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Abstract: High density ZnO-nanorod arrays (rod length 1.59 μm) were successfully synthesized via a microwave-assisted 
solution-phase method using zinc chloride and ammonia solution as reactants. The influence of concentration of ammonia solution, 
work power, and microwave irradiation time on the morphology and size of final products was carefully investigated. The crystal 
structure, chemical composition and morphologies of final products were characterized using X-ray powder diffraction (XRD), 
scanning electron microscopy (SEM) and photoluminescence (PL). The as-synthesized ZnO is composed of single crystalline and 
possesses three photoluminescence emissions centered at 400, 469 and 534.5 nm, respectively. 
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1 Introduction 
 

Zinc oxide (ZnO) is one of the most important Ⅱ-
Ⅵ semiconductors with a wide band gap (3.37 eV) and 
large binding energy at room temperature, which has 
attracted much attention due to its unique properties. 
ZnO nanocrystal has found numerous applications, such 
as gas sensors[1], transparent electrodes[2], pH sensors 
[3], biosensors[4], acoustic wave devices[5], and UV 
photodiodes[6]. The morphologies and sizes of inorganic 
materials are well-known to determine their 
physicochemical properties. Nowadays, there has been 
an increasing interest in the fabrication of ZnO with 
uniform size and various morphologies, including 
low-dimensional ZnO nanostructures such as nanowires 
[7], nanorods[8], nanotubes[9−10], and nanosheets[11]; 
and self-assembled ZnO with low-dimensional structure- 
based morphologies, such as nanocombs[12], nanobridges 
[13], nanoflowers[14], nanodendrons[15], nanowaxberry 
[4], and nanobilayer[16], has also been synthesized by 
different approaches such as thermal evaporation 
method[13], microwave heating[17], non-aqueous 
approaches[18], chemical vapor deposition (CVD)[19], 

sol-gel process[20], gas condensation[21], hydrothermal 
process[22], laser ablation[23], template-assisted growth 
[24], and refluxing method[25]. 

As an environmentally benign technology with wide 
applications, microwave synthesis has the advantages of 
homogeneous volumetric heating, and high reaction rate 
compared with other physical and chemical methods. 
Herein, we report the synthesis and characterization of 
ZnO-nanorod arrays through the microwave method 
without any catalysts, templates, and substrates using 
zinc chloride as zinc source, and strong aqua ammonia as 
both alkaline and complexing reactant. The crystallinity, 
structure and morphology of ZnO nanocrystals are 
characterized. Furthermore, the room temperature 
photoluminescence (PL) is also examined. In particular, 
the effects of the concentration of aqua ammonia, work 
power, and microwave irradiation time on the 
morphology of ZnO nanostructures are investigated.  
 
2  Experimental 
 

All chemicals were of analytical grade from 
Shanghai Chemical Reagents Co., China, and were used 
as starting materials without further purification. 
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2.1 Synthesis of ZnO-nanorod array 
In a typical procedure, zinc chloride was added into 

a glass beaker of 100 mL capacity with 40 or 80 mL 
deionized water. The zinc chloride(1 or 2 mmol) was 
dissolved assisted with ultrasound equipment. Then 
ammonia solution (28%) was added dropwise to the 
above solution with constant stirring. After stirring at 
room temperature for 5 min, the above samples were 
irradiated by microwave energy using the microwave 
oven (Midea, KD23B-DA, 2.45 GHz, maximum power 
800 W). After microwave processing, the solution of the 
mixture was cooled to room temperature naturally. The 
resulting precipitates were collected by filtration and 
washed with deionized water for several minutes. The 
final products were dried in a vacuum box at 60  for 2 ℃

h. The usage of reactants, irradiation time and work 
power of the microwave oven in different reactions are 
described in Table 1. Sample 5 and 7 are prepared with 
2.0 mmol ZnCl2, 10.0 mL NH3 ·H2O, and 80 mL H2O. 
 
Table 1 Synthesis parameters of ZnO samples produced in 
different reactions 

Sample x(ZnCl2)/mmol V(NH3 ·H2O)/mL 

1 1.0 5.0 

2 1.0 3.5 

3 1.0 7.5 

4 1.0 5.0 

5 2.0 10 

6 1.0 5.0 

7 2.0 10.0 

Sample Time/min Work power/%* V(H2O)/mL 

1 20 30 40 

2 20 30 40 

3 20 30 40 

4 20 10 40 

5 20 50 80 

6 10 30 40 

7 40 30 80 

* Percent of maximum power 800 W 
 
2.2 Characterization 

The obtained samples were characterized on a 
Brucker D8-advance X-ray powder diffractometer (XRD) 
with CuKα radiation (λ=1.541 8 Å). The operation 
voltage and current were kept at 40 kV and 40 mA, 
respectively. The size and morphology of the 
as-synthesized products were determined at 20 kV by a 
XL30 S-FEG scanning electron microscope (SEM). The 
room temperature photoluminescence measurement was 
carried out on an F−2500 spectrophotometer using the 

320 nm excitation line of Xe light. 
 
3 Result and discussion 
 

The XRD pattern of the as-prepared ZnO-nanorod 
arrays using 1.0 mmol ZnCl2 and 5.0 mL NH3 ·H2O 
solution at the power of 30% for 20 min is shown in 
Fig.1. All diffraction peaks can be indexed to hexagonal 
ZnO with lattice constants a=3.249 Å and c=5.208 Å, 
consistent well with the standard PDF database (JCPDS 
file 36-1451). The characteristic peaks are higher in 
intensity and narrower in spectral width, indicating that 
the products are of good crystallinity. No peaks 
corresponding to impurities are detected, showing that 
the final products purely consist of ZnO. 
 

 
Fig.1 XRD pattern of as-prepared ZnO-nanorod arrays using 
1.0 mmol zinc chloride and 5.0 mL ammonia solution at power 
of 30% for 20 min 
 

Fig.2 shows the typical SEM images of the products 
prepared using 1.0 mmol ZnCl2 and 5.0 mL NH3·H2O 
solution at power of 30% for 20 min. The image clearly 
reveals that the bulk-shaped structures are composed of 
nanorods. The detailed geometrical morphology was 
checked using high-magnification SEM and the 
corresponding image is shown in Fig.2(b). From Fig.2(b) 
the ZnO-nanorod arrays assembled from ZnO-nanorods 
can be clearly observed. The nanorods lined up with each 
other are about 1.1 μm in length and 0.63 μm in diameter, 
though a few flowers can be found. The EDS spectrum 
of ZnO is shown in Fig.3. The results show the presence 
of Zn and O (C signal comes from C substrate), which 
agrees well with the XRD pattern.  

The concentration of NH3·H2O, work power, and 
microwave irradiation time have influences on the size 
and morphology of ZnO microstructures. Fig.4(a) shows 
the typical SEM image of products prepared with 3.5 mL 
NH3·H2O, which shows underdeveloped flower-like ZnO 
microstructures. Raised buds and quasi-triangular petals 
which are about 0.88 μm in length can be seen clearly. 
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Fig.2 (a) SEM image of as-prepared ZnO-nanorod arrays using 
1.0 mmol zinc chloride and 5.0 mL ammonia solution at power 
of 30% for 20 min; (b) SEM image of same sample at higher 
magnification 
 

 
Fig.3 EDS pattern of ZnO-nanorod arrays prepared using 1.0 
mmol zinc chloride and 5.0 mL ammonia solution at power of 
30% for 20 min 
 
When the volume of NH3·H2O is 7.5 mL, the products 
transform into cluster-like arrays; the petals have been 
enlarged; and the number of them decreases, as shown in 
Fig.4(b). The morphological evolution of ZnO 
nanostructures suggests that the growth of ZnO is 
susceptive to the added volume of ammonia solution in 
this system, and proper amount of ammonia solution is 

 

 
Fig.4 SEM images of ZnO prepared using 1.0 mmol zinc 
chloride with different concentrations of ammonia at power of 
30% for 20 min: (a) 3.5 mL ammonia solution; (b) 7.5 mL 
ammonia solution 
 
crucial for the formation of ZnO nanorods while keeping 
the self- assembly structures of final products. 

The morphology and size of ZnO nanostructures are 
very sensitive to the work power. Fig.5 presents the 
morphology of samples prepared under the power of 
10% and 50%, respectively. The two samples(sample 4 
and 5) show somewhat irregular morphology, indicating 
increasing or decreasing the work power also does not 
favor the formation of ZnO microstructures.  

The shape and size of ZnO nanostructures are also 
affected by microwave irradiation time in the synthesis 
process. Fig.6(a) shows the typical SEM image of 
products obtained at the power of 30% for 10 min. The 
products reveal irregular morphology, indicating short 
irradiation time does not favor the formation of ZnO 
microstructures. When the irradiation time is prolonged 
to 40 min, the products show the presence of flower-like 
ZnO. The flower morphology consists of sharp nanorods 
which look like petals with diameter of 1.5 μm and the 
length of building units nanorods is also increased to 3.1 
μm as shown in Fig.6(b). Compared with the products 
shown in Fig.2(b), microstructures of Fig.6(b) change 
from nanorod array to flower-like. The results show that 
microwave irradiation time has great influence on the 
size and morphology of ZnO microstructures.  
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Fig.5 SEM images of ZnO nanostructures obtained at various 
conditions: (a) 1.0 mmol zinc chloride and 5.0 mL ammonia 
solution at power of 10% for 20 min; (b) 2.0 mmol zinc 
chloride and 10.0 mL ammonia solution at power of 50% for 
20 min 
 

The photoluminescence(PL) spectrum of the 
as-synthesized sample were investigated at room 
temperature under the excited wavelength of 320 nm. 
Fig.7 shows  the PL spectrum of the sample prepared 
with 1.0 mmol ZnCl2 and 5.0 mL NH3·H2O. In Fig.7 
three peaks can be found: UV band-edge emission 
centered at 400 nm, broad blue bands centered at 469 nm, 
and green bands centered at 534.5 nm. The PL signal at 
400 nm is a typical ZnO near-band-edge (NBE) 
ultraviolet (UV) emission, which indicates a direct 
recombination of excitons through an exciton-exciton 
collision process[25]. Compared with ZnO nanorods that 
has a short wavelength region with a sharp band (378 nm) 
located at ultraviolet region by a microemulsion 
method[26], the microwave- assistedly synthesized ZnO 
exhibits a red-shift which may be ascribed to size effect, 
their unique morphology, and the heat-treatment 
condition[27−28]. The luminescence blue bands at 469 
nm are caused by the transition from the level of the 
ionized oxygen vacancies to the valence band. The green 
transition at 534.5 nm referred to a deep-level emission 
is usually attributed to the presence of the ionized 
oxygen vacancy on the surface and results from the 

 

 

Fig.6 SEM images of ZnO nanostructures obtained at various 
conditions: (a) 1.0 mmol zinc chloride and 5.0 mL ammonia 
solution at power of 30% for 10 min; (b) 2.0 mmol zinc 
chloride and 10.0 mL ammonia solution at power of 30% for 
40 min 

 

 
Fig.7 Room-temperature photoluminescence spectrum of 
ZnO-nanorod arrays prepared using 1.0 mmol zinc chloride and 
5.0 mL ammonia solution at power of 30% for 20 min 
 
recombination of a photogenerated hole with a single 
ionized charged state of the defect in ZnO. Microwave- 
assistedly synthesized ZnO-nanorod arrays are formed in 
the atmosphere of deficient oxygen, which have caused 
large amounts of oxygen vacancies, so the peak of 
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blue-green emission bands is very high. 
 
4 Conclusions 
 

1) High density ZnO-nanorod arrays were 
synthesized via a microwave-assisted solution-phase 
method using zinc chloride and ammonia solution as 
reactants without the need of a post-synthesis treatment. 
And then the products were characterized by XRD, SEM, 
and PL. 

2) The nanostructures are influenced by microwave 
irradiation time, work power, and concentration of 
ammonia solution. Too high or too low work power will 
destroy crystal structure; the concentration of ammonia 
solution is crucial for morphology of ZnO nanorods; and 
irradiation time is also the key factor for the formation of 
ZnO nanostructures. 

3) The room temperature photoluminescence 
spectrum of ZnO-nanorod arrays shows a blue emission 
at 469 nm and a broad visible emission in green region 
centered at 534.5 nm, and their UV-vis absorption peak 
shows a slight red-shift compared with ZnO nanorods 
(378 nm) by a microemulsion method, which may be 
referred to size effect, their unique morphology, and the 
heat-treatment condition. 
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