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Abstract: A simple wet chemical method was successfully deployed to synthesize zinc oxide nanorods and nanotubes of
hexagonal morphology. Energy dispersive X-ray spectroscopy confirmed the formation of ZnO with almost equal atomic
percentages of Zn and O atoms. The FESEM images confirmed the formation of ZnO nanorods and nanotubes of length
1.5 to 2 µm and diameter 500 nm to 1 µm. The growth of the nanorods saturated under the combined effect of ionic
association of Zn2+ and OH− ions, Gibbs’ energy of the reaction, reaction temperature, and the enthalpy of the system.
Further stirring led to dissolution resulting in coarse edges on the top of the nanorods and finally hollow nanotubes were
formed. The synthesized ZnO nanotubes exhibited strong photoluminescence at 649 nm owing to the holes trapped at
V++

O states and the conduction band edge.
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1. Introduction
Recent research has focused on investigation of the optoelectronic and magnetic properties of nanostructured
materials because of their interesting properties compared to the bulk structure. Semiconductor metal-oxide
nanostructures are very promising in this context due to their size dependent bandgap tunability. Moreover,
their unique electronic properties lead to their application in fabricating LEDs, lasers, optical detectors, gas
and chemical sensors, and even biomedical devices [1–3]. Zinc oxide (ZnO) is a very popular semiconductor
having a high bandgap of 3.37 eV and excitonic binding energy of 60 meV at room temperature. ZnO has high
optical transparency in the visible window [4] and high electrical conductivity. These two properties together
make ZnO a potential material for transparent electrodes in solar cells [5]. The high bandgap of ZnO has made
it a UV-emitting semiconductor. However, visible emission is also possible by incorporation of several defects
and doping of foreign elements [6,7]. ZnO crystallizes in wurtzite structures with a lack of symmetry. Hence
the ZnO crystal is polar in nature and is responsible for the piezoelectric property exhibited by it. Piezoelectric
energy generation from ZnO nanorods has been demonstrated by Wang et al. [3].

Nanostructures can be fabricated using a variety of methods like chemical, sol-gel, vapor–liquid–solid,
sputtering (dc and ac), and physical and chemical evaporation methods [8,9]. However, the chemical bath depo-
sition method is a very simple liquid phase growth method for growing metal oxide nanostructures. The method
is very cost effective and the growth parameters can be easily controlled as compared to gas phase growth pro-
cesses. Tubular nanostructures are of special interest due to their potential applications in gas sensors due to
their large surface area. The most commonly adopted methods for synthesizing tubular ZnO nanostructures
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are thermal evaporation, the vapor–liquid–solid method, molecular beam epitaxy, electrochemical deposition,
the solution method, and the microwave synthesis method. However, most of these processes involve the main-
tenance of high temperature, low pressure, and flow of carrier gas. In some cases, surfactants are also required.
We report here a simple chemical bath deposition method to grow hollow tubular ZnO nanostructures followed
by rigorous structural characterization for understanding the underlying structure–property relationship.

2. Materials and methods

All the reagents used in our experiment were of analytical grade and used as supplied by Merck (99.99% pure).
First, 2.195 g of zinc acetate dihydrate was dissolved in deionized water to prepare 1 M concentration. Then 1
M NaOH solution was prepared by dissolving 2 g of NaOH in deionized water. The two solutions were mixed
under constant stirring for 2 h at room temperature. At the end of the reaction, the white precipitate was
filtered and washed with deionized water and methanol consecutively for removal of unreacted salts if present.
Then the precipitate was dried in a furnace at 100 ◦C for further characterization.

Field emission scanning electron microscope (FESEM) data were obtained in a ZEISS FESEM operating
at 5 kV to analyze the surface morphology of the synthesized material. Energy dispersive X-ray (EDX) spec-
troscopic data were collected in situ with the FESEM to study the compositional analysis of the material. The
room temperature photoluminescence (PL) spectrum was recorded in a PerkinElmer LS-55 spectrophotometer.

3. Results and discussion
The composition of the synthesized material was investigated using EDX spectroscopy in situ with a FESEM
as shown in Figure 1a. It was observed that the material is composed of Zn and O atoms with weight ratio
79.86:20.14 and atomic ratio 49.24:50.76. Typical FESEM images of the synthesized ZnO are shown in Figures
1b and 1c. Well-grown ZnO nanorods and nanotubes were found to have formed. The length of the nanorods
and nanotubes varied from ∼1.5 to 2 µm and diameter varied from ∼500 nm to 1 µm.

To understand the growth of such structures, we have to understand the wurtzite structure of ZnO and
the basic reaction mechanism involved in the chemical process. Wurtzite is thermodynamically the most stable
and favorable structural configuration of ZnO. The structure can be described as the stacking of Zn2+ and
O2− ions alternatively along the c-axis (001) of the hexagon. Zn2+ and O2− ions in the wurtzite cell are
fourfold coordinated and bound via covalent sp3 bonding. The lattice parameters for such wurtzite structures
are a = 3.249 and c = 5.207 belonging to the space group P63mc . The structure exhibits a polar nature
along the c-axis of the crystal, one face terminated with the Zn2+ ion and the other terminated by the O2−

ion. This is a very commonly observed configuration in most grown rod-like ZnO nanostructures. The existing
dipole moment along the c-axis leads to bulk truncation due to the divergence of the Madelung energy to these
surfaces. Hence these bulk truncated surfaces are not stable. Instead of that, the [0001] and [1̄] polar facets are
the most commonly exposed orientation of ZnO crystals. These unstable polar surfaces require more positive or
negative charges for their stability and hence the structure stabilizes by reduction of the electrostatic Madelung
energy [10,11].

Under constant stirring of the solution, zinc acetate is decomposed into Zn(OH)2 , which further decom-
poses into Zn2+ and OH− in the presence of H2O. Similarly NaOH is also decomposed to Na+ and OH− ions.
Finally Zn(OH)

2−
4 is formed. At the onset of saturation ZnO nuclei are formed. The basic chemical reaction
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Figure 1. (a) EDX spectrum of synthesized ZnO. The bar diagram in the inset shows the weight and atomic % of Zn
and O atoms in the synthesized material; (b, c) FESEM images of the synthesized ZnO nanorods and nanotubes. Inset
shows the hexagonal surface morphology of the nanotubes.

involved in the synthesis process is shown below.

Zn(CH3 (COO) )2H2O+NaOH → ZnO + 2CH3 (COO)Na + 3H2O (1)

The Gibbs free energy can be calculated using the equation

∆Greaction=∆Gproducts−∆Greactants (2)

The free energies of different precursors in their respective states are shown in the Table to calculate
the favorable direction of growth [12]. Using the above data the free energy of the reaction was calculated to
be –938.7 kJ/mol. The decrease in the free energy in the forward direction of the reaction indicates that the
forward reaction will be favored, resulting in the formation of ZnO nuclei. On increasing growth duration the
ZnO nuclei grow further to form ZnO nanoparticles (see Figure 2a). These nanoparticles grow broader and form
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disc-like structures (see Figure 2b). This indicates that the initial growth unit is hexagonal discs. The ZnO
crystal is polar in nature along the c-axis. The (001) plane is terminated by the Zn2+ ions while the (00-1)
plane is O2− ion terminated.

Table 1. Gibbs free energy of the compounds used in the reaction in the state of reaction [12].

Compound State ∆G (kJ/mol)
Zn(CH3(COO))2 Aqueous –516.4
NaOH Aqueous –419.1
ZnO Solid –320.5
CH3COONa Aqueous –631.2
H2O Liquid –236.8

Figure 2. (a) Initially grown ZnO nanoparticles, (b) growth of ZnO nanodiscs, and (c) the grown ZnO nanorods.
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Hence, due to further attachment of Zn2+ on the (001) plane and O2− on the (00-1) plane, the disc-like
structure extends along the c-axis and produces nanorods (see Figure 2c). In addition, the OH− ions produced
during decomposition of NaOH increase the pH of the solution and assist in further growth of the nanorods.
Finally the growth of the nanorods saturates under the combined effect of ionic association/attachment of Zn2+

and OH− ions, Gibbs free energy of the reaction, reaction temperature, and the enthalpy of the chemical system.
On increasing the stirring further, dissolution occurs, leading to coarse edges on the top of the nanorods. On
increasing the stirring, due to the high dissolution rate, the atoms in the core of the nanorods gradually vanish
and finally hollow tubular structures are formed. Representative nanostructures grown in each step of this
transformation are shown in Figures 3a–3c.

Figure 3. (a) Dissolution of atoms from ZnO nanorods, (b) high dissolution rates and wall thinning, (c) hollow ZnO
nanotubes, (d) room temperature PL spectrum of ZnO nanotubes.
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A typical room temperature PL spectrum of the ZnO nanotubes is shown in Figure 3d. A strong
emission peak was observed at 649 nm. We used the full potential muffin-tin orbital model for defect states
energy calculation of ZnO. It was found that this PL emission is due to the transitions of holes trapped at V++

O

states and the conduction band edge [13].

4. Conclusions
We reported the successful synthesis of ZnO nanorods and nanotubes of hexagonal surface structure. The
growth of the nanorods was guided by the Gibbs free energy, precursors, and thermodynamics of the system.
The nanorods were transformed to tubular structures due to dissolution of Zn and O atoms from the core of
the nanorods. It was also observed that the dissolution was much more for longer duration of growth. This
transformation of nanorods to nanotubes was also guided by the temperature of the solution, which needs
further investigation.
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