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Abstract: Herein, we demonstrate the
shape- and size-selective growth of
ZnO nanostructures on indium tin
oxide-coated glass substrates by using a

ment and uniformity. Specifically, the
pH of the bath can be used to control
the shape of rods from bundled struc-
tures to tapered and flat tips. Further-

more, the deposition temperature can
be used to control the size of the ZnO
array from 770 to 125 nm. The pre-
pared rods were active catalysts in the

microwave-assisted chemical bath dep-
osition method. By systematically con-
trolling the deposition parameters, it is
possible to produce shape- and size-se-
lective nanostructures with high align-

Introduction

Zinc oxide (ZnO), a semiconductor with a direct bandgap
of 3.37eV and a large exciton binding energy of 60 meV,
possesses unique electrical, optoelectronic, and luminescent
properties.'””! Because of these attractive properties, nano-
structured ZnO, including particles, rods, wires, belts, tubes,
and disks, have many important practical applications in ca-
talysis, photoluminescence, and functional devices (e.g.,
solar cells, resonators, field-effect transistors, and gas sen-
sors).B Tt is reasonable to state that ZnO, in the form of
one-dimensional (1D) nanostructures, is one of the most
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degradation of methylene blue under
UV radiation, and exhibited size-de-

engineering o
pendent activity.

studied and the most important 1D nanomaterials after
carbon nanotubes and silicon nanowires in today’s research.
Because of access of various ZnO nanostructures, many pos-
sible nanostructures of ZnO are already being explored. Ac-
cordingly, future research into ZnO nanostructures has a lot
of scope and should be concentrated on the study of the fun-
damentals of growth kinetics, structural control, morpholo-
gy, dimensionality, and, most importantly, low-cost and
large-scale production, along with the possibility of pat-
terned growth and self-organization.™™ Of the abovemen-
tioned factors, we are concerned with the ability to control
both the shape and size of nanocrystals over large areas by
using low-cost chemical methods. The control of the shape
and size of nanocrystals is crucial for tuning their optical
and electronic properties and the overall functionality for
their proposed application because the size and shape of in-
organic materials are important factors in determining their
electrical, optical, and other properties.'*""

To control the shape and size of ZnO, it becomes neces-
sary to examine the crystal symmetry and growth habit of
ZnO, which has been discussed in several reports.'*? It is
known that due to the presence of oxygen vacancies and/or
zinc interstitial atoms, ZnO is an intrinsic n-type semicon-
ductor.”! The thermodynamic stable crystal structure of
ZnO is wurtzite, which has the space group Pémc (No. 186),
and can be described as an hcp array of Zn atoms at (1/3,
2/3, 0) and (2/3, 1/3, 1/2) in which oxygen atoms occupy half

View this journal online at
wileyonlinelibrary.com

— 10569



CHEMISTRY

A EUROPEAN JOURNAL

of the tetrahedrally coordinated sites at (1/3, 2/3, 3/8) and
(2/3, 1/3, 7/8). This results in a noncentrosymmetric crystal
comprised of alternating planes of tetrahedrally coordinated
O* and Zn*" ions stacked alternately along the ¢ axis. The
atomic arrangements on the low-index planes of the hexago-
nal prism on ZnO, {1010} and {1120}, are stoichiometric with
equal numbers of exposed Zn** or O® ions, whereas the
basal planes, (0001) and (0001), and the pyramidal planes,
{1011}, are strongly polar and consist of sheets of Zn** or
O*". The polar zinc-terminated surface is usually designated
as (0001) and the polar oxygen-terminated surface as
(0001).”*?! Generally, the positively Zn>*-terminated (0001)
and negatively O’ -terminated (0001) polar surfaces have
high surface energies, and the growth of the crystal will be
preferentially along the c axis. Thus, depending on the struc-
tural anisotropy and surface electric polarity of ZnO, the
growth rate is highest for [0001], decreases for [1011],
[1010], [1011], and is lowest for [0001] under normal condi-
tions.”>#! Consequently, by controlling the thermodynamics
and kinetics of nucleation and growth rates, specific ZnO
facets can be passivated and by adjusting the growth veloci-
ty order of the ZnO facets, the shape and size can be con-
trolled, which is possible by controlling the experimental pa-
rameters.?**! This control can be comparatively easily im-
plemented in solution-based methods. Low-temperature-so-
lution chemical processes, such as precipitation, hydrolysis,
and the hydrothermal process, are widely used in the synthe-
sis of a variety of ZnO nanostructures.’®! These methods are
economical and suitable for large-scale production. ZnO
nanorods (NRs) have been successfully synthesized by using
the hydrothermal process. However, the entire reaction gen-
erally needs a longer time, and the use of catalysts or tem-
plates introduces impurities into the desired product. The
microwave process provides fast and homogeneous heating,
which leads to more rapid and simultaneous nucleation,
high yields, high purity, and lower cost.

Herein, shape- and size-selective ZnO NRs have been
synthesized by using a microwave-assisted chemical bath
deposition (MWCBD) method. We have controlled the
growth rate to control the shape and size of the ZnO prod-
uct by changing the solution pH and the growth tempera-
ture. In particular, the growth rate of ZnO has been con-
trolled in such a way that the shape of the ZnO NRs
changes from tapered to flat, and the size continued to
reduce as a consequence of changes in the pH and tempera-
ture of the solution.

Results and Discussion

The MWCBD is a method of controlled precipitation under
microwave irradiation, and is based on the formation of a
solid phase upon the transformation of a supersaturated so-
lution to the saturated state. Two distinct steps, nucleation
and subsequent particle growth, are involved in this process.
During nucleation, clusters of metal precursor molecules
probably undergo rapid decomposition. Subsequently, the
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film grows to a certain thickness on the substrate surface
through the coalescence of particles.””! The preparation of
ZnO NRs in this work has been achieved by heating a su-
persaturated aqueous Zn(NOs), solution prepared by the
addition of aqueous NH;. The indium tin oxide (ITO) sub-
strate is immersed in the solution during this process.

There are several possible soluble and insoluble Zn** spe-
cies with ligands such as OH", H,O, NO;~, and NHj in the
reaction bath. For a solution containing Zn(NO;), salt with
a concentration of around 0.01 M, Zn is soluble as hydrated
Zn?* at a pH value of 7 [Eq. (1)].

mZn(NOs), + mpH,0 — m[Zn(H,0),]*" +2m(NO;)~ (pH ~

1)

A soluble [Zn(NH;),]** (¢=1-4) complex is produced at
pH values higher than 10, whereas in the intermediate pH
range of between 7 and 10, insoluble Zn,,(OH),,, is formed
because the pH of the solution affects the hydrolysis equilib-
rium of NH;. However, insoluble Zn,,(OH),,, is not the sole
product obtained when aqueous NHj; is added to aqueous
Zn(NOs3), in the intermediate pH region. During the precip-
itation process, hydrated zinc ion complexes (m[Zn-
(H,0),**) are transformed into =zinc hydroxide
([Zn,,(OH),,,]) through stepwise replacement of water mole-
cules by hydroxide groups; this process is referred to as
“olation”, as depicted by Equation (2).

m[zn(HZO)p}ZJr—’— I’(OH)iH [an(OH)r(HZO)mpfr]Qm*,)Jr (pH
< Zn,,(OH),,, or mZn(OH), (pH
©)

and

Upon further addition of aqueous NH; the white
Zn(OH), precipitate is dissolved and a clear solution is ob-
tained at a pH value close to 10. The addition of aqueous
NH; reduces the Zn(OH), precipitate to produce complex
ions [Zn(NH,),]** (¢=1-4), in which g=4 is the most
stable coordination number for Zn. The formation of com-
plex ions prevents spontaneous precipitation and leads to
formation of a supersaturated state, as shown in Equa-
tion (3).

Zn,,(OH),,/ImZn(OH),] + ¢NH,* 4+ g(OH)"~

& Zn,,(NH;),”"" + ¢H,0 + 2m(OH)~ (pH > 10) ®)

An equilibrium state is established in the reaction bath
after the solution becomes supersaturated. Upon heating
this solution, the release of NH; from the reaction system
disturbs the equilibrium and the pH of the reaction bath
consequently decreases. When this solution, along with the
immersed substrates, is heated, the complex Zn,,(NH;),”"*
is then decomposed under microwave irradiation to form
the ZnO product by releasing H,O and NHj;, and precipita-
tion occurs by heterogeneous growth on the substrate as
shown in Equation (4).
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[Zn,,(NH;),]*"* 4+ 2m(OH)~ — mZnO + mH,0 + gNHy,
(4)

The crystallographic structure of the ZnO films on ITO
substrates obtained by heating supersaturated alkaline zinc
nitrate solution at different pH values (10.0, 10.5, 11.0, 11.5,
12.0) has been studied by XRD. The concentration of Zn**
was fixed at 0.01m and the temperature of deposition was
90°C. Figure 1 shows the XRD patterns of the sample pre-
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Figure 1. XRD patterns of ZnO films prepared at pH values of a) 10.0,
b) 10.5, ¢) 11.0, d) 11.5, and ¢) 12.0 at 7=90°C. *: ITO substrate peaks.

pared at 90°C at different pH values. All the patterns show
the formation of the wurtzite ZnO structure with a domi-
nant peak at ~34.4° (JCPDS No. 36-1451), which corre-
sponds to a (002) reflection and indicates the polycrystalline
nature of the films with a preferred c-axis orientation. The
intensity of the (002) peak was found to increase as the pH
was increased. The increase in intensity of the (002) peak in-
dicates that the increase in the pH of the reaction bath im-
proves the crystalline nature of deposited ZnO NR arrays.
Further SEM studies proved the pH-induced shape and
size variation, as shown in Figure 2. For example, at pH 10.0
agglomerated ZnO NRs with some walls connected to give
hexagonal bundled structures were obtained, (Figure 2a).
Along with the bundled microrods, individual microrods are
also observed. On increasing the pH to 10.5, a larger
amount of ZnO microrods with relatively smaller diameters
were grown (Figure 2b). Interestingly, the shape of the ZnO
NRs changed from hexagonal to tapered as the pH value
was increased, which can be seen from the SEM image. This
shape transformation can be explained in terms of the dif-
ferences in the growth rates of various crystal faces. In gen-
eral, the crystal plane with the highest growth rate disap-
pears quickly, thus making the relative growth rate crucial
for determination of morphology of crystal. At low pH (i.e.,
10), the growth rate of the crystal planes is likely to be
random or, more specifically, the growth rate at low pH is
higher along the (1010) or (0110) crystal planes that form
the sides of the hexagonal rods. As a consequence, the sur-
face energy of these planes becomes higher and they tend to
either grow in the same direction or reduce the surface
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Figure 2. SEM images of ZnO films prepared at pH values of a) 10.0,
b) 10.5, ¢) 11.0, d) 11.5, and e) 12.0 at T=90°C; scale bars=500 nm.
Insets of a)-e) show the TEM images of the tip of an individual rod;
inset scale bars=200 nm (a, b), 100 nm (c, d, e). f) Dependence of rod
shape and size on the pH.

energy by capturing smaller particles to reduce their surface
energy.” Thus at pH 10, the growth resulted in the hexago-
nal bundled structure of ZnO (Figure 2a). On the other
hand, as the pH is increased further, the kinetics of nuclea-
tion and growth are changed and in turn the morphology is
changed to tapered single rods. In this case, the growth rate
of the (0001) crystal face of the wurtzite structure of ZnO is
highest and thus during the growth process this face easily
disappears, resulting in a pointed shape at the end of the ¢
axis. Meanwhile, the opposite face of the c¢ axis, that is,
(0001), which is attached to the substrate, gives a flat shape
due to the slowest growth rate (Figure 2b).?) For further in-
creases in the pH value of the reaction bath, a decrease in
size and a flattening of the tip is observed (Figure 2c to e).
The inset of each SEM image shows TEM images of tip of
the ZnO rods obtained at different pH values, and clearly
confirms the change in the tip shape. There are two possible
mechanisms for the flattened tip and decreased size of the
ZnO rods at higher pH values. The decrease in rod size can
be explained on the basis of the classical theory of nuclea-
tion, which demonstrates that an increase in the pH of a su-
persaturated solution causes an increase in the nucleation
rate, which is a consequence of a decrease in nucleation acti-
vation energy. Thus, the increase in supersaturation with in-
creasing pH causes the bursting of a larger number of nuclei
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at higher pH values and consequently ZnO crystals with
smaller size are formed.’” At the same time, the growth
rate of the (0001) plane is probably restricted because of the
fast nucleation and slow growth rate that results in the flat-
tipped ZnO NRs. Another scenario could be the competi-
tion between growth and erosion.’!! As explained above, the
hexagonal wurtzite ZnO crystal with a dipole moment in the
direction of the c axis is a typical polar crystal, so the (0001)
crystal plane is metastable and the non-polar side planes are
relatively more stable. The polar top plane attracts OH™
ions from the solution, and causes erosion of the tip of the
rods in solution. At low pH values, the OH™ concentration
in solution is sufficient for the growth of NRs, however,
above a certain pH value the total amount of OH™ becomes
an excess and cannot be totally consumed during growth.
The remaining OH™ in solution causes the erosion of the
grown rods. With the increase in pH, the relative erosion
process becomes intensive. However, during growth from
the supersaturated solution, the growth rate will be faster
than the rate of erosion. Thus due to the competition be-
tween growth and erosion, the tops of the ZnO NRs
become flat in shape and rod size is decreased. Additionally,
due to the differences in growth rate and active erosion, the
size distribution of the ZnO rods continues to improve.
Thus by changing the pH of the solution, the shape and size
can be varied significantly and good size distribution can be
achieved. Figure 2f shows the variation in average diameter
measured at the centre of the rods; the diameter varies from
~770 to 300 nm as the pH of the reaction bath increases,
and the corresponding shapes of the ZnO NRs are shown
below the graph. Figure 2 clearly illustrates the pH-induced
shape and size variation from bundled to tapered and flat
tip ZnO NR arrays on the substrate. Thus, we may conclude
that an increase in the pH of the solution induces changes in
the kinetics of nucleation and growth so that the growth
rates along lateral planes and the ¢ axis are modified, ac-
companied by erosion of the rods, which results in a varia-
tion of shape and size of the ZnO rods on the substrates.
Figure 3 shows SEM images of ZnO NRs on the substrate
obtained at different temperatures (100, 110, and 120°C)
and pH values (10.0 and 12.0). For each deposition tempera-
ture, a change in the shape and size is observed, similar to
the effect of pH observed above and arising from similar
mechanisms. Furthermore, it can be seen from the SEM
images that the diameter of the rods decreases with increas-
ing temperature at a constant pH value. In general, two op-
posing trends occur at higher temperatures: at higher depo-
sition temperatures, the rate of ionic diffusion onto a sub-
strate and interdiffusion between separate crystals increases
and the influence of the activation energy decreases, leading
to larger crystals. The opposing factor is the increased nucle-
ation rate at higher temperatures, which results in higher
crystallinity and a decrease in the diameter of the NRs due
to the solubility of ZnO with temperature. The first factor
apparently dominates at lower temperatures, whereas the
second dominates at higher temperatures. Therefore, the
size of ZnO rods shows a decreasing trend with increasing
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Figure 3. SEM images of ZnO at T'=100 (a, b), 110 (c, d), and 120°C (e,
f) at pH values of 10 (a, ¢, e) and 12 (b, d, f); scale bars =500 nm.

temperature.’¥ Figure 4 shows the variation in rod diame-
ter with pH value at 100, 110, and 120°C. For each tempera-
ture, the diameter range is higher at low pH values and
lower at higher pH values, which gives rise to uniformly
sized ZnO NRs. The smallest ZnO NRs (125 nm) with the
best homogeneity were obtained at pH 12.0 and a tempera-
ture of 120°C. Figure 5 shows HRTEM and selected area
electron diffraction (SAED) images of ZnO NRs obtained
at 120°C and pH 12.0. The high-resolution image suggests
that the growth of ZnO is along the ¢ axis, which corre-
sponds to the [0001] direction. The SAED pattern acquired
from same sample shows that the growth direction of the
rods is along the ¢ axis. Moreover, the HRTEM image clear-
ly shows an absence of stacking defects in the crystalline
structure, which suggests that the crystals of individual rods
are of good quality.

ZnO is a very promising photocatalyst, especially for the
mineralization of organic pollutants dissolved in solution,
and results in efficient photodegradation of organic com-
pounds under UV irradiation.**! However, it is worth
noting that when commercial ZnO or nanostructured ZnO
powder is used for removing organic compounds from aque-
ous solution, the separation of the conventional ZnO
powder photocatalyst from the reacting aqueous suspension
becomes a major problem for reuse in photocatalytic pro-
cesses.*! Therefore, 1D ZnO films, especially well-aligned
ZnO nanostructures on the substrates, would be more stable
and convenient for reuse; thus it is possible to overcome the
disadvantage of removal of ZnO powder and to extend the

Chem. Eur. J. 2010, 16, 10569 —10575
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Figure 4. Dependence of ZnO rod size on pH at a) 100, b) 110, and
c) 120°C.

Figure 5. a) HRTEM and b) SAED images of ZnO NRs grown at 120°C
and pH 12.
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industrial applications of ZnO in environmental treatments.
Herein we have studied the photocatalysis of two different
sizes of ZnO NRs (synthesized at pH10 and 12 at T=
120°C). The absorption spectra of methylene blue (MB)
after undergoing photocatalytic degradation by ZnO NRs of
different sizes are shown in Figure 6a and b. The optical ab-
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Figure 6. UV/Vis spectra for the photocatalytic degradation of MB in the
presence of ZnO NRs synthesized at 120°C and a) pH 10 or b) pH 12.

c) Profile of percentage decomposition vs. time for ZnO NRs; e: dye, o:
ZnO at pH 10, A: ZnO at pH 12.

sorption spectrum of MB features three bands centered at
A=664, 292 nm, of which the A=664 nm absorption band
arises from the chromophore in MB and the two bands in
the ultraviolet region originate from benzene rings. The
band at A=664 nm was selected to monitor the change in
MB concentration over time. These results demonstrate that
the conjugated structure of MB was broken up and trans-
formed into small aromatic intermediates. As the irradiation
time increased, the absorption intensity of the bands at A=
664 and 292 nm decreased smoothly, which suggests further
decomposition of the aromatic intermediates. Additionally,
after irradiation for 2h, larger ZnO NRs (pH10, T=
120°C) photodegraded 85% of MB whereas smaller ZnO
NRs (pH 12, T=120°C) degraded 92% of MB under the
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same experimental conditions (Figure 6b). Figure 6¢ shows
the normalized degradation of MB in presence of ZnO NRs
of different sizes and clearly indicates that the smaller ZnO
NRs (pH 12, T=120°C) show an enhancement in photoca-
talytic activity that is believed to be related to the surface
area. As well as the surface area for photocatalytic activity,
the facets and orientation of ZnO are also important factors.
Polar ¢ surfaces have higher photocatalytic activity for the
decomposition of MB than nonpolar planes.

Conclusion

In summary, wurtzite ZnO NR arrays were synthesized by
using a simple and fast MWCBD at different temperatures,
with the pH controlled by using NH;. We have successfully
demonstrated that the size and shape evolution of ZnO NRs
array by soft-solution chemistry method and studied their
shape evolution mechanism by applying crystallographic
concepts. The size, shape, diameter, and effective aspect
ratio of the NRs are readily tuned by modifying the reaction
bath pH and deposition temperature. The morphology (bun-
dled, tapered tip, and flat tip) and size of the ZnO NRs can
be controlled by changing the pH and temperature of the
reaction bath. In particular, an increase in the pH of the so-
lution promotes the nucleation rate, resulting in a decrease
of size of the rods and modification of the growth rates
along different planes to give varying shapes and sizes of
rods. The high crystallinity and surface area of ZnO NRs
show excellent photocatalytic performance due to the high
chemical activity of the (002)-oriented NRs and the activity
is size dependent. Our results demonstrate that it is feasible
to use reactive and stable ZnO NR arrays for repeated ap-
plication in photocatalysis. In addition, the present study
supports the fundamental study of ZnO and a method of im-
proving application performance with reactive, stable, and
oriented ZnO and other metal oxides, which have promising
applications as photocatalysts, solar cells, and optoelectronic
devices.

Experimental Section

An aqueous solution of Zn(NO;), (10 mm; Aldrich Chemicals) was pre-
pared and aqueous NH; (28 %; Aldrich Chemicals) was added under con-
stant stirring. A white precipitate was initially observed, which subse-
quently dissolved back in solution upon further addition of aqueous NH;.
The pH of the solution at this stage was ~10. The ITO-coated glass sub-
strates were used for all depositions. The substrate cleaning step is crucial
for the growth of materials and the substrates were initially cleaned with
detergent and degreased in an ultrasonic cleaner for 30 min. The deter-
gent was replaced with acetone and the substrate was again degreased in
an ultrasonic cleaner for 30 min. Finally the acetone was replaced with
isopropyl alcohol and the substrates were kept immersed in it. Before
use, the substrate was cleaned with distilled water and dried under an
argon flow. A pre-cleaned ITO substrate coated with a thin layer of ZnO
was immersed vertically in the Zn(NO;), solution, which was heated by
using microwave irradiation (Milestone multisynthetic labstation) to a
specific temperature for 1 h to give the direct growth of NR arrays on
the ITO substrate. The pH of the bath was varied from 10.0 to 12.0 by
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addition of different amounts of aqueous ammonia. The temperature was
varied from 90 to 120°C. The substrate with the deposited ZnO nano-
structures was then removed from the bath, washed with deionized
water, dried under air, and used for further characterization. The phase
identification of the sample deposited on the ITO substrate was carried
out by using XRD patterns that were collected by using a Rigaku diffrac-
tometer with Cuy,, radiation (1=1.5406 A), operated at 40kV and
250 mA. The diffractograms were recorded in the 26 range of 20 to 80°
with a 26 step size of 0.02°. The morphology and size of the ZnO nano-
structures were characterized by FESEM by using a JSM-7100F instru-
ment with an accelerating voltage of 15.0 kV. For further insight into the
microstructure of the NRs, TEM and HRTEM images were recorded by
using a Hitachi H-800 instrument at 200 kV or a JEOL-2010 instrument
at 200 kV equipped with an X-ray EDS device. For the evaluation of cat-
alyst activity, the ZnO NR film (2x2 cm) was suspended in an aqueous
solution of MB (1x10*m, 100 mL, pH 7; Wako) in a Pyrex reactor. A
Xe lamp (300 W) equipped with a cut-off filter (L42) and a water filter
was used as the light source. The average intensity of the incident light
was approximately 53.1 mWcm 2 At given time intervals, approximately
3 mL of the reaction suspension was sampled. The absorption spectrum
of the filtrate was measured by using a Shimadzu UV-2500PC UV/Vis
spectrometer. The concentration of MB was determined by monitoring
the changes in the absorbance maximized at approximately 4=650 nm.
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