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Abstract—3D nest-like ZnO nanostructures are synthesized via hydrothermal method operated at ambient tempera-
ture (80 °C). The as-synthesized ZnO nanostructures are assembled by numerous ultrathin nanosheets resulting into
formation of many grooves which improved the photocatalytic property. The as-synthesized ZnO sample is character-
ized by XRD, FESEM, FT-IR, Raman spectra, BET surface area and photoluminescence spectra analysis. Moreover,
the photocatalytic efficiency of as-synthesized ZnO nanostructures is evaluated for degradation of methylene blue (MB)
dye degradation. A comparision with the commercial counterpart reveals that the as synthesized nest-like ZnO degrades
MB dye more efficiently. The present synthetic method can provide an effective route for synthesis of other hierarchically

structured metal oxides also.
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INTRODUCTION

Zinc oxide (ZnO) is a well known polar II-VI semiconductor com-
pound having iconicity at the borderline between the covalent and
ionic semiconductors [1]. It is an intrinsic n-type semiconductor
because of deviation from stoichiometry and the presence of intrin-
sic defects such as O vacancies (V,)) and Zn interstitials (Zn,) [1].
ZnO is a semiconductor with wide band gap of 3.37 ¢V and large
exciton binding energy of 60 meV. In terms of band energy, ZnO
is a suitable alternative to TiO, [2]. ZnO is also an environmentally
friendly material that does not form toxic byproducts [3]. It has re-
ceived much research attention due to its low toxicity and low price,
high chemical and thermal stability, high transparency in the visible
wavelength range and unique optical properties. In powder form,
Zn0Q is a very important material due to its potential applications in
numerous areas such as electronics and photonics.

Zn0 is a very promising photocatalyst for photocatalytic degra-
dation of water pollutants such as phenol [4] and its derivatives [5]
either under UV light [6] or sunlight [7]. Zinc oxide has been used
in numerous applications, such as antireflection coatings [8], trans-
parent electrodes in solar cells [9], varistors [10], light emitting diodes
[11], gas sensors [12], acousto-optical devices [13], lasers [14], near-
UV emissions [15], photocatalysis [16], antibacterial agents [17]
and piezoelectric devices [18].

Various kinds of morphologies of ZnO including nanopins [19],
nanorods [20], nanotubes [21], nanoscrews [22], nanowhisker [23],
obelisk-like [24], tower-like, flower-like [25] and nanopencils [26]
have been fabricated. Since different morphologies of ZnO show
different electron emission, optical, electrical and acoustic proper-
ties, many efforts have been made to find the optimum fabrication
process for ZnO with excellent properties [27]. Accordingly, many
methods have been developed for the synthesis of ZnO. Most of
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them are physical ones, such as thermal evaporation [28], chemical
vapor deposition [29], pulsed laser deposition [30], metal-organic
chemical vapor deposition [31] and molecular beam epitaxy [32].
Generally, instrumental methods require special and expensive equip-
ment or operation control. Others include solution-based chemical
methods such as solvothermal [33], sol-gel [34], sonochemical [35]
and electrodeposition processes [36]. Among these, hydrothermal/
solvothermal routes are very attractive because of the distinct advan-
tages such as simplicity, low cost, mild synthesis conditions and
potential for large scale production.

In the present paper, we describe the green hydrothermal syn-
thesis of nest-like ZnO, without using the capping/structure direct-
ing agent. The as-synthesized ZnO nanostructures are evaluated
against the commercial ZnO for their photocatalytic activities by
using methylene blue (MB) as the model dye contaminant. The hier-
archically structured nest-like ZnO show excellent photocatalytic
activity for MB dye degradation.

EXPERIMENTAL

1. Synthesis of Nest-like ZnO

All chemicals were of analytical grade and used without further
purification: zinc nitrate hexahydrate, zinc oxide (granular, surface area
=16 m*/g) and ammonium hydroxide were purchased from SdFine.
Sodium hydroxide (Rankem), Methylene Blue (denoted as MB)
(Fischer Scientific) and de-ionized water were employed for syn-
thesis. The hydrothermal process was employed for the synthesis
of ZnO sample as follows: Initially, 11 g zinc nitrate was dissolved
in 100 mL of NH,OH. Then 4 g sodium hydroxide was added to
the solution. After that, deionized water was added till the final con-
centration of the solution became 1 M Zn*" solution. This solution
was then transferred to a Teflon lined autoclave and kept in an oven
premaintained at 80 °C for 14 hours. The autoclave was cooled to
room temperature naturally, the white precipitate so obtained was
separated, washed for several times with de-ionized water, and twice
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with ethanol and dried in oven at 60 °C for 12 hrs to get the nest-
like ZnO powder.
2. Characterization

Powder X-ray diffraction patterns (XRD) were obtained on a dif-
fractometer (Bruker Axs model D8 advance) with Cu K« radia-
tion, A=1.5418 A. The morphologies of ZnO were obtained by a
Hitachi S-4800 Field emission scanning electron microscope (FE-
SEM). The Brunauer-Emmett-Teller method (BET) was employed
to determine the surface area of samples by nitrogen gas adsorption
in a Micromeritics ASAP2020M+C gas sorption analyzer. UV-visi-
ble absorption spectrum of as-synthesized ZnO product was recorded
on a UV/Vis spectrophotometer (Perkin Elmer model Lamda 800).
FTIR spectra of as-prepared purified ZnO powders were recorded
using KBr pellets on a Perkin Elmer 1090 spectrometer. Raman
spectra were measured with a Horiba Jobin Yvon LabRam IR system
at a spatial resolution of 2 mm in a backscattering configuration.
The 633-nm line of a Helium Neon laser was used as scattering light
source with less than 4mWpower. The photoluminescence spectrum
of the ZnO sample in colloidal suspension was measured on a spec-
trofluorometer (JASCO model FP-6200) equipped with a Xenon
lamp source, with an excitation wavelength of 325 nm.

3. Photodegradation of Methylene Blue (MB)

The photocatalytic activity experiments on the as-prepared nest-
like ZnO nanostructures for the degradation of MB were performed
at ambient temperature. A Pyrex beaker (250 mL) was used as the
photoreactor. ZnO product as catalyst (0.05 g) was added in the aque-
ous MB solution (C,(H,;CIN,S;-3H,0) (100 ppm, 100 mL), and
the solution was magnetically stirred in the dark for 1h to reach
the adsorption equilibrium of MB with the catalyst and then exposed

to UV-light. At given irradiation time intervals, a series of aqueous
solutions in a certain volume were collected and centrifuged to re-
move the catalysts and were then analyzed on a spectrophotome-
ter. The concentration of methylene blue was determined by moni-
toring the changes in the main absorbance centered at 663 nm.

RESULTS AND DISCUSSION

1. Morphology and Structure

Hierarchical nest-like ZnO nanostructures were prepared by sim-
ple hydrolysis of zinc nitrate with aqueous NaOH using hydrother-
mal method as described in the experimental section. The as-obtained
Zn0O nanostructures were examined with FESEM, XRD, Raman.
PL, UV-vis absorption and BET surface area analysis. Fig. 1 shows
the FESEM and XRD pattern of the as-prepared ZnO product. A
panoramic morphology of the as-synthesized ZnO product is pre-
sented in Fig. 1(a). The image clearly shows the formation of well
defined three-dimensional (3D) nest-like ZnO microstructures with
diameters in the range 250-500 nm. These nest-like ZnO micro-
structures are very uniform and polydisperse in nature. It is inter-
esting that we did not observe any other morphology rather than
nests. A magnified FESEM image showing the close observation
of these structures is presented in Fig. 1(b). It can be seen from the
figure that the nest-like microstructures are assembled by many dense-
ly arranged nanosheets as “nest-walls”. A close up view of the nano-
sheets-built nest-like microstructure in Fig. 1(c) reveals that these
nanosheets have thickness 10-25 nm and are grown sidewise to the
central wall to form many grooves. These grooves engendered in
the 3D microstructures may improve the chemical properties or serve
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Fig. 1. (a), (b) & (c) Panoramic and high resolution images and (d) X-ray diffraction pattern of nest-like ZnO.
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as transport paths for small molecules.

Regarding the formation of nest-like ZnO, the concentrations of
Zn*" and OH™ must have played key roles, since no template, organic
additive, or surfactant existed in the synthetic architecture. For that
reason, we suggest the following explanation for the formation of
the 3D microstructures. It is well known that shape control of the
crystals can be achieved by manipulating the growth kinetics. The
crystal formation process is divided into two stages of nucleation
and growth. The overall reaction for the growth of ZnO crystals
may be expressed as follows:

NH,OH—NH"+OH" M
Zn*+2 OH —Zn(OH), @
Zn*+4NH,— Zn(NH,)?* ©)
Zn(OH),—ZnO+H,0 ©)
Zn(OH);” —ZnO+H,0+2 OH Q)

In our present case, the contributing growth driving force for ZnO
crystals is the concentration of Zn" ions. Initially, when Zn(NO,),
is introduced into NH,OH, the solution becomes turbid due to forma-
tion of white Zn(OH), colloids (reaction (1) and (2)). At the same
time, a part of NH; can serve as the chelating agent to unite with
71" to form the amine complex (Zn(NH3);") according to reaction
(3), which benefits from the generation of growth units (Zn(OH);).
In the solution environment, a part of the Zn(OH), colloids dis-
solves onto Zn** and OH™ and large quantities of ZnO nuclei form
when the concentration of Zn** and OH™ exceeds the critical value,
and subsequent crystal growth develops (reactions (4) and (5)). As
the reaction proceeds, the concentration of the Zn(OH);” becomes
lower, and some active sites on the surface of initially formed ZnO
aggregations grow along the oriented as the chemical environment
constantly provides reactants.. The preferential growth along the
[0001] and [01°10] directions within the {27110} plane forms nano-
sheets on the surface of the initially formed ZnO aggregation. Sub-
sequently, more and more nanosheets with a {2'1"10}-planer sur-
face are interlaced and overlapped with each other to form a multilay-
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Fig. 2. The nitrogen adsorption-desorption isotherm of nest-like
ZnO; pore size distribution curve of the nest-like ZnO (inset).

ered nest-like structure.

Fig. 1(d) shows the XRD pattern of as-synthesized nest-like ZnO
sample. The diffraction peaks observed at 260=31.8, 34.5, 36.4, 47.5,
57.1,63.2,66.7,67.8, 69, 72.6, and 76.8° match that of bulk wurtzite
hexagonal ZnO having lattice constants of a and ¢ equal to 3.25
and 5.21 A®, respectively (JCPDS file no. 36-1451). Note that no
characteristic peaks corresponding to impurities, such as zinc hydrox-
ide, were observed in the XRD pattern of any of the samples, which
indicated the formation of pure ZnO nanostructures.

The nitrogen sorption isotherms of the synthesized nest-like ZnO
sample were measured to gain information about the specific sur-
face area and the pore sizes. As shown in Fig. 2, the nitrogen adsorp-
tion-desorption isotherms are identified as type IV, revealing the
existence of abundant mesoporous structures in the architecture [37].
From the corresponding pore size distribution curve (shown in inset
of Fig. 2), we find that the pore size distribution is not uniform, and
most of the pores fall into the size ranging from 2 to 70 nm, which
well agrees with the results of the FESEM analysis. Considering
the observed morphology of the product, smaller pores with a peak at
about 3 nm may be generated between primary nanocrystals, whereas
the larger pores with a wide pore size distribution can be attributed
to the spaces formed between the intercrossed ZnO nanosheets. The
specific surface area of the as-synthesized nest-like ZnO is evalu-
ated to be approximately 25.2 m’g™' by BET equation, which is larger
than that reported nanostructured ZnO [38] and the commercial one
that is used as a comparative counterpart in this study. Obviously,
this hierarchically structured ZnO with high surface area will be
stabile against aggregation, and may exhibit potential application
in catalysis and sensing.

To identify the characteristic groups present on the surface of the
Zn0O samples that could react with the functional groups of other
compounds, the zinc oxides were subjected to spectroscopic analy-
sis. Fig. 3 depicts the FTIR spectrum of the as-synthesized nest-
like ZnO nanostructures and the commercial ZnO sample used in
the present study. It reveals a series of absorption peaks from 500-
4,000 cm™', and spectroscopic analysis confirmed previously pub-
lished results [39,40]. The broad band at 3,400 cm™' is due to O-H
stretching vibration of the hydroxyl group. Peaks at 3,000 cm™ and
1,050 cm ™" are due to the C-H symmetric and asymmetric valency
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Fig. 3. FT-IR spectrum of nest-like and commercial ZnO.
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Fig. 4. Photoluminescence (PL) spectrum of nest-like ZnQO.

bands. The peaks at 1,300 and 1,500 cm™ are due to stretching vibra-
tions of C=0. The peaks corresponding to vZn-OH, and vZn-O
appeared at 900 cm™' and 450 cm™, respectively. The spectroscopic
studies indirectly provide information about the surface character
of the ZnO samples.

Generally, the PL spectrum of ZnO consists of three emission
bands at room temperature, a near-band-edge (UV) emission and
two broad, deep-level (visible) emissions. The visible emission is
usually considered to be related to various intrinsic defects pro-
duced during ZnO preparation and post treatment. Normally, these
defects are located on the surface of the ZnO structure. Fig. 4 pre-
sents the PL spectrum of the as-synthesized ZnO product excited
at 325 nm UV light from a He-Cd laser at room temperature. From
the figure, a sharp UV emission peak at 395 nm (~3.13 eV) and a
green emission peak at 460 nm (~3.44 eV) were observed in the
PL spectrum. The emission at 395 nm corresponds to the near band-
edge emission resulting from the recombination of free excitons,
whereas the negligible visible emission peaks at 460 nm may be
attributed to electron transition, mediated by defect levels in the band
gap. It is established that the UV-emissions at 390-400 nm are attrib-
uted to UV emissions of Zn [41], reflecting a dominant good crystal.
The blue green emission band at ~470 nm is related to the exciton
scattering by some definite defects, usually attributed to a singly
charged oxygen vacancy or other defects, which originate from the
recombination of a photoexcited hole with a charge state of the spe-
cific defect, such as oxygen vacancies or it results from surface deep-
traps [42]. The PL peak position and the relative intensity of band-
edge emission to the deep-trap emission are closely related to the
morphology, crystallinity, and dimension of ZnO structures. High
band-edge emission indicates a high monocrystal structure, while
dominant deep-trap emission reflects that numerous defects or oxy-
gen vacancies or amorphous surface in ZnO crystal still influence
the exciton transition. So, as-synthesized nest-like ZnO possesses
good crystal structure and smooth crystal faces.

Room temperature Raman spectra were recorded using a Raman
spectroscope with the Ar+-ion laser at 488 nm that served as the
excitation source. ZnO with wurtzite structure belongs to the C6V*
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Fig. 5. Room-temperature Raman spectrum of the nest-like ZnO.

space group. At the 7 point of the Brillouin zone, optical phonons
have the following irreducible representation: 7opt=A1+2B1+E1+
2E2 [43]. Among these, Al and E1 modes are polar and can be split
into transverse (TO) and longitudinal optical (LO) components, with
all being Raman and infrared active. For the sample, vibration peaks
can be clearly observed at 203, 332, 436, 548, and 707 cm™' (Fig.
5). Among these peaks, the strongest one centered at about 436 cm™
is characteristic of the high-frequency E2 mode of the wurtzite struc-
ture. The peak at 548 cm™" corresponds to the LO phonon of Al
and E1, respectively. Besides these “classical” Raman modes, the
Raman spectra also show other modes with frequencies of 203, 332,
and 707 cm™'. These additional peaks cannot be explained within
the framework of the bulk single phonon modes, which are attrib-
uted to the multiphonon scattering processes [44].
2. Photocatalytic Activity

Fig. 6(a) displays the UV-visible absorption spectra changes of
the MB solution during degradation with as synthesized nest-like
ZnO0. For nest-like ZnO sample, with the extension of the exposure
time, the intensity of MB characteristic absorption peak decreases
evidently, indicating that MB molecule is degraded gradually. Fig.
6(b) shows a comparison of the degradation rates of MB over com-
mercial and nest-like ZnO and in absence of photocatalyst under
identical conditions (C, and C being the equilibrium concentration
of MB before and after UV irradiation, respectively). In absence of
catalyst, only a slight decrease in the concentration of MB is detected
in presence of UV irradiation for 150 mins. In the presence of UV
irradiation the commercial and as-synthesized nest-like ZnO degraded
MB solution to 79.98% and 95.34%, respectively. Obviously, the
photocatalytic efficiency of nest-like ZnO is much better than that
of its commercial counterpart. Further, the experimental data of the
photocatalytic process is illustrated by the pseudo-first-order kinet-
ics simulation. As shown in Fig. 6(c), the photodegradation rate con-
stants for nest-like and commercial ZnO samples are found to be
0.064 min™" and 0.014 min ', respectively, so the degradation rate
of nest-like ZnO is more than that of the commercial one. Com-
pared with commercial ZnO, nest-like ZnO possesses the smaller
size and higher specific surface area, which will enhance the contact
between the catalyst and MB dye molecules because the photocat-
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Fig. 6. (a) Time dependent UV-vis absorption spectra of the MB
dye aqueous solution in presence of nest-like ZnO, (b) Pho-
tocatalytic efficiency c/c, of MB solution in presence of nest-
like and commercial ZnO versus irradiation time, (c) Kinet-
ics of the MB degradation photocatalyzed by nest-like and
commercial ZnO.

alytic process usually occurs at the surface of the catalyst. More-
over, due to the larger specific surface area, more photogenerated

electron-hole pairs will be formed on the surface under UV irradia-
tion, and hence the more effective holes and the more reactive sites
formed for the MB molecule, which accelerates the reaction rate
and thus promotes the degradation efficiency markedly.

Chakrabarti et al. [45] reported the photocatalytic degradation of
model textile dyes, Methylene Blue and Eosin Y, in wastewater using
Zn0O as semiconductor catalyst under UV-irradiation. Recently, Tak
et al. [46] reported the CdS nanoparticles coupled ZnO with en-
hanced photocatalytic activity compared to as-synthesized bare ZnO.
Further, dumbbell-shaped ZnO microcrystal photocatalyst was re-
ported by Sun et al. [47], and the photocatalytic activity of the pre-
pared dumbbell-shaped ZnO microcrystal photocatalyst was evalu-
ated by the degradation of three different kinds of dye wastewater
(Crystal Violet, Methyl Violet and Methylene Blue). After 75 min
reaction, the decolorization efficiencies of the three kinds of dyes
wastewater achieved was found to be 68.0%, 99.0% and 98.5%,
respectively. In comparision of the above reported results, our nest-
like ZnO catalyst prepared at relatively low hydrothermal tempera-
ture (800C) has advantages of operating without the assistance of
any semiconductor sensitizer and with comparable photocatalytic
activity of degrading 95% Methylene blue (100 ppm, 100 ml) dye
solution along with 0.5 gm of catalyst within 60 mins, and it could
be considered as a promising photocatalyst for dye wastewater treat-
ment.

CONCLUSIONS

3D porous nest-like ZnO nanostructures have been fabricated
by a simple hydrothermal process operated at ambient temperature
(80 °C). The as-obtained ZnO nanostructures are composed of numer-
ous nanosheets which endangered many grooves in the nanostruc-
tures. These grooves are mainly responsible for improved catalytic
activities. The photocatalytic measurement demonstrated that the
nest-like ZnO possesses excellent photocatalytic activities for deg-
radation of MB dye.
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