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The flower-like and hexagonal flake-like ZnO microstructures were synthesised by a microwave method using ammonia water and sodium
hydroxide as precipitant, respectively. The products were characterised by scanning electron microscopy, high-resolution transmission
electron microscopy, X-ray diffraction and photoluminescence. The photocatalytic activity of the flower-like and hexagonal flake-like ZnO
microstructures was evaluated by the degradation of methyl orange (MO) under ultraviolet (UV) light irradiation. The results indicated
that the best flower-like ZnO microstructure was obtained when the experimental conditions were [Zn2+] = 0.025 mol l−1, [Zn2+]:
[NH3·H2O] = 1:1.5, microwave power = 231 W. Under the same reaction conditions, hexagonal flake-like ZnO can be obtained by using
sodium hydroxide as precipitant. The MO in aqueous solution was completely eliminated by flower-like ZnO after 120 min of UV light
irradiation. Under identical conditions, the degradation of MO in aqueous solution was completely finished within 150 min in the presence
of hexagonal flake-like ZnO. The flower-like ZnO sample showed an enhanced photocatalytic activity compared with the hexagonal flake-
like ZnO for the MO degradation, which could be attributed to the presence of more active centres and hence can have more opportunities
to contact with MO molecules.

1. Introduction: Microwave heating offers many advantages in-
cluding rapid heating to crystallisation temperature, homogeneous
nucleation and fast supersaturation by the rapid dissolution of pre-
cipitated hydroxides, which leads to lower crystallisation tempera-
tures and shorter crystallisation times [1–3]. ZnO is a promising
wide bandgap material that has gained considerable attention for
the growth of nanostructures [4–6]. ZnO photocatalysts show rela-
tively high activity [7–10], chemical stability and good properties
[11–13] under ultraviolet (UV) light. Ivanov et al. [14] demon-
strated a methodological approach for utilising microwave heating
during the hydrothermal process to obtain highly dispersed ZnO
crystals with high-photocatalytic activity. Li et al. [15] developed
a fast and facile microwave and ultrasonic combined technique to
fabricate well-defined flower-like ZnO nanostructures with a
central petal and symmetrical six petals growing radially from the
centre. Wu and Chen also have synthesised flower-like ZnO micro-
structure by a straightforward microwave–hydrothermal technique
using zinc chloride and arginine solution as reactants.
The as-synthesised ZnO flowers exhibit a significant enhance-

ment of photocatalytic capability towards degrading methyl blue
(MB) under UV light, the photodegradation of MB reaches
95.60%, only within 2 h of adding the as-synthesised ZnO in the
MB solution under UV irradiation [16]. The photoconducting
ZnO film with a surface acoustic wave device has opened a poten-
tial market for a wireless UV light detector [17–19]. A variety of
ZnO nanostructure morphologies, such as nanowires [20, 21],
nanorods [22–25], nanosheets [26] and nanotubes have been
synthesised [27, 28]. To the best of our knowledge, the synthesis
of well-ordered flower-like ZnO nano-structures and microstruc-
tures in surfactant-free aqueous solution through simple microwave
technique has not been reported. In the present work, we report a
microwave method to prepare ZnO with novel three-dimensional
(3D) morphology under mild conditions without the addition of
any template, surfactant or metal catalyst.

2. Experimental: Zinc chloride (ZnCl2), ammonia water
(NH3·H2O) and sodium hydroxide (NaOH) are used as starting
materials. All chemicals are of analytical reagent. For flower-like
ZnO, in a typical procedure, the ammonia water was added

dropwise to ZnCl2 aqueous solution ([Zn2+] = 0.025 mol l−1) with
the material ratio of [Zn2+]:[NH3·H2O] = 1:1.5 under magnetic stir-
ring for 3 min, and then treated in the microwave oven at power
231 W for 20 min. The settlings were collected by filtration and
washed three times with anhydrous ethanol and distilled water in
this order. The obtained sample was dried in a drying oven at
60°C for 6 h. To investigate the influence of reaction parameters
on the morphologies of products, all concentration of Zn2+

(0.0125, 0.025 and 0.05 mol l−1), material ratio (1:1, 1:1.5, 1:2),
microwave irradiation time (10, 20 and 30 min) and microwave
power (119, 231 and 385 W) were used while other experimental
parameters were kept optimum conditions. The hexagonal flake-like
ZnO was synthesised by mentioned typical procedure with sodium
hydroxide as the precipitant.

Morphology of ZnO was characterised by a JSM-6360LV scan-
ning electron microscopy (SEM) and a JEM-2100F high-resolution
transmission electron microscopy (HRTEM). The crystal structure
of ZnO was characterised by X-ray diffraction (XRD) using an
Empyrean X-ray diffractometer with Cu Kα radiation. The room tem-
perature photoluminescence (PL) was carried out on a Hitachi
F-7000 fluorescence spectrophotometer using the 325 nm excitation
line of ‘Xe’ light. The photocatalytic activity was investigated using
methyl orange (MO) as a model organic dye on a UV–vis spectrom-
eter 721. The optimum conditions were as follows: the 50 mg of the
photocatalyst (ZnO) was dispersed in 100 ml the MO aqueous solu-
tion (10 mg/l). The solution has a depth of 1 cm and a pH of 7.0
(adjust pH value with the sodium hydroxide aqueous solution of
1 M). The UV light irradiation was carried out in a quartz dish
using Xe lamp (25 W) at distant of 5 cm from the surface of the so-
lution. Irradiation area was 490 cm2, the temperature of the reaction
was 30 °C. Before irradiation, the dye solution containing ZnO was
stirred in the darkness for 30 min to get adsorption equilibrium.
1 ml of the solution was withdrawn at a regular interval time
(10 min) and centrifuged. The efficiency of the degradation process
was evaluated by monitoring the decolourisation rate of the dye
near the maximum absorption wavelength (λMO=465 nm) [2].

3. Results and discussion: Fig. 1 shows the SEM images of the
prepared ZnO using ammonia water as the precipitant at different
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concentration of Zn2+. When the concentrations of Zn2+ were
0.0125, 0.025 and 0.05 mol l−1 (see Figs. 1a–c), the products pre-
pared are mainly composed of flower-like microstructures
assembled from microsheets with a diameter of about 1 μm.

Figs. 2a and b reveal that the morphology on increasing the
material ratio and maintaining the remaining parameters displayed
a distinct change. Fig. 2a shows that the ZnO nanorods with a
length of about 320 nm, a diameter of about 80 nm and an aspect
ratio of 4:1 were obtained when material ratio = 1:1. The flower-like
ZnO was obtained with an increasing amount of ammonia water
(Fig. 2b). Ammonia serves as the complex agent and forms zinc
amino complex (Zn(NH3)4

2+) with zinc ion. Then, the hydrolysis
of ammonia adjusts the pH of the reaction solution. Microwave
appears to be particularly effective as a means of inducing nucle-
ation and may affect the crystallisation, which is responsible for
the formation of final flower-like ZnO

ZnCl2+4NH3 × H2O −−−−−�
microwave

Zn(NH3)
2+
4 +2Cl− + 4H2O (1)

Zn(NH3)
2+
4 +2OH−

−−−−−�
microwave

ZnO+ 4NH−

3 + H2O (2)

The change of microwave power has a great influence on the
final morphology of ZnO (Figs. 2c and d ). Compared with
Fig. 1b, the best flower-like ZnO microstructure is obtained when

the experiment conditions are [Zn2+] = 0.025 mol l−1, [Zn2+]:
[NH3·H2O] = 1:1.5 and microwave power = 231 W. The morpho-
logy of ZnO is a flower-like different from the hexagonal
pyramid flower-like ZnO materials reported in other literatures,
we prepared the flower-like ZnO is composed of self-assembly
from a lot sharp angle sheet shape, with a very regular structure
arrangement, similar to Chrysanthemum.

TEM, HRTEM and selected area electron diffraction (SAED)
images of the best flower-like ZnO are presented in Fig. 3. The
flower-like structure with a rachis radius of 100–150 nm can be
observed in the TEM image in Fig. 3a. The lattice spacing was cal-
culated to be 0.26 nm, corresponding to the distance the d-spacing
of (002) crystal plane of the hexagonal ZnO (see Fig. 3b). The illus-
tration in Fig. 3b suggests that these structures are polycrystalline.

Fig. 4 demonstrates under the above same reaction conditions,
hexagonal flake-like ZnO with the side length of about 700 nm
can be obtained by using sodium hydroxide as precipitant (illustra-
tion shows a local amplification of image). Here zinc cations are
known to readily react with hydroxide anions to form stable Zn
(OH)4

2– complexes, which act as the growth unit of ZnO microstruc-
tures [29]. Therefore, the growth mechanism of ZnO microstruc-
tures is considered as follows:

ZnCl2+2NaOH −−−−−�
microwave

Zn(OH)−2 +2NaCl (3)

Zn(OH)2 + 2H2O −−−−−�
microwave

Zn(OH)2−4 + 2H+

−−−−−�
microwave

ZnO+ 3H2O (4)

The XRD patterns of the flower-like and hexagonal flake-like
ZnO are shown in Fig. 5, in which all diffraction peaks can be
indexed to hexagonal ZnO (JCPDS 36–1451, a= 3.249 Å,
c= 5.206 Å), no peaks other than ZnO are detected.

Fig. 2 SEM images of the flower-like ZnO produced at different material
ratio and microwave power
a Material ratio = 1:1
b Material ratio = 1:2
c Microwave power = 119 W
d Microwave power = 385 W

Fig. 3 TEM, HRTEM with SAED pattern images of the flower-like ZnO
a TEM image
b HRTEM image (SAED, see illustration)

Fig. 1 SEM images of the flower-like ZnO produced at different concentra-
tion of Zn2+

a 0.0125 mol l−1

b 0.025 mol l−1

c 0.05 mol l−1

Fig. 4 SEM images of the hexagonal flake-like ZnO
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The characteristic peaks have higher intensity, indicating the pro-
ducts have high purity and good crystallinity.
Based on the above results and related references [30], when

the microwave power exceeds 200 W, the higher power microwave
radiation shows a certain inhibitory effect on the growth of crystal
nucleus, mainly the high energy microwave radiation reduces
the probability of directional arrangement of confirmation ions on
the lattice, which slows down the nucleation and growth process,
thereby affecting the number of the photogenerated hole to a
certain extent. In this experiment, the flower-like and hexagonal
flake-like ZnO prepared under 231 W power was used to study
the photocatalytic performance. The room temperature PL spectra
are presented in Fig. 6.
Besides the peak located at about 470 nm, a broad emission peak

in the range of 510–560 nm can be clearly observed. Compared
to flower-like ZnO microstructures prepared using NH3·H2O, the
intensity of the emission peaks was weaker for hexagonal flake-like
ZnO obtained using NaOH, indicating the optical properties of
flower-like ZnO microstructure assembled from the microsheets
are superior to others. The PL spectrum signal of the flower-like
ZnO microstructure is stronger it may bring about quickening the
recombination rate of electron and photogenerated hole caused by
more surface defects and oxygen vacancies.
Fig. 7 presents the photocatalytic activities of the flower-like and

hexagonal flake-like ZnO are evaluated by monitoring the decom-
position of MO in aqueous solution under UV light irradiation.

The MO in aqueous solution was completely eliminated by
flower-like ZnO after 120 min UV light irradiation. Under identical
conditions, the degradation of MO in aqueous solution was com-
pletely finished within 150 min in the presence of hexagonal flake-
like ZnO (see illustration). The prepared flower-like ZnO is a
regular shape formed by a perfect self-assembly process, which
increases the number of active centres, and can have more oppor-
tunities to contact with MO molecules so that it can have better
photocatalytic performance [31].

Further study on photocatalytic kinetics, the curves of ln(C0/C)
versus time demonstrates that the photodegradation reaction using
the hexagonal flake-like ZnO as a photocatalyst is in correlation
with the first-order rate equation. We estimated the rate constant
(k) for our sample using the following equation ln(C0/C ) = kt. The
rate constant is 0.1536 min−1 for the hexagonal flake-like ZnO.
Also, the square of the correlation coefficient is 0.9983. This
shows a very good correlation. On the other hand, the curves
of ln(C0/C ) versus time demonstrates that the photodegradation
reaction using the flower-like ZnO as a photocatalyst is not in
correlation with the first-order rate equation. The analysis indicates
that it is not in correlation with the first and second rate equation and
it needs further study.

A schematic diagram of the growing mechanism of the flower-
like and hexagonal flake-like ZnO is shown in Fig. 8. The experi-
mental results indicate that the microwave irradiation is mainly
responsible to obtain the desired products. Microwave irradiation
accelerates dramatically the reaction rate and shortens the reaction

Fig. 5 XRD patterns of the flower-like and hexagonal flake-like ZnO
a Flower-like ZnO
b Hexagonal flake-like ZnO

Fig. 6 Room temperature PL spectra of the flower-like and hexagonal flake-
like ZnO
a Flower-like ZnO
b Hexagonal flake-like ZnO

Fig. 7 Photodegradation of MO using the flower-like and hexagonal flake-
like ZnO as the photocatalyst, respectively
a Flower-like ZnO
b Hexagonal flake-like ZnO

Fig. 8 Schematic diagram of the growing mechanism of the flower-like and
hexagonal flake-like ZnO
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time. It can promote the formation of perfect crystal nucleus, and
then grow regular shape ZnO materials. When ZnO is irradiated
with UV rays, the electrons in the valence band are excited to
jump to the conduction band, generating photogenerated electrons
and photogenerated holes. The photogenerated holes react with
water adsorbed on the surface of ZnO to generate hydroxyl radicals
(·OH), which can be effectively destroyed the molecular structure of
MO adsorbed on the surface of ZnO and makes the MO fading.

4. Conclusion: The best flower-like ZnO microstructure
was obtained when the experimental conditions were [Zn2+] =
0.025 mol l−1, [Zn2+]:[NH3·H2O] = 1:1.5 and microwave power =
231 W. Under the same reaction conditions, hexagonal flake-like
ZnO can be obtained by using sodium hydroxide as precipitant.
The role of the microwave was not only to accelerate the reaction
between all the raw materials but also to lead to the growth and
crystallisation of ZnO with 3D flower-like and hexagonal flake-like
morphologies. The MO in aqueous solution was completely
eliminated by hexagonal flake-like ZnO after 150 min UV light
irradiation. Under identical conditions, the degradation of MO in
aqueous solution was completely finished within 120 min in the
presence of flower-like ZnO.
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