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The synthesis, characterization, and properties of three types of one-dimensional zinc
oxide nanostructures are described. They were obtained by solvothermal treatment of
nanometric zinc oxide as zinc ion source (i.e., starting from pure oxide), from a mixture
of the oxide with stearic acid, and from intercalated oxide in the layered nanocomposite
ZnO(stearic acid);s. The reactions were performed at 180°C in a (1:1) ethanol/water
mixture. Depending on the precursor and reaction times, morphologically homogenous
phases corresponding to ZnO nanoneedles, nanorods or nanowires were obtained.
Photoluminescence emissions were observed and are attributed to exciton transitions
and to the presence of intrinsic defects such as oxygen and zinc interstitials. The band gap
energies (Eg) were comparable to the values of bulk ZnO. The prepared nanostructures
showed photocatalytic activities with respect to the degradation of methylene blue which
were comparable to that of bulk zinc oxide.

Keywords Intercalation; nanostructure; photocatalysis; zinc oxide

Introduction

Zinc oxide, ZnO, is a semiconductor which has attracted considerable attention over the
last few years due to its numerous attractive properties. It is actually considered, within
the new-generation semiconductor materials, as one of the most important, having great
potential for applications in optoelectronics, sensors, field emission, light-emitting diodes
and photocatalysis [1]. Most research on ZnO-based materials performed during the last
few years has been focused on the development of different synthetic routes for obtaining
nanostructured blocks, for instance nanowires, nanorods, nanobelts or nanoribbons, espe-
cially in terms of controlling their size, shape, morphological homogeneity and its ability
to form hierarchical architectures [2-5].

In this context, a variety of physical and chemical methods have been employed.
Among the physical methods most are vapour-solid processes like [6] thermal reduction
[7], pyrolysis [8], vapour-liquid-solid (VLS) growth [9], chemical vapour deposition (CVD)
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[10], metal organic CVD (MOCVD) [11], and molecular beam epitaxy [12], often utilizing
metals as catalysts. In these procedures, after initial nucleation or incubation, the crystallites
develop into three dimensional structures with well-defined crystallographic faces [13].
However these in general methods require high temperatures and sophisticated instruments.

Wet chemistry techniques using chemical approaches such as precipitation, sol-gel, and
solvothermal processes are usually simpler and proved to be very effective for large scale
production. The solvothermal techniques have been widely applied for preparing a number
of different ZnO nanostructures generally by autoclaving at temperatures between 100 and
200°C alkaline zinc salts solutions in alcoholic media often in the presence of different
additives and/or reaction conditions. Liu et al. [14], for instance, obtained monodispersed,
highly crystalline ZnO nanorods by adding ethylene diamine to the reaction mixtures. Cheng
et al. [15] demonstrated the importance of alcohol (methanol or ethanol) in the preparation
of one-dimensional ZnO nanostructures, by producing them directly by autoclaving zinc
acetylacetonate and sodium hydroxide in an alcoholic medium without any other additive.
In methanol, the resulting rods had diameters of about 25 nm and a length of about 100 nm.
The use of an aqueous medium often induces more complex reactions leading not only to
different morphologies but also towards generating arrays and hierarchical architectures.
This occurs, for instance, in some hydrothermal reactions using cetyltrimethylammonium
bromide (CTAB) as additive.

As reported by Li et al. [16], hydrothermal heating at 130°C of an alkaline solution of
zinc acetate with CTAB leads to arrays of nanorods in the form of flower-like structures
formed by tapered ZnO nanorods with diameter decreasing from about 400 nm at the base,
to about 80 nm at the top. However the same reaction conducted at 150-180°C produces
cabbage-like ZnO structures, built up by overlapping bi-dimensional ZnO nanosheets. More
recently Qiu et al. [17] reported that the hydrothermal treatment of zinc acetate and urea
in the presence of CTAB leads to superstructures of meso/micro-porous ZnO nanoplates.
However this product appears to be a nanocomposite of hydrozincite with CTAB which
may be converted into porous single-crystalline ZnO nanoplates by calcination at 400°C.

The variety of morphologies of ZnO nanostructures, obtainable by controlling the
solvothermal reaction conditions, is mainly due to different surfaces structures of wurzite
ZnO having different growth rates what could induce anisotropic growth [13]. Wurzite ZnO
is a polar crystal formed by alternately stacking crystal planes [0001] and [000-1], charged
positively (Zn>*) and negatively (O%>~) respectively, along the c-axis [18]. The highest
growth rate on ZnO crystallites is along the c-axis, through the positively charged crystal
plane. Accordingly and also agreeing with most of reported procedures, alkaline solutions
rich in (Zn0O,)>~ species are especially appropriate for producing 1D ZnO nanostructures
solvothermally. However, preferential growth along other directions may also be attained
by regulating, for instance, the nature and/or activity of crystallization nutrients or by means
of additives for diminishing or suppressing growth along the 0001 plane [19]. Among the
variables involved in morphological equilibriums in these preparations, the zinc-ions source
should be also considered.

Most solvothermal procedures for preparing ZnO nanostructures do consider, as a first
step, the formation of crystallites, generally starting from common soluble salts. To the
best of our knowledge, any attempts to convert directly the solid oxide into nanostructured
products have been yet not reported. Preliminary tests showed that commercial zinc oxide
remains practically unaltered after normal solvothermal treatments; however we realized
that nanometric particles of the oxide, freshly prepared in the lab by conventional reac-
tion of a zinc salt with alkali, may be directly converted into nanostructured products.
In this work we describe the solvothermal conversion of nanometric ZnO particles into a
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morphologically homogeneous phase of nanoneedles. We compare this with results ob-
served from autoclaving of both, the same oxide, but using stearic acid as additive, and
the layered nanocomposite ZnO(stearic acid)g g, where the formation of nanorods and
nanowires respectively, was attained.

Experimental

Synthesis

All the chemical reagents used in the experiments were obtained from commercial sources
as guaranteed-grade reagents. ZnSOy4, NaOH and Na, CO; were purchased from Merck and
stearic acid purchased from Aldrich. The analytical grade solvents were used as received
and nanopure water was used throughout.

Precursor Solution Preparation

ZnO. The typical synthetic procedure to prepare ZnO was as follows: 10 ml of ZnSO, (1 M)
solution was mixed with 10 ml Na,CO5 (1 M) /NaOH (1 M) (1:1) at temperature of 60°C
under vigorous stirring which resulted in formation of a white suspension. The suspension
was then separated with a centrifuge and washed three times with distilled water.

Solvothermal Method

Zn0 needles. 0.5 g of ZnO was suspended in a mixture of 4.5 ml water-ethanol (1:1). The
suspension was transferred to a Teflon vessel in stainless steel autoclave. The reaction was
held for 72 hours at 180°C. The product obtained is separated by centrifugation, washed
with ethanol and dried in an oven for 12 hours at 70°C.

ZnO nanorods. 0.25 g of ZnO and 0.25 g stearic acid are suspended in a water-ethanol
mixture (1:1) 4.5 ml. The suspension was transferred to a Teflon vessel in stainless steel
autoclave. The reaction was held for 168 hours at 180°C. The product obtained is separated
by centrifugation, washed with ethanol and dried in an oven for 12 hours at 70°C.

ZnO nanowires. 0.5 g of layered nanocomposite ZnO(stearic acid)( g was suspended in
a water-ethanol mixture (1:1) 4.5 ml. The suspension was transferred to a Teflon vessel
in stainless steel autoclave. The reaction was held for 168 hours at 180°C. The product
obtained is separated by centrifugation, washed with ethanol and dried in an oven for
12 hours at 70°C.

Product Characterization

Products were characterized by chemical analysis (SISONS ES-1108), X-ray Diffraction
Analysis (DRX, SIEMENS D-5000, Cu-Ko radiation), Fourier Transform Infrared Spec-
troscopy (FT-IR, BRUKER Vector 22) and Scanning Electron Microscopy (SEM EVO MA
10 ZEISS)

Optical Measurements

The diffuse reflectance UV—vis spectra were recorded in the range 200-800 nm, at medium
scan rate and slit 0.1 nm at room temperature, using a Shimadzu UV-vis spectrophotometer,
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model 2450 PC equipped with an integrating sphere. Barium sulphate was used in all cases
as reference material. Reflectance measurements were converted to absorption spectra
using the Kubelka-Munk function. Photoluminescence (PL) spectra of solid samples were
recorded at room temperature with a Perkin Elmer Model L55 spectrofluorometer. The
spectra were obtained under similar conditions, using an excitation wavelength of 315 nm.

Photocatalytic Properties

The photocatalytic activity of the products was evaluated by measuring the degradation of
methylene blue (MB) in water under UV illumination (mercury lamp 300W), monitoring
the MB concentration from its absorption spectrum recorded with a UV-visible spectrometer
(Shimadzu UV-2450) with the sample in a liquid cuvette using nanopure water as reference.
Methylene blue was employed in a concentration of 2 x 107> M. In a typical experiment,
2.5 x 1073 g of nanostructures with 50 mL of dye solution was transferred into the reaction
container. Samples were extracted every 30 min under uninterrupted irradiation. A water
cooling jacket in the reactor kept the temperature constant (25°C) during irradiation. The
degradation of methylene blue was monitored by measuring its absorbance in the solution
at 665 nm using the UV-vis spectrophotometer.

Results and Discussion

As detailed in the section above, the ZnO used for performing the experiment described
here was obtained from drying the hydrogel generated by hydrolysing zinc nitrate in
alkaline medium. As observed in the difractogramm reproduced in Fig. 1a, the product
corresponds to ZnO wurtzite phase (card JCPDS 36-1451). Estimation of particle size
using the Scherrer formula [20] approach indicates an average grain diameter of 27 nm.
As expected, the suspension of this product in a mixture ethanol/water, as prepared for the
thermal treatment, is slightly alkaline (pH 8). A series of experiments were performed in
order to optimize the products taking the morphological homogeneity of resulting phases as
quality criterion. In general these, as well as the experiments discussed below, are positively
influenced by higher temperatures. The higher the temperature is, the greater the degree
of conversion of the precursor into tubular nanostructures. Therefore all experiments were
performed at 180°C. Concerning the reaction time reported for the treatment of the pure
oxide, best results were obtained after 72 h heating. Shorter times lead to a mixture of
morphologically different phases, among which particles and rod-shaped species could
be distinguished. Larger heating times produce mixed phases, in which, together with
other types of nanostructures, ZnO nanotubes were also observed. Figure 2 illustrates a
SEM image of the product obtained from the solvothermal treatment, 72 h at 180°, of a
suspension of the ZnO nanoparticles in alcohol/water (1:1). There, it may be clearly seen
a rather homogeneous phase constituted pyramid, like-rods with diameters (d) in the range
of 450-900 nm and lengths (1) between 8 and 20 microns which we have classified as
nanoneedles. This corresponds to an aspect ratio (d/1) of about 0.01.

It is interesting to remark that in these experiments, availability of crystallization
nutrients should necessarily arise only from the re-dissolution of the oxide itself, and
from the corresponding variations in hydrolysis equilibriums. At least two stages, probably
simultaneous, should occur, the generation of zinc species in the solution of the precursor
and the anisotropic growing of the new nanostructure. In order to get a better understanding
of the variables involved in these processes two further reactions were investigated: The
same process but in presence of stearic acid as additive and the thermal treatment of the
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Figure 1. Powder X-ray diffraction patterns; (a) ZnO, (b) layered nanocomposite ZnO(steric acid)g 3g

nanocomposite ZnO(stearic acid)g3g (Fig. 1b) both performed under the same conditions
except reaction time than those already commented above for the oxide alone. X-Ray
diffraction patterns of the products obtained from solvothermal treatment of ZnO in the
presence of stearic acid and of the layered nanocomposite ZnO/Stearic acid are shown
in Fig. 3. As observed, both are similar to that of the pristine oxide (Fig. 1), indicating
that all of them are in a wurzite phase. All the peaks may be well indexed to hexagonal
ZnO agreeing with the reported ones, (card JCPDS 36-1451). It should be noted that,
not only the position of diffraction peaks, but also the relative intensities of the patterns
matched accurately. The intensity of the diffraction peak corresponding to the (002) plane
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Figure 2. SEM images of the nanostructures; (a) nanoneedles, (b) nanorods and (c) nanowires.

is observed to be higher, indicative of a growth of the ZnO nanostructures highly oriented.
As observed in the SEM images illustrated in Fig. 2 together with Fig. 3 above and
data in Table 1, all three products described in this work may be roughly classifies as
one-dimensional nanostructures; however they present different morphologies. Indeed, the
reaction performed in presence of the fatty acid leads to the formation of rods, almost
vertically aligned to each other, and possessing diameters in the range of 40-160 nm and
a length of a few microns. Meanwhile the nanocomposite ZnO/Stearic acid leads to the
formation of nanowires with diameters in the range 30—50 nm and lengths between 800
and 1000 nm.

It is interesting to compare the different shapes of the nanostructures arising from
the reactions above. The average aspect ratio of about 0.05 in needles obtained from pure
oxide, decreases to about 0.01 in the nanorods obtained in the presence of stearic acid. This
clearly indicates that the fatty acid causes a more marked preferential c-axial growth thus
leading to the rods. Nanoneedles display, in turn, absolute dimensions length and width
notably much larger. Considering the size of the ZnO precursor particles (about 30 nm)
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Figure 3. Powder X-ray diffraction patterns of the nanostructures.

the resulting structure responds mainly to a kind of agglomeration/melting process. That
notwithstanding, in this process the growth rate along the (0001) polar direction is still
relatively high. Concerning the rods, there are at least two variables which permit one to
understand the enhanced tendency to grow along the c-axis, observed in the presence of the
fatty acid. One of them is the lower pH in the presence of a carboxylic acid. This on one hand
could induce a higher solubility of pristine oxide nanoparticles, thus increasing the activity
of zinc species in the solution. And on the other hand, it could partially remove the OH™
layer from the [0001] crystal surface, thus increasing the surface energy on the [0001]
facet, in this way positively affecting the kinetics of nucleation and the accumulation of
zinc species in growth front [21]. A second factor could be the coordination properties
of the carboxylate group, which could also favour the dissolution of the precursor and,
simultaneously, the transport to and deposition of zinc species upon the [0001] crystal
plane charged positively, by reducing the positive charge on zinc ions. In the case of the
nanowires obtained from the ZnOf/stearic acid nanocomposite we are comparatively in

Table 1. Precursor and products obtained for solvotermal method

Solvothermal method Product
Reaction Conditions Shape and Size
Time Diameter Length  Aspect
Precursor T°C (h) Shape (nm) (um)  ratio (d/1)
ZnO Nanoparticles 180 72  nanoneedles 450-900  8-20 0.05
ZnO Nanoparticles + 180 168 nanorods 40-160  5-8 0.014

Stearic acid
ZnO(stearic acid)g 4 180 168 nanowires 30-50 ~0.8-1 0.04
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an opposite situation; the aspect ratio is the same than for the needles but the diameters
are about 10 and 100 times shorter than the rods and the needles respectively. Moreover,
pH is expected to remain nearly neutral during the process. Apparently, in this case 1D
nanostructures formation follows a different mechanism. In this case we think that here
could be a rolling up process, like that observed in the conversion of laminar V,0Os/amine
nanocomposites into nanotubes [22], but followed by surfactant segregation as the one
observed in the conversion of V,0Os/thiol nanocomposites into nanocogs [23].

Photoluminescence (PL) of the hydrothermally synthesized nanostructures was ob-
served at room temperature. Figure 4a shows PL spectra of the ZnO nanostructues recorded
with an excitation wavelength of 315 nm. The visible emission is usually considered to
be related to various intrinsic defects, these defects are located at the surface of the ZnO
structure [24]. In general, a strong emission peak located at 385 nm, corresponds to the band
gap of bulk ZnO, and several weak blue emission peaks at 420, 462, 480 nm are attributed
to the exciton transitions and to the presence of intrinsic defects such as oxygen and/or
zinc interstitial atoms. Green emissions at 570 nm are attributed to the recombination of
a photo-generated hole with an electron that belongs to a singly ionized oxygen vacancy.
In the curves of the nanoneedles and nanowires the emission diminishes probably due to a
greater contribution of defects [25].

Figure 4b reproduces the diffuse reflectance spectra, after a Kubelka—Munk transfor-
mation, of series of the products obtained during this study, comparing them with that of
pristine ZnO. They show broad and strong absorptions in the ultraviolet region near the
visible light region, which is characteristic of ZnO wide-band-gap semiconductor materials
[26]. Although the shape of spectra is in general the same, the spectra were shifted de-
pending of the nanostructures. Nanorods structures exhibited absorption bands slightly red
shifted relative to the absorption bands of other nanostructures, indicating that the density of
defects in the nanoneedles and nanowires is higher than in the nanorods [27]. An evaluation
of the optical gap in the different products was made using the plots (K/Sh)? versus energy

ZnO nanoneedles

———Zn0O nanorods
ZnO nanowires
ZnO synth

Intensity (a.u.)

T v T ’ T L T g 1
400 450 500 550 600
Wavelength (nm)

Figure 4a. Photoluminescence spectra of the nanostructures.
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displayed in the inset of Fig. 4b, the band gap values observed for all nanostructures were
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similar, independently of their morphology.

The photocatalytic activity of these ZnO nanostructures was investigated by evaluating
the degradation of methylene blue. The spectrum in Figure 5 shows the degradation of dye
as a function of time. We observed an average decomposition for all the samples of more

than 80% in 400 min.
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Conclusions

In contrast to commercial available zinc oxide particles, zinc oxide nanoparticles prepared
from zinc salts in alkaline medium can be solvothermally converted into one-dimensional
nanostructures without any further additive. The process appears to occur via an agglom-
eration/melting mechanism and leads to nanoneedles of relatively large dimensions. In the
presence of stearic acid the same reaction produces nanorods. A lower pH in the medium
and a possible interaction of the carboxylic acid with the [0001] crystal plane surface ap-
pears to be responsible for the relatively lower aspect ratio (d/1) observed in the presence
of this additive.

The use of the layered hybrid nanocomposite ZnO/stearic acid as zinc source instead
the mixture ZnO-fatty acid as above, but using the same reaction conditions, leads to the
formation of ZnO nanowires. In this case, the formation mechanism of one-dimensional
nanostructures does appear to be related more to a rolling-up/surfactant-segregation process
than with the characteristic ZnO crystallites growth.

Independently of preparation conditions, all three nanostructured products described
here have a hexagonal wurtzite structure. Accordingly the electronic structure of the prod-
ucts, as deduced from their UV-visible absorption and emission spectra as well as from
their photocatalytic ability, is in all the cases similar. Confinement effects, evaluated by
measuring optical band gaps, also appear to be similar in the precursor and in the prod-
ucts. Additional experiments, necessary for evaluating the actual potential of the synthesis
approach described here for designing and preparing zinc oxide nanostructures, are in
progress.
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