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Abstract

Nanostructured hexagonal zinc oxide pills and swords-like were hydrothermally synthesized using zinc sulfate heptahydrate (ZnSO, - 7H,0) as
an inorganic precursor and adipic acid (HOOC(CH,),COOH) as a structure-directing agent. The structure, the crystallinity, the morphology and
the composition of the materials were investigated by X-ray diffraction (XRD), scanning electron microscopy (SEM), Fourier transform infrared
spectroscopy (FTIR), Raman spectroscopy and X-ray photoelectron spectroscopy (XPS). XRD study demonstrated the existence of wrutzite ZnO
of high degree of crystallinity with crystallite size in the range of 70-80 nm. The optical properties of the as-synthesized ZnO were investigated
by UV-visible absorption and room temperature photoluminescence (RTPL). The band gap for ZnO nanswords and nanopills was found to be

3.25 and 3.27 eV, respectively.
© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Zinc oxide (ZnO) has attracted much attention for nanoscale
electronic and optoelectronic device applications because of its
wide band gap (3.37 eV) and large exciton binding energy
(60 meV) [1]. It is also a well-known fact that ZnO is a polar
crystal with hexagonal phase, and the high anisotropy of ZnO
leads to the oriented growth along the ¢ axis [2]. In terms of
band energy, ZnO is a suitable alternative to TiO, [3]. Zinc
oxide has been used in numerous applications, such as
transparent electrodes in solar cells [4], light emitting diodes
[5], gas sensors [6], acousto-optical devices [7], lasers [8],
photocatalysis [9], antibacterial agents [10] and piezoelectric
devices [11]. ZnO has been the focus of numerous research
studies 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 its powder form, ZnO is
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a very important material for its potential applications in
numerous areas such as electronics and photonics. ZnO
nanoparticles are good candidates as inter-electrodes because
of their superior optical properties (transparency in the visible
spectral region) as well as their process capability based
conventional solution processes [12].

Nanostructured ZnO has been synthesized using a variety of
methods, as well as vapor-phase transport [13], chemical vapor
deposition [14], magnetron sputtering [15], laser ablation [16],
and wet chemical methods [17]. More recently, improved
optimized routes, simple solution and hydrothermal treatment,
for fabrication of nanostructured products have been also
reported [18]. It is noticed that morphology of the synthesized
nanostructures strongly depends on the synthesis route and the
structure directing agents [19-21]. Hydrothermal synthesis, as
an important method of wet chemistry, has attracted growing
attention from scientists in general and chemists in particular;
for its operational simplicity, low cost, high efficiency, as well
as the possibility of its environmentally-safe large-scale
production [22,23].

This paper deals with the synthesis of ZnO nanoswords and
nanopills by hydrothermal reaction of zinc sulfate heptahydrate
(ZnSO, - TH,0) as an inorganic precursor and adipic acid
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(HOOC(CH,)4,COOH) which acts as structure-directing, size
and morphology-controlling agent. The impact of the reaction
time on the particles size and the morphology was investi-
gated. Although many methods have been developed to
elaborate nanostructured zinc oxide ZnO, to the best of our
knowledge, this is the first report of ZnO nanostructured
synthesis using ZnSO, - 7H,O and HOOC(CH,),COOH as a
structure-directing template.

2. Experimental details
2.1. Hydrothermal synthesis

The material was prepared from ZnSO,-7H,0O (0.196 g),
HOOC(CH,),COOH (0.100 g), NaOH (0.273 g) and distilled
water (5mL) in the molar ratio ZnSO,-7H,O:HCOO
(CH,)4CO0OH=1. Once introduced in the above-mentioned
order, reactants were stirred for few minutes. This done, the
resulting suspension was introduced in an autoclave lined with
Teflon steel for 4 h at 180 °C. The resulting white powder was
washed with water and acetone to remove the residues of
HOOC(CH,)4COOH. It was then left to dry for four hours at
80 °C. The pH of the solution remains close to pH~12 during
the whole synthesis. To investigate the formation process of
ZnO nanocrystalline, time dependent experiments were carried
out at 180 °C.

2.2. Characterization techniques

The X-ray powder diffraction data (XRD) patterns of all
samples were recorded on a X'Pert Pro Panalytical diffract-
ometer with CuKa radiation (1=1.54056 A) and graphite
monochromator. The XRD measurements were carried out
by applying a step scanning method (26 range from 2° to 70°),
the scanning rate is 0.03°s™' and the step time is 3's. Solid
samples were coated with gold in a Balzers Union SCD 40
sputter-coater and studied by Scanning Electron Microscopy
(SEM) with a Cambridge Stereoscan 120 instrument at an
accelerating voltage of 10kV. Fourier-transform infrared
spectra (FTIR) were recorded from 4000 to 400 cm™! on a
Nicolet 380 spectrometer in pellets of samples dispersed in
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KBr. Raman spectroscopy was performed using a Jobin Yvon
T 64000 spectrometer (blue laser excitation with 488 nm
wavelength and <55 mW power at the sample). X-ray
photoelectron spectroscopy (XPS) experiments were per-
formed using a Shimadzu ESCALAB, at room temperature.
UV-visible spectra were performed on a Perkin Elmer UV—-vis
spectrophotometer. Photoluminescence (PL) spectroscopy was
performed to investigate the optical properties of the samples
using a 250 mm Jobin Yvon luminescence spectrometer.

3. Results and discussion
3.1. X-ray diffraction

Powder X-ray diffraction patterns of the mixture before
hydrothermal treatment and the resulting samples synthesized
at 180 °C for different reaction times (0.5, 1, 3 and 24 h) are
shown in Fig. 1. As indicated, all of diffraction peaks can be
perfectly indexed to the pure hexagonal wurtzite structured ZnO
(space group Pgmc) with lattice constants of a=b=3.25 A and
¢=5.25 A which match with the reported data (JCPDS no. 36-
1451). All peaks appear at 20=31.823, 34.476, 36.305, 47.595,
56.638, 62.906, 66.411, 68.002 and 69.299, corresponding to
(100), (002), (101), (102), (110), (103), (200), (112) and (201),
respectively. The results indicate that the products consist of
pure phase and no characteristic peaks can be found from other
phases or impurities. Additionally, the sharp and the small
values of the full widths at half maxima (FWHM) of the XRD
peaks reveal that the as-synthesized materials are of high purity
and good crystallinity. It is well known that the growth rate of
the different planes family follows the sequence (001) > (101)
> (100) [24,25].

The average crystallite size of the as-synthesized materials
was calculated by using Scherrer's formula:

~0.892

L=
p cosf

where L is the average crystallite size, 4=0.154056 nm, /3 is the
half maximum peak width and @ is the diffraction angle in
degrees [26]. The average crystallite size values, calculated
from XRD patterns of the samples synthesized for 0.5 and
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Fig. 1. XRD patterns of the mixture before hydrothermal treatment (a) and the as-synthesized samples at 180 °C for different reaction times: 0.5 h (b), 1 h (c),

3h (d) and 24 h (e).
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24 h, have been found to be, about 70 nm and 80 nm,
respectively.

3.2. Morphology study

To understand the growth mechanism of the ZnO nanocrocrys-
tals, an investigation was carried out on the morphology evolution
of the samples with respect to different reaction times. Indeed, the
morphology of synthesized samples was studied by using the
scanning electron microscopy (SEM). Typical scanning electron
microscopy images of the mixture before hydrothermal treatment
and the samples synthesized at 180 °C for 0.5, 1, 3 and 24 h are
shown in Fig. 2. It is clear that the morphology of the material
synthesized for 24 h (Fig. 2e) is quite different from those
synthesized for 0.5, 1, 3 h (Fig. 2b—d). It is possible to envisage
that the reaction time has a profound effect on the particle size and
the morphology. As shown in Fig. 2a, before hydrothermal
treatment, only irregular particles structures were observed. In fact,
the SEM reveals that the powder consists of heterogeneous

o

particles. When the reaction time was prolonged to 0.5 h, only
typical flower-like ZnO nanostructures consisted of the ZnO
swords-like with 60-200 nm in width and several micrometers in
length, as shown in Fig. 2b. Further increasing the reaction time to
1 h, a large amount of regular sword-like ZnO decorated by some
particle began to form (Fig. 2c). When the reaction time is
increased to 3 h, one can observe the existence of swords as well
as pills-like (Fig. 2d). These swords particles are the intermediates
for the formation of nanopills. After a 24 h synthesis process, the
photo MEB shows a particle-made, homogeneous phase (Fig. 2e
and f). It presents a rectangular, pill-like morphology with a
hexagonal section of an average thickness of 50 nm (Fig. 2f).
In fact, an increase in the reaction time brings about a change in the
morphology of products.

It is well known that crystal formation in solution occurs in
two steps: the first corresponds to occurrence of the crystal
nucleation followed by crystal growth starting from the crystal
nuclei. Consequently, the crystal nucleation growth rate is
responsible for the formation of zinc oxide particles with

Fig. 2. SEM micrographs of the mixture before hydrothermal treatment (a) and the resulting products synthesized at 180 °C for different reaction times: 0.5 h (b),

1h(c), 3h (d), and 24 h (e, D).
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different morphologies. In fact, the Zn(OH), is more soluble
than ZnO, the Zn(OH), produces Zn>* and OH™ ions, which
form the ZnO nuclei [27]. ZnO behaves as polar crystal, where
zinc and oxygen atoms are arranged alternatively along the
c-axis and the top surface-plane is a Zn-terminated (001) plane
while the bottom surface is oxygen-terminated (001) plane.
The Zn-(001) is catalytically active while the O-(001) is
inert [28]. Furthermore, the growth habit depends upon the
growth velocities of different planes in the ZnO crystal.

3.3. Raman spectroscopy

Raman spectroscopy technique is very useful and sensitive
for determining crystal perfection and structural defects. Fig. 3
shows the Raman scattering spectra of the as-synthesized ZnO
nanoswords and nanopills. All samples showed similar Raman
spectra. Hexagonal wurtzite ZnO belongs to the space group
CgV(Pg’mc) with two formula units in the primitive cell [29,30].
Group theory predicts the existence of the following optic
modes: A;+2B;+E;+2E,, where, A;, E; and E, are the first
order Raman active modes and B, is forbidden [31]. As we can
see in the spectra, a sharp, strong and dominant E2H mode of
7ZnO located at 437 cm™! is observed, which is the intrinsic
characteristic of the Raman-active mode of wurtzite hexagonal
ZnO [20]. Three very weak and suppressed peaks, at 330, 380
and 536 cm™" are also observed in the spectrum and assigned
to the E2H-E2L. (multi phonon), A1T and 2LA modes,
respectively [32]. The appearance of a very suppressed and
weak peak at 581 cm™' attributed to the E1L mode is also
obtained. Generally, it is considered that the EIL mode is
originated due to the formation of defects (oxygen vacancies or
zinc interstitials) [33].

3.4. Infrared spectroscopy
The structure information was further provided by FTIR

spectroscopy. It allows characterizing and evaluating the
appearance and the disappearance of the chemical functions
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Fig. 3. Raman spectra of ZnO nanoswords (a) and nanopills (b).

from the vibration modes of the liaisons of the molecules.
Similar characteristics can be seen in the infrared spectra of the
samples. Fig. 4 shows the infrared spectra of as-synthesized
ZnO nanoswords (Fig. 4a) and nanopills (Fig. 4b). Indeed, the
bands located at 3417 and 1619 cm™" are assigned to bending
vibration and stretching vibration of O-H, originating from
hydroxyl groups on the surface of the samples [34]. Therefore,
the situated bands about 441 and 551 cm™' correspond,
respectively, to the vibrations of elongation and of deformation
of the vibratory zinc—oxygen in ZnO [35]. No typical absorp-
tion peak of organics can be found, proving that organic
molecules are not strongly adsorbed on the ZnO crystal
surface.

3.5. X-ray photoelectron spectroscopy (XPS)

The zinc valence state on the surface of the as-synthesized
ZnO nanopills were further investigated by X-ray photoelec-
tron spectroscopy (XPS), as shown in Fig. 5a the typical XPS
survey spectrum of the as-synthesized ZnO. The XPS survey
spectrum reveals that the sample only consists of zinc and
oxygen (the Cls peak was appeared, which could be due to
some CO, absorbed on the surface of the sample). All binding
energies were corrected for the charge shift using the Cls peak
of graphitic carbon (284 eV) as a reference [36]. From Fig. 5b,
the Zn2p core-level of ZnO nanopills have two peaks located
at about 1045 and 1021.98 eV attributed to Zn2p;,, and Zn2p;»,
respectively. These results indicate that the chemical valence
of Zn at the surface of ZnO nanopills is +2 oxidation state.
However, The Ols region of ZnO nanopills can be fitted into
three Gaussian peaks as shown in Fig. 5c. The first one,
positioned at the lower binding energy of 530.27 eV, and is
assigned to O® ions in the Zn-O bonding of the wurtzite
structure of ZnO [37]. The second peak located at 531.48 eV is
assigned to OH group absorbed onto the surface of the ZnO
nanoparticles [38]. The third, positioned at the higher binding
energy of 532.52 eV can be ascribed to the presence of loosely
bound oxygen on the surface of ZnO film such as, adsorbed
H,0 [39-41].
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Fig. 4. FTIR spectra of ZnO nanoswords (a) and nanopills (b).
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Fig. 5. The survey XPS spectrum of ZnO nanopills (a) and core level spectra of Zn,;, (b), and Oy (c).

3.6. Optical properties

The optical properties of as-obtained ZnO were studied by
UV-visible spectroscopy. The absorption spectra of the ZnO
nanoswords and nanopills are shown in Fig. 6. In fact, the
spectra exhibit an intense absorption below 400 nm to lower
wavelengths. This is attributable to the intrinsic band gap
absorption of ZnO at around 367 nm typically associated with
a charge-transfer process from the valence band to conduction
band. This is lower than the band gap wavelength of 388 nm
for bulk ZnO [42]. Compared to the bulk ZnO, the observed
change in ZnO nanoswords and nanopills may be due to the
size effect [43,44]. Therefore, the interface and surface play a
key role in the light absorption of the materials [45]. To make
good use of the optical property difference between ZnO bulk
and nanostructured, it is possible to apply the ZnO nanoswords
and nanopills on the UV filter and photocatalysis.

The optical band gap, E,, can be estimated from the
following equation known as the Tauc plot [46]:

ahy = (hv-E,)"

where a is the optical absorption coefficient, 4 is the Planck
constant, v is the photon frequency, E, is optical band gap and
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Fig. 6. UV-visible absorption spectra and the (ahv)* versus hv plot (inset) of
ZnO nanoswords (a) and nanopills (b).

n is a parameter associated with the type of electronic
transition: n=1/2 for a direct allowed transition and n=2 for
an indirect allowed transition. The inset in Fig. 6 presents the
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Fig. 7. Room temperature Photoluminescence spectra of ZnO nanoswords (a)
and nanopills (b).

variation of (ahv)®> versus hv for ZnO nanswords and
nanopills. The optical band gap (E,) can be calculated by
extrapolating the linear portion of the plot of (ahv)” versus hv
to a=0. The values of E, for ZnO nanswords and nanopills
are found to be 3.25 and 3.27 eV, respectively.
Photoluminescence (PL) spectra can explain the nature of the
intrinsic defect in ZnO because the energy levels associate with
the defects populating the large band gap of the material and
producing radiative emissions at different wavelengths [47].
Room temperature PL properties of ZnO nanopills and nano-
swords were also investigated. Fig. 7 shows the PL spectra of the
ZnO nanopills and nanoswords under the excitation of the
325 nm Xe lamp. However, no obvious difference can be found
in the emission spectra among ZnO products. The morphology
changed from pill-like to sword-like only caused an increasing in
the photoluminescent peak intensity; but the positions of the
peaks hardly altered (Fig. 7). Previous research has shown that
the PL spectra of ZnO are sensitive to the particles shape, size,
and synthesis conditions [48,49]. In general, spectra are domi-
nated by defect-related transitions, corresponding to vacancies
and interstitial oxygen atoms [50]. Indeed, it is well known that
there are various defects in ZnO, such as oxygen vacancies (V),
zinc vacancies (Vy,), interstitial oxygen (O;), interstitial zinc
(Zn;), antisite oxygen (O,) and so on [51]. The UV emission
band at 376 nm in ZnO structure is also called near band edge
(NBE) emission and is due to recombination of free-excitons
(free excitations) via a process of exciton—exciton collisions [52].
Indeed, the low PL intensity at 376 nm indicates that the rate of
the recombination between photogenerated holes and electrons
might be lower on the surface of as-synthesized ZnO nanos-
tructures than commercial ZnO powder, which is beneficial for
the photocatalytic process [53]. A 453 nm blue emission peak in
ZnO imply that electrons are trapped at interfaces lying within
the depletion regions located at ZnO—ZnO grain boundaries [54].
The peak at 476 nm is related to Zn vacancy [55]. Moreover, the
blue-green emission band centered at 497 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 specific defect, such as oxygen vacancies, is also
observed for both samples [31,54-56]. The green emission is
generally related to a deep level or trap state emission. In fact,
the deep level and trap state emission are assigned to the singly
ionized oxygen vacancy and the irradiative recombination of a
photo-generated hole with an electron occupying the oxygen
vacancy, respectively [57]. The origin of the green-yellow
emission located at 590 nm is attributed for more surface defects
[58]. However, the yellow emission is attributed to the presence
of oxygen vacancies in the crystal structure of ZnO [59].

4. Conclusion

Hexagonal zinc oxide nanoswords and nanopills were
successfully synthesized via facile hydrothermal way by
controlling the reaction conditions. It is believed that crystal
nucleation and growth rates drastically affect the morphology
of the obtained ZnO particles. XRD study demonstrated the
existence of wrutzite ZnO of high degree of crystallinity with
crystallite size in the range of 70-80 nm. In fact, the reaction
time plays an important role in the formation process and can
affect the shape and size of the ZnO crystal. The optical
properties of the as-synthesized ZnO were investigated by
UV-visible absorption and room temperature photolumines-
cence. Indeed, the values of the band gap E, for ZnO
nanswords and nanopills are found to be 3.25 and 3.27 eV,
respectively. The band gap obtained is higher than the bulk
Zn0O, which implies nanocrystalline nature of the material. The
significant optical absorption properties of this material may be
tempting for further application such as photocatalyst. This
method, therefore, has high potentials to synthesize other
nanocrystalline metal oxides.
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