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Abstract: The flower-like ZnO microstructure was prepared by a straightforward microwave-hydrothermal technique using zinc
chloride and arginine solution as reactants. The as-synthesized crystal structure and morphology were characterized by X-ray
diffraction (XRD), scanning electron microscopy (SEM) and the optical properties of the ZnO nanostructure were studied by Raman
and photoluminescence (PL) spectra, which confirms the high crystal quality of ZnO microstructure. The as-synthesized ZnO flowers
exhibit a significant enhancement of photocatalytic capability toward degrading methyl blue (MB) under UV light, the
photodegradation of MB reaches 95.60%, only within 2 h of adding the as-synthesized ZnO in the MB solution under UV
irradiation. Furthermore, the photodegradation could be described as the pseudo-first-order kinetics with degradation rate constant of

1.0675-1.6275 h™", which is relative to the morphology of the structures.
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1 Introduction

Zinc oxide (ZnO) is an important semiconductor
material with a wide band gap of 3.37 eV as well as a
large exciton binding energy of 60 meV at room
temperature, which has aroused a great interest in
studying ZnO nanostructures. ZnO nanocrystal has found
numerous applications, such as gas sensors [1],
transparent electrodes [2], pH sensors [3], biosensors[4],
acoustic wave devices[5], UV photodetector [6] and
photocatalyst [7,8]. Recently, microcrystalline ZnO has
been deeply researched, including single-crystalline
star-shaped ZnO microcrystals with six arms [9], ZnO
microcrystals  with  anti-Stokes photoluminescence
properties [10], mushroom-like ZnO microcrystals
synthesized via a solution calcinations process [11], ZnO
microcrystals formed by laser irradiation method [12],
and ZnO microballs synthesized by pyrolysis of zinc-
acetate in oxygen atmosphere [13].

Microwave-hydrothermal reaction has been used
as an effective method for the synthesis of nanoparticles

of various oxides [14—16]. Compared with conventional
methods, microwave-hydrothermal synthesis has many
distinct advantages, such as rapid heating to
crystallization  temperature, accelerating chemical
reaction rate, enhancing crystallinity and decreasing
byproduct. Furthermore, it is simple, energy efficient and
economical. In this work, we report a microwave-
hydrothermal method to generate flower-like ZnO
nanostructure and investigate their optical properties and
photocatalytic activity.

2 Experimental

2.1 Synthesis

The synthesis of ZnO flowers was carried out via
microwave-hydrothermal method. In a typical procedure,
2 mmol of ZnCl, and 2 mmol of arginine were added to a
stirred deionized water of 20 mL while stirring for 10
min at room temperature, correspondingly. Then arginine
solution was added dropwise to ZnCl, solution in turn.
After being vigorously stirred for 30 min at room
temperature, the final clear solution was transferred to a
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Teflon vessel of the MDS—6 (Microwave Digestion/
Extraction System, Shanghai Sineo Microwave Chemical
Technology Co. Ltd.). A temperature program was
established to make the desired reaction temperature
(120, 150 and 180 °C, which were denoted as ZnO-1,
Zn0O-2, ZnO-3) attain within about 3 min. The treatment
was extended at the selected temperatures for 10 min
under autogenous pressure. The as-prepared powders
were repeatedly washed with the distilled water and
ethanol several times, filtered and dried in an oven at 60
°C.

2.2 Characterization

The phase of as-synthesized sample was studied by
X-ray diffraction (XRD) with a Bruker D8 Advance
diffractometer using Cu K, radiation (1=1.54056 A) and
operating at 40 kV and 40 mA. The morphology of
as-prepared sample was examined by scanning electron
microscopy (SEM, KYKY-2000), as well as Raman
spectrum (Renishaw, RM 1000) measured with an
excitation from the 514 nm line of an Ar-ion laser using a
power of 4.7 mW. The photoluminescence property of
as-synthesized sample was studied using a fluorescence
spectrophotometer (JASCO  FP—6500) at room
temperature.

2.3 Photocatalytic activity test

The photocatalytic activity of the as-synthesized
ZnO was evaluated in terms of the degradation of MB in
an aqueous solution. A 250 W high-pressure mercury
lamp (dominant wavelength: 365 nm) used as a UV light,
was positioned inside a cylindrical vessel and surrounded
by circulating water jacket for cooling. 50 mg of sample
was suspended in 50 mL of an aqueous solution of 10
mg/L MB. The solution was continuously stirred at room
temperature for about 30 min to ensure the establishment
of an adsorption-desorption equilibrium among the
photocatalyst, MB, and water before irradiation with UV
light from the high-pressure mercury lamp. The distance
between the light source and the bottom of the solution
was about 10 cm. The concentration of MB was
monitored by using a UV-vis spectrometer (Shanghai
Meipuda Instrument Co. Ltd. UV—1600).

3 Results and discussion

Figure 1 presents the XRD pattern of the
as-synthesized sample ZnO-3. This XRD pattern can
demonstrate clearly that the product is crystalline, and
the diffraction peaks can be indexed unambiguously to
the wurtzite-type ZnO with lattice constants a=3.249 A
and ¢=5.208 A, consistent well with the standard PDF
database (JCPDS file 36—1451) [17]. The characteristic
peaks are higher in intensity and narrower in spectral
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Fig. 1 XRD pattern of as-synthesized sample

width,
crystallinity. No other peaks corresponding to impurities
are detected, showing that the final products purely

indicating that the products are of good

consist of ZnO.

ZnO is a wurtzite-type structure and belongs to the
space group of Cév [18,19] with four atoms per unit cell
generating nine optical and three acoustic phonon
branches [20]. We all know that the phonon modes of a
crystal are subdivided into two general categories:
acoustic or optical mode, transverse or longitudinal mode.
According to group theory, the single crystal ZnO owns
optical phonon modes including both Raman- and
infrared- active 4; and E; modes, only Raman-active E,
modes, and Raman-inactive B; modes [21]. The A, and
E, modes are polar which can be observed to split into
transverse optical (TO) and longitudinal optical (LO)
phonon components. Raman spectroscopy is a fast and
nondestructive tool to evaluate the quality of crystalline
materials, including surface conditions and homogeneity,
which is very sensitive to the lattice microstructure. So,
the microstructure of the ZnO microcrystals was further
studied by Raman scattering technique at room
temperature (Fig. 2). Raman spectrum shows all
characteristic bands of crystalline ZnO at 334, 383, 410,
438, 574, and 665 cm ' in the range of 200-800 cm .
The Raman peaks at 334 and 665 cm ' are attributed to
the second- and fourth-order overtones, i.e., 24; and 44,
modes, respectively [18], which are caused by the
multiphonon processes [22]. The strong Raman peak at
437 cm! is the typical characteristics of wurtzite-type of
ZnO which is attributed to the nonpolar optical phonon
in £, mode of the ZnO [18,22]. The weak Raman peak at
380 cm ' is attributed to transverse optical 4, mode, i.e.,
Ayt or A1(TO) mode. The much suppressed peak at 410
cm ' is attributed to transverse optical £} mode, i.e., Eir
or Ei(TO) mode. Both the 4,(TO) and E;(TO) modes
reflect the strength of the polar lattice bonds [23].
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Fig. 2 Raman spectrum of as-synthesized ZnO-3 microcrystal

Figures 3 shows the SEM images of the final ZnO
products synthesized at different reaction temperatures,
i.e., 120, 150, 180 °C, denoted as ZnO-1, ZnO-2, ZnO-3,
correspondingly. According to SEM observation, when
the reaction temperature was 120 °C, ruleless rods
appeared in the products with 4.5—7.0 um in length and
0.5-1.0 pm in diameter (Fig. 3(a)), When the reaction
temperature was increased to 150 °C or 180 °C,
flower-like microcrystals composed of nanorods as
second order compositions with diameter of 500—600 nm
and 2-3.5 um in length (Figs. 3(b) and (c)), were
prepared.

Figure 4 shows the room temperature emission
spectra of ZnO microcrystals dispersed in ethanol. The
as-synthesized ZnO displays three PL emissions: an
ultraviolet (UV) emission centered at ca. 402 nm
attributed to near-band edge (NBE) emission, a violet
emission at ca. 425 nm and a green emission at ca. 560
nm attributed to deep-level (DL) emission. Usually, the
emission spectra can be divided into two broad
categories: the NBE emission and DL emission. The UV
emission at 402 nm generally originates from the direct
recombination of the free excitons [19,24]. The visible
emissions at 425 and 560 nm are caused by the structural
defects, such as oxygen vacancies and zinc interstitials in
the crystalline ZnO [25]. The 425 nm emission can
regarded as the interstitial oxygen energy level which
was observed in ZnO quantum dots [26] and ZnO thin
film at 420 nm [27]. This result can also be identified by
the intensity reduction of Raman peak at 574 cm' [27].
All these PL results are consistent with the Raman data
and identify that the ZnO microcrystals have rather good
crystal quality with fewer structural defects [19].

The photocatalytic activities of the as-synthesized
ZnO  microcrystals were investigated by the
photocatalytic oxidation of methyl blue (MB) dye under
UV irradiation (dominant wavelength: 365 nm). The
characteristic absorption of MB at A=664 nm was
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Fig. 3 SEM images of ZnO microcrystals: (a) ZnO-1; (b) ZnO-
2; (¢) ZnO-3
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Fig. 4 PL spectra of typical as-synthesized ZnO microcrystals

dispersed in ethanol excited at 345 nm
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selected to monitor the photocatalytic degradation
process. Figure 5(a) shows the MB concentration
decreases with UV irradiation time by different ZnO
samples. The blank experiment shows that the
degradation of MB is less than 25% only under UV
irradiation for 2 h (Fig. 5(a)). After 2 h of adding the
as-synthesized ZnO-3 in the MB solution under UV
irradiation, the degradation of MB reaches 95.60%, close
to 100% (Fig. 5(a)). This suggests that the as-synthesized
ZnO microcrystals possess intrinsic photocatalytic
activity under UV irradiation. Figure 5(a) also shows that
all as-synthesized ZnO microcrystals have an excellent
photocatalytic performance with a degradation of MB
more than 83% in 2 h. The photocatalytic activity of the
as-synthesized ZnO microcrystals indicates that the ZnO
microcrystals can find an excellent application in
environmental protection.
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Fig. 5 Plots of photocatalytic degradation of MB concentration
vs irradiation time in the presence of ZnO samples under UV
light irradiation (a) and dependence of —In(p/p,) on irradiation
time under UV light irradiation (b)

To further understand the reaction kinetics of MB
degradation, the apparent pseudo-first-order model [28]
expressed by Eq. (1) was applied as:

—In(p/po)=kt (1

where £ is the apparent pseudo-first-order rate constant, p
is the MB concentration in aqueous solution at time ¢,
and py is the initial MB concentration. Figure 5(b) shows
the first-order linear fit from the experimental data, the &
values of ZnO-3, ZnO-2, ZnO-1 and blank were obtained
at the degradation rate of 1.6275 h™' (R*=0.99), 1.3721
h™' (R’=0.98), 1.0675 h™' (R*=0.99) and 0.1278 h'
(R*=0.97). The result shows that the flower-like
microcrystal ZnO is a much more effective photocatalyst
than ZnO rods.

The degradation mechanism of MB by ZnO
microcrystals under UV was discussed. The possible
reaction mechanism of photodegradation MB under UV
light irradiation can be illustrated as follows [28,29]:

ZnO+hv—e+h" 2)
ZnO+h*— OH+H' 3)
OH +h'— +OH 4)
Oyte— * 0, 5)
*O, +H'— + OOH (6)
MB-+hv—MB" (7
MB"+ZnO— MB+ZnO(e) (8)
Zn0(e)+0,— ZnO+0,~ Q)
ZnO(e)+ *0, +2H — ZnO+H,0, (10)
ZnO(e)+H,0,— ZnO+ *+ OH+OH (11)

MB'+0,o0r *+ O, or *OHor * OOH—
Intermediate— Degraded products (12)

where MB, MB*, and MB* represent MB molecules in
the ground, excited, and oxidized states, respectively. An
electron (e) is excited from the valance band into the
conduction band, generating a hole (h") when a photon
with an energy of v matches or exceeds the bandgap
energy, E, of the semiconductor ZnO. First, MB is
excited to its excited state (MB") by UV light irradiation.
The excited state of MB injects electrons into ZnO
microcrystals to generate the dye radical cation (MB™).
In MB solution, the OH reacts with h” and generates
*OH, i.e., OH +h'—+OH, while O, can react with e and
generates *O, , furthermore, the *O, reacts with H' and
generates *OOH. The *OOH, *OH, or *O”" radical is the
oxidation agent, which oxidizes organic compounds, in
other words, this is favorable for the MB degradation
from Eq. (12). Subsequent reactions between MB™ (or
MB) and active oxygen radicals (*OOH, *OH, *O, ) lead
to the destruction of the dye chromophore and also result
in the formation of even smaller decomposed fragments
after a series of complex oxidative steps.
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4 Conclusions

1) The rods and flower-like ZnO microcrystals were
synthesized via microwave-hydrothermal technique.

2) The Raman and PL data indicate that the ZnO
microcrystals have a higher crystal quality due to the fact
that the crystal growth is under thermodynamic control.
The UV-emission at 402 nm is attributed to NBE
emission while the visible emissions at 425 and 560 nm
to DL emission. The strong UV-emission at room
temperature suggests that the ZnO microcrystals may
find use in optoelectronic devices in the future.

3) The as-synthesized ZnO microcrystals exhibit an
excellent photocatalytic activity toward degrading
methyl blue under UV light, suggesting that the ZnO
microcrystals excellent

have an application in

environmental protection.
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