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Abstract

ZnO nanoparticles (NPs) with rod, bullet and broom-like morphologies have been synthesized by the solvothermal method. Structural
analysis revealed ZnO NPs to be of the single crystal wrutzite hexagonal structure. Their size and morphology were controlled by
varying the polarity of solvents. The aspect ratio of ZnO NPs at the lower polarity was below 2, and their shape was like a bullet. When
increasing the polarity of solvent, the aspect ratio also increases and the shape changes to a rod-like morphology. This process is very
simple and scalable. In addition, it can be used for fundamental studies of the tunable morphology formation.

© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Nowadays, the development of nanocrystalline materials
with controllable size and shape with different dimensions
(zero, one, two and three) has not only attracted a great
deal of attention owing to their superior physical and
chemical properties, but also offers an opportunity to
study and imitate their biological function at the nanoscale
level [1-9]. The physical and chemical properties of
nanomaterials depend upon the size and shape, but the
production of nanomaterials with specific size and shape is
still a significant challenge. Hofmann et al. synthesized the
iron oxide and iron manganese oxide with shapes of
nanotetracube and star-like by the aid of surfactant [10].
Joo et al. also synthesized the cone, hexagonal cone and
rod shape morphologies of ZnO nanocrystals using a
surfactant by means of the sol-gel process [11]. However,
it is difficult to completely remove the surfactant without

*Corresponding author. Tel.: +82 51 629 5569; fax: +82 51 629 5549.
E-mail address: bkmoon@pknu.ac.kr (B.K. Moon).

collapse of the morphology. Currently, in order to over-
come this shortcoming, a large number of soft chemistry
routs without a surfactant have successfully been devel-
oped for the synthesis of simple binary metal oxide
nanostructures such as TiO,, ZrO,, SiO, and ZnO [12-16].

Among the various binary metal oxide materials, ZnO is
one of the most important oxide semiconductor materials
with a wide band-gap energy of 3.37 ¢V and large exciton
binding energy of 60 meV, which is much larger than other
semiconductor materials such as GaN (25 meV) and ZnSe
(22 meV). It has gained much considerable attention due to
its wide range of potential applications in sensors, field
emission displays, dye-sensitized solar cells, photoinduced
switching devices, phosphors, light emitting diodes (LED),
photocatalytic activity and so on [16-20]. By focusing on
these advantages, different morphologies of ZnO have been
prepared by various physical, chemical and electrochemical
methods such as thermal evaporation, metal-organic vapor
phase epitaxy, pulsed laser deposition, chemical synthesis and
electrochemical deposition [21-25]. Wu et al. reported the
low-temperature growth of ZnO nanorod by the chemical
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vapor deposition method [26]. Bai et al. prepared the ZnO
nanostructures with flower and bruch pen-like morphologies
by the hydrothermal method [27], and using the similar
method, Ko et al. synthesized the ZnO nanowires [28].
Among the various synthetic routes, the hydrothermal
method is a powerful option to synthesize the tunable
morphology and obtain the large-scale production of
nanomaterials due to its simple procedure, fast growth,
and lower cost. The solvothermal method is similar to the
hydrothermal method, in which other solvents are used
instead of water. The nature of solvent plays an imperative
role on the crystal formation and its morphology. Sathis
et al. reported the size tunable fullerene (Cgy) by control-
ling the solvents such as MeOH, EtOH, isopropyl alcohol
and toluene [29]. They control the diameter of Cgq
nanosheet with different chain lengths of the solvents.
When the chain length of the solvent is decreased, the

diameter of nanosheets is increased. However, so far, no
other reports have been found on the effect of polarity of
solvents in growing ZnO nanostructures. In this paper, we
report on the shape control of the ZnO nanoparticles as a
function of reaction parameters such as reaction time and
polarity of solvents.

2. Experimental section
2.1. Solvothermal synthesis

The ZnO NPs were fabricated by the solvothermal
reaction method at a reaction temperature of 250 °C. All
the chemical reagents were of analytical grade. In a typical
procedure, 0.1 M zinc acetylacetonate (Zn(AcAc),,
Zn(CsH-0,),_ .- H,0, 99.99 %, Aldrich) was added to
40 mL of various solvents. The solution was transferred

7

Fig. 1. SEM and TEM images of the ZnO NPs synthesized by the solvothermal reaction in 2-PrOH at 250 °C: (a) 5 h, (b) 10 h, (c) 15 h, (d) 20 h, (e) high
resolution TEM image from a circle in (d), and (f) SAED pattern from the same circled area in (d).
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into a stainless steel autoclave (total inner volume of
80 cm?) with a Teflon liner (80 cm® volume with 50%
filling). The solution was heated to 120 °C at a rate of
2 °C/min and held at this temperature for 1 h with magnetic
stirring. The reaction temperature was then raised from 120
to 250 °C at a rate of 2 °C/min and held at this temperature
without magnetic stirring. The precipitate of ZnO NPs was
formed at the bottom of the Teflon liner. After gradually
cooling down to room temperature, the precipitate was
washed separately with ethanol and water. The obtained
precipitate was dried at 60 °C for a day in the ambient
atmosphere.

2.2. Characterization

The structure of the prepared ZnO NPs was analyzed
with a powder X-ray diffraction (XRD) using X’PERT
PRO diffractometer with CuKa= —1.5406 A and beam
voltage of 40 kV and 30 mA beam current. The morphol-
ogy and size were examined by using a field emission
scanning electron microscopy (FE-SEM), model JEOL
JSM-6700 FESEM. Osmium coating was sprayed on
the sample surfaces by using Hitachi fine coat ion sputter
E-1010 unit to avoid possible charging of the specimens
before FESEM observation was made on each time. Trans-
mission electron microscopy (TEM) studies were carried out
using a JEOL JEM-2010 operating at an accelerating voltage
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of 200 KV. The sample was prepared by dispersing the ZnO
NPs in ethanol and then the dispersion solution was dropped
on a carbon coated copper grid and dried in an ambient
atmosphere.

3. Results and discussion
3.1. Effect of reaction time

One of the important factors in the growth process is the
reaction time. In order to study the formation process
of the ZnO NPs, the growth process has been followed by
extracting the product as a function of reaction time (5, 10,
15 and 20 h) by keeping the reaction temperature constant
at 250 °C and the resultant products have been studied
by TEM measurements. Fig. 1 shows the TEM images of
the ZnO NPs synthesized by the solvothermal reaction
at various reaction times from 5 to 20 h. After 5h of
solvothermal reaction, amorphous nanoparticles with 10
nanometer sized were collected (Fig. 1a). When the reac-
tion time extended to 10 h, the broccoli-like ZnO NPs
consisting of nanorods with an average diameter of 30 nm
and an average length of 100 nm were obtained, but their
morphologies were not clear in Fig. 1b. The reaction time
further extended to 15 h, as can be seen in Fig. lc, ZnO
nanorods with 100 nm length and 30 nm diameter and the
clear morphology including edges were observed. Finally,

100nm

[

ey

Fig. 2. (a) SEM image of the ZnO NPs synthesized by a solvothermal reaction in toluene at 250 °C for 20 h, (b) TEM image, (c) high magnificent TEM
image of bullet-like ZnO attached with its bottom wall plane (inset is the SAED pattern of bottom wall plane), and (d) high magnificent TEM image of
bullet-like ZnO attached with its side wall plane (inset is the SAED pattern of side wall plane).
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Fig. 3. TEM images of the ZnO NPs synthesized in water at 250 °C for
20 h: (a) TEM image, (b) magnification of TEM image, and (c) SAED
pattern from the same circled area in (b).

when the reaction time was increased to 20 h, well crystal-
lized broom-like morphologies of ZnO nanorods were
developed (Fig. 1d), and the average diameter and length
of each nanorod was about 30 nm and 200 nm, respec-
tively. Fig. le shows the high-resolution TEM (HR-TEM)
image, which was taken from the highlighted circular area
in Fig. 1d. The lattice spacing of around 5.21 A, which
corresponds to the d-spacing of (002) plane was verified by
wurtzite hexagonal structure and grown along the c-axis
direction. No dislocations were observed in this area, the
edges of ZnO NPs are clear and no amorphous layer was
observed on the surface. Fig. 1f shows the selected area
electron diffraction (SAED) pattern. The SAED pattern
indicates that the particle has a single-crystal structure and
confirms the growth direction, which is along the c-axis.

3.2. Effect of polarity of solvent

The key factor in the growth procedure is the solvent,
which has been considered to investigate the morphology and
shape of ZnO NPs. In order to study the various morphol-
ogies and shapes of the ZnO NPs, the solvents having
different kinds of polarities were used at the same reaction
temperature of 250 °C and time 20 h. Fig. 2 shows the TEM
images of the ZnO NPs synthesized in the toluene by the
solvothermal reaction at 250 °C for 20 h. Fig. 2a and b are a
low magnification SEM and TEM images showing the
uniformity of the nanostructure. Fig. 2c and d shows a high
magnification TEM image of a bullet-like ZnO single particle
attached with its bottom wall plane and its side wall plane,
respectively. The inset of Fig. 2c and d shows the SAED
pattern, which clearly indicates that the whole particle has a
single crystal structure. From the SEM and TEM images, the
bullet-like morphology with the average diameter and lengths
between 80-100 nm and 100-130 nm, respectively were
observed.

Fig. 3 shows the TEM images of the ZnO NPs synthe-
sized in distilled water, and other conditions are constant.
Fig. 3a and b shows the TEM images, which revealed that
the diameter and length of the particles are about several
micrometers. The edges of the ZnO rods are clear, and no
amorphous layers were observed. Fig. 3c shows the SAED

Fig. 4. TEM images of the ZnO NPs synthesized by a solvothermal reaction in polar solvents at 250 °C for 20 h: (a) ethanol, (b) pyridine, and

(c) 2-methoxyethanol.
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pattern, which confirmed that the ZnO NPs grown in water
also has a single crystalline nature. The SAED pattern
approved that the ZnO rods growing along the c-axis. The
ZnO NPs synthesized with higher polarity solvent (toluene:
2.4 <2-PrOH: 3.9 <water: 10.2), the length growing is
faster than that of diameter when compared with toluene.
The aspect ratio also increased with increasing the polarity.
Other ZnO NPs synthesized in polar solvents with polarity
between 5 and 5.5, and a non-polar solvent with lower
polarity of 3 is presented in Figs. 4 and 5, respectively. All
ZnO NPs grown in a non-polar solvent show the lower
aspect ratio ( < 2) and show higher aspect ratio (2-4) when
grown in polar solvents.

Furthermore, in order to investigate the effect of solvents,
we synthesized ZnO NPs by using toluene/2-PrOH and
2-PrOH/water interfaces and other conditions are kept
constant. Fig. 6 shows the XRD patterns of the ZnO NPs
prepared with mixed solvents of toluene and 2-PrOH. All
ZnO NPs are wrutzite structure and diffraction peaks are
indexed to a hexagonal structure (JCPDS card No. 36-1451).
It is clear that the (002) peak intensity and the full-width at
half-maximum (FWHM) of the (100) peaks are increased by
increasing the 2-PrOH content, suggesting that the ZnO NPs
were grown in the direction of c-axis more than the direction

of (100). The crystallite size was estimated by using Scherrer’s
equation and the full-width at half-maximum (FWHM) was
selected for the major diffraction peaks [30]. The calculated
average crystallite sizes were about 38.3, 24.4, 18.5, 17.0 and
13.7nm for the samples prepared using toluene/2-PrOH
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Fig. 6. XRD of ZnO NPs at different toluene/2-PrOH interface.
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Fig. 5. ZnO NPs synthesized by a solvothermal reaction in non-polar solvents at 250 °C for 20 h: (a) TEM image, (b) SEM image of ZnO grown in
cyclohexane, (c) ZnO grown in toluene, and (d) ZnO grown in benzene. The inset of (a) shows the corresponding SEAD pattern taken on the circled
area in a.
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interface  (100:0), (75:25), (50:50), (25:75) and (0:100),
respectively.

Fig. 7 shows the TEM images of the different percentages
of the toluene and 2-PrOH interface (100:0), (75:25), (50:50),
(25:75) and (0:100). Fig. 7a shows the bullet-like ZnO NPs
synthesized in toluene. As expected, when the 2-PrOH content
increases to 50%, the diameter of ZnO NPs decreased and the
aspect ratio increases (Fig. 7c—e). When the 2-PrOH content
was extended to 75%, the agglomeration begins. Finally,
when the 2-PrOH content was extended to 100%, the broom-
like ZnO NPs consisting of nanorods were observed. In
toluene/2-PrOH interface, it was found that the diameter
decreased and the aspect ratio increases with an addition of
2-PrOH content (the polarity of 2-PrOH is higher than that

of toluene), which has been represented in Fig. 7f. The above
observation indicates that the aspect ratio increases with
increasing the 2-PrOH content. This exhibits the effect of
2-PrOH and speculates that the 2-PrOH is a much more polar
molecule than toluene. In order to better understand, the ZnO
NPs prepared in 2-PrOH/water interfaces presented in Fig. 8.
Fig. 8 shows the TEM images of the different percentages
of 2-PrOH and water interface (100:0), (95:5), (87.5:12.5),
(75:25), (50:50) and (0:100). With the addition of water
content, small nanorods were aggregated, and they had
bullet-like shape with a diameter of 100 nm. When the water
content increased from 12.5 to 50%, sub-micro/micrometer
sized ZnO rods were obtained. Finally, when the water
content was increased to 100%, several micrometers sized

Size (nm)

2-PrOH (%)

Fig. 7. TEM images of the ZnO NPs at different toluene/2-PrOH interface: (a) 100:0, (b) 75:25, (c) 50:50, (d) 25:75, (e) 0:100, and (f) (101) aspect ratio

result of ZnO NPs as function of toluene/2-PrOH ratio.



J.Y. Park et al. | Ceramics International 39 (2013) 6599-6606 6605

Fig. 8. TEM images of ZnO NPs at different 2-PrOH/water interface: (a) 100:0, (b) 95:5, (c) 87.5:12.5, (d) 75:25, (e) 50:50, and (f) 0:100.

ZnO rods were obtained. According to the observed results,
this systematic correlation suggests that the lower polarity of
solvent slow down the relative growth along the (001)
direction and therefore provides a simple approach to control
the aspect ratio of ZnO NPs.

4. Conclusions

Polarity of the solvents induced tunable morphologies of
the ZnO NPs were successfully synthesized by a solvother-
mal method. The ZnO NPs have a bullet-like shape with
the an aspect ratio of <2 when grown in a lower polarity
solvent( < 2), and shows a nanorod shape with an aspect
ratio of 2-4 when grown in the higher polarity (3-5.5)
solvents. Also, the microrod shape with an aspect ratio of
10 was observed when grown in much higher polarity

(water: 10.2). The morphology of ZnO NPs has been
controlled easily by varying the polarity of the solvent.
We believed that this is a simple approach for getting the
required shape to practical application in nanodevices.
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