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Microstructures and Photoluminescence Property of Flower-Like ZnO Nanopowders
Synthesized by Microwave-Induced Combustion Technique

CAO Yuan® WEN Yi LIU Bo-Lin XU Yan-Qin WANG Ya-Tao
(College of Chemistry and Chemical Engineering, Chongqing University, Chongging 400030, China)

Abstract: ZnO crystals with different morphologies were controllably synthesized by the microwave-induced
combustion technique. A solution of zinc nitrate [Zn(NOs),-6H,0] and urea [CO(NH,),] was used as the precursor.
The precursor of ZnO nanocrystal powders was studied by TG-DTA analysis. The effect of growth conditions, such
as microwave power, radiation time, and urea/Zn** molar ratio, on the morphology of the ZnO nanocrystals was
investigated. The results show that the molar ratio of urea/Zn** is the key factor affecting the morphology of the
7Zn0 nanostructures. X-ray diffraction study indicates that the synthesized ZnO nanostructure is hexagonal. A
sharp Zn-O vibration peak at 400~500 cm™ confirms the presence of ZnO. The photoluminescence spectrum of
7Zn0 nanostructure consists of a band-edge emission at 366 nm and visible light emission peaks due to defects.
Based on the morphological information provided by scanning electron microscopy, transmission electron
microscopy, and selected area electron diffraction, a growth mechanism for the formation of flower-like ZnO

nanostructures is suggested. It only takes a few minutes to obtain ZnO nanostructures by the present approach.
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have made ZnO a promising material in various fields,
such as room-temperature ultraviolet lasers ", field-
effect transistors ¥, photodetectors , gas sensors 1,
photocatalysts, and solar cells”. To meet increasing
demand for ZnO in these applications, efforts have been
devoted to obtaining ZnO nanocrystals with controlled
sizes and architectures because the optical,
physicochemical, and electric properties of ZnO
crystals are intimately dependent on their size and
Over the past decade, interesting

shape. many

nanostructures of Zn0O, such as nanorods!®, nanowires!”,

8 nanobelts ¥, whisker ¥, tetrapods ™,

nanorings !
flowers"!, and nanospheres™ have been fabricated. The
latest investigations also indicate that a series of
specific morphologies and structures of ZnO could
possess even more novel properties. Huang et al. !
observed room-temperature UV lasing in ZnO nanowire
arrays and discovered that the nanostructure had a
lower lasing threshold compared with disordered
particles or films. Cao et al. ™ found that the energy
conversion efficiency of dye-sensitized solar cells could
be significantly enhanced using hierarchically
structured nanosphere 7ZnO photoanodes. Through
vertically aligned zinc oxide nanowire arrays, Wang et
al. fabricated an ultrasonic wave-driven nanogenerator
that produces continuous direct-current output™.

To date, various synthetic methods, including

hydrothermal synthesis ™, pyrolysis "%, the sol-gel

7 [18

technique ", and chemical vapor deposition ", have
been developed to fabricate ZnO nanocrystals with
controlled morphologies. However, most of the synthetic
procedures available require expensive equipment and
need to be operated under very strict conditions.
Moreover, the synthesis of inorganic materials is time-
consuming.

Compared with various techniques, the combustion
synthesis method has many potential advantages, such
as low-processing cost, energy efficiency, and time-
saving features ""”. The microwave-induced combustion
technique  (MICT) is an economical method for
preparing metal oxide materials. Metal nitrates and an
organic compound, usually glycine (NH,CH,COOH) or

urea [CO(NH,),], are used as reactants. When igniting

the aqueous solution of the reactants using microwave
radiation, a combustion reaction takes place and
transforms the reactants into a loose product composed
of nanocrystalline particles. Y,0,?, Ce0,*, and TiO,
have been successfully synthesized through MICT.
MICT induces the reactants to reach the reaction
temperature fast through heating, and then the reaction
takes place. During the process, including the
dissolution of nitrate and fuel in a trace of water, the
heated solution in the microwave oven decomposes a
great deal of flammable gas, plenty of heat as well,
reactants burn after reaching the self-ignition
temperature. The whole reaction lasts for a few minutes,
during which the nitrate plays the role of oxidant, urea
and its cleavage product act as the reducing agents, and
microwave induces the redox reaction. Nowadays there
are relevant reports on Synthesizing inorganic materials
based on MICT method. Nanocomposite NiO/YSZ
powders for high performance anodes of SOFCs have
been synthesized via a microwave-assisted complex-gel
auto-combustion approach by Cai et al. ! Sertkol

M also synthesized Zn;Niy:Fe,0, nanoparticles

et al.
via microwave assisted combustion route, and the
product shows superparamagnetic behavior at around
the room temperature and ferromagnetic behavior below
the blocking temperature of 284 K.

Microwaves can be used to heat materials. As with
all electromagnetic radiation, microwave radiation can
be divided into an electric field component and a
magnetic field component. The former is responsible for
dielectric heating, which is effected via two major
mechanisms ™. One of the interactions of the electric
field component with the matrix is called the dipolar
polarization mechanism. And the other is the
conduction mechanism. Microwave processing of
materials is fundamentally different from conventional
processing, such as the use of heating fluid, gas, steam,
or electrical heating, due to its heating mechanism™. In
a microwave oven, heat is generated within the sample
by the interaction of microwaves with the material. In
conventional heating, the heat is generated by heating
elements. The heat is then transferred to the samples

surfaces. Based on these details, we speculate that the
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nanostructures or properties of as-synthesized ZnO
would change after microwave radiation.

In this study, the MICT method is developed for
the flash synthesis of ZnO crystals. The development of
the MICT method is described and the effects of several
experimental parameters on product quality are
discussed. The morphologies necessary to form flower-
like ZnO with different lengths of time are observed. We
also suggest a mechanism of formation of flower-like
7Zn0, and evaluate the photoluminescence properties of

the ZnO nanostructures.
1 Experimental

1.1 Materials and methods
All chemicals

commercially available and used without further

(analytical grade reagents) were

purification. The MICT method involved the dissolution
of zinc nitrate [Zn(NO3),-6H,0] as an oxidizer, and fuel
(urea [CO(NH,),]) as a reducer in water. The resulting
solution was heated in a microwave oven. Experimental
details are as follows. Approximately 6 g of Zn(NO;),
6H,0 was dissolved in 2 mL distilled water in a
porcelain crucible. Urea was assembled in an
appropriate proportion to form into fuel compounds. The
fuel compounds were mixed well with the stock zinc
nitrate solution until a ropy paste (hereafter termed as
the precursor) was obtained. The precursor was
introduced into a microwave oven (Galanz D8023CSL-
K4), and a microwave field of 2.45 GHz was applied to
it for decomposition to take place. After boiling,
evaporating, and concentrating, the precursor foamed
up, deflagrated, and released a certain amount of heat
and gases. Microwave radiation was not stopped until
the flame was extinguished. Combustion was completed
within only a few minutes, and ZnO nanoparticles
remained as residues.

The relative chemical reaction equation can be
written as:
7Zn(NO;),- 6H,0(c)+PCO(NH,)oc)+(1.5P-2.5)045(g)—

Zn0(c)+(1+DP)Ny(g)+PCO(g)+(6+2D)H0(g) (1)

Where c=crystal, g=gas

According to the concepts of propellant chemistry,

in Eq. (1), 1.5®-2.5 =0 corresponds to the situation

where  “the reactant composition was set at the
condition equivalent to the stoichiometric ratio”, which
implies that the oxygen content of zinc nitrate could be
completely reacted to oxidize fuels equivalently without
demanding oxygen from any external source. Both the
rates of reaction and the heat liberated per unit of time
are at a maximum under this condition. Referring to Eq.
(1), three representative reactant compositions were
selected to synthesize ZnO products: (1) @=1 is defined
as deficient fuel; (2) @=1.667 is defined as suitable
fuel; and (3) =3 is defined as excess fuel. These also

2+ concentration

represented the relations between Zn
and amount of fuel.
1.2 Characterization

The precursor powders were investigated using
(TGA) and differential
thermal analysis (DTA) between room temperature and
800 °C wusing a Shimadzu DTG-60H instrument.

Analyses were performed under a nitrogen atmosphere

thermogravimetric analysis

at a temperature ramp of 10 “C -min ™. The obtained
samples were characterized by infrared spectroscopy
(FTIR) (Shimadzu Affinity-1 FTIR spectrophotometer in
the range of 2 000~400 cm™ using KBr pellets) and X-
ray diffraction (XRD) (Shimadzu XRD-6000 with Cu Ko
radiation, A=0.154 18 nm; diffractograms were obtained
under the following conditions: 26=20°~80°, voltage of
40 kV, current of 40 mA, and scanning speed of 2° -
min~'). The morphologies and size of the products were
investigated by scanning electron microscopy (SEM)
(JEOL JSM-6490LV), field emission scanning electron
microscopy (FESEM) (FEI Nova-400), and transmission
(TEM) (JEOL JEM-2000EX)

combined with selected area electron diffraction

electron microcopy

(SAED). The room-temperature PL, was measured with a
fluorescence spectrophotometer (Shimadzu RF-5301PC
using a Xe laser with a wavelength of 325 nm as the

excitation light source).
2 Results and discussion

2.1 Phenomena analysis
Fuels have an important effect on combustion
reactions and the properties of the as-synthesized

products because of the main energy released from the
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exothermic reaction between fuels and zinc nitrate,
which

temperatures and

could rapidly heat the system to high

ensure that synthesis occurs.
Therefore, depending on the amount of urea contained
in the reactant compartment, three different kinds of
reaction phenomena are observed. At low CO (NH,),
contents (P=1), heat release is relatively low because of
fuel scarcity. Thus, the precursor cannot deflagrate and
the product color is not uniform. In the middle of the
porcelain crucible, some pink powders containing
harder agglomerates are obtained, whereas the white
unreacted precursor is left near the vessel wall. The low
temperature of the vessel wall is not enough to trigger
significant changes. In the case of CO(CH,), (#=1.667
and @ =3), liberation of the energy during the
combustion reaction is enough to ignite the precursor. A
stable flame is observed after smoke evolution. Pink
powder agglomerates are obtained at @=1.667, whereas
light yellow color powders in loose shapes are obtained
at P=3.

The response characteristic for the shortage of fuel
is a slower reaction rate and lack of substantial flame.
By contrast, the great response rate exists in the
reaction of fuel abundance and the reaction is almost
completed at the same time. Under this condition, all
the oxygen comes from the precursor. Once NO;™ creates
With

increasing fuel content, the key reason for obtaining

oxygen, it immediately reacts with urea.
loose-shaped products is the liberation of a large
amount of gases during combustion. The gases hamper
the subsequent condensation of particles. When the fuel
is in excess, the combustion reaction must be taken
outside to increase oxygen. Therefore, the critical factor
that limits reaction rates is the amount of oxygen in the
system, which enters the reaction zone by diffusion.
TGA and DTA curves of the ZnO precursor are
shown in Fig.1. The major weight loss occurs at about
310 °C, and the minor ones at temperatures between
420 and 500 “C. The mass remains constant at higher
temperatures, indicating oxide formation. A weight loss
of about 70% is observed, corresponding to the
evolution of absorbed moisture (water and other low

molecular weight compounds), the burning out of
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Fig.1 TGA-DTA curves of the precursor

carbon dioxide, and the presence of excess nitrate gases
in the as-prepared precursor ZnO powder. The DTA
curve shows the three steps in the decomposition
behavior of exothermic peaks between room
temperature and 1 000 “C. First, a broad peak below
200 °C corresponds to the desertion of moisture from the
precursor powder and removal of water molecules from
the hydroxyl group. The exothermic peaks in the 300~
700 “C range correspond to the volatile product (CO,,
N,,  NO, organic
combustion. The broad peak at about 900 “C could be

attributed to the crystal phase transition of ZnO. TGA

etc.) formation and material

and DTA data display the transformation of precursors

in the microwave oven.

2.2 Crystalstructure and functional group analysis
The XRD patterns of zinc oxide nanopowders

prepared by the MICT are shown in Fig.2. The sharp

diffraction peaks match the pattern of the standard
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Fig.2 XRD patterns of ZnO samples with the following

molar ratios of urea/Zn*
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hexagonal structure of ZnO (PDF No. 36-1451), with
lattice constants @=0.324 9 nm and ¢=0.520 6 nm.
The strongest peaks located at 31.72°, 34.40°, and
36.18° can be clearly seen and correspond to the
(100), (002), and (101) directions of ZnO, respectively.
Besides the three most obvious peaks, other peaks
representing (102), (110), (103), (200), (112), (201),
(004), and (202) directions of ZnO can also be
indexed from the ZnO (PDF No. 36-1451). No
secondary peaks are detected in Figs.2a and 2c,
indicating the complete crystallization of single phase
hexagonal ZnO. However, comparison of the curve of
Fig.2b with those of Figs.2a and 2¢ show some weak
peaks located at 21°~29° (inset, Fig.2b). These peaks
indicate that a rapid reaction is not conducive to the
formation of the single phase ZnO.

The formation of ZnO nanostructures is further
characterized by FTIR spectroscopy, as shown in Fig.3.
The absorption at ~1 383 c¢m ™ for the synthesized
samples corresponds to the bending vibration of C-N.
This indicates the presence of nitrate ions, which are
probably absorbed on the surface of ZnO particles. The
intense band that rises at 400 ~500 ¢cm ™ in all the
spectra is assigned to the stretching vibrations of Zn-0.
A sharp Zn-O vibration peak at 449 cm™ appears with a
urea/Zn** molar ratio of 3:1, and the single peak is
attributed to a comparatively large amount of heat
energy and the higher temperature. The peaks observed
in the FTIR spectra of the powders are found to match
well with those previously reported™.

2.3 ZnO nanostructures

Fig.4 shows the SEM and FE-SEM images of the
7Zn0 nanostructures prepared by the MICT at different
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Fig.3 FTIR spectra of ZnO samples with the following

molar ratios of urea/Zn*

molar ratios of urea/Zn**. When the molar ratio of urea/
Zn* is equal to 1, nanostructure flowers can be obtained
at all three microwave powers (170, 340, and 680 W),
as shown in Fig.4. However, the flowers are not fully
formed when the microwave power is too low (Fig.4a),
and the size of the flower clusters is inhomogeneous
(Fig.4c). Moreover, the higher the microwave power, the
shorter the time for the occurrence of deflagration.
Since a short reaction time is not beneficial to crystal
nucleation and growth, moderate microwave radiation
power (340 W) is selected to investigate the effect of
organic fuels on the nanostructures. Results show that
uniform flower-like products are obtained with a 1:1
molar ratio of urea/Zn*, as shown in Fig.4b and 5a. The
product consists of a large quantity of flower-like
microstructures that are approximately 2~5 pwm in size.
The floral structures result from the accumulation of
several hundreds of sharp-tipped ZnO nanorods, which

originate from a single center. A urea/Zn* molar ratio of

0001 1150 SEI

Spm

20kV

X5,000

0001 11 50 SEI

(a) 170 W; (b) 340 W; (c) 680 W

Fig.4

SEM images of ZnO samples with a 1:1 molar ratio of urea/Zn* and at different microwave powers
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5:3 results in incomplete flower-shaped nanostructures.
As well, flakes agglomerate around the flowers (Fig.5b).
The overall floral morphology fully changes into a
blocky structure with a urea/Zn** molar ratio of 3:1, as
shown in Fig.5c. The lengths of these irregular block-
shaped particles range from 100~300 nm. The results

20kV  X2,000 10pm 0001 1150 SEI 20kV  X5,000

illustrate that urea, rather than microwave power, acts
as a structure-directing agent, significantly affecting the
anisotropic growth of ZnO from flowers to block-like
structures. Different single-crystal ZnO nanostructures
are obtained after only a few minutes of microwave

radiation.

0001 1150 SEI

() 1:1; (b) 5:3; (¢) 3:1

Fig.5 SEM images of ZnO samples at a microwave power of 340 W and with the following molar ratios of urea/Zn*

Fig.6a shows a low-magnification TEM image of
flower-shaped 7Zn0O, which is consistent with SEM
observations (Fig.5a). The corresponding SAED pattern
(Fig.6b) indicates that the structure evolves from poly-
crystalline phases into single crystals. Characteristics of
single-crystal  diffraction spots and poly-crystalline
diffusion rings can be seen from the SAED pattern. A
high resolution TEM (HRTEM) image (Fig.6c¢) of the
corresponding flowers clearly reveals that the lattice
fringes between two adjacent planes are about 0.52 nm

apart, which is equal to the lattice constant of ZnO,

g 5 (Y

Fig.6  (a) TEM images of ZnO samples with a 1:1 molar
ratio of urea/Zn”; (b) the corresponding SAED
pattern; and (¢) HRTEM image of individual ZnO

nanorods in Fig.6(a)

indicating that the obtained structures have wurtzite
hexagonal phases and are preferentially grown along the
(0001) direction. These findings are in accordance with
the SAED pattern obtained.
2.4 Morphology evolution

In principle, the formation of 3D structures may be
divided into two processes, i.e., nucleation and growth.
In the experiments, urea mediates the nucleation and
growth of ZnO crystals by modifying the basicity of the
precursor solutions. The following chemical reactions

take place in the precursor solutions:

H,N-CO-NH+2H,0 =

H*-H,N-CO-NH,-H*+20H" 2)
Zn*+20H" = Zn(OH), | 3)
Zn(OH), +20H" < Zn(OH)* 4)
Zn(OH)> = ZnO | +20H+H,0 (5)

Due to the hydrolysis of urea, the hydroxyl ion
plays a crucial role in the nucleation process. At early
stages of the reaction, ZnO nucleates from the Zn(OH),*~
solution to form multi-nuclei aggregates. With constant
stirring, the multi-nuclei aggregates serve as sites for
7Zn0 nanostructure growth along the (001 )direction.
This direction has a high capability for inducing the
nucleation of ZnO ™, according to the mechanism of
polar crystal growth. In Fig.7a, the precursor solutions
form the ZnO nanorods prior to microwave radiation.

The similar phenomenon of ZnO crystal nucleus growth
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in solution has been reported in several studies™. Due
to molecular polarization in the reaction solution and
the dipole moment formed in the dielectric, the level of
excitation of Zn-O bonds is higher than normal under
microwave radiation ™. Thus, the material coupled in
the microwave field heats up more rapidly than in a
convectional heating system. After microwave radiation
for 5 min, the reaction solution boils and becomes

concentrated before burning. ZnO columns/rods are

20kV  X10,000 1pm 0001 1350 SEI 20kV  X10,000 1pm 0001 1350 SEI

formed, as illustrated in Fig.7b. When the solution
burns with a stable flame, flower-like single-crystal ZnO
nanostructures are formed with rapid growth rate in the
combustion process after the combustion reaction (Figs.
7c¢ and 7d). The formation of flake-like ZnO and
nanoparticles can be attributed to the liberation of large
amounts of gases during combustion. A full description
of these mechanisms would require more evidence from

future work.

20kV  X10,000 1pm 0001 1350 SEI 3 Sum 0001 13 50 SEI

(a) precursor solutions before microwave radiation; (b) sticky reactants after microwave radiation, before burning;

(c) powder just after the combustion reaction; and (d) powder under microwave radiation after burning

Fig.7 SEM images of flower-like ZnO structures in different phases

2.5 Photoluminescence studies

To investigate the effect of morphology on
characteristics, the room
temperature photoluminescence  (PL) spectra of (a)
flower-like, (b) flake-like, and (c) block-like ZnO are
shown in Fig.8. The resulting ZnO nanopowders display

photoluminescence

an ultraviolet emission at 366 nm and a relatively broad
blue light emission in the range of 380~500 nm.

The ultraviolet emission is attributed to the near
band-edge emission of the wide band-gap ZnO,
specifically, the recombination of free excitons through
an exciton-exciton collision process™. The emission at
366 nm is frequently observed in ZnO thin films
deposited on gold substrates™. Lin et al. found violet
emissions at 390 nm (3.18 eV) during the DC reactive
sputtering of ZnO films onto Si substrates ¥, They
believe that the violet emission originates from the
electron transition from the conduction band to the
valence band. We believe that the emission at 394 nm
is due to the electron transition from the conduction
band tail states to the valence band tail states. The 410
nm violet luminescence is thought to relate to interface
traps at the grain boundaries and emissions from the

radiative transition between this level and the valence

Aexc=325 nm

350 400 450 500 550 600
Wavelength / nm

(a) 1:1; (b) 5:3; (c) 3:1
Fig.8 PL spectra of ZnO samples at a microwave

power of 340 W and with the following molar

ratios of urea/Zn*

band . Teng et al.*believe that this emission could be
due to the transition from the top of the valence band to
the Zn; level (interstitial zinc,2.9 eV). A weak blue
emission at 442 nm (2.81 eV) was observed in the ZnO
nanoflowers; this emission has also been found in ZnO

[36]

films and whiskers ™. Previous studies on ZnO films

prove that the blue emission is related to oxygen
vacancies in the ZnO film™. The 452 nm (2.74 eV)

emission is assigned to rather shallow donor level of Zni
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recombined with V, (vacancies zinc) by recent

study™*.The 468 nm (2.64 eV) emission is not widely
observed, although it is usually considered to be related
to intrinsic defects generated during the preparation
and post-treatment of nanostructures, such as single
negatively charged zinc vacancies, the origins of which
remain unclear. The hump at 485 nm in the PL spectra
of ZnO can be attributed to the transition between the
vacancies of oxygen and interstitial oxygen™. Such an
emission can also result from surface-deep traps, which
M The

shoulder peak at 493 nm is related to singly ionized

are typical of porous ZnO nanostructures

oxygen vacancies. This emission results from the
recombination of a photogenerated hole with a singly
ionized charge state of the specific defect™. The green
luminescence (500~550 nm) of ZnO nanostructures is
not obvious. The peak intensity of the sample obtained
at the urea/Zn* molar ratio of 3:1 is stronger than that at
1:1. It is possible that the surface defects contribute to
the emission because the block-like nanoparticles have
smaller size and larger surface area. Zhang et al. ™
reported that surface states may play a more important
role in visible emissions than previously thought.
Hence, in our case, it may be reasonably inferred that
both oxygen vacancies and surface states may respond
to the yellow-green emission of the flower-like ZnO
nanorods.

The origins of different defect emissions are not
completely understood, but we can speculate that
differences in the optical properties of the present ZnO
nanostructures originate from lattice defects related to

either the oxygen interstitial spaces or Zn vacancies.
3 Conclusions

A rapid and simple method was developed for
preparing flower-like ZnO nanocrystals through the
MICT. Results reveal that the molar ratio of urea/Zn**
significantly influences the morphology of ZnO. The
effect of ZnO morphologies is attributed to the induction
of hydroxyl ions, which orients nucleation and promotes
rapid growth under microwave radiation. Our results
reveal that ZnO nanorods are created from ZnO nuclei,
of flower-like ZnO

resulting in the formation

nanostructures. Photoluminescence spectra of ZnO
flowers, flakes, and block-like nanostructures reveal
several emission bands. The distinctive advantage of the
proposed method is that the process requires no heat

treatment or calcination at high temperature.
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