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Abstract

By heating Zn(OH)2 precursor in aqueous solution to reflux temperature (101 1C), ZnO microparticles with a diversity of well-

defined morphologies, including rod-like, nut-like, and rice-like samples, have been successfully synthesized. The shape of the

crystallite depends critically on the additive added in the reaction solution. To further understand the effect of the additive on the

formation process of ZnO crystallite, scanning electron microscopy analyses of the solid product and concentration measurements

of zinc ion remaining in the solution have been made at regular intervals throughout the reaction with and without the addition of

sodium dodecyl sulfate (SDS) and triethanolamine (TEA). Results show that SDS and TEA added in the solution remarkably lower

the formation rate of ZnO crystallite.

r 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Controlling the size and morphology is a matter of
considerable importance for the manufacture of micro-
crystalline powders, as for many applications both the
size and shape of the particles determine the usefulness
of the product [1]. Zinc oxide is a very interesting
multifunctional material, which is extensively used in
medicine, pigments, ceramics, rubber additives, varis-
tors, and optical devices [2–6]. In addition, due to its
wide direct-band gap of 3.37 eV and high exciton
binding energy of 60meV, ZnO has potential uses as
light-emitting diodes, field-effect transistors, and ultra-
violet nanolasers [7–9]. Recently, room-temperature UV
property of ZnO has been reported [10–12], highlighting
the prospects of corresponding research interests in the
fabrication of ZnO-based candidate materials, whose
effectiveness depends to a great extent on the size and
e front matter r 2004 Elsevier Inc. All rights reserved.
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shape of the constituent particles, which are normally in
the micron range.
Various chemical and physical processes, such as

conventional sputter deposition technique [13],
spray pyrolysis [14], sol–gel reaction [15], and micro-
emulsions growth [11] can be used to synthesize ZnO
particles. Over the past few years, chemical vapor
deposition [16,17], thermal evaporation [12,18], and
hydrothermal process [19–22] have been the three major
methods to prepare nano- or microscaled ZnO particles
in various sizes and morphologies. In addition to these
methods, a simple solution route, by thermal treatment
of the reactant in solutions [1,23–25], has become a
promising option for large-scale production of ZnO
microcrystals owing to its simple, fast, and less
expensive virtues.
In this paper, we describe a simple aqueous solution

route to synthesize ZnO microcrystals with well-defined
morphologies. The method studied here uses aqueous
solutions with high concentrations of zinc nitrate and
sodium hydroxide, so that large quantities of the oxide
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can readily be produced in high yield directly from the
solutions, while dispensing with further calcination.
Moreover, ZnO microparticles with new morphologies
such as nut-like, especially rice-like, have been obtained
with the assistance of sodium dodecyl sulfate (SDS) and
triethanolamine (TEA). However, systematic studies on
the morphological modulation of ZnO with additive in
aqueous solution are still inadequate. Therefore, it
seems necessary to study the relationship between
additive and ZnO morphologies for exploring an
effective and simple route to control the morphology
of ZnO for practical applications.
Fig. 1. XRD patterns of the obtained ZnO microparticles.
2. Experimental

Hexahydrate zinc nitrate (Zn(NO3)2 � 6H2O), sodium
hydroxide (NaOH), SDS, TEA purchased from Tianjin
Chemical Reagent Company, are analytical-grade re-
agents (the purity is 99%), and are used as received
without further purification. The solvent used for the
reaction system is distilled water.
The zinc oxide particles were prepared as follows:

sodium hydroxide (2M, 48mL) was dropped with stirring
into aqueous zinc nitrate (1M, 20mL) in a 250mL beaker.
Then certain volume of distilled water was added into the
mixture to get a 100mLmilky solution (pH�9), which was
subsequently transferred to a 250mL round-bottomed
flask. When the additive was employed in the reaction,
SDS (0.1M, 10mL) or TEA (1M, 10mL) was dropped
into the milky solution prior to the transferring. After a
while, the above reaction mixture was heated with stirring
to reflux temperature (101 1C, after ca. 50–55min) and
holding the temperature constant for a given time period.
The hot solution was cooled to room temperature and
then filtered. White powders were collected and dried in air
to constant weight.
The growth patterns of ZnO crystal were studied by

removing samples at regular intervals using a pipette and
then centrifugalizing through a centrifugal filter. The
filtrate taken from the reaction at various stages was
buffered at pH 10 using an ammonia–ammonium chloride
buffer solution and the concentration of Zn2+ ion was
measured by using the EDTA chelate titration method.
The morphologies of the solid sampled at corresponding
time were observed by scanning electron microscopy
(SEM, Hitachi S-570). The crystal structure of the final
product was also characterized by X-ray powder diffrac-
tion (XRD, Bruker-AXS D8 ADVANCE X-ray diffract-
ometer) with a CuKa radiation (l ¼ 0:154178 nm).
3. Results and discussion

All obtained ZnO samples are of wurtzite structure
(hexagonal phase, space group P63mc). Fig. 1 shows the
XRD pattern of rod-like ZnO powders obtained by
heating aqueous solutions containing Zn(OH)2 precur-
sor for 4 h. All the diffraction peaks are well assigned to
hexagonal-phase ZnO reported in JCPDS card (No. 36-
1451). No characteristic peaks of impurities, such as
Zn(NO3)2, Zn(OH)2, and other compounds are ob-
served, indicating the high purity of the obtained
products.
The general morphologies of the obtained ZnO

crystals are characterized by SEM shown in Fig. 2.
Heating Zn(OH)2 precursor in H2O solvent at 101 1C for
4 h gives rod-like ZnO crystals, with diameters
ranging from 400 to 500 nm and average length of
about 3.6 mm (aspect ratio �8:1) as shown in Fig. 2a.
When 0.01M of SDS is added into the reaction solution
(keep the other conditions identical), nut-like ZnO
crystals with twin structure are obtained as shown in
Fig. 2b. The diameter of the hexagonal cross-section
ranges from 1.2 to 1.5 mm, and aspect ratio is a little
smaller than 1:1. As shown in Fig. 2c, a new
morphology, well-defined rice-like of ZnO, appears
attributed to replacing 0.1M of TEA by 0.01M of
SDS in the reaction solution. The diameters of the
particles are similar to those nut-like, while the aspect
ratio is slightly larger than 1:1.
It can be concluded from the SEM images shown in

Fig. 2 that the additives of SDS and TEA produce a
significant effect on the morphology of the obtained
ZnO crystals. It has long been known that trace
concentrations of certain additives can have profound
effects on crystal growth rate and habit. But up to now,
there has not yet been an adequate mechanism to
account for the behavior. With regard to the effect of the
additive on morphology, the adsorption mechanism
seems to be more reasonable. In the early 1960s,
Michaels et al. [26] reported the modification of growth
rate and habit of adipic acid crystal with surfactants
from solution. In our reaction system, it is suggested
that SDS or TEA adsorbs to some extent on a crystal
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Fig. 2. SEM images of ZnO microparticles prepared with different additives: (a) no additive; (b) with 0.01M SDS; and (c) with 0.1M TEA.
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surface of ZnO and thus inhibits the growth along the c-
axis. ZnO crystal is a polar crystal whose positive polar
plane ð0001Þ is rich in Zn and negative polar plane
ð0001̄Þ is rich in O. In the solution process, the growth
rate of each plane is different as following:
Vð0001Þ4Vð1̄011̄Þ4Vð1̄010Þ4Vð1̄011Þ4Vð0001̄Þ [23].
It is well known that SDS is a typical anionic surfactant;
however, it is scarcely known that SDS is also
characterized by a gemini surfactant, which can be
described as two individual surfactant molecules
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Fig. 3. The mode of SDS modifying the habit of ZnO crystal.
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connected by a bridge, according to the recent report on
surfactants [27]. Consequently, the structure of the
geminal SDS consists of two active anionic radicals
(SO4

2�), joined at opposite ends of the structure, due to
the spatial symmetry. Each of the geminal SDS can
simultaneously adsorb two ZnO nuclei on the ð0 0 0 1Þ
face due to the Coulomb force action, thus, sticking the
two ð0 0 0 1Þ faces together by acting as an adhesive. As a
result, the growth along the c-axis is greatly retarded
and growth can only occur on the ð0 0 0 1̄Þ face with the
slowest growth rate and the side faces, and nut-like ZnO
with twin-structure is formed. The mode of SDS
modifying the habit of ZnO is shown in Fig. 3.
Moreover, it is suggested that another factor, defective
growth, may also contribute to the formation of twinned
ZnO crystals. As to TEA, the adsorption mechanism is
probably more complicated. According to the resulting
rice-like shape, the growth along the c-axis is also
retarded; however, some additional facets appear other
than the regular hexagonal one, indicating that the
adsorption that occurs on a certain face of ZnO nuclei is
not as uniform as SDS is. Thus, it is still an open
question to answer.
To further understand the effect of SDS and TEA on

the formation process of ZnO, experiments with and
without the additive were carried out at the same
conditions. At the same time, morphologies of solid
samples, concentrations of zinc remaining in the
solution were determined, respectively, at various
growth stages. A detailed discussion is as follows:

3.1. Without additive

Fig. 4 shows the SEM images of solid samples at
different growth stages without the additive. It was
observed that during the initial 35min of heating time,
only plate-like structures were present (Fig. 4a). It must be
stated that the plate-like structures are not genuine
Zn(OH)2 because several characteristic peaks of ZnO are
identifiable in the XRD patterns. After 40min heating (ca
97 1C), a part of rod-like ZnO, with mean diameter of
260nm and average length of 2.3mm appeared, among the
plate-like structures, which decreased in size (Fig. 4b).
When heating time was prolonged to 50min (reflux
temperature, 101 1C), the rod-like ZnO increased in size,
while the plate-like structures became even smaller (Fig.
4c). When heating time was extended up to 80min, plate-
like structures disappeared, and the solid was composed
solely of rod-like ZnO, with little change in morphology
and size (Fig. 2a), compared to that with heating time of
50min. We can therefore suggest that such a rapid
transformation may take place by dissolution–reprecipita-
tion mechanism.
After the solid sample had been removed from the

reaction mixture, the filtrate was analyzed by EDTA
titration (Fig. 5a). On examining the curve, it is evident
that concentration of Zn2+ in the solution increases
rapidly (7.8� 10�5–0.028M) during the first 50min
heating, and after 80min heating, the concentration of
Zn2+ in the solution levels off at approximately
0.036M. This result correlates well with the observed
changes in SEM images, as it appears that while the
dissolution of the initial precipitate (plate-like struc-
tures) takes place, the concentration of Zn2+ increases
rapidly. When the reaction creates an equilibrium of
dissolution–precipitation of ZnO, the change in [Zn2+]
is almost zero. This also identifies the dissolution–
reprecipitation mechanism.

3.2. With additive

When 0.01M SDS or 0.1M TEA is present in the
reaction mixture, the changes in particle size at different
stages are similar to those without the additive, except
for the time when the solid is composed solely of ZnO
(see ESI). It is 200min for SDS, and 110min for TEA.
Both are more than for that without the additive
(80min). This also correlates with the curves of
concentration of Zn2+ in solution-dependent time
(Fig. 5). In particular in Fig. 5b, the time needed for
reaching the equilibrium of dissolution–precipitation is
substantially prolonged. Moreover, the curve with TEA
(Fig. 5c) is very different from others, in that Zn2+ ions
in solution have been kept in existence at a considerably
low concentration (10�4–10�5M) throughout the reac-
tion, which may be attributed to the strong complexion
of TEA with Zn2+ ions. Perhaps it is another important
factor leading to the rice-like samples. In general, the
formation of ZnO is to some extent retarded by the
addition of SDS and TEA. This presumably results from
the greatly retarded growth of ð0 0 0 1Þ face of ZnO,
which originally has the fastest growth rate vide supra.
4. Conclusions

ZnO microcrystals with a diversity of well-defined
morphologies, such as rod-like, nut-like, and rice-like
samples, have been successfully synthesized by a simple
solution approach. The formation process of ZnO was
studied by SEM analyses and concentration measure-
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Fig. 4. Growth of rod-like ZnO crystals prepared without additive by heating for (a) 0–35min; (b) 40min; and (c) 50min.
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ments of Zn2+ in solution throughout the reaction.
Based on the experimental results, we suggest that the
transformation may take place by a dissolution–repre-
cipitation mechanism. The effects of additives on the
formation were also investigated. It is found that
the additives of SDS and TEA remarkably affect
not only the particle shape but also the formation rate
of ZnO.
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Fig. 5. [Zn2+] in solution at various times during the reaction.
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