
007) 8764–8767
www.elsevier.com/locate/tsf
Thin Solid Films 515 (2
pH effect on the morphology of ZnO nanostructures
grown with aqueous chemical growth
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Abstract

ZnO nanostructures were grown for various pH values on Corning 7059 by aqueous chemical growth (ACG) using an equimolar aqueous
solution of Zn(NO3)2·6H2O (zinc nitrate hexahydrate) and C6H12N4 (HMTA; hexamethylenetetramine). It was indicated that the increasing of the
pH of the solution significantly leads to a modification of the ZnO morphology from rod-like to prism-like and flower-like structures.
© 2007 Published by Elsevier B.V.
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1. Introduction

Zinc oxide (ZnO) is a well-known compound exhibiting a
wide variety of interesting applications in photonic crystals [1],
photodetectors [2], varistors [3] and solar cells [4]. Moreover,
the synthesis and characterization of ZnO nanostructures have
attracted great interest because of their significant applications
in nanodevices [5,6].

ACG [7–9] is a quite simple technique for the deposition of
nanostructures at relatively low temperatures, presenting several
advantages such as the use of non-expensive equipment, the
requirement of cheap and non-toxic reagents and the presence
of non-hazardous by-products. Moreover, the morphological
and structural characteristics of the grown samples can be
controlled by adjusting parameters such as the concentration of
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the solution, the reagents stoichiometry, the temperature and the
pH [10,11].

In this work, we investigate the possibility of controlling the
nanostructures morphology grown using ACG by adjusting the
pH of the solution. Towards this scope, preliminary results are
presented related to the deposition of ZnO nanostructures on
Corning 7059, at a deposition temperature of 95 °C, for a range
of growth periods and various pH values.

2. Experimental

The growth of ZnO was performed on Corning 7059 em-
ploying ACG, using an equimolar (0.01 M) aqueous solution of
Zn(NO3)2·6H2O and HMTA as precursors. The solution and the
substrate (positioned on top of a microscope glass stand) was
placed in Pyrex glass bottles with polypropylene autocleavable
screw caps and heated at a constant temperature of 95 °C for 1 h,
2 h and 5 h in a regular laboratory oven. The pH of the aqueous
solution was adjusted using a 0.1 M NaOH solution. After each
induction period, the samples were thoroughly washed with
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MilliQ water in order to eliminate residual salts, and dried in air
at a similar temperature (95 °C).

X-ray diffraction (XRD) measurements were performed using
a Rigaku (RINT 2000) Diffractometer with Cu Kα X-rays,
while Raman spectra were recorded using a T-64000 model
of Jobin Yvon (ISA –Horiba group) with the 514.5 nm line of an
air-cooled Ar+ laser (Spectra-Physics 163-A42) operating at
∼2 mW laser power for a total integration time of 300 s and the
wavenumber range of 240–840 cm−1. Finally, scanning electron
microscopy (SEM) was performed on a Philips XL30 electron
microscope. Each characterization method was completed on at
least three samples prepared under the same conditions as well as
on different areas of the same samples (front, centre, end and
edges) for consistency and reproducibility.

3. Results and discussion

Fig. 1 presents the XRD patterns of ZnO deposited for 2 h at
pH 7 and pH 8 on Corning 7059. The patterns exhibit all the
characteristic peaks of the wurtzite ZnO hexagonal P6(3)mc
structure, according to JCPDS card file No. 36-1451. No other
peaks were observed, suggesting that only single-phase ZnO
was formed. In addition, the phase of ZnO was found to be the
Fig. 1. XRD analysis of ZnO grown on Corning 7059 from a 10−2 M solution of
Zn(NO3)2·6H2O and HMTA at 95 °C for a deposition time of 2 h at (a) pH 7 and
(b) pH 8.

Fig. 2. Raman spectra of ZnO deposited on Corning 7059 using ACG at 95 °C
for a deposition time of 2 h at (a) pH 7 and (b) pH 10.
same all along the surface of the sample, i.e. no variations in
phase as a function of position on the substrate were observed.
Similar patterns were recorded for other deposition times,
provided that the pH value is kept the same. In contrast, no
diffraction peaks were recorded for samples having pH values
of 10 and 12, regardless the deposition time. In any case, as
we will discuss in the Raman results, the ZnO wurtzite structure
is also present in the samples grown at a pH of 10 and 12,
however, the crystal quality is rather poor. The poor crystal
quality for large pH values can be attributed to higher reaction
rate, which was verified by the increasing of the precipitation
rate of the solutions with increasing pH value.

The Raman spectra of the ZnO nanostructures grown at pH 7
and pH 10 are shown in Fig. 2(a) and (b), respectively (the
corresponding Raman spectra for nanostructures grown at pH 8
and pH 12 are similar to those of pH 7 and pH 10, respectively).
The observed phonon frequencies in these Raman spectra
are: 332 cm−1 (multiple-phonon scattering processes), 379 cm−1

(A1(TO)), 410 cm−1 (E1(TO)), 437 cm−1 (E2(high)) and
582 cm−1 (E1(LO)), which are in excellent agreement with
those reported in the literature [11]. The E2(high) mode at
437 cm−1, having the strongest intensity for all grown samples,
is the characteristic of the ZnO hexagonal wurtzite structure [12].
Comparing Fig. 2(a) and (b) one can see that the increasing of
pH induces a broadening of the E2(high) mode, its full-width at
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half-maximum (FWHM) being 7.32 cm−1 and 11.82 cm−1 for
pH 7 and pH 10, respectively. The observed broadening is a
strong indication that the crystal quality becomes poorer.
Furthermore, the Raman peak at 582 cm−1 becomes stronger
and much broader for samples grown at pH 10, indicating the
presence of oxygen vacancies [13]. Therefore, the recorded
Raman spectra clearly demonstrate that all ZnO nanostructured
samples grown for various pH values have the hexagonal
Fig. 3. SEM images of ZnO deposited on Corning 7059 using ACG for a deposition ti
(c) and (d), the individual structures are presented. Finally, (e) shows a schematic re
wurtzite structure, with no indications of impurities. Moreover,
samples grown at pH 10 and pH 12 present poor crystal quality, a
behaviour that was also confirmed by XRD.

SEM images of the ZnO nanostructures grown for 2 h on
Corning 7059 from aqueous solutions at 95 °C and pH values of
7, 8, 10 and 12 are presented in Fig. 3. As can be seen, the
morphology of the obtained ZnO nanostructures strongly
depends on the pH of the solution. As an example, for pH 7,
me of 2 h and (a) pH 7, (b) pH 8, (c) pH 10 and (d) pH 12. In the insets of (a), (b),
presentation of the morphology of the nanostructures.
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nanorods of approximately 5–6 μm length and 0.8–1 μm
diameter can be obtained (Fig. 3a). Increasing the pH to a value
of 8, a mixture of tip nanorods, nanoflakes and nanoprisms is
grown (Fig. 3b), while only nanoprisms are present for pH 10
(Fig. 3c). Finally, as the amount of the NaOH solution further
increases resulting in a pH of 12, flower-like structures con-
sisting of nanoprisms are deposited (Fig. 3d). Following the
above observations, it is clear that the morphological character-
istics of as-prepared ZnO nanostructures are markedly con-
trolled by the amount of NaOH. Moreover, as clearly observed
in the insets of Fig. 3, although the shape of the nanostructures
changes with increasing pH, their overall dimensions remain the
same, at least for pH values up to 10. ZnO flowerlike structures
grown at pH 12 exhibited smaller dimensions (length of about
500 nm), probably due to the higher precipitation rate, as men-
tioned earlier. Summarizing, the changes in the morphology
of the ZnO nanostructures as a function of the pH value are
schematically depicted in Fig. 3e. In any case, these are only
preliminary results and further investigations, are required in
order to clarify both the pH influence on the ZnO nanostructure
morphology and the actual shape of the individual structures.

4. Conclusions

The pH effect on the morphological characteristics of ZnO
nanostructures grown by ACG using Zn(NO3)2·6H2O and
HMTA as precursors at 95 °C for various deposition times was
examined. It was found out that pH significantly influences the
shape of the ZnO nanostructures, leading to a modification of
the morphology from rod-like to prism-like and flower-like
structures. Therefore, one can control the shape of the ZnO
nanostructures by adjusting the pH of the solution. However,
these are preliminary results and further investigation is required
to verify the existing pH effect on the properties of ZnO samples
and carry out kinetic studies of the system.
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