min in air ambient. A more detailed synthesis process and the properties of the ZnO 

seed layer were reported previously [13].  

The substrates with the seed layers were immersed vertically in the aqueous solution 

containing a 1:1 ratio of zinc nitrate hexahydrate (Zn(NO3)2·6H2O, 0.01 M) and 

hexamethylenetetramine (HMT, C6H12N4, 0.01 M) of at 90 ºC for 3-36 h, without 

replenishing solution. Finally, the samples were washed with deionized water several 



times and then dried at 120 ºC for 10 min in air ambient. 

The pH value of the solution was measured before and after reaction using pH meter 

(HORIBA, D-54). The crystal structures and orientations were characterized by X-ray 

diffraction (XRD, Bruker, D8ADVANCE) with -2 mode. Surface morphology was 

examined by field emission scanning electron microscopy (FESEM, JSM-6701F).  

 

3. Results and discussion 

Figure 1 shows the XRD patterns of ZnO nanorods at various reaction times. The 

peaks indexed with a square are attributed to the FTO substrates, and all samples feature 

the hexagonal wurtzite structure of ZnO (JCPDS card No. 36-1451). The peak of (002) 

plane is dominant regardless of times; the peak intensity of the (002) plane increases 

with time from 3 h to 6 h, then, saturates after reaction for 12 h. Notably, it was 

observed to increase with time again in the 24 h and 36 h samples. No significant 

diffraction peak shifted is observed at the various times. 

Figure 2 shows the FESEM images of the ZnO nanorods with various reaction times. 

All nanorods are well-aligned vertically to the surface of the substrate. As seen in Fig. 

2(a,b), the ends of the nanorods have hexagonal shapes and their lengths are ~0.4 m 

and ~1.2 m for 3 h and 6 h samples, respectively [13,21]. The relative growth rate is 



faster in the 3-6 h time range than in the 0-3 h range. With an increase of reaction time 

to 12 h (Fig. 2(c)), the length of the nanorods remains similar to that of the 6 h sample. 

From inset image of Fig. 2(c), it can be seen that the nanorods develop cone-shaped 

ends instead of the hexagonal ends observed previously. When the reaction time was 

increased to 24 h, the length of the nanorods also increased to ~2.6 m, as shown in Fig. 

2(d). Meanwhile, no significant amount of additional growth was observed when the 

reaction time was increased to 36 h (Fig. 2(e)). One possible explanation is that the 

growth of the nanorods is two-stage process. This type of growth behavior is unique for 

nanorods with prolonged reaction time, in comparison to other reports [8,10,14,17]. The 

aspect ratio of the nanorods is ~11 for 3 h sample and ~54 for 24 h sample; a high 

aspect ratio is important for nanorods as this feature plays a key factor in determining 

the energy-conversion efficiency of solar cells containing such structures [22,23]. Based 

on the results of XRD and FESEM, the effective time is 24 h for the growth of the 

nanorods with high aspect ratio and good crystal quality, assuming no solution 

replenishment occurs, 

It is generally accepted that the ZnO is formed by reaction of Zn2+ and OH-, which 

are provided by Zn(NO3)2 and HMT, respectively [6,11,20,24]. It is reasonable to 

assume, then, that the pH value of the solution during reaction might have an effect on 



the final nanorods. Figure 3 shows the pH value of the solution before and after reaction. 

The initial ZnO solution has a pH ~7.1 and is transparent before reaction. During the 

first growth stage of the nanorods (up to 6 h), the variation of the pH value is quite 

small. The growth process of the nanorods can be considered as a competition between 

growth rate and dissolution rate present in the solution [10]. Under mild basic 

conditions, the growth is dominant over dissolution [17]. With an increase of reaction 

time to 12 h, it increases to pH ~8.3, which led to formation of nanorod with 

cone-shaped end instead of one with hexagonal-shaped end during the dissolution 

reaction between ZnO and OH- [10], as shown in Fig. 2(c). This could potentially 

provide additional Zn2+, leading to second stage in the growth of the nanorods [9]. 

During the second stage of the overall growth process (12-24 h), the pH value slightly 

decreases to ~8.1. This is interesting because in other report, the pH value of the 

solution increased and saturated at certain values with prolonged reaction times [17]. 

With further increasing the reaction time to 36 h, the pH value is constant at ~8.1.  

 

4. Conclusions 

ZnO nanorods were fabricated using CSD with various reaction times up to 36 h, 

without solution replenishing. At times up to 6 h, the vertical growth of the nanorods 



(with hexagonal ends) was dominant rather than dissolution. After reaching a critical 

length, with further prolonged time to 12 h, nanorods with cone-shape ends appeared 

during dissolution process. The second stage of nanorods growth occurred between 12 h 

and 24 h, where the length of the rods increased to ~2.6 m and the aspect ratio was ~54. 

With further prolonged time to 36 h, the nanorods showed stable properties and their 

dimensions remained relatively constant. During the growth stage, the pH value 

changed only slightly. After 36 h of reaction time, it was reached at ~8.1. The growth 

was a two-stage process and a 24 h reaction time was determined as the most optimal to 

obtain well-aligned nanorods with a high aspect ratio. 
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Figure captions 

Fig.1. XRD patterns of ZnO nanorods grown on a ZnO seed layer prepared on the FTO 

substrates with various reaction times. The FTO substrate is indexed with squares. 

Fig.2. Cross sectional FESEM images of ZnO nanorods with various reaction times; (a) 

3 h, (b) 6 h, (c) 12 h, (d) 24 h, (e) 36 h. Dotted lines denote the level of the FTO surface; 

The inset figures are high magnified top-view FESEM images. Scale bar in the inset 

image is 100 nm. 

Fig.3. The pH value of the solution as a function of time. 
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